
Colloque international

" Clays in Natural and Engineered barriers
for Radioactive Waste Confinement "

Tours, 14 au 18 mars 200 5

Bilan du congrès

L'Andra a organisé son second colloque international sur "l'argile dans les barrières de confinement naturelles e t
ouvragées pour le stockage des déchets radioactifs" en mars 2005, au Centre des Congrès de Tours .

Ce colloque a été l'occasion de faire le point sur les propriétés des minéraux argileux présents dans les barrières ,
ouvragées ou naturelles, susceptibles d'assurer les performances de confinement attendues d'un stockage géologique d e
déchets radioactifs.
De nombreux spécialistes des différentes disciplines concernant les argiles et minéraux argileux ainsi que de s
scientifiques des agences ou organismes engagés dans l'étude du stockage des déchets de haute activité à vie longu e
ont été réunis .

Les thèmes abordés ont couvert la géologie, la géochimie, les transferts de matière, les processus d'altération, la géomécanique ainsi que les
développements récents concernant la caractérisation des argiles et les expérimentations en laboratoire, tant de surface que profonds .

Les résumés des communications (orales et/ou posters) présentées lors de ce colloque sont disponibles en téléchargement sur cette page (voir ci -
dessous) .

Quelques chiffres :

• 374 résumés (issus de 29 pays)
• 498 participants de 24 pays
• 107 présentations orales
• 225 présentations posters
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THE RESEARCH PROGRAM OF ANDRA
ON HLLLW DISPOSAL IN CLAY ROCKS.

MAIN RESULTS AND PERSPECTIVES
F. Jacq

Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtenay-Malabry Cedex, France

A French Act of the Parliament passed on 30"1 December 1991 set out the main areas of research required
to prepare solutions for the long-term management of high level, long-lived radioactive waste. The three
avenues of research, to be conducted over a period of 15 years, listed in the act included a feasibility
study of the deep geological disposal, with responsibility for steering the study given to Andra. France s
National Agency for Radioactive Waste Management.

The program conducted in order to prepare the report due in 2005 includes research work about various
scientific fields relevant for the feasibility study. Materials characterization and behaviour, host rock
properties and reactivity to disturbances, present and future global geological and environmental framework,
modelling and simulation tools are the main topics the Andra scientific program is dealing vvidi.
Observation, acquisition of data, experimental and numerical simulations have been developed using
both surface laboratory equipments and in situ investigations. They benefit from the intense involvement
of the French and international scientific community organised through long-term partnerships, thematic
laboratories groups as well as Ph Ds and post-doctoral fellowships.

Operations launched by Andra since 1994 on the Me use/Haute-Marne site have been based on 2D
( 1994-1996) and 3D (2000) geophysical campaigns as well as on series of boreholes drilled on the Bure
laboratory as well as on a 200 km' area surrounding the laboratory site in order to collect scientific data
that will help to characterise the geological environment and more specifically to:
• make sure that the geological formations, in particular the 140m thick Callovo-Oxfordian argillaceous

layer, presents the expected properties,
• evaluate the long term behaviour of the Callovo-Oxfordian formation especially when submitted to the

different types of perturbations induced by the repository construction and the introduction of the
waste packages.

The laboratory shaft-sinking operations started in mid-2000 and were interrupted between May 2002
and April 2003 following a fatal accident. Due to the delay induced, and taking into account the main
conclusions of the Dossier HAVL Argile produced in 2001, Andra revised its experimental program in
order to focus on the essential data required for the preparation of the report to be submitted to authorities
in 2005. This revised program has been built using different investigation tools:
• the drilling of eight vertical boreholes (2003) throughout the sector in order to improve the geological

and hydrogeological modelling.
• the drilling of four directional boreholes and four vertical boreholes (2004) on the laboratory site

mainly dedicated to the survey of the Callovo-Oxfordian formation over a distance of several hundreds
of meters and to the acquisition of additional data on the formation,

• the construction of an experimental niche located at a depdiof450m and available since November 2004,
• the sinking of the main and auxiliary shafts (the auxiliary shaft has reached the main level (-490m) in

December 2004),
• the experiments (1999-2005) at the Mont Terri laboratory mainly in order to validate the design of the

ones to be conducted of the Meuse/Haute-Marne laboratory.
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The operations schedule for 2005 includes the end of the sinking of the main shaft (October) as well as
the acquisition and interpretation of experimental data from the niche and the mine-by-test experiment
(main shaft).

Besides the in situ investigations carried out in the Meuse/ H au te- Mar ne underground laboratory and the
local geological and hydrogeological modelling, a significant part of the research program is devoted to
surface laboratory experiments and modelling. It includes actions especially referring to:
- formulation and reactivity of materials likely to constitute repository components (packages, cells,

drifts, plugs...);
• evaluation of the durability of these materials with special emphasis on the source terms.
• characterization (extension and duration) of the THMC processes involved in the short term and long

term evolution of the repository;
• behaviour of radionuclides and chemical toxics as a function of their solubility from the package to

the biosphere;
• retention and diffusion properties of the Callovo-Oxfordian formation;
• development and qualification of the ALLIANCES platform dedicated to numerical modelling and

performance assessment.

This research program has led to highlight some major results concerning both the characteristics of the
geological environment and the behaviour of the engineered components:
• the Callovo-Oxfordian is an homogeneous formation where no tectonic discontinuity has been evidenced

by the pluri-hectometric horizontal boreholes drilled in 2004,
• diffusion is the dominant process for the transfer of elements in the Callovo-Oxfordian formation that

is characterized by both low permeability values and very significant sorption properties,
• die hydrogeological modelling combined with isotopes geochemistry data suggest slow water flows in

die Oxfordian and Dogger carbonates,
• chemical and geomechanical perturbations induced by the repository show limited extensions,

Trough these main topics, the present paper aims at presenting the main research programs that have
been conducted in the 2002-2005 period and dedicated to the improvement of conceptual models as well
as to the reduction of uncertainties on key parameters with a view of preparing the 2005 feasibility
report on the Meuse/Haute-Marne site.
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THE EXCAVATION DAMAGED ZONE
IN CLAY FORMATIONS -TIME-DEPENDENT

BEHAVIOUR AND INFLUENCE
ON PERFORMANCE ASSESSMENT

Peter Bliimling', Frédéric Bernier1, Patrick LebonJ, C. Derek Martin4,

1. NAGRA, Wettingen, Switzerland
2. EURIDICE, Mol, Belgium
3.Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Chârenay-Malabry Cedex, France
4. University of Alberta, Edmonton, Canada

INTRODUCTION
Clay formations in their natural state exhibit very favourable conditions for disposal of radioactive
waste as they generally have a very low hydraulic conductivity, low diffusion coeffi-cients and good
retention capacity (good sorption) for radionuciides. One concern regarding waste disposal is that due
to the necessary underground excavations and the associated distur-bance and damage in the area close
to these excavations, the favourable properties of such for-mations could change and the host rock could
loose part of its barrier function.

BASIC PROCESSES DURING TUNNEL CONSTRUCTION
During tunnel construction new surfaces will be created leading to significant changes in the local stress
field as for continuity reasons stresses normal to the interface (e.g. radial stress in a cylindrical tunnel) have
to vanish at the interface while tangential stresses may increase significantly. In other words, the confining
stress becomes zero and the other stress component increases which may lead to local failure under
extension and'or shear. Such processes can be accelerated by hydro-mechanically coupled processes as part
of the near-field rock could become compacted and porewater pressure may increase locally thus changing
the effective stress. Areas where irreversible changes lo material properties like micro-cracking or fracturing
occur due to the excavation and cause significant changes in flow and transport properties are called
excavation damaged zone (EDZ) while areas with reversible changes (e.g. change in stress or porewater
pressure) without any major influence on transport are defined as excavation disturbed zone.

The geometry of the EDZ can become quite complicated as it is controlled by:
• Stress tensor {anisotropy of stress)
• Material anisotropy (e.g. transverse isotropy of bedded sediments)
• Existence of natural fracture zones or local inhomogeneities of the rock mass
• Geometry of the tunnel.

Comprehensive investigations at different sites (e.g. HADES, Belgium, Mont Terri, Switzer-land,
Tournemire, France) have shown that an EDZ occurs in soft or plastic clays as well as in indurated and more
brittle claystones or argillites. Most discrete features in the EDZ are caused directly by the instantaneous
unloading during excavation (undrained elasto-plastic response) and are of extensional nature. Sometimes,
especially for weaker rocks, these features can be accompanied by shear failure, Incaseofanisotropic rocks
(e.g. bedded rocks, low-grade metamorphic rocks), an activation of the planes of weakness can be observed.
This failure process can be of extensional or shear origin.

The instantaneous response and the associated features can not be avoided but the time-dependent or
progressive failure within the EDZ can be controlled by using adequate rock sup-port immediately after
tunnel construction. Good results have been achieved in soft clays, like the Boom Clay in Belgium, by
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using massive cement liners emplaced with the wedge-block technique. In indurated clays, rock bolts
and mesh or steel liners may be an adequate solution to limit the size of the EDZ,

The most important parameter of the EDZ with respect to waste disposal is the effective axial hydraulic
conductivity. In claystones like Opalinus Clay in Switzerland an increase from a homogeneous hydraulic
conductivity of about 10~13 m/s to local maximum fracture transmissivities of S x 10"7 m:/s has been observed
in the initial phase of the EDZ creation. The effective axial hydraulic conductivity, which is controlled by
several factors (e.g. the interconnectivity of individual features), has not been measured so far. There are
indications from in-situ tests that this property of the EDZ is much lower than the locally measured values.

TIME-DEPENDENT DEVELOPMENT OF THE EDZ
After waste emplacement the heat generating waste will cause the increase of stresses because of thermal
expansion of solids and porewater and heating-related reduction of strength. Numerical calculations
indicate that this transient effect is quite limited as the temperature increase at some distance from the
emplacement tunnel is quite moderate. This process could further increase the size of the EDZ but in
turn, heating may also increase creep rates and thus accelerate the closure of open fractures and reduce
the influence of the EDZ.

The re-saturation of the tunnel near-field and the bentonite buffer will cause additional processes, such as:
• Swelling of the host rock in the unloaded area
• Disintegration of the rock in part of the EDZ
• Increase of host rock creep
• Swelling of the buffer and therefore increase of radial pressure on the tunnel wall (in case of smectitic

clay buffer material)

These processes cause (self-)sealing effects leading to a significant reduction of the EDZ hydraulic con-
ductivity (up to 4 orders of magnitude within about 3 years for clay-stone) as demonstrated in several large
scale in-situ tests in underground laboratories and labo-ratory tests. Supporting evidence for such self-
sealing processes in clay formations under a certain effective normal stress is given by hydraulic test results
on natural fractures or fracture zones in claystones. Therefore, it can be expected that the increased
hydraulic conductivity, which was created due to the excavation-induced unloading process may
approach the original in-situ values during the equilibrium process after repository backfill and closure.
This process will happen very rapidly in plastic clays but also within a few years in the indurated clays.

INFLUENCE ON PERFORMANCE ASSESSMENT
The main question is if the EDZ will provide a preferential transport path for radionuclides. During the
thermal, transient phase the canisters will provide isolation for the radionuclides. In addition, tlow will
be directed towards the emplacement tunnels because of the existing hydraulic gradient and the high
capillary-induced suction in the unsaturated buffer and near-field rock. The re-saturation will take place in
about several hundred years but the pore-pressure build-up in the tunnel near-field will need thousands
of years.

In addition, it can be shown that for rock masses with low hydraulic conductivity and no water-conducting
features the flow along tunnels is limited by the inflow into the tunnels and the effectiveness of the seals.
Especially for long emplacement tunnels, radionuclides would be transported from the EDZ into the intact
host rock by matrix diffusion and the majority of the radionuclides would be transported by diffusion
through the host rock rather than by advection through the EDZ. This can be enhanced by the construction
of effective seals or plugs that limit the flow through the EDZ even more. The effectiveness of such plugs
can be increased by engineering means such as slot-like, radial cut-offs filled with compacted bentonite.

International Meeting, March 14-18, 2005, Tours, France
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THE JAPANESE APPROACH
TO DEVELOPING CLAY-BASED

REPOSITORY CONCEPTS
Y. Sugita'.T. Fujita2,Y.Takahashi', S. Kawakami*, H. Umeki1, M. Yui2,

M. Uragami1 and K. Kitayama'

1. NUMO, 4-1-23, Shiba, Minato-ku, Tokyo 108-0014, Japan
2. JNC, Muramatsu 4-33, Tokai-mura, Naka-gun, Ibaraki 319-1194, Japan

The H12 repository concept for vitrified HLW was developed based on a multi barrier system with an
emphasis on robust engineered barrier performance, to ensure its feasibility for a wide range of geological
conditions typical of those observed in Japan [1]. Clay-based components (buffer, backfilling material,
clay plug, etc.) play an important role in the performance of the H12 concept.

NUMO, which now has responsibility for the Japanese HLW repository programme, has adopted a volun-
teering approach to the siting process. This results in special challenges for developing repository concepts
which are tailored to the given siting environments [2]. Under such boundary conditions, maximum
flexibility is required and thus a wide range of variants of the basic H12 design has been developed.
These are complemented by a further range of alternative design options derived from the different
repository development studies which have been carried out in many countries. To limit the range of
variants considered in the "catalogue" of components which can be assembled to produce a repository
design, it was decided to focus on those with emphasis on the engineered barriers most studied to date
in Japan - steel overpack and bentonite-based buffers, backfills & seals.

In order to evaluate the applicability of different designs to specific siting environments, NUMO has
established a set of "design factors" which classify the aspects which need to be considered when evaluating
the pros and cons of different options:
• Long-term Safety
• Operational Safety
• Engineering Feasibility / Quality Assurance
• Engineering Reliability
• Site Characterisation / Monitoring Requirements
• Retrievability
• Environmental Impact
• Socio-economic Aspects

As discussed in more detail in [2], NUMO has developed two complementary approaches to the evaluation
of applicability of design variants in different geological settings. A bottom-up method using special
matrices allows individual components of a repository system (e.g. waste package, emplacement system,
sealing system,.,.) to be assessed for relevant design factors under the range of rock mechanical, hydro-
geological, geochemica! and thermal conditions expected at potential sites. The top-down method, by
comparison, assesses the relative performance of complete repository systems in idealised "'Potential
Siting Environments" using a form of multi-attribute analysis. Although both of these approaches have
their own limitations, their use by teams from NUMO and supporting organisations have proved invaluable
for enhancing system understanding.

For the clay-based barriers, a Na-type bentonite from Japan is used as the reference material with added
sand content, density, water content, etc. as variable parameters. A special concern arises from compact

International Meeting, March 14-18, 2005,Tours, France
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 9



O/Ol/l

repository concepts, which have been developed due to possible constraints on repository layout set by
limitations on the repository footprint. This led to a study on the thermal stability of bentonite under
different degrees of saturation. The output of this study was integrated into a general evaluation on
integrated disposal system which showed that a wide range of design options could produce high
emplacement density [2, 3], including
•+ Extended interim storage prior to disposal to keep temperatures below an arbitrary (but commonly

accepted) limit of 100°C
-* Conventional ("wet bentonite") disposal systems with higher allowed temperatures (up to about 150°C)
-> Disposal in prefabricated modules which keeps bentonite dry for extended periods (with allowable

temperatures of 300°C or more)
•+ Cavern disposal with delayed backfilling (requiring hundreds of years of institutional control).

With the possibility that a volunteer site could be located on the coast, the influence of saline waters on the
properties of bentonite-based barriers needs to be considered as a future task.. Probably more important,
however, are problems due to the interaction of hyperalkaline leachates from any cement-based engineering
materials with bentonite (and host rock) - as discussed in the recent international workshop co-sponsored
by NUMO and Posiva [4], Here again a number of different approaches to solving this problem have
been identified, including:
-> Developing models to robustly quantify bentonite alterations from such fluids
•+ Minimising the problem by developing low-pH cements
^ Minimising the problem by using sacrificial buffers
-> Avoiding the problem by using designs which have no cement in safety critical areas.

Such theoretical studies are complemented by more practical investigations of performances of bentonite-
based barriers as a function of the uniformity of raw material, the installed density and, in particular working
environment in the underground facility, e.g. high humidity. Here préfabrication concepts have been
identified as interesting options as they may both minimise thermal problems as mentioned above but
also greatly assist operational robustness and quality assurance of the emplaced material.

Although initial focus has been on the waste package environment, the clay-based seals may also be key
components of the safety case. Here again practicality of implementation of idealised seals and the possible
interactions of different engineering materials need to be considered. For seals, however, performance
needs to be evaluated in the context of the 3-D repository layout, as illustrated in the main paper by a
hydraulic analysis focusing on the intersections of the disposal tunnels and the main tunnel.

References:
[1] JNC(200Û): H12 Project to Establish the Scientific and Technical Basis for HLW Disposal in Japan,

JNC Technical Report TN1410 2000-001.

[2] NUMO (2004): Development of Repository Concepts for Volunteer Siting Environment, NUMO-
TR-04-03.

[3] McKinJey, 1. Neall, R, Kawamura, H. andUmeki,H. (2004): Geochemical Optimisation of a Disposal
System for High-level Radioactive Waste, J. Geochemical Exploration (in Press).

[4] Metcalfe, R. and Walker, C. (2004): Proceedings of the International Workshop on Bentonite-Cement
Interaction in Repository Environments, NUMOTR-04-05.
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BENTONITIC BUFFER PREFABRICATION

AND EMPLACEMENT

JL. Gaussen

Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtenay-Malabry Cedex, France

CONTEXT
In the framework of its evaluation of geologic disposal feasibility, Andra is considering the use of a pre -

fabricated bentonitic buffer as a component of the disposal cell dedicated to the spent fuel . Such a concep t
could be also used as an alternative for the disposal of vitrified waste .
This paper presents the justification of the buffer prefabrication method and sets forth a description o f
its emplacement process . It underlines the fact that these methods facilitate the compliance with th e
specifications and constitute a favorable factor in term of operational safety .

BUFFER SPECIFICATION S
The main specifications of the buffer are the hydraulic conductivity (1 .5 W/m/°C), the thermal conductivity
(1 .2 W/m/°C) and the gas permeability. The physical properties of the buffer (specific gravity, swellin g
pressure and composition) are derived from these specifications .

CHOICE OF PREFABRICATION
The specificity of Andra's concept rests in the fact that the buffer is prefabricated in a workshop an d
emplaced into the disposal cell during the construction process . The reasons which underlie theses
choices are essentially twofold . First, carrying out the necessary control of the compliance of a bentoniti c
block prefabricated in a workshop is easier in comparison with the in-situ conditions. Second, Andr a
prefers, for operational safety reasons, to separate the construction activities from the nuclear ones .
From a practical standpoint the material chosen is a mixture of sand and bentonite . The buffer consists o f
a series of large diameter rings the dimensions of which are 2,30m in diameter and 0,50m in thickness .
These rings are pressed until a specific gravity of 1,8 is reached .

CJM .DSES .04 .050 0

EMPLACEMENT PROCESS
The emplacement process considered is based on the air cushion principle . A package of 4 rings is placed
on a lifting pallet equipped with air cushion cells . The lifting pallet is pushed by an electric trolley supplie d
in air and electricity by an umbilical . The trolley pushes the system "buffer rings + lifting pallet" int o
the disposal cell and puts down the rings onto rails fixed on the lining .

DEMONSTRATION OF FEASIBILITY
The feasibility of this concept will be demonstrated through a full scale mockup fabricated in the framewor k
of the European project ESDRED.
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STUDIES OF HYPERALKALINE EFFECTS
ON CLAYS IN THE NEAR AND FAR FIELD -

PRESENT STATUS AND
FUTURE REQUIREMENTS
W.R. Alexander. W. Kickmaier, B. Frieg, I.G. McKinley

Nagra, Hardstrasse 73, 5430 Wettingen, Switzerland (russell.alexander@nagra.ch)

ABSTRACT

The fact that clay minerals are thermodynamically imstable at high pH complicates development of a robust
safety case for any repository design which includes both cement / concrete and either clay-based barriers or
a clay host rock [NUMO-Posiva, 2004]. One way around this problem is simply to change designs to avoid,
or greatly minimise, the risk of high pH-clay interaction. If this is not possible, a convincing case must be
made that any such interaction will not compromise repository safety - even over geological periods of time.

Already, study of hyperalkaline effects on argillaceous materials has been characterised by an approach
which integrates data from a wide diversity of sources:
* Conventional laboratory studies
* Thermodynamically and kinetically based modelling
• Field studies, particularly in underground test sites
• Natural analogues, including relevant geological and archaeological systems.

A decade of rather intensive effort has greatly improved understanding of individual processes; never-
theless, there is still great uncertainty on the net effects of individual interactions on the overall
performance of a nuclear waste repository. The essential problem is that the systems of interest are
extremely complex, involving extensive coupling of processes. Such coupling extends beyond the
T-H-M-C (thermal-hydroiogical-mechanical-chemical) interactions which can be of importance for
compact clays, to include the associated role of organics, colloids, microbes and gas. So far, these
topical areas tend to be considered separately but, in order to build a robust safety case, a fully synthetic
overview of all relevant processes is needed.

An example can help to illustrate this requirement. Many studies of hyperalkaline fluid flow through argilla-
ceous systems have shown relatively rapid sealing due to precipitation of secondary minerals. In general, such
sealing could be considered positive in terms of long-term repository performance. If processes exist which
can reactivate such altered systems, however, resulting retardation properties may be significantly worse
than the undisturbed system. Natural analogues show that such reactivation may be caused by mechanical
disturbances (shown very clearly at Maqarin in Jordan, for example). In a repository, such reactivations could
be caused by tectonic movement or, more likely, gas pressurisation. Especially in the case of gas, system
reactivation may force a pulse of rapid water (and colloid) flow through parts of the geological barrier.

A status review indicates that many of the major gaps in information at present could be addressed by
iong-term, large-scale tests under relevant repository conditions. In particular, there is a complete absence
of good simulations of the behaviour of multi-process system (e.g. including hyperalkaline fluids, gas,
microbes, colloids, etc.). The paper discusses such requirements and outlines potential projects which
could be the basis for future international collaboration.

Reference:
NUMO-Posiva, 2004: Proceedings of a workshop on bentonite-cement interaction, Tokyo, April 2004
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THE KHUSHAYM MATRUK SITE,
A NATURAL WITNESS OF THE

PROPAGATION OF ALKALINE FLUIDS
INTO A CLAYEY ENVIRONMENT:
ISOTOPIC APPROACH (C, O, Sr, Ar)

GdR FORPRO - Isabelle Techer', Serge Fourcade2, Philippe Boulvais1,
Maurice Pagel\ Norbert Clauer4, Joël Lancelot1, Emmanuel Jacquot5

1. Labo GIS Cerege, Nîmes
2. Géosciences Rennes
3. Orsay Terre, Paris
4. Centre de Géochîmie de la Surface, Strasbourg
5. Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtcnay-Malabry Cedex, France

In a deep geological site devoted to repository of high-activity long-lived nuclear wastes, the introduction
of great amounts of concrete may induce the formation and propagation of highly alkaline fluids, through
hydrolysis of cementitious minerals. The short- and long-term, the near- or far-field impacts of these fluids
on the confining properties of the argillaceous materials surrounding the radioactive packages must be
evaluated. In the aim of assessing and understanding the behaviour of clays with respect to the circulation
of high pH fluids, the Khushaym Matruk site in Central Jordan, was studied. This site presents exceptional
outcrops in which a thick layer of marbles and cements overlies bitumen-rich marls ("'BM1" with ca. 5 to
10% of clays) by means of an intermediate zone of compacted marls. The marble/cement unit is considered
as formed by the spontaneous combustion of organic matter in sub-surface conditions at temperatures
ranging between 1000 and 1200°C. Subsequently, alteration of these cementitious materials yielded
highly alkaline solutions and the impacts of their percolation in the underlying marls was addressed
through a mineralogical and a detailed isotopic study (Rb/Sr, K/Ar, U/Th, C, O).

Evidence for paieo-fluid circulation in the Khushaym Matruk site is found:
(1) in the development of newly-formed minerals filling cracks that crosscut the BM. Two types of cracks

are recognized:
- centimetre-thick cracks mainly filled with gypsum in the basal part of the site (at more than 3m

below the marble/cement unit). The mineralogy and structure of the surrounding bitumen-rich
marls are not disturbed;

- micrometer- to millimetre-thick cracks mainly filled with carbonates and in part with zeolites in
the first meters below the contact with the marble/cement unit. This micro-fissuration is linked
with a structural disturbance of the rock matrix;

(2) in the presence of travertine deposits mostly located at the bottom of the marble/cement unit, and
within this metamorphic formation

(3) recrystallisation observed at the matrix scale in the marls also suggests rather pervasive paleo-fluids
circulation at some (upper) levels of the sedimentary pile;

Microscopic, cathodoluminescence observations and U-Th dating of newly-formed minerals in microcracks
are consistent with multistage paleo-circulations in structural discontinuities, 110 000 to 130 000 years ago.
On the basis of combined *'Sr/8(lSr, 5k*O and 5I3C data (the later measured by conventional techniques
but also at the micron scale by SIMS) obtained on the different lithologies, we ascertain the hyper alkaline
character of some of these paleo-fluids and their provenance from the marble/cement rocks (Figure ] ).
The high pH fluids interacted with the marls during their percolation and produced newly-formed carbonates
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at the expense of atmospheric C O 2 . Flow of hyper alkaline solutions can be identified along the micro-crack s

over distances of 2-3 meters below the marble/cement unit . Beyond this distance, the alkaline characte r

seems to vanish and this is likely due to a progressive buffering of the parent solutions by atmospheric

CO2 present in the porosity when increasingly cumulative volumes of marls are percolated. In addition,

pervasive flow of hyper alkaline solutions is also identified in the marls matrix using global/micro n
scale isotopic analyses and cathodoluminescence observations, at least in levels close to the contact wit h

the marble/cements. In this zone, the related diffuse recarbonation certainly contributed to reduce the marl s

porosity. At greater distances from the contact with the marble/cement unit (beyond 4 metres), alkalin e

fluid flow with related minor recarbonation is also suspected, but the weak mechanical behaviour of thes e

marls precluded micron-scale isotopic analysis of possible newly-formed cement carbonates . So far, we do

not define a precise limit to the percolation of hyper alkaline fluids at Khushaym Matruk .
To complete this study, combustion of the bitumen-rich marls and its impact on the surrounding rock s
was evaluated. This process induced a total re-homogenisation of the Sr isotopic system and a resetting of
the K-Ar system in the marble/cement unit . From the K-Ar method, an upper age limit of 1 Ma is inferre d
for the combustion. Despite the high temperatures reached in the core of the system (1000-1200°C), th e
underlying marls (at ca. 2-3 meters beneath the metamorphic unit) did not experienced important therma l
disturbances and an upper value of the temperature reached is 200-300°C . Such a temperature range i s
consistent with the characteristics of the organic matter found in the marls (Elie et al., this proceeding) .

To conclude, in agreement with the study of organic matter (Elie et al ., this proceeding), the percolation o f
hyper-alkaline solutions in the bitumen-rich marls does not seem to have been important beyond 2-3 meter s
from the thick cover of marbles and cements . Recarbonation associated with these solutions, both pervasiv e
and sealing cracks, contributed to reduce the porosity of this proximal marl zone .

Figure 1 : (87 Sr/86 Sr) vs . 8 13 C diagram for carbonates from the bitumen-rich marls and newly-forme d
minerals at Khushaym Matruk with reference to the distance away from the marble-cement unit . Are also
represented the compositions of secondary carbonates precipitated from high alkaline fluids (Macleo d
et al ., 1991 ; Khrishnamurphy et al ., 2003) supposed to be in equilibrium with the marble/cement unit.

References :
Macleod G., Fallick A .E. et Hall A.J. (1991). The mechanism of carbonate growth on concrete structures, a s
elucidated by carbon and oxygen isotope analyses . Chem. Geology (Isotope Geosciences Sect.), 86, 335-343 .

Krishnamurthy R .V., Schmitt D., Atekwana E .A. et Baskaran M . (2003) . Isotopic investigations of carbonat e
growth on concrete structures . Applied Geochem., 16, 435-444 .
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Cherry Ringor2, Keisuke Fukushr1, Tadao Tanaka4, Shinichi Nakayama4

1. Institute of Nature and Environmental Technology, Kanazawa University, Kanazawa, Ishikawa,
920-1192, Japan

2. Graduate School of Natural Science and Technology, Kanazawa University, Kanazawa,
Ishikawa, 920-1192, Japan

3. Department of Earth and Planetary Sciences, The Johns Hopkins University, Baltimore, MD
21218, USA

4. Department of Fuel Cycle Safety Research, Japan Atomic Energy Research Institute, Tokai,
ïbaraki3I9-1195, Japan

INTRODUCTION
Extensive use of cement for encapsulation, backfilling, and grouting purposes is envisaged in radioactive
waste disposal. Degradation of cement materials through contact with groundwater can produce a high pH
pore fluid initially ranging from pH 13.0 to 13,5. The pore fluid pH eventually decreases to moderately
alkaline ranges due to formation and evolution of subsequent materials (Atkinson, 1985). The high pH pore
fluids can migrate outwards where it will chemically react with the host rock, and the bentonite utilized
to enhance the repository's integrity. These chemical reactions degrade the host rocks1 and bentonite's
ability to absorb radionuclides. Smectites comprising the bulk of bentonite can lose some of their desirable
properties during the early stages of bentonite-cement-pore fluid interaction. This has been a key research
issue in the performance assessment of radioactive waste disposal system. Elucidating the effects of high
pH pore fluid on the physical and chemical properties of smectites (i.e. especially dissolution behavior
and rates) is of utmost importance.

Stirred-flow-through dissolution experiments were utilized to derive reliable dissolution rates for smectites
under neutral to highly alkaline conditions. The effects of pH and temperature on smectite dissolution
rates were also investigated.

EXPERIMENTS
The flow-through setup used would enable monitoring of dissolution dynamics as it progresses towards a
steady-state condition. Custom-built cylindrical stirred-flow Teflon® reactors were used. The preparation,
stock and collection of the solution are all housed in a N2-gas filled glove box to eliminate interaction
with atmospheric COi with the solutions.
Mixed NaOH-NaCl and KOH-K.C1 solutions (I = 0.3 M) were reacted with purified smectite (Kunipia-P®
provided from Kunimine Industry Co. Ltd.) frompH 8 to 13, and at temperatures 30, 50 and 70°C. In each
setup, 120 mg of smectite is added to a 120 mL solution in the reactors.
Acid-base titration at constant ionic strength (0.3 M NaCl), and temperature similar to that for the experi-
mental runs (i.e. 30, 50 and 70°C) were performed under a N;-gas environment to investigate adsorption of
protons and hydroxyl ions. The titration was conducted at the pH range from 4 (acid) to 10 (alkaline).
The solid samples were mounted on a mica substrate for AFM imaging capable of detecting changes in
the particle volume after dissolution. A hunderd particles were imaged to be statistically viable.

RESULTS AND DISCUSSION
The effects ofpH and temperature on the dissolution behavior of smectites were investigated. Other possible
factors were fixed. It can be seen clearly that pH directly influences the dissolution rates, increasing with
more alkaline conditions (Fig. 1), Temperature also enhances the dissolution rates under increasingly
alkaline conditions.
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Changes in dissolution rate at constant pH as a function of I/T are shown in Fig. 2. Calculated values of
activation energy EeKp for smectite dissolution range from 37.89 to 63.88 kJ mol"1. The lowest values are
derived at near neutral pH, however, the rates increase with pH. The variation in the activation energy
with pH causes rates to become increasingly sensitive to pH at elevated temperatures. Above pH 8. the
relation between pH and activation energy is shown by the following equation:

-1S.07

The pH-independent apparent activation energy in each reaction path was calculated by plotting an Arrhenius
plot of the rate coefficients (£1 and K2) at 30QC, 50°C and 70°C, which were obtained from the filling
of the experimental data to the model of two parallel reaction paths (Cama et al., 2002). The apparent
activation energies were determined from a best-fit of rate coefficients that were obtained by fitting the
experimental results at each temperature. The following equation was obtained by fitting the whole data
set into a single equation:

177 V 4 " " -a 0.0297 V ^ - a
Rate =4.74-10- -s-*"" , 4 „ "" +1 .70-c w ^ r ^ H ^

I + 177V " r - a 1+0.0297 V -a
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Combining the above equation (the terms of effect of temperature and pH) and/[AG,.) obtained from
Cama et al. (2000) into the general rate law (Lasaga 1995, 1998) gives
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Figure 1: Relationship between logarithm of
dissolution rates and pH of reacting solution
at each temperature (e.g. 30, 50, 70°C).
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Figure 2: Arrhenius plots of smectite disso-
lution rate at different pHs of the solution.
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MULTIDIMENSIONAL MODELLING
OF CLAY-CEMENT INTERACTIONS USING

THE ALLIANCES COUPLING
GEOCHEMISTRY-TRANSPORT TOOL

Emmanuel Jacquot. Alain Dimier

Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtenay-Malabry Cedex, France

In the context of geological disposal of nuclear waste, safety studies have to consider time scales accounting
for the long period of the high level and long lived radlonuclides. Moreover, safety assessments involve
various phenomena, which are often interdependent. However, time scales of laboratory experiments are
necessarily short compared to repository ones and the experiments are often focussed on only one specific
phenomenon.

Numerical modelling offers a reliable way to deal with the extrapolation of experimental results to longer
time scales as well as to account for coupled phenomena. Stating the lack of numerical tools in this field,
4 years ago, Andra and CEA decided to launch the Alliances project, which aim is to create a user
friendly numerical tool enabling the simulation of multi-phenomenology through numerical couplings.
Among those ones, the transport chemistry coupling in a multidimensional space was demonstrated to
be of particular interest in the context of a geological disposal. Therefore, it was decided to put the effort
on transport-reaction coupling for the early development of the Alliances tool.

The goal of this presentation is to show an application case of the Alliances tool. Coupled transport-
reaction phenomena occurring at the interface between cement and argillaceous materials involved in a
geological disposal of high level and long lived radioactive wastes will be described. The necessity to
perform multidimensional modelling in order to correctly describe the system evolution in time and
space will be demonstrated.

The first step of the modelling approach was to acquire experimental data on clay-cement systems in order
to assess the mineral transformations of clayey materials under alkaline conditions. This has been done
by various laboratory experiments as well as the study of natural analogues. It has been demonstrated
that the phases observed in the laboratory experiments are the of the same nature as those observed on
the natural analogues, validating the fact that dissolved and precipitated phases observed in short term
laboratory experiments are representative of longer time scales of interactions.

The second step was then to check that numerical modelling of clay cement systems was consistent with
phase transformations identified both experimentally and on the natural analogue sites. Hence, from the
geochemical point of view, our modelling approach consists in being representative of what is observed
and not in being predictive by itself.

The third step consisted in coupling transport phenomena to the identified geochemical processes.
Considering diffusion as the dominating transport process in clayey materials, the modelling developed
in this study allowed us to estimate the propagation of an alkaline plume in time and space in the context
of a geological disposal.

One dimensional coupled geochemistry-transport tools, as PhreeqC, were beforehand used to give a
rough estimation of the propagation of an alkaline plume in clayey systems. The main limitations of one
dimensional transport are that neither the transversal dispersion of the alkaline plume nor an explicit
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description of the storage concept geometry can be taken into account. Neglecting transverse dispersion
will naturally lead to overestimates of hazards plume extension. Dilution will usually conduct to pH
neutralization and thus, to sorption increasing of toxics. These difficulties can be overcome by the use
of the Alliances multidimensional coupling tool.

The goal being defined, two software for chemistry have been chosen, namely PhreeqC 2,8 and Chess,
in order to build up a multidimensional tool. A common data model has been developed which aim is
to allow comparisons while switching between the chemistry tools. For transport, Mt3d99. Castem and
Traces have been introduced with the same philosophy of structure. It is worth noting that other tools
could be introduced, the only requirement being to satisfy the specific data model and to define the
appropriate methods. Referring to PhreeqC coupling, almost its complete phenomenology is available
within Alliances.

For the transport, parabolic equations with convection / diffusion / dispersion terms are taken into
account; the transport operator, L, being:

within the global transport equation for component species concentration C-

Qj represents the source term obtained through speciation, N the number of involved species and <X» the
porosity. It is worth noting in this expression that, due to the formulation of the problem in terms of
component species, D must be constant for all component species j .

The coupling of the two phenomena occurs through a two steps operator splitting technique. Using a
non-iterative scheme, the convergence is ensured by the numerical stability criterion, while in the case
of an iterative Picard algorithm, higher time steps can be used.

Within Alliances, the geochemistry is parallelized and coupled with an implicit transport algorithm
enabling scaled up simulations in terms of geometry.

PERSPECTIVES
PhreeqC coupling within Alliances becoming mature, enrichment of phenomenology is the main
development perspective. Sealing and temperature dependent simulations are underway, considering the
same geometry as presented therein, and in the near future we plan to take unsaturated hydro into account.
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GAS THRESHOLD PRESSURE TEST
PERFORMED AT THE MT TERRI ROCK
LABORATORY: EXPERIMENTAL DATA
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ABSTRACT
Safety assessment of potential gas release from radioactive waste repositories in argillaceous formations
requires information on gas transport properties of the host rock formation. In order to investigate gas
transport in the Opalinus Clay, a multitude of borehole tests were performed at the Mont Tern Rock
Laboratory. This paper presents the results of a comprehensive test campaign in borehole BGP4 (Figure
I), comprising a "classical" hydrotest with water injection and pressure recovery sequences and an
extended gas threshold pressure test (Marschall et al., 2003). Finally, a detailed interpretation of both
the hydraulic and gas test phase was conducted, using numerical single-phase and two-phase welltesi
simulators for data analysis. The joint interpretation provides a consistent set of single-phase hydraulic
parameters and two-phase flow parameters with well-defined uncertainty ranges.
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Figure 1: Sequence of hydraulic tests and gas threshold pressure tests in borehole BGP4 of the Mont
Terri Rock Laboratory

In a first step, the hydrotest sequence performed in the borehole BGP4 between January and June 1997 was
analysed with an inverse parameter estimation approach and a subsequent uncertainty analysis. The flow
model used for the analysis was a radial homogeneous formation of infinite lateral extent with a constant
wellbore storage. Darcy flow was assumed. The fitting parameters were the hydraulic conductivity, specific
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storage, static formation pressure and wellbore storage. Uncertainties in these fitting parameters due to
uncertainties in the non-fitting parameters (flow rates and borehole radius) were estimated. In the analysis,
no evidence for other non-hydraulic processes (e.g. borehole closure due to creep) was found. Furthermore,
a radial composite finite skin model was adopted to assess model uncertainty; however, this model did
not significantly improve the overall match of the data.

The Gas Threshold Pressure Test (GTPT) in BGP4 was analysed in two stages. In 1999, an inverse
parameter estimation approach was used, combined with a subsequent uncertainty analysis based on the
flow model used in the previous hydrotest analysis (Croisé et al., 1999). In 2004 a refined interpretation
was initiated which made use of complementary information on the two-phase flow behaviour of the
Opaiinus Clay, derived from laboratory experiments on drillcore specimens.
In the first GTPT interpretation stage, the fitting parameters were the intrinsic permeability, the forma-
tion compressibility, the wellbore storage, the gas entry pressure and the porosity. The two-phase flow
constitutive relationships (capillary pressure-saturation and relative permeability-saturation relationships)
were based on the Van Genuchten/Mualem and Grant approaches, [n comparison to the hydrotests, the
equivalent hydraulic diffusivity was about 30 times higher, with a permeability about 3 times higher and
the specific storage 10 times lower than diose deduced from the hydrotest analysis. The specific storage
estimate corresponds well with compressibility values determined on rock samples in the laboratory.
The estimate from the inverse simulation for the gas entry pressure corresponds very well with the estimate
from the diagnostic analysis (~lMPa). According to the conceptual model (homogeneous medium, no
gravity segregation, no fingering due to fluid viscosity differences or heterogeneities, gas movement
dominated by capillary resistance, i.e. threshold pressure), the gas only penetrated 3-5 cm into the for-
mation during the GTPT.

The second interpretation stage made use of additional test analyses from the enlarged data base of the
Mont Terri project (in particular, new experimental data obtained within the framework of the ventilation
and heater experiments conducted between 2000 and present). Further two-phase flow relationships were
investigated and a set of two-phase flow parameters and their uncertainties is proposed. The constraining
power of the new data led to a significant improvement of consistency between single-phase hydraulic
parameters and two-phase flow parameters.

References:
Marschall, P., Croisé, J., Schlickenrieder, L.> Boisson, J.Y., Vogel, P. & Yamamoto, S. (2003): Synthesis
of hydrogeological investigations at the Mont Terri Site (Phases I to V): Mont Terri Technical Report
2001-02.
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GRI & GRIS gas threshold pressure", J. Croisé, , Mont Terri TN 98-25
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GAS MIGRATION IN KBS-3 BUFFER
BENTONITE: SENSITIVITY OF TEST
PARAMETERS TO EXPERIMENTAL

BOUNDARY CONDITIONS
S.T. Horseman1, J.F. Harrington' and P. Sellin3

1. British Geological Survey, Keyworth, NG12 SGG, UK (jiha@bgs.ac.uk/+44 115 9363133),
2. Svensk Kârbrânslehantering AB (SKB), Stockholm, Sweden (skbps@skb.se/+46 8 6624974).

In the current Swedish repository design concept, hydrogen gas can be generated inside a waste canister
by anaerobic corrosion of the ferrous metal liner. If the gas generation rate exceeds the diffusion rate of
gas molecules in the buffer porewater, then gas will accumulate in the void-space of a canister until its
pressure becomes large enough for it to enter the bentonite as a discrete gaseous phase.

Three long term gas injection tests have been performed on cylinders of pre-compacted MxSO bentonite.
Two of these tests were undertaken using a custom-designed constant volume and radial flow (CVRF1)
apparatus. Gas was injected at a centTally-located porous filter installed in the clay before hydration.
Arrangements were made for gas to flow to three independently monitored sink-filter arrays mounted around
the specimen. Axial and radial total stresses and internal porewater pressures were continuously monitored.
The third test was performed using an apparatus which radially constrains the specimen during gas flow.

Under constant volume test conditions, breakthrough and peak gas pressures can significantly exceed
the sum of porewater pressure and swelling pressure. Observed sensitivity of the breakthrough and peak
gas pressures to the test boundary conditions suggests that gas entry is accompanied by dilation of the
bentonite fabric. The experimental evidence provides conclusive evidence tfiat gas moves through a system
of highly unstable pressure-induced pathways. Gas entry and breaktlirough under constant volume boundary
conditions causes both the total stress and the porewater pressure to increase. It is possible to determine
the point at which gas enters the clay by monitoring changes in these parameters. Abrupt drops in gas
injection pressure, accompanied by similar increases in total stress, can be interpreted as pathway prop-
agation events. The first pathways which form in the clay may not intersect the gas sinks. Additional gas
pressure is often required to produce fully-conductive features which connect with the sinks.

The experimental evidence is consistent with the flow of gas along a relatively small number of crack-like
pathway which propagate through the clay as gas pressure increases. This localisation of gas flow within
pathways results in non-uniform discharge rates at the sinks. Some displacement of porevvater by internal
consolidation of the clay occurs at high gas pressures.

When gas injection stops, the gas pressure in the clay drops rapidly and then continues to fall slowly with
time. The pressure transient approaches an asymptote which coincides with the zero flow rate condition.
The gas pressure at the asymptote (shut-in pressure) represents the minimum pressure at which gas is
mobile in the clay. The transient provides clear evidence of discrete gas pathway sealing events. During
a shut-in, the gas pressure exceeds the internal porewater pressure by an amount equal to the capillary
pressure. The decline in gas pressure during a post-peak transient reflects a similar decline in the porewater
pressure. Gas flow ceases when excess gas pressure (i.e. relative to porewater pressure) falls below capillary
pressure. In constant volume tests, the capillary pressure for bentonite is shown to be approximately
equal to the swelling pressure. There is no evidence from these long-term tests that the development of
gas pathways in any way compromises the sealing capacity of the bentonite barrier. The laboratory study
clearly demonstrates the sensitivity of the gas migration process to experimental boundary conditions.
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INFLUENCE OF TRAPPED AIR

ON THE WATER SATURATION PROCESS

IN A BACKFILLED KBS-3 TUNNEL -

NUMERICAL CALCULATIONS

Billy Falth, Harald Hdkmark, Lennart Biirgesso n

Clay Technology AB

One part of the development work for SKB's design of a deep repository for high-level radioactiv e

wastes in crystalline rock consists of numerical modelling of the backfill saturation process and th e

hydraulic interaction between rock and the backfill . Within this work, the effects of air being trapped i n

the backfill material on the saturation process were considered . Examples of questions that were raise d

are: How will air, initially present in the backfill material and with no escape routes other than through th e
host rock, influence the backfill saturation process? What impact does the host rock hydraulic propertie s
have on the air pressure build up inside the backfill? How important for the saturation process is th e
amount of dissolved gas in the host rock pore water?

The influence of trapped air in the backfill on the water saturation process was studied with Code_Brigh t
version 2.2, which is a finite element code for thermo-hydro-mechanical analyses of geological media .
Code_Bright handles standard two-phase flow of gas and liquid in porous materials . The two-phase flow
model considers advective transport of gas in the unsaturated state, diffusion of dissolved gas in th e
saturated state and dissolution of gas into the liquid phase .

A number of ID, axially symmetric isothermal models were analyzed . The models included a backfille d
tunnel and a portion of host rock (Figure 1) . The backfill was assumed to be a mixture of 30 % bentonite
and 70 % crushed rock compacted to an average degree of compaction of 90 % modified Proctor . At th e
model's outer boundary, water and gas pressure boundary conditions were set and the water supply to th e
backfill was varied by varying the rock permeability . The rock was kept saturated . Thus, the air presen t
in the initially unsaturated backfill had to escape by diffusion through the rock . For reference, models
assuming unlimited escape of air, i.e. with a constant atmospheric gas pressure inside the backfill, were
also analyzed .

PI = 5 MPa
Pg =0.1 MP a

backfill

	

rock
aL r

-r= 2 .5 m -
—r=25 m

Figure 1 : Model geometry, element mesh and hydraulic boundary conditions .

The results suggest that the impact of the trapped air is larger the higher the rock hydraulic conductivity .
When the water supply from the rock is large, the trapped air is limiting the saturation rate . This is illus -
trated in Figure 2, where two cases with different rock permeabilities considering trapped air are compared
with corresponding constant air pressure cases . In the high conductive rock case, the saturation time fo r
the trapped air model is about six times longer than that with constant air pressure (Figure 2a) . The trapped
air inside the backfill forms a "bubble", which holds back the inflowing water . The air pressure inside
the "bubble" reaches as high as 5 MPa, which is the same as the water pressure at the model boundary .
The only way in which air can escape is by dissolution into the pore water and diffusion through the
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saturated backfill parts and the rock. Thus, when the water supply rate is high, the saturation process i s

ruled by the air diffusion rate .

If the rock is tight and supplies little water, the effect of trapped air is small (Figure 2b) . The saturation
time for the case with constant air pressure is almost as long as for the trapped air case . The water inflow
rate into the backfill is sufficiently low that the trapped air has time enough to escape by dissolution an d
diffusion . The air pressure in the backfill does not reach the maximum value of 5 MPa since the air

diffuses away fast enough to limit the pressure build up .

Liquid saturation at the center of tunne l

Rock K =5e-9 mla

Liquid saturation at the center of tunne l

Rock =1e-12mrs

— - -053 .53lP9 - I1,5

Trapp=U ga s

- - - Con )!tPg =U IMPa

	

11,55

10 5 0

a)

	

b)

Figure 2: Impact on the saturation time of trapped air with different assumptions of rock permeability .

The results presented above were obtained under the assumption that the initial, pre-mining gas pressur e
in the host rock pore water is 0 .1 MPa. This assumption may not be completely conservative . Thus, th e
influence on the backfill saturation process of higher concentrations of dissolved air in the rock por e
water has also been studied . These results will be discussed in the article .
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APPLICATION TO THE GAS MIGRATION
TEST
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2. Universidad de San Juan, Argentina

ABSTRACT
The gas migration test simulates an underground storage concept for medium or low level radioactive waste.
A concrete silo was isolated from a granitic host rock by means of a 80/20 compacted sand bentonite
mixture. The test was emplaced in a cavern excavated in the Grimsel Rock Mechanics Laboratory in
Switzerland. The comprehensive instrumentation installed (piezometers, TDR probes, total pressure
cells) has provided information on the barrier performance during the successive stages of the test:
emplacement, natural and forced saturation, water injection test and, finally, gas injection tests. Due to the
high number of interfaces (buffer-concrete, buffer-rock, surfaces of compacted layers), natural preferential
paths are available for gas migration during the final stage of the test.

The paper presents a computer simulation of all the test stages and compares actual field measurements
with calculated values. Special attention is given to the simulation of interfaces. This is achieved by means
of special continuum elements which simulate gas flow through planar openings. The sanuVbentonite
mixture was described by means of an elasto-plastic model (BBM). Model parameters were found by
means of a backanalysis of suction controlled oedometer experiments on the sand/bentonite compacted
samples. Hydraulic laboratory tests (water retention, permeability) were also performed in order to
determine the appropriate material parameters.

The computer simulation has covered 6 years of activities and allows an interpretation of the processes
taking place in the barrier and the confining rock. It has been shown that water pressurization induces
changes of interface permeability. Gas flow paths develop along surfaces which experience an increase
of intrinsic permeability. Correlation between zones that undergo irreversible deformations and prefer-
ential gas flow paths could be established. It was also found that the established water flow largely
controls the paths of gas flow. Figure 1 shows the gas pressure distribution during one of the gas
injection tests.

The analysis of the GMT test and the successful comparison with field measurements (pressures, stresses
and water content) has shown the capabilities of the model developed to deal with gas migration
problems at a large scale. Figure 2 shows a comparison of calculated and measured stresses. It can be
seen that the pressure variations due to water and gas injection strongly influence the stress field.
The coupling of the two phase flow of water and gas with the mechanical problem was found to be a
crucial aspect in the test simulation, specially because the intrinsic permeability variations induced by
deformations and the interfaces.
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Figure 1 : Distribution of gas pressure during gas injection test RGI3 .
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Figure 2 : Calculated and measured horizontal stresses in layer 6, i .e . in the backfill between the concrete
silo and the host rock .
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The alteration and transformation behaviour of montmorillonite was experimentally studied to simulate the
mineralogical and chemical reaction of clays in contact with steel in high level nuclear waste repository.
Batch experiments were conducted at 80, 150 and 300°C, in low salinity solutions (NaCl, CaCK), using a
Wyoming benionite (M3C8O) in the presence (or not) of magnetite and hematite, and iron metal, over a
period of I year, and for various liquid/mineral mass ratio (from 5 to 50). The mineralogical and chemical
evolutions of the clays were studied by XRD, SEM, transmission Mossbauer spectroscopy, EELS-, HR- and
EDS-TEM. Experimental solutions were characterised by ICP-AES and ICP-MS.

In presence of iron oxides (hematite, magnetite), no significant change in the crystal-chemistry of the
montmorillonite occurred at 80°C. At 300°C, the presence of iron oxides leads to a partial replacement of
montmorillonite by high-charge trioctahedral Fe2 : -rich smectite (saponite-like) together with the formation
of feldspars, quartz and a decrease of the Fe37Fet01 ratio in the clay phase.

In the presence of iron powder and magnetite, experiments at 300°C resulted in significant mineralogical
changes, such as the formation of saponite, trioctahedral chlorite (±randomly-mterstratified chlorite-
smectite), quartz, feldspars and zeolite. The presence of the iron plate in the system triggers reactions
and the chlorite formed is much richer in Fe2""" at the nearest contact with the plate.

At 80°C, a 7 A phase crystallises when the liquid/ clay ration is around 50. In the présence of an iron metallic
plate, the same rype of 7 A phase is observed at the nearest contact with the plate. It is also observed in the
case of high iron powder/clay ratios. This 7 A phase has a composition close to Fe2 '-berthierine (cronstedtite).
The L/R ratio favouri,g such pahses is however rather unrealistic for nuclear waste disposal conditions-
Concerning nuclear wastes repository, these experimental simulations demonstrated an evolution
toward clay minerals having lower CEC. Meanwhile, this transformation is significantly observed only
at the nearest contact with the added metallic iron plate and under specific experimental conditions
which favours the reactions. The prediction of the potential behaviour of smectite in the presence of
steel container and their related alteration products, under nuclear waste repository conditions, is made
difficult by the consideration of die potential temperature range of the processes (25-90°C). Under such
Low temperatures, very little mineralogical changes can be determined from experiments carried out
during short durations (less than one or two years) and for liquid/mineral ration typical of the engineered
barrier (ca 0.2). Experiments carried out at higher temperatures could however be extrapolated to lower
temperatures as the type of mineralogical changes observed at high temperature is predicted by numerical
modelling either at high (300°C) or much lower temperatures {80-100°C).
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In the some of the "multi-barriers" concepts envisaged for the storage of high- and intermediate-level
and/or long-lived nuclear waste, metallic containers filled with the vitrified nuclear wastes are placed in
a confinement barrier itself surrounded by a geological barrier. To predict the long-term properties of these
clay barriers, it is thus essential to study the interactions between clay minerals, and more especially
smectite, and metallic iron as the corrosion of the metallic canister could induce te destabilization of the
clay minerals. Recent studies of these iron-clay interactions have shown indeed a significant reactivity of
clays widi the systematic partial destabilization of the initial clay material and the subsequent crystallization
of reaction products. The nature of these reaction products depends on experimental conditions such as
temperature, redox conditions, pH, and the nature of the initial clay material.,.). When smectite is used,
iron-rich chlorites are synthesized at high temperatures (300°C) whereas iron-rich serpentines are obtained
for more realistic temperatures (80°C). The aim of the present study was to thoroughly describe the crystal
chemistry and the structure of the phases formed as the result of the iron-clay interaction at low temperature
(80°C) in aqueous solutions.

Three reference smectites from the Source clay repository (http://www.a;zrv,purdue.edu/cJohnston/
sourceciavs/index.htmD have been used: a low-charge montmorillonite (SWy-2), a beidellite (Sbld-l) and
a nontronite (Garf ield). All experiments were performed with a 1/2/50 ratio clay / iron powder / MilliQ water.
To increase the iron reactivity, a fine-grained powder ( 10 microns) was used. The experimental mixtures
were prepared inside a glove box (< 10 ppm O:) sealed in Teflon reactors which were subsequently heated
to 80°C for 45 days. After reaction, samples were dried in laboratory atmosphere and ground. In reacted
SWy-2 sample, residual metal iron and residual smectite were removed by magnetization and sedimentation,
respectively, to ease the characterization of the newly-formed phases.

High-resolution transmission electron microscopy (HRTEM) coupled with selected area electron
diffraction (SAED), energy dispersive X-ray fluorescence spectroscopy (EDX), and with electron energy
loss spectroscopy (EELS), X-ray diffraction (XRD) with modeling of the XRD patterns and infrared
spectroscopy (IR), were used to propose a consistent structural model for the newly-formed phases.

XRD and TEM observations have consistently shown the systematic formation of iron oxides, of a Si-Al-Fe
gel phase and of iron-rich phyllosilicates in the three samples at the expense of the initial smectite phase.
Iron oxides were identified in XRD patterns as magnetite (Fe3O4). Lepidocrocite (FeOOI-I) can also be
identified using XRD after a few days of air exposure most likely as a result of the oxidation/crystallization
of the Fe-containing gel phase. The neo-formed silicate phase can be identified as a 7 Â clay phase (iron-rich
serpentine group) by XRD (00 E reflections at 7.1 A and 3.55 À) and HRTEM but the differentiation
with iron-rich chlorites can be difficult with these techniques. The serpentine structure was unambiguously
confirmed by IR spectroscopy from the absence of OH stretching bands characteristic of brucite-like layers
and by XRD modeling of reflections in the {ab) plane.
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Systematic EELS analysis revealed two different Fe:+/Fe3~ ratio in these newly formed phyllosilicate
phases as a function of their respective iron, contents: a 20/80 Fe*7Fe3T ratio was measured for the particles
containing less structural iron (observed in Sbld-1 and SWy-2 reacted samples) whereas this ratio was
~5O/5O in the particles containing more structural iron (observed in the three samples). By combining the
EDX and EELS data structural formulae were determined for these two types of newly-formed 7 À clay
particles: (SiL60, A1O4O)IV(Al060, Fe3 \2 7 , Fe2\36)VI O5(OH)4 and (SiIJ0, Alatl5, Fe3+

n05)
IV'(Fe3*l2(), Fe 2 \ ; ;)

V I

O5(OH)4. respectively. These formulae systematically indicate octahedral occupancies intermediate between
dioctahedral and trioctahedral phases and correspond to phases close to the odinite and cronstedtite
poles, respectively.
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ABSTRACT
Several designs for high-level nuclear waste (HLW) repositories include steel waste canisters surrounded by
bentonîte backfill. The aim of this work was to investigate montmorillonite stability in the presence of native
Fe, magnetite and aqueous solutions using thermodynamic modelling and hydrothermal experimentation.
Logarithmic activity diagrams were constructed for the system Al2O rFeO-Fei03-H ;0-MgO-Na,0-Si01

using estimated thermodynamic properties for Fe-rich clay minerals in conjunction with pre-existing
thermodynamic data. These suggest that if pore waters are supersaturated with respect to magnetite in HLW
repositories, Fe(ll)-rich saponite is the most likely montmorillonite alteration product (if/ o ^ , values
are significantly lower than magnetite-hematite equilibrium). If i f /o 2 ( g ) exceeds magnetite-hematite
equilibrium, and solutions are saturated with respect to magnetite in HLW repositories, alteration of
montmorillonite to berthierine may be expected.

In addition to thermodynamic modelling, two series of experiments were conducted. In the first, mixtures
including various combinations of Na-montmorillonite, magnetite, native Fe, calcite powder and NaCl
solutions were reacted at 250"C, P=PWil,eriilt for between 93 and 114 days. In the second series, the starting
mixtures included Na-montmorillonite, native Fe and solutions of FeCl2 which were reacted at temperatures
of 80,150 and 250"C, P=Psat, for 90 to 92 days. Solid products were analysed using XRD, FT-IR andTEM.
Solute concentrations were measured using ICP-AES and ICP-MS. In the first series of hydrothermal
experiments, native Fe oxidised to produce magnetite and montmorillonite was altered only when Fe was
added mainly in its native form. Experiments with significant Na+ resulted in the production of Fe-rich
smectite, which appeared to be mainly Fe(II)-rich, although it oxidised to produce an Fe(III)-rich form
on exposure to atmospheric O2. The Fe(III)-rich smectite exhibited only partial expansion after ethylene
glycol solvation. TEM lattice fringe imaging suggests this may be due to the loss of some tetrahedral
units from smectite layers, producing 7Â layers that become hydrogen bonded to adjacent sheets. This
appears to inhibit the formation of coherent glycol layers and indicates that the swelling capacity of this
material could be reduced.

Experiments where magnetite was included as the main source of Fe did not produce Fe-rich smectite.
The addition of a small amount of calcite to the starting mixtures resulted in montmorillonite undergoing
enhanced alteration to anakime. Solute activities corresponded to the approximate stability field of
hypothetical Fe(II)-saponite. In the second series of experiments, significant smectite alteration was
observed only in those conducted at 250"C. Alteration in these experiments resulted in the production of
a small number of 7 Â layers in XRD patterns, with solute activities coinciding with berthierine stability
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fields on activity diagrams. The experiments indicate that bentonite is still a desirable choice of backfill
material for HLW repositories, although some loss of expandability may occur at the canister-backfill
interface if alteration proceeds by loss of smectite tetrahedral units.
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Previous studies of Fe(ll) sorption onto montmorillonite have been performed with the mineral extracted
from the MX80 bentonite. These studies have shown that Fe(II) can be sorbed onto clay minerals in
cation exchange position. The affinity of montmorillonite for Fe(IÏ) and Ca(II) is identical. Fe(II) may
also be specifically adsorbed onto montmorillonite clay edges. Môssbauer spectroscopy confirmed the
high affinity of clay surfaces for Fe(II) sorption and showed that this sorption is mainly due to a two
step mechanism: Fe(II) specific adsorption, followed by oxidation of the Fe(ll) sorbed. The identification
of the oxidizing agent was prohibited due to the complex chemistry of the natural MXS0 montmorillonite.
Thus, synthetic iron-free montmorillonite was used (chemical formula: Ca(13 (Al14Mg0_f,')(Si4)Om(OH):).
57Fe(Il) sorption experiments were conducted in a N2 atmosphere gloves-box, in strictly anoxic conditions.
Solid samples were synthesized in order to confirm the clay high affinity for Fe{II), in absence of structural
oxidant, and to have a better comprehension of the sorption mechanism. Mossbauer spectra were recorded
for each sample.
Whereas no Fe(III) is detected in solution as pH was increased and then, a significant amount of surface
sorbed Fe(III) was found to be reversibly produced, which amounts for 0-3% of total Fe in the pre-sorption
edge acid region, up to 7% of total Fe when all Fe is sorbed in the neutral to alacline pH range. From
pH = 2 to pH = 7, a sorption edge plateau is observed. In this plateau, the sorbed-Fe{III)/sorbed-Fe ratio
increases with pH, up to 45% at pH 7. Môssbauer spectra comparison with ferrous hydroxide, synthesized
in the same redox conditions at higher pH, show that this oxidation can not be due to the trace amounts O ;

in the suspension. The Môssbauer spectra components of both Fe(JI) and Fe(III) appears as paramagnetic
doublets: iron has not been polymerized, but is present as cations. This result shows that sorption at the
clay-water interface occurs in a two steps mechanism: sorption of individual Fe(II) cations, followed by
an oxidation of some of them.

As a first hypothesis, water could be the oxidizing agent. However in this case, the reversibility of the
phenomenon cannot be explained. Thus we proposed, as a second hypothesis, that as pH is increased,
protons H+ is removed from the clay surface and, more and more of highly reactive sites acquire steric
properties that stabilize Fe(III) relative to Fe(II). This differential affinity induces in turn an Fe-to-clay
particle electron transfer. The change in surface site local environment is shown by observed large pH-
induced change in the sorbed Fe(II) quadrupole splitting distributions.
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IN THE MONT TERRI
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The required ventilation of the underground drifts during the construction and operational phases of a
radioactive waste repository could give rise to a process of desaturation of the rock around the drifts,
changing its hydraulic and thermal properties. This change of rock properties may have an impact on
the design of the repositories (drifts spacing and repository size), which depends on the thermal load
that the clay barrier and the rock can accept.

The Ventilation Experiment (VE) has been carried out at the Mont Terri underground laboratory
(Switzerland), and has been co-financed by the EC under contract FIKW-CT-2001-00126 (5lh R&D
Programme). Its main objective was to evaluate "in-situ " and better understand the desaturation process
of a consolidated clay formation, when subjected to a flow of dry air during several months.

This VE test has been performed under practically isothermal conditions (T = 15-16°C), in a 10 m long
section of a non-lined horizontal microtunnel (diameter = 1,3 m), excavated in 1999 in the shaly faciès of
the Opalinus clay of Mont Terri. In the summer of year 2002 (3,4 years after the microtunnel excavation),
the test section was sealed off by means of two double doors, and monitored with a total of 96 sensors
(rock water potential, water content, temperature and displacements, and conditions of the air in the test
section), Specifically, in a rock thickness of approximately two meters, 24 piezometers, 32 hygrometers,
10 TDR, 8 extensometers and 5 electrodes chains (geoelectrical survey) were installed.

The ventilation equipment (located outside the test section) generates a flow of air (Q;,,) with specified
values of the relative humidity (RH]n) and temperature (Tjn), which is sent to one of the ends of the test
section through an inflow pipe, and then evacuated with an outflow pipe in the other end. Values of Qoul,
RH1HJ[ and Tom are also measured in the outflow pipe.

After a phase of equipment tests, and another one where the RH;il was high (80%, with Qin = 20 nrVh
during 21 days), the true desaturation period (Qjtl = 30 m'/h) began in July 2003, with a phase {= 2 months)
where RIIltl was set equal to 30% and another one (= 5 months) with air inflow almost dry (R_Hm= 1-3%).
After this desaturation period, the test was finished with a 3-months resaturation period (target Qm = 20 mJ/li
and RHm= 100%).

Hydraulic, geochemical and geoelectrical laboratory tests have been also performed to characterize the
Opalinus clay properties. Besides, the "in-situ " VE test has been interpreted and modelled, using the
obtained experimental data for calibration of several codes, such as the Code-Bright, Code-Aster, Tough
2 and Mherlin.

The most important general conclusion obtained from this experiment (coming out from the rock moni-
toring real data and also from the modelling results) is the following; it can be reasonably foreseen that,
under real repository ventilation conditions (relative humidity of the air much higher than in the desaturation
period of the VE test), the desaturation of clayey rocks of low hydraulic conductivity (K < 1Û"12 m/s) will

International Meeting, March 14-18,2005,Tours, France
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 45



O/03B/1

not be a relevant issue. The thermal and hydraulic rock massif characteristics will not be practically
affected by the ventilation, except in a narrow ring around the wall of the galleries (thickness probably
less than 40 cm), where the rock degree of saturation can be lower than 95%.

Specifically, the VE test real data have shown that, after several months of ventilation with almost dry air,
the rock relative humidity was less than 95% only in a ring of thickness = 30 cm; although a suction
state (subatmospheric porewater pressures) developed up to a distance of about 2 m. Related wilh the
former, desaturation should not to be confused with the fact that the water potential can be slightly
below positive values. It is believed that a rock such as the Opalinus clay is quasi-saturated for suction
values up to at least 2-3 MPa.

Also, a value of the Opalinus clay hydraulic conductivity equal to 2,5 x 10'1' m/s has been estimated
with the experiment modelling. It should be pointed out that the VE test can be considered as a large
scale pumping test. During the desaturation period, rock outflow rates of vapour varying between
approximately 4 and 2 g/m~h have been calculated (using the data provided by the flowmeters and
hygrometers installed at the inflow and outflow pipes). In the resaturation period, rock inflows of vapour
were small: less than 1 g/mii after one month, and smaller than 0,5 g/nrh after two months.

The extensometers, which measure the relative displacements between the rock wall and points located at
a radial distance of 2 m inside the massif, recorded during the desaturation period small shrinkages (mean
value = 0,9 mm). In the resaturation period they registered very small enlargements (mean value = 0,1 mm).

A second phase of the project (VE ÏI) will be soon in progress as part of the on-going EC co-financed
integrated project NF-PR.O, to assess the potential impact of chemical processes, due to the ventilation,
on the rock hydromechanical properties.
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ABSTRACT
The hydraulic properties of the host-rock and the excavation damage zone (EDZ) of Opalinus Clay have been
derived by means of numerical modelling based on measurements of pressure, humidity and deformation
in the wallrock of a ventilated tunnel.

The ventilation experiment (VE), located in the Mont Terri URL in Switzerland (Opalinus Clay formation),
is aimed at investigating in-situ the effect of tunnel ventilation on the hydro-mechanical conditions in
the rock around the excavations. For this purpose a hermetically separated tunnel section is ventilated
under well-controlled conditions, Humidity, temperature and volumetric airflow are measured in the
tunnel, porewater pressure, water content and deformation are monitored in the wallrock. Three major
experimental phases have been accomplished to date, a saturation phase between July 2002 and April
2003, a desaturation phase between July 2003 and February 2004 and a resaturation phase, which is still

Tabelle 1 VE Desaturation phase

VE Desaturation phase

Period

d

0-28

28-91

91-237

Ventilation-
rate

m3/h

20

30

30

r.h.

%

80

30

0

T

°C

15

15

15

Modelling approach

1 ) Prescribed humidity
at tunnel surface

r.h.

%

90

60

20

2) Inflow of air
and vapor

Air-inflow

k g / h

26

39

39

Vapor-
inflow

kg / h

0.205

0.231

0

ongoing (October 2004). The focus of this paper is on the desaturation phase comprising of 3 periods
of varying humidity and flow-rates of the air entering the tunnel (table 1 ),

The two-phase How code TOUGH2 has been used to model the VF. and to derive the hydraulic properties
of the Opalinus Clay and the EDZ. The investigation is based on a radial symmetric model configuration
with a horizontal axis located at the axis of the ventilation tunnel (1.3 m diameter and 10 m length) and
an external boundary in a radial distance of 8 m.

Two different approaches were used to reproduce the ventilation scheme:
• Approach 1: for each period of the desaturation phase a prescribed suction according to Kelvins law

is applied at the tunnel wall surface as an inner boundary condition of the modelling domain. This
approach is a simplification as that it does not cope with observed temporal and spatial variations of
the relative humidity in the tunnel.

• Approach 2: Air flow rate and relative humidity are imposed at the entrance of the tunnel as in the
experiment. Temporal and spatial humidity variations along the tunnel are modelling results.
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Based on various sensitivity runs performed, the permeability level of the undisturbed host rock has been
estimated to be in a range of 10~2" - 10"|lJ m : which is consistent with independent measurements of the
permeability of the Opalinus Clay in boreholes. The permeability of the EDZ is estimated to 10~1¥ n~r.

Using the estimated hydraulic parameters, the modelling results are in good agreement with measured
saturation and suction profiles in space and time. A significant desaturation occurs for distances < 0.5 m
from the tunnel wall. The uncertainties in initial pressure and saturation fields proved to have a small
influence on the modelling results, given the realistic range of variation chosen (e.g. pressure within 1 to
5 bar and water saturation larger than 90%),

The influence of the two phase flow parameters (suction - saturation curve) on the desaturation are
seem to have only a limited influence on the quasi-steady-state, which is consistent with the fact that
the availability of water is controlled by the hydraulic gradient in the saturated rock.

The authors grateful acknowledge the Commission of the European Community for the co-funding of the project under contract
FIKW-CT2001-00126 together with ENRESA. 1RSK GRS and NAGRA as contractors. Juan Carlos Mayor (ENRESA). the
coordinator of the project, is «really thanked for comprehensive support.
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As a function of relative humidity (RH) and under non-saturated conditions, smectite typically shows a
stepwise hydration behaviour corresponding to the intercalation of 0, 1 or 2 discrete sheets of water
molecules in its interlayer. However, heterogeneities of charge location (between octahedral and tetrahedral
sheets) and/or of charge amount (from one interlayer to the other or within a given interlayer) most often
lead to the coexistence of different hydration stales within smectite crystals. These heterogeneities are
best revealed by comparing X-ray diffraction (XRD) patterns recorded on the same smectite sample
under contrasting RH conditions.

The hydration behaviour of a synthetic smectite (Na-saponite) was thus studied as a function of RI1 by
recording experimental XRD patterns in water vapour desorption conditions from an almost saturated
atmosphere (92% RH) to an essentially dry one (~ 0% RH).
Calculated XRD patterns were fitted to experimental profiles using a tria I-and-error procedure and
structural models were derived for hydrated smectite at each RH value. These models allow describing the
hydration behaviour of the swelling smectite layers, and more especially their hydraiion heterogeneity
and the evolution of layer hydration as a function of RH. The water content determined from XRD profile
modelling is consistent with gravimetric isotherm water desorption measurements, and is linearly correlated
to the interlayer thickness for each hydrated smectite layer type (1W and 2W layers).
In addition, by taking into account smectite hydraiion heterogeneity it was possible to further refine the
interlayer structure of bi-hydrated smectite. The commonly used description proposed by Moore &
Reynolds13' ( 1997) is shown to be inconsistent with experimental data, and the thermal motion parameter
(Debye-Waller factor B) is shown to inadequately describe the positional disorder of interlayer species.
A new interlayer configuration is thus proposed for bi-hydrated smectites to better account for the positional
distribution of interlayer species. This model is consistent with the interlayer configuration calculated using
molecular modelling algorithms.

[dl Moore & Reynolds ( 1997) OUR Oxford, 371 pp.
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The hydraiion behavior of a synthetic Na-saponite clay with a layer charge of 0.5 per half unit cell was
studied by combining gravimetric water adsorption-desorptiou measurements. X-ray and neutron diffraction
under controlled water vapor pressure, near infrared and Raman speclrometry under controlled water
vapor pressure, and Grand Canonical Monte Carlo simulations. The combination of all these techniques
allows defining well characterized hydration steps with increasing water pressure. For very low relative
pressure, the first water molecules adsorb on the external surfaces without any swelling associated. For
higher pressure up to around 0,05, water molecules adsorb around the sodium cations without moving them
from their equilibrium position above the ditrigonal cavities. This stage is accompanied by a moderate
swelling of the structure with dO0l values around 11 A. The adsorpt ion of further water molecules up to a
relative pressure of around 0.18 displaces the Na* cations towards a more central position in the interlayer.
This hydration step is accompanied by further swelling of the structure up to a value of around 12 Â.
For relative pressures between 0.18 and 0.50, a pseudo-plateau is observed on the water adsorption-
desorption isotherms. Although this region could be densified as corresponding to the "one layer"
hydrate, additional water molecules still adsorb around the sodium cations and in between them. This
leads to the formation of a percolating hydrogen bond network in the interlayer and a limited swelling up
to duo, values around 12.7 Â with significant changes in the relative intensities of the d(,m lines observed
in the neutron diffraction diagrams corresponding to D2O adsorption. For higher relative pressure water
adsorption leads to a relatively abrupt increase in the dW(1 values to reach d-spacings of 15.2 À. In terms
of vibrational spectroscopy, the signals of water molecules observed in this region are relatively close
to liquid-like water that appears more structured than bulk liquid water.
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RESEARCH IN THE MONT TERRI
ROCK LABORATORY: QUO VADIS?

Paul Bossart1, Marc Thury2

1. Institut Géotechnique SA, CH-2882 St-Ursanne, paul.bossart@geo-online.com
2. FOWG, Federal Office for Water and Geology, OFEG, Postfach CH-2501 Biel,

marc.thury@bluewin,ch

During ihe past ten years, the 12 Mont Terri partner organisations Andra, BGR. CRIEPL ENRESA,
FOWG, GRS, HSK.'lRSN, .INC. NAGRA, OBAYASHI and SCK-CEN have jointly carried oui and
financed a research programme in the Mont Terri Rock Laboratory (38 completed and 31 ongoing
experiments). An important strategic question for the Mont Terri project is what type of new experiments
should be carried out in the future. This question has been discussed among partner delegates, authorities,
scientists, principal investigators and experiment delegates.

All experiments at Mont Terri - past, ongoing and future - can be assigned to the following three categories:
1) process and mechanism understanding in undisturbed argillaceous formations, 2) experiments related
to repository-induced perturbations and 3) experiments related to repository performance during the
operational and posl-ciosure phases. In each of these three areas, there are still open questions and hence
potential experiments to be carried out in the future. A selection of key issues and questions which have
not, or have only partly, been addressed so far and in which the project partners, but also the safety
authorities and other research organisations may be interested, are presented below:

Process and mechanism understanding in undisturbed argillaceous formations
• How can methods and techniques for drilling, excavation, testing and sampling be improved in order

to keep perturbations to a minimum (e.g. sterile drilling and sampling)?
• Normal and abnormal pressures in argillaceous host rock formations: What is their relationship with

underlying processes and mechanisms such as osmosis and compaction disequilibrium? Mow do these
pressures evolve in the consolidation and over-consolidation history?

• How can we obtain large-scale hydraulic conductivities from small-scale hydrotesls already performed
(upscaling in space)'.'

• Assessment of long-term hydraulic transients associated with erosion and thermal scenarios.
Methodology for measuring/calculating drained rock compressibility and specific storage.

• What is a reliable and sound methodology for determining the remote stress field in argillaceous
rocks? Need for purpose-designed stress measurement tools!

• Diffusion experiments with highly active radionuclides: Will such experiments (e.g. with actinides) be
authorised, i.e. mainly in-situ experiments with concentrations above the exemption limit in controlled
zones of the rock laboratory? How can we obtain reliable matrix sorption parameters from in-situ
experiments, taking into account the borehole disturbed zone? What are the upscaling factors for the
relevant radionuclide diffusion and sorption parameters (from laboratory to in-situ experiments)?

Experiments related to repository-induced perturbations
• What are the short- and long-term chemical and physical processes involved in self-healing/self-sealing

in the excavation disturbed zone and in tectonic faults? Upscaling of self-healing (from small scale to
repository scale).

• What is the gas-induced transport of radionuclides in water on the large scale (experiment on the
repository scale, including gas transport along seals)? How can the parameters already obtained from
gas experiments be upscaled (from small to repository scale)?

• How can tunnels be constructed in order to minimise the excavation disturbed zone (e.g. elliptical tunnels)9
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• How are microbiological perturbations assessed in clays and porewaters (excavation disturbed zone
and tectonic fault zones)?

• What is the influence of a lining with cement components (high-pH fluids) on a repository? What is
the buffering potential of the host rock against external geochemical changes? How can the kinetics
of the buffering reactions be assessed?

• What is the shrinkage and swelling potential of clays, mainly due to changing relative humidity in the
galleries and in the unsaturated zone? How do these de- and re-saturation cycles affect rock mechanical
and hydraulic parameters?

• Coupled processes: Are "true" THMC (thermo-hydro-mechanical-chemicai) coupled experiments feasible
iii-situl If so, what are meaningful in-sini THMC scenarios and how can THMC experiments be
designed and carried out?

Experiments related to repository performance during operational and post-closure phases
• Repository stability: Is the geotechmcal and geochemical stability during the operational phase (10- i 00

years) assured? How can stability be assessed and what parameters have to be monitored?
• Evaluation of the extent of corrosion of container materials during repository saturation.
• Construction of engineered barriers: Demonstration of how the infilling process of granular bentonite

materials can be improved in terms of homogeneity and higher dry densities.
• Sealing of boreholes and repository access shafts. Evaluation of sealing capability of different granular

materials, densities and water saturations and demonstration of tightness of seals.
• Pilot repository (Swiss concept): Design, construction and instrumentation of a pilot repository. Is such

a pilot repository feasible?
• Long-term monitoring: What are the key parameters, measurement criteria and methods? What are the

requirements regarding quality assurance and data management of monitoring? Implementation and
testing of a monitoring concept in a gallery representing a pilot repository.

• Retrieval of waste: Feasibility and demonstration of deconstruct ion of the bentonite engineered barrier
and back-transfer of canisters.

The added value for the 12 partners in terms of future experiments is threefold: I ) the Mont Terri project
provides an international scientific platform of high reputation for research on radioactive waste disposal
(- state-of-the-art research in argillaceous materials); 2) errors are explicitly allowed (= rock laboratory
as a "play-ground" where experience is often gained through experimental failures); 3) the Mont Terri
Rock Laboratory is open to visitors and guided tours make a significant contribution to enhancing public
acceptance, particularly with respect to local communities and critical citizens who are open to, and
interested in, the technical and societal issues of radioactive waste disposal.
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UNDERGROUND EXPERIMENTAL
PROGRAM AT THE MEUSE/HAUTE MARNE
UNDERGROUND RESEARCH LABORATORY,

NORTHEASTERN FRANCE
Jacques Delay. Jean-Marie Krîeguer, Agnès Vinsot, Hervé Rebours, Gilles Armand

Laboratoire de Recherche Souterrain de Meuse / Haute-Marne. Route Départementale D960,
55290 BURE France - jac<|ues.dclay>u'andra.fr

In November 1999 Andra began building an underground research laboratory on the border of the Meuse
and Haute-Marne departments in eastern France. The research activities of the laboratory are dedicated
to reversible, deep geologic disposal of high-activity, long-lived radioactive wastes in an argillite host
rock. As with underground research facilities for radioactive waste studies in other countries, the
Meuse/Haute-Marne laboratory supports several major goals, among them:

• a fundamental understanding of the geo-scientific properties and processes that govern geologic isolation
in clay-rich rocks. This understanding includes both the host rocks at the laboratory and their regional
geologic context,

• an understanding of excavation and operational effects. The construction of the laboratory itself serves
a research purpose through the monitoring of excavation effects and the optimization of construction
technology,

• A development of concepts for sealing excavations.

This paper presents some aspects of the on-going experimental program in the galleries of the underground
laboratory illustrating the goals presented above.

The first objective of the research is to characterize the confining properties of the clay through in-situ
hydro tests, chemical measurements and diffusion experiments. Each experiment will consists in drilling
specific borehole and implementing equipments. The methodology has been tested previously in other
laboratories such as Mont Tern Rock laboratory.

After establishing the geologic conditions, an underground research program must also demonstrate that
the construction and operation of a geologic repository will not introduce pathways for waste migration.
These studies are primarily geomechanical in nature, though chemical and hydrologie coupling also
have important roles. The first experiment will be the monitoring of the niche at 445 m construction and
the setting up of an array of about thirty boreholes to monitor the geomechanical changes during and
after construction of the shaft in the host rock.

The monitoring of the construction of galleries at the main level of 490 m will also provide information
on short and medium term behaviour of the Callovo-Oxfordian argillite.

The third example shown deals with the testing of a concept of interruption of the EDZ through the a
cross-cut slot technology. This experiment has been tested at the Mont Terri rock Laboratory.
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The concept of the experiment consisted in realizing :
•two slim trenches perpendicular to the galley axe to characterize the reduction of the EDZ permeabilit y
after filling these slots with resin ,

•one slim trench in which a confining pressure is applied through a flat jack to simulate the effect o f
saturation of swelling clay on the rock mass ,

•one slim trench at the vault to evaluate the feasibility of the cross-cut backfilling , in particular at th e
vault of the gallery. The slot has been filled with highly compacted sand/bentonite mixture .

The concept tested successfully at Mont Terri will be transposed and adapted to the URL site conditions .
An illustration of the new saw designed for the KEY experiment is shown figure 1 . The results will b e
used for the development of a concept for gallery sealing (Figure 1) .

Figure 1 : New saw for the KEY Experiment
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PRELIMINARY RESULTS OF
SURFACE-BASED INVESTIGATION

AT THE HORONOBE URL SITE, JAPAN
S. Yamasaki, T. Fukushima, K. Aoki

Japan Nuclear Cycle Development Institute, Horonobe Underground Research Center,
Miyazono-machi l-8,Horonobe-cho Hokkaido, Japan, 098-3207

INTRODUCTION
JNC is pursuing an underground research laboratory (URL) project to conduct a systematic research on
geological disposa! in a Neogene sedimentary rock in Horonobe-cho, Hokkaido (Figure I ). The project
was commenced in March 2001 to better assess the methodology of understanding deep underground
environment and to build confidence in the technical feasibility of the geological disposal of high level
radioactive wastes.
The Horonobe URL project is planned over a period of about 20 years with three phases. The first phase
is surface-based investigation (6 years), phase 2 is investigations during construction of the underground
facility (6 years) and phase 3 is experiments using the constructed facility (9 to 11 years) [ 1 ]. There are
some overlaps between these phases, and the period of each investigation may change depending on the
progress of the project.
The project consists of two major researches: "Geoscientific Research", a scientific study of the deep
geological environment, and 'Research and Development on Geological Disposal" for improvement of
reliability on the geological disposal technologies and advancement of safety assessment methodologies [1],
The 'Geoscientific Research' is divided into the four categories of a) developing investigation technologies
for the geological environment, b) developing monitoring technologies for the geological environment, c)
studying the long-term stability of the geological environment, and d) developing the basis for engineering
technologies in deep underground [1].

CURRENT STATUS OF INVESTIGATIONS AND RESEARCHES IN THE HORONOBE
URL PROJECT
Air-borne (using electromagnetic survey and) and ground geophysical surveys (using MT/AMT and
seismic reflection method) (Figure 2), geological survey and drilling (7 boreholes of average 500m in
depth) have been performed in the URL main study area from June 2001 to March 2004. The following
are results obtained in the fields of geology, hydrogeology, and hydrochemistry [3][4].
Geology: The Horonobe URL area is in the eastern part of the Neogene basin (Teshio Basin), with the
Miocene-Pliocene sediments (Soya coal-bearing, Masuporo, Wakkanai, Koetoi, Yuchi and Sarabeisu
formations) overlying the Cretaceous-Paleogene basement. Wakkanai (hard shale) and Koetoi (diatoma-
ceous mudstone) formations are distributed with a thickness of over 500m in this area (see Table 1 for
characteristics of Wakkanai and Koetoi). Their strikes are in a NNW-SSE direction and the Omagari
Fault is considered to intersect these formations in a NW-SE direction, although not clearly identified
as of yet (Figure, 3).

Hydrogeology: Hydraulic conductivity in the matrix part of Wakkanai formation is in the order of l0"i: m/s
while that for Yuchi and Koetoi formations is 10"lom/s. It has a tendency to decrease with depth, regardless
of geological formations. As for dry density, data was collected only for the matrix part of Wakkanai
formation, measuring approximately 1.5g/cm\ No data was obtained for the matrix parts of Yuchi and
ICoetoi formations. The results of hydraulic tests and flow logging have revealed that most sections with
high transmissivity are found in the fractured zones of Wakkanai formation. Transmissivity in such
zones measured in the order of l0""~10'm nr/s.
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riydrochemistry: Chemistry of groundwater samples taken from boreholes sealed with double packers
and of pore water squeezed from cores has been compared. No significant difference was recognized
between the two water samples. Both showed a gradual transition from fresh to saline water with the
increase in depth. The actual transition depth varies from borehole to borehole. The results of isotopie
analyses of oxygen and hydrogen suggest that the present groundwater is a mixture of meteoric water
from the surface and saline water found in the deep underground, having also reacted with the surrounding
rocks. The dissolved gas has been identified as methane for the most part, but whether it is of thermogenic
or biogenic origin is yet to be ascertained.

Designing of the underground facilities was also pursued during the same period. The underground facilities
presently planned consist of three shafts: a ventilation shaft of 4,5m in diameter and east and west access
shafts of 6.5m in diameter. Their depth is to be about 500m_ Installation of the remote monitoring system
should be completed before the start of the shaft excavation planned for 2005.

References:
[1] Japan Nuclear Cycle Development Institute, Horonobe Underground Research Laboratory Project

Pians for Surface-based Investigations (Phase I), Technical Document JNCTN5510 2003-002,2003.

[2] Takuya Yamamoto, Michito Shimo, Yasushi Fujiwara, Hiromichi Hattori, TeruoTadokoro. Hikoe Iwama,
Makito Nago and Sou Kiimamoto (2002): HDB-l Borehole Investigations in Horonobe Underground
Reseurch Center. JNC TJ1400 2002-010

[3] Japan Nuclear Cycle Development Institute, Working Program for Deep Borehole Investigations
-HDB-6.7.8 borehole-, Technical Document JNC TN5400 2003-002.
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PROTOTYPE REPOSITORY; A FULL SCALE
EXPERIMENT AT ÀSPÔ HRL

Lars-Erik Johannesson, Lennart Bôrgesson, Reza Goudarzi, Torbjorn Sandén

Clay Technology AB, IDEON, 223 70 Lund, Sweden

Al Àspo Hard Rock Laboratory a full scale test of the Swedish concept for disposal of nuclear waste
(KBS3-V) lias been installed. The Prototype Repository Test consists of two sections. The installation
of the firsi section was made during summer and autumn 2001 and Section 2 was installed in spring and
summer 2003.

Section 1 consists of four full-scale deposition holes, copper canisters equipped with electrical healers,
bentonite buffer consisting of blocks and pellets and a deposition tunnel backfilled with a mixture of
bentonite and crushed rock, ending with a concrete plug as shown in Figure 1. Section 2 consists of two
full-scale deposition holes with a backfilled tunnel section and ends also with a concrete plug.
Altogether 84 large bentonite blocks, with a total weight of about 130 tons, were installed and more than
2000 tons of backfill material were mixed and compacted in-situ. Techniques for both manufacturing
and installing the buffer and the backfill were used in the project. Measurements and data from the
installation allow calculations of the expected density in the buffer and in different parts of the backfill.

Secton 1

I D 0 I
13m 6m 6m 6m 9m

Figure 1: Schematic view of the Prototype Repository.

The bentonite buffer in deposition holes 1, 3, 5 and 6, the backfill and the surrounding rock are instru-
mented with gauges for measuring temperature, water pressure, total pressure, relative humidity, resistivity,
canister displacement and rock stresses. The instruments are connected to data acquisition systems by cables
protected by tubes, which are led through the rock in watertight lead-thro ughs to a nearby tunnel, where
the data acquisition systems are situated. More than 750 transducers have been installed in the buffer
and the backfill. The technique for protecting the transducers from high water and swelling pressure was
developed in the project and furthermore different fabricates of transducers are used for the same type
of measurement in order to be able to compare their behavior.

The deposition holes have different water inflow rate, resulting indifferent water uptake rate of the buffer.
The water ratio as function of time for different pan of the buffer is calculated from measurement of the
relative humidity in the pore system of the buffer. Deposition hole I with a relatively high water inflow,
shows in some parts of the buffer very high degree of saturation while the dryer hole 5 and 6 which were
installed ai a later stage, show a very siovv saturation rate in many parts of the buffer.

The temperature in the buffer and on the surface of the canisters is interesting to study (see Figure 2).
The temperature measurements indicate a rather high drop in temperature over the 10 mm gap between
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the canister and the buffer. In deposition hole 1 the gap has vanished due to high water inflow, resultin g
in a lower temperature on the surface of the canister .

The displacement of the canisters in deposition holes 3 and 6 have been measured continuously with 6
transducers in each deposition hole . The measurement allows calculation of the displacement of the canister s
in all three directions . The maximum measured vertical displacement so far is about 5 mm .

The water uptake in the backfill is measured continuously with soil psychrometers . The results indicat e
a high degree of saturation close to the rock wall and on top of the buffer in the deposition holes, whil e
the backfill in the more central part of tunnel show slow increase in water ratio over the time .

Transducers for measuring suction in the rock (soil psychrometers) have been installed very close to th e
surface of one of the deposition holes . The transducers are measuring rather high suctions close to th e
rock surface, indicating a not fully saturated pore system of the rock .

The paper describes the following items; the test design, the installation phase, example of measurement s
made during the water uptake and some preliminary evaluations of water uptake of both the buffer an d
backfill .
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Figure 2 : Measurement of the temperature in the buffer in deposition hole 5
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PARAMETERS FOR PRE-INVESTIGATION
ASSESSMENT OF A FRACTURED CLAYSTONE

AS A REPOSITORY HOST IN HUNGARY
A.Bath', M. Goldsworthy2, G. Danko\ L. Kovacs A

1. Intellisei, Loughborough, UK; abath@intellisci.co.uk
2. Golder Associates GmbH, Celle, Germany
3. Golder Associates Kft., Budapest, Hungary
4. MKCSEKERC, Pecs, Hungary

The Boda claystone formation is being considered as the host rock for the Hungarian repository for
spent nuclear fuel and high level radioactive waste. A performance assessment (PA) is being carried out
to confirm the suitability of this formation for a deep repository and this requires a set of parameters that
gives a reasonable first approximation of wasteform degradation, containment by engineered barriers,
groundwater conditions and transport of radionuclides in the claystone. This paper describes how these
parameters have been derived from what is known about other claystone formations and from judgement
of potential uncertainties.

There are only limited data available directly for the Boda claystone so it has been necessary to consider
representative data from comparable claystone formations elsewhere. A basic concept for the structural
fabric of the elaystone and for the consequent mode of groundwater movement through the claystone is
necessary to describe the mechanisms by which released radionuclides will be advected in groundwater,
will diffuse into pore water in the rock matrix and will be sorbed onto clays and other mineral surfaces.

Differences in the geomechanical properties of the various claystone rocks are key to making comparisons
between them and to understanding their likely hydrogeological behaviour. Unlike crystalline rocks, the
geomechanical properties of claystones evolve considerably in response to burial, diagenesis and low-
grade metamorphism, during which major changes to the fabric of the rocks take place. Anisotropy of
geomechanical, physical and hydrogeological properties is caused by the strong development of bedding
in these rocks, dependent upon the degree of depositional faciès heterogeneity and the prevalence of
clay minerals.

The Boda claystone is a strongly indurated fine-grained sedimentary rock that has been buried to quite
considerable depth in the past and thus has been weakly metamorphosed. It is therefore not directly
comparable with unmetamorphosed plastic clay rocks and may have a significant degree of porosity and
permeability due to fractures in addition to porosity between grains in the compacted rock matrix. It is very
probable that groundwater movement and solute transport through the Boda claystone occur advectively
through fault zones, fractures and micro fractures. Partial self-healing of fractures probably lowers the large-
scale hydraulic conductivity substantially, but the brittle nature of the indurated rock probably promotes
and preserves fracture permeability.

The degree of induration and incipient low-grade metamorphism in potential analogue claystone formations
is an important factor. Claystone rocks at Wellenberg and Tournemirc are the better analogues for the
highly indurated overconsolidated fractured Boda claystone. The Opalinus Clay and Callovo-Oxfordian
formations are distinct in being less indurated and less fractured, having some residual plasticity and
capacity for self-healing of fractures. Long-range solute transport in these formations is entirely diffiisional
but they still offer useful analogue data especially with respect to matrix diffusion and solute transport
in the clay matrix.
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Consideration of the geological and structural evidence suggests that the most appropriate groundwater
flow and solute transport model for the Boda claystone is a dual porosity model. The basic concept for this
model is advection of groundwater and transport of solutes through a low permeability discrete fracnire
network coupled with diffusion of solutes into the matrix. Thus the required parameters for advection
include the hydraulic conductivities and porosities of both fractures and matrix. Parameters for diffusion
and retardation of solutes within the claystone matrix include the effective diffusion coefficients, D,,.
and distribution coefficients, Kd, for radionuclides that give significant releases in PA. The efficacy of
matrix diffusion in retarding radionuclide transport would depend on the extent to which diffusion-
accessible porosity is restricted by induration and the growth of secondary pore-filling minerals.

Key parameters that describe the geochemical environment within a claystone matrix are the salinity.
pH and Eh (or other redox parameters) of pore waters. Other species that may influence the potential of
the claystone pore water system to transport of radionuclides are the carbonate alkalinity or total inorganic
carbon, dissolved organic carbon, microbial populations, and colloid concentrations. It is difficult if not
impossible to sample pore water directly from the matrix of indurated claystone rocks, so in-situ hydro-
chemical conditions have to be inferred from water compositions in adjacent formations and in fractures,
from leaching tests and from geochemical modelling. Salinities tend to be brackish to saline and water types
vary correspondingly from Na-HCO, to Na-CI, with varying proportions of SO4. pH values are on the
alkaline side of neutral, i.e. generally between 7 and 9, with increasing salinity and higher pH being cor-
related. It is uncertain whether redox conditions are reducing in view of the paucity of buffering minerals.

Diffusion coefficients in indurated and cemented claysione rocks are likely to be particularly low because
of the low diffusion-accessible porosity and the high degree of tortuosity and constrictiveness of pore inter-
connections. Diffusion of most solutes is additionally retarded because of sorption primarily onto clays,

Sorption parameters (Kd values) and radionuclides solubilities are available from literature for the
hydrochemical conditions likely to be sustained in the near field of repositories in the Opalinus Clay
and Callovo-Oxfordian host rocks. These ranges of values are recommended for the Boda Claystone,
with some broadening of ranges in Kôs and solubilities for Se, Te, U and Np to allow for uncertainty
about redox conditions.

A set of hydrogeological and solute transport parameters that are considered to be appropriate for the Boda
Claystone Formation have been derived from compiled data for analogue sites plus the limited data that are
already available for that formation. The best estimate value for each parameter has been produced for the
PA team with a maximum-minimum range that can be used for probabilistic modelling or deterministic
modelling of variant cases.
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ALLIANCES: SIMULATION PLATFORM FOR
NUCLEAR WASTE STORAGE AND DISPOSAL

Ph. Montarnai1. Laurent Loth2, Clement Chavant5
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2. Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châlenay-Malaury Cedex, France
3. EDF, 1 av. du G. de Gaulle, 92141 Clamart, France

In order to analyse the feasibility of nuclear waste storages and disposals it is necessary to carry an
important modelling and simulation program from the fine understanding of the process involved at
each level (package, near field, geological site) of the safety assessment of a global situation.
Thai is the reason why the CEA and me Andra have jointly developed since 2001 the software platform
ALLIANCES. EDF has joined the project in 2003. The objective of the project is to obtain a numerical
platform allowing:
- The simulation of the characteristic phenomena of all disposal and storage situations;
- The choice and coupling of different numerical codes;
- The simulation of multi-physical and multi-scale phenomena;
- The uncertainties analysis related to data and models;
- The studies management and traceability.

ALLIANCES aim is not to develop a new scientific calculation code but to accumulate within the same
simulation environment the already acquired knowledge and to gradually integrate new knowledge.
Therefore, the project is based on the following three fundamental choices:
- Integration of several scientific calculation codes for a same physical problem in order to take advantage

of the complementarities of each code (discretization method, processing of complex geometry, processing
of great property contrast....). All these codes share the same User Interface (Ul) and Application
Programming Interface (API). This enables results comparison and then ensures a best confidence for
the prediction,

- Coupling algorithms of different numerical components implementation with a high level programming
language (Python)

- Use of the OpenSource Salome platform environment in order to ensure modularity and versatility of
ALLIANCES. Salome platform gives access to the following generic tools: graphic user interface,
geometry and meshing generator, visualization, calculation supervision {definition and distribution of
calculation sequences).

Special aitention is paid to the qualification and validation program. It proceeds by tests with a gradual
complexity: first comparing calculations to analytical solutions, then defining benchmark exercises between
codes implemented in the platform and external ones. The tests validate the different aspects of the
application validity domain of the modules. For each test, several options are tested: selected codes, size
of the grid, methods of discretization (Finite Volume, Mixed Hybrids Finite elements...), linear solver.

The 1.2 release of Alliances was distributed to users in December 2003. Andra safety studies are currently
done with this version of the platform. Several computations are also carried out at CEA for injection
chamber simulation and uranium migration simulation.
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The 2.0 release of Alliances, which will be available in December 2004, contains the following modules :
- Hydraulics in unsaturated and saturated media ;
-Extended transport in saturated media (involving convection/diffusionldispersion transport, sorptio n
via retardation coefficient and radioactive decay) ;

-Chemistry/Transport coupling in saturated media with feedback of porosity changes ;
-Thermo-Hydraulics ;
-Thermo-Aerolics ;
-Container degradation models ;
-Sensitivity analysis tools .
The integrated computer codes are :
-Cast3M (CEA), Porflow (ACRI), Traces (IMFS), MT3D (USGS) for hydraulics and transport ;

-Chess (ENSMP/CIG) and Phreeqc (USGS) for geochemistry ;

-Trio-U (CEA) for Thermo-aerolics ;
-Aster (EDF) for Thermo-Hydraulics ;
-Colonbo and Prediver (CEA) for container degradation models ;
-Kalif (CEA) and Pastis (Andra) for sensitivity analysis .

The next releases of ALLIANCES will include more physical phenomena like reactive transport i n
unsaturated flow, thermal and mechanical models and their coupling with hydraulics and alteration o f
waste package coupled with the environment .

The following pictures show examples of computation cases done with Alliances :

;mudf), -
,J20.

Deep geological repository computation issued from the 2001 Andra safety calculations
500 000 elements mesh for a normal evolution scenario (left )
Piezometric head at z=-130 m for a normal evolution scenario (middle )
1 129 concentration at 50 000 years for an altered evolution scenario (right )
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Uranium migration in subsurface environmen t
Concentration isovalues : Uraninite at initial time (left), 02 at 150 years (middle), UO22+ at 150 years (right )

ALLIANCES is currently available on PC/Linux computer system and will be available on the computer s
of the CEA computational center of Bruyères-le-Châtel .
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DEVELOPMENT OF SATURATION IN
BENTONITE BARRIER OF GEOTECHNICAL

EXPERIMENT MOCK-UP-CZ
Jaroslav Pacovsky, Libor Zapletal, Jifi Svoboda

Czech Technical University in Prague

Within the framework of bentonite barrier research (the aim of which is to isolate radioactive waste from its
environment in the underground repository) a large physical model Mock-Up-CZ has been constructed
in the CTU in Prague CEG. This experiment simulates vertical placement of a container with radioactive
waste according to the Swedish KBS-3 system. The model consists of a barrier of bentonite blocks and
the heater. The heater, which substitutes a container with radioactive waste, is placed inside the barrier.
Water inflow through the barrier from its outer surface is possible (it simulates the impact of groundwater).
The heater loads the barrier with temperature. The whole experiment is closed inside a cylindrical box,
whose construction withstands high pressure due to bentonite swelling.

Six measurement profiles along the height of experimental tank serve for continuous measurement of
on-going processes inside the experiment {two measurement profiles are mounted below the heater, two
within the heater's height and two above the heater).
The profiles contain a number of sensors placed inside the bentonite barrier (40 thermometers for moni-
toring the changes in temperature, 50 hydraulic pressure cells for swelling pressure measurement and 13
humidity sensors).
The experiment was started on 7.5.2002. In the phase 1. bentonite barrier was loaded only by temperature.
The temperature of the heater was adjusted to reach maximum temperature 90°C in the barrier. This phase
lasted 6 months.
The phase II. of experiment started on 4.11,2002 and is currently running. During this phase bentonite
barrier is saturated by synthetic granitic water and is also loaded by temperature from heater. The finishing
of experiment and its dismantling is planned to the beginning of 2005.
It is generally known that from all standard geotechnical measurements, measurement ofliumidity (with
usage of different types of sensors) is the most complicated. The results are always (due to many different
reasons) ver}' complicated to reproduce.
In Mock-Up-Cz experiment, two types of humidity sensors (Soiltest and Rotronic) were installed.
During the phase I., when only initial humidity was redistributed, obtained results seemed to be reliable.
After start of saturation results were not so reliable.
Some worries of interpretation of results measured by humidity sensors existed during the proposal of
experiment. Because of that there was the effort to use the only one undoubted method of water content
determination - the gravimetric method (determination of weight of water in the sample).
It is the purpose why during the construction of Mock-Up-CZ experiment there were prepared gaps
(which can be closed) in the cover for possibility for taking samples by core drilling. The technology of
drilling and the way of sealing drills after taking core were also defined.
The first drill was performed at the end of phase I. The exact development of water content along the
whole barrier was determined from unbroken core. The core also enabled to find the state of bentonite
blocks near the heater after 6 months and observe impact of temperature (approx. 90°C).
The analysis showed that due to redistribution moisture, the original technological water content 8%-10%
near the heater dropped down to 2,5% and near the experiment cover it increased to 21 %. Twenty measure-
ments of water content were done and they allowed to make the exact course of moisture gradient.
In the phase II., results of measurements of humidity coming from humidity sensors were used only as an
additional information. For evaluation of degree of saturation only core drills were used. This was also
one of the reasons, why the number of gaps (which can be closed) increased from originally S to 21.
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The gaps used for drilling are of two types - with diameter 32 and 16 mm. Cores with diameter 32 mm
were used for determination of changes in permeability and swelling pressure (these tests were performed
by Geodeve lop ment Ltd. - prof. R.Pusch). Cores with diameter 16 mm were used only for determination
of changes in water content, respectively in consistency limits.
All drills were sealed by plugs from identical material and the same dry density (with water content
approx. 10 %) immediately after drilling. Regarded the quick balance of moisture in the barrier, it was
verified that after 3 wreeks from application the sealing plug into the drill, material of the plug has the same
water content as its surroundings. So it was possible to perform the drill for water content detenuination
in the same place after one month.
Taking core samples during the whole phase II. Was performed in defined intervals, along the whole
height (and width) of the bentonite barrier. From this it is always possible to determine the reached
degree of saturation in the range of the whole barrier.
The development of barrier saturation and its evaluation is the content of presented paper.
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MODELLING HEAT AND MOISTURE
TRANSPORT IN THE ANDRA/SKB

TEMPERATURE BUFFER TEST
H. Hokmark'. A. Ledesma1, T. Lassabatere3, B. Faith1,

L. Borgesson1, J.-C. Robinet4, N. Sellali3, P. Sémété3

1. Clay Technology, Sweden
2. Technical University of Catalonia, Spain
3. EDF, France 4. EuroGeomat, France

For Andra ns program for thermal nuclear waste geological disposal, there is an interest in improving the
understanding of the Thermo-Hydro-Mechanical properties and behaviour of bentonite-based buffer
materials during the saturation process, in particular in the high temperature range above 100°C. To meet
the need for experimental data, a large-scale field test, the Temperature Buffer Test (TBT) has been designed
and set up at 420 m depth below ground surface in crystalline rock al ihe Aspo Hard Rock Laboratory
in Southeast Sweden. The test, which is jointly operated by Andra and SKB, the Swedish Nuclear Fuel
and Waste Management, is in operation since March 2003.

Two heaters, each 3 m long, 0.6 m in diameter and generating 1500 W of thermal power, are stacked on
top of each other within a bentonite buffer inside a vertical, 8 m deep and 1.8 m diameter, deposition hole.
A schematic view of the test is shown in Figure ! (left). Ring-shaped blocks of bentonite are directly in
contact with the lower heater, while there is a 0.2 m sand shield between the upper heater and the
surrounding bentonite. Cylinder-shaped blocks of bentonite are set below, between and above the heaters.
An anchored plug seals the hole and confines the experiment mechanically in the vertical direction. A sand
filter is installed between the bentonite buffer and the rock wall to allow for control of the hydraulic
boundary. Temperatures, relative humidities, total stresses, pore pressures, water inflow and forces taken
up by the plug anchoring are monitored continuously, logged hourly and reported monthly. Figure 1
(right) show temperatures measured at mid-height of each heater.

Prior to finalizing the design, numerical simulations were performed in order to establish the necessary
heat output and to get a first estimate of the desaturation / resaturation time-scale and of the temperature
levels. Prior to test start, a program for predictive modelling was defined. Modelling teams organized
by Andra, SKB and Enresa made blind predictions of the thermal, hydraulic and mechanical evolution
of the test, A number of codes were used for the predictions: ABAQUS, Code_Bright, Code Aster and
CLEO. A subsequent evaluation modelling program has been defined to explore the relevance and the
validity of the assumptions made in the predictions.

The present paper describes the approaches taken by the different modelling groups in the predictive phase.
Examples of modelling results are given and compared with measured data. The focus is largely on the
densely instrumented regions around the two heater mid-sections. In particular the extent of buffer
dehydration close to the surface of the lower heater appears to be sensitive to the choice of model used
to represent vapour transport.
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Figure 1 :
Left : vertical cross section through the test showing the general geometry, location of heaters, bentonite

blocks, sand shield around the upper heater, positions of instruments, plug and anchoring system, an d
sand filter system for hydraulic boundary control .

Right: Measured temperatures around upper heater (Ring 10) and lower heater (Ring 4) as function o f
radial distance from the heater axis . The slopes of the temperature-distance curves show how heat transpor t
conditions have changed during the first 500 days . In the sand shield around the upper heater the
decrease of the gradient is probably due to mechanical compression caused by the growing swellin g
pressure in the surrounding bentonite . The successive change in slope close to the surface of the lowe r
heater is an effect of early bentonite dehydration and a subsequent slow resaturation .
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CONDITIONS WITHIN A BENTONITE-BASED,
FULL-SCALE TUNNEL SEAL AFTER 5 YEARS
OF EXPOSURE TO ELEVATED TEMPERATURE

AND PORE WATER PRESSURE
D.A. Dixon'. J.E, Martina1, B. Vignal2, K. Masumoto1 and T. Fujita4

1. Atomic Energy of Canada Limited, AECL
2. Agence nationale pour la gestion des déchets radioactifs, Andra
3. Kajima Technical Research Institute
4. Japan Nuclear Cycle Development Institute, JFVC

A major international experiment, demonstrating technologies for tunnel sealing at full-scale was conducted
at Canada's Underground Research Laboratory between 1998 and 2004, The participants in this Tunnel
Sealing Experiment (TSX) were AECL, Andra, JNC and during the pre-thermal phase of the experiment
the USDoE (via the Waste Isolation Pilot Project (WIPP)). Two bulkheads were installed; one consisted of
high-performance concrete and the other of highly compacted sand-bentonite material. The performance
of these two bulkheads was monitored throughout die experiment in order to evaluate the influence of
elevated hydraulic head (4 MPa) and chamber temperature (up to 85°C) on these materials.

This paper primailly describes the density, and moisture conditions within and adjacent to the clay bulkhead
portion of the TSX at the time of experiment decommissioning. The clay bulkhead was extensively sampled
in the course of TSX decommissioning, allowing for development of a detailed density, moisture content
and tracer distribution profiles for the clay bulkhead. This allows for comparison of the as-built and the
end-of-test conditions within the clay bulkhead.

Samples obtained during decommissioning of the clay bulkhead confirmed that the majority of the
< 1 L / day seepage through the clay bulkhead (at a 4 MPa head across a 3-m-thick bulkhead) occurred
via the lower density upper perimeter region of the clay bulkhead. Extensive sampling was conducted
in this region to determine the presence and distribution of chemical tracers used to determine travel
times through or around the clay and concrete bulkheads.

The clay bulkhead was also found to have undergone approximately 75 mm of physical compression,
confirming instrumentation readings collected in the course of experiment operation. This compression
was largely the result of the hydraulic head applied to the upstream face causing closure of the small
construction joints between the clay blocks used in this bulkhead. The result of the compression was the
generation of a fairly uniformly-thick region of reduced density at the upstream face of the keyed portion
of the bulkhead. The subsequent swelling of the bentouite-clay blocks compensated for compression of
the clay bulkhead. This meant that a positive contact was maintained between the clay bulkhead and the
surrounding rock and other confining media. This also provided an excellent demonstration of the self-
sealing capacity of benlonite-based materials.
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CYCLIC THERMAL DISTURBANCE
IN THE STRESS FIELD OF CLAYS:

EXPERIMENTAL CHARACTERISATION
AND CONSTITUTIVE MODELLING

Lvesse Laloui. Cane Cekerevac

Soil Mechanics Laboratory, Swiss Federal Institute of Technology, EPFL, CH-1015 Lausanne,
Switzerland - Lyt»sse.Lalmni'»'t'pn.ch

Clay formations are amongst the best geological structures for radioactive waste disposal, especially
because of their low permeability and natural viscosity (which facilitates "self-healing"). In a repository
situation, the vitrified waste and spent fuel packages release significant amounts of heat into the geological
environment. This heat dissipation causes strong mechanical disturbance because of the effect that
temperature variation could have on the clay through its influence on free and adsorbed water. Strain is
caused in the clay structure mainly by the thermal expansion of the free water and the loss of adsorption
forces in the adsorbed water. Due to thermo-mechanical deformation of the solid skeleton, related to
thermo-elastic dilation as well as to irreversible thermal strain, the hydraulic gradient and transitory flow
of pore water are also modified. Numerical modelling can be used in addition to laboratory experiments
for the evaluation of such disturbances in the stress field.

This work is a contribution to the understanding and the evaluation of the thermal perturbation in clay rock
at the near field scale. It contains experimental developments for the characterization of the clay thermo-
mechanical properties and their evolution as well as the development of a comprehensive constitutive model.

This research only concerns temperatures below 100 °C (no phase change is expected - which is the case
for radioactive waste disposals). The work may be divided into three parts: experimental characterization,
constitutive modelling and cyclic effects,

1. EXPERIMENTAL CHARACTERIZATION
A new thermo-mechanicai triaxial apparatus has been developed and carefully calibrated for investigating
thermal effects on the behaviour of saturated clays (Cekerevac et al., 2005). The experimental study was
performed on Kaolin clay. Several thermo-mechanical loading paths, presented in three-dimensional mean
effective pressure-shear stress-temperalure space were used to gain insight into the effect of temperature
on the mechanical behaviour of clay (Cekerevac and Laloui, 2004).

The tests, carried out under isotropic conditions, show that the thermal volumetric strain of clay can be
contractive or expansive, depending on the stress history and the value of the change of temperature.
Isotropic triaxial compression tests at different temperatures showed that the apparent preconsolidaiion
pressure of the clay decreases with increase in temperature. However, a drained thermal cycle, applied
in a normally consolidated state, produced "thermally-induced overconsolidated behaviour", which
manifested itself as an increase in the apparent precon soli dation pressure. Meanwhile, the same thermal cycle
applied in an initially overconsolidated state did not have any influence on the isotropic yield surface. Two
series of isothermal triaxial compression tests were carried out at ambient and high (90 °C) temperatures.
The test results revealed shrinkage of the normalised pseudo-elastic yield limit with increasing temperature
(Cekerevac and Laloui, 2003). An examination of the yield surface together with plastic strain increments
showed that the normality rule was not obeyed by the Kaolin ciay either at 22°C or at 90°C. In addition,
thermal effects on a variety of features of clay rock: i. shear strength, ii. critical state and iii. elastic modulus
are presented and discussed.
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2. CONSTITUTIVE MODELLING
Based on our previous work (Modaressi and Laloui, 1997), a new constitutive thermo-mechanical
approach for isotropic paths is presented based on the thermal influence on preconsolidation pressure.
This temperature-induced change in preconsolidation pressure is modelled with a dependency law using
only one material parameter. Comparisons with experimental results show the validity of this law
(Laloui and Cekerevac, 2003a). This isotropic mechanism was introduced in a cyclic thermo-mechanical
model (LTVP). The numerical simulations showed that the model reproduces thermally-induced volume
change for soils ranging from normally consolidated up to highly overconsolidated and showed its
capacity to model isotropic, coupled thermo-mechanical paths. Moreover, the numerical predictions
clearly showed the model's capability to predict shear paths in both drained and undained conditions at
different temperatures (Laloui and Cekerevac, 2003b).

3. CYCLIC BEHAVIOUR OE CLAY
Experimental and numerical studies of the cyclic thermo-mechanical behaviour of soils were also carried out.
The thermal cyclic loading paths revealed that most of the thermally- induced plastic deformation occurred
during the first thermal cycle; subsequent thermal cycles of the same magnitude did not produce further
permanent volume change. Results of shear tests showed that heating has an important effect on the
undrained cyclic stress-strain behaviour of clays. The heated sample behaved as if it were denser than the
unheated one, which is an implication of thermal hardening. Then, the LTVP models capability to predict
cyclic stress-strain behaviour of clays at different temperatures was carried out. The numerical predictions
clearly showed that the model is able to predict undrained cyclic shear tests at different temperatures
correctly. Furthermore, the model reproduces the experimentally observed thermal hardening, which
produces a difference in the results obtained at ambient and high temperatures.

References:
Cekerevac C , L. Laloui & L. Vulliet. "A novel triaxial apparatus forthermo-mechanical testing of soils".
Geotechnical Testing Journal, in press, March 2005.

Cekerevac C. & L. Laloui. "Experimental study of the thermal effects on the mechanical behaviour of a clay".
International Journal for Numerical and Analytical Methods in Geomechanics, Vol 28, pp 209-228, 2004,

C. Cekerevac & L. Laloui. "Thermo-mechanical yielding of a clay". GeoProc 2003, International Conference
on Coupled T-H-M-C Processes in Geo-systems. Tryck: Universiteservice US AB, Stockholm, pp. 487-491,
part 2, 2003.

Modaressi H. & L. Laloui. "Thenmo-viscoplastic model for clays". International Journal of Numerical
and Analytical Methods in Geomechanics, Vol. 21, pp 313-335, 1997.

Laloui L. & C. Cekerevac. "Thermo-plasticily of clays: an isotropic yield mechanism". Computers and
Geotechnics, Vol 30/8 pp 649-660, 2003a.
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EFFECT OF DRYING
ON ARGILLITE SAMPLES

Q.T Pham, L. MaJinsky, D. Nguyen Minh, F. Vales, H. Gharbi

Laboratoire de Mécanique des Solides, Ecole Polytechnique, 91128 Palaiseau, France.

The ventilation in underground galleries during the exploitation phase of a radioactive waste disposal will
induce an unsaturated zone in the host rock. The suction gradient due to the drying can induce tensile stress
which could modify the excavation damaged zone (EDZ). Such a situation has already been evidenced at
Tournemire [1] where tensile cracks occur due to the relative humidity changes. The purpose of the study
is to investigate the effects of desaturation on Bure argillite samples submitted lo decreasing relative
humidity.

The first step of the study is to characterize the evolution of the mechanical behavior according to relative
humidity. Cylindrical samples (36mm in diameter and 72mm in height) are set in a tight box, in which
relative humidity (RH) is imposed by saline solutions. Three different relative humidity steps are conducted.
(98% RM —» 44% RH —» 32% RH). When moisture equilibrium is reached, uniaxial compressive tests are
carried out. We have observed an increase by a factor two of the Young modulus and of the compressive
strength when the relative humidity is decreased from 98% to 32%. The second part of the study is to
characterize the desaturation process in a hollow cylinder of larger dimensions (the outer diameter is
100mm, the inner diameter is 40mm and the height is 130mm) submitted to successive decreasing relative
humidity steps (98% RH -> 90% RH -> 76% RH -» 64% RH -> 44% RH -* 32% RH). The external
surface of the sample is waterproofed except the inner hole in which air is ventilated. The evolution of
strain at moisture equilibrium states according to RH allows to characterize the argillite hydromechanieal
behavior. The orthoradial strain measured on inner hole are closed to the strain measured on outer surface
(Figure 1); this indicates that the sample is quite homogeneous. However, a significant anisotropy is
observed. The axial strain, perpendicular to the bedding is about twice the orthoradial strain parallel to
the bedding (Figure 1 ).

For each RH step, the experimental results allow to identify the parameters of a linear anisotropic
poroelastic model [2]. Linearized moisture diffusivity is identified by comparing the measured mass
evolution and one dimensionnal numerical simulations for each RH step. The results of the compressive
uniaxial tests combined with the results of the drying test allow to identify the evolution of Biot
coefficient in two directions, perpendicular to the bedding and parallel to the bedding. The linearized
permeability is calculated within the framework of porociasticity by a combination of the previously
identifed coefficients.

The identified parameters are used to perform linear poroelastic finite element simulations of each drying
step. The computed tensile stresses around the galleries are compared with the tensile strength of saturated
rock found in literature. The drying is likely to create tensile damage in argillite, which will be checked
in the following step of this ongoing research.
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Figure 1 : Strain and mass variation versus relative humidity .

References :
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THE MOCK-UP OPHELIE : A LARGE SCALE

BACKFILL TEST FOR HLW DISPOSAL

Hughes Van Humbeeck l , Jan Verstricht ', Claude Gatabin 2

1.EIG EURIDICE, Boeretang 200, 2400 Mol, Belgium
2.CEA Saclay, DEN/DPC/SCCME/LECBA, 91191 Gif-sur-Yvette, France

Prior to the in-situ PRACLAY experiment (Preliminary demonstration test for clay disposal of high leve l
radioactive waste), which aims at simulating a section of a disposal gallery for vitrified HLW, the EI G
EURIDICE (Economic Interest Grouping between ONDRAF/NIRAS and SCK-CEN) has performed a larg e
scale surface test called OPHELIE mock-up (On surface Preliminary Heating simulation Experimentin g
Later Instruments and Equipment, fig . 1) . The objectives of the experiment were to review several aspect s

not yet worked out in detail of the HLW disposa l
design (developed in the early 1990's) in a claye y
host rock. This mock-up focused in particular on th e
backfill material (specifications, manufacturing ,
installation and hydration), the steel disposal tub e

, ;

	

and the monitoring equipments. The mock-up had

*1

	

-

	

an internal diameter of 2 m and a length of about 5 m .

	

'I

	

The gallery lining was replaced by a steel liner wit h
on its intrados 16 hydration tubes. A central tube
with dimensions similar to the waste disposal tube

'f

	

contained the heating elements (450 W/m linea r
' heat dissipation) . The mock-up was backfilled with

Figure 1 : Mock-up during assembly, with the pre-compacted blocks of clay-based material . These
backfill blocks, the hydration tubes, the disposal had been developed by the French Atomic Energ y
tube and the sensor cabling

	

Commission (CEA) taking into account desig n
specifications dealing with swelling pressure, therma l

conductivity and handling . The backfill material resulted in a mixture of FoC a' clay (60 % of mass) givin g
the swelling properties and low permeability to the mixture, sand (35 %) to limit the maximum swellin g
pressure, and graphite (5 %) to obtain a thermal conductivity almost independent of the saturation degre e
of the mixture (around 2.5 W/mK) . The mock-up was instrumented with about 150 sensors, mainly t o
monitor the thermo-hydro-mechanical (THM) behaviour of the backfill material . All steel surfaces in
contact with the backfill were made from stainless steel (AISI 304 or similar) .
The hydration of the mock-up started on 2 December 1997 . Six months later, the heating was switche d
on for four years .

The measurements and observations during the experiment pointed the attention to some unexpecte d
phenomena, such as the high apparent thermal conductivity of the backfill material and the low an d
decreasing swelling pressure exerted by the backfill material . Water samples indicated an unexpectedly
high content of chloride and other solutes close to the central tube, these species having an impact o n
the resistance of the metallic parts against corrosion . Presence of free sulphides in the water indicate s
sulphate reducing mechanisms in the backfill .
After a cooling period of 2 months, the mock-up was dismantled in October 2002 . The dismantling wa s
accompanied by a large scientific programme to better understand the unexpected phenomena .
The backfill has swelled and filled all technological voids . By the way, the microbiological activity and
the corrosion have been limited inside the mock-up . The water saturation degree increased from the centra l
tube to the external liner (96%- 100%). However, the backfill material was not fully saturated. The joints
between blocks were still visible and the water content of these joints was higher than inside a block .
The swelling was therefore not uniform inside the mock-up .

International Meeting, March 14-18, 2005, Tours, Franc e
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement

	

Page 81



O/06A/1

The results of the THM post-dismantling analyses showed an increase of the saturated hydraulic
conductivity from values around 2 10"M - 2 ]0"13 m/s (depending on the dry density) for the initial material
to values three time higher for the exposed material (fig. 2). No effect of the thermal gradient on the
hydraulic conductivity was observed. We also detected a slight decrease of the swelling pressure and a
slight increase of the thermal conductivity (2,7 - 3,1 W/mK for blocks from the middle and external
rings and around 2.5 W/mK - like the non exposed blocks - for the internal rings)

Compared with the non exposed material, no
significant changes were noticed regarding water
retention. Exposed and initial backfill materials have
the same behaviour for high suctions (> SO MPa).
For low suctions, however, a slight decrease of water
retention was observed for the exposed blocks
(may be due to the carbonates).
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Figure 2: Hydraulic conductivity

Apart from some crystallization phenomena (gyp-
sum and silica grains), no evidence of mineralogical
changes could be observed. This is consistent with
the small reduction of the swelling pressure.

The chemical analyses of the pore water and solid phase showed no significant changes for pH and CEC.
An increase in Cl, dissolved silica and DOC towards the heater tube confirmed the results of the analyses
made during the operation phase. The enrichment of salts towards the heater tube can be explained through
advective transport by the water front moving in the unsaturated backfill material during the hydraiion
process. The high concentration of dissolved silica can also be explained by the increased solubility of
silicate and clay minerals at high temperature. The increase of DOC is more difficult to understand and
could also be affected by different artefacts occuring in the mock-up.

The paper will give more results about THM, mineralogical, chemical, microbiological and corrosion
analyses.
The impact of the OPHELIE mock-up on the change of disposal design for vitrified HLW will be also
explained.

The OPHELIE mock-up experiment is financed by ONDRAF/NIRAS. The mock-up design and
construction has also been supported by the EC.

The authors thank X. Li and F. Bernier from EURIDICE, P. De Cannière, P. Deboever, B. Kursten and
L. Ortiz from SCK-CEN, M. Descostes, M. Jullien and J. Raynal from CEA, S. Daumas from BRGM
and S. Reeder from BGS for their participation in the post-dismantling analyses.
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EBS RESEARCHES IN BELGIUM:
FROM LABORATORY TESTS TO ON-SURFACE

MOCK-UP TOWARDS UNDERGROUND
IN-SITU REAL SCALE EXPERIMENT

Xiangling Li'. E. Romero2, C.Gatabin', C. Schroeder4

1. EIG, EURIDICE, Boeretang 200, B-2400 Mol, Belgium
2. UPC, Jordi Girona 1-3, Building D2, 08034, Barcelona, Spain
3. CE A Saclay, Bâtiment 158, F-91I91 Gif-sur-Yvette Cedex, France
4. GéomaC, l'ULG, Chemin des Chevreuils 1, 4000 Liège - Sart Tilman, Belgium

Since 1974. Belgium investigates the design for disposal of its High Level Radioactive Waste (HLW) in a
deep clay formation, the "Boom Clay'1. Although the clay formation is the main (natural) barrier against the
transport of the radionuclides towards the biosphere, the design also involves several engineered barriers
(EBS) to seal effectively the access shafts and galleries.
In the design developed in the 1990's, a non-saturated bentonite based material was chosen as part of the
barrier system. Prior to demonstrating this design in in-situ conditions, a surface mock-up test (OPHELIF)
has been operated between 1997 and 2002. The OPHELIE backfill material is a compacted mixture of
60 % FoCa smectite clay, 35 % sand, and 5 % graphite (ref. Hughes, ei at. 2004, for the detail design
of the OPHELIE mock up). During the mock-up test, some unexpected phenomenons were observed.
For example, the swelling pressure built in the mock up is much smaller than expected, moreover, after two
and half years of test, it displayed a tendency to decrease by all total stress sensors (see Fig. 1). The lower
than expected swelling pressure may result from different causes: the high temperature (up to 140°C)
and the lack of saturation are possible explanations. The swelling pressure decreasing in the mock up
afterwards can be attributed to different processes: the collapse (volume reduction upon wetting, which
can be enhanced upon heating, this is indeed a crucial aspect to study in terms of the performance of
the backfill/sealing materials); the thermal plasticity; the time related behaviour (stress relaxation, etc.).
Consequently, in order to investigate in detail the Thermo-H y dro- Mechanical behaviour of this OPHL1E
backfill (constitutive law building), also to support the interpretation of the measurements and observations
during OPHELIE mock up test, a systematic laboratory testing program under odometer and triaxial
conditions has been performed under simultaneous control of suction and temperature. Basic thermo-
hydraulic characteristics of the mixture (thermal conductivity, water retention properties, relative
permeability, etc.) have been determined on both reference samples (prior to mock-up test) and exposed
samples (after dismantling of the mock-up). Thermo-mechanical tests were carried out at two contrasting
temperatures (room temperature and 80°C) to identify thermal and suction effects on compressibility
and shear strength properties. It is the first time that the OPHELIE mixture was characterised deeply in
laboratories. A preliminary numerical simulation of the mock up is ongoing based on the parameters drawn
from the laboratory tests. Even the OPHELIE concept is no more considered by NIRAS/ONDRAF
(Belgian agency for radioactive waste and enriched fissile materials), the experience gained, the lessons
learned from OPHELIE mock up, the deep knowledge got from the laboratory THM characterization
tests furnish an important asset for the development of the new design for the HLW disposal.
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Figure 1 : swelling pressure evolution during the OPHELIE mock up tes t

Recently, the EIG EURIDICE (European Underground Research Infrastructure for Disposal of radioactiv e
waste In a Clay Environment) is planning to conduct an in-situ large scale PRACLAY heater test in th e
underground research laboratory at MOL, in which a horizontal plug (namely PRACLAY plug test) wil l
be incorporated. The objective of the PRACLAY plug test is to demonstrate that it is possible to cut-of f
hydraulically the Excavation Damaged Zone (if presents) and the engineered barriers of the disposa l
galleries with a horizontal plug . The plug also avoids the hydraulic shortcut to the access gallery (ref .
Bernier et al. 2004, for detail design of the PRACLAY heater test) . The material that will be used as plu g
material is not yet selected . The benefits from OPHELIE mock up will be taken to the development o f
the design of the near future PRACLAY plug test .
This paper tries to study/analyse in a comprehensive way the THM behaviour of the OPHELIE moc k
up . This study reposed on the detail analysis of the previously described laboratory tests performed on
the OPHELIE mixture and on the measurements during/after dismantling the OPHELIE mock – up test .
Its swelling capacity at different temperature, its collapse potential at different states, its re-saturatio n
process (liquid transfer or vapour transfer, the necessary time to be re-saturated) under different conditions ,
its permeability evolution at changing water content are the most important factors that are considered .
As a result, the main observations during/after dismantling the OPHELIE mock up test will be interprete d
in parallel in this paper . The preliminary simulation results (sensibility analysis) will provide the suppor t
for the understanding of the THM behaviour of the mock-up .
Finally, the lessons learned from the OPHELIE mock up test for the future in-situ PRACLAY experience
and the development for the development of the design for the HLW disposal will be detailed .
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ENGINEERED BARRIER EXPERIMENT
MONT TERRI UNDERGROUND LABORATORY

J.C. Mayor1, E. Aionso1, J.L. Garcia-Sineriz3

1. ENRESA, Emilio Vargas 7, 28043 Madrid, Spain
2. UPC-CIMNE, Jordi Girona 1-3, Building D2,0803 Madrid, Spain
3.AITEMIN,Alenza 1, 28003 Madrid, Spain

ABSTRACT
The Engineered Barrier (EB) experiment is being carried out at the Mont Terri underground laboratory
(Switzerland). The aim of the EB experiment is the demonstration of a new concept for the buffer
construction of HLW repositories in horizontal drifts, in competent clay formations. The principle of
this new buffer construction method is based on the combined use of a lower bed made of compacted
bentonite blocks, and an upper backfill made with a bentonite pellets based material.

The emplacement layout proposed in this project represents an important innovation for repositories in
horizontal drifts. The fact of filling the upper part of the gap between the canister and the rock with a
pellets-based type of material makes the emplacement operation much simpler, eliminating some of the
most critical aspects of such operation.

The experiment is carried out in a gallery excavated in the shaly facies of the Opalinus clay of Mont Terri.
The geometry of the test site is a horseshoe section, 2,55 m high, 3 m wide and IS m long. A dummy
canister of the same dimensions and weight than the reference one was installed on the top of a com-
pacted bentonite blocks bed, and the gap canister-rock was backfilled with compacted bentonite pellets.
The experimental area was isolated by a concrete plug. An artificial hydration system was installed to
accelerate the hydration process. In order to monitor the evolution of the system and record the values
of different parameters, a data acquisition system was installed.

This project was co-financed by the European Commission (contract n° F1KW-CT-2000-00017) to be
carried out in the framework of the research and training programme (EURATOM) in the field of nuclear
energy. ENRESA (Spain), BGR (Germany) and NAGRA (Switzerland) were the principal contractors,
and AITEMIN (Spain) and CIMNE (Spain) the assistant contractors. ENRESA acted as coordinator and
Mr. J.C. Mayor was the Project Coordinator.

The hydration of the buffer started in May 2002, after the installation phase had finished. After more
than two years of continuous hydration, the main results are the following:
• Swelling pressures showed a gradual increase from the starting of buffer hydration. For the pellets mixture,

which is now close to saturation, these pressures range from 1 to 1.5 Mpa which is consistent with the
reported value of the in-situ dry density (1,36 g/cm3).

• Relative Humidity: sensors installed in rock boreholes reached saturation after one year of hydration;
sensors installed in bentonite buffer also reached saturation in one year, although it is yet not possible
to assure ihe complete saturation of the buffer.

• Rock pore pressure: values were not homogeneous in the different boreholes, but the initial drying of
the rock due to the excavation phase and due to the buffer emplacement was detected. A maximum
pressure value of 12 bara was registered.

Performance calculations were carried out with Enresa/UPC finite element code CODE_BRIGHT
Parameters were derived from a comprehensive laboratory testing programme conducted at UPC (Spain)
One significant feature of the analysis was the law adopted for permeability changes during saturation.
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because the fill expansion leads to a reduction of intrinsic permeability. The Opalinus rock was represented
byanelastoplasticmodel capable of simulating the development of damage. Model calculations have been
compared with field measurements. A good estimation of the rock EDZ is derived from calculations.
Buffer response was compared with measurements at the position of the monitoring points. A reasonably
good agreement was found for suction evolution and swelling pressure development. However, field
measurements indicate a marked heterogeneous behaviour which cannot be reproduced by the model.
The heterogeneous response of the buffer is explained by the irregular hydration of the buffer which is a
consequence of the emplacement conditions and the nature of the evolving permeability of the pellet's
mixture.
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HYDRO-MECHANICAL, GEOCHEMICAL
AND MINERALOGICAL CHARACTERISTICS
OF THE BENTONITE BUFFER IN A HEATER
EXPERIMENT THE HE-B PROJECT AT THE

MONT TERRI ROCK LABORATORY
Michael Plëtze'. Gunter Kahr!, Reiner Dohrmann2, Hanspeter Weber1

1. Swiss Federal Institute of Technology Zurich (ETHZ), Division for Geotechnical Engineering,
ClayLab, Zurich, Switzerland

2. Federal Institute for Geosciences and Natural Resources (BGR), Hannover, Germany
3. Nagra, National Cooperative for the Disposal of Radioactive Waste, Wettingen, Switzerland

The long-term safety of underground repositories for radioactive waste relies on a combination of several
engineered and geological barriers. The performance of the engineered barriers is a result of their design,
construction, and changes of the material properties in the response of conditions expected in a high level
waste repository. In a heating experiment at the Mont Terri underground laboratory a heater was installed
in a borehole in the Opalinus clay. The gap between the heater and the host rock was backfilled with
compacted bentonite blocks. A constant temperature of 100°C was maintained at the surface of the heater
in contact with the artificially saturated bentonite buffer for about 18 months. The basic objective of the
experiment was to gain knowledge about the coupled THM processes developing in the host rock and
in the bentonite buffer to validate the existing tools for modeling THMC proeesses.

This test is an international program tinder the leadership of BGR (Germany) together with the ENRESA
(Spain), GRS (Germany), and NAGRA (Switzerland) and with participation of AITEMIN and C1MNE
(Spain), and ETHZ, COLENCO and RL (Switzerland). It. is co-financed by the EC under the contract
No: FIK.W-CT-2001-00132.

ETI1 studied the thermo-hydro-geochemical processes in the bentonite buffer. Extensive on-site and
laboratory tests were performed to determine the hydro-mechanical, geochemical and mineralogical
characteristics of the bentonite buffer to validate model predictions and to identify variations in the
material properties in response of the heating.

The bentonite showed an iti-situ volume increase due to swelling up to 10 %. The distribution of the water
content and dry density in the buffer show clear relationship to the heater position. The water content is
on average 30 % with higher values at the top, bottom and inner side of the buffer. The bulk density is
on average 1.9 g/cny with lower values at top and bottom. The porosity was calculated with 41 %. There
is a relative increase of the amount of small pores ('< 100 nm) in samples near the heater. A more grainy
texture of samples from the heater region was found in electron microscopic studies. The pore solution
is sodium rich because of the high sodium content of the so-called Pearson water that was used for
hydration. The free water uptake of bentonite pieces is about 60 % within 24 h. A moderate swelling
pressure of the bentonite up 2.8 MPa was determined. The heat conductivity for moist bentonite samples
( water content about 20 %) is up to 1.3 W/m.K and the heat capacity is 1.3 J/g.K. The bentonite contains
about 80 % smectite and up to 10 % illite as well as minor amounts of quartz, feldspar and carbonate.
The smectite is a Ca-Mg smectite with a CEC of 103 meq/100 g. The layer charge was determined by
BGR being 0,35 C/'FU. with slightly lower values near the heater. A relative increase of magnesium as
exchangeable cation in the interlayer of these samples was found.
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The results indicate lhat the bentonite besides the macroscopic swelling find hydration shows only very
weak modifications m the geochemical and minera logical properties during the heater experiment.
There are cementing processes, which slightly affect some THM characteristics like porosity and thermal
properties. The release of magnesium from the octahedral position of the montmorillonite in response
of heating causes very weak changes in layer charge and interlayer chemical composition.
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EXPECTATIONS AND LIMITS FROM
ORGANIC MATTER CHARACTERIZATION

IN CLAY-ROCKS STUDIED
FOR NUCLEAR WASTE DISPOSAL

Dr Patrick Landais

National radioactive waste management agency, Andra, 1-7 rue Jean Monnet, Parc de la Croix
Blanche, 92298 Châtenay-Malabry Cedex, France

Organic matter is a common component of clay-rocks, Its content typically ranges between 0.5 and 5%
depending on the origin, preservation and diagenesis of the organic material as well as on the deposition
conditions.
Organic matter can be described as a macromolecular assemblage of aromatic, aliphatic and functionalized
compounds, the proportions of which mainly depending on the origin of organic matter and on the
intensity of the various alteration processes that it has undergone during its geological history. Among
these alteration processes, thermal maturation, oxidation (surface and underground), surface weathering,
biodégradation (early and diagenetic) can be responsible for major transformations of the structure of the
organic matter.
Most of the driving-forces for such processes i.e. thermal stress, ventilation, leaching by oxygen-hearing
waters, bacterial input are considered in the phenomenological description of the short-term and long term
evolutions of HLLLW disposal sites. Then, organic matter may constitute an efficient and sensitive tool
for recording or even assessing the intensity and spatial distribution of such phenomena.

ORGANIC MATTER CHARACTERIZATION
Basically, organic matter chemical characterization lie on its fractionation in different classes of compounds
as a function of their solubility in usual solvents. The organic solvent-insoluble fraction, referred to as
kerogen, which generally represents more than 80% of the total organic matter, can be characterized either
by global or in-situ spectroscopic techniques (infrared, NMR, LJV-fluorescence, Raman... ). They necessitate
the isolation of pure kerogen via successive acid-attacks or by destructive techniques (thermal ore hem i cal)
that allow kerogen to be splitted into smaller molecules.
Extractable or kerogen-derived compounds are then analyzed by different types of chromaiography (gas
or liquid) coupled with various detection devices (FTD, TCD, AED, MS, 1R. UV...). Chromatographic
separation facilitates the identification and the characterization of individual compounds as well as the
quantitative analysis of their distribution. Further studies based on mass-spectrometry allow to discriminate
between the different isomers of the same compound. Additional investigations concern the determination
of the carbon and hydrogen isotopic composition of the different organic fractions as well as the experi-
mental simulation of different alteration processes (thermal maturation, oxidation, biodégradation).
Such a geochemical characterization also benefits from pétrographie observations and macérais analysis.

APPLICATION TO SITE AND PROCESSES CHARACTERIZATION
Organic geochemistry has been fruitfully applied to the determination of paleoenvironmental conditions
of deposition especially when it has been coupled with sedimentology and sequence stratigraphy
approaches. When using biomarkers distribution (hopanes, steranes, aromatic biomarkers), both source
and preservation parameters can be precisely assessed. However, even if biomarkers fingerprints provide
a very sensitive image of the source and origin of organic matter they also depend on diagenetic or late
alteration processes that may overprint the initial signal. Thus, caution must be taken when interpreting
organic geochemistry data originating from some ppb of the organic content of a rock.
Similarly, coupling organic geochemistry to other types of investigations such as fluid inclusions, clay
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mineralogy of fission tracks for assessing the thermal history often prevents from mi s interprétât: on s.
As far as organic matter in highly reactive to alteration processes it is able to record most of the chemical
transformations induced by a radioactive waste disposal in deep geological formations. Then, it constitutes a
very attractive marker for redox processes related to ventilation, for thermal effects due to waste introduction,
for bacterial activity or transport processes.
Furthermore some of those alteration processes may be experimentally reproduced over shorter periods
of time thus allowing kinetic parameters to be determined. II should however be pointed out that such
experimental results must be systematically compared to natural systems in order to be validated.

However most of the organic geochemistry studies performed in the framework of the researches conducted
in the field of radioactive waste disposal are based on the analysis of the different fractions extracted from
the bulk rock. Such approach does not qualify the micro-scale distribution and compositional variations
of organic matter. More specifically technical and scientific improvements should be focused on two
main objectives :
• The isolation of whole organic material from clay-rocks in order to determine its sorption and com-

plexation properties. For example iodine-organic matter interactions should be more precisely studied.
• The in-situ microsale characterization of organic matter in order to (i) image its distribution and spatial

relationships with mineral phases and porosity (ii) provide a pinepoint geochemical and petrographieal
analysis that wonld help for characterizing its local reactivity for transfer-related processes.
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SOURCE IDENTIFICATION
AND CHARACTERIZATION OF HUMIC

AND FULVIC ACIDS ISOLATED
FROM CALLOVO-OXFORDIAN ARGILLITE

AND OPALINUS CLAY
T. Schàfer1 , F. Claret1, M. Lerotic2, G. Buckau1, A. Bauer1, C. Jacobsen2

1. Institute fur Nukleare Entsorgung (INE), Forschungszentrum Karlsruhe, 76021 Karlsruhe,
Germany

2. Department of Physics & Astronomy, State University of New York, SLJNY at Stony Brook,
New York 11973, USA

Clay-rich formations with low organic carbon content are considered as host formations for radioactive
waste disposal. Examples are Callovo-Oxfordian argillite in France and Opalinus Clay in Switzerland.
The clay organic carbon has a strong impact on the chemical stability of the clays.1'2 In addition, despite the
low overall inventory, hydrophiiic radionuclide complex-ing humic and fulvic acids (HA and FA) may be
released or might enhance the stability of inorganic colloids.1"5 These colloids may enhance the mobility
of radionuclides from the waste.1 For these reasons, the nature of die clay organic carbon, the release of
HA and FA, the origin of the released HA and FA and their complexation behavior is investigated.

The ciay samples originate from Callovo-Oxfordian argillite (burial depths 447m, 490m, 494m, 516m;
borehole EST 104) and Opalinus clay (579m depth, borehole Benken). HA and FA were extracted following
the isolation procedure by the International Humic Substance Society (IHSS). In the Callovo-Oxfcrdian
argillite, -5 % of the clay organic carbon inventory was isolated as HA. For FA, the corresponding number
is around 1 %. In the Opalinus clay sample, no HA is released, whereas 1 % FA is extracted.6 A combination
of analytical tech-niques was applied.

Synchrotron based (carbon-, potassium-, calcium-, oxygen- and iron-edge XANES) Scanning Transmission
X-Ray microscopy (STXM) and FT-IR microspectroscopy7 was used for identification of the spatial
distribution of clay organic matter with different functional group content. To prevent cross-contamination
with organic embedding materials (e.g. epoxy-resin) the untreated rock samples and clay fractions were
embedded in sulfur and ultra-microtomed (MVA, Inc., Norcross, GA) to a thickness of 100 nm and
transferred to low carbon Formvar grids for spectroscopic investigations. The outcome of these spectro-
microscopic studies, in combination with principle component (PCA) and target spectra analysis also
allows a determination of the origin of mobilized HA and FA.

Analysis of the above mentioned C", K", Ca", O" and Fe-edge XANES spectra using PCA and cluster as
well as target spectra analysis5* revealed in Jurassic low-carbon sedimentary formations, namely
Callovo-Oxfordian argillite and Opalinus shale, a mineral dependent organic matter functionality.
Furthermore this method is capable to identify the organic mineral associated sources of isolated humic
and fulvic acids in the undisturbed rock sample under nanoscopic spatial resolution. Results of target
spectra analysis show that humic acid is predominantly associated with smectite rich regions in Callovo-
Oxfordian sample 447m, whereas comparable fulvic acid C('ls) spectral signatures can be found in
illite-MLM (mixed layer mineral) dominated regions.
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Furthermore, by using synchrotron based FT-IR microspectroscopy, with its high sensitivity to
aliphatic carbon under um spatial résolution, it was also possible to retrieve information on the
deposition environment.

These results demonstrate that even in approx, 160 Ma old geological formations, part of the organic
inventory keeps the backbone structure/functionality of HA/FA. However, compared to infrared spectra
of isolated natural humic or fulvic acids or humic-like substances released from clays the C=O band
intensity of all clay associated organics is significantly reduced indicating a loss of oxygen-containing
functional groups as also seen in carbon XANES analy-sis. A second difference is die band at 1161 cm"'
indicative for a Si-O-C linkage of organic macromolecules, which can be identified in the illite rich
region of the Callovo-Oxfordian sample 447m, but cannot be resolved in the smectite rich region. Taken
into account the C(ls) XANES target spectra analysis derived information of smectite as the potential
HA source and the higher HA extraction yield of these sediments, a possible explanation of the higher
HA mobilization can be this missing Si-O-C linkage of humic macromolecules.

Investigations with time resolved laser fluorescence spectroscopy (TRLFS), not presented in detail in
this study, showed clearly that Callovo-Oxfordian sediment derived FA like material has not only kept
structure/functionality, but shows comparable trivalent actinide complexa-tion behavior as expected for
FA from literature data.

An direct implication of the findings presented in this study, (a) missing Si-O-C linkage of HA, (b)
preferential HA release and (c) HA association with smectite minerals could be that in chemically
disturbed environments (high pH plume of cement corrosion) primarily the smectite-type clay minerals
of Callovo-Oxfordian are expected to react.
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PENTACYCLIC TRITERPANES
AND 2-ALKANOLS : INDICATORS

OF FOSSIL ORGANIC MATTER OXIDATION
IN ARGILLACEOUS MATRIXES

P. Faure, M. Elie, Ch. Peiffert

UMR CNRS 7566 and CREGU, Université H. Poincaré, 54506 Vandœuvre-lès-Nancy, France

The development of underground storage concepts for ultimate wastes (such as radioactive wastes)
constitutes a new target for studying the behavior of organic matter under oxidizing conditions. Indeed,
the digging of galleries in underground sediments may facilitate the oxidation of organic matter and can
induce the formation of highly complexing and soluble compounds which could modify the confinement
properties of the geological site. On the other hand, surface storage of sediment resulting from the digging
of underground storage can also induce oxidation.

As matter of fact, in order to be able to evaluate the oxidation level submitted by organic matter and the
consequences, it is necessary to identify specific markers sensible to various oxidation degrees.

Previous works focusing on the organic matter of argillaceous formations of the east of Paris basin, have
shown that specific molecular markers are sensitive to oxidation (Faure et al, 1999, Eîie et al., 2000).
Especially, the molecular distribution of pentacyclic triterpanes exhibits major changes in the case of intense
oxidation. The relative proportion of hopanes in biological configuration (fSfl) less thermodynamically stable
decreases whereas stable configurations (pa and pa) become predominant. This evolution, observed
concurrently with the alteration of the kerogen, is probably due to the production of thermodynamically
stable hopanes by molecular breakdown of the kerogen structure.

In 2003, the wells digging of the underground laboratory managed by Andra, has induced excavation
and storage of fossil sediment hi surface. These sediments were submitted to oxidative weathering for
several month. The molecular investigation of the organic matter from several fossil sediments
(Kimmeridgian) stored in surface were carried out in order to evaluate their oxidation state.

Oxidation level of the organic matter determined by the pentacyclic triterpanes distribution is heterogeneous.
Some sediments exhibit high oxidation degrees (ap and pa configuration) whereas other sediments
seem well preserved (pp configuration). These various oxidation levels can be principally explained by
the physical state (powder or block) of these sediments which control the oxygen accessibility. However,
in all the investigated sediments, specific 2-alkanols distribution is identified. These compounds exhibit
a molecular distribution close to those of associated rc-alkanes, which are characterized by an odd over
even carbon number preponderance and an unresolved complex mixture in different proportion.

Experimental «-alkanes oxidation in presence of Na-smectite was carried out and revealed an important
production of oxygen-bearing molecules to the detriment of initial «-alkanes (Faure et al., 2000, 2003).
The evolution of oxygen-bearing molecules distribution enables to distinguish two competitive chemical
pathways. On one hand, secondary alcohols and ketones are produced with an aliphatic chain length
similar to the starting rz-alkanes. On the other hand, for more intense oxidation, aliphatic chain cleavages
occur and principally produce 1 -alcohols, 2-ketones, carboxylic acids and 3-substitued y-lactones.

These experimental oxidation results suggest that the occurrence of 2-alkanol in each kimmeridgian
samples sampled in the surface provides from partial oxidation of H-alkanes.
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As a matter of fact, two molecular families can be used as oxidation markers with different sensitivity: (i)
liopanes are markers of intense oxidation level and especially revealing kerogen alteration and (ii) 2-a!kanols
are markers of limited oxidation revealing «-alkanes alteration.
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INTRODUCTION
in geological disposal of long life high activity nuclear waste, knowledge of the behaviour of the natural
rock barrier during long term storage is fundamental. A large number of theoretical and experimental
studies have been devoted to the interactions between geologic barriers and radionuclides. Meanwhile,
consistent data on the behaviour of various constituents of the geologic barrier due to the hydrothermal
impact remain scarce, in particular with respect to the ternary system composed of clay minerals - organic
matter- natural water. The aim of the present study is to quantify the stability field of the two constituents
(clay minerals and organic matter) of the Callovo-Oxfordian claystone of the underground laboratory of Bure,
Eastern France. As the chemical composition of the natural geological barrier is complex and contains
a multitude of solid phases such as clay minerals, organic matter, carbonates, feldspars, oxides, etc .
quantifying the results of laboratory experiments on such a system is quite difficult. Therefore, the best
approach appears to be the use of a definite number of major constituents. The present study reports
experimental data on;

1- The interactions between clay minerals and organic matter during thermal evolution.
2-The effects of the five physico-chemical parameters (pH. temperature, oxydo-reduction, K' cation

and acetate anion) on the behaviour of natural clays (MX-80 and argilite from the Callovo-Oxfordian
formation).

EXPERIMENTAL SECTION
For the interactions between clay minerals and the organic matter, experiments were performed as follows:
determined amounts of free constituents of ( 1 ) clay minerals (Callovo-Oxfordian claystone, bentonite
from Wyoming, and illite from Le Puy, France), (2) pure immature kerogens from the Toarcian and
Callovo-Oxfordian (Paris Basin), and (3) water were introduced in a gold capsule. The water/(clays +
organic matter) ratio was equal to one whereas the organic matter/clay minerals ratio was fixed to 0.1.
The gold capsule containing the sample saturated with argon was welded, and then introduced in a cold
seal autoclave (Autoclave Engineers, 100 ml capacity). Experiments were conducted in the temperature
range 200°C-365°C, under a total pressure of 300 bars during 72 hours. After each run and quenching,
the gold capsule was opened and the amount of organic matter soluble in dichloromethane extracted
using the accelerated solvent extraction technique (ASE200 device) and weighted. The soluble organic
matter was then fractionated into two parts; polar compounds (resins and asphaltens) and hydrocarbons
(aromatics and aiiphatics) using a liquid chromatography technique. These two fractions were then analysed
using uFTIR and GC-MS techniques, in order to obtain informations on their chemical functionalities
(uFTIR) and chemical formulas (GC-MS). The crystallographic characteristics of solid products (clay
minerals and/or organic matter) were measured using the XRD, TEM (EDX and EELS), ICP-MS, and
1CP-AES techniques.

Experiments on the effect of the five physico-chemical parameters (pH, T, redox, Kh and acetate) on clay
minerals were done using hot seal homemade autoclaves in stainless steel (20 ml capacity). The samples
composed of either clay fractions (MX-80) or rock fraction (argilite from Callovo-Oxfordian) and aqueous
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solutions containing 0.1M of [KC1] and 0.02 M of acetic acid (Water/Rock ratio equal to 15) were introduced
into a gold container. In order to avoid secondary reactions between the sample and the autoclaves, the gold
container was closed by a gold disc. The autoclave was then heated in a muffle furnace. Experiments
were conducted at SO and 300°C under saturated vapour pressure. The duration of each experiment was
in the range 1-3 months. At the end of each run and after quenching, aqueous and solid products were
extracted and the pH value of the aqueous phase was rapidly measured at room température using a
micro combination glass electrode. The aqueous solution was filtrated using a ultrafiltration membrane.
Its chemical composition was determined using an ion chromatography technique for inorganic and
organic (carboxylate) ions and 1CP-AES technique for the metallic cations. Solid compounds were
analysed using the XRD and TEM (EDX and EELS) techniques.

RESULTS AND DISCUSSION
In the study of the ternary system clays-organic matter-H2O, results obtained have indicated that the
amount of inorganic dissolved elements oTthe IA- VIIIA, and 1B-VIIIB groups in the periodic table of
elements significantly decreases when the organic matter is present in the system. For solid phases.
XRD measurements on clays have shown that the interlayer space of swelling clays is free of organic
compounds in all experiments. TEM analysis on small surface of clays (10 nm) have revealed the presence
of trace amounts of organic carbon. Concerning the decrease of the solubility of inorganic elements, two
hypothesis could be suggested: (1) the presence of organic matter modifies the pH of the solution and
favours the formation of insoluble solid products, and (2) formation of insoluble organo-metallic salts.
The presence of organic carbon on the surface of some clays probably results from one of three physico-
chemical processes: chemisorption, physisorption and/or simple precipitation of organic matter.
With regards to organic fractions, the analysis of the polar organic compounds using uFT-IR has shown
a systematic increase in the intensity of three IR bands at 3700-3100, 1745-1705, 1290-1000 cm"1

corresponding to the O-H, C - 0 and C-0 bonds, respectively, when compared to the IR spectra of organic
matter alone with H2O. The increasing intensity of the three above cited IR bands prove that the polar
organic fractions have undergone an oxidation. This oxidation could come from two sources: (a) dissolved
oxygen in H2O, and/or (b) redox reactions between organic matter and metallic oxide such as Fe(III),
Cu(II), Cr(VI) oxides. The latter are present in both the Wyoming bentonite and the claystone from the
Callovo-Oxfordian. Chemical characterization of the hydrocarbon compounds using the GC-MS technique
has identified the formation of elemental sulphur for experiments at elevated temperatures (up to 300°C).
Taking into account the fact that sulphitr organic species were not detected in the organic samples, this result
could be interpreted as the product of two different processes: (i) oxidation of FeS2 by oxidizing agent
(dissolved O2 of H2O and/or above cited metallic oxides), (ii) reduction of sulphate salts by organic matter.

The behaviour of the clay minerals (MX-80 and elaystone from the Callovo-Oxfordian formation) in KJ

and/or acetate bearing aqueous solutions was studied by comparison with the simple binary system clay
minerals-H2O. In this latter case, the pH of the aqueous solution in equilibrium with claystone was in the
range 8.2-8.5 at 80°C under Psat, The addition of KC1 up to 0.1 M had no effect on the pH of solutions at
80 and 300°C. For 0.02 M acetic acid solution in contact with 1 nig of natural and decarbonated minerals
(acetic acid/mineral ratio equal to 1.8%), pH values of the initial solution were 6,7 and 4.7 respectively.
No variation of pH was observed for aqueous solutions in both eases at 80 and 300X.
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The work presented here has been performed in the framework of FEBEX, which is a research project
for the study of the near field of a high level radioactive waste (HLW) repository, A part of this project
is a large-scale in-situ experiment performed at the Grimsel Test Site (GTS, Switzerland) that reproduces
a gallery for HLW disposal according to the Spanish concept, with two heaters simulating the containers
and a bentonite barrier around them. The system was thoroughly instrumented to follow its evolution,
particularly with respect to humidity and temperature changes. After five years of operation, heater 1
was switched oft" in February 2002. Following cooling of the system during four months, the bentonite
barrier was dismantled and the heater extracted. During dismantling many bentonite samples -in the
form of cores or of complete blocks- were taken. Several determinations have been carried out in these
samples with the aim of: (1) characterise the actual state of the bentonite and (2) determine the possible
changes in its thermo-hydro-mechanical (THM) and geochemical properties that occurred during the
experiment, due to the combined effect of temperature, wrater content, joints and solutes. The results of
the characterisation performed concerning physical and THM properties are reported and analysed in
this paper.

The swelling of the bentonite has induced the sealing of all the construction gaps of the barrier. An overall
degree of saturation of 85 percent has been reached in the bentonite. The distribution of water content
and dry density of the bentonite in vertical sections presents an axial symmetry, with water content
increasing from the gallery axis to the gallery wall and dry density following an inverse pattern. Despite
the fact that the geological characteristics of the gallery were not homogeneous, there are no differences
in average water content among the different sections around the heater. These facts are a consequence
of the predominant control of the bentonite upon the hydration kinetics, as a result of the large difference
between the bentonite and granite permeabilities.

On the other hand, the agreement between the gravimetric water contents measured on dismantling (by-
oven drying) and the measurements of relative humidity recorded by the instrumentation installed in the
bentonite blocks at Grimsel was good.

In addition, to determine the possible changes in the THM behaviour of the bentonite that occurred during
the experiment, several thermal, hydraulic and mechanical properties of the retrieved bentonite were
determined at the laboratory at room temperature. To evaluate the variation of hydro-mechanical properties
of the bentonite after five years of TH treatment, the values obtained have been compared to those for the
untreated FEBEX bentonite. Since the samples from Grimsel had different densities and water contents,
it was necessary to have a complete database on the influence of these factors on the properties tested.
The results obtained can be summarised as follows:

• The water retention capacity observed in the samples from Grimsel is similar to that of samples of
untreated FEBEX clay compacted to the same dry density and subjected to similar suctions. This has
been confirmed by measuring the suction of the blocks from Grimsel, which suggests that the retention
capacity of the FEBEX clay has not changed appreciably after five years of being subjected to repository
conditions.
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• The hydraulic conductivity of the samples from Grimsel is clearly related to dry density and the latter in
turn is related to the position of the block in the barrier. The values of hydraulic conductivity measured
for the samples of lower density (more hydrated) are in the order of the theoretical ones, but for samples
of higher densities there is a large dispersion in the values obtained without any clear tendency. More
analysis should be necessary to clarify this issue.

• The swelling capacity of the FEBEX bentonite -determined as deformation upon saturation, swelling
index and swelling pressure- has not changed irreversibly after five years of being subjected to repository
conditions.

• Preconsoli dation pressures below 10 MPa have been measured for all the Grimsel samples, being lower
in the samples from the external ring of the barrier. This means that an important decrease with respect
to the initial preconsolidation pressure (around 40 MPa) occurred, due to the microstructural changes
associated with the volume increase experienced during hydration.

• The thermal conductivity has been measured on the surface of around 30 blocks. Indeed, it increases
with the water content of the clay and consequently it is higher for the blocks of the external ring.
However, the blocks of the internal and intermediate rings present lower conductivities than expected
according to the theoretical values. This could suggest a certain decrease in thermal conductivity related
to heating.

The importance of the results summarised above is twofold: firstly, they are the first results about the state
of the bentonite barrier in conditions similar to those ofaHLW repository (except for radiation) after such
a long period of time (five years operation) and the first referring to a non-sodium bentonite without
additives. On the other hand, it has become clear that the interpretation of the results provided by the
dismantling of in-situ tests must evaluate and take into account the effect of the previous cooling phase.
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The work presented here has been performed in the framework of the FEBEX project (Full-scale
Engineered Barriers Experiment), whose aim is to study the behaviour of the components in the near-field
for a high-level radioactive waste (HLW) repository in crystalline rock. The experimental work consists of
three main parts: an "in-situ " test, under natural conditions and at full scale, performed at the Grimsel
Test Site (GTS, Switzerland); a "mock-up" test, at almost full scale, performed at CIEMAT facilities
(Madrid); and a series of laboratory tests to complement the information from the two large-scale tests.
In the two large-scale tests, the thermal effect of the wastes is simulated by means of heaters, while
hydration is natural in the in-situ test and controlled in the mock-up test.

The main objectives of the laboratory tests may be divided in three areas: direct determination of basic
parameters; model calibration and determination of parameters by back-analysis, and improvement of
constitutive laws. This paper is focussed on the advances achieved in the last topic, and specifically, on
the influence of porosity, suction and stress paths and temperature on the water retention, permeability
and mechanical behaviour of bentonite.

The material tested is the FEBEX bentonite, which mainly consists of rnontmorillonile and is being used
in the form of compacted blocks in the big scale experiments of the FEBEX Project. In both big scale
tests, the bentonite blocks have been manufactured by uniaxial compaction of the granulated clay with
its hygroscopic water content at dry densities close to 1.6 g/cm3. Experimental results obtained in the
laboratory on compacted specimens subjected to temperature, suction and stress changes are presented
in this paper.

In the retention curves at constant volume, the influence of the initial dry density on the value of water
content reached is more obvious as suction decreases. The hysteretic behaviour of the clay has also
become evident. The temperature effects on water retention curves in confined and unconfined conditions
have been determined and it can be concluded that the retention capacity at higher temperature seems
to be slightly lower: at a constant degree of saturation, the higher the temperature of the sample the
lower its suction.

The hydraulic conductivity as a function of dry density and temperature has been successfully measured.
It was possible to measured how the temperature increases the water saturated permeability of FEBEX
bentonite, although this measured increase is slightly lower than what would be expected on the basis of
the thermal changes in water kinematic viscosity. In addition, modifications of the intrinsic permeability
due to structural changes caused by bentonite hydration have been detected by the measurement of the
gas permeability.

The mechanical behaviour of compacted bentonite was investigated by a testing programme carried out
in suction-controlled oedometers, which are capable of applying high suctions and large vertical loads.
The analysis of the results revealed significant features of behaviour, such as yield phenomena, dependency
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of swelling strains on applied stresses, stress path dependency of strains, and compound stress paths in
swelling pressure tests. In spite of the complexity of the behaviour, a good understanding of the behaviour
is possible by considering explicitly the fabric of the soil that was independently studied revealing a dual
arrangement with microstructural and macrostructnral components.

The effect of dry density and temperature on the mechanical behaviour has been studied using swelling
under load, swelling pressure, conventional oedometer and suction controlled oedometer tests. The results
indicate that at high temperatures the swelling capacity of the clay decreases. In the same way, a clear
deerease of swelling pressure as a function of temperature was observed. Oedometric tests have shown that
saturation seems to induce a decrease in the apparent preconsolidation pressure regardless the temperature
of the tests. On the other hand, temperature increases the compressibility of bentonite, both saturated and
unsaturated. which would imply that a certain reduction in the size of the elastic domain takes place with
temperature. Nevertheless, it seems that the deformation of bentonite is more dependent on the stress and
suction path than on temperature. In tests with suction reduction, structure changes due to hydration are
more relevant in the subsequent mechanical behaviour of bentonite than the effects of temperature.

In summary, most of the thermo-hydro-mechanical features of compacted bentonite have been experi-
mentally studied. In general, the behaviour of the clay may be explained taking into account its double
structure. The interactions between the two structural levels are responsible for the main features of the
thermo-hydro-mechanical aspects of this behaviour.
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Compacted swelling clays are often envisaged as the main component of engineered barriers for
radioactive waste disposal. These barriers are subjected to thermal loading due to the heat emitted by the
waste and to hydration from water coming from the adjacent rock. As a consequence of these thermo-
hydraulic phenomena, mechanical and chemical changes arise that, in turn, may affect all other aspects
of behaviour. A correct understanding and prediction of these barriers require, therefore, the performance
of fully coupled thermo-hydro-mechanical and chemical (THMC) numerical analyses. A common feature
of the formulations commonly used in coupled analyses is the assumption of the clay barrier as a single
porosity material. However, the pore structure of expansive clays presents more than one type of voids.
In the last few years, a number of tests have been performed revealing a strong influence of the pore
structure on the behaviour of expansive clays (e.g. Lloret et al. 2003).

Therefore, a proper THMC modelling of a clay-based engineered barrier should incorporate the following
components:
• a fully coupled THMC formulation that incorporates the main phenomena occurring during heating

and hydration of the clay
• a double structure model that takes into account the evolving microstructure of the swelling clay
• a chemo-mechanical model that allows for the effect of chemical variables on the mechanical behaviour

of the clay.
The contribution describes each of these components and their incorporation into a computer code,
CODE_BRIGHT,
The TIIMC formulation (Guimarâes et al. 2005) generalizes an existing THM code (Olivella et al.,
1995) by incorporating the reactive transport equations in an unsaturated deformable porous medium.
The formulation is fully coupled allowing, therefore, the examination of the interactions between the
various phenomena present in the barrier. The chemical equilibrium equations are solved by ensuring the
minimization of Gibbs Free Energy. This approach allows the use of robust optimization algorithms that
contribute significantly to the overall efficiency of the analysis. Special attention is given to heteroge-
neous reactions involving solid and liquid phases such as cation exchange and precipitation/dissolution
of minerals.

The double structure model (Sanchez et a!., 2005) considers the existence of two pores structures. The
explicit inclusion in the constitutive law of these two basic structural levels, and their main interactions,
provides a powerful approach to analyse and to describe the behaviour of expansive clays. The constitutive
law has been formulated in the context of elasto-plasticity for strain hardening materials. A well-known
elasto-plastic model for unsaturated soils, which describes the macro structural behaviour, lias been combined
with a generalized plasticity model to reproduce the irreversible effects characteristic of expansive clays.
Finally the double structure model has been extended to incorporate chemical effects. An interesting feature
of the model is that it is assumed that chemical changes affect only the microstructural behaviour. These
changes, however, have m aero s true rural effects through the interaction between the two structural levels.
The formulation and constitutive models mentioned above have been applied to the simulation of
the large scale tests of the FEBEX project (Huertas et al,, 2003), namely the "mock up" tests and the
"in-situ " test. An example is given in Figures 1 and 2 where the single structure model and the double
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structure model have been applied to the simulation of the hydration of the "mock up" test, and thei r

results compared .
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FEBEX (Full-scale Engineered Barrier Experiment) is a demonstration and research project dealing
with the bentonite engineered barrier designed for sealing and containment of waste in a high level
radioactive waste repository. FEBEX is based on the Spanish reference concept for disposal of radioactive
waste in crystalline rock. Canisters are emplaced in horizontal drifts and surrounded by a highly-compacted
bentonite clay barrier. Bentonite has the multiple purpose of providing the canister mechanical stability
by absorbing stress and deformations, sealing discontinuities in the adjacent rock, retarding the arrival
of groundwater at the canister and retarding the migration of radionuclides released after failure of the
canister and lixiviation of spent fuel.

FEBEX includes two main experiments: an in-situ full-scale test performed at Grimsel, Switzerland
(Fig. 1) and a mock-up test operating since February 1997 at CIEMAT facilities in Madrid, Spain
(Huertas et al., 2000). The FEBEX project, provides the opportunity to understand and quantify the
processes taking place in the near-field and to evaluate the long-term behaviour of the FEBEX bentonite.
Furthermore, one of the objectives of FEBEX is the development and testing of conceptual and numerical
models for the thermal, hydrodynamic and geochemical (THG) processes expected to take place in
engineered barrier systems.

At present, the dismantling of section 1 of the in-situ test provides the opportunity to check the predictions
of the THG models and the modifications experienced by the bentonite in a direct and representative
way. This in-stttt test began in February 27th 1997 and the heater 1 was disconnected in February 2002.

In this paper, a conceptual and numerical models of the coupled thenno-hydro-geochemical behaviour of
the bentonite in the in-situ test are described. Numerical THG models of heating and hydradon experiments
performed on small-scale lab cells provided excellent results for temperatures, water inflow and final
water content in the cells. These models have been used to simulate the evolution of the in-sim and
mock-up tests. Once calibrated the TH aspects of the model, predictions of the THG evolution of both
tests have been performed. The predictions for the in-situ test are compared to measured geochemical
data collected after dismantling heater 1.

Most chemical data have been obtained with aqueous extract methods, which require the use of geo-
chemical models for their interpretation in order to account for the geochemical processes suffered by
bentonite samples during aqueous extraction. Re-interpretated data are compared to THG model predictions
of the in-situ test performed with different possible conceptual geochemical models. The coupled TUG
numerical models were performed using the reactive transport code COR£2D (Samper et al., 2000). The
comparison of predicted and measured values indicates that predictions capture the trends of most
chemical species.
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In Belgium, the Boom clay layer is considered as the candidate host rock for the disposal of high-level
radioactive waste (HLRW). For this disposal, Selenium-79 is considered to be a critical radionuclide and
responsible for the highest dose to man over a period of tens of thousands of years. The behaviour and
reactivity of Se thereby depend on its speciation and on its complex, biogeochemical transformations.

7>Se is thought to occur in, and be released from the solid waste matrix in a variety of redox states,
including Se oxyanions such as SeO3

2~ or SeO4
2" (SAF1R-2, 2001). The composition of the solid and

liquid phases of Boom clay was published before (Baeyens et uL, 1985).

In this paper, the reduction of Se oxyanions was investigated by adding appropriate amounts of SeO3"~
in oversaturation with respect to the proclaimed thermodynamical solubility of reduced Se solid phases
(Se°, FeSe, FeSe2), to a number of systems which represent Boom clay geochemical conditions. The range
of systems is chosen in order to incorporate in an increasing way the different Se competing organic and
inorganic phases present in the Boom clay matrix.

Four different systems were studied in which 7;Se was used as a tracer :
• Introduction of SeO,3' to FeS2 in the presence of organic matter-free synthetic Boom clay water (SBCW);
• Introduction of SeCy to FeS2 in the presence of Boom clay humic substances;
• Introduction of SeO3

2' to SBCW containing Boom clay humic substances;
• Introduction of SeO3

2" to Boom clay suspensions (consisting of FeS;, dissolved and immobile humic
substances, and a number of clay minerals such as illite and interstratified illite-smectite).

All experiments were carried out in an oxygen-depleted glove box and the Se speciation in solution was
followed with different methods among which were gamma counting, anion chromatography (Bruggeman
el ai, 2002), gel permeation chromatography, ultrafiltration and co-precipitation with La3*.

Upon introduction of SeO;*~ to FeSrcontaining samples, adsorption of SeO;
2' occurs at the FeS: surface,

and leads to a reduction and precipitation of a reduced Sc solid phase with a solubility of 3x10"" M.
It is assumed as a working hypothesis that the Se precipitate formed in the FeS: experiments was 7'Se°.
Supporting evidence for this hypothesis is derived from X-ray diffraction (XRD) data of similar batch
systems in which inactive SeO/" was contacted with FeS. The reduction kinetics were dependent on the
initial amount of FeS; and (residual) amount of SeO3

2' present.

In the presence of humic substances, the reduction kinetics are initially increased due to the enhanced
availability of Fe~" and thus better redox conditions. However, an association of Se with these humic
substances was also observed and intermediate solubility-controlling phases were formed thus precluding
the formation of the same crystalline Sen solid phase as in the absence of organics.

The association of Se with Boom clay humic substances was also observed in batch experiments without
solid phase. Again the kinetics of this association proved to be quite important, with changes occurring in
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the batch systems over a period of over 200 days. Together with the association with humic substances.
the total Se concentration in solution was seen to decrease, indicating either reduction of SeO3"~ by the
(Fe~~ present in the) humic substances and subsequent precipitation, or preferable association of SeO:,~'
with larger humic substance molecules which were precipitated during phase separation by centrifugation.
Spectroscopic evidence will however be necessary in order to identify the nature of the observed Se - humic
substances association.

Upon introduction of SeO^2' to Boom clay suspensions (equilibration up to 9 months), the initial adsorption
of SeO;f" on the solid phase is increased with respect to systems containing only FeS2 due to the presence
of (illite) clay minerals. Inner-sphere sorption of selenite is indeed known to occur onto the broken edges
of the clay particles (Baryosef and Meek, 1987). This competing adsorption process however decreases
in turn the kinetics of reduction if compared to the reduction in presence of FeS2. Again intermediate
solubility controlling Se phases were formed, probably monocline or amorphous Se phases. Also, an
association of Se with Boom clay humic substances was observed, and amounted up to~10"7 M in some
samples after 9 months' equilibration.

As a concluding result, short-term (migration) experiments starting from SeO/" in reducing systems
can not be described by thermodynamical equilibrium alone, and the complex kinetics of the reduction
reaction combined with competing chemical mechanisms such as adsorption have to be invoked in order
to model such experiments.

The authors acknowledge financial support from the 5lh R&D programme of the European Commission
(Contract No. FIKW-CT-2000-00008) and from NIRAS/ ONDRAF
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INTRODUCTION
Low permeability argillaceous rocks are considered potential host rocks for radioactive waste disposal
in a number of countries. Characterisation of porewater chemistry is important for assessing radionuclide
behaviour, but technically challenging because of intimate clay-water association. The application of
different techniques, such as iti-situ extraction, squeezing and leaching has led to improved understanding.
However, because of potential experimental artefacts {e.g. degassing of CO:, ingress of O?). significant
uncertainties remain, especially with regard to pH/pCO2 and Eh conditions. Moreover, the porewater
chemistry may be perturbed by the drilling procedure itself, thus leading to oxidation and biodégradation
effects.

In order to reduce uncertainties mentioned above and to gain deeper insight into geochemical processes
regulating pH and Eh, the internationally supported Porewater Chemistry (PC) experiment was started
at the Mont Terri Rock Laboratory in 2002. The basis of the study is an in-situ experiment employing
the diffusive equilibration method. The field study was complemented with lab investigations which
include chemical analyses for principal inorganic solutes, for reduced sulphur species and for a variety
of specific organic compounds, gas measurements of core samples and a core infiltration study based
on advective displacement.

EXPERIMENTAL METHODS
The diffusive equilibration method applied in the in-siru experiment involves the circulation of synthetic
porewater in a packed-offborehole (termed BPC-1) and equilibration of this water with the formation
water via diffusion. The diffusive exchange process was monitored by conservative tracers. Throughout
the experiment the disturbance by molecular O2 was minimised. In particular, the borehole was drilled
with N2 and filled with Ar prior to equipment installation. All parts contacting the circulating water arc
non-metallic to avoid any influence on Eh. The parameters pH. Eh, EC. temperature and hydraulic pressure
were continuously monitored. Water samples were taken periodically and analysed for chemical and isotopic
parameters. In addition, one sample was taken formicrobial analysis.
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Laboratory measurements of the pCO2 of two core samples fromBPC-1 were made using a well-established
outgassing method. In addition, isotope analysis of the CO-, gas and the carbonate minerals in the samples
was performed. The core infiltration study involved advective displacement of in-situ porewater by
forced advection with synthetic porewater.

RESULTS
The conservative tracers Br and HDO showed a steady decrease with time. The temporal evolution was
successfully modelled assuming a diffusion-controlled process. This indicates that diffusive equilibration
with the formation water in fact occurred with no notable contribution of advective transport.

The chemical composition showed significant changes with time. However, the composition of the
major cations remained relatively constant. This indicates that only minor reactions occurred by ion
exchange with the clay. On the other hand, the concentrations of SO4 and HCO3 were strongly affected.
Thus, after a period of 2.3 years, bicarbonate concentrations showed a seven fold increase and sulphate
concentrations decreased by a factor of three. Concomitantly, pH values decreased from 7,8 to 6.7 and
sulphide concentrations showed a strong rise. Eh values showed a rapid, followed by slow steady
decrease to -220 raV (SHE). The concentrations of dissolved organic carbon rose to very high values of
about 100 mg C/l of which most is acetic acid.

l3C-DIC and L1C-DOC values showed some variations with time, but both parameters appear to have
reached stable values at about -15%o. ljC-CH4 showed strongly negative values of about -43%o after 2.3 years.
Microbial analysis indicated the presence of sulphate-reducing and of some methanogenic bacteria in the
circulating water.

CO2 measurements from core samples and porewater data from the column experiment yielded consistent
results in terms of the pH/CO2 system. Thus, apCO2 of about 10"27 bar for the porewater was obtained by
these two methods. However, this is not consistent with the in-situ data which indicate pCO2 values as high
as 10''3 bars in the latter stages of the experiment nor with other Mont Terri experiments which suggest
in-situ pCO2 values as low as lQ'i:> bars in regions of chemistry similar to that of the BPC borehole.

INTERPRETATION AND PRELIMINARY CONCLUSIONS
The chemical and isotopic data as well as geochemical modelling demonstrate the significance of
microbially-mediated sulphate reduction occurring in the borehole. The reducing agent appears to be
principally organic carbon. Although methane oxidation is commonly associated with sulphate reduction
the role of methane within this redox process is not conclusive, but both methanogenic fermentation and
methane oxidation reactions appear to occur. The measured l3C data in the circulating water are interpreted
to be a result of concomitant organic carbon degradation and carbonate dissolution. The identification of
the carbon source is currently being investigated. Preliminary data suggest that both rock organic matter and
plastic materials from the equipment may serve as degrading carbon sources fuelling microbial processes.

Based on the preliminary data of the PC experiment, it is concluded that microbially-mediated sulphate
reduction and fermentation processes in the excavated damaged zone of the clay host rock might be
induced by repository-related activities. In contrast, significant bacterial activity is not expected in the
undisturbed clay because of small pore space, as is indicated from another ongoing in-situ experiment
at Mont Terri. However, further analysis is required to unravel the relevance of microbially-mediated
anaerobic processes for repository safety.
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In the context of radioactive waste repositories, microbial activity is being investigated to assess its catalytic
influence on porewater chemistry and mineralogy and on the long term performance of the barrier system.
Processes such as canister corrosion, retention and transport of radionuclides and gas production may
be partially mediated by microbial activity (see e.g. West et al., 2002). Microbes are either indigenous
in the host rock or are introduced with the emplaced materials during the open phase of a repository.
In the study presented here the potential occurrence of autochthonous (indigenous) microbes and their
community structure in Opalinus Clay were investigated.

Microbial life is present in deep subsurface environments down to depths of several kilometres. Microbes
were, for example, found in fractured granitic rocks (Pedersen, 1997). Although microbes may adapt to harsh
conditions with respect to temperature and salinity, compacted clay formations such as Opalinus Clay are
usually relatively hostile to life. This is considered to be mainly due to the small pore sizes. In compacted
bentonite, which is used as a buffer in many nuclear waste repository designs, microbes were shown to
slowly become non-cultivable within months to years (Pedersen. 2000).

Opalinus Clay samples for the present study originated from a core drilled under aseptic conditions for a
Mont Terri experiment studying porewater chemistry (PC-C). Nitrogen was used as drilling fluid for the
last 6 metres to avoid changes in redox conditions. The aseptically handled core samples were distributed
to the participating microbiological laboratories.

Five laboratories were involved in the microbial analysis of the Opalinus Clay and each used different
but partially overlapping techniques. This procedure allowed a comparison of the results with respect to
the homogeneity of microbial occurrence in the Opalinus Clay and to the contamination risk during
microbial analysis. In addition, the risk of microbial contamination during drilling and core handling
was assessed using fluorescent microspheres of typical bacterial size (0.4 [im). No penetration into
cores could be observed; hence, the risk of contamination is considered to be very small.

The following techniques were used to identify and characterize autochthonous microbes:
* Cultivation of autochthonous microbes at a temperature between ambient and 80°C in different media

adapted to differently metabolizing microbes (aerobic, anaerobic, sulphate-reducers, methanogenic, etc.).

International Meeting, March 14-18,2005,Tours, France
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 115



O/07B/3

• Fatty acid extraction and analysis, phospholipids (PLFA) for living cells and neutral /glycol-lipids for
microbial debris,

• DNA/RNA detection by staining, CARD-FISH (catalyzed reporter deposition -fluorescence in-situ
hybridization).

• DNA (ribosomal RNA genes: 16S-rDNA) amplification by polymerase chain reaction (PCR) and
cloning for planned sequencing.

Results of the individual laboratories were fairly consistent. None of the participants could identify any
microbes using staining, DNA/RNA hybridisation and PCR techniques applied to Opalinus Clay samples
without a culturing step. In contrast, phospholipid fatty acids were extractable. They are thought to originate
only from the membrane of living cells, although there is apparently little known on the stability of PLFA
in consolidated clay rocks after cell death. From the PLFA pattern some preliminary conclusions on the
community structure could be drawn. Based on the amount of extracted PLFA (64 ng/g clay stone on
average) a number of 5xlO& cells per g of dry clay stone was estimated but this number has to be taken
with caution since the conversion factor is very much dependent on the cell size,

Culturing of microbes potentially present in Opalinus Clay samples turned out to be difficult but in
some cases a slow growth was observed. The evaluation of stained cells under the microscope even
revealed dividing cells indicating active growth, although at a very low level. The origin of the grown
cells, autochthonous or introduced during drilling or culturing, has still to be elucidated. Sequencing of
the genes for ribosomaî RNA ( 16S-rDNA) may shed light on that question and is being pursued as a
next step. For that purpose, DNA was extracted from the grown cells, 16S-rDNA was amplified by PCR
and cloned. Eubacteria but no Archaea were identified according to the responding primers during PCR
amplification. It is conjectured that only a small percentage of subsurface microbes are cultivable. Any
culturing step, even with a broad variety of media, might, therefore, be highly selective with respect to
the actual autochthonous community in rock.

The results of the presented study suggest the presence of a small population of indigenous microbes.
Investigations, carried out up to now, did not reveal any noticeable metabolic activity in the rock. Microbes
seem to be locked up in the harsh environment of Opalimis Clay for millions of years, barely living or
growing. Nevertheless, one may speculate that even a very low metabolic activity could have a catalytic
effect on the porewater chemistry over millions of years, e.g., an influence on the redox potential by sulphate
reducing microbes.

By way of contrast, rock perturbation by drilling and excavation may trigger metabolic activity of microbes,
indigenous or introduced. Microbial activity was observed in a borehole for a Mont Terri experiment
investigating the porewater composition (PC). Growth of microorganisms may be caused by the creation
of space in the borehole and by introduced nutrients.
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Substantial amounts of organic matter (OM) ranging from ca. 1 to 5 wt% (average content of ca. 3 \vt%)
occur in the Boom Clay (Decleerefo/., 1983; Van Geet et al., 2003), Global examination (Deniau et al., 2001)
showed that (i) the Boom Clay contains low maturity type II kerogen (as commonly observed in immature
sedimentary rocks the kerogen accounts for the bulk of the total OM of the clay) and (ii) this kerogen
(isolated from a clay core stored and processed under strict anaerobic conditions) exhibits an especially
high oxygen content. Based on such features, the Boom Clay kerogen should be prone to generate large
amounts of liquid and gaseous compounds, including heteroatomic compounds, upon thermal stress.
Indeed, preliminary experiments (Deniau et al., 2004) showed the production, under a relatively moderate
thermal stress of a variety of polar oxygen-containing compounds.

The aim of the present study was to derive detailed molecular and kinetic information on the production
of liquid and gaseous compounds, upon the type of thermal stress that the "near field" clay would undergo
during disposal of high activity waste. Emphasis was put on low molecular weight oxygen-containing
components. Indeed, the latter may influence the confinement properties of the clay barrier and the
radionuclide transport through various processes like changes in PcOj, in pH, in complexation ability
and in microbial growth in relation with changes in OM availability (e.g. Stroes-Gascoyne et al., 1997).

Gas production was examined by closed isothermal pyrolyses of the Boom Clay kerogen in gold tubes.
Numerous (30) time/temperature conditions were used with focus on mild conditions, starting from
I50°C/l h. The residual kerogens recovered after heating were examined by Rock-Eval pyrolysis. The
gas fractions generated were quantified and analysed by gas chromatography (GC). Finally, the in-situ
production of CO : was calculated with simulations, using the kinetic parameters derived from these
experiments, for the type of thermal stress that would occur upon spent-fuel disposal. This study showed
the occurrence of COrgenerating groups exhibiting a very weak thermal stability in the Boom Clay
kerogen. Substantial amounts of CO ; corresponding to about 20 % of the total oxygen content of the
kerogen are thus generated under mild thermal stress. The kinetic parameters for this early production
of CO2 were calculated. Extrapolation to disposal conditions was performed for 80CC/1000 years and
100°C/1000 years. This simulation indicated that the production of "labile" CO3 may influence the
effectiveness of the geological barrier, even at a temperature of only 80°C. Under these conditions, large
changes in bicarbonate concentration in the interstitial water of the clay would take on a time scale of
only tens to a few hundred years.

The production of liquid compounds was also examined through closed pyrolyses in stainless stee! tubes.
The soluble fractions generated, under conditions that simulate the thermal stress that would be associated
with waste disposal, contain a wide variety of polar O- and'or N-containing compounds, including mono-
and dicarboxyiic acids and phenols.
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All these observations support the idea that the compounds, generated upon exposure of the Boom Clay
kerogen to a low thermal stress, may affect the effectiveness of the geological barrier. In-situ experiments
are now planned for comparison with the simulation experiments. The data derived from the present
study and from these future in-situ measurements will be integrated to evaluate the effects of a thermal
stress induced by the long-term disposal of high level radioactive waste on the efficiency of Boom Clay
as main barrier.
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ABSTRACT:
Helium atoms are continuously produced in all rocks by neutralization of a-particles emitted from the
radioactive elements uranium and thorium and their decay products. Based on the average concentrations
of{1.92±0.12)ppmUand(10.1 ± 1.22)ppmTh measured on 4 rock samples from the Callovo-Oxfordian
formation, a 4He production rate of (5.2 ± 0,4) x 10"lj cm3 STP/g rock.y is calculated (STP = Standard
Temperature and Pressure; T = 0°C, p = l a t m = 1.013x 105 Pa). Multiplied with an average age of 165
million years of the sediments the total amount of in-situ produced helium can be calculated. Comparison
of this value with measured He-concentrations in rocks shows that more than 96% of the helium has been
lost from the solid phase and was transferred to the porewater. For an average grain density of 2.66 g/cm3 of
rock and an average water-content porosity of 0.15 cm3 water/cm^ rock the helium accumulation rate in
porewater is (7.5 ± 0.6) x Wu cm3 STP ^He/cm"1 watery. This rate is very small, but well defined and
essentially constant in time : it can be used as a "clock" to help to quantify transport processes in the
subsurface.

Helium concentrations in porewater were determined by mass spectrometry on gas samples extracted from
about 20 freshly drilled rock samples which were immediately transferred into vacuum containers and
stored for several weeks to give the helium time for outgasing from the porewater of the rock into the
vacuum space of the container. Measured concentrations steadily decrease from 6.3x10"" cc STP He/cm3

of water at 546 m to 4.1 xlO"5 cc STP He/cmJ of water at 406 m. In the absence of any transport processes
such concentrations would be produced in-situ in 5-8 million years. Since no higher concentrations were
measured, removal mechanisms must be operating that are efficient enough to transport helium out of
the formation at least on such time scales. A characteristic time scale for diffusion, for instance, can be
estimated from T = v / D , where z0 is a typical diffusion distance and D is a representative effective diffusion
constant. Using z0 = 70 m (half thickness of the formation) times from 0.5 My to 5 My result for effective
diffusion coefficients in a range between 3 x 10"'(l nr/'s and 3 x 1 0 " m2/s.

A numerical one-dimensional transport model will be used to model He transport in porewater of the
Callovo-Oxfordian formation. In such a model it will also be necessary to take into account a diffusive
flux into the formation from the underlaying Dogger. Measured helium concentrations in the Dogger
porewaters decrease from 2.1xlO"4 cc STP He/cm3 of water at 763 m to 6.4 xlO"5 cc STP He/cm3 of
water at 634 m. It appears that in this formation porewaters and groundwaters are in equilibrium as a
He concentration of 1.6 x 10'4 cc STP He/cmJ of groundwater water published by Marty et al. (Nature,
425, 55-58, 2003} is clearly in the range found in the porewaters in this study.
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INTRODUCTION
As indicated by recent investigations, diffusion is the main transport process in consolidated argillaceous
formations (e.g. Callovo-Oxfordian, Opalinus Clay) that are foreseen as potential host rocks for high-level
radioactive waste repositories. However, reliable data on diffusion properties of these rocks are still scarce,
in particular with regard to the behaviour of reactive species. This contribution reports on a comprehensive,
internationally supported study, which focussed on the diffusion of non-reactive and reactive species in
Opalinus Clay, using a combined field, laboratory and modelling approach. The core part involved the
investigation of HTO, stable I", "'Na' and stable Cs diffusion in an in-situ experiment at the Mont Terri
Rock Laboratory in Switzerland. The modelling part was largely aided by diffusion data carried out under
laboratory conditions.

EXPERIMENTAL METHODS
The in-situ experiment consisted of a single borehole through which synthetic porewater including the
tracers was continuously circulated. Diffusion into the rock occurred in the packed-off test interval. A
hydrotest prior to tracer injection indicates a hydraulic conductivity of 3x10"° m-s'1. The tracer concen-
trations and main ion composition in the borehole were regularly monitored. After ten months the tracer
profiles of an overcored section were analysed. This analysis also included the use of novel high-resolution
techniques, such as Laser Ablation and micro-XRF that are suitable to resolve small scale profiles in
the sub-mm range. The results were interpreted by numerical modelling, which included the application of
2D and 3D reactive transport models. The aim was to obtain values for diffusion coefficients, accessible
porosities and sorption parameters and compare these with results from small-scale laboratory experiments.

Through diffusion experiments parallel to the bedding plane were performed at two different laboratories.
The break-through and subsequent steady-state flux were studied for HTO, 1-125, Cl-36, and Na-22.
Two different techniques, namely a radial diffusion technique and a one-dimensional through-diffus ion
technique were applied for this sake.

RESULTS AND CONCLUSIONS
The composition of the synthetic porewater remained fairly constant with time. This indicated that geo-
chemical disturbance induced by the borehole and the circulation system was small. The evolution of
the tracers in the circulating fluid and in the rock is illustrated in Figure 1. The decrease rate in the borehole
was slower for I" compared to HTO. On the other hand, 22Na" and Cs" shows a slightly faster and much
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faster decrease, respectively, compared to HTO (Fig . la) . The analyses of the rock profiles reveals th e

largest penetration depth for HTO (,-- 15 cm), somewhat lower penetration for I - and Na"- (= 10 cm) and

a small penetration depth for Cs + (= 3 cm) into the rock (Fig . lb) .
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Figure 1 : Tracer concentration in circulating fluid (a) and in one representative rock profile (b) .

Concentration units are : HTO, Bq/kg; Na-22 Bq/kgx20; I, mg/kgx0 .2; Cs, mg/kgx0 .04 .

These data were analysed by 2D modelling, assuming that diffusion occurred predominantly in the beddin g
plane. In general, the two independent data sets of all four tracers could be excellently simulated by thi s
modelling approach . Thus, very good agreement could be obtained for HTO using diffusivity and porosity
value obtained from the laboratory . This was also the case for the iodide and sodium data . Lower effective
diffusivities and porosities were obtained for iodide owing to anion exclusion effects . For 22Na+ , the data
could be adequately modelled by assuming a low sorption value, as determined from laboratory batch
sorption data . In the case of Cs+, a higher diffusivity relative to HTO and a Freundlich-type sorptio n
behaviour needed to be assumed to adequately represent the data . This is consistent with laborator y
data, although the field data show a slightly weaker sorption relative to that observed in batch sorptio n
experiments in dispersed systems .

The modelling was complemented by 3D modelling, taking the geometry of the borehole and the dip o f
the bedding into account . The 3D results were consistent with those obtained from the simple 2D approach .
Moreover, the results clearly showed the effect of rock anisotropy on diffusion, indicating three time s
lower diffusivities normal to the bedding planes relative to the parallel direction .

Through diffusion data performed on small-scale samples yielded consistent results with regard to field data .
Diffusivities parallel to bedding were found to be 3-4 times higher than those found normal to bedding .

Overall, the results obtained from this diffusion project reveal a remarkable consistency between small-scal e
laboratory and in-situ data, especially with regard to non-reactive tracers . More laboratory and in-situ

data on strongly sorbing species are required to improve the mechanistic understanding of retardatio n
in argillaceous rocks .
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Cs MIGRATION IN COMPLEX GEOLOGICAL
MEDIA: NEW INSIGHTS THROUGH MICRO-

IMAGING AND MICRO-SPECTROSCOPY
Daniel Grolimund'. Detlef Giinther1, Andre M. Scheidegger1, Beat Aeschlimanir,

Paul Wersin3, Steve M. Heald4

1. Paul Scherrer Institute, Waste Management Laboratory and Swiss Light Source, Villigen PSI,
Switzerland.

2. Swiss Federal Institute of Technology, Laboratory for Inorganic Chemistry, Zurich, Switzerland.
3. NAGRA, Wettingen, Switzerland.
4. Pacific Northwest National Laboratory, PNC-CAT, Argonne, IL, USA.

INTRODUCTION
The concern about the long-term fate of radionuclides (and other hazardous chemicals) in the subsurface
environment has resulted in the development of numerous theoretical models incorporating an ever
increasing number of reactive transport processes. While the (hypothetical) complexity of the theoretical
models has increased steadily, the corresponding growth in quantity and quality of experimental inves-
tigations has not kept pace, by far. However, reliable experimental data are most crucial regarding model
validation and calibration. In particular, field-scale data of highly reactive radionuclides with large
retardation are extremely scarce. The lack of such field data can mainly be attributed to experimental
and analytical difficulties. First of all, especially in case of diffusion-dominated systems and strongly
retarded radionuclides, the spreading pattern is spatially highly restricted due to transport velocities of a
few micrometers to millimeters per year. As a consequence, conducting breakthrough experiments on the
field-scale is not feasible within reasonable time scales. Secondly, the ubiquitous spatial micro-variability
(physical and chemical heterogeneity) of geological materials represents another serious obstacle. Notably,
however, even large field-scale reactive transport phenomena have been recognized to be triggered by
micro-scale processes.

Accordingly, any practical analytical technique must comprise high spatial resolution (micron scale) and high
chemical specificity. Recent advancement in micro-analytical techniques, such as synchrotron-based X-ray
microprobe techniques or laboratory-based laser ablation (LA) techniques open new opportunities in
probing the multi-dimensional spreading of strongly retarded radionuclides under realistic field conditions.

Within the present study, such microprobe techniques were employed to analyze the field-scale migration
of Cs as investigated at the Mont Terri Rock Laboratory (DI-A experiment).

EXPERIMENTAL METHODS
The diffusion pattern from a Cs source into the bulk rock (Opalinus Clay Rock) was studied by comple-
mentary analytical methods including "'classical" bulk measurements and advanced microprobe techniques.
As bulk techniques chemical extraction (1M KNOj; ICP-AES analysis) and laboratory-based X-Ray
Fluorescence (XRF) analysis were employed. Two microprobe techniques were used, LA-ICP-MS and
synchrotron-based microXAS. As latest development of microXAS, the high spatial resolution was combined
with high spectral resolution by means of integrating a wavelength dispersive X-ray spectrometer. The
resulting superior resolving power is mandatory to discriminate the fluorescence emission of the trace
concentrations of Cs against the deluging fluorescence arising from the macro concentrations of Ca and
Ti present in the clay material.

Furthermore. Cs K-edge EXAFS spectra were collected to determine the chemical speciation of the
interfacial Cs species responsible for the retardation of Cs within the Opalinus rock material.
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The LA-ICP-MS analysis was carried out at the Laboratory of Inorganic Chemistry, Section Elementa l
and Trace Analysis, ETH Zurich. The synchrotron-based micro-XAS investigations were conducted a t
Sector 20 (PNC-CAT) of the Advanced Photon Source (APS), Argonne, USA .

RESULTS AND CONCLUSIONS
Bulk analysis revealed averaged information regarding the decrease of the Cs concentrations as a functio n

of migration distance. Results obtained by three independent techniques (bulk macro-XRF, wet chemica l
extraction as well as microXRF) show a good agreement as illustrated in Fig . 1 . A distinct Cs diffusion fron t
can be established . This illustration demonstrates evidently, that the micron scale spatial resolution o f
microprobe techniques is mandatory to represent the Cs diffusion profile . Due to the experimentally limite d
spatial resolution, the macroscopic measurements yield only two groups of data points over the whol e

range of Cs migration (one group at -12mm, another at -25mm) . Obviously, solely based on only tw o

data points, the reconstruction of an entire diffusion profile corresponds to a highly ill-posed problem .

The "apparent" noise in the microXAS data corresponds to reproducible variabi-lity arising from th e

chemical micro-heterogeneity of the Opalinus clay rock . This finding is further supported by Fig . 2 ,

depicting concentration profiles measured by LA-ICP-MS . Readily apparent, within a few microns th e

concentration of macro elements is changing by more than one order of magnitude . As will be discussed in
detail, the sorbed Cs concentration at a given location is strongly related to the prevailing macro elemen t
distribution and related mineral composition .
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boundary.

Spatially refined analysis using micro-analytical techniques allowed for process oriented investigations .
Two-dimensional elemental mapping (with spatial resolu-tions of 3 to 50 microns ; data not shown )
reveal a heterogeneous distribution of the matrix elements . However, the distinct spatial features exhibit
a characteristic length scale of 3001.tm. Based on the characteristics of the elemental distributions one can
conclude that the host rock material corresponds to a complex mineral composite with an interlinke d
3D network structure . The observed elemental correlations and the molecular-level information abou t
the interfacial Cs speciation in the rock material (obtained by EXAFS) correspond to crucial informatio n
towards the identification of the reactive solid phase(s) .

To conclude, based on the suite of complementary results new detailed insights into the diffusion proces s
of highly reactive chemicals in complex natural porous media can be elaborated. Microprobe facilitie s
(such as the new microXAS beamline at the Swiss Light Source) can be expected to make further valuabl e
contribution to the understanding of the field-scale transport of strongly sorbing radionuclides .
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HTO AND 36C1- DIFFUSION
IN CALLOVO-OXFORDIAN ARGILLITES

AND OXFORDIAN LIMESTONES
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1. Laboratoire de Mesure et Modélisation de la Migration des Radionucléides (L3MR),
DEN/DPC/SECR, CE A, F-9U91 Gif sur Yvette

2. Service Transfert, Direction Scientifique (DS/TR) Andra, 1-7 rue Jean Monnet, Parc de la
Croix Blanche, 92298 Châtenay-Malabry Cedex, France

INTRODUCTION
The Callovo-Oxfordian argillite formation is under investigation as a potential host rock for a high-level
radioactive waste repository at the Andra Underground Research Laboratory in Meuse/Haute-Marne
(France). The Oxfordian limestone formation (160 m-417 m) located above the Callovo-Oxfordian
formation (417 m-508 m) maybe a potential medium for radionuclides migration. Diffusion is assumed
to be the main transport mechanism governing radionuclide migration through argillite and the basis of
Oxfordian limestone. The purpose of this study is to quantify their diffusive properties.

METHODOLOGY
Diffusion coefficients and accessible porosities of HTO and WC1" were respectively measured on 41 and 22
drillcore samples from borehole EST205. HTO was chosen as an inert tracer and J t l " was used to quantify
the anionic exclusion phenomenon. Through-diffus ion experiments were carried out using synthetic
water with a composition as close as possible to the porewater of each formation. The analysis of the
results was performed by fitting the results of diffusive flux, corrected for decay and considering, for
argillite samples, the presence of two steel filter plates,

RESULTS AND INTERPRETATION
HTO diffusion accessible porosities (£) are ranging from 6 to 24%, with lower values observed in the
Oxfordian limestones between porous levels and in the lower part of this formation. In argillite samples,
porosity values are aboui 15%. These results are consistent with other classical techniques such as
water-content, mercury porosity but also with in-xitu measurements (CMR logging).
In Oxfordian limestones and argillites, effective diffusion coefficients (De) are ranging from 0,1 to
12 x 10'" m2,s"'. In accordance with accessible porosity, lower D,. values are observed in the lower part of
Oxfordian limestones with measured values ranging from 1.1 to 15.5 x 10"': rrr.s"1. All the experimental
results point out a rather good positive correlation between accessible porosity and effective diffusion
coefficient.

Concerning >flCl" behaviour, two areas are distinguished: in the upper Oxfordian limestones samples,
diffusion accessible porosities of î(iCr and tritiated water are quite identical, with the ratio Dc.(

Mcr)/DL.(HTO)
close to 0.85, that is to say the same as that of their diffusion coefficient in free water. In lower Oxfordian
limestone samples (C3a) and in argillites, accessible porosity and diffusion coefficient are lower for
chloride than for tritiated water (see figure 1). This is due to anionic exclusion. Clay minerals, which
proportion increases with depth, as observed also by XRD, develop a negative charging on their surface
leading to the decrease of accessible porosity and diffusion coefficient of lflC\~.
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Figure 1 : Evolution of the ratio De(36CI- /De(HTo) versus depth . This illustrates the phenomenon of anioni c
exclusion in the Callovo-Oxfordian argillite formation .

The diffusive behaviour of HTO and 36C1- for Callovo-Oxfordian argillite samples characterised in thi s
study is in good agreement with the available values characterised in other hard clay rocks .
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AN OVERVIEW OF INVERSE MODELING
METHODS APPLIED TO THE THERMAL
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ROCK LABORATORY
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6. CEA/Saclay, DEN-DPC-SECR-L3MR, 91191 Gif-sur-Yvette cedex, France.

INTRODUCTION
Varions countries are considering consolidated clay formations as suitable host rocks for the deep disposal
of radioactive waste. The main purpose of experiments performed at the Mont Terri Underground Research
Laboratory (URL), Switzerland, is to develop experimental tools and modeling methods to characterize
the properties of the clay formations. Among all the experiments carried out, HE-C is dedicated to the
characterization of the thermal behaviour of the rock, and DÎ is a diffusion tracer test.

The HE-C experiment has consisted in measuring the time evolution of the rock temperature submitted
to a heating source during 250 days in order to determine the thermal conductivity parameter of the clay.
Temperature data are collected at different vertical levels. In DI experiment, HTO and stable iodine were
injected in a borehole. Concentration is monitored in the injection system. At the end of the experiment,
tracer concentrations were measured along several profiles extracted from an overcore. For the Dl
experiment, the properties investigated are accessible porosity and effective diffusion coefficient.

Modeling of these two experiments involve the same partial differential equation, a parabolic-type equation.
The presence of a bedding plane combined with an anisotropy of the medium requires a three-dimensional
modeling. Equations are solved numerically by CAST3M (CEA code) using a Finite Element scheme
for HH-C and a Mixed Hybrid Finite Element scheme for DI.

INVERSE METHODS
Inverse modeling requires to define an objective function (or performance function) measuring the difference
between measured and computed data. In HE-C and DI experiments, the objective function, based on
least squares, is slightly different due to the difference between available data. Computed data depend on
parameter values through the diffusion equation. To solve this highly non-linear optimization problem,
the following steps have to be performed: (1) choose a set of parameters and solve the forward model, (2)
compute the cost function and combine (1) and (2) until obtaining the lowest value of the cost function.
Two strategies exist to choose a set of parameters.

In the first one, called global approach, lower and upper bounds of each parameter are fixed and a great
number of values are chosen in the interval. The objective function is then computed for each set of
parameter values. When all the simulations were achieved, the set of parameters giving the lowest cost
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function value is the solution of the problem. This method requires a lot of computation time, especially
when the forward model is solved by a numerical method.

In the second strategy, called local approach, the estimation problem is similar to solve an optimization
problem. The method starts from initial parameter values, and an optimizer allows to generate another set
of parameters minimizing the cost function. The optimization tool, called Kalif (CEA code), comprises
several minimization techniques such as simplex, conjugate gradient, quasi-Newton (e.g. BFGS) and so on.
The last two ones require gradients of the objective function versus parameters which are computed by-
finite difference or adjoint state method.

A key point in inverse modeling is the parametrization of the model. This is a technique used to simplify
the structure of the space parameters and decrease the number of parameters to be estimated. This point
has been studied in DI modeling. The Singular Value Decomposition method has been applied on a simple
one dimensional model to study the sensitivity parameters versus data. This method also gives information
about the best parametrization lo be chosen. Another approach was done using Sobol statistic indicators.

RESULTS AND CONCLUSION
Global and local approaches have been applied to HE-C and Dl experiments, respectively. The rock
properties were determined using complementary laboratory measurements on rock samples. Parameter
values found with the inverse modeling are in good agreement with the experimental methods. But beyond
the numerical values obtained for each experiment, this contribution allows us to synthesize different
approaches of inverse modeling and yields valuable information about their advantages and weaknesses.

In the global approach, interpretation in the parameter space becomes difficult when the number of
parameters is greater than three. But it allows to detect local minima. The global approach and Soboi
statistic indicators require a great number of computations (500000). In order to drastically reduce the
CPU time of computations, a neural network, using NeMo (software CEA}, is built to approximate the
forward model. Neural network requires 1100 number of forward simulations for its building but a new
parametrization of forward model requires to build a new neural network. In the local approach, the set
of parameters is a local solution and is not necessarily the global minimum. To accelerate convergence
it is better to have gradients of the objective function. It is time consuming when computed by finite
difference, particularly when the number of parameters is important. Adjoint state method gives more
accurate gradients, but the adjoint system building requires a long programming effort.

KEY WORDS
Mont Terri Underground Rock Laboratory, Inverse modeling, HE-C experiment, DI experiment, Finite
Element. Mixed Hybrid Finite Element, global and local approaches, neuronal network, optimization,
adjoint state. Singular Value Decomposition, CAST3M, NeMo, Kalif.
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ABSTRACT
We present an efficient numerical scheme for contaminant transport simulation on grids that can be locall y
refined and nonmatching . We discretize the time evolution, adsorption, convection, reaction, and source s
terms on the given grid, using the cell-centered finite volume method . To discretize the diffusion term, we
construct a conforming mesh of triangles or tetrahedra with the vertices given by the original grid and us e
the finite element method . We allow for general inhomogeneous and anisotropic diffusion–dispersio n
tensors and convection-dominated cases . The proposed scheme is locally conservative and permits to
accurately capture the fronts of the contaminated region . Numerical simulations of problems with
known analytical solution as well as of real problems confirm its efficiency and robustness .

Preference: oral presentatio n
Topic of the scientific program : mass transfer (section Alliances )

We consider in this contribution a convection–reaction–diffusion equation of the form

ac+a/3(c)_~
Dec+Vcv+F(c)= q

at

	

a t

where c is the unknown concentration of the contaminant, the function / 3 represents equilibrium
adsorption reaction, D is the diffusion–dispersion tensor, v is the velocity field (given for instance b y
the Darcy law), the function F represents the changes due to chemical reactions, and q stands for th e
sources . The numerical approximation of the equation (1) is complicated by the facts that we are deal-
ing with a parabolic problem that can degenerate if the derivative of the function /3 explodes at the origin,
that the tensor D is inhomogeneous and anisotropic (in the form of a nonconstant and full matrix), tha t
the influence of the convection dominates the influence of the diffusion (which causes the presence o f
sharp fronts), and finally that the problem is nonlinear because of the functions / 3 and F .
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In bydrogeological practice, the equations of type (1) have traditionally been discretized using the finite
difference and later the cell-centered finite volume method, usually on structured quadrilateral meshes.
Such schemes are easy to implement but suffer from two main difficulties: First, the discretization of
inhomogeneous and anisotropic diffusion-dispersion tensors is not straightforward with these methods.
Secondly, structured meshes do not allow for local refinement, which seems to be extremely useful
especially in contaminant transport modeling: It is desirable to have a fine mesh near the front of the
contaminated subregion but it is sufficient to have a rough mesh in the rest of the computational domain.
The motivation of this contribution was in fact to find a simple and easy to implement modification of
these traditional schemes, in order to facilitate the discretization of inhomogeneous and anisotropic tensors
and to allow for local (nonmatchmg) refinement.

Combined finite volume-finite element schemes use the finite element method on a triangular or tetra-
hedral mesh to discretize the diffusion term and the finite volume method to discretize the other terms
of the equations of the type (1). They are proposed and analyzed e.g. in [1, 2]. The major novelty of this
contribution consists in the application of these ideas on nonmatching grids. Given a nonmatching mesh
as that depicted in Figure 1 by the dashed line, we construct a triangular (tetrahedral in space dimension
three) mesh as that depicted in Figure 1 by the solid line. We believe that the proposed approach to the
discretization of the equation ( 1 ) on nonmatching grids is in some sense the simplest, yet (at least in our
opinion) very efficient. In particular, we do not introduce any supplementary unknowns on the boundary
between the regions with nonmatching grids, neither use any interpolation of the discrete solutions on this
boundary, which is a common feature of other discretization schemes for nonmatching grids. There is no
need for such interpolation for the finite volume part of the proposed scheme and the finite element part
uses a conforming mesh. The scheme is moreover stable since we avoid spurious oscillations in the
velocity-dominated case by checking the local Péclet number and by adding exactly the necessary
amount of upstream weighting, possesses a discrete maximum principle under some conditions on the
mesh and on the tensor, and is locally conservative.

References:
[I] Eymard R., Hilhorst D., Vohralik M., Combined finite volume-nonconfonning/mixed-hybrid finite
element scheme for degenerate parabolic problems, submitted to Numer. Math., 2004.

[2] Feistauer M., Felcman J., Medvidbvâ-Lukâcovâ M., On the convergence of a combined finite vol-
ume-finite element method for nonlinear convection-diffusion problems, Numer. Methods Partial
Differential Equations 13 (1997), 1-28.
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CONCLUSIONS ON FRACTURATION AND

SELF-HEALING PROCESSES IN CLAYS
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Radioactive waste must be managed and disposed off in ways that ensure the protection of people and
environment, now and in the future. In assessing the performance of a deep HLW disposal, the long term
prediction of disturbances in the surrounding rock mass induced by the construction and the operation
of a waste repository is essential, A key issue in this field is the evolution of the Excavated Damaged
Zone (EDZ) with time, since its presence could result in altered transport characteristics of the host rock
adjacent to the galleries. This is precisely the goal of SELFRAC: characterise properly the EDZ and
asses its evolution with time.

SELFRAC (Dec 2001 - Nov 2004) covers two topics: the origin of fractures on the one hand and the
occurrence of self-healing and self-sealing processes on the other hand. The main objective is to better
understand and quantify these processes and to assess their impact on the performance of radioactive waste
disposal sites. Two argillaceous rocks are investigated: the Opalinus Clay of Mont Terri (Switzerland)
and the Boom Clay of HADES (Belgium). The SELFRAC project is coordinated by the EIG EURIDICE
(European Underground Research Infrastructure for Disposal of radioactive waste In a Clay Environment).
The other partners are NAGRA (National Cooperative for the Disposal of Radioactive Waste), L3S
(Laboratoire Sols, Solides, Structures), G3S (Groupement Structures Souterraines de Stockage), K.UL
(Katholieke Universiteit Leuven), EPFL (Ecole Polytechnique Fédérale de Lausanne) and SOLEXPERTS,
A first task was to define a clear terminology since no international consensus existed and to draw up a
state of the art report. The experimental research comprised both laboratory testing and in-situ testing.
Fracturation and self-healing processes were studied on both clays by means of flow properties, acoustic
measurements and constitutive modelling, in-situ experiments were performed both at Mont Terri
(Switzerland) and at HADES (Belgium). This article will mainly focus on the in-situ experiments and
observations at HADES but will also contain the main conclusions of the SELFRAC project.

In March 2002, an extension of the URF HADES was realised. At 223m depth, a 90m long gallery
(external diameter 4.8m) was excavated by means of an industrial tunnelling technique. This gallery is called
"the connecting gallery" and connected a new shaft with an existing part of HADES called 'Test Drift".
The EDZ around it was characterised by studying various topics: fracturation, mechanical parameters
and hydraulic parameters.

During the excavation works, an extensive fracture observation programme was carried out. The front
and sidewalls were systematically observed and this resulted in a description of the excavation induced
fracture pattern. Cores were drilled and these revealed that the radial extent of the fractures is about lm
into the host rock. At the connection, fractures induced by the excavation of the Test Drift (in 1987) were
(re-)activated; their shape and orientation were similar to those around the connecting gallery. Despite
the low support of the Test Drift front, only a zone of Mm showed signs of oxidation.

The mechanical properties around the gallery were studied by a series of selfboring pressuremeter tests
shortly after the construction of the gallery (April 2002). In August 2004, the same tests were carried out
to study possible changes of the properties with time. The tests show that the mechanical parameters are
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altered in a zone -6-8m around the gallery . The campaigns of 2002 and 2004 give almost identica l

results; the most important difference is a stress increase in the first meters around the gallery . Based

upon the SBP results, Ko (coefficient of earth pressure at rest) was estimated to be 0 .9 .
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The HdZ, hydraulic disturbed zone, around the gallery was studied using multi-piezometers . Thes e

instruments allow long-term follow-up of pore pressures and measurement of the hydraulic conductivity "k" .

The HdZ is anisotropic : the influenced zone is -20m in a horizontal cross section and -40m in a verti-
cal cross section (cf. graph : pore pressure around the connecting gallery on 15 th September 2004) . The e

anisotropy of the HdZ can be explained by the anisotropic stress state (l0<1) as is shown by numerica l

modelling and analytical calculations . These results are in agreement with measurements performe d

around the Test Drift : the same anisotropy is measured during the first years after excavation . But as time
passes, the pressures in the horizontal piezometer drop, the pressures in the vertical one rise and afte r
-10 years the anisotropy is inversed . This effect is due to the anisotropy of the hydraulic conductivity
in Boom clay (ky--2 .4) which causes a larger draining effect horizontally. The in-situ value of k is low
(– 10 -12 m/s) so the characteristic time for the drainage effect is high . We can therefore conclude that th e
HdZ profiles are dominated at the short term by the anisotropy of the initial stress state and at the lon g
term by the anisotropy of the hydraulic conductivity . An other observation is that piezo-filters as few as
60 cm into the host rock are measuring positive water pressures, which means that the converging borehol e
has sealed off the piezometer (no packers are used) and that no interconnected fracture network exist s
(at least) beyond 60 cm . Measurements also showed that the hydraulic conductivity is influenced up t o
6 m into the host rock . At lm kH-3 .10 -1 I m/s was obtained, in the far field k H'6 .10 12 m/s .

A last type of measurements performed in the SELFRAC framework, were seismic and acoustic tests .
In a first experiment, the acoustic parameters around an uncased borehole are studied : they are altered
by its collapse and sealing-behaviour later on . In a second experiment, similar measurements are performed
on a clay core which was instrumented and then re-installed in a borehole . Measurements indeed show
a recovery of seismic properties around the installed instruments and some acoustic emission event s
were recorded . An important part of the date is still being processed at this time .
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RESULTS GAINED FROM SEISMIC IN-SITU
MEASUREMENTS IN THE OPALINUS CLAY
AT THE MONT TERRI ROCK LABORATORY

Kristof Schuster. Hans-Joachim Alheid

BGR - Federal Institute for Geosciences and Natural Resources - Stilleweg 2, 30655 Hannover,
Germany

OBJECTIVE
As a consequence of the excavation of underground openings the rock properties in the vicinity of the
openings are changed. This affected zone is called the excavation disturbed / damaged zone (EDZ). The
changes in petro-physical properties are influenced by several factors e.g. stress field, method of excavation,
geometry and age of the opening. A suitable characterisation of the properties and the determination of the
extent of the damage are essential for safety assessment and modelling.
BGR uses seismic in-situ methods since many years in several national and international underground rock
laboratories (URL) in different rocks (rock salt, crystalline rock, argillite and clay), it turned out that these
methods yield good and reliable results for the assessment of the EDZ. During the last years the focus was
put on argillaceous formations. Most experiences were gained in the Opalinus Clay at the Mont Tern Rock
Laboratory in Switzerland, where many seismic in-situ investigations were carried out. Further investigations
were performed in Tournemire (France), Mol (Belgium) and Bure (France).

SEISMIC IN-SITU METHODS
Mainly different seismic borehole methods with very high structural resolution capabilities are applied.
Measurements are performed in dry or wet boreholes with diameters between SO and 150 mm and
lengths of up to 70 m. There are no restrictions concerning the inclination of boreholes. As a non
destructive method also seismic refraction measurements are used.
Seismic Interval Velocity Measurements: The seismic interval velocities are measured successively in
steps between 2 and 20 cm along the boreholes. The step width depends on the desired lateral resolution.
A special BGR mini-sonic probe with one source and three receivers with source signal frequencies
between 50 and 150 kHz is used. Measurements start at the tunnel wall. The probe is moved progressively
towards the end of the borehole in small steps. This method reveals the seismic velocity as a function
of distance from the tunnel wall in the vicinity of the borehole wall.
Rotation of Mini-Sonic Probe: The seismic borehole probe can be rotated clockwise, for example in
steps of 30 degrees, at selected borehole depths. Dependencies from the orientation in the distribution
of seismic velocities and/or amplitude decays can give useful hints for seismic anisotropy effects.
Seismic Cross Hole Measurements: Measurements are carried out between two boreholes. In this case a
piezoelectric transducer with an emitting frequency of about 7 kHz as a source is located in one borehole
whereas the receivers are located in a second one. Both, source and receivers can be moved simultaneously
or positioned at different locations in the boreholes.
The results yield a rough model of the velocity distribution. An advantage of course is the fact, that a
bigger rock volume is scanned with this method and seismic anisotropy of the rock can be detected and
characterised very well.
Seismic Refraction Measurements: As a non destructive method this type of measurement allows the
characterisation of the EDZ without boreholes. The source and receivers are deployed directly on the wall.
The processing is more time consuming than the processing of interval velocity data.
The most important derived parameters for the characterisation of the EDZ are seismic P- and S-wave
velocity, amplitude damping and dynamic Poisson's ratio, which gives access to dynamic elastic parameters,
like the dynamic Young's modulus, A further important parameter is seismic anisotropy. Faults and joints
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can be detected. Repetition of measurements or a continuous observation, e.g. on a daily or weekly basis,
offers the possibility to observe changes in rock properties with time.

MAIN RESULTS
Within the framework of several projects at different locations at the URL Mont Terri seismic measurements
were carried out. Some of the main results will be explained exemplarily.
The application and combined interpretation of different seismic techniques and the methodology used
for the characterisation of the EDZ with the help of seismic parameters are proved to be a good tool for
routinely hi-situ application.

Extent of EDZ
The distribution of seismic P-wave velocities and damping of amplitudes along the borehole depth are
used primarily for the detection and determination of the extent of the EDZ. Lower seismic velocities
and strong amplitude damping indicate a damaged or disturbed region. In terms of a relative assessment
different degrees of damage can be identified. The extent of the EDZ varies between several centimetres
and around 2 meters, depending on the location and orientation (roof, floor, wall) as well as on the type
of excavation (tunnel bore machine, pneumatic hammer, blasting technique).

Dynamic Elastic Parameters
In cases where the quality of the recorded seismic data allows to identify S-waves these information will
also be taken into account for the interpretation. P-wave and S-wave data allows the calculation of the
dynamic Poisson's ratio and with the knowledge of in-situ bulk densities the dynamic Young's modulus
can be derived as a function of borehole depth. Corresponding results could be achieved at several locations.

Seismic Anisotropy
Cross hole measurements between two parallel boreholes at a distance of 1 m and depths of 1.7 m gave
very good results about the seismic anisotropy behaviour of the Opalinus Clay. In total 576 ray paths
within a wide angle range couldbe used. Derived P-wave velocities vary systematically between 2400 m/s
and 3100 m/s which results in a remarkable anisotropy factor of 1.3.

Change of Petro-physical Parameters with Time
In the EB-Niche a seismic long term observation experiment, as part of the Engineered Barrier Experiment,
was performed. Four boreholes, each 2.1 m deep, were equipped with 8 seismic sources and 12 receivers.
The boreholes border a rock volume of 1 m x 1 m x 2.1 m. 2 sources and 2 receivers were placed in the
backfill material (Bentonite). Over a period of time of 19 months on a daily basis cross hole measurements
were performed automatically. 140 different ray paths were observed. A continuous increase in seismic
P-wave velocities and amplitudes in the backfill material indicate a compaction. Remarkable changes
in travel limes and amplitudes point to changes in geo-mechanical properties of the EDZ. An almost
constant signal quality in the intact rock region indicates no changes in this part.
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CONCEPTION AND NUMERICAL
PREDICTION OF GEOMECHANICAL

MEASUREMENTS RELATED
TO A VERTICAL MINE-BY-TEST

AT THE MEUSE/HAUTE-MARNE URL
V. Renaud1, F. Lahaie'. G. Armand1, T. Verdel\ P. Bigarre1

1. INERIS, Ecole de Mines de Nancy, 54042 Nancy Cedex, France
2. Andra, Laboratoire souterrain de recherches Meuse/Haute-Marne, BP 9, 55290 Bure, France
3. LaEGO, Ecole de Mines de Nancy, 54042 Nancy Cedex, France

Andra plans experiments in the Meuse/Haute-Marne Underground Laboratory in order to study the
hydromechanics] behaviour of the argillite. For example, REP experiment is a vertical mine-by-test aiming
at characterizing the short and long term hydromechanical response to a shaft sinking. Displacements,
deformations, and pore pressures will be monitored during the shaft sinking. Andra and FNERIS consider
to back-analyse recorded data based on under-excavation method in order to estimate field stresses.

The under-excavation technique consists in determining the pre-existing stress tensor in a relatively large
rock volume from the global inversion of strain and displacement measurements recorded by numerous
instruments during the disturbance of the medium (typically the excavation of an underground opening.
This inversion requires several assumptions whose principal one is the quasi linear elastic behaviour of
the rock mass.

Background literature and field experimentations show both this technique as very promising but also the
need for establishing its sensitivity to the principal assumptions needed. In the framework of a numerical
sensitivity study of the under-excavation technique, aimed at testing most of the assumptions, input data
and uncertainties to be encountered on the field, the 3D modelling (Flac3D ) of a step-by-step vertical
mine-by-test, based on REP design, has been set up and run in order to:
1- calculate all numerical matrices needed
2- validate specific numerical developments implemented in SYTGEOmath®.

One major step of this study is to calculate each instrument response, coming up with a step-by-step
strain or displacement curve versus the advancement of the shaft sinking. We assumed an experimental
device based on 3 CS1RO cells, 3 multipoint extensometers and 1 multipoint inclinometer (figure 1),

The main assumptions tested are the impact of gravity, anisotropy of the rock elastic properties, error
on the position of one or more sensors, variability of the elastic properties by considering a heterogeneous
stratified rock mass and hydraulic coupling. Figures 2 and 3 illustrate the response of two instruments
(CSIRO 1 and extensometer 1) assuming an elastoplastic behaviour of the rock mass.

The predictive response of instruments obtained in the different simulations led to several operational
recommendations, e,g the displacement of a few sensors for certain instruments. All those recommendations
have been taken into account in the final REP experiment design.

These predictive responses will also constitute a basic element of validation of the real data coming
from the REP experiment. More generally, the authors intend to show all the added value of such a
detailed, numerical approach. Such a synthetic conception of a varied instrumentation experiment, aiming
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to estimate one fundamental parameter as the field stress tensor, is a rather simple method for optimizin g

both data quality to be recorded and then scientifically back-analysed .
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Figure 1 : 3D view of the simulated measure device around the main shaft (REP)
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Figure 2 & 3: Example of predictive responses of two instruments (CSIRO 1 and extensometer 1) in the
assumption of an elastoplastic behaviour of the rock mas s
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ON THE NUMERICAL MODELING OF
SHEAR BANDING AROUND AN EXCAVATION

F. Collin, X.L. Li, A. Lam bark), R. Charlier, R. Chambon

Dpt GeomaC, University of Liège, Institut de Mécanique et Génie Civil (B52),
Chemin des Chevreuils 1, B-4000 Liège, Belgium
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A benchmark has been proposed by the research group of MoMas concerning the numerical prediction
of the extend and evolution of the Excavation Damaged Zones (EDZ) around the nuclear waste deep
geological disposals. The final objective is the evaluation of the relevance of the numerical codes used
by the participants to model the different tests of the benchmark with the same constitutive equation.
The different scientific teams participating are listed in a companion paper by Chavant C. and Femandes R.

In the proposed benchmark exercises, thermal aspects and creep effects are ignored. The modelling
focuses on the coupling between mechanical behaviour of the host formation and the hydraulic diffusion
(in saturated conditions) during the excavation process. The proposed constitutive laws should model
two in-situ observations: the degradation of the rock mechanical properties and the induced increase of
medium permeability. The mechanical constitutive model is an associated Drucker Prager elastoplastic
model with a softening due to the degradation of the cohesion related with the deviatoric plastic strain:

where H^ - Jà^ô^ is the second deviatoric stress invariant (CTi; = <7̂  ~"T

is the first stress invariant, m — , 0 is the friction angle and cti is the initial value of the cohesion.
3 - s i ô

The softening relation f(f!') reproduces the degradation of the material strength as a function of the

equivalent deviatoric plastic strain yp = Jêf.êf,.

In the benchmark, the permeability evolution is described as a function of the porosity:

k - k0 if n-nti < 0

k/ku— 1 + 2.101~0]-nB) if 0<H—«()< 10'2

/t/i« = 1 +2.10" if « - « „ > IO~:

Softening models which have been extensively used in the past are now known to generate numerical
problems especially when localized ruptures modes (like shear bands) appear in a computation. Numerical
modelling of such kind of localized shear zones suffers by a pathological sensitivity to the finite element
discretization. Around a tunnel, this latter mesh sensitivity leads to undefined position and number of shear
bands, in a coupled hydro-mechanical simulation, this renders more difficult the modelling of the increase
of the permeability in the damage zone (EDZ) and more specifically in the localized bands.

We present first the numerical computations obtained with the proposed model and the proposed boundary
conditions. In this classical computation, it is quite clear that localized zones appear. The patterning and
the width of the bands are function of the mesh used. This is the confirmation of the well known properties
of the classical constitutive equations. They arc able to predict the occurrence of localization but unable
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to properly model the post localized failure of materials. This is illustrated by the result of the computations
proposed in the benchmark. It is seen also that the directions of the band of coupled computations are in
accordance with the classical Rice analysis made for the proposed constitutive equation without coupling.

For such problem, it is well known that an enhanced model is necessary to provide an objective description
of post localized paths. Many enhanced constitutive equations have been proposed and studied in the
past since the pioneering work of Aifantis. Non-local approach was first proposed for damage concrete
mechanics and extended later to other materials. Models involving gradient of interna! variables or with
non-local internal variables are also been used in the framework of elastoplasticity. An other family of
enriched models are the Cosserat-type model.

More recently we developed local second gradient models which like the Cosserat models are particular
cases of media with microstructure [1], This theory has already been used successfully for Von Mises
softening models [2], [4], [5], [6], This theory has been extended to the classical model proposed in the
benchmark. Such an enhancement is proved to avoid the spurious mesh dependency of the computations.
Some computations of biaxial tests without hydromechanical coupling demonstrate the power of this new
model. However the problem of non uniqueness is not solved. This is illustrated by the computations
using a random initialisation of the iterative procedure like in [2], [6].

Coupled computations with such enhanced theories have already been successfully developed [7], [8]
and should be useful for the computation of the Excavation Damaged Zones.
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EVALUATION OF DAMAGE-INDUCE D

PERMEABILITY IN THE BURE SITE USING

A THREE DIMENSIONAL ADAPTIVE

CONTINUUM / DISCONTINUUM CODE

Fabian Dedecker, Daniel Billau x

ITASCA Consultants, S.A., 64 Chemin des Mouilles, 69130 Ecully (FRANCE)

ITASCA has developed and used Discontinuum models to study the damage of rock, by building particl e

assemblies and checking the breakage of bonds under stress . However, such models have been limite d

in size by the very large number of particles needed to model even a comparatively small volume of rock .

In fact, not all zones in a model are necessarily submitted to large strains and show contact breaks . A large
part of most models never experiences large strains, and does not require the accurate description o f

large-strain / damage / post peak behaviour afforded by a Discontinuum model . Thus, very often a larg e

model can be separated into a strongly strained "core" area to be represented by a Discontinuum, and a
peripheral area where Continuum zones would be adequate .

From this observation, members of the Itasca group have developed a coupled, three-dimensional ,
continuum/discontinuum modelling approach . The new approach, termed Adaptive Continuum /
Discontinuum Code (AC/DC), is based on the use of a periodic Discontinuum "base brick", for whic h
more or less simplified continuum equivalents are derived . The AC/DC code can dynamically select th e
appropriate brick type to be used in various parts of the model, depending on the level of deformatio n
in each part (i .e . switch locally from a continuum to a granular description based on selected criteria) .

m

	

J

Connected micro-cracks 2 years after shaft opening

In this paper, we apply the new approach to an excavation performed in the Bure site . The modellin g
aims at evaluating the damage-induced variation of permeability at the periphery of a shaft, during th e
first two years of its opening .
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In a first part, we present the concepts developed to build a numerically efficient mixed model while
minimizing the effect of continuum/discontinuum boundaries. We also describe the particle model
developed to reproduce the short and long term behaviours of the Callovo-Oxfordian argilite.

In a second part, we show the numerical model built to simulate the shaft excavation. We summarize the
calibration process used to define the short and long term parameters, as well as the assumptions considered.

Finally, we present an interpretation in terms of crack-induced permeability at the periphery of the shaft.
A (crack transmissivity vs. opening) relation is first calibrated using laboratory results, and then applied
to the crack network generated during the mechanical simulation.
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BENTONITE COLLOID DIFFUSION
THROUGH THE HOST ROCK OF A DEEP

GEOLOGICAL REPOSITORY
U. Alonso'. T. Missana1, A. Patelli\ J. Ravagnan1, V. Rigato2

1. CIEMAT, Avda. Complutense 22 - Edif. 19, 28040 Madrid SPAIN
2. LNL, Legnaro-Padova ITALY
e-mail: Ursula.alonsoffl'ciemat.cs

Compacted bentonite clay is the main engineered barrier of a deep geological repository (DGR) of high-level
radioactive waste. Amongst other properties, the compacted clay has very low permeability to limit the
water income to the waste and high sorption capability for many radionuclides, so that it is particularly
suitable to retard their migration to the biosphere.
However, for the long-term performance assessment of the repository, it is important to investigate any
process that may occur at the bentonhe that could affect the radionuclide migration. Recent studies
demonstrated that, under favourable conditions, clay colloids can be detached from the hydrated bentonite
surface. If these clay colloids were stable and mobile, they could significantly affect the migration rates
of those radionuclides presenting significant sorption onto the clay.
The need of understanding colloid retention and filtration mechanisms comes up in all the studies devoted
to the evaluation of the colloid-mediated radionuclide transport. Amongst others filtration mechanisms
considered, the possibility that colloids diffused within the host rock is discussed. Since almost no
experimental data on colloid diffusion are available, mainly because the study of colloid diffusion within
low permeability rocks by conventional diffusion experiments is very difficult and time-consuming, the
problem is tackled only by a theoretical point of view.

A novel approach, for the experimental estimation of colloid diffusion coefficients in low permeability
media, is proposed in this work. It allowed determining the diffusion coefficients of bentonite colloids
in a granitic rock (as an example of DGR host rock), and it is suitable for any natural low permeability
material. The selected methodology is based on the application of the Rutherford Backscattering
Spectrometry (RBS). This nuclear ion beam technique was selected because it gives elemental depth
profiling of the studied material and it is especially sensitive to detect heavy elements in a well-defined
"light'7 matrix.
In a previous work, we tested the applicability of the RBS technique studying the diffusion of several
radionuclides. The diffusion coefficients obtained for U, Th and Eu (10~'3-10"N mz/s) were of the same
order of magnitude than those reported in the literature for these elements and this, in principle, validated
the selected methodology to perform diffusion tests.
In the present work, to establish if bentonite colloids are actually able to diffuse or not within the host
rock, and to determine the magnitude of the diffusion coefficient, similar experiments as those previously
performed with solutes were carried out. In this case, for being able to distinguish the bentonite colloids
from the rock, it was necessary to trace them. As the colloid movement is evaluated by trailing the tracer,
the tracer need to fulfil several requirements: (a) it has to be a heavy element because of the RBS
sensitivity, fb) it has to present almost 100% sorption onto the clay colloids, (c) it is necessary to guarantee
that, within the time scales of RBS measurements (days), no tracer desorption from the bentonite colloids
to the rock surface could take place. Europium was the selected tracer since complementary bath sorption
experiments indicated that the above-mentioned conditions were fulfilled.

For the diffusion studies, bentonite colloid suspensions (3,85 g/I, NaCIO4 M0"J M, pH 5) traced with
Eu (5.71-10"" M) were prepared in the laboratory. Sorption kinetic studies indicated that, after only 5
minutes, approximately a 98% of the Eu was adsorbed onto the bentonite colloids and that the distribution
coefficients remained constant at least during one month. Moreover, the possible desorption from the
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bentonite colloids to the granite was analysed by placing small pieces of rock in a solution containing the
Eu-traced bentonite colloids, and periodically analysing the Eu activity at the rock surface. No desorption
form the bentonite colloids was observed within the time scales of interest for RBS studies.
To evaluate colloid diffusion, granite slices were put in contact with the Eu-traced bentonite colloids at
different contact times (5 minutes, 2 hours and 1 day) and then, the granite surfaces were analysed by RBS.
The times selection was based on the RBS experimental conditions, considering that longer contact times
could lead to diffusion lengths larger than the beam penetration depths.
In all cases, after contact with the Eu-traced bentonite colloids, Eu diffusion profiles were detected
within the rock. These results indicated that the bentonite colloids are able to diffuse, since up to the
98% of the Eu is adsorbed onto the colloids. The penetration depth of Eu, as function of the contact
time, allowed evaluating the colloid diffusion coefficient, giving a value of D = (7,5 ± 0. !)• LO*17 nr/s.
It is interesting noticing that this diffusion coefficient is several orders of magnitude lower than that
measured for Eu as solute, in similar experimental conditions (7.6 ± 0. l)10"n nr/s.
This work was partially supported by the EU commission, under the 4th and 5lh Framework Programmes,
TMR-LSF, contracts ERBFMGECT980110 and HPRI-1999-CT-00083, and also in the framework
CIEMAT-ENRESA.
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THE TORTUOSITY OF DIFFUSION PATHS
IN SATURATED COMPACTED SODIUM

BENTONITE
Ian C. Bourg12, Garrison Sposito1, Alain C. M. Bourg1

1. Civil and Environmental Engineering, University of California, 631 Davis Hall #1710 (temporary
address: Hearst Field Annex B), Berkeley, CA 94720-1710, USA

2. Environmental Hydro Geochemistry (LHGE-JE2397), Earth Sciences Department, University
of Pau, IPRA, BP 1155, 64013 Pau Cedex, France

The apparent diffusivity of isotopic water tracers is lower in saturated compacted bentonite ( D j than in
bulk water (Do), because of the combined effects of tortuosity (diffusion paths through the clay are longer
than a straight line) and constrictivily (the diffusive motion of water molecules is impeded due to the small
size of the pores). Measurements of the apparent diffusivity of isotopic water tracers in saturated compacted
bentonite do not allow the determination of the relative effects of tortuosity (i) and constrictivity (ô).
Results of such measurements are usually described with an empirical geometric factor (G = D.JDa)
which depends on both tortuosity and constrictivity (G = 5/TT). The geometric factor determined in such
a way is a fitted parameter, strongly affected by experimental conditions (such as dry bulk density and
temperature), and, therefore, cannot be extrapolated to conditions other than those in which it has been
determined. It is a species-dependent parameter (it depends on the size of the tracer molecules, relative
to that of the pores in which they diffuse), and cannot be extrapolated to predict the apparent diffusivity
of any other species. Thus, the geometric factor contains no more phenomenological information than
the values of apparent diffusivity from which it is calculated.

In order to predict diffusion in a saturated compacted bentonite barrier in the conditions of an underground
radioactive waste repository, it is desirable to develop a phenomenological model of the diffusion of water
in such a barrier. Such a model should relate the apparent diffusivity of isotopic water tracers in saturated
compacted bentonite to the tortuosity and constrictivity affecting the diffusion of water molecules in
individual pores of the porous medium.

We have developed a model in which nanometer-thin pores present between montmorillonite lamellae
(inierlayer pores) were distinguished from the larger pores present between stacks of montmorillonite
lamellae (macropores). Within the interlayer pores, we distinguished between the 2- and 3-layer
hydrates (these coexist, in saturated compacted Na-montmorillonite, near 1.4 kg dm"3 dry bulk density).
We described the macropores and the interlayer 2- and 3-layer hydrates as three parallel diffusion paths,
and we determined the volume fractions occupied by these three types of pores from the dry bulk density,
the bentonite mineralogy, and X-ray diffraction data. We neglected constrictivity effects in the macropores,
and determined the constrictivity in the interlayers from the results of Molecular Dynamics simulations
and Quasi-Elastic Neutron Scattering spectroscopy.

By comparing our diffusion model to experimental data of the apparent diffiisivity of isotopic water
tracers in saturated compacted sodium bentonite, we determined the tortuosity of pore diffusion paths
in this material. Experimental data were available in one-dimensionally compacted bentonite, in the
directions parallel and normal to compaction, as a function of the partial montmorillonite dry density
(Pbjnonn m e mass of montmorillonite per volume of montmorillonite and pores). The average tortuosity
of the compacted bentonite (determined from the mean principal value of the apparent diffusivity tensor
of water in one-dimensionally compacted bentonite) increased rapidly between phnitm, - 0 and 0.2 kg dm"',
causing a fourfold decrease in the apparent diffusivity of water isotopes, but was then unaffected by
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compaction up to pbimùnl = 1.5 kg dm"3, as t = 1.9 ± 0.4. Thus, at pbiinon, > 0.2 kg dm"3, the measured slow
decrease (with Pbmont) of the mean principal apparent diffusivity of water in saturated compacted sodium
bentonite is caused not by an increase in tortuosity, but by a decrease in 5 (caused, mainly, by the progressive
disappearance of the macropores).

Furthermore, from the apparent diffusivity of isotopic water tracers in directions parallel and normal to
compaction, we calculated the tortuosity of pore diffusion paths in directions parallel (T/,) and normal to
compaction (xl). In a saturated compacted bentonite containing 99-100 % montmorillonite, the tortuosity
of the pore diffusion paths was isotropic (T,v/T-L = 1) at low partial montmorillonite dry densities, but
became anisotropic (t,,/tX> 1) at pb,monr> 0.8-1.0 kg dm"3. Thus, experimental data determined in one-
dimensionally compacted bentonite in the direction parallel to compaction underestimate the diffusion
of water in an isotropically compacted bentonite barrier.
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SWELLING AND OSMOTIC FLOW
IN A POTENTIAL HOST ROCK

J.F. Harrington. S.T. Horseman, and D.J. Noy

British Geological Survey, Keyworrh, NG12 5GG, UK
jfha.frbgs.itc.uk/+44 115 9363133

Measurements of osmotic and hydraulic permeability are reported for a series of tests conducted on
Opalinus Clay samples from the Mt. Terri underground research laboratory in the Jura Mountains of NE
Switzerland. Osmotic flow was observed across discs of this clayshale separating 0.245 M NaCl solution
from distilled water. Pressure transients monitored during constant flow rate testing were analysed to give
permeability and specific storage values. The mean permeability normal to bedding of the two Opalinus
Clay specimens was 7.9 x 10"21 m2. The mean specific storage based on all reliable determinations was
4.1 x 10'4 m"1. Values calculated from the steady-state pressure gradients established during constant
flow rate testing were very close to those obtained by mathematical analysis of pressure transients.

The calculation of the transients was carried out using a new model of flow and solute transport which
included terms for the osmotic coupling. The form of the pressure transients and the magnitude of the
strain seen during the tests lead to a revision to the definition of solid phase compressibility to incorporate
a term dependent upon the osmotic coupling coefficient.

Steady-state osmotic flow rates were in the range 0.1 to 0.6 ^L.lir"1 when the specimens were placed between
a sodium chloride solution with a theoretical osmotic pressure of 1.19 MPa and distilled water. Transient
flow rates were substantially larger. Membrane efficiencies were found to be relatively low, ranging from
1% to 6% (mean around 4%). The mean osmotic permeability normal to bedding was 3.5 x 10'22 m2.

Specific storage and pore compressibility values were substantially larger than anticipated, suggesting
that the volumetric strain of the clayshale under the conditions of laboratory testing must be largely
determined by quasi-elastic deformation processes such as swelling and crack dilation. To test ibis
hypothesis, a 3-D swelling test was performed on a cubic specimen of the same material. When
immersed in distilled water, the cube swelled preferentially in a direction normal to bedding. Swelling
was accompanied by visible opening of cracks. Volumetric strains of the clayshale during the swelling
test were of the same order of magnitude as those during permeability testing. The presence of dilated
cracks could explain the low membrane efficiency, since the dissociated ions of the salt would be able
to diffuse through the crack network relatively unimpeded by electrostatic interactions with the clay
mineral surfaces.

The high compressibility and low membrane efficiency revealed by these experiments may be a consequence
of fabric damage during sampling and specimen preparation or may actually be representative of the rock
characteristics within the engineering disturbed zone (EDZ) of the tunnel niches. It is entirely possible that
undisturbed rock remote from the excavations displays significantly lower compressibility and higher
membrane efficiency.

Even though the clayshale membrane in these experiments is inefficient, the results clearly demonstrate that
Opalinus Clay is capable of supporting an osmotic flow of water. This has important implications in the
specification, operation and interpretation of borehole tests aimed at the hydrogeological characterisation
of this potential host rock.
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MODELLING OF ELECTRO-OSMOTIC
PHENOMENA WITH PH EFFECTS

IN SATURATED CLAYS
Thibault Lemaire. Didier Stemmelen, Christian Moyne

LEMTA, UMR 7563 CNRS-INPL-UHP, 2 avenue de la Forêt de Haye, B.P 160,
54504 Vandœuvre-lès-Nancy, France

Electro-chemo-mechanical couplings play a crucial role in the behaviour of clay materials due to electric
charges attached on the clay platelets which interact with the mobile ions dissolved in the interstitial
fluid. One way to tackle these couplings is to consider the electro-osmotic phenomena in saturated
clays. Electro-osmosis corresponds to the movement of water through a porous matrix in response to an
external electric field acting on diffuse double layer cations. However charge transfers occuring at the
electrodes strongly modify the pH of the solution because of water electrolysis. In addition, the surface
charge of clay platelets is linked with the pH of the electrolyte solution through surface complexation
mechanisms [1]. The aim of this paper is therefore to model electro-osmosis in saturated clays taking
into account pH changes.

A macroscopic mode! describing swelling and transport mechanisms [2] is used to simulate electro-
osmotic flow of water in clay materials. This model is based on a scale-up procedure of the microscopic
equations by the homogenization method [3],

At the microscopic scale, the clay material is constituted by a solid phase with an uniform negative surface
charge and a liquid phase. The liquid phase is an electrolyte mixture of water, ions of an entirely dissociated
monovalent salt (typically Na+ and CT) and also H* and OH" ions. In the fluid IV and OH" concentrations
are linked by ionic product of water (A ,̂= 1014 mol2/!3). The ionic distributions in the electrolyte obey a
Poisson-Boltzmann problem. The fluid is assumed incompressible and Newtonian and its movement is
given by a Stokes equation supplemented by an electric force term. Ions transport results from convective
and diffusion contributions. The diffuse part is the sum of two terms : Fickian motion and electrodiffusion.
In the transport equations of H" and OH", a source term is added due to water dissociation.
In brief, governing equations consist of; modified Stokes equation describing the electrolyte flow; four
Nemst-Planck equations for ionic species; Poisson equation for electric potential; ionic product of water.

Homogenization procedure is used to propagate microscopic description to the macroscale and leads to
the following equations [4]:
• a Poisson-Boltzmann equation for the double layer potential,
• four convection-diffusion equations for the transport of the ionic species (Na~, Cl", H" and OH"),
• a modified Darcy equation including a chemo-osmotic term (due to the ionic concentration gradient)

and an electro-osmotic term (induced by the macroscopic electric field).
The electroneutrality condition and the equation of water dissociation equilibrium complete this formulation.

Numerical simulations of electro-osmosis in a simple geometry of two parallel charged plates are
obtained in a stationary state (Figure 1 ). The spatial profiles of bulk pressure, salt concentration and pH
are calculated for various conditions. Finally chemical properties of the clay surface (FT and NaL

adsorption/desorption) and surface charge variation are taking into account.
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Figure 1 : Electro-osmosis simulation : profiles of concentration, pH, pressure, electric potential an d

surface charge density.

References :
[1]Avena M .J ., De Pauli C .P, Modeling the interfacial properties of an amorphous aluminosilicate disperse d

in aqueous NaCl solutions, Colloids and Surfaces A : 118, (1996) pp . 75-8 7

[2]Moyne C . and Murad M., Electro-chemo-mechanical couplings in swelling clays derived from a
micro/macro homogenization procedure, Int . J. Solids and Structures 39 (2002) pp . 6159-6190

[3]Auriault J.L., Heterogeneous media : Is an equivalent homogeneous description always possible? Int.
J . Engrg. Sc. 29 (1991) pp .785-79 5

[4]Lemaire T., Couplages électro-chimio-hydro-mécaniques dans les milieux argileux, INPL thesis, Nancy,
dec. 2004 .

This work has been performed in the frame of the "GdR MoMaS "

International Meeting, March 14-18, 2005, Tours, Franc e
Page 154

	

Clays in Natural & Engineered Barriers for Radioactive Waste Confinemen t

[Na b] (mol/I)

[Cfb l (mol/I)

	

0 .2 2

0 .2

pH

9

0 .18
8

0 .16

7

0.14

6
0 .12

50 .1

-0 .1 1
p ,0 (Pa)

-0 .1 2

-0 .1 3

-0 .1 4

0

	

0 .2 0 .4

	

0.6

	

08

	

10

	

0 .2

	

0 .4

	

0 .6

	

0 .8

0 . 6

0 .4

0 .2

0



THM experiments
in the opalinus clay
Chair: Tilmann Rothfuchs - Yannick Wileveau



O/1 OB/1

MONITORING AND MODELLING
OF THERMO-HYDRO-MECHANICAL

PROCESSES - MAIN RESULTS OF A HEATER
EXPERIMENT AT THE MONT TERRI

UNDERGROUND ROCK LABORATORY
Ingeborg Gobel1, Hans-Joachim Alheid1, Norbert Jockwer3, Juan Carlos Mayor1,

José Luis Garcia-Sineriz4, Eduardo Alonso5, Hans Peter Weber6, Michael Plôtze7, Georg Klubertanz"

1. BGR - Federal Institute for Geosciences and Natural Resources, Hannover, Germany
2. GRS - Final Repository Research Division, Braunschweig, Germany
3. ENRESA - Empresa Nacional des Residuos Radioactivos, Madrid, Spain
4. AITEMIN-Asociacion para la Investigaciôn y Desarrollo Industrial de losRecursos Naturales,

Madrid, Spain
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6. NAGRA - National Cooperative for the Disposal of Radioactive Waste, Wettingcn, Switzerland
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8. COLENCO Power Engineering Ltd., Baden, Switzerland

ABSTRACT
The long-term safety of permanent underground repositories relies on a combination of engineered and
geological barriers, so that the interactions between the barriers in response to conditions expected in a
high-level waste repository need to be identified and fully understood. Co-financed by the European
Community, a heater experiment was realized on a pilot plant scale at the underground laboratory in
Mont Terri, Switzerland. The experiment was accompanied by an extensive programme of continuous
monitoring, experimental investigations on-site as well as in laboratories, and numerical modelling of
the coupled ihermo-hydro-mechanical processes.

Heat-producing waste was simulated by a heater element of 10 cm diameter, held at a constant surface
temperature of 100°C. The heater element (length 2m) operated in a vertical borehole of 7 m depth at
4 to 6 m depth. It was embedded in a geotechnical barrier of pre-compacted bentonite blocks (outer
diameter 30 cm) that were irrigated for 35 months before the heating phase (duration 18 months) began.
The host rock is a highly consolidated stiff Jurassic clay stone (Opalinus Clay). After the heating phase,
the vicinity of the heater element was explored by seismic, hydraulic, and geotechnical tests to investigate
if the heating had induced changes in the Opalinus Clay. Additionally, rock mechanic specimens were
tested in the laboratory. Finally, the experiment was dismantled to provide laboratory specimens of post-
heating buffer and host rock material.

The bentonite blocks were thoroughly wetted at the time of the dismantling. The volume increase
amounted to 5 to 9% and was thus below the bentonite's potential. Geoelectrical measurements showed
no decrease of the water content in the vicinity of the heater during the heating phase. Decreasing energy
input to the heater element over time suggests hence, that the bentonite dried leading to a decrease of
its thermal conductivity.
Gas release during the heating period occurred most pronouncedly in a borehole closest to the heater (0.5 m),
where after an incubation period of about 6 months after the beginning of heating bell-shaped release
curves of carbon dioxide and hydrogen sulphide developed over 10 months indicating that chemical
reactions in the Opalinus Clay are restricted. Metal corrosion caused by Opalinus Clay (as it occurred
in the rock mechanic laboratory) is probably restricted as well by the supply of a reactant such as oxygen.
Gas release data also suggest that the gas permeability of the Opalinus Clay may be inhomogeneous.
Bentonite and Opalinus Clay show only very weak modifications induced by the heater experiment.
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Numerical calculations were done with axisymmetric as well as with anisotropic models. The input data
for the anisotropic properties of the Opalinus Clay were provided by the rock mechanic tests. Data of
anisotropic creep properties were determined in the laboratory and inte-grated in a Burgers model (but
have not yet been used in the Finite Element modeling), Mineralogical analysis shows that the mechanical
properties of the Opalinus Clay depend on microstructure rather than mineralogy.
The match between monitored and calculated time series of temperature and pore pressure is good. The
pore pressure development shows the impact of transition processes in the Opalinus Clay caused by
watering of the bentonite, heating, and cooling. The hydraulic conductivity has considerable influence
on the magnitude of the pore pressure values.

The long-term steady stress field does not appear to be affected by the heating and cooling. The bentonite
blocks insulate the heater element so that the host rock was only moderately heated (about 65°C at the
interface buffer-rock). The temperature field extended to a maximum radial distance of about 5 m only.
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THE RESPONSE OF OPALINUS-CLAY DUE
TO HEATING: A COMBINED ANALYSIS OF
IN-SITU MEASUREMENTS, LABORATORY

INVESTIGATIONS AND NUMERICAL
CALCULATIONS

Michael Job m ami, Mirko Pol s ter

DBE TECHNOLOGY, EschenstraBc 55, D-31224 Peine, Germany

ABSTRACT:

In a clay host rock water content rises up to about 30%. Due to the fact that the coefficient of thermal
expansion of water is at least one order of magnitude higher than those of minerals a careful evaluation of
these effects seems to be an important issue in design, construction and operation of a repository, especially
in case of disposal of heat generating waste in extended emplacement fields containing a large amount
of disposal boreholes or drifts. Main objective of the research activities are to characterize the THM
response of the clay host rock and the effect of thermal expansion on the deformation of underground
cavities by a combination of measurements and mathematical calculations in a clay environment as a
basis for a repository layout for extended borehole or drift disposal of heat generating waste.

DBE TECHNOLOGY participates in a heater experiment at the Mont Terri underground laboratory in
Switzerland. The heater experiment called HE-D is performed by Andra and one major objective is to
investigate the host rock behavior in case of directly being heated without any buffer material between
heater and host rock.

The heater experiment consists of a horizontal heater borehole equipped with two electrical heaters and
a couple of observation boreholes drilled in several direction to the heaters. In one of the boreholes, drilled
perpendicular to the heaters, DBE TECHNOLOGY performs deformation- and temperature-measurements
based on fiber optic Bragg grating technology. Rock temperature and displacements are measured at
several distances lo the heaters as a function of time. This allows for evaluating the temperature induced
rock deformation due to the heating process.

From the same observation borehole several drill core samples have been taken to perform laboratory
investigations on the thermo-physîcal rock properties. The investigations include the thermal conduc-
tivity, thermal difrusivity, specific heat capacity and linear thermal expansion. For all rock properties the
temperature dependence has been investigated completed by measurements of pressure dependence of
the thermal conductivity. Special attention has been turned to the effect of anisotropy. The rock properties
of the opaiinus clay are known to show a strong anisotropic behavior. Thus, measurements on drill core
samples have been performed in different directions to the bedding of the clay aimed at determination
of the factor of anisotropy.

The fiber optic in-situ measurements have been accompanied by three dimensional numerical calcula-
tions for the purpose of analysis and description of the rock behavior. Due to the strong anisotropic rock
properties, the geological situation and the location of the drifts, a full 3D model was necessary to apply.
The calculations have been performed with FLAC3D which is a 3D continuum code based on the finite
difference method for modeling soil, rock and structural behavior. In order to consider anisotropic thermal
conductivities an additional module has recently been developed and implemented into the source code
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by Itasca Consultants. The rock properties determined in the laboratory have been used as basic input
parameters for the model calculations.

This presentation will show the results of the fiber optic temperature- and deformation- measurements
describing the time dependant temperature distribution as well as the corresponding rock displacements.
The thermo-physical rock properties determined in the laboratory will be presented and the importance
of the parameters with regard to the test analysis will be outlined. The numerical calculations will as
well be presented and a parameter configuration will be given, which fits best to all the measurements
resulting in a final description of the thermo-mechanical rock behavior.
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MODELLING OF AN IN-SITU HEATER
EXPERIMENT IN OPALINUS CLAY

Georg Klubertanz1. Jean Croisé1, Paul Marschall2

1. Colenco Power Engineering AG, Groundwater Protection and Waste Disposal, Switzerland
2. Nagra, Switzerland

ABSTRACT
The safety and long-term performance of underground repositories for radioactive waste rely on a combi-
nation of several engineered and geological barriers. The properties of the geological barrier depend on the
site conditions of the host formation, but the performance of the engineered barriers is a result of their
design and construction and of the interaction between both barriers, specifically when heat generating
waste is emplaced. These interactions need to be identified and quantified in order to provide models which
describe reliably the long-term performance of a repository. The basic objective of the HE Experiment
at Mont Terri, which is the scope of this project, is to gain knowledge about the coupled thermo-hydro-
mechanical processes developing in the host rock and in a bentonite buffer as a response to a heat load.

This paper presents some modelling work for the heater test. The calculations are performed with a newly
developed three phase (air, water, solids) non-isothermal code THM-Mehrlin. The code is based on a
continuum formulation of mass and momentum as well as energy balance equations and uses pressures,
displacements and temperature as unknowns.

TheTHM coupled modelling covered heating and cooling phases of the test, with 2D and 3D isotropic and
anisotropic calculations. Starting from a reference case with literature parameters, a series of parameter
variations in both 2D and 3D has been performed in order to assess the impact of the temperature changes
on the rock mass in the "far field'1.
The simulations reveal a major dependency of the results on the heat conduction value of the Opalinus Clay.
In the simulation, the heat conduction tensor was considered to be either isotropic or anisotropic (larger
heat conduction in the direction parallel to the bedding planes than perpendicular to the bedding planes).
For the isotropic case, a 2D configuration was chosen, whereas for the anisotropic case a 3D configuration
was necessary. The results are summarised and discussed.
A reasonable fit with the measured temperature curves could be obtained with differences between
measured and calculated values of a few 1/10 K with the following parameters for the Opalinus Clay:
intrinsic permeability = 8 x 10"1S) n r , thermal conductivity = 2,1 W/mVK, heat capacity of 920 J/kg/K
and assuming isotropic conditions. These values represent a best estimate which lies within the reported
range of values issued from the literature.

The temperature field was found to be very sensitive with respect to thermal conductivity of both the buffer
and -to a lesser extent- the formation. In particular, the buffer thermal conductivity has a large influence,
even if the buffer-thickness is small compared to the surrounding rock: a low thermal conductivity leads to
much higher temperatures close to the heater (insulation effect). The impact of the thermal conductivity
of the Opalinus clay is pronounced and leads to higher pressure level near the heater. The influence of heat
capacity of the Opalinus Clay formation on the temperature field is not negligible but not as large as that
of the hydraulic conductivity. The effects of mechanical parameters like thermal expansion of the rock or
rock stiffness are found to be less important, but still have an influence. The feedback from hydraulic and
mechanical conditions on the temperature field is not very important.

As far as the heating effect is concerned, it was found to be limited to a comparatively small volume
around the heater (radial extension of the order of less than 5 m for temperature difference less than a
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few degrees). Overall, the rise in temperature a few 10s of cm away from the heater was found to be
small: at the location of BHE4, i.e. 0.65 m from the heater axis, the temperature reached a stable value
at about 314 K.

The porewater pressures were, according to the calculations, significantly influenced by the heating
with increased pore pressures developing even in regions that were only slightly affected by the rise in
temperature due to compressibility and thermal expansion effects. After the temperature reached steady
state, the overpressures dissipated, due to flow within the bentonite buffer / Opalimis Clay. The porewater
pressures, however, did not fall back to their original level during the heating test duration, but levelled
off to a more or less constant value. The early time pore pressure increased up to 10 MPa and the rock
permeability is a major parameter influencing the level of overpressure reached through the heating as
well as the porewater pressure dissipation. The calculated pressure level is very sensitive not only to the
rock permeability but also, to a lesser degree, to the thermal parameters of the rock. It was found that
the volume of rock undergoing a rise in temperature more than a few °C was relatively small. The pore
pressure rise due to heating however was found to be significant with respect to in-situ stress level and
also probably with respect to the stress level found around underground repositories.

The induced changes in effective stress are equally important and clearly can not be neglected, both
regarding mechanical stability (where applicable) and changes in volumetric rock deformation and/or
damage, with associated consequences for rock permeability and the creation of preferential features in
the vicinity of emplacement tunnels.
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MEASUREMENT OF THERMALLY-INDUCED
PORE WATER PRESSURE INCREASE AND

GAS MIGRATION IN THE OPALINUS CLAY
THE HE-D EXPERIMENT AT THE MONT

TERRI ROCK LABORATORY
Herbert Kull1, Norbert Jockwer", Chun-Liang Zhang1, Yannick Wilevcau2, Stéphane Pepa3

1. Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS), Germany
2. Andra, Bure, France
3. Métro-Mesures, Mennecy, France

ABSTRACT
In order to gain a better understanding of coupled thermo-hydro-mechauical processes in indurated clays
as host rock for the disposal of high-level radioactive waste, a heating experiment named HE-D is being
conducted by Andra, GRS and other partners in the Opalinus clay at the Mont Terri Rock Laboratory in
Switzerland [Wileveau & Rothfuchs, 2003], Figure I shows an overview of the test field. Two electrical
heaters were installed in a horizontal borehole of 30 cm diameter and 13 m length drilled from the HE-D
niche parallel to the existing MI niche. Since April 2004, the surrounding rock has been heated by electric
power input of 650 Watt in the first heating phase and 1950 Watt in the second phase. A third heating
phase may be carried out for reaching a maximum temperature of 150°C at the interface between heater
and rock, depending on the conditions of the testing equipments. Finally, after heater shut-down, the rock
will cool down to ambient temperature. To observe responses of the clay rock to the thermal loading, a large
number of measuring instruments was installed in the near field around the heaters to measure temperature,
pore water pressure, gas migration and deformation of the clay during the experiment. For the design and
interpretation of the experiment, numerical modelling work was conducted by different institutions using
different codes. This paper presents results of the in-situ measurements of temperature, pore water pressure
and gas migration in the clay rock during the experiment.

Before drilling the heater borehole BHE-D0, eleven GRS mini-packer systems with sensors for measuring
temperature and pore pressure were installed into slim boreholes of 20 mm diameter drilled from the
MI niche to different positions up to 11 m deep in the rock, while other sensors of the Métro-Mesures
were set up in a borehole parallel to the heater borehole. Figure 2 illustrates a typical example of the
measurements at a position 1.35 m distant to heater 2. From this figure, it can be seen that:
(a) The initial pore water pressure of 1.2 MPa was constant over 3 months before drilling the heater

borehole;
(b) Drilling the heater borehole BHE-D0 caused an insignificant sudden decrease of the pore water

pressure, and then it remained unchanged;
(c) The constant power input of 650 Watt from both heaters to the rock generated a gradual increase of

the temperature from 15 to 23.5°C over 3 months, and a rapid increase of the pore water pressure
over the first month, and then maintained relatively constant at 2.3 MPa over further 2 months;

(d) The second heating phase with a power input of 1950 Watt increased the temperature to 40.5°C over
about 3 months. At the very beginning of the heating phase, a transient drop down of the pore water
pressure was observed. Afterwards, it increased to a maximum of 4 MPa and then decreased slowly
to 3.7 MPa over about 1 month.

For investigating thermally-induced gas migration in the clay rock, two injection and four extraction
boreholes with a diameter of 76 mm and a length of about 10 m were drilled from me MI niche
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perpendicular to the heater borehole . The injection boreholes pass the heater borehole at a distance of 0 . 8

and 1 .5 m, respectively. The extraction boreholes have a horizontal and a vertical distance to the injectio n

boreholes of 20 cm . In all six boreholes quadruple packer systems were installed . The central sample

intervals of the injection boreholes were inflated to 0 .9 MPa prior to heating and the gas pressures were

recorded in all intervals electronically . These measurements indicate that the Opalinus clay in the vicinit y
of the heaters is almost impermeable because, so far, no significant pressure decrease was observed, neithe r
before nor during the heating phases .

The rock mass response to heating has been blindly predicted by GRS with use of the THM compute r
code CODE_BRIGHT developed by UPC . Generally, the modelling results agree satisfactorily with th e
in-situ measurements .
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Figure 1 : Up view of HE-D experiment Figure 2 : Measurements of temperature and pore water
pressure during the heating experiment in the Opalinus
clay at Mont Terri
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In order to study the feasibility of radioactive waste storage in geological deep formations, Andra builds
an underground research laboratory in Callovo-Oxfordian argillites, in the eastern pan of the Paris Basin.
The transfer of solutes in these highly impermeable rocks is of great importance since it acts as a potential
vector of transport of radionuclides to the surface and the biosphere. The elementary and isotopic compo-
sitions of pore water (for example 6lBOs §D. S37C1, S7Sr/wSr and noble gases) are essential geochemical
data to discuss the origin and the evolution of this pore water, however these data can be affected by the
extraction processes of pore water.

Core sampling was removed in order to carry out vertical profiles on the site of the laboratory and in
boreholes established with a few kilometers around the site. As the cores can dehydrated very quickly in
contact with the air and undergone O and H isotopic exchanges with the atmosphere, they were conditioned
under nitrogen gas, and the time of contact with the air was minimized.

The extraction of representative pore water of these compacted, highly impermeable, Callovo-Oxfordian
argillites remains very difficult and is impossible by traditional methods such as squeezing. Thus, we
developed and compared three new analytical techniques which are (1 ) the vacuum dehydration, (2) the
isotopic balancing with isotopic known CO2 and (3 ) the dilution of pore water by a solution saturated by
ultra-pure CaCO3. In order to accelerate the procedures of extraction or exchange and to open the access
to the pores off-line, a stage of vacuum crushing was added to the experimental procedure. Finally the
samples are isotopically analyzed by mass spectrometry, a mass spectrometer VG602D modified for
5I!*O and 5D and a Finnigan Triton TI for S7Sr/H6Sr ratios.

The reliability and the precision of these three analytical techniques are compared. The results of the pore
water analyses are discussed in order to identify their origin and the water-rock interactions. Isotopic profiles
of pore water according to the depth were then carried out and make it possible to discuss the transfer
processes of solutes in the Jurassic sedimentary sequence of the site of the Andra underground research
laboratory. Moreover, the results are compared with the known signatures of the formation waters of
Jurassic limestones which surround Callovo-Oxfordian argillites in order to obtain a broader vision of
the solute transfers in the deep sedimentary formations in the environment of the underground laboratory,
and to replace these data in a regional hydrodynamic context.

International Meeting, March 14-18,2005,Tours, France
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 167



O/11 A/2

CHLORIDE AND STABLE WATER ISOTOPES
IN PORE WATER OF THE CALLOVO-

OXFORDIAN SHALES AND SURROUNDING
FORMATIONS AT THE BURE SITE, FRANCE

H.N.Waber', T. Gimmi12, M. Mazurek1, A. Vinsot\ A. Gautschi4

1. Rock-Water Interaction, Inst. of Geological Sciences, University of Bern, Switzerland
2. Paul Scherrer Institut, Villigen, Switzerland
3. Laboratoire de Recherche Souterrain de Meuse/Haute-Marne, Andra, France
4. National Cooperative for the Disposal of Radioactive Waste (Nagra), Wettingen, Switzerland

The vertical and lateral distribution of chloride and stable water isotopes in pore water were investigated
in the Callovo-Oxfordian shales and surrounding limestone formations. Drillcore samples were obtained
from one vertical (EST 212) and two inclined (EST 210, EST 211) boreholes that were drilled from the
same location on the Meuse/Haute-Marne underground research laboratory site in early 2004. Additional
samples were collected from short drillings in the near-by PPA shaft during its excavation. Pore water was
extracted from fully saturated rock samples with different methods. The results were evaluated considering
the mineralogy and porosity of the rocks and die composition of groundwater in water-conducting zones
above and below the Callovo-Oxfordian shales.

Within a lateral distance between the vertical and inclined boreholes of up to 600 m no significant
variability is developed in the mineralogical composition, the water content and the porosity of the
Callovo-Oxfordian. However, compositional variations occur in the vertical direction. Total clay and
water contents are highest in the central zone and decrease towards the upper and lower border zones of
the formation (Figure 1 ). Porosity values derived from the water content and from density measurements
correlate with the total clay content and thus display a similar distribution with depth. A different picture
arises for the individual clay mineral contents where a change to a smectite-free composition is observed
about halfway down the formation, while illite/smectite mixed-layers occur throughout the profile.
In contrast to the rock composition, a lateral variability is observed in the chloride composition and the
stable isotopes of the pore water in the Callovo-Oxfordian shales in addition to vertical variability (Figure 2).
Scaled for the chloride-accessible pore space, the difference in pore-water chloride between centre and
rims of the Callovo-Oxfordian in the inclined boreholes is only slightly larger (ca. 700 mg/L) than that
between the inclined and vertical borehole over a lateral distance of 400 m to 600 m (ea. 500 mg/L).
The oxygen and hydrogen isotope ratios of the pore water describe similar profiles as chloride with the
peak of the profile being about 30 m closer to the border of the Calcareous Oxfordian than the peak of
the chloride concentrations. As for chloride, the isotope values approach those of the groundwater in the
Calcareous Oxfordian. There also exists a lateral variability in the pore-water §1SO and S2H between the
vertical and the inclined boreholes, although less pronounced than that for pore-water chloride.
The tracer profiles and rock composition of the Callovo-Oxfordian suggest that the lateral heterogeneity
in pore-water composition have to be attributed to heterogeneous flow and solute concentration conditions
in the embedding water-conducting zones rather than to heterogeneity in the Callovo-Oxfordian shales.
Modelling of the tracer profiles will have to take such lateral changes into account in addition to the
vertical changes in porosity.
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CL-ISOTOPIC RECORD
OF HYDROGEOLOGICAL EVENTS
IN A VERY LOW PERMEABILITY

CLAY SEQUENCE ENVIRONMENT
OVER GEOLOGICAL TIMES

GdR FORPRO: Véronique Lavastre. Nathalie Jendrzejewski, Pierre Agrinier, Marc Javoy

Laboratoire de Géochîmie des Isotopes Stables - Université Paris VII/IPGP
4, place Jussieu 75 251 Paris Cedex 05 France

The marine Callovo-Oxfordian clay formation, found at ~400m of depth in the eastern part of the Paris
basin is investigated by French Agency for radioactive waste management (Andra} for safety assessment
of underground wastes disposal by the building of an underground radioactive waste disposal facility.
In order to obtain information regarding the long term and large scale transport properties of Callovo-
Oxfordian clay, studies of pore water chloride concentrations and 3'C1/"C1 isotope ratios (5'C1) were
carried oui. These tracers help to understand mass transfer from Callovo-Oxfordian clay into Oxfordian.1'
Tithonian Limestone aquifer above.

The main features are:
1 ) the clay pore water and aquifer waters are strongly Cl-depleted (<3000mg/l) relative to the original

marine interstitial water (~19Q00mg/l), implying an early dilution event resulting in "leaching out"
of chlorides.

2) the steep C[-concentration gradient from the Dogger Limestone aquifer (~2500mg/l), located bellow the
Callovo-Oxfordian clay to the Oxfordian'Tithonian aquifer (~10mg/l), and the associated "v-shaped"
5J Cl profile, can be both explained by chloride diffusion-like transport process. Modelling Cl transport
shows that hydrodynamic dispersion process must be considered to explain the Cl-concentration and
SJ Cl profiles in Oxlbrdian Limestone. This process implies an upward diffusive flux of chloride
(<2.6 10"s mole/nv/y) from the clay formation towards Oxfordian/Tithonian Limestone, where an
advective flow disturbs the Cl-diffusive flux. The modelling and knowledge of underground water
transfer allow to estimate a maximum Cl-hydrodynamic dispersion coefficient (= vertical Cl-transport
coefficient) about 1.7 10"' ITT/S. Chlorine transfer through the Callovo-Oxfordian clay, since deposition
l60My ago. can be mainly described by the interplay of an early dilution and a later molecular diffusion
which has apparently erased most of the isotopic effects of diagenetic events (such as early diffusion,
ion filtration...)

This study was financed by CNRS and Andra through the GdR-FORPRO (Andra-CNRS scientific
partnership).
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DETERMINATION OF NATURAL TRACER
CONTENTS (Ô2H, 518O, Cl) IN POREWATER

FROM TOURNEMIRE TOARCIAN ARGILLITE
BY RADIAL DIFFUSION METHOD

S. Savoye', C. Wittebroodt1, J.-L. Michelot2

1 IRSN, SARG/LETS - BP17- 92262 Fontenay-Aux-Roses, France.
2 UMR IDES CNRS-Université Paris-Sud - BAT 504 91405 Orsay, France

INTRODUCTION
Most of natural tracer distributions, obtained from consolidated argillaceous formations (e.g. Opalinus,
Toarcian clays) can be interpreted as diffusion profiles. They represent the result of large-scale and long-
term natural experiments that complete diffusion experiments carried out at lab or in underground facilities.
Tims, natural tracer profiles can bring important information about long-term transport process, required
for performance assessment.
However, the particular properties of consolidated argillaceous rocks (very low water content, 2 to 5 % by
wet weight for Tournemire shales, and small pore size, few nm) make difficult the determination of tracer
concentrations in porewater. For instance, extraction of porewater by means of vacuum distillation method
could induce a systematic depletion in heavy isotopes with regard to other methods, due to an incomplete-
distillation mechanism. The determination of chloride content (also necessary for estimating of ionic
strength and osmotic coefficient) requires the knowledge of what Pearson called the "geochemical
porosity" for most of methods, particularly for lixiviation. The value of this parameter is generally
derived from an indirect determination, increasing the uncertainty on the chloride content estimates.
Unlike the other methods, such as vacuum distillation, vapour phase equilibration, lixiviation, squeezing
or core degassing, the determination of natural tracer contents from radial diffusion method is based on
liquid diffusive mixing, process identical to that occurring at the field scale. So, it can be thought lhat
this technique actually involves the type(s) of water concerned by diffusion process at the field scale.
In addition, this method, unlike the others, permits the determination of both stable isotope (52H, 5 ISO)
contents and chloride concentrations in the same time. The aim of this contribution is to discuss some
results obtained from the radial diffusion method on Tournemire Toarcian argillite samples with regard
to other methods.

MATERIALS AND METHODS
The experimental Tournemire site is located in a Mesozoic marine sedimentary basin on the Southern
border of the French Central Massif. The formation corresponds to a 250 m thick argillaceous layer
(Toarcian and Domerian ages) bounded by two aquifer carbonate layers (300-500 m thick). The studied
core samples come from upper Toarcian level and they are composed of about 40% of clay minerals
(kaolinite, illite-montmorillonite) and mica, quartz (^20%), calcite (~20%), pyrite and siderite.
Petrophysical characterisations showed that the saturation state of these samples is close to 100 %.

The principle of the method is based on diffusive mixing between porewater and synthetical water placed
in a reservoir that was drilled in the centre of the core sample. Two successive equilibration experiments
are necessary to determine the tracer contents of porewater and either the porosity for stable isotopes or
the chloride-accessible porosity. The effect of the swelling of clay material was taken into account in the
mass balance equations. Before performing these experiments, the kinetic of diffusion of each tracer
was studied to determine the equilibration times and the diffusion parameters.
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RESULTS AND CONCLUSIONS
Figure 1 presents an example of evolution of tracer contents in the reservoir, evolution from which the
equilibration times are determined. All the data (52H, S ISO, Cl" and Br") were analysed by radial modelling.
In general, values of diffusivity for the tracers are in agreement with those obtained by other methods.
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Figure 1: Example of deuterium and chloride concentration evolutions in the reservoir.

Afterwards, the two successive series of experiments were carried out with the corresponding equilibration
times. The results are as follows:
* For stable isotopes, the porosity obtained from diffusion method is always higher than that from drying

at 105°C, which questions about the state of water in pores and its ability to be extracted. Besides, the
heavy isotope contents are higher than those obtained from vacuum distillation and close to those
measured in fluids sampled in neighbouring fractures.

• For chloride, the values of accessible porosity are close to the "geochemical porosity" calculated with
the equation of Pearson (1998) from chloride concentrations measured both in the fracture fluids and
in a core sample by lixiviation. Finally, values of chloride content are in good agreement with those
measured in the closest fracture fluids.

In conclusion, the radial diffusion method seems to be well adapted to the determination of tracer contents
in argillaceous rocks. It showed that a systematic depletion in heavy isotopes was induced by extraction
of water by vacuum distillation . For the chloride tracer, the determination of the accessible porosity on
each sample allowed the estimate of chloride content to be improved, by taking into account all the
petrophysical heterogeneities. Application of this method would be useful to precise the chloride profiles
atToumemire, particularly in the lower Toarcian level, where petrophysical characteristics are very different
from those of the mid and upper Toarcian levels.
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MODELLING OXIDISING PERTURBATION SIN ARGILLACEOUS MATERIAL
O.Bildstein, C. Pozo, M. Jullien, L . Trotignon

CEA Cadarache, 13108 St-Paul-lez-Duranc e

This paper presents the results of a numerical investigation of transient redox conditions in argillaceou s

material in the context of HLW deep geological disposal . The redox state is a crucial parameter not onl y

for the lifetime of the canisters but also for the migration of radionuclides after canister failure . Sinc e

reducing redox conditions prevail in deep underground porous media, the digging of excavations to
build the repository will induce an oxidising perturbation in the vicinity of the galleries and tunnels .
After emplacement of waste packages and closure of galleries, other processes will control the evolution
of the redox conditions such as the corrosion of steel canisters and structures, or the radiolysis of wate r

close to the waste packages . Since reducing conditions are considered favourable for the confining functio n
of the repository, the purpose of this study is to quantify the persistence in time and space of the initia l
oxidising atmospheric perturbation .

The system to be modelled is quite complex, both in physical and chemical terms . It consists in a argillaceous
engineered barrier (EBS) and the zone in the argillaceous host-rock which was mechanically damage d
during the excavation work (EDZ) . One has ideally to take into account both thermal and hydric transien t
conditions, because of the significant heat release from waste packages and the initial unsaturated stat e
of the EBS (and, to some extent, of the EDZ) . In this study, we nevertheless considered that the syste m
has reached a steady temperature gradient (105°C close to the canister to 65°C at the interface betwee n
the EDZ and the unperturbed host-rock) which lasts for the duration of the simulations (P- 100 years) .
We also considered that the saturation front is stationary during this period and that the porous medi a
is reactive only when it is saturated (saturation > 90%) .
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The clayey material used in the EBS is the MX80 bentonite, which is essentially composed of Na-
montmorillonite, but also contains secondary minerals including pyrite in small amounts . The EDZ
composition and properties are based on those of the host-rock in the argillaceous series of the Callovo -
Oxfordian at Bure (East of France) . The initial water composition in the EBS and EDZ were calculate d
so that they satisfy equilibrium with respect to the mineral compositions .

In the simulations, the transport of aqueous species occurs only through diffusion and the exchange o f
matter with the unperturbed site water are allowed . The chemical reactions accounted for include kineti c
dissolution and precipitation for minerals and multi-site ion exchange on clay surface for aqueous species .
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The results of the simulations show that the key to the reactivity of the system is the dissolution rate o f
pyrite . In a system of metric size and in the presence of pyrite in the EBS (the only reducing mineral i n
MX80 bentonite), the oxidising perturbation lasts only for a hundred of years . The persistence of th e
oxidising perturbation may only be increased if the reactivity of pyrite is somehow inhibited (ca . 200 years
at a maximum, due to the diffusion of oxygen into the EDZ) . These results are consistent with othe r
studies found in the literature . This means that the corrosion of canisters would essentially take place i n
reducing conditions . Different formalisms were tested for the pyrite kinetic law, with and withou t
dependence on dissolved oxygen and pH, but the results are not significantly modified . Note also that
the simulations were carried out using conservative hypotheses, i .e. that tend to increase the persistence o f
the perturbation : no steel structures at the interface between the EBS and the EDZ, no reducing bacteria l
activity, average (low) temperature, . . . No other parameter was identified that could possibly preven t
the oxygen from being rapidly consumed in the system . The only major uncertainty lies in the chemica l
reactivity of the porous media, and the mineral clay in particular, when complete saturation with wate r
is not reached .
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MODELLING OF POREWATER FLOW
IN THE VICINITY OF A DEEP GEOLOGICAL

REPOSITORY IN OPALINUS CLAY
Paul Marsehall1, Uli Kuhlmann3

1. NAGRA, Hardstrasse 73, CH-5430 Wcttingen, Switzerland,
2. TK Consult, Siewerdtstrasse 7, CH-8050 Zurich, Switzerland.

INTRODUCTION
Nagra's recent work for the Swiss high-level radioactive waste disposal programme has concentrated on
the assessment of the Opalinus Clay formation located in the Zurcher Weinland of northern Switzerland
(Nagra 2002a.b.c). The safety concept relies strongly on the Opalinns Clay as a geological barrier, which,
together with the engineered barrier system, ensures that the release of radi on Lie tides into the regional
aquifers is low at all times such that resulting doses are well below the applicable regulatory guideline.
As part of the geoscientific site characterisation process the emphasis of hydrodynamic modelling has
been on the understanding of both the natural, undisturbed groundwater flow in the investigation area
and the effects of repository-induced perturbations. The present paper is devoted to the repository-scale
modelling, aimed at examining the following aspects:

* Darcy flux through the host rock formation
* changes in the natural flow field by the impact of the excavation disturbed / damaged zone (EDZ)

around the backfilled tunnels
* effects of properties of the engineered barriers (backfilled tunneLs, tunnel seals, shaft seals)

The impact of both the EDZ and the backfilled shafts and tunnels on porewater flow around the repository
was assessed by systematic case studies (conceptual uncertainties) and sensitivity analyses (parameter
sensitivity).

MODEL SET-UP AND MODELLING RUNS
The repository-induced perturbations were assessed with a 3-D repository model embedded in a local-scale
groundwater model (Nagra 2002a). The lateral extension of the repository model is 3.8 x 2.2 km2, in
vertical direction it comprises the host rock formation and the adjacent hydrogeological units. All tunnels
and caverns of the repository, including sealing structures were explicitly modelled in great detail. The EDZ
was represented as a composite structure consisting of two concentric shells. The thickness of the shells
depends on the tunnel radius and on the orientation of the tunnel axis relative to the principle directions
of rock stress.

A reference case was defined, representing the most plausible model configuration with respect to
geometry, parameters, boundary and initial conditions. More than 20 variations of the reference case were
assessed, aimed at quantifying the model sensitivity with respect to individual component properties. In the
reference case, values of 1 x 10"!3 and 2 x \0'iA m/s were assigned to the horizontal and vertical hydraulic
conductivity of the Opalinus Clay, respectively. An enhanced axial conductivity of me inner and outer
zone of the EDZ was assumed with K-values of 1 x iO"12 and 5 x 10"'3 m/s, respectively. According to
the EBS design specifications the backfill of the access and construction tunnels exhibits a conductivity
of 5 x 10"11 m/s. A K-value of I x 10"[3 m/s was assigned to the seal sections and the bentonite backfill of
die disposal tunnels. The demand for robust assessment of the safety functions of the multi-barrier system
necessitated the use of conservative parameters in the sensitivity runs. For this reason, the conductivity
of the F.DZ was varied in a range of six orders of magnitude and, in some cases, the barrier function of
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the seal sections was completely disabled. Further sensitivity runs evaluated the impact of porewater
overpressures in the host rock formation on the flow conditions around the backfilled tunnels,

RESULTS AND CONCLUSIONS
Simulations of the undisturbed hydrogcological system (i.e. without repository) indicate a vertical (Darcy)
flux of 2 x 10"14 m/s upwards through the host rock into the adjacent Wedelsandstein. This corresponds
to a total volumetric flow through the footprint of the repository in the order of 1 m3/a. Consideration
of the backfilled underground excavations does not significantly change the flow conditions, when the
reference case is considered. The magnitude of flux into the Wedelsandstein is indistinguishable with
respect to the undisturbed system, except for the immediate vicinity of the access ramp, where the
Darcy flux is slightly enhanced by a factor of three. Further cases were investigated assuming higher
conductivity of the seals (5 x 10'i2 m/s); even a complete loss of barrier function of the main seal was
examined. Notably, in none of the cases the local values of Darcy flux into the Wedelsandstein exceeded
2 x K)-'2m/s.

An increase of the EDZ conductivity gives rise to marked changes of the porewater flow field around
the backfilled excavations, because the EDZ starts draining the host rock formation. When the K-value
of the EDZ exceeds 10"10 m/s the hydraulic conditions on the repository level are no more characterised by
predominantly upwards directed flow, but the flow trajectories are concentrating along the backfilled tunnels.
The length of the flow paths from the emplacement tunnels through the host rock into the Wedelsandslein
increases substantially. The alignment of the flow field along the excavations stabilises, when the EDZ
conductivity exceeds a value of 1O'K m/s. Even for the extreme case with KEDZ = 1 x 10"(> m/s the total
volumetric flow exfiltrating into the Wedelsandstein is less than 2 nvVa.

Conclusions from repository-scale modelling are summarised as follows:
• the overall barrier function of the disposal system is guaranteed by the low permeability of the intact host

rock, preventing any marked vertical porewater exchange between the local / regional aquifer systems.
The estimated total volumetric flow exfiltrating into the Wedelsandstein is in the order of 1 - 2 mJ/a,
irrespective of the hydraulic properties of the EDZ and the performance of the engineered barriers.

• On the repository level, the EDZ around the backfilled tunnels may substantially change the flow
field. Enhanced EDZ conductivities give rise to marked prolongation of the exfiltration paths from the
emplacement tunnels into the Wedelsandstein.

References:
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mittelaktive Abfalle. Nagra Tech. Ber. NTB 02-02. Nagra, Wettingen, Switzerland.

Nagra (2002c): Project Opalinus Clay: Safety Report. Demonstration of disposal feasibility
(Entsorgungsnachweis) for spent fuel, vitrified high-level waste and long-lived intermediate-level waste.
Nagra Tech. Rep. NTB 02-05. Nagra, Wettingen, Switzerland.
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MODELLING OF GROUNDWATER n o w  
ALONG THE EXCAVATION D W G E  ZONE 

OF A TUNNEL IN THE OPALINUS CLAY 
G.W. ~ a n ~ o n ' ,  P. ~ a r s c h a l l ~ ,  Peter ~ l i i r n l i n ~ ~  

1. Fracture Systems Ltd, Tregurrian, St Ives, UK, 
2. both NAGRA, Hardstrasse 73, Wettingen 5430, Switzerland. 

INTRODUCTION 
In low permeability rocks, such as the Opalinus Clay (NAGRA 2002) of Northern Switaerlland, fractures 
in the Excavation Damage Zone (EDZ) around ernpIacernent tunnels may create a network of discrete 
pathways far fluid migration. This absmt describes work to develop groundwater flow models af the 
EDZ around tunnels in an unde~ound  research laboratory which account in a realistic way for the 
observed hydraulic, geological and gearnechanical characteristics of the EDZ. 

EDZ AT MONT TERRl ROCK LABORATORY 
Observations kom boreholes and tunnels at the Mont Terri Rock Laboratory (Martin & Lanyon 2003) 
have identified four failure modes: 

Sbess-induced breakouts; 
Extensile h h g ;  
Bedding plane slip; 
Swelling and softening. 

Breakouts and extensile fracturing occur as the excavation (or borehole) is made, whereas slip and 
sirelling both shim time and moisture dependent behaviour. The onset of swelling and slip can be limited 
by controlling humidity and excluding water from the excavation. Martin and Lanyon (2003) suggest a 
model for the EDZ at Mont Teni as shown in Figure 1 with zones of extensile fracturing [identified by 
a deviatoric stress criterion) and zones af potentid bedding parallel slip. Brittle extensile fracturing is 
commonly seen in excavations around hard rocks (e.g. Martin et a1 19971, while the bedding slip zone 
is similar in structure to that described by 0 h d  & Cook (1988) based on laboratory tests simulating 
deformation behaviour of high angle boreholes in bedded shales 
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The results from Mont Terri have been extended to the situation expected at a hypothetical repository a t

500m depth in the Zürcher Weinland where the stress field and orientation of bedding planes will diffe r

from those at Mont Terri (NAGRA 2002) .

MODELLING OF GROUNDWATER FLOW IN THE DISCRETE FRACTURE NETWORK OF

THE EDZ
A structural model of the EDZ around an emplacement tunnel was developed on the basis of field obser -

vations and the results of coupled hydromechanical models . The structural model contained four classe s

of features :
•Extensile fractures in the tunnel sidewalls (see Figure 1 )

•Disturbed bedding planes within the bedding slip zone (Figure 1 )

•Highly disturbed bedding planes, associated with deformation zones predicted by the geomechanic s
modelling and observed in the work by (kland & Cook (1988) ;

•Bounding and inner shear fractures associated with the bedding slip zone .

The different classes were implemented within CONNECTFLOW, a hybrid discrete fracture network /

continuous porous medium (DFN/CPM) groundwater flow code . A DFN representation of the EDZ i s

shown in Figure 2 . EDZ effective conductivity and flow path geometry have been studied within th e

model by applying pressure gradients parallel to the tunnel axis . Sensitivity studies demonstrate that th e

effective conductivity along the EDZ is largely determined by the transmissivity of the bedding fractures ,
while locally transmissive sidewall fractures have a relatively minor effect .

Figure 2: CONNECTFLOW EDZ 20m tunnel section model : a) Fracture elements coloured by log-
transmissivity b) Flow pathways (blue) and fracture traces coloured by flux (gradient parallel to tunnel) .

RESULTS
The studies performed so far have used fracture properties as measured at Mont Terri . Recent mode l
developments are focussing on the implementation of fracture closure mechanisms due to swelling o f
the buffer and self-sealing processes, which may result in significant changes in fracture properties .
Mechanical and geochemical self-sealing processes have been observed in dedicated experiments a t
Mont Terri . The results from these experiments will be used to test the model developments .

References :
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MIGRATION THROUGH THE BOOM CLAY
(BELGIUM)

Marijke Huvsmans1. Arne Berckmans", Alain Dassargues13

1. Hydrogeology & Engineering Geology Croup, Department of Geology- Geograpy, Katholieke
Universiteit Leuven, Redingenstraat 16, 3000 Leuven, Belgium
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Kunstlaan 14,1210 Brussel, Belgium

3. Hydrogeology, Department of Georesources, Geotechnologies and Building Materials, Université
de Liège, Bât. B52, 4000 Liège, Belgium

In Belgium, the Boom Clay at a depth of 200 m below surface is being evaluated as a potential host for-
mation for the disposal of high-level nuclear waste. In order to investigate this option, an underground
research facility composed of two access shafts and a 200 m long gallery was excavated in the Boom Clay
for research purposes (HADES-URF). Around the gallery, excavation induced fractures are observed.
The majority of these fractures are approximately parallel planes with an average spacing of around 70 cm,
a strike approximately perpendicular to the tunnel axis and a dip between 30° and 70°. Fracturation and
self-sealing processes in Boom (and Opalinus) Clay were studied in the EC SELFRAC project (EC contract
F1KW-CT2001-00182), The research performed in the framework of this project shows that the excavation
induced fractures around the connecting gallery are limited to a zone of lm. This gallery was excavated
using an industrial technique and with minimal radial convergence. Moreover self-sealing processes,
which will further limit the influence of these fractures, have clearly been demonstrated in laboratory
and in-situ experiments.

The potential effect of these excavation induced fractures on the radionuclide migration through the clay is
investigated in this study under the conservative assumption that no self-sealing occurs. A hydrogeological
model of the clay is built with a radionuclide source in the middle of the clay surrounded by different
fracture configurations. The radionuclide flux through the upper and lower boundaries of the clay into
the surrounding aquifers is calculated and compared for different fracture configurations.

The hydrogeological model is a local 3D model of the 100 m thick Boom Clay. The vertical boundary
conditions for groundwater flow are zero flux boundary conditions since the hydraulic gradient is
vertical. The horizontal boundary conditions for groundwater flow are specified head conditions. The
specified head at the upper boundary is 2 m higher than the specified head at the lower boundary since
the downward vertical hydraulic gradient in the Boom Clay is approximately 0,02. The boundary
conditions for transport at the upper and lower boundaries are zero concentration boundary conditions
since the hydraulic conductivity contrast between the clay and the aquifers is so large that solutes
reaching the aquifers are assumed to be flushed away by advection. The transport processes that were
taken into account in the model are advection, dispersion, molecular diffusion, linear and reversible
sorption and radioactive decay.

This local 3D hydrogeological model including different fracture configurations was run with FRAC3DVS,
a simulator for three-dimensional groundwater flow and solute transport in porous, discretely-fractured
porous or dual-porosity formations. The fractures were modeled as discrete planes with a saturated
hydraulic conductivity proportional to the square aperture.
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Two types of fracture configurations were inserted around the disposal galleries in the model. For the first
type, the properties (extent, aperture, spacing, dip and strike) of the fractures are drawn stochastically from
the probability distributions of the properties of the fractures observed around the previously excavated
galleries, assuming that the fractures around the future disposal galleries in the Boom Clay will probably
have similar properties. These fracture configurations are considered to be realistic although in this
study it is conservatively assumed that no self-sealing occurs. The model was run for a large number of
stochastically drawn fracture configurations and compared to a model without fractures. These calculations
showed that the radionuclide fluxes through the clay are not significantly influenced by these fractures.

For the second type of fracture configurations, the fracture properties are varied over a much larger range.
Fractures with much higher values of fracture extent, aperture, dip and frequency are modeled. With these
fracture configurations, the critical values of the fracture parameters are determined. If the fracture
extent, aperture, dip or frequency is larger than critical value, the fractures have a significant effect on
the radionuclide fluxes through the clay These critical values can be considered for the design of the
waste disposal concept.
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IODIDE (I ) WEAK AFFINITY
FOR CLAY MINERALS IN ANOXIC

AND ABIOTIC CONDITIONS
Tournassat Christophe1. Gaucher Eric1, Negrel Gabrielle2, Moussay Anne1

1. BRGM, French Geological Survey, 3, av. Claude Guillemin, BP 6009, 45060 Orléans Cedex 2,
FRANCE

2, ANTEA, 3, av. Claude Guillemin, BP 6009,45 060 Orléans Cedex 2, FRANCE

Iodide sorption isotherms are performed on samples from the Callovo-Oxfordian argilite (Andra URL.
Bure, France) and on an Illite du Puy sample. The chemical experimental conditions are similar to those
expected in the natural formation (Eh, pH, and major ions concentrations), Experiments are conducted at
two different temperatures (25QC and 80°C) in an N2-atmosphere glove-box in order to avoid any contact
with 02 , with added iodide concentrations ranging from 10"8 to 10"3 mol L1 , and with an experiment
time varying from 1 to 70 days.
At low iodine concentration (from 10s to 10"b mol L"1), the partition coefficient (Kd) of iodide on
argilite is found to be negative (Figure 1). Leachate experiments show large variations on iodide
concentrations extracted from the porewater. Despite of these fluctuations, one can estimate that iodine
concentration is approximately ten times higher in the porewater of the Callovo-Oxfordian formation
(from 6 to 16 umol L'!) than in the seawater (~ 0.5 umol L"1). Furthermore, this extractable concentration
of iodine accounts for less than 10 % of the total iodine available in the sediment. Negative Kd are then
attributed to the extraction of iodine initially present in the argilite. This effect is even more pronounced
in the experiment conducted at 80°C after argilite one-month maturation at 120°C (Figure 2). At higher
iodine concentration, sorption is not significant and Kd was determined to be zero in the limits of the
error bars. Furthermore, iodide sorption experiments on illite confirm that iodide is not sorbed by the
most abundant clay mineral present in the formation, whatever the pH in the value range 5 to 9, Then,
the iodine retention mechanism responsible for the past iodine accumulation in the Callovo-Oxfordian
formation is not reactivated under the experimental conditions given above.

These results are at variance with many other results published in the literature. Thorough examinations
of these previous studies allow us to point out the main influence of bacteria and O2 in the retention
mechanism of iodide in sedimentary rocks, iodide being efficiently incorporated in the sediment when
both bacteria and O2 are available. A similar mechanism, involving probably algae and bacteria, is certainly
responsible for a bio-accumulation of iodine in the Callovo-Oxfordian formation before diagenesis.
Some previous studies, where bacteria were removed by chemical, thermal or radio sterilisation techniques,
show weak but positive affinity for iodide on soils or sediments. At very low total iodine concentration
(10" to 10" mol'"" I L" ), iodide conversion into iodate in the presence of O2, is likely to explain these
positive sorption results.

Recent studies, conducted in parallel with the present one in the framework of an Andra program on the
radionuclides behaviour in far-field environments, show also weak iodide affinity for Callovo-Oxfordian
argilite. These experiments were conducted in the same conditions than the present one but at trace
iodine concentration and using radiotracers. We consider that these apparent contradictions with our
results are due to the disturbing effect the natural high concentration of iodine in the Callovo-Oxfordian
formation. A model of iodine distribution in the argilite is built to explain the whole data, including
isotopic equilibria.

As a conclusion, given the uncertainties due to the presence of natural iodine in the argilite, a Kd value
of 0 could be considered while simulating the diffusion of iodine from a nuclear waste disposal formation,
due to the reductive and probably abiotic chemical conditions prevailing in argilite sedimentary rocks.
Furthermore, we raise two problems. The first one deals with the interpretation of the results of iodide
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sorption isotherms that are conducted at very low concentrations in absence of control of the redox condi -

tions. The second one deals with the interpretation of the result of iodide Kd or diffusion measurements a t

trace concentration of radiotracers when iodine is initially present at higher concentrations in the sedimen t

porewater.
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Figure 1 : Iodide Sorption isotherm on the argilite sample K100 at 25°C and after 24 hr of reaction .
Partition coefficient (Kd) are plotted as a function of the iodide concentration at equilibrium .
Solid content = 200 g E l .
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Figure 2 : Iodide Sorption isotherm on the argilite sample K119 at 80°C and after 24 hr of reaction ,
following a maturation phase of one month at 120°C . Partition coefficient (Kd) are plotted as a functio n
of the iodide concentration at equilibrium . Solid content = 200 g E l .
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EXPERIMENTAL AND MODELING
SORPTION OF Cs+, Ni2+, AND Ln3+ ONTO

CLAYS MINERALS UP TO 150°C
Emmanuel Tertre1 •', Gilles Berger1, Sylvie Castet1, Michel Loubet1, Eric Giffaut1.
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ABSTRACT:
The effect of temperature on the sorption of cations onto a montmorillonite and a kaolinïte was investigated
by running batch experiments at 25,40. 80 (for the two minerals) and 150°C (only for montmorillonite).
We measured the distribution coefficient (Kd) of Cs+, Ni24 and 14 lanthanides (Ln3~) between solutions
and the montmorillonite (clay fraction of the MX80 bentonile) or the kaolinite (Georgia kaolinite KGb-1 )
at various pH and ionic strengths. Up to 80°C we used a conventional experimental protocol derived from
Coppin et al. (2002) [1]. At 150°C, the experiments were conducted in a PTFE reactor equipped with an
internal filter allowing the sampling of clear aliquots of solution.

The results show a weak but measurable influence of the temperature on the sorption. The Kd for Nr
and LnJ" increase by a factor 2 to 5 whereas the temperature raises from 25 to 150°C. On the other hand,
the effect of temperature on the sorption of Cs+ is only evidenced on the smectite at low ionic strength
and under alkaline conditions where the Kd decreases by a factor 3 between 25 and 150°C. For the
smectite at high ionic strength and kaolinite. no effect of the temperature is observed for the Cs1 sorption.
The values of apparent enthalpies calculated are reported in the table 1.

Cs+

Ni2+

Eu3+

A rH
AprinkJ.mol l

smectite

no effect of temperature evidenced

32 ± 10

33 ± 10

kaolinite

no effect of temperature evidenced

12 ±05

77 ±20

Table I : Values of the apparent enthalpies for Cs+, Ni2+ and Eu1' sorption on the ciays minerals calculated
from Kd data obtained between 25 and 150QC,
at 0.5M (NaC104) and pH =7.0 ± 0.5.

A fractionation of the lanthanides spectrum is also observed, for the both minerals, at high pH and high
ionic strength whatever the temperature (presence of inner sphere complexes). For the kaolinite, this is
illustrated on the figure 1.
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Figure 1 : Kd of the REE, sorbed on the kaolinite, as a function of the atomic number, for differen t

temperatures at pH=7 .0 ± 0 .4 and I=0 .5M (NaC1O4) .

A classic complexation model (DLM), with site densities (and their pKa) obtained by acid/base titratio n
at 25°C and higher temperature (not presented here), explain our experimental results . As an example,
figure 2 presents the comparison between our experimental data and the model for the sorption of E u3 +

on the smectite .
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Figure 2: Comparison between experimental sorption data and DLM for the sorption of Eu3+ on th e
smectite at 0 .5M versus pH and T.
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STRUCTURAL ASPECTS AND MECHANISMS
OF ANION SORPTION ON HDPY -MODIFIED

MX-80 MONTMORILLONITE: A MONTE
CARLO STUDY

A. Mêles hyn. C. Bunncnbcrg

Center for Radiation Protection and Radioecology (ZSR), University of Hannover, Herrenhaeuscr
Str. 2, D-30419 Hannover, Germany

MX-80 bentonite has been proposed as filling material and as component of technical barriers in reposi-
tories of radioactive waste, because among other favourable properties it also possesses a high sorption
capacity for radionuclides in cationic form. The desirable sorption of anionic radionuclides is lacking in
natural clay yet, but can be achieved by replacing the inorganic interlayer cations with certain organic
cations [1]. Montmorillonite, representing the main sorption poo! of bentonite clay, can be saturated with
organic cations above the CEC level, still containing at least 1/4 of initial amount of inorganic cations [2]
as well as water [2-4] in the interlayer space. In experiments with HDPy -modified MX-80 bentonite
Bors et al. [1] showed that at HDPy~ loading of about 90% CEC bentonite was able to adsorb C\~, Y and
TcO4" ions in the interlayer space. The deciding mechanisms of this sorplion, its correlation with changing
the arrangement of HDPy' ions in interlayer space [2, 3] as well as the detailed information about this
arrangement itself are not completely understood. However, this knowledge is very important for the
targeted optimization of sorption properties of organophilic bentonite and its applicability under repository
conditions.

In order to improve our understanding of the involved processes and the underlying structures, we have
carried out a series of /VP7"Monte Carlo simulations of MX-80 montmorillonite with increasing from 8%
of CEC to 108% CEC interlayer content of HDPyT ions. The interlayer contents of Cl", Na~ ions and water
molecules change correspondingly to increase of interlayer content of HDPy" ions. In these simulations,
HDPy' ion is modelled as a flexible structure, consisting of flexibly joined rigid units (pyridinium ring,
CH2 or CH3 groups), so that it can change its conformation. Mineral layers, water molecules, organic
and inorganic ions were allowed to move. OPLS-AA force field [5] was used to represent interactions
in the system. Layer spacings, interlayer structure and potential energies were sampled for averaging in
the thermodynamic equilibrium state.

Simulation results are in perfect agreement with experimental assumptions that HDPy+ ions adopt
monolayer, bilayer and pseudotrilayer arrangements depending on their concentration in the interlayer
space [2, 6]. Calculated layer spacings, increasing in respond to increasing content and changing
arrangements of HDPy" ions, are in very good agreement with experimental values [1, 2] as well. The
results assume that the sorption of Cl" ions is only possible when pseudotri layer arrangement of HDPy
ions is adopted in the interlayer space. Furthemore, analysis of interlayer structure suggests two possible
mechanisms of Ci" adsorption by or-ganophilic montmorillonite and clarifies the function of water in
its interlayer space.

References:
[1] Bors, J.; Dultz, St.; Riebe, B. (1999): Retention of radionuclides by organophilic bentonite. Eng.

Geol. 54, 195-206.
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Clay Miner. 9, 484-499.

[3] Lee, S.Y.; Kim, S.J. (2003): Dehydration behaviour of HDTMA-exchanged smectite. Clay Miner.
38, 225-232.
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The French underground research laboratory for the assessment of a deep radwastes disposal feasibility
will be located in a calloxo-oxfordian argilite layer. Major components in the argilite material are clays
and calcite, but numerous accessory phases, such as iron oxides and pyrite, could also be present. The
retention properties of the argilite surface are of course an important parameter which can limited
migration of radioélément in the far field and are investigated by Kd measurements. Concurrently to
this work, surface complexation model using the multi-components (bottom up) approach is used as an
help for interpretation.

In a first step, the ability for prediction of the component additivity concept (ADTS model) was tested
by confrontations with experiments. To simulate an argiLite surface, different mixtures of previously
characterized bentonite, calcite, iron oxydes, and pyrite are suspended in an synthetic groundwater
containing a radioélément in various aqueous conditions (with varying pH, radioéléments concentrations,
and relative mineral amounts). Radionuclides chosen for the sorption experiments are Cs, Eu, and Se,
which represent a large range of chemical behaviour. Results show that mass action law (MAL) data for
active phases (bentonite and iron oxides), including surface complexation constants and sites densities
determined in independent experiments, can be used in calculations without any change. Surfaces of
caleite and pyrite do not required an explicit parameterization in the model for the tested experimental
conditions (low M/V ratios), but dissolved ions (such as calcium, carbonates,...), competing in surface
and/or solution reactions, are taken into account with their ow:n quantified reactivity. Dissolved silicates
and their interference with aqueous and surface species are also considered.

In a second step, the solid phases responsible of the global retention in given aqueous conditions are
identified, and simplifications in the description of the mixture are proposed.
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QUANTITATIVE DETERMINATION
OF "Tc(IV) EIGENCOLLOÏDS

BY A NOVEL COLUMN PRECIPITATION
CHROMATOGRAPHY TECHNIQUE
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Leuven, BELGIUM, (Andre.Maes@agr.kuleuven.ac.be)

Technetium-99, a redox-sensitive fission product is one of the key elements in long-term nuclear waste
storage and management, because of its long half-life (2,5x105 years) and its potential high mobility.
Under oxidizing conditions, technetium is present as pertechnetate, a highly soluble, anionic species
that doesn't exhibit any significant sorption on minerals and sediments {Lieser and Bauscher 1987).
Under reducing conditions, pertechnetate is reduced to Tc(IV) which hydrolyses and eventually forms
a TcO2 precipitate. Sekine et al, (Sekïne et al. 2002) have visualized, by transmission electron
microscopy, the formation of stable Tc(IV) colloids upon reduction of pertechnetate by radiolysis. Maes
et al. (2003; 2004} have demonstrated that the reduction of pertechnetate in the presence of dissolved
organic matter leads to an association of colloidal Tc(IV) species with the organic matter, probably
through a hydrophobic sorption mechanism.

To investigate the formation of Tc(IV) colloids upon reduction of pertechnetate, the hydrolysis behaviour
of Tc4* was evaluated theoretically in the framework of a partial charge model (PCM), developed by
Henry et al. (1992) to predict the reactivity of cations in aqueous solutions towards condensation and
complexation via the their hydrolysis behaviour. This PCM is based on the electro negativity equalization
theorem, initially formulated by Sanderson (1951) and afterwards theoretically supported by the work
of Parr et al. (1978). The PCM framework was successfully applied to technetium to explain the pH
dependent hydrolysis behaviour of Tc J ' that was experimentally determined throughout the previous
decades. Based on the calculated hydrolysis behaviour the reactivity of the hydrolysed species towards
condensation was evaluated as function of the pH, This resulted in the definition of a pH region where
Tc(lV) eigencollo'fd formation was possible.

After the prediction of their existence, the formation of 91>Tc-eigencoIlofds can only be successfully
modelled if there is a methodology 0 quantitatively measure these species. Until now, no easily accessible
analysis methodology existed which can be used to quantitatively determine L>9Tc-eigencolloïds in
aqueous solutions. Therefore a new Column Precipitation Chromatography (CPC) technique, capable of
quantitatively measuring 'Tc-eigencolloïds in aqueous solutions was developed. The CPC technique is
based on the déstabilisation and precipitation of eigencolloïds by poly-cations in a confined porous
matrix. After precipitation onto the column the colloids can be quantitatively eluted, upon oxidation to
pertechnetate by a peroxide eluent. The formation of ""Te-eigencolloïds upon reduction of pertechnetate
by hydrazine was followed quantitatively in filtered (0.2 um) reactive reducing mixtures until 4 hours
after the start of the reduction. This showed a gradually decreasing pertechnetate concentration and a
growing eigencolloi'd population.

The authors acknowledge financial support from KULeuven University
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ADSORPTION PROPERTIES
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CLAYSTONE FROM BURE (FRANCE)
GdR FORPRO: Raymond Michels1, Pierre Faure\Marcel Elie1, Gilles Montavon1,

Mourad Azouazi1, Valérie Moulin3, Pascal ReillerJ, Florence Casanova4, Florence Mercier1,
Nicole Barré3, Pauline Michel1, Yann Hautevelle1, Danicle Bartier1, Luis Martinez1, Bernd Grambow2

1. UMR CNRS 7566 G2R, Faculté des sciences, BP 236,54501 Vandœuvre-lès-Nancy Cedex, France
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3. UMR CEA-CNRS-UEVE 8587, 91191 Gif sur Yvette Cedex, France4- CEA, DEN/DPC, 91191

Gif sur Yvette Cedex, France

INTRODUCTION
This work aimed to study the retention potential and colloidal transport properties of Eu(III) and Ni(Il) of
the Callovo-Oxfordian claystone from the underground laboratory site of Bure (France). The investigation
was based on the study of the raw claystone as well as experimentally oxidized samples to test the effects
of air alteration on the generation properties of colloids and retention potential of Eu(III) and Ni(II).

EXPERIMENTAL AND ANALYTICAL
l)The mineral content was analyzed by Xray diffraction as well as XPS photoelectron spectroscopy.

The organic matter was characterized by optical and electron microscopy, elemental analysis, Rock-Eval
pyrolysis, molecular geochemistry.

2) Artificial oxidation was performed by submitting an aliquot of Callovo-Oxfordian claystone to air in a
ventilated oven at 13O°C for 2h to 1024h.

3) Colloids were extracted from suspension of powdered raw and oxidized (512h) samples (fraction<300um)
by sedimentation.

4) Size distribution of colloids was determined by photon correlation spectroscopy.
5} Retention capacity of the samples (raw shale, oxidized shale as well as isolated kerogen) with respect

to Eu(III) and Ni(II) was studied by batch experiments under air conditions. Isotherms were measured
using a typical water composition of the Callovo-Oxfordian claystone.

RESULTS
Kerogen. Kerogen occurs as particles up to several hundreds of microns, mainly vitrinite and inertinite.
some amorphous material with rare alga! remains. Electron microscopy reveals the presence of kerogen
rich patches associated with pyrite, as well as very fine particles ofa few microns in size disseminated
throughout the mineral network, and very much in association to calcite. Elemental analysis of isolated
kerogen indicates that H/Cat=0.96 and O/Cat=0.23. Pyrolysis-gc-ms combined with TMAH methylation
reveals a molecular signature predominated by aromatic moieties, with lesser contributions of aliphatic as
well as phenolic compounds and long chain carboxylic acids. Results indicate that kerogen is a mixture
between oxidized higher plants material and lesser marine algae remains. Very fine kerogen particles
disseminated throughout the mineral network are most likely to participate to the formation of colloids.
Dichloromethane extractible organic matter. The dichloromethane soluble hydrocarbons are of low
amount (77 to 87u.g/g of rock for the samples studied). The extracts are composed up to 62% of polar
compounds (asphaltenes and resins), the remaining composition being equally shared by aromatic and
aliphatic hydrocarbons. Hydrocarbons are very typical of the Callovo-Oxfordian from Bure and are
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homologous series of n-alkanes, iso and cyclo alkanes (among which biomarkers like steranes, diasteranes,
hopanes) as well as alkyl-naphtalenes, alkyl-phenanthrenes, alkyl-dibenzothiophenes, alkytpyrenes,
aromatic steroids and hopanoids. The resin fraction, in addition to macromolecular material contains
long chain carboxylic acids.
Results of oxidation experiments. Xray diffraction and XPS photoelectron spectroscopy reveal that the
chemistry of the minerals is not significantly affected by oxidation, nor is the specific surface of the
samples. On the contrary, the organic material shows clear alteration. The oxidation of the kerogen leads
to an increase of the extracrible hydrocarbons amounts from 6 to 1 5ug/g of rock after 1024h of oxidation.
The kerogen as well as the extractible polar compounds are enriched in oxygenated compounds (especially
carboxylic acid functions as revealed by pyrolysis-gcms and FTIR). The alteration affected also the
molecular markers, and lead to the definition of molecular ratios characterizing the degree of alteration
which were crosscalibrated with available natural oxidation data.

Colloids from the raw and oxidized samples. Colloids were extracted from the raw sample as well as
from the 512h oxidized sample. The size of the colloids as determined by photon correlation spectroscopy
reveals the presence of a heterogenous population at 250nm when filtration at 0.45um was applied.
Filtration at 0.2um allowed to separate the heterogeneous population into a mixture of particles of 5, 40
and 80nm.
Eu(III) and Ni(II) retention properties of the raw and oxidized ciaystone. The Kd values obtained for
the 0.2um and 20nm filtered solutions were always the same for each system studied. This indicates that
colloids are not a major migration phase for Eu(III) and Ni(II). This may be explained by 1) the relative
low abundance of colloidal particles in the solution 2) the fact that the difference in affinity of Eu(III)
and Ni(II) for the colloidal and solid phases is not strong enough to allow the colloids to compete with
the rock as far as retention is concerned. The effect of the colloidal phase on the retention was therefore
neglected. Oxidation increases significantly the retention capacity of the ciaystone. The removal of the
dichloromethane soluble fraction did not lead to a significant decrease in Kd values for Eu(III) and Ni(II).
A slight increase was rather observed for Ni(II). indicating that new adsorption sites may have been made
accessible. The chloroform extractible fraction may therefore not be an important fraction for the adsorption
process. It was shown earlier that minerals are not significantly affected by air oxidation, while kerogen
is. The increase of adsorption after oxidation may be attributed to the formation of new oxygenated
organic functions in the kerogen. Quantitative analysis of the data using a multi-site Langmuir model
(one site is the clay+calcite while the second is the kerogen in 1.1 weight percent contribution) indicates
that kerogen contributes for 35% for Ni(II) and 12% for Eu(III) in the total sorption on the raw rock.
For the oxidized rock, the increase of retention is of a factor 2 for Eu(III) to 3 for Ni(II).

CONCLUSION
Colloids are indeed present in the Callovo-Oxfordian ciaystone from Bure, however in low amount.
They do not significantly contribute to the retention potential of the rock for Eu(III) and Ni(II).
Oxidation has a significant effect on the retention properties of the rock by increasing Kd values by a
factor of about 3. Newly formed organic functions on the kerogen are most likely responsible for the
increase in retention of Eu(ilf) and Ni(II).
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Valencia, Spain.
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ABSTRACT
A ventilation experiment (VE) was conducted in a non-lined microtiinnel at the Mont Terri Rock Laboratory
under well control conditions to evaluate "in-situ " the consequences of desaturation induced by ventilation
on repository design and performance in consolidated Opalinus Clay rock formations. Specifically, from
the point of view of long-term safety assessment of the disposal of radioactive waste in clay formations,
it is crucial to estimate the saturated hydraulic conductivity based on measurements of transient-state
piezometric heads and measurements of water flow rates leaving the rock formation through the tunnel
surface. In this work, on the grounds of numerical simulations, it is shown that, in general, routine
characterization of saturated hydraulic conductivity based on standard well test analysis can largely
overestimate the hydraulic conductivity due to the desaturation of the near field of the microtunnel.
Moreover, it is investigated up to which point the ventilation experiment can be simulated with common
groundwater modeling tools that only accounts for saturated conditions. Although nearfield VE transient-
state water pressures were satisfactory simulated with a seven-point finite difference groundwater code
by decreasing hydraulic conductivity values at grid-cells surrounding the tunnel, simulated water flow
rates extracted at the VE tunnel were significantly underestimated by a groundwater saturated model.
The difference between simulated and measured flow rates corresponds to the volume of water per unit
of time extracted at the VE tunnel due to other desaturation processes not included in the saturated
sroundwater model.
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DETERMINATION OF HYDRAULIC
PROPERTIES OF THE CALLOVO-OXFORDIEN
ARGILITE AT THE BURE SITE: SYNTHESIS

OF THE RESULTS OBTAINED IN DEEP
BOREHOLES USING SEVERAL IN-SITU

INVESTIGATION TECHNIQUES
Jean-Marc Lavanchv1. Marc Distinguin2

1. Colenco Power Engineering AG, Groundwater Protection and Waste Disposal, Tafernstr. 26,
CH-5404 Baden- Switzerland -Web page : http://www.colenco.ch
jean-marc.lavanchyfa colcnco.ch -

2. Andra, Laboratoire de Recherche Souterrain RD960 BP9 5S290 Bure
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ABSTRACT
Over the last years, Andra has collected an impressive amount of hydraulic data on the middle Jurassic,
Callovo-Oxfordien argil lite at a site located 300 km eastern from Paris, These data include:
-> Hydraulic packer tests in 3 vertical and deviated boreholes: active pulse tests with recovery phases

lasting a maximum of several days
-> Longterm monitoring data of the natural pressure recovery inside vertical and deviated borehole intervals

which have been sealed with high performance cement plugs and instrumented with an electromagnetic
pressure gauge EPG (Cecconi et al., 2004, Delay & Cruchaudet, 2004). The EPG allows the continuous
wireless transmission of the pressure to the surface. In total, 4 EPG are currently measuring the evolution
of the pressure and temperature in the different units of the argillite at 3 borehole locations.

-> Longterm monitoring data of the pressure recovery inside a vertical borehole equipped with Westbay
type multiple-packer systems. Data are currently collected in 8 measurement intervals over the entire
argillite section.

Figure 1 presents a summary profile of the hydraulic conductivities obtained from the analysis of the
packer tests and those derived from the long term monitoring pressure measurements (EPG).

Preliminary analyses of the formation pressure (freshwater potential) and the hydraulic conductivity
have been performed based on the hydraulic data of both the short term packer tests and the longterm
monitoring (EPG and Westbay). This was performed using numerical borehole simulators which enable
taking into account the complete pressure history of the borehole, defining a suitable flow model and
deriving best guess estimates and uncertainty ranges of the hydraulic parameters.

For all measurement intervals investigated In-Situ (9 packer tests & 4 EPG), it was shown that the
hydraulic conductivity was less than 2.10'12 m/s.

A comparison of the preliminary results of the packer tests and those of the longterm pressure monitoring
shows that the short term packer tests tend to highly over-estimate the formation pressure. The hydraulic
conductivities obtained from the analysis of the packer tests are mostly higher than those obtained from
the analysis of the EPG longterm recovery. Further analyses are planned to check these preliminary
analyses as well as the consistency between short term and long term measurements providing information
on rock properties at different scales (different radius of visibility).
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Overall the pressure data acquired and the derived hydraulic properties present a high degree of reliabilit y
and form a major contribution to the hydraulic characterisation of the low-permeability argillite formation .

-2,

	

~ ;2 rz e1'

	

,cam

3

	

Cs

n

-

	

'

	

Callovo-OxfoN(a n
Arglll(tes

	

s

e

Ipd®G r •

4 .'1 .2 12

Oxfordian limeston e

-

	

Dogger l(mesto rre

	

c

	

-

I" III',d

	

111i

	

II I

IIII

	

till

	

IIII

	

IIII

	

Ill

	

11111

	

1111I

	

IIIII I
11111

	

11111

	

IIIA

	

11111

	

I11

	

VIII

	

I1111

	

IIIII I
i

	

IIII

	

I1111

	

I1111

	

1111I

	

1111

	

11111

	

11111

	

11111 1

11111

	

~)

	

1 IIII

	

I II

	

I Illi

	

1M1

	

1111 1

(IIII

	

]

	

IIII

	

11111

	

1M1

	

11111

	

I1111 1

I

	

IIII

	

IIII1~111

	

1111

	

1M1

	

11111

	

i

	

1111

	

IIIII I
i IIII

	

Iilll

	

.I lamI

	

IIIÎ

	

III il

	

ÎIIIÎ

	

11111

	

IIIIfl

I Ill

	

}+

	

J

1

	

1J111

	

1 1n
~111111~I

_1
111111{~

	

111111

WiT 11
lull

	

I Iillvurl

	

1 Inl

	

IIII!

	

I IIII

	

IIIIII

,

	

O 9y .<4 .rv t . .t. ESTtt t

aco

5U

an

lit

sx

vi

9

	

YI

	

iS

	

411

	

$•

	

]ll

	

35:

	

rc0

	

J9

	

SD

	

` !

Projection in a vertical sedion N45 .
Horizontal distance from EST211 well head (m)

'evil

Hydraulic conductivity (Ms )
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CHARACTERISATION OF A CLAY RICH
ROCK THROUGH DEVELOPMENT
AND INSTALLATION OF SPECIFIC

HYDROGEOLOGICAL AND
HYDROGEOCHEMICAL EQUIPMENT

AT THE MEUSE/HAUTE MARNE
UNDERGROUND RESEARCH LABORATORY

Jacques Delay, Sarah Dewonck, Marc Distinguin

Laboratoire de Recherche Souterrain de Meuse / Haute-Marne, Route Départementale D960
55290 BURE France
Jacques, delav (« iindra.fr

Andra (Agence Nationale pour la Gestion des Déchets Radioactifs - the French National Radioactive
Waste Management Agency) has developed specific tools and processes to evaluate and understand the
main transport mechanism for solute species.

This paper focuses on three specific equipments already installed or planned for the determination of
convection and diffusion parameters in a very low permeable environment. The first one is a specific
well completion for head and permeability measurements using a wireless telemetry device. The second
is an adaptation of a well known muitipacker equipment to study the evolution of the pressure at the
limits of the host rock. The third one is a specific equipment design for studying migration and retention
of radionuclides through a borehole drilled from the surface

Since 1994, Andra has identified the presence of hydrostatic overpressures during hydro-geological testing
in boreholes in the Callovo-Oxfordian argillaceous formation. In 1995-1996, Andra designed a device made
up of a pressure sensor to monitor the long-term evolutions of these pressures that transmits data electro-
magnetically. This sensor unit was installed in an exploratory borehole in the Cirfontaines-en-Omois
district in the Haute-Marne department and ran for over six years until it stopped in April 2002.

The data gathered by this device and a second one installed in 2000 have dispelled the uncertainty
surrounding the origin of the overpressures observed in very low permeability formations, and led to
the conclusion that they are of natural origin. Three other devices were installed in 2003 (figure 1) and
one in 2004 to provide the first head profile which is the reference used for the experiments carried out
from the galleries.
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Figure 1 : Pressure evolution – Gauges installed in 2003

The second device is derived from the multipacker system which is under exploitation for the follow-u p
of the drainage of the shaft. above the Callovo-Oxfordian host formation for the URL . A new equipment
has been installed monitoring the pressures in the host rock . The major finding of the EPG gauges t o
date has been the existence of a 25-m to 35-m anomalous excess hydraulic head in the 130-m thic k
Callovo-Oxfordian argillite . Head values in the argillite exceed those in the overlying Oxfordian limeston e
by 25-35 meters, and those in the underlying Dogger by over 45 meters . The new completion improve s
the knowledge of the evolution of pressures at the interfaces and helps to support the conceptual mode l
of potential transfe r

The third equipment described in the paper is a completion derived from the experiments carried out a t
the Mont Terri rock laboratory since 1996 for the determination of the diffusion and retention processes .
The system is adapted for a borehole drilled from the surface . The objectives of this experiment are :
-+ Verification of the dominant role played by molecular diffusion compared with convectio n
-+ Acquisition of the data required to extrapolate and /or interpolate chemical retention and diffusio n

parameter s
The diffusion test from the will enable a small number of tracer (HTO, 36Cl, 134 Cs) to be tested in-sit u
over a scale of ten centimeters for the no sorbing tracers . These tests will check the prediction capabilitie s
of the chemical element diffusion-retention models based on small scale measurements . The tracers
used must meet operational constraints as well as scientific objectives .
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OVERALL AND LOCAL DEFORMATION
AND FAILURE OF SHALE ROCKS

AS A FUNCTION OF THEIR DEGREE
OF SATURATION

F. Vales. M. Bornert, J.C. Eytard, H. Gharbi, D. Nguyen Minh

Laboratoire de Mécanique des Solides UMR 7649- Ecole Polytechnique-91128 Palaiseau Cedex

In addition to direct mechanical perturbations, an excavation influences environmental conditions
(hydraulic, thermal and chemical), which may strongly influence the physical properties of rocks.
In particular, the modification of the internal fluid flows may drastically change their water content
either by hydration or desiccation. The aim of the present study is to investigate the influence of the
degree of saturation on the mechanical properties of shale rocks extracted from Andra's underground
research laboratory in Bure.
Cylindrical samples (Q> = 36mm, H = 72mm) have been machined from the as received material with
various orientations (0°, 45° and 90°) with respect to the bedding and brought to different degrees of
saturation imposed by different controlled suctions (36%, 50%, 76% and 98%RH or respectively 143,
97, 38 and 2.8MPa) using appropriate saline solutions at constant temperature. The weight of the samples
as well as the longitudinal and transverse deformations were continuously measured during this process,
which could last up to 8 weeks. Equilibrium was detected by the stabilization of these measures [1].
Deformation perpendicular to the bedding could reach 0.5% shrinkage between initial state and dry
atmosphere, 0.3% swelling for the wet atmospheres, while sample brought to 76%RH did almost not
deform suggesting that the as received material was almost in equilibrium with this atmosphere, A noticeable
difference between transverse and Longitudinal deformation confirms the anisotropic behaviour of the rock.
The volume variations are supposed to result principally from the opening or closing of the inter-layers
space, but non-reversible deformations have also been observed during hydric cycles. Ultrasonic wave
propagation properties have also been investigated before and after modification of the saturation; the
decrease of ultrasonic wave velocity versus the degree of saturation is quasi linear.
Once equilibrium was reached, the samples have been mechanically tested under uniaxia) compression.
Classical measurements of load, displacement, transverse and longitudinal strain (by means of 5x10mm
strain gages) have been combined with recording of acoustic activity performed with two or four small
sensors allowing spatial localization of the acoustic emission along the sample. The full strain field
relative to a millimetric gage length was also investigated at the surface of the whole sample by means
of digital image correlation techniques (DIC) applied to a movie of the mechanical test recorded with a
I2bits-4megapixels camera [2]. The overall mechanical behaviour turns out to be strongly influenced by
the saturation and shows anisotropic feature due to the stratification. As the degree of saturation
decreases, the macroscopic behaviour becomes more brittle with important increase of compressive
strength and elastic modulus (factor close to two). Acoustic activity, which is suspected to be the signature
of damage processes, can be recorded at the very beginning of the test and for loads above 50 to 70%
of the maximal load, depending on the degree of saturation (important EA activity is recorded for dry
atmosphere). It seems to be correlated with the development of a heterogeneous deformation state in the
sample as revealed by the DIC technique. Criteria on acoustic signal (energy, counts, duration...) are
proposed to discriminate different physical mechanisms (nucleation or propagation of micro cracking,
friction...) [3]. In addition to these macroscopic investigations, local strain field measurements at the scale
of the heterogeneous microstructure of the rock, which can be seen as a composite made of a ductile clay
matrix with elastic mineral reinforcements with a typical size of about lOOjim, are planned. They are
based on DIC techniques applied to a high resolution 4-megapixels movie of a 1.5x1.5mm area of the
sample recorded by means of an optical microscope, such that the pixel size reduces to 0.7 micrometers
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and ensuring a spatial resolution for local strain measurements close to 20)im. Preliminary investigations
show a strong heterogeneity of the local strain field, influenced by the composite microstructure (direction
of bedding, presence of particle clusters,...). The analysis of the dependence of the statistics of these
local fields with respect to saturation and their correlation with acoustic activity should be available at
the time of the conference.
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[2] Doumalin P., Bornert M. - Micromechanical applications of digital image correlation techniques -
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[3] Chang S.-H., Lee C.-I. - Estimation of cracking and damage mechanisms in rock under triaxial
compression by moment tensor analysis of acoustic emission - International Journal of Rock
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International Meeting, March 14-18, 2005,Tours, France
Page 208 Clays in Natural & Engineered Barriers for Radioactive Waste Confinement



0/13/5

EXPERIMENTAL STUDY OF MACRO-

CRACKED ARGILLITE PERMEABILITY:

GAS AND WATER TESTING

Frédéric Skoczylas l , Catherine Davy 2 , Patrick Lebon 3, Jean-Dominique Barnichon3 ,

1.Laboratoire de Mécanique de Lille - Ecole Centrale de Lille, Cité Scientifique, BP48, 5965 1

Villeneuve d'Ascq, Franc e
2.ERGI (Industrial Engineering Research Team), Ecole Centrale de Lille, Cité Scientifique ,

BP48, 59651 Villeneuve d'Ascq, Franc e

3.Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtenay-Malabry Cedex, France

INTRODUCTION
Argillite rock drilling often induces surface cracks that modify locally the argillite permeability . Thi s
phenomenon located in a so-called Excavation Damaged Zone (EDZ) is of importance since permeabilit y

increase means lesser confinement capacity of the argillite rock . Nevertheless stress redistribution and fluid

seeping through time re-confine surface cracks and bring back partial crack closure . It is then probable that

argillite permeability evolves towards a middle value between initial permeability and currently cracke d

rock permeability. Nuclear waste storage imposes an accurate knowledge of argillite crack behaviour,

especially when it is subjected simultaneously to fluid seeping and normal stress increase . It is also useful
to distinguish the contribution to permeability of mechanical loading (crack opening and closing) on one

part and of chemically active fluid seeping (such as water) on the other . Therefore, as initiated by Andra,
extensive tests on Callovo-Oxfordian argillites were performed at LML to answer these questions .

METHODS
First, argillite samples were macro-cracked using a Brazilian splitting test . Then each macro-cracke d
sample was placed inside a confinement cell and hydrostatically loaded in order to open and close the crack .
Either gas or water injection permeability tests were performed simultaneously to hydrostatic loading .
At each confinement level, crack opening was measured using four diametrically disposed LVDT sensors .

RESULTS AND DISCUSSION
Permanent regime gas tests showed permeability values ranging from 10 -14 to 10-16 m2. These results are
highly sensitive to the crack closure amplitude . Let Ko be the initial sample permeability and K its
permeability under loading. Tests performed on three different samples showed that the ratio K/K 0 has
a one-to-one relationship with crack amplitude, whether during opening or closing phases, see Fig . 1 .
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Water injection permeability tests lead to very different results. First, measured permeability values
vary from 10"1B to lO"21rn\ which is 2 to 7 orders of magnitude smaller than gas permeability test results.
Therefore permanent injection tests were replaced by pulse tests as designed by our laboratory in the
framework of Forpro Research Group (GDR Forpm) [1]. It must be pointed out that after a short injection
period (2 to 3 days), permeability results on 5 samples are consistent with those of matrix level measured
in the Forpm framework. There is a second difference between water injection tests and gas injection
tests: the sample often swells globally, and permeability drops drastically with a flow duration from 2
days only, see Fig.2. Results also indicate that flow duration drives permeability variations more than the
crack closing level. Moreover, sample swelling due to water induces additional crack closure. As a result
the relationship between K/Ko and crack closure is different and harder to interpret than that for gas tests.
Let cumulative crack closure at be the sum of crack closure due to confinement and crack closure due to
water-induced swelling. Then it is shown that â . is strongly linked to argillite permeability, see Fig. 3.
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Figure 2: Water injection: permeability variations
with time.

Figure 3: Water injection: permeability variations
versus cumulated crack closure.

CONCLUSION
Gas and water flow permeability tests were performed on macro-cracked argillite rock. They outline the
strong effect of water on crack closure amplitude and permeability: after a relatively short time (on the
order of a couple of days), water flow within the crack drives the permeability back to very low values
close to matrix permeability. This reflects a complete sealing of the macro-crack, which is an important
factor for repository safety.
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GEOCHEMICAL MODELLING OF THE NEAR
FIELD OF A HLNW REPOSITORY
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2. Clay Technology AB, Lund, Sweden
3. SKB, Stockholm, Sweden

The bentonite buffer material has become an integral component of many designs of deep geological
repositories of HLNW since its introduction by SKB in the KBS-3 concept. Its mechanical, hydrological
and geochemical properties provide stability, isolation and chemical buffering. The main component of
bentonile, smectite, is responsible for these properties, although the accessory minerals, such as carbonates,
play a decisive role, particularly as buffers of main geochemical variables as pH and Eh. It is noteworthy
that changes in the composition of the bentonite via groundwater interaction may lead to modifications
of the mechanical and isolation properties of the bentonite (illitisation, smectite dissolution, etc.).
Keeping in mind that this type of engineered barrier must be effective for hundreds of thousands of
years, the changes in the chemistry of both porewater and rock through time are usually evaluated by
using a predictive numerical modelling. Chemical processes involved in the near field geochemistry have
been studied in laboratory experiments, and they have been the basis for the validation of the numerical
modelling. One of these experiments, the Long-Term Test of Buffer Material (LOT) conducted by SKB
in the Àspo Hard Laboratory (Karnland et al., 2000), was developed to test the response of the bentonite
buffer material under repository conditions for several years. The experiment consisted of seven test
boreholes filled with pre-compacted MX-80 bentonite surrounding a copper tube with a heater {simulating
the heat released from nuclear fuel decay).

The evolution of the near field geochemistry is thought to be controlled by the precipitation/dissolution
of solid phases, cation exchange and smectite surface complexation (Bruno et al., 1999; Arcos et al.,
2000 and 2003). However, the actual influence of each of these processes has to be re-evaiuated since
many basic parameters, such as the cationic exchange and surface acidity constants and the exchange
capacity, are not completely understood, as denoted by the discrepancies observed in the literature
(Domènech et a l , 2004).
The objective of the present study was two-fold: (1) the development of a 2D numerical model to reproduce
the mineral phase and porewater data collected in one of the experimental parcels, excavated after one
and a half years after the onset of the LOT experiment (Muurinen, 2003), and (2) the implementation
of the validated model in (1) in a 3D model simulating the near field of a real repository, planned by
SKB to be sited at Forsmark (Sweden) as one option. All simulations were done by using the code
PHAST, which allow the calculations of water flow coupled with reactive solute transport.
The first model simulated the bentonite porewater equilibrium during 630 days and took into account
all chemical processes above mentioned. Temperature effect was modelled by considering a progressive
thermal gradient from the copper/bentonite interface, at 130"C, to the bentonite rock interface, at 85 °C.
In the first approach, the model results differed significantly from the analytical data of porewater
reported by Muurinen (2003 ). As an example, modelled pH was two units below measured pH. The main
reason for such differences was found to be the re-equilibration at room conditions of the pore solutions
during extraction and analytical procedures. Therefore, numerical data was recalculated by assuming
cooling and re-equilibration with CO, at atmospheric pressure. A sensitivity study revealed that the better
fit for the solution and cationic exchange compositions was obtained by considering the cation exchange
and surface complexation constants of Bradbury and Baeyens (1997), and assuming an intergranular
porosity of bentonite (that accessible to solutes) of 5%, following the hypothesis of Pearson (1998 and
1999) and Curti and Wersin (2003).
These chemical parameters and reactions were subsequently implemented in a 3D model that simulated
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the interaction of the deep groundwater flowing through the Forsmark granite with a MX-80 benionite
buffer during a period of 60,000 years. Following the geological and hydrological data existing in the
Forsmark area, it was assumed that water advective flow at repository depths is almost restricted to near
horizontal fractures. The results of the numerical simulations indicate that minor changes in pH occur in
the bentonite porewater, increasing from 6.9 to 7.3. Accessory minerals play a decisive role in controlling
the pH conditions, although the influence of cation exchange reactions and surface acidity may be
important if the pH buffering accessory minerals are depleted. Cation exchange onto smectite surfaces
results in a progressive depletion of calcium in the pore water, which is compensated by dissolution of
Ca-bearing minerals (calcite and gypsum). The availability of these minerals is responsible of pH changes
through time. Pore water is undersaturated in gypsum so that this mineral dissolves rapidly providing
calcium for the exchange. Calcite dissolution takes place when gypsum is depleted in the system, and
then, pH increases progressively. When modelling the near-field geochemistry in the KBS-3 concept, it is
essential to keep in mind that one of the main uncertainties is the heterogeneity in the distribution of the
accessory minerals in the bentonite buffer. If it is considered in the model that carbonate minerals are
missing in the system, protonation/deprotonation of smectite surfaces are the key processes buffering
the pH. Another conclusion from calculations in this study is that the extent of pyrite dissolution is not
large enough to generate significant amounts of dissolved sulphide in pore water that could enhance the
corrosion of the copper canister.
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ABSTRACT
A recent evolution of Water-Rock Interaction models including complex mineral phases like clay
minerals: Clay minerals simulated as solid solutions
The recent evolution of water-rock interaction models takes into account the ability of clay minerals to
change their chemical composition along water-clay interaction processes, in relation with the possible
variations of the aqueous chemical composition of natural fluids.

The concept of solid solution has been used in our geocbemïcal codeKINDIS [I] and coupled transport'
reaction model KIRMAT [2]. Clay minerals are represented by generalized n-end-member solid solutions.
The two codes are now producing mineral phases as solid solutions of n-end-members, at equilibrium with
the aqueous reaction phase or under kinetic control if rate laws are available from experimental approach,
or can be estimated.

Clay minerals produced as micro-size particles in the geochemical models
In order to be able to consider mineral phases produced as micro-size particles, as usually observed in
nature and experiments, our approach of the problem considers the crystal growth of these complex
phases. It appeared that it was no longer possible to simply consider the thermodynamic approach of
the problem (near equilibrium condition for precipitation of clay particles), but necessary to combine
the thermodynamic and the kinetic approach including both nucleation and growth processes.

A kinetic model for n a no-particle s formation and growth: NANOKIN
The first generation of geochemical codes used to describe water-rock interactions using ( 1 ) the thermo-
dynamic equilibrium condition between mineral phases and aqueous solutions, and (2) the growth and/or
dissolution of particles in the solution, without treating any nucleation step for secondary phases in an
ad-hoc manner: as soon as saturation exceeds a critical value, particles nucleate all of a sudden, with a
pre-defined size. In such an approach, growth or dissolution processes are generally described by a rate
independent of the size of the particles. For clay particles, such an approach cannot account for important
effects such as Ostwald ripening.

In a way comparable to that of Steefel and Van Cappellen [3], we have created the NANOKIN code by
introducing in the KINDTS code [1] the possibility to describe the first stages of particle precipitation:
we use the classical theory of nucleation, expressing explicitly the critical radius of particles as a function
of temperature (T), surface energy and saturation index (I). Depending on the evolution of the saturation
index versus time, the produced particles may grow or re-dissolve. The growth rate is therefore explicitly
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depending on the particle radius R, T and I, on a microscopic scale, and yields the usual expression in
the macroscopic limit (R tending to infinity ).

Applications of the NANOKIN code to clay minerals formation and evolution
The new code is applied to different type of fluid-rock interactions where clay minerals are playing an
important role either as secondary minerals like in weathering sequences or as primary minerals as in
nuclear waste barriers.

This type of models may now be used as very powerful tools for predicting the specific behaviour of
complex mineral phases present as nano- to micro-size particles.
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Clay minerals are widely studied in many fields of fundamental and applied research. Minerals such as
smectite and mixed-layer illite-smectite are particularly well adapted for natural or engineered barriers
in waste confinement. Their physico-chemical and mechanical properties (low permeability, plasticity,
swelling, adsorption, ion exchange,...) have been widely studied, contrary to their thermodynamic
properties (rare or not reliable). Nevertheless, these thermodynamic data are essential to understand the
thermodynamic and geochemical behaviour of clays, at a long time scale.

The aim of the present study is to determine experimentally the thermodynamic properties of three
international reference clays-illite IMt-2, smectite MX-80 and illite-smectite mixed-layer ISCz-1 -and
of the complete series of mixed-layer illite-smectites from Shinzan (Japan). The samples were first globally
characterized by classical techniques, such as X-ray diffraction, X-ray fluorescence, chemical analysis,...
Then, their n an o structure s were studied by HRTEM associated to EDX, and the microchemical analyses
were treated with a statistical method (covariance matrix). The nanostructural study of illite IMt-2 was very
original, as it revealed the presence of trioctahedral illite layers (- 25 mol %) interlayered with dioctahedral
illite. Concerning the smectite MX-80 sample, an important amount of SiO : impurities, 20 wt. %, was
detected (~ 7,5 wt. % of quartz, ~ 7,5 wt. % of cristobalite, ~ 5 wt. % of amorphous SiO,). It results that
the smectite mineral is not a montmorillonite, as usually referred: in fact, it is a mixing of beidellite and
beidellite-montmorillonite. The observation of nanostructures of the interstratified samples, by HRTEM.
showed typical mixed layering sequences: disordered, isolated smectite layers in illite, or locally ordered
sequences ...isis... and ...iisiis....

The thermodynamic study of the three international reference minerals aims at determining all their
thermodynamic functions: heat capacities, enthalpies of formation, entropies, Gibbs free energies of
formation, for hydrated and dehydrated clays, at any temperature.

Dissolution calorimetry is used to determine enthalpies of formation of the samples. They are obtained
by dissolution in a HF-HNO, solution at 25°C of (1) the clay sample and (2) the mechanical mixture of
the corresponding oxide or hydroxide constituents.

Specific heat capacities of the dehydrated samples were obtained by adiabatic calorimetry, from 5 K to
380 K, and by differential scanning calorimetry, from 300 K to 500 K. These measured values were
corrected by subtracting the contribution of impurities. From heat capacities, we calculated thermody-
namic functions such as entropies and enthalpies of heating of the different minerals.
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A further study of the hydration of smectite and mixed-layer illite-smectite was carried out, to control
the behaviour of the hydrated minerals during heat capacity measurements. Water vapor adsorption
isotherms were obtained at different temperatures, between 10°C and 105°C, and some values of heats
of adsorption were measured.

The enthalpies of mixing of illite and smectite layers were obtained by dissolution calorimetry, on the
Shinzan illite-smectite series. The samples were dissolved in a HF-HNO3 solution at 25°C, and their
enthalpies of dissolution were measured. These values (with opposite sign) were fitted by a second-
degree polynomial surface {of two relevant chemical parameters), which presented an upward concavity
in all directions. The enthalpies of mixing of illite and smectite layers were thus found to be slightly
negative: the lowest value, for the mixed-layer 50 % illite-50 % smectite, is about -3 kJ.mol"1. Thus,
mixed-layer illite-smectite would be thennodynamically slightly more stable than the assemblage of the
two end-member phases, illite and smectite.

In parallel, some experiments by equilibrating the three reference clays in aqueous solutions were carried
out, in order to obtain equilibrium constants. These results will be compared with the thermodynamic
functions, obtained by calorimetry.
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ABINITIO STUDY OF EDGE SITES
REACTIVITY ON PYROPHYLLITE
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The crystal chemistry and surface site reactivity of the phyllosilicate minerals is a key issue for modelling
the ion mobility and retardation in clay sediments. Various cation substitutions in the TOT layer of the 2:1
phyllosilicates result in a permanent structural charge near basal plane which is responsible for swelling and
the sorption of ions by a cation exchange mechanism. In contrast, the pH-dependent uptake of cations is
controlled by protonation/de-protonation reactions on the edge sites of the TOT layer. Various models
have been proposed to explain the reactivity of the edge sites based on macroscopic experiments. A
detailed understanding of this process on an atomistic level is still missing. We are using electronic
structure calculations and ab initio MD simulations in order to understand the mechanism of pH dependent
sorption of cations on edge sites of pyrophyllite and the transport properties of aqueous solutions in
compacted pyrophyllite. The calculations provide important constrains for the macroscopic surface
complexation models of clay minerals [1].

For all the calculations presented in this work, we use density functional theory in the generalized gradient
approximation (PBE) for the exchange-correlation functional [2]. The interactions of the valence electrons
with the cores are described by the ultra-soft pseudopotential formalism [3], The wave functions of the
valence electrons are expanded into a plane-wave basis set, with 25 Ry energy cutoff. To model a semi-
infinite bulk system with an exposed surface, we use a 3D, periodically repeated box containing a slab of
several atomic layers. Above the slab, we add at least 6 Â of empty space to reduce the interaction between
periodic images. The preliminary surface structure optimizations have been performed on a relatively small
supercell containing 104 atoms with a surface area of 2 nirf (double side slab). In order to ensure that
surface geometry is not effected by the thickness of the atomic layers representing the bulk structure,
the calculations were repeated with a two times large simulation cell. Finally the calculations were tested
against a thicker vacuum interlayer. In order to study the interaction of the pyrophyllite edges with the
water fluid, ab initio Car-Parrinello MD simulations [4] of water-pyrophyllite interface were performed,
with time step 0.17 fs and fictitious electron mass 500 au.

The interatomic interaction in the phyllosilicates has a pronounced ionic bonding character. Therefore,
even the ideal structure of the pyrophyllite without any permanent structurai charge, produces a non
vanishing electric field near the basal siloxane plane responsible for the selective interaction with the
nearest water layer and inner-sphere complexes. The electrostatic potential near the siloxane plane of
pyrophyllite calculated by ab initio techniques allows estimation of the standard binding constant of
hydronium ion to be made, and used as a constrain for the thermodynamic surface complexation model
on montmorillonite [1].

As suggested by general crystallography arguments and crystal morphologies, the (010) and (100) facets
are the most common edge surfaces in 2:1 phyllosilicates [5], We start the geometry optimization of (010)
and (100) pyrophyllite edge sites from the surface configurations suggested by previous calculations [5,6],
The obtained geometries of the surface complexes are in agreement with the calculations of Bickmore
et al. (2003) [6], The (010) and (100) facets were found to have similar (within the accuracy of the
calculations) surface energies of 12 ± 2 meV/Â2. This suggests that both surfaces are equally represented
in the pyrophyllite nano-particles. The sorption energy of the first water monolayer is of the order of
25-40 Id/mole which is higher then typical energy of hydrogen bonding in water at ambient conditions [7],
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The surface edge sites potentially interesting for the protonation and de-protonation reactions are
represented by =Si-OH, =A1-OH, =A1-OH2 complexes on (010) surface and =Si-OH, =A1-O-Si= on the ( 100)
surface. Optimized surface geometries were used to predict the proton affinity of the surface complexes
using Fukui function formalism [8], The calculations predict that only =A1-OH and =A1-O-Si= groups
are effectively available for the protonation while the =Si-OH sites can be only de- protonated.

Transport and structural properties of fluids in compacted clays and the surface dynamics are closely
related. The stability of edge sites in an aqueous environment and near surface water diffusion have been
studied using ab initio MD technique. Both (010) and (100) surface complexes obtained in the static
structure optimization were found to be dynamically stable in the presence of water. The =S-OH
and =S-OH2 surface groups have only rotational and vibrational degrees of freedom and near stay
near the equilibrium positions predicted by the static calculation. Within the ~6 ps MD trajectory we
could observe spontaneous reversible proton transfer from the water to the (010) surface. The proton
transfer is described by two subsequent reactions =A1-OH + H,O/lJ(j; <-> =Al-OH-,+ + O H " ^ followed
by =Si-OH + OH~(aq) <-» =Si-O~ + H2Ofc[/J. The observed proton transfer mechanism strongly supports
the statically predicted picture of the preferential protonation of =A1-OH sites and de-protonation of
=Si-OH groups.
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France is conducting research to study the feasibility of nuclear waste storage in a clay-rich formation,
the Callovo-Oxfordian argillite, in the Meuse-Haute Marne site (MHM, Eastern Paris basin). After the
exploitation period, all galleries should be backfilled with the excavated argillaceous rock that would
have been stored on surface during the exploitation period (i.e. several hundred years). A previous study
showed that the mechanical properties of the compacted Callovo-Oxfordian argillite are not good enough
to contribute to the stability of the deep galleries over a long period [1]. In this context, our main goal is
to study different solutions to improve the mechanical characteristics of compacted remoulded argillite.
First, the influence of the compaction process is discussed. Then, the consequences of several treatments
are investigated (MX-80 bentonite-enhanced argillite, sand-enhanced argillite or lime treatment).

As the Callovo-Oxfordian argillite from the MHM site was not available when the study began, an outcrop
of the Callovo-Oxfordian argillite, located in Manois, 40 km south of MHM site, was selected to provide
die material used in this study. From a mineralogical point of view, it has been verified that the Manois
argillite (MA) can be regarded as similar to the argillite of the MHM site submitted to a weathering
induced by a surface storage during many years [2].

The mechanical properties of the compacted remoulded MA argillite were first determined. Three com-
paction procedures (Proctor, static or kneading) were used to prepare samples at a mass water content of
19 % and an initial dry density of 1.63 g.cm" (i.e. close to the Proctor optimum). The results of the triaxial
and oedometer tests are given in Table 1 where c' is the drained cohesion, tp' the drained friction angle
and Cc the compression index. The mechanical properties appeared to be independent of the compaction
procedure. More, the internal structure of the compacted argillite was also examined by mercury intrusion
porosimetry performed on samples submitted to an oedometer tests (Figure 1). It can be seen that the final
micro structure s of the tested samples are similar. All these results demonstrated that the compaction
procedure does not play a major role on the mechanical behaviour of the MA argillite under high applied
pressure. Therefore, the static procedure was selected to study the influence of the different treatments.

At the present time only data on sand-enhanced and MX-80 bentonite-enhanced argillite are available.
In the following, all the samples were compacted statically at their respective optimum.

To prepare the sand-enhanced mixture, 50% of a calcareous sand was added. At their optimum, the dry
density of the samples was 1.84 g.cm"3 fora mass water content of 15.5 %. It could be seen in Table 1 that
the mechanical behaviour of the argillite is significantly modified by the sand. The most important effect
of the sand fraction was to increase significantly the drained friction angle of the argillite. In addition,
the compressibility of the mixture was lower than the argillite alone {cf. Figure 2). An interesting point
was that, despite the high amount of added sand, the saturated hydraulic conductivity of that mixture
(about 3 lO'^m.s"1) was of the same order of magnitude of the MHM argillite (about 8 10"9m.s"'}. This could
be related to the relatively high dry density of the sand-argillite mixture.
The optimum dry density of 20 % bentonite-enhanced mixture was 1.51 for a water content of 27 %.
The hydraulic conductivity of that mixture is 5 10"!2 m.s"1. The effect of adding MX-80 bentonite on the
mechanical behaviour of the mixture can be seen in Table 1 : it induces a significant decrease of cp' and
an increase of c'. An important point is that the compressibility of this mixture is significantly higher
than for the argillite alone.
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Table 1 : Triaxial tests results conducted on MA argillite ' .

Compaction
procedure

MA alone MA + sand MA + MX-80

Proctor Static Kneading Static Static

c' (kPa) 12 .8 15 .6 7.4 11 .2 46 .6

(p' (-) 19 .9 18 .9 21 .2 27.3 11 . 1

Cc (-) 0.22 0.23 0.22 0.15 0.27
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Figure 1 : Influence of the compaction pro-
cedure on pore size distribution

Figure 2 : Mechanical behavior of the treated
argillite

The soil-water characteristic curve of MA argillite was obtained by the filter-paper method . Using the
instantaneous profile method, the unsaturated hydraulic conductivity MA argillite was determined .
Similar tests are currently being performed on the mixtures and the obtained curves will be compared .

As a conclusion, it could be seen that the mechanical properties of the Manois argillite can be significantl y
modified by different treatments . Once the results on the lime treated-argillite will be obtained, the nex t
step of this study is to evaluate the influence of high pH cement water on these properties . The fina l
objective is to evaluate the stability of each treatment at the very long term .

References :
[1]Deroo L. 2002. Expertise sur l'utilisation de l'argilite excavée comme remblai de galerie dans u n

stockage en formation géologique profonde . D RP 0 ISL 02 .002/3 . 118 p .
[2]Joussemet R., Masrouri F., Mosser-Ruck R. & Peiffert Ch . 2003 . Détermination expérimentale de s

propriétés hydromécaniques de matériaux de remblais à base d'argilites - Tâche 1 : prélèvement
d'argilites altérées . C.REOENG.03 .0459. 21 p .
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EXPERIMENTAL STUDY ON CHAMOISE
TUNNEL ARGILITES AFTER EXCAVATION
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The argilites that are currently excavated from the Bure site at 500 m deep will stay for decades in surface
deposit. They will be exposed to rain, evaporation and frost. After this long period of time, theargilites could
be used to backfill the galleries.

In this perspective, the mechanical parameters that can be obtained when using these argilites as a gallery
backfill material are of prime importance. Previous studies [1] showed that a Young modulus of 20MPa
is a minimum value required to avoid the extension of EDZ ("Excavation Damage Zone17) at long-term.

To investigate this issue, an experimental program on the Chamoise tunnel Effingen marls deposit has been
carried out. It happens that the Chamoise tunnel marls correspond to the same geological layer than the
Bure argilite. Moreover, the deposit is about 20 years old, so the Chamoise marls are considered as an
analogue of the argillites after surface deposit. This allows to obtain some data about the effects of alteration
processes due to rain, evaporation and frost on the geotechnical properties of the material.

The main results from this experimental program are the following:

l)The fine soil obtained from weathering of Bure argilites or Chamoise marls have the very similar
mineralogy and plasticity index.

2) In the Chamoise marls deposit, the material consists mainly of a fine soil with water contents ranging
from 10 to 14%. This fine soil is surrounding blocks of "intact" marls (water content about 5%).
These blocks have the same water content than the intact marls characterized during the geotechnical
investigations of the tunnel.

3) Oedometer tests have been carried out on 0/2 mm fine soil from the Chamoise marls deposit. A specific
procedure has been used in order to follow stress path and water content path as close as possible than
those expected when the galleries will be filled. Indeed, the tests are carried out with initial water
content and density corresponding to OPN (Optimum Proctor Normal). These tests show that desiccation
is important as each oedometer loading step lasts 24 hours. To avoid desiccation, each loading step has
been reduced to 30 mn, These tests show that the target secant Young modulus of 20 MPa is difficult
to obtain at low confining stresses.

4) In order to reach the target Young modulus, the experimental program includes the testing of different mix-
tures {argilite + sand, argilite + bentonite, argilite + quicklime). With 4% of quicklime, the target modulus
can be obtained, but further investigations are needed as other problems may occur (cracking for instance).

This experimental program is a first step towards the studies required to optimize reusing of the exca-
vated argilites to backfill galleries. Further research and experimental program are needed. To his end,
a full scale test will be performed in 2005 by GTM and SCETAUROUTE for Andra.

Reference:
[1] Deroo L. (2003) Expertise sur l'excavation de l'argilite excavée comme remblai de galerie dans un

stockage en formation géologique profonde ; Rapport Andra n°D.RP01SL.02.002
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CHARACTERIZATION OF THE HYDRO-
MECHANICAL BEHAVIOUR OF THE MX80

BENTONITE AT ROOM TEMPERATURE,
UNDER MODERATE TEMPERATURE

OR AFTER A HEAT TREATMENT
Christophe lmbert. Claude G a tab in, Pierre Billaud, Gaétan Touzé

CEA Saday, DPC/SCCME/LECBA, Bâtiment 158, F-91191 Gif-sur-Yvette Cedex, France

MXSO bentonite is often studied for its swelling and low permeability properties when it is used as an
engineered barrier for a High Level Waste underground repository. Under these conditions, the bentonite
is affected by the temperature during the hydration phase. Its behaviour also depends on the chemical
composition of the hydration water. This study deals with the effects of the temperature or of the chemical
composition of the water on the hydro-mechanical properties of bentonite.

MXSO bentonite was initially tested at ambient temperature. Experiments were performed on colloidal
suspensions of clay (saturated material) and uniaxially compacted clay samples (unsaturated material).
In the second part of this study, the effects of the temperature on compacted, unsaturated MX80 clay,
were evaluated. The properties of clay were measured either directly when the material is subjected to
the temperature, or after the heat treatment.

The characterization of colloidal suspensions of MX80 clay is based on the determination of die behaviour
of clay submitted to a consolidation path, as well as the swelling potential measurement when the vertical
stress is decreased step by step. The colloidal suspensions were prepared either wifh distilled water, or
with synthetic water representative of die water of the East's site (the site of the Andra's underground
laboratory). The initial water content of the suspensions was equal to 600%. The hydro-mechanical
properties were obtained using oedometric tests. Some tests were carried out until high values of vertical
stress were reached, e.g. 60 MPa. Others tests follow a consolidation path up to a dry density of 1,4, 1,7 or
2,0 g/cm\ before studying the swelling potential of the clay. Measurements of permeability in steady state
conditions were carried out at the end of several stages of consolidation, and the Darcy's law is applied.
At the end of the tests, the porosity of the different samples was determined by mercury intrusion tests.

Along the consolidation path, the behaviour of the colloidal suspension does not depend on the type of
water used to make the suspension. The porosity distribution obtained with the strongly consolidated
samples (60 MPa) is identical for the two types of water. The permeability of MXSO clay was obtained
for a broad range of dry densities. The permeability of MX80 clay is the same when a distilled water or
a site water is used. Moreover, the permeability was provided by two different methods: on the one hand
by applying a difference of pressure in order to use Darcy's law, on the other hand by analysing the
consolidation kinetics of the different loading steps of the oedometric tests. The two methods give very
close results. The swelling potential of the colloidal suspension is a function of the chemical composition
of the water used to make it. The swelling potential is lower when the colloidal suspension was prepared
and tested with site water. The porosity measurements, carried out by mercury intrusion on the samples
extracted from the oedometric cells at the end of the unloading path, confirm this difference.
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Permeability of a colloidal suspension of MX80 cla y
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In addition, the swelling pressure of uniaxially compacted samples of MX80 clay was studied usin g

different values of the compaction pressure . The samples were hydrated in a swelling cell (an oedomete r
device preventing any volume variation during hydration) at constant volume and using distilled water .
The obtained swelling pressures are in good agreement with the results of other laboratories and with
previous results obtained with MX80 clay .

The behaviour of MX80 clay affected by the temperature was investigated through uniaxially compacte d
samples having a dry density of 1,7 g/c m3. To determine the capillary curve, a new experimental device wa s
developed . It enables us to record continuously the mass variation of a clay sample subjected to a chang e
of capillary pressure . The originality of the system consists in allowing to work at medium temperatur e
(T<100°C) and with samples maintained under constant volume . With this system the accuracy of th e
measurements is improved and the disturbance of the samples is reduced . The capillary curve of MX80
compacted to 1,7 g/cm 3 was obtain at 80°C with constant volume conditions . The continuous weighing o f
the sample subjected to successive levels of suction provided the global coefficient of moisture transfe r
as a function of the capillary pressure in the clay .

The heat treatment consisted in heating the samples of MX80 at 100°C or 160°C without volume variatio n
and without any variation of the water content as well, then to bring them back to room temperature .
The hydro-mechanical characterization was made after the heat treatment . The swelling pressure was
measured by hydrating material under constant volume and with distilled water. The hydraulic conductivity
of saturated material was measured during the same test . The swelling potential was obtained using a
oedometric test . The properties of the material affected by the temperature and that of reference materia l
were compared . The influence of the initial water content of the clay was taken into account by studying
four different values of initial water content .
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EXPERIMENTAL STUDY ON SEALING
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MINERALOGY AND WATER SOLUTION
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1. Clay Technology AB, Lund, Sweden,
2. Geological Department, Lund University, Sweden,
3. Geochimica, Lund, Sweden,
4. Swedish Nuclear Fuel and Waste Management Co, Stockholm, Sweden.

Several concepts for repositories of spent nuclear fuel include bentonite material as an important part of
the fuel isolating system. The bentonite is proposed as buffer material between the spent fuel canisters and
the surrounding rock, and in some concepts also as a sealing component of the tunnel backfill material.

Here we report the results from analyses and tests of sixteen potential buffer and backfill materials, which
have been examined with respect to mineralogy and sealing properties. The overarching aims were to:

• correlate mineralogy of the different bentonites to their sealing properties, i.e. swelling pressure and
hydraulic conductivity

* quantify the effects of saline solutions on the sealing properties

Here, mineralogy refers to the mineral composition of bulk material, to the type of cations in exchange
position, and finally to the mineralogical structure of the swelling mineral in the bentonite. The materials
represent actual and potential commercial bentonites from Wyoming (US), Milos island (Greece), Kutch
area (India), Mecklenburg-Vorpommern (Germany), Western Czech Republic, and Fyn island (Denmark).

All bulk materials were examined by use of powder X-ray diffraction (XRD) in order to determine the
mineralogical composition. Mineral quantification was made by use of the Rietveld technique (Siroquant
software and database). Microscopic swelling characteristics were determined by use of XRD of oriented
samples from the clay fractions, before and after treatment with ethylene glycol. Element content of the
total materials and of the clay fractions were determined by use of ICP/AES analyses. The cation exchange
capacity (CEC) of the bulk materials and of the clay fractions was determined by Cu(II) exchange, and
the distribution of charge compensating cations in the bulk material was determined by ammonium
exchange. Special analyses were made on several materials when this was assumed essential for the
buffer functions, e.g. regarding organic carbon and sulfide content.

Swelling pressure and hydraulic conductivity of all materials were measured for a set of clay densities
at pure water conditions and for 0.1, 0.3, 1.0, and 3.0 M chloride solutions. The cations were selected
to match the original dominating charge compensating exchangeable cation in the clay, respectively. The
measurements with different concentrations were made sequential by equilibrating the clay samples to
the new water solution in-situ in specially designed sample-holders.

The sodium dominated Wyoming bentonite MX-SO and the calcium dominated Milos bentonite
Deponit-CaN are reference buffer materials in the present SK_B safety assessment work SR-Can, and
the Friedland clay as a reference example of low-grade material as one option for tunnel backfilling.
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Extended chemical and mineralogical analyses and physical tests were made on these three materials ,
including BET surface area analyses and M&ssbauer spectroscopy. The clay fractions were extracted fro m
the bulk materials and ion-exchanged to both sodium and calcium form . The detailed mineralogical
structure of the montmorillonite part was calculated using the results from ICP/AES, CEC and XRD
analyses . The swelling pressure and hydraulic conductivity were determined for six different densitie s
ranging from 1300 to 2100 kg/m 3 for the bulk material as well as for the pure montmorillonite in bot h
sodium and calcium form . The impact of chloride solutions, up to a concentration of 3 M, was measured
for all samples .

An important finding is that the sealing properties at high buffer densities are not very sensitive to mino r
mineralogical differences in the swelling mineral . The small measured differences could be correlated t o
the structure of the swelling mineral and to the cations in exchange positions . The measured systemati c
reduction of swelling pressure due to chloride solutions agree well with results from thermodynami c
calculations . Further, ion exchange to the same homo-ionic state makes the sealing properties of th e
montmorillonite components in the Wyoming bentonite and the Milos bentonite equal within the accurac y
of the measurements (Figure 1) . This shows that ground-water composition, and not the initial charg e
compensating cations in the bentonite, will be decisive for the long term sealing properties in a rea l
repository. The time perspective for this ground-water dominance will be dependant on the concentratio n
of cations in the ground-water and on the presence of accessory minerals .
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Figure 1 : Measured swelling pressure versus dry clay density of Wyoming Mx-80 bentonite (left), and
Milos Deponit-CaN (right) . Legends show test solution concentration (mole/L) . Upper graphs sho w
standard bulk material, and lower graphs show purified and sodium ion exchanged clay fraction material .
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GAS EQUILIBRATION AND PORE WATER
SAMPLING EXPERIMENT

IN THE OPALINUS CLAY AT THE MONT
TERRI ROCK LABORATORY
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INTRODUCTION
The study of the mechanisms governing the composition of the interstitial fluids in clay formations with
very low permeability constitutes a part of the scientific programmes associated with the feasibility
analyses of deep repositories for the geological disposal of long-lived radioactive waste. Several in-situ
geochemical experiments have been performed since 1996 in the Mont Terri Rock Laboratory lo develop
methods for studying these mechanisms in the Opalinus Clay formation.

These experiments enabled to build a conceptual model of the interstitial water in the Opalinus Clay
(Pearson et ai, 2003). The main uncertainties of this model deal with the carbonate system and the
redox state of the water. Consecutively, the PC-C experiment was initiated in 2003 to reduce these
uncertainties using: i) a gas equilibration, and, ii) isobar water sampling.

EXPERIMENTAL CONCEPT
The Porewater Chemistry-C (PC-C) experiment set-up (see Figure 1} is composed of, i) a borehole
equipment consisting of packers isolating a test chamber in the investigated rock zone, ii) surface equipment
located in the gallery including two modules; a gas circulation unit and a water sampling system, iii)
various lines for gas and water movements between the surface equipment and the packed off borehole
interval. This innovative concept, i) enables an in-situ equilibration between an injected inert gas (argon)
and the rock: the changes in composition of the gas, circulating in a closed circuit in contact with the clay,
provide information on dissolved gases in the interstitial water, particularly on the dissolved carbon
dioxide, ii) enables to sample water seeping from the borehole without altering its pressure and without
contact of this water with other gases than these with which it is in equilibrium in the borehole chamber.
A piston pump yielding very low flow rates is used. The formation water samples are taken under isobar
conditions sheltered from the atmosphere. This sampling procedure avoids gas loss or exchange between
the sampled water and the gallery atmosphere.

FIRST RESULTS
Since the beginning of the experiment (February 2003), an infrared spectrometer included in a bypass of
the closed gas circuit allowed for on-line analysis of various components of the circulated gas. Complete
gas analysis was carried out using the sampling vials of the gas circuit. The circuit gas composition reflects
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exchanges between the argon initially introduced and the gases present in the rock . Consequently, the
first objective of the experiment – to acquire knowledge on these gases - is already reached .

After 6 months, a water flow rate into the test chamber close to 3 mL per day is observed al-lowing fo r
sampling and analysing the water .

This experiment follows the experimental concept developed for the PAC-P experiment to be implemented
early 2005 in the Meuse/Haute Marne underground laboratory .
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Figure 1 : Porewater Chemistry-C (PC-C) experimental setup .

Reference :
Pearson F.J., Arcos D., Bath A ., Boisson J.Y., Fernandez A.M ., Gabler H .E ., Gaucher E., Gautschi A . ,
Griffault L., Hernân P. et Waber H.N. (2003) Geochemistry of Water in the Opalinus Clay Formation at the
Mont Terri Rock Laboratory . Report of the Swiss Federal Office for Water and Geology, Geology Series .
N° 5. 319 pp . ISBN 3-906723-59-3 .
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DETERMINATION OF POREWATER
COMPOSITION AND SPECIES-SPECIFIC
TRANSPORT PARAMETERS BY A NEW
METHOD USING LABORATORY CORE

INFILTRATION: EXAMPLES FROM
OPALINUS CLAY (MONT TERRI) AND
CALLOVO-OXFORDIAN CLAY (BURE)

U. Mader1. H.N. Waber1, Th. Gimmi1, A. Vinsot2, P. Wersin'

1. Rock-Water Interaction, Geological Sciences, University of Bern, Switzerland
2. Andra, Laboratoire de Recherche Souterrain de Meuse/Haute-Marne, France
3. Nagra, Wettingen, Switzerland

INTRODUCTION
The quantification of transport and water-rock interaction and its rates in very low permeability rocks such
as claystone are used to interpret gradients across formations in isotopic, chemical, and gas composition
that have evolved over thousands to millions of years. This quantitative understanding allows evaluation of
a clay formation as a barrier for deep disposal of radioactive waste. Difficulties in sampling porewater from
claystone are due to very low hydraulic conductivities (~10~13 m/s), the presence of reactive components
such as pyrite, carbonate, organics, and in-gassing or degassing of CCK during sampling. The aim of our
new method is to minimize artifacts and to obtain both chemical and transport information from a single
experiment.

EXPERIMENTAL METHOD
The method is forcing displacement of the original porewater contained in a drill core sample by advection
of a traced artificial porewater. The feasibility of the method hinges on the well connected porosity and
homogeneity of most claystones that result in approximate one dimensional advective-dispersive flow
when applying a large hydraulic gradient across the length of a cylindrical sample. Also, the original
moisture content has to be physically and chemically preserved during drilling, recovery of the core and
sample preparation. The tracers in the infiltrating fluid allow for quantification of mixing with the in-situ
porewater, and to observe tracer breakthrough behavior when monitoring the infiltration experiment over
a sufficiently long time period. The induced fluid fluxes are low (0.1-0.5 ml/day) and the dispersion is large
and dominated by diffusion. Our experience indicates that 10-30 ml of little disturbed original porewater
can be extracted from claystones with 10-20 % porosity (4-8 wt % water content). Orientation of forced
flow may either be parallel or perpendicular to bedding.

The method is called "porewater extraction by advective displacement" (weeks to few months), and
"core infiltration experiment" when monitoring over extended time periods (months to few years) to
obtain information on species-specific transport properties. The apparatus is unique and versatile and
can be used for porewater extraction as well as transport experiments with focus on chemical rock-water
interaction and/or tracer transport and retardation. The strength of the method is to transfer approximate
in-situ conditions to the laboratory and minimize unwanted effects due to stress relief, redox processes
(pyrite, organics), and reactions within the carbonate system. A single carefully prepared long-term
experiment can thus yield a comprehensive data set to constrain rock-water interaction processes as well
as transport and retardation properties.
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RESULTS FOR OPALINUS CLAY, MONT TERRI
Aclaysionecore of 120 mm length and 79 mm diameter was sealed with Teflon and rubber (outer layer),
and fitted with porous Teflon discs at the top and base. The sample was subjected to 65-75 bar confining
pressure, and a 40-60 bar infiltration pressure. Temperature was kept at 15CC corresponding to in-situ
conditions at Mont Terri. The core was drilled with nitrogen at the Rock Laboratory (borehole BPC-A1,
from 10 m depth) and prepared and mounted on-site to minimize drying and exposure to atmosphere.
An artificial porewater of a salinity similar to that in-situ and traced with bromide and deuterium was
used. The experiment started on March 27, 2002, and is still ongoing as of October 2004.

Initial porewater composition
The first three sample collected are interpreted to be the best representatives of the irt-silu porewater
extracted by this method (Mader et al. 2004). The mixing indicators Br and 52H show progressive admixing
contributions from the artificial porewater of no more than 1-3 %. The samples were interpreted using
PHREEQC and the Nagra-PSI thermodynamic data base to model saturation constraints and processes
that may have affected the carbonate system. This interpretation would imply partial pressures of CO;
of 10"2'*'-10~2 9 bar at the time of extraction, t'n-situ pH cannot be rigorously reconstructed. The in-line
measured pH of 7.5±0.2 is plausible, and in combination with the associated p(CO2) is in agreement
with multiple lines of evidence for this stratigraphie location (Pearson et al. 2003).

Species-specific transport properties
Tracer breakthrough monitored for Br and deuterium is distinctly species-specific. Fast transport of Br is
explained by anion exclusion that reduces transport porosity almost by a factor of 2 relative to deuterium.
The physical porosity is close to the water-loss porosity of 16.5% and coincides approximately with the
transport porosity for water. Transport during the experiment was approximately 1/3 diffusive and 2/3
advective.

RESULTS FOR CALLOVO-OXFORDIAN CLAY FROM THE BURE SITE
A very similar experiment was performed on a drill core sample from Bure. Analytical work is in progress
and results will be presented at the meeting.

References:
Mâder, U.K., Waber, H.N. &. Gautschi, A. (2004). New method for porewater extraction from claystone
and determination of transport properties with results for Opalinus Clay (Switzerland). In: B. Wanty &
R.R. Seal II (eds), Water Rock Interaction, Proceedings WRI-11, 445-449, Balkema,

Pearson E l , Arcos D., Bath A., Boisson J.-Y, Fernandez A.M., Gaebler H.E., Gaucher E., Gautschi A.,
Griffault L., Hernan P & Waber H.N. 2003. Mont Terri Project - Geochemistry of Water in the Opalinus
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Acido-basic sites are located at the broken-bond edges of clay panicles, and take the generic form of
terminal or bridging hydroxo-groups linked to the metal aoms of the lattice. According to the pH of the
medium, these sites undergo proton at ion/deproton at ion and thus confer the particle edges an amphoteric
behaviour. In the case of montmorillonite, their abundance is about 10 % of the total charge (i.e. 0,1
meq/g). The structural charge resulting from isomorphic substitutions in the crystal lattice by metals
with lower valency (Silv/Alm, Al!11/Mg" ...), represents about 90 % of the total charge (i.e. 1 meq/g), and
confers a cation exchange capacity (CEC) to the clay. Dissociable acido-basic sites are generally
described as strong energy sites, able to complex metal ions at trace concentration, whereas exchange
on the CEC is negligible in such conditions. Therefore, despite their low relative abundance, acido-basic
sites of montmorillonite deserve extended study in order to predict the sorption of radionuclides escaping
from depositories onto engineered bentonite barriers.

The works devoted to that topic in the past decade have shown that the quantification of the variable charge
of 2:1 clays by potentiometric titration is biased by dissolution and ion exchange processes accompanying
the targeted dissociation process, and that the choice of proper experimental conditions is crucial. There is
therefore a need for a systematic study of the impact of the conditions for preparation, storage, and
analysis on the charge/pH curves on montmorillonite. The aim of the present work was to obtain univocal
charge/pH curves, in order to allow for determination of dissociation and complexation constants.

Montmorillonite was extracted from the MX80 bentonite, and made homoionic to Na. Potentiometric
acid-base titration was used to quantify the surface charge according to the pH and to the electrolyte
concentration in different experimental conditions. The examined experimental parameters were: dry vs.
wet storage of the purified material, continuous vs. batch titration, cation exchange, and quantification
of the dissolved and readsorbed species.

Batch titrations were conducted over 1 to 7 day. Dissolution-readsorption was quantified by analysis of
the supernatants at different pH, and desorption experiments, which allowed for quantitative corrections
of the titration curves. The continuous tilration procedure, which is less subjected to dissolution, was
used to quantify the impact of the analytical conditions on the charge/pH curves. As an example, titration
curves of dried samples are shifted towards significantly higher pH than wet stored samples. Conversely,
wet storage allows solubility equilibria to be established in the suspensions, which alters the titration
curves according to the duration of storage (up to 12 months). A standard protocol was thus defined in
order to minimize artifacts:

Extraction without strong acidification -> homoionization and washing by centrifugation -> wet storage ->
continuous titration and batch titration with analysis of the equilibrium solution.

The net charge curves of MX80 montmorillonite at different ionic strengths, corrected for secondary-
reactions, do not show a common intersection point which would identify a Point of Zero Charge. Instead,
the curves are roughly parallel, and the points of zero net proton consumption (PZNPC) are shifted towards
acidic pH according to the ionic strength of the electrolyte. Therefore, the classical surface complexation
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models fail to calculate the dissociation constants. Recent theoretical papers introduce a direct or indirect
effect of the structural charge on the dissociation equilibria. Calculations from published data show that
the shift in PZNPC is proportional to the structural charge for montmorillonites and illites, which confirms
the direct contribution of the lattice substitutions to the edge charge.

Preparation of a reduced-charge MX80 monunorillonite by Li-exchange and thermal treatment (Hofmann-
Klemen effect) allowed for experimental investigation of the respective contribution of the structural and
dissociable charges. The electrokinetic potential (Ç potential) of the treated and untreated samples was
measured according to the pH and ionic strength by microelectrophoresis. The electrokinetic behaviour
of the untreated montmorillonite is dominated by the structural charge and shows a constant negative
potential (around - 30 mV) forpH 3 to 10 at ionic strengths from 0,001 to 0.1 mol/l. The reduced-charge
montmorillonite shows a pH and ionic strength dependence of the Ç potential, typical for a metal oxide, with
an isoelectric point at pH close to 2. This result suggests that the PZC of the montmorillonite edges is
probably located at acidic pH, rather than at neutral pH as commonly stated. This hypothesis is supported
by the behaviour of the titration curves of the reduced-charge montmorillonite, which are close to the
electrokinetic curves.

Calculation of the dissociation constants has been the matter of many attempts in the literature. The models
used to that purpose include simple lsite-2pK models, structural-formal charge models (MUSIC) involving
up to 27 different surface topographies, or combined Donnan-Double layer models. A simplified represen-
tation of the dissociable surface sites of montmorillonite is proposed in the present work. It originates from
the observation of two energetic domains on the derivative titration curves, and is based on the two most
represented surface groups:

• an OH group linked to the silicium tetrahedra on the outer molecular sheets of the clay platelet, and
characterised by unit charge and a single pK:

=SiO" + HT = Si-OH° with 7<LogK<10
* an OH group linked to the octahedra of the central sheet, and characterised by a partial charge:

=Me-OH'"2 + H4" = Me-OH2
l/; with LogK<5 (Me = Al > AISi > Mg > Fe).

However, no common intersection point between titration curves at different ionic strengths was observed
in any case, which prevented the determination of the point of zero charge (PZC) according to the classical
oxide behavior. Nonetheless, the PZC was estimated lower than pH 5 from the evolution of the initial
pH with ionic strength. This result agrees with the electrophoretic behaviour of the Li-montmorillonite.
According to these experimental evidences, a simplified model of the acido-basic properties of mont-
morillonite was proposed, based on two reactive surface sites: a tetrahedral site SiO" + H~ = Si-OH° with
7<LogtC<lO and a octahedral site Me-OH"1'2 + H+ = Me-OH2'" with LogK<5 (Me = AL AISi, Mg, Fe,
with predominantly Al).
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As part of the joint research programme of BRGM and Andra (Girard et al., 2004). and in relation with
the objectives of Andra HAVL-Argile project, work is conducted at BRGM in order to determine the
stable isotopic composition (618O-5D) of present-day porewater in Callovo-Oxfordian argillites at Bure,
eastern Paris Basin. The ultimate goal of the work is two fold: 1) to gain insight into the nature of porewater
and water-rock interactions in the clay formation, and 2) to constrain the mechanism of water and/or mass
transfer between argillites and overlying/underlying limestones.

In order to overcome difficulties associated with techniques based on physical or chemical extraction
of porewater from clay-rich rocks prior to isotope analysis (see review by Sacchi et al., 2000), a novel
and original approach was developed that prevents any significant physical/chemical disturbance to the
samples investigated (Girard et al., in press). Application of this new method to the Callovo-Oxfordian
argillites from Bnre provided encouraging and informative results regarding the origin of porewater and
dissolved carbon.

METHODOLOGY
Stainless-steel outgassing cells were specifically designed to collect gases naturally released by core
samples under controlled conditions. During drilling operations, a =45 cm long segment of argillite core
is placed in an outgassing cell within 2-3 hours of coring, following removal of its outer rim by dry sawing.
The cell is then sealed with epoxy, flushed with dry N, (or He), and evacuated to a pressure in the range
of 70-250 mbar. At the laboratory, the outgassing cell is stored at constant temperature (25°C) and gases
naturally released by the core are monitored by Gas Chromatography. The liberated gas consists mainly
of CO, (up to 30%), with traces of alkanes (<1%), and H:O vapor. Typically, partial pressure of CO2 in the
cell increases gradually and reaches a reproducible plateau within 1 -2 months, representing equilibrium
with porewater dissolved CO2.

CO2-gas and HiO-vapor released by argillite cores are collected by connecting the outgassing cell to a
vacuum line and applying conventional cryogenic separation techniques. CO2 is further purified from
traces of organic volatiles over active charcoals. The SlsOCOi and Ô13CC0-> values of purified COi are
directly measured by conventional IRMS. The S^O^o-wip and 5Du2O.vap of recovered water vapor can be
determined by water-gas equilibration techniques. Measured 6'*OCO2 and 513CCO2 values, combined with
appropriate fractionation equations, are used to calculate the oxygen isotope composition of porewater
(.SlsOporewiltcr) and the carbon isotope composition of dissolved bicarbonate (813CjissHCQ3).

APPLICATION TO CALLOVO-OXFORDIAN ARGILLITES
The methodology outlined above is currently applied to a set of 12 cores of Callovo-Oxfordian argillites
from 5 wells. At the present time, the isotopic composition of outgassed CO2 is available for all samples,
while isotope determinations for 1-1,0 vapor are still on-going. The isotopic composition of carbonate
minerals (calcite, dolomite) present in the samples investigated was also determined.
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C02 evolved from cores exhibits 5UCCO2 of-10 to -6 %o PDB and 51SOQ)2 of+30 to +36 %> SMOW.
Such an isotopic signature is not compatible with an atmospheric, crustal or bacterial origin of CO,, and
is best explained as reflecting isotopic equilibrium with dissolved bicarbonates and porewater. Calculated
8l3CdissHCQ3 (-2 to +3 %o PDB) is comparable to values expected for HCO3 in isotopic equilibrium with
calcite presently occurring in the samples (5l3Cca]titc = 0 to +3 %a PDB), and therefore reflects the pri-
marily inorganic marine source of dissolved carbon. Calculated o ^ O p ^ ^ values are markedly negative
(-10 to -6 %o SMOW), indicating a meteoric nature of present porewater. They are comparable to 5IKO
values reported for formation waters in the overlying (Oxfordian) and underlying (Dogger) limestones, which
range from-9 to -5 %o SMOW. In addition, and in spite of a significant uncertainty (±1 %«) associated
to them, 5iSOp(irawMer values derived from outgassed CO2 exhibit an assymetrical bell-type shaped depth
trend within the clay formation. This suggests that argillite porewater may have acquired its 1SO isotope
composition following a diffusion mechanism, although the lowest 5l8Oporewalw values of ca. -10 %o
encountered in the lower-most part of the clay formation remain difficult to explain at this time.

Preliminary data gathered for 2 samples from well EST205 indicate that 8li4OpHr(,WJtcr values derived from
measurement of 5iSOK2Q.V3tlor are consistent, within analytical uncertainty, with those derived from outgassed
CO:- If this confirms for other samples, it will further validate the newly-developed methodology put
to work in this study and will also permit to constrain the hydrogen isotope composition of porewater
from H:O-vapor data {work underway).

The results reported above have important implications for the reconstruction and geochemical modelling
of water-rock interactions in the Callovo-Oxfordian argillites. First, the data indicate that dissolved
bicarbonate and COi, hence pH, are controlled by mineral equilibria, with no significant influence from
organic matter present in the samples (Gaucher et al., this volume). Second, the distinct meteoric isotope
signature for porewater throughout the Callovo-Oxfordian argillites and the lack of evidence for any
residual seawater imply that significant exchange has occurred with overlying/underlying aquifers, most
likely via diffusion.
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An essential item for the long-term safety of a High Level Waste underground repository is the effective
backfilling and sealing of access shafts and connection galleries. The sealing of the excavation disturbed
zone is also considered as an essential functional requirement for the seals. Within the 4(h framework
programme of the European Commission, SCK*CEN initiated the RESEAL project.

The primary aim of the RESEAL project is to demonstrate backfilling and sealing techniques of a shaft
and a borehole on a representative scale. Hereto, the "experimental" shaft (1.4 m internal diameter) and
a borehole (0.25 in in diameter) within the HADES underground research laboratory at Mol, Belgium,
have been sealed respectively with a FoCa clay pellet/powder mixture and pre-compacted blocks of
FoCa and Serrata clay. These in-situ tests should demonstrate that the sealing of a shaft and a borehole
avoids preferential migration of water, gas or radionuclides through the shaft or borehole, through the
interface seal-host rock formation or even through the excavation disturbed zone around it. The mechanical
stability of the seal under accidental overpressure conditions will be studied as well.

This paper presents the results of the work performed within the European Commission project: RESEAL,
between 1996 and 2005.

The experimental shaft was constructed in 1984 at a depth of more than 225m. This shaft was sealed in
September 1999 and artificial hydration started in May 2000. The shaft has been backfilled with concrete
up to a depth of about 16m and on top of this backfill zone the bentonite seal has been installed after
removal of the shaft lining. It was essential to remove this lining, much more permeable than the Boom Clay,
to effectively seal the shaft. The clay seal has a height of 224cm and a diameter of about 220 cm and consists
of FoCa clay pellets and powder mixed at a weight ratio of 50/50. The bottom 60 cm of the seal have been
compacted to a dry density of about 1.55 g/cm3. On the upper part of the seal, the powder/pellet mixture
has been applied without further compaction to avoid damage to the instrumentation installed in the seal.
This uncompacted layer has a density of about 1.4 g/cirr'. The top and bottom of the clay seal have been
made water and gas tight by a resin layer. The installed instrumentation allows a detailed follow-up of
pore water pressure, humidity, dilatance and total pressure evolution. Instrumentation within the host rock
surrounding the seal, gives information about the 3D stress distribution around the seal. The in-situ
hydraulic and mechanical perturbations and the displacement caused by the installation of the seal and
its subsequent swelling are monitored.

After about 3 years of hydration, measurements indicated that the seal is close to saturation. However,
1.5 years later, full saturation is still not reached. The currently available data show that due to the
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removal of the lining, a drop in pore water pressure around the shaft is noticed. In a cylindrical zone, at
least one meter around the shaft, the pore water pressure equals atmospheric pressure, indicating air
filled fractures in contact with the shaft. Thus, the EDZ is (re-)appearing around the shaft due to the
removal of the lining. A re-increase of the pore water pressure, indicating self sealing of the surrounding
Boom Clay is noticed, but only starts when the sealing material has reached near saturation. Measurements
of hydraulic conductivity of the sealing material are in the expected range and are close to the hydraulic
conductivities of undisturbed Boom Clay, as aimed for.

The borehole sealing experiment was started in December 1997. The plugs of two different sealing
materials i.e. the FoCa clay and the Serrata clay, are installed in a piezometer. The piezometer is placed in
a 27.5 cm diameter and 14.7 m deep horizontal borehole drilled in the Boom Clay from the HADES URF.
The pre-compaeted blocks were designed to be adapted to the experimental set-up, i.e. half cylindrical
elements with a central hole for the hydration tube and two guiding grooves for the assembling. The ring
formed with two half cylindrical blocks has an external diameter of 245 mm and an internal diameter
of 60 mm. The dry density of the blocks was choosen to obtain at full saturation a swelling pressure of
about 4.4 MPa, i.e; lithostatic stress at the depth of the HADES laboratory.

After saturation, the permeability of the seals is about a factor 10 lower than the permeability of the host
rock formation. Under gas injection, a gas breakthrough occurs, probably along the seal - host rock
interface, but the pressure level needed is equal to the radial total stress measured in the seal. After this
gas injection test, a radionuclide migration test through the FoCa seal has been performed to analyse the
migration behaviour within the seal under in-situ conditions and try to check for any preferential migration
along any relicts of EDZ or gas breakthrough. A pure diffusion model enabled to describe the obtained
breakthrough of radionuclides in the seal and its surrounding host rock.
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ABSTRACT

Since about two decades, geological clay formations are investigated on their suitability to host a repository
for high-level radioactive waste. Underground research laboratories (URL) In clay formations are currently
operated or are under construction in the plastic Boom clay formation near Mol in Belgium, the
consolidated Callovo-Oxfordian clay formation at Bure in France, and in the consolidated Opalinus clay
formation at Mont Terri in Switzerland.

Gas generated by anaerobic corrosion of waste containers or by radiotysis of water in the host formation
may lead to the development of high gas pressures in the repository which in turn can lead to fracturing
of the host rock if the gas pressure exceeds the least principal stress (a3) in the rock. The integrity of
die host formation would be disturbed and the release of radioactive material from the disposal rooms
would be possible.

To avoid such a scenario two technical possibilities can be considered. The first one is to provide an adequate
gas storage volume in the backfill of the disposal rooms whereby the gas can be kept at a comparably
low pressure. According to Rùbel et al. (2003), clay formations like the Opalinus clay provide enough
water to completely corrode the HLW canisters in a disposal borehole. Up to 481 Nm3 of hydrogen gas
will be produced per canister by its complete corrosion. Depending on the depth of the repository 7 to
14 nr backfill would be required per canister to maintain the gas pressure at an acceptable level, e. g.
below the gas entry pressure of the host formation.

Another option would be to seal the disposal rooms with an optimized sealing material which allows the
gases to migrate continuously out of the disposal room thereby keeping the gas pressure at a safe low level.

Clay/sand mixtures may be suited in this regard. Optimized material mixtures exhibit a high gas per-
meability in the unsaturated state allowing the gases to migrate out of the repository. Even after water
uptake from the host rock these materials exhibit a comparably low break-through pressure to gas and thus,
high gas pressures will not build-up in the repository, neither in the unsaturated nor in the saturated
state. On the contrary, after water uptake and swelling of the clay minerals, the permeability to water
reduces to very low values and hence, migration of leached radionuclides out of the disposal areas is
almost impossible.

The most important properties the material mixtures must fulfill to ensure limitation of gas pressure
increase and thus to avoid fracturing of the host rock are as follows:

High permeability to gas so that gases generated in the disposal room will migrate through the seal out
of the repository thus avoiding the generation of unacceptable high gas pressure in the disposal rooms.
Right after material installation, the permeability to gas in the unsaturated state ranges between IE-13 and
1E-15 m : and according to preliminary lab investigations remains below IE-17 m2 after gas break-through
in the saturated state.
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Low permeability to water; After water uptake from the host rock, the permeability of the material to
water reduces because of the swelling of the clay minerals. A starting value of about 1E-18 n r would
be sufficient in analogy to the permeability of the excavation disturbed zone (EDZ) in the host rock. It is
expected that the permeability to water will reduce further in consequence of ongoing rock creep with
healing of the EDZ and compaction of the sealing material.

Gas break-through pressure lower than the gas entry pressure of the host rock: The gas break-through
pressure of the sealing material must be low enough to ensure gas migration through the seal thereby
avoiding fracturing of the host rock. This can be achieved if the gas pressure in the disposal room
remains below the gas entry pressure of the host rock.

Adequate Swelling pressure to ensure required sealing effectiveness against migration of contaminated water.

The extraordinary sealing properties of clay/sand mixtures have been investigated in detail in the
geotechnical laboratory of GRS within the KENTON project (Miehe et al., 2003). Seal properties such
as permeability to water and gas. gas break-through pressure, and swelling pressure have been determined
for different mixing ratios and different degrees of compaction in order to provide a data basis for the
planning of further large-scale laboratory mock-up and in-situ tests.

The results of the KENTON project were quite promising and it was thus concluded to continue with further
work aiming at the qualification of clay/sand sealing materials under repository representative in-situ
conditions. Hence, in summer 2003. GRS started the SB project (Selfsealing Clay/Sand-Barriers) which
consists of continuing laboratory investigations for final selection of suited material mixtures and
development of installation techniques, large-scale laboratory mock-up testing for the development of
suited material installation techniques and testing of measuring instrumentation, and field testing in
vertical boreholes under representative in-situ conditions in the Mont Terri Rock Laboratory.

The paper will include a detailed description of the background, scope and objectives of the SB project
and will discuss the actual laboratory results obtained so far.

The SB project has been incorporated in the new Integrated Project ESDRED within the 6th European
framework programme.
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ABSTRACT
On the Bure site in eastern France, Andra (Agence nationale pour la gestion des déchets radioactifs) is
studying the feasibility of storing radioactive waste in a deep, 130 meters thick, hard clay formation.
This layer is interbedded between two, several hundred meters thick, carbonate units. This paper discusses
results from Andrans program for evaluating m-situ stresses in die hard clay as well as in the two surrounding
carbonate formations.

Data include results from multiple micro-hydraulic fracturing tests in deep boreholes, borehole breakouts
observed in wells with various orientations, convergence measurements carried out in the main shaft of
the URL, and tensile ruptures observed in wells with various orientations. This large quantity of data
gathered at various depths, in well spatially distributed boreholes, provides a unique opportunity for
constraining efficiently the complete stress tensor within the hard clay formation.

Main results are as follows :
• The major principal stress component is horizontal and oriented in the range of "N155°E (+/- 10 degrees)

with some reorientation close to the contacts between clay and limestone. This orientation is consistent
with the tectonic setting of the area, paleo-stresses by geological survey in the shaft, and neighboring
measurements carried out in northeastern France.

• The mean value of the amplitude of the minimum horizontal principal stress, as determined from
hydraulic tests, remains in the range of 8 MPa for both the Oxfordian limestones (above the clay target)
and the Dogger limestones (below the clay target). However, for the Callovo-Oxfordian argillite (the target
clay formation), it approaches lithostatic values between 11.4 and 12.4 MPa.

• The vertical stress component has been measured directly by reopening of defects or joints preferentially
oriented in the Callovo-Oxfodian and in the Dogger units. The values confirm that its magnitude is
slightly lower than the weight of sediments above the test zone, as evaluated from density integration.

• Direct measurements of the maximum horizontal principal stress magnitude within the clay have not
been successful, although some reasonable estimate is derived from the analysis of borehole breakouts
observed in boreholes with various inclinations. Evaluations carried out within the limestone units
(above and below the clay target) from in-situ hydraulic tests, convergence measurements in the main shaft,
or observations through borehole images, highlight the elevated magnitude of sH. In these carbonate
layers, the KH ratio between maximum and minimum horizontal principal stress magnitudes remains
between 1.5 and 2.0. This K.H ratio in the argillite is found to be close to 1.2, with the precise value
varying with depth together with the rheological characteristics of the respective layers.

These results underscore the necessity to identify the origin of the high horizontal maximum stress
component that has been identified within carbonate layers that lay above geological formations in which
the deviatoric stress has been nearly completely relaxed. This problem is presently being tackled with
numerical modelling at two different scales, 10 km3 and 10" km1, in order to separate local rheological
effects from large scale tectonic and other possible horizontal stress generation loading processes.
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In order to contain radioactive waste in deep geological layers it is necessary to analyse the damage of the
rock on disturbed zones induced by the excavation of galleries and cells. These zones are characterised by
an enhanced permeability, which leads to the creation of privileged ways for the flows of water. We have to
be able to predict, by calculation, the extent and the evolution of these Excavation Damaged Zones (EDZ),

The rock, and more precisely argilite, is a very impermeable material with a brittle mechanical behaviour.
But a simple behaviour as perfect plasticity does not allow to simulate the fracturation of the rock. It is
necessary to take into account a softening behaviour. Moreover consolidation phenomena linked to
water flows induces significant changes in the mechanical state of the rock. Then, an essential question is
to know if the numerical simulation for underground excavations using these models are reliable. For the
present benchmark, we were interested only in the numerical aspects and not in the relevance of the
behaviours laws themselves.

These elements lead us to propose a benchmark in which hydraulic and mechanical conservation laws
are imposed. The suggested tests, with increasing difficulties, represent (in Id or 2d) hydro-mechanical
simulations of excavation. It acts of an infinite cylindrical cavity with an initial state of stress, isotropic
in the Id case and anisotropic in the 2d case, and for which the environment is completely saturated.
Following modelings are proposed:
• 1.1 : test Id with a Drucker-Prager softening mechanical behaviour and a constant permeability;
• 1.2: test 1 d with a Drucker-Prager softening mechanical behaviour and a permeability which depends

on porosity;
• 2.1 : test 2d with a perfect piastic mechanical behaviour and a constant permeability;
• 2.2: test 2d with a perfect plastic mechanical behaviour and a permeability which depends on porosity;
• 2.4: test 2d with a Drucker-Prager softening mechanical behaviour and a constant permeability;
• 2.5: test 2d with a Drucker-Prager softening mechanical behaviour and a permeability which depends

on porosity;

The teams which take part in the study of this benchmark are the following:
• CEA with the software CASTEM;
• University of Lille with the software THM Passa;
• L3S (Liège) with the software LAGAMINE;
• LCPC with the software BIL;
• LAEGO with a private development of the free software CODE_ASTER;
• EDF with the software CODE_ASTER.

In the presentation we will discuss, in a detailed way, the results of the teams. We will emphasize the
main differences and the main points of agreement. The tests 1.1 and 2.1 did not raise difficulties. Small
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oscillations appear on the comparison curves of the effective stress (figure 1) for the modelings 2 .2 .

These oscillations are related to the methods of discretizations in space and times, which are freely

defined by the participants . The modelisation 1 .2 has encountered numerical convergence difficultie s
which are related to the very important variations of the permeability (about 10e6) . Finally, the modeling s
2.4 and 2 .5 show localisation phenomena with the refined mesh . We notice that, for all comparisons tha t
we did, the bigest relative difference is less than 30% .
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figure 1 : radiales stress at 1 .5Ms (y=0 )

Only the simulation with perfect plasticity behaviour and a constant permeability presents reliable results .
For the others, we have to study the mesh discretisation sensibility and the step discretisation sensibility .

Besides, the dependance on porosity for the permeability generates numerical difficulties . These ones could
only be resolved by taking into account two points : a reasonable permeability variation and the definition
of limits for this variations . Finally, the localisation phenomena encountered with the use of softnes s
behaviour give results depending on the mesh (comparison between figure 2 and figure 3 which represen t
the fractured zones for the same simulation but where the mesh is refined 10 times in the figure 3 i n
comparison of the mesh on the figure 2) . So, it seems necessary to define a non-local formulation law .
Although there is a large variety of non-local formulation laws for drained rocks there is a lack of suc h
models for hydro-mechanical coupled situations . For the moment, we did not schedule such a non loca l
formulation on this benchmark. But this issue will probably be the subject of following works .

figure 3 : fractured zones with mesh 2
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RECENT ADVANCES IN CHARACTERISING
THE PORE-WATER CHEMISTRY
OF ARGILLACEOUS MATERIALS

David Enrwisle, Shaun Reeder, Ben Charlton and Simon Kemp

British Geological Survey (BGS), Keyworth, Nottingham, NG12 5GG, UK

BACKGROUND

There are a number of advantages associated with argillaceous deposits as host rocks and buffer backfill
materials for the deep underground disposal of radioactive waste. They include low hydraulic conductivity,
high absorption of radionuclides and their mechanical properties. Although laboratory studies provide
much useful information on short-term processes, they are less reliable in providing data on the longer-term
processes relevant to performance assessment of the repository. Pore-water chemistry and isotope analyses
provide important long-term data for modelling water and ion transport through the argillaceous rock.
Solute transport mechanisms, including advection and diffusion, can be studied by comparison of the
observed data with modelled distributions. The study of the pore-water chemistry of the material
surrounding the repository and other natural analogues can give an insight into processes occurring over
thousands or millions of years.

There are a number of methods of extracting pore-water for chemical purposes from argillaceous rocks,
including squeezing, distillation and, indirectly, by leaching. Squeezing provides pore-water for all types
of analysis, including major and trace ions and isotopes. The squeezing method not only provides basic
chemical information, but also provides information on the interactions between the pore-water solutes
and the rock, buffering and ion exchange, which are important factors influencing contamination migration.

Pore-water extraction by squeezing has been carried out at the BGS for over 20 years for UK NIREX and
many international clients, including Andra, Nagra, SCK/CEN, JNC and GRS. This work has been carried
out on borehole core and backfill mixes fora wide range of clay materials. Chemical "fractionation" and
other trends have been apparent in the pore-water data but, because these systems are quite complex, some
of these trends have been poorly understood. Early squeezing tests carried out in the 1940s and 50s by
Kryukov et ai (1962) studied a range of clay materials mixed to thick pastes with sodium chloride solutions.
The results of these experiments showed that chloride and sodium concentrations remained relatively
constant until a certain moisture content was reached, at which point their concentration progressively
reduced with decreasing moisture content. The moisture content and pressure at which this occurred
depended on the properties of the clay. Building on the work of Kryukov and his co-workers, this paper
describes research into reactions between natural and proprietary clays mixed with three different pore water
chemistries (deionised water, potable water and sea water) to investigate in more detail the fundamental
interactions between clay minerals and pore-water solutes.

MATERIALS AND METHODS
Two smectitic and two kaolinitic clay materials were selected for testing. The two smectitic clays were
a natural Lower Greensand Cretaceous clay from Baulking, Oxfordshire, and a preparatory smectite
(Aldriche Fuller s earth "Fullererde" 6 - 8 mesh). The two kaolinitic clays were natural English China Clay
International LLPovington Blue" Ball Clay from the Creekmoor Clay Member, Poole Formation, Eocene;
and English China Clay International China Clay, Grade "B" powder. The mineralogy, geochemistry and
physico-chemical properties of all four samples were characterised using X-ray diffraction and X-ray
fluorescence analysis and cation exchange and surface area analysis. Sub samples of the two natural
clays were squeezed using conventional methods (Entwisle and Reeder, 1993) to investigate their in-situ
pore-water chemistry.
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Three 600 to 800 g samples of all four clays were then mixed to thin pastes using three different synthetic

waters : deionised water (to investigate the solutes in the clay) ; tap water (representing a potable water) ;

and an artificial sea water (BDH sea water corrosion test mixture) . The pastes were left to equilibrate

for at least a month in sealed plastic bags before squeezing using the method described by Entwisle an d

Reeder (1993) . Loads were added in small steps to prevent pore pressures from building up initially t o

more than a few MPa and to ensure that the pore-water was not extracted too rapidly . Testing continue d

until no more pore-water could be extracted . Pore-waters were collected in 10 to 20 ml fractions ,

between 11 and 22 of which were collected from each test . The pore-waters were analysed for a wid e

range of major and trace cations and anions .

RESULTS AND INTERPRETATION
The pore-water chemical compositions, corrected to take into account the initial moisture content of the
natural clays, have been plotted against calculated moisture content of the sample at the time of collectio n

of the pore-water fraction . Preliminary data for the sea water—clay mixtures for chloride, sodium an d

calcium are presented in Figures 1, 2 and 3 respectively .

Preliminary findings indicate that :
•There is significantly less variation

figure 1 : Chloride data for sea water

in the pore-water chemistry of the two
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BOOM CLAY PORE WATER CHEMISTRY
M. De Craen, L. Wang, M. Van Geet, H. Moors

Belgian Nuclear Research Centre (SCK»CEN), Waste and Disposai Department,
Boeretang 200, B-2400 Mol (Belgium).

In Belgium, geological disposal in clay is the primary option for the isolation of high-level radioactive
waste and spent fuel from the biosphere. The Boom Clay is studied as the potential host rock for
methodological studies on the geological disposal of radioactive waste. It is present under the facilities
of the SCK-CEN at Mol, at a depth of 190 to 293 m.

The current R&D programme focuses on the feasibility and safety of radioactive waste disposal in
the Boom Clay. In this framework, a detailed characterisation of the clay is performed (mechanical,
physico-chemical and hydrogeo logical properties, variability, role of organic matter, .,.)• In addition,
high priority is given to the understanding of the basic phenomena which control the retention of
radionuclides in the clay. Therefore, it is very important to characterise and understand the pore water
composition in the host rock.

All the available information from previous studies on the Boom Clay pore water chemistry was synthesised
in a "state of the art" report, status 2004 (De Craen et ai., 2004). This report describes the pore water
sampling and analytical techniques, the results, and interpretation of a series of studies carried out in-situ
in the HADES URF and in the laboratories. The objective of this study was to evaluate the most reliable
technique(s) to obtain representative pore water samples, to determine the variation of the pore water
composition in the Boom Clay, to present a coherent geochemical model for explaining the mechanisms
controlling the Boom Clay pore water composition, and to propose a reference pore water composition
to be used in the laboratory experiments, for speciation calculations, and for assessments of perturbation
that might influence the Boom Clay pore water. The main conclusions will be presented here.

Pore water sampling is done in -situ from various piezometers, or by the squeezing or leaching of clay cores
in the laboratory. These three pore water sampling techniques are compared and evaluated. At the present
time, piezometer water is considered to be the most representative for the in-situ pore water. This is because
piezometer waters experience minimum laboratory manipulations and therefore suffer minimum artefacts.
Squeezed pore water is comparable to piezometer-derived water when considering the major ionic compo-
sition, but not for trace elements and organic matter. Squeezed pore water samples can thus be considered
as representative for the in-situ conditions, up to a certain degree. Comparing to the piezometer and
squeezing techniques, batch leaching experiments provide comparable results for the major cation compo-
sition if the samples are carefully filtered. Due to die electrostatic properties of the Boom Clay, i.e., double
layer phenomena, the leaching waters reveal a very different anion composition compared to the waters
extracted from compacted clay using piezometers and squeezing techniques.

A large data-set on pore water composition is available, however, because of the different sampling
techniques, the different design of the piezometers, and the different filter materials used, it is not
always unambiguous to interpret these data. The reliability and significance of these data have therefore
been considered by statistical analyses and geochemical modelling.

Some slight variations in the chemical composition of the pore water have been observed. These variations
can be explained by principles of chemical equilibrium and cation exchange. The current geochemical
model assumes the equilibrium of calcïte, siderite, pyrite, and chalcedony, and the cation exchange
between Ca, Na, K, and Mg. Although these variations are very small, statistical analyses suggested a
vertical spatial variability within the Boom Clay pore water. This vertical variability shows no gradient,
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and is mostly influenced by the elements Na, Mg, Ca and CI. It is not clear whether the observed vertical
variability is the results of artefacts or not. This needs further investigation.

Being very important parameters, the Boom Clay pH and pCCX and their controlling mechanisms are
still not conclusive. Apart from the well known in-situ ARCHIMEDE-argile measurement (pH 8.2;
Griffaolt et ai, 1996), the new in-situ measurement (pH 8.0; Moors et ai, 2002) demonstrated the
technical difficulties in pursuing a good quality pH measurement. Alternatively, the pH of the Boom
Clay is obtained through speciation calculations, suggesting a pH range of 8.3 to 8,6. The calculated pCO2

value for the latter pH range is between \0'1A and 10'3S atm. Recently, a new technique is developed for
a more accurate and representative measurement of in-situ pCO2, pH, and contemporaneous pore water
sampling. This new technique will be presented in another presentation (Moors, 2005).

A modelled reference Boom Clay pore water composition is provided, taking into account the current
knowledge of Boom Clay mineralogy and calibrated towards the pore water dataset. Boom Clay pore
water is basically a NaHCO- solution of 15 mM, containing an important amount of dissolved organic
matter (about 115 mg C /1). The current model assumes the equilibrium of calcite, siderite, pyrite, and
chalcedony, and the cation exchange between Ca, Na, K, and Mg. The maximum redox potential Eh is
about -270 mV; controlled by the equilibrium of pyrite and siderite under the in-situ geochemical conditions.
A lower redox potential is possible as the result of interactions involving natural organic matter mediated
by biochemical processes.

Since a number of uncertainties still remain, some recommendations for further research on the pore
water chemistry are formulated.

This work is undertaken in close co-operation with, and with the financial support of NIRAS-ONDRAF,
the Belgian Agency for Radioactive Waste and Enriched Fissile Materials. The critical follow-up and
fruitful discussions with Mrs. A. Dierckx and Mr. R. Gens are very much appreciated.
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MODELLING THE POREWATER CHEMISTRY

OF THE CALLOVIAN-OXFORDIAN

FORMATION AT A REGIONAL SCALE

E.C.Gaucher ' , S . Altmann 2, R Blanc ' , G. Braibant ', C . Crouzet ' , J.P. Girard ', E . Jacquot 2 ,
A . Lassin' , A. Moussay ' , C . Tournassat' , A. Seron '

1.BRGM, 3, ay. C . Guillemin - BP 6009 - 45060 Orléans Cedex 2, France .

2.Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtenay-Malabry Cedex, France

Within the partnership between the French Geological Survey (BRGM) and the French agency for nuclear
waste management (Andra), the purpose of the project THERMOAR (Thermodynamic of water i n
argillaceous formations) is to define the porewater chemistry of the Callovian-Oxfordian formatio n
(Andra URL, Bure, France) . This formation is studied as a natural barrier to confine the radionuclide s
of a potential nuclear waste disposal . We need to understand the geochemistry of these rocks to be able to
foresee the migration of the radionuclides and to evaluate the durability of the storage materials (metals ,
cement, and nuclear glass) . The main difficulty stems from the rock low water content . This makes sampling
very problematic . To address this problem, we have developed an experimental methodology allowin g
the acquisition of the parameters that are necessary and sufficient to model the porewater chemistr y
from core samples obtained during the drilling campaigns :
•Redox capacity of the rock ;
•Identification and quantification of the minerals ;
•Observation of minerals cristallinity ;
•Water content and geochemical porosity ;
•Anions leaching ;
•Ion exchange capacity and adsorbed cationic population ;
•Ion exchange selectivity constants ;
•Gas partial pressure and isotopic analyses .

oct.
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Figure 1 : pCO2 measurements Borehole EST205

These experiments yield a complete set of parameters for the modelling . The numerical model consider s
the thermodynamic equilibrium between water, a selection of minerals of the formation and the clay
exchange sites . The selection of minerals is made considering their good cristallinity and well-preserve d
surfaces . By 8 13C and 8180 measurements of the CO2 gas (Girard et al., this issue), we have proved tha t
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the carbonaceous minerals fix the partial pressure of CO, (Figure 1 ) and regulate the pH. These results
associated with the modelling allow the definition of the porewater chemistry with a good level of confidence
(Figure 2).
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Figure 2: Schoeller Diagram of the modelling porewater chemistry of the Callovian-Oxfordian
Formation. Al, A2, Bl, B2 refer to different modelling options (e.g.: ApCO2, AC1)

The question of the variability of the porewater chemistry has been studied with a vertical cross section
at the location of the auxiliary shaft of the Andra URL. 33 samples were analysed for their mineralogy
and geochemistry (Gauchers a/., 2004). Tn addition, the complete methodology has been conducted on
6 samples with in particular the chemical and isotopic characterisation of the gas. In the formation, the
major variation in mineralogy concerns only the type of interstratified clay and the presence of kaolinite
in the deepest units. These variations have no noticeable impact on the modelling of the porewater
chemistry. The stability of clayey surface chemistry indicates that the relative proportions of Ca, Mg,
Na, K in the porewater are uniform throughout the formation. The only potential source of chemical
variation in the porewater is due to the higher content of Cl at the Callovian/Dogger limit.

The methodology has been applied on three samples coming from the deep scientific drilling located
up to 10-km around the URL. The first results obtained on the chemistry of the gas show no significant
variation of the pCO2. Consequently, the carbonate system seems to be similar to the Bure site and the
pH will be closed to the values 7.0 -7.3.

As a conclusion, our methodology yields a complete set of parameters for the modelling of the pore-
water chemistry. The application of this methodology at a regional scale around the Bure site shows an
homogeneous chemistry of the Callovian-Oxfordian Formation porewater.

Reference:
E. GAUCHER, C. ROBEL1N, JM MATRAY, G. NÉGREL, Y. GROS, J.F HEITZ, A. VINSOT, H.
REBOURS, A. CASSAGNABÈRE, A. BOUCHET. (2004) Andra underground research laboratory:
Interpretation of the mineralogical and geoehemical data acquired in the Callovian-Oxfordian
Formation by investigative drilling. Physics and chemistry of the earth, Special issue: Water
Geochemistry and Hydrogeology, Vol 29/1 pp 55-77.
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ESTIMATION OF IN-SITU GROUNDWATER
CHEMISTRY USING GEOCHEMICAL

MODELING: A TEST CASE
FOR SALINE TYPE GROUNDWATER

IN ARGILLACEOUS ROCK
Hiroshi Sasamoto1. MikazuYui\ Randolph C.Arthur2

1. Japan Nuclear Cycle Development Institute (JNC),Tokai Works, 4-33, Muramatsu,Tokai-Mura,
Naka-Gun, Ibaraki 319-1194, Japan

2. Monitor Scientific L.L.C., 3900 S. Wadsworth Blvd. #555, Denver, Colorado 80235 USA

INTRODUCTION
Saline type groundwaters with oil, gas and coal fields are identified in the JNC's extensive database of
groundwater samples from throughout Japan. Groundwater data in the Mobara area (a marine based
argillaceous rock) located in the weli-known "South Kanto gas field" were investigated by JNC as part of
a natural analogue study designed to gain insights into the long-term behavior of nuclear-waste glasses
in contact with bentonite buffer materials (Kamei et al., 2000). Most groundwaters in the gas field were
extracted from deep gas wells (e.g., 400 m to 2000 m below the surface), and the all data reported
previously were sampled at the wellhead, where physico-chemical parameters (e.g., temperature, pH,
Eh etc.) were also measured. In such cases, particular attention should be paid to whether the measured
and/or analyzed results are consistent with the chemical and physical conditions in the in-situ geological
formation because the temperature and pressure changes during sampling can affect the groundwater
chemistry. The present study shows a test case to estimate the in-situ groundwater chemistry in argillaceous
rock of the Mobara area by using geochemical model.

GEOLOGICAL SETTING
The Mobara area is located approximately 50 km southeast of Tokyo. Neogene sedeimentary rocks of the
Kazusa group represent the geology of this area. Of primary interest to the present study is the Otadai
formation, which formed about 1 Ma, in the Kazusa group. It consists of clay-rich rocks whose physical
properties (e.g., dry-density, porosity, hydraulic conductivity) are similar to bentonite, "Kunigel VI11

{Kamei et al, 2000). Mineral compositions of argillaceous Otadai formation were qualitatively characterized
by using XRD techniques and the mineralogy includes: quarte > plagioclase > montmorillonite, chlorite,
calcite > illite, alpha-tridymite, K-feldspar, clinoptilolite, pyrite, siderite, hornblende (Kamei et al., 2000).
The formation also includes volcaniclastic sediments composed of scoria or volcanic ash. A number of
gas-producing wells intersect the Kazusa group. Typical composition of gases separated at the wellhead
are as follows: CH,,{g) = 98 %, CO2 (g) = 1.8 %, and N2(£) + Ai(g) + H:(g) = 0.2 %.

GROUNDWATER CHEMISTRY
Sugisaki et a!. (1962) and Kamei et al. (2000) describe the groundwater chemistry in the South Kanto gas
field. Especially detailed information about chemical and isotopic composition of groundwaters and surface
waters in Mobara area is reported by Kamei et al. (2000). Groundwaters in the field are Na-Cl type solutions
and seem to be modified connate seawater.A@The age of Mobara groundwater is estimated roughly similar
to the age of the Otadai formation (Neogene). The measured pH and Eh of groundwaters sampled at
wellhead in the Mobara area are about pH 8.0 (7.74 to 7.94) and about Eh -50 mV (-73 to -34 mV).
respectively.
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THERMODYNAMIC INTERPRETATION OF GROUNDWATER CHEMISTRY
The REACT module of the Geochemists's Workbench and its supporting thermodynamic database
(Bethke, 1996) were used to calculate the saturation indices (SI) for calcite in the Mobara groundwaters
and South Kanto gas field groundwaters. The SI values for calcite range from 0.20 to 1.00. Calcite is
known to equilibrate relatively quickly with aqueous solutions at low temperatures and this mineral is
present in the Otadai formation, however. Therefore the values greater than 0 for SI of calcite may be
due to errors in the pH measurement.

ESTIMATION OF GROUNDWATER CHEMISTRY BY GEOCHEMICAL MODELS
Errors in the pH measurement might be caused by degassing during sampling of groundwaters.
Degassing could have changed the pH and compositions of samples collected at the surface relative to their
in-situ characteristics. As a test case to estimate the groundwater samples from the Mobara area for the
possible effect of degassing, we first assume that the in-situ groundwaters are saturated with respect to
calcite. A back-litration geochemical model is then used to simulate the addition of CO2(g). Regarding the
redox conditions of groundwater, it is extremely difficult to obtain stable and reproducible Eh measurements
in the field because the surface samples may be oxidized by contact with atmospheric oxygen, thus we
also assume that pyrite-siderite equilibrium controls the Eh of Mobara groundwaters considering the
mineralogy identified in the Otadai formation. The assumed equilibrium between pyrite and siderite
implies a fixed value of Pms a t a g*ven temperature and pH. A back-tit ration of trace levels H2S{g) is
also applied to estimate the possible effect of the in-situ Eh and pH of groundwaters- The calculated
result shows thatpH is about 6.7 and Eh is about -190 my respectively. The estimated pH value for the
in-situ groundwater is about 1 unit lower than the measured pH value at the surface and the in-situ redox
potential is significantly lower than Eh value measured in the surface sample.

FUTURE SUBJECT TO VALIDATE GEOCHEMICAL MODELING
Estimation technique using geochemical modeling would contribute great importance for plans of URL
project on surface-based investigation stage as the relevant data are limited generally. Reliability of
estimation technique presented in this paper could be validated through the Horonobe URL project
(saline type groundwaters in sedeimentary-rock environments) because the special sampling technique
and apparatus {e.g., a downhole in-situ measurement) would be applied to obtain the reliable in-situ
groundwater chemistry.
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SOLUBILITY OF GASES AND MINERALS
IN WATER UNSATURATED ROCKS:

THERMODYNAMIC CALCULATIONS
Arnault Lassin'. Mohamed Azaroual1, Marie Pcttenati12, Lionel Mercury2, Jean-Louis Pinault1

1. BRGM - 3, avenue Claude Guillemin - 45060 Orléans cedex 2 - France.
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INTRODUCTION
Most of the physical chemical processes taking place in ground and surface waters can be characterised
using classical thermodynamic approaches. Current geochemical calculation softwares (i.e., PHREEQC,
EQ3/6, ere), which include these approaches, are used to study a wide range of natural and industrial
hydrogeochemical systems for scientific research works and engineering applications. However, for the
unsaturated zone (UZ), application of classical approaches is misleading. Indeed, in the UZ, that is soils
and subsurface systems located above the water table and where aqueous solutions, solids and gases
coexist, capillary forces significantly modify the physical, chemical and thermodynamic characteristics
of aqueous solutions. Recent theoretical works [1-3] have integrated capillary and osmotic effects in the
thermodynamic properties of UZ waters.
The goal of this communication is to present applications of this new approach to simplified but realistic
argillaceous rock systems submitted to heating and drying conditions (temperature and/or relative humidity).

THERMODYNAMIC CALCULATION CODE FOR UZ
Pore solution of the UZ is suspended above the water table despite gravitational attraction, owing to its
decreasing internal pressure below the reference value of 1 bar (at the water table). This decreasing pressure
is controlled by air humidity and, in very dry media (low relative humidity), water internal pressure can reach
very low values, including the domain of negative pressures. An important progress have been achieved for
dealing with the negative pressure domain [1], leading to the integration of the most recent EoS [4] and
dielectric constant equation [5] in the same theoretical frame [2]. Thermo dynamic and electrostatic
properties of water calculated in this way can be used for calculating the standard properties of aqueous
species as a function of pressure and temperature.
The entire approach described here has been integrated in a numerical code, called Thermo-ZNS, which is
a modified version of HKF - SUPCRT92 [6,7], so that water properties can be calculated, by the above
quoted equations, in a single way from hydrothermal media and saturated zone up to non-saturated soil
systems.

THERMODYNAMIC CALCULATION CONDITIONS
Thermo-ZNS calculates standard thermodynamic properties of water, aqueous species, minerals, gases
and reactions, evaluating equilibrium constants for any pressure and temperature conditions (from
-1700 to 5000 bars and from -30 to 1000°C). Results are then included in the database of PHREEQC
[8], for evaluating organic and inorganic pollutant mobility and solubility of gases and minerals in water
saturated and unsaturated geological systems. Salinity effect on minerals and gases solubility is taken
into account by means of the activity coefficients of aqueous species. These calculations involve the
osmotic parameter (Debye-Hiickel parameter Ay) corrected as a function of pressure and temperature.
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RESULTS AND DISCUSSION
The presented approach was used to calculate the aqueous speciaiion of a fictive pore water for various
capillary pressure values, ranging between -1200 and 1 bar. Effect of partial pressure of reactive gases
(COj and O2) is explored The chemical system studied is Na-K-Ca-Mg-Fe-Al-C]-Si-S-C-(O,)-(CO2)-H,O,
involving more than 50 aqueous species, 7 minerals of the Callovian-Oxfordian formation [9], and 3 gases.
Interestingly, results indicate an enhanced solubility of the CO2 gas at high pore solution capillary pressures
(most negative pressures).
Saturation indices of selected minerals have been calculated with two options because the system can be
considered either isobaric or anisobaric, as proposed in [1,3]. The former situation would schematically
correspond to mechanical and thermodynamic equilibrium conditions encountered in mineral precipitation
by nucleation process. The latter situation would rather describe conditions for the dissolution of minerals
initially present in the system at a given pressure (e.g., 1 bar) or for precipitation by epitaxial growing
process.
Depending on the isobaric or anisobaric context, thermodynamic calculations show that the minerals can
be destabilised or stabilised with decreasing pressure, respectively. This means that a pore solution (with
fixed concentrations) of the UZ can potentially be under-saturated with respect to a primary mineral
submitted to the atmospheric pressure (or, furthermore, to a lithostatic pressure), and be over-saturated
with respect to the same mineral phase submitted to the capillary pressure of the solution.

CONCLUSION
A new thermodynamic approach applied to the capillary and osmotic conditions of pore waters of the
unsaturated zone is developed. First applications of this approach indicate it would be a fruitful tool to
account for geochemical behaviour of rocks of low porosity in contact with an atmosphere (capillary
water - minerals - gases). For instance, an enrichment of the pore solution in noble and reactive gases,
namely CO2 and O2, is predicted owing to their higher solubility in capillary waters. Obviously, these
new results will improve our knowledge on the mechanisms of organic and inorganic pollutant transfer
through rocks of low porosity.
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EVALUATIONS OF COMPOSITION
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ABSTRACT
To provide an overall functional evaluations of buffer materials, this study attempted to investigate the
relationships among the engineering properties, plastic index (Pf), compaction efficiency, hydraulic
conductivity^); sorption properties, distribution ratio(Rj) for some buffer materials composed of quartz
sand and bentonite. According to engineering and sorption properties, the optimal composition can be
found out with some optimal approaches. However, a genetic algorithm (GA) is a robust method for
searching the optimum solution to a complex problem and widely is applied to many different topics. It is
a search algorithm based upon mechanics of natural selection, derived from the theory of natural evolution.
The study of genetic algorithms (GAs) has developed into powerful optimization approach since 1970s,
so this study tries to apply GAs to this problem. Under both synthetic grounciwater (GW) and seawater
(SW) conditions, the composition of quartz sand and bentonite was evaluated by associating engineering
and sorption properties. Due to ends of experiments, this study assumes linearly proportional relationship
among bentonite content of buffer materials, PÎ, k, and sorption properties. And GAs was carried out
using a population size of 50, a crossover rate of 0.5, and a mutation rate of 0.1. The final results based on
genetic algorithms are consistent with consequences of previous tests. From the viewpoints of associated
engineering and sorption properties, the buffer materials nearly containing 70% bentonite are probably
the most favorable choice. These results will show a determination of more effective buffer material
composition.
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ABSTRACT
The technique of multi-barrier disposal systems of radwaste has been studying among the world. The
buffer materials that retard the migration of nuclides and make the canisters stable play a very important
role. To couple engineering and sorption properties to evaluate the buffer/backfill materials, synthetic
groundwater (GW) and seawater(SW) were used as the liquid phases to simulate possible conditions for
a deep geological disposal in an island. The /?,/ value of Cs, I and Se (10 •" M ) with respect to various
composite ratios of bentonite/ latente/ quartz sand mixtures were measured using batch sorption tests in
GW and SW. Deionic water (DIW) was used as the liquid phase forAtterberg limit tests, triaxial shear tests
and hydraulic conductivity tests to acquire the engineering properties of those mixtures mention above.
The Atterberg limit tests results showed that 7 samples are concluded inorganic clays of high plasticity
and one is inorganic clays of medium plasticity. The samples with 30% quartz sand content indicate the
higher shear strength than those with 50% quartz sand content and very low hydraulic conductivity for
all samples are in the same order about 10'10 m/s. The sorption of Cs on mixtures reveals that distribution
coefficients (RjS) is higher in GW than those in SW. The Rds of Cs are inverse proportion to plastic index
(PJ) in GW and SW as well as the RjS of Se. The sorption of Se on mixtures is affected significantly by
composition of solid phase. However, the major affection for sorption of Se is solid phase and that of
Cs is liquid phase. Very low sorption oft on all mixtures in GW and SW.

Under these experimental conditions, these results reveal that more effective buffer material composition
of 30% quartz sand content which Ware 40 to 60. Latérite is more effective sorbent for Cs and Se than
Bentonite.

Keywords: buffer material; distribution coefficient; latérite; bentonite; quartz sand; engineering; sorption
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INTRODUCTION
The aim of the safety calculation is to quantify through numerical modelling the radiological impact (molar
flow, human dose) of a potential repository for radioactive waste on the Meuse/Haute Marne site at Bure.
A selection process is underway for safety scenarios and their "phenomenological" and "numerical"
conceptual models upstream from the safety calculation. This involves defining and quantifying the geo-
metric and dimensional representations of the repository for each scenario plus the physical, mathematical
and numerical models that reflect its behaviour and the uncertainties associated with all the parameters
required to quantify the impact. A summary will be given of these various aspects.
The numerical simulations are then performed on the Alliances platform which integrates the various
computer codes required for the physical representation of the system.

PHYSICAL AND MATHEMATICAL MODELLING
The engineered structures in the repository are centred horizontally in a layer of argillite some 130 m thick
and 450 m deep. Modelling such a system involves representing the physical phenomena at different
spatial scales from the packages to man. The calculations are used to interpret the release of radionuclides
and toxic chemicals from the waste packages and quantify their migration via diffusion/convection and
dispersion tlirough the various materials and formations crossed. Detailed, preliminary calculations are used
to assess mechanical, thermal and chemical disturbances within the repository in advance. Any influential
phenomena are integrated into the safety model as environmental stress (space-time modification of
parameters).

The physical modelling defines two spatial scales - the near field, with detailed representation of the
engineered structure components (vaults, drifts), and the far field, representing the various geological
formations.

NUMERICAL MODELLING
To implement the physical model, the various temporal and spatial scales, the limitations of numerical
software programmes and computing power define connected calculation "compartments" for a given
scenario. The diagram below shows the various compartments for a normal evolution scenario.
Two types of compartments - package and vault - are defined in the near field. Three compartments -
repository, geological medium and biosphere - are defined for the far field. The flow of radionuclides
released from each compartment is calculated and acts as input data for the following compartment.
One or several indicators are thus assessed within each compartment and are used to meet the safety
scenario objectives.

The flow (one or several permanent regimes) and the transient transport are calculated for each compartment.
The thermal and mechanical disturbances are taken into account through the spatial and temporal variation
in the hydraulic and transport parameters.
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SAFETY CALCULATION USING ALLIANCES
The Alliances platform is used for the package, vault, repository and geological medium compartmen t
calculations. The migration calculations require the hydraulic field to be calculated first .
The spatial discretisation (meshing) of the compartment, the physical data, temporal discretisation ,
numerical convergence criteria and compal tment exit indicators can be defined and varied by the end-user .
A sample safety calculation will be presented : the processing of the altered evolution scenario "Sea l
Default" with consideration of the influence of the thermal effects (altered diffusion and convection ,
thermodiffusion) in time and in space . The following diagram shows the links between the calculations
performed. This example shows how Alliances can connect all the calculations and validate the results
by using different computer codes .
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ABSTRACT
Many of the present designs of repositories for radioactive wastes derive from generic feasibility studies
which emphasise post-closure safety. These include little (or no) treatment of the practicality of safe and
quality-assured construction of engineered barriers under the conditions (humidity, dust, etc.) and
requirements (emplacement rate, remote handling, etc.) of an operational underground facility. Indeed,
as soon as attempts are made to demonstrate such concepts in-situ at full scale, considerable practical
problems are encountered and, in many cases, additional engineering components are introduced (liners,
borehole caps, grouts, rock-bolts, drainage systems, etc.) which could be detrimental to - or at least
complicate - the long-term safety case.

As the discrepancy between the idealised concepts illustrated in performance assessment and the actual
systems which are shown to be feasible grows, there is a critical need for design rationalisation. Such a
process needs to include careful balancing of factors influencing safety during the operational phase -
which should not be compromised - with those which contribute to potential hazards which occur only
in the distant future.

Apart from such almost philosophical considerations, the robustness of the EBS construction procedure
to possible operational perturbations needs serious consideration. Even if closed and sealed repositories
are very insensitive to disruptive events such as earthquakes, hurricanes, industrial actions and terrorist
actions, the operational system may be more vulnerable to perturbation. Designs should be introduced
which, to the greatest extent possible, not only "fail safe'1, but are also easy to remediate (or reverse) in
case the assurance of EBS quality is lost.

This paper will expand on ideas for a "2nd generation" of clay-based EBS designs, which are both practical
and safe. Associated requirements for R&D and performance assessment model development will also
be outlined, with a particular focus on issues directly related to highly compacted bentonite as a key
component of the EBS.
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ARGILLACEOUS FORMATIONS
AND CLAYS IN THE CONTEXT

OF DEEP GEOLOGICAL RADIOACTIVE
WASTE DISPOSAL IN UKRAINE

D.P. Khrushehov, S.B. Shekhunova

Laboratory on geological problems of underground space utilization, Institute of geological science
National Academy of sciences, Gonchara str., 55b, 01054 Kiev, Ukraine

Ukraine is among three countries possessing enormous quantities of radioactive waste. In Ukraine, these
wastes were accumulated mainly because of the operation of five nuclear power plants (NPP) and the
Chernobyl accident. As a result, Ukraine has been forced to develop a national program of radioactive waste
isolation in geological formations. Research on radioactive waste isolation in underground geological
formations was started in 1993, by an initiative of the State Committee on Nuclear Power Utilization
(Goskomatom), the main waste producer.

The legislative background for radioactive waste management in Ukraine is based upon the following
state acts (decrees):
• "On radioactive waste management17

• "On nuclear power utilization and radiological safety"
• "On public health, sanitation, and disease control".

hi addition, there are three state programs for radioactive waste management (1995, 1999, 2002} containing
special issues concerning deep geological disposal. The program for intermediate and high level waste
disposal in geological repositories wras compiled in 1999, but it has not been yet confirmed.

In accordance with the last issue of the program for radioactive waste disposal (2002) the following
actions are planned for 2002-2005: the developing of deep geological radioactive waste disposal concept;
the selection of promising geological regions and formations; the selection of technical decisions for
central geological repository foundation.

As present the strategy of central geological repository is aimed at selection of sites in the limits
Chernobyl exclusion zone. But this approach meets serious opposition due to unfavorable tectonics.
Hence, it is necessary to secure a selection of alternative areas and sites in favorable geological formations.

In 90-th according to accepted concepts equally with crystalline formations salt and argillaceous ones have
been considered. The ranking of formations was as following: 1 - crystalline; 2 - salt; 3 - argillaceous.
Promising areas and sites have been selected (Khrushehov, Storodumov, 1996 e.a.).

Target oriented investigations of argillaceous formations have been carried out on a basis of considering
of the following clay rocks peculiarities being of interest from the point of view of radioactive waste
disposal, namely: low permeability, high plasticity and rupture dislocations healing ability, chemical
inertness as to acids and alkalis, high sorption and ion exchange capathity.

Considering the scheme of the territory of the Ukraine subdivision (from the standpoint of radioactive waste
disposal) two geological regions including argillaceous formations being characterized with sufficient
thickness and acceptable lythological compositions namely: Dniper-Donets depression (including
Donbass) and Volyn-Azov plate. Favorable argillaceous series and promising areas have been selected.
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A set of criteria for selection and preliminary evaluation of sites in argillaceous formations has been
developed. This set includes the following criteria: structural, neotectonic, geomorphologial, lythologîcal,
hydrogeological, geochemical. thermophisical, biochemical. The stage of sites-candidates characterization
also have their own peculiarities.

The example of argillaceous series role as an additional natural barrier covering salt dome, as a host
geological medium for radioactive waste repository, is under consideration. This example is represented
with Triassic argillaceous series which overlies some Devonian salt domes in Dniper-Donets depression
and bedded Permian sait formation in Donbass region. Triassic series composed of clays and sandstones
(Dronovka suite) is of interest as a natural analog for radionuclides intrusion into sedimentary rock mass.

In connection with technical options concerning engineering barriers (backfill, sealing) in repository
concepts clays have been considered as a basic material in accordance with generally accepted approaches
(Khrushchov,YakovlevsTiagunov e.a., technical reports, Goscomatom order, 1995-96). Resources of clays
of monmorillonite composition are represented with a number of deposits in different regions of the
Ukraine (Cherkasy etc). The quality of clays is high.

Special investigations on crystal structure, crystal chemistry, radiation and thermal stability of clay mineral
have been carried out in the frames of state budget contract IAEA project.

Special studies aimed at backfill efficiency increase have been conducted. Several types of mineral and
mineral-synthetic compositions (clays + organic component) were proposed. These compositions secure
additional improvement of backfill stability and isolative properties (including radionuclides sorption).
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INSTRUMENTATION AND DATABASE
IN LARGE SCALE EXPERIMENTS:

THE FEBEX EXPERIENCE
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ABSTRACT
One main objective of the large scale experiments (or tests) carried out in international URLs is to
obtain reliable data on the evolution of the different processes that take place in the engineered barrier
system and in the host rock, in conditions similar to those found in a real repository. Such information
is used to improve the understanding of processes and to validate the models or, if required, to further
refine them. Therefore instrumentation and the related data acquisition systems are a key issue for the
success of the large scale tests.
The reliability of data provided by the installed instruments depends on several factors related to their design
and installation as: the instruments measuring principle, the quality of components manufacture, the
calibrations performed, the installation procedures applied, the cabling solutions, the sensors positioning,
etc. Besides, the instruments working conditions usually make difficult to guarantee their correct operation
and accuracy during the full tests duration (several years). For this reason, the obtained data need to be
carefully checked before being reported during the operational phase, in order to provide data as realistic
and accurate as possible. In this sense, the experience of the team that installed the test has proved to be
necessary to help "interpret" the obtained information in the reporting. Finally, the fashion (clarity and
easy understanding of parameters evolution) in which the information is delivered to the research and
modelling teams also plays an important role.

Furthermore, the confidence on recorded data can be increased significantly by an adequate dismantling
of the test, because the measured parameters can be cross-checked with in-situ measurements and the
still operative sensors can be calibrated again. The results of such works enable to determine the current
accuracy of the data as well as to correct previous recordings in some cases.
Large amounts of information are accumulated at the end of a large scale experiment: raw data from the
test itself, technical reports, results from auxiliary laboratory tests and modelling works, etc. The main
goal then is to preserve the obtained information and to make it accessible for future use. Consequently,
besides the compilation and storage of all the existing information in a safe and well-organised way, it
is necessary to make the effort of extracting and refining the most relevant data, and of organising them
into a coherent and accessible database. In order to improve the usefulness of such database, it should
be coupled with an efficient management tool, provided with a friendly user interface, which shall
enable to interrelate the existing data and to help the user search and reach the required information.

The proposed paper describes the experience gained so far at the Febex "in-situ" test carried out in
granite, regarding the reliability of obtained data and the management of the generated information,
with especial emphasis in the results or data from the behaviour of the bcntonite engineered barrier.
However, the obtained conclusions are applicable to similar large scale experiences independently of the
repository concept and the host rock.
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Several concepts for emplacement of overpack and buffer material have been proposed for radioactiv e

waste repository. Most of emplacement processes have been planned by using remote-handling technology.
Basic method for the emplacement is to fill the space between the overpack and bedrock with bentonite

material such as bentonite pellets, bentonite block, or in-situ compacted powder bentonite . And the
alternative is assembling of overpack and buffer material at aboveground . As Fig . 1 shows, the bentonite

pellet method is easier to carry and fill the blank between overpack and bedrock than bentonite blocks

or the compacting bentonite powder method. Therefore, it has high-advantage of workability . Buffer

material is required high-density, bearing capacity to support overpack and low permeability . Th e

Engineering barrier which was made by bentonite pellet shows lower thermal conductivity than bloc k

or compacted powder bentonite, because of lower compaction-density . The thermal conductivity is very

important for releasing heat of overpack .

Overpack, i .e . ,
Container of
radioactive waste

Figure 1 : Engineering Barriers Construc t

There are two methods to increase thermal conductivity . One is mixing bentonite pellet and other soi l
materials such as silica sand or powder bentonite. The other is injecting water into bentonite pellet layers .
This paper describes the effect of these two measurements . The physical properties such as density, therma l
conductivity and hydraulic conductivity were measured . The mixing ratio of bentonite pellet and other soil
materials was designed with these tests results . Then, filling tests which simulate filling into disposal pi t
were executed . Bentonite pellets mixture were dropped from a soil hopper into a container that simulate d
disposal pit. The container size was 0 .3m in diameter and 1 .6m in height . The density distribution an d
material separation were observed after the filling . Consecutively, a water injecting test was done by
using the same instruments and procedure as the filling test . Then water was injected from the bottom
with a pipe which was pulled up according to the water level . Swelling pressure was monitored durin g
and after injection . Water content distribution was measured when the increase of pressure stopped .

Tablet and Granulate were tested as bentonite pellet . Tablet is a bentonite grain which powder wa s
compressed to 10mm in diameter . Granulates is crashed source rock . And silica sand, powder bentonit e
and granulate were chosen as mixing materials . The results were as follows : 1) Powder bentonite is th e
best mixing material for Tablets . The maximum dry density of the mixture is approximately 1 .4 Mg/m3 .
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The combination of Tablet and silica sand (Grain size 0 .15mm) may separate when it is carried and filled.

And hydraulic conductivity of the combination is 10 times bigger than Tablet only . 2) The maximum dry

density of the Granulate mixture with powder bentonite is 1 .45 Mg/m3 and the mixture with silica sand i s

1.48 Mg/m3. 3) The mixture of Tablet and powder bentonite accumulated almost minimum dry densit y

and Granulate also accumulated with same tendency . 4) It is possible to inject water into bentonite pelle t

layer. And water injection improves thermal conductivity. Injecting water is more effective than mixin g
other soil materials .
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Figure 3 : Filling Test Result
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OF ROMANIAN BENTONITE AS

ENGINEERED BARRIER IN RADIOACTIVE
WASTE REPOSITORIES

Elena Gheorghiu1, Mihaela Stanciucu2

1. Institute for Nuclear Research, 0300 Pitesti, Arges, Romania, P.O. Box 078
Phone: +40 248 213400 276 - Fax: +40 248 262615 - elenacghcorghiuft'yalioo.i'om

2. Geology Faculty, University of Bucharest Romania

The safety of radioactive waste disposal relies on multibarrier containment of radionuclides by both
engineered and natural systems. The bentonite as both buffer and backfill material has a key role for
repository safety. This is because one of the favourable properties of bentonite is that the mineral mont-
morillonite swells when it is in contact with water. Since the space available is limited, this clay will per-
fectly fill the available voids.

Because of Romania's complex geology, it is necessary to develop an efficient engineered barrier system
(EBS). The disposal concept is to build an EBS that ,in a stable geological environment, provide sufficient
margins in its long tenu performance for isolation of the waste, applicable to a range of potential geological
conditions and their future evolution.

In Romania the nuclear waste repository at Baita Bihor planned to use indigen bentonite as backfill
material; this clay, naturally occuring is found in deposits in our country.

The aim of this paper is to try to describe romanian bentonite by determining its physical, chemical and
mechanical characteristics.

At the beginning we will present some characteristics of powder (uncompacted) bentonite like density,
grain size and water content. Then the paper will contain the compaction characteristics
(maximum dry density, optimum water content); for the beginning, the compaction tests were performed
without mixing with other material. Also, another characteristics prezented in this paper are liquid limit,
plastic limit and plasticity index .

Taking into account the importance of hidraulic properties, we performed the permeability test to determine
the hidraulic conductivity of bentonite.
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TYPES AND DISTRIBUTION OF WATERS
IN A POWDERED AND COMPACTED

SPANISH Ca-Mg-Na-SMECTITE: EFFECTS
ON THE POREWATER SALINITY

AND SWELLING PRESSURE
A.M". Fernandez. P. Rivas

CIEMAT. Dpto. of Environmental Impact of Energy, Madrid, Spain
anamaria.rernandez'ft-ciemat.es

Compacted bentonites are being considered in many countries as a backfill material in high-level
radioactive waste disposal (HLW) concepts because of its low permeability, high swelling capacity and
high plasticity. In the Spanish reference concept, the FEBEX bentonite has been selected as suitable
material for the clay barrier. This bentonite is a calcium-magnesium-sodium monttnorillonite (from
Cortijo de Archidona deposit, Almeria, Spain), and it was formed by alteration of pyroclastic volcanic
rocks (Huertas et al., 2002). For the safety assessment of underground repositories, laboratory experiments
and predictive models are needed to describe the process of water infiltration, the swelling pressure and
the pore water chemistry evolution in the compacted bentoniie.

The pore water chemistry in bentonites is the result of the water-solute-clay interactions in the clay/water
system. For this reason, in order to determine the pore water chemistry it is necessary to know the
minera logical and chemical components of the clay system, the physico-chemical characteristics, the
hydration mechanisms, as well as, the types of waters, porosity, microstructure or fabric and ion diffusion
pathways in compacted bentonites.

An important issue in calculating the pore water chemistry in high-clay mineral content media is to distin-
guish between the types of water and their distribution in the clay/water system (adsorbed water, interlayer
water and pore water), as well as, their respective volumes accessible to cations and anions. Textural and
structural features and changes which occur during the intracrystalline swelling of FEBEX bentonite have
been investigated using nitrogen adsorption volume try, water adsorption and desorption gravimetry and
X-ray diffraction under controlled humidity conditions (Fernandez, 2003; Fernandez et al., 2004). The
purpose of this work is to study the quantity, state and location of the water in the powdered and compacted
FEBEX bentonite. These calculations have allowed to determine bentonite properties, such as accessible
porosity for the chemical reactions and the density of the adsorbed water. Furthermore, the concentration
of chloride needed to model the pore water chemistry as a function of the dry density has been obtained.
The dry state of the FEBEX bentonite was characterised by nitrogen adsorption-desorption isotherms.
Water vapor adsoption/desorption isotherms, together with c-lattice spacing determinations, were used to
characterise the saturated state of the FEBEX bentonite and to identify the different states and location of
the water. The X-ray diffraction allowed to describe the various levels of the hydrated clay organisation
and the micro structure evolution.

Different stages of hydration were possible to distinguish in the FEBEX bentonite, as well as the amount
of water molecules adsorbed on the silicate surface in the intcrlamellar space and on external surfaces.
Water is mainly adsorbed in the interlamellar space, but a 3-6% of water is external water adsorbed on
the external surfaces of the stacks, edges and OH groups.
However, in compacted bentonite, the amount of interlayer water depends on die dry density. A statistical
model has been used to distinguish between internal porosity (interlayer water) and external porosity
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(external water) in compacted material. As a result, the total number of layers in the smectite can be filled
with three-monolayers of water in the interlayer space up to a dry density of 1400 kg/m3. At dry densities
higher than 1400 kg/m3, a complete uptake of three-monolayers of water is not geometrically possible.
However, most of the water is distributed in the interlayer space. With this distribution, the internal or
interlayer water expressed as a percentage of the internal porosity in the system could be determined
(Fig. 1). Also, the amount of external water could be obtained. This quantity can be considered similar
to the available water for the chemical reactions that occur in the inter-particle pores or the amount of free
water. These results are in good agreement with the effective porosity calculated by means of through-
diffusion experiments.

As conclusion, re-hydration of the interlayer cations is the main mechanism responsible for the generation
of swelling pressures in highly compacted bentonite systems. The swelling accompanying the re-saturation
of the compacted bentonite tends to fill most of the initially present macroporosity and turns it into pre-
dominantly interlayer porosity. However, there is always an external water as a function of the dry density,
which allows to calculate the chloride concentration in the pore water of the FEBEX compacted bentonite.
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Figure 1: Total porosity, external porosity and internal or interlayer porosity as a function of the dry density
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REDUCED CLAY BEARING GRAY
SANDSTONE DEPOSITS OF MEGHALAYA,
NE INDIA: A POSSIBLE UPPER BACKFILL

MATERIAL IN GEOLOGICAL REPOSITORY
FOR HIGH LEVEL RADIOACTIVE WASTE

DISPOSAL
R.K.Bajpai, A.Acharya and V. Arumugam and M.RJoshi

Back End Technology Development Division, Nuclear Recycle Group, Bhabha Atomic Research
Center, Department of Atomic Energy, Mumbai 400085 - rkuntarfeapsara.harc.ernct.in

Geology and geocliemical aspects of reduced clay rich gray sandstones of Cretaceous age hosting
anomalous uranium occurrences in Meghalaya plateau have been evaluated to assess their suitability as
lower backfills in far field region of the geological repository. These sandstones are chiefly made up of
quartz (70-90%) and contain appreciable amount of clays and organic matters. Geochemical data on these
sandstones indicates that actinides (U & Th), elements analogues to fission products (Rb, Sr, Zr, Mo, Nb,
Cd, Ag, Cs, Ba and rare earth elements are adequately retained in clays and organic matters associated
with these deposits. Albeit these clay rich (Illite-Smectite-Kaolinite) sandstones contain almost 30%
water-soluble uranium and lies in one of the highest rainfall area of the world, not much uranium and other
trace elements have been reported to escape from the geological set up and hydrogeological system.

Due to the presence of strong reducing environment prevailing in these rocks caused by the presence of
pyrite and organic matter, most of the uranium being dissolved by circulatory oxygenated groundwater gets
reduced and also is trapped in the organic matter as organo uranyl complexes. The organic matters in these
sandstones have total adsorption capacity of 0.5% for actinides and at time contains as high as 40% uranium
adsorbed form groundwater. Similarly it also contains as high as 193-ppm molybdenum, 458-ppm cadmium
and 35-ppm silver. Data also reveals that most of the organic matter has been subjected to temperature
more than 100°C in the geological past during its burial and digenesis, hence possibility of carbon dioxide
production consequent to waste emplacement also does not exists.

The clays in these sandstones reveal good retention capacity for uranium, radium, rubidium, strontium,
cesium and rare earth elements, whereas most of the barium appears to have been accommodated in
secondary calcite frequently available in these sandstones. Leachability studies on these sandsones reveal that
strong acid treatment can only extract actinides and other trace elements trapped in organic matter and clays.

One of the concerns pertaining to any material proposed to be used, as back fill is its thermal stability.
Temperature driven clay alteration like smectite alteration, chlorite formation etc are expected in these
sandstones also. This in turn will enrich groundwater in Ca, Na, Mg leading to precipitation of minerals
like calcite, dolomite, chlorite etc with the aid of Si and Al from altered feldspar, in pore spaces of this
sandstone to reduce the permeability in far fields areas favorably. Similarly alteration of felspar will
produce kaolinite at relatively lower temperatures. This secondary kaolinite is also known for reduction
in permeability.

The study therefore highlights the possibility of utilization of non-mineralized and lean ore discarded
during mining and milling as backfill material in far field areas of a geological repository and also in
design of near field buffers/ in granitic rocks.
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The Belgian design for the disposal of the vitrified High Level radioactive Waste considers the host-rock
as the main barrier for the long term isolation in the normal evolution scenario. The effect of a large
scale thermal load on the behaviour of Boom Clay is one important remaining issue in the feasibility
sttidy of the disposal. Indeed, the impact of the thermal load generated by the waste is particularly
important since it will significantly affect the temperature and the stress profiles on the whole thickness
of Boom Clay in the short term after the disposal. The early transient THM perturbation might be the
most severe impact that the repository system will undergo on a large spatial scale and in a relatively
short period of time.

EIG EURIDICE (European Underground Research Infrastructure for Disposal of nuclear waste In Clay
Environment) is in charge on behalf of NIRAS/ONDRAF (the Belgian Agency for Radioactive Waste
and Enriched Fissile materials) to develop and operate a large scale in-situ test: "PRACLAY", PRACLAY
aims to demonstrate the suitability of the Boom Clay host rock, in terms of performance ofthe disposal,
to undergo the thermal load induced by the vitrified HLW. PRACLAY represents an important milestone
for the Safety and Feasibility Cases I (2013) and II (2020).

PRACLAY is developed to be design-independent to overcome possible future changes in the design.
The temperature criterion is: LLThe maximum temperature in clay-based backfill materials, used as engineered
barriers, for heat producing radioactive waste, must be kept below 100°C" (Bel and Bernier, 2001),
PRACLAY regroups a set of four experiments (see Fig. 1):
1. The "PRACLAY Crossing" consists in the intersection ofthe connecting gallery and the PRACLAY

gallery, and aims to demonstrate that it is possible to construct a crossing between an access gallery
and a disposal gallery at an acceptable cost and limiting the perturbation in the host-rock.

2. The "PRACLAY Heater Test" has to demonstrate that Boom Clay will behave as predicted under a
thermal load. The combined effect ofthe excavation and the thermal load will be investigated. It will
be important to verify that fracturation and desaturation remain acceptable and that the decrease of
effective stress due to the increase of pore water pressure will not lead to the liquefaction of Boom
Clay. A long term (10 years or more) large scale heater test would be representative ofthe real case.
However after 5 years of heating, preliminary conclusions could already be drawn and indicate if
Boom Clay is suitable or not.

3. The "PRACLAY Plug Test" is aimed at demonstrating that it is possible to cut-off hydraulically the
Excavation Damaged Zone (EDZ) and the engineered barriers ofthe disposal galleries with a horizontal
plug.

4. The "PRACLAY backfill test" aims to test the installation and the performance of different types of
backfill or buffer material (cement, slaked lime, bentonite, Boom Clay..,) that could be considered
in the design of disposal galleries. This test is realised in the frame ofthe 6(lt Framework Programme
on Research, Technological Development and Demonstration "ESDRED", funded by the European
Commission and co-ordinated by Andra (National Radioactive Waste Management Agency}.

International Meeting, March 14-18,21)05,Tours, France
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 293



P/GSI/13

30 m –lm

	

--IOm

	

Connecting
gallery

Heating
source n° 1

I leafing
source n°2
(Retrieavabl e
during the test)

Stee l
Structure

Injection tubes4 .

Bentonit e
annular ring

Isotherma l

ï
plug

Dummy
supercontainer

Annula r
buffe r

PRACLAY PRACLAY
Backfill test

	

Heater test

PRACLAY PRACLAY
Plug Test Crossing Tes t

Figure : The preliminary design of the PRACLAY experiment s

It will never be possible to reproduce exactly the same thermal load that will occur in a real repositor y
because on one hand the test has some limitation (short period of time compared with the time perio d
considered in a real repository, different boundary conditions, . . . .) and on the other hand the disposal site
design is not completely fixed and will evolve during the next decades . In order to be design independent ,
PRACLAY will reproduce in a conservative way the most critical state and phenomena that could occu r
within the host rock . By this way, the results of the tests are valid for all designs respecting the temperature
criteria .

The PRACLAY experiments are performed within "The PRACLAY Gallery", which is 40 m long with

an internal diameter about 2 m, lined with concrete segments and perpendicular to the connectin g

gallery. The heater length will be about 30 m. A hydraulic plug is required between the heated sectio n

and the connecting gallery to simulate undrained boundary conditions. Within the experimental drift ,

the gallery will be filled with a porous material (possibly slaked lime) . A heating system will be
installed inside the filling material to simulate the heat generated by the waste . The heater control will
maintain a constant temperature of about 80°C at the extrados of the lining . Two independent hea t
sources are foreseen to overcome a hypothetic failure of one of the heating elements .

The paper will present the objectives, the preliminary model predictions, and, as a result of these, the desig n
of the test, including the monitoring plan and the choices regarding the boundary and initial conditions .
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STUDY OF DIFFERENT DISPOSAL CONCEPTS
IN CLAY FORMATIONS

Wolfgang Filbert
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ABSTRACT

Within the scope of an R&D project which deals with the comparison of concepts in salt and clay formations
the main work was to work out the major features of a final repository concept in ciay forspent fuel and
vitrified waste. The work focused on the topics safety, conceptual design, and economical aspects. The
plajining was carried out taking into account results of previous R+D projects and international experiences
with repositories in clay (namely in France, Spain, Belgium and Switzerland). Open questions were to be
identified for further research and development.

The work was restricted to the final repository itself. Nevertheless, aspects of the siting procedure, of the
final disposal casks, conditioning, long-term safety, and geochemical processes were also considered.
The German Ministry of Economics and Labour represented by PtWT+E has funded the project '".

The project consisted of the following five work packages:
• Compilation of fundamentals and boundary conditions for the comparison: This included a compilation

of the state of the art of national and international waste management concepts in clay. Furthermore,
the amount of waste to be dealt with, cask materials, requirements for filling and closure material, and
siting aspects were described.

• Disposal cask concepts: compilation of available information about waste conditioning processes and
cask concepts including cost estimates.

• Conceptual design of a repository and repository techniques: the conceptual design of a repository in
the host rock clay was performed considering the surface and subsurface installations and the required
equipment including cost estimates.

• Repository safety in the operational phase: the radiation protection for the operational personnel, safeguards
related questions, and criticality during the operational phase were analysed.

• Long-term safety of the repository: here special aspects of the geochemistry in clay were considered
as well as basics for demonstrating the repository long-term safety.

The study rendered a detailed description of repository concepts for clay host rock, and addressed a series
of open questions still pending resolution. The results lead to the following statements:
• The main differences between disposal concepts in salt and clay concern the underground facilities layout,

the types of canister used, as well as thermal and mechanical behavior of the geological formations.
• Drift or borehole disposal regarding the given amount of spent fuel in Germany (8,950 thm) requires

around S Mio m_ space at the repository level.
• Borehole disposal regarding the given amount of vitrified waste in Germany (around 4,800 canisters)

requires 0.5 Mio m_ space at the repository level.
• The appropriate

- Emplacement concepts
- Emplacement techniques
- Preparation, transport and handling techniques
- Geotechnical barrier systems

need further development and testing.
• The processes of handling and transport have to be optimized with regard to minimizing cost efforts.

(1) Research Center Karlsruhe GmbH, Project Executing Organization of the Federal Ministries BMBF and BMWi far Water
Technology and Disposal
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The repository concept in clay needs to be further investigated In order to optimize the technique, safety
and the costs, which can especially be achieved by additional research and development projects.
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UKRAINIAN PROGRAMME ON
CHARACTERIZATION AND EVALUATION

OF SWELLING CLAYS FOR USE
IN ENGINEERED BARRIER SYSTEM

OF GEOLOGICAL REPOSITORY
B. Zlobenko, P. Fedorenko

Institute of Environmental Geochemistry of NAS of Ukraine, 34-A, Palladina Ave., Kiev 03142,
Ukraine

The concept and a programme for radioactive waste disposal in geological formations of Ukraine have
been developed. A concept for the disposal of nuclear waste in an engineered repository of the
Ukrainian Shield is based on a multiple-barrier system approach. Clays are now under further study as
barrier material that can be used in the repository for final disposal of high-level radioactive waste. The
Cherkassy deposit is one of the largest and most promising, with bentonite reserves of some four billion
tons. This deposit which covers an area larger than 120 km" and situated along the borders of the
Cherkassy and Kiev Regions. The deposit is located in the central part of the Ukrainian crystalline massif.
A Pre-Cambrian complex of crystalline rocks and their weathered crust, and sedimentary strata dating from
the Tertiary and Quaternary determines the geological structure of the deposition area. Lithologîcally.
the bentonite clay strata are heterogeneous. The Dashukovka deposit is like all other deposits in that it
exhibits a well-defined stratification of the productive strata. The clays are commercially available from
Dashukovka plant, which produce bentonite powder for industry.

A considerable amount of information has been acquired on the properties and performance characteristics
of engineered barrier systems. Identification and characterization of swelling clay materials as well as the
laboratory experiments are important activities in this area. As part of the mineralogical characterization
of the bentonite clay portion a series of mineralogical analyses were conducted.

The migration of radionuclides from a waste isolation system is dependent on the performance of bentonite
clays. Research on the radionuclide sorption of clays under various conditions was carried out earlier. ( 1}.
According to the experimental data, the distribution coefficient values range between: (O.5-2.0)-10i ml/g
for Strontium; (0,9-3.5) 10' ml/g for Cesium; (103-104) ml/g for Plutonium and Americium.

Study of fractal properties of materials including those used as geochemical barriers will allow increasing
of their effectiveness for repository construction. While studying fractal dimensions of clay materials
used for geochemical barrier construction it was found that fractal dimensions of particle aggregate
composing materials vary in a wide range. For example, particle aggregate fractal dimensions of bentonitc
from Cherkassy deposit D=1.74±0.34 at R=0.94 and Fk=74.5, glauconite from Western Ukraine
D=1.49±0,31 atR=0.94andFk=118.6.

The influence of irradiation on the bentonite clays has been reported in (2). investigations were made
applying sorption and spectroscopy methods. It is known that cations are adsorbed onto clays to balance
the negative charge in the aluminosilicate structure. It was previously shown that sorption of cesium on the
clay mineral depends on the clay constituents, surface charge distribution, and physic-chemical condition.

hi addition, die suitability of the mixes as buffer material shall be evaluated by determining their compaction
characteristics, swell potential and swell pressure, permeability and unconfined compressive strengths
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in laboratory.The results of the fulfilled investigation made it possible to receive initial data to estimate
the retaining ability of clays and recommend the Cherkassy clays to be used as the base for development
of radioactive waste disposal projects.

The work was carried out partly under Research Contract No. 10748 with the IAEA in the framework
of the Co-ordinated Research Project on "Resources, characterization studies and evaluation of candidate
swelling clays for use in engineered systems of geological repositories for HLW".
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BARRIER CHARACTERISTICS
OF CLAY AND CLAYSTONE: THE BETTON

DATABASE - NETWORK VERSION
Johannes Gerardi

Federal Institute for Geoscience and Natural Resources, Stilleweg 2, 30655 Hannover, Germany

OBJECTIVES
The BETTON database has been developed to provide the data available about the barrier characteristics
of a given clay or claystone layer at a specific place or area of interest as rapidly and comprehensively
as possible to the members of the BGR claystone research group via the in-house network. In this way
it is a tool for the site selection of future nuclear waste disposals in clay or claystone as host rock. Under
this aspect it is a primary objective of BETTON, to make data available for further data processing, by
using its implemented report functions.

DATA
Geochemical, mineralogical, physical, mechanical and hydraulic properties determine the barrier
characteristics of the clays and claystones. The corresponding data sets are stored in the BETTON^ data-
base together with the lithological, stratigraphie and geographical descriptions. The database generally
is to contain only data describing stratigraphie horizons. There are no samples widiout reference to location
and stratigraphy.
The geographical and stratigraphica! position of the sampling site, the rock name and a layer description
together with a site map and a photo of an outcrop are stored for each data set. The database contains
sedimentoiogical data, e.g. grain size, vitrinite reflexion data, lithological texture, REM images, and
photographs of thin sections. The geochemical, mineralogical, and hydraulic data make up the main part
of the database. Moreover, geomechanical, geophysical, and mineral properties, CEC, AEC, sorption
and diffusion values, as well as numerous annotations and references. Many values are presented as
mean values. In these cases the respective raw data can be displayed in worksheet format (MS-Excel),
ready for exportation.

Data sources are numerous reports stored in the archives of the BGR and the state geological surveys
of the Federal Republic of Germany. These reports deal with surveys and tests on disposal site selection
projects or nuclear waste deposits, exploration of raw materials deposits, such as clay and hydrocarbons,
as well as geological mapping surveys. Other sources included in the BETTON database are open
reports of scientific results provided by other scientific institutes, universities and from international
joint ventures of the BGR in the field of the clay and claystone research. The sources of the data in the
BETTON database are contained in a literature database together with secondary literature.

DESCRIPTION OF THE BETTON DATABASE - NETWORK VERSION
The actual version of the BETTON database has been transformed from the desktop prototype to the much
more efficient client/server system. Using an MS-ACCESS 2002/2003 client together with the MS-SQL
server language on a Windows Server 2000 platform, BETTON is well embedded in the widespread
MS-Office environment. This enables the user to export data, e.g. into MS-Excel or MS-Word.
The possibility of data input by entitled users signifies the most important difference to the former desktop
version. The integrity of the server hosted database is guaranteed by using different clients constructed
as data input- and read-only clients. Plausibility checks are automatically conducted during the data input,
in order to take care of the correct order of magnitude of certain sensitive values such as geographical
coordinates.
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DATA RETRIEVAL
BETTON provides user-friendly formats for the output of the results of a search for data. These formats
can be used e.g. for data on a selected stratigraphie horizon at a selected site. Other formats are provided
for the results of a search for the horizons in a given area with the properties of most interest with
respect to barrier-rock properties. Special formats are available for the output of a general overview on
the data. The results of such searches provide an informative basis for further searches in this database.
These results can be viewed either on the screen, printed, or exported.

SUMMARY AND OUTLOOK
The BETTON database has been developed for the BGR clay research projects. BETTON has been
converted into a MS-SQL Server database for the input and output of data via the BGR intranet.
Tile availability of the database via the internet, with an additional facility for data input by entitled
users, is in preparation.
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RADIOACTIVE WASTE REPOSITORY
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Beijing Research Institute of Uranium Geology, China National Nuclear Corporation
P. O. Box 9818, Beijing 100029, P. R. China

ABSTRACT
Radioactive waste is produced from a wide range of nuclear activities and the safe disposal of radioactive
waste is a key issue of the nuclear industry worldwide. In China, the work related to radioactive waste
disposal is managed by the China National Nuclear Corporation (CNNC). In 1985, CNNC proposed an R&D
program called DGD program for the Deep Geological Disposal of HLW. The objective of the program is
to build a granite-hosted national geological repository between 2030 and 2040, which is able to dispose
of vitrified waste, transuranic waste and small amount of CANDU spent fuel. The concept of geological
disposal of high level radioactive waste in China is based on a multi-barrier system which combines an
isolating geological environment with an engineered barrier system. The buffer/backfill material is one
of the main engineered barriers for HLW repository.

The basic requirement of the buffer is to restrict radionuclide migration by restricting groundwater
movement, providing a high sorption capacity for dissolved nuclides and acting as a filter for radionuclide-
bearing colloids. To ensure safety over the long timescales of interest, it is necessary to demonstrate that
no significant detrimental impacts on the physical properties of the buffer material. In parallel, it is also
necessary to demonstrate the feasibility of manufacturing and installing the buffer. Natural clay is a
material that can satisfy all the above functions, to a greater or lesser extent. Among the types of natural
clay, bentonite, when compacted, is considered as a superior barrier because (1) it has exceptionally low
water permeability to control the movement of water in buffer, (2) it fills void spaces in the buffer and
fractures in the host rock as it swells upon water uptake, (3) it has the ability to exchange cations and
to adsorb cationic radioélément.

There are 84 main bentonite deposits discovered in China. In order to select a bentonitc deposit for
China's high level waste repository, we proposed screening criteria and have completed deposit screening.
The comprehensive screening criteria are listed as follows: (1) Scale, the candidate bentonite deposit
should be a large-scale one in order to meet the demand for a HLW repository built 30 or 40 years later. (2)
Quality, as the reference material for buffer in a HLW repository, the bentonite must have extremely low
permeability, high adorability, high swelling property, suitable thermal conductivity and reasonable stability
to ensure the safety over the long timescales of interest. As a result, Na-bentonite with high content of
montmorillonite and low contents of detrimental are of more interest because of swelling properties and in
general higher cation exchange capacity. (3) Economic limitation, apart from large reserves, the bentonite
mine also should satisfy the mineabiiity and economic feasibility. In other words, the candidate mine
would be a thin superstratum, which is easy for open-pit mining. (4) Location, Transpotation of bentonite
from the mine to the candidate HLW repository could be convenient and the cost should be as low as
possible. As a result, GMZ deposit was selected as candidate buffer material for China's HLW repository.

The GMZ bentonite deposit is a large-scale deposit, which is located in the northern Chinese Inner
Mongolia autonomous region, 300 km northwest of Beijing. The transportation from the mine to outside
is very convenient. The GMZ bentonite deposit is formed in upper Jurassic period. Bentonite ore is bedded.
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with a soapy texture and waxy appearance. It ranges in colour from white to yellow to olive green to brown
to pink. The mineralization is a process of firstly continental volcanic sendiment and then experiencing from
interaction with ground water and weathering. Ore minerals include Montmorillonite, sometimes coexists
with illîte. Gangue minerals include feldspar, quartz, calcite. zeolites, cristobalite, unaltered volcanic glass.
The mine area is about 72 km". In China, the proved reserves of GMZ deposit ranks the third of its kind
and the reserves of sodium bentonite ranks the second. The reserves in GMZ is about 160 million tons
with 120 million tons of Na-bentonite reserves. The deposit is composed of 5 ore bodies, numbered by
0,1, II, III, IV The third ore body is the most important part that is the main industrial ore body. All the
ores are occurred bedded appearance. The third ore body extends about 8.150m with thickness from
8.78m~20.47m.

The preliminary study of basic properties of GMZ bentonite shows that GMZ bentonite is characterized by
high content of Montmorilionite (>70%), low impurities, and research conducted on swelling, mechanical,
hydraulic, thermal property didn't reveal negative results for GMZ bentonite served as buffer material.

Key words: Bentonite, HLW disposal. Buffer material, Deposit, China
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SCIENTIFIC INVESTIGATION IN DEEP
WELLS AT THE MEUSE/HAUTE MARNE

UNDERGROUND RESEARCH LABORATORY,
NORTHEASTERN FRANCE
Jacques Delay, Hervé Rebours, Agnès Vinsot, Pierre Robin

Andra, Laboratoire de Recherche Souterrain de Meuse / Haute-Marne, Route Départementale D960,
55290 Bure, France - jacques.delav^randra.lV

Andra, the French National Radioactive Waste Management Agency, is constructing an underground test
facility for studying the feasibility of radioactive waste disposal in the Jurassic-age Callovo-Oxfordian
argillite. When completed in 2004. the facility will have a depth of 500 meters below ground surface, and
it will host a range of geomechanics, geochemical and hydrogeological experiments.

This paper describes the processes, the methods and results of a scientific characterisation program
from deep boreholes for a research facility for radioactive waste disposal. In particular the paper shows
the adaptation of the drilling programs and the borehole set up due to the refinement of the scientific
objectives from 1993 to 2004.

In 1993 Andra started the pre-investigation phase on the Meuse Haute Marne site. The first phase was
dedicated to general geology understanding and included:
-> Reprocessing and acquisition of Seismic 2D lines
-> Drilling of six main boreholes distributed toward the northwest in order establish a general cross section
-> Implementation of a piezometric network around potential laboratory site

This pre-investigation phase was completed in 1996, and lead to the realisation of the first regional
geological cross section showing the main geometrical characteristics of the host rock.

In November 1999 started the surface investigations prior to the sinking of the shafts. Theses investigations
were focused on the laboratory site itself and had to major objectives:
-* The detailed characterization of the layers prior to the sinking of the shafts and the galleries
^ The implementation of an hydrogeological network to follow-up the drainage created by the sinking

of the shafts, on the water-bearing units of the Oxfordian.

The sinking of the two shafts started in September 2000 and was completed in October 2004 for the
auxiliary shaft. The experimental niche in the main shaft at 445 m was under exploitation end 2004.

During the Laboratory construction, two major scientific programs were decided to improve the regional
hydrogeological knowledge and accelerate the process of data acquisition on the clay.

-> The 2003 hydrogeological drilling program focused on the determination of properties for groundwater
transport and water sampling in the Oxfordian and Dogger limestones, and at regional scale. An
extensive program of coring in the Callovo-Oxfordian argillites, wireline geophyscial logging, borehole
flow logging, and pumping tests was carried out. In addition specific flow measurements and pumping
devices were performed.
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INVESTIGATION OFTRIASSIC CLAY
SUITABILITY FOR RADIOACTIVE

WASTE CONFINEMENT
Stasys Motiejûnas1, Roland Pusch\ Jonas Jonynas3, Jolanta Cyzienë4, Jonas SatkQnas5

1. Radioactive Waste Management Agency, Algirdo 31, LT-03219 Vilnius, Lithuania
2. IDEON Research Center, Lund, Sweden
3. Ecofirma, Antakalnio 42-42, LT-03123 Vilnius, Lithuania
4. Geological Survey of Lithuania, Konarskio 35, LT-03123 Vilnius, Lithuania

ABSTRACT
Radioactive wastes exists all other the world. Managing the waste from nuclear power reactors is an
important environmental issue, but the ways in which the waste is managed vary depending on the type
of waste and the local conditions.

Ignalina Nuclear Power Plant in Lithuania consists of two units commissioned respectively in December
1983 and August 1987. The both units are RBMK-1500 reactors. The RBMK-1500 is graphite moderated
light water cooled channel type Soviet designed reactor with thermal capacity of 4800 MW. Upon compre-
hensive assessment of technical, economic and political factors, it was decided to close down the Unit 1
before the year 2005. The Unit 2 will be shut down in 2009. A screening of decommissioning strategies,
varying between Immediate Dismantling and Deferred Dismantling with Safe Enclosure, was performed
taking into account possible social, economical and environmental threats. The Government of Lithuania
approved the Immediate Dismantling option. According to the estimates about 100 000 mJ of solid
conditioned wastes coming into consideration for the disposal into a near-surface repository (NSR) will
be generated during operation and following decommissioning of the ignalina NPP.

A generic repository conceptual design to be applied in Lithuania was developed after scrutinizing the
design and operational experience of existing near surface repositories all over the world. The basic
principles of the conceptual design of the planed near surface repository are:
• A "hiH"-type repository with reinforced concrete vaults should be constructed above the groundwater level

because such a repository will be saturated and percolated much less and much later than a repository-
located below the groundwater level;

• Engineered and natural barriers which should restrict the access of water to the radioactive waste and
block or retard the release of radionuclides from the repository;

• A bottom bed layer beneath a cell-type reinforced concrete construction should consist of low-permeable
and very low-compressible smectite clay or a mixture of properly graded silty sand, gravel and smectite
clay;

• During the closure of repository the sides and top of a reinforced concrete vaults are also covered by the
smectite clay barrier, the whole system being covered by a long lasting cover with an erosion-resistant top.

The bottom bed should consist of smectite clay or a mixture of properly graded si It/sand/gravel with
smectite rich clay. The components are preferably mixed and compacted. The top and lateral isolation
must be as effective as that of the bottom sealing. The engineered low-permeable clay material should
be smectite sedimentary clay or loam, or a mixture of properly graded silt, sand, gravel with smectite rich
clay, Smectite clay - based material with a hydraulic conductivity of 10~11Jm/s and thickness about 1.5 m.
A low-permeable barrier with about the same isolating capacity in all directions shall surround the concrete
cells is proposed for the embedment of the cell systems. In the proposed near surface repository it is
required to select and compact a soil material for the bottom bed that gives it a hydraulic conductivity
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of no more than 1O"10 m/s and a very low compressibility. An approximate measure of the stiffness implies
an E-modulus of about 150 MPa, and shear strength of about 0.5 MPa in order to give it sufficient bearing
capacity. High clay content raises the swelling pressure, which needs to be balanced by a thick overburden.
The hydraulic conductivity of the clay-based top cover and lateral fills must not exceed 10'i() m/s. The
swelling pressure should not exceed 200 kPa for avoiding too strong expansion and upheaval of overlying
soil. The clay material must be effectively compactable so that the dry density (ratio of solids and total
volume including voids) yielding the required hydraulic conductivity and swelling pressure is reached.

The study focused on the most important practical properties of the materials for estimating their possible
use as NSR clay barriers. Two clay materials have been selected as candidates. Samples of loam
(Quaternary deposits) and Triassic clay have been studied and following tests were made:
• Determination of the water content;
• Determination of the Atterberg plastic limit;
• Determination of sediment volume;
• Determination of the hydraulic conductivity as a function of the density;
• Determination of the swelling pressure as a function of the density.

The major conclusions from this preliminary study have been done. The both soil types investigated by use
of oedometer testing have somewhat different properties with respect to tightness and swelling potential
as well as self-sealing ability. Quaternary loam has a very low content of expandable minerals and need
very effective compaction to reach such a high density, i.e. at least 2200 kg/mJ after water saturation
that the conductivity drops to 10"'Q m/s. Triassic clay has the highest content of expandable clay minerals
and provides this conductivity at a significantly lower density.

The self-sealing ability, which is manifested by the swelling pressure, is very low for loam, but sufficient
for use of Triassic clay as top seal in the repository. Considering also its low conductivity this soil is
proposed as clay material candidate for top sealing.

Also, Triassic clay is a promising media for a geological repository in Lithuania for the long-lived
radioactive waste and spent nuclear fuel.
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ARE ALL SMECTITE CLAYS SUITABLE
AS "BUFFERS"?

Roland Pusch1, Jôrn Kasbohm2, Jaroslav Pacovsky3, Zuzana Cechova3

1. Geodevelopment AB, Lund, Sweden
2. Greifswald University, Greifswald, Germany
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A half-scale mock-up test representing i.a. the Swedish KBS3 V concept with vertically placed HLW
canisters surrounded by canisters in bored holes has been conducted for the last two years at the Centre
of Experimental Geotechnics of the Czech Technical University in Prague. The aim was to record essential
processes like heating, wetting rate and development of swelling pressure under controlled conditions
with respect to access to water and temperature at the surface of the simulated 320 mm diameter canister
that was equipped with an electrical heater. Access to synthetic granitic water was unlimited and offered
by a filter surrounding the clay that had a radial thickness of 210 mm including 50 mm loosely filled
bentonite pellets adjacent to the filter.

The clay was richly instrumented with thermal elements and pressure and moisture sensors all connected
to recording units outside the steel tube with 800 mm diameter that represented rock. The maximum
temperature in bentonite did not exceeded 90°C throughout the experiment. The clay was a Czech smectite
("RMN") that had been dried and ground to a maximum grain size of 0,5 mm and to which 10 % finely-
ground quartz and 5 % graphite powder had been added. Compaction under 60 MPa pressure of the
mixture gave a dry density of 1750 kg/nr.

The maturation of the clay "buffer", including hydration and homogenization, was manifested by analysis
of samples extracted from several positions at suitable intervals. They were examined with respect to
the water content, hydraulic conductivity, and swelling pressure as well as to the chemical state.
Oedometer testing of samples from the softest part (pellet fill) and the part closest to the heater after
about 2 years indicated almost complete water saturation but substantial deviation from expected
hydraulic conductivity and swelling pressure particularly for the hottest clay, i.e. within half the radial
thickness from the canister surface. Thus, except for the coldest 50 mm zone, which had the same
conductivity as original, unheated clay, the zone extending from 100 to 160 mm from the hot canister
had a conductivity that was about one order of magnitude higher than that of unheated clay, while the
zone closer than 100 mm from the canister was up to 100 times more permeable than unheated clay. The
swelling pressure showed the corresponding pattern. Thus, for the coldest 50 mm zone with a dry density
of about 1270 kg/m the pressure was 400-500 kPa corresponding approximately to that of unheated
clay. However, for the much denser clay closer to the hot canister (dry density about 1450 kg<W) the
pressure was significantly lower than the expected 1 MPa. This definitely shows that a large part of the
clay buffer has undergone significant changes.

The obvious increase in hydraulic conductivity and drop in swelling pressure are caused by mineralogical
and microstructural changes. They were identified by transmission electron microscopy with chemical
element analysis (EDX), revealing changes in the distribution of chemical constituents, and by XRD
analysis for specifying mineral alterations. It was found that the unheated clay consists of two main
phases: Fe-montmorillonite and K-rich "dioctahedral vermicuiite", as well as charge-reduced illite of
two types, one with Mg or Ca partly replacing K, and one with intergrowth of illite and kaolinite. While
kaolinite and illite peaks appear in XRD spectra no discrete particles of these minerals can be identified
inTEM/EDX analyses. They showed very obvious changes in the hottest half of the clay mass in the form
dissolution of the Fe-montmorillonite and complete disappearance of the intergrowth of illite and kaolinite,
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which indicates substantial microstructural breakdown. The dissolution was associated with migration of
released elements that precipitated at different distances from the hot heater surface as manifested by the
obvious change in charge distribution in interlayers and octahedral layers of the vemiiculite. The cation
distribution in octahedral layers also changed significantly due to Mg replacing some of the Al.

In conclusion, the processes leading to a very obvious increase in hydraulic conductivity and reduction
of swelling pressure of the RMN buffer clay are the following;
• The intergrowth of illite and kaolinite in most of the venniculate aggregates in the unheated RMN clay,

with illite dominating over kaolinite, was changed in the most strongly heated buffer by dissolution of
most of the illite/kaolinite intergrowths.

• In the major part of the clay the content of Fe-rich monttnorillonite dropped significantly by which Fe
was set free and participated in formation of cementing iron complexes, which cause brittleness.

• Illite was neoformed in the most strongly heated clay by precipitation of Al and Si from dissolved
montmorillonite in the presence of K set free by breakdown of potassium-rich vermiculite.

The overall conclusion is that the RMN will loose such a large part of its waste-isolating capacity under
the hydrothermal conditions that prevail in the close vicinity of hot canisters that it should not be used
as "buffer". However, it may serve sufficiently well as backfill or plug seals in less heated parts of a
repository. The RMN is not the only smectite clay that would behave unsuitably as buffer; any Fe-rich
smectite like nontronite will do the same. Not even montmorillonite may escape criticism since very high
porewater salt contents are known to cause degradation and this smectite species may interact with iron in
steel canisters to an extent that is not fully known. Another member of fhe smectite family, beidellite, should
be rejected not because of iron-related processes but since uptake of potassium from the groundwater
can cause quick conversion to illite.
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EVALUATION OF THE DIFFUSION
PROCESSES OF AN ALKALINE PLUME

THROUGH THE TOARCIAN CLAYEY
FORMATION OF THE TOURNEMIRE

EXPERIMENTAL SITE (FRANCE)
S. Motellier8.1. Devol-Brown2, D. Thoby1, E. Tinseau1,

J.-C. Alberto1, P. Berne1, T. Melkior1

1. Commissariat à l'Energie Atomique, DRT/LITEN/SAT, 17 rue des Martyrs, 38054 Grenoble
cedex 9, France

2. Institut de Radioprotection et de Sûreté Nucléaire, DEI/SARG/LETS, B.P. 6, 92265 Fontenay-
aux-Roses cedex, France

High-pH plumes arising from cementitious leachaies have been found to alter the mineral assemblage
of clayey Formations designed to play the role of natural barriers for radioactive waste repositories.
Dissolution of constitutive minerals such as smectite and precipitation of secondary phases such as
feldspar and zeolite have been reported [1,2]. These mineral changes are suspected to have a significant
effect upon diffusive transport properties, either enhancing or decreasing the mudrock ability for
radioélément confinement. For instance, experiments performed under alkaline conditions have shown
to decrease diffusion fluxes for water while increased fluxes for cations could be observed [3].

This study was designed to provide better understanding of the phenomena that govern diffusion
processes during the transition between site and alkaline conditions. Experiments involving the use of
diffusion cells were performed to mimic the proceeding of an alkaline plume through different types of
clayey materials from the Tournemire experimental site (France), Undisturbed-, excavation disturbed-
and tectonic fractured - zones were investigated for the diffusion of both water and major cations.

The process is somewhat different from the so-called ''through-diffusion" process designed to determine
the transport parameters of a diffusing species in steady chemical conditions throughout the system
(reservoirs + sample). In the experiments presented here, the initial solutions in the upsiïeam and downstream
reservoirs are not the same. Steady chemical conditions are maintained in the upstream reservoir filled
with the cementitious alkaline solution while the downstream reservoir, initially filled with a synthetic site
solution, is left free of any particular constraint. Hence, the composition of the downstream solution is
expected to evolve until it reaches that of the set alkaline solution, eventually forcing the whole system
to equilibrate with it.

Monitoring of the pH and the concentrations of the major cations showed rapid evolution in the downstream
reservoirs. pH and alkaline cations concentrations increased until they reached the values prescribed by the
composition of the alkaline solution. Alkaline-earth cations evolved quite differently: their concentrations
drastically dropped due to precipitation of carbonate phases. The data were satisfactorily fitted by a geo-
chemical model that combines retention (as cation exchange on a multi-site ion exchanger), dissolution;'
precipitation of carbonate phases and transport (as Fick's laws description).

No significant differences could be observed between the undisturbed- and the excavation disturbed-
zones, showing that the discontinuities induced by the excavation works were readily sealed by the
swelling property of the clayey rock when fully hydrated. The tectonic fractured- zone showed larger
heterogeneity than the two previous zones: it is assumed that the occurrence of calcite and pyrite veins
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in this zone play a role in the diffusion processes inasmuch as these minerals reduce both porosity and
cation exchange capacity of the stone rock.

Microscopic investigations of the solid before and after alteration by the diffusion experiments will also
be presented to evaluate the role of mineral alteration on diffusion processes.

References:
[1] A. Bauer, B. Velde, Clay Minerals, 34 (1999) 259-273.
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GEOCHEMICAL MODELLING
OF EXPERIMENTAL DATA

Fiona M. I. Hunter1. William R. Rodwell1, David J. Noy:, Jacques Diederik5, Pierre De Cannière3

1. Serco Assurance, UK
2. British Geological Survey, UK
3. StudieCentrum voor Kernenergie - Centre d'étude de l'Energie Nucléaire (SCK'CEN), Belgium

As part of the ECOCLAY II project, with the financial support of NIRAS-ONDRAF and the European
Commission, SCK'CEN has carried out experiments on the percolation of alkaline "cement" waters
through Boom Clay cores. The effluent from these percolation experiments has been analysed as a function
of time to provide information about the fluid-rock interactions occurring in the samples. However, the
changes in the effluent composition with time are quite complex and require interpretation if insight is
to be gained into the mechanisms of the interactions occurring in the samples between the invading
alkaline fluid and the Boom Clay.

Two cementitious waters were used in the experiments: a high pH (-13.5) young cement water (YCW)
representing the initial eluate from a cement, and a lower pH (-12) evolved cement water (ECW) repre-
senting the fluids that would emerge from the cements after long times. These fluids were passed through
Boom Clay cores over several years and the composition of the effluent fluid monitored.

The primary purpose of the modelling work was to provide an explanation of the processes controlling
the interactions between the alkaline fluids and the Boom Clay. Four mechanisms were considered: the
maintenance of the dissolution-precipitation thermodynamic equilibrium between the minerals and the
pore fluids, ion exchange, kinetically controlled dissolution of primary minerals, and the functional
group capacity of organic matter as a function of pH.

The modelling was carried out using three essentially independent geochemical modelling packages:
PHREEQC [Parkhursi undApello, 1999] (Serco Assurance), PRECIP [Noy, 1990] (British Geological
Survey) and CRUNCH [Sieefel, 2001] (SCK'CEN). However, the general approach was similar in the
three cases.

Overall, this work has shown that it is possible to model the experiments to reproduce the main features
seen on the correct time scales using simple models of plausible mechanisms. Similar conclusions have
been reached from work using three different geochemical modelling programs, although the approaches
differ in the detail of the assumptions examined. It is likely that the mechanisms are more complicated
than the ones considered here and that some assumptions made may require modification.
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The French National agency for Nuclear waste management run surveys about feasibility of a deep
geological repository for high- and medium-level long-lived radioactive waste. At present, the chosen
geological medium is clayish materials in the Callovo-Oxfordian formation.

With regard to the performances required, concrete appear to be suitable to compose Engineered Barrier
Systems (so called EBS) and structures for such repository. The dense microstructure of cementitious
materials gives them durability from a physical (transfer and mechanic) and chemical point of view.
This prevent from gas and aqueous transfer. Moreover, due to chemical properties, these materials are
able to limit the solubility of many radionuclides. To inhibit the leakage and migration of radionuclides,
the EBS has to maintain physical and chemical properties for hundred thousands of years.

The background from civil engineering is important to have an overview and an assessment of the main
factors and processes affecting a blended cement-based EBS in a deep geological repository context. In a
clay formation, such as Callovo-Oxfordian, the performances of the EBS not only concern technical ways
to build the structures or mechanical properties, but also concern chemical behaviour and evolution in
a clay host rock medium. In this context, a key point is leaching by geological water due to chemical
disequilibria between cementitious materials and clay. With regard to these disequilibria, concentration
gradients are established. Components are released from hydrated cement to clay and led to physical
and chemical modifications. The mineralogy of the hydrated cement evolve, the pore structure changes
and thereby the transfer properties.

Regarding to high pH values (ranging from 12 to 13.5) water from geological medium (clay pore water) act
as an acid. The alkaline pH buffer controlled by some hydrates in the interstitial pore solution is modified.
pH decreases from values where Portlandite and CSH are stable to pH where these compounds are
unstable and dissolve. This modifies the chemical conditions and properties of cement based materials
and then the transfer properties.

These chemical and physical evolutions came from the conditions imposed by the geological medium.
The clay host rock generates lithostatic and hydraulic pressure on materials and structures of a deep
geological repository. The physical and chemical evolution of hydrated cement can then be enhanced by
water flow and pressure. To evaluate the long term behaviour of an EBS, the physical and chemical
interactions between hydrated cement and clay have to be taken into account.

The present research focus on transfer properties evolution in relation to chemical evolution/degradation
generated by clays. Two kind of tests have been performed to simulate these degradations, A ''steady
state" leaching (batch tests) was run to characterize the chemical action of acidic water on hydrated
blended cement. Ammonium Nitrate has been used to enhance the calcium leaching process. Transfer

International Meeting, March 14-18,2005,Tours, France
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 315



P/AP/03

properties (diffusion coefficient and permeability) have been measured on sound and degraded samples.
The evolution of the microstructure has been studied.
Chemical degradation in dynamic conditions has been performed. The water pressure used was varying
between 4 and 10 MPa, The influence of pressure on degradation and the evolution of the transfer properties
with chemical evolution of blended hydrated cement have been studied.
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Argillaceous rocks and concrete matrix are considered as potential host rocks and barrier respectively for
radioactive waste repositories. The concrete matrix could react with the groundwater of the geological site,
inducing a drastic change in its chemical composition and its pH. Consequently, the physico-chemical
properties of the rock in contact with this hyper alkaline fluid may be modified [1] which in turn may induce
modification of the radioéléments behaviour. Therefore, an experimental program has been developed
in order to point out the modifications of a claystone in contact with alkaline fluids: batch experiments
as a preliminary step then diffusion and percolation experiments in order to observe phenomena in
repository conditions.

First series of batch experiments are carried out in order to study the Tournemire argillite degradation by
a fluid resulting from contact with fresh concrete (Nl), considered as the most aggressive one because
of its highly alkaline pH (= 13) [2]. At first, the influence of several parameters is tested, such as contact
time, experimental temperature, solution/solid ratio (v/m), oxygen content and radiosterilization. Then,
the chemical composition of the alkaline fluid is modified, maintaining the pH around 13, in order to
identify the importance of each constituant towards the argillite degradation.
Second series of batch experiments are also performed to compare the argillite degradation in contact with
different kinds of alkaline fluids (fluids resulting from contact with fresh concrete (NI ), a moderately
degraded concrete (N2) or a strongly degraded concrete (N3)) [3].

Experiments are carried out on powdered and/or compact solids in order to identify modifications.
Before and after contact with simplified concrete fluids, powdered solids are characterised by XRD,
chemical analysis and microscopy whereas compact materials are only observed by microscopy. pH,
cations, anions and carbon contents are measured in each recovered solutions. Interpretations are resulting
of both solid and liquid analyses.

References:
[1] Adler, M,, Mâder, U.K., Waber, H.N., 2001, Core infiltration experiment investigating high-pH alteration

of low-permeability argillaceous rock at 30°C. Incidu (éd.), Water-Rock interaction 10, 1299-1302.

[2] Atkinson, A., Everitt, N.M., Guppy, R.M., 1989. The time dependence of pH in a cementitious
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[3] Bennett, D.G., Read, D., Atkins, M., Glasser, F.P., 1992. A thermodynamic model for blended cement.
II. Cement hydrate phases ; thermodynamic values and modelling studies. J, Nuci. Mat., 190,315-325.
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Most of the different disposa! concepts considered in France will contain large quantities of cement and
concrete, such as immobilisation matrix, backfill and engineering structures. The leaching of these
materials by groundwater produces alkaline conditions in strong disequilibrium with the geochemîcal
conditions of the host rock, inducing modifications of the geological barrier properties. Different rock
types have been investigated in order to evaluate their suitability for host repository of radioactive
wastes. Deep argillaceous formations are potential repositories because of their low permeabilities and
high sorption capacities towards radioéléments. Therefore, an experimental program has been developed
in order to point out the modifications of a claystone (originating from Tonrnemire (Aveyron - France))
in contact with alkaline fluids. It is composed of two major parts: contact argillite-cement performed in
laboratory (batch, diffusion and percolation experiments) and in-situ contact (natural samples recovered
in the Toumemire tunnel) in order to observe phenomena in longer time scale.

The aim of this study is to investigate, through mineralogical and microstructural characterization, the
effects of contact duration and concrete composition on the interactions between argillite and cements.
Natural samples in touch with concrete in wet and dry contexts are observed. Concerning wel samples,
three kinds of samples, all dating of the tunnel building (approximately 1888) are chosen near the Cernon
fault (zone of the fault). Indeed, this zone drains a part of the superior aquifer and probably the lower
aquifer with the presence of a source in the intersection between the tunnel and the fault [1]. For dry
samples, three other types of contact argil lite-concrete are sampled in the East gallery at the level of the
EDZ zone. The following concretes have been selected:

• Concrete of bâtard mortar 861 type, poured in 1996, used for the facing of the tunnel in the intersection
with the East gallery

• Concrete of CPJ type with calcareous aggregates, poured in 1996, used for the ground of the tunnel
directly in contact with the argillite

• Cement dating from the tunnel building (1888).
All these argillites have been the object of a tiny characterization (by optical microscope, MEB and
XRD analysis). A confrontation of the observations made in dry and wet contexts allows to clarify the
influence of the considered parameters on the mineralogical composition of the Tournemire argillite.
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Clay rich geological formations (e.g. Opalinus Clay in Switzerland or Callovo-Oxfordian in France)
are under investigation as potential hosts for nuclear waste disposal. Physico-chemical perturbations are
induced from excavation, engineered barriers, operation (including oxidation of the Excavation
Disturbed Zone; EDZ) and the emplaced waste material. Among those chemical perturbations, alkaline
conditions from cement dissolution will have a high impact on the chemical and physical properties of
the clay. In numerous investigations the clay reactivity, dissolution and change in texture under such
alkaline solutions has been studied. From these studies it is expected that the clay confinement proper-
ties will be weakened by alkaline conditions.

Recent work on Callovo-Oxfordian argillite shows a different picture than that from reference material.
The expected increase in the clay dissolution rate under such alkaline conditions is strongly retarded by the
presence of the low amounts of natural organic matter in these sediments (1). Furthermore, hydrophilic
dissolved organic carbon (DOC) is released/generated from the clay associated organic matter. The released
DOC shows typical properties of humic substances (2), Humic substances are recognized as important
complexing agents for inorganic and organic pollutants in die geosphere and, therefore, may play a major
role in the mobilization of radionuclides in the concerned systems. Consequently, both the dissolution
rate and subsequent change in chemical conditions and clay texture, and the introduction of potentially
complexing mobile humic substances need to be understood and quantified for the safety analysis of a
nuclear waste repository in natural clay. The objective of the present study is to quantify and characterize
the released organic/humic substances and determine their impact on radionuclide migration.

The investigations were conducted within the EC Marie-Curie fellowship FIKW-CT2002-50509. In addition
to the application of a broad range of frequently used analytical techniques, progress relies on the use of
a large number of novel analytical techniques. Examples are Scanning Transmission X-Ray Microscopy
(STXM) for characterization of natural organic material after alkaline conversion/solubilization and
Time-Resolved Laser induced Fluorescence Spectroscopy (TRLFS) for characterization of trivalent
actinide (i.e. curium(lll)) complex formation with the released humic substances.

Considerable concentrations of dissolved organic matter are found both in alkaline solution and under
oxidizing conditions expected in the EDZ. Isolation by standard techniques and characterization of the
released material shows that only few percent of the original clay associated organic inventory is
hydrophilic humic and fulvic acid, if the clay is kept under alkaline conditions for longer time frames
(1.5 years), up to 50% of the original clay associated organic matter is found as dissolved humic and
fulvic acid. To which extent the clay associated organic matter humic/fulvic acids conversion takes also
place in anoxic conditions is currently under investigation.

Under anoxic conditions, the Opaiinus derived organic matter is mainly composed of aliphatic associated
carboxyl type groups, whereas organic matter released from Callovo-Oxfordian shows rather aromatic,
phenol, carboxyl and carbonyl functional groups. In addition, carbonate and clay could be detected.
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In comparison with oxic conditions, after ~1 year contact time under anoxic conditions, the Callovo-
Oxfordian clay derived organic matter shows comparable dissolved organic carbon (DOC) concentrations
(~150mgL"') and similar carbon functionality. In the case of Opalinus clay significantly lower DOC
concentrations ([DOC]anOTit. ~110 mgL"1 and [DOC]IKI. ~300 mgL"1) are observed and preliminary results
obtained with STXM indicate also chemical differences between the organic matter extracted under oxic
and anoxic conditions. The differences (Opalinus) and similarities (Callovo-Oxfordian) of DOC between
samples and extraction conditions show that handling and analytical artifacts are of subordinate importance.

The trivalent actinide complexation behavior with humic and fulvic acids from instant release was studied
by TRFLS of Cm(III). Complexation with Cm(III) shows the same emission bands and life times as found
for natural humic substances in general (3). However, for the fulvate ligand. metal ion complexation
behavior is influenced by the characteristic properties of dissolved fulvic acids. These latter seem to reflect
their source} i.e. terrestrial or marine origin. Further experiments are in progress to clarify to which
extent this complexation behavior reflects either (i) a weaker complexation strength for fulvic acids of
marine origin, or (ii) is an underestimation of the Cm/Fulvate complex in the TRFLS data analysis
resulting from lower energy transfer efficiency in these fulvic acids due to the lack in chromophoric
groups or (iii) that the presence of iron well known as an effective fluorescence quencher is responsible
for different fluorescence intensities and is influencing the interpretation of Cm Fulvate species.

The potential mobility of radionuclides bound to these generated hydrophilic humic substances is still
a pending issue, not subject to this study.
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Bentonite of the Serrata de Nijar (Almeria, Spain) and concrete made with an ordinary portland cement
(OPC) will be used as engineering barriers according to the final Spanish concept of high level radioactive
waste disposal in argillaceous rock. The cement degradation produces alkaline solutions, able to react
and to transform the bentonile barrier (CUEVAS et ai, 2003; RAMÎREZ et al., 2002a, 2002b).

The main objective of this experimental alteration study has been to determine the kinetics of alteration
of a montmorillonitic bentonite under hiperalkaline conditions (NaOlI 0.5 to 0.1 M) in the presence of
portlandite. This has been approached either by quantifying the montmorillonite destruction or the
secondary minerals formation in the solid phase after the performance of batch reactions carried out in
hermethic cells (3/1 liquid'solid) during 540 days.

X-Ray Diffraction (XRD), Infrared Spectroscopy (IR), Scanning Electron Microscopy (SEM-EDX) and
Nuclear Magnetic Resonance analysis (z"Si and ; 'AI MAS-NMR,) have been used to characterize in detail
the reaction by-products: mostly zeolites (analcime and phïllipsite type ,V1GIL DE LA VILLA el al., 2001 );
calcium silicate hydrates (amorphous and 11 Â-tobermorite type) and saponite.

The determination of the solution chemistry in the aqueous phase has allowed us to calculate the
chemical speciation and the saturation indexes for the observed minerals by using the code PHREEQC,
The evaluation of the equilibrium state in the system supports the following irreversible reaction :

Montmorillonite + 0.50 SiO, (quartz and volcanic glass)+0.10 albite +• 0.10 calcite + 1.10H4SiO4aq

+ 0.80 Ca2T + 2.25 Na" + 4.10 OH"

2.60 analcime + 0.20 1 lA-tobermorite + 0.30 saponite + 1.50 H2O + 0.10 CO3
2"

The kinetics of mineral formation (zeolites and saponite) and smectite transformation have been evaluated.
Unfortunately, the formation of CSH-gel data is not useful for kinetic calculations. We know that all
portlandite has been transformed but we do not know the exact phases that have been formed. Then, we
presume that CSH-gel has formed instantaneously at the time scale of the experiment.

The reaction rate for analcime formation has the form R(moi*s"' ) = A (m2)*k [OH']n 3 at 200- 125UC. The
apparent activation energy has been calculated also: In k = (-12,23) - (5176) * (1/T); Ea = 43 kJ/mol.
This data is consistent with a dissolution-precipitation process in tectosilicates.

The reaction rate for saponite formation is also very dependent on temperature but the order of reaction
is increased as temperature drops (n = 1.5 at 75°C; n = 0.62 at 125°C; n = 0.3 at 200[1C) 20. This change
obeys to a first rapid reaction in which the exchangeable Mg2" is displaced and the Mg-smectite forms.
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When temperature rise Al-smectite is selectively dissolved and the remaining smectite is of saponitic type.
This second mechanism has a lower rate and its OH- dependent law has the same order of reaction at
high temperature as analcime formation. This similarity is interpreted as the confirmation of a common
process prevailing in the reaction: the montmorillonite dissolution.

The rate of montmorillonite dissolution has been calculated from the mineralogical quantification of
smectite in the 75 - 200(1C tests. The global kinetics for the conversion of montmorillonite can be fitted
to R(ino]-s') = A (m2)ok [OH]0 3 ; In k = (-20,09 ± 1.37} - (2731 ± 543) * ( 1/T); Ea = 22.7 ± 4.4 KJ/mol.
These data are in very close agreement with the rate of dissolution of montmorillonite at pH = 9
obtained by CAMA et al. (2000) using FEBËX smectite at 80"C. Moreover, the order of reaction lies
near the values obtained by HUERTAS el al. (2004) at 25 -50°C, pH > 11, reported in Ecoclay-II final
scientific report. These studies used the analysis of silica or alumina in solution in order to evaluate the
rate of the dissolution of montmorillonite. The coherency found between these data and the data
obtained from mineralogical quantification can be considered as a validation criteria for the kinetic law.
The implementation of this law in reaction and transport predictive models is envisaged.
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The concept that may be retained for deep geological storage of high-level long-lived nuclear waste
envisage the extensive use of cementitious materials into the vicinity of the packages. Possible interaction
between percolating water and cement will produce hyperalkaline solutions (pH around 12.5) that could
modify the chemical and structural characteristics of the mineral and organic components constituting
the host rock. Organic matter is a very sensitive to disturbances such as thermal stress, natural oxidation
and hyperalkaline solution among other things. Natural case studies allow us to better understand the
long-term behavior of organic matter under the effects of these disturbances. At Khushaym Matrucksite
(Central Jordan), a bituminous grey marl formation (Upper Cretaceous - Upper Palaeocene) is overlain by
around 60 meters of natural cements and marbles formed by combustion of organic matter. Hyperalkaline
solutions originating from the cement zone have percolated through the underlying marls. The effects of
biodégradation and oxidation may also be suspected in such a geological environment. These different
alteration processes were superimposed in nature, and it is often difficult or even impossible to discriminate
them without appropriated analytical techniques and/or experimental simulations.

Isolated kerogens from samples collected in the cement zone and at increasing distance from it were
analysed by Rock-Eval pyrolysis, optical microscopy, transmission infrared microspectroscopy. The whole
rocks were extracted with dichloromethane and the extractable organic matter was fractionated on silica
microcolumn in hydrocarbon and non hydrocarbon compounds. Aliphatic and aromatic hydrocarbons
were analysed by gas chromatography-mass spectrometry,

Tissot's classification (HI-OI plot) of isolated kerogens points to a large contribution of strongly oxidized
organic matter and identified as inertinite. which is known to derive from either wildfires (Falcon and
Snyman, 1986; Glasspool, 2000) or reworked woody materials (Beeston, 1983; Taylor et al., 1989;
Moore et al., 1996). The high Rock-Eval Tmax values (> 480°C) along the profile suggest that organic
matter has reached the wet-gas zone.

The extractable organic matter profile increases towards the cement zone and maximizes at 2.6 m from
metamorphic contact. The mixed origin (marine + land-derived) of organic matter can explain the
prominence of shorter n-alkanes and the observed slight odd-to-even preference in the G,, to C3i range.
Hopanes (m/z 191) have been detected in low abundance and their distribution is dominated by the stable
thermodynamically afi-isomers. The calculated R/S isomerisation ratios for the C32 hopanes are ranged
between 0.50 and 0.54, close to values found in the oil-generative window.

On the contrary, other parameters reveal that organic matter from Khushaym Matruck is much more
immature. The Methylphenanthrene Index values (MPI), deduced from GC-MS analyses of aromatic
hydrocarbons and based on the relative abundances of phenanthrene (m/z 178} and its methyl homologs
(m/z 192), coincide with immature zone. Pétrographie analyses of the whole rock show that the vitrinite is
present under the gel form and/or huminite and is commonly accompanied of well-preserved lignocellulosic
structures, which are typical of immature particles. The vitrinite reflectance is lower than 0.6. Some
microalgae, type lamalginite, characteristic of freshwater lacustrine depositional setting (Cook and
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Sherwood, 1991 ), witli an important hydrogen content were identified under fluorescence suggesting an
immature stage of organic matter (early diagenesis).

The uncertainty regarding the thermal influence of combustion process on organic components of the
underlying marls provides that oxidizing fluid circulation induces similar effects than thermal maturation
(Elie et al., 2000; Copard et al., 2002). It has been demonstrated that vitrinite reflectance or parameters
derived from aromatic hydrocarbons are unaffected by oxidation (Chandra, 1958, Elie et al., 2000). ^l-IRTF
was performed to evidence the effects of the alkaline perturbation on organic matter. The spectral feature
in the 2000-800 cm"1 region of the Iignocellulosic debris from samples collected between 2 m and 8 m
under the metamorphic contact closely resemble those in the spectra of polysaccharides. The relative
abundance of polysaccharide bands decreases for samples nearest to the cement zone as in the industrial
Kraft process for pulp and paper production.

Oxidizing fluid percolation induces an "overmaturation" of organic matter from Khushaym Matruck.
Geochemical parameters deduce from biomarker studies or Rock-Eval pyrolyses can not be used to infer
the temperature of the underlying marly formation. On the other hand, organic petrography analysis,
GC-MS analysis of aromatic hydrocarbons and (i-IRTF clearly indicate a moderated thermal history of
organic matter from marls. The estimated temperature, lower than 200°C in underlying marls, results
from comparing the observed transformations in the lignocellulosic debris with the industrial Kraft
process. The presence of polysaccharides bands evidences the pH buffering of the percolating fluid 2
metres below the metamorphism contact.
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Concerns over the chemical compatibility of cement and bentonite in engineered barrier systems for the
geological disposal of radioactive wastes necessitate a comprehensive understanding of the potential
rate and nature of bentonite alteration in the long-term. Due to the paucity of relevant natural systems,
the current emphasis lies predominantly with predictive numerical modelling. Previous studies of this
type (e.g. Savage et al. 2002) have shown that the degree of bentonite alteration is sensitive to a number
of factors, such as the precise rate and mechanism of montmorilionite dissolution close to equilibrium,
the variation of bentonite transport properties with time, the composition of cement pore fluids, and the
assumed crystallinity and types of secondary minerals. This latter issue is the subject of the present
communication.

Solids forming from the interaction of cement pore fluids with bentonite depend upon temperature, the
composition of the bentonite (nature of the montmorillonite itself and content of accessory minerals),
the composition of migrating cement pore fluids, the composition of ambient groundwater, and the
fluid/solid ratio (more likely expressed as the compaction density of the bentonite). The predicted evolution
of the chemical composition of cement pore fluids with time from K-Na-Ca-OH to Ca-OH implies that
the sequence of neo-formed minerals will also be time- (and spatially-) dependent, so that initial K-Na-Ca
precipitates will be ultimately transformed to those dominated by Ca.

Calcium (aluminium) silicate hydrates, zeolites, hydroxides, carbonates, polymorphs of silica, and some
sheet silicates (all of varying degrees of c iy stall inity) are potential products of cement-bentonite interaction.
Evidence from natural systems and laboratory studies suggests that these phases may precipitate on
timescales of interest to the safety assessment of radioactive waste disposal. Feldspars (albite, K-feldspar)
are theoretically stable under hyperalkaline conditions, but evidence from natural systems (e.g. Hay, 1986)
indicates slow growth rates that may not be relevant to safety assessment timescales.

Calcium silicate hydrates (CSH) show variable Ca/Si ratios and Al contents according to the composition
of the coexisting fluid. The growth of CSH minerals provides a means by which OH' ions in cement pore
fluids may be titrated. Although thermodynamic data exist for a number of naturally-occurring CSH
minerals (e.g. Sarkar et al., 1982), these data are of uncertain quality and should not be reiied upon for
predictive modelling.

Zeolites are likely to form at lower pli than that for CSH, and where there is an appreciable content of
aluminium and silica in the fluid. In laboratory experiments, the Si/Al ratio of zeolites has been
observed to decrease with increasing pH (Donahoe and Liou, 1985). Moreover, zeolite stability is
strongly dependent upon silica activity in the fluid phase (Coombs et al. 1959). In the context of the
cement-bentonite system, silica is likely to be supersaturated with respect to quartz, due to the abundance
of sand in the bentonite, the elevated pi I, and the notoriously slow rate of quartz nucleation and growth
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at low temperature. Although silica activity in bentonite pore fluids will be spatially (and temporally)
variable as hyperalkaline alteration proceeds (for example, precipitation of CSH minerals will buffer Si
activity at ~IO"5 M), it is likely that zeolites which could form during hyperalkaline alteration will be
those stable in fluids supersaturated with respect to quartz. Consequently, aluminous zeolites (e.g.
mesolite, scolecite, laumontite, natrolite, stilbite, thomsonite) may be ruled out from occurring during
cement-bentonite interaction, so that zeolites observed to form in so-called Lsaline alkaline lakes' (e.g.
Chipera and Apps, 2002) are those most likely to form in cement-bentonite systems. These are zeolites
such as analcime, erionite, clinoptilolite, and chabazite.

Therefore we can envisage a "moving front'7 of alteration of the bentonite, driven by the rate of migration
of cement pore fluids, with zeolites of variable Si/AI ratio preceding predominantly C(A)SH solids of
variable Ca/Si ratio. Over time, K-Na-Ca solids will be replaced by more calcic varieties.
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EXPERIMENTAL AND MODELING STUDY

ON LONG-TERM ALTERATION

OF COMPACTED BENTONITE

WITH ALKALINE GROUNDWATER

T. Yamaguchi, Y. Sakamoto, M. Akai, M. Takazawa, Y. Iida, T. Tanaka, S . Nakayama

Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-1195, Japan

Dissolution rate of montmorillonite, diffusivity of hydroxide ions and water permeability in compacte d

sand-bentonite mixtures were experimentally determined and formulated . A coupled mass-transport /
chemical-reaction code was developed to predict variation in permeability of engineered bentonite barrie r

with alkaline groundwater by using the formulae .

-6

	

Highly alkaline environments induced by cemen -
titious materials in radioactive waste repositories

,-, -6

	

are likely to alter montmorillonite, the main_~

	

O :90°C

	

7

	

constituent of bentonite buffer materials, an d
`"E

	

• :50~C

	

) /4'

	

are likely to cause the physical and/or chemica l7 _
properties of the buffer materials to deteriorate .
We focused our efforts on predicting long-ter m

-8

	

Y -Z

	

variations in permeability of compacted sand-.
to

	

bentonite mixture because the variations induc e
O

-9 -

	

major uncertainties in the radionuclide migra -
tion analysis and have not been quantitatively

-10

	

understood . The prediction requires mathemati -
3 cal models and a number of input parameters .

Among them, dissolution rate of montmoril-
lonite, the diffusivity of hydroxide ions and
water permeability in the compacted sand-ben -

Figure 1 : Dependence of the montmorillonite tonite mixtures were chosen as objectives of ou r
dissolution rate, RA (Mg m-3 s -' ) on temperature and experimental study because quantitative dat a
on activity of OH - .

	

that are necessary for the long-term prediction
of geological disposal system are not available .
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We have performed experiments to acquire quantitative data on the rate of dissolution of montmorillonite i n
compacted, cylindrical sand-bentonite mixtures (20 mmO x 10 mmt, 1 .6 Mg m- 3) under highly alkaline, saline
groundwater conditions [1] . This experimental configuration was employed because it reflects repositor y
conditions such as the use of compacted bentonite and saline alkaline groundwater that is nearly saturate d
with respect to silicon and aluminum concentrations . Temperatures were selected to be 50°C to 170°C, an d
the concentrations of OH- were 0 .1 to 1 .0 mol dm-3 to observe montmorillonite dissolution over a reasonabl e
time period. The amount of montmorillonite in the compacted specimens decreased linearly with time ,
which yields the rate of decrease in montmorillonite content (RA , Mg m- 3 s- ' ) from the slope . The RA was
a function of activity of OH aoH-, and temperature as shown in Fig . 1, and can be expressed a s

R = 3 .5 a

	

14e_ 5I000/RT
A

	

( OH
-
)

where R the gas constant (8 .314 J mol -' K-') and Tthe absolute temperature . The X-ray diffraction pattern s
of specimens indicated the decreases of montmorillonite and crystalline silica with time and the formatio n
of a secondary mineral, analcime (NaAlSi 2O6 ) .
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Diffusivity of hydroxide ions in the compacted sand-bentonite mixtures was determined by the through -
diffusion method. Simulated cementitious water was placed in one of the reservoirs (referred to a s
"high-pH reservoir") and simulated fresh-type groundwater in the other (referred to as "low-pH reservoir") .
The experimental runs were conducted at 70 and 90°C . At 7-day intervals, the pH of the aqueous solutions
in the two reservoirs was monitored and converted into the concentration of O H-. It took a few tens of day s
for the ions to diffuse through the 10 mm-thick compacted sand-bentonite specimens . The concentratio n

of OH - in the low-pH reservoirs began increasing afterwards . The increasing rate became close to th e

decreasing rate of the concentration of O H - in the high-pH reservoirs, and when the two values of the rat e

were identical, the steady state flux of hydroxide ions was established in the specimens . The effective

diffusivity, De, was calculated by using the identical values of the rate . The obtained De values were

(1 .8±0 .7)x10-10 m2 s ' at 70°C and (0.9 — 5 .4)x1 0 -10 m2 s ' at 90°C. Based on these values and the previously

obtained De values in the temperature range of 10 to 50°C [1], the dependence of De on temperature wa s
found to follow the Arrhenius equation and was expressed as

(2 )
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Water permeability tests were performed for sand -
bentonite mixtures of different montmorillonit e
content using NaCl solutions of different concen-
trations . The results were shown in Fig . 2 . The water
permeability, k (m s-' ), increased with increasin g
NaCl concentration and with decreasing effectiv e
montmorillonite dry density, pm°nt (Mg m-3 ) . The
correlation can be formulated a s

k = 1 .2x10 " 7 [NaCl]' s 10'.2P'n°"` (3 )

Effective montmorillonite dry density (Mg m')
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for the dissolution rate of montmorillonite ,
Figure 2 : Correlation between water permeability

	

the diffusivity of the alkaline source and the wate r
of sand-bentonite mixtures and effective montmoril-

	

permeability in compacted bentonite specimens wil l
lonite dry density for different NaCl concentrations

	

be used to predict the time- and space-dependent
in water.

	

permeability of bentonite buffer in radioactive waste
repositories . For this purpose, a coupled mass -

transport / chemical-reaction code was developed.
This code allows us to predict long-term alteration of bentonite buffer accompanied with space- and time -
dependent changes in porosity, permeability and diffusivity . A widely-used and verified geochemical code ,
PhreeqC ver . 2 .8 [2], is in charge of the chemical reaction calculations . The validity of the develope d
code was examined by reproducing some of our experimental observations in alkaline diffusion an d
montmorillonite dissolution experiments with the code . The calculation almost reproduced the time -
dependent variations in the concentrations of aqueous species and in the content of montmorillonite i n
the specimens except transient variations in the concentrations of aqueous species shortly after the start
of the experiments .
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Bentonite will be used as a buffer material, according to the TRU waste disposal concept in Japan, to
retard radionuclides migration, to restrict seepage of ground water and to filtrate colloids. One of the
concern about the buffer material is the long term alteration of bentonite with cementitious material.

Long term alteration of bentonite-based materials with alkaline solution has been studied by means of
analytical approaches, coupling mass transport and chemical reactions, which suggest changes in various
properties of buffer materials. Long term performance assessment of engineered barriers under disposal
conditions is important to achieve a reasonable design, eliminating excessive conservatism in the safety
assessment. Therefore it is essential for improving the reliance of the performance assessment to verify
the analytical results through alteration tests and/or natural analogue.

The geochemical analyses indicate that major alteration reactions involve dissolution of portlandite,
chalcedony and montmolillonite and formation of C-S-H gel and analcime at the interface between
cement and bentonite. However, in the alteration tests assuming interaction between bentonite and cement,
secondary minerals due to alteration under the expected condition for geological disposal (equilibrated
water with cement at low liquid/solid ratio) had not been observed, though the alteration was observed under
accelerated hyper alkaline and high temperatures conditions. The reason is considered that it is difficult to
analyze C-S-H gel formed at the interface because of it's small quantity. One of examples is theKunigel VI,
a potential buffer material in Japan, which consists of montmolillonite, chalcedony, plagioclase, and calcite.
In the XRD analysis of the Kunigel VI, the locations of the primary peak of the calcite and that of the
C-S-H gel overlap, which makes identification of small quantity of C-S-H gel formed as a secondary'
mineral difficult. Thus development of analytical techniques of small quantity of secondary minerals in
the bentonite is a key issue to improve the understanding of the alteration phenomena.

This paper describes the analytical technique of C-S-H gel developed based on the separation of C-S-H gel
from Kunigel V1, focusing on the difference in specific gravities between crystalline minerals in Kunigel VI
and C-S-H gel formed as a secondary mineral.

The specific gravities of minerals constituting the bentonite are >2.6 except montmolillonite ( 2 - 3 ) and
calcite (2.24 - 2.29), while that of C-S-H gel is 2.0 - 2.2. which suggests that C-S-H gel formed as a
secondary mineral would be analyzed by selecting appropriate separation conditions.

For separation of the C-S-H gel from bentonite, simulated alteration samples were prepared by mixing
1,990 mg of unaltered Kunigel VI and 10mgofC-S-Hgelat Ca/Si= 1.2 synthesized using pure chemicals.
The simulated alteration samples were dispersed in the heavy liquid of bromoform-methanol mixtures
with specific gravities of 1.99 to 2.55. The suspended material was recovered after centrifugation. The
minerals in the suspended particles were identified by XRD analysis and also dissolved by 0.06N
hydrochloric acid to measure Ca and Si contents.
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The primary, secondary and tertiary peaks of the
C-S-H gel, which could not be discriminated
before separation, were identified by XRD
analysis. The experimental results indicate that
the recovery rate of C-S-H gel was the highest in
case of specific gravity of 2.08. The bentonite
minerals slightly included in the suspension were
identified to be montmolillonite, quarts, clinop-
tilolite, and calcite.

The separation technique was also tested for Ca-
type benionite prepared by passing the calcium
hydroxide solution through bentonite{Kunigel
Vl)-sand mixture. The result suggests that the
technique would be applicable to the separation
of C-S-H gel from Ca-type bentonite.

Separation procedure of C-S-H gel
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The concept that may be retained for deep geological storage of high-level long-lived nuclear waste
envisage the extensive use of cementitious materials into the vicinity of the packages. Possible interaction
between percolating water and cement will produce hyperalkaline solutions (pH around 12.5) that could
modify the chemical and structural characteristics of the mineral and organic components constituting
the host rock. Organic matter is very sensitive to disturbances such as thermal stress, natural oxidation
and hyperalkaline solution among other things. Natural case studies allow us to better understand the
long-term behavior of organic matter under the effects of these disturbances. At Khushaym Matruck site
(Centrai Jordan), a bituminous grey marl formation (Upper Cretaceous - Upper Palaeocene) is overlain
by around 60 meters of natural cements and marbles formed by combustion of organic matter.
Hyperalkaline solutions originating from the cement zone have percolated through the underlying marls.
The effects of biodégradation and oxidation may also be suspected in such a geological environment.
These different alteration processes were superimposed in nature, and it is often difficult or even impossible
to discriminate them without appropriated analytical techniques and/or experimental simulations.

Isolated kerogens from samples collected in the cement zone and at increasing distance from it were
analysed by Rock-Eva! pyrolysis, optical microscopy, transmission infrared microspectroscopy. The whole
rocks were extracted with dichloromethane and the extractable organic matter was fractionated on silica
microcolumn in hydrocarbon and non hydrocarbon compounds. Aliphatic and aromatic hydrocarbons
were analysed by gas chromatography-mass spectrometry.

Tissot's classification (HI-OI plot) of isolated kerogens points to a large contribution of strongly oxidized
organic matter and identified as inertinite, which is known to derive from either wildfires (Falcon and
Snyman, 1986; Glasspool, 2000) or reworked woody materials (Beeston, 1983; Taylor et al., 1989;
Moore et al., 1996). The high Rock-Eval Tma!t values (> 480°C) along the profile suggest that organic
matter has reached the wet-gas zone.

The extractable organic matter profile increases towards the cement zone and maximizes at 2.6 m from
metamorphic contact. The mixed origin (marine + land-derived) of organic matter can explain the
prominence of shorter H-alkanes and the observed slight odd-to-even preference in the C2, to C n range.
Hopanes (m/z 191) have been detected in low abundance and their distribution is dominated by the stable
thermodynamically ap-isomers. The calculated R/S isomerisation ratios for the Cn hopanes are ranged
between 0.50 and 0.54, close to values found in the oil-generative window.

On the contrary, other parameters reveal that organic matter from Khushaym Matruck is much more
immature. The Methylphenanthrene Index values (MPI), deduced from GC-MS analyses of aromatic
hydrocarbons and based on the relative abundances of phenanthrene (m/z 17S) and its methyl homologs
(m/z 192), coincide with immature zone. Pétrographie analyses of the whole rock show that the vitrinite is
present under the gel form and/or huminite, and is commonly accompanied of well-preserved lignocellulosic
structures, which are typical of immature particles. The vitrinite reflectance is lower than 0.6. Some
microalgae, type lamalginite, characteristic of freshwater lacustrine depositional setting (Cook and
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Sherwood, 1991), with an important hydrogen content were identified under fluorescence suggesting an
immature stage of organic matter (early diagenesis).

The uncertainty regarding the thermal influence of combustion process on organic components of the
underlying marls provides that oxidizing fluid circulation induces similar effects than thermal maturation
(Elie et al., 2000; Copard et al., 2002). It has been demonstrated that vitrinite reflectance or parameters
derived from aromatic hydrocarbons are unaffected by oxidation (Chandra, 1958, Elie et al., 2000). u-IRTF
was performed to evidence the effects of the alkaline perturbation on organic matter. The spectral feature
in the 2000-800 cm'1 region of the lignocellulosic debris from samples collected between 2 m and 8 m
under the metamorphic contact closely resemble those in the spectra of polysaccharides. The relative
abundance of polysaccharide bands decreases for samples nearest to the cement zone as in the industrial
Kraft process for pulp and paper production.

Oxidizing fluid percolation induces an "overmaturation" of organic matter from Khushaym Matruck.
Geochemical parameters deduce from biomarker studies or Rock-Eval pyrolyses can not be used to infer
the temperature of the underlying marly formation. On the other hand, organic petrography analysis,
GC-MS analysis of aromatic hydrocarbons and (i-IRTF clearly indicate a moderated thermal history of
organic matter from marls. The estimated temperature, lower than 200°C in underlying marls, results
from comparing the observed transformations in the lignocellulosic debris with the industrial Kraft
process. The presence of polysaccharides bands evidences the pH buffering of the percolating fluid 2
metres below the metamorphism contact.
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ABSTRACT
In previous studies about mineral dissolution, BET surface area has been generally measured to calculate
a rate of the dissolution . A great number of dissolution rates have therefore been reported by using BE T
surface. However, BET surface area of smectite is strictly not consistent with reactive surface area o f
smectite because smectite is normally exfoliated into single plate in reactive solution for its extrem e
expandability. Recently, from Atomic Force Microscopy (AFM) observation, it is reported that smectit e
particles are dominantly dissolved from edge surface (Bosbach et al ., 2000; Bickmore et al ., 2001) .
Therefore, it is necessary to estimate the reactive surface for assessment of smectite dissolution rate an d
for considering the dissolution rate of smectite in compacted bentonite established at radioactive waste
disposal . In this context, we intend to measuring the reactive surface area by various methods and understan d
the reactive surface area for the dissolution of smectite in this study .

Starting materials with different BET surface areas were prepared by grinding of Kunipia-P (fro m
Tsukinuno,Yamagata) for 3, 6, 15 and 24hrs . Stirred-flow-through dissolution experiments were carrie d
out to measure the smectite dissolution rates under highly alkaline conditions (0 .3M NaOH; pH =13 .3) .
AFM was used to investigate the total surface area (TSA) and edge surface area (ESA) (see Fig .1) . For
characterization of the starting materials, X-ray diffractometry (XRD), scanning electron microscop y
(SEM) (see Fig.2), infrared spectroscopy (IR) and Cs adsorption test were also conducted .

Figure 1 : AFM images of the sample s
with different grinding times.

Figure 2: SEM image of the grinded samples .

The BET surface areas increased from 4 .3 to 109 m2/g (about 25 times higher than that of the startin g
material) as a function of grinding time (Fig .3) .
In alkaline experiments, high Si concentration was observed at the onset of the experiments tha t
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decreases to the steady state conditions (Fig .4). The average of the last three Si concentrations of the

output solutions were used to indicate the steady state conditions .
Si concentrations at the dissolution steady state have modestly increased (8 .0 to 46 .1µM) as function o f

grinding time (Table . l ) .
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Figure 3 : Variation of BET specific surfac e
area as function of grinding time .

Figure 4 : Variation Si concentration of the output
solutions as a function of time .

Table . 1 : Dissolved Si concentration and the measured surface area by different methods .

Grinding time [h] Siconc. [,uM] BET [m2/g] ESA [m2 /g] BSA [m2/g] TSA [m 2/g ]

0 8.02 4.32 4.36 779.44 783.8 0

3 22 .36 38.53 8.54 779.82 788.3 6

6 30.32 78.53 11 .25 779.79 791 .04

15 46.10 106.41 11 .86 779.76 791 .62

24 35 .98 109.34 11 .96 779.75 791 .7 1

If reactive surface area are correctly evaluated, the dissolution rate is given as a constant value (by a
certain same pH and temperature conditions) . Calculated rates of the dissolution based on their own
BET surface area are different even though using the same starting material with different grinding tim e
(Fig.5) . On the other hand, TSA of samples obtained by AFM observation has almost the same for al l
samples with different BET surface area . Therefore, if we calculate the dissolution rates based on TSA
obtained by AFM, the rate is considered to be increased as function of grinding time . However, ESA
obtained by AFM, considered being dominant reactive surface in the previous study, increases as functio n
of grinding time, and the increasing rate in ESA is correlated to that in Si concentration obtained from th e
dissolution experiment . Consequently, the edge surface is dominant face for dissolution under alkalin e
condition, and it is necessary to obtained ESA of smectite at the same condition with that of dissolutio n
experiment when we accurately calculate the rate of smectite dissolution .
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Figure 5 : Dissolution rates normalized to each surface area .
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The use of cementitious materials as buffer and/or operational structures is considered in the design concepts
of a radioactive waste repository in the Callovo-Oxfordian formation, in particular for the disposal cells
of the Intermediate Level Wastes (French type B), The pore water chemistry of cements is characterized
by high pH (from 11 to 13) and high concentrations of alkaline cations (Na', K'", Mg:",A1J~) (Atkinson,
A. 1985), in disequilibrium with the slightly alkaline pore water of Argilites. The contact between
cementitious materials and Argilites induce chemical evolution of the pore water and the solids both
Argilites and cementitious materials. The modification of the pore size distribution, the connectivity of
the porosity, the mineralogical composition and the sorption capacity (Savage, D. 1997), (Braney, M.C.
et al. 1993) may generate an evolution of the hydro-mechanical properties of the Argilites {Mesri, G. &
Olson, R.E. 1971), (Sridharan, A., Rao, A.S. & Sivapullaiah, P.V 1986), (Moore, R. 1991).

This paper presents experimental data on the percolation of saturated Argilites samples by an alkaline
fluid, and proposes a preliminary hydro-mechanical model with a chemical damage by alkaline fluid.
Experiments were focussed on two macroscopic parameters : the permeability and the Biot's coefficient.
Permeability is really important for the description of the solutes transport. More over Biot's coefficient
gives an account for the distribution of the fluid within the porosity and so the strain-stress properties.
Percolations were performed in oedometer on samples parallel and perpendicular to the natural stratification,
at constant volume or at constant stress. The radial stress, the pH of the inflow fluid and the volume outflow
fluid have been measured. The alkaline fluid used was a synthetic pore water of Ordinary Portland Cement.

Results show a significant increase of both permeability and Biot's coefficient with the normalized
volume of percolated alkaline fluid, even if the normalized volumes are low and the measure of the outflow
pH indicates a chemical buffering of the Argilites. This may be described by a chemical damage (e.g.
modification of texture). An hypo-elastic hydro-mechanical model associated with a chemical damage
is proposed (Guimaraes, L.do N., Gens, A., & Olivella, S. 1999), {Hueckel T et al. 2001), (Murad, M.
& Cushman, J. 1998), (Thomas, H.R., Cleall, P.J. & Hashm, A.A. 2001), (Robinet J.C., Plas F. &
Jacquot E. 2004). The numerical simulations of experimental paths give quite satisfactory agreement
(see figure 1).
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alkaline fluid : comparison between numerical and experimental result s
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In the french context of nuclear waste repository in deep geological setting, vitrified waste or spent fuels are
placed in steel canisters which can be surrounded by natural and engineered barriers based on argillite,
concrete and swelling clays. The bentonite from Wyoming "MX-80" has been selected as reference clay
material to study the bulk evolution of clays potentially used as backfill material. The bentonite is composed
of 80% Na/Ca-montmorillonite and of an assemblage of non-clay minerals as quartz, plagioclases.
K-feldspars, mica and traces of pyrite, phosphates, carbonates and iron oxides (Sauzeat el ai., 2001).
Experiments on MX-80/iron interactions in saline solutions have shown changes in the textural properties
(Neaman el ai., 2003) associated with mineralogical transformations of the montmoriHonite into iron
rich clay minerals (Guillaume et ai, 2003; 2004). In the extreme case, the evolution of montmorillonite
(swelling clay) to chlorite (no swelling clay) resulted in a significant decrease in the total and external
surface areas and swelling capacity, and in the formation of a connected network of large-size pores.
In the same way. experiments have been performed to investigate the reactivity of montmorillonite in
presence of metallic iron and iron oxides under alkaline conditions. Experiments have been performed
at 80, 150 and 300°C for periods of 3, 6 and 9 months, using the MX-80 bentonite as starting product
and Ca, Na-rich solutions at pH 12.3. The objectives of this work are to determine the evolution of the
textural properties (porosity, swelling capacity) associated with mineralogical transformations obtained
in the above conditions and to compare the results with those of Neaman et ah (2003).
At 80 and 150°C, very slight mineralogical changes are observed. The starting Na/Ca montmorillonite is
still dominant and associated with a newly-formed magnesium-rich silicates {paly gors kite-type minerals).
At 300°C, significant changes are observed in the 9 months run-products. The bulk montmorillonite
transforms into Fe-rich vermiculite. Besides the clay transformation, the dissolution of feldspar,
quartz/cristobalite and of the iron powder is observed as well as the formation of newly-formed zeolites
(Charpentier et ah. in preparation). The textural properties of MX-80 and run products were studied by
nitrogen and vapour water adsorption-desorption isotherms. The preliminary results show that the initial
specific surface area of MX-80 (33 nr/g) decreases to 15 nr/g at 300°C.
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BENTONITE MINERALOGY AND PHYSICAL
PROPERTIES AS A RESULT OF EXPOSURE

TO HIGH PH SOLUTIONS
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In a repository for spent nuclear waste, it will be most practical to use concrete in many constructions,
and cement for sealing rock fractures. In the planned Swedish K.BS3 repository the estimated quantity
of cement is around 9E5 kg. The high pH in cement pore water may affect the stability of repository
components, and is therefore of concern for the performance and safety assessment analyses. The pH
evolution in the bemonite buffer is of special interest, since it completely surrounds the fuel canisters
and thereby may protect the canister and fuel. Compared to ground-water conditions the pH in cement
pore-water leads to a major increase in the cation/proton activity ratio which also makes the integrity of
the bentonite a matter of concern. The equilibrium conditions are up to four orders of magnitude higher
silica activity in the bentonite according to scooping calculations made by PHREEQC.

The present study focuses on highly compacted bentonite since e.g. ion-equilibrium and transport
restrictions significantly may affect possible reactions. The overarching objectives were to gather information
concerning pH buffering capacity, changes in mineralogy, changes in swelling pressure, and possible
specific effects of accessory minerals on the above items.

Commercial Wyoming bentonite from American Colloid Co. (MX-80) was used as starting material for
all tests. The test solutions were chosen to be 0.1, 0,3 and 1,0 M NaOH, and saturated Ca(OH); solution.
The proposed KBS3 buffer density of 2000 kg/m3 at full water saturation was aimed at in all tests. Air dry
test material was slightly over-compacted compared to the intended density and placed in cylindrical
sample holders (Figure 1 ). The samples were water saturated by slowly circulating 0.5 L de-ionized water
behind the filter by means of a peristaltic pump. After reaching pressure equilibrium, the water was changed
to the predefined chloride solutions, and after reaching new pressure equilibrium, the chloride solutions at
the bottom side (B) were changed to 0.5 L hydroxide solutions (high pHJ, and the 0.5 L isotonic chloride
solution were left on the upper side (A). At test termination the solutions were disconnected and the samples
were quickly removed, split, and characterized with respect to physical and mineralogical properties.
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Figure 1 : Schematic drawing of a sample holder (left) . Swelling pressure evolution in three MX-8 0

samples (right) . All samples were initially saturated with pure water, subsequently exposed to the chlorid e
solutions (5 days), and finally to the hydroxide solutions on one side (60 days) .

The bentonite swelling pressure was strongly reduced by exposure to 0 .3 (pH 13 .3) and 1 .0 M (pH 13 .7 )
NaOH solutions . The reduction seems to be due to an instant osmotic effect, and to a continuous dissolution
of silica minerals leading to mass loss .

A systematic release of silica from the test samples into the test solutions was found in the high pH tests .

A significant increase in CEC was noticed for all samples exposed to the NaOH solutions. The ICP/AE S
element analyses show that the silica/aluminium ratio decreased significantly in samples exposed to th e
NaOH solutions, and an Si/Al gradient from the NaOH to NaCl solutions side .

The structural formulas of the exposed montmorillonite were calculated using the results from the ICP/AE S
and CEC data. The results show a significant decrease in silicon content with increasing pH in the tes t
solutions . This indicates an incongruent dissolution which leads to a charge increase in the tetrahedra l
layers, i .e . a first step towards beidellite or vermiculite . The silicon release rate from montmorillonite i n
this specific geometry was determined to be 1 .6E-9 g*g ` clay*s ' for the 1 .0 M NaOH solutions condition s
and 5E-10 g*g iclay*s i for the 0 .3 M conditions .

The similar initial pressure response of bentonite exposed to NaCl and NaOH solutions indicate tha t
ion-equilibrium is established between the external hydroxide solutions and the exchangeable cations i n
the clay. Such equilibrium theoretically leads to a reduced pH inside the clay, and the effect increase s
with bentonite density and with decreasing pH in the external solution (ground-water) . This possible
equilibrium may explain the large measured differences between batch experiments and experiment s
with highly compacted bentonite with respect to mineralogical alteration rate at high pH conditions .
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A DEGRADATION MODEL
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INTRODUCTION AND PAST WORK
Effects of high-pH fluids emanating from cement degradation in several types of repositories for

radioactive waste are being studied for their potentially detrimental impact on the embedding claystone ,

the engineered-barrier system, and the waste packages . Nagra (2002a, b) in its safety case for a repositor y
in Opalinus Clay demonstrated a negligible effect caused by hyperalkaline fluids to the surroundings o f

the relatively small cementitious part . The arguments focussed on the minor spreading of the high-p H
plume limited by diffusion in the geologic repository zone, by the large buffering capacity of Opalinu s
Clay, and by simple mass balance considerations . This was quantitatively supported by reactive transpor t
modeling of reaction progress with parameters based on literature data, designed long-term experimenta l
work (Adler 2001), a long-term field experiment at the Mont Terri URL, and evidence from the Maqari n
natural analogue project. The modeling assumed a boundary condition of fixed high pH at the cement-
claystone interface (not realistic but conservative) .

VARIABLE BOUNDARY CONDITION IMPLEMENTED WITH A CEMENT DEGRADATION
MODEL
Work carried out within the ECOCLAY-II project of the European Union's 5 th Framework Programme
(Mader & Traber 2004, Traber & Mader 2004) included the consideration of a realistic boundary conditio n
for the cement–claystone interface (see also De Windt et al . 2004). This model allowed for alteration of the
primary cement minerals and aggregate in the source volume and thus accounted for a decrease in pH in th e
cement porewater over time, and a self-limiting source capacity scaled to the total available cement volume .
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Figure 1 : Change of mineralogical composition over time of OPC concrete .
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The cement/concrete block is modelled as an Ordinary Portland Cement consisting of portlandite, CSH
(Ca-Si-hydrate) with Ca/Si=1.79, ettringite, minor hydrotalcite, hydrogamet, and quartz as aggregate.
KOH and NaOH are contained in the cement pore fluid, which is assumed to be in equilibrium with
portlandite, CSH, and calcite. The components Mg, Al, and SO4 are linked to saturation with respect to
hydrotalcite, hydrogarnet, and ettringite. An "internal" degradation process is possible by slow dissolution
of the quartz aggregate and combination with soluble portlandite to form CSH, as well as conversions
among CSH phases from a high Ca/Si ratio to a lower ratio (1.79—*1.33—*-0.93—>0.76> (Figure 1).

ACCOUNTING FOR CSH SOLID SOLUTION
Chemical kinetic and/or equilibrium models of water-rock interaction with log-K type thermodynamic
data bases cannot rigorously consider solid solution series such as known for the CSH system, where
the Ca/Si ratio in CSH varies continuously by at least a factor of 2 depending mainly on pH, Si and Ca
dissolved species activities. Past reactive transport modelling work did approximate the solid solution
effect by including several CSH phases with different but fixed Ca/Si and specific log-K values fitted
to experimental data (e.g., Figure 1). A more rigorous binary solid solution model was presented by Kulik
and Kersten (2001 ) using the method of Gibbs free energy minimization that iterates simultaneously on
the liquid solution and the solid solution composition to satisfy global equilibrium conditions. This model
can be adapted adequately using PHREEQC to represent experimental data (Lothenbach & Winnefeld
2005). The model appears to describe the CSH in Portland Cement adequately, and may be applicable
or expandable to other cemenlitious systems.
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ABSTRACT
The geochemical behavior of argillaceous material, used as potential buffer material in high waste
repositories, has been studied at low temperature (20°C) in neutral and alkaline media. Batch experiments
have been carried out with the French reference clay material, "Fo-Ca", in contact with different solutions
(H2O, NaOH 0.02 and 0.002M solutions). The duration of the clay-solution interaction is 56 days. After 14
days the release of Si and Al in solution is reduced and a steady state is reached. Then, kinetic parameters -
specif ic kinetic constants of mineral dissolution /randpH dependence exponent n- can be estimated from
data obtained at short time (7 days). The values of these kinetic parameters are in good agreement with
those obtained in the literature for similar other aluminosilicates. These parameters will be introduced into
a thermo-kinetic geochemical code in order to predict the behavior of clay minerals as a function of time.

In many countries, clay materials have been selected as engineered barriers in high level waste repositories.
This material is planned to be intercalated between the canister and the host rock as granite or clay for-
mation. Clay barriers must play a lot of functions which are based on its properties: swelling capacity,
impermeability, thermal conductivity and retention capacity of radionuclides (Allen and Wood, 1988;
Pusch, 1992). These properties depend on the mineralogical, chemical and structural characteristics on
die clay material. In France, the selected "Fo-Ca'7 clay material comes from a spamacian formation in
Paris Basin (Coulon et al.> 1987). When die waste package is put into the geological formation, the
argillaceous material presents the above expected properties. Nevertheless, it is necessary to predict the
long-term geochemical behavior of the clay material in the repository conditions.
The aim of the work program is to predict as a function of time the geochemical behavior of the clay
material in contact with different aqueous solutions, where pH is representative of storage solutions:
granitic groundwater, cement, and canister degradation solutions. In such solutions pH can vary from
neutral to high values up to 13. In this study, experimental Fo-Ca clay material dissolution has been carried
out in different pH conditions. This approach permit to measure dissolution rates and to estimate kinetic
parameters required for the predictive water-rock modeling.

The "Fo-Ca" clay material is mainly composed of a kaolinite/smectite mixed layer clay mineral (80 weight
percent), which gives the physico-chemical properties of the material. The primary accessory minerals are
quartz (6%), goethite (6%), free kaolinite (4%), gypsum (2%) and calcite (2%). The chemical composition
of the material shows a high proportion of aluminium and calcium. The smectitic phase included in the
mixed layer "Fo-Ca" is of a beidellitic type [(Si16 A1O.4)T (Alli75 FeJ+

0 [ ; Mgu_,3)0 O]0 CaOi5 Na()i)5 K()rt5].
The excess layer charge results from the tetrahedral substitution of Si by Al. This charge deficit is balanced
by interlayer cations, especially Ca2+.

The temperature of batch experiments is constant during dissolution and equal to 20°C. The solution
were continuously stirred (300 round per mn) and the solutions used are pure water and two dilute
NaOH solutions: 0.002M (pFI = 10.0) and 0.02M (pH = 12.2). For each solution the running time is 7,
14,28 and 56 days. After contact, the solution was separated from the solid phase, filtered and analyzed.

International Meeting, March 14-18,2005,Tours, France
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 345



P/AP/18

No mineralogical change has been observed on the solid phase as investigated by X-ray diffraction. The
chemical composition of the neutral solution is characterized by a high amount of sulfate and carbonate
anions balanced by calcium and sodium cations. The concentration of each aqueous species is consistent
with the proportion of some accessory minerals in clay material. The chemical composition of the solution
results from the dissolution of the more soluble solid phases of the material, such as calcite and gypsum.
In the two others solutions, the chemical composition is controlled by the initial amount of dissolved
NaOH. Nevertheless, CI" and SO4

2" concentrations remain constant. In all experiments the Mg i : and K*
concentrations are very low.

The dissolution rates of "Fo-Ca" clay material are obtained by the increase of Si and Al concentrations
in solutions. These two elements are the major components of the alumino-silicate framework and are
generally considered to be good tracers of mineral dissolution in acidic and alkaline media; on the other
hand, in the neutral domain, only the Si concentration is generally used to measure dissolution rates
{Carroll-Webb and Wather, 1990).
The total Si concentration depends mainly on the pH of solutions and in all experiments increases rapidly
until 7 days. After this period time, aqueous Si concentration remains constant. These concentration levels
can be explained either by a stopping of silica phase dissolution (quartz, kaolinite, smectite) or by a steady
state controlled by a hypothetical precipitation of secondary phases (not detected with X-ray diffraction).
For the silicate dissolution, it can be described three intrinsic dissolution constants WH

dm as a function
of pH (acidic, neutral and alkaline media) and two n exponents (acidic and alkaline media) (Made et ai,
1994; Lasaga, 1998). In this work, the dissolution rate of "Fo-Ca" can be estimated from the increase
of Si and Al in neutral and alkaline solutions.

Specific apparent dissolution rate constants of"Fo-Ca" material, determined in geochemical system far from
equilibrium (0-7 days), are equal to 5.35 10"7 mol/nr/yr in neutral domain (k"20) and 3.9 10~9 mol/m:/yr
in alkaline domain (If"). The k " value is close to the specific dissolution rate constants of kaoiinite ans
muscovite. The apparent dissolution rate of ulFo-Ca" is 2 orders of magnitude greater under alkaline condi-
tions than in the neutral medium. This result is in good agreement with the study of the reaction of silicates
with cement pore fluids (Savage et al., 1992). The specific rate constant of K/S interstratified phase of
"Po-Ca" has been estimated in alkaline media from Al release in solution and is equal to 7.30 10"m mol/trf/yr
The value of the exponent n, which represents the pH dependence of the dissolution rate, is equal to 0.275.
It is similar with the values of many silicates in alkaline conditions (Brady and Walther, 1989; Lasaga, 1998).
The kinetic parameters will be introduced in thermo-kinetic code to predict at long term the geochemical
behavior of argillaceous backfill material in nuclear waste repositories.
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EVALUATION OF LONG-TERM
SETTLEMENT OF CONTAINER FOR HLW
IN BENTONITE SATURATED BY VARIOUS

SALINITY OF WATER
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In Japan, bentonite will be used as buffer materials in high-level nuclear waste repositories. Bentonite
are suitable as backfills due to their swelling capability, their low permeability, their sorption properties
and so on. However, considerable settlement of the container for HLW might bring loss of required
functions of the buffer materials by losing its thickness. Therefore, it is very important to evaluate the
settlement of the container. In this study, long-term settlement of the container is evaluated by scale
model tests using geotechnical centrifuge apparatus in order to reduce time for the model test. The scale
model of the centrifugal test was saturated by artificial seawater as well as distilled water, because at
the greater depth, salinity of ground water becomes higher especially near the coastal area. And this
study examine the effect ofdry density of the bentonite as well as salinity of the water for the long-term
settlement of the container. Furthermore a simple evaluation method for settlement of the container is
proposed and the predicted results have been compared with actual measurements. The following findings
were obtained from this study.

(1) Effect ofdry densities of bentonite on settlement of container under distilled water
Under the distilled water, amount of settlement decreases exponentially as dry density becomes larger.
Because swelling pressure of bentonite increases as the dry density increses exponentially.

(2) Effect of concentration of seawater on settlement of container
While the amount of settlement of container under the 10% artificial seawater was slightly larger the
one in the distilled water, the container was floating under the 100% artificial seawater. Because
swelling deformation of bentonite under the 100% artificial seawater go down and bentonite can't
infill interspace.

(3) Propose simple evaluation method for settlement of container
The simple evaluation method for settlement of container was proposed based on the diffuse double
layer theory, and the effectiveness of the proposed method was demonstrated by the results of several
experiments.

(4} Effect of marine water on swelling properties of bentonite
Swelling strain and swelling pressure of compacted bentonite decrease as the salinity of water
increases.

(5) Propose evaluation method for swelling properties under brine
Quantitative evaluation method for swelling strain and swelling pressure of several kinds ofbentonites
under brine is proposed and the applicability of this method was investigated by comparing the
predicted results with laboratory test results.
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ABSTRACT
In natural clays from Bure and Mont Terri, we carried out heating at 95°C in confined natural atmosphere
during 21 to 144 days. During heating, a 2 mT vertical magnetic field was applied either with a unique
polarity or with magnetic reversals. Magnetic reversal allows to test whether the newly formed magnetic
grains results from nucleation/growth process or oxidation of a host mineral {Cairanne et al., 2003; in
press). During the experiment, we monitored the chemical rémanent magnetization evolution (CRM).

Different patterns of the increase of CRM are observed for Mont Terri and Bure clays (Figure 1). In the
Mont Terri clays, there is two orders of magnitude between the initial natural rémanent magnetization
(NRM) and the CRM. Then the CRM steadily increased until the end of experiment att+22 days. In Bure
clays, we observe one order of magnitude betwenn NRM to CRM. Then CRJV1 is continuously increasing
until the first magnetic reversal at t+55 days. The flip of magnetization is very sharp for the first reversal
at t+60 and more progressive at t+118 for the second reversal. We test the thermal viscosity of the rémanent
magnetization at the end of experiment. The small drop of CRM at both clays indicates that the largest
part of magnetization is of chemical origin.

Our results point unambiguously for chemical transformation. The cross analysis of magnetic parameters
allows to identify the original and newly magnetic grains. In Mont Terri, magnetite is detected in started
and heated materials. These magnetites show however distinct signatures. In Bure clays, a mixture of
magnetite and hematite is inferred. Our results suggest therefore that the product during low thermal
heating is different in the two clays. In the Bure clays where we applied two magnetic reversals during
the experiment, the AF demagnetization shows a particular pattern, indicating that the two magnetic
polarities are detected. We infer from this demagnetization pattern and other magnetic parameters different
steps of magnetic grains growth during the experiment.

Magnetic monitoring is then a powerful tool to track the very low temperature chemical transformation
of iron and sulf ide oxides in clays that takes place after few days of heating at 95°C. Complementary
to magnetic monitoring of CRM, a detailed approach between rock magnetism and geochemistry is
currently undertaken to better understand the chemical processes involved in theses transformation.
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Figure 1 : Evolution of chemical remanent magnetization versus time during heating at 95°C in confine d

atmosphere. Left : Mont Terri Opalinus clays . Right : Bure clays (687 m) . In Bure clays, two magneti c

reversals have been imparted at t+60 and t+118 . Note the asymmetry of CRM evolution during the two

reversals .
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In 1997 at the end of a workshop dedicated to Victor Drits by the French Clay Group Bernard Kiibler
proposed that it would be a great help in following the discussions on the smectite to illite transformation
if the speakers would give their definitions of vermicuhte, high-charged-smectite or illite at the beginning
of their talks. As a matter of fact a look through literature reveals that the terms used for expandable layers
in the smectite to illite reaction are just operationally defined. The aim of our study was to investigate
the fate of smectite during a possible smectite to illite transformation in bentonites. The question is then,
is smectite just a passive partner in the reaction giving the ingredients for the new phase illite or is illite
perhaps smectite with a higher charge and collapse occurs only when EC is present in the high-charged
interlayer site? How are smectite particles transformed during their transition to a random illite/smectite
(R0 I/S) mixed layer phase? Two processes may control the reaction: solid state transformation or
dissolution/crystallisation. Solid state t rand format ion involves illitisation in the solid state with an illite
replacement of smectite on a layer-by-layer basis. The second mechanism involves the dissolution of
smectite followed by the precipitation of I/S or illite. This process allows major changes in structure and
texture to occur as illitisation proceeds.

Two ways are described in the literature to make illite from a bentonite smectite. One is to use KC1 and high
temperatures (>200°C) and pressures; the other uses KOH at low temperatures (< 100°C), In our presentation
we will focus on KOH experiments but also discuss the influence of temperature on the illitisation process.
In our study SAz-1 smectite {source clay repository) is used with 1 M KOH at 80°C to examine in detail
at the evolution of the smectite.

Formation of secondary phases is not observed by XRD. EQ 3 calculations show also that the solution is
undersaturated with respected to the formation of secondary phases throughout the experiment. At 40%
relative humidity, XRD measurements revealed some changes in expandability of the smectite. The 001
reflection profile of SAz-1 smectite was modelled using the trial-and-error approach of Sakharov et al.
(1999). The initial Sr2" saturated smectite has 70 % 2 water layers in die interlayer, 20 % one water layers
and 10 % zero water layers in die interlayer [Ferrage (2004)]. With increasing reaction progress the coherent
scattering domain size of the smectite decreases. After 80 days, the number of non-expandable layers with
zero or one water layer increases. After 230 days a discrete illite peak appears beside the smectite reflection
in the K-saturated state, which remains after Sr2" saturation.

STA measurements demonstrate that the cis-vacant character of the octahedral sheet remain nearly
unchanged throughout the experiment. The dehydroxylation temperature decreased from continuously
643° to 605°C as a function of reaction time. The dehydration temperature of the initial material at
165°C splits into two dehydration temperatures at 120° and 140DC after 230 days.
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Infra-red spectroscopy of the reacted smectite suggests that there is no change from the initial clay. The
disappearance of a weak band at 792cm"' indicates the dissolution of poorly crystalline silica. XPS
measurements reveal no change of the Al/Si ratio as a function of reaction time, while the Mg/Al and
Mg/Si ratios show an increase.

The layer charge exhibits a continuous increase from 0.3 to 0,46 eq/Si (Si/Al)4O]0. The average layer charge
distribution indicate the appearance of high charged smectite layers with a charge of ~ 0.65 eq/Si (SL/A!)4O[(]

at the expense of low charged layers. Above - 0.65 eq/Si (Si/Al)4O|0, the smectite collapsed irreversibly.

Our experiments indicate that the smectite to illite reaction using bentonites in alkaline solutions did not
proceed through mixed-layer illite/smectite intermediates. In our experiments illite behaviour originate from
a smectite via a stepwise increase of the layer charge and the final closure of the smectite structure at
values above ~0.65 eq/Si {Si/AI)4OU). The mechanism of illitization inbentonites under basic conditions,
typical for the alteration of concrete in a nuclear waste repository, proceeds via a dissolution/crystallisation
reaction.
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[INTRODUCTION
Low alloy steel containers are suggested for overpacking of high levels radioactive wastes in geological
disposal. Overpacks are intended to remain intact for more than 1000 years to prevent glass corrosion
and radionuclide migration in the surrounding environment. During this period, corrosion occurs in pre-
dominantly reducing conditions and leads to iron oxi-hydroxide and carbonate formation. Moreover, it is
noteworthy that the iron oxides or hydroxides enhance glass corrosion, at least by a mechanism controlled
by silica sorption on these oxides. The knowledge of the morphology of corrosion products is of prime
interest since reactive surface area depends on it. In order to study the long term behaviour of vitrified
wastes embedded in this overpack, it is therefore of great interest to better characterize iron corrosion
byproducts in clay media. Following many researches that are performed in the French underground
laboratory of Andra in Bure (Meuse/Haute-Marne) on Callovo-Oxfordian argillite, this study particularly
focuses on the kinetics and thermodynamic aspects of iron corrosion in this argillite under disposal
reducing conditions. The aim of this work is first to identify corrosion products of iron as well as iron-rich
neo-phases associated to the clay destabilization and then to follow their formation kinetics and relative
thermodynamic stability. The experiments will be associated to geochemkal modelling to better understand
the observed reaction-paths and qualitatively simulate overpack behaviour in Bure clay media.

EXPERIMENTAL
All die experiments have been performed in a glove box at 90°C under inert atmosphere (N2) and prepared
under reducing conditions (milliQ water degassed with Ar/H, 5%). All samples and tests are checked for
periods ranging over a few month.

In this study, the corrosion of iron {99.9% purity) in clay (Bure site argillite, Meuse/Haute-Marne, from
borehole EST209, depth 480 m) has been studied in two series of experiments:
• In the first series, batch experiments are carried out with iron powder (10 urn) in powdered clay

(weight ratio 1:1) with a water-to-solid ratio of 5:1.
At the end of a batch test, water is sampled for Eh, pH measurements (25°C). It is then ultrafiltered
(0.01 um) before performing elemental analysis by ICP-AES. Iron byproducts and clay are separated by
magnetic stirring and corroded powder is then washed with degassed milliQ water. Operation is repeated
twice. Iron byproducts and clay are then softly dried 12 h at 30°C and 3 mm Hg. SEM observations
are performed to observe morphology of corroded particles and the growth of oxide layers. A set of
infrared and Raman spectroscopies as well as X-ray diffraction have been carried out to identify and
quantify mineral phases.
These batch experiments allow a large contact surface between all reactants for optimal interaction and
global cristallochemical analyses of powder samples. Quantitative XRD provide the kinetics of iron
oxides formation and/or dissolution. Also, they allow a quantitative analysis of iron partition between
oxides, adsorbed species and free ionic species present in the water composition.

• In the second series, iron foils (0.5 mm thick) have been placed in contact with bulk samples of clay
(machine-cut to experimental cell dimension).
At the end of the test, the core is cut and prepared for profile elemental cartography and analysis with

International Meeting, March 14-18,2005, Tours, France
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 353



P/AP/23

SEM and X-ray fluorescence spectroscopy. SEM observations are also performed to study the growth
of oxide layers and the diffusion of iron into the minerals.
These bulk analyses of compacted samples allow more realistic corrosion conditions. They complete
characterization with reaction/precipitation fronts observations. They also show the effect of transport
of species by diffusion and reaction with the container corrosion products and the surrounding clays.

MODELING
Preliminary simulations with the geochemical code HYTEC have been used to reproduce the corrosion
of iron in clay media. Some prospective simulations both on clay interstitial water and iron corrosion
provide interesting results which must be compared with experiments. Both thermodynamic and kinetics
parameters were used to fit and further predict evolution of the system. The kinetic parameters have been
fitted to reproduce the experimental iron corrosion rate. The thermodynamic parameters are chosen in
order to reproduce the observed precipitated phases.
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INTRODUCTION
In the designs for the future geological disposal of intermediate level waste, it is foreseen to place cemente d

waste packages in an array of tunnels (–200 m long, -10 m diameter) driven from the main access galler y

into the host rock (e .g. argilite in the French disposal concept) . In these horizontal tunnels, the waste

packages will be confined in a central zone and surrounded by a thick concrete engineered barrier (Fig . 1) .
This concrete barrier plays an important role both for the mechanical stability of the galleries during th e
disposal exploitation but also for the long term chemical protection of the waste packages . Once th e
resaturation of the near field is completed, the alteration of waste packages and the flux of element s
potentially released to the host rock will thus depend, among several factors, on the pereniallity of thi s
concrete engineered barrier . The interactions between groundwaters, interstitial cement waters, cemen t
and host rock minerals will cause modifications in the engineered barrier and in the near field argilite .
The high pH buffering capacity of the concrete barrier will be progressively used up and an alteratio n

front will develop at the tunnel interface between the argilite and the cement barrier . In order to make
a reliable long term performance assessment of such a disposal concept, one has to estimate how lon g
it will last until the pH buffer capacity of the engineered barrier is completely consumed . The simulatio n
work presented here aims at bracketing this important parameter in the evolution of the disposal an d
was conducted in the frame of the Andra-CEA cooperation .

Concrete EB S

Waste packages
Argilite formatio n

(140 m thick)

Tunnel sectio n
(next tunnel at 60 m distance )

Figure 1 : Schematic cross-section of a disposal tunnel driven in the host rock (argilite) .

MODELLING APPROAC H
Similar interactions were modelled by different authors (Trotignon et al ., 1998 ; Savage et al ., 2002 ;
Soler 2003 ; De Windt et al ., 2003) using reactive transport models . These previous works showed th e
potential influence of cementation processes, either by CSH phases or by carbonates . In addition to th e
complex dynamics of pore clogging, models describing completely the interactions between argilite and hig h
pH waters are till in progress . A stepwise approach was therefore devised by modelling first a simplifie d
1-D description of the tunnel section and progressively including pore clogging, ion exchanges on clay
minerals and a 2-D description of the geometry. Computations were done using the reactive-transpor t
code Hytec 3 .3 (Van der Lee et al ., 2002) run on a 12 node Pentium IV based Linux cluster.
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RESULTS
In 1-D simplified simulations, with no pore cementation and taking into account the geological mediu m

as a permanently aggressive boundary condition, the portlandite dissolution front is predicted to progres s

less than 0 .5 m inside the concrete EBS in a 1 0 6 year period, whereas diffusion driven alkali loss from th e

concrete lasts around 250 000 y. Scenarios in which porosity variations were taken into account predic t

at short times an enhancement of concrete alteration due to the opening of the porosity ; this is however

rapidly followed by a severe cementation at the concrete/argilite interface due to the massive precipitatio n

of CSH and calcite. The portlandite dissolution front progresses about 0 .2 min 10 5 years. On the argilit e

side, several geochemical models were tested and predict that the chemical perturbation of the host roc k

should be contained inside a peripheral zone of 1 to 3 m thickness around the tunnels .

-4- initial time
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0.1 -	 CSH and zeolite precipitatio n
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0
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6 .5

	

7

Distance from the tunnel center (m )

Figure 2 : Predicted porosity profile at the concrete/argilite interface at 100 000 y (scenario withou t
carbonates) .

ON GOING SIMULATIONS
Work is in progress to complete and improve the argilite geochemical model, in particular to bette r
describe the dissolution of illite and montmorillonite mineral phases in the argilite . Also, the specifi c
case of a sulfatic attack will be studied as it may lead to the massive precipitation of ettringite whic h
may mechanically damage the concrete . The evolution of an individual fracture across the tunnel wil l
be simulated in this respect .
Finally, the behaviour of the code during these simulations gave an interesting feedback on the applicatio n
of such tools in near field modelling . In particular, it appears that the interpretation of clogging processe s
must take into account the scale of spatial discretisation in order to be properly poised . Also due to th e
clogging, the time step was severely reduced ; our intention is to benchmark these calculations wit h
other codes using alternative algorithms .
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In the horizontal emplacement concept (K.BS-3H) for the disposal of radioactive waste, which is being
developed in Sweden and Finland, copper canisters will be surrounded by bentonite buffer and placed
in perforated carbon steel support structures in long horizontal boreholes in the crystalline bedrock, at
a depth of approximately 500m. Under the chemical conditions that are expected to prevail in a deep
repository, it is possible that the release of iron from the carbon steel structures could influence the
physico-chemical properties of the bentonite to an appreciable extent, for example by ion exchange
between dissolved Fe!+ or Fe'* and Na+ or Ca2+ in the montmorillonite. Smart et al [1] have recently
reported direct evidence of the penetration/absorption of Fe2' into bentonite from anaerobically corroding
iron, most probably by ion exchange. It has also been reported that in reducing environments Fe~" can
replace Na" in the interlayer position of smectites [2], In order to gain further insights into the possible
changes in the properties of bentonite in contact with iron and its corrosion products, an experimental
study has been undertaken, with die aims of investigating the following:

• the mode of iron uptake into bentonite (e.g. distribution of iron, chemical state, location in bentonite);
* the extent of changes induced in the basic physico-chemical properties of bentonite (e.g. swelling pressure,

hydraulic conductivity, ion exchange properties).

The samples studied were taken from long-term anaerobic corrosion tests of carbon steel in compacted
bentonite (Volclay MX-SO, ~4% Fe :03) in contact with artificial groundwaters at 30 °C or 50 °C. For
comparison, samples of Indian Kutch 8939 bentonite, which has a high iron content (~11% F e ^ ) , were
also studied in parallel.

A range of analytical techniques was applied to samples of corrosion product on carbon steel and cast
iron and to the bentonite surrounding the corroding specimens. Corrosion products were analysed using
scanning electron microscopy (SEM), electron microprobe analysis (EMPA), Raman spectroscopy, X-Ray
diffraction and Mossbauer transmission spectroscopy. These analyses showed that the corrosion product
on the carbon steel was thin compared to tests in artificial porewaters, although the corrosion rates were
slightly higher. The Raman analysis showed that carbon steel and cast iron corrosion products consisted
of an inhomogeneous mixture of magnetite, hematite and goethite. The predominant species was magnetite.
The presence of hematite and goethite indicates that there might have been some residual oxygen trapped
in the compacted bentonite at start of the experiments.

Samples of compacted bentonite from around the corroding ferrous material were analysed using scanning
electron microscopy, electron microprobe analysis, Raman spectroscopy, X-Ray diffraction, Mossbauer
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transmission spectroscopy, Fourier transform infra-red spectroscopy, transmission electron microscopy
with energy dispersive spectroscopy, cation exchange analysis and inductively coupled plasma-atomic
absorption spectroscopy (ICP-AES). These measurements were supplemented with measurements of
hydraulic conductivity and swelling pressure of samples of bentonite that had been separated anaerobically
from the corroded carbon steel and corrosion products.

Sample of compacted bentonite clay taken near the metal surface were sectioned and analysed by SEM
and EMPA to investigate whether any iron released from the metal coupons had been absorbed into the
bentonite. The electron microprobe analysis showed enrichment of iron near the interface with the
coupons compared to the background level of iron in the MX-80. The concentration of iron decreased
with increasing distance away from the iron-bentonite interface. This suggests that the presence ofbentonite
affects the formation of the corrosion products normally seen in anoxic aqueous conditions and that iron
released through corrosion is incorporated into the bentonite.

Preliminary X-ray diffraction data have been obtained for compacted bentonite containing iron. The dif-
fraction data are affected by the ambient relative humidity, the presence of oxygen and the concentration
of iron in the bentoniie, making interpretation difficult. The results will be discussed in detail in the
paper. FTIR spectra indicate that the iron content of the octahedral sheets of montmorillomte did not
increase during the tests. The results of all other analyses will be presented in the paper.
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THERMAL PROPERTIES OF BENTONITE
UNDER EXTREME CONDITIONS

RadckVasicek
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Prague

At present the deep repository seems to be the best way for the reliable and safe disposal of high-level
radioactive waste. The deep repository will be constructed like system consisting of the several barriers.
The system must prohibit the contamination of nature, therefore its reliability should be guaranteed for
a very long time. In the Czech Republic the deep repository is planned to be built in the granitic massif.
Bentonite and montmorillonite-rich clays are materials which are being considered for the construction
of the engineered barrier system planned for the Czech deep repository.

Centre of Experimental Geotechnics (CEG) deals with the research of the behaviour of bentonite and clays.
The measurement of thermal properties is not so frequent test in geotechincal laboratory but in relation to
deep repository it is a part which shouldn't be overlooked. The reason is the heat generated by canister
with spent nuclear fuel and possible influence of the heat on the materials of the egineered barrier.

In the initial stages following the burial of canister with the waste the barrier materials will be exposed
to elevated temperature. According to existing information, these temperatures should not exceed 90°C.
That heat can induce a creation of cracks and opening of joint between highly compacted blocks. It will
predispose the bentonite barrier to penetration ofwater from surrounding towards to canister. Therefore
easy removal of heat through the barier is required.

It is essential that the tests aimed at determining the real values of measured parameters are carried out
in conditions identical with those anticipated in a future disposal system. These relatively complicated
thermophysical tests are logical continuation of the simple ones, carried out under laboratory temperature
and on not fully saturated samples without possibility to measure the swelling pressure. Their advantages -
quickness and easiness - help to provide the wide range of data before selection of the most suitable
material for further research (under real conditions). Of course, during all the time of the selection
process not only thermal properties but also the other, and sometimes most important, properties must
be considered (e.g. Atterberg limits ...).

Thermophysical properties and swelling pressure are dominantly influenced by water content (which is
influenced by temperature). Therefore is important to realize the tests under different moisture and thermal
conditions. These tests are running at the ,,APT-P01 Analyser", designed to fulfill mentioned requirements
- it allows measurement of thermal properties under temperature up to 200°C and swelling pressure up
to 20 MPa. The device is capable to register the evolution of temperature, swelling and vapor pressure.
The measurement of thermal conductivity and volume heat capacity is realized by the dynamic impulse
method with point source of heat.

Four types of tests are possible:
a) at higher temperature, without watering of sample
b) at laboratory temperature, with watering of sample
c) at higher temperature - under 90°C (limit for vapor evolution), with watering of sample
ci) at higher temperature - above 90°C, with watering of sample

International Meeting, March 14-18,2005, Tours, France
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 359



P/AP/26

For these time consuming tests were used the highly compacted blocks from the mixture of RMN bentonite
+ 10 % sand + 5 % graphite (RMN - Czech Mg-Ca bentonite, grinded, not activated), from the "FEBEX"
bentonite (Spanish natural Ca bentonite) and from the MX80 bentonite (Na bentonite}.

Two types of samples were tested - long-term thermally not loaded (all three materials) and long-term
thermally loaded before test (only the "mixture"). The thermal loading took 12 months at level 110°C.

The tests conducted employing the APT-POl apparatus are relatively long term. Even only a limited
number of measurements above 90°C have been obtained for the time beeing, it can be deduced from
the available results that exceeding a temperature of 80°C on the canister surface in deep repository may
complicate predictions of the behaviour of an engineered barrier system based on bentonite clays. Also
there is necessary to verify and possibly to explain and discuss observed influence of long-term thermal
loading of material. Lastly the results obtained from tests at 80°C give important data for correcting of
prediction of behaviour of barrier.
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Many designs for geological disposal facilities for radioactive and toxic wastes envisage the use of clay-rich
rock as engineering barriers. It is thus necessary to evaluate changes that can affect the long-term behaviour
of the clay. In some instances, clay may be in contact with cement and/or a metallic iron canister. The
saturation of cements with groundwater produces an alkaline pore fluid with a pH in the range 10-13.5
(Berner, 1992). This fluid may enter the clay barrier and significantly modifies the pll of the interstitial
waters, and subsequently alters, the clay and its physical and chemical properties. Studies have already
observed various modifications of the clay mineralogy in alkaline conditions: dissolution of smectite
(e.g. Bauer and Berger, 199S), formation of illite (e.g. Drief et al. 2002), of calcium silicate hydrates
(e.g. Taubald et al., 2000), of zeolites (e.g. Vigil de la Villa et al., 2001) and oflizardite (Drief et al.,
2002). But the presence of an iron canister might induce other mechanisms and transformations.

Clay-iron interactions under alkaline conditions have been studied experimentally using a bentonite
(MX-80) as starting product. The presence of an iron canister has been simulated by introducing iron
oxide powder (magnetite), metallic iron powder and metallic iron plate. The presence of a cement pore
fluid has been simulated by an alkaline and Ca, Na-rich fluid prepared from analytical grade chemicals.
The fluid pH was 12.3. Solid/solution systems were prepared under argon atmosphere in a glove box to obtain
oxygen-free systems and put in autoclaves at 8G°C, 150°C and 300°C. The durations of the experiments
were 3, 6 and 9 months, the vessels being completely static during experiments with the iron plate at
the bottom to obtain information on the spatial changes as a function to the distance to the metallic iron
plate. For each vessel, the sample was parted under argon atmosphere: one part collected close to the
iron plate and the other part far from the iron plate; the iron plate itself was collected separately.

Clay mineralogical modifications, alteration of initial detrital minerals, formation of by-products and
chemical variations have been studied. Mineralogy was characterised by XRD and SEM images, crystal
chemistry was determined by EELS- TEM, EDS-TEM and Mossbauer. The experimental solutions
coexisting with the solid products were analysed (Eh, pH and major anions and cations).

Significant changes are observed in the run-products.
• At SO and 150°C, whatever the run duration, di-octahedral montmorillonite remains the predominant

clay mineral. Crystal chemistry slightly evolves with time: enrichment in Fe and depletion in Si are
observed, the total aluminium content and magnesium content being almost constant.

• At 300°C, the starting montmorillonite, which is still present in the 3 months experiment, is entirely
replaced after 6 months of experiment. Vermiculite predominates and is associated with a very small
amount of saponite, A zoning of the newly formed clay phases chemistry is observed as a function of
the distance from the iron plate: Mg,Fe vermiculite far from the iron plate, and Fe-vermiculite on the
iron plate surface. Consequently, the interaction of bentonite with iron induces the formation of iron-rich
clay phases. Fe37Fetolii| ratio in particles of the initial bentonite is about 0.55 (Guillaume, 2002). This
ration decreases significantly with temperature and duration of experiments. At 300°C, Fe:+ becomes
therefore predominant in some clay particles in 3 months experiments and in 9 months experiments,
the reduction of iron is almost total.
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Besides the clay transformation, dissolution and formation of non clay minerals are observed. Plagioclases
and K-feldspars undergo partial dissolution that increases with experimental temperatures. The iron powder
added to the bentonite is completely dissolved at 300°C. Moreover, two types of by-products are observed:
i) the significant dissolution of silicates, especially plagioclases and K-feldspars yield to the formation

of a great amount of thin laths of mordenite at 300°C in all run-products: this zeolite with a very high
Si/Al ratio forms under condition of high SiO2 activity (Holler and Wirsching, 1978).

ii) few very thin, stringy and fragile needles of palygorskite-type minerals only at 150°C in 3 months
experiment and at 80°C in 6 months experiment.

In conclusion, this work underlines that the combined effects of iron and alkaline fluids on bentonite leads
to distinct mineralogical changes at 80, 150 and 3()0DC. Newly formed smectite or vermiculite would not
yield to major changes in the exchange capacities of the bulk bentonite, but the formation of by-products
as palygorskite or zeolite may modify the porosity and permeability, and therefore confinement capability
properties of clay barrier.

References:
Bauer, A., Berger, G., 1998, Kaolinite and smectite dissolution rate in high molar KOH solutions at 35°
and &0°C. Applied Geochemistry 13, 905-916.

Berner, U.R., 1992, Evolution of ore water chemistry during degradation of cement in a radioactive
waste repository environment. Waste Management 12, 201-219.

Drief, A., Marti nez-Ruis, F., Nieto, F., Velilla Sanchez, N., 2002, Transmission electron microscopy evidence
for experimental illitization of smectite in K-enriched seawater solution at 50°C and basic pH. Clays and
Clay Minerals 50, 746-756.

Guillaume, D,, 2002, Etude expérimentale du système fer-smectite en présence de solution à S0°C et 300°C.
Ph.D. Thesis, Université Henri Poincaré, Nancy.

Guillaume, D., Neaman, A.. Cathelineau, M., Mosser-Ruck, R., Peiffert, C , Abdelmoula, M., Dubessy,
J., Villiéras, F, Michau, R , 2003, Experimental study of the transformation of smectite at 80°C and 300°C
in the presence of iron oxides. Clay Minerals 39, 17-34.

Holler, H., Wirsching, U, 1978, Experiments on the formation of zeolites by hydrothermal alteration of
volcanic glasses. In: Sand L.B. & Mumpton F.A. (Eds.), Natural Zeolite Occurrence, Properties, Use.
Pergamon Press Ltd, London, 329-336.

Taubald, H., Bauer, A., Scha, T., Geckeîs, H., Satir, M., 2000, Experimental investigation of the effect of
high-pH solutions on the Opalinus Shale and the Hammerschmiede Smectite. Clay Minerals 35, 515-524.

Vigil de la Villa, R., Cuevas, J., Ramirez, S., Leguey, S., 2001, Zeolite formation during the alkaline
reaction of bentonite. European Journal of Mineralogy 13, 635-644.

International Meeting, March 14-18, 2005, Tours, France
Page 362 Clays in Natural & Engineered Barriers for Radioactive Waste Confinement



P/AP/28

THE EARLY MINERAL REACTIONS OF THE
MX80 BENTONITE WITH HIGH pH NaOH,
KOH AND Ca(OH)2 ALKALINE SOLUTIONS

AT 60, 90 AND 120 °C
S.Ramirez'. A. Bouchet1, A. Cassagnabère1, A. Bauer2, A. Meunier3, P. Vieillard1, N. Michau4

1. ERM Poitiers, France
2. INE Karlsruhe, Germany
3. HYDRASA, Poitiers, France
4. Andra, Chatcnay-Malabry, France

Bentonites have been recognized as suitable sealant material in the multibarrier systems designed for
storage of high level nuclear waste in burial repositories (Chapman & McKJnley. 1989), Because of
their swelling properties and their high cation exchange capacity (CEC), smectites have been preferred
to any other natural minerals. Thanks to their plasticity when saturated with water, they are expected to
reduce the permeability by infiltrating into the fractures of the geological barrier. Besides, cation sorption
will retard the leakage of solvated radioactive decays from the canisters to the groundwater. The main
question is how long the clay barrier will conserve these properties when aggressed by alkaline or the
iron-rich solutions from the cemented parts of the storage or the canister itself respectively? The work
presented here was a part of the ECOCLAY 2 program devoted to the reactivity of bentonite smectites
suspected to be used (Wyoming type: MX80) with high alkaline solutions.

It is predictable that high pi! conditions will be established close to the emplaced concrete in the storage
where the alkaline solutions will be in contact with their surroundings (Anderson et al; 1989; Savage et al.,
1992). Their interaction with the clay minerals of the engineered barrier is known to trigger the dissolution
of the smectite component (Cama & Ayora, 1998). Thus, efforts have been paid to calculate the dissolution
reaction rate of the smectite (Bauer & Berger, 1998; Cama et al., 2000; Sato et al., 2003). These studies
assumed that the dissolution is congruent and that the solid does not change in composition. This point
is debatable since smectites are known to be highly reactive and to adapt their crystal structure to a large
range of conditions.

The present papers aims to characterize the changes of the smectite crystal structure (Wyoming type,
MX80) during reaction with high alkaline solutions (pH 10 to 14).

The effect of cement high-pH pore waters on the mineralogical stability of the engineered clay barrier
has been investigated through a set of batch experiments with the MX80 bentonite and NaOH, KOH,
Ca(OH), alkaline solutions at 60, 90 and 120°C,pH: 10, 12 and 14 or 12.6 during 6, 24 and!68 hours.
The initial smectite is a montmorillonite with a very low tetrahedral charge {-0.04 per OU)(OH);). After
alteration, the intensity of rf(001) smectite reflection in the XRD patterns decreases while that of the
(060) remains increases. The coherent scattering domain size is reduced in the c* axis but increases in
the ci-b direction. Concomitantly, the flaky shape of the original particles disappears to the benefit of
more elongated ones exhibiting sometimes crystal faces. This suggests that the alteration mechanism is
controlled by a dissolution-recrystallization process.

The newly formed smectite becomes expandable after neutralization of the octahedral charge (Hofmann
& Klemen treatment). The presence of layers having Al for Si substitutions is confirmed by RMN
spectrometry. The decrease of the octahedral charge with alteration is confirmed by the IR spectromeiry.
The layer charge and the total CEC increases due to the increasing contribution of the tetrahedral
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charges. The beidellitization reaction is working whatever the cation used in the alteration solutions: Na,
K or Ca. The driving force is the high pH conditions. This could be due to the fact that aluminum-silica
complexes are formed in basic solutions.
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Bentonites are frequently recommended as backfill materials for the construction of high-level nuclear
waste repository. They are chosen because of their swelling capacity, their low hydraulic conductivity
when compacted to high density and their high sorption capacity. The specific conditions of high-level
nuclear wastes repository sites has been taken into account in different modelling and experimental
studies, particularly the temperature increase and the possible presence of available iron. The potential
transformations of the bentonite has been described from batch experiments (e.g. Guillaume et ai.,
2003; 2004), but the design of the wastes repository induces the presence of different spacial gradients
that have to be taken into account. The aim of this study was to consider the gradient of iron diffusion
during the experiments and to model the associated transformations.

Experiments have been conducted at 80°C and 300°C using the MX80 bentonite (Wyoming) in low
salinity solutions (NaCl-CaCl2, W/R=5) over a period of 14 months. A metallic iron plaque was placed
in the middle of the system to provide a source of available iron. At the end of experiments, solids have
been carefully sampled as concentric successive fractions surrounding the iron plaque. Mineralogical
and chemical studies of these fractions provide informations about the spatial evolution of the clay
exposed to the gradient of iron migration and show the various transformations of the montmorillonite
as a function of the temperature.
Numerical modelling were performed using version 1.6 of the die rmo- kinetic hydrochemical code K1RMAT
(Kinetic Reactions and Mass Transport. Gerard et al, 1998). The main interest was to simulate the geo-
chemical transfonnations of the MX80 bentonite (dissolution/precipitation reactions) at 80°C and 300°C
taking into account the chemical-elements diffusion (mainly Fe, K, Ca, Na, Mg, Si, S). The system modelled
here consists of 1 cm thick zone of water-oversaturated bentonite placed in contact with an iron source
on one side, which is then allowed to diffuse into the bentonite medium. The mineral composition of the
MX80 bentonite (Sauzéat et al., 2001) and the composition of the starting fluid of the experiments were
considered as input data. The dissolution of primary minerals was treated with a kinetic option, their
precipitation with a thermodynamic option. It was assumed that after the closing of the repository system,
the hydrolysis reactions of minerals take place in reducing conditions (Eh--200 mV) because the oxygen
is supposed to be rapidly consumed by the corrosion processes. The secondary minerals allowed to
precipitate were chosen following the conclusions of the experiments. Their precipitation was treated
with a thermodynamic option.

Numerical simulations indicate a gradient of mineralogical evolution as a function of temperature and
the distance to the source of iron. This gradient is consistent with the results of experiments. The results
confirm the time and temperature effect on the stability and mineralogical composition of montmorilionite.
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In Andra's design of a repository for vitrified waste and spent fuel, there are interfaces between iron, used
in overpack or as structural component, and clay materials of the geological formation (Callovo-Oxfordian
argillite) or of the Engineered Barrier System - EBS - (bentonite). During their degradation in time and
space, in contact with the geological pore water and under particular physico-chemical conditions, these
materials will transform into new phases. Thus, at these interfaces, clay properties related to the
radionuclides containment properties will be modified. Consequently, it is necessary to assess this
behaviour on a long period of time through following the dissolution and precipitation of phases and die
diffusion of elements in water. In this context, as experiments are usually made on too short durations,
modelling is a useful tool to study and extrapolate the mineralogical evolution of clay materials in contact
with iron.

The main goal of the study presented here was to model the evolution of clay material (argillite) in presence
of iron for periods of time from one to thousand years. To achieve these calculations, we used the computer
code PHREEQC. It allows ID coupled transport / reaction modelling, at water saturated condition. The
thcrmodynamic database was that of the Lawrence Livermore National Laboratory. The modelled
medium was always considered as a homogeneous porous medium, and when it is applied, with diffusion
as the only transport phenomenon.
In order to understand and reproduce the chemical processes observed in different published experi-
mentations, we proceeded in successive steps:
• First, we modelled a closed system, where a mixture of clay and iron evolved in contact with water, at 90°C.

This was representative of "batch" reactions with powders.
• Then, we reproduced an experiment in which artificial interstitial water, made under atmospheric condition

at 25°C is brought into contact with argillite, at 90°C, under specific gaseous atmosphere (a mixture
of argon, CO2 and H:). After equilibrium, iron was introduced in the system. This was representative
of a system with a high solid/solution ratio.

• Last, we extrapolated this chemical evolution to a gallery representative of Andra's design for IILW
repository.

To assess the geochemical model, we tested various parameters, such as the kinetic of corrosion of iron
(from 10 "̂  ̂ nVyear up to 100 um/year) and the neoformed phases (iron oxides, carbonates, clays from the
serpentine series, chlorites) as pure phases or as solid solutions. Two solid solutions were particularly
studied: a calcite - siderite and a more complex one in the serpentine series (cronstedtite, greenalite,
berthierinc, chrysotile, kaolinite). These modellings are interpreted in term of profiles of the chemical
evolution of the medium: the mineral and aqueous solution compositions (pH, Eh, ion concentrations)
are followed with time.

The numerical results suggest that kinetic effects have to be taken into account in short modelled period
of time (1 year) to be in agreement with experimental ones, mainly to explain how magnetite and
siderite formed on iron during corrosion. Another result is that most of the metallic iron transformed
into corrosion products (magnetite, siderite). Only a small pan of it is available to turn clays into chlorites.
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Its very low permeability after compaction and its cation retention ability make bentonite a possible buffer
material in the multi-barrier concepts developed for nuclear waste repositories. The above properties of
bentonite are mainly influenced by its smectite component as a result of the specific hydration/expansion
ability and cation exchange capacity of this mineral. However, interactions between the waste package
and the clay barrier could possibly alter significantly these properties. For example and by analogy with
burial diagenesis, smectite can be expected to transform into the non-expandable mineral illite through
intermediate mixed-layer structures as a result of the thermal pulse induced by the waste intrinsic activity.
During the early stages of this transformation, structural changes reported in the literature affect essentially
the location and the amount of smectite charge [a,b]. Because these differences most likely result in subtle
changes of smectite hydration properties, a careful study of these properties using X-ray diffraction (XRD)
is possibly a way to investigate the early steps of the smectite-to-illite transition.

Smectite typically shows a stepwise hydration behaviour corresponding to the intercalation of 0, 1 or 2
discrete sheets of water molecules in its interlayers. However, heterogeneities of charge location (between
octahedral and tetrahedral sheets) and'or of charge amount (from one interlayer to the other or within a
given interlayer) most often lead to the coexistence of different hydration states within smectite crystals.
These heterogeneities in hydration state are best revealed by comparing experimental X-ray diffraction
(XRD) patterns to calculated profiles using a trial-and-error procedure.

For natural reference smectites, the developed XRD profile modelling approach allows the description of
hydration heterogeneities and of hydration state evolution as a function of RH conditions, layer charge
and charge location. The structure models show that, for the SWy-1 reference low-charge montmorillonite,
the affinity of the interlayer cation for water rules the hydration state and the thickness of hydrated
smectite layers. Following a water desorption isotherm, the transition between the different hydration states
is shifted towards lower RH values with increasing the layer charge. In addition, the hydration of beidellite
samples (tetrahedral charge) is shown to be more heterogeneous than that of montmorillonites. The approach
developed should thus allow describing the structural modifications reported during the early stages of
the smectite-to-illite transition.

In addition, the developed methodology can be used to describe the changes in hydration sate evolution
resulting from the modification of the interlayer composition. For example, under strongly acidic
conditions the Ca"'-H~ exchange modifies the hydration state of smectite, which is bi-hydrated when
Ca-saturated and monohydrated when H~-exchanged, Results show that individual smectite interlayers
are either H"1" or Ca:+ saturated and that the two species do not coexist in the same interlayer and the
mechanism of Ca2+-to-H' exchange can be determined by combining results from XRD profile modelling
and chemical modelling.
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Within the projected safety elements to definitively immobilize the high activity radioactive waste (HAR )
in the deep geological repositories (DGR), the engineering barrier of the multibarrier system is compose d
of bentonite compacted clay . The main role for such barrier is to delay the escape of the HAR, after th e
expected degradation of the former barriers . The operative mechanism is thought to be based on a low
diffusion, by ion exchange, in the charged layers of these materials . We have recently described a new
interaction mechanism between the bentonite and rare earth ions (HAR simulators), which results in th e
formation of a new insoluble disilicate crystalline phase . The formation of this new phase is a chemica l
interaction, not contemplated before, which could be effective to definitively immobilize the HAR . In such
case, this new mechanism should be more effective and independent on bentonite longevity .

In this presentation we will show the efficiency of this chemical interaction through a set of selecte d
smectites and lanthanide ions (as actinide simulators). The smectites have been hydrothermally treated with
a lanthanide salt solution at different temperatures and periods of time . The experimental conditions were
close to those expected in the repositories . The reaction products have been examined by using short an d
long range order measurements . The Figure shows, as an example, the 29Si MAS NMR signals of the
products obtained after the hydrothermal treatment of saponite and Lu(NO3)3 solutions (with differen t
Si:Lu ratios). The reaction causes the transformation of the original layered silicate when the amount o f
lutetium ion is not limited . The single signal appearing from the system of composition 1 :1, correspondin g
to silicon nuclei in the new Lu 2Si207 crystalline phase, implies not only the extensive disruption of th e
original silicate, but also the complete incorporation of the silicon and lutetium ions to the new structure .
Different mixtures RE(N O3) 3/clays have been examined. All of them show the existence of this chemica l
interaction but different reactivity is observed depending on the particular smectite and the cation nature .

Figure 1 : 29 Si MAS NMR spectra : Mixtures Lu(NO 3 ) 3 /Saponite with variable Lu/Si ratio submitted to
hidrothermal treatment
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On the other hand, it is well known that the swelling and cation exchange capacity of smectites are
considerably affected under natural conditions. This is therefore considered to be a key problem for its
use as a barrier for waste disposal. Therefore, it is important to investigate the efficiency of this mechanism
independently of bentonite longevity, i.e., independently of the swelling and cation exchange capacity
of the 2:1 layered silicate. With this aim, we have compared the behaviour of a nonexpendable layer silicate
with an expandable one under hydrothermal conditions in a lanthanide aqueous solution. The results
demonstrate that the efficiency of the chemical mechanism is not determined by the swelling and the
cation exchange capacity of 2:1 layered akiminosilicates.

This finding should be examined and evaluated at a geochemical level by the final responsible of the
design and development of the definitive repositories for the high level radioactive wastes. This analysis
might modify the role currently assigned to the backfill material candidate, key point of the final safety
of the facilities.
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In almost all high-level waste and spent fuel repository concepts, highly compacted bentonite in one form
or another is the preferred material for backfilling and sealing (Nagra, 2002). During re-saturation the
bentonite swells and seals against the emplacement tunnels. The very low transmissivity to water movement
and good sorption characteristics make compacted bentonite an extremely effective near-field diffusion
barrier to the movement of radionuclides. The ability to give a chemically well founded porewater com-
position is essential since such knowledge is a pre-requisite for understanding sorption and diffusion
processes, assessing the influence of long term ground wale r-bentoni te interactions and also predicting
near-field solubilities and developing sorption data bases. In this context the pH of the porewater is of
central importance, particularly for sorption.

Almost invariably the compositions given for highly compacted bentonite porewaters are calculated values
because reliable water samples are virtually impossible to obtain, even by squeezing under very high
pressures (see for example Muurinen and Lehikoinen, 1999), Assumptions and simplifications are made
in the geochemical models used to perform such calculations and the predictions are seldom if ever tested.
One of the main hypotheses in a recently proposed model for bentonite porewater (Bradbury and
Baeyens, 2003) was that the initial pH is determined by the state of the amphoteric surface hydroxy
gronps, =SOH type sites, and these buffer the pH of the porewater in to a value close to 8. Surface site
types, site capacities and protolysis constants were obtained from previous montmorillonite titration
measurements and were fixed in the calculations (Bradbury and Baeyens, 1997).

The aim of this work was to test the Bradbury and Baeyens (2003) model in terms of its ability to the
predict one of the most important parameters for any porewater, namely the pH. Tests against the real
system are not practicable for the reasons mentioned above. Hence the experiments had to be indirect
but nevertheless devised to provide an exacting test of the predictive capability of the model.

Experiments were carried out in the absence of air in sealed centrifuge tubes fully filled with mixtures of
MX-80 and 0.2 M Cad;, solutions at a high solid to liquid ratio (S:L = 312 g L"1) containing a series of
known quantities of acid or base. Relatively high Ca concentration solutions were used to suppress the
dissolution ofcalcite and gypsum. The systems were allowed to reach equilibrium, centrifuged and the pH
of the supernatant solutions measured. The measured pH values were compared with predicted values,

Fig. 1 shows that the MX-80 bentonite indeed buffer at the predicted pH value of ~8 over a range of initial
CaCl2 solution pH values from ~3 to ~ 11. The model reproduced this buffering behaviour very well.
This close correspondence between predicted and measured buffering behaviour in the MX-80 system
is a strong indication that the main model and model concepts, procedures and key parameters are
appropriate for calculating bentonite porewater chemistries in a realistic manner.

The EECOH site capacities and protolysis constants used in the pH buffering calculations play an important
role in modelling the uptake of metal species by surface complexation in montmorillonite dominated
systems. A confirmation of their applicability to model pH experiments, such as the ones described here
also provides additional confidence in their use in the sorption modelling.

ForCaCl2 solutions at pH values >11 and<3 the calculated =UOH buffering capacity becomes exhausted
and a sharp rise/fall in pH would be predicted. This picture is not changed significantly even if the total
=DOH site capacity are increased by a factor of 2 (dotted line in Fig. 1 ). The experimental data measured
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in these extreme pH regions indicate that the montmorillonite continues to buffer strongly but mos t

probably through predominantly dissolution processes .
A basic conclusion from this work is that in highly compacted bentonite the montmorillonite provide s

an extremely powerful buffer which strongly resists the influence of external water chemistries to chang e

the bentonite porewater pH from its initial value of 8 .
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Figure 1 : Measured and calculated pH values of supernatant solutions of MX-80 bentonite equilibrated
with 0.2 M CaC 1 2 at different initial solution pH (S :L = 312 g L -I ) . Symbols : experimental data ; continuou s
line: calculated curve including - q OH sites, 6 x 10 -2 mol kg-1 ; dotted line : °qOH site capacity double d
to 1 .2 x 10 -1 mol kg*
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Modeling multicomponent reactive transport requires two types of equations : the partial differentia l

equations of transport and the algebraic equations of chemistry :

Transport equation s

at
[Td
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Chemistry equation s
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: Concentrations of aqueous and adsorbed components ;
Nx and Nc : Number of aqueous and adsorbed components ;
Nc and Ns : Number of aqueous and adsorbed species ;
Td : Total aqueous concentration of component j ;

Tf

	

: Total adsorbed concentration of component j ;

K and Ks

	

: Equilibrium constant of aqueous and absorbed species formation ;
a, as and a 4 : Transport operator.

These two sets of equations are coupled and can be solved using the operator splitting (OS) approach o r
the global approach. With the first method, we solve successively the two sets of equations . However, with
the second one, we solve a big system describing the whole chemical and hydrodynamic phenomena .
This approach is known to be much more difficult to implement than the first one (Yeh and Tripath, 1989) .
The global approach is also known to be more CPU consuming than the (OS) approach . On the other
hand, with this method all splitting operator errors are avoided .

In this work we develop and compare two formulations of the global approach :
•A Substitution-Discretization method (SD) suggested by Aaron et al. (1992) where the substitution of
the chemistry equations is done before the discretization of transport equations .

•The Discretization-Substitution method (DS) suggested by Shen et al. (1997) where the substitutio n
of the chemistry equations is done after the discretization of transport equations .

A finite volume scheme is used for the space discretization of the transport equations with an implici t
formulation for time . The non-linear systems obtained with the two formulations are solved by the
Newton-Raphson method and the Jacobien matrices are evaluated analytically .

The two formulations give two different systems of non-linear equations and lead to different solutions .
The difference between the two methods becomes significant for large time steps (fig .l and fig .2). As
shown in figure 3, contrarily to the SD method, the DS gives a good mass balance . It is also shown that
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the Crank-Nicholson scheme for the SD formulation lead to a more conservative solution than th e

implicit formulation . Finally, the comparison with the analytical solution shows that the SD error i s

more important than DS error (fig .4) .
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figure 1 : Solutions with DS and SD at dt=0 .4

	

figure 2: Solutions with DS and SD at dt=0.0 1

110 -

	

20 -

•
s•

— n— DS
-•– SD_imlicit

SD Crank-Nisholson

	 DS
SD
Analyti c

90 -

	

0

0,0

	

0,2

	

04

	

0,6

	

0,8

	

1, 0

Z

0,0

	

0,2

	

0,4

	

0,6

	

0,8

	

1,0

Z

figure 3 : Mass Balance

	

figure 4 : Comparison with analytical solution
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DYNAMICS IN CLAYS, MICROSCOPIC
SIMULATION AND NEUTRON SCATTERING

N.Malikova, V. Marry, A . Cadène, E. Dubois, P. Turq
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The potential application of compacted clays as components of engineered barriers around undergroun d
storage sites of high-activity radioactive waste has led to an intense research of these materials . The mos t
important properties of clays for this barrier are their low permeability to water and high retentio n
capacity of cations and the origin of these properties can be traced down to their microscopic structure .
Experimental investigation of dynamics of ions and water in macroscopic clay samples is often comple x
due to the multiple porosities in the system: between clay layers (micropores), clay particles (mesopores )
and their aggregates . The results of microscopic simulations, dealing with dynamics in the micropores ,
are used here to study the temperature effect and compared to neutron scattering data .

MICROSCOPIC SIMULATION – TEMPERATURE EFFECT
Microscopic simulation has been used to study the effect of temperature in the range of 0°C to 150° C
on homoionic montmorillonite clays with Na + and Cs+ compensating ions in low hydration states . Both
static and dynamic information concerning the interlayer ions and water molecules was obtained b y
Monte Carlo and Molecular Dynamics simulations . The unit cell of the model clay used was Cat

0 .75

[Si8](Al
3 .25 Mg 0 .75 )0 20(OH )4, where Cat stands for the compensating cation . The simulation box

contained two layers of clay (area 20 .72 A x 17.94 A, thickness 6 .54 A), each consisting of 8 unit cells .
Six balancing counterions were introduced into the interlayer together with 36 or 72 water molecule s
corresponding to one and two layers of water respectively, referred to as monolayer and bilayer states .
The clay layers and water molecules were considered as rigid and interaction potentials used were the
Lennard Jones 6-12 and Coulombic potential .
In the temperature range studied, Monte Carlo simulations (N6 zZ T, ensemble, 6zZ 1 bar) showed variatio n
of the layer spacing of the order of 0 .2-0 .3 A . Molecular Dynamics simulations provided the diffusio n
coefficients and trajectories of the interlayer species . Diffusion coefficients were determined using th e
mean squared displacement method. Due to the anisotropy of the system, motion in the three principa l
directions was analysed separately and 2D diffusion coefficients in the plane of the clay layers wer e
determined. For Na+ and Cs+ ions the simulated diffusion coefficients were of the order of 10 -10 m2s - '
and increased by an order of magnitude over the temperature range studied (Figure 1) .
A clear difference in the modes of diffusion was observed for the two ions, which persisted up to hig h
temperatures (Figure 2). C s+ ions exhibited a site-to-site jump diffusion, between sites allowing coordinatio n
to 3 oxygen atoms from each of the adjacent clay layers, referred to as trigonal sites . No clear site-to-site
diffusion was observed for the Na + ion, which suggests again the greater importance of the clay-io n
interaction in the case of Cs + ion. From x-z projections of the ionic trajectories, neither of the ions wa s
seen to enter into the hexagonal cavities . The Cs+ ion was restricted to the 6-coordinate sites describe d
above while Na+ ion even if above the hexagonal cavity did not enter due to the presence of its hydratio n
shell. The behaviour of the water phase as a function of temperature was similar for the two ions in th e
monolayer states . Water molecules were seen to enter into the hexagonal cavities, unlike the ionic species .
A rapid approach to bulk behaviour of the water phase occured on the transition from monolayer to bilayer.
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Figure 1 : Diffusion coefficients of ions and

	

Figure 2: Trajectories of ions in the interlaye r
water in Na and Cs montmorillonite

NEUTRON SCATTERING EXPERIMENTS
Neutron scattering experiments (resonance spin-echo and time-of-flight techniques) have been carried ou t
in parallel to obtain diffusion coefficients of water in Na- and Cs-montmorillonite (type MX80) in lo w
hydration states at ambient temperature . The results obtained are summarised in Table 1 . Time-of-fligh t
data gives higher values than both spin-echo and simulation, whereas spin-echo and simulations seem t o
be in closer agreement . Due to the compatibility of timescales involved, comparison is possible betwee n
these experiments and microscopic simulations . However, presence of water in mesopores of the clay i s
inevitable in case of the real system and is not considered in simulations . Results of both neutron scatterin g
techniques are being analysed at the moment under the hypothesis of two types of dynamics, slow (inter -
layer water) and fast (mesoporous water) . The difference in the time-window of the two technique s
might render them more or less sensitive to one of these dynamics (spin echo dealing with longer time s
more sensitive to interlayer water) .

Table 1 : Comparison between experimental and simulated diffusion coefficient s

D water (x 10 -10 mes 1), T=298 K

Spin echo Simulation Time-of-fligh t
Na, monolayer - 1 .5-1 .8 9 . 3
Na, bilayer 8 .5 10 13

Cs, monolayer 2 .3 3 .9-5 .0 18
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MICROBIAL ANALYSIS OF SAMPLES
FROM THE TUNNEL SEALING EXPERIMENT

AT AECL'S UNDERGROUND RESEARCH
LABORATORY

S. Stroes-Gascoyne, C.J. Hamon, D.A. Dixon. J.B. Martino

Atomic Energy of Canada Limited, AECL, Canada

The international Tunnel Sealing Experiment (TSX) at Atomic Energy of Canada Limited (AECL)'s
Underground Research Laboratory (URL) was funded by Canada, Japan, France, and in the ambient
temperature phase, the USA. The TSX was designed and built from 1996 to 1998 and was decommissioned
in 2004. The experiment had the objectives of assessing the applicability of technologies for construction
of practical concrete and clay bulkhead seals; evaluating the performance of each bulkhead; and identifying
and documenting the parameters that affect that performance. The day seal consisted of pre-compacted
clay blocks, made from 70% Kunigel and 30% sand at initial moisture content of 14.5% and a compaction
density of 1.9 Mg/m3.

Clay-based barriers and sealing materials form an integral part of many repository designs, and it has been
established that such materials are not sterile with respect to the occurrence of microbial life. The potential
for microbial activity in clay-based materials in a repository is of concern for a number of reasons.
While on the positive side, microbial activity will likely play a role in establishing reducing conditions
in a repository, on the negative side this activity may increase the rate of corrosion and, therefore, affect
the longevity of metal disposal containers. In addition, mobile microbes may sorb radionuclides
released from breached containers and act as colloids, increasing the migration of radionuclides through
seals and interfaces (e.g.. West et al., 2002).

The occurrence of microbial populations in compacted reference buffer material (RBM, 50% graded sand
and 50% Na-bentonite) has been determined in a number of large-scale engineering tests at AECUs URL,
In these tests, the buffer was compacted and emplaced under a variety of expected repository conditions,
such as unsaturated at elevated temperature (Buffer-Container Experiment, BCE; Stroes-Gascoyne et
al., 1996), partially saturated but unheated (Isothermal Test, ITT; Stroes-Gascoyne et al., 2002) and
almost fully saturated but unheated (Buffer-Coupon Long-Term Test, BCLT; Stroes-Gascoyne et al.,
unpublished results, 2004). Microbial culturing analysis showed that RBM contained a sizable culturable
(i.e., able to grow on a particular growth medium) population prior to emplacement. However, after
emplacement of various lengths of time, changes in culturability were observed and it is generally
believed that a reduction in microbial culturability suggests that microbial viability and m-sitti activity
will likely also be negatively affected. For instance, in the almost saturated unheated buffer of the ITT
(emplacement time -6.5 a), culturable bacteria were found throughout the experiment but culturability
was lower and cells appeared more stressed and starved than before emplacement. Results from the
almost fully saturated BCLT (emplacement time -1.5 a) also suggested a reduction in the number of
culturable bacteria and changes in their metabolic activity. Results from the unsaturated, heated BCE
(emplacement time ~2.5 a) showed that after emplacement, bacteria could only be cultured in samples with
water activity (aw, i.e., relative humidity, expressed as a fraction) >0.96 and not in those samples in which
avv was <0.96 as a result of the drying effect caused by the elevated temperature. Clearly a substantial
change in culturability had occurred in this relatively short time span in those samples in which aiv was
reduced to below 0.96.

These results suggest that compacted, clay-based barriers and seals may not be a conducive environment
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for microbial activity, depending on bentonite content and degree of compaction. Both factors affect aw in
clay materials. In all three previous large-scale URL tests, rock-buffer interfaces contained larger numbers
of viable microbes than bulk samples and this could indicate a preferential pathway for microbially
mediated radionuclide migration in a repository. Therefore, many samples, especially from the clay-rock
interfaces, were taken during the decommissioning of the TSX and analyzed for heterotrophic aerobes
and anaerobes, and sulphate-reducing bacteria (SRB). In addition, aw and moisture content were measured.

Results showed that for aerobic heterotrophs, the number of culturable cells in the bulk clay (inside the
clay blocks) of the TSX had decreased by an order of magnitude or more, compared to cell numbers in
freshly made clay blocks (analyzed in 1997). However, as observed before, the number of cells in clay-rock
interface samples was always one to two orders of magnitude higher than in the bulk clay. For anaerobic
heterotrophs and SRB, such a trend was not apparent but cell numbers for these groups were very small,
with large uncertainties associated with them. A plot of moisture content versus measured â . values
showed that even for the lowest moisture content measured in these samples (12.7%), â . is still above 0.96,
the previously established threshold for microbial culturability in RBM. For this Kunigel-based material,
the moisture content has to drop to values of about 11% before â . is reduced to below 0.96. Because
the numbers of culturable microbes detected inside the compacted blocks are low in an environment
where aK is above 0.96, this suggests that microbial activity in compacted bulk-clay environments is
likely quite insignificant, depending on compaction densities and bentonite content, but that clay-rock
and other interfaces may be conduits for microbial activity and perhaps mobility.
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The water/rock interaction processes between the saturating groundwater, bemonite and other material
in the Deep Geological Repository (DGR) establish the chemical conditions in the near field (NF),

The determination of the Thermo-Hydro-Mechanical and GeoChemical (THM-GC)behaviour of the clay
barriers, i.e. bentonite, is based on the study of the initial and final states both of the bentonite and pore
water. In general, short-term and small-dimensions experiments performed at the laboratory supply the
required information. Now, the tendency is to study the THM-GC coupled behaviour by means of long-term,
large-scale experiments, both in URLs (Underground Research Laboratories) and in the so-called "mock-up1"
experiments.

As shown by some nuiltidisciplinary projects, as FEBEX (Full Scale Barrier Experiment), it is possible to
provide precise and continuous data and information on the thermal, hydraulic and mechanical (THM)
evolution of the clay barrier, under natural or controlled conditions very similar to an in-drift repository
concept. Then, simulations performed with numerical codes with realistic calibrations will enable the
prediction of the long-term behaviour of the clay barrier with a considerable level of confidence.

Nevertheless, though the geochemical conditions must be accurately considered, since it they controls the
processes involved in the release and transport of the radionuclides (corrosion of the canisters, oxidation-
dissolution of the waste matrix, sorption on mineral surfaces, solubility of radionuclides, etc), no project
has been devised so far to study and monitor the continuous evolution of the geochemical parameters in
the DGR conditions.

The classical laboratory-scale experiments performed up today provide "pictures" of the evolution and
rather "static" values of the geochemical parameters, and, therefore, the full calibration of the geochemical
models might not be possible with the data provided. So, to increase the level of confidence in the long-term
predictions would not be fully achievable.

The aim of this paper is to describe the development and optimisation of the Geochemical Advanced
Mock-up Experiment (GAME) concept, which is proposed to study the evolution of the key geochemical
parameters in real time and the simulation of the migration processes.

Some of the basic processes that control the chemistry of the pore water arc advection and diffusion of
the dissolved substances, ionic exchange with the main components of the buffer material (i,e smectite),
dissolution/precipitation of accessory minerals and impurities (chlorides, sulphates and carbonates).
Simultaneous thermal and hydraulic gradients also produce mineralogical and textural variations of the
clay barrier that could modify water flow, and pore water composition, during this transient period.

The main objectives of the GAMEs are the determination of the evolution of the geochemical environment
in two candidate DGR host rock scenarios, granite and clay. Thus, the GAME with granitic water will allow
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studying the interaction between corrosion products, from iron canisters, and bentonite, and the induced
effects on the EBS; while the GAME with saline water will also allow studying the effects of concrete
degradation (high alkalinity) on bentonite and geochemical conditions in the NF.

The work includes the design and construction of the main structural components (confinement structure,
heaters, hydration systems, gas-water injection-sampling systems, and monitoring and control systems);
the selection of sensors, for monitoring physico-chemical parameters (pH, Eh, electric conductivity) and
hydro-mechanical parameters (gas pressure, water pressure and flow, total pressure); and the préfabrication
of the buffer (bentonite and concrete blocks).

The main differences between the two proposed GAMEs are the type of water and the presence or absence
of concrete blocks. The experiments will be carried out with a Spanish reference bentonite hydrated by
solutions representative of the reference host rocks: a water from a granitic massif, and a synthetic saline
water simulating the composition of the groundwaterofthe Spanish Reference Argillaceous Formation.

A suitable instrumentation, both THM (load cells, fluid pressure sensors, and temperature/relative
humidity transmitters) and GC (pH, Eh. conductivity, sampling devices), must allow to achieve the main
objectives: the determination of the parameters and transport mechanisms, the evolution of corrosion in
the bentonite-canister contact, the study of the hyper-alkaline plume in the ben to ni te-concrete contact, and,
consequently, will help to calibrate geochemical models. Secondary objectives are the characterization
of gas generation and its transport evaluation and the observation of the microorganisms effects on the
geochemistry of the clay barrier.

The possibility of observating the evolution of fully-coupled THM-GC processes in the system is one
of the most promising aspects of the GAMEs. In principle this will additionally allowed the real time
tracking of the chemical fronts, saline close to the canister, or hyper-alkaline close to the concrete drift
liner. The magnitude, continuance, and effects on the canister and/or bentonite of these chemical fronts
still remain unsolved at this large scale, mainly because of experimental difficulties.

Besides, a complementary laboratory program must provide some information about the mixtures of
bentonite/corrosion products: hydraulic and mechanical properties, buffer capacity, evolution of Eh and
pH, and pore water composition.
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ABSTRACT
In repository designs considered within the European Union (EU), the near-field plays an important role
in the safety case, since its principal function is to prevent or delay the release of radionuclides from the
waste to the host rock. The near-field system comprises various engineered components including the
waste form, the waste canisters, backfills, seals, plugs and the disturbed zone of the host rock component.

An in-depth understanding and quantification of the evolution of key processes, their couplings, as well
as their impact on transport from the waste packages to the nearfield/geosphere boundary is fundamental
to the assessment of the long-term safety of disposal. The detailed assessment of the overall engineered
barrier system (EBS) behaviour, both in time and space, and the provision of key data derived from
these studies to performance and safety assessments is recognised as one of the major scientific challenges
in disposal studies for the next decade.

To assure that the near-field will perform its containment and minimise the release function, requires
the integration of laboratory and in-situ testing, process modelling and performance and safety assessment.
In the near-field, numerous coupled (thermo) hydromechanical and geochemical interactions take place
among the waste forms, the different components of the EBS system and the host rock. The long-term
barrier performance of the near-field of a geological repository forHLW cannot be demonstrated without
an adequate understanding of these coupled processes and materials interactions. The chemical evolution
of the near-field system is an important factor in the long-term performance of a geological repository
for the disposal of HLW and spent fuel because it determines the solubility, speciation and mobility of
radionuclides in the near-field.

In the present state of the art, detailed knowledge is available on the individual processes and materials
interactions as well as on relatively simple process couplings. However, processes, such as the following,
require more detailed investigation:
• Quantity and chemical composition of free water in bentonite, and its interactions with canister corrosion

products and concrete degradation, during transient and steady stages.
• Solid phase structural and compositional modifications in bentonite, due to the interaction between

canister corrosion products, bentonite and concrete.
• Geochemical processes of slow kinetics: neo-formation of minerals, silica and aluminium mobilisation.
• Sorption mechanisms and transport parameters of radionuclides in bentonites, its interface with corrosion

products and the extent of the hyp era I kali ne plume effect in transport.
• Influence of chemical processes on the fabric and THM behaviour of the bentonite, mainly in the case

of presence of high pH water
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Existing models for the assessment of radionuclide transport in the near-field are based on important
conceptualisations and are therefore inadequate to comprehend the complexity of the evolution of the
near-field system, in particular its development in space and time. Until now, however, a methodological,
systematic and fully documented approach addressing all aspects concerning the near-field has not been
pursued yet.

This work will mainly focus on the determination of the well known processes and on the identification
of poorly known processes in each of the barrier: Canister (iron, copper), bentonite, concrete and host
rock, in order to gain a better understanding of the:
• Evolution of the pore water chemistry in the bentonite buffer during the transient state and alteration

of bentonite-based EBS in salt host rocks under relevant solid/solution ratios.
• Interactions between corrosion products from iron and copper canisters with the bentonite and effects

on the engineered barrier system.
• Impact of alkaline high saline solutions on mineralogical and geochemical conditions in the near-field.
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A NATURAL ANALOGUE OF THE SALINITY
EFFECT ON THE BENTONITE BARRIER

OF A RADWASTE DISPOSAL
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ABSTRACT
Within the framework of the ENRESA programme for the assessment of the long-term behaviour of the
bentonite-engineered barrier for a deep radwaste geological repository, analogue studies on several bentoiute
deposits are conducted at CIEMAT, Among these analogue studies, the thermal effect induced by volcanic
intrusions on bentonite deposits is highlighted. In the Cabo de Gâta volcanic region, there are several
analogue scenarios where these studies have been performed, such as the Cala de Tomate bentonite
deposit that was intruded by a pyroxene andésite volcanic dome. However, geological, mineralogical,
physicochemical, geochemical and stable isotopic data obtained from the smectites do not allow to
establish any analogy with the thermal effect expected on the bentonite-engineered barrier of a deep
geological repository after burial. Thus, the bentonitisation processes took piace after the intrusion of
the dome, as a result of meteoric diagenesis intensively developed on faulting zone affecting the parent
pyroclastic acid tuffs. This faulting process occurred after the dome intrusion.

However, the physicochemical characteristics of these smectites, specially the exchangeable cations,
allow to consider this bentonite deposit as a natural analogue of the saline effect on the clayey barrier
(Perez del Villar et al., 2004). This analogy has been established because Na-smectites are present in
this deposit and, up to our present knowledge, it is the first time that these smectites occur naturally in
the Cabo de Gata-La Serrata de Nijar volcanic region. As a consequence, the main objectives of this
work are: i) to characterise these smectites; ii) to establish their genesis and processes affecting them
after their formation and iii) to identify the effects on the bentonite-engineered barrier should it were
affected by a Na-rich saline waterfront.

Samples were taken in the western quarry of the Cala de Tomate deposit, from three profiles perpendicular
to the contact between the andésite dome and the pyroclastic tuffs. The geology of the site shows that
the contact between the volcanic dome and the bentonitised tuff is re-taken by important faults, while
the bentonitisation process is mainly developed on subsidiary faulting zones.

The mineralogy of bentonites and bentonitised tuff indicates that smectite is an Al-rich dioctahedral
smectite (montmorillonite type), as in other deposits In the region, with large variations in the exchangeable
cations, in relation to the location of the samples with respect to the topographic surface of the site. The
Na-smectites are located in the deepest parts of the bentonitised-faulting zones, while Ca-rich smectites
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are present in the upper xones. Intermediate terms are located between them. This fact indicates that the
Cala de Tomate bentonite deposit was under submarine conditions after its formation, resulting in the
formation of Na-smectites. After emersion, these smectites become Ca-smectites by interaction with
Ca-rich meteoric waters. The high concentration of Na, Ca, CI" and SO4

2' determined in soluble salts from
this bentonite corroborates the interaction between these smectites and seawater. The physicochemical
features of these smectites are also related to the main exchangeable cations. Thus, Na-smectites have
the lowest values of specific surface area, as it is usual.

The S18O and S2H values of these smectites are relatively uniform (ranging from +20.1 %o to +2Î.8 %a
and from -97.9 %o to -I II.9 %u V-SMOW, respectively) and are typical of smectites formed as a result
of the meteoric diagenesis, at environmental (<25°C) temperatures and in equilibrium with meteoric
waters. This process was enhanced in the faulting zones. After formation, the marine transgression only
produced a cation exchange process that transformed the original smectites into Na-smectites.

The isotopic signature (S1SO and SI3C) of carbonates indicates that some samples have carbonates with an
isotopic signature compatible with marine carbonates. In contrast, other samples have 5 l jC more negative
than -l%o. they plot on the left of the Meteoric Calcite Line (MCL-1) and were formed in equilibrium with
meteoric water, with a 5ISO value around-5 %> Llvs" V-SMOW (Delgado, 1993). These isotopic signatures
corroborate that these smectites were under marine conditions after their formation. After emersion,
these smectites were under continental conditions again, originating Ca-smeciites in the upper parts of
the deposit, due to water-rock interaction processes involving fresh waters.

According to these results, it can be stated that the Cala de Tomate bentonite deposit must be considered
as a good and clear example of the saline effect, because this deposit was invaded by high saline seawater
after its formation and then by low-saline meteoric waters. As a consequence, some of the most important
features of the candidate bentonite (FEBEX bemonite) to build the engineered clayey barrier of a deep
geological repository of radwastes (FEBEX project, 2000), such as total exchangeable cations, BET
specific area, dispersability, etc. can be significantly modified as a result of the main exchangeable cation.
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The measurement of isotopic abundances has become a powerful tool for characterization, dating or
tracing purposes in many research fields such as geochemistry, hydrogeology and cosmochemistry.
However, the development of ever more sensitive instruments is required to perform precise isotopic
abundance measurements from samples containing only a very small number of atoms.

Dating old underground water is one of the most important applications of such instrumental developments.
Underground water age data is critical for modeling hydrogeologic systems, in particular for deep geological
nuclear waste repository studies.

With a half-life of 229,000 years. 8lKr is considered an ideal tracer for dating old underground water.
Ii is mainly produced in the earth's atmosphere by interaction of galactic cosmic ray particles with Kr
isotopes via the secondary neutron activation reaction S0Kr(n,y)RIKr, or via spallation reactions with
heavier Kr isotopes. Thermodynamic laws control the dissolution of atmospheric krypton in water at the
soil - atmosphere interface. Once the underground water is isolated from the atmospheric reservoir, the
abundance ratio slKr/K.r starts to decrease due to disintegration of the KiKr. Then the measured Kr/Kr
ratio gives a direct determination of the mean age of the water on a time scale from 50.000 years to a
million years.

Relative to other radioactive chronometers like 36C1 (301,000 years), or l4C (5730 years), die abundance of
KIKr in the atmosphere has the great advantage of being stable over die long term, and is much less affected
by short term variations of the cosmic ray flux. In addition, as krypton is a noble gas and chemically inert,
there are no large underground reservoirs of stable krypton that complicate the interpretation of isotope
ratio measurements, which is the case for both chlorine and carbon. The abundance ratio of slKr/Kr in the
atmosphere is (5.3±I.2)xlO~13 (CoIIon et al.. 1997), leading to a 81Kr concentration of about 1200 atoms
per liter in modern water. This requires very high sensitivity and efficiency to make possible measurements
from water samples of reasonable volume.

The first-ever measurement of MKr from an underground water sample was demonstrated using several
isotopic enrichment steps followed by resonance ionization spectroscopy - time of flight mass spectrometry
(RIS-TOF). {Thonnard, et al., 1987; Lehmann, et al., 1991). Although using only a proof-of-principle system,
7% overall efficiency was achieved, allowing a "'Kr measurement from 50 liters of water. Subsequently,
Collon et al. (2000) validated the slKr method by dating very old groundwater from the Great Artesian
Basin in Australia using an AMS facility, but required 16,000 liters of water. More recently, a laser-based
atom trap method (Lu and Wendt, 2003; Sturchio, et al., 2004) was used to measure the age of ground-
water from the Sahara using 2,000 liters of water per measurement.

Although more complex in principle, the RIS-TOF method is still the most efficient, and in settings where
such large samples are unavailable, is the only measurement option. Development of a system for routine

Kr (and s Kr) groundwater measurements with 25% overall efficiency (10 to 20 liter water samples)
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is nearing completion at [RIM. In a collaborative effort from both laboratories, CNAB and IRIM are
attempting to date underground waters from the eastern part of the Paris Basin in France. Water samples
were collected in the main aquifers (Dogger and Oxfordian) surrounding a very low permeability clay
formation (Callovo-Oxfordian) selected by Andra as a potential host formation for radioactive waste
disposal. SiKr measurements are in progress at IRIM, and at the same time, CNAB is developing a new
facility for this study.

The CNAB project is supported by the GdR FORPRO (Andra, CNRS scientific partnership) and by Andra,
by the Région Aquitaine, by CNRS (Departments of Chemistry and SDU-INSU), by CRCM (Centre de
Recherche en Chimie Moléculaire) and the University of Bordeaux I.
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Bentonites are being studied as candidate buffer materials in high level radioactive waste disposal systems.
The bentonite buffer provides mechanical stability, hydrogeological isolation, chemical buffering and
radionuclide retardation ability. These properties are enhanced by the low permeability, high swelling
capacity, high plasticity and high exchange capacity of smectite. However, the bentonite properties can
be affected by changes in the chemistry of the system.

The study of natural analogues, where processes affecting the properties of bentonite have been acting
for long periods of time, is undoubtedly the only way to ascertain the magnitude of the changes in the
bentonite properties. Most of the natural analogue studies on the long-term stability of bentonite have
been focused on the alteration processes that affected the mineralogy of bentonite and, consequently, its
physico-chemical properties. However, not so many studies have been performed regarding the natural
interaction betvveen bentonites and saline infiltrating waters. Since in low-permeability geological envi-
ronments, such as the bentonite formations, the infiltrating waters become interstitial water, the effects
of the chemical composition of this water on bentonites is a key factor for the performance assessment
of bentonite engineered barrier. Thus, the chemistry of the interstitial water can lead to important changes
in the bentonite properties due to different mineralogenetic processes, such as illitisation, cementation,
dissolut ion-precipitation of accessory minerals and cation exchange. Furthermore, changes in the chemistry
of ihe interstitial water could contribute to the formation of saline fronts, which can also affect the canister
integrity.

In this work, the Cortijo de Archidona bentonite deposit, which was selected as a source for buffer material
for the potential Spanish repository (Huertas, et al. 2000), has been studied as a natural analogue of the
behaviour of bentonite engineered barrier affected by a natural saline-water front. It seems that different
post-formational processes have affected this bentonite deposit as a consequence of the different types
of groundwaters infiltrated during its recent geological history.

The objective of this study is to determine the physico-chemical behaviour of the bentonite as a result
of the alteration processes induced by changes in the chemistry of the pore water in the deposit.
Examinations were mainly focused on the bentonite mineralogy and micro fabric, the pore water composition
and the physico-chemical properties. Special emphasis has been given to the role of the water-bentonite
interaction processes involving accessory non-clay minerals, which affect the bentonite cementation and
its buffer capacity of pH and redox potential of the near-field pore waters. These are critical parameters
for the performance assessment of the engineered barrier.

International Meeting, March 14-18, 2005.Tours, France
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 391



P/GM/IO

The bentonite deposit of Cortijo de Archidona is related with two large fractures (NE-SW and N-E), which
affect the volcano-sedimentary sequence. To analyse the mineralogical and geochemical characteristics
of the Cortijo de Archidona deposit, six boreholes were drilled at 20 m depth. Different unaltered core
samples were selected and preserved in closed durable plastic tubes to ensure full protection of the cores
and to avoid moisture losses previous to analysis. In addition, the microfabric of the samples were
analysed by SEM and TEM.

The properties of chemical stability, long-term durability, swelling capacity and high exchange capacity
of the smectite of the Cortijo de Archidona deposit have been preserved during its geological history. The
bentonite is almost water saturated, with a water content of about 48% and a low dry density of 1.17 g/cnr\
The results of the analysis show a space zonation for mineralogical and hydro chemical characteristics.
The major mineral phase (78-97 %') of this bentonite is a dioctahedral Al-smectite, specifically a mixed
layer illite-smectite with 4-15% of illite layers. However, the clay mineral contents in the bentonite itself
vary as a function of depth, and mainly of the distance to the volcanic rock. Other types of clays, such
as illite, chlorite and fibrous minerals of sepiolite-palygorskite type have been found in the deposit.
However, their presence is due to a post-formational alteration of the pyroclastic rocks, and they are
mainly located at the contact of the bentonite body with the original volcanic rock.
The chemical composition of the pore waters, obtained by squeezing, varies from Na-Mg-SO4 to Na-Cl
water type. All these waters have a very high salinity and electrical conductivity, the ionic strengths vary
from 0.02 to 0.23 M and the pH is neutral (6.8-8.0), which implies a stability of the clay minerals.

The pore water salinity is higher in the upper part of the deposit and decreases downwards, mainly due
to the behaviour of smectite as ultra filtration membrane and solute transport by diffusion. According to
the chemical composition of the pore waters and stable isotopes study, two bentonite post-formational
processes have been found. Firstly, a seawater intrusion. Secondly, the infiltration of new Ca-Mg-rich
meteoric waters, which interacted with the bentonite, and modified the pore water chemistry and the
concentration of cations at exchangeable positions, hi any case, the bentonite has preserved a high concen-
tration of solutes and its mineral stability. These Ca-Mg-rich meteoric waters caused the aforementioned
new post-formational alteration of the pyroclastic rocks.

In this system, sulphate is rock-buffered by gypsum, celestite and barite. Carbonates are controlled by
calcite and dolomite. Chloride concentrations are primarily controlled by mass transport processes, not by
thermodynamic equilibrium with respect to one or more mineral phases. Bromine is similarly not buffered.
The positive correlation between the carbonate concentration and pH seems to indicate that the pll is
buffered by the equilibrium with carbonate minerals, mainly calcile. Sulphate and carbonate minerals
and the cation exchange reactions mainly control the exchangeable cations. A reactive transport model
has been proposed based on diffusion as the main mechanism of solute transport, which is in agreement
with the analytical data, except for the exchangeable cation composition.
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Clay formations are considered as a feasible option for the disposal of high-level radioactive wastes. In order
to determine their suitability for this purpose, the evaluation of the h y drogeo chemistry and transport
mechanisms must be undertaken. In this sense, a general understanding of the basic physical and chemical
processes that govern the solute transport together with a detailed site-characterization programme is
required. To reach this goal, a number of activities have been developed in the Opalinus Clay formation
at the Mont Terri Underground Research Laboratory (URL) at Switzerland.

In the context of some experiments (WS-C, WS-D, WS-E, GMTask, DI, etc.), the Opalinus Clay formation
has been comprehensively characterized to develop a conceptual, thermodynamic and transport model
of solutes (Pearson et al., 2003). The framework of these works is the need to know the mechanism of the
possible migration of radionuclides and the pore water chemistry, as essential data for the performance
assessment of such argillaceous systems,

ENRESA-TvlAGRA/CIEMAT are jointly involved in the DI-B in-situ experiment at the Mont Terri site,
with the aim of: 1) to improve the present understanding of the pore water chemistry and the water/rock
interaction processes in argillaceous rocks, and 2) to progress in the evaluation of different techniques
for the sampling, analysis and characterization of pore water, and specifically testing of pH, conductivity
and Eh measurements.

The DI-B experiment is carried out at the Dl niche, excavated in the shaly faciès of the Mont Terri tunnel.
Forthehyclrogeoehemical investigations, the BDI-B1 borehole was air drilled on March 2002 (10 m depth,
upwardly inclined and crossing the bedding at high angles) and was equipped with 5 m-long stainless steel
filter section. Due to a packer sealing failure, this instrumentation was affected by corrosion and another
one was designed and made. Before construction of the new instrumentation, the BDI-B1 borehole was
extended up to 20 m and provisional down-hole equipment of PVC was introduced on December 2002.

After down-hole equipment was introduced in the BDI-B1 borehole, the surface equipment was installed,
which is composed by the following system:
• A Packer system control unit, which is equipped with: 1) a manual manometer for packer inflation

pressure control; 2) a DRUCK transducer for controlling the packer inflation pressure (connected to a
data acquisition system, which is connected to a dial-up router), and 3) a water pressure measurement
control unit, which measures the water pressure inside packed-off interval (pressure transducer
DRUCK PMP 4070, 0-10 bar Eibs., * 0.04% accuracy).

• A vacuum pump system, used for generating an under-pressure in the interval to increase the hydraulic
gradient in the sampling zone. To measure the vacuum pressure in the system, a vacuum transducer
was installed to detect possible failures of the packer.

• A gas pressure regulator system, which has two functions: a) flushing gas (Ar - 1 %CO,) to the sampling
interval, by means of the GAS IN and Gas OUT lines, and b) maintaining the anoxic conditions of the globe
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box. A semi-automatic gas central with a gas inlet maximum pressure of 250 bar and a pre-regulate d

gas outlet of 8 bar will be used for gas flushing and feeding the anoxic chamber with a Ar – 1 %CO 2

mixture. The mixture of Ar-1% CO 2 corresponds to a partial pressure of CO2 of 10-2 atm. This pressure
is the CO 2 formation pressure (Pearson et al ., 2003) . Thus, degassing of water samples is avoided .

• An anoxic Glove box . The water sampling line is connected directly to an anoxic glove box in order t o

obtain unaltered formation water. The glove box is a mobile one connected to an external gas purificatio n

system. The glove box and the system control are separated in different supporting frames for managin g

purposes and with easy hook-up in the URL laboratory .

Unexpectedly, more than 4 L of water could be recovered on April 2003, and a total of four samplin g
campaigns have been performed up to June 2004 . The water was bled off directly to the anoxic glove bo x
with Ar + 1 % CO2 and < 1 ppm of 02, preventing the possibility of any oxidation phenomena . Insid e
the glove box, pore water was distributed to different bottles of 2-10 mL. Some chemical determinations
(pH, Eh, electrical conductivity, Fe(II)/Fe(III), S2 . and alkalinity) were carried out on site and other ones
(chemical analyses) at CIEMAT laboratories . The alkalinity was analyzed on site by a specially
designed method for small volumes (2 mL) in saline waters .

The waters are Na-Cl, with a chloride concentration of -11-12 g/L . The electrical conductivity is -28 mS/c m
and the ionic strength of -0 .4 M. The pH measured on site (–6 .8) is lower than the pH measured at labo-
ratory (–7 .2-7 .5). However, the alkalinity values measured on site and at the laboratory are quite similar .
According to the sulphate values, the water seems to be oxidized at the first campaign . However, the
values decrease on time up to values of 1700 mg/L .

The experimental results obtained in this borehole show some interesting results, which differ of thos e
obtained in other water sampling tests . In this borehole, pore water pressures of 1 .2-1 .5 bar have been
detected and the flow rate and the rock permeability are higher than in the surroundings . However, th e
chemical composition of the pore waters analysed is similar to those obtained in other boreholes at th e
same tunnel meter at Mont Terri . The pH values measured in the glove box, -6 .8-6.9, are lower than
those measured in other campaigns . The Eh (—7 to 77 mV) values are positive . The Fe(II) ranges fro m
0.58 to 2 .4 mg/L .

Nowadays, a new down-hole instrumentation has been installed . The materials selected for the instru-
mentation have been changed . The external tube is made of PVC with slots of 200 µm, and the interna l
tube is made of Polioximetilene Tecaform (Delrin) . The water is freely conducted inside the Delrin tub e
and collected in PFA tubing . The actual situation of the surface equipment of the BDI-B 1 borehole i s
shown in Fig . 1 . New sampling campaigns are planned to check the evolution of the physico-chemica l
parameters and chemistry of waters .

Figurel : Surface equipment installed in the BDI-B1 borehole
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Compacted bentonites are being considered in many countries as a backfill material in high-leve l

radioactive waste disposal (HLW) concepts because of their low permeability, high swelling capacity ,

high plasticity and high sorption .

In this context, the understanding of the pore water chemistry in the clay barrier is essential since the por e

water composition influences the release and transport of the radionuclides . However, obtaining reliabl e

data on the pore water chemistry of compacted bentonite (dry density of 1650 kg/m 3) under initial and
saturated conditions of a repository where the water contents (w.c .) are so low (14 wt .% and 23 .8 wt.% ,
respectively), is very difficult. Many of the different laboratory techniques employed so far to obtai n
pore water compositions tend to perturb the system and introduce sampling artefacts into the measured

data (Fernandez, 2003) . For this reason, it is necessary to apply indirect methods based on geochemica l
modelling to deduce the chemical composition of the pore water (Fernandez et al ., 2004) .

The pore water chemistry in bentonites is the result of different interactions occurring in the clay/wate r
system : interactions between water, solutes and clay. For this reason, in order to perform a more realisti c
modelling, it is necessary to know the mineralogical and chemical components of the clay system ; its
physico-chemical characteristics, the hydration mechanisms, as well as the types of waters, porosity ,

microstructure, and the ion diffusion pathways of compacted bentonites .

The water volume available for chemical reactions or the amount of free water are required to calculat e
the porewater composition of compacted saturated bentonite . Usually, this value is taken to be the chloride
accessible porosity obtained from Cl" through-diffision tests . However, the water/rock ratio can be als o
described in terms of the external porosity, when the types of water and their distribution in the clay-water
system is known (Fernandez, 2003) . Then, the concentration of chloride to be used in the modelling cal-
culations can be fixed .

In this paper, the pore water chemistry of compacted FEBEX bentonite at different dry densities has bee n
modelled using a thermodynamic model. The modelling is based on Bradbury & Baeyens's procedur e
(Fernandez et al ., 2004) but, in this work, the accessible porosities to chloride are not used as free water. Th e
external water is used to determine the solid to liquid ratio in the compacted bentonite-water system, whic h
depends on the total porosity and the amount of water in interlayer or internal positions for each dry density .

The calculations were carried out using the geochemical code PHREEQC2 (Parkhurst & Appelo, 1999) .
The activity coefficients were calculated according to Truesdell & Jones equation, valid for solution s
with I < 2 .5 M. The main geochemical processes of the FEBEX bentonite-water system considered i n
the modelling come from experimental results obtained in experiments performed at high (squeezin g
tests) and low (aqueous extracts solutions) solid to liquid ratios (Fernandez et al ., 2001) : 1) equilibrium
with respect to calcite, 2) equilibrium with respect to gypsum and celestite, 3) equilibrium with respec t
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to chalcedony, 4) dilution of chlorides, 5) Ionic exchange reactions, 6) Surface complexation reactions ,
7) thermodynamic stability of the clay fraction (smectite) at the expected pH conditions . According to
the results, the pore waters are Na-Cl type with ionic strengths and pHs ranging from 0 .17 to 3.3 M and
from 7 .57 to 7 .46, respectively, as a function of the dry density .

The thermodynamic formulation is a powerful tool to calculate the properties of the bentonite-water system
and all the possible interactions among water, clay and solutes . When the thermodynamic equilibrium is
approached, the main physico-chemical parameters and the chemical potential of the chemical component s
controlling the main water-rock interaction processes are fixed . Thus, the pore water calculated describe s
the main physico-chemical parameters of the bentonite-water system, because this pore water is at thermo-
dynamic equilibrium with the whole system, and the chemical potential of all the phases must be equal .
Considering the pore water composition, some properties of the bentonite-water system have been calcu-
lated: ionic strength, surface potential, DDL thickness, water activity and osmotic potential . Macroscopic
properties, such as accessible porosities to chloride and swelling pressure, can be determined based on the
chemical composition of the pore water, which reflects the thermodynamic equilibrium of the microscopi c
system. The swelling pressures can be explained by osmotic pressures in the bentonite-water system (Fig . 1) .
Because the DDL thickness at dry densities higher than 1400 kg/m 3 is lower than 3 A, the applicatio n
of the DDL models could not be valid in these high compacted bentonite systems .

25
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The origin of gases dissolved in water of geological formation is often controversial. Mudstones which

contain more than 1% of TOC (total organic carbon) and significant amount of carbonate minerals exhibi t

gases (CO2, and light alkanes) dissolved in the interstitial water. Other gases (rare gases, H2 , N2 , H2S) are

also detected, in various proportions . Therefore, the measurement of gases at equilibrium with formatio n

water is a major challenge . It can be only carried out if the gases are regarded as being not-reagents an d

the porosity of the rock completely filled by interstitial water . For example, the measurement of dissolve d

CO2 provides us with a useful constrain to determine the pH of interstitial water .
The contribution of CO 2 from organic origin is considered negligible and does not modify the PCO2

governed by the mineral phases (Hutcheon et Al ., 1993, Gouze, 1993) . The concentration, the relativ e
ratios and isotopic composition of organic gases are related to the state of the rock maturity and/or th e
bacterial activity .

At this time, gas fraction of the formation fluids is collected from conditioned drill cores (Pearson et Al . ,
2003) that cannot completely prevent any perturbation of the samples . For this reason, the objective of
this work was to develop a new concept of measurement : the implementation of an infrared sensor to a
module allowing gas circulation into an experimental borehole (PC-C) in the Opalinus Clay formatio n
on the site of Mont Terri (Switzerland) (figure 1) .

Figure 1 : Infrared sensor connected to the gas circulation module of PC-C experiment at Mont Terr i
(Switzerland), a : FT-IR spectrometer (Bruker TENSOR 27) equipped with a gas cell ,
b: Gas circulation module from the borehole to the gas cel l

The experiment is composed of a borehole and a system of gas circulation in which is integrated a n
infra-red spectrometer equipped with a gas cell with a variable optical path . This system allows us t o
follow the gas emission with time .
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The first results showed the acquisition of very well defined infrared spectra with an excellent signal -

to-noise ratio . The estimate of sensitivity is around 1 .5 ppm of CO2 (PCO2= 0.016 Pa) . The presence o f
a mixture of natural gases, CO2, water and alkanes, has been detected and the corresponding spectrum
is presented in absorbance in the following graph (figure 2) .
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Figure 2: FT-IR spectrum of the gas emitted from PC-C experiment at Mont Terr i

Several optimization modules or procedures have completed the equipment :
•A second spectrometer has been added to record atmospheric CO 2 independently. By calculation, the
atmospheric CO 2 is subtracted to the borehole gas spectrum.

•The automation of measurement was realized by using macro-commands allowing a piloting of th e
remote acquisition of the spectra via Internet . These macro-commands allow to program measurement s
in time and also the treatments of the spectra (atmospheric CO 2 subtraction, integration of peaks) .

This preliminary work demonstrates the feasibility of the monitoring of in-situ gas in borehole and gallery .
The next stages of this study are as follows :
•Calibration of the infrared measurements for all the gases detected in the borehole : it will be achieve d
in laboratory using synthetic gas mixtures .

•Reconstruction of the fluid rock equilibrium : gas quantifications will be compared to water analysi s
obtained during PC-C experiment .

•Transfer of the gas circulation module equipped with the infrared sensor from the Mont Terri to th e
Bure laboratory of Andra .
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OF ARGILLACEOUS ROCK FORMATIONS
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INTRODUCTION
In Japan, a potential site for the deep geological disposal of high level radioactive waste is yet to be iden-
tified, although sedimentary rocks or crystalline rocks may be considered as potential repository hosts . The
Japan Nuclear Cycle Development Institute (JNC) is, therefore, developing generic methods that may b e
applied in either of these kinds of lithology . In this paper, preliminary geochemical results are presented from
generic research in argillaceous rocks conducted by JNC in Horonobe Town of northern Hokkaido (Figure 1) .
In the main area investigated, a dominantly marine sedimentary rock sequence occurs . This consists of the
Miocene Masuporo and Wakkanai Formations, and the Pliocene Koetoi and Yuchi Formations (Figure 1) .
The Masuporo Formation comprises sandstones and conglomerates overlain by siliceous shales, whic h
continue into the overlying Wakkanai Formation. The Wakkanai and Koetoi Formations are mostl y
diatomites, impure diatomites or diatomaceous mudstones and siltstones, and porcelanites . The overlyin g
Yuchi Formation is overwhelmingly more coarse and sandy . The dominant structure is the reversed Omagari
Fault (Figure 1) . This area has been designated for the construction of an Underground Research Laboratory
(URL) at depths of up to about 500 m, mainly in the Koetoi and Wakkanai Formations .
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Figure 1 : Location of the Horonobe URL site and a simplified geological map and section .

METHODS
Investigations have included conventional mapping, varied geophysical surveys and borehole drilling an d
testing. Rock cores have provided whole-rock analyses and supporting mineralogical and petrologica l
data. In the URL area, groundwaters were sampled from 13 intervals taken from 6 boreholes (Figure 1) .
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One groundwater composition was also obtained from borehole HDB-2, about 5 km to the southeast o f
the URL area . Additionally, 11 water analyses are available from borehole D-1, about 20 km to the sout h
of the URL . This borehole pre-dates the present investigations, having been drilled in the late 1980's .
The groundwater samples have been analysed for a wide range of major and minor constituents .
Analyses of stable isotopes, 14C and 36C1 have also been obtained .

RESULTS
Both vertical and horizontal salinity gradients are recognized (Figure 2) . Generally, groundwater sample s
taken from shallower regions are fresh and Na-HC O3 dominated, while those from greater depths are al l
Na-Cl dominated. Within the URL area, most Na-Cl dominated samples demonstrate a consistent trend i n
salinity in relation to depth (Figure 2A) . However, in borehole HDB-3 saline water is detected in relatively
shallow depth (Figure 2A) . The stable isotopic data suggest mixing between two main groups of water .
One group lies close to the meteoric water line and the second is enriched in 180 relative to seawater
(>+0.5 %osMOW ; Figure 2B) . Compared to seawater, the groundwater samples show very different ratio s
of many major and trace constituents. They show a conspicuous depletion of SO 4 relative to seawater
(the mean SO 4/Cl mass ratio of brackish and saline groundwater samples taken from the URL area i s
0.003 while that of seawater is 0 .138). More saline waters have higher Br/Cl than seawater (the HDB-3
sample has Br/Cl,,,. = 0.0085, compared to 0 .0035 for seawater) .

DISCUSSION AND CONCLUSIONS

Mass balance calculations imply that the groundwater solutes could possibly be explained by the diageneti c
modification of a depositional marine pore water . The 180-enriched stable isotopic compositions coul d
also be explained by diagenesis . Alternatively, these isotopic compositions could reflect ultra-filtration .
The lateral spatial variation in groundwater salinity implies significant groundwater flow . Alternativ e
conceptual models have been developed in which either saline water has locally migrated upwards from
depth, or else fresh groundwater has penetrated to depth heterogeneously across the area . In the latter
case, the fresh water contains diluted "fossil" saline groundwater to different degrees in different places .
In either case, the flow paths and timing of flow are unclear. Possible flow paths being considered are
the westerly-dipping Yuchi Formation, which is relatively permeable and has fracturing associated wit h
the Omagari Fault. It is anticipated that future investigations will clarify these models and should provid e
better constraints on the timing of groundwater movement .

Figure 2 : (A.) Variation in groundwater Cl concentration with respect to depth ; and (B .) variations in
stable isotopic compositions of groundwaters .
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BEHAVIOR OF 137Cs, 238Pu(IV), 237Np(V)

IN BENTONITE PORE WATERS
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Bentonite is a clay mineral having high sorption properties towards cations that could be used to create
isolation barriers at toxic and nuclear waste repository sites . The ability to penetrate radionuclide migra -
tion is governed by radionuclide sorption, diffusion and solubility in pore waters . The available data o n
mechanisms of cation sorption, role of different sorption sites and surface complexation data is quit e
scarce and contradictory. This study is aimed to understand the molecular level understanding of 137Cs ,
Pu(IV) and Np(V) sorption by bentonite and solubility of Pu(OH) 4 in bentonite pore waters

Bentonite (Khakassiya deposit) was taken in Na-form and characterized by powder X-ray diffraction ,
scanning electron microscopy, potentiometric titration and elemental analysis . The specific surface are a
and pore size distribution were determined by N2 adsorption technique using BET equation . According
to the mineralogical composition the main component of the sample was montmorillonite — clay minera l
with layered structure .

Sorption experiments were performed under N2 atmosphere in plastic vessels to avoid radionuclid e
adsorption by walls . Bentonite samples were left in the working solutions to swell for few days befor e
sorption experiments were performed . After the desired concentration of radionuclide ( 137Cs , 238Pu , 239Pu ,
237Np 239Np) was added to the suspension, the required pH values are established and samples were lef t
until the equilibrium was reached . Separation of suspended matter after the sorption was performe d
using micro- and ultrafiltration techniques .

Sorption of cations by bentonite could be governed by two mechanisms including ion exchange wit h
interlayer cations and formation of surface complexes with either silanol or aluminol groups. Depending
on the mechanism of sorption both kinetics, desorption and pH dependence should differ significantly .

For 137Cs sorption equilibrium reached for 1 .5 h while for Pu(IV) and Np(V) rather slow and comple x
interaction kinetics was observed . The equilibration time at low pHs was less than for neutral or alkalin e
solutions . For pH values of 3 .25, 5 .45 and 8.45 these values were 5 and 7-8 days correspondingly. Th e
same dependence was established for Pu(IV) — the equilibration time at pH=2 .95 was 7 days while for
pH=5.95 and 8 .65 it was about 10 days . The slow kinetics of Pu(IV) and Np(V) was due to their interactio n
with the surface hydroxyl groups and effects in the electric double layer .

The sorption of Pu(IV) and Np(V) was highly pH dependant that indicate predominant surface complexatio n
mechanism of sorption . For 137Cs the pH dependence of sorption was less pronounced and significan t
decrease of sorption occurs at pH values lower 1 .7 that indicate the ion exchange to be the major mechanism .
The equilibrium constant of N a+/C s+ exchange was calculated form sorption isotherms and pH dependences :

NaX+Cs+ - CsX+Na+

	

logK = 1 . 7

The maximum of Np(V) sorption was established at pH=8 .5 while at higher pH values the decrease o f
sorption was observed due to carbonate complexation . Despite the experiment was performed under N2
atmosphere the carbonate concentration in bentonite (in the form of calcite) was rather high. The same
behavior was found for Pu(IV) for which maximum of sorption was observed at pH about 7 . For Cs+
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well-pronounced dependence of its sorption is observed in the range of ionic strength from 0 .001 to 0 .1 M

(NaC1O4) however this effect is observed for Np(V) and Pu(IV) only at pH<5 . This is another indication

that Cs + sorption is governed by on exchange while Np(V) and Pu(IV) are sorbed by surface complexation .

The reversibility of sorption was studied using deionizer water, 1M KCl and 1M HC1 . The highest share

of Cs was desorbed using 1M KC1 while the highest share of Np and Pu are extracted by 1M solutio n

of HC1 that also supports our assumption on different sorption mechanisms . Only minor fraction o f

radionuclides was extracted by treatment by demonized water .

Since sorption of actinides could be accompanied by different redox reactions we used X-ray photoelectro n
spectroscopy (XPS) for Np speciation . It was established from XPS that no redox reactions with Np(V )
occur upon sorption and it remains in pentavalent form .

Surface complexation modeling exercises were performed using FITEQL software using diffuse laye r
model. The complexation of actinides with both silanol and aluminol groups were considered . The following
complexation constants were obtained :

>SiOH + Np(V)-'=n >SiO-Np(V) + H +

	

log K = 1,4 1
>A1OH + Np(V)Z >AlO-Np(V) + H +

	

log K = -0,8 6
>SiOH + Pu(IV)t; >SiO-Pu(IV) + H +

	

log K = 1,59
>A1OH + Pu(IV)t; >AIO-Pu(IV) + H+

	

log K = 4,99

Since tetravalent actinides tend to form true hydroxo-colloids this should influence their sorption behavior .
The dependence of linearity of Kd on solution/bentonite ratio was tested using different separation method s
including centrifugation, micro- and ultrafiltration . For tracer level concentration of radionuclides tha t
were used in sorption experiments the linear dependence was observed that indicate the absence of tru e
colloids in the studied system . The Kd values obtained using ultrafiltration (5 kD cut-off filter) wer e
significantly (up to about one order of magnitude) higher than using microfiltration (0 .1 µm) that indicate
predominant sorption of radionuclides to bentonite nano-colloids .

The solubility of Pu(OH)4 was studied in bentonite pore waters in oversaturated mode . The pore waters
are slightly anoxic and are characterized by Eh values of—98 mV and pH values of 8 .9. In order to study
the role of bentonite nano-colloids two samples of pore waters were used — microfiltrated sample (wit h
colloids present) and ultrafiltrated sample . The obtained results are presented in Figure together with
thermodynamic values calculated for pore water composition . It was established that the presence o f
bentonite nano-colloids is responsible for decrease of Pu solubility however their role in its transpor t
require additional studies .
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CHEMICAL AND ISOTOPIC ANALYSIS
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ARGILLITES FROM BURE (FRANCE):
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Isotopic mass spectrometry online with gas chromaiography (GC-C-IRMS) allows the measurement of the
carbon isotopic ratios of hydrocarbon gases (Cl to C4) after complete combustion to CO2. The method
also permits to measure proportions of the different hydrocarbon gases and CO2. Such data provide
valuable information about the source and genesis of a gas sample, as well as the post-formation physico-
chemical processes which might affect it in the geological environment. In particular, it is possible to
distinguish hydrocarbon gases of bacterial or thermogenic origin based on the proportion of methane
and the carbon isotope ratio as measured by GC-C-IRMS. However, if the relative concentrations of carbon
molecules are very small (from 1 ppm to 1000 ppm), the isotopic information cannot be obtained directly
with GC-C-IRMS, An additional step allowing the pre-concentration of hydrocarbons must be introduced
in the analytical procedure (Huiban et al,, 2004), Indeed, in order to obtain an adequate accuracy, several
operating conditions are of prime importance: sufficient signal intensity, good quality peak shape, low
signal/noise ratio.

We present here a pre-concentratLon system based on the removal of major gas compounds (N2, 02, Ar,
etc . . ) and trapping of carbon molecules. The purified carbon molecules are released in an inert carrier
gas, focussed through a tiny capillary, and introduced in the chromatograph for separation, combustion
of each compound and final analysis in the mass spectrometer. This technique provides the chemical
concentration in the initial gas and the carbon isotope composition of each individual carbon molecular
compound. Its high sensitivity allows measurement of isotopic ratios for concentrations as low as 1 ppm of
methane, 0.5 ppm of ethane and 0.3 ppm of propane, for bulk gas samples of lOcc in standard conditions.
Total analytical uncertainty on 6l3C measurements is ±1 %> or better.

The results of a first application of this technique to the Callovo-Oxfordian argillite formation, Bure,
eastern Paris Basin, are reported here. GC-C-IRMS analysis was performed on samples of gas naturally
released from water-saturated argillite cores stored in specifically-designed oulgassing cells shortly
after drilling (Girard et al., in press). It was possible to quantify the concentrations and 5nC of methane,
ethane and propane. The measured concentration ranges are 12-20 ppm for methane, 28-40 ppm for
ethane and 47-56 ppm for propane. Measured 5l3C values (relative to PDB) range from -58 to -49 for
methane, -29 to -21 for ethane and -32 to -29 for propane.

Two main conclusions can be drawn from these results at this stage:
l)The hydrocarbon gases released by Callovo-Oxfordian argillite cores through porewater degassing

are of thermogenic origin. Their isotopic signature is typical of thermogenic gas (5'3C of methane
generally between -55 and-35 %o, gas containing heavier hydrocarbon compounds) and distinct from
bacterial gas (6L'C between -90 and -70 %>, gas containing only methane as hydrocarbon compounds).
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In addition, the isotopic composition of ethane and propane indicates that no bacterial degradation
occurred. In such a scenario, propane would be the most affected compound and would present much
heavier isotopic compositions (with 5l3C values between -10 and 0 %o).

2) The observed proportions of methane-ethane-propane are very unusual, in that they are opposite
to what is generally found in natural environments. Methane is always the dominant compound in
natural gaseous hydrocarbons, and the proportion of ethane is generally higher than propane. The
peculiar chemical composition of hydrocarbons outgassed from Callovo-Oxfordian argillites, with
Cme[[,ano < Ĉ iiane < Crfnpane , cannot be primary, i.e., related to the genetic source. It implies that the
gaseous hydrocarbons suffered post-formation chemical fractional on. Because there is no evidence
in our data for any bacterial alteration, we suggest that this gas, dissolved in the argillite porewater,
represents a residue remaining after partial leakage. The latter would be responsible for a chemical
fractionation of the hydrocarbon molecules, as methane presents a higher mobility than ethane and
propane.

The above conclusions (thermogenic origin of the hydrocarbons and residual chemical signature) have
important implications. Thermogenic generation of hydrocarbon occurs at temperatures of 100°C or
more. This is much higher than the maximum temperature which affected Callovo-Oxfordian argillites
at Bure. Consequently, the hydrocarbon gases investigated here must have been generated in deeper
horizons or source rocks, and migrated to the Callovo-Oxfordian argillites, probably as dissolved
species in formation waters. Our data further suggest that the hydrocarbons "leaked" out of the
argillites, implying continued upward migration. Therefore, the samples analyzed can be considered to
represent an instantaneous subset of hydrocarbon molecules taken from a pool involved in a dynamic
process of migration through the argillites.
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RADIATION RESISTANCE OF
THE NATURAL BACTERIA POPULATION

IN FEBEX BENTONITE
Manuel Mingarro, Miguel Garcia-Gutiérrez, Javier Quinones.

CIEMAT. Avda. Complutense, 22. 28040 - Madrid (Spain)

In the Spanish concept of a high level radioactive waste (HLRW) repository, the canister with the spent
fuel would be surrounded by a layer of bentonite compacted and buried several hundred meters below
ground in a geological formation. Direct and indirect evidence for the presence and activity of bacteria
in deep geological formations and in bentonite have been reported, even in extreme conditions (low
water content, high temperatures and radiation) (Pedersen, 2000) Microbial activity could potentially
affect the rate of transport of radionuclides away from the disposal site. Since it is complicated to
attempt to sterilise all the materials of a repository, the determination of the number, type and activity
of the bacteria under repository conditions will assist in the evaluation of their potential impact on the
multi-barrier system. The high gamma radiation fields and temperatures from the used fuel waste,
would greatly reduce the microbial population at or near the container surface, thereby reducing or
avoiding any bacteria effects. The purpose of this work is, therefore, to determine the effects of gamma
radiation doses on the presence of bacteria in the bentonite clay.

The bacteria examined included the mixed, natural bacteria population: aerobic, anaerobic and sulphate
reducing bacteria in FEBEX bentonite (Ca-Mg smectite clay) and pure cultures of aerobic bacteria and
sulphate reducing bacteria isolated from FEBEX bentonite. These bacteria will be in the repository in
direct contact with the canister.

Previously to the irradiation experiment, the FEBEX clay was microbiologically characterised. The different
groups of bacteria were estimated with specific culture media by the most probable number method
(MPN). The principal bacteria populations found in the clay samples were: aerobic heterotrophic
(9.4-105 bacteria/gof dry clay), microaerophilic (3.3-105 bacteria/g of dry clay), anaerobic heterotrophic
(1.4'10J bacteria/g of dry clay), nitrate reducing (2.8-105 bacteria/g of dry clay), denitrificans, sulphur
oxidising (2.6-10J bacteria/g of dry clay), sulphide oxidising (2.810 bacteria/gof dry clay) and sulphate
reducing bacteria (4.8-10 bacteria/g of dry clay).

This work was performed in the Nayade installation where the clay and pure cultures were irradiated, in
sterilised conditions, for different time periods. The Nayade consists of a ^Co source surrounded by water.
The ambient temperature of irradiation was around 22"C. The absorbed dose received by the samples
was determined from known dosimetry calibration. The dose rate was of 0.43 Gy/min. The method
allows radiation exposure to different doses up to 100 kGy.

The next samples were irradiated:
• FEBEX clay.
• Pure cultures isolated (aerobic and sulphate reducing bacteria) from FEBEX clay heated at 90°C for

five days.
• Pure cultures isolated from FEBEX clay without heating (aerobic bacteria).

The numbers of bacteria were estimated with specific culture media by the most probable number
method (MPN) and plate count technical. Estimates for population reduction have been based on D^
values. The Di() value is the dose required to reduce the bacteria population by one order of magnitude.
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The results of each analysis were calculated according to the concentrations of the bacteria in both the
non irradiated (Nu) and the irradiated (N) samples (number of bacteria per dry clay gram or per ml of
pure culture). The data were converted to lg10 values and the reductions lg(N/N0) calculated. Reduction
of bacteria versus dose of gamma irradiation were used to determine the survival curves parameters.
These curves were fitted to the functions used by Sommer (Sommer, 2001):

for aerobic and anaerobic bacteria:
N 1°'*'* + a - \ 0 ~ t 2 1

,J
For sulphate reducing bacteria: -̂ — = 1 - (l - 1 0 k'x)

Where N is the number of bacteria obtained after each irradiation dose x, No is the initial number of bacteria,
Kh K?, y K are the slopes of the linear zones of the curves, a is the intersection of the curve with the
ordinate N/No and d defines the first phase of the survival curve.

The bacteria populations analysed show D!0 values between 0.5 and 2.5 KGy, slightly higher than those
obtained in Wyoming (0.34-1.68 KGy) and Avonlea (0,65-0.76 KGy) clays (Stroes-Gascoyne, 1998).
Heterotrophic metabolic activity tests were carried out with [HC-U]-Glucose, with clay samples, to
know the feasibility of the bacteria after irradiation. These experiments, performed in aerobic conditions
at 22°C, revealed that gamma irradiation doses lower than 3 KGy do not affect the bacteria activity.
After the exposure to doses higher than 12 KGy only anaerobic bacteria from clay samples survived in
low concentrations, whereas in samples which were irradiated above 23 KGy no bacteria survived.

From a repository's safety point of view, and only considering the radiation effects, the results show that
no bacteria activity is expected inside the container before 100000 years. However, the gamma radiation
field will be attenuated outside and the activity of the bacteria population could affect the corrosion of
the container.
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INTRODUCTION
In the high-level nuclear waste disposal, the compacted bentonite may be used as a buffer for th e
engineering barrier. The retention properties of this material are a key issue for the conception of th e
disposal system . In this regard, many works have been realised for various compacted bentonites at th e
ambience temperature . However, in the context of the high-level nuclear waste disposal, the temperature
in the clay buffer can be very high ; thus it is necessary to consider the temperature effect . Few studie s
have been carried out on this issue and detailed interpretations on the experimental results have bee n
not performed . In this paper, the temperature dependence of water retention curve of MX80 bentonit e
is presented. The vapour equilibrium technique using saline saturated solutions was used to control th e
suction at different temperature . For this reason, the determination of the relative humidity values generate d
by saline saturated solutions at various temperatures was first done .

RELATIVE HUMIDITY MEASUREMENT
Five pure salts were chosen for calibration in terms of temperature effects on the relative humidity .
Various temperatures from 20°C to 60°C were considered . For each salt a glass cup containing the salin e
saturated solution was introduced in an enclosed metallic cell that was totally immersed in a constan t
temperature bath . The dew point sensor and the air temperature sensor of a hygrometer were introduce d
in this cell . The used hygrometer enabled the determination of the relative humidity in the cell . A thermosta t
pump was use to control the temperature of the bath and also the temperature of the cell .
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Figure 1 : Relative humidity measuremen t

The results of relative humidity are presented in the Figure 1 . On the left hand, the change of temperatur e
and relative humidity with time recorded by the hygrometer for the saline saturated solution of MgC1 2 i s
showed. On the right hand, All the results of relative humidity change with temperature are gathered, togethe r
with the results found in the literature [1,2] . The results of the five salts tested are in good concordanc e
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with that reported in the literature . For this reason, in the study of the water retention properties of clay ,

the data collected from [1] including salts that have been not tested, were used .

WATER RETENTION CURVE AT ISOTHERMAL CONDITION

Sixty pastilles of compacted MX80 bentonite were made . These samples were 8 .7mm high and 20.2mm

in diameter ; their dry density was 17kN/m3 and their initial water content was 8 .5%. Three samples were

introduced each in a desiccator . The vapour equilibrium technique, using saline saturated solution, wa s

applied to control the suction in the desiccators . The tests were carried out at 20°C, 40°C, 60°C and 80°C .
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Figure 2 : Temperature effect on the water retention curve of MX80 bentonite .

Figure 2 shows the water retention curves of MX80 bentonite at 4 different temperatures (left hand) .
On the right hand of the figure, the mean values of water content of three samples in each desiccato r
were presented, together with the salt used in each desiccator . The downward movement of the curves
with the increase of temperature shows that the increase of temperature decreased the water retentio n
capacity of soil. At the same water content, the variation of soil suction with temperature was :
A lg s/AT° = -2.9 x 10-3 (lg MPa /°C) . Following a simple model basing on the change of interfacia l
tension water-air, this value should be of -1 .1 x lo-' (1g MPa /°C) . This consistency of the two value s
shows that it was the capillary suction which was affected by the temperature change .
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MICRO-MACRO MODELLING

OF THE ELECTRICAL RESISTIVITY

OF CLAY WATER SYSTEM: ROLE OF

THE AGGREGATION PROCESS

Ph. Cosenza, A. Tabbag h

UMR 7619 Sisyphe, Université P. & M. Curie — CNRS, 4 Pl . Jussieu, 75252 Paris cedex 0 5

Since electrical resistivity (ER) is sensitive to water content changes, there is much interest in employin g

electrical methods (electrical logging, electrical resistivity tomography) to monitor the saturation degree o f

the different barriers used in a deep disposal of radioactive waste . In order to improve the inversion of E R

data for clayey geomaterials, a good understanding of the effect of water distribution and microstructure o n
ER is required. Indeed, it is well known that numerous macroscopic properties (swelling, shrinkage, hydrauli c
conductivity) of clayey geomaterials are controlled by microscopic processes .
Two theoretical tools were used to investigate the effect of microstructure on ER : (1) the momen t
method, which is based on a numerical solution of Maxwell's equations written at a microscopic scal e
(e .g. Tabbagh et al ., 2002) ; (2) differential effective schemes which corresponds to an effective mediu m
theory (e .g. Cosenza et al ., 2003) .

In the moment method, three different elementary units at the microscopic scale have been considered :
(a) the single platelet model surrounded by a cations cloud, (b) the aggregate of clay platelets, (c) th e
aggregate with water between the clay platelets . The preliminary results associated with this modelling
approach are the following:
•Compared to the single platelet model, the existence of aggregates with or without water has a significan t
effect on the macroscopic resistivity (Fig . 1) .

•As expected, a microstructural anisotropy leads to a moderate but significant macroscopic anisotrop y
(Fig . 2) . This aspect would be to discuss in relation with a realistic range of surface conductivity (cation s
cloud) values .
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Differential effective schemes have been used to model the ER data (Cremers & Laudelout, 1966) of two
systems: (a) a kaolinite-water system ; (b) a Na-montmorillonite-water system.

In case of the kaolinite-water system, two different micro-macro approaches were tested: the dilute model
(e.g. without electric interaction between clay platelets) and an effective medium approximation. Following
these approaches, a crystallite of kaolinite mineral is modelled as an ellipsoid with an axis ratio estimated
from electron microscopy and specific surface area measurements. The surface conductivity associated with
the elementary crystallite was considered as a fitting parameter. The results are the following:
• As expected, at high clay content, a poor agreement was obtained with the dilute model: electric inter-

actions between clay crystallites must be taken into account.
• Inverted surface conductivity values are similar to those found in the literature (Lorentz, 1969) and depend

slightly on the micro-macro model.
• Inverted surface conductivity values are constant in the range of 0.01-0.1 N. This result suggests a surface

conduction in the Stem layer in this range of salinity.

Considering Na-montmorillonite-water system, three micro-macro models have been tested: (a) the ele-
mentary unit is a disk with the surface conductivity as the unique fitting parameter; (b) the elementary unit
is an isotropic ellipsoid, with two fitting parameters, the surface conductivity and the axis ratio; (c) the
elementary unit is an anisotropic ellipsoid corresponding to a tactoid, with two fitting parameters, the
surface conductivity and the axis ratio. The following results were obtained:
• The three micro-macro models can fit very well the experimental data. The inverted surface conductivity

values are very sensitive to the chosen micro-macro model. If complementary constraints (microscopic
observations, independent surface conductivity measurements) are not available, it is difficult to dis-
criminate the inverted surface conductivity values given by the three models.

• The anisotropic ellipsoidal model, the more realistic model in relation with microscopic observations,
provides surface conductivity values of one order of magnitude greater than the others models. As for
the calculations of the moment method, this point suggests a strong influence of the aggregation process.
Compared to kaolinite-water system, the underlying phenomena governing the surface conduction is
likely very different (significant contribution of the diffusive part of the electric double layer).
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INVESTIGATION OF B AND Li ISOTOPES
IN CALLOVO-OXFORDIAN POREWATER AT

BURE, EASTERN PARIS BASIN : OBJECTIVES
AND PRELIMINARY RESULTS

J.-P. Girard, C. Guerrot, R. Millot, J. Casanova

BRGM, 3 av. C. Guillemin, BP 6009, 45060 Orleans Cedex 2, France

In the HAVL-Argile scientific programme conducted by Andra, particular emphasis is placed on the
characterisation of Callovo-Oxfordian argillites occurring at about 500 m depth in the eastern part of
the Paris basin. This clay formation is targeted to host the underground laboratory of Meuse-Haute
Marne at Bure, in which scientific experiments and measurements are to be conducted in the coming
years to evaluate confinement properties.

On particular aspect of tremendous importance is to established the nature, extent and mechanism of
water/solute transport that is oceurring, or has occurred in the past, between the Callovo-Oxfordian
argillites and the underlying/overlying limestone aquifers. In order to contribute to this objective, a project
was initiated in 2004 in the framework the research partnership between BRGM and Andra, which aims
at investigating the use of B and Li isotopes to constrain the nature of porewater and mass transport in
the argillites. It is known that B and Li isotopes are rather conservative elements and constitute good
tracers of water sources in natural environments (Hogan and Bium, 2003). The primary objective of this
study is to determine the B and Li isotopic compositions of porewater in the Callovo-Oxfordian
argillites, as well as those of formation waters in the adjacent Oxfordian and Dogger limestone aquifers.
The main challenge resides in the development of an appropriate methodology for 6 l tB-6 Li analysis of
porewater in clay-rich rocks and its application to samples of Callovo-Oxfordian argillites from Burc.

METHODOLOGY AND ANALYTICAL DEVELOPMENTS
Anaiytieal procedures have been developed to perform high precision analysis of B and Li isotopic
ratios in water samples by use of the multi-collection ICP/MS Neptune in operation at BRGM.
Currently, measurements can be done with a total analytical uncertainty of ±0.5 %o for both ô Li and SUB
on quantities on the order of 10-100 ng of the element of interest (Millot eî al., 2004). This performance,
however, requires water samples to undergo separate chemical separation/purification treatments (by
conventional ionic chromatography) for Li and B in order to produce a pure mono-elemental solution
prior to isotope analysis.

Because of the low permeability (ca. 10'l2 m/s) and low water content (5-8%) of the Callovo-Oxfordian
argillites, physical extraction of porewater from these rocks is difficult. Therefore, in order to gain
access to the isotopic composition of present porewater in the argiliites, an approach based on bulk rock
lixiviation is preferred. A series of lixiviation tests was conducted on two samples of Callovo-Oxfordian
argillites (R0 and Rl types) so as to establish experimental conditions most efficient with respect to
leaching B and Li from the clay formation. Samples were powdered to <500um grain size. Three different
leaching solutions were used : 1) dionized water (with pH adjusted to values of 6, 7 or S by addition of
ammonia), 2) a solution of mannitol (C<,H,4O6, pH=6), and 3) a solution of cobaltihexammine.
Lixiviations were conducted using variable water/rock ratios (5 and 10) and durations (2 and 22 hours).
Variation in the chemical composition of leachates was monitored. Results indicate that the greatest
level of B and Li in leachates is obtained when performing three consecutive lixiviations (3x22 hours)
using a mannitol solution and a W/R ratio of 10. Results also show that most (60-80%) of the B and Li
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is leached after the first lixiviation, and that the amount of B and Li released in mannitol solution
exceeds that leached in dionized water by ca. 20-25%, presumably due to desorption from mineral surfaces.

APPLICATION TO BURE SAMPLES : PRELIMINARY RESULTS
At this time, only formation waters from the Oxfordian and Dogger limestone aquifers, bracketing the
Callovo-Oxfordian argillites, have been analyzed for their chemical (B and Li) and isotopic {5 B, 5 Li)
composition. Water samples analyzed represent production water collected from seven different wells
of the Andra drilling programme in the eastern part of the Paris basin, and were provided to us by Andra,
The results show that Oxfordian and Dogger aquifer waters have distinct chemical and isotopic compositions
as follows:

Oxfordian water : Li = 20-200 ppb ; Ô7Li = 14-20 %o ; B = 35-800 ppb ; SnB = 0-12 %o
Dogger water ; Li = 400-900 ppb ; 57Li = 16-18 %o ; B = 850-2300 ppb ; 5UB = 19-28 %o

This significant difference in composition indicates, in agreement with prior bulk chemical and stable
isotope data (Andra. 2001), that Oxfordian and Dogger formation waters are not in hydrological
continuity, and confirms that Callovo-Oxfordian argillites do constitute a barrier to advective flow.
The greater concentration and 5UB values exhibited by Dogger formation water, in addition to a marked
positive correlation between 8flB and 57Li, suggest that waters in Dogger limestones may represent a
two-component mixture, one end-member of which being highly saline, enriched in heavy isotopes and
possibly recording marine influence.

Application of the lixiviation procedure described above to a set of 16 samples of Callovo-Oxfordian
argillites from wells EST212 andEST211 is presently underway. Ô"B andÔ7Li values of both leachatesand
solid residues will be measured For all samples. Data and preliminary interpretation, in light of the B-Li
isotopic compositions determined for waters in the Oxfordian and Dogger limestones, will be presented
at the meeting. It is hoped that vertical variation in the 8MB-57Li signature of Callovo-Oxfordian porewater
will help constrain the mechanism and extent of mass transport in the argillites.
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Clayey materials, both natural argillites and compacted clays, have received an increasing interest foi-
building safe waste disposal sites ought to their low permeability and capacity to adsorb contaminants.
In that perspective it is necessary find an efficient and easy to use tool to check the condition of clay
on site, especially for its water content. Electrical and dielectric methods could fulfil these criteria.
Electrical and dielectric measurements are affected by several parameters: type of clay (mineralogy),
texture, water content, and measurement frequency. Currently only few electrical data and theories are
available for materials containing a large amount of clay minerals. We present here a laboratory study
of a natural argillite and as well as compacted clays for which water content and texture are known.

Electrical and dielectric properties were measured on ten samples of natural argillite in their natural
saturation state. The samples come from the Est2O5 borehole of the Meuse/ Haute Marne underground
research laboratory (Andra), distributed between 420 and 500 m depth and are representative of the
Callovo-Oxfordian argillites. In order to quantify the effect of the rock anisotropy on the measured
properties, for each depth, one sample was cut parallel to stratigraphy and a second sample perpendicularly.
Water content at the time of measurement was estimated by drying samples cut near the samples under study.

Electrical conductivity (at 100 kHz) measured in both directions, as well as the electrical anisotropy
decrease with depth (at least for the most homogeneous samples). The anisotropy is quite important,
ranging from 7 to 110 %; it is likely to be caused by preferential orientation of the particles (clay particles
especially) during compaction. Horizontal and vertical conductivities are correlated to both saturation
and porosity in the logarithmic scale, suggesting that a law similar to the second Archie law could be
applied. The dielectric permittivity at 100 kHz is likely to be controlled by the charge density of the rock.
At higher frequency (10 GHz), the dielectric permittivity, measured perpendicular to the stratigraphy,
shows a strong correlation with water content, as expected by mixing laws (figure 1 ).

This study showed the importance of controlling water saturation. Moreover only a limited number of
samples were available and a large number of parameters influence conduction and polarization. For all
these reasons a study of synthetic mono mineral samples was carried out. Kaolinite clay powder was
compacted with various water contents (demineralised water) and porosities to better understand the
effect of these parameters on the electrical response.

At constant porosity we could observe that both conductivity and dielectric permittivity increase almost
linearly with water saturation (figure 2), and at constant saturation they increase almost linearly with
porosity (figure 3). The measurements shown are made for a frequency of 100kHz; at higher frequency
(500 MHz), conductivity and dielectric permittivity have the same behaviours with porosity and water
saturation, with values reaching their high frequency limit. We also noted a significant anisotropy that
increases with compaction.
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which indicates substantial microstructural breakdown . The dissolution was associated with migration of
released elements that precipitated at different distances from the hot heater surface as manifested by th e
obvious change in charge distribution in interlayers and octahedral layers of the vermiculite . The cation
distribution in octahedral layers also changed significantly due to Mg replacing some of the Al .

In conclusion, the processes leading to a very obvious increase in hydraulic conductivity and reductio n

of swelling pressure of the RMN buffer clay are the following :
•The intergrowth of illite and kaolinite in most of the vermiculate aggregates in the unheated RMN clay,

with illite dominating over kaolinite, was changed in the most strongly heated buffer by dissolution o f
most of the illite/kaolinite intergrowths .

•In the major part of the clay the content of Fe-rich montmorillonite dropped significantly by which F e
was set free and participated in formation of cementing iron complexes, which cause brittleness .

•Illite was neoformed in the most strongly heated clay by precipitation of Al and Si from dissolved
montmorillonite in the presence of K set free by breakdown of potassium-rich vermiculite .

The overall conclusion is that the RMN will loose such a large part of its waste-isolating capacity unde r
the hydrothermal conditions that prevail in the close vicinity of hot canisters that it should not be use d
as "buffer" . However, it may serve sufficiently well as backfill or plug seals in less heated parts of a
repository . The RMN is not the only smectite clay that would behave unsuitably as buffer ; any Fe-rich
smectite like nontronite will do the same . Not even montmorillonite may escape criticism since very hig h
porewater salt contents are known to cause degradation and this smectite species may interact with iron i n
steel canisters to an extent that is not fully known . Another member of the smectite family, beidellite, should
be rejected not because of iron-related processes but since uptake of potassium from the groundwate r
can cause quick conversion to illite .
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EVALUATION OF THE DIFFUSION

PROCESSES OF AN ALKALINE PLUME

THROUGH THE TOARCIAN CLAYEY

FORMATION OF THE TOURNEMIRE

EXPERIMENTAL SITE (FRANCE )

S.Motellier ' , I . Devol-Brown 2 , D . Thoby' , E . Tinseau 2,
J.-C . Alberto ', P. Berne ', T. Melkior'

1.Commissariat à l'Energie Atomique, DRT/LITEN/SAT, 17 rue des Martyrs, 38054 Grenobl e

cedex 9, France
2.Institut de Radioprotection et de Sûreté Nucléaire, DEI/SARG/LETS, B.P. 6, 92265 Fontenay-

aux-Roses cedex, France

High-pH plumes arising from cementitious leachates have been found to alter the mineral assemblag e
of clayey formations designed to play the role of natural barriers for radioactive waste repositories .
Dissolution of constitutive minerals such as smectite and precipitation of secondary phases such a s
feldspar and zeolite have been reported [1, 2] . These mineral changes are suspected to have a significant
effect upon diffusive transport properties, either enhancing or decreasing the mudrock ability fo r

radioelement confinement. For instance, experiments performed under alkaline conditions have show n

to decrease diffusion fluxes for water while increased fluxes for cations could be observed [3] .

This study was designed to provide better understanding of the phenomena that govern diffusio n

processes during the transition between site and alkaline conditions . Experiments involving the use o f
diffusion cells were performed to mimic the proceeding of an alkaline plume through different types o f
clayey materials from the Tournemire experimental site (France) . Undisturbed-, excavation disturbed -
and tectonic fractured - zones were investigated for the diffusion of both water and major cations .

The process is somewhat different from the so-called "through-diffusion" process designed to determin e
the transport parameters of a diffusing species in steady chemical conditions throughout the system
(reservoirs + sample) . In the experiments presented here, the initial solutions in the upstream and downstream
reservoirs are not the same . Steady chemical conditions are maintained in the upstream reservoir fille d
with the cementitious alkaline solution while the downstream reservoir, initially filled with a synthetic sit e
solution, is left free of any particular constraint. Hence, the composition of the downstream solution i s
expected to evolve until it reaches that of the set alkaline solution, eventually forcing the whole syste m
to equilibrate with it .

Monitoring of the pH and the concentrations of the major cations showed rapid evolution in the downstrea m
reservoirs . pH and alkaline cations concentrations increased until they reached the values prescribed by th e
composition of the alkaline solution. Alkaline-earth cations evolved quite differently : their concentrations
drastically dropped due to precipitation of carbonate phases . The data were satisfactorily fitted by a geo-
chemical model that combines retention (as cation exchange on a multi-site ion exchanger), dissolution/
precipitation of carbonate phases and transport (as Fick's laws description) .

No significant differences could be observed between the undisturbed- and the excavation disturbed -
zones, showing that the discontinuities induced by the excavation works were readily sealed by th e
swelling property of the clayey rock when fully hydrated. The tectonic fractured- zone showed large r
heterogeneity than the two previous zones : it is assumed that the occurrence of calcite and pyrite vein s
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in this zone play a role in the diffusion processes inasmuch as these minerals reduce both porosity an d

cation exchange capacity of the stone rock .

Microscopic investigations of the solid before and after alteration by the diffusion experiments will als o

be presented to evaluate the role of mineral alteration on diffusion processes .
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ADVECTION OF AN ALKALINE FLUID

THROUGH BOOM CLAY CORES:

GEOCHEMICAL MODELLING

OF EXPERIMENTAL DATA

Fiona M. I.Hunter ',William R . Rodwell', David J. Noy 2, Jacques Diederik3, Pierre De Cannière3

1.Serco Assurance, UK
2.British Geological Survey, U K
3.StudieCentrum voor Kernenergie – Centre d'étude de l'Energie Nucléaire (SCK•CEN), Belgium

As part of the ECOCLAY II project, with the financial support of NIRAS-ONDRAF and the Europea n
Commission, SCK•CEN has carried out experiments on the percolation of alkaline "cement" water s
through Boom Clay cores . The effluent from these percolation experiments has been analysed as a functio n
of time to provide information about the fluid-rock interactions occurring in the samples . However, th e
changes in the effluent composition with time are quite complex and require interpretation if insight i s
to be gained into the mechanisms of the interactions occurring in the samples between the invadin g

alkaline fluid and the Boom Clay .

Two cementitious waters were used in the experiments : a high pH (-13 .5) young cement water (YCW)
representing the initial eluate from a cement, and a lower pH ( –12) evolved cement water (ECW) repre-
senting the fluids that would emerge from the cements after long times . These fluids were passed throug h
Boom Clay cores over several years and the composition of the effluent fluid monitored .

The primary purpose of the modelling work was to provide an explanation of the processes controllin g
the interactions between the alkaline fluids and the Boom Clay . Four mechanisms were considered : th e
maintenance of the dissolution-precipitation thermodynamic equilibrium between the minerals and th e
pore fluids, ion exchange, kinetically controlled dissolution of primary minerals, and the functiona l
group capacity of organic matter as a function of pH .

The modelling was carried out using three essentially independent geochemical modelling packages :
PHREEQC [Parkhurst and Apello, 1999] (Serco Assurance), PRECIP [Noy, 1990] (British Geologica l
Survey) and CRUNCH [Steefel, 2001] (SCK•CEN) . However, the general approach was similar in th e
three cases .

Overall, this work has shown that it is possible to model the experiments to reproduce the main feature s
seen on the correct time scales using simple models of plausible mechanisms . Similar conclusions hav e
been reached from work using three different geochemical modelling programs, although the approache s
differ in the detail of the assumptions examined . It is likely that the mechanisms are more complicate d
than the ones considered here and that some assumptions made may require modification .
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EFFECT OF THE ORGANIC MATTER ON
THE DISSOLUTION REACTION OF

BENTONITE: THE CASE OF SALICYLATE
S. Garda-Palma, M.L. Rozalén, F.J. Huertas, J. Linares

Estacion Experimental del Zaidin, CSIC, Prof es or Alb a red a 1,18008 Granada, Spain

Living (microJorganisms are ubiquitous in the upper Earth crust. Metabolism and degradation of dead
organisms release organic matter to the environment. The organic matter contributes to soil formation,
plant nutrition, groundwater chemistry, transport of solutes and pollutants, weathering of minerals, etc.

Soils and groundwaters contain a number of low molecular organic acids, as acetate, oxalate, formiate,
salicylate, citrate, etc., in concentrations that vary between tens to thousands of micromole per liter.
They may interact in-situ with minerals or may be transported and react elsewhere. The organic acids
may modify the rate of alteration and weathering processes by several mechanisms, such as production
of acidity, alternative reaction paths and reduction of the solution saturation by complex formation and
transport of cations.

Recent studies have been focus on the dissolution rate of bentonite under different conditions in near field.
The interaction between the alkaline plume and the bentonite barrier may induce a severe alteration at
the bentonite/concrete interface. On the other hand, the dissolution of the bentonite produced by granite
and clay porewaters can be considered as negligible. Nevertheless, the presence of oTganic matter in
granite and clay porewaters may enhance the alteration of the bentonite components.

The aim of this investigation is to evaluate the effects of low molecular weight organic acids on the
chemical stability of the bentonite barrier. This preliminary study concerns the role of salicylic acid on
the dissolution rate of smectite, as the main mineralogical component of the bentonite, under near field
conditions. The smectite-salicylate interaction was studied in flow-through cells at 25°C,

The 0.5-4 (im size fraction of the Febex bentonite was extracted by sedimentation. This material, >99%
smectite (montmorillonite), was saturated with K+ ions to reduce the intercalation of salicylate within the
smectite interlayer space. Solutions ofNa salicylate (100 and 300 (imol L'1) were prepared in milli-Q
water, and ETNO3 and KOH solutions were used for the pH adjustment in the range from 3 to 9.5. KNO3

(0.01 mol L" ) was used as background electrolyte. In order to prevent the rapid degradation of the salicylate,
Na azide was also added to the solutions (0.002%). Temperature was controlled at 25±1°C with a thermo-
static bath. The input solution, injected into the flow-through reactor using a peristaltic pump, reacted with
the smectite (0.09-0.20 g in 46 mL). The output solution was collected every 24 h to monitor pH and
concentrations of salicylate. Si, Al, Mg and Fe. The solution pH was measured immediately after sampling.
Salycilate was monitored in both input and output solutions. Concentrations of Fe and Mg were usually
below the detection limit of the ICP-MS. The smectite dissolution rates were derived from Si concentrations
at steady state conditions (scattering of at least 5 consecutive points is less that 6%).

The amount of adsorbed salicylate was calculated as the difference between its concentration in the
input and output solutions. The experimental results indicate that at pH 3, 5 and 9.5 the smectite does
not adsorb salicylate and at pH 6 the adsorption, if it occurred, was very low.

The smectite dissolution rates were similar to those obtained for other clay minerals {R = 10"l4-10'!3 mol
m" s" ). A minimum value was observed at pH 5 and then the rates increase both towards acidic and alkaline

International Meeting, March 14-18,2005,Tours, France
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 419



P/GM/24

conditions. In order to understand the effect of the salicylate, smectite dissolution rates obtained in solutions
with and without salicylate were compared. It shows that between pH 3 and 5, the dissolution mechanism
promoted by ligands {salicylate) is negligible. However, the dissolution rate is enhanced 2.6 to 3.3 times
at pH 6.3 and 9.5, respectively. According to the reduced adsorption of salicylate, the presence of this
ligand seems to enhance the dissolution reaction by the reduction of the solution saturation with respect
to smectite.

Our preliminary results indicate that the presence of organic may locally contribute to degradation of the
bentonite by dissolution and complexation reactions. Further investigation will thus be required in order
to deepen our understanding of the effect of organic matter on the chemical stability of the bentonite
under barrier conditions.
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STABLE OXYGEN AND HYDROGEN
ISOTOPE RATIOS IN CLAY ROCK

PORE WATERS: ANALYTICAL
AND INTERPRETATIVE ASPECTS

Adriaa Bath

Intellisei, Lough borough, LE12 6SZ, UK - abathftrink'Hi sci.co.uk

Stable oxygen and hydrogen isotope ratios (1SO/16O and :H/ lH) are a potentially powerful diagnostic
tool for obtaining palaeohydrogeological information about the origins of pore waters in clay rocks and
about the mechanisms of water movement. Stable isotope data have been used typically to distinguish
between water origins that might be meteoric or marine, between water ages that might range from
co-depositional with the rocks, i.e. many tens of millions of years, to ten thousand years or younger, and
between water movement that might be diffusive or convective. The purpose of this paper is to review
the reliability of the analysis procedures and the understanding of water-rock interactions that might
affect the interpretation of stable isotope data. This is based primarily on studies of the Opalinus Clay at
the Mont Terri Rock Laboratory and also on investigations of pore waters in British clay rocks at various
locations. It provides a guide to the potential value of stable isotopes in investigations of clay rocks and
to the design of sampling programmes in site investigations.

Water samples for stable isotope analyses have been extracted from clay rocks by mechanical methods
of squeezing and centrifugation, by mass distillation with heating under vacuum as water or as an
azeotropic mixture, and by diffusive exchange in the vapour phase. Water has also been sampled in-situ
in piezometers either in locally-transmissive zones within clay rocks or under high hydraulic gradients
in underground laboratories. There are substantial differences between the stable isotopic ratios for
extracted waters that depend on the nature of the soil/sediment (e.g. initial water content, degree of clay
content) as well as on the method used.

Vacuum distillation does not remove all of the pore water, causing measured isotope ratios to be too low.
In addition to the possibility of incomplete distillation, it is possible that isotopic fractionation occurs
between free water and adsorbed water in the clay or between water and carbonate mineral when a sample
is heated during distillation. Diffusive exchange gives data that are 1 to 3%o higher for 51SO and 4 to
15%o higher for 5~H than those from vacuum distillation, and that are more consistent with isotopic
compositions analysed by different methods. It samples the whole pore water content, both free and
bound components. Piezometers and mechanical extractions such as squeezing provide samples of the
mobile fractions of pore waters. Waters in piezometers come from larger interconnected pores whilst
squeezing extracts only a fraction, usually less than 30%, of total water contents. Data on successive
fractions of squeezed water do not indicate isotopic fractionation.

Comparison of isotopic compositions between extracted water and directly-samp led water does not show
a consistent pattern. It is probable that the various methods for obtaining stable isotope data are analysing
different components of total pore water: i.e. free, "surface bound" and interlayer water components,
and thus analyses may not be exactly comparable if there are fractionation s between these components.
Analyses of borehole samples and squeezed samples as well as direct analyses of pore water by diffusive
exchange all potentially provide stable isotopic data that are valuable for understanding the pore water
composition and the various components that make up the total water content of clay rocks.

0 / O ratios often vary spatially across clay rocks and are correlated to variations of Ci", as shown by
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data for the Opalinus Clay. The prevalence of isotopic compositions heavier than local meteoric water i s

consistent with an ancient seawater origin and dilution . Isotopic ratios correlate approximately along a

line with a slope of about 8 that does not pass through the isotopic composition of sea water . A graph of
180/ 160 versus Cl - shows that the saline end member has been depleted in 180 and 2H relative to seawate r

at some stage in its history (Figure 1) .
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Figure 1 : Variation of 180/ 160 ratio in borehole waters, pore waters in drillcores, and seepages in the
Opalinus Clay at Mont Terri and adjoining formations versus chloride .

This means that the isotopic composition has been modified in-situ or that the original saline pore water
was mixed with an isotopically-light water before the dilution process began . Processes that could hav e
modified the isotopic composition of pore water are (a) isotopic exchange between detrital clay mineral s
and pore water during burial, (b) authigenesis of clay minerals and/or carbonate, or (c) diffusion betwee n
marine pore water in the clay formation and an external source of isotopically-light fresher water.
Consideration of all the data and supporting evidence relating to these processes leads to the conclusio n
that diffusional fractionation from the chloride content most likely accounts for the apparent shift in th e
isotopic composition of the saline pore water end-member .
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IN-SITU PCO2 MEASUREMENT IN BOOM

CLAY: THE PEGASUS EXPERIMENT

H. Moors, M. De Craen, M. Van Geet, L . Wang

Belgian Nuclear Research Centre (SCK•CEN), Waste and Disposal Department, Boeretang 200 ,

2400 Mol, Belgium

Boom Clay has been studied for over twenty-five years as a potential host rock for the final disposal o f
radioactive waste . To assess the safety of the Boom Clay as a geological barrier, a good understanding
of its geochemistry is essential as it reveals the stability of the host rock and influences the migratio n

of radionuclides . A recent study on the geochemistry of Boom Clay pore water highlights the need of a

representative value of the partial pressure of carbon dioxide (pCO 2). Until now the used value of pCO 2
of Boom Clay varies between 1 .61 and 4.03 mBar (10 "2 .8 to 10 -24 atm) (De Craen et al., 2004) .

A good solution to measure representative in-situ pCO2 values, is to use a set up in which the experimenta l
boundaries are imposed and controlled by the Boom Clay formation itself. Under normal Boom Clay
physico–chemical conditions, there is no gas phase present. This is because all volatile and gaseou s
species, thus also carbon dioxide, are below their saturation limit . They are only present as dissolved
components of the Boom Clay pore water . This paper describes a new technique, based on the proportiona l
Henry's law relationship, to determine the in-situ pCO2 .

The main idea of the new pCO2 measurement technique is to bring Boom Clay pore water in contact
with a chemically non reactive, inert, gas phase . As a consequence of this contact the dissolved carbo n
dioxide starts to transform into the gaseous phase . At equilibrium the distribution of the carbon dioxid e
between the gas and the liquid phase is proportionally related and defined by the Henry's law constant .

To make this new technique work under in-situ conditions the following experimental set up has bee n
designed and constructed :

Gas sampling

ii Water + dissolved gasse s

pH,E h„ T, DO,EC measuremen t

Schematic representation of the experimental setup used for pCO 2 measurement
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The experiment is called PEGASUS, an acronym that stands for "Partial pressure Evolution of dissolved
GASses in real Underground Situations" and is in operation since July 2004. Tn this set up Henry's law
conditions are valid: an inert gas phase (Argon) is present as a large gas bubble inside a barrel. This gas is
in contact with Boom Clay pore water at the bottom of the barrel. The Boom Clay pore water circulates
from the barrel towards a piezometric filterscreen and back. In the pores of the piezometric filterscreen
the Boom Clay pore water will continuously re-equilibrate with the Boom Clay formation and its minerals.
The latter process ensures that the water inside the barrel contains the representative in-situ concentration
of dissolved carbon dioxide. The set up is designed to take gas samples with only very little pressure
disturbances, thereby, limiting geochemical perturbations caused by dépressurisât ion effects.

The expectations for PEGASUS are that an in-situ representative pCG\ value will be obtained. An addi-
tional benefit of the set up is that it offers the possibility to simultaneously measure other geochemistry
related parameters like: pH, temperature, Eh, Conductivity, Dissolved oxygen. These features can and
will be used to gain better insight of the geochemistry of the Boom Clay.
In the future, a similar set up will be used as part of the heater test (PRACLAY-expériment) and for the
NFPRO-project
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ISOTOPIC SIGNATURES (S13C, S18O AND 87Sr /
86Sr) OF PALEOFLUIDS RELATED TO

DIFFERENT FRACTURING AND DIAGENETIC
STAGES IN THE DOGGER LIMESTONES

FROM EST 210 DRILLING. COMPARISONS
WITH THE ISOTOPIC SIGNATURES OF THE

CALLOVIAN-OXFORDIAN CLAYS FROM
THE MEUSE/HTE MARNE LABORATORY

L. Siebenailer'. S. Fourcade2,1. lecher3, C. Hibsch1, M. Cathelineau1

1. UMR CNRS 7566 G2R Université Henri Poi ne a ré/Nancy 1, BP239,54506 Vandœuvre-lés-Nancy
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3. Espace GIS, Laboratoire de Géochimie Isotopique / UMR 6635/CEREGE, Centre Universitaire
de Formation et de Recherche de Nîmes, Parc Scientifique Georges Besse, 150, rue Georges Besse,
30035 Nîmes Cedex 1, FRANCE

The paîeofluids which have percolated the Bathonian-Bajocian limestones below the Callovian-
Oxfordian clayey formation (COX) of the Meuse/Haute Marne laboratory have been characterized
through a mineralogical and isotopic study of carbonates representative of the different diagenetic and
fracturing stages. Previous studies by Buschaert (2001) and André (2003) revealed significant differences
between the Ô'*O-values of sparites from cements and tension gashes and those of the allochems from
the Oxfordian and Dogger limestones. These authors showed that crystallization of most of the sparite
cements and vug infillings occurred in the presence of meteoric fluids and that the major episode of
fracturing and fluid infiltration was likely of Tertiary age. The present study is devoted to a very precise
characterization of the different fracturing and diagenetic stages and of the isotopic signatures of related
secondary minerals in the Dogger limestones underlying the COX; it bears some information on the past
behaviour of the later with respect to potential downward or upward fluid migrations.

In the Dogger limestones, a very early stage of diagenesis is shown by a fringe of microsparite around
pelletoids, ooids, oolithes, bioclasts, etc. It is followed by a stage where almost all of the remaining
porosity from the grainstones has been filled by orthosparite. This first and important diagenetic carbonate
mobility may be related to a first stage of (micro)stylolitisation with vertical peaks of weak amplitude.
Stylolitisation may have continued and local dissolution-recrystallization phenomena affected the
wackestone and packstone micritic matrixes. The earliest NW-SE to NNW-SSE fractures were quite sinuous
and filled up by orthosparite. A second stage of fracture development yields NNE-SSW to NE-SW
trending tension gashes with at least two stages of opening. The first one is associated with mierosparite
filling while the second one frequently re-opened the previous one with crystallization of orthosparite,

A second stage of stylolitisation with moderate to high-amplitude horizontal peaks (direction ofthe stylolite
plane is NNE-SSW) affected the rocks before they underwent a last stage of stylolitisation with high-
amplitude vertical peaks. The latest NNW-SSE striking fracturing stages may engulf stylolitised clasts
and is associated with orthosparite crystallisation.
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The 5lflO isotopic compositions of fracture fillings and host carbonate matrixes clearly discriminate
between the different cementing materials. Among the newly-formed carbonates, the important NNE-SSW
to NE-SW trending population of carbonate-filled fractures is clearly associated with the presence of
meteoric fluids in the Dogger during cementation, fluids with an isotopic signature similar to that
recorded, above the COX, in the Oxfordian-Kimmeridgian limestones. Whole rock matrixes are likely
affected by this event too, as demonstrated in the limestones overlying the COX. The S7Sr/MSr isotopic
ratio of these carbonate infillings is usually bracketed within the limit of the Sr isotopic signature attributed
to the Dogger period except in some particular levels, also characterized by shifts of the Ô1 C-values,
which suggests peculiar hydrogeological behaviours.

Considering the whole Dogger/COX/Oxfordian system, this data set indicates that fluid flow, probably
occurring during Tertiary, affected both limestone formations on each side of the COX. In marked contrast,
the isotopic effects of such fluid circulations appear to be negligible in the COX, as almost neither
micro fractures were found in it, nor significant isotopic shift was detected in its carbonate cements.

The ultimate provenance of meteoric fluids in the two limestone systems flanking the COX is critical in
assessing the large-scale behaviour of the later. Indeed, even though the intrinsic material making up the
COX does not contain evidence for significant pervasive fluid flow, a common provenance of the fluids
cementing its two flanking carbonate aquifers at some periods could mean either i) a common lateral
infiltration or, ii) that some by-pass objects (regional fault systems?) could have transiently connected
them through the COX.
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ANALYSIS OF THE PORE WATER CHEMISTRY
OBTAINED BY SQUEEZING FROM ROCK

SAMPLES OF THE MEUSE-HAUSE MARNE
UNDERGROUND LABORATORY (FRANCE)

A.IVr. Fernandez. R. Campos, M.D Sanchez, M. Sanchez, A. Quejido

CIEMAT. Dpto. of Environmental Impact of Energy, Madrid, Spain

Clay formations arc considered as favourable materials to be used as potential host rock for the disposal
of high-level radionuclide wastes. In order to determine their suitability for waste disposal, evaluations
of the hydrogeochemistry and transport mechanisms from that system to the environment must be
undertaken.

In this context, Andra is building an underground research laboratory (URL) in the commune of Bure
(northeastern, France) to investigate the disposal of radioactive wastes in a deep clayey formation. This
plastic mudrock is a -130 m thick clay-rich Callovo-Oxfordian (CO) sedimentary formation, located at a
depth of 350-550 m. Four lithostratigraphie units were identified. The sedimentary series is primary clayey
at the bottom, and progressively passes to silt, and becomes increasingly calcareous towards the top
(Gaucher et al., 2004). The clay formation contains 40-50% clay minerals, -50% of calcite and quartz.

Under the Andra Meuse/Haute Marne underground research laboratory scientific programme, two boreholes
(EST 211 and EST 212) were drilled to a depth of 510 m for the purposes of scientific characterisation
(Fig. 1). The aim of this paper is to present the physico-chemical properties and the pore water chemical
composition for the CO units of the host rock formation, mainly obtained from core samples of these
boreholes. The knowledge of the contents and spatial distribution of chemical components in the formation
are of primary importance to understand the migration mechanisms of waters and salts.

In argillaceous rocks with very low permeability, conventional groundwater sampling techniques can no
longer be applied to obtain reliable data on pore water chemistry. One of the different laboratory techniques
employed so far to obtain the pore water chemical composition is the squeezing technique (Fernandez
et al., 2003). This technique has been used to obtain the water samples in this work.

The core samples belong to four levels of sampling, which have been selected to correspond to the
depths of future experiments (water chemistry and diffusion in-situ experiments). Furthermore, these
four levels of sampling allow to investigate all the clay sequence. The l i l level, situated at the upper part
of the argillites, corresponds to the carbonate-rich zone and to a clay mineralogy of R0 mixed-layered
IS type (^65% smectite content). The core sample comes from EST211 (Zone 1, m. 578.45-578.60).
The 3 others levels are provided by borehole EST212. The 2nd level corresponds to the R0 MLM zone
(~50% smectite content) at a depth of 458.72-458.87 m (Zone 2); the 3rd level to the transition zone
(Zone 3,484.93-485.10 m depth), and the 41'1 to the more illitic Rl MLM zone (Zone 4, 514.71-514.86 m
depth). The unaltered core samples were obtained by using a chemically inert drilling fluid for claystone:
an oil-based mud consisting of 80 vol.% of gas-oil (with 0.4% aromatics) and 20% brine (CaCU, 350 g/L).
Tliis emulsion prevents swelling of clay minerals.

The water content of the samples from Zone 1 to 4 is 6.5%, 8.3%, 8.2% and 5.4%, respectively. The
saturation degree varies from 89% to 99% with vertical depth. The total cation exchange capacity is
14.2, 20.0, 18.8 and 9.6 meq/100g, respectively; and the mixed-layer-minerals (MML) are Ca-Mg type.
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Different squeezing pressures have been applied in order to obtain the pore water samples from Zone s

1 to 4: 125 MPa, 75 MPa, 65 MPa and 75 MPa, respectively . The volume of water extracted range s

from 0 .3 to 3 .1 mL . The chemical composition of the pore waters from Zone 1 to Zone 4 varies fro m

Na-Ca-Mg-SO4-Cl to Na-SO4-Cl water-type, with ionic strengths from 0 .16 to 0 .08 M (Fig . 2) .
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ABSTRACT
Compacted bentonite is considered as the main component for engineered barrier system (EBS) of high-
level radioactive waste repositories. The groundwater-bentonite interactions and the corrosion of the steel
overpack could modify the chemical and physical properties of the selected clayey material. Modelling
the long-term transformation is necessary to estimate the transformation of clayey phases. In this study
we consider the feedback effect of the mineralogical and geochemical reactions on the physical properties
and consequently on the transport characteristics (porosity, permeability) of this EBS. The feedback effect
is modeled by using KIRMAT code (Kinetic Reactions and MAss Transport).

The clayey material used for this study is the Wyoming MX-80 bentonite described with a 33 % porosity
(before water uptake) and an initial dry density around 1.8 g.cm~~. To simulate the evolution of the barrier,
the reducing conditions, geological fluid equilibrated with the Callovo Oxfordien arigilite Bure site, and
a kinetic overpack corrosion equal to 5 uni.year"1 were used. The application of the model considers an
initial saturation of MX-80 bentonite with an equilibrated solution. The modeled profile is 1 meter long
(tickness of the barrier) and divided in 20 cells. A homogeneous temperature of 100°C is applied to the
whole profile.

After 10 000 years of mass transport-reaction, the model predicts mineralogical modifications of the
engineered barrier in contact with the geological porewater, and iron (II) provided by corrosion of the steel
overpack. The used kinetic and thermodynamic values indicate that a transformation (by Na/Ca
exchange) of the montmorillonite of MX-80 bentonite and moderate dissolution. Neo-formations of
illite, magnetite, saponite and chlorite were also detected. In spite of these modifications, the predicted
evolution of porosity and permeability is limited. The calculation of vertical pressure resulting from
these mineralogical modifications is considered, and showed a diminution near the geological formation.
According to these results, the engineered barrier system will keep its boundary conditions after 10 000
years of interactions with groundwater enriched in iron by the overpack corrosion.
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In the framework of the Belgian demonstration program for High-Level heat emitting radioactive Waste
(HLW) disposal in clay, a large-scale surface experiment, the Ophelie mock-up, was performed in Mol
(Belgium). The purpose was to prepare the in-situ Praclay experiment aiming to represent a gallery filled
with heat emitting waste. The 1:1 scale mock-up simulated a 5 m length, 2 m inner diameter, segment
of HLW disposal gallery and was intended to investigate the clay-based buffer material (specifications,
manufacturing, installation, hydration, and effect of heating), the steel disposal tube, and the monitoring
equipments. The mock-up ran for five years under artificial conditions of hydration and heating
designed to mimic these of an underground repository.

After the dismantling of the mock-up, the geochemical behaviour of the buffer material was studied with
mineralogical and chemical analyses. Independent numerical simulations were also performed to test a
geochemical code with a case study and to provide predictions for comparison with the experimental data.
The buffer material used in the Ophelie mock-up was a mixture of FoCa Clay (60 % wt.), sand (35 % wt.)
and graphite (5 % wt.) especially worked out for the mock-up.

The purpose of modelling the geochemical behaviour of the Ophelie mock-up is double. On the one hand,
to lest, and to attempt to validate, the numerical code used, by performing simulations representative of
the mock-up that would independently be confirmed, or infirmed, by the experimental results. On the
other hand, to establish, with the same code, a reaction scheme allowing to extrapolate the experimental
results to the long term or to different physicochemical conditions.

Two different geochemieal codes were used to simulate the evolution of the buffer material in the mock-up.
KINDIS is a thermo-kinetic model integrating a module taking into account the mineral morphologies
for simulating water-rock interactions of materials such as compacted clayed rocks or industrial powders.
fCIRMAT is a coupled geochemistry-transport code.

The simulations were performed considering first an oxidizing environment, and then reducing conditions,
to attempt to reproduce short-term post-closure conditions representative of a gallery, or of the Ophelie
mock-up. The results of the post-dismantling mineralogical analyses revealed that the clay minerals were
largely unaltered after 5 years at temperatures comprised between 115°Cand 140°C. These observations
are in good agreement with the modelling calculations. Under oxidizing conditions, as observed at the core
of the bentonite blocks far from the hydration system of the mock-up, both the mineralogical analyses
and the model simulations show a great stability of the buffer material with only a few minor chemical
alterations, even on the long term.

However, reducing conditions were also observed in the mock-up, at least in the close vicinity of the
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hydration tubes, where high concentrations of dissolved sulphide (5 X It)"4 mol dm"3 HS ) were produced by
sulphate reducing bacteria (SRB) and measured without ambiguity in the water of the hydration system.
For such reducing conditions, i.e., with enough reductant present in the system, the KINDJS code also
predicts a possible alteration of the original swelling di-octahedra! clays (beidellite) into kaolinite and
secondary swelling tri-octahedral clays (saponite) because of the progressive chemical reduction ofthe
structural Fe(IlI) present in the octahedral layer in Fe(II) and because ofthe high temperature (140°C)
considered very conservatively in our calculations. However, it must be stressed that such clay structure
rearrangements are not possible at lower temperature, or on a short time span. Moreover, simply regarding
the mass balance ofthe clay buffer system, a sufficient source of chemical reductant must be present, and
easily accessible, to transfer enough electrons to the structural Fe(IlI) of beidellite to have any significant
effect.

This research is a part of a study initiated, followed, and supported by Andra {Agence nationale pour la
gestion des déchets radioactifs), the French national radioactive waste management agency, and is performed
within the framework of its program on the geochemical behaviour of bentonite engineered barriers. It is
also part of a collaboration between Andra and Ondraf/Niras within the framework ofthe EURID1CH
(European, Underground Research In frastructure for Disposal of nuclear waste in Clay Environment),
an Economic Interest Grouping (EIG), between Ondraf/Niras and SCK'CEN.
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Within the framework of researches on the feasibility of the storage of radioactive wastes in a deep
geological formation, Andra constructes an underground research laboratory in the eastern part of the
Paris Basin, in Callovo-Oxfordian argilliles at ca. 500m depth. These argillites are interlayered between
Bathonian (Dogger) and Oxfordian limestones which are partially infilled (transmissivity in the order
10'ft to 10'9 m2/s), and provide formation water with relatively low flows. The lack of solute transfer
between these two calcareous formations and through the argilites is an important point to check for the
storage quality of the site. H, O and Sr isotopes are used to trace these formation waters and to test their
possible inter-connections.

Formation waters of the Oxfordian and Bathonian limestones were sampled in several producing horizons
on the site of the laboratory during the drilling of the principal well of access and in boreholes located
at a few kilometres around the site.

Oxfordian water samples provide 6l8O and 5D values defining a limited domain lying on the meteoric
water line, in the 51SO vs 5D diagram. Their values (-9.5 o/oo< 5lsO<-8.3 o/oo, -64 o/oo < 8D<-54 o/oo)
are more negative than those of modern precipitations that reflects climatic conditions of recharge colder
than present. Sr isotopic compositions are very homogeneous between 0.707089 and 0,707145, with an
average for 16 different waters of 0.707115 and a standard deviation of 0,000018 on the whole of these
waters sampled in various boreholes. This can reflect mixture processes between the various producing
levels within these limestones, and/or a common origin and a similar behaviour for these waters in the
Oxfordian limestones. Sr contents are relatively low (2.8mg/l<[Sr]<l 1.4mg/l) in these waters.

Water samples from the Bathonian limestones provide 5iSO and ÔD values lying on the meteoric water line
with a broad range of variation (-8.5 o/oo <8lsO<-5.3 o/oo, -56 o/oo <SD<-33 o/oo). These waters differ
from Oxfordian waters by their high sodium and chloride contents with a l/l correlation. This likely
reflects contribution from the underlying Triassic formation. Some of these results are comparable with
those of Matray et al. (1994) on formation waters from the Dogger in the central part of the Paris Basin
interpreted like resulting from a mixture of meteoric water and brines derived from the triassic evaporites.
Data of Matray et al. (1994) suggest that the waters from the Dogger become depleted in stable isotopes
of H and O from the centre to the East and South-East margin of the Basin, considered like the zone of
recharge. The spreading out ofthe results up to high values (5lsO~-5.3 o/oo, 8D--33.6 o/oo) shows that
the hydrodynamic behaviour ofthe Dogger on the scale ofthe zone of study is different from the total
behaviour at the scale of the Paris Basin. The isotopic compositions of strontium of formation waters
from the Bathonian limestones (0.707261<S7Sr/8{'Sr<0.707335) are more radiogenic than those of
Oxfordian limestones waters with strontium contents significantly higher (12.7 mg/l<[Sr]<34.1 mg/1).
In agreement with 5 lsO and ÔD data, the isotopic compositions of strontium ofthe Bathonian formation
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waters also allow to distinguish them from Oxfordian formation waters. In a S7Sr/S6Sr vs 1 /[Sr ] diagram,
the Bathonian data define a mixing line for which the less radiogenic end member corresponds to the
matrix calcites of the Bathom'an limestones. The more radiogenic end member could correspond to the
influx from the Trias aquifer. However. Sr analyses of 3 current Trias waters, collected in deep boreholes
from the eastern part of the Paris Basin do not agreed with this mixing hypothesis. Moreover, the more
salted water (borehole EST312), is also the less radiogenic sample from Bathonian limestone waters: in
addition this EST 312 water sample shows strong geochemical analogies (ô l s0, 5D, [Cl~]) with some
waters collected in the Dogger of the central part of the Paris Basin (Matray et al. 1994). So we assume
that this EST312 water sample is the most representative of an ancient formation water of the Bathonian
limestones; it have undergone Sr exchange with the matrix calcites of the limestones without significative
subsequent influence of younger meteoric waters. For the other waters of Bathonian limestones, a subsequent
invasion by meteoric waters is assumed to explain the broad range of variation of 6ISO and SD, and the
influence of a radiogenic Sr-rich component.

The coupled study of hydrogen, oxygen and strontium isotopes makes possible to differentiate waters
from the two calcareous formations and suggests the lack of any connection, through the argilites,
between formation waters from the Oxfordian limestones and those from the Bathonian limestones, in
the sector of the Andra underground research laboratory.
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The study on environmental behavior of the actinides (U. Np, Pu and Am) at contaminated sites of Russia
has been the major task of this work. It includes the study on speciation, transport properties and processes
in both sites of deep underground disposals and near surface aquatic ecosystems.

Several sites exist in Russia to study actinide behavior in the environment including:
• Deep borehole injection of liquid radioactive wastes near Tomsk (SCC) and Krasnoyarsk.
• Near surface groundwater, soil, lake and river sediments contamination at the territory of PA "Mayak".

The field studies include sampling of groundwater from the contaminated area and outside it with
aquifer and outside this with in-situ measurement of groundwater hydrogeochemical characteristics.
The multi-channel hydrogeochemical probe was used for this purpose.

The sampling was performed by the pumping of the aqueous samples with electrical pump. The pumping
rate was 2-2,5 m3/hour. The glass bottles were used for sampling previously purified by blowing of nitrogen
with 1% carbon dioxide. The samples were placed to the bottles in nitrogen atmosphere avoiding contact
with air. The same method was used for collecting the sub-samples after the micro- and ultra filtration
in the laboratory.

It was established that at Mayak site U and Np are presented as U(VI) and Np(V). Plutonium behaves as
if it is a mixture of Pu{IV) and Pu(V'). Despite highly oxic conditions near Karachay Lake Pu in hexavalent
form was not found. The presence of Pu{V) in groundwater samples should be considered as one of the
main mechanisms of migration however the share of pentavalent Pu is not high since mostly this element
is bound to solid phases including Fe-, Mn- oxides and clays. For surface waters of some industrial
reservoirs the share of Pu(V) is 50-80% from the total concentration of true soluble species, however
99.9% of this element is bound to bottom sediments and is presented in tetravalent form [1],

For SCC contaminated groundwaters the main fraction of actinide including uranium are presented in
low oxidation states. However despite the anoxic conditions in uncontaminated waters (well A-15) the
natural U is presented as U(VI). Therefore it is possible that either U is present in tetravalent form in
waste effluents that were injected or it is reduced upon interaction with surrounding geologic media.
The following facts should be taken into consideration:
• True U(IV) colloids are formed upon interaction of U oxide with synthetic groundwater however in

case of SCC acidic wastes are after the PUREX process with U present as U(VI).
•The concentration of complexing substances is significant in waste solutions that possibly can shift

the equilibrium between different redox forms.
• Nitrite ions are formed due to radiolysis in the injection well [2].
•The high sorption affinity of actinides in low oxidation states towards colloids can alter the initial

redox equilibrium.
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Therefore the reduction of actinides in waterproof horizon is possible. This is also supported by the fact
that the share of U(IV) and Np{IV) in groundwater samples from SCC is proportional to the total U
concentration.

For groundwater samples from Mayak site actinides are bound to relatively small colloid particles (5-10 nm)
and filtrate fraction. The mass fraction of actinides bound to colloids decrease in the following sequence:
Pu > Zr > Am > Eu » Np > U. The share of U and Pu bound to colloidal matter increase upon dilution
of waste effluents with preferential association of U with small particles (filtered by 3-10 kDa ultrafilter)
and Pu with larger particles of 10 kDa and more. It is probably that U forms true hydroxo-colloids upon
shifting of equilibrium between carbonate complexes and hydrolyzed complexes. In case of Pu it is
sorbed on the clay panicles with formation of pseudo-colloids.

In case of SCC U and other actinides are found to be bound to relatively large colloid particles. In the first
case U is in hexavalent form and is not bound to colloids. In contrast to Mayak site the groundwater
samples from SCC the following sequence of inclusion of radionuclides to colloid particles is observed:
U > Np > Pu > Am > Zr > Zn > Eu.

The manner of actinide inclusion to colloid particles for Mayak site is reasonable taking into account the
results of redox speciation. For SCC groundwater samples one would expect another manner of actinide
distribution. However since they are represented in low oxidation states (IV or III for TPU), this sequence
is governed by their total concentration that changes in the following sequence: U » Np » Pu > Am.

Pu redox speciation performed for the filtrate after 5 inn filtration indicate that despite the share of
Pu(V) was higher (5-12%) than after 200 nm filtration it was not the dominant oxidation form of this
element in solution. This indicate that all species of actinides are bound to colloid matter and all species
are presented in solution as well.

The elemental distribution on the surface of colloid particles were studied using secondary ion mass
spectrometry with nanometer scale resolution (nanoSIMS-50, Cameca, France).

Sample from Mayak. According to the high-re solution TEM measurements performed as well with the
same sample the mineral composition of colloids is formed by amorphous Fe oxide or hydroxide, MnO2.
TiO2, CaCO,, BaSO4, clays and zeolites. The aim of this study was to determine the main colloidal phase
responsible for sorption of "j8U For this purpose the following LJ, Fe, Mn, Al, Si, Ca and Ti distribution
was studied. It was observed from the experimental data that 23SU distribution follows the distribution of
Fe while Al, Mn or Si containing particles were not enriched with U The main chemical form of 23aU is
uranyl sorbed onto Fe oxide colloids.

Sample from SCC. According to the measurements of actinide redox speciation uranium is present in
tetravalent state (U, Np and Pu are present in tetravalent form). Therefore the possibility of formation
of U(IV) true colloids is possible. The elemental distribution of U, Fe, Mn, Ti, Ca, Si, Al was studied.
In contrast to sample collected at the Mayak site the distribution of U is anti-correlated with major elements
that is due to the formation of U true colloids.
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In the framework of its research programs on radioactive waste disposal, The French Nuclear Safety and
Radioprotection Institute (IRSN) is conducting studies at the Tournemire URL (France). One of the pur-
poses is to improve the understanding of fluids migration through consolidated argillaceous formations
of Toarcian and Domerian ages.

Modelling of natural tracer profiles (deuterium and chloride in pore-water), coupled with paleo-hydrological
knowledge of the Tournemire site, has shown that diffusion processes play a major role in mass transport
through these formations (Patriarche et al., 2004). However, some uncertainties remain about the accnracy
of stable isotope data, which could depend on the measuring techniques. In addition, petrophysical, textural
and mineralogical characteristics of argillaceous rocks could also influence the measured values of isotopic
concentrations.

The aim of this work is to understand the processes involved in the different techniques used to acquire
pore-water stable isotope data and to assess the representativicy of such differently obtained data for in-situ
conditions in the shales of Tournemire. In this way, a comparative study between different analytical
methods was undertaken, focussing on: a) two water-extraction techniques: classical vacuum distillation
at constant temperature and modified vacuum distillation at different temperature stages; b) two porewater
equilibration techniques: radial diffusion in liquid phase (Van derKamp et al., 1996) and diffusive exchange
in vapour phase (Rùbel et al., 2002). In addition, petrophysica! and textural properties of the rock samples
were characterized at the same time in order to relate these properties to the measured isotopic signatures
of the pore fluids.

The samples came from two sub-horizontal boreholes, HE1 and HE2, drilled at the end of a recently-
excavated gallery. They were located at the same stratigraphie level. Samples from HE1 and HE2 were
treated differently in order to precise the influence of possible artefacts: 1 ) HE 1 samples were cut at the
laboratory and petrophysical measurements as well as isotopic analyses were carried out three months
after the sampling; 2) HE2 samples were cut immediately after drilling. Petrophysical measurements
were realised in-situ and isotopic analyses were performed two days after the sampling.

Petrophysical parameters vary as a function of distance from the gallery wall; from a distance of 50 cm to
the gallery wall, a decrease of both water content and total porosity is observed, without de-saturation
effect. The impact of the experimental artefacts on the saturation degree is important: all HE1 samples
are de-saturated, while all HE2 sampies, treated in-situ, are saturated, except the samples taken very
close to the gallery wall (first 5 cm). A clear relationship was established in HE1 samples between the
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process of pore-water evaporation during storage and the enrichment in heavy isotopes determined by
modified vacuum distillation.

The comparative study showed that stable isotope values and estimated water contents differ depending on
the measuring method and the rock characteristics. Indeed, the water contents determined by equilibration
methods and modified vacuum distillation are higher than those obtained from classical vacuum distillation.
Moreover, the depletion in heavy isotopes of pore-water measured by the classical vacuum distillation
technique may be explained by an incomplete distillation process, which can be modelled with a
Rayleigh-type equation.
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During the Late Sinemurian a carbonate platform has developed on the Ouarsenis area (external Tell of
the Algerian Alpine belt) with setting deposits of the "Kef Sidi Amar Carbonate Formation". A first
maximum flooding materialized by a brachiopods (Zeilleriids) layer, is occuring during the Late
Carixian. The Late Carixian deepening has been followed by a sea-level fall documented by several
meters incisions filled by transgressive breccias and conglomerates. After this episod, this material was
sealed by a pedogenic bed (0,05 to 0,20 m) which corresponds to a yellow clay deposit containing well
rounded particles interpreted as pedogenetic "glaebules". These corpuscles are composed of reddish
and hardened clay, corroded quartz grains, rhombic and zoned dolomite crystals and ankerite,
monocristalline and xenomorphous detritic quartz grains (1-2 mm). The observed characteristics allow
to recognize a typical calcrete. They are the result of pedogenetic diagenesis developed inside the
phreatic water-table near the surface : this is an alteration profile.

The minéralogie fraction has been analyzed by X-Ray wich show results of association clay mineral as
apredominence of illite (85%) and mixed-layer illite-montmorillonite (I-M, 10%) associated with a low
ration of chlorite (5%) and kaolinite trace (1%). This minéralogie clay association indicates a shallow
water (hydromorphic zone). Among these clay minerals, the illite reveals the precious indications in a
source area. In this case, it comes from the decomposition of the schiste paleorelief located in the internal
domain. This rock was transformed by acide leaching (action of the sour humus) into kaolinite with the
presence of the quartzification. The origin of the mixed-layer clay I-M (10%) is the result of the active
pedogenesis. The simultaneous presence of the i llite, chlorite, kaolinite and the mixed-layer clay I-M
seems to be result from the erosion exercised on the alteration product or arenitisation of the cristalline
rock located in die soudi of the external domain. Moreover, it will indicate a tropical climate, alternatively
dry and wet, prevailing on the continent purveyor that favoured the development the drier forest. This
illite is generally associated with calcite, dolomite and gœthite. Clay horizon doesn't reveal any calcitîc
phase and any precocious clay neoformation. The origin of dolomite is marine or continental fluids
coming later during the burying process : it is a secondary dolomite. The hydrated iron oxide can also
have a detritical origin ; it comes from sediments containing already the gœthite or from alteration of
ferriferous minerals.

The detritical material proves that the platform has partially emerged and formed, at the same time, a sort
a nearby paleogeographic cordillera which has received a strong erosion. This distribution suggest, also,
a large latitudinal extension of the warm climate and strong contrast of humidity.
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PROCESSES IN THE SEDIMENTS

OF THE ARDENNE AREA (BELGIUM)
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The dating and the timing of the paleoweathering processes are essential to predict the stability of the
host-rocks for radioactive waste-disposal. This work deals with the mechanisms and the timing of the
saprolitisation on the mature sedimentary potential host-rocks of the Haute-Lesse area {Ardenne,
Belgium). In this area, the alternations of Lochkovian shales and sandstones experienced the Hercynian
tectonic activity and were later affected by saprolitisation processes.

The weathered mantle can reach 65 meters of depth, and is preserved in the highest plateaus only. The
saprolitisation mainly results in (1) the oxidation of pyrite, (2) the destruction of local carbonates, chlorite,
illite-smectite mixed-layers, part of illitic material, and (3) the correlative neoformation of kaolinite,
iron (hydr)oxides and manganese oxides. Due to the relative maturity of the primary sediments (rare
ion-rich minerals), the reactions are nevertheless limited. A main part of the primary minerals (quartz,
muscovite, heavy minerals) are therefore unaffected (or poorly affected) by the weathering.

The neoformed parageneses are the result of a polyphased saprolitisation, probably in relation with both
carbonic and sulphuric acid fluids. The various dating methods we used, such as K-Ar, Ar-Ar on hollandites,
paleomagnetism on iron (hydr)oxides and isotopic geochemistry on kaolinite and (hydr)oxides, give
consistent though various results. The saprolitisatton is indeed a downwards phenomenon; the upper
part of the profile is early Early Cretaceous (-~ 130 My) in age, the middle part early Late Cretaceous
(~ 93 My), and the lowest part Early Miocene (~ 21 My). Another weathering process during the Late
Permian-Early Triassic is also deciphered by using the Pb-Pb dating method on uranium-bearing phosphates
located in fractures just below the transition between the weathered and the fresh rocks. These fractures
were probably closed (and remained closed) after the neoformation of the phosphates. When dating the
saprolitisation processes, careful must therefore be paid to the detailed mineralogical and geochemical
context of the dated samples, as well to their precise nature and position in the studied profile.

The study of weathering in the Ardenne highlights the geodynamic relative stability of this area for millions
of years. Basically, weathering is only possible when rocks are in/near the atmosphere-lithosphere interface:
this was the case for the studied area during the Late Permian-Early Triassic, the early Early Cretaceous,
the early Late Cretaceous and the Early Miocene, as deduced by the dating methods. Today also, these
thick weathered mantles are still in the contact atmosphere-!ithosphere. We therefore postulate for the
relative geodynamic stability of the Ardenne area since the Late Permian - Early Triassic (~ 250 My).

The results allow us to integrate the Haute-Lesse saprolite within the global context of paleoweatherings
in Northwestern Europe where four major saprolitisation periods are clearly identified: Late Permian/
Triassic, Early Cretaceous, Paleocene/Eocene interval and Early Miocene.

In conclusion, this works suggest that the weathering of the host-rocks for radioactive waste-disposal
seems to be episodic, and mainly associated with the geodynamic movements in a supra-regional scale.
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A CLAY GROUTING TECHNIQUE FOR
GRANITIC ROCK ADJUCENT TO CLAY

BULKHEAD
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1. Kajima Technical Research Institute, Japan
2. Japan Nuclear Cycle Development Institute, JNC, Japan
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A major international experiment, the Tunnel Sealing Experiment (TSX), demonstrating technologies
for tunnel sealing at full-scale, was conducted at Canada's Underground Research Laboratory (URL) in
the granitic rock. Two bulkheads were installed; one consisted of high-performance concrete and the other
of highly compacted sand-bentonite material. The performance of these two bulkheads was monitored
throughout the experiment in order to evaluate the influence of elevated hydraulic head (4 MPa) and
chamber temperature (up to 85°C) on these materials.

The TSX tunnel was excavated by controlled drilling, and blasting techniques in a highly stressed granite
rock mass. The excavation technique and re-distribution of in-situ stress around the TSX tunnel lead to
the development of an excavation damage zone (EDZ) of variable extent. Both bulkheads were keyed
into the rock wall of the tunnel. The keys were excavated with a mechanical technique using line drilling
and perimeter reaming to isolate blocks of rock and rock splitters to break out those blocks. The keys
were designed to act as cut-offs for the EDZ of the main tunnel. The shape of the keys was selected with
the assist of numerical models that indicate the key shapes selected should provide a gap in the EDZ.

As an additional measure to interrupt the connectivity of EDZ at the bulkhead, clay grouting was
conducted around the clay bulkhead. A clay grouting is effective method to reduce the permeability of
fractured rock, but grouting into the EDZ is difficult because many of the fractures in the EDZ are
connected with the excavation surface and cannot be filled efficiently by pressurizing the grout slurry.
Therefore, the injection boreholes were drilled with shallow inclinations from the wall of the tunnel to
allow the boreholes to intersect the EDZ for a longer distance. The grouting technique involved injecting
a series of successively thicker bentonite slurries from 0.2%, 0.5%, 1.0%, 2.0%, 4,0%, 6.0% to 8.0%.
The thin slurry can Till the narrow areas of cracks and infiltrate through microcracks, potentially reducing
the permeability of the wide area. Successively thicker slurries can fill larger crack apertures but infiltrate
just around the injection boreholes.

Three trials of clay grouting were conducted during the TSX with the goal of demonstrating the clay
grouting technique and the ability of clay grouting to reduce permeability in the EDZ. First, a clay
grouting trial was conducted in the tunnel about 25m above the TSX tunnel. A trial key was excavated
into the tunnel wall and a weir was built on one side of the key. Water from the weir was allowed to flow
through the EDZ in the floor of the room and the flow rate into the key was measured. The grout slurry
was injected then in the five boreholes drilled on the face of the trial key. The results indicated that the
clay grouting reduced the permeability of the EDZ adjacent to the trial key. Secondly, the two series of clay
grouting were performed in the TSX tunnel, on the upstream face of the key prior to the installation of
the seal material of the clay key and later on the downstream side of the bulkhead after the TSX tunnel
had been drained (Figure 1). Instead of a weir in the grouting trial, packers were used to isolate portions
of the holes before and after grouting to allow pulse tests to be conducted. The results also indicated a
reduction in the permeability around die holes after grouting. These results showed the good demonstration
of the clay grouting technique around the clay bulkhead. The paper presents results of the clay grouting
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technique for the EDZ adjacent to the clay bulkhead and the results of the in-situ injection demonstration .

Grouting after construction of plu g
EDZ

,. J

Grouting before construction of plug

Injection holes

packe rBackfill Bentonite Plug
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CALLOVO-OXFORDIAN SHALES (MEUSE)

GdR FORPRO : Christian David, Philippe Robion, Beatriz Menendez

Université de Cergy-Pontoise, Département des Sciences de la Terre et de l'Environnement, Av . du

Parc — Le Campus — Bat. I, F-95031 Cergy-Pontoise, France - christian.david( geol .u-cergy.fr

The purpose of this study was to investigate the anisotropic behaviour of the callovo-oxfordian shale s

in laboratory experiments, and relate this anisotropy to microstructural features analysed using differen t

imaging techniques . The starting material was a 31 cm long core with diameter 10 cm retrieved at 46 0
meters depth in well EST204 of the future French Underground Research Laboratory site in the

Meuse/Haute-Marne region . The core axis is clearly perpendicular to the bedding, but it is important to notic e
that we have no indication of the core azimuth with respect to the local geographic coordinates . A tota l
number of 17 small cylindrical samples with diameter 25 mm and length 22.5 mm were cored in three
orthogonal directions from the original core : 9 of them were cored in the « vertical » direction parallel to th e
big core axis, 4 in the bedding plane in a direction defined arbitrarily as the « North-South » direction, an d

4 in the bedding plane in the corresponding « East-West » direction . All our conclusions on the directiona l

properties of the studied material are relative to the arbitrary reference frame linked to the big core sample .

MAGNETIC SUSCEPTIBILITY MEASUREMENT S
The anisotropy of magnetic susceptibility (AMS) was studied using a KLY3S kappabridge in manua l

mode. The technique allows one to determine the susceptibility tensor which can be represented by a n
ellipsoid with principal axes K,, K 2 and K3 in decreasing order. The shape of the ellipsoid defines th e
magnetic fabric and is characterized by the magnetic lineation L=K,/K 2, foliation F=K2/K3 and
anisotropy P=K 1 /K3 which depend on the mineralogical content, the deformation and more generally the
geological history of the rock . The table below summarizes the results of our AMS study . We found that
the AMS ellipsoid is consistent with an oblate fabric .

KI

	

K2

	

K3

	

L

	

F

	

P

114.8 10 -6

	

113 .1 10 -6

	

107.2 10 -6

	

1 .015

	

1 .055

	

1 .07 1

ACOUSTIC VELOCITY MEASUREMENTS
We have investigated the elastic anisotropy through the measurement of P wave velocity in differen t
directions . As elastic properties can not be described by a second rank tensor like the magnetic suscepti-
bility, we can not derive an ellipsoid related to an « elastic fabric » . Nevertheless following the procedur e
described in our previous works [Louis et al., 2003 ; Louis et al., 2004], it is possible to build a P wav e
velocity pseudo tensor which is characterized by principal values V,, V2 and V3 in decreasing order. I n
summary this is done by combining velocity measurements across 8 diameters with angular spacing 22 .5 °
on three orthogonal samples : doing so, the spatial distribution of measurements is good enough to infe r
the 3D variability of the property which can be approximated using a least-squares fitting method by a n
ellipsoid. With this method a direct comparison of magnetic and elastic anisotropy is possible, for exampl e
on stereoplots. The table below summarizes the results of our acoustic velocity study. We found that th e
anisotropy of P wave velocity is significantly larger than the anisotropy of magnetic susceptibility .

1 VI 1 V2 V3

3 .10 km/s

	

3 .05 km/s

	

2 .36 km/s
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COMPARISON OF THE DIRECTIONAL VARIABILITY OF BOTH PROPERTIES
Interestingly, we found an excellent correlation between AMS and the anisotropy of P wave velocity.
The minimum velocity V3 and susceptibility K3 are fairly well constrained (small ellipse of confidence )
and correspond both to the direction perpendicular to bedding . The maximum and intermediate value s
are located in the bedding plane : although they are poorly defined (large ellipse of confidence), there i s
still a good correlation in direction between the two properties . Both from the elastic and magneti c
viewpoint, the shales behave as a transverse isotropic medium . This is typical of a sedimentary fabri c
with no visible sign of tectonic fabric .

stereographic projections (equal area, lower hemisphere )

North

K
2

2
3

KI
MAGNETIC SUSCEPTIBILITY

	

P WAVE VELOCITY

ANALYSIS OF MICROSTRUCTURES
Although this work is still under progress, we present some preliminary results . By combining several
imaging techniques, we want to get a comprehensive knowledge of the rock microstructure and it s
structural anisotropy: optical microscopy, SEM and X-ray microtomography techniques are used fo r
that purpose. The images obtained under the optical microscope in reflection mode show that there i s
no visible anisotropy at the grain scale on sections parallel to the bedding plane, whereas elongated grain s
aligned in the bedding direction appear on sections cut perpendicular to the bedding plane . The X-ray
microtomography technique was done at the university of Leuven . It has a resolution of the order of 10 µm
which was not enough to reveal anisotropic features associated to the clays . However the study reveale d
the existence of tubular structures made of dense material (iron oxides ?) : the origin of such features is
not clearly defined but has probably to do with bioturbation during the formation of the sediment .

Reference s
Louis, L., David, C. et Robion, P., Comparison of the anisotropic behaviour of undeformed sandstone s
under dry and saturated conditions, Tectonophysics, 370, 193-212, 2003 .

Louis, L ., Robion, P et David, C ., A single method for the inversion of anisotropic data sets with applicatio n
to structural studies, J Struct. Geol., 26/11, 2065-2072, 2004 .
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Core-specimens belonging to the top and basal parts of the Callovo-Oxfordian dark-grey clay-rich sedimen t
(Cox) of Eastern Paris Basin that were drilled by Andra (the French radioactive waste management agency) ,
were subjected to a thorough magnetic mineralogy study and SEM observations, in order to characterize th e
nature and origin of the ferromagnetic fraction . Specimens from the top part of the Cox, best represented
by T1-337, have large magnetic variabilities while those from the base, typified by T1-455, have very
constant properties . Susceptibility magnitudes that vary from 12 to 94 µSI (T1-337) and from 116 t o
133 µSI (T 1-455), call for a dominant paramagnetic fraction mainly due to the iron-bearing clay fractio n
(smectite, illite) that make up to 45% of the rock-volume. The ferromagnetic contributions to susceptibility
range from -25% in T1-337 to -12% in T1-455 and result from the addition of two main ferromagneti c
fractions, or phases, as evidenced from coercivity spectra obtained after progressive AF-demagnetizatio n
of both the natural and the induced remanence . A soft fraction systematically appears in-between 4 an d
8 mT, and a hard one in-between 10 and 22 mT . Interestingly, the natural remanence of the soft fractio n
keeps the memory of the (sub) present magnetic north, allowing core-reorientation, while the hard fractio n
has a random NRM vector. The soft magnetic fraction is argued to equate with the ubiquitous earl y
diagenetic iron-sulphides, as observed in SEM, and that form various arrangements of framboidal
aggregates of micron-size pyrite grains to which greigite is likely associated . Likewise, the hard fractio n
is equated with the less abundant Ti-Fe-oxide clastic grains, consistent with the random nature of the NRM .
Hence, the coexistence in the same sediment of iron-sulphides and iron-oxides, classical environmenta l
markers of redox conditions, is here related to distinct origins rather than to changing conditions durin g
sedimentation or diagenesis . Preservation of these species is attributed to the very low permeability tha t
the sediment reached after its compaction .

Figure 1: Scanning electron microscopy images from T1-337-2D (c, d and e) and T1-455-1 E (a, b and f) .
(a)Set of spherical framboid aggregates of iron-sulphides .
(b)Enlargement of (a) showing the individual octaedral micro-size grains coated with undetermine d

mineral species .
(c)Pyritization of a worm-like feature .
(d)Enlargement of (c) showing the various grain-sizes .
(e)Titano-magnetite detrital grain wrapped by foils of clay minerals .
(f)Treillis of Ti-O exsolutions in a leached titano-magnetite grain .
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INTRODUCTION
Estimating the amount of clay phases in a an argillaceous rock remains up to now a problem that is still
not entirely solved in spite of the works already performed on that topic. Different models are able to
calculate the XRD pattern of a clay phase, as a function of its composition like NEWMOD (Reynolds,
1985} or CALCIPOW (Plancon, 2002), The question of the amount of phases in a mixing (clay rock) is
related to those models because XRD remain the main analytical tool for clay phases determination and
quantification. But different approaches have been investigated there, depending on the authors,
Rietveld analysis is proposed namely Hillier (2002), even if for some clay mineral phases (smectites).
Rietveld refined structures are not available yet because of the poor cristallinity of theses phases.
Lanson (1997) developed a deconvolution code that allow the author to follow the late stage of the
smectite to i I lite transition, by considering the high angle domain. Improve modal calculations are also
proposed by different authors, by including in the calculations, specific properties like CEC, or specific
area surface. But the composition domains of many clay phases largely overlap and the values of the
CEC and the specific area surface are highly variable, for a given clay mineral specie. Moore and
Reynolds ( 1989) developed a different approach based on the intensity measurement of peaks in the low
angle domain, an adapted version of the RIR method (Reference Intensity Ratio), called MIF (Mineral
Intensity Factor). The method presented here is similar to the code developed by Aparicio and Ferell
(2001) but the whole modeling process is simplified and more robust. It is based on a set of already
simulated patterns that are combined together is order to display the closest fitting of the experimental
data. However, fitting process have been reviewed, criticized and simplified.

THEORETICAL CONSIDERATIONS
The model is based on a linear combining of simulated patterns PI, P2, P3, ... For each position i, in
20 degrees, the calculated intensity corresponds to the relation:

Peak, = ABS{aP\i + /3P2,+?P3, +•...)+ Fd

where a, pandy, are the respective fraction of each simulated pattern (in %). ABS stands for an adjustable
factor allowing to convert the relative intensities of each pattern into absolute intensities. This parameter
is a function namely of the parameter u* and of the quartz intensity factor introduced by Reynolds in
NEWMOD (Reynolds, 1985). The coefficient Fd is fixing the level of the background. The model is
implemented in an EXCEL™ workbooks. The Solver™ macro allows then to adjust the values of a, P
and y, in order to minimize the sum of squared differences R, between the experimental and the calculated
intensities :

In addition, the model takes into account the specific geometry of the diffraction apparatus.
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ACCURACY OF THE METHOD
Accuracy of the model has been tested by estimating the composition of mixtures of standard clay phases
(smectite, Illite/smectite, illite, muscovite, kaolinite and chlorite) provided by the Source Clay Repository.
Nine different assemblages have been prepared. Diffraction diagrams are acquired on a Siemens D5000
diffractometer, on the < 2um fraction, from a suspension of the samples. The suspension is put on a glass
side. For each sample, the same slide is used for the three classical treatments : air dried, ethylene-glycol
saturation and heated. Saturation by ethylene-glycol occurs during 12 hours while heating is performed
during 4 hours at 490°C. ARQUANT modeling is performed on the ethylene-glycol saturated sample.
Results indicate a mean deviation of 6% but the deviation is reduced to 3,5% when not taking into account
mica estimations. This result sounds logical because muscovite crystallite are supposed to be of larger size
than proper clay minerals such as smectite, for example. The mean deviation of 3.5% corresponds to a
standard deviation of 4% leading to a interval of 8% at 95% of confidence.

APPLICATION TO THE CALLOVO-OXFORDIAN MINERALOGY
The methodology has been applied to the CallovoOxfordJan formation from Bure, East of France. A sample
(Kl 19) from the drilling core EST 205 has been analyzed and the resulting XRD pattern was modeled with
ARQUANT The modeling reveals the presence, within the <2um fraction, of 40% of disordered inter-
stratified illite/smectite with 35% of smectite sheets, Illite is the main phase (50%), whereas a proportion
of 8% of chlorite was estimated. Those relative amounts are in good accordance with the value of the
cationic exchange capacity obtained for this sample.

CONCLUSION
The model presented allows an efficient assessment of the relative amounts of clay phases present in
the <2um rock fraction. The modeling process is design to take into account all type of deposit for XRD,
including oriented deposit. It has provided interesting results when applied to the mineralogy of the
Callovo Oxfordian formation
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Although microorganisms have been isolated from various deep-subsurface environments, the persist-
ence of microbial activity in claystones buried to great depths and on geological time scales has been
poorly studied. We have investigated the presence of in-situ microbial life in the Opalinus Clay
Formation within the framework of the International Research Project of the Mont Terri Rock
Laboratory (Canton Jura, Switzerland). The Project aims to evaluate this Mesozoic (Lower Dogger)
claystone as a potential radioactive waste storage site. Particle tracer tests demonstrated the uncontam-
inated nature of the cored samples, showing their suitability for microbiological investigations. To deter-
mine if microorganisms are consistent and characteristic component of the Opalinus Clay Formation,
two approaches were used in parallel: (1) the cultivation of indigenous micoorganisms, and (2) the direct
detection of their molecular biomarkers.

The goal of the first set of experiments was to assess the presence of cultivable microorganisms within
the Opalinus Clay Formation. To accomplish this, a few grams of claystone were incubated in various
microbial media, at in-situ salinity and under anoxic conditions. Considering the in-situ chemistry of
the Opalinus Clay Formation (high concentration of sulfate, low redox potential), the experiment
focused on the cultivation of sulfate-reducing bacteria. After a few months, aliquots of media and clay
particles were sampled for microscopic observations. Microorganisms were stained with DAPI, a DNA-
specific dye. The number of detected cells was very low (0.1 to 2 103 cells per ml). The average cell size
was quite small (about 0.15 micrometre in diameter). However, a few dividing cells were observed indi-
cating that the microorganisms were actively growing. The presence of growing cells was confirmed by
the detection of traces of sulfide, a waste product of sulfate-reducing bacterial activity. The total abun-
dance of indigenous microorganisms determined by cultivation methods was quite low. However, these
results are not surprising because usually less than 1 % of all environmental microorganisms can be cul-
tivated in the laboratory.

Tn order to avoid cultivation bias in our experiments, the presence of indigenous microorganisms in the
deformed Opalinus Clay was also investigated using the detection and quantification of molecular bio-
markers. The goal of these experiments was to investigate the presence of indigenous microorganisms
entombed in the Opalinus Clay using a geoehemical approach. The study focused on phospholipid fatty-
acids (PLFA) detection. These molecules are present in the membrane of all living cells (excluding
Archaea). When a cell dies and lyses, the free PLFA are rapidly degraded. Thus, these molecules are a
good indicator of the presence of living cells. PLFA were extracted using the standard protocol from
BHgh and Dyer (1959) and then separated by gas chromatography. The molecules were identified
according to their retention times compared to a calibration mixture containing 17 PLFA. The amount
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of molecules was calculated by the integration of the peak surface. On average, we found 64ngof PLFA
per g of dry claystone. Based upon conversion factors from Balkwill et al. (1988), this would be the
equivalent amount of PLFA that would be present in 5 \0b cells. These results, however, should be taken
with caution since the calculation is based on culture experiment with shallow subsurface microorgan-
isms, which are probably different than the ones living in the Opalinus Clay. The PLFA composition
reveals the relative abundance of specific functional groups of microorganisms in the analyzed sample.
Among specific PLFA, the analyzed samples contained mainly biomarkers for Eubacteria (15:0, 15:0
iso, 15:0 anteiso, and 18:1 w7c). The presence of sulfate-reducing bacteria was indicated by the detec-
tion of their biomarkers (Macalady et al., 2000); C17 manounsaturated fatty acids (17:lw8c and
17:lw7c), biomarkers of Desulfohulbus, a C17 branched fatty acids (17:lw9c iso), biomarkers of
Desidfovibrio. In November 2001 16:0 10 Me biomarker of Desuifobacter was also detected. The sam-
ples might also contain a fungi biomarker, if the presence of 18:2\v6,9c is confirmed by mass spectral
analysis. Anaerobic metabolism can be estimated from the ratio of iso to anteiso branched-saturated
fatty acids. The Gram-positive aerobes have i/a ratios of approximately 0.2, whereas the Gram-negative
anaerobes have i/a ratios of greater than 2 (Parkes et al., 1992). In the analyzed samples, i/a ratios were
about 2 indicating the occurrence of a microbial community formed by anaerobes. This result is also
confirmed by the detection of large amounts of b-hydroxy substituted fatty acids (representing 1.8 to
6.5% of the total amount of PLFA detected) which are the main component of the lipid cell wall of the
Gram-negative bacteria.

This study demonstrates that microorganisms are a characteristic component of the undeformed
Opalinus Clay Formation in the Mont Terri Rock Laboratory. Biogeochemical markers reveal the pres-
ence of about 10* cells per g of dry claystone. A small fraction of the detected cells were cultivable in
the laboratory using specific media. The detected microbial community comprises mainly Gram-nega-
tive anaerobic bacteria as indicated by the ratio of iso/anteiso phospholipids. The microbial growth
observed with sulfate-reducing media, the detection of traces of sulfide, and the presence of phospho-
lipids specific for Desulfavibrio, Desulfobulbus, and Desuifobacter indicate that sulfate-reducing bac-
teria exist in the Opalinus Clay Formation. The in-situ microbial community may also contain fer-
menters and fungi.
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MAGNETOSUSCEPTIBILITY EVENT AND
CYCLOSTRATIGRAPHY (MSEC) OF UPPER
JURASSIC MARLY FORMATIONS (ANDRA

UNDERGROUND RESEARCH LABORATORY,
BURE: EAST OF PARIS BASIN)
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1. Université Pierre et Marie Curie, FR CNRS 32 "CEPAGE", Géologie Se dim en ta ire, 4 place Jussieu,
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This study is integrated to the researchs realised actually by Andra on the underground research
laboratory of Bure (Meuse, France). The objectif was to detect possible sedimentary gaps (hiatuses) in
an Upper Callovian-lower Oxfordian homogeneous mariy formation with reduced sedimentation rate.

The research of hiatuses is made here by a high resolution cyclostratigraphic approach based on the study
of the fluctuations of magnetic susceptibility (MS). Callovo-Oxfordian formation has been investigated,
via time-series analysis, for evidence of sedimentary cyclicities related to orbital-climatic Milankovitch
cycles.

Four Andra boreholes (EST 342, EST 322, EST 103 and EST 312) oriented on a SW-NE transect (40
kilometers) have been studied.

Magnetic susceptibility measurements have been realised with a Bartington Instruments MS2E1 sensor
every 4 centimeters and parrallel to the stratigraphy.

Sedimentological data and the variations of the MS suppose thai the variations of clay control the long
term evolutions of MS.

The high frequency variations of MS were the subject of a cyclostratigraphic study by spectral analysis
(FFT). Cycles of 0.5, 1 and 2.5 m thick were recognized and were reported by calculation of frequency
ratio, respectively to the precession, obliquity and eccentricity (orbital Milankovitch cycles).

The high frequency variations of MS result primarily from climatic changes whereas the low frequency
variations would represent sea level changes.
With a calibration, based on the minimum and maximum of SM, it was possible to correlate the long
term evolutions of MS for every boreholes and to propose a sequential analysis. On the other hand, the
correlations of the high frequency MS variations allow a good regional correlation (on 40 kilometers
transect) and allow to identify potential sedimentary gaps of a few tens of thousands of years between
the différents boreholes (in particular in the borehole EST 342).

MS records seem an excellent regional correlations tool on the Mesozoic scries for and is completely
appropriate to the high resolution cyclostratigraphic studies. The search for hiatuses and especially the
estimate of their durations can thus be considered by such an approach.
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CHARACTERIZING DISSOLVED ORGANIC
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FOR RADIOACTIVE WASTE DISPOSAL
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ABSTRACT
Several countries currently investigate a possible long-term storage and final disposal of high-leve l
radioactive waste in stable clay rock formations . Two host rock candidates are the Opalinus Clay (OPA )
in Switzerland and the Callovo-Oxfordian Clay (COX) in France . Besides clay minerals, calcite, an d
other minerals, the rocks contain approximately 5 to 10 g/kg of organic carbon . Recent studies have
indicated the presence of about 3 to 15 mg/L of dissolved organic carbon (DOC) in the rock pore water .
The presence of DOC is relevant for the long-term safety assessment of a potential radioactive waste
disposal, because DOC may have a significant influence on radionuclide migration in the host rock .
However, little is currently known about the nature and chemical reactivity of DOC in the OPA an d
COX clay formations . Therefore, the objectives of this project are to :
i)isolate and characterize DOC from OPA in pore water sampled at the Mont-Terri rock laboratory ,
ii)compare the pore water DOC with DOC extracted from crushed rock samples .

The pore water DOC and DOC extracted with deionized water, 0 .1M NaOH, and synthetic pore wate r
(SPW water having the same ionic composition as the in-situ OPA pore water but no organic matter )
was, in a first step, characterized by UV-vis absorption spectroscopy . In order to avoid chemical change s
of the DOC due to oxidation, the extractions were carried out in a glovebox under anoxic conditions .
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Figure 1 : UV-vis absorption spectra of in-situ pore water DOC, synthetic pore water (SPW) extrac t
(extraction for 1 day at ambient temperature and a solid-to-liquid ratio of 1500 g/L )
and pure humic and fulvic acids isolated from a surface soi l
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The observed spectra for the DOC from the OPA pore water and rock differed greatly from spectra fo r
terrestrial humic and fulvic acids, which are often used as reference compounds for geochemical modelin g
of radionuclide migration . This suggests that the rock DOC has a very different composition from pur e
humic or fulvic acids and may consists of low molecular weight compounds . In addition, the UV-vi s
spectra of the DOC extracted with synthetic pore water was most similar to that of the in-situ pore water
DOC spectra.
To further characterize the pore water DOC, the in-situ pore water was purified by dialysis techniques ,
freeze-dried and analyzed by FTIR and C(ls)-NEXAFS spectroscopies .
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Figure 2 : FTIR spectrum of the OPA pore

	

Figure 3 : C(ls)-near edge X-ray absorptio n
water DOC (KBr-pallet)

	

fine structure (NEXAFS) spectrum of th e
OPA pore water DOC (dried film) . The
spectrum was collected at beamline X1A ,
NSLS, Upton, NY.

The FTIR spectra showed that the in-situ pore water DOC contained substantial amounts of carboxyl an d
hydroxyl groups and small amounts of aliphatic and aromatic groups . The C(1 s)-NEXAFS characterization
showed a large peak for the carboxyl C, a medium peak for the phenolic C and only a small peak for th e
aromatic C content confirming the FTIR results .
In the next step of the project, we will extract DOC from the COX argillite and characterize the pore wate r
DOC and DOC extracted from both the OPA and COX formations by size exclusion chromatography ,
FT-IR, fluorescence spectroscopy and GC-MS .
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TECTONICS IN THE MONT TERRI ROCK
LABORATORY

Christophe Nussbaum, Paul Bossart

Institut Géotechnique SA, CH-2882 St-Ursanne
Christiiplic.niissbaiimiif'sco-onliiie.L'om

ABSTRACT
The rock laboratory designed for the Mont Terri project is located in a complex tectonic area of the Jura
fold and thrust belt. For this reason, the understanding of the structural setting is of key importance for the
planning and design of experiments and also for the discussion of results and possible interpretations. The
Mont Terri rock laboratory is located in the Folded Jura. The Jura rocks, consisting of competent limestones
and incompetent marly, shaly formations, were deposited in a coastal to shallow marine environment,
from the Triassic to the Early Cretaceous. The rock laboratory is located in the 160 m thick Opalinus
Clay formation consisting mainly of incompetent silty and sandy shales, deposited around 180 Ma
(Aalenian). In the area where the laboratory is located, the overburden varies between 230 and 320 m and
the rock strata dip with an angle of approximately 45° to the southeast. The laboratory was excavated
in the southern limb of the Mont Terri anticline, resulting from the upward movement of a thrust sheet
over a ramp connected to the Jura basal thrust zone, which is located within the evaporites of Middle
Triassic age and divides the basement and the cover. The period of active folding extended from the Late
Miocene to Pliocene. However, recent earthquakes seem to indicate that the Jura basal thrust zone is still
active today. It is now largely accepted in the scientific community that the tectonic style of the Jura
Mountains is controlled by two end-members of fault-related folds (fault-bend fold and fault-propagation
fold), which result in distinct fold-thrust (ramp) interactions. Fault-bend folds ate generated in the hanging
wall rocks by movement of a thrust sheet over a ramp. The detachment ramps from a lower structural level
over a higher stratigraphie level. The fold develops as a result of the underlying flat-ramp geometry.
Fault-propagation folds are asymmetric folds, with one steep or overturned frontal limb associated with
a thrust fault. These are generated at the tip of contemporaneously developing thrusts, which propagate
into undeformed strata. As long as the structure has not been faulted through (breakthrough), fault slip is
consumed by folding of the overlying strata. The geometry and kinematics of the Mont Terri anticline can
be interpreted as a combination of these two end-members, which is also the case for most anticlines of
the Jura fold and thrust belt.

The rock laboratory is intersected by two tectonic fault systems distinguished by their different orientation.
The most important one plunges towards the SE (azimuth range: 140-150°) at a medium angle (mean
dip: 45°). This corresponds to the orientation of the bedding planes. The strike of the dominant fault system
(ENE-WSW) is parallel to the axis of the Mont Terri anticline. This fault system is also composed of planes
with steeper plunges (60-70°). These steeper faults have an important kinematic role as they act as ramps
for transferring the shortening from a lower stratigraphie level towards an upper stratigraphie level. They
connect the "flat" thrust planes (dip: 45°) together. The "flats" correspond to faults which are subparallel
to the bedding planes; they lay effectively horizontally prior to the folding of the anticline. In the first stages
of the folding, some detachments originated along bedding planes and ramped up with an angle of about
15-20° with respect to the horizontal level. The resulting structural pattern corresponds to the so-called
"flat-ramp geometry". Lineations measured on flat and ramp faults have the same strike (N150°) and
indicate the same sense of shear (thrusting movement), confirming that they are kinematically linked.
During the last stages of the anticline development, when the deformation propagated further towards
the NNW, these two sets of fault planes were passively transported in the back limb (southern limb) of
the anticline and tilted by about 45°.
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The second fault system, less developed than the first one, was recently identified in the southern part of the
rock laboratory during the excavation of the EZ-A niche and the Gallery 04. This fault system is clearly
oblique to the other fault system and dips at a low angle ( 10-20°) towards the SW (azimuth range: 200-220°).
It is characterised by the occurrence of calcite minerals precipitated on fault planes. This fault system
is locally clearly cut or folded (drag folds) by the other fault system. Two sets of slickensides with two
different orientations were identified on the fault planes of the second fault system. The first generation
of slickensides and/or calcite fibres is down-dip oriented and indicates thrust movement, which is not
compatible with the kinematics towards the NNW related to the dominant fault system contemporaneous
with the anticline folding. According to these kinematic criteria, it can be concluded that the second fault
system originated before the folding of the anticline. The second generation of slickensides (horizontally
oriented) have kinematics compatible with the regional transport direction towards the NNW and can
be interpreted as the result of the reactivation of these planes by transpressional movements during the
folding of the Mont Terri anticline.

The Main Fault is the most important thrust fault zone intersecting the Mont Terri rock laboratory. It belongs
to the first fault system and consists of a high frequency fracture network (up to 100 fractures per metre).
The thickness of the Main Fault varies between 1-2 m and its displacement has been roughly estimated as
between 2 and 10 m. This thrust is interpreted as a minor splay branched from the basal Jura thrust located
in the Triassic evaporites. There are many single tectonic thrusts outcropping in the rock laboratory. These
single thrusts show the same shear direction and sense as recorded in the Main Fault (NNW-directed
thrusting), but with smaller displacements when compared to the Main Fault.

In conclusion, the geological structures intersecting the Mont Terri rock laboratory reflect, at meso-scale,
the large-scale geometry of the Folded Jura. The tectonic setting is composed of strongly inhomogeneously
distributed structures that can be attributed to two different fault systems:
• A fault system dipping to the SE at a medium angle (mean dip: 45°). This system, subparallel to the

bedding, is responsible for the folding of the Mont Terri anticline.
• A fauit system plunging to the SW at a low angle (10-20°). This system cannot be related to the other

system for kinematic reasons and is probably prior to this last one and could be considered as an inherited
structure.

The combination of these two fault systems has different implications: I) in terms of stability of the
openings and 2) in the selection of a suitable model for the rock anisotropy. The major consequence of
this complex tectonic framework is to accentuate the anisotropy of clays produced by the bedding planes
and to extend it into the third dimension. As a consequence, the anisotropy of the rock mass should be
modelled by an orthorhombic symmetry due to the bedding and the tectonic fabrics.
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DETECTION AND IDENTIFICATION
OF AUTOCHTHONOUS MICROORGANISMS

IN DEEP CLAY-ROCK FORMATIONS
UNDER EVALUATION FOR DISPOSAL

OF HIGH ACTIVITY NUCLEAR WASTES:
EXAMPLE OF OPALINUS CLAY
(MONT TERRI, SWITZERLAND)
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Feasibility of deep geological storage of high activity nuclear wastes mainly relies on physico-chemical
properties of the targeted host rock, in particular its ability to limit radionuclide transfer through the geo-
logical barrier formation and within the biosphere for hundreds of thousands years. Several phenomena
such as chemical form of radionuclides may be influenced or catalyzed by microorganisms living in the
host rock, or brought by excavation and human activity.

This work deals with detection of microbial DNA and identification of autochthonous microorganisms
in the undisturbed potential host clay formation from Mont Terri URL (Switzerland). Our approach is
based on molecular biology in order to obtain a broad view of diversity in this extreme environment.
DNA extraction, 16s-rDNA PCR amplification with universal primers for Bacteria and Archae. and
sequencing methods were thus chosen for detection and identification of endogenous microbes.

A particular sampling methodology, consisting in nitrogen drilling and aseptic core handling conditions,
was elaborated to avoid air contamination at Mont Terri URL. Direct DNA extraction assays, based on
different methods of clay and cell lysis and DNA purification, were performed on undisturbed rock and
on clay/Bacillus subtilis mixtures at different bacterial concentrations. Microbial density seems to be
very low because it was not possible to perform direct DNA extractions from the undisturbed clay,
although the detection limit determined on our mixtures was close to 10J bacteria/g of clay.

Consequently, an enrichment culture step was necessary despite the loss of diversity information it
implies, due to differential microbial cultivability. Microbial growth can be observed as the appearance
of turbidity in a culture medium. Six universal media were used in order to reactivate or simply grow
autochthonous microorganisms belonging to the following metabolic categories:
• medium AEM1 for aerobic organotrophic microbes
• medium ANM1 for anaerobic organotrophic microbes
• medium ANM2 for anaerobic organotrophic microbes reducing inorganic electrons acceptors
• medium ANM3 for anaerobic lithotrophic microbes reducing inorganic electrons acceptors
• medium ANM4 for methanogenic microorganisms
• medium ANM5 for sulfate-reducing bacteria (SRB)
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Absence of growth was the most frequently observed situation. Therefore the applied methodology here
seems to avoid external contamination. Nevertheless, a microbial growth could be observed for some
samples on media AEM1, ANM1, ANM2 and ANM4 after diverse periods of incubation (7 to 104 days alter
inoculation). Most of the microbial enrichments were obtained at 30°C, the temperature closest to the
in-situ one. In a few cases growth occurred at 60 and 80°C. Microbial growth under aerobic conditions
is not so surprising although samples were recovered from an anaerobic environment: bacterial spores
may have been reactivated, or latent aero-anaerobic microorganisms may have grown in this rich culture
medium. All the PCR products generated after DNA extractions were obtained with the bacterial 16S-rDNA
universal primers. No archae was detected in the samples recovered from the enrichment assays.

lôs-rDNA PCR amplification products were used for molecular cloning. Sequencing data will now
probably allow us to distinguish between air-contamination microbes and endogenous life. Then the
probability of presence of autochthonous microbes in this compact sedimentary rock will be discussed.
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PREDICTING THE DIAGENETIC

EVOLUTION OF ARGILLITE

REPOSITORIES : APPLICATION

OF FLOW-THROUGH REACTION CELLS
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In order to successfully predict the diagenetic evolution of argillite repositories we need to know i) whic h
reactions occur under a defined set of conditions, ii) how these reactions modify the material propertie s
of the argillite seal, and iii) how fast these chemical reactions take place . Based on the application o f
thermodynamics, and the construction of activity diagrams for low temperature mineral phases (e .g .
Velde 1992), fair predictions of mineral stability can be made under a given set of physical and chemica l
conditions . Such predictions are strengthened by examining natural mineral reactions preserved in th e
geological record, in combination with results obtained from controlled laboratory experiments .
Changes in the material behavior can also be reasonably assessed, as the basic physical and chemica l
properties of argillaceous rocks of varying mineralogy are well documented in the petrophysical an d
engineering literature (e .g. Bell, 1999) . Probably the most difficult task, however, is to assess the rate s
of the chemical reactions involved . This difficulty reflects our poor knowledge of the reaction kinetics fo r
these low-temperature, fine-grained mineral materials, and apparent differences between rates estimate d
from natural and experimental systems (White and Brantley 2003) .

A new approach to monitoring the reaction kinetics of fine-grained minerals in percolating solution ha s
been developed using flow-through reaction (wet-cell) chambers (Warr & Hofmann 2003) . These device s
can be routinely mounted onto the X-ray diffractometer for in-situ measurements of the sample . With
the aid of a cap to maintain constant volume, the device can be subjected to diagenetic or hydrotherma l
conditions (<150°C) .

Figure 1 : Flow-through reactors (wet-cells) been used to investigate the kinetics of diagenetic reactions in
Callovo-Oxfordian claystones from the HTM 102 core of the Paris Basin . Reaction temperature = 90°C ,
solution = simple young fluid (Claret et al . 2002) .
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First results are here presented for the alteration of Callovo-Oxfordian shales in a reactive simple young
fluid (strongly alkaline, pH ca. 13) at 90°C, designed to simulate the alteration of concrete at the repository
site (Claret et al. 2002). During the initial period of the experiment, with a percolating rate of 0.03ml/day,
the organic matter is dissolved and pyrite altered to gypsum during oxidation of the Fe-sulphide phase.
However, once all pyrite was removed after 2000 hours of reaction time, the newly crystallized gypsum is
also dissolved by the percolating solution. No distinctive changes in the concentration of silicate minerals
could be detected over the first 5 months of reaction time under these temperature conditions.
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The age of groundwater is a critical data for the understanding of hydrogeological system in sedimentary
basins. The aquifer water is able to transport in porous rock solutes and gas dissolved at the interface.
Then, the residence time of waters sampled in depth aquifers (i.e. age) can be determined by the solutes
or gas isotopic analyses.
Age calculation is very useful as it also provides important data on transfer and flow rates which are useful
for safety assessment of underground wastes disposal. This study is focussed on the hydrogeological
environment of the very low-permeability Callovo-Oxfordian clay formation found at about 400 meters
in depth in the eastern part of the Paris basin in France. The clay sequence was selected by the French
agency for nuclear waste management (Andra) as a potential host rock for an underground radioactive
waste disposal. Transport velocity of waters and solutes in aquifers surrounding the clay formation
(Oxfordian at the top and Dogger at the base) controls the dispersion of solutes which could leave the clay
to the aquifers. The Oxfordian and Dogger recharge area of the studied site are located about l0-20km
East to the sampling zone. The age of waters may be estimated from dissolved noble gases abundances
and paleoclimatic data available for the northwest Europe.

Neon, argon (only 36 and 38 isotopes}, krypton and xenon abundances in groundwaters are controlled
by temperature, pressure (altitude) and salinity of water at the interface with atmosphere before recharge
and they arc not disturbed during the transport through the aquifer. Ne. Ar, Kr and Xe concentrations in
water samples allow to compute a mean annual temperature of recharge about 6°C for the Oxfordian
aquifer and about 24°C for the Dogger aquifer. According to 14C water dating (Michelot et Massault, 2004)
Oxfordian and Dogger waters are older than 40000 years. Paleoclimatic studies in the northern Atlantic
(Kandiano et al. 2004} and northwest Europe (Guiter et al. 2004) show that the last cool period which
could eventually correspond to the Oxfordian recharge period occurred around 190000-130000 years
ago. This implies a maximum transport velocity range about 0.05-0.15 m/y in the Oxfordian aquifer.
According to He dating estimation (Marty et al. 2003), the high recharge temperature identified for the
Dogger aquifer can be associated to the hot paleoclimatic periods known during the Tertiary Era, more
than 2My ago.
This study was financed by CNRS and Andra through GdR FORPRO (Andra-CNRS scientific partnership).
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Geologic disposal of radioactive waste is under consideration at a number of different geological settings.
One site under consideration in France is in the eastern part of the Paris Basin (Departments Meuse and Haute
Marne), where the French nuclear agency (Andra) is currently setting up an underground laboratory.
The sedimentary host formation is the approximately 130 m thick clay-rich Callovo-Oxfordian formation
at approximately 350-550 m depth below ground surface in the selected area. The maximum burial
temperature recorded for the Cailovo-Oxfordian formation did not exceeded 40 °C (Elie et a!., 2000).
Under these burial temperatures the part of the immature organic material has decreased, but was not
fully degraded (Tissot and Welte, 1984 ; Huang, 1999). Furthermore, some humic-like substances can
be generated via oxidative conversion of clay organic matter (Vilks et al., 1998). Substantial generation
of hydrophilic dissolved organic carbon from hydrophobic clay organic matter has also been observed
by alkaline extended treatment of clay (Claret el al, 2002).

Moreover, organic matter present in natural groundwater can play a major role in the migration of
radionuclide in natural aquifer systems (Choppin, 1992), carboxylic functional groups generally dominating
the metal ion complexation behavior (Pompe et ai, 2000).

The objectives of this study are :
1 ) to isolate the organic matter fractions from the mineral matrix of the Callovo-Oxfordian argilites,
2) to characterize the organic fractions at the molecular level,
3) to quantify the functional groups (i.e. carboxylic and hydroxylic groups) by titrations.

For this purpose we have developed a protocol of gentle extraction/rractionation to minimize the possible
production of functional groups not originally present in the organic matter. This protocol combines the
currently used procedure for the study of soils and kerogens using sequantial extractions based on organic
solvents and deionized water followed by an j M HC1 treatment (to remove calcite) with new organic and
aqueous extractions (Table 1).

Free (directly extratable)

Hydrophobic

1.3

Hydrophilic

0.2

Associated (obtained after HC1 treatment)

Hydrophobic

3.1

Hydrophilic

13.6

Fulvic-like

59.0

Unsoluble

22.8

Table 1: Composition of total organic matter (representing 1.1% of the argilite).

The organic matter in the clay material is mainly hydrophilic, dominated by fulvic-like acids (associated
with calcite). These fulvic-like acids may significantly change the solubility and mobility of radionuclides.
More detailed investigations will enable us to get a greater inside view on structural characteristics,
allowing us to better estimate the possible impact of mobile organic matter on the mobility of radionuclides
(see also Courdouan et al., this proceeding).
On the other hand the molecular characterization of the hydrophobic compounds shows the immature
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character of the solid organic matter and informs about the sedimentary origin, marine and terrestrial ,

indicated by the bimodal distribution of the fatty acids (Figure 1) thus confirming earlier results (Faure,

1999 ; Faure et al., 1999 ; Landais and Elie, 1999) .

Phenol

OH

C 16
f— C is

ILL
J4IP

Figure 1 : Chromatogram of Fatty Acids .

The molecular characteristics of the unsoluble organic matter will be investigated further using chemica l

degradations combined with pyrolysis techniques .

These fractions are now lyophilised. Using titrations, we will determine and quantify the major functiona l

groups .
After quantification of the solid organic matter, we will link its composition with the dissolved fractio n

studied by Courdouan et al . (this proceeding) .
We will carry out similar work with the Opalinus clay, an argillite selected by NAGRA (the Swiss Nationa l
Cooperative for the disposal of radioactive waste) for their high level waste disposal site . The rock has bee n
exposed to high temperatures and contains probably more mature organic matter .
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IMPACT OF LANDSCAPE EVOLUTION
OVER 1 MILLION YEARS ON THE

HYDRAULIC BOUNDARY CONDITIONS
OF THE CALLOVO-OXFORDIAN LAYER

Vanessa Teles'. Emmanuel Mouche1, Pascal Maugis1, Michaela Huhle1, Jacques Brulhct3,
Georges Vigneron2, Jacques Wendling2

1. Laboratoire des Sciences du Climat et de l'Environnement, UMR CEA-CNRS, France
2. Andra, France

The Callovo-oxfordian layer in the Eastern part of France was recognized as a potential nuclear waste
repository layer. To evaluate transfers from the host formation to the biosphere, it is important to under-
stand the evolution through time of the hydraulic boundary conditions of the clayey layer which means
understand the evolution of the whole hydrogeological system. The Andra (National Agency for Nuclear
Waste Management) has launched a few years ago a research program on the geoprospective of the
Meuse/Haute-Marne site. This program aims to define what could be, for the next million years, the
possible evolution of the climate, the surface environment (geomorpbology, hydrology and permafrost
dynamics), the surface and subsurface hydrodynamics in the Bure area. In order to assess evolution through
time of this system and to support a coupled phenomenological approach) Andra develops a generic
modelling, aiming to define the mechanisms of importance in the impact of the surface environment
evolution on the site hydrogeology. Generic means more simple and easier to handle. We present here
the results of this generic modelling.

Over 1 million year, the system evolution mainly depends on internal geodynamical (tectonics) and
external climate conditions. One may reasonably assume that, in the North-East of France, tectonics
play a minor role in terms of site stability at a time scale of a few hundred thousand of years since it
exhibits slow uplift kinetics. However, it impacts the incision process dynamics of the surface. It induces
modifications on the subsurface flow/ circulât ions in some of the different geologic layers. The purpose
of this work is to assess the impact of the landscape evolution on the boundary conditions of the
Callovo-oxfordian layer. The impact of climate change is not considered here.

The géomorphologie evolution in the Eastern part of the Paris Basin has been important during the last
three hundred thousand years. The landscape evolution has been characterized mainly by outcrop retreat
linked to valley incisions. The outcropping limestones have been affected by karst development. The
hydrographical network has evolved through a stepped process due to river piracies. In the Meuse/Haute
Marne region, the Meuse River tributaries have been captured progressively by rivers of the Seine basin.
Specifically, on the Bure area, the Saulx and Ornain Rivers became tributaries of the Marne River since circa
200 ky B.P. Based on mapping and dating results, Andra has quantified the geomorphological evolution of
the Meuse/Haute-Marne site for several hundred thousand years in the past and has estimated the future
evolution over 1 million years. The Callovo-oxfordian boundary conditions depend on the hydraulic heads
in the two surrounding aquifers, the Oxfordian limestone on top and the Dogger one below. Both aquifer
outcrops are modified over the next million years.

For the present study, the géomorphologie evolution is considered independently of other processes and
translated in the hydrogeological model in terms of changes in the hydraulic boundary conditions at the
surface. The hydrodynamic simulations have been performed with the code CASTEM2000 (implemented
by CEA (Atomic Energy Commissariat)) using a mixed hybrid finite-element formulation. For these
groundwater flow simulations, three modelled stages are presented: the present, 500,000 years (500 Ky)
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and I06 years (IMa) in the future. The landscape evolution is merely considered through the use of three
different topographies on which the boundary conditions are applied. According to Andra predictions,
at the Meuse/Haute-Marne site, the valley incisions on the Bure plateau will locally reach the Oxfordian
limestone. Thus, the Oxfordian aquifer exhibits more changes due to topographic evolution than the
Dogger aquifer.

Hydrodynamic simulations show a significant impact of the valley incisions on the groundwater flow by
the creation of local outlets to the Oxfordian limestone aquifer in the North of the area. It induces local
perturbations of the saturation level. The global erosion of the topography also pulls down the water
table on a regional basis. Changes induced by the géomorphologie evolution in the Dogger aquifer are
located around 30 km East from the Underground Laboratory site, at the outcropping areas. Thus, at the
Laboratory location, the piezometric surface doesn't show, for the future, significant modifications
compared to the present state. The general lowering of the water table is also globally less important
than for the Oxfordian aquifer.

The consequence on the Callovo -oxfordian boundary conditions for the future is an increase of the internal
upward vertical hydraulic gradient which, at present state, is well developed only immediately to the North
of the Laboratory.
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OF THE STRUCTURE OF SWELLING CLAYS

UNDER CONFINED CONDITIONS
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The macroscopic properties of compacted clays such as swelling and low water permeability make them
particularly appropriate materials for the design of engineered barriers for the disposa! of hazardous
wastes. The purpose of these barriers is to prevent the migration of pollutants from for example nuclear
waste containers to the surrounding environment. The prediction of clay scaling properties requires a
proper understanding of the clay fabric as a function of both water content and compaction ratio.
The usual mechanical experiments that are performed on compacted samples enable to measure macro-
scopic parameters such as swelling pressure but a detailed description of the porous network and of the
water distribution between interlame liar spaces and inter-particular pores is also required. In that context
neutron scattering experiments are well suited to explore the association of clay layers from the interlame liar
spacings level to the submicronic porosity even under high-pressure conditions. The combination of small
angle neutron scattering (SANS) with neutron diffraction allows a continuous description of the texture of
thick and compacted samples on length scales ranging from a few À to a few hundred of nanometers.
Preliminary works performed last year on the D16 small momentum transfer diffractometer setup of the
Institut Laue-Langevin (Grenoble, France) evidenced the possibility to follow the evolution of interlayer
distances through hydration of two samples (a bentonite and a purified montmorillonite) compacted and
confined at different apparent densities (ranging from 1.4 to 2 g/cm3) and equilibrated in various humid
atmospheres (0, 23,44, 65, 81 and 98% relative hulidities). It revealed that the basal distances observed
for raw bentonite are in agreement with those observed for free to swell samples (Cases et al., 1992),
For purified smectite a small shift towards lower distances is observed that may reveal the start of the
confinement effect. In addition SANS experiments allowed to enlarge the probed iengthscales up to 300 A.
The scattering curves recorded for the dry samples were similar whatever the apparent density, indicating
that on this lenghtscale the porous network is affected in an analogous way by the compaction. With
hydration the slope of the scattering curve is changing. This might possibly be related to the filling of
mesopores due to the expansion of interlamellar spaces.

Reference:
Cases J.M., Bérend I., Besson G., François M., Uriot J.P., Thomas F, Poirier J.E., (1992) Langmuir, 8,2730.
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IN THE PARIS BASIN: CLIMATE AND

GEOMORPHOLOGIC IMPACTS
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In the framework of safe underground storage of radioactive waste in low-permeability layers, it is
essential to evaluate the long-term mobility of deep groundwaters over a sufficiently large timescale,
namely several million years. On these timescales, the environmental evolution of a repository should
depend upon a range of natural processes that have occurred in the past and are likely to extend in the
future, and that are primarily driven by climate and géomorphologie variations. In this regard, it is relevant
to investigate the past history of the disposal site, in order to determine the implications for climate
changes together with geodynamic processes on groundwater systems.
The complex multi-layered aquifer system of the Paris basin, France, provides an excellent framework for
testing these impacts on a global scale. The recent use of natural geochemical tracers archived in the basin
has provided residence time estimations of several hundreds of thousands years to a few million years in
the major aquifers. For this reason and given the spatial expanse and depth of the basin, the timeframe to
consider for this study has been set to the last five million years, covering the Plio-Pleislocene epoch.
During this period, the evolution of the basin has been governed by I) the cyclic alternation of glacial and
interglacial intervals, combined to eustatic variations, 2) the tectonic uplift due to the Alpine deformation
and 3) resulting géomorphologie processes, mainly river-valley incision, that shaped the landscape since
approximately one million years. These changes may have a severe impact on groundwater flow patterns
in the Paris basin because they affect conditions at boundaries. For instance, the hydraulic gradients may
have been altered by temporal variations in recharge and shifting aquifer outlets. The river beds deepening
causes a decrease in hydraulic head at the outcrop. In addition, the occurrence of a permafrost tinder glacial
conditions was accompanied by significant changes in the hydrogeological properties of frozen ground.

The aim of the present study is to investigate the response of the Paris basin aquifer system to variations
in its hydrodynamic boundary conditions on a time scale of several million years, trying to determine if
the system has kept the memory of these past changes. Recent changes at a boundary are more especially
of importance when considering its effects on groundwater flow in low-diffusivity regions, as it can generate
a lasting transient flow, potentially responsible for abnormal pressures creation.

For the purpose of this work, a 3D transient modelling of the Paris basin groundwater system has been
developed using the code NEWSAM (ENSMP). The geometry and hydrodynamic input data of the model
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originate from previous studies on a basin model, NEWBAS (ENSMP}, built to simulate the 248 My
geological history of the basin. Both a géomorphologie and climatic scenarios have been established.
Géomorphologie evolution is deduced from digital elevation model analysis, which allows to reconstruct
the palaeotopography and measure river-valley incision and alpine surrection. Climate forcing results
from a suite of palaeoclimate modelling experiments using the LMDz atmospheric general circulation
model (IPSL) with a refined spatial resolution centered on Paris, for the present, the Last Glacial
Maximum (21 kyr BP) and the Middle Pliocene (3 My). The water balance is computed by a distributed
hydrologie model, MODSUR (ENSMP).

We present the simulated evolution of the transfers in the aquifer system in response to the altered
boundary conditions induced by atmospheric and géomorphologie forcing, in the course of the last five
million years.
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NODULISATION, CARBONATE (AND SILICA)
MIGRATION IN ARGILITES
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Heterogeneities in argilites and their possible/likely role in the future evolution of the confinement properties
are one of the major topics of the MINANDRA partnership. The presence of {carbonate} nodules in
shaly/marly massifs is so common that we often forget to consider their place and role in the diagenetic
evolution of the host-sediment, especially in terms of burial, compaction, porosity evolution, mass transfer,
early fracturation ...

As often, unusual situations give keys to unsolved problems. It is the case of the Clue du Vançon outcrop
(E. of Sîsteron, SE France) where domerian marls show an untypical double stratification of cutting
nodule-beds (fig, 1 ). The major axis of these nodules is decimetric to metric, the other is centimetrie to
decimetric.

Figure 1: The two families of nodules at La Clue du Vançon:
- Along the stratification (here horizontal)
- Along faults and syn-sedimentary fractures

Recent observations allow us to recognize an organized litho-stratigraphic succession affected by early
normal faults with metric shifting.
In that framework, we observe two nodule orientations:
• one along the stratification plane (Ns),
• the other {Nf) along planar alignments, distant of some meters, located according to these normal faults.

That double stratification reveals that nodules of both families are diagenetic, resulting of an important
carbonate migration in the marly sediment, following preferential planes, before complete compaction
and porosity reduction.

Simple calculations indicate that the porosity of the host-sediment at time of precipitation of carbonate was
-for both families-between 60 and 25%, under burial evolving from some tens to some hundreds of meters.
Based on these first results, we considered two points:
• was early migration limited to carbonate? What for silica?
• How to characterize die volume concerned by such migrations?

For this we have sampled with a 10x10 cm grid a 2m" area, combining calcimetric and Xray analysis.

SILICA MIGRATION ?
In a first approach, the unsoluble {clay and quartz) were considered as immobile compared to carbonate
migration. If so the Q/C ratio (quartz/clay) has to be constant since deposition. In reality, the values vary
from 0.14 to 1 and are non-independent of the carbonate content. Some trends appea:
• in the marls (Q/C about 0.2)
• in (or near) the Ns where Q/C is a function of the carbonate content (Q/C = 0,8 carb)
• in the Nf nodules with also increasing values of Q/C vs carb, but lower,
• in the periphery of nodules, where Q/C is near 1.
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Silica migrated as carbonate did, detrimentally of surrounding marls. It seems that silica migration took
place earlier for trie Nf nodules because of faults and associated fractures; a border silicification may
also be observed.

VOLUMES CONCERNED BY ANISOTROPIC CARBONATE MIGRATIONS
(in fact surfaces, in a 2D analysis)
Mapping of the CaCO- content in the sampled area, in and around the nodules, shows a complex organi-
zation, largely different from the expected onion-skin type.
Two trends are visible, along stratification and synsedimentary faults and fractures. In both cases as enriched
zones, but also as depleted ones. In nodules, carbonate contents vary, unsurprisingly, from 35 to 75%.
But in so-called "marls", they vary from 18 to near 40%.

Such a distribution suggests the superposition of three (interacting) effects:
• Original differences of composition, amplified during burial, compaction and vertical migrations,
• Transfer to the faulted and fractured zones, with enrichment of carbonate "pumped" of the neighbour

zones, implying a 45° migration,
• Lateral migration, superposed to the previous ones, affecting nodules and marls.

These transfers of decimetric scale operated at the same times, during the progressive burial of the series.
Their effects were afterwards affected by an overloading of more than 2 km.

The Clue du Vançon outcrop is peculiar and seemed for a long time unique. But not the phenomena that
could be there deciphered.
Due to recent field observations, new workshops are to be soon open.
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The Callovo-Oxfordian argilites of Bure (eastern Paris basin) constitute a 150m thick monotonous
argillaceous series deposited between two carbonate platform episodes. It is important to trace spatial
variations inherited from geological past, such as sedimentological, mineralogical (R0-R1 clay mineralogy
transition; Pellenard et al., 1999) and geochemical properties. The study of sedimentary organic matter
provides information on the origin and preservation of the organic matter. Especially molecular markers
(also called biomarkers) help to constrain deposition as well as diagenetic models for sediments.
The purpose of this work is to study the regional vertical and lateral variability of the molecular
composition of organic matter in these argilites. Organic geochemistry was previously successfully used
to characterize vertical and lateral geochemical heterogeneities in the Cretaceous Marcoule Formation
(Fleck et al, 2002).

Five wells drilled for Andra (MSE 101. HTM 102, EST 205, EST 312, EST 342) were investigated on
two perpendicular transects (MSE 101-EST 205-HTM 102 and EST 312-EST 205-EST342) respectively
oriented KNW-SSE (=15 km) and NE-SW (=30 km). The geological framework including sequence
stratigraphy, lithology, diagraphy, geochemistry and mineralogy was used as a support for organic
geochemistry interpretation. Dichloromethane soluble organic matter was quantified and analysed by
GC-MS (Gas Chromatography- Mass Spectrometry),
Total yields of soluble organic matter as a function of depth are similar for all wells. Maximum yields
(0.15-0.20 mg/g of rock in average) are located in the Callovian and decrease when approaching the
Callovian/Oxfordian boundary. Yields are lower (about 0.05 mg./g of rock) and remain constant within
the Oxfordian.
Results of weight proportions of aliphatic, aromatic and polar fractions for MSE 101, HTM 102, EST 312
and EST 342 are similar (respectively 17, 13 and 70% in average). The chromatograms obtained from
our sample sets all present the same hydrocarbon families. This suggests that the sources of organic matter
and preservation conditions in the studied area remained constant at the regional scale from Middle
Callovian to the end of lower Oxfordian. This result attests of the homogeneity of the organic matter in
the Callovo-Oxfordian argilite of the Bure area.
The molecular signatures are characterised by the presence of many compounds which have an unknown
origin and/or are ubiquitous (alkyl-benzenes and naphtalenes, carboxylic acids, alcools,..). However, more
specific compounds and variations in the relative contributions of the hydrocarbons can be related to the
evolution of 1) the nature of organic input, 2) depositional environment and 3) diagenelic conditions.
The presence of C i5 to C23 n-alkanes, C27-steroids, pigment derived products (maleimides) and pristane/1

phytane values close to one suggest the contribution of marine planktonic organic matter. Abundant
hopanoids are typical of bacterial input. Higher plant contribution is characterized by nC^-alkanes
presenting a predominance of odd over even carbon numbers (CPI=l.5 to 3); pristane/phytane ratio
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between 1.5 and 4; cadalene derived from vascular plant resins; minor concentrations of Polycyclic
Aromatic Hydrocarbons (PAH) typical of land biomass burning; perylene suggested to derive from
perylenequinones frequent in land plants.

The absence of markers for tnie anoxic conditions combined with pristane/phytane > 2 as well as
homohopanes distributions indicate overall oxic depositional conditions. Nevertheless, at the base of
MSE 101, minor contributions of tri methyl alky 1 benzene s derived from chlorobiaceae (green sulphur
bacteria) indicate transient photic zone anoxia in the water column.

Inside the host layer, variability due to the nature of organic input concerns essentially the C ;4
 hn-alkanes/C24'

n-alkanes ratio, which is interpreted as an indicator of continental versus marine contributions. This ratio
shows significant evolution from sample to sample. However, variations could not yet be rationalised in
terras of sequence stratigraphie evolution between the five wells. No evolution in the nature of the organic
input is observed through the Callovian/Oxfordian boundary and clay mineralogy R0-R1 transition.
Transitions to carbonate platforms are marked by an appearance of many compounds of the abietane
family. These diterpenoids are degradation products of abietic acid which is synthetised by certain
conifers (Abietaceae). This evolution is interpreted as a modification of paleovegetation in proximal
lands due to climate change, A similar evolution is reported in Callovo-Oxfordian of western Australia
(van Aarssen et al, 2000).

The abundance of pphopanes, hopenes and benzohopanes aromatized in Ci(-, in the Callovo-Oxfordian
argilite indicates a very limited thermal diagenesis. This result is in agreement with those of Landais & Elic
(1997). Also, the preservation of such molecides in still biological conformation is probably due to a
combination between the clay content of the rock and the depositional conditions. Indeed, transitions to
carbonate platforms faciès are marked by a decrease of these markers in relative proportion to their more
stable equivalents (saturated afihopanes). Previous studies (Fleck et ai, 2002) demonstrated that this
evolution is related to the lesser preservation of pfSHopanes and hopenes in more oxygenated/agitated
depositional conditions.

The diasterenes/steranes ratio is controlled by acid catalysis on clay minerals like smectite. The strong
predominance of diasterenes over steranes in the Callovo-Oxfordian argilite is a clear indication of the
catalytic role of clay minerals in the preservation process. Additionally, the diasterenes/steranes ratio
slightly increases at the clay minerals transition zone, characterised by the increase of smectite proportion.
The same ratio decreases drastically in the carbonate platforms faciès, due to very low to zero clay content.

In conclusion, the molecular geochemistry of the Callovo-Oxfordian clays from Bure reveals: 1) overall
similar molecular content, indicating relatively stable contribution and preservation conditions throughout
the deposition of the argilite 2) noticeable changes in the relative contributions of some molecular families
which could be related to the clay minerals R0-R1 transition zone 3) significant changes which occur at
the transitions between the carbonate platform faciès and the claystone formation (lower Callovian-middle
Callovian transition as well as in middle Oxfordianj.
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Tlie Rupelian Boom Clay at Mol. Belgium, the lower Aalenian Opalirvus Clay at Mont Terri Switzerland
and the Callovo-Oxlbrdian silty clay at Bure, France, are currently studied in the framework of deep
geological radioactive waste confinement. These three mudstones are calcareous to variable degrees.
They vary from plastic clay at Mol to hard rock at Bure. All three have similar mineralogical constituents,
especially with regards to the clay minerals and include mixed layers of illite and montmorilloniie.
Remarkably in outcrop sections of massive clay formations and mudstone in general, it is very common
to observe a network of discontinuities ressemblingthe jointing in hard rock. As such jointing clearly would
influence underground works it is imperative to examine whether or not the three mudrock formations
under discussion have such a discontinuity network in all their mass.

Observations made either in borings or, at depth, in underground galleries mostly excavated by tunnel
boring machines are reported as showing no evidence of natural discontinuities. Only a few faults have
been described. The observed discontinuities are all attributed to the excavationn techniques. In contrast
a geological approach initiated by IRSN has consisted in researching reference observations in the same
or similar formations on fresh surfaces in active open pits. These outcrop investigations show the evidence
of a discontinuity network affecting the total exposed mass of the formations. Schematically the network
is made of horizontal (strati graphic) joints and of two vertical, orhogonal joint families.
An excellent example is the Lower Cambrian St. Petersburg Blue Clay (Arnould et al. 2002). This formation
is located on the Baltic Shield and has never been affected by orogenic events. Another excellent reference
site is in Boom Clay (Mertens et al. 2003), where it could be shown that die orientations that the orientation
of vertical joints is indépendant of the orientations of the pit walls in which the observations were made.
In addition, a syn-diagenetic formation of the discontinuities could be established. These pits have a depth
of about 40 m high in the mudstone whose total thickness in the outcrop area is slightly less than 100 m.
A third reference site is the open cast Cormeilles en Parisis quarry, in the outskirts of Paris. It has a 110 m
high front to exploit 450000 t/y of gypsum at the bottom. The overburden that has to be removed includes
marls and Oligocene"green clays". Both these units exhibit a discontinuity network across the entire
exposed thickness. Various other examples, such as the Eocene London Clay yield similar observations.

The apparent contradiction between the underground observations at Mol and Mont Terri and those made
in open pits and also in the shallow underground in London Clay and, deeper, in St. Petersburg metro
tunnels in the Lower Cambrian Blue Clay should be understood and clarified. The contradiction could be
due to the different conditions of observation. Even in pits the observation of joints of the discontinuity
network is not easy because of the fast weathering of the mudstones. Freshly excavated irregular surfaces
of at least several tenths of square meters in size are necessary. However the most probable reason to
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explain the apparent contradiction is that, at depth, the joints are tightened and sealed by the natural
stress field and cannot be easily identified. This would mean that upon certain conditions of stress
release or dessication they could reopen.
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CLAY MINERALS IN THE MEUSE - HAUTE
MARNE UNDERGROUND LABORATORY
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EVOLUTION
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A clay-rich Callovo-Oxibrdian sedimentary formation was selected in the eastern Paris Basin (MHM site)
to host an underground laboratory dedicated to the assessment of nuclear waste disposal feasibility in
deep geological formations. As described initially, this formation shows a mineralogical transition from
an i 11 ite-smectite (I-S) mixed-layered mineral (MLM), which is essentially smectitic and randomly
interstratified (R=0) in the top part of the series to a more illitic, ordered (RSI) I-S in its deeper part.

This description has been challenged by using the multi-specimen method developed by Drits et ai. (1997)
and Sakharov el ai. (1999). It is shown that all samples contain a physical mixture of an unusually (?)
illitic (-65 %I) randomly interstratified 1-Exp (Illite-Expandable MLM) and of a discrete smectite, in
addition to discrete illite, kaolinite and chlorite. Structural parameters of the different clay phases vary
little throughout the series. According to the proposed model, the mineralogical transition corresponds
to the disappearance of smectite with increasing burial depth.

Comparison with clay minerals from formations of similar age (Oxfordian-Toarcian) throughout the Paris
basin shows that the clay mineralogy in the deeper part of the series originates from a smectite-to-illite
transition resulting from a low-temperature burial diagenesis. The anomalous lack of evolution of clay
minerals in the upper part of the series is thought to be related to specific interactions between organic
matter and clay minerals.
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ABSTRACT
In the year 2000, prior to the sinking of the two shafts of the laboratory, two vertical cored boreholes
were drilled according to the axis of each of the shafts. The EST205 borehole drilled along the axis of
the auxiliary shaft intersects the Callovo-Oxfordian layers in its lower part. Stress measurements were
performed there by hydraulic fracturing method, on the one hand at the bottom of the Oxfordian limestone
(6 tests between 375 and 416 m depth), on the other hand in the more clayey Callovo-Oxfordian layer
(8 tests between 417 and 500 m depth). Both boreholes were subsequently sealed by cement.

During shaft sinking, a detailed geological survey of the walls was performed at each blast round. During
this survey, positioned by means of a grid of targets whose locations are recorded by topographical
measurements, lithological changes as well as structural features visible on the wall are carefully recorded.

In this context, the wall of 3 successive blast rounds are seen to display, roughly aligned with the West and
South generating lines of the shaft, two subvertical joints with nil aperture and an average strike of N155°,
These joints can be traced over more than 15 m height, between levels-434 and-451 m. More at depth,
the walls display four parallel subhorizontal joints, recorded between 466,5 and 476 m depth. These
smoothly undulating joints are observed over the entire shaft wall perimeter.

The layers crossed at these depths, marls and argillites, are rocks with low competence, characterised by
little or no structural features, with the exception of the abovementioned ones. As no structural factor could
substantiate a natural origin of these joints, a possible link was looked for with the artificial fractures
developed during the hydraulic fracturing tests.

The subvertical joints could result from several hydrofrac tests carried out. in the year 2000, in the EST205
borehole, between 404 and 448 m depth. Similar fracture traces at the drillhole wall (subvertical, with
Nl 55° strike) were observed by ultrasonic borehole imagery (UBI) or by impression packer during the test.

Borehole EST205 deviated from the vertical during drilling. After location oFthe actual borehole position
at the depth of the tests, it can be noticed that the vertical joints at the wall and the actual borehole axis are
roughly aligned on a plane with TM155° strike.

The horizontal joints would have to be related to the hydrofrac tests which were carried out in the
EST205 borehole, at 467 and 471 m depth. One must notice that no subvertical fracture was observed
by UBI at the borehole wall during these tests, and that the data supplied by these tests could not be
used in the overall interpretation of the tests.
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The observation of these joints resulting from hydraulic fracturing, is of importance in two aspects. It shows,
probably for the first time witli such clarity, that the artificial fractures generated by the tests are actually
planar discontinuities, which may extend up to tens of square meters. This nevertheless assumes the axis of
the borehole to be parallel to one of the principal directions of the stress tensor. It also supplies geometrical
information which will make it possible to back-calculate the accurate orientation of the joints and to
refine the interpretation of the tests performed, so that the magnitude and orientation of the stress tensor
prevailing in the rock mass are better determined.
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MODELLING OF LONG-TERM
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ABSTRACT
Bentonites have been proposed as buffer material for barriers in geological disposal facilities for radioactive
waste. This material is expected to fill up by swelling the void between the canisters containing the waste
and the surrounding ground. However, the bentonite barriers may be submitted to changes of humidity,
temperature variation, fluid interaction, mass transport, etc. This could modify the physico-chemical
performance of the barrier, mainly on the interface with the steel container and with the geological barrier.
The engineered barrier development necessitates thus the study of the physico-chemical stability of its
mineral component as a function of time under the conditions of the repository in the long-term. The aim
of this paper is double: simulation of the chemical transformations into the engineered barrier and of the
chemical-elements diffusion impact under repository conditions and then to apply a simplified method
{volume balance in a saturated medium) to evaluate the swelling capacity evolution of the bentonite
barrier because of their geochemica! transformations. For that, a thermo-kinetic hydrochemical code
KIRMAT (Kinetic Reactions and Mass Transport "ID") was used.

The system modelled here is considered to consist of 1 m thick zone of water-saturated engineered barrier.
This non-equilibrated system is put in contact with a geological fluid on one side, which is then allowed
to diffuse into the barrier, while the other side is kept in contact with a source of metallic iron. Reducing
initial conditions (PQ*=0; Eh=-200 mV) and a constant reaction temperature (100°C) were considered.
In the current study the variation of swelling capacity was considered directly proportional on the mont-
morillonite dissolution (or chemical transformation), taking into account that this variation may be
partially compensated by the precipitation (or neo-formation) of others swelling clays.

The results show that Na/Ca-montmorillonite-to-Ca-montmorillonite conversion is the main chemical trans-
formation in the bentonite barrier. The neo-formation of illite, saponites, chlorites and Na-montmorillonite
were also observed. In addition, the swelling capacity of the engineered barrier is not drastically affected
after 10 000 years of diffusion-reaction. Due to the precipitated (orneo-formed) volume of swelling clays
is almost directly proportional on the dissolved (or transformed) volume of montmorillonite. In fact, this
simple approach predicted that the decay of swelling capacity of the engineered barrier is drastically
affected near from the geological barrier-engineered barrier interface then the swelling capacity decay
lies between 1 and 15% when the montmorillonite is completely transformed in the system.

Keywords: Engineered barrier, MXS0 bentonite, Swelling capacity. Modelling, K.1RMAT code,
Geochemical transformations. Diffusion.
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OF CLAY BARRIERS USING
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ABSTRACT
An important part of the nuclear waste disposal concepts of many European countries is a geotechnica!
barrier (buffer and/or backfill) consisting of clay material. It makes use of the swelling capicity of clay
minerals that is expected to lead to sealing of drifts or boreholes when water is taken up from the host rock.
Obviously, monitoring of the water content of clay barriers is of particular interest when such barrier
systems are tested. Water content of clay is also of special importance if clay formations represent the
geological barrier in an underground repository. The water content may be influenced by temperature
rise in a HLW repository or by repository ventilation during operation, which could again influence the
hydraulic behaviour of the rock.

For many rocks or technical materials, water content is the primary parameter determining the electric
resistivity. Thus, geoelectric measurements can be used for monitoring of the water content of such
materials. By using techniques like geoelectric tomography, larger portions of rock or backfill can be
monitored in-situ. Conductivity is also influenced by solution composition and temperature. Therefore,
calibration measurements with the actual boundary conditions have to be performed in the laboratory if
resistivity tomograms are to be interpreted in terms of solution content. Although clay materials have a
somewhat more complex electric behaviour than other types of rock, the same measuring and calibration
techniques can be applied,

GRS has successfully tested the geoelectric method in various types of rock (salt, granite, clay rock) and
backfill materials. The measurement and evaluation techniques employed are presented in this paper,
together with the results obtained in projects dealing with geotechnical and natural clay materials.

A project involving geotechnical clay materials is the Swedish Prototype Repository Project, which
incorporates disposal boreholes with bentonite buffer in a drift backfilled with a bentonite/'crushed
granite backfill. Here, the water uptake of the backfill has been measured by geoelectric tomography
since October 2001. The continuous increase of saturation from the drift walls proceeding inward could
be made clearly visible. Measurements in the buffer were started in May 2003. The results of these
measurements show that water enters the buffer from the backfilled drift rather than via the borehole wall.

Geoelectric measurements in clay rock have been performed at the Mont Terri URL. Water content
changes due to heating or ventilation have been monitored in the Heater Test HE-B and the Ventilation
Test VE, respectively.

Heating had no significant effect on the clay water content. Throughout the heating period no resistivity
increase was detected. Post-test laboratory investigations on rock samples from the heated region have
confirmed this result.

An evolving desaturated zone around the ventilated VE microtunnel could, however, be well assessed.
Ventilation with dry air by half a year resulted in the formation of a 40 to 50 cm wide zone which was
desaturated down to about 50 % saturation.
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DIFFUSION COEFFICIENTS
OF SOME CATIONS IN A MUDROCK

SAMPLE FROM THE BURE SITE
T. Melkior. S. Yahiaoui, D. Thoby, V. Barthès

CEA Grenoble, SAT, 17 rue des Martyrs, F-38054 Grenoble Cedex 9, France

Clayey materials exhibit attractive features as barrier for radioactive waste confinement, such as low
permeability, high retention capacity, long-term stability, etc. The low permeability of such materials
often makes diffusion the principal mechanism for migration of radionuclides potentially released from
waste canisters. Therefore, diffusion of dissolved species has been extensively investigated in clay-based
porous media. The purpose of this work is to investigate the diffusion of alkaline cations (LÎ+, Na , K+,
Rb' and Cs") in a mudrock sample from the Bure site (Meuse/Haute-Mame, France).

According to previously published data, positively charged solutes exhibit high diffusion coefficients
compared to neutral species. Some authors assign this observation to the particular migration of ions
within the electrical double layer, next to mineral surfaces. The occurrence of this surface diffusion
mechanism is still an open debate. Furthermore, the extent of enhanced diffusion appears to depend on
the considered cation.

Available data are mainly measured in compacted bentonite samples, involving Cs or Sr as tracers. The
objective of this work is to evaluate if an accelerated diffusion is actually observed with alkaline cations
in Bure mudrock and, if so, in what extent this effect vary for the considered cations.

The material is a natural rock, mainly composed of interstratified illite/smectite, quartz and calcite. It is
saturated with a Na-Cl-dominated synthetic solution with a ionic strength of 57 mM and a pH --8.0. The
effective diffusion coefficients (De) for the cations are determined from their steady-state flux through
mudrock slices at 23°C (through-diffusion technique). HTO diffusivities are systematically measured as well.

The results of HTO diffusion measurements are homogeneous: the mean value of De(HTO) is found to
be 2.5 X 10 '" m2 s"1 (± 30%). According to the pore diffusion model, the effective diffusion coefficient
depends both on the diffusion coefficient in water, and on a formation factor. This latter parameter
accounts for the structure of the porous network accessible to the considered solute. The accessible
porosity in clay media is currently assumed to be similar for both cationic and neutral species.
Therefore, the effective diffusion coefficient for a cation Mn" can be calculated from water diffusion
coefficients by:

D (NT) = De(HTO)-
D0(HTO)

This equation is widely used to estimate the diffusivities of cations. Values calculated by this way for
alkaline cations in Bure mudrock are found to be systematically lower than measured data. Moreover,
this observation appears to depend on the considered species: the ratio between measured and calculated
effective diffusion coefficients ranges between factor two for lithium and nearly one order of magnitude
for rubidium and cesium.

The differences between calculated and measured De is found to continuously decrease with increasing
ion radius. The correlation observed between effective diffusion coefficients and cation radii -if it is
confirmed with other species- could be profitably used for the assessment of diffusion coefficients.
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Thus, predicting the diffusion coefficients for cations appears to be tricky. Estimations can yield errors as
large as one order of magnitude. Unfortunately, for some highly sorptive species, measuring the diffusion
parameters is not achievable to laboratory study over reasonable time scale. It is concluded that some
care must be taken with calculated diffusion coefficients in clayey media for positively charged species.
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A HIGH-RESOLUTION ABRASIVE METHOD
FOR DETERMINING DIFFUSION PROFILES
OF SORBING RADIONUCLIDES IN DENSE

ARGILLACEOUS ROCKS
L.R. Van Loon, J. Eikenberg

Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

INTRODUCTION
it is common practice that the diffusion of radionuclides is measured in the laboratory on small-scale rock
samples. Preferentially through-diffusion is chosen because the effective diffusion coefficient, De, and the
rock capacity factor, C, can be determined independently. Moreover, for non- or weakly sorbing tracers the
break-through occurs within a reasonable time span, i.e. days to months. In the case of strongly sorbing
radionuclides, however, the breakthrough is very slow (up to years) and through-diffusion techniques
become no longer practicable. Therefore alternative methods have to be developed in order to measure
the diffusion properties of strongly sorbing tracers in argillaceous rocks. In-diffusion, combined with
profile analysis, has been used for this purpose in the past for diffusion of radionuclides in compacted
bentonite (Yu and Neretnieks, 1997; and references therein). Because bentonite is plastic, thin layers of
material can easily be removed by cutting. In the case of a stiff material, the removing of thin layers is
much more difficult. Andersson et al. (1981) and Albinsson et al. (1993) used an abrasive technique for
analysing the diffusion profiles of Cs in concrete. The method proposed in this work is based on the idea
of Andersson et al. (1981) and was further refined in order to remove much thinner layers of material for
obtaining a higher resolution. This is important for strongly sorbing tracers such as tri- and tetravalent
actinides that have sorption coefficients up to 1000 nr1 kg"! resulting in typical in-diffusion distances
smaller than 1 mm for diffusion times of several years.

RESULTS
The diffusion of lj4Csh and 2:Na" in Opalinus Clay was studied by in-diffusion laboratory experiments.
The diffusive tracer profiles in the rock were determined using a high-resolution abrasive peeling
method. The tracer concentrations of the radionuclides in the grinding swarf were measured directly via
D-spectrometry. By choosing the appropriate abrasive paper, a resolution down to 15 um can be
achieved. This is important when analysing strongly sorbing radionuclides such as tri- and tetravalent
actinides that show steep diffusion profiles. In this study, a resolution between 30 and 70 mm was selected
which was sufficient for spatial resolution of the diffusion profiles.

Both the effective diffusion coefficient and the sorption value of the radionuclides could be determined
applying a single reservoir method with decreasing source concentration for a semi-infinite case. In the
case of 22Na~, an effective diffusion coefficient De= 1.8x10"" m2 s"1 and D,.= 1.6x10"" nr s 1 forBenken
OPA and Mont Terri OPA, respectively, were derived. The distribution coefficients were 2.4xlO"4

and l.OxlO"4 m3 kg"1, respectively. For Cs the effective diffusion coefficients were higher, i.e.
De=3.5xl0'11 m2 s"1 for OPA from Benken and D,=3.4xl0"" m2 s'1 for OPA from Mont Terri. The sorption
values determined were Kj=0.17 m3 kg"1 forBenken and 0.30 mJ kg"1 for Mont Terri. Comparison of the
data obtained for the weakly sorbing 22Na" with that from earlier thro ugh-diffusion experiments, showed
that there is an excellent agreement between the two methods. In the case of l34Cs' such a comparison
was not possible because of lacking through-diffusion data.
Experiments with 60Co2~ and l!>4Eu''~ are in progress and first results are expected by beginning of 2005.
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CONCLUSION
Through-diffusion methods cannot be applied to study the diffusive behaviour of strongly sorbing tracers
because of the corresponding long break-through times, In-diffusion combined with high-resolution
abrasive peeling was shown to be an excellent alternative for measuring diffusion properties of strongly
sorbing tracers in dense argillaceous rocks. The proposed method is a simple and fast one, and requires
a low cost equipment.
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A WAVELET APPROACH TO ROBUST
SOLVER FOR THREE DIMENSIONAL
CONTAMINANT MASS TRANSPORT

Hesham Nasif. Atsushi Neyama

Computer Software Development Company Ltd, Tokyo, Japan

INTRODUCTION
Numerical modeling of the contaminant transport especially in three dimensions is considerably difficult.
Transport model is not only vulnerable to numerical errors such as numerical dispersion and artificial
oscillation, but also requires much of the computer memory and execution time. There is obviously need
for a new mathematical approach to develop a computer code that is virtually free of numerical dispersion
and oscillations, simple to use and flexible for a variety of field conditions, and also efficient with respect
to computer memory. The physical phenomena taken in account in this model are advection, dispersion,
chemical reaction, radioactivity, dissolution, sorption and precipitation. The mathematical formulation
of the mass transport is defined by:

WAVELET DISCRETIZATION
The WCMT transport model uses a wavelet Galerkin discretization to solve the mass transport model
efficiently. Since the scaling functions are compactly supported, only finite number of the connection
coefficients are non, the resultant matrix has a block diagonal structure and it can be inverted easily
(Nasif, 2003).
The system is treated as a fully Galerkin procedure. Our procedure uses a class of compactly supported
scaling function introduced by Daubechies. We define wavelet series expansion within each region for
the unknown concentration as

C(A-}=

RESULTS AND DISCUSSION
The model has been tested for several problems ranged from one dimension to three dimensions. The results
are compared to the results of the same cases, which solved using different numerical schemes. Three test
cases have been carried out to prove the validity and applicability of this code to solve contaminant mass
transport problems. First test case is to find the concentration of l3:>Csradionuclide in the geosphere of the
proposed Japan HLW repository as stated in H12 report. The second test case is the case introduced by
(Sudicky, 1989) for mass transport in 2D system. The third and final test case is a 3D heterogeneous field
study case and it used for ELLAM model verification (Heberton, 2000). The accuracy of the solution
is calculated using the Discrepancy term. The total mass is calculated at each transport step to provide
summarized information on the total mass in and out of the system. A good agreement between the
results obtained using WCMT code and other codes has been proved.
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According to Derjaguin et al . (1987), thermal osmosis is a flow of fluid driven by a temperature gradien t
due to a variation in the specific enthalpy of water depending on the distance to charged surfaces of soli d
phases. Thermal osmosis has a pronounced effect in clays and might therefore be a relevant transpor t
process in a repository for heat producing radioactive wastes in which clays are present in the engineere d
barrier or in the host rock . Previous assessments have yielded that after resaturation of a repository, therma l

osmosis might dominate both diffusion and advection, at least if one does not consider interactions betwee n

those transport processes . Yet, it has commonly been stated, that there is no effective thermal osmosi c

transport as soon as quasi-stationary flow conditions have been established . This is being explained by th e

fact that, due to the mass conservation of the fluid, thermal osmotic fluxes give rise to reverse advectiv e

fluxes of equal strength provided that flow conditions are stationary and no fluid sources are presen t

within the flow domain . This mechanism of compensation would strongly reduce the importance o f
thermal osmosis since it is of no relevance during the nonstationary resatur-ation phase of a repository
in which radionuclides are held back by the waste canisters .

However, uncompensated thermal osmotic fluxes might occur even if flow conditions are stationary an d
the flow domain is free of fluid sources . They might appear if a heat source causes temperature difference s
between boundaries representing fluid sources or sinks or if thermal osmotic or hydraulic conductivitie s
are inhomogeneously distributed thereby giving rise to circulating currents (The flow vector field the n
does not need to be irrotational) . In the study presented here, the effect of uncompensated therma l
osmotic fluxes is investigated using a simple 2-dimensional numerical model for advective and therma l
osmotic flow assuming stationary conditions and constant fluid density and viscosity. The transport
effect of thermal osmosis is compared to that of diffusion by calculating particle transport accountin g
for a time-dependent heat production rate . Calculations are performed for a repository system (Fig . 1 )
containing a layer with high conduct-ivity (e .g. a sandy interlayer or a damage zone) and for an
emplacement chamber containing a bentonite buffer (not illustrated here) . The calculations show tha t
heat sources are able to induce significant thermal osmotic transport within the investigated parameter
range (Fig 2 left) . It was observed that even small temperature gradients are capable of causing significan t
particle transport when acting over long periods of time (Fig 2 right) .

The study shows that the mechanism of advective compensation does not necessarily inhibit an effectiv e
thermal osmotic transport due to heat producing wastes . The finding of previous assessments that therma l
osmosis might produce higher fluxes than diffusion and advection must therefore be regarded as a problem .
This is affirmed by the simulation results which show that thermal osmotic transport can be significant
even if radionuclides are held back by the canisters for several thousand years . Therefore, there still is
need for further research on the relevance of thermal osmosis . Presently, there is an essential lack o f
data concerning thermal osmotic conductivity for clays and conditions relevant to repository systems .
The study points out the necessity to narrow down the expected range of this parameter by experiments .
Also, improved conceptual and numerical models have to be applied.
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Figure 1 : Top : 2D-model for a horizontal clay layer confined by aquifers and containing an extende d
permeable structure . Bottom : Calculated orientation of flow vectors showing circulating flow . The per-
meable structure acts as a fluid source near the heat source owing to the advective recharge at lateral
parts of the domain .
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LARGE-SCALE GAS INJECTION TEST
(LASGIT) AT THE ÂSPO HARD ROCK

LABORATORY IN SWEDEN
S.T. Horseman1, D.J. BirchaH1, J.R Harrington1, P. Sellin*

1. British Geological Survey, Keyworth, NG12 5GG, UK (dbirch@bgs.ac.uk/+44 115 9363120),
2. Svensk Kàrbrànslehantering AB (SKB), Stockholm, Sweden (skbps@skb.se/+46 8 6624974).

In the Swedish disposal concept, canisters containing spent nuclear fuel will be placed in large diameter
disposal boreholes drilled into the floor of the repository tunnels. Each full canister will weigh up to 27
tonnes. The canister consists of a 50mm thick outer copper skin, which acts as a corrosion barrier in the
oxygen-poor groundwater of the crystalline rock selected for disposal, and a nodular iron insert to provide
strength and rigidity. The space around each canister will be filled with pre-compacted bentonite blocks
which, over time, will draw in the surrounding groundwater and swell to close up construction gaps.
Once hydrated, the bentonite will act as a low permeability diffusional barrier. The unique physico-
chemical properties of the bentonite depend on its colloidal behaviour and enormous specific surface
and include high sorption capacity, very high plasticity and excellent fracture self-sealing characteristics.
These severely limit the migration of any radiomiclides released from a canister after closure of the
repository. Because of the important pH-buffering effect of the bentonite on the porewater, this engineered
barrier is often referred to as the clay buffer.

The metal canisters are expected to have a very substantial life in the repository environment. However,
for purposes of performance assessment (PA), we must consider the possible impact of groundwater
penetrating one of the canisters. Under anoxic conditions, corrosion of the steel inner will lead to the
formation of hydrogen gas. Radioactive decay of the waste and the radiolysis of water will produce
some additional gas in the container. Depending on the gas production rate and the rate of diffusion of
gas molecules in the pores of the bentonite, it is possible gas will accumulate in the void space of the
canister. Gas will enter the bentonitc when the gas pressure exceeds some critical entry pressure specific
to this material. Since water penetration of the canister is a prerequisite for the occurrence of hydrogen
gas in the buffer, the timing of gas movement in the clay might coincide with that of radionuclide release
into the buffer porewater. The possibility of an interaction between gas and radionuclide migration
therefore emerges as an important issue in PA.

As part of an ongoing programme of research aimed at the development of safe disposal technologies, the
Swedish waste management company SKB commissioned BGS to undertake a series of detailed laboratory
studies aimed at resolving specific issues relating to the gas migration process. It has been shown that
gas moves through the clay following pressure-induced pathways. The clay tends to dilate when these
pathways are formed. Both the porewater pressure and the total stress acting within the clay are strongly
affected by the passage of gas. The laboratory work has highlighted a number uncertainties, notably the
sensitivity of the gas migration process to experimental boundary conditions and possible scale-dependency
of the measured responses. These issues are best addressed by undertaking a large scale gas injection test
or "Lasgit'\

Lasgit will be undertaken at the Àspô Hard Rock Laboratory (HRL), around 360km south of Stockholm in
the municipality of Oskarshamn. The HRL consists of a network of underground tunnels, totalling over
3600m in length, at an average depth of around 460m. The underlying diorite formation is representative
of the geological conditions likely to be encountered in a Swedish conceptual nuclear repository. Lasgit is
a full-scale demonstration project conducted in the Assembly Hall Area of the HRL at a depth of 420m.
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This is a "mock test" which does not use any radioactive materials, A deposition hoie, 8.5m deep and
1.8m in diameter, has been drilled in to the gallery floor. Canister defects will be mimicked by placing
thirteen circular filters of varying dimensions on the surface of a copper canister to provide point
sources of gas. These filters will also be used to inject water during the initial hydration phase. Helium
gas will be used as a safe substitute for hydrogen during gas testing. Once the pre-compacted bentonite
blocks have been installed, the borehole wTill be capped with a conical concrete plug retained by a reinforced
steel lid. The lid will be held down by rock anchors designed to withstand over 5000 tonnes of force.
Additional instruments will record variations in the relative humidity of the clay, the total stress and
porewater pressure at the borehole wall, the temperature, any upward displacement of the lid and the
restraining forces on the rock anchors.

The state-of-the-art experimental monitoring and control systems for Lasgit are housed in the "Gas
Laboratory" which is a self-contained unit designed and assembled by BGS within a modified shipping
container. A customised graphical interface based on National Instruments Lab VIEW™ software will
enable remote control and monitoring to be undertaken by staff at BGS Headquarters in Keyworth and
will also allow the project's international partners to access data using their desktop computers. Lasgit will
provide the industry with important new information on the mechanics of gas flow in buffer bentonite.
The numeric data will be used in the development and validation of process models aimed at repository
performance assessment. The experiment is scheduled to run continuously over the next 5 years.
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NON-ISOTHERMAL MULTIPHASE
SOLUTE TRANSPORT IN PARTIALLY

SATURATED BENTONITE
Shao Hua'. Xie Mingliang1, Nowak Thomas', Kolditz Olaf1

1. Federal Institute for Geosciences and Natural Resources, Hanover
2. Center of Applied Geosciences, Chair of GeoSytemsResearch, University ofTubingen, Tubingen

ABSTRACT
Clay-rich material, e.g. bentonite, has been selected as backfilling material in the geotechnical barrier
system in different concepts for the final disposal of high-level radioactive waste in many countries. In such
a subsurface system bentonite is subjected to effects from coupled thermal (T), hydrogeological (H),
mechanical (M) and chemical (C) processes.

In order to analyse and understand the bentonite behaviour under these complicated conditions, a concept
of external combination of two existing numerical codes, namely GeoSys/RockFlow [1] andPHREEQC2
[2], has been developed. GeoSys/RockFlow is a code based on the finite element method developed
originally by the University of Hanover together with the BGR for simulating thermal, two-phase-flow,
deformation, and solute transport processes in fractured porous media [3,4, 5]. PHREEQC2 is a computer
program written in the programming language C by USGS that is designed to perform aqueous geo-
chemical calculations at low temperature. Using this concept and corresponding tools, a variety of aspects
concerning THMC coupled problems can be considered.

As validation example, a laboratory experiment conducted by Cuevas et al. i 997 [6] was simulated. In the
experiment, highly compacted FEBEX-bentonite was simultaneously subjected to heating and hydration,
in order to investigate the possible changes in pore water chemistry resulting from thermal gradients and
hydration processes.

A i D model was used to calculate the distribution of temperature, water content, and concentration of
different chemical specimens. The results show a good agreement of simulated and measured pore water
chemical compositions (Figure 1 ) [5], The following conclusions can be drawn:
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Figure 1: Comparison of simulated with experimental results after 2619 hours by non-isothermal reactive
transport in two phase flow (EXP - Experimental)

International Meeting, March 14-18,2005, Tours, France
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 501



P/MTPM/08

1. Temperature affects both the multiphase flow and geochemical reactions. Around the heated end, the
sample was dried by heat and can be well observed at the beginning stage while water from the bottom
did not reach there. Consequently, capillary pressure was increased and thus favoured the flow transport.
The effect on chemical reactions was also observed in the simulation. With increase of temperature,
concentrations of elements in pore water change, for example, the concentration of Na increases.

2. Within the duration of an experiment the chemical composition of pore water in bentonite can be
strongly determined by relatively soluble minerals like calcite, halite, gypsum, etc., which are normally
of small quantities in bentonite. Consequently, porosity change resulting from mineral dissolution/
precipitation remains small within a relatively short period (experiment).

3. The swelling effect is an important phenomenon in bentonite. Widi swelling under constrained conditions,
effective porosity and thus effective permeability of the bentonite will be changed. The swelling potential
can also be influenced by variation of the chemical composition. For such modelling more exact material
parameters are required [7].
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TRANSPORT THROUGH SHALES.
THERMODYNAMIC APPROACH,

IMPORTANCE OF THE MICROSTRUCTURE,
AND COMPARAISON

WITH EXPERIMENTAL DATA
Philippe Leroy, André Revil

CNRS-CEREGE Département d'Hydrogcophysique et Milieux poreux, BP 80, 13545 Aix-en-
Provence, Cedex 4, France, leroy@cerege.fr

The transport properties of shales or argillaceous rocks is complicated by the existence of a variety of
coupling transport phenomena. For example, when a macroscopic disturbance like a salinity gradient is
applied through such a material, it generates a ionic flux, an electrical current density and a fluid flow
through the porous material. In shales, most of the coupling phenomena owe their existence to the
smallness of the pores, the high specific surface and the excess of electrical charge located in the close
vicinity of the mineral-water interface, in the so-called electrical-double layer associated with the charge
excess or deficiency of the clay minerals. We have developed a consistent model of ionic transport in
water-saturated porous shales (Revil and Leroy, 2004). This model is based at the macro-scale on the
use of an extension of the theory of linear irreversible thermodynamics of Prigogine and De Groot and
Mazur. The material properties entering into the macro-scale phenomenological relationships are
obtained from a micro-macro homogenization by volume-averaging the local equations (Nernst-Planck
and Stokes equations) in the case of a binary symmetric electrolyte like NaCl or KC1. The thermostatic
state (equilibrium situation) is described using a modified Donnan equilibrium model. In this model,
we account for the spatial distribution of the counterions in an electrical triple-layer model (Leroy and
Revil, 2004). All the materials properties entering the macroscopic constitutive equations are explicitly
related to the porosity of the shale, to its cation exchange capacity, and to some textura! properties like
the electrical formation factor. We suppose that the size of the diffuse layer can be on the same order of
the magnitude than the size of the throats controlling transport though the connected pore space, which
is a good assumption for low porosity shales. We assume the porous medium homogeneous and isotropic
at the scale of the measurements.

Clay-rich composites act as semi-permeable membranes that restrict the passage of charged and uncharged
solutes. Reinvestigating some recent data from the literature (Malusis and Shackelford 2002), we explain
for the first time, from first principles and not from empirical considerations, the observed relationship
between the chemico-osmotic efficency coefficient, e, and the effective diffusivity D* of the salt
through such barrier (geosynthetic clay liner). The effective diffusivity D* of the salt calculated increases
from 6x10'" m2 s'! to 2.3xl0'!n m~ s"1 and the chemico-osmotic efficency coefficient £ calculated
decreases form 0.8 to 0.1 with the increase of the salinity (4xlO'3 to 4xlO"4 mol L"1} here.

The samples analyzed in this work come from the Callovo-Oxfordien formation at the underground
laboratory of Bure (Meuse, France). These samples were extracted from a depth of approximately 500
meters. The clay content is approximately 40 % and the clay fraction is composed of illite, chlorite and
mixed layer illite/smectite clays.
• When the samples are perturbed by a fluid pressure gradient, electric gradients are generated through

the samples. These streaming potential measurements yield electro-filtration coefficients. The streaming
potential exhibits a relaxation associated with the variation of the pressure front through the pore,
which is related to the sample length and the hydraulic diffusivity of the material.
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• When the samples are submit to a salinity gradient, electric gradients are generated through the samples:
membrane potential. These measurements yield the macroscopic Hittorf number. The predictions are in
good agreement with the experimental data. The amplitude of the Hittorf number and of the electro-
filtration coefficient decrease from 0.8 to 0.46 and 3.5 to 1 respectively when the salinity increases
(1.5x10"* to 7.5xlO~2 mol L"1). We observe the relaxation of the membrane potential. The relaxation
time is directly dependent on the sample length and on the effective diffusivity of the salt.

We have developed a finite difference algorithm to estimate the retardation coefficient for cations Na*
and anions Cl' including the electrical triple layer model.
In summary, some important parameters for describing ionic migration in shales like the effective
difrusivity of the salt, the macroscopic Hittorf number, the streaming potential coupling and the
hydraulic diffusivity coefficient have been determined experimentally and compared with the model of
ionic transport in shales. This new model developed by (Revil and Leroy 2004) can also be applied to
non isothermal conditions and in anisotropic media. Extension and future work involve unsaturated
media, multi-component electrolytes and irreversible deformations.
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MODELING OF TRACER BEHAVIOUR AND
DOMINANT REACTIONS DURING THE PORE
WATER CHEMISTRY (PC) EXPERIMENT IN

THE OPALINUS CLAY, SWITZERLAND
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1. Enviros Spain, Barcelona, Spain
2. RWI, Institute of Geological Sciences, University of Bern, Switzerland
3. Paul Scherrer Institut, Villigen, Switzerland

The Pore Water Chemistry (PC) Experiment at Mont Terri Rock Laboratory (Switzerland) aimed to gain
more insight into the reactions and processes that dominate the chemistry of the pore water in the
Opalinus Clay. For that purpose, a long-term diffusive exchange experiment was set up in a packed-off
borehole interval, which intersects the bedding plane at an angle of roughly 45°. To minimise oxidation,
the borehole was drilled with Nn and filled with Ar prior to equipment installation. On March 22, 2002,
artificial water was filled into the interval and allowed to equilibrate with the formation pore water. The
artificial water was designed by geochemical modelling to be in equilibrium with the mineralogy and
cation exchange properties of the rock and traced with Cl, Br, SO4, ~H, 18O, and LlC. Water samples were
taken for chemical analysis 12, 116, 264, 529, 600 and S07 days after start.

In view of the dominating diffusion along the bedding, we analysed the tracer data with a 2D solution.
The plane parallel to the bedding intersects the borehole in form of an ellipse. We simplified this geometry
by assuming a radial symmetry, where the circular borehole area (radius «' = 0.032 m) has the same
circumference as the ellipse. The diffusion equation for tins radial system, including the borehole area,
was solved in Laplace space and inverted numerically with the Talbot algorithm. The solution in Laplace
space is

where r>a ' is the radial distance from the centre, s the Laplace transform variable, a two times the rock
capacity per rock area divided by the borehole capacity per borehole area, D{, the pore diffusion coefficient,
q=(s/DJ '", and K(/ and K} modified Bessel functions of order zero and one.
Diffusion coefficients for Opalinus Clay samples from Mont Terri were determined in lab experiments
within other projects. As a first estimate, we used the value of Dc=4.3xl 0~n m V obtained forHTO parallel
to the bedding (all values were adapted to a temperature of 15°C) for HDOandforH2

lsO. We performed also
simulations with a five times lower value of Dt=8.7xl0~i:i m V ' representing diffusion perpendicular to
the bedding, as well as with the geometrical mean of the two values (Z)f =1.9x10 " m V ) . ForCl and Br,
the laboratory value for 36C1 of 1.3x10"" m's"1 (parallel), and values of 2.5x10'n mV 1 (perpendicular),
and 5.7x10~12 mV 1 (geometrical mean) were used. A porosity a of 0.17 m3m"3 was assumed for the
water tracers, and of 0.OS2 m3m~J for the anions. Note that Dp - Dj£, The capacity ratio CL was 9.2£.
Measured concentrations of tracers in the water follow more or less the simulation for a De of about
2x10"" m V ! and a porosity of 0.17 mJm J, The D,, value is somewhat lower than typical values reported
for diffusion along the bedding for Mont Terri samples. This may be because the experiment was located
in the fault zone, where the bedding is slightly disturbed. The concentration changes of the anionic tracer
Br can be described approximately by using a Dt. of about 6xlO"12 mV 1 and a porosity of 0.082 nv'rrf3.
Again, the DL, value lies between those expected for diffusion parallel and perpendicular to the bedding,
Cl shows the same tendency, but has very large measurement uncertainties.
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Modelling of the dominant reactions in the system was performed utilising the one dimensional reactive
transport model PHREEQC. The modelling domain was divided into 30 cells, 29 out of which correspond
to the clay formation and the remaining cell corresponds to the test borehole. The length of each cell
was 0.03 m.
Diffusion was the only transport process accounted for. The right boundary of the system, with the cell
representing the experimental borehole, was assumed a no flow boundary, whereas diffusion was allowed
across the left boundary of the system, assuming a constant initial pore water composition within the
Opalinus Clay. Effective diffusion coefficients (D,,) of 1-3x10"" m V were used.
The chemical composition of the initial pore water within the Opalinus Clay was that corresponding to
water sampled in long-term experiments. The initial water composition in the borehole was the in-filled
artificial water.
The water-rock reactions modelled within the formation were mineral precipitation and dissolution and
cation exchange reactions. The solid phases present in the Opalinus Clay include calcite (6-39 wt.%),
dolomite (0.6-2.7 wt.%), quartz (6-30 wt.%), celestite (0.02-0.06 wt.%) and pyrite (0.7-3.2 wt.%)
beside the dominating clay minerals (45-76 wt.%). Aragonite, dolomite and gypsum were allowed to
form as secondary phases as soon as they oversaturated in the system, while the precipitation of amorphous
FeS was permitted according to a kinetic rate law. The initial carbonate concentration in the formation
pore water was fixed to be in equilibrium with a pCO2 of 10":sî bars according to experimental values.
The degradation of dissolved organic matter was included in a kinetic Monod-like fashion. Sulphate was
assumed to be the only electron acceptor species. Organic matter was conceptualised by the generic formula
CH^O. According to this process, the reaction included in the code was
2CH;O + SO/". => H2S + 2HCO,"
with the following rate law

ED EA
Km + ED KEA + EA

where kmar stands for the maximum rate of the metabolizable organic fraction and K^ and KfD are the
half-saturation concentration of the electron acceptor (SO4~" in this case) and of the electron donor (dissolved
organic matter), respectively. In the absence of site-specific data on the parameters included in the rate law,
we conducted a sensitivity analysis to obtain the values of those three parameters that best reproduce
the on-line measured data.
The comparison between the model results and the measured data shows that master variables of the
water (pH and redox potential) are fairly well represented by the model. The model is also able to
describe die redox evolution of the system, indicating the adequacy of considering the role of bacterially
mediated organic matter oxidation.
An apparent discrepancy between data and calculation appears when dealing with sulphate and TIC.
Although the model describes the patterns of these two components, the extent of sulphate decrease and
TIC increase is much lower in the model compared to the actual observations. This can be a direct effect
of the fact that the parameterisation of the kinetics of organic matter decomposition was conducted
without in-sittt specific data.
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Compacted clays and argillaceous rocks are used worldwide as barriers around disposal sites of hazardous
wastes. The clays have well-suited physico-chemical and hydrological properties (i.e., large retention
capacities and low hydraulic conductivities). Water plays a central role in the transport of radionuclides
through clay rocks. Solutes can move via molecular diffusion through the thin water films that wet the
clay particle surfaces and interfaces. The physical and chemical properties of water films in clays may be
different as compared to bulk liquid water, which affects also the diffusion of solutes. In order to predict
the rates of diffusive transport and design effective barriers, it is essential to understand the characteristic
properties of pore water in clays.

Our aim was to characterise the following properties: the self-diffusion of pore water, the activation energy
of this process, and the freezing behaviour of pore water in well-defined compacted clays. All of these
properties are very likely influenced by interactions of the pore water with the clay surfaces and the cations
and thus probably differ from the corresponding properties of bulk water. S elf-diffusion is, in addition,
also influenced by the geometrical arrangement of primary particles in the compacted clays, and thus
depends on the scale of observation. In this contribution, we present first results of this ongoing work.

Three different clays were investigated because of their different behaviour in contact with water:
Montmorillonite, illite, and kaolinite. In the case of montmorillonite, water is located in between particles
and in the interlayer space. In illite, water is found only in between particles, because the interlayer surfaces
are tightly linked by potassium cations. The layers of kaolinite are uncharged and, consequently, water
is also located only in between particles.

Diffusion of water through these clays was studied at two spatial scales in order to infer the effect of the
geometrical arrangement of the primary particles. First, macroscopic diffusion experiments were performed
at different temperatures using clay samples of about 1 cm thickness and HTO as a tracer. These experiments
allow to determine porosities, diffusion coefficients or tortuosities, and activation energies of the diffusion
process. Diffusion coefficients at this scale are strongly affected by the geometry of the pore space.
Second, diffusion of water was studied at a microscopic level by quasi-elastic neutron scattering (QENS)
at the time-of-flight spectrometer FOCUS (SINQ, Paul Scherrer Institut). QENS can give information
about the dynamics of water molecules over a time scale of about 10'12 to 10'' s. At this scale, the
dynamics is influenced by the local environment only, that is, mostly by the clay surfaces and cations,
but not the geometrical arrangement of the particles. The data were analysed preliminarily using a simple
jump diffusion model, which allows to extract the local self-diffusion coefficient of water and the time
in between jumps of a water molecule. The experiments were performed at different temperatures to be
able to estimate also the activation energy of the diffusion of confined water.

In order to link the diffusion measurements at the two spatial scales, the structure and texture of the clay
samples were characterised by various methods. Particle sizes were estimated from SEM images and with
a zeta sizer, particle orientation with an x-ray goniometer, and clay layer spacing with x-ray diffraction.
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The freezing behaviour of the water in the clays was investigated by QENS at the IN 10 backscattering
instrument at ILL (Institut Laue-Langevin, France). Measurements were performed over a temperature
range from about 140K to about 320K. The amount of frozen water was estimated from the intensity of
the elastic peak.

As expected, macroscopic self-diffusion coefficients of water were strongly influenced by the geometry
of the pore space, being roughly 50 times smaller than those of bulk water. The activation energy for the
macroscopic self-diffusion of pore water was slightly larger than the value for bulk water. It seems so far
that local diffusion coefficients are similar, but the times in between jumps are larger for pore water in the
clays as compared to bulk liquid water. However, the parameter values obtained are rather sensitive to
the choice of models to analyse the spectra, and a refined analysis will be required. It was observed that
water in clays did freeze at considerable lower temperatures than bulk water. The width of the distribution
of freezing temperatures did clearly depend on the type of the clay sample, with montmorillonite
exhibiting the broadest range.
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DIFFUSION AND ACTIVATION ENERGIES OF
r AND Cs+ IONS IN COMPACTED SMECTITE

Haruo Sato

Japan Nuclear Cycle Development Institute (JNC), 4-33 Muraraatsu, Tokai-mura, Naka-gun,
Ibaraki-ken 319-1194, JAPAN

In safety assessment of the geological disposal of high-level radioactive waste in Japan, a role as a bar-
rier function of the buffer material (bentonite) composing multi-barrier system is quite important. The
authors have reported in previous studies that clay particles orientate in the perpendicular direction to
the compacted direction of bentonite for a bentonite (Kunipia-F*) which is almost 100 wt.% smectite
[e.g., 1] and that both diffusivities of tritium and deuterium are different between parallel and perpen-
dicular directions to the orientated direction of clay particles [1, 2],
In this study, the author studied the anisotropy in the apparent diffusivities (Da) of I" and Cs~ ions in
compacted smectite and the effect of ionic strength on those parameters, and discussed the effect of
porewater chemistry on diffusive pathway and microstructure.

The experiments were curried out by in-diffusion method. The Na-smectite was prepared by further
purifying a Na-bentonite, Kunipia-F* (Kunimine Industries Co. Ltd.), of which smectite content is over
99 wt.%. The diffusion experiments were performed as a function of smectite's dry density (0.9-1.4
Mg/m3), ionic strength ([NaCl]=0.01, 0.51 M), temperature (22-60°C) and diffusion direction to the
orientated direction of smectite particles.

Figure 1 shows dependencies of Da for both ions on smectite's dry density at 22°C together with Da
data for I" [3], Cl" [4] and Cs+ [3, 4] ions in Kunipia-F® (DW: distilled water) reported up to date. The
Da for both ions in the parallel direction to the orientated direction of smectite particles showed a ten-
dency to be higher than those in the perpendicular direction to the orientated direction of smectite par-
ticles at low ionic strength {[NaCl]=0.01 M). The Da for I" ions showed different trends depending on
diffusion direction and dry density at high ionic strength ([NaCl]=0.51 M), but Da for CsT ions increased
with an increase of ionic strength in both diffusion directions over the dry density.
Figure 2 shows dependencies of activation energies (AEa) for both ions on smectite's dry density togeth-
er with AEa data for Cl~ ions and CV ions in montmorillonite reported up to date [4]. The AE3 for I" ions,
slightly higher than that of the diffusivity for V ions in free water (Dn) (AEa =17.36 k.T/mol) at low ionic
strength, similar level to that of D° at high ionic strength, increased with an increase of diy density. On
the contrary, AEa for Cs+ ions, clearly higher than that of Du for Cs+ ions (AEa =16.47 kJ/mol) for all
conditions, increased with an increase of dry density. Since it is known that basal spacing and intersti-
tial pore aperture depend on both dry density and ionic strength, contributing diffusive pathway is con-
sidered to differ depending on the charge of diffusion species. At the present, further diffusion experi-
ments are on going, and the author will discuss in more detail, added those data at the conference.

References:
[1] H. SATO and S. SUZUKI, Applied Clay Sci. 23, 51-60 (2003).

[2] S. SUZUKI, H. SATO, T. ISHIDERA, and N. FUJII. 1 Contam. Hydol. 68, 23-37 (2004).

[3] I-I. SATO, T. ASHIDA, Y. KOHARA, M. YUI, and N. SASAKI, J. Nucl. Sci. Techno!. 29 (9), 873-
882 (1992).
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TIME-COURSE VARIATION
IN HYDRAULIC CONDUCTIVITY

OF CLAY-SAND COMPACTED SPECIMENS
USING CALCIUM RICH WATER
Takeo Ebina*, Doni Sugiyana, Yoshio Onodera, Abhijit Chatterjee

Laboratory for Membrane Chemistry, National Institute of Advanced Industrial Science and
Technology- Tohoku Center, Nigatake 4-2-1, Miyagino-ku, Sendai, 983-8551 JAPAN

ABSTRACT
Time-course variations in hydraulic conductivity of compacted specimens consist of clay samples and
siliceous sand was monitored using permeameters with flexible wall cells. The clay content to whole
solid was fixed at 11.5 % w/w, and the mixtures were compressed in a mold to be disk compactions.
Inlet liquid was initially distilled water and it was switched to Calcium Chloride aqueous solution whose
Chloride concentration was 1,000 ppm at long-term measurements. It was observed that initial 45 days
using distillated water as the inlet water the hydraulic conductivity did not show clear time-course trends
but some fluctuations in average value of 1.08 x ÎO"*5 cm/s, it was shown that Ca"~ loading from inlet
water slightly increases hydraulic conductivity for 40 days (1.38 x \0~9 cm/s in average), but after that
hydraulic conductivity was getting lowered drastically in a few days. After this decline, no significant
change in hydraulic conductivity observed. More than 150 days, the hydraulic conductivity had been
stable ai low value (1.31 x 10~'° cm/s in average).

The ion exchange by Calcium has been estimated to be a cause of decline in the impermeability. There
is a tendency for sodium type bentonite to have higher expandability than that of calcium type bentonite.
Actually, the increase in hydraulic conductivity of clay - sand compaction using Ca rich bentonite specimen
was reported in previous studies. The different result of hydraulic conductivity using Ca2+rich water was
obtained in this study, a drastic fall of hydraulic conductivity was shown and it was kept in a low value for
a long time. The drastic fall of the conductivity may be explained as follows. As ion exchange by Ca : '
proceeded, the compaction specimen got to be sparse because of the poorer expandability of Ca;' bentonite.
As the result, the specimen was further compacted by a cell pressure, giving a denser compaction with less
water channels. The compaction was observed indirectly as a simultaneous rise in inlet and outlet levels.
Applying a cell pressure to the compaction is the important factor, according to the real condition in
landfills that isotropic pressure from the ground will compress the compaction. This result suggests a
long-term barrier performance of the Na type bentonite-sand compaction under Ca-rich circumstance.
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AN ALTERNATIVE EXPERIMENTAL SET-UP
FOR DIFFUSION EXPERIMENTS

APPLICABLE TO IN-SITU STUDIES.
M. Garcia-Gutiérrez, M. Mingarro, T. Missana, P.L. Martin

CIEMAT, Avenida Complutense, 22 - 28040 Madrid (Spain) - mî u<

Clay formations are being considered as potential host rocks for radioactive waste disposal in many
countries. Since clays have a very low hydraulic conductivity, diffusion is the main transport mechanism
for radionuclides released from the canisters.

Diffusion is a process by which the matter is transported from one part of a system to another by random
molecular motion. The mathematical description of diffusion is based on the Pick's laws, which has to
be modified for porous media, as clays, because several interactions between the solid and solutes exist.
The nature of the ions, the porous medium itself and the specific geochemical conditions, influence the
diffusion process.

Thus, the understanding of the diffusion processes and the determination of diffusion parameters, for
many critical radionuclides, is crucial for the performance assessment of a deep geological repository.
Experimental studies on diffusion are mainly performed in laboratory but some "in-situ" tests are
planned in underground rock laboratories (URL).

Mont Terri URL, is situated in a service gallery of the Mont Terri motorway tunnel, near St. Ursanne in
north-western Switzerland, drilled in a Opalinus Clay (OPA) formation. OPA clay is currently under
investigation as a potential host rock for a high-level radioactive waste repository in Switzerland, In this
laboratory, few in-situ diffusion tests have already been carried out, in the framework of an international
multidisciplinary project running since 1996.

In all these tests, a similar experimental design was used. In fact, generally, the classic experimental set -up
for m-situ diffusion studies includes the injection of a tracer diluted in reconstituted formation water
into a packed off section of a borehole. The packed off section is formed by a stainless steel sinters of
high and known porosity. Between the sinter chamber and the wall of the borehole a void volume is
always left. In this configuration, a true contact between the chamber and the clay formation does not
exist, and a possible deformation of the clay material near the injection chamber and density losses
could occur. Furthermore, the introduction of a chamber filled of water could modify the properties of
the saturated clay in the first centimetres near the clay/experimental chamber interface, just where
radionuclide diffusion is expected to take place.

In this paper, a novel experimental set-up that could overcome the abovementioned problems and diat could
allow to carry out in-situ diffusion experiments in more realistic conditions is presented. This configuration
would simplify in-situ studies because the sampling or monitoring would be not necessary, as well as
the installation of packers and surface instrumentation; furthermore, if radioactive elements are used,
less radiological control is needed because the system is isolated. Finally, no vessel or tubing exists, in
which the sorption of certain elements could bias the results.

To show the feasibility of diffusion experiments using diis "new'" experimental set-up for diffusion studies,
a large cylindrical sample (30 x 30 cm) of the consolidated OPA clay was used in this work. In the centre
of the cylinder an hole was drilled (38 mm diameter and 20 cm of depth). A certain amount of clay
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obtained in the borehole drill was mixed with clay pore water to which the dissolved tracer was added.
The clay mixed with the traced water, compacted at the same density of the consolidated block, was
introduced in the hole. Finally, the system was sealed and diffusion started taking place. Scoping calculations
were carried out to calculate the diffusion distances, in the cylindrical geometry of the test, and the
experimental time was decided. After that time, different clay samples were extracted from the cylinder,
at different distances from the cylinder axis and at different heights. The activity in the solid samples
vvas measured to obtain the diffusion profiles.

Using this experimental set-up the diffusion of neutral, anionic and cationic species (HTO, ' 'Cl and Sr)
was studied, hi parallel, "conventional" laboratory experiments were carried out with the same radionuclides,
for comparison. In all cases a synthetic groundwater simulating the Mont Terri groundwater is used for
the clay saturation (Pearson, 2000),

Different types of "conventional" experiments were carried out. Through diffus ion-experiments were done
for determining the effective diffusion coefficient, De, of HTO and CÎ. Apparent diffusion coefficient, D^,
of IITO was obtained by means of out-diffusion experiments. As HTO is a conservative specie (Kj- 0),
the ratio between DL, and Du provided the value of the sample porosity. Apparent diffusion coefficient of
Cl" was determined by means of in-diffusion experiments. Finally, apparent diffusion coefficient of Sr~
was determined using a filter paper impregnated with the tracer between two saturated clay plugs. After a
given time, the clay plugs were cut into slices and the activity measured. The D^ is obtained by fit the
experimental profile to theoretical curves.

In all the cases, the internal consistency of the transport parameters obtained using different methods
(Da, De, porosity, rock factor, distribution coefficient..,} was verified and discussed.

References:
Pearson, F.J, (2000) "Unpublished Internal Report". Nagra, Wettingen, Switzerland.
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FLUID FLOW IN HIGHLY COMPACTED

CLAYS - LABORATIVE AND NUMERICAL
SIMULATION

Thomas Wilsnack ' , Siegrun Boy ' , Matthias Gruner 2 , Wolfgang Gaf3ner 2

1. IBeWa - Consulting for Mining, Water and Waste Disposal Engineering, Wilsnack & Partners

2. Department of Mining and Special civil engineering of the Freiberg University of Mining an d
Technology

ABSTRAC T
The fluid advancement in unsaturated highly compacted clay materials is determined by the hydration an d
swelling behaviour of the clay minerals as well as by the resulting capillary and permeability behaviou r

of the clay material .
Small-scale, technical experiments were performed in connection with the development of moistur e
detecting cable sensors for the investigation of fluid advancement within several compacted clay material/

Kupfer et al ., 2004/ . Based on these investigations the processes of saturation and flow in compacte d
clays were analyzed and empirical approaches for the modeling of the main processes were developed .
The resulting modeling concept allows the prediction of the fluid flow within clay based sealings an d
barriers in shafts and drifts .

SMALL-SCALE, TECHNICAL EXPERIMENT S
In co-operation with the Department of Mining and Special civil engineering of the Freiberg Universit y
of Mining and Technology bentonite filled columns of a diameter up to 800 mm and a length up to 200 0
mm were hydraulically tested in vertical direction . Figure 1 schematically shows the test configuration .

The hydraulic tests were performed on bricks, granules and a binar y
mixture (pillows and granules) produced from MX-80 as well as Calcigel .
Water and NaCl-solution were used as flow fluid . The clay materials were
filled in with a defined clay bulk density. There was no confinemen t
pressure applied to the columns . The hydraulic tests were performed a t
maximum fluid pressures of 10 MPa and a duration of maximal 150 days .
Rate of flow, pressure, temperature and cumulative fluid volume were
measured and recorded during the whole test . During some tests the
swelling pressure were additionally recorded at different levels withi n
the bentonite bodies . After testing the samples were dismanteled and
the moisture distributions were determined within the clay bodies .

E

PROCESS ANALYSIS AND MODELLING
The fluid advancement within compacted clays is determined by :
• changes in the effective phase permeabilities as a result of the por e

saturation ,
• changes in the density / porosity of clay materials due to :

- swelling of clay minerals – redistribution of the pore space ,

2,5 cm - secondary compaction and / or decompaction (axial displacement)
of the clay body – changes in density,

• reaching of an equilibrium between the moisture content or the por e
saturation with fluid and the relative atmospheric humidity in th e

Figure 1 : Test configuration

	

atmosphere or the pore gas .
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The permeability of the saturated clay material is the highest possible permeability . Therefore, the flow

within the saturated clay is determining the long-term flow within the whole sealing barrier .

Based on the knowledge about the properties of the used clay materials and test parameters as well a s
results from the test rebuilding a modelling concept was developed considering following processes :

• two phase flow in the unsaturated pore space ,

• single phase flow in the saturated pore space ,

• changes in the intrinsic permeability of clay materials due to swelling and consequently modification s

of the pore structure ( ntnobil

	

nimmobil) ,

• changes in the intrinsic permeability caused by the secondary compaction and decompaction and con -

sequently changes in density of the clay materials .

This modelling concept was taken to calibrate the model using the measured moisture distribution in th e

performed tests by the variation of the intrinsic permeability. Figure 2 shows an example for the calibratio n

between the model and test results for a test with Calcigel (binary mixture) and water. As result of thi s
it can be demonstrated that the developed modelling concept is capable to simulate flow and saturatio n

processes in clay materials . Thus, it is possible to predict the moisture advancement in large-scale, clay
based sealing systems by numerical modelling .
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Figure 2 : Model results (clay material : calcigel, binary mixture ; fluid : water)

Overview of presentation
The presentation will focus onto the following thematic priorities :
• general overview of the performed tests, test conditions and results ,
• explanation of the modelling concept for the numerical simulation of measured saturation processe s

in highly compacted clay bodies ,
• presentation of the simulation results and their interpretation ,
• conclusions .
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POROSITY, PORE STRUCTURE
AND BINDING STATE OF WATER I N

OPALINUS CLAY, SWITZERLAND

Thomas Gimmi ' '2 , Martin Mazurek'

1. RWI, Institute of Geological Sciences, University of Bern, Switzerlan d
2. LES, Paul Scherrer Institut, Villigen, Switzerland

Flow and transport properties of an argillaceous rock are largely determined by its microstructure, tha t
is by the spatial arrangement of solids and pore water. Our goal was to characterise the pore structure o f
Opalinus Clay and to derive parameters relevant for solute transport, such as porosity, mobility of the por e
water, and accessibility of the pore water for a given tracer . Opalinus Clay is a moderately consolidate d

argillaceous formation of middle Jurassic age and occurs throughout northern Switzerland and souther n

Germany . Maximum burial (ca . 1650 m b .g . at the Benken site in NE Switzerland) was reached during

the Miocene; since then, about 1000 m were eroded . The pore space is largely unaffected by diageneti c

cementation, with the exception of sandy/calcareous laminae that are strongly cemented by calcite .

A number of different methods were applied to characterise the pore space . Densitometric and water-los s
data yielded average porosities of ca . 0 .11 for Benken . Data based on through-diffusion and diffusiv e
equilibration experiments resulted in water-accessible porosity of ca . 0 .12-0 .15 . The slight discrepanc y
to the densitometric and water-loss data is explained by the fact that the latter methods involve sampl e
drying, which, for clay-rich samples, is not completely achieved at a drying temperature of 105°C .
Porosity of cm-size sandy/calcareous laminae, which occupy a small volume fraction of the total formation ,
is smaller due to diagenetic cementation .

Table 1 : Estimations of the fraction of bound water, based on different data and assumption s

Approach Experimental data neede d
as input

Surface s
considered

Boun d
water

Boun d
water (% of

[m 3 m 3] physica l
porosity )

External surface area (BET )

Total (EGME) and external

external 0 .040 3 2

Calculation assuming 2 layers of bound water on internal 0 .044 3 6
external and 1 layer on each internal surface

(BET) surface area
____.__

	

_ .	 .____ . .__. .

Total (EGME) and externa l
(BET) surface area total 0 .084 6 8

Calculation assuming that bound water is repre- Cation exchange capacity
sented by hydration shells of cations sorbed o n
clay surfaces

(CEC) and type of sorbe d
cations

mainl y
internal

0 .021 1 7

Calculation based on water ad-/desorption experi -
ments, assuming that at a relative vapour pressur e
of 0 .68 pore water is present as 2 layers on external

Water ad-/desorptio n
isotherms

tota l
(desorption)

total

0 .075 6 0

surfaces and

	

on each internal surface 0 .055 481 layer (adsorption )

tota l

Frenkel-Halsey-Hill formalism Water ad-/desorptio n
isotherms

(desorption )
_	

total

0 .083 67

(adsorption)
0.057 46
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Hg intrusion, N, and H,O adsorption isotherms show that about 45 to 65 % of the pore space are mesopores
with equivalent radii of 1 to 25 nm. This finding is corroborated by relating water contents and measured
total and external specific surface areas. Due to the dominance of very small pores, interactions with solid
surfaces affect a substantial part of the water and the solutes present in the pore space. From Table 1, it is
evident that a substantial part {45 - 70 %, neglecting the value based on CEC, which represents only part
of the bound water) of the pore water is represented by bound water, and only the remaining 30 - 55 %
can be considered as free or mobile pore water. These numbers are a simplification in the sense that,
from an energetic point of view, there is no sharp distinction between bound and free water because the
electrostatic potentials decrease gradually as a function of distance from the clay-mineral surface.

The small pore sizes and the negative charges of clay-mineral surfaces also affect the accessibility ofthe
pore water for solutes. While neutral species (e.g. water tracers) and cations can access the whole pore
space, anions are excluded from a considerable part of it. Table 2 shows the porosities available to Cl in
comparison with water-accessible porosity. Only ca. 30-70 % ofthe available pore space is accessible to Cl.

Table 2: Water- and Cl-accessible porosities in Opalinus Clay

Methodology to derive Cl
accessible porosity

Derived from through
diffusion experiments

Calculated from Cl
concentrations obtained by
squeezing or direct sampling

Site

Mont Terri

Benken (2 samples only)

Mont Terri

Benken (2 samples only)

Cl accessible
porosity

0.09

0.04-0.05

0.09

0.07

HTO Diffusion
accessible porosity

0.15

0.14-0.15

0.16

0,13

Cl accessible porosity /
water-loss porosity

0.62 (0.47-0.75)

0.3! (0.33-0.29)

0.58 (0.50-0.74)

0.55 (0.35-0.74)

There are a number of implications related to the small pore sizes and the negative charge on clay
mineral surfaces:
• Evaporation of pore water (thermal displacement) occurs over a range of temperatures, depending on

the binding energy on clay-mineral surfaces.
• In Opalinus Clay, the displacement of pore water by air occurs only at relatively high pressures (air

entry values >5 MPa at Benken),
• Advection may occur only in a fraction ofthe physical porosity. In order to displace bound water by

advection, the binding energy of the water must be surmounted. Higher hydraulic gradients may
mobilise a larger fraction of bound water than small gradients, where Darcy's law may no longer apply.
This has implications for the extrapolation of laboratory and in-situ tests (with gradients typically
>IOOO) to the natural system (typical gradients <1).

• The proportion of bound water is about 45-70 % of total pore water, compared with a proportion of about
30-70% from which Cl is excluded. Considering the various analytical and conceptual uncertainties
that underlie these data, to a first approximation, the region adjacent to clay-mineral surfaces where
water is bound can also be considered as the region that is largely free of anions. At the present stage,
this conclusion cannot be generalised because both proportions depend on ionic strength, and the precise
relationship is not currently clearly established.
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A FAST AND SENSITIVE METHOD FOR
EVALUATING NUCLIDES MIGRATION

CHARACTERISTICS IN ROCK MEDIUM BY
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3. Nuclear Fuel Cycle Department,Tokyo Electric Power Company, 1-1-3 Uchisaiwai, Chiyoda-ku,
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5. Energy Engineering Course, Applied Science Department, School of Engineering, Tokai University,

1117 Kitakanamc, Hiratsuka-shi, Kanagawa, 259-1292 Japan

ABSTRACT
Experimental effort to evaluate the barrier performance of geologic disposal requires relatively long testing
periods and chemically stable conditions. For example, a through diffusion experiment of cesium through
a 5mm thick granite disc runs several months in the constant atmosphere to obtain the meaningful data.
It is normally time consuming and resulting cost-effectiveness is low. We thus have developed a new
technique to present a fast and sensitive method to measure both nuclide diffusivity and sorption coefficient
simultaneously within a day to overcome such disadvantage of the conventional method.

In this method, a Teflon plate having a micro channel (10-200 urn depth. 2mm width) is placed just beneath
the rock sample plate, radionuclide solution is injected into the channel with constant rate. The breakthrough
curve is being measured until a steady state. The outlet flux in the steady state however dose not meet
the inlet flux because of the matrix diffusion into the rock body. This inlet-outlet difference is simply
related to the apparent diffusion coefficient (Da) of rock sample. Then, we adopt a fitting procedure to
speculate the sorption coefficient (K.(i) and the effective diffusion coefficient (De), simultaneously by
comparing the observation to the theoretical curve of the two-dimensional diffusion-advection equation.

In the present study, we measured De of 3H by using both the new method and the conventional through-
diffusion method for comparison. The obtained values of De by two different ways for granite sample (Inada
area of Japan) were identical: 6.0x10"12 m2/s and 5.8xlO"!2 m:/s but the testing period was much different:
1 Ohrs and 3days, respectively. We also measured the breakthrough curve of K:iSr and the resulting K.d and
De agreed well to the previous study [1] obtained by the batch sorption experiments with crushed samples.

Features of the new method are summarized as follows.
(1) High sensitivity: According to the very much high solid/liquid ratio (ixlO4 nvVrrr). the concentra-

tion drop due to the matrix diffusion is drastic and easy to detect such difference thus a large sam-
ple surface area is not necessary.

(2) Short testing period: The solution volume is very small and only several days are enough to reach
the steady state even if the case of large Kj.
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(3) Simple setup: The apparatus is small and constructed only by an injection syringe pump and sample
plate (40 mm x 25 mmx 10 mm) connected with a channel plate (40 mm x 25 mm x 0.2 mm). It is easy
to handle and easy to mount into a glove box to maintain a stable atmosphere.

(4) Simultaneous measurement: Both Kd and De values can be obtained in a single experiment.

The experimental evidence and the above features reveal that our new method based on the microreactor
concept is powerful and much advantageous when compared to the conventional method.

Reference:
[1] M. Tsukamoto andT. OHE, Intraparticle diffusion of Cesium and strontium cations into rock materials.

Chemical Geology, 90, 31(1991).
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AT THE GRIMSEL TEST SITE : GAS INJEC-

TION AND SYSTEM HYDRAULIC TEST S

S . Okamoto ' , S . Yamamoto ' , A. Fujiwara ' , S . Vomvoris 2, P.Marschall2 , G.W. Lanyon 3 ,
K . Ando 4, T . Shimura4

1. RWMC, No . 15 Mori Building, 2-8-10 Toranomon, Minato-ku, Tokyo, Japan
2. NAGRA, Hardstrasse 73, Wettingen 5430, Switzerland, paul .marschall@nagra .ch
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The Gas Migration Test in Engineered Barriers (GMT) is performed in Nagra's Grimsel Test Site in

Switzerland under the leadership of the Japanese Radioactive Waste Management Funding an d

Research Center (RWMC). The project focuses on issues related to waste-generated gas migration

through the engineered barriers in a silo-type disposal system . The main objectives of GMT are : 1) t o

assess the function of the system "EBS and adjacent geosphere" as a whole with respect to migration o f
waste-generated gas, and 2) to evaluate models (conceptual and numerical) applicable to gas migratio n

through barriers under realistic in-situ conditions .

The components of the field experiment (see Figure 1) are : a silo cavern, a concrete silo emplace d
within the cavern, a gas vent in the top of the concrete silo, bentonite/sand buffer around the silo (20%

bentonite and 80% sand) and, finally, sand/gravel backfill in the upper cavern above the silo cavern .
The bentonite/sand was emplaced as a series of "lifts" which were compacted in-situ . At the tops of
selected lifts, monitoring instruments were located, defining a series of Levels and associated Layer s

numbered 2-12 . The bentonite/sand in Layers 8-10 was traced with lead-nitrate for a gas flowpath

visualisation experiment which was performed during a second set of gas tracer injection tests (no t

described in this paper) .

Figure 1 : The GMT Concept (left) and the as-built EBS (right)

Saturation of the EBS started in August 2001 by water injection into Layer 1 and the backfill . During
flooding and pressurisation of the backfill it was found that piezometers and Time Domain Reflectometer s
(TDRs) between Levels 7 and 10 showed much faster responses than at other levels, indicating preferentia l
saturation of Layers 8-10 around the vent and silo top . This was probably due to reduced swelling of th e
bentonite caused by the presence of lead nitrate . Saturation in other layers was slow due to the low
permeability of the untraced 20/80 buffer . The saturation phase of the experiment was ended at the star t
of October 2002 as the region expected to be the focus of gas flow was highly saturated, although part s
of Layers 2-6 and 11 had shown little increase in saturation since the start of the saturation phase .
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Pre-Gas Water Test (WT1) — Prior to gas injecton a series of pumping tests were performed to determine

hydraulic properties of the EBS . The tests included injection and withdrawal tests from the concrete sil o

and pumping tests in the backfill .

Gas Injection Phase (RGI1-RGI3b) —Nitrogen was injected into the silo at increasing mass flowrates from

0.025 to 5 mg/s starting in January 2003 (see Figure 2) . The injections were designed to target differen t

processes : dilution, two phase flow, interface opening and pathway dilation . The first responses to ga s

injection were seen in TDRs on the silo sides and later within the bentonite/sand above the silo . During
the higher rate gas injections, instrument responses became focused in Layer 8 (close to the silo top) at the
North side of the silo . Pressure breakdowns were seen at the start of RGI2a and RGI3a, that corresponded

to periods of low effective stress on the silo top . During high rate gas injections the backfill pressure ros e

strongly, indicating an influx of gas .

Post-Gas Injection Activities — After shut-in of the gas injection, an upper cavern injection test wa s

performed to determine any change in compressibility due to the presence of free gas . Free gas was als o

removed from the silo to determine the volume of water displaced during gas injection . Finally the pressure

in the upper cavern was reduced so that it was similar to that prior to WT I .

Post-Gas Injection Water Test (WT2) — Repeat water testing after the reduction in EBS pressure showe d
the influence of residual gas in the bentonite/sand and an increased resistance to flow in/out of the silo .

Second Gas Injection Phase with Gas Tracers (RGI4) —A second series of gas injections using nitroge n
and selected gas tracers was performed between January and April 2004, following which the system wa s
depressurised and is now being carefully excavated and characterised .

Preliminary conclusions — Interpretation and characterisation work is ongoing but preliminary conclusion s
can be drawn : a) It was possible for high rates of gas to migrate from the silo under relatively low pressur e
gradients, probably controlled by the effective stresses, and b) No significant increase in EBS permeabilit y
due to gas migration was observed .
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INTRODUCTIO N
Gas migration in Sand/Bentonite (S/B) mixture is of great interest issue in radioactive waste geological

disposal . Understanding and predicting the gas migration behavior in S/B both experimentally an d
numerically is important for design of Engineered Barrier System (EBS) . Radioactive Waste Management
Funding and Research Center (RWMC) in Japan have been conducted the in-situ Gas Migration Tes t
(GMT) by using large-scale EBS in Grimsel Test Site (GTS) in Switzerland [1] . This in-situ experiment ,
including several stages : construction of the EBS, resaturation tests and gas injection/migration tests etc ,
has been initiated from 1996 . By the end of FY2004, the EBS dismantling will terminate . Many instruments
have been installed into EBS and monitored pressure, water content and temperature and so on .

International modeling/comparison study have been done by several numerical simulation codes : TOUGH2,
ROCKFLOW, CODE_BRIGHT, MERLIN and GETFLOWS, which based on different organizations ,
conceptualizations, dimensionality and numerical analysis schemes . Some of those numerical codes are
traditional water/air two-phase flow models based on the generalized Darcy law, and some of that ar e
fully- or pseudo- mechanical coupling flow models in this study .

In this paper, we discussed the reproducibility of the observed data at the in-situ GMT by 2-phase numerical
fluid flow simulator GETFLOWS . A full 3D model is used for discretizing the EBS and surrounding roc k
body, and for reproducing the whole processes dynamically. In the simulation, gas dissolution to wate r
and pressure-dependent pathway-dilation model of EBS are considered . Through trial and error runs ,
good matching is attained for the observation at resaturation stage, and at gas injection stage qualitativ e
applicability of the proposed pressure-dependent model is indicated .

GMT SITE IN GRIMSE L
GMT site is mainly composed of the upper and lower caverns, and is located at overburden around 400 m
depths in granite host rock, including shear zone partially (Fig .1) . Upper and lower caverns are circular -
type pits, which have different height and diameter. Pseudo-waste matrix is emplaced in the middle par t
of lower cavern and 20wt% sand-bentonite mixture is buried around it . Gas is injected from the top of
the pseudo-waste matrix . In order to detect fluid flow movement in EBS, many instruments such a s
pressure sensors and TDR sensors are installed in and around EBS .

This in-situ experiment has been done through several stages, such as opening cavern, emplacement o f
EBS, natural and artificial resaturation, hydraulic testing, gas migration tests and noble gas tracer tests .
Gas injection was performed after that the major part that the injected gas migrates becomes almos t
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fully-water saturated . During gas is injecting, pressure responses in EBS shows that not only a standar d

2 phase flow but also a gas dissolution to water and/or a failure of S/B pore structure occurred .

Figurel : Schematic View of GM T

DISCUSSION OF NUMERICAL MODELING AND REPRODUCTION
GETFLOWS (GEneral-purpose Terrestrial fluid-FLOW Simulator), which was developed by H .TOSAKA
[2], have been applied to GMT modeling study. A full 3D model is used for discretizing the EBS an d
surrounding rock, and for reproducing the whole processes dynamically . GETFLOWS is the 3D multi -
phase and multi-component, flow and transport fully coupled simulator. Corner-pointed finite differenc e
scheme is employed for the expansion of system equations and for the flexible expression of comple x
geology or artificial materials . Fast and robust matrix solver by preconditioned conjugate residual algorith m
with SLP (Successive Locking Process) technique is provided for easy and quick trials . SLP is a method
that was devised to attain rapid solution through successive reduction of the size of the problem b y
excluding the system equations for certain grid block by the use of blockwise differential convergenc e
phenomena observed in multi-unknown Newton-Raphson iteration scheme .

A sequence of experiment data was completely traced by GETFLOWS through the trial and error histor y
matching runs . Simulation result shows good agreement with the observed data . Also, we found tha t
"pathway dilation" could be one of the most important processes in order to reproduce the gas migration

behavior in S/B mixture . "Pathway dilation" in numerical model was considered as the pressure -
dependent permeability and porosity changes .

For the future, new experimental data that will be obtained through the EBS dismantling may provide u s
additional information about gas migration pathway . Based on that new information, we aim to establis h
toward practical usage of numerical model focused on the reproducibility and possibility of prediction .

References :
[1] A . Fujiwara, I . Yasutomi, Y. et al, "GMT - Large Scale In-Situ Testing of the Gas Migration Properties

of Engineered Barriers", in the Proc . of the 5th International Workshop on Key Issues in Waste Isolatio n
Research, December 1998

[2] TOSAKA Hiroyuki, ITOH Kazumasa and FURUNO Takashi (2000) : Ful 1y Coupled Formation o f
Surface flow with 2-Phase Subsurface Flow for Hydoro l ogica l Simulation, Hydrological Process ,
14, pp449-464
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INTRODUCTION
Diffusion and sorption are the dominant transport and retardation mechanisms for dissolved radionuclides
in the buffer material of a repository for high-level wastes [1]. However, the diffusion behaviour of anionic
and cationic species is not well understood in detail. No conceptual models exist that are able to describe
the key diffusion and retardation parameters, such as effective diffusion coefficients (De), rock capacity and
sorption distribution factors (Rjj), as a function of degree of compaction and the chemical composition of
the equilibrium pore water. The present contribution is a very first step in the direction of elucidating such
interrelations. The diffusion of Sr2' — as a typical representative of moderately sorbing cations — in
compacted montmorillonite has been investigated as a function of sample thickness and the ionic strength
of the saturating solution. The experiments follow two independent lines: (i) The aim of investigating the
influence of sample thickness is to clarify whether through-diffusion tests for strongly sorbing tracers are
feasible on reasonable time scales. For a 10 mm sample it can be expected that the observation time for
obtaining experimental data in the steady-state phase of diffusion, i.e. where the tracer flux is constant, may
be of the order of a few months, e.g. for D ; and Rd values of 10'm m2 s"1 and 10"2 m3 kg"', respectively.
Reducing the sample thickness will reduce the experimental times, because these are proportional to the
square of the sample thickness. However, with decreasing sample thickness, diffusion processes in the filter
plates, which confine the sample and produce a uniform contact of the solutions containing the tracer under
investigation and the sample, will become increasingly important, (ii) Varying the ionic strength of the
saturating solution is a first step in addressing the question of the influence of the chemical composition
of the external pore waters on the diffusive properties of Sr" in compacted clay minerals. The sorption
of Sr'" on clay minerals is governed by ion-exchange [2]. If the external pore water composition has an
influence on the properties of the interlayer space of montmorillonite, it might be expected that the overall
diffusive properties of Sr2" would be influenced, because the diffusion of Sr~ in montmorillonite is
hypothesised to occur mainly through the interlayer structure at high degrees of compaction [3],

MATERIALS AND METHODS
Commercially available montmorillonite (Milos) was brought to the sodium form by repeatedly equili-
brating with solutions of 1 M NaCl, washing with deionised water and finally freeze-drying the samples.
Known weights of Na-conditioned montmorillonite were compacted to a dry bulk density of ~ 1950 kg m"J

in stainless steel diffusion cells connected to two solution reservoirs through a continuous flow system.
The samples were equilibrated with solutions of NaC104 (0.5,0,7 or 1,0 M) for ~~ 1 month, after which Si:Sr
was added to one of the solution reservoirs. The solution reservoirs were regularly sampled, whereby
the downstream reservoirs initially devoid of &5Sr were replaced by fresh solutions, in order to keep the
activity concentration at very low levels. Sample activities were measured by "/-counting. The tracer flux
and the total amount of diffused tracer were calculated as a function of time from these measurements.
Best-fit parameters for effective diffusion coefficients and rock capacity factors were evaluated using a
computer code, which accounts for (i) time-dependent boundary conditions and (ii) the diffusive properties
of the tracer in the filter plates.
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RESULTS
First results of this ongoing investigation are presented for the experiments using a 5 mm thick sample.
The results are unexpected in two respects: (i) De values are dependent on the ionic strength of the external
solution, i.e. they are decreasing with increasing ionic strength, (ii) Ionic strength variations do not
appear to effect the initial phase of the diffusion experiments. If the sorption of 85Sr was dependent on
the external ionic strength, it would be expected that the tracer breakthrough would be delayed with
decreasing ionic strength, because the sorption of Sr" would be increasing. However, the results may be
interpreted in tenns of both the diffusion and sorption properties of S5Sr being affected by changes in ionic
strength. The quotients of Ds values and rock capacity factors suggest that these effects may compensate
each other, resulting in apparent diffusion coefficients which are independent of the external ionic strength.
Owing to the preliminary character of the modelled diffusion parameters, and to the fact that the steady-
state phase has not yet been reached in all experiments, no attempt has been made yet to compare the
results obtained from experiments carried out with clay samples of different thickness.

Additional information on the test systems will be obtained by following the out-diffusion of the tracer
and by separately analysing the tracer distribution in the samples.

References:
[1] Hadermann, J., 1997. The pillars of safety. In: Grenthe, I., Puigdomenech, 1. (Eds.), Modelling in

aquatic chemistry, OECD's Nuclear Energy Agency, Paris, France, pp. 577-591.

[2] Grutter, A., von Gunten, H.R., Rossier, E. and Keil, R., 1994. Sorption of strontium on unconsolidated
glaciofluvial deposits and clay-minerals - mutual interference of cesium, strontium and barium.
Radiochim. Acta 64: 247-252.

[3] Molera, M. and Eriksen, T, 2002. Diffusion of 22Na+, *5Sr+, 134Cs+ and " C o ^ in bentonite clay
compacted to different densities: experiments and modeling. Radiochim. Acta 90: 753-760.

International Meeting, March 14-18, 2005, Tours, France
Page 526 Clays in Natural & Engineered Barriers for Radioactive Waste Confinement



P/MTPM/2 1

PORE NETWORK CONNECTIVIT Y
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In order to scientifically test the feasibility of storage of high activity nuclear wastes, ANDRA, the French

radioactive waste management agency, gave us the opportunity to study entirely preserved specimens o f

Jurassic clay-rich rocks from eastern Paris Basin . The collection was realised in the frame of a reconnaissanc e
study that now leads to the building, under progress, of a -400 m-deep Laboratory, close to the village o f
Bure. The rocks under study consist in dark- to light-grey silty marls, or clay-stones, that were deposite d
during the Callovian and the beginning of the Oxfordian, called Cox (Callovo-Oxfordian) argillites .
According to pyrolysis data of the organic fraction and to fluid inclusion studies, these argillites never
reached 50°C in temperature nor have been buried deeper than 800 m, hence retain most of their origina l
physical and chemical properties that were examined through microstructural and SEM observations .

Core-specimens belonging to the top and basal parts of the Callovo-Oxfordian were subjected to anisotrop y
measurements of both the pore network connectivity (APNC) and the magnetic susceptibility (AMS) .
In terms of total connected porosity, the basal COX (richer in clay) has more constant and higher value s
(average 10%) than the top of the COX (4 to 8%) . Surprisingly, the porosities positively correlate with
the magnetic susceptibilities, themselves likely controlled by the clay/calcite fraction (Figure 1) .
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The APNC was studied by cutting cubic specimens along the three main AMS axes (K1>K2>K3), an d
by using epoxy to impose the mercury to flow parallel to these axes . For specimens with a measurabl e
magnetic anisotropy, the AMS and APNC axes coincide, the higher pore connectivity being parallel t o
K1 and the lower connectivity parallel to K3 (Figure 2 : 337-3C) . By contrast, in specimens having a
weak magnetic anisotropy, no pore connectivity anisotropy is observed (Figure 2 : 455-11A) .

We conclude that the APNC reflects the organization of the clay fraction : the low connectivity being
normal to bedding and the high one parallel to bedding . The highest connectivity is parallel to the magneti c
lineation K1, that likely corresponds either to the zone axis of the clayey fraction during deposition o r
to differential compaction during diagenesis .
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Worth noting is the specimen (Figure 2 ; 337-4B) where an inverse correlation between AMS and APN C
is observed, the maximum connectivity being normal to bedding . In sections parellel to bedding of thi s
specimen, tension gashes are observable under the microscope, as well as many extension features of
objects (lithoclasts, . . .) . These subvertical gashes may control the connectivity, and thus explain th e
local "inversion" between the AMS and the APNC axes .

In conclusion, the APNC technique appears to be robust and rather unexpensive to characterize th e
"microstructuration" of such homogeneous clay-rich materials .
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ABSTRACT
The gas flow in a complex 3-dimensional engineered barrier system (BBS) and its surrounding rock is
studied by means of hydro-mechanical-coupled numerical simulations using different conceptual
hypotheses. The results of the numerical simulations are compared to experimental findings.

For the three phase hydro-mechanically coupled calculations, the numerical code MEHRLIN is used,
which is based on the continuum theory of mixtures and treats the EBS as a three phase porous medium
(solid, liquid and gas). The principal field variables are solid deformations, liquid and gas pressure. The gas
phase is governed by the ideal gas law, and the flow of the two fluid phases {water and gas) is governed by
Darcy law and non-linear capillary pressure-saturation and relative permeability relationships are used.
The resulting system of equations is discretized in space using the finite element technique and in time
using an implicit formulation.

The experimental comparison is provided by the Gas Migration Test (GMT), The GMT experiment, ini-
tiated by the Japanese Radioactive Waste Management Funding and Research Center RWMC, is located at
the Grimsel underground rock laboratory in Switzerland (GMT: http://www.grimsel.com/pdfs/flg_gmt.pdf).
It studies the gas migration through a sand-bentonite engineered barrier system under conditions mimicking
those expected in a real repository for radioactive waste in a crystalline host rock. The experiment started
in 1997 and is currently being dismantled. After natural and artificial resaturation of the barrier system,
several gas injections were carried out and resulting porewater and total pressures as well as saturations
have been measured continuously at various locations within the engineered barrier.

The experimental setup consists of a concrete container with a permeable gas vent (mortar), surrounded
by an engineered barrier system made of a 20/80 % bentonite/sand mixture, which has been placed in layers.
a gravel backfill in the upper cavern and a concrete plug. In total, 12 different materials are considered in
the numerical model. As the surrounding rock matrix is very impervious, only a relatively high-permeable
shear zone intersecting the setup is considered for flow outside of the EBS. This represents a 3D situation,
in particular due to the hydraulic connection to the shear zone and a drift nearby the GMT location, which
is of importance for the pressure level and flow patterns found in the experimental setup. Therefore a
full 3D finite element model has been used, containing about 6T00O 3D tetrahedral elements.

The material parameters are based on independent laboratory tests for the sand-bentonite mixture, on results
of independent in-situ tests and on literature values for the other materials. In a first modelling step, the
concepts of Darcy's flow and a linear elastic material law were used to reproduce the resaturation phase.
In a further step, the gas injection phases are simulated-
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Based on the results of the numerical simulation, the different modelling hypotheses were investigated.
In particular, the importance of the mechanical influence on the functioning of the system under the
specific conditions was assessed.

Several possible mechanisms of gas flow in the EBS and more specifically in the sand/ben ton ite buffer
material surrounding the gas source were analysed. This is done on the one hand using classical continuum
based approaches and elastic constitutive laws for the materials involved. On the other hand, a material
model with damage development is used to evaluate mechanical effects on gas breakthrough phenomena
as observed in this real scale EBS in a tight rock formation.

The obtained results are analyzed in light of experimental findings (measurements during the gas injection
test and measurements/observations during the dismantling phase) in order to asses the flow mechanisms
that occurred in the setup at the different phases of the experiment.

Both mechanisms, two phase Darcy flow and preferential flow along damaged zones of bulk material or
along interfaces between them, are used to explain characteristic features of the experimental findings
and it is not yet clear which hypothesis should be preferred.
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WATER TRANSPORT IN BENTONITE:
EVALUATION BY MOLECULAR DYNAMICS,

HOMOGENIZATION ANALYSIS
AND SIMILITUDE LAW

Vasuaki Ichikawa', Somchai Prayongphan1, Kazumi Kitayama2, Katsuyuki Kawamura1

1. Department of Environmental Engineering and Architecture - Nagoya University - Chikusa, Nagoya
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2.NUMO; Minato, Tokyo 108-0014, Japan
3. Tokyo Institute of Technology; Meguro, Tokyo 152-8551, Japan

The major scenario of transport of radioactive nuclides is due to groundwater flow in most HLW projects.
The phenomena of water flow and diffusion of chemical species in a bentonite buffer and surrounding
rock mass have been treated mainly based on the classical porous media theories under the Darcy's law
and Fick's law.

The classical theories involve the following difficulties: 1) True velocity field is hard to be identified,
especially in microscale sense. Note that it essentially affects the transport of chemical species. 2) The
classical theories are not applicable to the problems in which experimental data are not available. Thus,
the very long time behavior cannot be proven.

We commonly recognize that the water flow in bentonîte and mudstone is strongly retarded. It is highly
doubtful whether the above classical theories are applicable for such veiy low permeable materials.

In this work we first show that the velocity and diffusion fields in pure smectite bentonite can be calculated
by a coupled molecular dynamics (MD) simulation and the homogenization analysis (HA)1. The true
velocity field can be calculated by applying HA to the Navier-Stokes equation, and the local distribution
of viscosity used in this HA is obtained by MD. The diffusion field is also calculated under the same
procedure of MD/HA by using the local diffusion equation with diffusivity calculated by MD, See In
details Ichikawa. et al. (2002)

Next, in order to clarify the dominant phenomena in saturated bentonite we introduce the similitude law to
the Navier-Stokes equation under incompressible condition and the diffusion equation, and obtain the Peclet
number. Here we apply the above MD/HA to specify the local profiles of water flow and diffusion charac-
teristics. The important point of the procedure presented here Is that in the sense of HA the characteristic
length which plays an essential role in the similitude law is uniquely given. That is, the size of a unit cell
of the HA model exactly gives the characteristic length. Note that the method to specify it has not been
discussed clearly, so in most case studies it is arbitrarily introduced, for example, as an underground cavern
size, see, e.g., JNC (1999). Thus, the Peclet number becomes also arbitrary in the conventional analyses.
In our MD/HA-similitude analysis this ambiguity is resolved. The results shown in Table 1 imply that
the mass transport in bentonite is extremely diffusion-dominant, since the calculated Peclet numbers are
of order 10"14.

HA is a perturbation method, which introduces a periodic microstruclure, called a unit cell. Then, we can identify httlh the
macmscale and microscale profile* of field variables simultaneously. See Fig. I.

International Meeting, March 14-18,2005,Tours, France
Clays in Pvatural & Engineered Barriers for Radioactive Waste Confinement Page 531



P/MTPM/23

Macroscale proble m
(Porous media with periodic micro-structures)

	

Microscale problem

Figure 1 : Domains for the two-scale HA .

Table 1 : Calculated results for pure smectite bentonite, Kunipia F (Kunimine Kogyo, Co .) .

P d

Mg/m 3

L

x10 -8 m

v H

x10 -17 m/s

DH

x10-10 m2/s

P e

x10 -1 4

1 .2 4 .49 7 .260 1 .089 2 .99 3

1 .4 4 .17 2.390 0 .767 1 .29 9

1 .6 3 .78 0 .698 0 .508 0 .520

1 .8 3 .67 0 .433 0 .412 0 .386

~f: fluid phase
52 5 : solid phas e
F f: fluid-solid interfac e

pa : Dry density,

v H : Homogenized velocity,

Pe : Peclet number

L : Unit cell length ,

D " : Homogenized diffusivity

References :
Ichikawa, Y., et al . (2002): "Molecular dynamics and multiscale homogenization analysis o f
seepage/diffusion problem in bentonite clay", Int. J Numer Meth . Engng., 55, 1-40 .

Japan Nuclear Cycle Development Institute (JNC) (1999) : Second Progress Report on Research and
Development for Geological Disposal of High-level Waste in Japan .
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EXPERIMENTS ON WATER SORPTION
AND DILATATIO N
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Previous studies of water sorption and dilatation were concerned on syntetic zeolites (mainly clinoptiolite) .
Sorption and dilatation curves are characteristic for groups of swelling materials and natural/synteti c
zeolites .

The aim of this study is to determine the behaviour of smectite-rich clay materials during sorption an d
dilatation experiments . Eight sets of clay materials were used in the experiments . Six samples represen t

bentonites s . s . (argillized pyroclastics) . These materials were sampled at Rokle deposit, Nepomysl deposit ,
Trebusice deposit, Cernÿ vrch deposit, Krasnÿ dvur deposit and Strânce deposit (Czech Republic) . Al l
studied bentonites contain mainly montmorillonite with Ca t+ and Mgt+ as dominant interlayer ions .
Kaolinite and illite are subordinate . Two samples represent sedimentary montmorillonite-rich clays fro m
Marsov and Zelenâ deposit near Skalnd (Czech Republic) . These clays contain smectite illite kaolinite .

Homogenized bulk clay samples (particles > 0 .5 cm were removed) were dried in the circulated atmosphere
(40°C) for 72 hours . Samples (0,5 g) were placed to the glassy U – tube and covered with glassy grate r
containing a referent point and heated to 115°C (2°C / 1min) using a heating device . The U – tube
containing studied sample was subsequently saturated with nitrogen . Desorption humidity curves were
calculated according to the following formula :

l A

mo = F .fgdt
0

mD – desorption water, F – flow of nitrogen (ml/min), t – time (min), g – absolute humidity (g/m 3 ) .

Desorption curves are plotted in fig . 1 .
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Figure 1 : Desorption curves of bentonite (Rokle deposit) and montmorillonitic clay (Zelenâ deposi t

The absolute humidity (AH) increases with temperature rise (fig .1) . The humidity increase has two stages :
Absolute humidity increases rapidly during the first stage . However, the second stage is represented by
slow increase until point A, where all of the interlayer water is released .
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Absorption experiments followed the desorption . The U – tube containing studied clay sample was pu t

into the 30°C aqueous bath and connected with humidified flow of nitrogen (AHmax = 40 ml/min) .

Remaining humidity of the clay sample was measured using a SENSORICA hydrometer . Absorptio n

humidity curves were calculated according to the following formula :

/

	

1 k

mA F.(gmax .tk — $gdt ) ,
0

g – absolute humidity (g/m3 ), gmax – maximal absolute humidity (g/m 3 ), mA – absorbed water (mg) ,

F – flow of nitrogen (ml/min), t – time (min), tk – const . time (min) .

Absorption curves are plotted in fig . 2 .
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Figure 2: Absorption curves of bentonite (Rokle deposit) and montmorillonitic clay (Zelenâ deposit )

The C D interval represents gradual adsorption of hydrate shells to the surface of clay minerals (fig . 2) .
At the same time, the water also fills the interlayer. After filling the interlayer, the humidity reache s
maximal value, which is equal to the input value (point E) .
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Figure 3 : Dilatation curves of bentonite (Rokle deposit) and montmorillonitic clay (Zelenâ deposit )

Dilatation measurements consist in evaluation of the swelling ability of clay materials . Fig. 3 shows
dilatation curves which increases with time . The ability to dilate (expressed in % of AL/L) depends o n
the water sorption to the surface and into the interlayer of clay minerals . The maximum is reached i n
point B, where AL/L reaches 2 .4 % (Rokle bentonite) respectively 1 .2 % (Zelenâ montmorillonitic clay) .
In this point, the interlayer of clay minerals is totally filled with hydrate shells .
The behaviour of clay materials can be estimated using water sorption and dilatation measurements . These
methods give also the possibility to determine the percentage of smectites . (The higher values AL/L o r
the longer C – D interval in the absorption curve, the higher amount of smectites in studied materials . )
The advantage of water sorption and dilatation consists in the quick evaluation of studied clay with precis e
estimates of physico-chemical properties (e .g . cation exchange capacity, specific surface area, porosity) .
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QUALIFICATION OF ASTER_CODE
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FLOWS IN POROUS MEDIA.
APPLICATION TO MASCILIA EXPERIMENT
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Within the framework of the nuclear waste storage in deep geological layers, the behavior of the saturated
grounds in contact with the heating waste package is studied to ensure the short, average and long-term
safety of the installation.

However, experiments in geological ground, including heterogeneities, difficult to characterize, take a
long time and are expensive.

Therefore, the numerical simulation, which is a powerful tool to study the storage behavior versus space
and time, became impossible to circumvent in order to analyze the radioactive waste management in
porous media.

In that prospect, the Thermo-Hydro-Mechanics (THM) modules of Code_Aster were complemented by
a two-phase thermal-hydraulics model, devoted to porous media. Such new developments intended to
simulate the physical phenomena of un-saturation and re-saturation that occur in porous, permeable and
initially saturated media, representative of worked engineer barriers or rock host. The concerned application
is related to the storage of long-lived nuclear waste in deep geological layers.

A qualification of CodeAster was previously carried out, using experimental results in porous media
(worked Bentonite barrier and clay of storage) with a system of water-steam-air. The current paper deals with
a new qualification of Code_Aster based on another experimental configuration, the CEA-Cadarache
MASCILIA one. In this experiment, a tank of very pure sand, saturated with water is heated by means
of an electric heater to simulate the thermal action of a nuclear waste package, and temperature profiles
are measured.

Moreover, the results of Code_Aster simulation are compared to those got by running two other computers
codes, the CEA ("MC3D-repo) and the Marne La Vallée University (ULMV) ones. These two-step processes
should allow the further use of Code_Aster to simulate realistic storage configurations,

Code_Aster is a Finite Element Method (FEM) code which has been developed by EDF It includes modules
to solve coupled problems involving thermal heat transfer, hydraulics and mechanics. The present study consists
only in testing THV (Thermal-Hydraulic-Vapor) module which deals with water-steam two-phase flows, in
rigid porous media, then the motion of the two phase flows is governed by Darcy's law. In the article, the
equations implemented in Code_Aster to simulate heated two-phase flows in porous media are developed
prior to the calculation presentation, to allow a relevant analysis of the numerical results obtained.

A first Code_Aster calculation set was carried out on the MASCILIA configuration with two different
package powers (500 and 900 W), three modelings were considered in turn:
• the 2-D plane model, fast to compute, to study the sensitivity of the results versus various parameters:

refinement of the meshes, physical properties of the porous media and of water.
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• the axisymmetric model, more reliable, but more time consuming, for comparisons with the experimental
results on the one hand, and with the results obtained with CEA MC3D-repo code on the other hand

• a 3-D model, more representative but heavily time consuming, for comparison with the experimental
results and the results of Marne La Vallée (ULMV) code.

Simulations by Code-Aster made it possible to distinguish the two-phase zone (heat pipe effect) from the
saturated water zone. The temperature results are qualitatively correct, but they show some weaknesses
on the quantitative point of view, as do the MC3D-repo and ULMV codes:
• the dissymmetry of the temperature profile between the upward and downward vertical directions, due to

gravity effect, is insufficiently marked in the numerical results: calculations over-estimate the temperatures
below the heater and underestimate them over it,

• in the two-phase zone, calculations show a slight decrease on the profile of temperature, according to
the distance from the heater package, whereas measurements indicate a near constant temperature,

A possible origin of such shortcomings can be found in the knowledge of closure laws: capillary pressure
function of saturation and relative permeability laws. Although the closure laws used are definite in
experiments from tests carried out on the sand of the experiment, they concern a field still badly known
for the porous media used (sand) and the studied configuration (without air).

In order to get calculation results closer to experimental results, new laws of sorption (capillary pressure
according to saturation) and of relative permeability of the steam, have been tested, running the 3-D
model. The results showed the strong influence of these laws on the extent of the two-phase zone and
the saturation temperature. These new laws result in a better agreement between the experimental and
calculated profiles, but some points still remain to be improved:
• complete un-saturation, implying the appearance of an overheated steam zone, must be better taken

into account, because it makes numerical convergence difficult to achieve,
• on a physical point of view, the saturation temperature difference (~2°C) between the upward and the

downward zone observed in experiments, which would correspond to a pressure steam gradient, is a
phenomenon to be better evaluated in the comparison between numerical and experiment results.
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EFFECT OF HOMOGENIZATION

ON THE EXCLUSION OF CHLORIDE

IN COMPACTED BENTONIT E
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2. Clay Technology AB, Ideon Research Centre, S-22370 Lund, Swede n

In our earlier study of non-homogenized clay (Muurinen et al . 2004), it was concluded that chloride i s

excluded from compacted bentonite . At low chloride concentrations, where anion exclusion is mos t
pronounced, the measured chloride concentrations were clearly higher than the values calculated wit h

the Donnan model . A potential explanation for this discrepancy was the model's inability to take accoun t

of the non-homogenous microstructure of the bentonite . Consequently, an attempt to explicitly incorporat e
the effects of clay microstructure, with the total porosity divided into interlayer and interparticle porosity ,
into the Donnan model was made, which resulted in a considerably better agreement between experimenta l
and model results .

In the present work, an attempt was made to prepare more homogenous bentonite samples than in Muurine n

et al . (2004) . The experiments were performed with MX-80 bentonite, from which easily dissolvin g

components had been removed to ensure that the excess ions in the pore water came from the externa l

solution alone . The bentonite was homogenized by first dispersing the clay powder in deionized wate r

with ultra sound . The bentonite-to-water ratio in the homogenization was 0 .2 g/ml. The extra water wa s
squeezed out in order to obtain the desired clay density. The samples were closed in cells and equilibrate d
with 0 .1 M NaCl solution through filter plates at one end of the cells . The concentrations in the pore
water were determined by dispersing the sample in deionized water .
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Figure 1 : Chloride concentrations measured in the pore water of homogenized and non-homogenize d
compacted bentonite equilibrated with 0 .1 M NaCl solution. The solid line is calculated with th e
Donnan model .

The results are compared in Figure 1 with those obtained previously for non-homogenized sample s
(Muurinen et al . 2004) and with values calculated using the Donnan model . It can be seen that the
concentrations in the pore water are clearly lower than for the non-homogenized samples, and, at lowe r
densities, the measured values are in line with model results . At higher densities, the values obtained with
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the homogenized clay approach those obtained with the non-homogenized clay, however. This probably
indicates a difficulty of obtaining well-homogenized samples when the density increases and the clay
flakes are no longer able to re-arrange themselves freely, and also a potential limitation of the Donnan
approach to describe the exclusion in highly compacted clay.

References:
Muurinen, A,, Kamland, O., Lehikoinen, J. 2004, Ion concentration caused by an external solution into
the porewater of compacted bentonite. Physics and Chemistry of the Earth 29 (2004) 119-127.

Keywords: bentonite, nuclear waste, porosity, exclusion, micro structure, Donnan model
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A promising area in the Zurcher Weinland (North Switzerland) has been identified by Nagra, potentially
suitable for hosting a high-level radioactive waste repository [1]. The geologic setting would be a slightly
over-consolidated claystone layer of Jurassic age, about 100 m thick, known as Opalinus clay. In-situ
characterisation of the Opalinus clay formation at the Benkeu exploratory site indicates that il may be
overpressured. Key numbers are a present day porosity of about 11 %. associated with a porewater
overpressure of 0.5 - 1.5 MPa and vertical hydraulic conductivity estimates in the range of 10"14 ms'1.
Some modelling work was therefore undertaken to identify a possible mechanism, responsible for such
observations. Compaction of poorly permeable materials during the geologic history was examined in
a preliminary study on compaction processes [2]. A more refined ID modelling of the history of
drainage and compaction of the Opalinus clay, including the uplift/erosion sequence since the Miocene
period, up to the present time was then discussed [3]. Because the maximum overburden, estimated to
1600 - 1700 m, was reached about 10 MY ago, the possibility of inheriting large pressures from the late
geological history of this basin was firstly investigated. Additional physical processes were gradually
accounted for to respectively (i) assess the importance of horizontal stresses due to ongoing tangential
Alpine tectonics, and the numerical code was adapted to account for the amplitude and the duration of
a compressive phase and (ii) measure the potential impact of a time-dependent visco-plastic rheology,
that may candidate to explain a porosity reduction during the cretaceous period where sedimentation
rates and burial depth were moderate.

A major discrepancy is still remaining and concerns the numerically calibrated Opalinus clay permeability
which is found at least one to two order of magnitude smaller than the in-silu permeability estimates.

Owing to the difficulties to match simultaneously the whole set of data, a new piece of work was under-
taken, using the same basin modeling approach as was done in [3], but based on the analysis of a two
dimensionnal NW-SE vertical cross section of the area. The selected portion of the section is about 25 km
in length, starting some 10 km NW to the Benken bore hole, at a location where the Opalinus clay is
outcroping under some quaternary deposits. A quite sub-horizontal bedding, slowly deeping toward the
south is observed and the section is more or less aligned with the direction of the recent compressive
stress regime. The objective is to evaluate the impact of the late tertiary uplift evolution explaining the
present day topograpic relief, on the hydrogeologic regime in the potential host rock and surroundind
layers. For modelling purposes, visco-plasticity and lateral stress are again assumed as a possible
options for compaction phases, while an elastic behaviour is used during the unloading sequences.

References:
[1] Projekt Opalinuston. Synthèse der geowissenschaftlichen Untersuchungsergebnisse. (Dec. 2002).

Nagra, Technischer Berichi 02-03, 659pp.

[2] P. A. Smith and P. Zuidema (2000), Modelling the history of drainage and compaction of Opalinus
Clay, Nagra. Interner Berichi 00-19, 39pp.
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Highly compacted bentonite plays a decisive role in the design of underground repositories for high-level
radioactive waste since it is a very efficient diffusion barrier for the migration of radionuclides. While the
effectiveness of bentonitc as a diffusion barrier is undisputed, a detailed understanding of the transport
mechanisms of aqueous species in bentonite, and of the factors which influence them, is still missing.

Much of the water present in compacted bentonite and clay systems is likely to be adsorbed on the internal
and external surfaces of clay minerals, so that the physical and chemical properties of water are largely
affected by interfacial phenomena. The dielectric and diffusional properties of water confined to nanoscale
spaces are significantly different from those of bulk water. It is known from experiments that the dielectric
constant of water (e) in clay-water systems decreases systematically as the water content is reduced. The
reduction of e increases the effective electrostatic forces between cations and anions, favoring the formation
of neutral or low-charge ion pairs or complexes. This results in an increase of the corresponding stability
constants. Geochemical modeling of porewaters in compacted clays using stability constants determined
for bulk water may therefore not be appropriate. Furthermore, a reduction of £ may also influence diffusion
in compacted clays. In all 2:1 clays (apart from talcs and pyrophyllites) the substitution of Si4~ by Alj4

in tetrahedral layers and ofAl" by Mg"' in octahedral layers leaves the TOT layers negatively charged.
This is compensated in the interlayer by diffuse double layers of charge-compensating cations close to the
surfaces of the TOT layers. If a clay is sufficiently compacted, the diffuse double layers of adjacent surfaces
may overlap, preventing the diffusion of anions (Donnan exclusion). Consequently, the formation of neutral
ion pairs or positively charged complexes, due to the reduced £, may enhance diffusion in places where
double layers overlap, since neutral or positively charged species are not subject to Donnan exclusion.

In order to investigate the potential formation of such species in the interlayers of compacted clays,
we have started a series of Monte Carlo simulations of NaCl in the interlayer of Na-montmorillonite.
The simulation cell consists of a 31.7 x 36.6 Â sheet of Na-montmorillonite. where the interlayer
is sandwiched between two TOT half-layers. The composition of the simulation cell is
Na]S(Si|S(-,A](:i)(u,[(AlS4Mg12)o).tO4S0(OH)%- aH2O • bNaCl, The number a of water molecules in the
interlayer was systematically reduced from 1000 to 144 (resulting in a decrease of the layer thickness
from about 35.7 to 14.5 Â), while the number b of NaCl in the interlayer was correspondingly adjusted
from 42 to 6 in order to keep the interlayer solution constant at 2.3 molal. Monte Carlo simulations in
the NpT ensemble at 105 Pa and 25° were performed with program MONTE v. 5.4 (developed by N.T.
Skipper, University College, London) using the TIP4P water model.

Preliminary results indicate that the proportion of neutral NaCl ion pairs increases as the amount of
interlayer water is reduced. At low water contents, positively charged higher order NaCl complexes or
clusters are formed. The formation of such species has also been predicted by BRODHOLT (1998),
DRIESNER, SEWARD & TIRONÏ (1998), and SHERMAN & COLLINGS (2002) in molecular
dynamics simulations of bulk aqueous NaCl solutions at high temperatures, where £ of water is also
significantly reduced. It is thus conceivable that anionic radionuclides (like Cl") may diffuse through the
interlayer despite Donnan exclusion by forming neutral ion pairs or positively charged complexes,
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INTRODUCTION
The French Nuclear Agency (CEA) and the French Agency for the Management of Radioactive Waste
(ANDRA) are jointly developing a software platform called ALLIANCES. Its purpose is to produce a tool
for the simulation of nuclear waste storage and disposal repository. This paper deals with the validation
and the use of the chemistry-transport model included in ALLIANCES. This model solves iteratively
a geochemical model coupled to a transport model. It has been qualified and validated on numerous
configurations involving aqueous speciation, dissolution-precipitation, sorption, and surface complexalion.
Nowadays, the reactive transport numerical tool is used to simulate realistic configurations. We will
present two such applications: the migration of uranium in a soil with various redox conditions and tritium/
helium age dating in an aquifer.

PRESENTATION OF THE COUPLED REACTIVE TRANSPORT CODE
The model describes the spatial and temporal evolution of a set of chemical species that are, on one hand
submitted to transport phenomena and, on the other hand, submitted to chemical reactions. Chemical
reactions may be in equilibrium or under kinetics, in liquid, solid or sorbed phases. More precisely, in
addition to the usual homogeneous reactions occurring in the liquid phase such as aqueous complex
formation, acid-base and redox reactions, heterogeneous reactions that exchange matter between the
liquid and the solid phase are also taken into account. The main heterogeneous reactions considered are
precipitation-dissolution of minerals and sorption such as cation exchange or surface complexation. The
code relies on the libraries of two geochemical codes solving the complex ensemble of reacting chemical
species: CHESS, developed by CIG (France) [Lee (2002)] and PHREEQC, developed by USGS (US)
[Parkhurst ( 1999)], Hydrological processes involved are the transport by convection, dispersion and/or
diffusion in 1D/2D/3D with structured and unstructured meshes. Several codes are available to simulate
hydraulic flow and transport: Cast3M, developed by CEA (Fiance) [Dabbene, (1998)][Bernard-Michel
(2003)] and Modflow/MT3D, developed by U. Alabama (US) [Zheng (1998)]. The coupling algorithm
is sequential iterative [Yeh (1989)].

VALIDATION OF THE COUPLED REACTIVE TRANSPORT CODE
In a first step, several analytical test cases have been defined and used to validate the reactive transport
code. Numerical results have been compared to analytical solutions. In a second step, more complicated
configurations have been simulated [Mugler (2004)].
The code is now used to model and simulate real configurations of reactive transport. Among those, this
paper focuses on two applications: the migration of uranium in a soil with various redox conditions the
second one dealing with trhium/helium age dating in an aquifer.

MIGRATION OF URANIUM IN A SOIL WITH VARIOUS REDOX CONDITIONS
Measurements performed in a polluted site have shown that the dissolved uranium concentration varies
in time: it increases in winter and decreases in summer according to variations of redox conditions. The
numerical platform ALLIANCES has been used to model and simulate the site. In the simulation, water in
equilibrium with the oxygen atmosphere infiltrates a subsurface aquifer and leaches a zone enriched in
uraninite. Several simulations have been performed with an increasing complexity for the soil geochemistry,
including nitrogen and sulfur aqueous redox chemistry. Reactive transport modelling shows the dissolution
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of uraninite and the subsequent migration of uranium in the environment. When thiosulfate ions are
present in the soil, the solubility of uranium increases due to dissolved uranium complex formation. As
a consequence, the uranium concentration is greater than without thiosulfate ions. Numerical results are
in qualitative agreement with experimental measurements and show the interest of the use of a coupled
reactive transport code.

TRITIUM/HELIUM AGE DATING IN AN AQUIFER
ALLIANCES has been used to model an aquifer in two space dimensions in order to simulate the
degradation of 3H to its daughter :He. Time varying boundary conditions have been introduced to take
experimental measurements into account. A kinetic law is describing the decay rate of Tritium to
Helium. First results will be presented showing the capacity of the coupling tool to treat complex
realistic configurations.

CONCLUSION
A coupled transporte h em is try simulation tool has been developed and validated against numerous con-
figurations. It is now successfully used to model and simulate real configurations of reactive transport.
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PLE THICKNESS FOR DIFFUSION EXPERI-
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The long-term risk assessment of underground repositories for radioactive waste requires among others
diffusion coefficients of actinides in bentonite to account for the steady state diffusion process afteT
exhaustion of the limited sorption capacity of the bentonite sealing. The determination of effective diffusion
parameters of strong sorbing tracers such as actinides in laboratory diffusion experiments is very time
consuming. For that, the sample thickness has to be reduced to a minimum. However, falling below a
critical distance may lead to a disturbance of the clay texture and to inadequate boundary conditions and
thus, to a misinterpretation of the diffusion data. Our work focuses on the dependence of the diffusion
parameters of tritiated water (HTO) in bentonite on the sample thickness.

MX-80 bentonite samples were compacted in pressure cells of 50 mm inner diameter to a dry bulk density
of 1.6 g cm'3 and a final sample thickness of 2.5, 5.0, 7.5, and 10.0 um, respectively. Titanium filter plates
of 5 mm thickness and 10 um pore size were used. The samples were saturated with synthetic Opalinus
Clay pore water applying a hydraulic pressure of maximal 10 MPa in order to verify the sealing function.
After dropping the pressure the through-diffusion of HTO was investigated using a stationary technique.
After attaining the steady state diffusion over an appropriate time the out-diffusion of the tracer was
measured. The parameter estimation is based on analytical solutions and was performed by linear
regression in the case of through-diffusion and a nonlinear fitting routine in the case of out-diffusion.

The experimental data show that the clay plugs used are representative concerning their sealing behavior.
No fluid break-through occurred under hydraulic pressure. The swelling pressure was nearly constant
over the duration of the diffusion experiments. No formation of cracks or channels was observed which
would have led to an abrupt increase of the diffusive flux. The diffusion coefficients (De) derived from
through-diffusion experiments for the different thickness show that the De values at 7.5 and 10.0 mm are
in a good agreement (T.05-10'1" m's'1). A slightly (within uncertainty) decreased Dc was found at 5,0 mm.
whereas a significant drop of De w

ras observed at 2.5 mm. In the case of out-diffusion the discrepancy
was lower, especially at the low concentration side.

We conclude, that the clay plugs are mechanically stable and fulfill the hydraulic sealing function. From the
relationship between sample thickness and D,. we see that the filter plates exert a significant influence on
the boundary condition as soon as sample and filter plate are of the same thickness. Filter plates should be
ofabout 1 to 2 mm thickness to resist the swelling pressure. Thus, a sample thickness in this dimension
is possible to work with strong sorbing tracers minimizing the duration of the diffusion experiment and
providing representative results.

Based on literature values for MX-80 pore water chemistry and sorption data of Uranium on montmorillonite
a distribution coefficient Kn was estimated. This approach utilized the surface complexaiion model and a
respective data base (RES3T). Computations were performed with the F1TEQL 3.2 code. The calculated
KD's range from 30 to 300 ml g"1. This enables a blind prediction of the accumulated diffused activity
for different sample thickness. A time frame of at least one year will be necessary to reach steady state.
This will be checked by respective long lasting diffusion experiments.
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ABSTRACT
In Sweden, as in many other countries, compacted bentonite will surround the encapsulated spent nuclear
fuel in a deep bedrock repository. Bentonite gives mechanical support and minimizes the water flow over the
deposition holes. The retardation for cationic radionuclides escaping a faulted canister is high in saturated
compacted bentonite, since cationic radionuclides sorbs strongly on the bentonite surface, and the only
plausible transport mechanism is diffusion. Sorption and diffusion of radionuclides in the bentonite barrier
has been extensively studied and sorption and diffusion coefficients are well established. There is a lack
of knowledge as well as data for effects of colloids on radionuclide mobility and transport in the bentonite
barrier. In a deep bedrock repository, colloids, particles in the size range of I-1000 nm, will be present,
however in very low concentrations. The colloids origin from eroded bedrock and filling material,
mineraloxids, clay, degraded organic compounds and micro-organisms etc. The bentonite barrier is
regarded to be an efficient filtering barrier for colloids. With the widely spread micro-structure with
pores in between the montmorillonite flakes in the size range of nm, and the inter particle voids partly
gel filled of urn sizes, colloid transport seems unlikely. In a Japanese diffusion study on gold colloids
no breakthrough of the colloids was detected [1]. However, to reject the possibility of enhancement of
transport of radionuclides by colloids, more data from diffusion studies on other types of colloids in
compacted bentonite are needed.

Therefore diffusion experiments of Humic Colloids (HC), in the size range of 1-10 nm, were performed.
Stability experiments on HC were initially performed as well as sorption of HC on bentonite. The
bentonite was compacted to the dry densities between 0.6-1.8 g/cm3 and saturated with 0.01 and
0.1 M NaClO4-solutions for eight weeks. The diffusion cells were of 5 and 10 mm length. 0.1 g/1 HC
and 0.01 and 0.! M NaCICvsolutions initially analysed with Photon Correlation Spectroscopy (PCS)
for the HC size distributions were connected to the diffusion cells. The diffusion of HC was studied for
60 days and the humic concentration in the outlet solutions was measured at time intervals by optical
absorption at 278 nm. Water from the bentonite equilibration was used as blank, to avoid to artefacts of
organic material leaching out from the bentonite. In parallel a number of diffusion experiments were
performed with Co(II) and Eu(III) in the absence and presence of HC. Since Co(II) and Eu(III) are in
principle immobilized by sorption on bentonite, the presence of HC could potentially mobilise these
radionuclides. Sorption experiments with Eu(III) on bentonite at different pH and ionic strengths were run
parallel to the diffusion experiments. Bentonite was compacted to 0.6, 1.2 and 1.8 g/cm3 dry density and
equilibrated with 0.01 and 0.1 M NaCI04-solutions for eight weeks. The diffusion of Co(II) and Eu(lll)
was monitored by analysing the outlet solutions at time intervals by y-counting using a germanium
detector and multichannel analyser. At the end of these experiments, each diffusion cell was dismantled
and the bentonite sliced into thin sections. Each section was dried and weighed and the activity measured
by y-counting. The experimental breakthrough curves as well as the HS , Co(II) and Eu(III) profiles in
the bentonite were simulated with the finite difference based computer code ANADIFF.

Regardless of the compaction and ionic strength of solutions, HC diffused through the compacted bentonite
with apparent difflisivities, Da, in the magnitude of 10s cm:/s. HC diffused through the compacted bentonite
without any strong physical hindrance. Any filtering effect of the bentoniie is very low. The effects of
HC on both Co(II) and Eu(III) sorption and diffusion weTe significant. Co(II) is mobilised when HC is
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present in the system. The Da increases significantly for Co(II) when HC is present. For example Ds

increases from the magnitude of 10"'° cm2/s, to If)'15 cm'/s in bentonite compacted to 1.8 g/cnr1 and ionic
strength 0.1 M in the equilibrating solutions when HC are present. From ANADIFF simulations it can
be seen that the KA decreases from 2400 g/cm\ to 850 g/cm3 under these experimental conditions.
Eu(Ill) is also mobilised significantly by the presence of HC. For example Da increases from the magnitude
of 10~10 cm2/s, to 10 s crrr/s in bentonite compacted to dry density 1.8 g''cm\ and ionic strength 0.1 M
of the equilibrating solutions, when HC is present. The Kd accordingly decreases from 7000 to 10 g/cm'.

The results from this study indicate that HC, in the size of 1-10 nm, diffuse rather unhindered and the
bentonite does not function as an efficient filter for these colloids. Radionuclides are complexed by the
colloids and transported further into the compacted bentonite, than when HC are not present.

Further investigations are needed to understand the factors controlling colloid transport in compacted
bentonite, as well as studies of the microstructure of compacted bentonite.

Reference:
[1] Kurosawa, S,, Yui, M. and Yoshikawa. H. (1997) Experimental study of colloid filtration by compacted

bentonite. Mat. Res. Soc. Symp. Proc. Vol. 465, Material Research Society.
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MULTISCALE, COUPLED T-H MODEL
FOR SYSTEM STUDIES
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INTRODUCTION
One of the most important issues in any high-level nuclear waste repository is the effect of heat that
affects the safety and performance of the facility. Firstly, the heat is the main, lasting disturbance upon
the natural system in addition to the fracturing of the host rock during the construction of the facility.
The host formation may be restored after the waste is emplaced by sealing and backfilling the openings.
However, the heat further generates a thennal pulse that lasts for several hundred years, causing thermally-
induced processes in the natural and engineered barrier systems. Secondly, the effect of heat, i.e., the
resulting temperature rise is slow in development. The evolution of the maximum temperature may be
delayed by hundreds of years. Errors in the model prediction of the thermal pulse may cause long-lasting
and perhaps uncorrectable consequences since remedial actions are nearly impossible after the repository
is sealed. Thirdly, the long time period relates to large host rock volume and dimensions, much larger
is size than that of the construction area. At the same time, the near-field areas close to the heat and
potential emission source is the most affected by the temperature field. This multi-scale nature places
great challenges to the modeling and prediction of the thermal responses.

DESCRIPTION OF THE WORK
A mukiscale, coupled thermo-hydrologic model is developed for supporting conceptual design and thermal
loading system studies. According to the literature, the interactions between the mechanic-thermal (M->T)
and the hydraulic-thermal (H->T) mod el-elements are usually negligible, making it possible to uncouple
the thermal equation from the mechanical and the hydraulic equations. However, the thermal properties
of the host rock are known to be strongly dependent on the moisture content. In addition, any thermally-
induced moisture movement in the matrix and fracture of the rock may be the most significant close to
the emplacement drift where the thermal gradient is the highest. Therefore, it is most appropriate to use
a fully-coupled H<->T hydrothennal model from the start of the model formation. The present work
applies NUFT (Nonisotherma! Un saturated-saturated, Flow and Transport model), a Lawrence
Livermore National Laboratory software product. The M->{T<->H) interaction may have a cross-effect
that can be consecutively included in the model by adjusting porosity and fracture properties under stress
conditions. The T-H model includes conduction and convection in a porous and fractured rock formation,
general enough for incorporating any potentially variable thermal conductivity and related diffusivity for
temperature prediction.

Another important modeling issue is the analysis of the potential development of conduction-con vect ion -
vapor migration-condensation mechanism in the engineered barrier system and the damaged host rock
zone during the partially saturated phase of the operation. A continuous steam cycle may form between
the central, relatively hot, and the distal, relatively cold repository areas in such a system during the thermal
pulse. A steam cycle is possible under certain conditions, namely, if the backfill buffer material cannot
saturate and the damaged zone cannot re-saturate due to vapor-phase water loss to the cold, condenser
areas of the repository. The coupled modeling of this scenario during the conceptional design phase is
a target point for model configuration. Preferential pathways and single-fracture flows are difficult to
incorporate in a large-scale model due to the large number of nodes involved. A new coupling technique
is used that allows for incorporating overlapped model-elements within the same domain. This new,
NTCF technique is used in MULTIFLUX, developed at the University of Nevada, Reno. The NTCF
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technique allows for massive node reduction and multi-scale solutions . MULTIFLUX is used with

NUFT as a porous- and fractured-media model, and a Computational Fluid Dynamic or heat and flo w

network element model as the overlapped domain model(s) .

MULTIFLUX with the multi-scale NTCF technique is used to solve the coupled thermohydrologi c

problem for a large model domain that includes the maximum temperature area in the central part of a

repository panel, while it stretches out to the unheated zone . Within the large, mountain-scale domain ,

the model represents tunnel-scale as well as waste container-scale domain elements, with fine enoug h

division to depict temperature and moisture concentration variations along a single waste container. The
multi-scale model domain is shown for a conceptual arrangement in Figure 1 for spent nuclear fue l

emplacement .

RESULTS AND CONCLUSION S
The paper will describe the input data and assumptions of the model ; and the temperature and moisture/
humidity results for a time period of 10,000 years . The model results will include a pre-closure time period
of 20 years during which the facility is ventilated and artificially kept dry for construction and emplacement;
and the entire post-closure time period during which the facility first heats up to its maximum temperature
while at the same time re-saturates, and subsequently decays toward its ambient conditions . Conclusion s
will be provided relative to the spatial and temporal temperature and moisture/humidity variations for a
conceptual arrangement . The expected thermal goals will be evaluated.

(a)

Figure 1 : Horizontal conceptual emplacement . (a) repository panel ; (b) enlargement of emplacemen t
area; and (c) multi-scale model building block .
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HEAT AND WATER MASS TRANSFER
IN UNSATURATED SWELLING CLAY BASED

BUFFER: DISCUSSION ON THE EFFECT
OF THE THERMAL GRADIENT AND

ON THE DIFFUSION OF WATER VAPOUR
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The modelling of heal, mass transfer and the behaviour coupled thermo-hydro-mechanical in swelling
clay require the development of appropriate constitutive laws as well as experimental data. This former
approach, allows the quantitative validation of the theoretical models. In general modelling approaches
consider dominant mechanisms, (i) Fourier's law for diffusion of heat, {ii) generalized Darcy's law for
convection of liquid water, (iii) Flick's law for diffusion of water vapour, and elastic-plastic models with
hydric hardening and thermal damage/expansion for strain-stress behaviour (Alonso, E.E. et al. 1995),
(Catsius clay project. 1998), (Gens, A. et al. 1998), (Thomas, H.R. & Sansom, M.R. 1995), (Thomas,
H.R. & King, S.D. 1991), (Robinet, J.C. et al. 1999), (Robinet, J.C.S Ducoulombîer, A. & Plas, F 1999),
(Schrefler, B.A. & Xiaoyong. Z. 1993).

Transfer of dry air and water under thermal gradient and capillary (e.g. suction) gradient in unsaturated
compacted swelling clays consider evaporation, migration and condensation. These transfers take into
account the capillary effect (Gens, A. et al. 1998), (Code Aster. 2001), (Robinet, J.C. et al. 1999),
(Robinet, J.C, Ducoulombier, A. & Plas, F. 1999), (Villar, M.V, Fernandez, A.M. & Cuevas, J. 1997).
This effect is an evaporation of liquid water in the hot part for temperature higher than I00°C associated
with a, diffusion of water vapor towards cold part then condensation, and convection of liquid water with
gradient of suction in the opposite direction of the water vapour diffusion. High values of the diffusion
coefficient of the vapour water are considered about 10"' rrfV's (Olivella, S. & Gens, A. 2000).

Some thermal experiments related (i) low values of the water vapour diffusion coefficient in compacted
swelling clays, 10"'* to 10"!U m7s (Takeuchi, S., Hara, K. & Nakano, M. 1995), (Suzuki, R , Chijimatsu.
M. & Fujita, T. 1999 Robinet 2004) and (ii) a significant drying associated with a water transfer even
for temperature lower than 100°C (Suzuki, FL Chijimatsu, M. & Fujita, T 1999). Other enhancement
phenomena are used to explain these data and observations:
• The vaporization is a continuous process. At short term the mechanism of drying at short term is the

thermal effect on the capillary pressure (e.g. surface tension depending of temperature).
• The thermal gradient is a driving force. When a temperature gradient is applied, diffusion occurs in

order to reach equilibrium, e.g. to make the chemical potential (m) of each component uniform
throughout. This mechanism is called thermal diffusion (e.g. Soret's effect) (Jones, R.C. & Furry, W.H.
1946), (Grew, K.E. & Ibbs, TL. 1952) for aqueous solutions (Costeséque, P. 1985), (Thornton, B.C.
& Scyfried, WE. 1983) and clay material (Robinet J.C, Bui T.D, Dang K.D, Trinh Q.V & Plas F 2004).

This paper proposes a discussion on (i) the effect of the temperature and the gradient of temperature on
the water transfer and (ii) the diffusion of water vapour, in unsaturated compacted swelling clays. This
discussion is based on experimental data and modelling data. Simulations using Soret's effect and low
values of water vapour diffusion coefficient give profiles of water saturation similar to those obtained
with classical approach.
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ANDRA has developed a model for radioniiclides and chemical pollutant migrations in the Callovo-
Oxfordian argillite formation and its inclosing limestone beds. This model is based on the petrophysical
properties of the studied materials, and on phenomena and transport processes that can probably happen
within their connected porous networks. The morphological properties of this last and the associated
spatial organization of minerals govern the physico-chemical processes that are realistically considered.
In the view of the heterogeneity of the studied rock faciès and the extent of the constituent dimensions
(clay particle to detrital minerals, and molecular scale pores to macropores), it is necessary to implement
appropriate imaging techniques to reveal their multi-scaie structural organization.

ERM has developed imaging techniques allowing to characterize the microstructure of finely divided
heterogeneous media. These innovative tools such as porosity mapping from auto radiograph and mineral
mapping from scanning electron microscopy, are bi-dimensional. Despite they constitute a progress in the
study of clay rock microstructure, they do not prejudge of their volume properties such that the connectivity
of the porous networks and the preferential fluid pathway distribution for migration process ; volume
properties that however are necessary in order to construct transport models. Therefore, it is useful to
implement three-dimensional tools in addition to bi-dimensional image acquisition. The high resolution
X-ray microtomography from synchrotron radiation constitutes the adapted technological means provided
by the European Synchrotron Radiation Facility {ESRF, Grenoble, France).

As the pore size distribution in clayey compacted rocks (chalk clays, marls or clayey limestones) tend to
be nearby sub-micrometric, common microscopy and even high resolution microtomography are limited
to define the pore sizes, except those of macroporosity as defined by petrographs. Indeed, one pixel (or one
voxel in 3D) gives an average value, integrating porosity features and minerals that contains the analyzed
micro-volume. For a more precise definition of the effective porous system, one determines the pore size
distribution of the connected porosity in rock sample volumes, until nanometric pore sizes, by mere 1117
porosimetry. Obviously, one difficulty lies in the link to be made between mercury porosity distributions
and mappings describing the sample micro structure in one hydrated state nearby the water saturation.

The main goals of our study is firstly to give a realistic three-dimensional description of the microstructure
and the micro-heterogeneities of the studied sample faciès. This characterization implies to compare
porosity and mineral spatial distributions in 2 and 3 dimensions. Secondly, the objective is to determine,
using this approach, the relevant parameters that could be used in the construction of radionuclide
migration models. This study is based on four limestone samples and one argillite sample; this last one
is studied as a demonstration of the feasibility of this global approach at the laboratory scale.
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NUMERICAL SIMULATION
OF THE HYDROGEN MIGRATION
OUT OF INTERMEDIATE LEVEL

RADIOACTIVE WASTE
Gerhard Mayer1. Jean Talandier2, Pascal Siege!2, Jean Croisé2

1. Colenco Power Engineering AG, Groundwater Protection and Waste Disposal, Tafernstr. 26,
CH-5404 Baden- Switzerland - htlpt^JivrssvcoJcjiciLcJi - ticrliard.mayeiYircolcnco.ch

2. Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtenay-Malabry Cedex, France
http://vvMAv.andra.fr - jean.talandk'rîrt andra.ch - pascal.siegcl(a:c»lciico.ch -
jean.cnMscfi/'Cftlcnco.ch

ABSTRACT
Due to corrosion processes, hydrogen is produced by intermediate level radioactive waste, during the
post closure phase of a radioactive waste repository in an argillaceous formation (i.e. within a time
frame of at least several 1000 years after closure of the repository). The potential impact of the hydrogen
production on the pressure (gas and water), water saturation and dissolved hydrogen is demonstrated by
means of numerical simulations of increasing geometrical complexity (1 -D, 2-Dand 3-D). The simulations
are performed with the TOUGH2-Multiphase code (Pruess, 1999) and based on the following assumption:

• Darcy flow of the two phases; gas and water, including capillary pressure and relative permeability-
saturation relationships

• Storage of fluids in the materials according to their fluid compressibility and the material stiffness
• Diffusive and advective mass transport of hydrogen in the gas and water phases
• Isothermal conditions

The general disposal configuration under study is presented in figure I.

In a first step, a series of simulations based on a simplified cylindrical geometry (one-dimensional radial
grid, no gravity) was performed. The waste package is embedded in a concrete backfill, a construction
void exists between waste package and the concrete, the surrounding rock is divided into 3 radial zones
of decreasing permeability: a fractured zone, a disturbed zone and the undisturbed argillaceous formation.
The impact of i) the hydrogen production rate, ii) the desaturation phase due to the drift ventilation during
the operational phase and iii) the hydrogen production scheme, on the pressure build-up within the
emplacement drift and the gas saturation level in the surrounding rock was investigated. Given the
parameter values assumed, all simulation cases provided maximum pressure at the emplacement drift
less than 11 MPa.

In a second step, a vertical cross-section of the emplacement-drift and the surrounding rock was studied
by means of a 2-dimensional grid resolving the waste package and its high performance concrete overpack.
The boundary conditions correspond to the potential site conditions (hydraulic potential). The impact
of the overpack of the waste packages on the pressure and saturation levels was found to be low.

The third step was to simulate a complete 3 D-con figurât ion with the backfilled emplacement-drift,
bentonite-sealing and the access drift.

For all simulations cases (ID, 2D and 3D) the level of overpressure in the emplacement drift depends on
the permeability and thickness of the argillite, the gas-filled pore volume and the hydrogen production rate.
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The results of the simulations showed no pressures larger than the theoretical frac-limit at the site conditions .

Furthermore, the penetration depth of the hydrogen gas phase into the undisturbed argillite rock was

found to be small .
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Figure 1 : Vertical cross section of the emplacement drift, with access drift and distribution drift

References :
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FROM U-SERIES DISEQUILIBRIUM
MEASUREMENTS IN CLAYEY SEDIMENTS

TO RADIONUCLIDE MIGRATION
PROCESSES
J. Casanova', J. Brulhet1

1. Water Department - BRGM, 45060 Orléans Cedex 2, France
2. Geology Department - ANDRA, 92298 Chatenay-Malabry, France

The uranium-series equilibrium state of borehole core samples from the deep Caliovo-Oxfordian
argillite layer and its surrounding low-permeability Bathonian and Oxfordian limestone formations
(Eastern Paris basin) was examined in order to improve our understanding of naturally occurring
radionuclide behaviour in such geological settings. The COX clayey layer is the potential host rock for
reconnaissance work carried out by ANDRA in eastern France, whose objective is to design and build
an underground research laboratory to study the aptitude of the Callovo-Oxfordian clay layer for
radioactive waste storage.

With respect to bulk concentrations, the U and Th contents in the labile fraction are particularly low in
the COX argillites. This behaviour suggests that, given the extremely low permeability of the rock, any
transfer of solutes could only have taken place by diffusion - a very slow mechanism that favours water-
rock interactions. The variations in the concentrations of U and Th, and the 234U/23SU and ;3tlTh/:!MU
activity ratios (AR) with depth in the sedimentary column were studied (Casanova et al.T in press) to
obtain information of U migration processes in the rock matrix and to estimate the timing (or age limit)
of potential events induced by groundwater. If no hydrological disturbance affects the rock over a period
exceeding five times the 2"14U half-life, the radionuclides from the 23SU decay chain attain secular
equilibrium, and both the 23ilU/23SU and "30Th/;34U AR equal unity. Numerous studies have, however,
indicated that sediments do not form a closed system for uranium. Fractionation can occur between the
parent-daughter radionuclides pairs 238U-234U and 2;4U-2j('Th, and the resulting disequilibria indicate
migration over the last 1.5 Ma, and 350 ka, respectively. Since 2j0Th is comparatively immobile under
ambient conditions, the disequilibria are assumed mainly to be due to the bulk removal of uranium or
the preferential removal of 2j4U.

A working hypothesis to relate observed absolute uranium release and isotopic fractionation between
isotopes ~ U and - U is based on the radioactive decay induced oxidation of U to U(VI), which is the
most soluble oxidation state of uranium. In this situation the oxygen concentration in groundwater plays
an important role. In presence of a large oxygen concentration it can actually oxidise and release the bulk
of uranium that would not lead to marked isotopic fractionation. If there are small amounts of oxygen,
the already oxidised ~ 4U is easier to remove, leading to clear isotopic fractionation. If, finally, there is
few or no oxygen, it would have no effect, even for 234U, and there would be neither absolute release nor
preferential 2'l4U release. Taking into account that direct ejection of recoiling nuclei into intergranular
space only concern the first 20 nm of clay surfaces, it is assumed that preferential leaching originating
from changes in the valence state of a-recoil 2iAU and enhanced by 234U location in radiation-damaged
sites is the main mechanism of :34U mobility from a mass balance viewpoint.

Most data points discussed here (HTM101, HTMI02 and EST106) lie within ±2o of secular equilibrium.
However there is a tendency for these points to have AR values significantly deviated from unity and
therefore to provide an indication of the potential radionuclide migration in recent time. The first case
lo be taken into consideration is ""%4U depletion in rock samples. In this case, the 23l4U/23SU AR is less
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than unity and indicates that preferential leaching of 234U by groundwater occurred during the last 1.5 Ma,
When 234U depletion is associated with a 23(1Th excess, the chemical release of 234U occurred recently
(< 350 ka). When 234U depletion is associated with a 23OTh/234U AR at or close to secular equilibrium,
the process responsible of " 4U leaching occurred between 350 ka and 1.5 Ma. Finally, the complex
situation with coexisting 234U and 230Th depletion has not been encountered over the studied core length.

The second case to be considered corresponds to a 2U\J excess (i.e. 234U/23BU > 1 ) in rock samples and
indicates precipitation of :34U from a solution depleted in :38U over the last 1.5 Ma. Here again the value of
the 23OTh72MU AR provides a better constraint on the age limit of the related hydrological disturbances.
When 234U excess is associated with a 23<1Th deficit, the chemical accumulation of i j4U occurred recently
(< 350 ka). When 234U excess is associated with a 23OTh/'2:%4U AR at, or close to, secular equilibrium, the
process responsible of "j4U accumulation occurred between 350 ka and 1.5 Ma. Finally, the complex
situation with coexisting ~j4U and ~J"Th excess has not been encountered over the studied core length.

The third case to be considered corresponds to a 234U/23SU AR at, or close to, secular equilibrium, indicating
that no process, implying an isotopic fractionation of uranium, occurred over the last 1.5 Ma. When ~J U/ 'U
secular equilibrium is associated with a 23OTh excess, a congruent U release occurred recently (< 350 ka).
When in contact with oxidising groundwater, U will be congruently dissolved and drained away. When
234U/2jl*U secular equilibrium is associated with a 23t>Th deficit, a bulk U-accumulation occurred recently
(< 350 ka). When 234U/-3SU and :3<1Th/234U AR both exhibit secular equilibrium, it is assumed that the
studied sediments have formed a closed system for uranium over the last 1.5 Ma. This last situation is
the most frequently encountered over the studied core length and particularly in the COX argillites. This
result is convergent with those recently obtained by Deschamps (2003) and provides indication of the
confining capacities of the target formation in the current settings.

Within the carbonate-rich pan (Bathonian and Oxfordian to Tithonian) of the section, the 2MU/23SU
ratios slightly divert from secular equilibrium and are interpreted as chemical U release and deposit
related to groundwater circulation. According to oxygen concentration in groundwater, uranium mobility
indicates either congruent U release or preferential 234U solution-precipitation processes. Preferential
removal of" 4U in these zones is also indicated by some 23OTh/2'4U activity ratios higher than unity. In
contrast, most of the samples from the Callovian-Oxfordian argillites plot on or close to the secular
equilibrium line. This result suggests an uranium immobility in the target formation and provides indication
of the confining capacities of the COX formation. The observed isotopic disequilibria from samples taken
on either side of the interface between the clay formation and the carbonated country rock, indicate a
:'l4U deficiency relative to "30Th and correspond to bulk U-dissolution.

References:
Casanova J., Négrel Ph., Brulhet J. Behaviour of trace elements and U-series disequilibrium in clayey
sediments: application to the Late Jurassic record from the eastern Paris Basin Journal of Geochemical
Exploration (in press).

Deschamps, P., 2003. Traçage de la mobilité des radionucléides naturels en milieu sédimentaire profond
à l'aide des déséquilibres radioactifs (i34U/23!*U): application aux formations mésozoïques de l'est du
Bassin de Paris. Ph.D. Thesis, Paris XI Univ., Paris, France.
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EXTENSION OF THE DESATURATED ZONE
AROUND STRUCTURES IN THE TOURNEMIRE
ARGILLITE BY MEANS OF PETROPHYSICAL
MEASUREMENTS COUPLED TO GAS TESTS

J.-M. Matrav1. S. Savoye1, S. Lemius1, M. Kech3

1. IRSN/DEI/SARGH/LETS, BP17- 92262 Fontenay-aux-Roses, France
2. SOLEXPERTS, 33405 Talence Cede\, Switzerland

Studies carried out on URL constructed in compacted argillaceous formations like in Mont Terri and
Tournemire have demonstrated the occurrence of a rock de-saturation around tunnels or drifts as a
consequence of excavation works and drift ventilation.

The Tournemire URL owns structures realized at three distinct periods: a century-old tunnel and drifts
excavated in 1996 and 2003. It is also characterized by the appearance of desiccation fractures in the drifts.
This behavior has conducted IRSTs to record since 1999 the properties (Relative humidity and temperature)
of the air ventilating the different structures. Time series have shown seasonal cycles for the Relative
Humidity and temperature that are negatively correlated with a mean annual RH and temperature values
of ca 70% and 10°C, respectively. These variations produced hydration/dehydration cycles at the structure
walls since their excavation. These cycles explain the shrinkage/swelling behavior of the rock and the
subsequent opening and closure of in ter-layers spaces (Valès et al., 2004). However, the too short periods
of saturated-air conditions did not allow a complete re-saturation of the rock at the structure wall that
progressively de-saturates. This study aims to assess the extension of this de-saturation with time and
location by means of densitornetric petrophysical measurements coupled to pneumatic tests.

This abstract presents the main results of the first 2m borehole dedicated to this study and that w:as
drilled parallel to bedding in the most recent drift excavated in 2003.

The volumetric weight of the humid samples was determined on core samples sawed immediately after
drilling to avoid any evaporation and sample relaxation. Weights were measured with an accurate scale on
wet samples and on samples dried on site at 105°C till temperature stabilization after 3 days. The humid and
dry volumetric weight of the wet and dried samples were deduced from the total volume determination
following the Archimede's principle by using kerdane as described in Monnier et al. (1973). This method
has allowed the determination of the water content, the water-loss porosity, the total porosity and the
degree of saturation. Errors on each of these functions were calculated from propagation of the errors'
variance following the Gauss formula (Theoria combinationis 1821 ).

Pneumatic tests were performed by using a MMPS (multi-mini-piezometers) device from Solexperts
under constant flow rate, with the aim of estimating the extent of the de-saturated area. This device has
also allowed the determination of the water permeability in the saturated area.

Degree of saturation is reported in figure 1 as a function of the distance to the drift wall. De-saturation
concerns the very first 30cm and the limits of cores identified as A to F where evaporation takes place
preferentially due to heating during drilling. The remaining samples are saturated. Location of gas test
intervals is also given in figure 1 with the corresponding values of gas permeability in intervals 4, 3 and 2.
A water-bearing fracture observed at around 180cm from the drift wall has not allowed the realization
of gas tests in the last interval. This figure shows that the extension of the de-saturated area determined
from petrophysical measurements is shorter lhan that obtained from pneumatic tests indicating saturation
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from 57 cm (interval 2) . The bigger de-saturation area obtained from pneumatic tests is assumed to b e

due to the presence of fractures .
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Figure 1 : Comparison of de-saturated areas obtained from petrophysical measurements and pneumatic test s

The same approach will be applied to five other boreholes located in the three kinds of structure s
(2 boreholes per structure) in the Tournemire URL and will give a good sight of the extension of de -
saturated area .

Results will be used as fundamental inputs for assessing magnitude of hydromechanics couplin g
phenomena .
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TREATMENT AND EXPLOITATION OF TIME

SERIES OF PRESSURE AND TEMPERATURE

OBTAINED IN THE TOURNEMIRE URL

H.Fatmi ' , A. Mangin ' , J:M. Matray2 , S. Savoye

1. Laboratoire Souterrain de Moulis CNRS/UPS, 09200 Saint-Girons, Franc e
2. IRSN/DEI/SARG/LETS, BP17- 92262 Fontenay-Aux—Roses, France

Compacted argillaceous semi-permeables are potential geological formations for the deep repository o f
radioactive wastes, due to their very low permeability and to their capacity of radionuclide retention . In
this framework, IRSN develops its own research programmes in its experimental station of Tournemire
(Aveyron, France) . This laboratory is located in a century-old tunnel crossing an argillite formation
250m thick from Toarcian and Domerian .
Since 1990, 18 boreholes have been realized with the aim of acquiring among others, the hydrauli c
characteristics of the argillaceous formation and of its bounding aquifers . Seven boreholes, equipped
with twenty sensors, have been followed for the pressure and temperature of the pore and fracture water s
with an acquisition each half of an hour. The barometric pressure and temperature in the tunnel were
also recorded in the same period .

The aim of this work was to treat all of these time series by means of mathematical tools with the goal o f
extracting signals emitted at the massif scale and likely to inform us about its global hydraulic functioning .
This information will be compared to that acquired, at the very local scale, by hydraulic tests .

From an instrumentation point of view, temperature measurements obtained by thermistance have require d
a correction that has demonstrated a strong instability to low frequencies and have not allowed their ful l
exploitation . In the future, it is recommended to use platinum probes . All the data were submitted to a
multiple treatment including : spectral and correlation analyses, 1/f noise analysis, continuous wavelet s
analyses, simple and crossed multi-resolution analyses, and at last, reconstructed attractors analyses .
The analysis of borehole pressure and temperature data has revealed the influence of Earth tides (fig . l) in the
unfractured semi-permeable and its bounding aquifers constituted by the Carixian and Aalenian formations .
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Figure 1 : Example of spectral analysis showing the influence of the Earth tides on pressure s
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This result demonstrates that these formations show a captive behaviour. On the contrary, boreholes

having crossed water-bearing fractures in the semi-permeable do not show any influence of the Earth tides .

This result could suggest a connection of these fractures with the surface as indicated by geochemica l

data . Besides, it was possible to determine the specific storativity and the kinematic porosity from th e

pressure data under the influence of the Earth tides. Specific storativity is homogenous with values of

2 .5 .10-' , 5 .1 0 -' and 1 .1 0 -6 m i for the lower aquifer, the semi-permeable and the upper aquifer, respectively ,
and shows a decreasing trend with depth . Kinematic porosity is more heterogeneous (from 1 to 14% )
and varies with time. It is to note that the specific storativity values are in a quite good agreement wit h
those determined by hydraulic tests . This result also demonstrates that despite their short-range radius
around the borehole the hydraulic tests give a quite good estimate of this coefficient .

The short-term variations, of random nature, present a certain structure . The analysis of this structure wa s
carried out by means of the reconstructed attractors' method . This method has permitted to propose a n
attractor dimension of 2 .8 . This signature implies five degrees of freedom, like for the thermal convection .
However, thermal convection is incompatible with the hydraulic conductivities estimated from hydraulic test s
in the matrix (from 1 0 -14 to 10 15 m/s) . If this process is confirmed by modelling, this could mean that bigger
permeabilities exist locally in the unit constituted by the semi-permeable and its bounding aquifers .
These higher permeabilities could therefore be linked to the presence of fractures like the regional faul t
of Cernon . Convection could appear in these permeable zones and pass on the semi-permeable/aquifer s
unit as a consequence of the observed confining .

The application of mathematical tools on time series has demonstrated the influence of several phenomen a
on pore and fracture water pressures (Earth tides, thermal convection) that could have never been foun d
from classical tools . Information obtained in this study has permitted to complete that deduced fro m
hydraulic tests and has allowed a better understanding of the hydrogeological functioning of the multi-laye r
system. It is also another way to valorize a huge amount of data .
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ASSESSMENT OF GEOCHEMICAL

STABILITY OF THE SPANISH REFERENCE

CLAY BY HYDROGEOCHEMICAL

AND REACTIVE TRANSPORT MODELING

L. Montenegro, J . Samper, L . Zheng, C . Yang

Civil Engineering School . University of A Coruna . Campus de Elvina s/n . 15192-A Coruna . Spain .

A hydrogeochemical model has been used to infer the chemical composition of the Spanish Referenc e

Clay (SRC) pore water at the natural conditions of the formation . The model accounts for the processe s

suffered by clay samples during a long period of storage prior to chemical sampling . The model considers

simultaneously the following processes : evaporation, oxidation, degassing and major geochemica l

processes . The conceptual geochemical model considers acid-base, aqueous complexation, redox, minera l
dissolution/precipitation, cation exchange and dissolution/ex-solution of gases, and includes 12 primar y
species, 56 aqueous complexes, 6 minerals, 4 exchangeable cations and 2 gases . The model has been teste d
with measured chemical composition of 8 water samples from IC-1 borehole obtained by squeezing at hig h
pressures . Modelling has been performed with the reactive transport code, CORE2D V4. Except for chloride ,
most chemical species present large discrepancies between measured and inferred concentrations . Measured
concentrations are generally greater than inferred concentrations . Model results indicate that sample C-290
suffered significant CO 2 (g) degassing and oxidation which caused pyrite oxidation (4 .63 . 10 -2 moles/L) ,
a decrease in pH which induced calcite (8 .15 . 10-2 moles/L) and dolomite (5 .81 . 10 -2 moles/L) dissolution
and gypsum precipitation (1 .88 . 1 0 -2 moles/L) . An increase in exchanged C at+ concentration (from 9 .33 meq/
100g to 11 .74) is induced by the increase in dissolved Cat+ , which in turn provokes a release of exchange d
Na' from the exchanged complex to the aqueous solution (from 5 .92 meq/100g to 3 .79) . The effect o f
evaporation is generally small except for sample C-203, in which evaporation was nearly of 40% of th e
total water content . This sample requires consideration of evaporation, otherwise errors in concentrations
would be of 61% for chloride, 25% for potassium and 46% for sodium .

0.00

	

0 .02

	

0 .04

	

0 .06

	

0 .08

	

0 .1 0
Chloride (mol/L)

Inferred chemical composition of clay
porewater at several depths have been
used to analyze the chemical stability
of the formation during the last 40 M a
by using a 1-D reactive solute trans -
port model . The model has been use d
to evaluate the consistency between
hydrodynamic and hydrochemica l
data . The depth of the column range s
from 50 to 540 m . The model assume s
an upwards water flux and a variabl e
diffusion coefficient which decreases
with depth . Calculated results fo r
most of the chemical species repro -
duce measured values (see Fig . 1) .

Simulation 2: 5 .1 M a
Cio = 0.055 M . Upwards flow

Measured data

Computed

-50 .00

-100 .00

-150.00

-200.00

-250.00 —
E

Q -300 .0 0

o
-350 .0 0

-400 .0 0

-450 .0 0

-500 .0 0

International Meeting, March 14-18, 2005, Tours, Franc e
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 563



P/MTPM/41

OSMOTIC ORIGIN OF OVERPRESSURES
IN SHALE FORMATIONS: IMPACT

OF OSMOTIC EFFICIENCY MODELS
Gueutin Pauline. Gonçalvès Julio, Cosenza Philippe, Violette Sophie

UMR-7619-SISYPHE, Université Pierre ct Marie Curie, 4 place Jussieu, 75252 Paris cedex 05

The ongoing research on the construction of a possible geological nuclear waste repository in shale
formations raises the issue of the electrochemical interactions extensively studied in soil science
between pore waters, solutes and clay mineral surfaces. These interactions are related to the negatively
charged surfaces of clay platelets which generate the presence of the so-cailed electric double layer and
the occurrence of anion exclusion. This feature suggests that clay formations may have a membrane
behaviour. The assumption is supported by extended experimental works on samples in the 197tTs and
1980's and more recently by field experiments proving the existence of osmotic behaviour in shales at
the field scale i.e. in geological media. The osmotic theory developed in biophysics has been extended
to geological situations through the observation that shales can behave as se mi-penne able membranes.
If the geological membrane is perfect, only water can flow in response to salinity gradients. In most case
studies, the se mi-permeable layer is not an ideal membrane and some solute transport takes place.
Osmotic flow occurs when there is a concentration gradient within the geological medium which
causes solute transport dominated by diffusion. The chemical potential drives the fluid flow from the
low-concentration zones to the high-concentration ones. In order to account for this chemical potential
driving force, an osmotic pressure term 71 (Pa) has to be added to the hydraulic potential h to describe
fluid flow. Darcy's law in one dimension is then modified as follows:

1

where s is the dimensionless reflection coefficient, or osmotic efficiency which characterizes the membrane
properties (i.e., the difference from ideality) of the medium.

Osmotic effects are sometimes proposed to explain "abnormal pressures" in shales. The values of excess
pressures that can be obtained by such processes are highly dependent on the a value. This efficiency
coefficient is determined from electrochemical or mechanical analyses of the interaction between
solutes and clay platelets. Different theories predicting the possible values of these coupling parameters
are available. The different theories providing predictive laws for CT are tested in this presentation with
a sensitivity study using a numerical model of fluid and solute transport in shales. The effects of such
models on overpressure estimates for different shales described in the literature aie analysed. This
numerical approach emphasizes the value of experimental work to improve an osmotic efficiency model
that applies to our case study.
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IN-SITU CHEMICAL OSMOSIS EXPERIMENT
IN BOOM CLAY AT THE UNDERGROUND

RESEARCH LABORATORY OF MOL
A.M. Garavito'. H. Kooi1, P. De Cannière1

1. Department of Hydrology and G eo- Environ mental Sciences, Faculty of Earth and Life Sciences,
Vrije Universiteit, NL-1081 HV Amsterdam, The Netherlands.

2. SCK'CEN, Belgian Nuclear Research Centre, Boeretang 200, B-2400, Mol, Belgium.

Clay rich layers have traditionally been regarded as natural protective covers in regional aquifers because
of their low permeability. In the absence of water conducting features, these deposits provide the low flow
environment required for waste containment. Comprehensive understanding of the physical and chemical
processes that control water and solute transport through low permeability argillaceous formations and
to the environment is a key factor for assessing their suitability as host rocks. The Boom Clay, an over-
consolidated marine Oligocène deposit, is considered as a potential host rock for radioactive waste disposal.
For more than two decades, extensive hydraulic and hydrochemical research has been carried out in the
Boom Clay at the HADLS Underground Research Laboratory (URL) in Mol (Belgium). The main objective
of the experiments conducted at the HADES URL has been to characterize the in-xiitt hydrogeological
conditions, to determine the hydraulic parameters, and to study the mechanisms controlling the chemistry
and the composition of the Boom Clay porewater.

For some mudrock environments the common hydrogeological assumptions (validity of Darcy's law and
steady-state systems) may not hold. There exists conclusive evidence for long-term transient flow in low
permeability sedimentary basins. Moreover, water and solute flow and transport, may be associated with
several types of driving forces, or gradients (chemical, electrical, thermal), in addition to the hydraulic
forces, resulting in the so-called coupled flows. Fluid flow caused by driving forces different than
hydraulic gradients is referred as osmosis. Chemical osmosis is the pore-fluid flow induced by a chemical
gradient across a semi-permeable membrane. Osmoticaily-driven fluid flow occurs from low to high solute
concentrations and tends to raise and lower fluid pressure at the outflow and inflow sides of the membrane,
respectively. Osmosis, therefore, tends to induce an opposing hydraulic counter flow, and the net flow may
cease when osmotic equilibrium is reached, in what case both flows are of finite and equal magnitude.

Extensive practical evidence exists on the semi-permeable membrane behaviour of clays. The extent to
which a low-permeability material acts as a membrane is indicated by the efficiency of the membrane,
or reflection coefficient a, which varies from 0 for non-ideal membranes to 1 for ideal membranes.
Smectite-type clays and compacted clays containing low salinity pore water act more efficiently as
semi-permeable membranes. Osmotic properties (e.g. efficiency) of clays have been broadly quantified
in small scale laboratory experiments on remoulded, or undisturbed, clay samples. In contrast, for the field
scale, conclusive evidence for the membrane behaviour of clays and shales is scarce. Direct experimental
evidence for osmosis has been obtained at the field scale in the Cretaceous-age Pierre Shale in South
Dakota and in the Jurassic-age Opalinus Clay at the Mont Terri Rock laboratory.

This might also be the case for the Boom Clay. Two questions thus arise: (i) does the Boom Clay exhibit
osmotic behaviour, and (ii) to what extent is it relevant for the radioactive waste disposal.

Studies on the compatibility with Boom Clay of large amounts of bituminized medium level waste
(3 200 tons of Eurobitume MLW produced by the former Eurochemic fuel reprocessing plan at Dessel,
Belgium) have recently raised a particular interest for osmosis. Does there exist a risk to create high
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porc pressures susceptible to damage the near-field of MLW galleries, if osmotically-driven flows are
produced by the release of 700 tons of NaNO, in the formation ?

To attempt to answer this question, and to assess the osmotic efficiency of Boom Clay, an in-siiit osmosis
experiment has been conducted at the HADES URL. A recently developed chemical-osmosis flow continuum
model has been applied:
(i) to aid the design of the osmosis experiment using existing piezometers at the HADES URL, and,
(îi) to interpret the obtained measurements.

The osmosis experiment was achieved in one of the filters of an existing piezometer located at the ring
85 of the Test Drift of the HADES URL. The clay water initially present inside the filter chamber was
replaced- without pressure drop - by a 0.15 mol dm'3 NaHCO3 solution, 10 times more concentrated than
Boom Clay porewater. The fast solution exchange (10 minutes) in the filter was made with a gear pump
starting to operate at the local pressure value of the filter. Long-term monitoring of the water pressure
was carried out, showing after 2 hours an increase in pressure within the filter containing the more
saline water. We interpret this pressure increase by a water inflow from the clay formation into the filter
due to osmosis because the filter and the clay were initially in hydraulic equilibrium. The increase in
water pressure considerably slows down after 15 hours and the conditions at that time seem to be these of
osmotic equilibrium. The maximum increase of osmotically-induced pressure corresponds to 2 m water
column (0.2 bar), followed by a long pressure decay (months).

From modelling, the osmotic efficiency for the in-sini porewater salinity (0.015 mol dm'3) is 35 %,
while for the high-saline solution (0.15 mol dm"3) its value is only 4%. Modelling also provided additional
constraints for the intrinsic permeability, k = 1.75 x I0"'L) irr\ specific storage coefficient, Ss = 4 x 10"6 m~l,
and, effective diffusion coefficient, D = 2 x L0"11 m2 s"1. Experimental data could be reproduced quite
accurately by the model, and the inferred parameter values are consistent with independent determinations
for Boom Clay.

The experimental results obtained confirm the in-situ occurrence of non-hydraulic flow phenomena
(chemical osmosis) in low permeability plastic formations as Boom Clay.
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To fulfil its role as main barrier for High and Medium Level radioactive waste (HLW and MLW), Boom
Clay relies on its advantageous capacity to minimise radionuclide transport by its slow diffusion- and
high retention properties.

One of the key parameters in the radionuclide dispersion process is the diffusion accessible porosity (rjacc).
Diffusion accessible porosity, is a transport parameter that is linked to the properties of each dispersing
radionuclide and the geochemical conditions of Boom Clay.

Disposing radioactive waste in Boom Clay will inevitably cause perturbations of which some can generate
changes in the Boom's Clay pore water chemistry. One effect of these chemical perturbations will be
the increase of ionic strength of the pore water in the vicinity of a repository. This paper synthesises the
results of the experimental work done to obtain the transport parameters of tritiated water and iodide for
Boom Clay at different ionic strengths.

The ionic strength of pore water is a crucial parameter as it controls the thickness of the Electrical
Double Layer (EDL) that surrounds the host rock minerals. On its turn, the changing characteristics of
the Electrical Double Layer will likely influence the diffusion accessible porosity. Therefore, SCK'CEN
started already in 1988 with preliminary migration tests, studying the impact of increasing salt concentration
on radionuclide transport. In accordance with NIRAS/ONDRAF, the study was extended and continued
until 1998.

To study the influence of a change of ionic strength on the diffusion accessible porosity of Boom Clay,
puise injection methodology has been applied. The dispersion of the injected pulses is monitored by
labelling the pulse solutions with ~H and l j iI, All pulse injection experiments have been done using the
same three Boom Clay cores, with known stratification: two perpendicular (vertical) and one parallel
(horizontal) to the bedding plane. These three Boom Clay cores have served as reference material
throughout this study.

The experimental chronology relevant for the study on ionic strength is the following: first, preliminary
tests have been done using only Real Boom Clay pore Water (RBCW) as percolation feed water.
Secondly, the clay cores are flushed with RBCW feed water of changing ionic strength, starting from
high saline (1 mole per litre NaCl) towards low saline (0.1 mole per litre NaCl). Once the clay cores
were modified with each of these feed waters, a series of pulse injection experiments is executed.
Finally, pulse injections under normal RBCW (0.015 mole per litre bicarbonate) feed water conditions
have been repeated.

For iodide, the results clearly indicate that an increase of the ionic strength leads to an increase of the
diffusion accessible porosity. A subsequent decrease of the ionic strength towards the RBCW level,
restores the diffusion accessible porosity to its initial value. These observations are in agreement with
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what is expected: a collapse of the electrical double layer diminishes the anion repulsion. The influence
of the changes in ionic strength on the apparent diffusion coefficient are not clearly present. However,
the two fold anisotropy of the apparent diffusion coefficient between vertical and horizontal stratified
Boom Clay is always observed. The influence of changes in advection velocity or consolidation pressure
seems to be much stronger than changes in ionic strength.

For tritiated water, variations of the diffusion accessible porosity are within the error limits of the pulse
injection methodology. This observation was expected, as ionic strength variation are not supposed to have
an effect on the diffusion accessible porosity of neutral molecules. As for iodide the twT0 fold anisotropy
of the apparent diffusion coefficient between vertical and horizontal stratified Boom Clay is present.
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INTRODUCTION
Radionuclide migration in the Jurrassic-age Callovo-Oxfordian argillites is a main topic of the multi-
disciplinary research and investigation program initiated by Andra for studying the feasability of
radioactive waste disposal in this deep geological formation..
This research topic includes:
• Characterisations performed on core samples taken from the shafts of the underground laboratory or in

deep boreholes (diffusion tests, characterisation of porosity properties, chemical retention measurements);
• Characterisation of the profiles of natural tracers;
• Phenomological modellings;
• in-situ diffusion experiments (DIR) in the underground laboratory.

The objective of the DIR scientific program is to determine the predictive capacity of the diffusion-retention
models based on data obtained on core samples. This objective must be achieved for three migration
behaviors of diffusion: inert, anionioc and cationic solutes. The variability (horizontal and vertical) of
the llthological properties could modify the behavior of the tracers. Consequently, the in-situ diffusion
experiments will be carried out at different depths in the underground laboratory and one deep borehole
is drilling at 250 m away from the others experiments.

EXPERIMENTAL CONCEPT
The tracers are diluted in reconstituted formation water and introduced into a packerd off section of a
borehole located at a 15 m distance in the saturated rock. Pressure in this interval is kept close to the pore
pressure of the surrounding rock to prevent any hydraulic gradient around the borehole. This equipment
is connected to the underground gallery by a closed circuit to homogenize the traced solution and to
monitor the evolution of the tracer concentration over time. After several mounth of diffusion, overcoring
theclaystone surrounding the interval will allow to measure the tracer concentration profiles in the rock.

DIMENSIONING OF THE EXPERIMENTS
The detailed characteristics of the experiments (tracer cocktails, activities and concentrations of tracers,
duration of the experiments, total volume of solution in the closed circuit) were chosen taking into
account the following information:
1. The results of the long term diffusion experiments (DÎ and Dl-A) carried out at the Mont Terri URL;
2. The diffusion and retention parameters of tracers deduced from column and classical through diffusion

experiments on core samples;
3. Numerous 3D predictive modellings performed with CASTEM 2000 computer code (see fig I.);
4. The assessment of the detection limits of the radioactive tracers;
5. The results of sorption tests of tracers on the materials constitutive of the injection system.
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CONCLUSION 
According to the design calculations, the first in-situ experiment start in November 2004 at Bum. This test 
ig tbe first am in the world to be carried out from the surfwe in a 500 m deep borehole. T w  successive 
tracer iajections are plmeb: Tke f& cocktail is composed of stable caesium, nickel and cobalt The 
second cocktail mix HM, %l and ' 3 4 ~ s ,  And, in the Em' s  W, six in-situ diffusion experiments are 
pIannd: 3 in the experimental niche and 3 in the main,gdlIery level. The selected tracer cocktails are: 
HTO, '%l, IZ51 and HTO, = ~ a  aid '34~s. The duration of each experiment is &out me year. 

Fire l: results.of 3D predictive rrmdeUing perfamed with CASTEM 2 0 :  calculated HT0 concmmtion 
in the argillites &er a Bmontb i i ihion duration with two experhenfa1 concepts. 
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A middle Jurassic shale, the Callovo-Oxfordian argillite (420-560 m b .g .), is currently being intensively
investigated at the Andra site, about 300 km eastern from Paris, and particularly with respect to it s
hydrogeological and hydrochemical properties . The argillite rests between the Oxfordian Limestone
above and the Dogger Limestone below.

Observations from the different deep boreholes located at the site can be summarized as follows :
(1) the measured apparent hydraulic head across the Callovo-Oxfordian argillite show excess values o f

several tens of meters in comparison to the upper and lower aquifers (see figure 1), a fact which i s
referred to as "anomalous overpressure" in the shale literature (e .g . Neuzil, 2000 )

(2) The salinity of the pore water in the Callovo-Oxfordian argillite and the Dogger is much larger than
that of the Oxfordian. The salinity levels in the Callovo-Oxfordian and the Dogger are similar .

Among all physical processes which can be proposed as explanation for the formation of overpressure
in shales, osmosis driven by a chemical potential (total dissolved solids) gradient is a possible candidat e
(Gonçalvès et al ., 2004) . As a matter of fact, the presence of contrasts in water composition and cla y
minerals content, as observed here, lead to osmotic effects (e .g . Bresler, 1973, Neuzil, 2000) .

This paper presents the results of simulations using steady-state approximations and transient simulation s
(software OSMO, a numerical simulator developed by the British Geological Survey) . It is shown that
based on the extensive database of argillite measurements applicable to the study (including porosit y
values, specific surface determinations, pore water compositions, and effective diffusion coefficients), th e
chemo-osmosis is a process which can at least explain partly the "anomalous overpressures" observed.

The sensitivity of the simulation results to the interrelated effects of water chemistry, osmotic efficiency ,
diffusive transport, and argillite hydraulic properties was investigated . The large overpressures observe d
in the upper part of the Callovo-Oxfordian, where salinity contrasts are greatest, are consistent with the
simulation results .
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ABSTRAC T
Due to corrosion processes, hydrogen is produced by intermediate level radioactive waste, during the pos t
closure phase of a radioactive waste repository in an argillaceous formation (i .e . within a time frame of at
least several 1000 years after closure of the repository) . The potential impact of the hydrogen productio n

on the pressure (gas and water), water saturation and dissolved hydrogen is demonstrated by means of

numerical simulations of increasing geometrical complexity (1-D, 2-D and 3-D) . The simulations are

performed with the TOUGH2-Multiphase code (Pruess, 1999) and based on the following assumption :

• Darcy flow of the two phases : gas and water, including capillary pressure and relative permeability -

saturation relationship s
• Storage of fluids in the materials according to their fluid compressibility and the material stiffnes s
• Diffusive and advective mass transport of hydrogen in the gas and water phase s
• Isothermal condition s

The general disposal configuration under study is presented in figure 1 .

In a first step, a series of simulations based on a simplified cylindrical geometry (one-dimensional radial grid ,
no gravity) was performed. The waste package is embedded in a concrete backfill, a construction void exist s
between waste package and the concrete, the surrounding rock is divided into 3 radial zones of decreasin g
permeability : a fractured zone, a disturbed zone and the undisturbed argillaceous formation . The impact of i )
the hydrogen production rate, ii) the desaturation phase due to the drift ventilation during the operationa l
phase and iii) the hydrogen production scheme, on the pressure build-up within the emplacement drift
and the gas saturation level in the surrounding rock was investigated . Given the parameter value s
assumed, all simulation cases provided maximum pressure at the emplacement drift less than 11 MPa .

In a second step, a vertical cross-section of the emplacement-drift and the surrounding rock was studie d
by means of a 2-dimensional grid resolving the waste package and its high performance concrete overpack .
The boundary conditions correspond to the potential site conditions (hydraulic potential) . The impact
of the overpack of the waste packages on the pressure and saturation levels was found to be low .

The third step was to simulate a complete 3D-configuration with the backfilled emplacement-drift ,
bentonite-sealing and the access drift .

For all simulations cases (1D, 2D and 3D) the level of overpressure in the emplacement drift depends o n
the permeability and thickness of the argillite, the gas-filled pore volume and the hydrogen productio n
rate . The results of the simulations showed no pressures larger than the theoretical fr ac-limit at the site
conditions . Furthermore, the penetration depth of the hydrogen gas phase into the undisturbed argillit e
rock was found to be small .
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Figure 1 : Vertical cross section of the emplacement drift, with access drift and main drift
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FRACTURED POROUS MEDIA
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Fractures and fracture networks determine the permeability of many natural rocks, and their behaviour ha s

attracted attention in various fields such as the oil industry, but also water resources and waste storage .

The major purpose of this communication is to summarize our work in the field and to show how t o

predict the macroscopic properties of such media starting from simple measurements .

First, monodisperse fracture networks are addressed . The fracture density r is the number of fractures pe r
unit volume . A basic concept is the excluded volume V ex of an object F which is defined as the volume

into which the center of another object may not enter if overlap of the two objects is to be avoide d

(Balberg et al., 1984) . For randomly oriented flat convex objects 1 and 2, Vex is equal to (Adler an d
Thovert, 1999)

Vex = (A I P2 + A2 P I )/4

	

(1 )

This concept serves to introduce a dimensionless fracture density p' . This density is equal to the number
of fractures per excluded volume

P'= P V ex

	

( 2 )

Topological properties of these networks are then numerically studied and they are shown to be independen t
of the fracture shape when the data are expressed as functions of p' . For instance, the percolation threshol d
is a constant independent of the fracture shapes . A universal curve is also obtained for the number of block s
cut into the solid matrix by the network as it can be seen in Fig . l a . This independence on the shape is ver y
important in practice .

Then, single phase flow is analysed . A new parameter 6' is introduced which is the ratio between th e
fracture permeability a and the porous medium permeability K m

G' = G/RK,,,

	

(3 )

where R is a measure of the lateral extension of the fracture . The macroscopic permeability K depend s
on a' and on the fracture density . However, it is also shown that the effect of the fracture shapes is taken
into account almost completely by p' . This conclusion applies whether the solid matrix located i n
between the fractures is permeable or not. This is illustrated in Fig .lb .

The next problem consists in the practical determination of p' . We demonstrated that p' can be derive d
from data which are simple to obtain on the field, such as the intersection with a single line . Of course ,
this line may be a well .

The most elementary version of this property can be illustrated by the intersection of a family of fracture s
with a line of length L which is parallel to the unit vector p . Consider a particular fracture of surface A o f
normal n and of in-plane orientation w ; this object does not intersect the line when its center is located ou t
of a surface of area A (cfFig.1 of Sisavath et al ., 2004) . Since this is valid for any in-plane orientation ,
the excluded volume of the line and of the surface is equal to A L Hence, the average number o f
intersections <n1> per unit length between such a line and an isotropic network of a monodisperse famil y
of fractures is

<n I >=A p /2

	

(4)

where <•> denotes the statistical average . Of course, the major interests of this formula are that it does
not depend on the precise shape S of the fractures and that p can be deduced from <nm> and A. Some
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additional relations were given by Sisavath et al . (2004) for anisotropic networks . Moreover, if som e

information is given on the fracture shapes, p' can be derived and the data presented in Fig .1 can be used

to predict the overall properties of the fractured medium .

This first part is illustrated with the example of a real fracture network where the predictions of our

methodology are successfully compared with the real data .

The second part of our talk will be devoted to various extensions of the previous results . The stereologica l

analysis relative to a plane can be extended to convex fractures . Moreover, some results will be presente d
relative to multiphase flows and to polydisperse fracture networks .
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Figurel : Monodisperse fracture networks . (a) : the number of blocks per excluded volume cut by the network
in the solid matrix as a function of p' for different fracture shapes . (b) : the macroscopic permeability o f
a fractured porous medium as a function of p' for different ratios between the fracture permeability and
the porous medium permeability ; data are for: hexagons (solid lines), squares (s), rectangles with aspec t
ratios 2 (~) and 4 (71), hexagons () and 20-gonal fractures (>I) . u ' is equal to 10-4 , 10, 102 , 10 3 and 10 4 .
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Fractures influence in a decisive way the macroscopic properties of geological media (Bogdanov et al . ,
2003) . A crucial feature in this respect is the percolating character of the networks .

Fractures are always present in geological formations over a large range of scales and their characterizatio n

is drastically limited by the virtual impossibility of measuring them in-situ . Therefore, most analyses

are based on 1D and 2D measurements of fracture traces along boreholes or on exposed outcrops whic h

necessitate extrapolation by stereological techniques to 3D . Such extrapolations have already been mad e
for specific fracture shapes by Warburton (1980a, b), Piggott (1997), Berkowitz and Adler (1998) and
Sisavath et al . (2004) (see also the references therein) .

The purpose of this communication is to survey our recent works in this field .

Let us consider in the 3D space a set of fractures which are portions of plane surfaces . When its shape S
is specified, each surface can be located in space when the position of a particular point x which can b e
called its center, the normal n to the surface and the orientation of the fracture co in the fracture plane ar e
known . The points x are assumed to be uniformly distributed with a volumetric density p ; the shapes S
are always convex . The lateral extension of the fractures is measured by some length R . The probability
density of the number of fractures is denoted by n(R), their area by A(R) and their perimeter by P(R) .

A basic concept is the excluded volume Vex of an object F which is defined as the volume into which th e
center of another object may not enter if overlap of the two objects is to be avoided (Balberg et al ., 1984) .
For randomly oriented flat convex objects 1 and 2, Vex is equal to (Adler and Thovert, 1999 )

Vex = (A I P 2+ A 2 P 1 )/4

	

(1 )

Our general methodology can be illustrated by the intersection of a family of fractures with a line of
length L which is parallel to the unit vector p . Consider a particular fracture of surface A of normal n and
of in-plane orientation w ; this object does not intersect the line when its center is located out of a surfac e
of area A (cf Fig .1 of Sisavath et al ., 2004) . Since this is valid for any in-plane orientation, the exclude d
volume of the line and of the surface is equal to A L p .nl . Hence, the average number of intersection s
<n,> per unit length between such a line and an isotropic network of a monodisperse family of fractures i s

<n 1>=A p /2

	

(2 )

where <> denotes the statistical average . Of course, the major interests of this formula are that it does no t
depend on the precise shape S of the fractures and that p can be deduced from <n,> and A . Some additiona l
relations were given by Sisavath et al . (2004) for anisotropic networks .

The major results obtained by Berkowitz and Adler (1998) for disks intersecting an observation plan e
could be recently generalized to fractures of convex shapes . Some overall relations are given in Table 1 .
Et , <c> and Ep denote the surface density of traces, the average length of the intersections and the surfac e
density of chord intersections in the observation plane .
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The major interest of these formulae is to try to use them to derive the macroscopic quantities p, <A> an d

<P>. It is easy (and frustrating) to realize that only two of these quantities can be obtained . An additional

relation is thus necessary to derive these quantities such as a shape factor.
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Table 1 : The major stereological relations for convex fractures intersecting a plane .

When the fractures are disks, the radii distribution can be derived from the trace distribution.

These results were recently extended to the important case of traces on a gallery by Gupta and Adle r

(2004) following Mauldon and Mauldon (1997) . Exact and approximate analytical formulae were

derived for the numbers of partial or full intersections . These predictions were verified by Monte Carlo

calculations . Then, trace length distributions were studied mostly by numerical techniques for variou s

disk distributions . These simulations showed that the differences between the various disk distribution s
are very small when the trace length distributions are compared with the same average and the sam e
standard deviations .

All these theoretical developments are illustrated by real examples .
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The chemical parameters used in reactive transport models are not known accurately due to the complexity

and the heterogeneous conditions of a real domain . A reactive transport model needs five kinds of inputs :

the hydraulic properties of the domain, the chemical reactions occurring and the chemical parameters ,

the boundary and initial conditions . We will focus here on the chemical part of the problem . To describ e

a reactive transport model, a set of chemical reactions is first chosen and after that the correspondin g

parameters are obtained, whatever the way. Nevertheless, the required chemical parameters are no t

known exactly. Because the described phenomena are non linear, low precision on the determination of the

parameters can lead to rejection of an accurate set of reactions . Moreover it is not possible to determin e
if the divergence between the experimental results and the calculated one is due to a wrong set of reaction s
or to a insufficiently precise determination of the parameters . Today, parameter estimation is mainly
done using batch experiments under unique experimental conditions with tools like FITEQL (Westall ,
1982) . Estimated parameters are then accurate for batch reactor and for a given experimental state suc h
as imposed pH or fixed ionic force . Extrapolating these parameters to a natural uncontrolled systems i s
then very hazardous .

We will present the development of an efficient algorithm in order to estimate the chemical parameter s
using Monte-Carlo method (Aggarwal and Carrayrou, 2004) . The objective is to estimate these parameters
using multi-conditional experiments . It will then be possible to make predictions under variable condition s
(pH, ionic strength) which are more representative of natural systems .

By fitting the results obtained from the model to the experimental curves obtained at various experimenta l
conditions, the problem of parameter estimation is converted into a minimisation problem . Monte-Carlo
methods are very robust for the optimisation of the highly non linear mathematical model describing
reactive transport . It involves generating random values of parameters and finding the best set .
Unfortunately, the number of realisations to do is very high . We develop an optimisation algorithm whic h
uses less number of realisations and, therefore, reduces the CPU time . Moreover, other improvements are
used to reduce CPU time, such as :
(i) a combination of discontinuous and mixed hybrid finite elements method for the transport operato r

resolution (Carrayrou et al ., 2003 ; Siegel et al ., 1997) and ;
(ii) a combinated algorithm using the chemically allowed interval and positive continuous fraction s

methods for the chemical operator resolution (Carrayrou et al ., 2002) .

Reactive transport of TBT through natural quartz sand at 7 different pHs is taken as test case (Bueno et al. ,

1998) . We will compare results from various optimisations to choose the most efficient one . Finally, ou r
algorithm will be used to estimate the chemical parameters of the sorption of TBT onto the natura l
quartz sand (Table 1) .

In this work, we prove that the chemical comportment of an heterogeneous surface cannot be describ e
by a single sorption site model, whatever the parameters are (Figure 1) . An accurate modelling of reactiv e
transport should then use a complete description of chemical phenomenon at the solid-water interfac e
including surface heterogeneities .
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Table 1 : Morel Tableau for the TBT reactive transport test-case
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Given specific area S = 0 .200 m2 .g-' (Bueno, 1999), estimated S = 0 .346 m2.g-1 .
Bolt parameters will be estimated .
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Figure 1 : Experimental and calculated elution curves for the reactive transport of TBT onto a natura l
quartz sand. Calculated elution curves are obtained after optimizing the chemical parameters .
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This paper presents the application of so-called gas threshold pressure tests (GTPT) to assess the behavior
and two-phase flow properties of clay-rich sedimentary rocks under investigation for disposal of high-level
radioactive (HLW) and spent fuel (SF).

Nagra and Andra are the organizations carrying out this type of site investigation in Switzerland and
France respectively. In both cases, clay-rich sedimentary rocks (e.g. argillites, shales, claystones) with
low permeability are being considered as possible repository host rocks. The favorable hydraulic
characteristics of these rock types restrict the flow of ground water through the repository and imply that
transport by pressure-driven adveclive flow may be negligible compared with diffusion effects
(GAUTSCHI, 2001; NAGRA, 2002a).

The radioactive wastes will produce a significant amount of gas due to corrosion and degradation processes.
Gas generation will continue for a long period after repository closure. Accumulation of the gas may lead
to unacceptable build-up of gas pressure in the disposal tunnels, if the gas cannot escape through the low
permeability host rock. Furthermore, gas could be the driving-force for forcing contaminated water from
the disposal zone and contaminant transport in the gaseous phase could occur. In this context, the two-phase
flow properties of the host rock formation are important parameters for the simulation of the gas pressure
build-up in the backfilled disposal tunnels and the assessment of the pressure build-up on the long-term
performance of the disposal system consisting of engineered and geological barriers (NAGRA, 2002b
& 2002c).

In the early site investigation phase, the only access into the host rock formation is normally the drilling
of deep boreholes, which provides the opportunity to perform gas tests - in particular the so-called gas
threshold pressure test - to obtain an in-situ data set and information on the two-phase flow properties
of the host rock.

GAS THRESHOLD PRESSURE TEST (GTPT) CONCEPT
With the gas threshold pressure test (Figure 1), the gas entry threshold pressure and two-phase flow
parameters are determined. A common GTPT consists, in the beginning, of a single-phase hydraulic test
sequence performed to derive the hydraulic parameters of the test interval, namely transmissivity, formation
head and the valid flow model. The water phase in die test interval is then displaced by gas, keeping the test
interval pressure as stable as possible. Afterwards, gas injection starts and the gas threshold is detected.
The final stage comprises a shut-in with a pressure recovery phase.

GTP-TESTS AT BENKEN (SWITZERLAND) AND BURE (FRANCE)
The test in Switzerland was performed in the Benken borehole, drilled in 1998-1999; the borehole
encountered the Opalinus Clay at a depth between 540 and 650 meters. The test interval was located
between 600 to 603.5 m bgl (NAGRA, 2001), The interpretation reveals a best estimate hydraulic
conductivity of ixlO"14 m/s. The GTPT analysis suggests a gas entry pressure value > 4.3 MPa.
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The argillites of the Callovo-Oxfordian formation at Bure are at a depth of between 420 — 550 m belo w

ground level and the GTP-Test in borehole EST 363 was conducted in September 2004 in a test interva l

located between 490 — 495 .15 m below surface . The preliminary interpretation reveals a best estimate

hydraulic conductivity of 4x10 -13 m/s and a gas entry pressure of around 3 .3 MPa (ANDRA, 2004) .
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Figure 1 : General test sequence example of a GTP-Test

RESULTS AND CONCLUSION S
The results of the tests in the two different formations fit well with the empirical relationship betwee n
gas entry pressure and permeability, compiled for a wide range argillaceous formations (NAGRA 2002a) .
The GTP-Test results support the general system understanding of the two-phase flow properties of host rock
formations . In the Nagra case, visco-capillary flow and pathway dilation provide a suitable conceptual
framework for describing gas release through the Opalinus Clay (NAGRA, 2002a) .
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Around the MHM site, and for the last lens of thousands years, the natural flow in the Callovo-Oxfordian
layer can be considered at equilibrium, and so should be for the next tens of thousand years. However,
the digging of the storage will modify the hydraulic heads around all shafts and galleries.

The hydraulic behavior is largely influenced by the presence of an EDZ around the excavations. Radialy,
this mechanically damaged zone can be divided into two parts :
* one fractured zone just outside the galleries walls, which permeability is 4 to 5 orders of magnitude

higher than the permeability of the sound argillites,
• one micro fissured zone, externally of the fractured zone, which permeability is 1 to 2 orders of magnitude

higher than the one of the sound rock.
Except for EDZ generation mechanical effects on hydraulic flow can be neglected.

Another major characteristic influencing the hydraulic behavior of the argillites around Ihe excavation is
the ventilation of the tunnels. The relative humidity of this ventilation air is around 50%, So a desaturation
zone will develop around the tunnel walls, especially in the EDZ.

The thermal load of certain types of waste will also have a significant impact on the flow scheme.
During the rising temperature phase, an over pressure can be generated some tens of meters away from
the galleries. Another effect of temperature is to accelerate the resaturation process. Significant impact
of thermal load on water flow will last some thousands of years.

Some hundreds of years after repository closure, gas production by corrosion of the metallic parts present
mainly in the storage cells will begin to influence the water flow. A gas phase will by individualized inside
each cell and gas pressure will build up until it reaches the gas entry pressure of the EDZ. The gas will
then expand into the galleries. Gas generation process will last some tens of thousands of years, and the
gas phase will need some additional thousands of years to dissipate by dissolution in the surrounding water.

From this analysis, one can evaluate that the general impact of the storage on the hydraulic behavior of
argillites around excavation walls will be significant for at least some tens of thousands of years, more
probably for one hundred of thousands of years.
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Studies for a possible deep underground repository for nuclear waste require fast and accurate simulation
of contaminant transport. Indeed for performance assessment of the site the same code is run several
hundred times with varying coefficients. At the same time, as studies become sharper and sharper, the
models used in performance assessment get more and more complex. Therefore there is a strong need
for improving the computer performance of codes. Multidomain simulation is one technique that can be
used to achieve this purpose.

A large scale simulation around the Bure site is run in a domain with several geological layers whose rock
properties are very different and for which, consequently, permeability and diffusion coefficients vary
with several orders of magnitude. In order to speed up the simulation, one will divide the domain into
several subdomains which are fairly homogeneous so that fast solvers can be used on the subdomains.

The two main ingredients for multidomain simulation are domain decomposition and subdomain time
stepping.

A domain decomposition method is an iterative procedure using subdomain solvers for calculating the
solution of the global system. In order to calculate the flow (assumed to be incompressible), we used a
domain decomposition method for elliptic equations based on Robin-Robin transmission conditions.
A similar method is used in order to calculate the diffusion contribution to transport.

Since the transport coefficients vary strongly from one subdomain to the other, the subdomain time
scales vary in the same manner and the time steps in the subdomains should be calculated accordingly.
Current codes do not possess this capability and use instead the smallest time step required by the fastest
time scale to perform a calculation in the whole domain. In order to save computational costs, subdomain
time stepping allows for a choice of a time step per subdomain which is appropriate for the time scale
of the physical phenomena occurring in the subdomain.

The two main techniques for multidomain simulation, domain decomposition and subdomain time stepping,
will be illustrated by a flow and transport simulation around the Bure site.
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INTRODUCTION
Over the last century, there had been exponential growth of the world's population with corresponding
increase in exploitation of the earth's raw mineral materials. These had undoubted led to build-up of waste
products, of which trace/heavy metals are of particular environmental concern. However clay and organic
contents are important components that control the sorption/retention capacity of soils as sinks for con-
taminant trace metals (Appel and Ma, 2002). Hence the intent of this study is to assess kaolinitic clay as an
effective, low cost, sorption media for the removal of trace metal ions (Mn and Zn) from aqueous solutions.

METHODS
Series of batch equilibrium tests (BET) were performed to determine the capacity of the kaolinitic clay
media (2g and 4g) for removal of Mn and Zn ions in single- and binary-component systems under varied
pH (2.5, 5.5 and 8.5) and metal concentrations, Q (50, 100 and 200 mg/l ofZn and Mn). After 18-hours
of equilibration period, the trace metal contents of the supernatant were analysed using ICP-AES method
{Perkin Elmer; model OPTIMA 3000), while respective metals concentrations (q, mg/g) removed from
the solution were subsequently estimated followed by further data evaluation.

RESULTS AND DISCUSSION
Equilibrium isotherms revealed more or less similar adsorption characteristics for Mn and Zn under
different experimental conditions and correlate well with both Langmuir and Freundlich models
(i?2>0.97). However, adsorption capacity, q (mg/g) is much higher at solution-solid ratio (SSR) of
20mI/g compared to SSR of lOml/g for both metals, while il is much higher for Zn compared to Mn
under the different experimental conditions. In addition, adsorption of Zn and Mn followed the expected
trend of increased metal uptake with increased pH from 2.5 to 8.5, under binary metal solution system
while the similar trend were only observed between pH 2.5 and pH 5.5 under single metal solution system
and at low metal concentration (Ci) for both metals (Table 1 ).

Table 1: Estimated percentage adsorption under

Ci / SSR

50/10
50/20
100/10
100/20
200/10
200/20

Single

% Adsorptior
pll
2.5

83.1
63.3

74.0
52.3
62.5

38.5

pH
5.5

99.9

91.1
84.8
68.1
70. S

53.1

metal solution

i(Mn)

pH
8.5

95.7

96.8
91.2
81.2

79.3
65.1

system

varied metal concentration, pH

% Adsorption (Zn)

pH
2.5

89.0

69.8
80.8

61.9
72.7

48.5

pH
5.5

98.6

96.2

92.5
82.4

80.8
64.1

pH
8.5
82.3

87.1

96.8
96.0
93.4

94.8

Binary

% Adsorptior

pH
2.5

83.5
62.5
62.4

38.4
52.7

32.8

pH
5.5

92.2

78.2
74.7
53.6

'62.2' '

40.7

and SSR*

metal solution

i (Mn)

pH
8.5

96.8
93.2
95.6
92.1

93.1

88.2

system

% Adsorption (Zn)

PH
2.5
87.7

68.2
69.9
46.4

63.7
37.1

pH
5.5

97.3

88.3

83.8
66.7
75.8

58.8

pH
8.5

99.5

99.1

99.6
99.3
99.4

99.1

* Ci = Initial metal concentration in mg/g; SSR = Solution-solid ratio in ml/g.
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COMPETITIVE ADSORPTION: PH AND CI AiND COMMON-ION EFFECTS
The estimated maximum adsorption (M, mg/g) generally decreases with increasing pH for both Zn and Mn
in single metal solution system. The influence of SSR is appreciable at pH of 2.5 with >20% reduction
in adsorption capacity for Zn and Mn under both single and binary systems while increase in Ci usually
resulted in about 10-15% reduction in adsoiption capacity at pH of 2.5 and 5.5 under both systems compared
to about 2% at pH of 8.5 {Table 1), especially under binary system apparently due to complementary
co-precipitation of metal hydroxides (Yavuz et al , 2003.}.

Table 2: Common-Ion Effect Ratio, (Qb/Qs) and

Ci SSR

50

50
100

100
200

200

10

20
10

20

10

20

Qb/Qs (Mn)

pH
2.5
1.02

0.97
0.86
0.75

0.51

0.51

pH
5.5

1.03
0.96
0.95
0.85

0.54

0.47

pH
8.5

1.02

1.00
1,04

1.12

1.10
1.26

Binary !Selectivity Index (Kij)

Qb/Qs (Zn)

pH
2.5

0.96

0.95
0.88
0.76

0.52

0.45

pH
5.5

0.97

0.91
0.93

0.83

0.57

0.55

pH
8.5

4.92

4.63
3.04

3.05

6.79

6.67

Kij
pH
2.5

0.71

0.78
0.71

0.72
0.64

0.83

pH
5.5

0.33

0.48
0.57

0.58
0.53

0.48

pH
8.5

0.16
0.12
0,09

0.08

0.08

0.07

Qb = Sorption of metal in binary system; Q5 = sorption metal in single system
Kjj = Selectivity Index (i and j implies first and second ion respectively).

Under acidic conditions (pH 2.5 and 5.5) and at low metal concentrations (50mg/l), there is apparently no
observable co-ion interference (i.e. Qb/Qs = 1} on the adsorption capacity of the kaolinite under competitive
binary system (Table 2). However, at higher metal concentrations, there are obvious suppression of
adsorption capacity (i.e. Qb/Qs <1) with respect to one metal in the presence of the other with capacity
reduction of about 10-15% (for Ci = lOOmgl/1) and 45-55% (for Ci - 200mg/l). However, Qb/Qs >1
under higher pH of 8.5 is a confirmation of influence of complementary co-precipitation of metal
hydroxides rather than adsorption process, while Kij values of <1 clearly indicate the preferentially
adsorption of Zn ions by kaolinite clays compared to Mn under competitive binary metal solution system
(see Table 2),

CONCLUSIONS
This study presents the experimental assessment of kaolinite clays with respect to trace metal immobilization
potentials from waste-water in contaminated sites as well as in application as barrier fills in waste disposal
systems. The assessment revealed varied influence of different operating conditions on the metal retention
capability of kaolinite clay with respect to Mn and Zn ions. However, the capacity seems to be more
favoured at lower (acidic) pH range. Most especially pH, solution-solid ratio, metal concentrations are
critical factors under the single metal system while ionic potential, ionic radius, ionic stability exert
additional influence under the binary metal system.
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CIEMAT, Departamento de Impacto Ambiental de la Energia - Avenida Complutcnse, 22 - 28040
MADRID (SPAIN)

The sorption and transport properties of radionuclides in the near and far field barriers of a deep geological
radioactive waste repository are amongst the principal aspects to be evaluated for the performance
assessment (PA) of such a kind of disposal. The study of the clayey materials is crucial because the
backfill material is constituted by compacted clay in most countries design; in addition, argillaceous
formations are particularly suitable as host rock formations.
It is widely recognised that, to acquire predictive modelling capability, a theoretical effort is needed for a
mechanistic understanding of sorption processes, as they greatly influence the transport of radionuclides
in clay porous structures.
In this work, an exhaustive experimental study of the Co(II), Sr (II) and Ca(II) sorption behaviour on
a Spanish bentonite was carried out. The clay used for these experiments is the FEBEX bentonite
(HUERTAS et al., 2000), which is basically formed by smectite (93 ± 2%) with small percentages of
quartz (2 ± 1%), plagioclase (3 ± 1%), cristobalite (2 ± 1%) and traces of minerals such as K-feldspar
and calcite.
The main expected sorption mechanisms in clays are cationic exchange and surface complexation, therefore,
different types of experimental data were generated, to quantify to what extent these two mechanisms occur.
One type of experimental data represents the bivalent ions sorption as a function of pH {sorption edges) at
constant ionic strength, whereas a second type represents the sorption as a function of the concentration
of the radionuclide at a constant pH (sorption isotherms).
In order to apply surface complexation modelling, the complete characterisation of the surface charge
properties of the solid is needed. Previous to sorption experiments, potentiometric acid / base titrations
were used to determine the surface acidity constants of the surface functional groups of the clay edge
sites (MISSANA et al., 2001).
Batch sorption experiments were performed using the bentonite, previously purified and converted into an
homoionic (Na and Ca) form. These experiments covered a wide range of experimental conditions (i.e.
ionic strength from 1-10-3 M to 1 M;pHfrom3to 11). Thus, the effects of the most important physico-
chemical parameters such as pH and ionic strength, were studied independently in order to construct
sorption models able to reproduce the data in the widest range of experimental conditions.
The surface complexation constants and selectivity coefficients were obtained by fit of the experimental
results using the JCHESS v 2.0 code {VAN DER LEE, 1993).

Acknowledgments: This work has been carried out within the CIEMAT-ENRESA association.
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SORPTION AND DIFFUSION BEHAVIORS
OF Cs AND Se ON WYOMING BENTONITE

IN SEA WATER AND SYNTHETIC
GROUNDWATER
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Sorption and diffusion are important processes of transport for radionuciides through buffer materials
such as bcntonite in HLW disposal facilities. In this study, the sorption and diffusion behaviors of Cs
and Se on Wyoming bentonite are investigated using batch and through-diffusion techniques. Aerobic
and anaerobic sea water(SW) and synthetic groundwater(GW) solutions are studied in batch tests to
simulate the actual bentonite-groundwater conditions in HLW near-field disposal environment.

The results showed that distribution coefficients (K^) of Cs from batch experiments are higher than those
of Se regardless in SW and GW. The Ktls of Cs have no apparent difference in aerobic and anaerobic
conditions because Cs in both of the two conditions formed the same species. However, The A',s of Se
showed variances in aerobic and anaerobic conditions, and the results for SW and GW were not consistent
each other. Those results could be explained from the complex species with different valences of Se in
aerobic and anaerobic conditions

For the through-diffusion experiments on the compacted bentonite samples with the density of 1200 kg/mJ,
the corresponding apparent diffusion coefficients for Cs and Se are orders of 10'13 m2/s and 10"12 m:/s
respectively. Comparing the retardation factors obtained from the diffusion experiments are lower than
those derived from the batch experiments. The discrepancy and the possible explanations are discussed
in the paper.

International Meeting. March 14-18,2005,Tours, France
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 597



P/SRC/04

INCORPORATION OF TRIVALENT
ACTINIDES (Cm(III)) IN CALCITE.

A TIME RESOLVED LASER FLUORESCENCE
SPECTROSCOPY (TRLFS) STUDY
M. Marques Fernandes, T. Stumpf, T. Rabung, A. Bauer, T. Fanghanel

Forschungszentrum Karlsruhe, Institut fur Nukleare Entsorgung. P.O. Box 3640, D-76021 Karlsruhe,
Germany

Although incorporation of radionuclides into the bulk structure of mineralphases represents a very
important retardation process, very little is known about the reaction mechanism and about the structure
of the involved incorporated species. Carbonates are among the most important secondary alteration
products formed during the degradation of cement in radioactive waste repositories. Previous studies
have shown that divalent and trivalent metal ions like Mg2"1" [1], [2], Cd3~ [3], [4] and Rare Earth Elements
(REE) [5], [6] in presence of calcite are efficiently removed from the aqueous phase.
An important point for incorporation of foreign ions into a crystal structure is the similarity of the ionic
radii of the cation in the bulk structure and of the substituting element. The size of trivalent actinide and
lanthanide ions are close to that of Ca : \ Another important question for any heterovalent substitution is
the charge compensation mechanism.

The aim of this study was the characterization and quantification of the incorporation and substitution
mechanism (charge compensation, coordination) of Ca'+ by Cm" in the ealcite crystal. Structural infor-
mation of Cm(III) incorporated in calcite was obtained by using Time Resolved Laser Fluorescence
Spectroscopy (TRLFS). With nine water coordinated Cm(IIl) "aquo ion'7 has an emission band with a
peak maximum at 593,8 nm, a shift of the emission spectrum indicates a change in the Cm(IlI) ligand
field. From fluorescence emission lifetime measurements one can calculate the number of H2O/0H
molecules in the first coordination sphere of the actinide ion. Cm(III) was used as a representative for
trivalent actinides and lanthanides because of its high fluorescence spectroscopy sensitivity which enables
speciation studies in the nanomol concentration range. The TRLFS was already used to investigate the
sorption process of Cm(Ill) onto calcite in batch experiments [7].

To study the incorporation mechanism in detail, homogeneous Cm(UI') doped calcites were synthesized.
The Cm{III) doped calcite crystals were grown in a Stirred-Flow-Through Reactor. Flow-Through Reactors
are useful because they allow crystal growth under constant and controlled conditions {saturation state,
pH, ionic strength).
Two homogenous Cm(lII) doped calcites were synthezised with different trivalent metal ion concentrations
of I ppm Cm3* (calcite 1) and of 500 ppm { 1 ppm Cm3" and 499 ppm Gd1+) (calcite 2).

SPECTROSCOPIC CHARACTERIZATION OF THE CM COPRECIPITATED CALCITE
SAMPLES AT 298K
Selected fluorescence emission spectra of the two Cm(III) doped calcites at 298 K are presented in Fig.2.
Both spectra show two emission bands with peak maxima at 605.5 nm {1 ) and 620.3 nm (2), which can be
assigned to two different Cm/calcite species. These peak maxima are quite similar to the peak positions
of the Cm(III) species identified by Stumpf and Fanghanel (2002) during Cm/calcite batch experiments.
In contrast to the emission maxima of Cm(III) species sorbed onto mineral surfaces (y-alumina, kaolinite
and smectite (603.3 nm), and silica (604.9 nm))[8] [9], the emission maximum of the first Cm(111)/calcite
species appears at a higher wavelength (605.5 nm). The extreme red shift of the emission spectrum of
the second Cm/calcite species with peak maximum at 620.3 nm is a clear indication for a change in the
ligand field of Cm(IIl), which can be attributed to a reduction in the coordination number of Cmflll).
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Figure 2 : Fluorescence emission spectra
of Cm(III) in calcite

Figure 3 : Time dependency of the fluores-
cence emission decay of Cm(III) in calcit e

(solid)

Fluorescence emission lifetime measurements give information about the hydration status of the identified
Cm(III) species . By varying the delay time the ratio of the fluorescence intensities of the two Cm(III)/
calcite species changes . With increasing delay time the fluorescence signal with the peak maximum a t
605 .5 nm decreases while the relative intensity of the peak of the Cm(III) species at 620 .3 nm increases .
This indicates that the two Cm(III)/calcite species have different lifetimes. In Fig . 3 the fluorescenc e
intensities are plotted as a function of the delay time . The emission decay follows a biexponential decay law.
Two different lifetimes i,=350 is and T 2 =2167 is were calculated . According to the equation published by
Kimura et al .[10], a lifetime of 2167 is indicates the total loss of the hydration sphere . A lifetime of 350 is
can be attributed to a Cm species with one water or OH - molecule in the first coordination sphere .
The long emission lifetime and the extreme red shift of the spectrum of the Cm(III)/calcite species wit h
peak maximum at 620.3 nm are a clear indication for the incorporation of Cm(III) into the calcite bulk .

SPECTROSCOPIC CHARACTERIZATION OF THE CM COPRECIPITATED CALCITE
SAMPLES AT LOW TEMPERATURE 17K
With decreasing temperature we observed the increasing splitting of the emission band at 620 .3 nm
(fig .3) . The emission band split into three clearly distinguishable emission bands at 612 nm, 616 .5 nm
and 623 nm. Cm(III) is occupying different energy states which indicates that there are different Cm(III) sites .
The emission band at 605 .5 did not split and remained rather broad , which seems to indicate that thes e
emission band can be attributed to a surface sorbed species . This statement is in agreement with the shor t
emission lifetime.Time Resolved Laser Fluorescence Spectroscopy allowed a detailed characterization of the
sorption and incorporation process of trivalent actinides at trace level concentration into the mineral calcite .
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Figure3 : Emission spectra of calcite (2) with decreasing temperature .
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TC(IV) INTERACTION WITH DISSOLVED
BOOM CLAY HUMIC SUBSTANCES
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The redox-sensitive fission product technetium-99 is of great interest in nuclear waste disposal studies
because of its potential of contaminating the geosphere due to its very long half-life and high mobility.
Under oxidising conditions, technetium is present as pertechnetate, a highly soluble, anionic species,
that does not sorb significantly on minerals or sediments (Lieser and Bauscher, 1987). Under suitable
reducing conditions, eg. in the presence ofa reducing solid phase which can act as an electrondonor, the
solubility can be limited by the reduction of pertechnetate followed by the formation ofa surface precipitate
with a low solubility (Cui and Eriksen, 1996). However, in the presence of dissolved humic substances,
the solubility may be enhanced due to the formation of Tc-HS complexes (Sekine et ai, 1993).
The geochemïcal behaviour of the redox sensitive Technetium-99 (Tc) in reducing clay environments and
in the presence of organic matter, was elucidated with a number of lab-scale Boom Clay batch experiments.

In Maes e\ aL (2003) it was demonstrated that upon approaching the Tc(IV) geochemical equilibrium
situation in Boom Clay suspensions starting from a status of oversaturation with, respect to the solubility
of (amorphous) TcO;.nHiO, a hydrophobic sorption mechanism was seen to exist between neutral Tc{I V)
species and dissolved Boom Clay organic matter (O.M.). These results were also presented orally at the
previous Andra meeting in Reims (2003).

In a new set of experiments, the influence of FeS; on the interaction of Tc with dissolved Boom Clay
organic matter was elucidated in batch systems prepared in a similar manner as in Maes et al. (2003).
Different initial Tc(VII) were contacted with Boom clay suspensions to which different amounts of FeS2

were added. On these batches several sequential extraction steps with organic matter-free synthetic
Boom Clay water were performed. Equilibration times were fixed at one week for each extraction step.
The interaction ofTc with dissolved Boom Clay organic matter was quantified using the newly developed
Schubert-like approach from Maes et ai (2003), resulting in a positive identification ofFeS^ as a sorplion
sink of the Boom Clay solid phase for Tc, and in the same interaction constant for the interaction of Tc
with dissolved O.M. (KlfS = 105J±()-3).

In a second set of experiments, the long-term (up to 113 days) behaviour of the Tc interaction with dissolved
Boom Clay O.M. was studied. It was observed that with time, interaction constants as high as 10" ' ' were
measured. This increase corresponded kinetically to a movement of Tc species towards the inside of the
O.M. molecules, thereby providing new sorption opportunities for the remaining Tc.

Finally, (ir)reversibility effects concerning the interaction of Tc(IV) with dissolved Boom Clay HS were
investigated by examining newly installed equilibrium conditions upon interchanging of supematants of
"Tc spiked" and "not-spiked" Boom Clay suspensions. Mobile dissolved Boom Clay O.M. was seen to
be easily replenished with Tc from "spiked" Boom Clay solid phase. Tc associated with this mobile
Boom Clay O.M. was however relatively unattainable for the solid phase sinks, and desorption of Tc
from this O.M. by competition with the solid Boom Clay phase was kinetically hindered.

EXAFS measurements (Maes et al, 2004) of different series of experiments were made to further elucidate
the nature and kind of Tc(IV)-humic substances species (Gorleben and Boom Clay humic substances)
and to identify Tc(IV) species formed on solid phases (pyrite and magnetite): series 1 consisted of Tc
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species in presence of 2 different iron-containing surfaces (acting as the necessary reducing solid
phase): pyrite and magnetite. These solid phases were brought in contact with humic rich (Gorleben
groundwater) and humic free solutions. A next series of samples was made to mimic a more natural
environment: 1 ) a suspension of Gorleben sand in Gorleben groundwater and 2) Boom clay sediment in
equilibrium with a synthetic groundwater, resulting in an equilibrium distribution of humic substances
andTc between the solid and the liquid phase.

All the investigated samples refer to pH 8-9 conditions and showed the same EXAFS spectrum and could
be all fitted by a TcO;-like phase. These results are interpreted as follows. Under reducing conditions
and in the presence of a reducing solid phase (magnetite, pyrite or Gorleben sand), pertechnetate is
reduced to Tc(IV), which hydrolyses and (by a kinetically controlled process) precipitates as TcO-, (on
the solid phases); however, in the presence of humic substances, TcO, is also associated with the humic
substances by way of a hydrophobic interaction mechanism between "neutral" inorganic Te(IV)-colloids
and organic matter colloids.

The authors acknowledge financial support from the 51h R&D programme of the European Commission
(Contract No. F1KW-CT-2000-00008) and from NIRAS/ ONDRAF
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MATCHING A SURFACE COMPLEXATION
MODEL WITH AB INITIO MOLECULAR

DYNAMICS: MONTMORILLONITE CASE
D. A. Kulik. S. V. Churakov

Nuclear Energy and Safety Department, Laboratory for Waste Management, Paul Scherrer Institute,
CH-5232 Villigen PSI, Switzerland

Speciation modelling of sorption on mineral-water interfaces is performed with help of surface com-
plexation models (SCM), suitable for diluted suspensions that seem to reach adsorption "equilibrium"
within laboratory times. Electrostatic SCMs need several input parameters even for a relatively simple
oxide mineral surface. Moreover, the electrolyte ion adsorption constants in triple layer (TL) or basic
Stern (BS) models depend on the inner layer capacitance density Cl, but clear physical understanding
of this parameter is missing so far. SCMs can fit acidimétrie or metal titration data well at quite different
combinations of input parameters [I], and this fact casts doubt on any interpretation of fitted parameter
values in terms of microscopic physicochemical mechanisms. The problem is even deeper in SCMs for clay
minerals like montmorillonite having at least two surface types: the edges exposing different (aluminol
and silunol) functional groups, and the basal siloxane planes with permanent charge and ion exchange.
A feasible way to overcome the caveat of SCMs is seen nowadays in relying on crystallographic data [2]
and ab initio calculations [3,4] to restrict the EDL setup, species stoichiometries, and input parameter
values when constructing the adsorption model.

The aim of this contribution is to discuss how recent advances in sample surface characterization [5] and
in quanmm-chemistry calculations for pyrophyllite [6] can help in putting together a multi-site-surface
electrostatic SCM for montmorillonite implemented in GEM approach [7]. The quality of macroscopic
model fits is checked against the titration data [8].

In our SCM, the specific edge surface area.4e = 8 m2g'! is taken fromTournassat et al, [5] who have shown
that AE is determined by the perimeter-to-area ratio of clay platelets and does not depend on their stacking.
The edge surface was split into "aluminol" and "silanol" patches of specific areas 3.4 and 4.6 nrg'1,
respectively. Ab initio calculations led to maximum densities of 6.7 nm"2 for amphoteric A1-0H groups
on the edge aluminol patches, and 10 nm" for Si-OH groups on the edge silanol patches. Permanent charge
density d v = -0.16 Cm"' (or-1 per nm"') on the basal X- surface was calculated from the structural formula
of SWy-1 montmorillonite. By comparing it to CEC data [8], the reactive basal specific surface Ax of
montmorillonite was found to be 525 irfg"1, ca. 70% of theoretical 780 nr g"1.

Ab initio optimization of the surface geometry [6] suggests the presence of essentially uncharged Si-OH,
A1-OH2 and Al-OH terminal groups on smectite edges. Surface site reactivity indexes derived from
condensed Fukui functions show that the first two groups can only lose protons, while Al-OH groups
can lose and attach protons. For the aluminol edge surface patch, this microscopic picture is closer to the
classic 2p/fj than to the MUSIC lpA!"A approach [2]. Forme silanol surface type, our results are consistent
with both approaches.

Elemental stoichiometries of surface complexes in GEM SCM were set according to [7], The surface
acidity constants were taken by analogy with silica (pA'A2 = 7.2 [2]) for Si-OH groups, and with gibbsite
(pHPZC=10, Ap£A = 4) for Al-OH groups. The TL EDL model was used together with competitive
Langmuir isotherm corrections at 10 nm": on silanol and 6.7 nm'2 on aluminol edge surface types separately.
For X- surfaces, a new modified TL model for ion exchange has been constructed, in which the hydronium

International Meeting, March 14-18, 2005, Tours, France
Clays in Natural & Engineered Barriers Tor Radioactive Waste Confinement Page 605



P/SRC/06

was treated as inner-sphere XH+, and other exchange cations - as outer-sphere X-MT" species. Permanent
charge density was set to ag = -1.66 jieqm"2 at zero plane; no competitive Langmuir isotherm corrections
were effectively applied to X- surface species. Standard-state binding constants (at zero permanent
charge) were estimated from ab initia calculations [6] as p^ |_ = -2.6 ± 1 for XFT and pA â_, = -1.6 ± 1 for
X"Na" species. Remaining five parameters - Stem layer capacitance densities C, for three surface types,
p/CAn (aluminol) and pKs^ (silanol) - were fitted against the titration data for Na-montmorillonite [8].
Capacitance C : = 0.2 F^m"2 was fixed for all surface types, and p A ^ for aluminol groups obtained
assuming symmetric electrolyte adsorption.

This GEM 3TL model yielded good fits for potentiometric titration data in 0.1 and 0.5 M NaC104 and
could be easily extended to trace metal sorption (Ni+1, Zn+:). The model part for edge surfaces shows
that both silanol and aluminol functional groups must be considered, and that the "classic" 2pXA TL
model provides a reasonable mean-field approximation. Rather high fitted C] values (above 3) on all three
surface types result in rather small Stern layer mean thickness (less than 2.3 À); possible microscopic
reasons for that will be discussed.

The new TL for X' surface shows some remarkable features: (1) significant hydronium adsorption is
predicted at pH < 4.5; (2) calculated total density of exchange cations matches the input aB value within
±5% in a broad range of electrolyte concentrations (from 0.005 to 1.0 M) independent of pH; (3) the
model breaks apart when XH+ is taken as outer-sphere species, or when the BS EDL model is used
instead of TL. With respect to weak (<103) standard-state binding constants of outer-sphere X" cations,
our modified TL model seems to resolve an old contradiction hidden in the non-electrostatic models of
ion exchange on clays (e.g. [9]) that require binding constants above 107 to ensure full occupation of X"
permanent charge sites with adsorbed cations.
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In the disposal concept for High Level Radioactive Waste (HLW) in Japan, the migration of radionuclidcs
dissolved into groimdwater is expected to be retarded by sorption onto the host rock surface and by
matrix diffusion. However, sorption onto colloids arising from the bentonite buffer in the engineered
barrier system, may cause a significant reduction of the radionuclide retardation by the host rock. In this
study, experimental work was carried out to investigate the sorption behavior of Cs and the effect of
characteristics of the bentonite colloids.

The bentonite used in this study was Kunipia F® (Kunimine Industry Co), which contained 99wt% of
montmorillonite. A colloid solution was prepared by dispersing 2g of this bentonite in 1 liter of 3xlO'A moL'I
of NaCi filtering over a membrane filter with pore size of 800 ran. The bentonke colloid concentration
in this solution was evaluated as 1.02 g/i from the concentration of Si and Al.
Batch sorption experiments were carried out in this solution with the final Cs concentration ranging
from ixlO"4 to 1x10"̂  mol/1. Ai defined time intervals, the solution was sampled and part of it was filtered
by ultra-filter with 10,000 of MWCO. The Cs concentration of both the unfiltered solution and the filtrate
was measured by gamma activity counting of Cs-137 added as a tracer. In parallel, for the desorption
experiment, another part of the sample solution was diluted 10 times with 8.4x10 mol/1 NaCl, being
the Na concentration in the original colloid suspension. It is noted that, theoretically, only about 30% of
sorbed Cs is desorbed by this method. Sampling, filtration and measurement were carried out same as
sorption experiments.

The size distribution of the colloids was evaluated with a help of a filtration procedure using a series of
filters with different pore size followed by analysis of Si and Al concentrations in the filtrate. The layer
structure of the bentonite colloid was observed by transmission electron microscope (TEM).

Figure 1 shows the sorption isotherm of Cs onto bentonite colloids. The data exhibit a good linearity
and are well fitted to Freundlich isotherms. It is suggested that only one type of the site on the bentonite
colloid is dominant for Cs sorption even in the low concentration as order of 10'11 mol/l. No effect of
sorption time is observed indicating that sorption equilibrium has been reached within 1 day. The obtained
distribution coefficients are around 20m7kg, which is bigger than that of powdered bentonite included
in JNC-SDE. In the desorption experiments, similar distribution coefficients are obtained. That means,
at least, 30% of Cs is revcrsibly sorbed.

In the measurement of size distribution of colloid, it is shown that most of the colloid particles have larger
size man 200 nm. According to the TEM observation of cross sections of colloid particles, the number of
the crystal layers ofdiebentonite colloid is not more than 10, which is significantly diinner than powdered
bentonite particles. Thus, the colloid particles used in this study have a quite thinner sheet type of shape
than powdered bentonite.
In such a layer structure and shape, bentonite colloids have more outer plane part of the surface exposed
to the solution and less interlaycr part of the surface than powdered bentonite. If outer plane part has
more sorption site which is effective for Cs than interlayer, bentonite colloids are expected to show larger
distribution coefficient than powdered bentonite, as found in the sorption experiments mentioned above.
Therefore, the layer structure and shape of the bentonile colloid might affect on the Cs sorption behavior.
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This sorption mechanism will be discussed in detail based on further results of sorption / desorptio n

experiments and characterization .

— (Cs)=K[Cs]

K=1 .17± 0 .02
n=1 .02± 0 .0 1

10'

-)10 8

109

10	 	 ,

10 11 10 10 10 9 1 0

Dissoled Cs (Cs) / mol . 1 -1

Figurel : Sorption isotherm of Cs onto bentonite colloid .
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SOLUBILITY LIMITED RETENTION
OF STRONTIUM IN BOOM CLAY

L.Wang. M. De Craen, S. Salah

Belgian Nuclear Research Centre (SCK'CEN), Waste and Disposal Department, Boeretang 200,
B-2400 Mol, Belgium

For over 25 years, the study of Boom Clay as a geological barrier to radioactive waste has focused on
laboratory batch type and diffusion experiments using artificial tracers. These experiments may suffer
from artefacts and are not always representative for natural conditions and the geological time scale.
Only in recent years, the research has significantly taken natural evidences into account. An important
objective of the natural evidence study is to test the models representing the retention of radionuclides
by confronting the observed distribution of naturally present radionuclides.

The distribution and retention of naturally present strontium in Boom Clay was studied for clay cores
from recent drillings in HADES (Underground Research Facilities) 2001/4 and Mol-1 boreholes. The
concentration of strontium was measured both on solid clay and in pore water extracted by mechanical
squeezing from the clay cores. Strontium concentration was also determined in the pore water samples
collected from a multi-filter piezometer installed in the HADES 2001/4 borehole.

Chemical composition of the squeezed pore waters showed that the clay samples were perturbed to
different extents by pyrite oxidation (De Craen et al., 2004). As a result, the strontium concentration in the
squeezed pore waters increased by 3 orders of magnitude compared to the strontium concentration in pore
waters collected from piezometer. The strontium concentration of the solid clay phase remained relatively
constant resulting in a decrease of the R4 value (distribution coefficient) by 3 orders of magnitude,
A calculated Rd for strontium based on the well established strontium- calcium exchange selectivity
(Baeyens, 1982) is much lower than the observed Ré suggesting that cation exchange is not the
dominant retention mechanism in Boom Clay. A speciatîon calculation indicates that the concentration
of Sr measured in piezometer water agrees with the solubility of strontianite (SrCO;) under the in-situ
geochemical conditions. A solubility limited retention mechanism is thus proposed and applied for the
interpretation of the observed variation of Rd for strontium in Boom Clay.

In parallel to the aforementioned studies, sequential leaching experiments were performed on clay samples
from the same borehole to quantify the ion exchangeable and the carbonate bound fractions of strontium
in Boom Clay. About equivalent amounts of exchangeable and carbonate bound fractions of Sr were found
in the clay while the fractions bound to amorphous ferrihydrite and organic matter were negligible. This
result qualitatively agrees with the proposed solubility limited Sr retention mechanism. However, the
ion exchangeable fraction of Sr was found higher by the sequential leaching experiments compared to
the model predictions using a selectivity coefficient (Kc) of unity for Sr-Ca exchange.

The strontium data indicates a clear decrease of Rd as a result of an oxidative perturbation in Boom Clay.
This negative impact could be overlooked if only a constant KA is used for a performance assessment.
Furthermore, the illustrated solubility control of Sr in Boom Clay has an important implication for the
Sr retention in particular and for performance assessment in general: if a radioisotope of interest has its
stable isotope(s) on the surfaces of the host rock as a component of the solubility limiting phase, the
retardation of the radioisotope will likely be controlled by an isotopic exchange/dilution mechanism
between the radioisotope from the waste and the stable isotope(s) present on the surfaces of the host rock.
This is because the sorption sites (ion exchange for Sr in this case) on the surfaces of the rock have been
saturated by the stable isotope(s). As a retardation process, isotopic exchange is fundamentally different to
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sorption so needed to be considered if the use of a constant KA tends to overestimate the overall retardation
of the considered radionuclide, as demonstrated for the Sr case in this paper. Strontium is not a critical
element in the performance assessment of Boom Clay because of the relatively short half life of Sr.
However, the Sr retention mechanism may well be analogous to the retardation of uranium isotopes from
waste if the natural uranium concentration in the Boom Clay pore water is controlled by the solubility
of natural uranium mineral(s) in clay.
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SORPTION OF SELENIUM ON MINERALS
MIXTURES: ROLE OF MINOR PHASES

IN THE MODELLING PART
H urel Charlotte. Marinier Nicolas

Laboratoire de Radiochimie, Sciences Analytiques et Environnement Parc Valrose, 28 avenue Valrose
06108 Nice cedex 2

The sorption processes were largely studied and modelled when single mineral surfaces (iron oxides,
clay etc) were considered. In the presence of mineral mixtures, the interest is to determine which mineral
will predominate in the adsorption processes. The aim of this study was to perform adsorption experiments
of Se(IV) on single minerals, binary, ternary, and quaternary mineral mixtures in order to assess the
impact of each surface. The composition of the solid mixture was chosen to be representative of the
composition of the argilite found in the Bure site (France) (montmorillonite/iron oxides/calcite/ pyrite),
and the water used was chosen to be equilibrated with the solid mixture.
A surface complexation model based on the component additivity approach was chosen to predict the
sorption process when mineral mixtures were considered. In this model, the stoechiometries and surface
complexation constants determined for single mineral were used, without any fitting, to describe the
adsorption behaviour of Se(IV). For every mixtures, it appeared that only the montmorillonïte surface was
responsible for the adsorption of selenium. However, the model tended to overestimate the sorption when
complex mixtures were studied. Taking into account the dissolution of silicate from the montmorillonite.
it was possible to weaken the estimation. The presence of calcite, pyrite, and iron oxide did not influence
the total amount of selenium sorbed on the mixture, even if the sorption of Se on the neat surface of
iron oxide is significant when single iron oxide surface is used in experiment.
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FINE PARTICLE CONTROL
OF RADIOCESIUM ACCUMULATION

IN CONTAMINATED FLOOD PLAIN SOILS
E. M. Korobova', N.P. Chizhikova1, A.G. Volosov1

1. Vernadsky Institute of Geochemistry and Analytical Chemistry, Russian Ac. of Sci., 119991 Moscow,
Kosygin Str., Russia

2. Dokuchaev Institute of Soil Science, Russian Ac. of ScL, 109017 Moscow, Pyz he vsky per., 7, Russia

INTRODUCTION
Fine particles are known to play an important role in trace element concentration and their redistribution
in the environment. Their specific behavior in flooding processes can lead to considerable accumulation of
the incorporated technical pollution in particular elementary landscapes at the corresponding geomorpho-
logical levels and soil depths in case of a strong pollutant fixation that is typical for ~ Cs. The main goal
of the study was to reveal the natural texture-dependent patterns of radiocesium redistribution in flood
plain soils contaminated due to air or water radiocesium releases.

STUDY SITES AND METHODS
The study sites were selected in the Iput and Yenisey river basins. The Iput basin situated in the Bryansk
region was considerably contaminated in 1986 after the Chernobyl accident. The Yenisey flood plain
was subjected to radionuclide contamination downstream the Kransnoyarsk Chemical and Mining
Combine due to its operation since late 50ies. Elaborated sampling plots were located on the low and
medium flood plain levels known for different flooding regimes and sedimentation at places where the
preliminary field gamma-spectrometry had showed a noticeable radiocesium contamination. Soil depth
profiles were sampled continuously in increments of 2. 5 and 10 cm with due regard to the soil profile
structure and texture. Most contaminated samples were cut into granulometric fractions by dry sifting
and wet sedimentation (pipette) technique. The finest fractions (<1, 1-5 and 5-10 |im) were studied for
their mineralogical composition using X-ray structure analysis. Organic carbon was detennined in fine
fractions by CHN analyzer to study its influence on radiocesium sorption by clay particles. Ll7Cs was
determined with the help of Canberra gamma-spectrometer (HPGe detector) in both undisturbed soil
samples and soil fractions. Radiocesium balance in soil samples was calculated to separate the natural
concentrating and host fractions and horizons.

RESULTS AND DISCUSSION
13'Cs contamination density in both studied regions was comparable and ranged from 259 to 2640 kEq/m2

at the the Iput site (Iput' and Buldynka rivers confluence area) and from 234- to 577 kBq/m2 in the
Yenisey study area (Kazachy Island and Balchug). Dominating soils were presented by soddy and soddy
gley sandy, loamy sand and sandy loam ones with clay fraction CF, <1 um) content varying from 2.9%
to 7.8% in Iput soil samples and from 1.1% to 15.4% in the Yenisey ones. Sand and coarser fractions
composed more than 72 % of the soil mass. Whatever the source was, b 'Cs concentration in clay fraction
was an order higher compared to its total content in the corresponding soil sample that lead to high percent
of radionuciide portion in the soil clay component reaching 16-53% (Table 1). Minimum portion of the total
radiocesium accumulated by clay fraction was found in the almost pure sandy soil of the Kazachy Island
with clay particle content 1.1% as low. An important role of clay fraction in radiocesium accumulation and
fixation in natural migration processes was proved by a positive correlation established between ll7Cs
activity and the clay fraction (<0.001 mm) content and by negative correlation with the sand fraction
percent in soil samples collected on the Iput study area (r=0.696 and -0.583 correspondingly, n=20).
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Table 1 : 137Cs distribution in the most contaminated soil layers and clay fractio n

Site, soil, sampled soil index Sampl e

depth, cm

137Cs (Bq/g)

	

'37 Cs in clay

fraction (%) .total clay fractio n

Iput low flood plain, soddy gley

loamy laminated (Oep-1)

0-3

3-6

6-1 0

10-514

2.09

3 .54

31 .24

9 .51

18 . 3

34 . 1

221 . 8

97 .4

25 . 1

35 . 5

53 . 8

42 . 1

Buldynka low flood plain soddy
gley silty loam laminated (Bd-2) 2 4 4 .47 37 .4 47 . 2

Young Yenisey flood plain near
set . Balchug, soddy gley sandy
and loam (BP4-45) .

5-8

8-10

1,0 1

0,94

5,0 9

5,6

45, 7

53, 0

Same site, soddy silty sand

(BP4-1)

6-8

30-35

1,7 3

0,41

3, 5

0,6

31, 5

14,2

Kazachy Island high flood plain ,
soddy sandy (KP-11)

5-10 0,36 4,6 16,4

Kazachy medium level floo d
plain, soddy sandy (K P-28) 5 10 1,96 9,7 47,5

137Cs depth distribution in the studied Iput and Yenisey soil profiles corresponded mainly to that of the soi l

CF and/or with fine silt particles (FS)1-5 µm in diameter (Fig . 1) . Therefore the latter fraction also plays an

important role in radiocesium migration in the environment. Investigation of the clay mineral compositio n
revealed domination of hydro-mica or smectite constituting from 19% to 72% of the CF in total . Detailed
analysis of the selected soil depth profiles showed correspondence between 137Cs depth distribution and
that of hydromica and/or smectite portions in clay fraction (Fig . 1) . Zones and soil layers with natura l
CF and FS accumulation during flooding should be considered as natural traps for radiocesium in the
river basins and are of prior importance for monitoring both ecological safety and contamination events .

10 100

E

Soil profile Bd-
2
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STUDY OF THE INTERACTION
OF SeO32-, I -, Cs+ AND Nie

+

ON CONSOLIDATED BENTONITE

E. Alhajji, G.Montavon, B. Grambow

Subatech Laboratory, 4, rue Alfred Kastler, BP 20722, 44307 Nantes Cedex 03

INTRODUCTION
Bentonite is a clay-based natural material which may serve as an engineered barrier in deep geologica l
repositories for radioactive waste . In this context, the interaction of radionucides (RN) with bentonite is o f
particular interest . The description of the interaction is done based on the modelisation of experimenta l
data describing the distribution of the radionuclides between the liquid and solid phases. These data are
classically deduced from batch experiments in the disperse state (low solid / liquid ratio, S/L) . A question

raised is the application of the parameters of these models in the consolidated state, and in particular i n

conditions where the notion of free water is not anymore valid [BOUO3] (i .e . for a dry density above

2000kg/m 3 ) . A better understanding of the difference in the retention behavior of radionuclides in the
dispersed and consolidated state is required .
In this study, we use a batch method to characterize the sorption equilibria between the radionuclide an d
bentonite for high solid/liquid ratios . The consolidation is realized with capillaries . The experimental result s
obtained between Se(VI), 1(4) Ni(II) and Cs(I) and bentonite for a S/L ratio of 7300g/L are given in th e
present paper . For the various radionuclides, pH edge and isotherm were measured . The modelisation of the
results based on the published models and comparison to data for the dispersed system will be presented .

METHODOLOGY DESCRIPTIO N
The method is described on the following scheme .

Pre-equilibration of the system
(S/L=10g/L )

Solid phase

	

Liquid phase

System reconstitution

in the consolidated system

System characterizatio n

(porosity, solution composition)

Batch experiments

	

RNN l

Kd values

The methodology is based on the assumption that the feeding solution composition is identical to th e
free water composition in the pores of compacted bentonite . To avoid transport gradients, only very
short columns were used .
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SYSTEM CHARACTERIZATIO N
The pH value is the changing parameter from one system to another . It has been varied from 3 to 10 .

The reference solution composition is given below :

Concentration (mmoUL) pH
K+ Ca t+ Na+ Mg t+

Cl SO4 2 -

0 .16±0.01 4 .8±0 .1 26±0.8 3 .6±0 .1 44±3 - 7 .80

The porosity was defined using two methods : in the first case, HTO is used to probe the whole porosity

(i .e . free and bound water) whereas in the second case, the porosity is determined by drying at 105° C
and is assumed to consist of free water. This latter value is therefore used to determine the solid/liqui d
ratio for the Kd values calculation . The pH effect was shown not to modify significantly the porosity o f

the consolidated system. Values of 12,7±2,7 % and 40,3±6,9 % were determined for the "105°C" and

"HTO" porosities, respectively. This corresponds to a mean dry ("105°C")density of 1100±100 kg/m 3
or to a S/L ratio of 7300g/L . Our finding of about 1/3 of free water and 2/3 of bound water for the density
studied is in agreement with a theoretical calculation [MAD98] .

RETENTION DATA
The sorption kinetics in the consolidated state under the conditions of the study, i .e . the time necessary
to get a constant RN concentration in the capillaries, indicate that the contact time to reach equilibriu m
is 2 weeks, 1 month and 2 months for the anions, Cs + and Ni e+ , respectively .
At the stage of the actual work, a qualitative analysis of the results indicates that for N ie+ and Cs + under
conditions where the cation exchange mechanism is dominant (pH<7, [Ni,Cs]>10" 4M), there is n o
significant difference between the dispersed and consolidate state . The results indicate that for thi s
degree of compaction, all exchange sites are available . However, there is a much stronger decrease i n
the Kd value for the compacted bentonite when the surface complexation mechanism is importan t
(pH<4 for anions, pH>7 and [Ni,Cs]>10 -4 M for the cations) .
That result may be explained by an effect of compaction on the accessibility of these sites . Compactio n
may push the edges in contact with other surfaces, thus making them unavailable to sorption [LAG03] .

To validate this assumption, a quantitative analysis of the data, adapting the mechanistic model s
deduced from the dispersed state will be presented .
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SULPHATE SORPTION ON
CALLOVO-OXFORDIAN ARGILLIT E

F.Bazer-Bachi ' '2 , M. Descostes ' , P. Meier ' , M.-O. Simonnot2 , M . Sardin2 , E. Tevissen '

1. CEA/DEN/DPC/SECR/L3MR, CEN Saclay, F-91191 Gif-sur-Yvette, Franc e

2. Laboratoire des Sciences du Génie Chimique, CNRS, ENSIC-INPL, 1, rue Grandville, 54000 Nancy,
France

INTRODUCTION
The Callovo-Oxfordian argillite is under investigation as a potential host rock for a high-level radioactiv e
waste repository in the Andra Underground Rock Laboratory in Meuse/Haute-Marne (France) . Radio-
nuclides migration through the argillite formation depends among others on the porewater chemistr y

which is still under investigation (Jacquot, 2002 ; Gaucher et al ., 2004) . One of the remaining uncertaintie s

concerns the sulphate behaviour . Generally, [SO42-] is calculated from both leaching experiments an d

geochemical modelling . In our knowledge, no data concerning sulphate sorption on clayey material ar e

available. Hence, the purpose of this study is to investigate sulphate sorption on the Callovo-Oxfordia n

argillite using both batch and column isotherm experiments .

BATCH SORPTION STUDY
Batch experiments were conducted using 35 SO42- radiotracer, EST205 K119c (-477 m) argillite core samples ,
and the equilibration protocol previously defined (Descostes and Tevissen, 2004) . The background solution
used was chosen as close as possible to the synthetic pore-water composition (Jacquot, 2002) . Differen t
water/rock ratios were tested . Both sorption and desorption experiment were carried out.
Results show no significant sorption whatever the water/rock ratio . Calculated distribution coefficients
(Kd) are very close to 0 .1 mL .g-1 . Such low values cannot allow to conclude unambiguously on an sorptio n
of suphate on argillite . Nevertheless, a slight desorption was observed, particularly for low water/roc k
ratio which tends to confirm a weak sorption but unquantifiable with batch experiments .

COLUMN SORPTION STUDY
Column experiments were performed because of their ability to investigate the behaviour of weak sorbin g
tracers . Laboratory columns were filled with argillite millimetric fragments . HTO and 36C1- were also
injected as inert tracers in order to characterise the hydrodynamic and diffusive parameters of the column .
Different synthetic porewater solutions were successively used varying C l -/SO42- ratio while ionic strength
was maintained constant .
The breakthrough curves obtained were analysed with the help of the chromatographic reactor approach .
The conventional one-dimensional convection-dispersion equation was expressed with a discrete model ,
assuming that spatial variations in the column can be represented by a network of connected subsystems
(Sardin et al., 1991) . Our basic subsystem was a two-regions mixing-cell with mobile and immobil e
water, which respectively correspond to the external and internal porosities of the argillite fragments .
This model includes mass transfer between mobile and immobile water . Sorption equilibria are als o
taken into account . As a result, a simple transfer function was obtained allowing a fast and accurate
breakthrough curve fitting .
The 35SO42" breakthrough curves present longer tails than other tracers which indicates a weak and
significant reversible sorption (Figure 1) . Results are consistent with those previously obtained in batch .
The K d values calculated range from 0 .1 to 0 .4 mL . g-' and are negatively correlated with sulphate content .
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CONCLUSIO N
Batch and column experiments have allowed us to determine the sorption behaviour of sulphate in th e

Callovo-Oxfordian argillite . Confrontation of both experimental approaches confirms that colum n

experiments are more accurate and more rapid than a classical batch study . A weak but significant reversible

sulphate sorption was observed . This sorption could be taken into account in further geochemical modeling .

The sorption behavior of other anionic species could be studied using this methodology.
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SORPTION OF IODINE AND SELENIUM
BY ORGANO-CLAYS AS INFLUENCED

BY COMPETING ANIONS
J, Be h n sen

Center for Radiation Protection and Radioecology (ZSR), Hannover University, Herrenhaeuser
Str. 2, D-30419 Hannover, Germany

Organo-clays are artificially modified clays in which the natural inorganic interlayer cations have been
replaced by organic cations like quaternary alkylammonium ions. While natural clays have high sorption
capacities for cations, their ability to retain anions is usually very low. Organophillication enables the
retention of not only cations, but anions as well as neutral organic compounds by the clay [1,2],

While most nuclear fission products exist mainly as cations, some are anionic in aqueous environments.
This is especially of concern in the case of the long-lived l2i>I (tL,2=l.6-10' a) and '9Se(t!;2=6.5'104 a). Because
of accumulation in the thyroid, iodine belongs to the radionuclides which raise very high health risks.

Previous studies have shown that organo-clays like HDPy-modified MX-80 bentonite are able to retain
anions like iodide and pertechnetate [3], However, little is known about the stability of the retention if
competing anions - deriving from the groundwater of the repository e.g. - are present in the solution.
Our studies aim at understanding the sorption process of anions by organo-clays in competitive situations.

Sorption experiments were carried out, using one bentonite (MX-80 Wyoming bentonite) and one
vermiculite (Russian vermiculite), both of which were modified by replacing the natural interlayer cations
with different organic cations: hexadecylpyridinium (HDPy+). hexadecyltrimethylammonium (HDTMA+)
and benzethonium (BE+), respectively. The organic cations were added in amounts corresponding to
different levels (100% or 200%) of the clays' CEC.

The results of the first batch experiments on the sorption of iodide with background concentrations of
bromide indicate a preference for iodide by the organo-clays.
Iodide is sorbed in equal amounts by the organo-clays whether or not the solution contains bromide in
concentrations up to the tenfold of the iodide concentration.
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J. Environ. Qua!. 28 (5), 1457-1463.
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INFLUENCE OF TEMPERATURE
PRETREATMENT ON THE SORPTION

CAPACITY OF ORGANO-CLAYS
FOR IODINE AND SELENIUM

B. Riebe, C. Bunnenberg

Center for Radiation Protection and Radioecology (ZSR), Hannover University, Her-renhaeuser
Str. 2, D-30419 Hannover, Germany

Modification of bemonite and vermiculite by replacing natural interlayer cations of the clay with organic
cations of certain chemical structures, makedly influences their sorption behaviour. The resulting organo-
clays are capable of sorbing non-ionic organic compounds [1] as well as iodide and pertechnetate [2].
The general finding is that with increasing organophilicity, the clays exhibit increasing sorption of anions.

The suitability of organo-clays as anion sorbing agents in waste repositories is depending on their sorption
behaviour under repository-specific conditions. In repositories for spent fuel and reprocessing waste,
temperatures at the surface of the containers are expected to be 75 to 120°C [3, 4]. For backfill material
(cross section sealing of drifts) in rock salt, temperature estimations in the clay are somewhat lower,
namely 40 - 9 3 X [5],

In our investigations, organo-clays are prepared by adding hexadecylpyridinium (HDPy), benzethonium
(BE+) and triphenylphosphonium (TPP+), respectively, to MX-80 Wyoming bentonite in amounts cor-
responding to CEC fractions of the clay between 100 % and 200 %. Temperature pretreatment is
achieved by keeping the organo-clay minerals in a drying oven for periods of 3 to 20 days at temperatures
of 40 to 200°C. The subsequent adsorption tests are carried out at laboratory temperature (22 ± 1°C).
The adsorption behaviour of the organo-clays for iodine and selenium is studied in batch experiments,
using bidistilled water and synthetic ground water (SGW) as equilibrium solutions.

First results show that there is no remarkable effect of the pretreatment up to temperatures of 120 and
140°C, respectively, on iodine adsorption by the BE- and the HDPy-bentonite.

The relative adsorption for iodide decreased from 99,8 % for untreated HDPy-bentonite lo 96,6 % for
the same material, pretreated at 140°C. At pretreatment temperatures above 140°C the organo-clay
shows a a clear decrease in iodide adsorption.
This behaviour is presumably due to dehydration reactions and conformational changes of the alkyl
chains, which lead to a higher packing density in the interlayer [6].
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R. (1997): Organic material in clay-based buffer materials and ist potential impact on radionuclide
transport. Atomic Energy of Canada Ltd. , AECL-11706, 20 p.
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Kd OR NOT Kd, THAT IS THE QUESTION?
Monika A.M. Kedziorek, Alain CM. Bourg

Environmental Hydro Geochemistry Laboratory (LHGE-JE 2397) - Department of Earth Sciences,
University of Pau -Avenue de l'Université, BP 1155 F-64013 Pau Cedex, France

The migration of non-biodegradable and non-volatile chemicals through aquifers is the result of the
competition between transport as solute species and retention by insolubilization (adsorption, precipitation).
For low dissolved concentrations, adsorption is the dominant scavenging mechanism. It depends both
on solid surface reactivity and solution chemistry. For higher dissolved concentrations, precipitation is
the dominant transport regulating process. It also depends on the solution chemistry, which in turn is
controlled by solid-liquid interactions.

Traditionally, for reactive solutes, most mass transfer models have used the Kd concept (i.e., a constant
distribution coefficient) to account for the partition of a solute between the solid and the liquid phases.
This approach, strongly criticized by many, has nevertheless produced in many situations acceptable mass
transfer predictions. Actually, the applicability of die Kd approach is highly dependent on how the solution
chemistry (i.e., hydrolysis, complexation) of reactive compounds affects the solute retention (adsorption
and/or precipitation). Two hydro geochemical conditions can be modeled, using constant distribution
coefficients, for the migration of solutes: (1) solutes whose surface reactivity is independent on the solution
chemistry (e.g., non polar hydrophobic organics), and (2) reactive solutes at low concentration and for
solution chemistry stable with distance and time.

This presentation will discuss advantages (obvious) and the limitations (less obvious) of the use of Kd
to representing solid liquid interactions in transport models.

Advantages: relatively easy determination, simple relation between Kd and retardation

Disadvantages:
• Kd is applicable only to adsorption and precipitation
* Most measures imply determination under adsorption conditions. How about the reversibility of the

fixation?
* The influence of the water composition (competing adsorbates, presence of complexing ions or molecules)

and of the saturation of surface sites is rarely accounted for.
• If the adsorption isotherm is not linear, the value of a single Kd (determined for a specific dissolved

concentration) will under estimate adsorption for lower dissolved concentrations and over estimate it
for hicher concentrations.
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HYDROGEOCHEMISTRY
OF Sn AND SORPTION ON BENTONITE

Monika A.M. Kedziorek, Alain CM. Bourg

Environmental Hydro Geochemistry (LHGE-JE2397), Earth Sciences Department, University of Pau,
IPRA, BP 1155, 64013 Pau Cedex, France

Amongst the radiomiclides present in radioactive wastes Sn is an element which, under its isotopic form
136Sn, is susceptible to present a long term risk because of its long half life (ca. 100 000 years). For a
realistic risk assessment of nuclear waste storage in geological formations it is therefore essential to fully
understand its expected behavior, under conditions of near field and far field containment.
Up to day the hydrogeochemistry of Sn is poorly known, especially under conditions of low solubility (i.e.,
neutral pH and low chloride content). The chemistry of tin and the thermodynamic constants associated to
relevant hydrolysis, complexation, redox and precipitation reactions were compiled by Séby et al. (2001).
With very tew exceptions, the known hydrogeochemisti"y of tin is based on conditions of simple laboratory
experiments involving no adsorbing solid. Under the form Sn(0), precipitation is expected to control the
transport and associated retardation of tin. As Sn(II) and especially Sn(IV), adsorption is expected to be
the retarding mechanism.
We provide here
(a) new data on the precipitative control of dissolved Sn(IV) at neutral pH (pKs Sn(OH°4) = 8,0) in the

absence of bentonite or other solid,
(b) adsorption data of Sn(IV) on the MX80 bentonite (Kd in mL/g) to be used in transport models (log

Kd = 3.3),and
(c) an evaluation of the solubility of Sn under conditions of nuclear waste storage with a bentonite barrier.
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CONFINED WETTING OF FoCa CLAY
POWDER/PELLETS MIXTURES:

EXPERIMENTATION AND NUMERICAL
MODELLING

Pascal Maugis. Christophe Imbert

CEA CNRS UMR 1572, IPSL, CE Saclay, France

In the framework of nuclear waste disposal, more precisely the RESEAL project, the sealing performance
of a bentonite shaft seal is currently studied at Mol (Belgium). This paper focuses on the hydro-mechanical
behavior of centimetric, unsaturated samples of the back-filling material - a mixture of FoCa-clay powder
and pellets - during oedometer tests. The hydro-mechanical response of the samples is explained and
compared, using the generalized Darcy's law and the Alonso mechanical model implemented in our
Cast3m Finite Element code. Both models are classical for engineered barriers modelling.

Vertical swelling pressure and water intake were measured throughout the test. Although water enters
the sample more and more slowly during imbibition, the swelling pressure varies non-monotonously
before raising again to an asymptotic value. This unexpected process is explained by plastification
rather than heterogeneity, and is satisfactorily reproduced by the model after parameter calibration.

Several samples with different heights ranging from 5 to 12cm show the same hydro-mechanical response,
thus suggesting scale invariability of the process, despite the small samples height in comparison to pellet
size. The effectiveness of this characterization to predict the efficiency of a metric sealing is discussed.

Mots-clefs: hydro-mechanics, clay, heterogeneous media, swelling pressure, plasticity
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COMPARISON OF OPERATING PHASE
INSTRUMENT READINGS WITH

DECOMMISSIONING OBSERVATIONS
IN THE CLAY BULKHEAD PORTION

OF THE TUNNEL SEALING EXPERIMENT
D.A. Dixon'. P.J. Chernis', J.B. Martino1, B. Vignal\ K, Masumoto3, T. Fujita4

1. Atomic Energy of Canada Limited, AECL
2. Agence nationale pour la gestion des déchets radioactifs, Andra
3. Kajima Technical Research Institute
4. Japan Nuclear Cycle Development Institute, JNC

A major international experiment, demonstrating technologies for tunnel sealing at full-scale was
conducted at Canada's Underground Research Laboratory between 1998 and 2004. The participants in
this Tunnel Sealing Experiment (TSX) were AECL, ANDRA, JNC and during the pre-thermal phase of
the experiment the USDoE (via the Waste Isolation Pilot Project (WIPP)). Two bulkheads were
installed; one consisted of high-performance concrete and the other of highly compacted sand-bentonite
material. The performance of these two bulkheads was monitored throughout the experiment in order to
evaluate the influence of elevated hydraulic head (4 MPa) and chamber temperature (up to 85°C) on
these materials.

This paper compares the conditions measured by the monitoring instruments installed in and around the
clay bulkhead portion of the TSX with the conditions observed during decommissioning.
Instrumentation installed within and surrounding these bulkheads monitored the stress, strain, moisture,
temperature and water transport through and adjacent to the clay bulkhead. This allowed for detailed
interpretations of the evolution of the bulkhead in the course of the experiment operation. At the time
of decommissioning of the TSX a sampling plan was implemented for taking many thousands of samples
to allow generation of detailed end-of-test density, moisture content and chemical tracer profiles.

The profiles developed using samples recovered during TSX decommissioning provided confirmation of
many of the interpretations made during experiment operation. Decommissioning sampling also provided
valuable information regarding the output of many of the total pressure sensors installed and the reasons
for the outputs observed. This was of particular importance in the regions near the upstream face of die
keyed portion of the clay bulkhead where considerable volume-strain was observed.
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NEW THEORETICAL PREDICTION

OF SWELLING CHARACTERISTIC S

OF BENTONITE-BASED BUFFER

Hideo KOMINE

Associate Professor, Ibaraki University, 4-12-1, Nakanarusawa-cho, Hitachi-city, 316-8511 ,
Ibaraki, Japa n

Bentonite is currently planned for use as buffer for repositories of high-level nuclear waste because i t

must have swelling characteristics to seal the waste . It is necessary to choose the appropriate bentonite

from among many kinds of bentonite in the design of buffer. For this purpose, the author proposes a
new prediction method for swelling characteristics of bentonite-based buffer. The prediction method

comprises some equations that were previously developed for repulsive and attractive forces betwee n

two montmorillonite layers ; others included in the method are the author's previously proposed equations

for (1) the swelling volumetric strain of montmorillonite (Komine and Ogata, 1999), and (2) the influences

of pore water chemistry and specific surface of bentonite (Komine and Ogata, 1996) .
New equations for theoretical prediction are as follows . Figure 1 shows the concept of theoretical prediction .

Drstarce
between two
mineral layers,
2d

Calculation of pressure acting betwee n
two mordewoibnte layers bytheoretice
equations of the Gouy-Chapman diffus e
doble layer theory and of the van der
Wads forc e

Mantnonlhrrie
mineral layer

(1) [nage of mOMtnoetonee mineral and pressure acting between two mineral lelers

Montoedllonit e
nine,* layer

(2) Swelling vdmetdc strain of nonan **rite, . (%) from the vte ect t of the behavior of montr arabnie

New method for predicting swelling characteristics is presented by combining the author s
previously proposed equations with the theoretical equations mentioned above

Figure 1 : Concept of theoretical prediction
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Where p is the pressure (kPa) of bentonite-based buffer, (ti) is the repulsive pressure (kPa) between two
montmorillonite layers which is caused by the exchangeable-cation i (i denotes someone of Na + , Ca`+,
K+, and Mgt+), (fa), is the attractive pressure between two montmorillonite layers which is caused by i ,
EXC, is the exchange capacity of i (meq/g), CEC is the cation exchange capacity (meq/g), d . is the half
distance between two montmorillonite layers (m) at i, Vi is the ionic valence of i, e' is the electroni c
charge (C), k is the Boltzmann constant (J/K), T is the absolute temperature (K), no is the ion concentratio n
(mol/m 3 ) of pore water, E is the static permittivity of pore water, A 1, is the Hamaker constant (J), t is
the thickness of montmorillonite layer (m), E,,* is the parameter "swelling volumetric strain (%) o f
montmorillonite", E sn,ac is the maximum swelling strain (%) of buffer, eo is the initial void ratio o f
buffer, C,n is the content (%) of montmorillonite in bentonite by percentage mass, pdo is the initial dry
density (Mg/m 3 ), a is the content (%) of bentonite in buffer by percentage mass, p,,, is the particl e
density (Mg/m3 ) of montmorillonite, rnm is the particle density (Mg/m3) of component mineral s
excluding montmorillonite in bentonite, psand is the particle density (Mg/m3 ) of sand in buffer, (R1,,,,)i i s
the nonhydrated radius of i (m), Nq is Avogadro's number, S is the specific surface (m 2/g) of bentonite ,
S,, is the specific surface ( m2/g) of montmorillonite and S,,,,, is the specific surface ( m2/g) of component
minerals excluding montmorillonite in bentonite .

Figure 2 shows comparisons of predicted results with experimental results of swelling-pressure charac -
teristics of some sodium-type bentonites . The figure indicates that the theoretical prediction propose d
in this study can evaluate the swelling characteristics of sodium-type bentonites with high accuracy .
Therefore, it can be used for selecting a kind of sodium-type bentonite that is suitable for buffer, an d
for designing the bentonite content, compaction density, and size to yield self-sealing properties .
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Figure 2: Applicability of the theoretical prediction.
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LONG-TERM MINERAL STABILITY
OF BENTONITES EXPOSED TO

ELEVATED TEMPERATURE IN NEUTRAL,
ALKALINE AND SALTY ENVIRONMENTS

OF NATURAL ANALOGUES
Vladimir Sucha. Miroslav Honty, Peter Uhlik

Comenius University, Mlynska dolina, 842 15, Bratislava, Slovak Republic - suchatit''fns.uiiilia.sk

Many experiments were performed to predict the long-term behavior of clay barriers at higher temperatures,
different pH conditions, and sait concentrations. Nevertheless, the level of knowledge is far from the point
where we are able to give a clear picture of the bentonite clay evolution in the long-term perspective.

The only way how to tackle the problem of the lime frame for the stability of bentonites is to find and study
natural analogues which were exposed to the factors of different geochemical environments for a real time.

We bring the results of natural analogues for long-term exposure of buried bentonite beds to the temperature
between 20 and 300°C in neutral, alkaline and salty environments. All studied cases come from the Easl
Slovak Basin - neogene basin with high recent thermal gradient and variable geological and geochemieal
environments during deposition of sediments and volcanoclastics. Buried bentonite beds are of volcanic
origin (ryolitic to andesitic volcanites") which creates ideal geological analogue to most of the bentonites
tested as the potential barrier for the radioactive disposals.

Our results are based on the detail study of mineral composition, mechanism of alteration, K-Ar dating,
temperature exposure modeling and laboratory testing. They show that smectite as the main component
of the bentonites is stable in neutral environment in large temperature interval for millions of years.
Temperature up to 100°C is able to deteriorate only 10% of original bentonite composition. Higher
temperatures up to 150°C still preserve 50% of bentonite composition for more than period necessary
for radioactive waste disposals live-time. Clearly, smectites in bentonites of volcanic origin are much
more temperature resistant than smectites in claystones of sedimentary origin. Mechanism of the alter-
ation is continual and controlled by the temperature so it is possible to predict the process.

Salty and alkaline environments (documented by the presence of halite and zeolites) along with an elevated
temperature enhance the process of smectite alteration. Up to 80% of original smectite mineral in bentonites
can be deteriorated at elevated temperature. The time frame and mechnism of smectite alteration is very
complex and hardly predictable. It depends very much on the local geochemical conditions. In an extreme
case, complete alteration of smectite was observed in geologically short period up to thousands of years
at high temperature about 300°C.

Results indicate the large risk of bentonite stability in a presence of salts and alkaline environment, however
if bentonite is preserved from the influence of these factors it can ensure long time stability even at elevated
temperature.
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THE TUNNEL SEALING EXPERIMENT:
AN INTERNATIONAL STUDY OF FULL

SCALE SEALS
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Canada, Japan, France, and in the ambient temperature phase, the U.S.A, have conducted a major
international experiment, the Tunnel Sealing Experiment (TSX), demonstrating technologies for tunnel
sealing at full-scale, at Canada's Underground Research Laboratory (URL). In die TSX, two bulkheads,
one composed of Low Heat High Performance Concrete (LHHPC) and the other of highly compacted
sand-bentonite material, were constructed in a tunnel in unfractured granitic rock at the URL. The concrete
bulkhead was made of a large 76 m3 pour of LHHPC. The clay bulkhead was made of roughly 9000
sand-bentonite blocks, and a lower density shotclay material lining the tunnel walls, having a combined
volume of approximately 60 m\ Both bulkheads were keyed into the rock surrounding the tunnel in order
to interrupt the excavation damage zone f EDZ) along the tunnel. The clay bulkhead was bounded by the sand
of the test chamber on one side and a stainless steel wall and steel restraint dome on the other side. The
experiment had the objectives of assessing the applicability of technologies for construction of practical
concrete and bentonite bulkhead seals; evaluating the performance of each bulkhead; and identifying and
documenting the parameters that affect performance. Construction on the experiment was completed in 1998.
In the first operational, phase the chamber between the two bulkheads was pressurized to 4 MPa. This is
a value representative of the ambient pore pressures in the rock at a depth of 420 m where the experiment
was located. Seepage was measured at both bulkheads and any other leakage points from the test chamber
to maintain a water balance. The water used to fill the tunnel was at an ambient temperature of 15°C.
In the second phase, beginning in 2002, the temperature of the water was increased so the upstream faces
of the two bulkheads reached approximately 60°C. This was accomplished by circulating test chamber water
through two external heaters. At the conclusion of heating, the experiment was naturally cooled for three
months prior to the start of decommissioning in 2004. Decommissioning involved detailed sampling of
the clay and concrete bulkheads to determine conditions and material properties to confirm observations.

During the TSX, measurements of seepage were taken during the ambient and elevated temperature
phases. At 4 MPa tunnel pressure, the seepage rate at the concrete and clay bulkheads were 10 mL and
1 mL per minute respectively. This low seepage corresponds to an effective hydraulic conductivity of
10"HI and 10"" m/s for the performance of the two bulkheads. The low seepage rates are particularly
impressive considering some of the initial experiment difficulties, such as concrete shrinkage cracking
and large volume leakage events past the clay bulkhead. The leakage events produced a different wetting
pattern than was initially expected, as saturation worked from all sides towards the centre, rather than a
slow saturation from the upstream face.

As the bulkheads healed during the experiment, the seepage rate of the clay remained unchanged but
the concrete experienced expansion and the seepage rate reduced to approximately 2 mL per minute.
These seepage rates indicate that excavating bulkhead keys into the tunnel wall is effective in cutting
off flow through the EDZ. Hydraulic conductivity measurements in the TSX EDZ were measured at
approximately 10s m/s indicating than a 2-3 order of magnitude reduction was observed in the effective
hydraulic conductivity.
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The construction of the TSX involved the cooperation of international organizations and the skills and
input of scientists, engineers, technicians and mining specialists to achieve its goals of constructing
functional, full-scale clay and concrete repository seals. The methods and insights developed in the
behaviour of these seals during the TSX can be used to guide the future development of repository seals,
An overview of the TSX is provided in this paper highlighting the principal responses of the concrete
and clay bulkheads during pressurization, heating, cooling and observations from decommissioning.
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OF COUPLED THM EXPERIMENTS

AND LESSONS LEARNED
Chin-Fu Tsang1, Lanru Jing2, Ove Stephansson3, and Fritz Kautsky4
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2. Royal Institute of Technology, SE-10044 Stockholm, Sweden
3. GeoForschungsZentrum, Telegrafenberg, D-14473 Potsdam, Germany
4. Swedish Nuclear Power Inspectorate, SE-10658 Stockholm, Sweden

Initiated in 1992, the DECOVALEX project is an international collaboration for advancing the under-
standing and modelling of coupled thermo-hydro-mechanical {THM} processes in geologic systems.
The project has progressed successfully through three stages. It has played a key role in the development
of the field of mathematical modelling and in-situ testing of coupled TIIM processes in fractured rock
and buffer/backfill materials, a subject of importance to performance assessment of a radioactive waste
geologic repository. This paper summarizes studies of field experiments and bench mark tests under the
most recent stage of the project, DECOVALEX III (2000-2003). The field experiments are the FEBEX
experiment at Grimsel, Switzerland, investigating coupled THM processes in crystalline rock-bentonite
system, and the Drift Scale Test (DST ) experiment at Yucca Mountain, Nevada, investigating coupled THM
processes in unsaturated tuff. These are two of the largest multi-year heater tests undertaken to date for
the study of coupled THM processes in geological systems. Within the DECOVALEX project, multiple
research teams studied data from these two sites, using multiple approaches and different computer codes.
Comparisons of results have provided insight into coupled THM processes and to the state of the art
regarding modeling capabilities. Lessons learned from these studies are discussed. The scientific advances
and enhanced insight gained through this kind of international cooperation illustrate the effectiveness
of the DECOVALEX project.
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ABSTRACT
Compacted bentonite is attracting greater attention as buffer material for deep geological repository of
high-level radioactive waste under current design concept. Swelling behavior is a significant property in
achieving the tow-permeability sealing function. The potential buffer material used is a locally available
clayey material known as Zhisin clay in Taiwan. Zhisin clay is a Ca-type bentonite. Experimental data
indicated that the swelling potential of Zhisin clay is much lower than that of Na-benionite due to its
exchangeable cation type and capacity.

To enhance the swelling potential of Zhisin clay, a cation exchange process by addition of Na2CO, powder
is introduced in this research. Addition of Na;CO3 reagent to Zhisin clay caused precipitation of CaCO3

to occur and induced a replacement of Ca2' ions by Na: ions on the surface of bentonite in liquid phase.

Experimental results show that N a 2CO3-activated Zhisin clay is superior in swelling potential to untreated
Zhisin clay. Due to the ion exchange hysteresis, activated bentonite shows different type of time-swell
curve from traditional sigmoid-shaped curve. The optimal amount of Na2CO3 addition is found to be
1%, and the maximum swelling strain was found to be 3 times as much as that of untreated Zhisin clay.
The Na2CO3-activated Zhisin clay exhibited improved resistance to thermal environments and behaved
similar to the Na-type bentonites under different hydrothermal temperatures.
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HYDRO-MECHANICAL MODELLING
PARAMETERS OF A HIGHLY COMPACTED

BENTONITE-SAND MIXTURE
S.S. Agus, T. Schanz

Laboratory of Soil Mechanics, Bauhaus-University Weimar, Germany

ABSTRACT
Highly compacted benlonite-sand mixture in a brick form has been suggested to be used as sealing element
for nuclear waste disposal in Germany. Prediction of the behaviour of the compacted bricks is necessary
to assess the long-term performance of the whole construction for confining the nuclear waste. Series
of experimental works were performed to characterise the hydro-mechanical behaviour of the material,
Sorption and desorption tests were carried out under uneonfined volume conditions. A series of swelling
pressure tests were performed using one-step saturation as well as under controlled suctions. Compression
and rebound characteristics of the compacted material were obtained through constant suction oedometer
tests. The hydro-mechanical parameters of the material were derived from the experimental data and
summarised with the data available in literature. The data presented can subsequently be used for hydro-
mechanical modelling for assessing the overall performance of the sealing construction.

Keywords: sealing element, nuclear waste disposal, bentonite-based material, hydro-mechanics, modelling
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TEMPERATURE BUFFER TEST - DESIGN,
INSTRUMENTATION AND MEASUREMENT S

Torbjtirn Sandén ' , Michel de Combarieu 2, Reza Goudarzi ' , Harald HSkmark'

1. Clay Technology AB, Lund, Swede n
2. Andra, Châtenay-Malabry, France

The Temperature Buffer Test, TBT, is a heated full-scale field experiment presently carried out jointl y
by Andra and SKB at the Aspd Hard Rock Laboratory in Southeast Sweden. An existing 8 m deep ,

1 .8 m diameter KBS3-type deposition hole located at -420 m level has been selected for the test .

The objectives are to improve general understanding of Thermo-Hydro-Mechanical behaviour of buffe r

materials submitted to severe thermal conditions with temperatures well over 100° C

• during water uptake of partly saturated bentonite-based buffer materials ,
• and to check, in due time, their properties after water saturation .

The test includes two carbon steel heating canisters each 3 m high and 0 .6 m in diameter, surrounde d
by 0 .6 m of buffer material . There is a 0 .2 m thick sand shield between the upper heater and th e
surrounding bentonite, while the lower heater is surrounded by bentonite only. On top of the stack o f
bentonite blocks a confining plug is anchored to the rock . In the slot between buffer and rock there is a
sand filter equipped with pipes to control water pressure at the boundary, which is seldom done with a n
EBS in-situ experiment .

Both heater mid-height planes are densely instrumen-ted in order to follow, with direct or indirect methods ,
buffer THM evolution . Temperature, stress, relative humidity, pore pressure have been monitored sinc e
the test start in March 2003 . Total water inflow is also monitored .

Figure 1 : Schematic 3D view of the TBT experimental setup .
Two vertical heaters and a number of cylinder- and ring shape d
bentonite blocks .
The sand shield surrounding the upper heater is figured in yellow .
Shown in red are
temperature sensors, in green humidity, in purple total pressur e
and in yellow pore pressure .
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At first, the present paper describes the test design, the instrumentation, the plug anchoring system an d

the system for water boundary pressure control . Location of some instruments is shown in Figure 1 .

Second, having described the test, the paper shows different measurements that illustrate evolution o f

temperature, saturation, suction and swelling pressure in the upper and the lower buffer .
Each set of measurements raises its set of questions on the behaviour of the system and brings som e

partial answers . Figures 2 and 3 are given as an example .
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Figure 2 : After the initial sand filter filing the total water intake seems quite monotonous until at day 37 0
it was decided to add water injection through pipes located at the top of the sand filter .

Total pressure/Ring 9 (030326-040901 )
Geoko n

250

	

300

	

350

	

400

	

450

	

533

	

550

	

3CU

Time (days) Day)O)F03032 6

IDPB21

	

4500270 \0 .50 00 •P 0213(54 .0r0"0.635+900 099222(5450 1015 î,tr-Ri ♦ P0224(5.4'0)180' 0770'00)APE226(5 .450 27 0`0 8750R)

Figure 3 : Total pressure measured in the bentonite at mid height of the upper heater reacted sharply t o
that day 370 event and reflect some drastic mechanical response of the buffer material .
Between day 225 and 370, observed decrease of total pressure may be linked both to a lack of availabl e
water in the sand filter and a sand shield compression caused by bentonite swelling .
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PERFORMANCE OF THE BENTONITE
BARRIER AT TEMPERATURES BEYOND

100°C: A CRITICAL REVIEW
P. Wersin, L.H. Johnson, I.G. McKinley

NAGRA, Hardstrasse 73, CH-5430 Wettingen, Switzerland

INTRODUCTION

Most HLW repository concepts (e.g. KBS-3, H-12) include a design criterion of IOODC for the maximum
temperature of the bentonite buffer or, more precisely, for the bentonite/canister interface. This rather
stringent criterion aims to ensure that no adverse temperature-induced effects will occur. On the other
hand, application of the 100°C limit is for some programmes neither cost-effective, since it requires
large spacings and large amounts of buffer material between the canisters, nor is it practical, since it
severely limits the design and emplacement options.

As discussed in this contribution, the maximum temperature of 100°C as a design criterion is scientifically
unjustified. This is revealed from a review of the existing data on bentonite materials exposed to higher
temperatures during time frames that are relevant to repository conditions. In this review, we focus in
particular on effects on macroscopic physical properties, such as swelling pressure, diffusivity and
hydraulic conductivity, since it is those which will determine the barrier performance with regard to
radionuclide migration.

CHARACTERISTICS OF THE THERMAL STRESS PERIOD
The behaviour of the bentonite buffer after repository closure depends on design and host rock
characteristics, such as initial moisture content of the buffer and hydraulic conductivity and gradient of
the host rock. However, most conventional repository concepts bear several common features during the
high temperature period that are worth noting. Thus, the initial unsaturated stage, which is characterised
by complex T-H-M behaviour, is expected to be rather short, ranging from a few years to a few hundred
of years, as is indicated from a variety of different assessments (e.g. Swedish, Finnish, Belgian or Swiss
concept). The saturated stage at elevated temperature is. in general, considerably longer, being in the
order of a few thousands of years. This puts limits on the choice of representative natural analogues.

Recently, there have alternative design options proposed (e.g. by NUMO) in which an extended period
of encapsulation of the bentonite buffer with regard to exposure to groundwater is foreseen. In these
designs elevated temperatures under essentially dry conditions will prevail for many hundreds of years.

TEMPERATURE-INDUCED PROCESSES AFFECTING BARRIER PERFORMANCE
Processes of interest here are irreversible ones affecting the smectite fraction, i.e. those that have an
adverse effect on the swelling and hydraulic properties for long time periods. Heating of bentonite with
very low moisture content in a closed system up to very high temperatures (at ieast 300°C) will not
result in permanent damage, because the structural units of the clay are not altered and virtually no
solute transport takes place. On the other hand, at higher moisture content, alteration of the smectite
fraction may occur predominantly by two processes: (i ) cementation at the edges of expandable platelets
upon cooling and (ii) transformation of smectite to a non-expandable clay.

As indicated from ihe literature, dissolution of the clay and re-precipitation of SiO? in cooler regions
constitute the main cementation process. This is documented to occur mainly in unsaturated systems
containing a vapour phase and, for highly compacted bentonite, may be partly reversible on subsequent
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saturation. Permanent destruction of the smectite fraction under repository-like conditions may be
induced by conversion to illite. This reaction is kinetically-controlled and strongly affected by temperature,
time, moisture content and availability of potassium.

INTERPRETATION OF EXISTING DATA AND CONCLUSIONS
Existing data from experimental investigations on swelling and hydraulic properties under partially
saturated and saturated conditions at temperatures from 20 - 200°C were analysed. In addition, natural
analogue studies from ancient bentonite beds exposed to heat pulses were included in the analysis. The
compilation of these data reveals the following findings valid for saturated and compacted conditions:
• The experimental data from bentonites exposed to temperatures up to 120°C reveal no notable changes

in swelling and hydraulic properties relative to low temperature data.
• Exposure to temperatures in the 130 - 150°C range results in somewhat lower swelling pressures and

higher hydraulic conductivities and diffusivities. This appears to be caused mainly by cementation
effects.

• Natural analogue data, although rather scarce, are consistent with experimental data. An interesting
analogue are the bentonite beds at Kinnekule (S) that were exposed to about 150°C for at least 1000
years and show substantial cementation and illitisation. It is interesting to note, however, that even the
most affected beds still have rather favourable swelling and hydraulic properties.

• Bentonites exposed to temperatures above 15O°C show significant alteration effects, but the scarcity
of data does not allow conclusive statements.

In summary, the existing data clearly point to the conclusion that no adverse effects are expected for the
bentonite buffer exposed to temperatures up to 120°C. In order to get in-depth understanding of the
behaviour at temperatures beyond 120°C, further experiments performed under realistic conditions are
warranted, focussing in particular on post-thermal transient properties, such as swelling pressure, creep
and hydraulic conductivity.
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DRYING AND RESATURATION
OF THE BENTONITE BARRIER

IN A NUCLEAR WASTE REPOSITORY.
NEW FORMULAS AND QUICK TOOLS

FOR ASSESSMENTS AND FOR ANALYSES
OF PARAMETER SENSITIVITY

Johan Claesson, Goran Sâllfors,

Chalmers Technical University, Gothenburg, Sweden

ABSTRACT

The bentonite layer, which surrounds a canister in a nuclear waste repository deep down in rock, experiences
an initial drying due to heating from the canister side and a resaturation from the outer wet rock side.
A key question is the degree of initial drying and the time it takes to resaturate the bentonite.

The considered radial process in the bentonite annulus is a complicated one with coupled, highly nonlinear
flows that involve many things. There are liquid flow and vapor flow as well as conductive and convective
heat flow depending on gradients in pressure, water vapor density and temperature. The flow coefficients
depend on water properties such as saturation water vapor pressure and dynamic viscosity of water. They
also depend on the properties of bentonile: water retention curve, hydraulic conductivity and water vapor
diffusion coefficient and thermal conductivity, all of which are functions of degree of water saturation.

The main task of this study is to develop tools of analysis to be able to quantify the drying and resaturation.
Another task is to identify key parameters, assess their importance for the drying process and make a
sensitivity study. A final task is to provide a solution with high and controlled accuracy to test commercially
available large numerical computer models. The results of these studies are summarized in the paper.

The temperature level in the bentonite for a central canister is a key parameter. The temperature is caused
by the heat release from thousands of canisters or line heat sources distributed in a rectangular mesh
over a square kilometer. A remarkably simple formula for the time-dependent bentonite temperature
level is presented.

The time scale to establish steady-state moisture conditions over the bentonite annulus is a few years
for typical Swedish applications. The first part in the analysis is to consider the (radial) steady-state heat
and moisture flow process. We consider the critical case when the surrounding rock is too dry to be able
provide water to die bentonite. The temperature level is given by the above formula, and the temperature
gradient over the annulus by the intensity of the heat release from the canister. These factors change
slowly over the years. The thermal gradient induces vapor diffusion with increased water saturation on
the rock side. The liquid and vapor fluxes balance each other in steady state. We get a system of coupled
nonlinear differential equations for water saturation S(r) and temperature T(r). The system is easily solved
with a small mathematical computer program. An analysis of the equations shows that there is a direct
relation between S and T, with the initial degree of saturation as a parameter. We get a set of curves that
gives the (steady-state) drying for any temperature level, canister heat release, and water saturation
level. These very instructive diagrams are generated for any set of data in a few seconds.
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The second part of the analysis concerns drying and resaturation with full saturation {S-\) maintained
at the rock boundary. The temperature distribution over the bentonite annulus is a quasi steady-state one.
The equation for the water saturation S(t\t) involves two free flow coefficient functions that depend on
S and T. It is shown that the highly non-linear equation may, when formulated in a special way, be linearized
with a loss of accuracy of some 10% only. The paper presents an analytical solution for the linearized
case. The solution involves two key parameters only, a time scale and a thermo-diffusive parameter a.
The largest drying at the canister wall and the resaturation are obtained from a single set of curves with
a dimensionless time and a as parameter. Explicit formulas for the largest drying and for the resaturation
process are presented.

The last part of the study presents a so-called Boltzmann solution for the fully coupled heat and moisture
problem. The solution is restricted to the one-dimensional case (.v>0) for step changes of boundary
temperature and degree of saturation. The coupled highly nonlinear equations for S(x,t) and T(xj) are
reduced, in the Boltzmann transformation, to ordinary differential equations, which are solved quite
handily with any accuracy in a mathematical program.

All mathematical programs are implemented in Malhcad. They involve each a few pages. The computer
time is typically a few seconds up to a minute only. The models are easy to understand, implement and use.

The studies of parameter sensitivity show that the hydraulic conductivity at full saturation is a key
parameter. Other important parameters are the temperature level and the intensity of the heat release
from the canister, The initial degree of saturation is important in the case of no water supply from the rock.
The ratio between dry vapor conductivity and saturated liquid conductivity is important. The functional
form of water retention curve is of minor importance. Other parameters are found to be of small or
insignificant importance for the drying process.
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COMPARATIVE STUDY OF BENTONITE
PROPERTIES WITH RESPECT

TO THE APPLICATION AS GEOTECHNICAL
BARRIER IN HLRW-REPOSITORIES

S. Kaufliold'. 1, R. Dohrmann*

1. Bundesanstalt fur Geowissenschaften und Rohstoffe (BGR), Hannover, Germany
2. Niedersàchsisches Landesamt fur Bodenforschung (NLfB) Hannover, Germany

s-kaufholdftf hgr.de

In concepts for the storage of high level radioactive waste (HLRW) the application of bentonite as sealing
material is envisaged. Relevant properties of bentonites are cation exchange capacity (retention of pollutants),
swelling (sealing of cracks), and low hydraulic conductivity. These properties significantly vary with the type
of counter ion which is dominant in the smectite (commonly montmorillonite) interlayers. However, the
variability of bentonites - not depending on the type of counter ion - is frequently underestimated.
Bentonites vary in the mineralogical and chemical composition, and the arrangement of all components
(intergrowth and micro fabric), Additionally, the main component (smectite) varies with respect to the
degree of structural order, particle size, crystallite size, chemical composition, morphology, and amount
and location of negative charges. This variation, of course, strongly affects bentonite properties in
almost all fields of industrial application. Measurable parameters only occasionally explain the different
properties. The common approach, therefore, is to perform application tests.

In this study an attempt is made to identify the variation of bentonite properties with respect to the
application in HLRW repositories. The study is based on the comparative investigation of 30 different
bentonites from important bentonite mining areas worldwide. The bentonites were characterized
intensively by mineralogical, optical, and chemical methods: XRD, IR, SEM, CEC, XRF, granulometry,
layer charge density.

a) metal corrosion
Bentonites amongst others are used as catalysts for oxidation in the chemical industry. However, only
some are applicable in this field. With respect to the application in HLRW repositories the "oxidizing
capacity" of bentonites in contact to metal (e.g. canister) can support corrosion. Therefore, comparative
corrosion tests were performed with the aim to identify bentonites with high and low "oxidizing capacity".
The results show that large differences occur. Some bentonites have only minor corrosion effects on iron.

b) irreversible shrinkage
The effect of drying (> 100°C) on swellable clay minerals was frequently studied. Upon extensive drying at
least some smectite layers collapse which decreases both cation exchange capacity and swelling properties.
Therefore, results of comparative tests were suitable to identify bentonites which are less sensitive
towards drying.

c) compressibility
Upon compaction the swelling pressure increases and the hydraulic conductivity decreases which
enhances the ability to (re)seal cracks. Therefore, compacted bentonite granules or bricks are produced.
If the degree of water saturation of the bentonite and the counter ion of the smectites is considered, the
specific density is related to the swelling pressure (Push, 1997). Due to a varying particle size distribution
of all bentonite constituents and likely due to varying micro fabric, the attainable density at given compaction
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conditions varies. Therefore, the specific densities after constant compaction of all bentonites at different
degrees of water saturation were compared.
Current and future work will concentrate on the comparison of compressibility and swelling pressure as
well as on other relevant properties like heat conductivity, chemical stability against different solutions.
gel formation tendency, stability of gels, permeability, and swelling properties.

Reference:
Pusch, R. [1997]: Deep disposal of radioactive waste. - Schriftenr. Angew. Geowiss., 1, 85-96.
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INVESTIGATING SWELLING
CHARACTERISTICS OF MIXTURES

FOR BUFFER MATERIALS BY
AN IMPROVED ARRANGEMENT

Ning-chienTung1. Yi-Iin Jan1

1. Assistant Prof-, Dept. of Civil Engineering, Ching Yun University, 229 Jianxing Rd., Zhongli,
Taoyuan 320, Taiwan

2. Lecturer, Dept. of Civil Engineering, Ching Yun University, Taoyuan 320, Taiwan

The existence of "Swelling Ciay7' usually increases the difficulties in engineer base construction and
safety, which gives a big challenge to civil engineers. The resulting problems include: effect of road surface
obstruction and base structure destruction. Nevertheless, in some aspects, the swelling potential of the
clay is still needed in order to utilize certain water absorption and retraction characteristics, so that the
base structure has the ability to self-heal and to avoid expansion of structure gaps. Therefore, during the
choice of materials, there is a requirement to evaluate the magnitude of the swelling force, in order to
determine the needs for the engineering.

Based on the sketch of swelling-force measurement suggested in International Journal of Rock Mechanics
and Mining Science, Madsen (1999), a new set of equipment (Figure 1) is designed to measure two
characteristics of soil, ''swelling potential and swelling force'7, simultaneously. Meantime, the integration
of a user friendly computer program equipped with multi-functions such as data retrieving, data analyzing
and graphic plotting makes this equipment a completely automatic and precise measuring system.

In the experiment, the swelling characteristics of various composite ratios of bentonite/ laterite/quartz sand
mixtures were investigated to measure both swelling potential and force. The swelling force decrease by
adding latente and quarte sand to bentonite. And, this mixture could also satisfy the needs of the physical
and chemical characteristics for buffer materials. Whereas this experiment is able to measure the swelling
stress and strain directly, it could save time for 50 percent in comparison with the method mentioned in
USBR-5707-89.

The application of this equipment can decrease the usage of labor and man-made errors in a considerable
amount, which will be a great help to research as well as practical purposes. In the fields of environmental
and civil engineering, such invention also offers the reliable equipment for the measurement and
research on the behavior of swelling material.
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Figure 1 : The Measurement Equipment for Soil Swelling Forc e
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THE PREDICTION MODEL OF THERMAL

CONDUCTIVITY OF SAND-BENTONITE
BASED BUFFER MATERIAL

Y. M . Tien ' , C . A . Chu ' , W. S . Chuang 2

1. Department of Civil Engineering, National Central University, TAIWAN - ymtgecc .ncu .edu .tw

2. Institute of Nuclear Energy Research, Atomic Energy Council, TAIWAN

ABSTRAC T
The thermal conductivity of sand-bentonite based buffer materials is a key factor for the design of HL W

depository. In the Thermal-Hydraulic-Mechanical environment, the thermal conductivity varies due to the
change in clay density, the water content, and the volumetric fraction of sand or crushed granite . In thi s
article, an improved thermal probe method for the measurement of thermal conductivity is proposed .

The probe is placed within the sand-bentonite powder inside the specially designed mold which the volume

can be controlled by the position of the compacting piston . While the clay density reaches to a designate d

level, the measurement is executed to evaluate the thermal conductivity. With repeating the procedure ,

the relationship of clay dry density and the thermal conductivity can be established in one specimen .

The weight water content of the bentonite is adjusted by placing in a humid chamber or in an oven fo r

different periods . The relationship of thermal conductivity with clay dry density, water content, and sand

or crushed granite is well established in this article .

The prediction model for buffer material is evaluated in two parts . The bentonite-water fraction is evaluate d
with empirical models . By modifying the DeVries and Campbell model (1985) for thermal conductivit y
of soils, the results fit well with the experiment data under different clay dry density and water conten t
(Figure 1) . The sand or crushed granite fraction of the buffer material is deal with micro mechanica l
theory . By assigning the sand or crushed granite fraction as the discrete part and the bentonite-wate r
fraction as the continuum part, the differential scheme or self-consistent scheme can be applied and th e
results agree with the experiment date well (Figure 2) .
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Figure 1 : The experimental data of Black Hill Bentonite at varied dry density and water content wit h
the modified DeVries and Campbell model .
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CHEMICAL INFLUENCE ON
THE HYDRO-MECHANICAL BEHAVIOUR

OF HIGH-DENSITY BENTONITE
E. Castellanos1, G. Musso2, E. Romero1, A. Lloret1

1. Technical University of Catalonia UPC, Jordi Girona 1-3, D2, 08034 Barcelona, Spain
2. Politecnico di Torino, corso Duca degli Abruzzi 24, 10129 Torino, Italy

En radioactive waste disposal schemes, during the operational period of clay barriers, sohite transport and
thermal gradients may alter the solute concentration of pore water. These induced changes have important
consequences on hydro-mechanical properties and microstructural alterations (mineral composition and
pore size distribution changes) of the clay barrier. Chemically induced changes originated by different
imbibition fluids and soil mineral compositions have been a subject with a long research tradition (e.g.
Bolt 1956; Sridharan 1986; Di Maio 1996; Musso et al. 2003; Di Maio 2004). These researches have
been mainly focused on the behaviour of reconstituted soils starting from slurry and saturated with
saline solutions at elevated concentrations, where hydro-mechanical changes (soil compressibility and
water permeability changes) are clearly detected. In contrast, available information concerning the
response of high-density clays subjected to chemically induced actions with a wide range of pore solution
concentrations is very limited in spite of its practical relevance to environmental geotechnics. This situation
has been caused, at least in part, by the difficulties in detecting important hydro-mechanical changes
when clays with low water storage capacity have been used. Nevertheless, this paper will demonstrate
that even in the case of high-density fabrics, considerable changes can be observed when high-activity
clays (bentonites) are imbibed with different pore fluid compositions.

This work presents the results of a systematic experimental investigation aimed at understanding the
chemical influence of the imbibing fluid (NaCl and CaCl2 solutions at different concentrations) on the
swelling potential, compressibility characteristics and permeability changes of a high-density bentonite.
Artificially prepared FEBEX bentonite, starting from slurried and statically compacted conditions, was
used in the experimental programme, covering a large dry density range between 1.0 and 1.65 Mg/nr.
In addition, two different soil microstructures were studied: a mono-modal pore size distribution that
corresponds to the slurry type fabrication and the bi-modal pore network of the statically compacted
material at the dry side. In this way, not only different void ratio but also different soil microstructures
were used to analyze the chemical effects on soil hydro-mechanical properties.

The comprehensive experimental programme, performed under oedometer conditions with samples 50 mm
in diameter and 10 mm high, included the following tests:
a) Swelling under constant load tests at vertical stresses varying between 20 and 2000 kPa, The soil

fabrication process used in these tests was the statically compacted one, starting from a dry density
of 1.65 Mg/nr' and a hygroscopic water content of 13.7%. Varying solute concentrations between 0
and 5.5 M were used as soaking fluids. In addition, two different solutions (NaCl and CaCl2) were
considered to study the influence of cation exchanges on swelling capacity.

b) Loading-unloading tests under saturated conditions. Vertical stresses ranged between 20 and 3200 kPa.
Both slurried and statically compacted fabrications were used in these tests to study the influence of the
initial structure on soil response. Different solutions (NaCl and CaCU) at varying concentrations between
0 and 5.5 M were used to analyze chemical influence on soil pre and post-yield compressibility.
In addition, these tests were used to estimate saturated water permeability from consolidation data.
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Test results showed the important mechanical and hydraulic changes induced by the different imbibing
fluids. For example, swelling strains on soaking and starting from as-compacted conditions were
systematically reduced with increasing solute concentrations. This observation had an important
consequence on the developed swelling pressure, which is a key design parameter of the engineered
barrier system. On the other hand, cation effects on swelling capacity were not as impressive. However,
slightly larger swelling strains were detected when soaking with CaCl2. Regarding the post-yield
compressibility, lower values were detected in the as-compacted samples with increasing pore solution
concentrations. In relation to hydraulic aspects, important water permeability changes were detected
when imbibing slurried and compacted soil fabrics with different saline concentrations for equivalent
void ratios. This last observation provided evidences of the important microstructural effects on the
hydraulic response.
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VOLUME CHANGE BEHAVIOUR OF
A BENTONITIC CLAY UNDER DIFFERENT

MONOTONIC LOADING CONDITIONS
Tom Schanz, Snehasis Tripathv

Laboratory of Soil Mechanics, Bauhaus-University Weimar, Germany

ABSTRACT

Volume change of clays is primarily governed by the physico-chemical forces present in a clay-water
cation system. Some of the factors those influence the clay volume change behaviour are: (i) type and
amount of clay minerals present in the clay, (ii) presence of type and amount of exchangeable cations,
(iii) properties of the bulk fluid, (iv) surcharge pressure, and (v) initial placement conditions (viz., water
content and dry density). For a given clay, all the above factors remaining the same, the structure and
fabric of the clay depends on the initial molded water content.

Oedometer test on saturated slurried sample of clays is commonly carried out to determine the compression
characteristic. The compression characteristic so obtained is for an ideal situation with specific particle
rearrangement and represents the relationship between the separation distances between the clay platelets
and the applied external stresses. Needless to mention that such a relationship would also represent the void
ratio - swelling pressure relationship for compacted ciay system provided that the particle rearrangement
in both cases is similar. It is well recognized, however, that the fabric and structure of unsaturated compacted
clays are different than that from the slurried clay-water cation system. Upon water imbibition, compacted
expansive clays exhibit swelling or even collapse depending on the applied external stress. The clay platelet
separation distance for the latter case, however, will be different even in either case the clay is saturated,
comparison being made at the same stress level. Similarly, under restrained condition of testing the
swelling pressure of compacted clay will be different. In any case, the compression curve of a clay will
represent the upper bound void ratio - swelling pressure relationship.

This paper reports the laboratory test results of a bentonitic clay (Calcigel clay). Calcigel clay has been
proposed to be utilised as barrier and backfilling material in waste repository of German programme of
toxic waste disposal. Laboratory oedometer tests were carried out to determine the following: (a) the upper
bound void ratio - swelling pressure relationship, and (b) the volume change potential of the clay from
initial water content equal to the hygroscopic water content. Tests were carried out by monotonically
loading clay samples from different initial conditions: (a) step loading the clay sample from saturated
slurried state, and (b) step loading the clay samples with initial water content equal to the hygroscopic
water content of about 9.0%. In each case, the load increment ratio adopted was one. In the latter, after
each incremental loading step the clay samples were inundated with distilled water. Some samples
exhibited swelling whereas, some exhibited collapse after inundation with distilled water.

Experimental results shows that the monotonically loading curves clearly exhibit different characteristics.
In the absence of sufficient quantity of water, the void ratio changes with an increasing in the vertical
stress was found to be lesser for the compression curve corresponding to the hygroscopic water content
as compared to the curve corresponding to the saturated state that showed much larger deformation. The
behaviour is attributed due to the diffuse double layer repulsion that plays a significant role in case of
saturated clays.

The void ratios of the clay samples after the swelling or collapse processes were compared with the
corresponding void ratios on the compression curve obtained from the initially saturated state of the clay.
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It is shown thai the line joining the void ratios after the swelling and collapse processes of the clay is
different from the compression curve obtained from monotonically loading the saturated slurried clay
sample. The difference was found to be insignificant with an increasing in the vertical stress, although
some differences were also observed at higher vertical stresses.

Using the classical Gouy-Chapman diffuse double layer theory for interacting clay particles and the
experimental data from the compression test on initially saturated sample of the clay, a new equation was
proposed to compute the upper bound void ratio - swelling pressure relationship. Using the proposed
equation it is shown that the concentration of pore fluid in samples those were saturated after monotonically
loaded from hygroscopic water content was significantly higher as compared to the sample loaded from
the initially saturated state, particularly so when the applied vertical stress is less. The salt concentration
in both cases, however, is found to be similar at higher stresses indicating that at higher applied vertical
stresses the changes in ion concentration and hence the fabric and structure of the clay samples become
near similar.
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HYDROMECHANICAL STUDY OF ROCK
CONCRETE INTERFACE

O. Buzzi1. J. Hans', M. Bouion1, F. Deleruyelle2, F, Besnus2

1. Université Joseph Fourier, Laboratoire 3S, BP 53 38041 Grenoble cedex 9
2.1RSN/DES/SESID, BP17, 92262 Fonrenay-aux-Roses cedex

A nuclear waste repository will inevitably be made of various structures and materials and it is necessary
to study their different interfaces. First, we investigated the hydromechanical behaviour of a rock
concrete interface subjected to compression. Rock bedding (stratification) or structural anisotropy are
classical parameters for rock mass investigations (Rejeb. 1999) but they are rarely taken into account
when investigating the hydromechanical behaviour of a fracture. Moreover, the common use of rock
replicas or artificial rock prevents researchers from studying a real rock concrete contact (Lam, 1989),
We propose an experimental study of real rock concrete contacts made in the laboratory in order to show
the hydromechanical behaviour of such interfaces and to highlight the influence of in-situ parameters.
Then, the results are compared to the typical hydromeclianical behaviour of rock joints. To achieve this aim.
we performed 14 tests on various interfaces subjected to hydromechanical compression up to a supposed
maximum normal stress of 12 MPa (estimation of the in-sifu stress when the rock mass equilibrium is
reached). Some parameters differ from one interface to another, such as rock bedding, orientation of
concrete pouring orientation (related to the phenomena of segregation and laitance), contact history (the
interface can be either re-opened or not, closed with or without a lateral relative displacement of the
rock walls). The rock core samples coming from the Toumemire tunnel are taken perpendicularly and
parallel to the bedding planes. These hydromechanical tests, using these samples, were performed with
the direct shear test device, BCR3D, developed at the laboratory 3S, Grenoble (Boulon 1995, Armand 2002,
Boulon et al 2002), which is designed to avoid rock wall rotation occurring with the relative tangential
displacement. Indeed, unlike other classical shearing devices, both parts of the joint (the upper and the
lower part) are subjected to a tangential movement which is symmetrical refering to the normal loading
axis. Thus, the normal load is centred on the real contact surface avoiding any momentum. Furthermore.
Hans (2002) equiped the BCR3D with an hydraulic device that enables the injection of water at an inlet
pressure of up to 20 MPa. The central injection generates a radial flow and both water flow rate and pressure
are measured. Hans et al (2003) performed hydromechanical compression and shearing tests with this device.
We've expressed the results in term of intrinsic transmissvity defined from Darcy's permeability and the
hydraulic aperture, in order to be able to compare our results with classical results obtained by other authors.
The result of Darcy's law applied to a circular rock joint leads to an expression of the transmissivity that
can be calculated from the pressure and flowr rate data. The mechanical responses we obtained for all the
interfaces are extremely similar and they show an interface stiffness greatly inferior to the concrete stiffness
and the rock one. This is a classical result of the mechanical behaviour of rock joints. Moreover, this
result highlights that there's no influence of the parameters we've talked about previously. This is not
the case according to the hydromechanical results (fig. 1). The intrinsic transmissivity values are much
more dispersed even if the principal behaviour is the decay of the transmissivity while the normal stress
rises. Moreover, two major tendencies related to the lateral relative displacement before the test can be
observed. Using a log scale for the transmissivity, it is possible to use a linear approximation for the
evolution of the transmissivity with the normal stress. Thus, the evolution of the transmissivity can be
seen as an exponential function of the normal stress. Then, the decreasing factor is 4 times lower in the
case ofan interface with a relative tangential displacement of 1mm before performing the test.
The other parameters do not have any influence on the hydromechanical behaviour. To confirm this point,
a large scale theoretical study has been led to quantify the flow rate in the rock mass , in the bulkhead
and in the interface. It shows a predominance of the flow within the interface rather than the rock or the
bulkhead even if we consider a high permeability of rock owing to the EDZ, Finally, we are continuing

Internationa) Meeting, March 14-18,2005,Tours, France
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 663



P/THME/18

this study, taking into account the concrete degradation according to a calcium lixiviation process . It is clear

that whilst the normal stress rises on the interface, the concrete will be inevitably chemically damage d

by the water flowing on it .
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Figure 1 : Intrinsic transmissivity versus normal stress for rock concrete interfaces .
Samples with initial relative tangential displacement : 2AM, 3AM, 7AM, 13AM, 14AM
Samples without initial relative tangential displacement : 4AM, 5AM, 6AM, 8AM, 9AM, 11AM, 12AM

References :
- Armand G ., Contribution à la caractérisation en laboratoire et à la modélisation constitutive du com-

portement mécanique des joints rocheux, Thèse de doctorat, Université Joseph Fourier, Grenoble, 2000

- Boulon M., A 3-D direct shear device for testing the mechanical behaviour and the hydraulic conductivit y
of rock joint, Proc . of the MJFR-2 conf., Vienne, Autriche, pp . 407-413, Rossmanith ed ., Balkema 1998 .

- Boulon, M., Armand G., Hoteit N., Divoux P., Experimental investigations and modelling of shearing o f
calcite healed discontinuities of granidorite under typical stresses . Int. J. Eng. Geol . 64, 117-133, 2002 .

- Buzzi O . , Hydromécanique du contact entre géomatériaux, expérimentations et modélisations . Applicatio n
au stockage de déchets nucléaires . Thèse de doctorat, Université Joseph Fourier, Grenoble, à paraître .

- Hans J ., Boulon M ., A new device for investigating the hydromechanical properties of rock joints . Int.
J. Numer. Anal. Meth . Geomech . 27: 513-548 . 2003 .

- Hans J., Etude expérimentale et modélisation numérique multiéchelle du comportement hydromécanique
de répliques de joints rocheux . Thèse de doctorat, Université Joseph Fourier, Grenoble, 200 2

- Lam T.S.K., Johnston I .W., Shear Behavior of Regular Triangular Concrete/Rock Joints – Evaluation .
J.Geotch . Engrg., ASCE, 115(5), 728-740, 1989 .

- Rejeb A ., Mechanical Characterisation of the argillaceaous Tournemire site (France) . Proceedings of
ROCKSITE -99, Bangalore, India, 1999

International Meeting, March 14-18, 2005, Tours, Franc e
Page 664

	

Clays in Natural & Engineered Barriers for Radioactive Waste Confinement



o

P/THME/1 9

MECHANICAL MATERIAL MODEL OF MX80

PARAMETER SETTINGS

AND DEVELOPMENT S

Mattias Akesson, Harald Hiikmark

Clay Technology AB, Lund, Swede n

Predictive and evaluation modeling is an integral part of the research and development of nuclear wast e

repositories . Modeling techniques and codes for thermo-hydro-mechanical (THM) processes ar e

continuously being updated . For modeling of problems related to buffer and backfill, two codes ar e

currently used by the Swedish Nuclear Fuel and Waste Company (SKB) within the Swedish waste

disposal program : Abaqus and Code_Bright . The conceptual bases of these codes differ in some aspects ,

among others the mechanical constitutive laws . While Abaqus has been used for fully coupled TH M
calculations for a decade, Code_Bright has only lately been employed to analyze mechanical aspects o f
THM problems. Code_Bright allows for a physically more realistic representation of the stress state i n
unsaturated porous materials, and may be the SKB main tool for some type of applications in the future .
A study has therefore been performed with the objective to adopt the Abaqus material model for th e
SKB reference buffer material, MX80 bentonite, to the thermoelastoplastic constitutive laws used i n
Code_Bright. Results from this study are presented in this paper .

The laws considered here are based on the Barcelona Basic Model (BBM) which relates elastic and
plastic strains to changes in net mean stress (p) and suction (s) (Alonso et al ., 1990, CIMNE, 2002) .
In the present study, parameter value estimates for MX80 have therefore primarily been based on result s
from compression tests, swelling/shrinkage tests and saturated swelling pressure measurements . Elasti c
parameters of the BBM model, x and Ks, are obtained as slopes in plots of specific volume vs . 1n(p) an d
ln(s+0 .1), respectively.

An ideal condition in the determination of parameter values would be that all parameters but two are
held constant during testing, e.g. compression tests at constant suction and swelling tests at constant load .
Such ideally controlled tests have not yet been performed for MX80 . Values derived from existing data
are therefore viewed as first estimates . The relevance and accuracy of such approximations is discusse d
in the paper.

In Code_Bright, the elastic parameter (x ; and xs ) are defined as functions of the state parameters: x;(s)
and xs (s,p) . These relations were tentatively quantified for MX80 . The agreement between the theoretica l
expressions and empirical data is discussed in this paper .

Calibration modeling of laboratory test with MX80 and with different levels of parameter control has
also been performed . Examples are compression tests, swelling pressure tests and thermal gradient tests .

In order to investigate the effects of different parameter settings, a method has been developed in whic h
elastic stress paths and final swelling pressures for isotropic idealizations easily can be calculated (se e
Figure 1) . The method can be implemented in any advanced mathematical spreadsheet program, e.g.

MathCad.

Finally, the material model was tried in an attempt to model part of a heated full-scale test, in this case the
upper part of the TBT experiment at Aspd HRL . During the first 500 days, this part has undergone a n
extensive saturation and has developed swelling pressures in the 4 – 8 MPa range . A 1D axi-symmetri c

International Meeting, March 14-18, 2005, Tours, Franc e
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement

	

Page 665



P/THME /1 9

model was developed for comparison with experimental results . The TBT application is characterized

by complicated boundary conditions with the MX80 bentonite between a compressible sand shield a t

the hot side and a compressible sand filter at the cool side .

1 . Swelling at constant stress :

S

Si pi Ci
rc (s, p)e ; — e~ = t	 ds
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Calculated : s

2 . Water-uptake at constant volume :

dp tc ,(s , p)	 p	

ds
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Initial condition : p(s) = p ;

Calculated : p its)

Sf pf ef
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Figure 1 : Method for calculation of stress path and final swelling pressure for a scheme with initial
swelling at constant stress and subsequent water-uptake at constant volume .
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MONITORING THE HYDRATION
AND STABILITY OF BENTONITE BACKFILL

UNDER THE INFLUENCE
OF PERCOLATING SOLUTIONS

Julia Berger, Laurence Warr, Joëlle Duplay

Centre de Géochimie de la Surface, 1 rue Blessig, 67084 Strasbourg, France

In engineering repository sites for the disposal of nuclear waste, bentonite is being considered as a suitable
backfill material to prevent the infiltration of aqueous solutions, Bentonite clay has the ability to swell
and self-seal when infiltrated by natural waters and can potentially retain released radionuclides (Bors
et al. I997). The hydration process not only influences permeability and fluid migration, but also effects
chemical transport, pore pressure, material strength and diagenetic minera! reactions both within the
backfill and adjacent wall rock shales (Melkior et al. 2004, Montes et al. 2003a, 2004).

A number of studies has been done on the hydration properties of swelling clays using humidity controlled
XRD measurement environments, allowing the characterization of water-layer sorption in gaseous conditions
with varying activities of water vapour (e.g. Kùhnel et al . 1993 and Ferrage et al. 2004). However, such
experiments do not reproduce the scenario of infiltrating ground-water solution into the repository site,
where the hydration states are predictivciy different. This contribution presents first results using a new
type of flow-through reaction eel! (known as wet-cells) as a laboratory analogue, which allows time
dependent in-situ monitoring of bentonite swelling in infiltrating solution. The flow-through reactions
cells (Warr and Hofmann 2003) allow mineralogical, geochemical, petro-physical and microbiological
information to be attained during experiments both in-shu and in-solution without major disturbance of
the sample system. Using this approach, we aim to more precisely predict the short- and long-term
swelling behaviour of bentonite by establishing and quantifying the reactions rates of the seal under the
influence of important parameters, namely: i)solution chemistry (including pH and redox variations), ii)
percolation rates and fluid pressure, iii) temperature variations, and iii) aerobic and aneorobic bacteria
activity. Here, first results are presented for the hydration of MXS0 bentonite material under the influence
of varying solution chemistry.
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THERMAL LOADING OF SMECTITE-RICH
ROCKS: LABORATORY EXPERIMENTS

Irena Kolarikova. Radek Hanus, Emil Jelinek, Richard Prikryl

Charles University, Faculty of Science - Ins. of Geochemistry, Mineralogy and Min. Resources
Albertov 6,128 43 Prague 2, Czech Republic - jaroflr'-natur.ciini.cz

Smectite-rich clays are considered as the main constituent of engineered barriers in underground nuclear
waste repositories. Their thermal stability represents the key factor due to mineralogical and microstructural
changes accompanied by rapid deterioration of physical and chemical properties. In contrast to previous
studies, this study is focused on structural changes of two genetically distinct materials (bentonites and
sedimentary montmorillonite-rich clays) followed by changes in favourable physico-chemical properties
after heat treatment.

Two sets of experimental material were used in the experiments. The first set represents bentonites s. s,,
i. e. argillised pyroclastic rocks. This material was sampled at the Rokle deposit (western part of the
Bohemian Massif). Rokle bentonite consists mainly of montmorillonite with Ca~J and Mg" as the
dominant interlayer ions. Kaolinite, illite and quartz are subordinate. The second type of experimental
material is composed of sedimentary montmorillonitic clays from the Zelenâ deposit (Czech Republic).
These clays contain illite-smectite (I-S) mixed layers, kaolinite and accessory minerals (quartz, K-feldspar
and calcite).

Experiments on the fraction less than 2 urn (obtained by suspension, sedimentation and filtration) were
done using a high-tempera tu re XRD camera. X-ray patterns were taken 15 minutes after reaching each
of the following temperatures 25°C, 50°C, 70°C, 90°C, I10°C and 200°C using a Siemens D 5000
diffractometer.
Experimental simulation of hydrothermal alteration processes in clays were performed on I-S rich material
from the Zelenâ deposit. Clay samples reacted with heated solutions (pH 6.5 and salinity 5 wt. % NaCl).
No further agitation of the samples took place during 1 month experiment. Low salinity should insure
that temperature would play the key role in possible transformation processes.
Thermal characteristics of the fine-fraction samples have also been determined using TG and DTA
analyses.
Powder bulk samples for cation exchange capacity (CEC) and specific surface area experiments were
heated in a muffle furnace to 50°C, 60°C, 70°C, 80°C, 90°C, 100°C, 150°C, 200°C, 250°C, 300°C, 350°C.
400°C, 450°C and 500°C and kept for 60 minutes at each temperature. After dehydration-rehydration
cycles, CEC and specific surface area were recorded.

The changes of montmorillonite in bentonite (from the Rokle deposit) due to heating experiments were
determined using XRD monitoring of the first basal diffraction (001). The profile intensity decreased
together with a shift of the maximum from 15.36 Â to 10,20 Â during the dehydration cycle (fig, 1),
Experimental studies performed on sedimentary clays (Zelenâ deposit) revealed 1-S transformation due
to high temperature (I month experiment). X-ray analyses showed that the
degree of illitization is directly proportional to increasing temperature (fig. 2).
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Figure 2 : XRD patterns of oriented aggregate s
of Ca/Mg montmorillonite from Rokle

	

of glycolated I-S at different temperature s

The observed structural changes indicate that changes in physico-chemical properties should occur .

Experiments confirmed the anticipated decrease in CEC with increasing temperature . The CEC of

monovalent cations of montmorillonitic clays (Zelenâ deposit) decreases slowly, whereas values recorde d

for bentonites (Rokle deposit) drop rapidly after reaching 120°C (fig . 3) . The CEC of divalent cation s

revealed a small and slow decrease with increasing temperature (fig . 4) .
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Figure 4 : CEC of divalent cations of bentonite n
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The same trends were observed in Sm,cr° values, which decrease significantly after reaching 90°C (mont -
morillonitic clays) or 150°C (bentonites) . However, S BET increases with temperature rise (figs . 5 and 6) .
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Figure 5 : Specific surface area o f
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Figure 6 : Specific surface area of bentonite

If a large temperature increase (several hundred degrees) occurs in clays used for waste disposal, i t
implies the appearance of significant irreversible changes in the structure of clay minerals .
Dehydration-rehydration processes altered the dimension of pores and rapidly decreased the ion
exchange ability of studied clay material .
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MODEL SUGGESTED FOR

HYDRO-MECHANICAL BEHAVIOUR OF

A WATER UNSATURATED BENTONITE

A.Dueck, L. Bdrgesson

Clay Technology AB, IDEON Research Center, SE 223 70 LUND, Sweden - ad(nzclaytech,se

The hydro-mechanical behaviour of a clay-based buffer material for nuclear waste disposal was investigate d

in a laboratory program. In this program the main focus was put on the influence of confinement on water
uptake and swelling pressure during suction decrease . The laboratory program and some of the result s

are presented in another paper in this conference .

The results from the laboratory tests were used to find a relation between water content, void ratio ,
swelling pressure and suction valid in the limited range used for the tests . Two equations for swellin g
pressure represent the outline of the model .

In the first of the equations the swelling pressure developed during water uptake is normalised with a
pressure corresponding to swelling pressure at saturation . This is done in order to be independent on
void ratio . A relation was suggested for the relation between the normalised swelling pressure and th e
degree of saturation .

From the laboratory results the second equation is derived as a relation between the swelling pressure, th e
water content and the actual suction (or relative humidity) . The equation is based on a thermodynami c
relation and it includes the retention curve (i .e . water content against suction under free swelling conditions) .

The model can be used for a state were two of the four parameters water content, void ratio, swellin g
pressure and suction are known and can thus be useful to e .g . evaluate field measurements and mode l
the late stage of the wetting process . The equations are mainly based on results from tests with increasin g
degree of saturation under constant void ratio but are also suggested to be used for increasing void ratio .
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LABORATORY RESULTS FROM SUCTIO N
CONTROLLED TESTS ON A WATER

UNSATURATED BENTONITE

A.Dueck

Clay Technology AB, IDEON Research Center, SE 223 70 LUND, Sweden - ad(iclaytech .se

The buffer material used in the KBS-3 concept embedding the waste canister in the deep repository fo r

nuclear waste is a highly compacted bentonite clay. The saturated homogenous bentonite is expected t o

fully act as a buffer material . During the wetting of the unsaturated bentonite swelling pressure an d
decrease in suction will develop . To increase the knowledge of the hydro-mechanical behaviour of th e
unsaturated swelling bentonite a laboratory program was carried through .

The water saturation process is often modelled as driven by a gradient in suction (or negative pore wate r
pressure) and impact of factors as void ratio, degree of saturation and external load on suction wa s
therefore an important part of the investigation .

The focus of the laboratory program was to investigate the influence of confinement on the water retentio n
properties, the development of swelling pressure during decrease in suction and the effect of external loa d
and swelling pressure on suction . The test types chosen for the majority of the tests were increase in wate r
content under free swelling or under constant volume conditions and measurement of swelling pressure .
The water content was controlled by keeping suction constant by an imposed relative humidity technique .
In addition tests with constant water content and externally applied load have been performed . In those
tests relative humidity was measured. The investigated clay was MX-80, which is a commercial bentonit e
from American Colloid Co . with a liquid limit wL of about 500%.

The impact of confinement and initial water content on water uptake, suction and development of swellin g
pressure are shown . The results also include experiences regarding the testing techniques . An exampl e
of test results is shown in Figure 1 . Measured swelling pressure against time is shown from constan t
volume tests with suction control . Only selected results from one of the test series are shown . The figure
shows that swelling pressure develops during hygroscopic water uptake . It also shows that the swellin g
pressure increases with increased applied relative humidity .
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Figure 1 : Test results from constant volume tests with suction control by the relative humidity technique .
Only results from one series and void ratio e = 0 .79 ± 0 .02 are shown .

Evaluation of the results and suggestion of a hydro-mechanical model are presented in another paper in
this conference .
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BENTONITE THM BEHAVIOUR MOCK-UP

STUDIES

C. Gatabin ' , J-C Robinet 2 , F. Plas 3 , T. Lassabatère4 , B. Vignal3

1. CEA Saclay, France
2. EUROGEOMAT Consulting, Orléans, France
3.Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtenay-Malabry Cedex, Franc e
4. EDF Centre des Renardières, Moret sur Loing, Franc e

Nuclear waste disposal rely on multi-barrier system . Engineered Barrier Systems make use of swellin g
clay buffer set in place unsaturated in deposition hole . After waste emplacement, buffer hydrates an d

swells, being submitted to the heat from nuclear waste decay.

In order to characterize the THM behaviour of swelling clays under temperatures exceeding 100°C, Andr a

has gathered research laboratories, CEA/LECBA, Eurogéomat and EDF/CPM to conduct experimental and
modelling studies . The analysis of the state of art led to the definition of mock-up tests to evaluate effects
of high temperatures and high thermal gradients on the heat and mass transfer, and the stress-strai n
behaviour of initially unsaturated MX80 bentonite during a thermal loading at constant volume for bot h
closed and opened system .

This paper presents the first mock-up tests and their experimental results .

MOCK-UP
Two small size identical mock-up have been constructed, in which compacted MX80 bentonite wer e
tested with controlled hydro-thermal boundary conditions . A reliable instrumentation is installed o n
each mock-up with the following measuring points : 22 for temperature, 7 for relative humidity, 4 fo r
pore pressure, 8 for radial stress and 1 for axial stress . Dedicated devices for heating and cooling allow
for an accurate temperature control .
Schematic design of a mock-up

n

	

u

THM mock-up in CEA laborator ySchematic design of a mock-up

In order to discriminate the pore water state, clay cores of each mock-up have different initial water content :
a low one for which water is mainly bound, and a high one for which a pore water fraction is free .
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TEST DESCRIPTIO N
With each mock-up equipment, a two-phase test was undertaken under the following protocol :

• Within a first phase, temperature on one face of the clay core is elevated by stages up to 150°C, whil e

temperature on the opposite face is maintained constant at 20°C, which gives gradients varying up t o

6 .5°C/cm. All physical parameters are monitored .
• Within a second phase, beginning when a quasi thermal and hydrous equilibrium has been reached fo r

the 6 .5°C/m gradient, water is injected through the piston on cold face .

Main objective of the first phase was to highlight the water behaviour in a highly compacted material ,
confined, when subjected only to increasing temperature and gradient . This phase lasted 4 months .
Desaturation starts at 60°C (2°C/cm gradient) and increases as temperature and gradient increase, to
reach a third of the clay sample at 150°C (6 .5°C/cm gradient) . During this time, "cold" zone saturation

increases while pore pressures remain quasi constant .

The second phase, standing the same heat gradient, observed effects of a counter flow hydraulic gradient .

Observation of redistribution of moisture and local stress should allow understanding of vapour and liqui d

water transfer and coupling with bentonite mechanical properties . This phase lasted 7 months . Sample

resaturated gradually even in zones previously desaturated. The radial stress followed nicely the swellin g
of the clay in the saturated zone .

.043

EIzps .e dm . (days )

Evolution of relative humidities

Elapsed time (day )

Evolution of radial stresse s

DISCUSSION
In both mock-up experiments, a desaturated zone is shown close to the heater.

Test results clearly highlight a water transfer from the "hot" zone, towards the "cold" zone . The same
phenomenon occurred in the Temperature Buffer Test (TBT), a full scale experiment implemented in th e
Aspb HRL in Sweden dealing with high temperature .

The cause of this water transfer could be temperature and temperature gradient . Initial water content an d
sample thickness are also parameters to be taken into account . Physical state of transferred water is no t
yet known: it could be vapour form according to Fick's law, or liquid form with thermo osmosis effect ,
or a coupling of both . From the first phase data, Eurogéomat was able to calculate a transfer coefficien t
by thermo osmosis .

Apparently thermal gradient high value quickly reached in the first phase amplified the desaturatio n
process . Forthcoming tests will try to discriminate whether temperature or gradient (or both) cause th e
water transfer and to observe any temperature or gradient threshold .

International Meeting, March 14-18, 2005, Tours, France
Page 676

	

Clays in Natural & Engineered Barriers for Radioactive Waste Confinement



Vv û

P/THME/2 5

MODELLING THE FIELD BEHAVIOUR

OF A GRANULAR EXPANSIVE BARRIER

Eduardo Alonso, C. Hoffmann

CIMNE - Centre Internacional de Métodos Numérics en Ingenyeria, Gran Capitan, sin - Edifico C- 1
Campus Norte UPC, E-08034 Barcelona, Spai n

ABSTRAC T
The Engineered Barrier (EB) experiment was designed to demonstrate the feasibility of granular expansiv e

barriers . Field instrumentation and an associated laboratory experimental program provided also th e

opportunity to validate the calculation procedure of the barrier hydration .

A first purpose of the initial modelling was the design of the hydration system . The test was located in
impervious Mont Terri clay shale and natural hydration was incapable of providing a significant barrie r
saturation in a reasonable time (say two years) . Forced hydration was designed on the basis of preliminary

calculations which provided also a "blind" initial prediction which could be later compared with fiel d

response .

The final test modelling was based on laboratory parameters derived from tests . The host rock and the

fill were described by means of elasto-plastic models . The rock model include a damage criteria whic h

was useful to predict the extent of the excavation disturbed zone, which could be compared with in-sit u
determinations based on geophysical procedures and local de-terminations of permeability . The fill was
represented by a modified Barcelona Basic Model (BBM), to define more precisely the swelling behaviour.
On the other hand, hydromechanical properties reflect the observed decrease of intrinsic permeabilit y
as the fill becomes wetter .

The simulation followed the sequence of test installation and hydration . In the paper a comparison i s
made between data provided by the field instruments and the calculations. The evolution of relative
humidity was reasonably well captured in the simulation (Figure 1) . Calculated wetting rates tend to b e
faster then actual values .

Measured total stress in the cradle of compacted bentonite blocks which supported the dummy caniste r
were also well reproduced by calculations . A good agreement was also found for the stresses measure d
in the granular fill (Figure 2) . More difficulties were met to repro-duce the measured displacement o f
the canister.

Uncertainties have remained because of the heterogeneous development of buffer hydration, which is a
consequence of the emplacement conditions ant the nature of the evolving permeability of the pellet mixture .
Nevertheless, the HM simulation performed has provided an integrated picture of the hydration and
swelling phenomena taking place within the expansive mixture .
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Figure 1 : Evolution of observed and computed suction evolution in the bentonite blocks buffer material

in section B 1

Figure 2: Evolution of the observed and computed swelling pressure for the bentonite pellets in sensor s
PEI and PE2 .
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HYDROMECHANICAL BEHAVIOUR

OF BENTONITE PELLET'S MIXTURE S

Christian Hoffmann, Eduardo Alonso

CIMNE - Centre Internacional de Métodos Numérics en Ingenyeria, Gran Capitan, s/n - Edifico C- 1
Campus Norte UPC, E-08034 Barcelona, Spai n

ABSTRACT
Granular mixtures made of high density pellets of bentonite are being evaluated as an alternative buffe r

material for waste isolation . Ease of handling is an often mentioned alternative . Within the framework
of the Engineered Barrier (EB) experiment, an experimental program to characterize the hydromechanical
behaviour of compacted pellet's mixtures was performed .
The material tested in the laboratory was based in the pellet's mixtures actually used for the emplacemen t
of the EB "in-situ" experiment . Grain size distribution was adjusted to a maximum pellet size compatibl e
with the specimen's dimensions . Dry densities of statically compacted specimens varied in most of th e
cases in the range : 1 .3 to 1 .5 Mg/m 3 . Pellets had a very high dry density, close to 2 Mg/m 3 .

The outstanding characteristic of these mixtures is its discontinuous porosity . Pore sizes of the compacte d

pellets vary around 10 nm. However the inter-pellet size of the pores is four to five orders of magnitude

higher . This double porosity and the highly expansive nature of the pellets controlled all the hydrauli c

and mechanical properties of the mixture .
Tests performed include infiltration tests using different water injection rates and mechanisms of wate r
transfer (in liquid and vapour phases), suction controlled oedometer tests and swelling pressure tests .
The interpretation of some of the tests performed required backanalysis procedures using a HM compute r
code .
Parameters were identified for an elasto-plastic mechanical constitutive model and for the set of hydrauli c
laws necessary to perform coupled HM analysis .
The following are significant properties of the material tested :
• The mixture is a swelling material when wetted, but partial collapse (volumetric compression) may b e

found at high confining stresses .
• Significant reduction of intrinsic permeability occurs as the mixture hydrates .
• The wetting rate and the type of water transfer (liquid or vapour) dictates the constitutive response o f

these materials . In order to model this behaviour an explicit consideration of the material double structure ,
at the constitutive level, is required .

The final comment is illustrated in the enclosed Figure 1, which shows the development of swellin g
pressure for two alternative procedures (water added either in vapour or in liquid phases) to wet the sample .
The rate of water inflow controls the evolution of wetting (Figure 2) and the associated swelling of th e
mixture. The implications of this behaviour in constitutive model development are discussed in the paper .
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Figure 1 : Constitutive response of the pellet mixtures during wetting at constant volume . Tests performe d
with vapour and liquid transfer . (a)- Evolution of the swelling pressure with the degree of saturation .
(b)- Stress path described in terms of vertical swelling pressure and suction .

Figure 2 : Time evolution of the degree of saturation during swelling pressure tests with different inflow
water gradients
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THE FRICTION-FREE COMPRESSIBILITY
CURVE OF BENTONITE BLOCK

Y. M. Tien ' , P. L . Wu' , W. S . Chuang2

1. Department of Civil Engineering, National Central University, TAIWAN - ymt(a,'cc .ncu.edu.tw
2. Institute of Nuclear Energy Research, Atomic Energy Council, TAIWA N

ABSTRAC T
The buffer material in nuclear waste disposal was made up with pure bentonite or sand-bentonite mixture .
The excellent sealing and swelling properties of highly compacted bentonite or bentonite-sand mixtur e
blocks have made them primary candidate for embedment of in geological disposal of high-level radioactiv e
waste . The emplacement of bentonite buffer material surrounding canisters and overpack has long bee n

a feature of disposal concepts adopted for high-level waste and spent fuel disposal programmes with a
number of countries . For performance assessment of compacted bentonite – based buffer material, there are

many researchers devoted for the permeability swelling behaviors mechanics and diffusion of compacted

bentonite block . Recently, Johoannesson and and his coworkers conducted a series of study on compactio n

characteristics and industrial technique production of large scale and different shapes bentonite blocks .

Available techniques for compacting bentonite blocks are isostatical compaction and uniaxial compaction .
The uniaxial compaction technique is widely used in buffer compaction because of time-saving and
produce blocks with high precession in geometry. It is not necessary to reshape the geometry of block after
compaction. The major disadvantage of uniaxial compaction is that the blocks may become inhomogeneou s
due to the friction between block and the die .

The block-die wall friction plays a crucial role in compaction and causes non-uniform packing densitie s
within the blocks . High wall-friction creates high stress gradients within the block, and hence causin g
significant density fluctuation . To reduce the wall friction effect the following precautions may be taken :
(1) use low aspect ratio sample (ratio between the height and diameter of block, h/d), (2) use both an uppe r
and a lower piston at compaction, (3) compact blocks to a high degree of saturation, (4) use lubricant o n
the die . However, it is impossible to eliminate the wall friction fully, even lubricant, tow pistons and lo w
aspect ratio and high saturation sample are employed . Because the mechanism of powder compaction
and wall friction is very complicate and has not been fully understood, the wall friction of any specifi c
material during compaction is usually investigated through experiments . To better understand the behavior
of wall friction, assess its effect on the properties of compacted block, and evaluate the preventing method ,
high quality measurement of wall friction during compaction and ejection is an important task .

The compressibility curves (the plot of the applied force vs . density relation during uniaxial compaction ,
usually named as "compaction curve" in the fields of powder metallurgy, it should not be confuse wit h
"compaction curve" in geotechnical engineering) have been widely used to describe the compactio n
behavior of powders . The density of block under a specified applied stress can be evaluated by the com-
pressibility curve . The required applied stress for a specified density of compact can also be estimate d
by compressibility curve . The wall friction is induced between the materials and the wall of compaction
mold during the compaction process, so it's hard to obtain the relationship between the actual compactio n
force and the density of the bentonite block . The compaction force will be over estimated because o f
wall friction force and changes with differential aspect ratio . This paper presents one method to correc t
the friction effect and obtain friction-free compressibility curve . Proposed method base on the friction
force distribution theory . This friction-free compaction curve can eliminate wall friction force and th e
effect of geometric . A series compaction test of varies h/d ratio was carried out in this study, and to
demonstrate the method obtained friction-free compressibility curve of bentonite block (see Fig . 1) .
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Figure 1 : The compressibility curve of varies aspect ratio compaction test (a) original compressibility
curves obtained from test result (b) friction-free compressibility curve obtain from this metho d
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ADVANCES ON EXPERIMENTAL
TECHNIQUES FOR THE CHARACTERIZATION

OF THM BEHAVIOUR OF BENTONITE
M.V.Villar'.A, Lioret2

1. CIEMAT, Avd. Complutense 22, 28040 Madrid (Spain)
2. UPC, Jordi Girona 1-3, D-2, 08038 Barcelona (Spain)

The design of high level radioactive waste (HLW) repositories in deep geological media -in which bentonite
clay is proposed as a sealing material- leads to the need of further studying the behaviour of highly
compacted expansive soils when subjected to mechanical, hydraulic and thermal changes. Laboratory
tests may help to understand the processes that take place in the clay barrier under simple and controlled
conditions and to develop the governing equations. The laboratory tests enable to isolate the different
processes, making their interpretation easier, and provide with fundamental data concerning the parameters
to be used in the models. The extremely low permeability of these materials, their avidity for water (high
suction) and their high swelling capacity make necessary the modification of the conventional laboratory
techniques and procedures to determine basic physical parameters.

The main hydraulic properties of the barrier to be considered are the permeability and the water retention
capacity. Among the mechanical properties of bentonites, the most outstanding is their capacity to change
volume and thus, the characterisation and measurement of swelling pressure, swelling under load and
mechanical compressibility are keystones to understand the behaviour of expansive materials. Besides,
since the barrier will be subjected to thermal and hydraulic gradients, the variation of its mechanical
and hydraulic characteristics with temperature and suction must be known.

The saturated permeability of expansive materials cannot be determined in standard permeameters due
to the important changes in volume undergone by the clay during saturation and to the small flows
involved. The new methods developed are based on the use of rigid cells that prevent any change of the
clay volume and in which the swelling of the saturated clay against the cell walls avoids preferential
pathways. In addition, the modification of intrinsic permeability due to structural changes caused by
bentonite hydration can be studied through the measurement of gas permeability.

On the other hand, neither the steady-state nor the transient methods are easily applicable to the measurement
of unsaturated permeability of highly expansive materials. An alternative method for calculation of the
permeability of these materials is the back-analysis of infiltration tests performed under transient conditions,
through the application of a theoretical model for solution of the inverse problem. To apply this technique,
the water intake during the infiltration test must be measured, and it is also necessary to know the water
content distribution inside the sample for different times after the initiation of the infiltration process.
Then, by means of parameter identification techniques, the intrinsic permeability and the relative
permeability may be estimated. In addition, the tortuosity factor may be assessed from experiments with
prescribed heat and water flows.

The water retention curve is a fundamental relation to estimate the evolution of water content in the barrier
and the prediction of the time needed for full saturation. The retention curve of expansive materials
depends on the confinement conditions of the material during determination; higher water contents are
obtained for a given suction value if the determination is performed under free volume conditions than
if the sample is confined. For this reason, when conventional methods are applied for the determination
of retention curves for such materials, no representative results of the conditions of the bentonite in an
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engineered barrier -where it is confined- are obtained. To surpass this drawback, special cells have been
designed to keep the volume of the specimen constant during the determination while allowing the
interchange of water with the surrounding atmosphere. The relative humidity of the latter is controlled
to be able to apply the desired suction. The swelling pressure developed during hydration can be
measured in some of these cells. Another method to determine the suction / water content relation
that has been fine tuned up is the direct measurement by means of capacitive sensors of the relative
humidity of blocks of different water contents.

To study the mechanical behaviour at unsaturated conditions it is necessary to control suction, for which
three methods are widely used: axis translation, control of relative humidity and the osmotic technique.
The method of controlling suction by solutions of sulphuric acid in the oedometric tests has shown itself
to be more adequate for the study of these materials than the others. This is due to the fact that the range
of suction that may be applied using axis translation or the osmotic technique is very small compared to
the suction of the bentonite. On the other hand, the manufacturing of high-density specimens of bentonite
requires the application of uniaxial loads far higher than the loading limit of normal oedometric systems.
For this reason, if the plastic domain of the material is expected to be investigated, modified high-pressure
oedometers must be used.

Besides, the study of the said hydraulic and mechanical properties at high temperature requires further
modifications of the procedures explained, such as putting the equipments inside ovens or using
thcrmostatic baths.

Finally, tests at different scales are performed in order to observe the thermo-hydro-mechanical processes
taking place in the engineered barriers. The purpose of these experiments is the direct observation of the
phenomena occurring in the barrier and of the behaviour of the system, which will provide the information
required for the verification and validation of the mathematical models of the coupled processes and
their numerical implementation. These tests basically consist in subjecting blocks of compacted clay,
confined in hermetically sealed and non-deformable cells, to simultaneous heating and/or hydration on
opposing fronts. After different periods of time -from days up to years- the bentonite is analysed. These
cells can be instrumented in order to gather on-line information on the temperature and relative humidity
evolution inside the clay. The last advances also enable the continuous knowledge of physico-chemical
parameters, such as pH and Eh.
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A GENERAL APPROACH TO ASSESS HYDRO-
MECHANICAL CHANGES OF NATURAL

CLAY BARRIERS DUE TO PHYSICO-
CHEMICAL INTERACTION WITH WASTE

IN DEEP SEATED WASTE DISPOSAL SITES
Robrecht M. Sehmitz1'2. Ch. Schroeder2, R. Charlier

1. National Scientific Research Fund, Belgium (FNRS)
2. Université de Liège-GéomaC, Chemin des Chevreuils 1 - B52/3, B-4000 Liège, Belgique,

KM.Schniit/(ftu1g.ae.bL'

As engineered structures normally have a functional life up to 100 years, natural barriers have to be
incorporated into the design for long-term waste disposal sites. Such natural barriers are formed by thick
clay formations. Once a suitable location within the formation has been selected on its geomechanical
and hydrogeological properties, it must be guaranteed that these properties do not unfavourably alter
when contacted by leachates or radiation produced by the waste itself or oxidation products originating
from the containers.
In this contribution a general approach is presented to analyse the effect of physico-chemical reactions
on the hydro-mechanical properties of clays. This approach is based on the analyses of the occurrence of
physico-chemical reactions on three distinct levels: the tetrahedral-octahedral layer (TOT/TO) level, the
interlayer level and the clay particle level (figure 1A). Each level is characterised by different physical
and chemical processes. These processes related to a specific level, occur on different time scales and
provoke different orders of hydro-mechanical changes. Physico-chemical reactions will occur in natural
or engineered clay barriers if the following ratios, expressing the state before storage and during/after
storage of waste are unequal to 1 [I]:

Tetrahedral-octahedral (TOT/TO) level:

TCF!ni ^ x

TCF,n

O>

Interlayer level:

EBSh! ^ x

(2)

Particle level:

£)r,-CEMCfl,, ^

E^-CEMC^

(3)

TCF = total clay fraction : EBS = equivalent basal spacing; CEMC = concentration of an equivalent
amount of cations in the pore fluid or the leachate; £ ' = relative dielectric constant of the pore fluid or
the leachate; itii — the initial situation before clay - waste interaction; fin = the situation after clav -
leachate interaction. (For a complete description of the definition of variables see [Ij, [2] or f3J)

The impact of physico-chemical processes on the geomechanical properties of clay increases in the order
of the expressions (3) - (2) - {!). The degree, to which these ratios change, depends on the accessibility
of the structure of the clay, thus the accessibility of interparticle space (particle level) interlayer space
{interlayer level) and the damage that occurs to the tetrahedral and octahedral sheets of the clay minerals
(TOT/TO level). The accessibility of the clay to waste products or to its derivatives depends on boundary
conditions such as the effective stress. In the case of the boundary conditions in clay barriers confining
surface repositories it has been shown [1] that interlayers are not accessible on the short term.
Tetrahedral and octahedral sheets will change eventually but on such a long term that the danger potential
of e.g. domestic waste in surface landfills has decrease to nil. Therefore all reactivity, at least on short
term, is located in the interparticle spaces (particle level) in surface landfills.
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In the case of deep seated disposal the inaccessibility on the interlayer space (interlayer level) is guarantee d

by the high effective stresses, which will even increase after construction of the tunnel to confine th e

waste (see figure 1B) . This will eventually lead to a reorientation of the clay particles from their origina l

depositional orientation . Because of the much higher effective stresses the interparticle accessibilit y

(particle level) will be smaller with respect to surface repositories .
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Figure 1 : A : The natural clay barrier possesses structural characteristics (particle size, height, width an d

depth, orientation, number of layers per particle etc .) related to its sedimentological history. B : Due to
anthropogenic activity properties as orientation can change due to the changing stress field while excavatin g
the underground repository .

In a waste disposal site at 200m depth the initial stress will mount to 4MPa, the tangential stresses will eve n
rise to 8MPa (see figure 1B) . This implies that if e .g . Fee ' ions originating from the metal containers ,
which confine the waste, start to penetrate into the clay formation the concentration of cations will
increase . Imagine that the initial amount of cations is 100mol/m 3 if this value is increased by a facto r
10 due to the arrival of Fe e'-i3+ ions, this would results in a reduction of the interparticle space of mor e
than 50% of the initial value for surface repositories and only of 10% (of a much smaller initial value )
in the case of deep seated disposal . Therefore the reaction on particle level, on which all reactivity in
surface barriers is located, is very low in a deep-seated disposal site .
Although one does not need to fear reactions on the particle and interlayer level, the smallest level, th e
TOT/TO level, can be modified in these waste confinement scenarios due to irradiation [4,5] .
Irradiation is known to modify the crystalline structure of the clay. Modifications on this TOT/TO leve l
cause the largest change in geomechanical properties .

To summarise one can state that the occurrence of well studied modifications of the hydro-mechanica l
properties such as the transport of metal ions into the clay mass will face the large inaccessibility of th e
clay as well on the particle as the interlayer level . The greatest attention should be paid to changes o n
the smallest level on which a destructuration of the basic units of the clay could occur. Future research
should therefore focus on this aspect .
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EXPERIMENTAL STUDY

OF THE THERMO-HYDRO-MECHANICAL

BEHAVIOUR OF INDURATED CLAYS

Chun-Liang Zhangl , Tilmann Rothfuchs l , Kun Su' , Nasser Hoteit2

1. Gesellschaft für Anlagen- und Reaktorsicherheit (GRS), Germany
2.Agence nationale pour la gestion des déchets radioactifs (ANDRA), Franc e

ABSTRAC T
To increase the knowledge about the thermo-hydro-mechanical (THM) behaviour of indurated clays as hos t

rock for the disposal of radioactive waste, various laboratory experiments have been carried out at the GR S
geotechnical laboratory on core samples taken from the Callovo-Oxfordian argillite at Bure (France) and

the Opalinus clay at Mont Terri (Switzerland) . The experiments included mechanical characterization of
the clayey rocks and investigation on THM coupling effects . In this paper, main test findings are presented .

The short-term mechanical behaviour was studied in classical triaxial tests under different confinin g
pressures and high temperatures . The indurated clays exhibit a typical elasto-plastic behaviour . The stiffnes s
and strength increase with increasing confining pressure and with decreasing water content . Figure 1 shows
the triaxial tests on the Opalinus samples at different temperatures of 20 to 116°C and a2 = a3 = 3 MPa

under undrained conditions . The samples were first heated with temperature rates of 2 – 5°C/h to a

desired level for 24 hours at constant stresses a t = a2 = a3 and then axially loaded -30° inclined to the
bedding plane with a stain rate of 1 . 10 -7 s-1 to failure. The clay became more ductile and its stiffnes s
and strength reduced, when heated under undrained conditions .

The long-term mechanical behaviour was studied in uniaxial creep tests under different constant loads o f
0 .7 to 18 MPa and temperatures in the range of 20 to 60°C . Most of the tests lasted over an exceptionally
long duration of 1 to 3 .5 years with each step lasting 1 to 18 months . Figure 2 shows two pseudo-undraine d
creep tests on the Callovo-Oxfordian samples under very low deviatoric stresses of 0 .7 and 1 MPa an d
different temperatures between 24 and 59°C . It is found that the clayey rock creeps even under very lo w
loads of less than 1 MPa, which indicates no creep onset for the investigated clayey rock . On the other hand,
increasing temperature led to an expansion for a short time and then creep continues with a higher rate .

Generally, indurated clays react very sensible to moisture change . Figure 3 shows a long-term test on an
Opalinus sample exposed to air under a constant axial load of a l = 1 MPa and a2 = a3 = O . First, drying
the sample by increasing temperature from 24 to 38°C and ventilation caused a significant release of
water content from 6 .7% to 1 .3%. Just due to the dehydration, the clay sample shrank in all directions b y
about 1 .5%. Secondly, wetting the sample by reducing temperature down to 24°C and increasing relative
humidity from 20% to 90% generated a rapid expansion so that the pre-shrinkage is recovered .

Figure 4 illustrates effects of de- and re-hydration on the stress in indurated clays . A Callovo-Oxfordian
sample was first axially loaded to a l = 13 MPa at a2 = a3 = 0 and then fixed by DE Q = 0. When the sampl e
was dried by pumping dry air to it, the axial stress dropped down and tended to zero . This implies that
the stress in indurated clays around openings may reduce and dissipate during the ventilation . In contrast ,
wetting the sample by pumping water vapour to it resulted in an increase of the axial stress to the maximu m
of 10 MPa at 100% relative humidity. This suggests that interparticle water-films in indurated clays are
stress-supporting .

THM coupling effects on the indurated clays were examined in triaxial tests by changing testing conditions .
Figure 5 shows an example of the THM tests, in which an Opalinus sample was loaded to an isotropi c
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stress of 15 MPa, heated stepwise from 25 to 150°C and finally cooled down to 30°C . In the test, very

complex coupled THM phenomena were observed :
a) In the first phase, increasing the external confining stress from 5 to 15 MPa increased the pore wate r

pressure from 3 .2 to 12.2 MPa, yielding Skempton's coefficient B = 90% .

b) In the second phase, reducing the pore water pressure to zero resulted in a significant reduction in volume .

c) In the heating phase, increasing the temperature from 25 to 90°C generated an increase of the pore
water pressure to 5 MPa . However, a further temperature increase to 120°C caused a high peak wate r
pressure, very close to the confining stress of 15 MPa. The high pore water pressure could not be kep t
at 120 and 150°C due to possible leakage of the testing system . Additionally, sudden heating resulte d
in a rapid expansion and then a gradual compaction .

d) Finally, due to cooling from 150 to 30°C the pore water pressure dropped down to zero . After a short-time

transient phase, the THM processes were stabilised .

It is to be pointed out that some of the test observations are "abnormal", but of great interest t o
understanding of coupled THM processes in indurated clays, and to be verified under consideration o f
relevant in-situ conditions .

25
Coati nus clay at Mont Tenn

amain rate= 110 ' s ~

20/2

	

20/2

41/3 .1

69/3 .1

69/3
41/3 .1

95/3 .3

3

0 .6 -

EST0548 1
= 0.73t.1P a

Callovo-Oxtordian argillite at Bure

29 C

29`C 39°C

0

-04

	

0
Radial strain 1%)

0 .4 0 .8

	

1 .2
Axial strain (%)

0 .0
0 100

	

200

	

300

	

400
Time (day)

500

Figure 1 : Triaxial tests at differen t
temperatures

Figure 2 : Creep at different temperatures

30

7
4 Opalinus day at Mont Terri = 1 MPa
o, 2.0 - 6

24"C 26"C 38'C o_

	

24' C

1 .5
!
1t .

5 Eil 2 0
t 3

4 c
1 .0

	

- m y

3 °
0 .5 -

i 1 U v

	

1 0
c
g

2

00 a W _1

120
Callovo-Oxfordian argillite at Bure

drying

- 100

- 80

_ 60

- 40

- 20

0

0 40

	

80

	

120

	

16 0

Figure 3: Shrinking and swelling

0	 o

10 Time (day)

	

20

	

3 0

Figure 4: Stress response to moisture chang e

o

isotropic stress = 15 MPa

90 20

ii 30
- 50

150
150

60 temperature

25 3J:f
heating

Figure 5 : THM coupling effect s

Page 692

0

	

10

	

20

	

3 0
Time (day)

International Meeting, March 14-18, 2005, Tours, Franc e
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement



P/THMN/0 3

ANISOTROPY OF SEISMI C
AND MECHANICAL PROPERTIE S

OF OPALINUS CLAY DURING TRIAXIAL

AND SHEAR DEFORMATIO N

Till Popp, Klaus Salze r

Institut für Gebirgsmechanik GmbH, 02479 Leipzig, German y

Knowledge of the complex interacting processes of dilatancy and healing is of vital interest for a

characterization of the long term behaviour of a repository, independently from rock type . Constitutiv e

models are needed to describe the development of the EDZ during inelastic closure of excavations i n

geological formations . They are typically expressed in terms of elastic constants, temperature, stres s

invariants, humidity, and empirical fitting parameters, assuming, at least, isotropic conditions .

However, especially argillaceous rocks are inherently anisotropic . Depending on progressive compaction

and a transformation of the originally deposited clay into an over-consolidated clay, clay stone or shale ,

the rocks become progressively foliated parallel to the bedding due to the sheet structure of the roc k

forming clay minerals .

Although such planar discontinuities can act as preferential flow paths and play an important role on th e
initiation of inelastic deformation their impact on transport properties and deformation has been largel y
overlooked. While elastic deformation is usually more or less isotropic, initiation of inelastic deformatio n
and the relative dilatation are clearly a function of bedding plane properties, the spatial orientation and stres s
geometry. These overlapping effects are particularly important during rock stress redistribution in the EDZ .

Amongst others, this laboratory study will focus on the impact of mechanical properties of argillaceou s
rocks on the transport properties with respect to the bedding plane. The points of interest are subdivide d
in the following tasks :
(1) Anisotropy of mechanical and transport properties referred to the bedding plan e
(2) Onset of dilatancy and its evolution (healing and damage )
(3) Mechanical strength of the bedding plane – direct shear strength testing

For quantifying seismic anisotropy, ultrasonic velocity measurements of P- and S-waves were carrie d
out on sample cubes (edge length : 43 mm) under true-triaxial stress conditions (a l � 6Z � 63 ) in a triaxia l
(multi-anvil) pressure apparatus . In addition, combined measurements of Vp, Vs and permeability hav e
been done using cylindrical samples along the sample axis in a pressure range up to 20 MPa and under
controlled deformation .

Both, hydrostatic loading and deformation tests, revealed a marked anisotropy of Vp (up to 30 %
compressional wave anisotropy) and Vs (Fig . 1) : Referred to the sample cube oriented parallel to the
bedding, waves propagate fastest within the foliation plane (parallel to X and Y) and slowest normal t o
it (parallel to Z) . A very pronounced shear wave splitting is apparent parallel to X and Y, with the fas t
shear wave being polarized parallel to the foliation (XY-plane) : Vs-XY Vs-YX > Vs-XZ Vs-YZ .
In the foliation (parallel to Z) there is nearly no acoustic S-wave birefringence observed, that is, th e
sample behaves quasi-isotropically for S-waves propagating in this direction . Reproducibility of th e
nearly perfect transversal isotropic behaviour is nicely confirmed by the sample oriented 45° towards
bedding, as anticipated Vs-YX = Vs-ZX (both shear waves are oriented 45° to the bedding) .
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Anisotropy of transport properties is also confirmed by permeability tests performed on dry clay samples .

The permeability measured parallel to the bedding is in the range of 1 0-18 m2 at high pressures (5 — 10 MPa)

and more than one order of magnitude higher than perpendicular to the bedding .
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Figure 1 : Relationships between Vp and Vs as a function of deformation (linear strain E 1 ) at room
temperature during deformation of Opalinus Clay : loading direction normal (upper part) and 45° to
bedding (lower part) ; compression test 6, > 62 = 63 = 20 MPa; stepwise loading increase . a) Vp and

Diff stress (A6d, ff = 6 1 — (a 2 = (33 )/2 ), b) Vs, and c) Reference system .

In addition to permeability changes, the crack-sensitivity of ultrasonic wave velocities was used to monito r

the in-situ state of the microstructure and to identify the onset of dilatancy during deformation (e .g . Popp

et al., 2001) . Loading in the dilatant stress domain gives rise to the generation and propagation of cracks ,
which induces a decrease of seismic wave velocities, and to the increase of damage with strain . The micro
crack patterns are closely related to the structural elements and, in addition, to the geometry of the applie d
stress system. Cracks are found to propagate predominantly parallel to the direction of the maximu m
principal stress .
Preliminary results suggest that the dilatancy boundary for Opalinus Clay, as indicated by the reversal o f
Vs, is significantly lower than the failure boundary. Onset of dilatancy induces an increase of permeabilit y
in the originally impermeable Opalinus Clay matrix .
In conclusion, the crack-sensitivity of ultrasonic wave velocities, in addition to permeability measurements ,
is found to provide a powerful means to monitor the in-situ state of the microstructure of highly anisotropi c
clay rocks and to identify onset of dilatancy . Understanding of both, the overlapping of texture induced rock
anisotropy and stress induced crack opening, is a prerequisite for interpreting the evolution and extension o f
the excavation disturbed zone (EDZ) around tunnels with varying shape and orientation in clay formations .

Reference :
Popp, T., Kern, H . and O . Schulze, 2001 . The evolution of dilatancy and permeability in rock salt dur-
ing hydrostatic compaction and triaxial deformation .- J. Geophys . Res . 106 , No. B3, 4061-4078 .
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NONLINEAR BEHAVIOR OF GEOLOGICAL

AND ENGINEERED BARRIERS

H.Ghasemzadeh t , B . Gatmiri 2

1. CERMES, Ecole Nationale des Ponts et Chaussées, Paris, France
2. CERMES, Ecole Nationale des Ponts et Chaussées, Paris, France & University of Tehran, Iran

Among geomaterials, Clay is one of the most investigated as engineering barrier . In this paper, the full y
coupled Thermo-Hydro-Mechanical response of a multiphase clay and geological barrier is analyzed .

In nuclear waste disposal site, because of heat source existence, engineered and geological barrier ar e
unsaturated media . A suction based-formulation of fully coupled behavior of a deformable unsaturate d
porous medium under heating is used [1] . The nonlinear behavior and phase change (vapor and liquid )
are considered . The coupling effects of skeleton, suction and temperature via the concept of state surfac e
of void ratio and degree of saturation are included [2] .

Above theories of THM coupling were been applied in Code_Aster in order to simulate the behavior of
berried waste disposal . The objective of this section is estimation of geological barrier(GB) an d
engineering barrier(EB) behaviors under heat distribution (for more information, see [3]) .

In this modeling, a horizontal section of un unsaturated deposit located at 500 meters of depth was
considered . This horizontal cut of ground consists of the bedrock as GB with a width of 200 meters .
A one-dimensional axisymmetric analysis modeling is performed . The axis of symmetry is the vertica l
axis of the well of storage (Fig .l) .The constitutive law for GB and EB is Hyperbolic model . Modeling
result consist of temperature, suction, water pressure and deformation at various times in the barrier s
are presented and described (Fig . 2 )
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Déplacement radial dans le massif; modèle non linéaire
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Figure 2: Radial displacement in geological and engineered (clay) barrie r
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NUMERICAL MODELLING OF THE
COUPLING BETWEEN DAMAGE AND

PERMEABILITY IN THE GEOLOGICAL
BARRIER. APPLICATION FOR THE

EXCAVATION DAMAGE ZONE AROUND
THE RADIOACTIVE WASTE STORAGE

DEEP GALLERIES
Patrick Desgrée1, Keyvan Maleki2, Alexis Courtois1, Ahmad Pouya4

1. EDF R&D, Site des Renardières 77818 Moret-Sur-Loing Cedex
2. ÏRSN-SARG, BP17 92262 Fontenay-Aux-Roses Cedex
3. EDF SEPTEN, 12 Av. Antoine Dutrievoz 69100 Villeurbanne
4. LCPC, 58 Bd. Lefebvre 75732 Paris Cedex 15

The deep underground storage has been chosen by the international community to ensure a reliable and
definitive solution for the disposal of HALL (High Activity Long Life) radioactive waste. This concept of
storage relies on the very good tightness properties of some geological formations. Those rocks, generally
sedimentary clayey layers, show a very low permeability thus ensuring very little water fluxes towards
potential migration of the radionuclides throughout very long periods of time after the closure of the storage.

One key feature nevertheless remains on the ability to assess the consequences of the necessary excavation
of shafts and galleries in such layers. The consequences on mechanical behaviour of the rock are well known
and consist in the creation of an EDZ (Excavation Damage Zone) at the vicinity of the excavations. In-situ
observations have also shown that this mechanical damage might as well lower the permeability of the
rockmass of several orders of magnitude. The elaboration and implementation of hydro-mechanical coupled
laws in numerical codes is therefore essential for the safety studies of the different storage concepts.

Studies carried out at the G3S (Groupement d'études sur les Structures Souterraines de Stockage} have
led to a new model. The underlying mechanical model is an elastoplastic anisotropic damage law suitable
for argillites {Chiarelli 2003).

The model also takes into account the notions of crack damage and double porosity. This law is first
obtained by simulation of a circular crack distribution system inside a REV (Representative Elementary
Volume) and homogenisation at the macroscopic scale.

The hydraulic behaviour of the rock is drawn from the classical Darcy law for the matrix permeability
and Poiseuille law for the cracks. Percolation threshold phenomenon is observed by increasing the crack
density. The anisotropic permeability tensor before and after the percolation threshold appears to fit a
non-linear law with the crack damage tensor. Extensive measurements on argillite samples have allowed
to valid the following power law between the trace of the permeability tensor and the trace of the crack
damage tensor.

with a = 10- l4andP =
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Finally, the crack damage law is derived from the mechanical damage law by projection onto the
deviatoric plane.

This model as been successfully implemented in Code_.4ster and Cesar for numerical modelling of the
storage concepts.
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EFFECT OF COMPACTION ENERGY
ON SOIL SUCTION OF CLAYEY SOILS

Shu-Jung Yang, Wen-Chuan, Chen Wei-Hsing Huang

Department of Civil Engineering, National Central University, Jungli 32054, Taiwan, ROC
s9322079ir«:t;c.iicu.cdii.t\\

Soil suction is a fundamental physical property of unsaturated soils such as buffer materials, shallow
foundation, dam foundation and pavement subgrades, describing the potential with which a given soil
at given water content adsorbs and retains pore water. From a thermodynamic standpoint, soil suction
is the free energy of pore-water in a soil and is a function of relative humidity or moisture.

This study was undertaken to evaluate the variations of soil suction with the moisture content for clayey
soils. In particular, the effects of compaction energy on soil suction were investigated. The suction of
unsaturated soil was determined for various conditions, covering a range of compactive efforts and
water contents. Soils specimens were prepared by dynamic compaction and were compacted using 3
levels of compactive effort. The filter paper method was used to measure the total and matric suctions
of two clayey soils.

Findings from these tests indicated that low plasticity soils have lower soil suction than high plasticity soils
at a specific water content. Soil suction was observed to increase markedly with decreasing compaction
energy on soils at low water contents. And at high water contents, soil suction is relatively insensitive
to compaction energy. It was also found that compaction energy has more impact on the total suction
than the matric suction. For soils prepared using impact compaction, void ratio was found not a good
index to predict soil suction, while the degree of saturation shows a good correlation with soil suction
and is proposed to be used as a predictor for soil suction.

Presentation type: Poster
Topic: Analytical and experimental developments Analytical and experimental developments for the
characterization of clays
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EDZ CARACTERIZATION THROUGH
ELECTRICAL TOMOGRAPHY:

EZ-G EXPERIMENT IN MONT TERRI

LABORATORY (GALLERY 04)

GdR FORPRO : AgnèsGrislin-Mouëzy l ' 2, Frédéric Conil2 , Dominique Gibert 2 ,
Bruno Kergosien2 , Florence Nicollin 2

1.Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtenay-Malabry Cedex, Franc e

2. Géosciences Rennes UMR 6118 Campus de Beaulieu, 35042 Rennes Cedex, Franc e

The Mont Terri Project is an International Research Project for the Hydrogeological, Geochemical an d

Geotechnical Characterisation of a Clay Formation (Opalinus Clay) . The Mont Terri Rock Laboratory

is the Swiss analogue of the Bure underground Laboratory. The project conducted by FORPRO deal s
with the imaging of the EDZ during the excavation and after .

A new Gallery, the 04 Gallery, was excavated in 2004 . The first part with a length of about 20 meters was
excavated in March 2004 while the 56 meters remaining were excavated between end of August and en d
of October. The aim of our experiment is to follow the damaging of the wall with time . The electrica l
tomography in DC provides an image of the wall of the gallery in term of electrical resistivity (or it s
inverse conductivity) . The resistivity increase with damaging because of air filling the fractures an d
cracks instead of water ( Clays are very dried) .

The first results of characterisation of the Excavation Damaged Zone (EDZ) in the reconnaissance

gallery had given an anisotrop network of cracks and fractures . The maximum of damaging was the n

localised on the horizontal plane perpendicular to the main axis of the gallery like on the figure 1 .

SE

Bedding boot

Figure 1 : Block model of artificial and tectonic structures around the reconnaissance gallery (afte r
Mont Terri first experiment, Mont Terri document) .

Otherwise the fractures and cracks were not continuous along the main axis of the gallery. The first data
of resistivity in the start niche 04 were acquired in July 2004 when the gallery was only about 20 meter s
long. Two types of profiles, perpendicular and parallel to the main axis, were then implanted as close a s
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possible from the front to get a good idea of the geometry of the damaging . This electrical tomography

in direct current provides a basic state after the first step of excavation (figure 2a) . The digging started

again in August 30`h . A new acquisition of resistivity was done in the middle of September providin g

informations about the propagation of the EDZ (figure 2b) . The first results are very consistent with th e

geological and structural mapping .
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Figure 2 : Data are obtained for a wenner array and arranged in pseudo-sections of the logarithm of th e
apparent resistivity (not inverted) . The peripheral line 1 is implanted close to the front, the peripheral lin e
3 is the most distant. a) Apparent resistivity of the wall of the gallery 04 in July . b) Apparent resistivity
of the wall at the same place in September after restart of excavation. The damaging can be associate
with high resistivity values (green) .

Other acquisitions were done as often as necessary to follow in time the evolution of the EDZ . Some
measures of Multifrequential Induced Polarization should complete the image of the EDZ .

We thank the Mont Terri Team, especially Paul Bossart and Nicolas Badertscher, for providing us with
geological information and assistance during the field operations . This project is financially supporte d
by NFPRO and the GdR FORPRO ( CNRS-ANDRA) .
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Fracturation of the EDZ (Excavation Disturbed Zone) is one of the major issues for assessing the feasibilit y
of deep underground radioactive waste disposals . Clay rocks are a good candidate because of their barrie r

properties and very low permeability. However, underground excavations can generate fractures which

create an increase of permeability in the host formation along the induced fractures . Fracturatio n

appears in relatively narrow zones, which are generally referred to as zones of strain localization (i.e .

concentration of strain in a zone of intense shearing) . Studying strain localization in the laboratory

needs field measurement techniques, because in this case stress and strain variables cannot be derive d

from boundary measurements of load and displacement .

X-ray micro tomography is one of more promising methods to experimentally study localization in th e
laboratory, since this technique is non-destructive and allows for measuring a 3D (density) field and fo r
detecting any local changes of density. CT-tomography has been increasingly used for geomaterials fo r
the last two decades . In the past, industrial or medical scanners have been used for measuring the density
field in a specimen before and after test . The challenge was here to perform in-situ tomography (i.e . t o
make tomography measurements under loading) on a synchrotron beam-line . To combine fast scanning time
(which avoids problems of relaxation due to the stop of loading) and high resolution (here the voxel siz e
is 14x14x14 µm), an important flux of photons is necessary which is only possible with a synchrotro n
beam-line as compared to conventional CT-apparatus . A triaxial cell was designed specifically for that ,
which combines all the requirements for tomography (i.e X-ray transparent cell and no objects between
the specimen and rays) and for standard triaxial testing of rock . Note that the other important requirement
for micro tomography is the "small" size of the specimen (here the specimen is a cylinder of 10 mm in
diameter and 20 mm in height) . As clay rocks are fine-grained materials, such specimen size can stil l
be considered as large enough to be representative .

The material studied is a Callovo-Oxfordian argillite, a clay rock coming from the ANDRA undergroun d
laboratory located in Bure (France) . First, to explore this new combination of techniques on a fluid -
saturated rock, a methodological program was carried out on a softer material (Beaucaire marl) whic h
has roughly the same mineralogical composition as the Callovo-Oxfordian argillite, but is characterize d
by a much higher permeability and a lower shear strength . The results of this preliminary experimenta l
program are presented in Viggiani et al . (2004) and Lenoir et al . (2004) . The subsequent program o n
Callovo-Oxfordian argillite is currently in progress . Due to the low permeability of Callovo-Oxfordia n
argillite and the limited beam-time available at the ESRF, all the tests are conducted under undraine d
conditions from the natural water content (without any consolidation stage) . As an example, Figure 1
shows a couple of tomographic slices obtained from one of the tests performed so far . In this test, the tota l
confining pressure was set to 10 MPa (which roughly corresponds to the in-situ total stress conditions) .
The slice on the left (Fig. la) is obtained at the end of the test (q = 2 .5 MPa, p =10 .8 MPa), while the
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slice on the right (Fig . lb) is obtained after complete stress removal (q = 0, p = 0) . Note that the two slice s

do not correspond to the same physical section of the specimen .

Figurel : tomographic slices at the end of a test : with confinement (a) and after unloading (b )

The main results obtained so far are that localization appears suddenly in time and space (i .e . completely

throughout the tested specimen) . The localized zone is sharp in space (i .e. there is no evidence of a

process zone in the direction perpendicular to the localized zone) . The most important (and, to the bes t
of authors' knowledge, also original) finding is that the localized zone appears as a (dilating) shear ban d
and not as an open fracture . It is only when removing the 10 MPa confinement that the shear band open s
up to become a distinct fracture . Moreover, note that a new fracture network appears upon unloadin g
(Fig . lb) .

Further tests are currently in progress, with confining pressures ranging from 0 to 10 MPa. The next,
essential steps will include : a) the reconstruction of three dimensional X-ray attenuation distributions from
a series of cross-sectional slice images, to get a global view of the fracture network ; b) the quantitative
analysis of density evolution in the specimen throughout a test . Note, however, that this latter objective
is not a trivial one for a natural fine-grained rock, because X-ray absorption depends on both mineralog y
and porosity.

References :
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tomography for studying localized deformation in fine-grained geomaterials under triaxial compression ,
in: C.R. Mecanique 332, Elsevier SAS, 2004, pp . 819-82 6
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characterization of strain localization upon deviatoric loading of satured fine-grained stiff soils, in : J. Otani,
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The model presented in this paper is an adaptation of a model developed at the LaEGO for modelling
poro-mechanical behaviour of argillites type rocks, allowing to account for anisotropy. The yield function
Is of generalised Mohr Coulomb type:

with:

A wo)
p- — ~ — —

3 3

The plastic flow is defined by a plastic potential of Dnicker-Prager type:

g{p>q) = q + Kx)-p

The hardening variable is the plastic distorsion y" and the hardening law concerns the friction angle:

while the evolution of the diiatancy angle is described through:

The anisotropy is taken into account by a second order microstructure tensor A. The micros true ture tensor
is function of the stress tensor invariants and structure orientation tensors. The friction angle, the cohesion
and the diiatancy angle are expressed in terms of this microstructure tensor, specifying the directional
dependency of strength parameters:

with:

/, = -
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In those expressions, the ternis noted with a A name the average of the parameters in the different directions.
The stress tensor is expressed in the local coordinate system of the material structure.
The values of the parameters are evaluated on the basis of classical laboratory tests.
This constitutive law has been applied to the identification of initial stresses at the Mont Terri rock labo-
ratory by interpretation of overcoring tests performed in march 2004. To this aim, a new methodology for
back analysis of overcoring test in elasto-plastic rock masses has been developed. It is based on the theory
of inverse problems and consists in the minimisation of a quadratic cost-functional quantizing measured
and computed strains:

fk „)= fâe' "(ffu)-ëT c;1 [ME1 -(ffj- p X ^

[n this expression, E! are the strains calculated by a finite element simulation of overcoring, £ are the
measured strains, M is an operator selecting in the model the points corresponding to the measures and
^o pncr ls m e in-sitti virgin stress tensor supposed from a priori knowledge on the stresses. CE js the
covariance matrix of the measured strains allowing to account for statistical information and uncertainties
on the measures. C^ is the covariance matrix of the a priori stresses. The term taking into account prior
information on the stresses to be determined reduces the probability of finding a local minimum.
The optimisation algorithm used is the Levenberg-Marquardt algorithm. The inversion strategy is coupled
to a finite element code allowing the calculation of computed strains for a given initial stress tensor
through three dimensional simulations of the overcoring test.
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ABSTRACT
The Callovo-Oxfordian argillite (shale) investigated by Andra is a porous sedimentary rock without
significant anisotropic material properties. It is well known that the mechanical properties of such rock
materials depend on a variety of parameters including porosity, grain size, grain shape, grain and
crystallographic preferred orientation, mineralogy, moisture content, and strain rate. Predicting the
excavation-induced damage to the gallery by drill-and-blast method is important for the long-term
stability and functionality requirement of repositories. To achieve this goal, it requires knowledge of the
dynamic mechanical properties of the argillite.

This study focuses on the determination of the dynamic properties of the Meuse/Haute-Marne argillite
in surface laboratory. In underground excavation using the drill-and-blast method, two types of dynamic
processes are involved, i.e.. rapid confinement drop and tangential stress increase, and dynamic pressure
waves due to blasting. To address these two aspects, two types of dynamic laboratory tests were conducted
for the determination of the dynamic properties of the Meuse/Haute-Marne argillite: high loading rale
triaxial tests and Split Hopkinson Pressure Bar (SHPB) tests.

Triaxial tests are conducted at loading rates higher than those conventionally used for static tests. Three
types of triaxial tests were conducted, i.e., high loading rate constant confining pressure tests, high rate
confinement loss tests, and high loading rate cyclic loading tests. The highest attainable axial strain rate
of 3 x 10"° 1/s was applied in the high loading rate constant confining pressure tests. This test, although
not very relevant for rock behaviour in underground excavation, was conducted since it is the standard
test to define a failure envelop. In the high rate confinement loss tests, samples were first brought to a
pre-selected pseudo hydrostatic stress state and then the lateral confinements were released rapidly
while maintaining the axial load at a constant level. This stress path is a very good representation of the
stress path experienced by rocks due to blasting excavation. The test results display brittle behaviour of the
argillite at low confinement (combined shear and spalling). The high loading rate cyclic loading test was
intended to test damage accumulation below, at and above damage threshold. We confirmed the damage
accumulation above the damage threshold. Although the loading rate in these tests is not high enough to
be considered as "dynamic,'7 the test series results are comparable to the static test results with a distinct
data concentration in the upper range of the strength variation of the static results. Most importantly, the
combined shear and spalling failure mechanisms were observed from the rapid confinement loss tests.

The dynamic properties of the Meuse/Haute-Marne argillite were investigated using the SHPB technique.
9 tensile (Brazilian) and 15 compression tests were conducted, and the sample dimensions were 21.7 mm
diameter by 8.7 to 14.2 mm long and 13.22 mm diameter by 4.51 to 5.9 mm long, respectively. The test
revealed that the dynamic mechanical properties of the argillite are strain rate dependent. It was found from
the SHPB compression test that the dynamic nniaxial compressive strength of the argillite was 64 MPa,
which was about 2.4 times of the static uniaxial compressive strength. The compressive strengths of the
rock perpendicular and parallel to the beddings showed a similar average strength, with the results from
loading perpendicular to the beddings showing increased relative variability. High-speed video was used
to visualize the initiation of failure and subsequent deformation of the specimens. The direct compression
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specimens were found to deform and fail uniformly around the circumference of the specimen, by a

spalling process .

The dynamic tensile strengths, obtained from the SHPB Brazilian tests, exhibited a modest dependence

on strain rate, with an average value of 9 MPa over the range of strain rates (2 .8 to 18 .4 1/s) considered .

As shown in Figure 1, the average dynamic increase factor (ratio of dynamic strength to static strength )

is about 3 .3 . High-speed video (one example is presented in Figure 2) of these tests indicated that failur e

occurred in tension along the line of load application as expected . It was noted that the specimen fragment s

tended to be ejected from the testing device after the first load pulse so that the recovered samples wer e

a good representation of the dynamic material fracture .
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Figure 1 : Comparison of dynamic tensile strength increase factor of shale to concrete materials .
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Figure 2 : High-speed video images of SHPB Brazilian test (Specimen B8 )
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The mechanical behavior of the unsaturated rocks is an issue of great importance in the global pictur e
of nuclear waste disposals . The mechanical behavior of an unsaturated rock is thought to be heavil y

dependent on the suction . This influence of the suction on the mechanical behavior of a solid is wel l

known in the soil mechanics (Alonso et al, 1990) : an increase on the rigidity of the solid during dryin g

paths and a swelling during wetting path are common futures of consolidated and over-consolidated soils ,

as well as a failure under high compression stresses during wetting phase . These materials, in saturated

state have also some common features the most important in the view of our study being their plasti c
behavior under isotropic stress . Otherwise, the argillite of Meuse/Haute behaves differently in saturated
state. Laboratory results show that there are not plastic deformations for all tested (up to 60MPa) isotropi c
compressive stress paths . It could be expected then some differences as compared to soils behavior coul d
also be seen in its unsaturated behavior. The laboratory testes were carried on unsaturated samples in on e
hand to study the influence of an increasing suction on the isotropic and deviator behavioric behavior
of Meuse/Haute-Marne argillite and in the other hand to study the influence of an decreasing suctio n
(wetting path) on the isotropic behavior of the argillite in order to asses an eventual swelling pressure .

LABORATORY OBSERVATIONS AND RESULTS
a) In order to study the role of an increasing suction on the mechanical behavior of the argillite a set o f
triaxial compression tests has been carried out on samples that were before hand brought at hydrauli c
equilibrium to some predefined values of the hygrometry.
For that samples of 38mm of diameter and 76 mm of height have been prepared from cores coming fro m
486m level of EST 205 borehole . The initial saturation state of samples is thought to be just a little unde r
the state of in-situ argillite massif, since the cores has been kept in hermetical pressured cells up to thei r
preparation and the coring process is made by compressed air . Each sample has been instrumente d
before hand with two couples of strain gauges one oriented axially and the other transversally. Then the
pre-instrumented samples have been put and kept in hygrometry-controlled cells in order to establis h
some initial predefined suctions . The hygrometry of cells is kept constant by the so-called salt-solutio n
technique, while all cells have been kept in a constant temperature in climatized rooms .

Three levels of hygrometry have been chosen for testing, respectively at Hr=54%, Hr=75% and Hr=85% .
Once the equilibrium state has been reached, each of samples has been tested in short-term triaxia l
compression tests, at predefined confining pressure . A clear decrease of the peak stress is observed in
uniaxial compression tests when the hygrometry increases (figure 1) . However the variation of elasti c
modulus as a function of the percentage of the deviatoric stress to peak stress of these tests show th e
same evolution (figure 2) .
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Figure 2 : Evolution of lateral modulus as a
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function of the hygrometry and deviatoric stres s

b) The behavior of argillite following a wetting path has been studied using a set of test in suction controlle d

odometers . The same technique of suction imposition is used . The samples of have cored from the same core

cell and then putted into humidity-controlled cells . After the hydraulic equilibrium was reached samples

have undergone a first oedometric load in order to quantify the role of the suction on the oedometri c

modulus . Then, the samples were kept in constant mechanical loading and they have wetted by applied
successive decreasing suctions . After full saturation samples have undergone the same oedometric loadin g
as in the beginning . The objective was to check whether a Loading Collapse (LC line) is of practica l
interest in the case of Meuse-Haute Marne . Partially experimental results show that : 1) there is not a
quantifiable influence of the hygrometry on the oedometric modulus of argillite ; 2) no notable collapse
is observed on samples loaded up to 20MPa and wetted under stress ; 3) post-saturation oedometric test s
as compared to those carried out on the same unsaturated samples show not significant changes on thei r
mechanical behavior.

These results indicate that an adaptation of a simplified BBM model in the case of the argillite o f
Meuse/Haute-Marne would be in the first approach sufficiently for modeling its mechanical behavior .
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This paper presents an experimental study of hydromechanical coupling effects which are relevant in

the analysis of fracture processes in stiff overconsolidated clays .
The evolution of the permeability with the deviator stress is investigated in the laboratory for a natura l

overconsolidated plastic clay : Boom clay (Mol, Belgium) [1], [2] . Such material has potential to serve

as a host rock for a repository of high radioactive waste . The feasibility of storage in this argillaceou s

rock is the aim of the SELFRAC European project [3] . The specific objective of this research program i s
to understand and quantify the evolution of the permeability due to crack proliferation around excavations

in stiff clays, i .e ., in the excavated disturbed zone .
To study the fracturation processes and the resulting changes in flow properties of Boom Clay, specia l
experimental techniques and procedures (for sampling, saturation, and permeability measurement) hav e
been developed. The key challenge is to deal with extremely low permeabilities (less than 10 -18 m2) .
The experimental program consists essentially in drained triaxial compression tests, up to failure ,
with permeability measurements using an improved steady state method at several stages during th e
deviatoric load .

The experimental device used in this study consists of a high pressure, stress path triaxial cell . The apparatus
is capable of applying up to 60 MPa confining and pore water pressures . The triaxial installation has
two independent drainage lines to control volumes and pressures at both ends of the specimen and to b e
able to control a flow through the specimen . The cell and the hydraulic lines are enclosed in a wooden
box in which temperature is regulated at 25°C (+/- 0 .1) .
To characterise precisely the strain during a triaxial path we use a local strain measurement devic e
including seven LVDTs. This arrangement, which is inside the triaxial cell, allows measurements o f
strains in two orthogonal radial directions and in three axial directions (120° from each other wit h
respect to the specimen axis) in order to detect possible strain localization (shear bands or stron g
discontinuities) [4] and search an eventual correlation with permeability change .

The stress-strain relation has been established under various state of stresses ranging from the overcon-
solidated domain and the normally consolidated domain . Isotropic consolidation is the first stage of a test .
The confining pressure and pore pressure are increased up to a given state of stress (the pore pressure valu e
is fixed at 2 .2 MPa, which is the in-situ value) . This stage improves also resaturation of the specimen i f
it is slightly desaturated . The end of consolidation is detected when axial and radial strains are stabilised ,
which takes several days and sometimes several weeks for this kind of material . After this consolidation ,
specimens are loaded in drained conditions up to failure .

Permeability measurements are performed during a test using an improved steady state method develope d
as an alternative to the classical steady state method for swelling materials . The new method was necessary
because the long term behaviour of the specimen (swelling, creep) induces volumetric strains and so, flo w
from the specimen ends . Theses flows from both ends of the specimen can be non symmetric, which coul d
induce an error during the steady state method . The improved method consists of first applying a gradien t
of pressure to the specimen (about 10% of the mean effective stress) and then applying, during a second
phase, the reverse gradient . By comparison of resulting flows during these two phases it is possible t o
extract the Darcy's flow due to only to the pressure gradient and to eliminate eventual long term flow .
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Under an isotropic state of stress, Boom Clay exhibits a large non isotropic swelling due to physico-
chemical effects . Under deviatoric load Boom Clay exhibits two types of behaviour depending on th e

mean effective stress . At the in-situ state of stress (p'=2 .3 MPa) and in drained conditions, the behaviour

is ductile and contractant, i .e ., the q-Eax; al curve shows a plateau . The permeability was found to slightly
decrease due to the contractancy of the pore space during the shearing phase . Conversely, at a low mean
effective stress (0 .4 MPa), the mechanical behaviour is characterized by the development of shear band s

leading to the failure of the specimen. The q-Ea . curve shows a peak and the specimen exhibits dilatancy .

The shear bands are thin and have a slope near to 40° with respect to the axis of the specimen (photo 1) .
Nevertheless, in this case, no significant evolution of the overall permeability was observed with th e
increase of the deviator stress and the development of shear bands . Thus it is found that permeability is no t
significantly influenced by the deviator stress and so can not be considered as an indicator of instabilities .

Photol : Boom Clay specimen after a triaxial compression tes t
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ABSTRAC T
During the excavation of deep underground galleries and tunnels, the host rock hydro-mechanical properties

are altered in the vicinity of the opening . Such an altered zone is called an Excavation Damaged Zone (EDZ) .

The EDZ is considered as a potential pathway for the radio nuclides . Thus, knowledge of the EDZ
mechanical characteristics and extent are of major interest concerning for the conception of undergroun d
waste repositories . A geophysical method used to analyze geological features called Multiple Acquisitio n
of Surface Waves (MASW) has been transposed to this context . The MASW is based on the velocity
dispersion of surface waves that is used to obtain shear wave velocity 1D profile of the medium .

INTRODUCTIO N
Surface waves (Rayleigh waves) are very energetic waves propagating on the surface of materials [1] .

Their depth of propagation varies with frequency (High frequency waves travel in shallow layers wherea s
lower frequency waves travel in deeper layers) . If the mechanical characteristics of the medium vary wit h
depth, then the Rayleigh waves velocity changes according to the frequency . The representation of thi s
variation is generally called a dispersion curve .

The MASW is a totally non intrusive method performed on the ground surface [2] . This method require s
a typical seismic refraction layout. Seismic surface waves are generated by an impulsive source (hammer)
and received by an array of sensors (accelerometers) . A dispersion curve is then calculated from th e
seismic recording [3] and a shear wave velocity 1D profile is finally modeled by inversion of the data .

The relevance of this method is, in a first hand, its easyness mobilization . In a second hand, there is n o
restrictions on its use in presence of water or metals in the medium . At last the MASW is available even
if the shallow layer has the fastest seismic wave velocities . This last point is really challenging becaus e
EDZ characterization measurements could thus be performed directly on the shotcrete or concrete .

MASW ON CURVED SURFAC E

In order to determine the EDZ extent and mechanical characteristics, MASW measurements were perfome d
in the Mont Terri Undergroung Research Laboratory (URL) and in the main shaft of the Meuse/Haute-M arne
URL. Data were recorded using a layout along the circumferential direction to avoid potential variation s
in EDZ extent. The MASW has never been applied in this specific configuration with this objective .

In the case of a surface wave propagating on a concave cylindrical surface, a geometrical spreadin g
occurs because the distance travelled by lower frequency Rayleigh waves is more important than that
travelled by higher frequency Rayleigh waves [4] . This geometrical spreading does not exist in plan e
media, so we developped a numerical model which takes into account both geometrical spreading o n
curved surface and mechanical characteristics vertical variations of the medium .
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Figure 1 : Influence of curvature on theoretical dispersion curve s

The development of such a numerical model needed first to understand Rayleigh wave propagation o n
concave cylindrical surface in order to determine the influence of curvature on dispersion curves . Figure 1
shows numerical dispersion curves calculated from shear wave velocity profile for various radius of th e
gallery. This calculation will be validated using a reduce scale concrete model (figure 2) . At the end, thi s
numerical code will be use for the inversion software we are currently developing, in order to interpret e
data from Mont Terri and Meuse/Haute Marne URL .

Figure 2 : Reduce scale concrete mode l

CONCLUSIO N
The characterization of the EDZ using MASW on curved surface need the design of a numerical cod e
for the computation of numerical phase velocity dispersion curve for the inverse problem . It is expecte d
that our software will provide shear wave velocity profile with a cm range accurac y
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PARAMETER IDENTIFICATION
METHODOLOGY FOR UNSATURATED SOILS

R. Rodriguez, J. Robles, I. Canamon, A. Udias, F.J. Elorza

Universidad Politécnica de Madrid, C/ Rios Rosas 21, 28003 Madrid (Spain)

The main objective of this paper is to present a direct automatic identification and uncertainty estimation
methodology that can be applied satisfactory to obtain the best matching parameters of geotechnical
models for unsaturated clay soils. Basically, in geotechnical engineering, the denomination of inverse
problem or parametric calibration refers to an iterative process of comparison between the measured data
and numerically predicted data -both data sets define the objective function- obtained from the numerical
model, which allows determining the best fitting parameters of the model. This methodology is useful to
define soil engineering standards for geotechnical applications, like radioactive waste repositories.

In this work we describe the behaviour of a clay soil by means of a three-dimensional elasto-plastic model
for unsaturated soils [Robles & Elorza, 2003], This constitutive model is within the framework of the
global mechanical problem of the unsaturated soils, regarding the volume deformations, presonsolidation
stress and shear states. The influence of suction on the mechanical behaviour of unsaturated soil is taken
into account by using a principle of stress that is obtained adding a function of the suction to the net
mean stress.

In this way we can establish a link between two one-dimensional dynamic problems, that is, the saturated
case and the unsaturated case with constant suction, and therefore, provide an improved understanding
of unsaturated soil behaviour.

Different optimization methods are employed to get the best fit. Basically, there are two types of methods:
indirect and direct methods. In the second group of methods only values of the objective function in
different points -set of parameters- are used and do not require either the calculation of the jacobian
matrix or of the gradient vector. Generally, these methods converge slower that the indirect methods
although the computational cost per iteration results much cheaper.
To accomplish the parameter identification problem of the Robles and Elorza model with the soil selected,
two direct search algorithm techniques have been applied: genetic algorithms and simulated annealing.

Genetic algorithms is an optimization technique based on the principles of the evolution theory [Udias,
2004], A "population" of stochastic functions that represent solutions to the optimization problem are used.
Each individual member can be manipulated over successive generations, until an optimum solution is
reached. For each generation, members with admirable traits, or those that are deemed to have a high
level of fitness are retained and bred with other individuals of high fitness. The procedure used to select
the individuals who will become the parents of the next generation is governed by a selection function
and a weighted randomness. The selection procedure has a significant impact on the outcome of the
genetic algorithms. Once selection has taken place, the new generation is produced through the use of
genetic operators, the most common of which are crossover and mutation. The use of both operators is
beneficial, and generally results in a reduced likelihood of solutions remaining stuck in local minima or
maxima. The genetic algorithm progresses through generations, returning the fitness of the best member
of the population, until particular termination criteria are met. On the other hand, simulated annealing
technique uses the analogy between the cooling and annealing process of solids, and the optimization
of a multivariable function. However, this is an imperfect analogy. Genetic algorithms and simulated
annealing techniques are designed to find "good" solutions to nonsmooth optimization problems, but
they can also be applied to smooth nonlinear problems to seek for a globally optimal solution. They are
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often effective at finding better solutions than a "classic" smooth nonlinear solver alone.

The fitting methodology proposed, has been recently applied in a satisfactory way to a group of
geotechnical tests carried out with compacted kaolin [Josa, 1988] and with a low-plasticity silty sand
[Hoyos, 1998], Also this methodology has begun to apply with promising results to a set of drained test
carried out by the CIEMAT. Once the experimental triaxial test device works properly, the unsaturated
triaxial tests will begin and the methodology here described will be applied to an unsaturated soil. All the
information about the tested soil and the laboratory tests performed is described in Rodriguez et al. 2005,
presented also in this meeting.
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soil behaviour"'. VII International conference on computational plasticity: COMPLAS. 2003,
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- Hoyos, L.R. "Experimental and computational modelling of unsaturated soil behaviour under true triaxial
stress slates". PhD. Dissertation. Georgia Institute of Technology. 1998.

- Josa, A. "Un modelo elastoplâstico para suelos no saturados", PhD. Thesis. Universidad Politécnica de
Cataluna. Barcelona. 1988.

- Udias, A. "Algunas técnicas heuristicas para la optimization de la explotaciôn y logistica de los hidro-
carburos gaseosos11. PhD. Thesis. Universidad Politécnica de Madrid. Madrid. 2004.

Note:
The authors of this work prefer an oral presentation Inside of some of the following topics indicated
in the scientific program of the meeting: geomechanics, analytical and experimental developments for
the characterisation of clays and Modelling and numerical developments related to clay structure and
reactivity.
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VERIFICATION OF A NEW CONSTITUTIVE
MODEL FOR UNSATURATED SOILS

R. Rodriguez1, M.V.ViUar2..I. Robles1. F.J. Elorza1, A. Udias1,1. Canamon1, P.L. Martin2

1. Universidad Politécnica de Madrid. C/ Rios Rosas 21, 28003 Madrid (Spain)
2. CIEMAT. Avd. Complutense 22, 28040 Madrid (Spain)

The work here presented comes from a national research coordinated project between two Spanish
institutions: the UPM (Universidad Politécnica de Madrid) and the CIEMAT (Centra de Investigaciones
Energéticas, Medioambientales y Tecnolôgicas).

The main objective of this work has two parts. The first one is to validate experimentally a constitutive
elastoplastic model related with the constitutive model for unsaturated soils recently defined by Robles &
Elorza (2003). The second one is to develop a tool for the automatic calibration and uncertainty estimation
of the parameters of this constitutive model, which will be useful for defining engineering standards for
geotcchnical applications, like radioactive waste repositories.

In order to cover the first objective, data on the unsaturated behaviour of a particular soil are needcd.
This information can be given by laboratory tests performed under suction control. The data provided
must be obtained under carefully controlled stress conditions, preferably triaxial ones, These testing
techniques are complex and usually the equipments are prototypes of complex handling. The equipment
selected for this Project is featured by the British company GDS and accomplishes suction control
through application of the axis translation principle. It is constituted of a modified triaxial cell that
allows the control of water and air pressure in the sample, as well as the independent measurement of
volumetric water and air changes. A high air entry value (HAEV) porous disc -through which water
transfer takes place- is placed at the base of the specimen, while air pressure is applied at its upper part.

This technique presents several experimental shortcomings such as the air diffusion through the HAEV disc
into the water circuit, the air transfer through the membranes covering the specimen and the measurement
of specimen volume change. All of them have been checked and solutions have been proposed.

The soil selected for this study is a mixture of 70 percent fine quartz sand and 30 percent silty clay. This
mixture has been chosen because it has a relatively high permeability -to not have too long experiments-
and at the same time exhibits a moderate plastic behaviour. The retention curve of this soil compacted
dry side of Proctor optimum has been obtained in the triaxial apparatus. This has allowed determining
the maximum suction to be applied in the tests, which must be around 400 kPa.

Regarding to the second objective, an application of different optimization techniques to determine the
parameters of the elastoplastic model that better reproduce the behaviour of the tested soil is presented.
The denomination of parameter identification or inverse problem refers to the determination procedure
of the model parameters -vector of parameters- from the experimental data -triaxial unsaturated tests-
and other prior available information.

Two direct different techniques have been used to identify the parameters of the mentioned model:
genetic algorithms and simulated annealing.

Genetic algorithms and simulated annealing techniques are designed to find "good" solutions to nonsmooth
optimization problems, but they can also be applied to smooth nonlinear problems to seek a globally optimal
solution. They are often effective at finding better solutions than a "classic" smooth nonlinear solver alone.

International Meeting, March 14-18,2005, Tours, France
Clays in Natural & Engineered Barriers for Radioactive Waste Confinement Page 717



P/THMN/1S

The description of the elastoplastic model and the methodology developed to obtain good fittings with
the selected soil will be also presented in this meeting. [Rodriguez et al, 2005].

The verification model results obtained, first with saturated tests and, in the next future, with unsaturated
tests carried out by CIEMAT will be presented in the meeting. Indeed, the differences gotten between
the results coining from each optimization technique for same tests will be pointed out.

References:
- Robles, J. & Elorza, F.J. "A computational constitutive driver for an elasto-plastic model of unsaturated

soil behaviour". VII International conference on computational plasticity: COMPLAS. 2003.

- Rodriguez, R., Robles, J., Canamôn, I., Udias, A. & Elorza, F.J. "Parameter identification methodology
for unsaturated soils". Meeting Andra. 2005.

Note:
The authors of this work prefer a poster presentation inside of some of the following topics indicated
in the scientific program of the meeting: geomechanics, analytical and experimental developments for
the charade ris at ion of clays and Modelling and numerical developments related to clay structure and
reactivity.
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CORRELATION OF MECHANICAL
BEHAVIOUR TO MINERALOGICAL AND

MICROSTRUCTURAL CHARACTERISTICS
M. Klinkenbergu-\ H. Schnier1, S. Kaufholdu, R. Dohrmann1'1, S. Siegesmund3

1. Federal Institute for Geosciences and Natural Resources
2. Lower Saxony Geological Survey, Stilleweg 2,30655 Hannover, Germany
3. Geowissenscnaftliches Zentrum der Universitât Gôttingen, Goldschmidtstr. 1-3,37077 Gôttingen,

Germany - m.klinkenbf !•«'«'bgr.dc

Clay formations are potential host rocks for nuclear waste repositories. For the investigation of hydro-
geological, geochemical and geotechnical characteristics of argillaceous rocks the underground rock
laboratory Mont Terri (Switzerland) was instituted in the Opalinus Clay formation.

A number of mechanical uniaxial and triaxial compression tests were carried out on Opalinus Clay samples,
which are derived from bore holes of the Heater Experiment (HE-B). The orientations of the cores were
parallel (p-samples), perpendicular (s-samples) and oblique at approximately 45° (z-samples) to the
bedding. For s-samples two bands to high and low failure values could be distinguished (Schnier, 2004).
In conclusion, two different types of Opalinus Clay with respect to mechanical properties were identified.

The aim of this study is to explain this different mechanical behaviour of the samples, which were
investigated with respect to the mineralogical composition and structural features (microfabric).
Previous results showed that the mineralogical composition of Opalimis Clay mainly differs in the
carbonate content on dm scale. The carbonate content measured by modified Scheibler method showed
that the samples with higher failure values have 16 % carbonates. Two samples from the same bore hole
showed a carbonate content of 13 %. It is not expected that the difference of the mechanical properties
can be explained fully by the carbonate content. However, mechanical properties are expected to be
determined by the microfabric.

On the basis of an extensive literature research the following methods are considered suitable for the
investigation of the microfabric:
• ESEM (environmental scanning electron microscopy)
• IR-microscopy
• Light microscopy of thin sections
•AMS
These methods are used and assessed with respect to the possibility of explaining different mechanical
behaviour of the two Opalinus Clay types.
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SELF-HEALING CAPACITY
OF ARGILLACEOUS ROCKS: REVIEW

OF LABORATORY RESULTS OBTAINED
FROM THE SELFRAC PROJECT

L. Ortiz, M. Van Geet

CEN'SCK, Waste & Disposa) Department, Boeretang 200, B-2400 Mol, Belgium

As in all nuclear power generating countries, radioactive waste management is a crucial environmental
issue. Underground storage in deep geological clay formations is one of the promising options to dispose
such waste. An essential item for the safety of underground nuclear waste repositories is the evaluation of
the excavated disturbed zone and the prediction of the evolution of mechanical and transport properties in
this zone. The perturbation due to the excavation could e.g. induce an increase of the rock permeability
due to diffuse and localised crack proliferation in the material. Fortunately, self-healing properties of clays
can in turn progressively restore the initial conditions.

One of the aims of the SELFRAC project is to understand and quantify the self-healing process that
occurs in an excavated disturbed zone. A distinction must be made between self-healing and self-sealing.
Self-healing is a spontaneous occurring process with many possible contributory underlying mechanisms
that leads to a reduction in the impact of a fracture on both the hydraulic and the mechanical properties of
the rock mass. Self-sealing can contribute to the partial self-healing of argillaceous rocks and is merely
restricted to the restoration of the hydraulic properties of the perturbed medium. In this paper, we will
use the generic term self-healing for both phenomena when no precision is available.

This paper describes the CEN*SCK contribution to the results obtained and the observations made during
the project. This contribution is materialised by laboratory tests that have been carried out on a soft (Boom
Clay) and an indurated clay (Opalinus Clay) to determine their respective self-healing or self-sealing
properties. In order to distinguish the respective influence of the mechanical and chemical components
of the self-healing, two types of tests have been designed.

The first test type consisted in testing the influence of the injected fluid chemistry on the self-healing
capacity of the clay. Three testing fluids have been used for each clay type. The objective was to rate
their respective sealing effectiveness on a pre-existing fault. Therefore, an artificial planar fracture has
been produced through the axis of a cylindrical sample prior its installation in a fixed volume Plexiglas©
permeameter cell. The evolution of the samples hydraulic conductivity has been monitored. We used micro
focus X-ray computer tomography (uCT) as an imaging technique to visualise the sealing process of the
fracture. We observed a total recovery of the hydraulic properties for Boom Clay, and only a limited
recovery of these properties for the Opalinus Clay. These assertions have been confirmed by the U.CT
scans. The mechanical properties of Boom Clay could however not be recovered. The best cohesion
recovery for Boom Clay has been obtained with an alkaline solution that represents the influence of
cementiiious materials used in the near-field.

The second test type consisted in testing combined mechanical and chemical self-healing. The principle
was to drill a hole through the axis of a cylindrical clay sample and install the sample assembly in an
isostatic cell. Two different hole dimensions were tested for each clay type. The sample was submitted to
an increasing confining pressure, while the evolution of the clay hydraulic conductivity was monitored
by applying an axial hydraulic gradient. Mean pore water pressure and mean effective stress were kept
balanced throughout the test.
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For Boom Clay, no influence of the hole dimension (initial central holes of 60 and 120 mm diameter
respectively) on the progressive recovery of the hydraulic properties in function of the applied confining
pressure could be detected. The hole was already sealed when a first hydraulic gradient was applied, at
a confining pressure of 0.4 MPa. The last hydraulic conductivity measurement that has been carried out
at the same confining pressure that prevails around the Mol underground research laboratory showed a
total recovery of the hydraulic properties for Boom Clay. However, the decompression of the sample
during the dismantling operation provoked the aperture of a central fissure throughout the sample in a
direction parallel to the bedding plane orientation. The uCT tomography imaging technique detected the
presence of a central zone of lower density corresponding in dimensions with the fissure length. These
tests give the confirmation that if the hydraulic properties are recovered, it is not the case for the
mechanical properties, at least at the timescale of the laboratory experiments. Therefore we will talk
here about a self-sealing of the soft clay rather than a self-healing.

For Opalinus Clay, the hole dimension tested has a clear influence on the sealing process of the clay.
The two samples tested (initial central hole diameters of 2.5 and 4 mm respectively) showed a distinct
behaviour. While no sealing could be established in the case of the sample with the larger hole diameter,
a slow sealing process could be observed in the sample with the smaller initial hole diameter.
Nevertheless, it must be noted that the undisturbed permeability conditions could never be restored at
the timescale of the laboratory experiment. The self-sealing of Opalinus Clay is thus only partial.

Acknowledgement:
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AN ANALYSIS OF STATIC / DYNAMIC
PROPERTIES OF A TRANSVERSELY
ISOTROPIC SHALE: FROM THEORY

TO EXPERIMENTS
Joël Sarout*. Laurent Molez1, Yves Guéguen1, Nasser Hoteit2

1. Laboratoire de Géologie, Ecole Normale Supérieure, Paris, France.
2. Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtenay-Malabry Cedex, France

Clayrocks, and shales in particular, represent approximately two-third of all sedimentary rocks (Ehlers
et al. 1980). Nevertheless, studies concerning their physical properties are relatively rare compared to
other sedimentary lithologies. Especially uncommon are the studies combining both mechanical and
geophysical approaches. Therefore, the concern of this paper is to correlate elastic wave velocity to
hydro-mechanical induced deformation measurements. This approach is based on a unified Biot's
dynamic poroetasticity extended to account for possible squirt-flow mechanism, and take into account
the transversely isotropic nature of shales (Biot 1961. Dvorkin et al. 1993, Parra 1997).

This model allows for the study of the influence of parameters such as frequency, permeability and
poroelastic moduli (damage), on the elastic wave velocities during loading / unloading cycles. Typically,
the loading space is characterized by mechanical stress (spherical and deviatoric) and either pore
pressure in the saturated domain, or capillary pressure in the unsaturated domain (hygrométrie loading).
The general model introduced accounts for die three main physical phenomena recognized in the literature,
i.e., viscosity, inertia and lateral flow. However, an analysis of the domain of validity of the model is carried
out, i.e., relative importance of the different physical phenomena and the boundary conditions effects.
A specialized set of equations is then formulated in the particular case of a transversely isotropic/very
low permeability Callovo-Oxfordian shale (Bure, France).

An experimental campaign is also performed on actual samples of Bure shale in a triaxial configuration
with simultaneous measurements of the axial and circumferential strains as well as compressive elastic
wave velocities (Lo et a!. 1986, Homand et al. 1993, Liao e! ai 1997, Jones et al.). The explored part of
the loading space is restricted to mechanical and hygrométrie perturbations. Indeed, due to their very low
permeability, any hydraulic experiment on shales involving control or knowledge of the pore pressure
would take a large amount of time (several days). Moreover, shales are chemically sensitive because of
their large Cationic Exchange Capacity. This property leads to hydration and osmotic effects when shales
are put in contact with an aqueous solution, i.e., volumetric strains due to both/either clay platelets
adsorbed water and/or ion concentration gradients, depending on clay type and consolidation state
(Mitchell 1993, Sarout 2003). Shale samples are characterized by 0 30 mm x L 60 mm. The loading cell
is actually axisymetric with two different applicable stresses, i.e., a confining pressure (spherical part)
up to 300 MPa, and an independent axial stress (deviatoric part) up to 800 Mpa.

Elastic wave velocities are also used to characterize the initial state of shale samples before loading, i.e.,
similarity between specimens, presence of heterogeneities in a given specimen. Eventually, combining
theoretical modelling and experimental data may allow for the quantification of certain parameters such
as permeability or diffuse damage, through the explored loading space.

Support for this research is provided by ANDRA, France. This support is gratefully acknowledged.
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The experimental characterization of the long term behaviour of argiliceous rocks is clearly a difficult
challenge. Long term experiments, at a time scale representative of the problem considered, are simply
impossible. On the other hand, it is necessary to give a physical basis to the theoretical models developed
10 model the behaviour of the rocks involved in the underground laboratories, and possibly in the future
nuclear waste deposit. Solutions have to be found to that dilemma.
Different solutions can be considered : among other one can cite i) observation and analysis of relevant
natural deformation process at the representative time scale (a geological approach), ii) experimental
short-term exploration of the microscopic mechanisms responsible of the creep behaviour in argiliceous
rocks in order to define a long-term theoretical extrapolation involving both a time scale and a space scale
change (a physical approach); iii) experimental characterisation of the viscous behaviour of the materials
using relaxation tests rather than creep test, making the hypothesis that the physical mechanisms are the
same. Each of these different solutions has some drawbacks which make it of limited generality (i) or
difficult to assess (ii, iii).

An alternative approach is so-called L'cyclic creep", which will be called here "stimulated creep". It consist
in performing creep tests, i.e. letting the specimen to develop a delayed strain process under a given stress
state, but with an additional periodic mechanical loading. The effect observed in different materials is
to promote the micro deformation mechanisms responsible of creep. Practically, the permanent dead
load used for the test is modulated by a periodic signal, and the deformation process is monitored as in
classical creep tests. An increase in the creep rate can be observed in different materials, depending on
the characteristics of the load modulation.
Most studies involving Cyclic creep tests are found in metallurgy. The relation between fatigue creep and
cyclic creep are discussed in different papers on the behaviour of alloys. In these materials, the mechanisms
responsible of creep have been studied in detail using SEM, and it is well admitted that dislocations
accumulate on the grain boundaries, blocking the development of plastic strain under a given loading,
until they cross it. Such dislocation may find in the periodic fluctuation of stress the support to cross
these boundaries faster and increase the creep rate . In polymers, or in ceramics, or even in biomaterials,
the same kind of behaviour can be observed at the macroscopic scale, although the micro mechanisms
are certainly different from dislocations propagation.

In geomaterials, not much studies can be found concerning argiliceous rocks or other rocks and soils.
However, it is a common observation that a large number of cycles may reduce significantly the strength
of specimens or structures subjected to cyclic loading. Therefore, an evaluation of the possible benefit
of cyclic creep tests to characterize the natural creep behaviour of argiliceous rocks seems interesting
to perform. We will call this approach "Stimulated creep".

An experimental program has been initiated in Laboratoire 3S. Grenoble, France, to address the question:
is "stimulated creep ': a promising approach to creep behaviour of argiliceous rocks ?
A constant stress compressive creep machine has been adapted to allow a controlled periodic fluctuation
of the load applied to axisymmetric specimens of rock, 40 millimeters in diameter and 80 millimeters
high. The machine originally uses a dead load amplified by a double lever system. To get as protected
as possible with respect to possible measuring perturbations in the long term, the choice has been made
to keep an essentially mechanical system, illustrated on the figure below. The fluctuation of the axial
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load applied on the specimen is obtained by displacing periodically the hanging point of the dead loa d

on the lever . The displacement is driven by the rotation of a plateau rotated at constant angular rate b y
an electric motor.

Figure 1 : The oscillating loading devic e

Preliminary results have already been obtained, which validate the mechanical conception of the installation .
By the time of the conference, a first set of results will be available and some first conclusions will b e
drawn .
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ELASTOPLASTIC DAMAGE MODELLING
OF ARGILLITE IN PARTIALLY

SATURATED CONDITION
Y. Jia\ A. Mohamad-Hussein1, D. Kondo1, J. F. Shao'. K. Su2

1. Laboratory of Mechanics of Lille (LML), UMR 8107 CNRS, Villeneuve d'Ascq, France
2. Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtenay-Malabry Cedex, France

The present work has been performed in the context of feasibility study for underground storage of
radioactive wastes coordinated by ANDRA. In this context, rock materials are submitted to various coupled
perturbations such as mechanical loading, hydraulic flow, desamration and resaturation, temperature
variation and chemical reactions. All these features have to be taken into account in the safety analysis
of the underground structures. In such a multidisciplinary research project, one of the essential tasks is
the physical understanding and mathematical modelling of the mechanical behaviour of material under
coupled loads. As a part of these objectives, the purpose of this work is to propose a constitutive model
able to describe and predict the poromechanical behaviour of argillite in isothermal condition. In such
a model, salient mechanical properties observed in laboratory testing should be considered. In classic
geotechnical studied, plastic models are usually used to describe mechanical responses of geomaterials.
However, in the case of cohesive geomaterials like rocks, damage induced by microcracks is recognized
as an important, even essential, dissipation mechanism of inelastic deformation and failure. Coupled
elastoplastic damage has also been observed in the argillite of Meuse-Haute Marne (MHM). Damage
by microcracks affects not only mechanical behaviours of material, but also hydraulic diffusion properties.
For example, rock permeability can be significantly modified by initiation and growth of microcracks.
Therefore, in the context of long term safety analysis for radioactive wastes storage, a particular attention
should be paid on the characterization and description of induced damage by microcracks. Further sub-
critical propagation of microcracks can induce time dependent creep deformation in rock materials, A
number of micromechanical and phenomenological damage models have been proposed for the description
of mechanical behaviour of brittle materials. A few of them is also devoted to modelling of plastic damage
coupling. However, most of these models are developed for dry materials and essentially dedicated to
tensile loading. In underground structures, rocks are essentially submitted to compressive stresses in
saturated and partially saturated conditions. Important changes of fluid pressures (liquid and gas) can
take place. Accordingly, coupled poromechanical behaviour has to be investigated.

In this paper, a coupled elastoplastic damage model is proposed for semi-brittle materials like the
argillite of MHM. A brief account of extensive experimental investigations is presented in the first part.
The experimental data show an important plastic deformation coupled with stress-induced damage
corresponding to initiation and growth of microcracks. Influences of mineral compositions and water
content on the mechanical behaviour are also investigated. Based on these experimental evidences, the
general formulation of the model is presented in the second part of the paper, A clear and general thermo-
dynamics framework is first proposed for the formulation of coupled elastoplastic damage model for semi-
ductile materials. The coupling between plastic flow and damage evolution is clearly identified through a
postulated thermodynamics potential. Based on experimental data for the MHM argillite, an isotropic
representation of damage is used. The effective elastic properties of damaged material are determined
based on relevant considerations from micromechanics. For an isotropic distribution of microcracks,
unilateral effect due to opening-closure of microcracks îs taken into account. For example, the bulk
modulus is restored when microcracks are closed. Based on micromechanics considerations, effects of
crack interaction on the macroscopic effective elastic properties and damage evolution law are also
investigated. After the identification of the conjugated damage force associated to damage variable, the
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damage evolution law is determined. In order to take into account specific features related to damage by
compressive stresses in rock materials, a non standard scheme is used. The induced damage is strongly
coupled with plastic volumetric dilatancy. The plastic yield function of damaged material is then formulated.
Due to growth of microcracks, material cohesion, friction coefficient and failure strength are affected by
induced damage. A non associated plastic flow rule is used in order to describe the transition from plastic
contractancy to dilatancy.

The MHM argillite exhibits time dependent creep deformation which has been observed in laboratory
investigations. The creep deformation is generally described using classic viscoplastic models. Such a
modelling provides a mathematical description but does not give a clear interpretation of physical
mechanism involved in time dependent behaviour. In the present model, a unified approach is proposed for
both time dependent and independent responses of argillite. The creep deformation is seen as a macroscopic
consequence of microstructure evolution of material. In the case of argillite, the inicrestructure degradation
may be related to sub-critical propagation of microcracks and time dependent sliding of clay sheet. A
macroscopic internal variable is introduced for sub-critical damage of material and a specific evolution
law is determined from creep tests performed on the MHM argillite.

Induced material damage and plastic dilatancy can result in significant increase of permeability of rock
(several orders of magnitude). Based on a clear micromechanics analysis of isotropic cracked porous
medium, the relationship between the intrinsic permeability and crack density is obtained. Therefore, a
coupled plastic damage model and permeability variation can be proposed.

The elastoplastic damage model finally is extended to partially saturated conditions in order to study
coupled poromechanical behaviours in desaturation and resaturation processes. Based on mechanical
tests performed on samples with different water saturation degrees, influences of water saturation (suction)
on plastic flow and damage evolution are determined. The material strength is increased by capillary
pressure but becomes more brittle when it is desaturated.

The proposed model is implemented into a FEM computation code for modelling of THM coupling. A non
local damage formulation is introduced for the regularization of possible strain localization phenomena
and post failure behaviour. Comparisons between numerical simulations and test data are performed for
various loading paths. The proposed model is applied to a typical case of underground cavity subjected to
excavation and drying process. It is shown that the proposed model is able to describe the main features
of mechanical behaviour observed in this class of materials.
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MICRO PENETRATION TESTS IN THE
MEUSE/HAUTE-MARNE UNDERGROUND

LABORATORY
G.Armand'. J.-R Henry2

1. Andra, Laboratoire de recherche souterrain de Meuse/Haute Marne, BP 9, 55290 Bure
2. CNRS, Espace GIS, 150 Rue George Besse, 30035 Nimes Cedex 01

Geomechanical experiments are realised in the Meuse Haute Marne Underground laboratory in order to
characterise the hydromechanical behaviour of the host rock and the response to underground excavation.
Many boreholes were drilled directly from the surface and will be drilled from the shaft and galleries.
This important amount of cores can be used to characterize the variability of mechanical parameters of
the argillite layer, especially of elastic parameters, in depth and in the laboratory area extension. Andra
bought a new prototype (Micrope) to perform micro penetration tests in order to characterize the elastic
parameters variability of the argillite layer on cores.

Micro penetration test has been developed in petroleum field in order to characterize mechanical properties
on cutting. The test consists to penetrate a sample with a circular flat indenter. The indenter diameter
depends on the grains size. The load and the displacement are recorded in order to determinate the Young
Modulus and rupture properties of the rock. It has been shown that this new test gives good prediction
for modulus determination even the rock is heterogeneous and die test is a local one. The advantage of
this test is that it requires a small amount of rock to perform the test and it can be managed in a short
time. For example, the standard procedure requires a sample of 2 cm diameter and 1 cm thick.

The standard procedure has been used to determine the Young modulus (in both directions, parallel and
perpendicular to the layer) evolution along deep boreholes. The evolution of the mechanical parameters
has been compare to geological parameters, like calcite content and the other measurements results, like
Gamma ray evolution. The Young modulus evolution along boreholes EST212 and EST 209 show a
good correlation with the calcite content evolution.

At the same time, other works on the micro penetration test are carried out in order to develop new testing
procedures. First, a new procedure of the test has been tested. The micro penetration is directly performed
on the core itself in order to avoid the sample preparation. The micro penetration tests are performed on
a core, which is perpendicular to the argillite layer. Four profiles are realized around the core. Then, the
core is cut in order to realise sample to perform standard micro penetration test at the same location.
The results obtained directly on core and with the standard procedure are compared, and show a good
agreement and give promising result to use this procedure on vertical cores.

Another study is realised on the effect of time and relative humidity in which the sample is storied on
Young modulus determination with micro penetration test. Samples are prepared directly after the core
extraction, and are storied in chambers with control humidity rate from 34% to 90%. Micro penetration
tests are performed after one day, one week, one month and three month. Tests at different time could
be released on the same sample. The evolution of the Young modulus is obtained as a function of time,
depending on the relative humidity.
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MEASUREMENTS OF GAS GENERATION,
WATER CONTENT AND CHANGE IN THE

WATER DISTRIBUTION IN A HEATER
EXPERIMENT. THE HE-B PROJECT AT THE

MONT TERRI ROCK LABORATORY
Norbert Jockwer1, Klaus Wieczorek1, A. M \ Fernandez3

1. GRS-Final Repository Research Division, Theodor-Heuss-Strasse 4, D38122 Braunschweig,
Germany

2. Ciemat Centro de Investigationes Energéticas Medioambientales y Tecnolôgicas, Avda.
Complutense 22, ES 28040 Madrid, Spain

A temperature test during which the Opalinus Clay surrounding an electrical heater was heated to IOO°C
has been performed at the Mont Terri underground laboratory. The objectives of that test are:
• to observe the coupled THMC processes in the near field
• to study the behaviour and the reliability of the instrumentations
• to determine the in-situ mechanical state of the host rock and the changes induced by the experiment
• to analyse gases and water released from the rock as a consequence of heating
• to validate the existing tools for modelling THMC processes

This test is an international programme under the leadership of BGR (Germany) and the participation
of ENRESA (Spain), GRS (Germany), and NAGRA (Switzerland), It is co-financed by the EC under
the contract No: FIKW-CT-2001-00132.

GRS is working on the subjects of:
• gas release from the Opalinus Clay at ambient and elevated temperature
• water content of the Opalinus clay and its alteration as a result of heating

In order to determine the gas generation and release in the test field from the Opalinus clay, 4 boreholes
with different distances to the heater were drilled and sealed with special packer systems. Out of the
sealed areas of the boreholes gas samples have been taken for qualitative and quantitative analyses on
site with a portable gas chromatograph. A supplementary laboratory programme was performed to
determine the gas release from the Opalinius clay under defined physico-chemical conditions.

The results indicate that beside carbon dioxide, hydrogen, gaseous hydro carbons, and hydrogen sulphide
were released. Hydrogen sulphide is of importance since it promotes corrosion of the container materials.

In addition to the gases also water was extracted from the boreholes. This water was analyzed with regard
to the anions and cat ions. The results indicate that significant alteration on the water composition happened.

The water content in the Opalinus clay is determined by geoelectric dipole-dipole measurements using 4
electrode chains that were installed in boreholes parallel to the heater. The data from each pair of boreholes
are used for calculating the resistivity distribution in the plan between the boreholes by inverse modelling.
While it is not possible to derive the water content directly from the resisitivity distribution, as il would
be the case for other rocks than clay, changes in water content due to desaturation were expected to be
detectable. Resisitivity changes, however, can also be due to temperature changes. The investigations in
the test field indicated no significant changes with regard to the water content as a result of heating.
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EXCAVATION EFFECT ON THERMO-
HYDRO-MECHANICAL BEHAVIOUR

OF GEOLOGICAL BARRIER
B.Gatmiri12, A.Hoor2
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77455, Marne-la-Vallée Cedex 2, France

2. Department of Civil Engineering, Faculty of Engineering, University of Tehran, Engheleb Ave.,
Tehran,Iran.

The use of nuclear waste energy is increasing dramatically in the world, and the nuclear waste disposal
and its short and long-term effects are of great importance.

For nuclear waste disposal a multi-barrier system is usually used. In this system the canisters are surrounded
by engineered clay barrier and the whole sysîem is buried in the geological formation called natural or
geological barrier.

Heat emitted by nuclear waste has great influences on mechanical and hydraulic properties of the
surrounded media and also on the movement of water, vapour and air. Due to the complexity of the
phenomena that might take place in a waste repository, an adequate understanding of the behaviour of
the barriers is not an easy task. The difficulty of the task is increased by the fact that many effects
are coupled.

In order to study these effects, series of coupled thermo-hydro-mechanical formulations are used.
The first step in a theoretical development of a fully coupled thermo-hydro-mechanical model for an
unsaturated soil, is choosing the adequate and independent variables which would be able to present all
significant interaction effects among the different components involved in a coupled process in a
deformable unsaturated porous medium with three phases (skeleton, water and air)tmder heating.

The phase changes between liquid and gas, evaporation, condensation, induced moisture transfer under
thermal and pore pressure gradients and the effects of moisture distribution on the heat flow are important
aspects in undeformable unsaturated porous media. If the deformation of porous media is considered,
the coupling effects among deformation, moisture, and heat should be also regarded in addition to all
above aspects.

The governing equations are the equation of equilibrium and constitutive law for solid skeleton, mass
conservation and fluid transfer for water and air, and Fourier's law and conservation equation for energy.
Due to the fact that water phase consists of liquid and vapour two sets of transfer equations are used for
water phase: Philip and de Vries law for vapour and Darcy law for liquid. Darcy law is also used for air
transfer.

In the presented formulations, due to the fact that the medium is assumed to be deformable, the effects
of deformation on the temperamre and suction distribution in soil and the inverse effects must be
included. In order to include these effects, temperature-dependent formulations of state surfaces of void
ratio and degree of saturation are used.

The four coupled partial differential equations of water, air, solid skeleton and energy are solved simul-
taneously using the finite element method.
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In Code_Aster, the model developed by Gatmiri (CERMES) for thermo-hydro-mechanical behaviour of
multiphase porous media is integrated.

In this modelling, linear and nonlinear constitutive laws for strain-stress relationship are considered and
a state surface of void ratio which is compatible with these constitutive laws is used.

In this case study, a concept of waste disposal has been investigated. In this concept the cylindrical canisters,
0.82m in diameter are embedded vertically in small diameter wells. The canisters are surrounded by
engineered barrier, placed in the wells.

In this study, an axis-symmetric, 200m in length section of geological barrier is analyzed. Two stages
are modelled. Tn the first stage excavating a well through the geological barrier is modelled and hydro-
mechanical behaviour of the medium is studied. In the second stage, which can be called disposal stage,
containers of nuclear waste are disposed in the well, and they commence heating the surrounded medium.
In this stage, temperature, water pressure and air pressure at the interna! boundary of the barrier are
assumed to be decreasing functions of time. These boundary conditions are the results of another study
in which engineered and geological barriers are both modelled, while excavation stage is neglected in
that model.

In order to study thermo-hydro-mechanical behaviour of the geological barrier temperature, suction and
displacement changes during 3000 years after waste disposal are investigated and the effect of excavation
on the response of the media is studied.
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APPLICATION OF THE DILATANCY
CONCEPT ON THE BEHAVIOR

OF OPALINUS CLAY
Udo Hunsche, Marcel Naumann, Otto Schulze

Federal Institute for Geosciences and Natural Resources, Stilleweg 2, 30655 Hannover, Germany

Excavating in deep underground alters the slate of stress, which causes an excavation damaged zone (EDZ)
or damaged rock zone (DRZ) in the near-field, and an excavation disturbed zone (EdZ) or disturbed rock
zone in the far-field. In soft rocks these two zones are separated by the dilatancy boundary. The excavation-
induced stress differences will reduce with time by creep. To derive a constitutive equation for Opalinus clay
we have investigated its creep and dilatancy behaviour.

Generally, the deformation behaviour of claystone is anisotropic due to bedding. If the major principle
stress acts normal to the bedding planes, the transient creep deformation is much larger than parallel to
the bedding planes. However, our tests show that steady state creep rates are approximately equal for
both directions.

The mineralogical composition proved to be an important factor both for transient and steady-state
creep. We have compared the creep behaviour of Opalinus clay specimens with a significantly different
amount of carbonate. For the same steady state creep rate a two times higher differential stress had to
be applied for the harder carbonate-rich claystone, than for the soft claystone, which contains only traces
of carbonates.

In the near-field (DRZ), dilatancy related effects on the mechanical and hydraulic properties become
important. In order to estimate the spatial extent of the DRZ it is necessary to locate the position of the
dilatancy boundary in the stress space. For Opalinus clay we found this boundary close to the failure
boundary. Both are influenced by the orientation of the bedding planes with respect to the principal
stress directions.

Unlike the far-field the water content of the rock is affected in the DRZ. Dilatancy and desaturation
cause considerable changes in the behaviour of the Opalinus clay. We have measured the permeability
of N,-gas including break-through pressure and capillary threshold pressure under various conditions.
Progressive damage or low confining pressure let single phase gas flow become dominant. The results
are discussed on basis of the derived dilatancy boundary.
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LONG TERM BEHAVIOR OF A GALERY
WITHIN A CLAY REPOSITORY:

IMPACT OF STRESS AND THE WATER
SATURATION PERTURBATIONS
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3. GIS/CEREGE, 150, rue Georges Besse, 30035 Nîmes Cedex I

The ability of a deep geological repository to meet the containment specifications for radioactive waste
depends strongly on the induced damage zone around the excavation (Excavation Damaged Zone, BDZ).
As the damage is related to hydraulic properties, this damaged zone may be suspected, depending on its
spatial extension and its intensity, to reveal reduced capacities for retaining radionuclides.

In the case of a clay formation, the damage zone extension and intensity is related to both mechanical
and hydraulic perturbations, in particular when the material is in the partially saturated domain.
The boring of an excavation induces stress concentration that can lead the material to reach a damage
criterion which are as well instantaneous (non time dependent behaviour) or delayed (time dependent
damage related to e.g. subcritical crack growth). The hydraulic perturbations related to the boring are also
causing damage induced by the hydro-mechanical coupling. The time scale of these perturbations is directly
related to the clay-rock permeability which is particularly low and then induces long term response.
The damage increase, induced by crack initiation and propagation, provokes the emission of elastic waves
(acoustic emission) that can be dynamically followed by mean of a microseismic monitoring system. As well
the damage induced changes in the physical properties of rocks as elastic properties and wave velocity that
can be estimated by mechanical loading or by velocity survey (measurement of the travel time of an
elastic pulse), respectively. When repeated in time, these measures allow us to follow the evolution of
the damage zone in both instantaneous and cumulative manner.

The long term life expected for a repository of radioactive waste imposes to investigate the long term
behaviour on realistic in-situ conditions.
In the framework of the FORPRO research group, an in-situ experiment have been designed in order to
permit the long term study of the damaged zone related to the mechanical and hydraulical perturbations
induced by an excavation. Laboratory creep experiments are also realized in order to assess the behaviour
of the clay in well controlled hydraulic and mechanical conditions. These experiments, realized both in
the laboratory and in-situ, are based on the association of mechanical measurements, acoustic emission
monitoring and velocity survey.
For what regard the in-situ experiment, the measurement are done within bore holes used as small scale
models that mimic the behaviour of a gallery. Three types of hydraulical conditions are studied:
• Ambient saturation (the air in the borehole is kept in constant condition of water saturation imposed

by the in-situ conditions),
• Controlled saturation (the water saturation of the air in the bore hole is controlled and changed step

by step),
• Unsaturated (dry air in the bore hole)
The same saturation conditions are used for the laboratory creep tests.

The association of these two kinds of experiments, both in-sint and in the laboratory, and the range of
environmental conditions studied allowr us to investigate the long term evolution of the damage zone
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around an excavation within a clay-rock formation submitted to water saturation changes. Moreover,
this could provide realistic data for the calibration of constitutive laws for the hydro-mechanical behaviour
of clay-rocks.
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MECHANICAL BEHAVIOUR OF A CUT-OFF
IN ARGILLITES
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CONTEXT
When an fractured and/or damaged zone (EDZ) appears during and/or after underground construction ,

technical solutions have to be found to cut off or to limit the hydraulic continuity of the EDZ at th e

locations of the seals selected on safety criteria . The basic solution is a priori to excavate the EDZ

before putting the sealing material in the gallery . But this solution is not efficient enough if the EDZ i s

mainly due to the in-situ stress unloading combined to relatively low rock strength, as it is the case fo r
the Callovo-Oxfordian argillites of the Meuse/Haute-Marne site . Among various solutions, the mos t
efficient solution seems presently to put "cross-cut" trenches of small thickness (less than 50 cm) and
back-filled with bricks of compacted swelling clay as much as necessary along the seal core [1] . But this
solution, firstly analyzed by numerical modelling, needs to be tested in-situ to verify its feasibility and
to assess its hydraulic performances .

In-situ tests have been performed in the Mont Terri underground laboratory and the same kind of test s
should also be performed in the Meuse/Haute-Marne underground laboratory when galleries will b e
available . Some of their objectives are to observe the extension of the EDZ during and after the trench
excavation and the effect on the EDZ (and its permeability) of the pressure generated by the resaturatio n
of the swelling clay placed in the trench . Indeed, according to the available modeling, the extension o f
the fractured zone around the cut could be discontinuous if the cut depth is larger than that of EDZ an d
the pressure generated by the swelling clay in the trench should recompress the fractured or microcracke d
zone around the trench and should thus accentuate the discontinuity of the rock permeability around the cut .
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Figurel : Gallery geometry for in-situ test s

In order to prepare the next in-situ tests in the Andra laboratory, various questions arise on the trans-
posability of the numerical and experimental results acquired in Mont Terri to the Meuse/Haute-Marn e
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(MHM) site : (i) impact of the state of stress, in particular of the stress parallel to the gallery axis (i .e .

perpendicular to the trench) : it is approximatly the minor stress in the Mont Terri test with a low valu e

(equal to 2 MPa) and it is planned to be the major stress in theMHM site with a high value (about 14 t o

17 MPa) so as to limit the EDZ extent around the gallery to be sealed ; (ii) impact of the mechanical

properties of the MHM argillites compared to that of the Mont Terri argillites, especially of their

isotropy in MHM versus their anisotropy in Mont Terri .

This paper presents the results of numerical modeling focused on one type of test which should be performed

in the MHM laboratory : the effect on the rock of a mechanical pressure applied inside a trench part or inside
the whole trench .

STUDIED CONFIGURATION S
In addition to the comparison of the numerical results obtained for the same test in the MHM and Mont
Terri sites, the impact of some assumptions has been analyzed. The reference case corresponds to th e

in-situ test performed in Mont Terri : a trench part is excavated in one step through the gallery botto m

in a gallery located at 490 m depth and oriented parallel to the major stress ; the constitutive model used

for the rock behavior is the perfectly plastic Mohr-Coulomb model ; after its excavation, a mechanica l

pressure increasing progressively from 0 .5 to 5 MPa is applied inside the trench on its faces in order t o
simulate the swelling effect of clay saturation . Other parametric cases have been analyzed :
• effect of the gallery orientation, i .e . if it is parallel to the minor stress ,
• effect of the excavation process, i .e ., if the trench is excavated in two steps ,
• effect of the whole trench compared to a trench part ,
• effect of the constitutive model on the numerical results, i .e . with an elasto plastic model with hardenin g

using the Hoek & Brown failure criterion with the assumptions of the whole trench case except the stres s
state assumed isotropic ,

• effect of the constitutive model on the numerical results, i .e . with the previous elasto plastic mode l
with hardening with the assumptions of the whole trench case except the depth of the galleryat 670 m .

Center

	

Raman
X 6.000M00

	

X- 0.000
Y 1 .000e.000

	

Y 0 000
Z 0 .000e.000

	

L ,60 00 0
Nt I .0Ge.002 M.s .

	

0
MO.: 22 50 0

Figure 2: Geometry and mesh of the gallery and the cu t

MAIN RESULT S
The modeling carried out with FLAC 3D software reveals that the plastic and/or damaged zones around th e
gallery and the trench are rather strongly influenced by the initial state of the stresses and the orientatio n
of the axis of the gallery compared with the major principal stress . In addition, the constitutive mode l
of the rock has a big impact on the results : when hardening is taken into account, the fractured zone ha s
a significantly reduced extension . Therefore the reference case with a perfectly plastic model provide s
probably an overestimation of the EDZ extent .
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The results of the 3D numerical modeling of the trench excavation, according to the parametric study ,

show that :
• the trench excavation generates, in all cases, a new plastic zone due to tension at the end of the trench ;
• phases of pressurization lead to a compression of the plastic zone and then a reduction of the plasticit y

ratio (stress vs . plastic limit) ; however, a new plastic zone in shearing appears under the trench an d
laterally on a rather wide zone (decimeter) . At the end of the highest-pressure step (beyond 3 MPa) ,
the plastic zones are significantly recompressed especially in a rather narrow zone (decimeter), where
this could reduce the permeability of the damaged zone .

• taking into account the imposed values of the mechanical characteristics, the order of magnitude o f
the maximum displacement expected in the direction of the gallery ("closing" of the trench faces) is
few centimeters (between 5 and 15 mm for each face) .

Other results and learning from this parametric analysis and from the comparison between the Mont Terr i
and MHM results will be developed in the paper .
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of the trench at several pressure step
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THE DEPENDENCE OF MECHANICAL

BEHAVIOUR OF CALLOVO-OXFORDIAN
ARGILLITES ON FLUID COMPOSITIO N

AND HUMIDITY

KunSul , Michel Tijani 2, Nasser Hoteit l

1. Agence nationale pour la gestion des déchets radioactifs (Andra)
2. Centre de géotechnique et d'exploitation du sous-sol, Ecole des Mines de Paris

ABSTRAC T
Argillaceous rocks may, depending on their mineral composition, undergo a wide range of changes i n
their mechanical and petrophysical properties due to fluid-clay mineral interactions . The most obvious
mechanical reactions of argillaceous rocks are swelling and shrinking as a function of their saturatio n
and of the chemical potential gradient in the fluid system. Depending on the nature and concentration o f
the liquid, the rock may either shrink or swell when it comes in contact with that liquid . The material may
sometimes also disperse in the liquid and deteriorate completely, thus losing its mechanical properties .

In order to understand better mechanical behaviour under the influence of aqueous solutions, a series o f

rehumidification/desiccation and immersion tests under mechanical loading were carried out in th e

Callovo-Oxfordian argillites investigated by Andra . X-ray microfocus technology was used to track th e

real-time evolution of argillite cracks under different environmental conditions . The advantage of such
a technology is that it is non-destructive .

Eight solutions containing Ca", Na+ , Mg" and KT ions having respectively 0 .2 and 0 .3mol/L were used
for the immersion tests, since those ion species are commonly encountered in natural water . The axia l
load on the sample was 1 .5 MPa . Each test lasted 45 minutes . Three X-ray microfocus pictures were
taken during each test .

The tests results show that the deterioration of the argillite samples depends on the type of ion presen t
in the solution . The macroscopic reaction of the rock is a function of the hydration capacity of the ion s
within the rock sample and the aqueous solution . Na+, Mg" and Ca" ions hydrate more rapidly an d
capture more water molecules than the K + ion . Consequently, the swelling amplitude of the rock in th e
solution with Na + , Mg ++ and Ca++ ions is 2030% higher than in the solution with the K+ ion . The low
hydration capacity of the K+ ion results in a stabilisation of the axial deformation after 30 minutes . Th e
microradiography shows that there are only several microcracks in the bedding plan after 45 minutes ,
while in the other cases, the number of microcracks is very large .

In the kinetic rehumidification test, the argillite was exposed to different relative-humidity and uniaxial loa d
conditions, thanks to a computer controlled air-conditioning system . The relation between environmental
humidity, axial strain, axial load condition and microcracks was analysed . X-ray microfocus technology
was used to take images of the specimen before and after the test . The rock was tested with relative
humidity ranging from 5 to 99%, in order to evaluate both the influence of humidity on the crack an d
strain behaviour . It was found that 70% of the swelling was produced in an 80-to-90% humidity range ,
which means that under such conditions the swelling due to the hydration of clay minerals increasingl y
prevails with regard to the swelling induced by the decrease of suction pressure .

Lastly, a combined test was performed with a view to determining whether the material reacted differentl y
to pure water after being saturated in a humid environment, compared to its reaction to water in its initia l
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saturation state . The argillite sample, initially exposed to 99% relative humidity and subsequentl y

immersed into pure water, remains almost intact at 30 minutes . However, the untreated sample showed
an intense reaction, collapsed at 30 minutes and dispersed completely into fine particles .

(a)

	

(b)

	

(c )

Figure 1 : Microradiographies of argillite samples from the borehole EST205 at -482m, after a 45-minut e
immersion in different aqueous solutions : (a) in pure water, failure at 38 minutes, (b) in a solution wit h
1 .3 mol/L KCl, non-failure at 45 minutes, (c) in a solution with 1 .3 mol/L NaCl, non-failure at 45 minutes .

(a)

	

(b )

Figure 2 : Comparison of the reaction to pure water between an argillite sample (left) hydrated in a
chamber at 99% RH and a sample (right) immersed in initial state condition : (a) just after immersion ,
(b)-et 30 minutes .
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SENSITIVITY ANALYSIS OF TEMPERATURE,
PORE PRESSURE AND THM PHENOMENA

USING ANALYTICAL SOLUTION S

OF SIMPLIFIED PROBLEM S

Kun Su

Agence nationale pour la gestion des déchets radioactifs (Andra )

Evaluating the changes in temperature, pore pressure and stress resulting from the excavation of drifts an d
of a waste-storage facility in an argillaceous formation usually requires simulations using numerical codes .
However, in some cases, by simplifying the geometry of underground structures and loading conditions ,
the analytical solutions of temperature, pore pressure and even some thermohydromechanical couplin g

problem may be established and used to facilitate sensitivity analyses and to provide the key parameter s
involved .

This paper presents the development and the application of several analytical or semi-analytical solution s

of simplified problems, with regard to the project of a deep waste disposal facility in an argillaceou s
formation . It introduces each problem and matches it with its corresponding analytical solution, befor e
presenting numerical results and sensitivity analyses using the thermal, hydraulic and mechanical propertie s
of the Callovo-Oxfordian argillite investigated by Andra . This abstract provides the solution for both th e
following problems .

SOLUTION OF TEMPERATURE OF MULTI-EXPONENTIALLY DECREASING SOURCE S
IN THE FORM OF A THIN DISC
Radioactive waste contains various radioactive isotopes having different residual heat-generation rate s
during decay. Two parameters characterise the residual power of isotopes : the initial power, q ` o, at the
conditioning of the waste canister and the period, / ` o . The total residual power, Q, of the waste caniste r
is expressed by the decreasing function written as :

n

	

t
Q = gip exp(–	 ) ,

i=1

	

t o

where the thermal filiation effects of some isotopes are neglected. Considering now that the residual
heat power of waste is distributed homogeneously in a thin disc, the analytical solution of temperatur e
at the centre of the disc is obtained from the analytical solution given by Berest (1988) for a single heat
source in exponentially decreasing function :

T= ~ 1 q ô ~2 1= t

where f(u) is the Dawson function, j '(u) + f (u) =	 , f(0) = 0, qo has the unit Wm2, and A, p, C are
cru

the thermal properties of the rock mass . The functionf(u) is resolved numerically by Taylor series . Applyin g
that solution to a Type-C2 waste leads to analysing the contribution of each isotope in the temperature
evolution (Fig . 1) . For example, the long-term (>100years) temperature evolution in the host formatio n
is dominated by the heat generated by 241 Am. In the short term, the heat released from three isotope s
241 Am 139 Ba and 90 Y represents about 80% of the temperature increase . It should be noted that such a
conclusion is only valid for that type of waste .
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Figure 1 : Role of each radioisotope in the temperature evolution over time (Type-C2 waste )

OVERPRESSURE IN A FILLED AND SEALED DRIFT DUE TO DEFERED DEFORMATION
Considering that a drift is filled with water and that non-water longitudinal flows due to plugs, the gradual
convergence of the drift may generate a water overpressure in the drift and create a radial water flow .
The overpressure amplitude depends on the rate of deferred deformation and on the hydromechanica l
properties of the rock mass . The problem is resolved by considering a constant water flow fixed on a

cylindrical wall in an infinite porous media . The water flow is calculated from the rate of volumetric chang e

of the drift owing to the deferred convergence . The analytical solution, for large value of time, is then
drawn from a thermal solution given by (Carslaw & Jaeger 1959) for a similar heat transfer problem as :

q

	

4kt

	

ytr
P=

41rK ln( r 2) 4irK

where K and k are the water conductivity (m 2 P a- 1 s-1 ) and diffusivity (m es-1 )of the rock, q is the water flow
(m 3 s-') per unit length of the drift due to convergence, r is the radius of the gallery, 'y is the Euler' s
constant 0 .57722 .
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Figure 2 : Overpressure generated by deferred convergence in a sealed drift (radius=3m)

The numerical results of the solution show that the overpressure is multiplied by a factor of 7 to 8 while the
permeability decreases by one order of magnitude. The overpressure may reach 1 .0 MPa if the convergenc e
rate of the drift exceeds 10 -5/year, when the permeability is less then 10 -20 m 2 .

References :
Berest P. (1988) Phénomènes thermiques et géotechniques . La thermomécanique des roches . coordination
Berest P. et Weber Ph., Edition BRGM, pp 13-67 .

Carslaw H.S . and Jaeger J .C . (1959) . Conduction of heat in solids . Clarendon Press . Oxford

International Meeting, March 14-18, 2005, Tours, Franc e

	

Page 746

	

Clays in Natural & Engineered Barriers for Radioactive Waste Confinement



P/THMN/29

INCIDENCE OF THE CREEP ON THE WATER

PRESSURE MEASURED FROM BOREHOLE

TESTS IN THE MEUSE/HAUTE-MARNE

CALLOVO-OXFORDIAN ARGILLITE S

Jean-Bernard Kazmierczak ' , Farid Laouafa ' , Mehdi Ghoreychi l , Patrick Lebon2 ,
Jean-Dominique Barnichon 2

1. INERIS - Parc Technologique Alata - BP 2 - 60550 Verneuil-en-Halatte
2. Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtenay-Malabry Cedex, Franc e

PROBLEMS AND CONTEXT
Pore water pressure is an important parameter for safety assessment of underground disposal waste . In order

to measure pore water pressure in the Callovo-Oxfordian argillites, Andra has performed several in-sit u
tests, which consist in measuring the time-evolution of water pressure inside an almost perfectly close d
cavity (measuring chamber) . This is achieved thanks to an in-place autonomous pressure sensor couple d
with an electromagnetic transmission device, so-called EPG probe .
The measured values show a small hydraulic overpressure (0,1 MPa) compared with the estimated valu e
at the corresponding depth . In the framework of a scientific cooperation between Andra and Ineris ,

a study was undertaken to know whether the whole or a part of this overpressure could result from

hydro-mechanical coupled processes linked with the creep of argillites and the stress relaxation in th e

experimental measuring chamber nearby .

CONTENTS OF THE STUDY
The study is based on an accurate modeling of the different steps of the experiment (the drilling history) ,
the geometry of the device and boundary conditions . All mechanisms involved, before, during and afte r
the EPG probe installation are taken into account .

H

K

K' b

ro

h 'b

P ;

po

P b

Figure 1 : Geometry and boundary conditions for the studied problem (left) and for FLA C2D model (right) .

Lemaitre's constitutive model, which is a viscoplastic creep model without any threshold is used to represen t
the time-dependent behavior of East argillites .
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The study focuses on the competition between two opposite phenomena : the undrained borehole wall
leading to an increase of water pressure in the chamber, and the water outflow from the borehole in
response to an overpressure in the chamber. To analyze the different mechanisms involved and thei r
respective impact, coupled and uncoupled modeling were carried out separately : purely hydrauli c
behavior of groundwater flow, poro-elastic and viscoplastic computations coupled with hydraulic .
Computations were performed mainly using FLAC2D finite difference code . The results were checke d

using VIPLEF-HYDREF finite element code, and also with the help of a simplified analytical approach .

MAIN RESULT S
The main results of the study are the evolution of radial strains at the chamber walls with time . They
show that the classical interpretation of pressure measurements (water flow uncoupled or independen t
of the rock mechanical behavior) does not lead to any overpressure . The same conclusion is found if
water flow is coupled with a purely elastic mechanical behavior. On the other hand, in the presence o f
creep, the water pressure in the chamber reaches a higher value with respect to the pressure estimate d
at the given depth. However, this overpressure value is not high . This is probably due to the very small
room size, and also to the limited creep of the argillites .

Water pressure change in EPG chamber
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325

e

3 m

275
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Figure 2 : Water pressure evolution within the chamber : experimental data and numerical results .
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TIME-DEPENDENT BEHAVIOU R
INCLUDING DAMAGE EFFECT S

OF ARGILLACEOUS ROCK S

Géraldine Fabre, Frédéric Pelle t

Laboratoire Sols, Solides, Structures - 1301, rue de la Piscine - 38041 Grenoble Cedex

Deep geological disposal of high-level radioactive waste poses the problem of the prediction of deformation s

and damage in order to ensure structural safety for several centuries . The timescales considered are o f

the order of magnitude of 105 years, which considerably exceeds the life time of the earliest engineere d

structures .
Argillaceous rocks are often study as possible layer for these radioactive waste disposals . Indeed, these
rocks presented physical characteristics and mechanical properties, which are essential for being a natura l
barrier : generally they have very low permeability, high creep potential and important holding capacit y
of the radioactive elements .

We presented in this paper the results of a study carried out under three different argillaceous rocks : an
argillite, a marl and a claystone. These sedimentary rocks are supposed to be anisotropic due to thei r
formation. Before the tests, ultrasonic measures confirmed this hypothesis . These three rocks contain
respectively 40-45 %, 25 % and 55 % of clay.

For this experimental study, creep tests were carried out under high deviator and over long time in the ai m
to explore the tertiary creep . Cylindrical samples (figure 1) were subjected to different loading conditions .
A high deviator was applied during several month, or deviator was increased gradually (figure 2), or cycle s
of discharge were imposed to accelerate the development of viscoplastic deformations .

V 2

Figure 1 : Orientation of the tested samples .

During all creep tests, measures of axial and transversal deformations permitted to calculate the evolutio n
of the volumetric deformation and to verify one of the hypothesis of Lemaitre's law : viscoplasti c
deformations develop with constant volume .
We saw experimentally that this hypothesis is not verified for the tested argilite and marl . During the
primary creep, argilite has a contracting behavior, then it becomes dilating as soon as the stationary cree p
begins . However, the tertiary creep is not reached at the end of 321 days of test, although the deviato r
represented almost 90% of the strength of rock .
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Moreover, an increase of the speed of creep secondary with the deviator was highlighted with the test s

carried out on the claystone (figure 3) .
According to the oligo-cyclic creep tests carried out on the marl, it seems difficult to conclude on th e

influence from cycles of load-discharge on activation of viscoplastic deformations .
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Figure 2 : Creep test carried out on an argillaceous sample : observation of tertiary creep .
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Figure 3 : Correlation between the deformation rate of secondary creep and imposed deviator .

To complete this experimental study of long-term behaviour, microscopic analysis of thin rock section s
was also made so as to understand micromechanisms of time-dependent deformation .
The deformations observed during the mechanical test are primarily due to the microfissuring of th e
argillaceous matrix . Indeed, with the MEB, we could note that few quartz or calcite grains are fracture d
even under a high deviator. Damage affects primarily the argillaceous matrix . However, we noticed that
the anisotropy induced by the litage of the sedimentary rock influence the mode of rupture of the rock .
The observations highlighted the role of the pyrite which seems to control the development of the cracking .
Pyrite forms aggregates and constitues weakness zones . it is very often sheared by the microscopi c
cracks without fracturation of these crystals .
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CHEMO-MECHANICAL COUPLINGS
IN TREATED COMPACTED ARGILLIT E
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1. LAEGO-INPL-INERIS, rue du Doyen Roubault, F-54501 Vandoeuvre-lès-Nanc y
2. G2R, UMR 7566, BP 239, F-54506 Vandoeuvre-lès-Nanc y
3. LEM, UMR7569, avenue du Charmois, F-54500 Vandoeuvre-lès-Nancy
4. Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtenay-Malabry Cedex, France

In the French concept of nuclear waste repository, excavated Callovo-Oxfordian argillite of the Meuse -

Haute Marne site (MHM, Eastern Paris basin), stored on surface during the exploitation period (i .e. several

hundred years), could be used to backfill the deep galleries . The function of this backfill is first to limit

the convergence of the galleries, especially in the very long term when the concrete of the retaining
structures will be completely degraded . Furthermore, the backfill should be sufficiently impervious t o
limit potential fluid exchanges . However, it can be considered that if stored on surface over a long period,
the MHM argillite would completely disaggregated to become a material equivalent to a remoulded MH M
argillite with low mechanical properties [1] . The consequences of such surface storage on the geochemical
properties of the MHM argillite are not known yet .
It is also well known that the degradation of the concrete used in the galleries will generate a high pH flui d
that will interact with the backfill material, and the long term hydraulic and mechanical behaviour of a n
argillaceous material submitted to such fluid is not known . In this context, our study was undertaken to :
1. determine the mechanical properties of the compacted remoulded MHM argillite alone or treate d

with different materials (lime, bentonite or sand) to improve its characteristics ;
2. quantify the time-dependent hydromechanical properties of the argillite (treated or not) submitted

either to in-situ water or cement water flow ;
3. link major mechanical and hydraulic changes with the geochemical data .

To improve the characteristics of the MHM argillite, three kinds of treatment were selected : MX-8 0
bentonite-enhanced argillite, sand-enhanced argillite and lime treatment. MX-80 enhanced argillite wa s
selected because it will increase the swelling capacity of the argillite and reduce its permeability in orde r
to improve the sealing characteristics of the backfill . However, adding MX-80 could also reduce th e
mechanical properties of the backfill . Adding sand to the argillite aims at improving the mechanica l
properties of the backfill, especially increasing the friction angle and the Young modulus . However,
adding sand may in turn also increase the permeability of the mixture, and this is a negative point fo r
the sealing properties of the backfill . The lime treatment is potentially the treatment that would allo w
the best improvement of the mechanical characteristics of the backfill . Nevertheless, lime treatmen t
could reduce the swelling capacity of the argillite and increase its permeability, and that will alter th e
sealing capacity of the backfill . A review of the possible changes induced by these treatments can b e
found in [2] . The results of this part of the study are detailed in [3] .
Minerals can exhibit intense modifications when exposed to high pH cement water flow . Hence, the
selected backfill material must be as stable as possible when submitted to such a water flow over a lon g
period in order to fulfil its mechanical and sealing functions . If the geochemical changes have been ofte n
studied in the case of argillaceous materials, less attention was paid to the geomechanical consequence s
of such processes . To address this issue, an experimental program was setup to characterise the chemo -
mechanical couplings in Callovo-Oxfordian argillite subjected to cement water flow . The Callovo-Oxfodrian
argillite used in this study was sampled at an outcrop 40 km south of the MHM site in Manois . The Manois
argillite (MA) can be considered as equivalent to the MHM argillite submitted to a natural weatherin g
during surface storage [4] . In the planned experiments, either cement water (pH near 12 .5) or reconstituted
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in-situ water is circulated through cells containing compacted remoulded argillite (alone or treated with

lime, MX-80 or sand) . The cell design is detailed in Figure 1 . The fluid circulation is maintained 3, 6

or 12 months . During the experiment, the temperature is maintained at 60°C or 20 °C . After this agein g

period, samples are used to perform several mechanical tests (triaxial and oedometer tests) and t o

achieve the geochemical analysis . More than 40 tests are planned .
An exemple of oedometer test result already obtained on compacted argillite submitted 6 months t o

cement water flow is given in Figure 2 . This test is compared an oedometer test conducted on compacted

argillite saturated with tap water. It can be seen that the circulation of cement water induced an increase
of the apparent precompression stress whereas the compression index seems rather unchanged . These
results will be completed by geochemical data to determine whether or not these changes can be linke d

to chemical modification induced by the cement water .
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Figure 1 : Circulation cell

	

Figure 2 : Influence of cement water

As a conclusion, this study will give new data about chemo-mechanical couplings that takes place i n
argillaceous materials subjected to very high pH water . This is a key issue to design the backfill of the
galleries in deep nuclear waste repository.
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VELOCITY SURVEY AROUND
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The excavated damaged zone (EDZ) is considered as a potential pathway for the radio-nuclides and ha s

to be considered in conception of nuclear waste deep underground repository . The interruption of th e

EDZ by a cross cut slot filled with swelling material has been studied in the EZ_A experiment in Mon t

Terri Underground Research Laboratory (URL) .

A new gallery (EZ_A) was excavated in the Opalynus Clay layer situated in the shaly facies . The preliminary
numerical modelling performed showed that the excavation of a cross-cut slot disturbs the rock vicinit y
and creates an EDZ under the slot . Moreover, the study showed that the reloading of the slot walls (due t o
swelling of the infill material) could improve the mechanical behaviour of the surrounding rock . To confirm

or invalidate this phenomenon, a velocity survey around the slot was carried out . The expected mechanica l

changes during the slot excavation and the reloading are weak and not wide .

The objective of the velocity survey was to highlight the weak and thin EDZ evolution around the slot .
The ultrasonic frequency domain of the velocity survey helps in measuring those changes without disturbin g
the focus zone . The sensors location was determined according to the numerical model and the velocit y
survey has been designed to survey the EDZ due to the slot excavation and the evolution of this ED Z

during the loading process .

The device was used in two different configurations . During the slot excavation, two boreholes were equippe d
with ultrasonic probes, one with 8 transducers (sources) and the other with 12 receivers (Figure b) . Thi s
device allows surveying the evolution of the EDZ during the progress of the slot excavation . The second
configuration is based on the first one, with extra transducers added directly in the hydro-mechanica l
flat jack (figures a and c) . This device allowed surveying the evolution of the slot EDZ under and besid e
the slot during the reloading .

The loading was applied by a hydraulic flat jack (Figure a) . The pressure was applied on the sidewall s
of the slot and followed two cycles : long cycle (56 days) and short cycle (18 hours) . The pressure varie s
from 0 to 2 MPa during the two cycles .

A tomography was performed between the two boreholes before the excavation of the slot . The result s
showed a velocity variation between 2570 m/s and 3343m Is, with slow velocity zone corresponding to the
EDZ of the EZ-A gallery. Few local low velocity zones, were determined probably correspond to tectoni c
faults and an anisotropy of the P-wave velocity in order of 23 % was found .

The velocity survey during the slot excavation showed a decrease of the P-wave velocity and amplitude ,
under the slot floor up to 0 .4 m deeper. That means there is an EDZ slot in this area .

The loading indicates correlation between the curves of P-wave velocity and those of the pressure accordin g
to time During the reloading, the rays facing of the slot, exhibit an increase of the signal amplitudes whil e
the rays under the slot shows a decrease of the amplitude . Then the reloading clearly improves the P-wav e
propagation along the sidewall and decreases weakly the same characteristic under the slot .
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Further analysis could be performed, taking into account geological statement, in order to localise th e

EDZ, to better determine the EDZ extension and to highlight tectonic fault and bedding influence .
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VELOCITY FIELD SIMULATION
AND VELOCITY SURVEY DESIGN

AROUND THE MEUSE/HAUTE-MARNE

SHAFT EXCAVATION

C. Balland ' , V. Renaude , J . Morel 2 , J. Damaj ' '3

1. INERIS, Ecole de Mines de Nancy, 54042 Nancy Cedex, France
2. Andra, Laboratoire souterrain de recherches Meuse/Haute-Marne, BP 9, 55290 Bure, Franc e
3. LNCSR Scholar, LaEGO, Ecole de Mines de Nancy, 54042 Nancy Cedex, France

The excavation of deep underground galleries generally damages the rock around the galleries . The
knowledge of the excavation damaged zone (EDZ) extend is essential in the context of nuclear waste

repositories, as the EDZ may constitute a potential pathway for the radionuclides . As a part of the REP
experiment carried out by ANDRA at the Meuse/Haute-Marne underground laboratory (REP experiment ,
rock Response to the Excavation of the Shaft), a velocity survey has been designed to characterise initiatio n
and evolution of EDZ around the main shaft excavation (mine-by test) . Stress field modelling around
the shaft, as well as laboratory tests on host rock samples (callovo- oxfordien argilites) performed in the
European project OMNIBUS, was used to the design of the velocity survey.

The stress field was calculated for the investigation zone of REP experiment (between 460 and 475 m

depth), using a 3D model (realized with FLAC3D) with an associated elastoplastic model of Hoek -
Brown type with hardening-softening strain criterion (model EPE) [1] . To consider the most realistic
case in term of damage extension around the modelled shaft, the selected input parameters were take n
as the average values of the rock residual resistance and of the parameters representing the damage an d
rupture criteria (estimated from laboratory tests) .

Laboratory tests performed on samples of callovo-oxfordien argilites shows that the wave propagatio n
and, in particular, the P waves velocity is very dependent on the rock damage, the deviatoric stress an d
the confining stress . These various parameters can directly be extracted from the mechanical mode l
previously defined . The tests in uniaxial and triaxial stress with measurement of ultrasonic velocitie s
during the different mechanical phases considered by the model allowed the definition of empirica l
relations connecting the P waves velocity with the confining and deviatoric stress [2] . Each phase wa s
represented by a distinct empirical equation .

The modelling of the velocity field around the shaft shows results in conformity with what was alread y
observed in excavations of the same type in particular in the "mine by test" of Mont Terri EDB gallery [3] .
As the distance to the shaft sidewall increases, the velocity increases asymptotically towards the natura l
velocity of argilites, which is approximately 3250 m/s at this depth . This asymptotic form of the velocity
profile in the zone behind the excavation front is similar to what was observed on various undergroun d
works. Finally, 90% of the velocity variations are localised in the first 4 meters from the sidewall and
80% in the first 3 meters .

Based on this velocity field modelling, and taking into account the REP experimental constraints, thre e
test planes of velocity survey were studied in the vicinity of the expected maximum EDZ extend directio n
(figure 1) .

The plane A, which has the closest azimuth to the radial direction to the shaft, has the most importan t
velocity variation . Moreover, the longitudinal component of the velocity gradient is most favourable t o
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the device . I .e . the sensors placed along the plan will be more capable to detect the velocity variation s

thus improving the sensitivity of the device .

A simulation of the P-wave propagation across the velocity field of the plane A showed that the velocity

variation measured by sensors along the plane are 5 times bigger near the side-wall than 5 meters away .

So to keep the same sensibility of the device, the localisation of the sensors were determined followin g

geometrical series translated from the simulation .

Finally the velocity field simulation allowed the optimisation of the velocity survey and its capacity to
detect and quantify the EDZ around a shaft . The interpretation of the experimental data from the velocit y
survey will be improved by the measurement of rock deformation during the mine-by test with a CSIR O
cell located very close to the velocity survey device . This information will help in the differentiation o f

velocity changes induced by damaging and by stress changes .
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Figure 1 : Velocity field perturbed by the shaft for 3 different place of the velocity survey plane .
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ROCK-MECHANICAL INVESTIGATIONS
FOR VALIDATION OF THE Hou/Lux-T

CONSTITUTIVE MODEL BASED
ON UNDERGROUND MEASUREMENTS

IN ARGILLACEOUS ROCK MASS
K.-H. Lux, O. Czaikowski

Professorship of Waste Disposal Technology and Geomechanics, TU Clausthal, Germany

In order to find a location suitable for the final disposal of all kinds of radioactive waste in Germany,
an expert team (AkEnd) has developed criteria and a procedure for identifying and selecting the best
possible radwaste repository site. In this context from the rock-mechanical perspective, sites are regarded
as favourable and economically optimal, if the rock mass itself constitutes the main load-bearing element,
if secondary permeability due to influences determined by excavation and waste are to be expected only
to a limited degree, and if support material is needed only for the protection i.e. stabilization of contour
zones of the underground openings. With regard to the site selection procedure it is necessary to prove
the criteria "favourable rock-mechanical conditions" on the basis of rock-mechanical investigations
based on underground measurements in the relevant host rocks, e.g. argillaceous rock mass. Therefore
the basic principles and some first results of a case study referring to underground drifts in argillaceous
rock mass are to be presented.

There are considerations for final disposal of all kinds of radioactive waste in deep host rock formations
worldwide. In the past some URL's have been constructed to make detailed investigations for characterizing
the geological host rock formations, for predicting the behaviour of engineered and natural barriers when
submitted to various types of perturbations (THMC) and to get special experiences. In Germany the expert
knowledge with respect to argillaceous rock mass types is more or less confined by the geological and
geomechanical experiences and observations made during the investigation phase of a former iron-ore
mine. After preparation of field data of some selected drift profiles it is possible to deduce several evidences
concerning the load-bearing behaviour based on convergence measurements and several observations about
contour de strength en ing. Variation parameters are rock mass structure, depth, intensity of excavation and
longterm behaviour.

Depending on the measured and observed data it is appropriate to focus on the load-bearing behaviour
for constitutive model validation. There are two phases to be separated: the excavation phase of the drift
in the near field of the selected profile and the longterm operation phase with the depending effects after
excavation. If opposing measured data and numerical experiences, it is therefore imperative for validation
to take into account the spatial load-bearing behaviour. There are several international documented
experiences about the load-bearing behaviour of underground openings (in-situ measurements and
observation in drifts/ chambers) and in boreholes in argillaceous rock mass formations as well as some
basic approaches for geomechanical modelling, Lux (2004).

For modelling it is in principle necessary to identify the thermal, hydraulic, geomechanical and chemical
processes itself and furthermore to couple these effects. Based on these investigations it is in principle
necessary to assimilate the following characteristics to illustrate the material behaviour of argillaceous
rock mass for numerical modelling:
• Elastic, plastic and viscous deformation (isotrop, anisotrop),
• Failure strength and residual strength.
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• Dilatancy strength and dilatancy deformation,
• Water content depending material properties,
• Pore water pressure depending material properties,
• Raising deformability and reduced strength on bedding planes.

The interpretation of the field data by identifying these mechanisms is only suitable for statements based
on intensive laboratory tests for material characterization and numerical modelling enclosing the load-
bearing behaviour. To provide a basis for the numerical modelling of the thermal, hydraulic, geomechanical
and chemical processes in host rock formations and backfill materials in longterm safety analyses, the
constitutive model Hou/Lux-T for claystone was developed originated in the constitutive model Hou/Lux
for saiiniferous rock formations. This model is phenomenological-macroscopic orientated and primarily
acquires the effects of different deformation mechanisms in an phenomenological manner, based on the
constitutive model Lubbyl and on the basics of Continuum-Damage-Mechanics (CDM). With the
constitutive model Hou/Lux-T the spatial and the time-dependent development of damage and dilatancy
can be determined and furthermore a quantification and following an individual theoretical treatment
of different areas of EDZ can be performed. In addition to OECD/NEA (2003) it follows:

(1) Excavation Damage Zone (exceeding the dilatancy strength)
• Zone 1 including macro fissures and contour failure (fracture destrengthened)
• Zone 2 including micro fissures with local macro fractures and intensive fissure cross linking (fissure

dependent secondary permeability)
• Zone 3 including micro fissures with low intensity and marginal fissure cross linking (low up to

marginal permeability increasing)
(2) Undamaged load-bearing zone (non exceeding the dilatancy strength, elastic-plastic-viscous

deformation)
(3) Primary rock mass (marginal stress redistribution and deformations)

Therewith one of the necessary basics to research the hydraulic-mechanic interactions in the EDZ is created.

Within the scope of an intensive validation of me//o»/LiJx-7"constitutive model the quality of its prediction
capacity has to be reviewed. For that reason it is exemplarily applicated to the measured geological and
geomechanical experiences and observations made during the excavation and operation phase of an open
drift in argillaceous rock mass. Therefore some first results of a case study (comparison of measured data
and numerical modelling) will be presented in this paper.
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MOISTURE TRANSFER
IN SHALE SAMPLES SUBJECTED

TO DESATURATION - RESATURATION
Q.T Pham, L. Malinsky, D. Nguyen Minh, F. Vales, H. Gharbi

Laboratoire de Mécanique des Solides, Ecole Polytechnique, 91128 Palaiseau, France

The excavation of underground galleries is expected to create a damaged zone around the galleries.
Additional damage could be induced by the desaturation-resaturation due to the ventilation in galleries.
Desaturation induced cracks have already been observed in the Toumemire shale (France) [1]; and
break-up of shotcrete in the reconnaissance gallery has been caused by swelling of Opalinus clay
(Switzerland) around borehole collars [2], The assessment of the damaged zone is of main importance
to estimate the retention capacity of rock mass. The first step of understanding such as process consists
in studying the moisture transfer in rock samples, in order to access to the mass transfer kinetics and to
the spatial extension of the unsarurated zone.

The experiment is carried out on shale samples of Bure site (France), where the future underground
laboratory will be implanted. The experimental procedure consists in hanging a thin plate waterproofed
at its circumference and a hollow cylinder waterproofed at its two ends except the inner hole (small-scale
model of tunnel) in a tight box, in which relative humidity (RH) is imposed by saline solutions. Samples
are set in an initial 97% RH atmosphere and nine different relative humidity steps arc conducted. (97%
RH -=> 90% RH -» 76% RH -> 63% RH -> 44% RH -» 32% RH -> 44% RH -» 64% RH -* 74% RH
—» 94% RH), Tt simulates the desaturation-resaturation around galleries, at constant temperature. We
measure the samples weight evolutions and hence the rate of uptake of vapour during the desaturation
- resaturation process.

The mass evolution curves are used to identify the moisture diffusion coefficient (Dc), first on the
assumption that De is constant during each RH step (linear approximation) and then that the samples
volume does not vary. An simple formula using the analytical solutions is proposed to determine quite
precisely this diffusion coefficient on both the thin plate and the hollow cylinder. A comparison survey
between the analytical calculations and experimental results of mass evolutions is presented. We calculate
the relative error for each RH step. It allows to check die accuracy of the analytical formula presented above
to identify the mass transfer phenomenon in shale mass during the ventilation in underground galleries.

The proposed diffusivity identification method for axial and radial diffusion has well determined the
moisture diffusivity in shale. The moisture diffusivity, during the desaturation process, decreases expo-
nentially from 1.3xlO"10mV for the97%/ î / / ->90%/ î / / s t ep0 .5x l0 ' l u mV for the 44 % £t f -> 32%
RH step. For the resaturation process, the moisture diffusivity slightly increases from 0.74xl0"10 m V
for the 32% RH -> 44% RH step to 0.98xl0'm mV1 for the 64% RH -» 74% RH step and drops to
0.4xlO'in mV1 for the 74% RH -»94% RH step. The moisture transfer in shaie mass is non-linear
process. We have observed a high hysteresis during the desaturation - resaturation process (Figure 1 ).
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Figure 1 : Moisture diffusivity versus relative humidit y

Keywords : Moisture transfer, shale, diffusion coefficient, desaturation, resaturation .
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EXPERIMENTAL STUDIES OF STRENGTH
AND CREEP BEHAVIOUR AS WELL AS NEW

DEVELOPMENTS OF THE Hou/Lux-T
CONSTITUTIVE MODEL FOR CLAYSTONE

K.-H. Lux, Z. Hou. U. DOsterloh, R. Wolters

Professorship of Waste Disposal Technology and Geomechanics, TU Clausthal, Germany

Following the political debates held in Germany over the past years, the Federal Republic of Germany will
perhaps investigate the possibility of radioactive waste disposal in formations other than rock salt mass.
For the corresponding site selection process the AkEnd has worked out a methodology and criteria for the
identification and evaluation of suitable sites for the safe final disposal of radioactive waste. The application
of some of these criteria is based on the knowledge of the mechanical and hydraulic characteristics of
saliniferous as well as of non-saliniferous host rock formations like argillaceous rocks and their reaction
to the technogen interference.

To provide a basis for the calculation modelling of these processes originated in the constitutive model
Hou/Lux for saliniferous rock formations the constitutive model Hou/Lux-T for claystone was developed,
which is phenomenological-macroscopic orientated and primarily acquires the effects of different
deformation mechanisms in an phenomenological manner, based on the constitutive model Lubbyl and
on the basics of Continuum-Da mage-Mechanics (CDM). With the constitutive model Hou/Lux-T the
spatial and the time-dependent development of damage and dilatancy can be determined and furthermore a
quantification and following an individual theoretical treatment of different areas of EDZ can be performed.
Therewith one of the necessary basics to research the hydraulic-mechanic interactions in the EDZ is created.
Up to now there is indeed no consideration of swelling and shrinking mechanisms.

To resolve the question of the possibility lo transduce the constitutive model Hou/Lux for saliniferous rock
formations to claystone formations, the corresponding material parameters were estimated on the basis
of laboratory results and data in the international literature, especially from France. In a first validation
step it was managed to calculate a creep experiment from Ghoreychi (1997) with different confining
pressure steps until creep rupture with this constitutive model.

The technogen impacts induce more or less severe changes in the rock mass properties next to excavations
without or with disposal of wastes. One of these consequences may be a permeability increase within the
rock mass starting with singular cracks and pores (onset of damage) and followed by their interconnection
(= damage) when the cracks propagate. On the other side, cracks and pores in claystone can be closed
and sealed as a result of the swelling capability of some clay minerals and/or due to the development of
creep-induced compaction pressures. Fluid pathways will then decrease or even disappear. In this context
it is necessary to study experimentally and theoretically the failure strength and the dilatancy strength
as well as the creep behaviour of claystone.

Regarding claystone formations the dependency of failure strength and dilatancy strength on the content
of water as well as on the structural anisotropy are not negligible. Both dependencies can be described in a
first approach by simple modifications of the strength model for saliniferous rock formations. In addition
the influence of the pore pressure on the mechanical properties is of importance for the hydro-mechanical
coupling.
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To determine Biut s coefficient a and Skepton s coefficient B as well as the strength of the rock mass
in the saturated state there were accomplished specific laboratory investigations with claystone from a
drilling for natural gas in northern Germany Due to the very low permeability of the tested claystone
(K= 10'21 m^Bioi's coefficient a and Skepton s coefficient B are within the ranges of a = 0.1 - 0.3 and
B = 0.05 - 0.2, which is far below the possible maximal values maxa - maxB = 1. In consequence a
much lower influence of pore pressure on the mechanical state variables than assumed up to now is
expected in these cases.

To summarize the paper deals with the development of a new constitutive law for claystones and its
validation based on lab test data. This constitutive model facilitates the analysis of the load bearing
behaviour of geotechnical structures in claystone formations as well as the hydro-mechanic coupling
together with a hydraulic simulation of seepage processes.

International Meeting, March 14-18, 2005, Tours. France
Page 762 Clays in Natural & Engineered Barriers for Radioactive Waste Confinement



P/THMN/38

MODELLING OF THE MECHANICAL
BEHAVIOUR OF A SHALY SEDIMENT
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77305 Fontainebleau cedex, France

2. Institut français du pétrole, ï et 4, avenue Bois-Préau, 92852 Rueil-Malmaison cedex, France
3. AD cira, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtenay-Malabry Cedex, France

Early fractures of shaly formations can play a role in their stability and therefore, in their permeability
(sealing). A mechanical knowledge of early fracturation is then necessary to determine the physical
parameters which can explain them in order to allow the prediction of the future fractured zones; as well
to imagine the possible fluid circulations between different hydrocarbon reservoirs during their exploitation
as to evaluate the shaly materials that could constitute a site for radioactive waste confinement.

The outcrops of Bevons, Nyons and Rosans in the South-East of France and those of the Numidian in
Sicily, Tunisia, Morocco... allow the observation of fractures that have been fossilised by sandy injections
fed by turbidity channels. Two types of injection are present: sills ("horizontal) and dykes (vertical),
dykes coming from sills. Their formation are either per ascensum (post-depositional) or per descensum.
contemporary of the sand feeder installation. For the moment, we are interested in that last type of injection
which represents the larger dyke systems we know.

The ptygmatic folding of some per descensum dykes indicates that fracture and injection occurred when the
sediments were compacting. Near the paleoseafioor, the fractures cut the lithologies without taking account
of the different beds. On the contrary, at the bottom of the series, limy beds are cut perpendicularly
whereas shaly beds are mostly cut obliquely. These observations indicate that at the time of the injection.
the bottom of the series was made of a shaly-limy alternation whereas the top was constituted of more
homogeneous materials. The sediments are differentiating during compaction (Figure 1}.
Original rheological properties of the superficial part of series cannot be measured today but are essential
to improve our simulations. For that reason, research of some examples of mechanical data for a compacting
sediment in marine environment was undertaken (Ocean Drilling Projects, bibliography, etc.)
Sills are located in the superficial part of the sedimentary body in direct relation with the feeder sand:
they injected a soft enclosing sediment. The tensile strength of these materials is almost zero and lets
the sills propagate laterally to the channel by injection of a mixture of water, mud and sand in the banks,
following the stratification and discontinuities of material properties. It seems more difficult to explain
the formation of dykes (vertical) but it is likely that sills reorientate in dykes from a particular depth
(increase of the vertical stress in relation to the weight of the ground). Furthermore, the presence of
early faults may control at the same time the density and the dimensions of dykes.

Simple numerical simulations in two dimensions have been made to justify our assumptions. The
mechanical simulations have been developed with the finite element method (VÏPLEF) in static, using
elasticity and elastoplasticity laws.

The aim of these simulations was to find whether
• the set up of the channel
• the compaction of the sediments

could generate tensile stress or if shear failure was possible.
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These tests reveal tha t
• the geometry of the channel banks ,
• the presence of a structured substratum
• the more or less marked stratification

play a role in the location and the orientation of the fractures .

An hydro-mechanical simulation, accounting for the burial since the deposition of the sediments until

the channel filling, has been then made with a basin simulator (CERES) . It underlines the apparition of
over-pressures at the top of the substratum . These results are certainly enhanced by an effect of integratio n
on the sedimentary column and are continuously improving .

These preliminary simulations give two aspects of the phenomena taking place in the fracture mechanis m

and the injection of shaly sediments :
• long term loading (compaction )
• and "instantaneous" loading .

The effect of fluid is only used in long term simulations and have to be introduced in the "instantaneous "
ones . Besides this, dynamical simulations will be undertaken to study the effects of the turbidity channe l
flow on the enclosing shaly sediments .
In any case the role of the geological "heritage" has always to be considered .
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Figure 1 : Schematic representation of early fracture in a shaly-limy sediment during buria l
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NUMERICAL STUDY OF OVERCORING TEST

APPLIED TO ARGILITE ROCKS
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2. Andra, Laboratoire souterrain de recherches Meuse/Haute-Marne, BP 9, 55290 Bure, France

Pre-existing in-situ stresses is a fundamental input parameter in most geotechnical studies when considerin g

stability or EDZ issues related to deep underground openings . Over the past 35 years, various techniques

have been developed for in-situ stress measurements (Amadei and Stephansson, 1997) . The overcoring

method is one of the most commonly used . The basic principle of this method is to estimate relieve d
stresses from recovered strains or displacements measured on the walls of a borehole hosting a specific

sensor. Those measurements are then inverted assuming an appropriate measurement protocol and a

constitutive model for the rock behaviour in order to get an estimation of in-situ stresses .

As regards the measurement protocol, the overcoring technique includes three successive steps : (a) a large -

diameter hole, called main hole (D typically between 120 and 150 mm), is first drilled up to the targeted

rock zone where stresses are intended to be determined ; (b) a concentric pilot hole (diameter Ex 38 mm

and length between 300 and 700 mm) is drilled in the same axis as the main hole ; an instrumented

device aimed at measuring strains or displacements on the walls of the pilot hole (e .g . CSIRO cell ,

USBM cell, etc .) is then inserted into it ; (c) the large-diameter hole is resumed (overcoring phase) ,
relieving stress field around rock hollow cylinder. Changes in strain or displacement recorded from the se t
of gages as the overcoring front proceeds beyond the plane of measurements are then interpreted in terms
of initial stresses . Classically, inversion of stresses is performed using analytical solutions for strains an d
displacements around an infinite circular hole in a linear elastic material . However in the case when roc k
materials exhibit significant inelastic behaviour (damage, plasticity etc .) where closed-form relations
between stress and strain are not available, numerical modelling may need to be used inverting data set .

The purpose of the study presented is to investigate numerically the second phase of the overcoring tes t

(phase b), in the case of an elastoplastic behaviour of the rock material such as clay-like rock of the
Meuse/Haute-Marne Underground Research Laboratory. More specifically, the question raised is th e
following : what is the minimal distance to respect between the bottom of the main hole and the plane o f
measurement (position of strain or displacement gauges in the pilot hole) so that this one is not influence d
by the stress concentration zone in front of the main hole ?

The choice of the location of the cell gages in the Ex hole is important since it is guided by two majo r
conflicting criteria : (a) the cell must be positioned sufficiently far from the bottom of the main hole in orde r
not to be influenced by this one, i .e . in order for the infinite hole assumption used in the interpretation
to be valid, (b) the further the distance between the measurement cell and the entry of the Ex hole, th e
higher the risk of disking and of consecutive damage of the measurement cable before the measuremen t
curves have reached their final plateau value needed for the interpretation .

Objective is thus to determine, by numerical modelling of the drilling of a main and a pilot hole in th e
assumed conditions of Meuse / Haute-Marne Underground Laboratory, the optimal distance betwee n
the measurement cell position and the bottom of the main hole on the basis of the two above-mentione d
criteria . In the case of an elastic behaviour of the rock mass, it is commonly admitted that this optima l
distance, dopt, is 2*D, D being the main hole diameter. For clay shales typical of the Meuse/Haute-Marn e
Underground Research Laboratory, which mechanical behaviour is recognised to depart strongly from
linear elasticity, such optimal distance needed to be determined . This results takes into account varyin g
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mechanical response depending on the relative orientation of the Ex hole regarding pre-existing stresses .

Triaxial laboratory tests performed on Meuse / Haute-Marne clay rock samples typically show fou r

phases in the stress-strain curve, i .e . (a) linear elastic behaviour after a short non-linear phase corresponding
to the closure of microcracks, (b) strain-hardening in the pre-peak region corresponding to the initiatio n
and growth of microcracks, (c) softening after the peak (failure) associated with a progressive loss of

material cohesion and strength ; (d) residual phase where the rock strength remains essentially constant .

Based on these observations, a constitutive model was proposed by ANDRA in the framework of th e

MODEX-REP project. This model, called EPE - Hoek and Brown, approaches damage in the pre-pea k

phase in the theory of plasticity. It is a revised version of this model, implemented in the numerical cod e

FLACD [Souley et al . 2003], which was used in the present study .

Firstly, the geomechanical model was built within the framework of elasticity and validated on Kirsc h
solution . This allowed us to check that the minimal distance to respect between the bottom of the mai n
hole and the position of the measurement cell in order for this one not to be influenced by the stres s
concentration zone at the head of the main hole is 2*D (Figure 1) .

Secondly, we carried out the same analysis in the framework of the non-linear model previousl y
described. The input parameters needed were derived from standard laboratory tests and based on the

identification of model parameters . We find that the optimal distance is 2 .2*D under the most general

conditions, i.e . for an isotropic or anisotropic initial state of stress . In addition, figure 2 shows the extent of

the damaged zone around the intersect between the main and Ex holes in the anisotropic case . The damage d
zone is defined as the set of elements which have reached the pre-peak region (inelastic behaviour) bu t
where the peak strength has not been reached yet . Those results have enabled to come up with operationa l
recommendations for the carrying out of overcoring stress measurements in the Meuse/Haute-Marn e
Underground Research Laboratory .
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Figure 1 : Estimation of dopy : case of elasticity
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Damaged zones

(a)

(c)

	

(d)

Figure 2 : Extension of damaged zones around the main and EX holes
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MECHANICAL DAMAGE AND TRANSPORT
PROPERTIES OF SYNTHETIC

ARGILLACEOUS ROCKS
GdR FORPRO: T. Reuschlé. J.-D. Bernard

EOST-IPGS (CNRS-ULP UMR 7516), 5, rue René Descartes, 67084 Strasbourg Cedex, FRANCE

The role of mechanical damage on the évolution of permeability was studied on synthetic argillaceous
rocks made of sand, cement and clay. An experimental set-up was developed in order to produce synthetic
rock samples made of the above mentioned components in fixed proportions. The mixture is introduced in
a tubular mould of internal diameter 20 mm. A uniaxial compression of 10 kN is applied on the mixture
to allow better grain contacts and to reduce the residual porosity. In a first step the procedure has been
validated on a sand-cement mixture. We measured the uniaxial compressive strength as a function of cement
content. The results clearly show a non-linear dependence between both parameters. This can be interpreted
as a percolation problem in a medium containing two phases: sand grains and cement matrix. In a second
step, the same procedure has been applied on a sand-clay mixture. Again the uniaxial compressive strength
was measured as a function of clay content. Like for cement, the results show a non-linear dependence
which can be explained as a percolation transition.

A second experimental set-up was developed in order to measure the gas (N2) permeability of the synthetic
samples, A hydrostatic cell (20 MPa) was designed with water as confining fluid. The sample is isolated
from the confining pressure fluid by a VHon jacket clamped on the end pieces connected to the pore circuit.
The upstream pore pressure circuit contains the pressurized gas bottle and a pressure transducer, the gas
outflow being measured by a volumetric fiowmeter in the downstream portion which is kept at atmospheric
pressure. Permeability is measured using the stationary flow method. Confining pressure has been kept
constant and equal to 3 MPa. Pore pressure is then changed to allow for Forchheimer and Klinkenberg
corrections in order to determine the true permeability of the specimen. The procedure has been validated
on samples composed of sand and clay precompacted at 10 kN. The results show the drastic decrease of
permeability (10"': to \0'l> m2) as clay content is increased from 10 to 40%)

Next we have checked the residual effect of mechanical damage on precompacted samples containing sand,
cement and clay. Cement proportion has been kept constant and sand and clay content were varied
accordingly. The samples were loaded in a uniaxial press up to increasing stress levels, unloaded, and
introduced in the hydrostatic cell. Their apparent gas permeability was measured by keeping the pore
pressure constant. The preliminary results show that for low clay content a slight permeability decrease
precedes a rapid increase (from 3 10"19 to 2.5 10"lB m2) as one approaches the peak stress of the deformation
curve. This effect of mechanical damage is less pronounced when increasing clay content.

Our results show that by combining various proportions of sand, cement and clay we are able to produce
samples with various mechanical and transport properties which can be compared to natural samples.
For example, synthetic samples containing 40% cement and 40% clay have apparent permeabilities of the
order of 2 10'19m : which are quite consistent with values obtained for natural argillites in the same pore
pressure range. Work is under way in order to better constrain the effect of each parameter (precom pact ion,
composition) on the mechanical and transport properties of our synthetic samples.
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EXPERIMENTAL INVESTIGATION
OF THE HEALING AND SEALING

CAPABILITY OF TWO CLAYS
L. Malinskv. R. Hamza, V. De Greef, S. Chanchole

Laboratoire de Mécanique des Solides, Ecole Polytechnique, 91128 Palaiseau, France.

Excavation of underground openings creates a damage zone in which the hydraulic conductivity can be
drastically increased. The knowledge of extent and evolution of this Excavation Damage Zone is of great
importance to assess the performance of a radioactive waste disposal. The goal of the SELFRAC project
was to study the healing and sealing capability of two different clays. The sealing of a fracture has been
defined as the reduction of permeability whereas the healing includes also a mechanical reconstruction
of the fracture. The two tested rock are quite different. The Mol clay (Belgium) is a plastic clay and the
Opaliniiis clay (Switzerland) an indurated clay. The SELFRAC project involved in-situ testing, laboratory
experiments constitutive modelling and numerical simulations. We present in this paper the results of
laboratory experiments performed to characterize and quantify the healing and sealing processes of these
two rocks in order to build an hydromechanical model able to predict the phenomena observed in-situ.

Long term permeability tests - up to 9 months - on hollow cylinders have been conducted on Boom clay
and Opalinius clay samples. Various hydromechanical loading paths where applied in order to investigate
the evolution of permeability according to time and to hydromechanical state. The experimental device
allows to control pore pressure in a central cylindrical cavity and at the external surface of the sample and
the confining pressure. It is also possible to apply a deviatoric stress and to measure the corresponding axial
strain. The height of the sample is 100mm, the outer diameter is 50mm, the height of the central cavity is
40mm and its diameter is 4mm or 8mm. The tests have been performed either on virgin samples or on
samples whose cavity is crossed by a radial artificial discontinuity. The total steady state flow across a
virgin sample is proportional to the rock permeability, to the difference between the cavity pressure and
the surface pressure and to a characteristic length of the flow which is numerically computed. When the
sample is crossed by a radial discontinuity, the additional flow can be interpreted in term of hydraulic
aperture by using the cubic law.

The tests on Opalinius clay have been performed on samples with a radial artificial discontinuity crossing
the cavity. After a period of three months we have measured an irreversible decrease by a factor five of the
whole sample permeability measured in the same hydromechanical conditions. The final permeability
is about 5xlO"2i m2. close to the intact rock permeability. This decrease is interpreted as the progressive
sealing of the discontinuity. However, an increase of the pore pressure close to the confining pressure at
the end of the test causes a reversible increase of permeability up to the value measured at the beginning
of the test. Further testing is in progress on an intact sample in order to confirm these results and to create
a fracturation by an appropriate hydromechanical loading.

For the Boom an initially intact sample have been tested and several hydromechanical loadings applied.
We have observed a reversible dependency of permeability on the mean effective pressure (from 10"tsm:

at a 0.5Mpa mean effective stress to 3x10"'W at a 4Mpa mean effective stress) and a permanent
decrease in permeability due to a contractancy induced by a shearing of the sample. Rapid pressure
build-up in the cavity 1 MPa over the confining pressure causes openings of preferential pathways from
the cavity to the external boundary. Just after the fracturation a quasi-steady state flow is reached and
the measured permeability is increased by orders of magnitude. The permeability measured in the same
hydromechanical conditions before and after the fracturation stage remains unchanged which reveals a
high sealing capability of this plastic clay.
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As a conclusion, a sealing is well observed for the two materials but is very different for the plastic clay and
for the indurated clay : whereas the sealing occurs very quickly in the case of the Mol clay a significant
time effect is observed for the Opalinius clay. The experimental results obtained during the SELFRAC
project are now used to calibrate an hydromechanical model in order to perform numerical simulations
of in-sitit tests.
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BEHAVIOUR OF CLAYS
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ABSTRACT
The paper describes the coupled thermo-hydro-mechanical behaviour (THM) of a saturated and unsaturated
callovo-oxfordian argilite. The applicability relates to the response of a site of storage to the requests as
well mechanical (stresses) that hydrous (Unsaturation) and thermies (release of heat).

First, saturated and unsaturated permeability according to the degree of saturation have been performed
using different apparatus both in steady sate and unsteady state approach.

The permeability study in saturated state aims to highlight the confining stress effect on the permeability
coefficient (k) and the role of the hydraulic gradient (i) with constant confining strain on this same
coefficient, by using two measurement techniques: measure in steady state "test with constant hydraulic
head" and measurement in transient state "pulse test". We compare then the results relating to these two
techniques. The advantages and the disadvantages of each method were examined.

In the unsaturated case, the permeability study requires the use of the more complex measurement
techniques. Two measurement techniques were tested, measure in infiltration column and measure in
the desiccators, in order to establish the relations: permeability - water content, permeability - degree
of saturation and permeability- negative pore water pressure.

The tests carried out in desiccators highlighted the existence of a field corresponding to the material
saturation (quasi saturated Held) where the permeability remains equal to that measured in the saturated
state. This measurement technique has the advantage of being simple to implement and requires few
means but it requires times of tests longer than the other measurement techniques. It is essential to take
complementary measures in the near saturation field. The analysis in transient state of the moisture
profiles, measured during the infiltration, using the method of the instantaneous profiles permit to
obtain complementary results to desiccators test in the near saturation field. However, we note a difference
of the flow way: axial flow in the column of infiltration and isotropic in the desiccators.

The results confirmed the assumption of the existence of a field where the ground remains saturated as long
as the negative pore pressure remains lower than the negative pore pressure of desaturation (- uw < - uwd).
In this field, the permeability remains equal to that measured in a saturated state.When the pore water
pressure increases until exceeding - uwd, the permeability decreases.

Second, The thenno-hydrous behavior is described by drying-wetting paths at controlled temperature on
natural non remoulded argilite. Several experimental devices were developed: The salt solutions desiccators
and the osmotic solutions with PEG 6000 were placed in bottles immersed in thermostated baths, allowing
to sweep temperatures going from ambient to 80°C. According to the initial state of me samples, those
follow either the drying paths, or the wetting paths. When the equilibrium is reached, the parameters of
specimens (void ratio, degree of saturation, water content...) are measured by immersion in kerdane
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using a balance of precision (10*' g). Several problems were updated, in particular the behavior of the
se mi permeable membranes at high température and condensation on the walls of the bottles.

The results obtained highlight the influence of the temperature on the shrinkage limit in the [pF. e] space
and the evolution of the water content in the [pF, w] space.

Third The thermo-hydro-mechanics behaviour of saturated soils is described by isotropic and deviatoric
consolidated undrained triaxial paths at imposed temperature.The role of the temperature on the coefficients
of compressibility Ct and swelling Cs, as on the perfect plasticity criterion M is discussed.

The thermo-hydro-mechanics behavior of unsaturated soils is described by triaxial pahts with imposed
suction (drained) and controlled temperature. A 3,5 MPa triaxial cell was equipped with a heating collar
controlled in temperature. In addition a special pedestal was developed it makes it possible to impose on
the soil samples suctions being able to reach 9 MPa using an osmotic solution of PEG 6000. The control
and the measurement of the pressures and volumes are ensured using controllers of pressure-volume
GDS. A system of data acquisition allows the follow-up the evolution of the various parameters during
the test in real time. Many technical problems as the measurement of volume variation of specimens,
the dilation of the osmotic solution with the temperature were analyzed.

The coupling "unsaturation-temperature" is highlighted in particular in the plan [pr, q]. An interpretation
using the generalized effective stress is tried.

In addition, a qualitative simulation of the drying-wetting paths and unsaturated triaxial paths, using an
elastoplastic law behavior based on the generalized effective stress concept and coupled with the heating
effect were carried out.

Keywords: TIIM Behavior, argilite, Unsaturated soils, Salt solutions desiccators, Osmotic solutions,
thermal triaxia! Cell, Relative permeability
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PHYSICAL AND MECHANICAL PROPERTIE S
OF THE CALLOVO-OXFORDIAN SHALE S

(MEUSE) : INFLUENCE OF THE WATER

CONTENT

GdR FORPRO : Laurent Molez ' , Joël Sarout ' 'Z ,Yves Guéguen '

1. Laboratoire de Géologie, Ecole Normale Supérieure, Paris, France .
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The concern of this study is to investigate the mechanical and physical properties of rock samples take n

from the Meuse / Haute Marne underground research laboratory host formation . The rock internal fluids
could be modified due to mechanical, chemical or physical perturbations . In this study, we focus on the

effects of desiccation or hydration mechanism . The behaviour of this clayey rock, called "argillite", i s
studied using axi-symetric trixial tests performed on samples at different water content states .

Small cylindrical samples with diameter 30 mm and length 60 mm were cored in three directions fro m
the original core (well MSE101, 613 m depth) : in the "vertical" direction parallel to the big core axis ,
in the bedding plane, and in a plane oriented at 45° of the bedding plane .

The different water content states are obtained using saline solutions selected to cover the range of relativ e
humidity (50%RH to 100%RH) . Rock samples are put in tight box with a given saline solution durin g
several days until stabilization of the sample mass . The water content is deduced from drying at 105° C
of a concomitant "dummy" sample .

Figure 1 : Triaxial cell Figure 2 : Sample and its sensors during th e
assembly

Triaxial tests with loading-unloading cycles are conducted on the different samples . Simultaneous
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measurements of the axial and circumferential strains as well as compressive elastic wave velocities are
performed. Some previous hydrostatic tests has shown some modifications of elastic behaviour after 20 MPa
of confining pressure. Then three confining pressure configuration are used; low confining pressure
(-10 MPa), normal confining pressure (^20 MPa) and high confining pressure (~35 MPa). The deviatoric
stress is applied with a self-compensated piston. The mechanical behaviour (stress, strain, velocities) are
monitored until rupture and an analysis of fractures is carried out.

Preliminary results have already been obtained which are encouraging. By the time of the conference,
a first set of results will be available and some first conclusions will be drawn.

The authors wish to thank the "Groupement de Recherche" FORPRO for providing financial assistance
during this experimental program.
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MODELLING OF THE HYDRO-MECHANICAL
BEHAVIOUR OF THE BURE ARGILLITE

L. Maiinsky, Q.T Pham, F. Vales, H. Gharbi

Laboratoire de Mécanique des Solides, Ecole Polytechnique, 91128 Palaiseau, France.

The Bure argîllite is a potential host rock for an underground radioactive waste disposal in France.
During the construction and the exploitation phase of the waste disposal, and after its closure, the rock
mass will be submitted to various thermo-hydro-mechanical loadings. The rock, initially saturated, will
partially desaturate due to the ventilation of the galleries. The drying could generate tensile stresses at the
galleries wall; however drying will also increase the rock strength and the creep strain rate will be made
slower. In order to predict the short-term and long-term responses of the rock, laboratory experiments are
conducted to build models and to determine the corresponding parameters which will be used to perform
predictive numerical simulations. The hydromechanical models must be able to describe the transition
between the saturated and unsaturated states. This paper deals with the modelling of some aspects of the
unsaturated hydromechanical behaviour and transport properties of this argillite on the basis of the
interpretation of laboratory experiments performed at different relative humidities.

ArgilHte samples of different shapes and sizes are submitted to successive relative humidity steps along a
dry ing-wetting path at zero total stress. Some samples are brought to equilibrium under a given relative
humidity and then are submitted to an instantaneous uniaxial loading. Uniaxial creep tests at imposed
relative humidity are also performed. The weight of the samples and the axial and tangential strains are
continuously recorded. These measurements allow to determine the instant when the hydric equilibrium
is reached. The relative humidity is also measured. Cross analysis of these experiments allows to build
a hydro-mechanical model.

Using a linearisation of the moisture diffusion equation, the analysis of the samples mass evolution during
each successive relative humidity step provides both the sorpsion-desorpsion curve and the evolution of
a linearised moisture diffusivity coefficient as a function of relative humidity. The sorpsion-desorpsion
curve exhibits a hysteresis which is reflected on the moisture diffusion coefficient. However an analysis
of these results in term of total water permeability by assuming a generalized Darcy law shows that the
permeability versus volumetric water content relationship is unique. When the relative humidity
approaches unity, this total water permeability is closed to the lowest permeability values measured for
this argîllite when it is saturated.

The strains are as large as 1% when the relative humidity is decreased from 98% to 32% RH at zero
total stress. Axial strains, perpendicular to the bedding are about twice the tangential strain parallel to
the bedding. Furthermore, the strain versus relative humidity relationship is highly non-linear and the
main part of the drying strain occurs when the relative humidity is decreased from 98% to 90% RH. These
results can be analysed in term of hydric dilation tensor. An interpretation in term of Biot coefficient
tensor, which is necessary to model the transition from the saturated to the unsaturated state, is made by
using measurements of the elastic properties along stress paths at controlled relative humidity.

The irreversible behaviour of the rock along mechanical stress paths is finally investigated. The uniaxial
compressive tests show that contractant plastic strains perpendicular to the bedding starts at a very low
stress threshold whereas tangential strains remains elastic until the dilation threshold occurs. This
behaviour is also observed during the creep tests. Both the hardening modulus and the compressive
strength increase according to the suction. The ability of the effective stress concept to model these
results is discussed.
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Modelling of these results to represent both the irreversible and reversible behaviour within the framework
of poroelastopksticity is in progress.
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MODELLING THE OPALINUS CLAY
RESPONSE IN THE HEATING EXPERIMENT.

ROCK DAMAGE AND PORE WATER
PRESSURE GENERATION

J. J. Munoz, E. E. Alonso

Technical University of Catalonia - Jordi Girona 1-3 - Edifico D2 - Campus Norte UPC, 08034
Barcelona, Spain

The Heating Experiment (HE) was designed to examine the response of Opalinus Clay against a radial
heating pulse generated in a single vertical borehole. A highly compacted bentonite ring, located around
the centered heater introduced also a strong radial pressure on the borehole wall when it became saturated.

Some monitoring instruments, such as temperature sensors, piezometers and inclinometers located in
boreholes perforated around the heating borehole provided data on the rock reaction against the heating
action and the buffer swelling. The experiment involve three main stages: Test buffer emplacement and
bentonite hydration, a heating period and a cooling period. Four and a half years of the monitoring
records are available.

Opalinus shale is a brittle rock which is damaged by mechanical and environmental actions (suction cycles).
It has been simulated by means of an elastoplastic constitutive model which introduces a degradation
mechanism as irreversible deformations accumulate. Model parameters where adjusted by means of the
back-analysis of available triaxial test data. The determination of hydraulic parameters of the rock was
based on water retention and permeability tests performed at the UPC Geotechnical Laboratory.

The analysis has provided a complete THM response of the rock. Of particular interest was the comparison
of pore water pressure development and dissipation during the healing and cooling stages. The actual
pore water pressure evolution depends on the rate of temperature change, the rock porosity, the dilation
coefficient of water and rock skeleton and the stiffness and permeability of the rock. It was found that
the pore water response was captured reasonably well by the model using the basic parameters determined
for the rock. However, some material parameters, and in particular, the rock permeability have a strong
influence on the results. A sensibility analysis performed shows the role of the different parameters on
pore water pressure generation.

The bentonite swelling pressure reached values close to 15 MPa. This stress acting on the borehole wall
was able to induce a thin damaged zone. Subsequent heating did not extend the plastic zone.

Model prediction have been compared with some of the field measurements; temperature, pore water
pressure and inclinometer readings (Figures 1 and 2). The total water outflow was also available and it was
compared with predictions. A discussion of the sources of discrepancies between model and measurements
is given. The paper shows the capabilities of the THM analysis performed and also the advantages of
representing the rock by means of a damage-based elastoplastic model.
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ANISOTROPIC 3D ANALYSI S
OF THE HEATING (HE) EXPERIMENT

J. J. Munoz, E. E. Alonso

Technical University of Catalonia - Jordi Girona 1-3 - Edifico D2 - Campus Norte UPC, 0803 4
Barcelona, Spai n

The shaly nature of Opalinus Clay leads to a marked anisotropic behavior of the rock (Figure 1) . A consti -
tutive model to represent this material has been developed . Its incorporate the following features :
• The elastic behavior is characterized by a cross-anisotropic material (5 elastic material constants )

• The plastic character of the rock is attributed to the matrix and to a family of discontinuities . Plasti c

deformations have therefore two contributions at a given point within the rock

• The matrix component of the plastic model is defined by means of a hyperbolic yield surface . Matrix

degradation is induced by means of an isotropic and kinematic hardening . Hardening is controlled by
the plastic work .

• The plastic component associated with discontinuities is formulated in a similar way . Yield surface i s
now formulated in terms of shear and effective normal stresses acting on the schistosity planes .

The model has been formulated within a viscoplastic framework and it has been introduced in a genera l
program THM code (CODE_BRIGHT) . A number of triaxial tests performed on Mont Terri Opalinu s
Clay were used to characterize the material parameters . Hydraulic and thermal properties were derive d
from additional experimental information .
The HE experiment was then discretized with a 3D mesh (11000 prism elements having 8 integration
points) The bentonite buffer action was simulated by means of fully developed swelling pressure actin g
on the borehole wall . The history of heating and cooling was then simulated .
Model predictions have been compared with in-situ measurements . A comparison with isotropic analysi s
is also made .(Figure 2) . Pore water pressure induced by transient temperature changes were found to b e
similar when comparing the isotropic and anisotropic cases . Larger differences were found in the cas e
of displacement and stress . No significant changes were detected in the case of the temperature evolutions .
A small development of rock damage was calculated in a thing ring immediate to the borehole wall, in
agreement also with the isotropic model .

Figure 1 : Idealization of rock anisotropy and a view of the wall of the excavation after dismantlin g
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RELATIVE HUMIDITY IN THE VENTILATION
AIR OF THE STORAGE TUNNELS DIGGED

IN THE CALLOVO-OXFORDIAN ARGILITES
M. Zacart1, B. ChezJepretre1, J.-R Godefroy1, J. Wendling1

1. TEC INGENIERIE, 1 av. Albert EINSTEIN, B.P. 106, 78 191 TRAPPES Cedex, FRANCE
2. Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtenay-Malabry Cedex, France

Exploitation of a deep underground repository implies a ventilation of all tunnels and shafts in order to
maintain good working conditions. Based on actually planned repository architecture, the ventilation
machinery is dimensioned to produce around 1 000 000 nr of moving air per second, which will implies
an air velocity of several meters per second in the tunnels and shafts.

The air used for the ventilation is picked at ground level around the site without any pretreatment. This
air has a relative humidity and a temperature varying throughout the year, on a monthly basis, from 84%
and 3°C in winter to 75% and 17CC in summer. What ever part of the year considered, the ventilation
air entering the ventilation shaft is not saturated in water vapor. The annual mean of relative humidity
is around 80% for a annual temperature of around 10°C.

Moving into the shafts and tunnel system, the ventilation air will gain, or loose, some water, and also
exchange heat with the surrounding rock. These mass and energy exchange will modify the temperature
and relative humidity of the air. As hydraulic boundary condition of the rock on the tunnel walls is
conditioned by the relative humidity of the ventilation air, knowing the evolution of this variable along
the shafts and galleries, will help determine the hydraulic impact of the storage exploitation on the
argillites of the Callolvo-Oxfordian.

A relative humidity less than 100% implies a desaturation of the rock around the tunnel walls, and even
a slit decrease in relative humidity will generate quite high succions on the tunnel walls.

A numerical 2D axysimetric model taking into account air flow and heat and mass exchange between
air and rock was build by TEC INGENIERIE to estimate the relative humidity along the tunnels, from
the surface to the repository zones.

On an annual basis, results of this model show that the relative humidity at the bottom of the shafts is
around 90% fora 12QC temperature. Moving along the tunnels, the temperature of the air increases to the
geothennal temperature of 23°C. The water flow in the Callovo-Oxfordian argilites is very small and the
gain of water vapor in the ventilation air is not significant. So, after one kilometer along the tunnels, the
relative humidity of the air is around 45%, mainly due to temperature increase. Some kilometers further,
the relative humidity of the ventilation air is around 50%, increase being this time due to water uptake
from the tunnel walls. In summer the relative humidity some kilometers away from the shafts is around
80%, and in winter it is around 30%.

As the opening of the storage is planned to by of several tens of years, an annual mean of relative humidity
is representative of the general hydraulic behavior of the argillites around the tunnel wails.

The low permeability of the Callovo-Oxfordian argillites implies that the yearly variations of relative
humidity give significant variations from the long term hydraulic behavior only on a decimetric distance
inside the rock.
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THE THERMAL CONDUCTIVITY
AND HYDRALIC PROPERTIES

OF THE ARGILLITES
GDR Forpro: R. Jorand'.G. Bienfait1, F. Surma2, M. Zamora',Y. Géraud2

1. IPGP, 4 Place Jussieu, Paris, France - Jorundffl.ipgp.jussieu.fr
2. CGS, 5 rue Descartes, Strasbourg, France

The knowledge of thermal conductivity of argillites is necessary for modelling the thermal evolution of
radioactive waste confinement sites, as the underground laboratory of the M/HM underground laboratory
(ANDRA). However, few studies currently exist on the properties of these rocks because these measurements
are difficult and time consuming.

Thermal conductivity and hydraulic properties were measured on ten samples of Callovo-Oxfordien
argillites from the EST2O5 borehole of the M/HM underground laboratory, with the objective to better
understand relations between these two properties in this type of rocks. The samples were distributed
between 430 and 510 meters of depth. The argillites contain between 40 and 70% of clay minerals
(smectite, chlorite, kaoiinite, illite/mica) and are characterized by a complex microscopic structure.

The thermal conductivity was measured at room temperature with the divided bar technique, by measuring
the temperature gradient of five cylinders with variable thickness (2-10mm). In order to minimize the
effect of the contact resistance, thermal conductivity tests were run under uniaxial stress of 10 MPa. The
measurements were made in two directions: parallel and perpendicular to the stratigraphie plane.

The hydraulic properties were measured by mercury injection porosimetry. The mercury injections were
made according to two different configurations: a classical injection and two orientated injections. The two
orientated injections were been made in order to take into account the pore space connectivity anisotropy.

Figure 1 shows that the thermal conductivity measured in the perpendicular direction to the stratigraphie
plane decreases from 1.84 to 1.16 Wm"lK."' with increasing depth. In the horizontal direction, the thermal
conductivity is relatively constant and it is about 2 W m~' K"1. Consequently, the thermal anisotropy of
argillites increases with depth, from 0,15 (at 434 m) to 0.52 (at 494 m). To explain this increase in
anisotropy we suggest that clay minerals become progressively aligned and form horizontal beds when
burial depth and stress increase.

As the thermal conductivity, the pore throat size decreases with depth. (Figure 2).

The vertical thermal conductivity increases linearly with the pore throat size (Figure 3), suggesting that
the microstructure of argillites controls mainly the thermal conductivity. This microstructure is directly
related to orientations of clay and detritic particles.
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THERMO-POROMECHANICAL MODELING
OF A CAVITY SUBJECTED TO EXCAVATION

AND HEATING
Y. Jia1, G. Duveau1, J. F. Shao1, K. Su2

1. Laboratoire de Mécanique de Lille, Polytech-Lille, cité scientifique - 59655 Villeneuve d'Ascq,
France - .lian-Fu.Shaoffl'polyU'ch-lille.t'r

2. Andra, 1-7 rue Jean Monnet, Parc de la Croix Blanche, 92298 Châtenay-Malabry Cedex, France

This paper presents a numerical modeling of thermo-hydromechanical responses of a cavity in argillites
subjected to excavation and heating.

We propose first a constitutive model for poromechanical behavior of argillites in saturated and unsaturated
conditions. According to experimental data obtained for the Callovo-Oxfordian argillite from the under-
ground laboratory site of ANDRA in Meuse/Haute Marne (HMH) and Opalinus argillite from Mont-
Terri site, the mechanical behavior of this class of rocks exhibits significant plastic strains, coupled with
progressive material degradation due to microcracks. There is a strong pressure dependency and clear
transition from plastic compressibility to dilation. The mechanical behavior is very sensitive to variation
of water saturation degree. The poromechanical behavior also depends on variation of temperature,
in particular in unsaturated conditions. On the basis of such observations, we propose to develop an
elastoplastic model coupled with isotropic damage to describe the mechanical behavior of the argillites
in both saturated and unsaturated conditions. The formulation of the model is based on the general theory
of poroplasticity for porous media and the continuum damage mechanics. A non linear elastic behavior
is described depending on water saturation degree. The basic plastic behavior is described by a yield
function with isotropic hardening and a non-associated plastic flow rule. The effect of capillary pressure
on plastic flow is considered using a generalized effective stress concept based on an equivalent pore
pressure. The material damage is assumed to be isotropic and depends on elastic and plastic strains. The
effects of temperature on mechanical behaviors are taken into account Based on experimental data and
micromechanical considerations, the coupling between material degradation and variation of permeability
is also described.

A series of numerical studies have been performed by using the FEM method for fully coupled thermo-
hydromechanical problems. A circular cavity is investigated in axi-symmetric configuration. Two loading
phases are included, a phase of excavation and a phase of heating. The loading path corresponds to a
simplified case of the HE-D test being performed in Mont-Terri experimental tunnel. Hydromechanical
disturbances (stresses, strains, pore pressure, plastic deformation, damaged zone and fractured zone) are
first evaluated during the excavation zone. After starting the heating phase, the variation of temperature,
strains (displacement) and pore pressure are determined as functions of time. Creep deformation observed
in laboratory tests is also included in numerical modeling. Qualitative and quantitative comparisons
between numerical simulations and in-situ measurements are presented.
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Conclusion of the meeting

Some general impressions

• An extremety high international participation ( 50%)
• An higher maturity in the scientific work and data sets
• An increasing input of data and research work originating from in situ and underground laboratory studies
• An interest shown for the whole set of thematic sessions
• A good balance between T, H, M and C processes
• An equilibrium between natural and engineered clay barriers
• A lower contribution of "pure geological" papers
• A meeting place for scientists involved in studies concerning radioactive waste management
• A strong will to maintain a multi-field and multidisciplinary approach to treating questions related to underground disposal

Some recommendations from the participants

• To maintain a strong and well positioned poster session allowing discussions to take place during an adequate time frame
• To shorten the duration of the meeting to 3 days by scheduling parallel sessions in the morning
• To promote participation of researchers and engineers originating from other scientific communities (clay research, petroleum industry...)

Some recommendations from the scientific committee:

• Increase the number of key-note papers (as an introduction to each thematic session)
• Further promotion of the poster session



Give an access to the abstracts on the web site a month before the beginning of the meeting
Keep registration fees low for students (< 100 €)
Organize a third meeting on the same topics with the same title in 2007 (tentative schedule: September)
Set up an international organizing committee with joint involvement of agencies and research centers
Andra will be still in charge of logistical aspects
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10h10-10h : .

	

ALLIANCES : simulation platform for nuclear waste storage and disposa l
0/04/6

	

PhMontarnal ' , L . Loth ' , C . Chavant'
' CEA Saclay, France / 'Andra France / ' EDF, Franc e

10h30-11h00

	

Coffee brea k
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Auditorium
Pierre de
Ronsard

Tuesday 15, mornin g

SESSION 05 - COUPLED T

	

tMO-HYDRO-MECHANICA L
(THM) PROCESSE S
Chair: Patrik Seclin - Jean-Claude Robinet

Development of saturation in bentonite barrier of geotechnical experiment mock-up-c z
0/05/1

	

J . Pacovskÿ, L . Zapletal, J . Svobod a
Czech Technical University Czech Republi c

	

11 h20-11 h40

	

Modelling heat and moisture transfert in the Andra/SKB temperature buffer test
0/05/2

	

}i ..._HOkmark ' , A . Ledesma 2, T. Lassabatere 3 , B . Faith ' , L . Borgesson ' , J .-C . Robinet' , N . Sellali ' , P. Sémété'

'Clay Technology, Sweden / 2 Technical University of Catalonia, Spain / 'EDF France / ` 'EuroGeornat, France

	

11 h40-12h00

	

Conditions within a bentonite-based, full-scale tunnel seal after 5 years of exposure
0/05/3

	

to elevated temperature and pore water pressur e
D .A . Dixon ' , J .-B . Martino ' , B . Vignal ' , K . Masumoto 3 , T. Fujita4

'Atomic Energy of Canada Limited, AECL, Canada / 2Andra, France /'Kajima Technical Research Institute, Japan / ' Japa n
Nuclear Cycle Development Institute. INC Japa n

Cycle thermal disturbance in the stress field of clays : experimental charaterisation and
0/05/4

	

constructive modellin g
L . Laloui, C . Cekereva c

Soil Mechanics Laboratory, Swiss Federal Institute of Technology, Switzerlan d

Zh20-12.

	

Thermomechanics of swelling compacted cla y
0/05/5

	

P. Jussil a

Helsinki University of Technology, Institute of Mathematics, Finlan d

12h40-14h00

	

Lunch

CLAYS IN NATURAL AND ENCINEERED HARRIER S
FOR RADIOACTIVE WASTE CONFINEMENT



Auditoriu m
Pierre de
Ronsard

Tuesday 15, afternoo n

SESSION 06A - THM AND CHEMICAL (THM-C) PROCESSES :
MOCK UP AND IN-SITU EXPERIMENTS
Chair : Patrik Sellin - Jean-Claude Robine t

The mock-up OPHELIE : A large scale backfill test for HLW disposa l
0/06A/1

	

H . Van Fiumbeeck ' , J . Verstricht ' , C. Gatabin '
' EIG EURIDICE, Belgium / 'CEA Saclay. Franc e

EBS researches in Belgium : from laboratory tests to on-surface mock-up toward s
O/06A/2

	

underground in-situ real scale experimen t
X . Li ' , E . Romero ' , C . Gatabin ' , C . Schroeder '

'EIG, EURIDICE BELGIUM /'UPC Spain / 3 CEA Saclay, France / °GéomaC, ULG. Belgiu m

Engeneered barriers experiments in the Mont Terri underground laboratory
O/06A/3

	

J . -C . Mayor ' , E .Alonso' , J .-L. Garcia-Sineriz''

' ENRESA Spain / 'UPC-CIM NE Spain / 3AITEMIN, Spai n

Hydro-mechanical, geochemical and mineralogical characteristics of the bentonit e
buffer in a heater experiment the HE-B project at the Mont Terri rock laboratory
M . Plôtze ' , C . Kahr ' , R . Dohrmann ' , H . Weber '
'Swiss Federal Institute of Technology Zurich (ET HZ). Switzerland / -' Federal Institute for Geosciences and Natural
Resources (BGR). Germany / 3 Nagra National Cooperative for the Disposal of Radioactive Waste, Switzerlan d

16h20-16h50

	

Coffee brea k

SESSION 07A - THM J THM-C PROCESSES IN BENTONITE :
THE "FEBEX" EXPERIMEN T
Chair : Patrik Sellin - Jean-Claude Robine t

State of the bentonite barrier and THM effects observed after five years of operatio n
M .V . Villar, A . Lloret
CIEMAT, DGRCE Spain

17h10-17h ;

	

Advances on the knowledge of the thermo-hydro-mechanical behaviour of heavily
O/07A/2

	

compacted "FEBEX" bentonit e
A . Lloret, M .V. Villa r
Universitat Politècnica de Catalunya (UPC), Spai n

17h30-'

	

On coupled THMC modelling of engineered barriers incorporating microstructura l
O/07A/3

	

changes
M . Sanchez ' , L .do N . Guirnaraes' , A .-M . Fernandez ' , S . Olivella ' , A . Gens '

Universitat Politécnica de Catalunya, Spain /'Federal University of Pernambuco, Brazil / 3CIEMAT Dpt. of Environmenta l
Impact of Energy Spain

17h50-18h10

	

Testing coupled thermo-hydro-geochemical models after dismantling of the FEBE X
O/07A/4

	

in-situ test
J . Samper ' , A .-M . Fernandez', L . Zheng', L . Montenegro ' , P. Rivas '
'Civil Engineering School University of A Coruna, Spain / 'CIEMAT Spai n

INTERNATIONAL MEETIN G
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i 5h 40-

O /06A / 4

O /07A/ 1

18



Tuesday 15, afternoo n

SESSION 06B - ORGANIC MATTER REACTIVIT Y
Chair: Ann Dierckx -Achim Albrech t

Expectations and limits from organic matter characterization in clay-rocks studie d
0/06B/1

	

for nuclear waste disposa l
P. Landai s

Andra, France

Source identification and characterization of humic and fulvic acids isolated fro m
0/06B/2

	

Callovo-Oxfordian argillite and Opalinus clay
T. Schafer ' , F. Claret ' , M . Lerotic2 , G . Buckau ' , A . Bauer ' , C . Jacobsen `

' Institute fur Nukleare Entsorgung ONE), Germany /'Department of Physics & Astronomy, State University of New York USA

Pentacyclic triterpanes and 2-alkanols : indicators of fossil organic matter oxidation i n
0/06B/3

	

argillaceous matrixes
P.Faure, M . Elie, Ch . Peiffert

UMR G2R and CREGU. Franc e

16h'

	

Hydrous pyrolysis investigations on clay-organic interactions of standardized and natura l
0/06B/4

	

mixture s
P.Michel'".s , C . Nguyen-Trung ` , L . Richard e , M . Cathelineau ` , R . Michels` , N . Clauer ' , A . Trouiller3

'CGS, France /'UMR G2R-CREGU, France / 3Andra, Franc e

16h20-16h50

	

Coffee brea k

SESSION 07B - ORGANIC AND MICROBIOLOGICA L
MEDIATED PROCESSE S
Chair: Ann Dierckx - Achim Albrech t

16h50-17h10

	

Selenite reduction in Boom clay : effect of FeS2, clay minerals and dissolved organic matte r
0/07B/1

	

C . Bru_geman, A . Maes, J . Vancluyse n

Katholieke Universiteit Leuven, Departement Interfasechemie, Belgiu m

17h10-1711

	

Results from an in-situ porewater chemistry experiment in Opalinus clay : evidence of
0/07B/2

	

microbially-mediated anaerobic redox process e
p, Wersin ' , P. De Cannier-es , F.J . Pearson' , E . Gaucher' , P. Hohener' , L . Eichinger6 , S . Mettler ' , U . Mader' , A . Vinsot s ,

H .-E . Gabler`' , K . Hama 10 , P. Hernan"

' Nagra, Switzerland /'SCK-CEN, Belgium /'Ground-Water Geochemistry, USA /'BRGM, France /'BioRem, Switzerland
6Hydroisotop, Germany / " University of Bern, Switzerland / 8Andra France / °BGR Germany/ '01NC Japan / "ENRESA Spain

17h30-17h50

	

Microbial investigations on unperturbed Opalinus clay sampl e
0/07 B/3

	

B . Schwyn ' , S . Stroes-Cascoyne2, A . Schippers3, S . Poulains-" , C . Sergeant", C . Le Marrec6, M . Simonoff', T. Nagaoka ' ,
E . Nakata ' , L . Mauclaires , C . Vasconceloss , J . McKenzie8 , S . Daumas9 , A . Vinsot ' , C . Baucaire 10 , J .M . Matray "

' Nagra, Switzerland / 'AECL, Canada / 3 BGR Germany / °CNA&-CNRS UMR 5084, Université Bordeaux, France
5Andra, France / 6ISIAB, France / 'CRIEPI, Japan / 3 EFH, Geological Institute, Switzerland / 9 CFG, France / i 'CEA France
" ISRN, France

17h50-18hI '

	

Early CO2 and polar liquid production from the Boom Clay Kerogen upon thermal stres s
0/07B/4

	

in relation with waste disposa l
I .	 Deniau '` '' , F. Behar` , C . Largeau' , P. De Cannière°, M . Van Geet°, C . Beaucaire ' , H . Pitsch '

' IRSN/DEI/SARG, France / '̀IFP, Geology-Geochemistry Division, France / 3 LCBOP CNRS UMR 7573, ENSCP, Franc e
'SCK-CEN, Waste and Disposal, Belgiu m

15h0

15h20-

151140-1' .
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Auditoriu m
Pierre de
Ronsard

Wednesday 16, mornin g

SESSION 08 - DIFFUSION PROCESSES AND SOLUT E
TRANSPOR T
Chair : Joseph Stucki - Scott Altmann

8h30-8F

	

Helium production and transport in the low-permeability Callovo-Oxfordian at the Bure

0/08/1

	

site, France
T . Bigler ' , B . Ihly ' , B__E . Lehmann ' , H . N . Waber', A . Vinsot' , K . Latour, I . Tolstikhin "̀ , A . Cautschi 5

Physics Institute, University of Bern, Switzerland / `Rock-Water-Interaction, Institute of Geological Sciences, University o f
Bern, Switzerland / 'Andre France / 'Geological Institute, Kola Scientific Centre, Russian Academy of Sciences, Russi a
5 Nagra Switzerland

8h50-9hIC

	

Diffusion of HTO, iodide, sodium-22 and caesium in Opalinus clay : a combined field ,
0/08/2

	

laboratory and modelling stud y
R Wersin ' , S . Dewonck' , S . SavoyeR. Hernân' , L . Van Loon5, J . Soler, T . Gimmi 5 , A . Cartalade ' , A. Yllera 8,
J . Eikenberg 5 , D . Grolimund 5 , B . Baeyens5, F. van Dorp '

Nagra Switzerland / 'Andre France / ' IRSN France / 'ENRESA Spain / 5 PSI, Switzerland / 6CSIC-UA Spain / 'CFA France
8 CIEMAT Spain

9h10-9

r 9h30-9t/

	

HTO and 36 CI diffusion in Callovo-Oxfordian argillites and Oxfordian limestones

Cs migration in complex geological media : new insights through micro-imaging an d
0/08/3

	

micro-spectroscopy
D . Grolimund ' , D . Gunther` , A . M . Scheidegger ' , B . Aeschlimann ' , P. Wersin ' , S . M . Heald '

' Paul Scherrer Institute, Waste Management Laboratory and Swiss Light Source, Switzerland / `Swiss Federal Institut e
of Technology Laboratory for Inorganic Chemistry. Switzerland / 'Nagra, Switzerland / 'Pacific Northwest Nationa l
Laboratory, USA

0/08/4

	

V . Blin ' , M . Descostes ' , B . Grenut ' , P. Meier ' , E . Tevissen ' , S . Buschaert'

CEA Laboratoire de Mesure et Modélisation de la Migration des Radionucléides (L3MR), France / `Andra, Franc e

An overview of inverse modeling methods applied to the thermal and diffusio n
0/08/5

	

experiments at the Mont Terri underground rock laborator y
A. Cartalade ' , R. Montarnal ' , M . Filippi ' , C . Mugler, M . Lamoureux ' , J .-M . Martinez`, F. Clément', Y. Wileveau ',
D . Coelho 4 , E . Tevissen '

CEA/Saclay, DEN-DM2S-SFME-MTMS France/'CEA/Saclay, DEN-DM2S-SFME-LETR France /'INRIA/Rocquencourt, Franc e
`'Andra,, France / 'CEA,Saclay, DEN-DPC-SECR-L3MR France

Contaminant transport simulation on locally refined grids using a combined finit e
0/086

	

volume-finite element schem e
R. Eymard ' ,

	

Hilhorst ' , M . Vohrallk '

' Department of Mathematics, University of Marne-la-Vallée France / `Laboratory of Mathematics, University of Paris-Sud Franc e

10h30-11h00

	

Coffee brea k

9h50-1C "

10 M
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Wednesday 16, mornin g

SESSION 09 - EXCAVATED DAMAGED ZONE (EDZ) .
CHARACTERISATION, EVOLUTION AND MODELLIN G
Chair : Philippe LALIEUX - Peter BLUMLING

111100-11

	

SELFRAC : experiments and conclusions on fracturation and self-healing processes in clay s
0/09/1

	

W. Bastiaens, F. Bernier, X . Ling L i
ESV EURIDICE GIE Belgiu m

11 dZ€D-11 h40

	

Results gained from seismic in-situ measurements in the Opalinus clay at the Mont Terr i
0/09/2

	

rock laborator y
K . Schuster, H .-J . Alhei d
BGR Bodenmechanik und Ingenieurseismologie, Germany

11 h40-12h00

	

Conception and numerical prediction of geomechanical measurements related to a vertica l
0/09/3

	

Mine-by-Test at the Meuse/Haute-Marne UR L
V . Renau d ' , F . Lahai e ' , G . Arman d` , T . Verde l3, P. Bigarre '
'INERIS Ecole de Mines de Nancy, France / `Andra, France / 'LaEGO, Ecole de Mines de Nancy Franc e

12h00-12h20

	

On the numerical modeling of shear banding around an excavatio n
0/09/4

	

F. Collin, X.L . Li, A . Lambarki, R . Charlier, R . Chambo n
University of Liège, Institut de Mécanique et Génie Civil, Belgiu m

12h20-12h-

	

Evaluation of damage-induced permeability in the bure site using a three dimensiona l
0/09/5

	

adaptive continuum / discontinuum code
F. Dedecker, D . Billau x
Itasca Consultants SA ., Franc e

12h40-14h00

	

Lunch

(:LAYS IN NATURAL AND ENGINEERED BARRIER S
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Pierre de
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SESSION 10A - DIFFUSION PROCESSES AND SOLUT E
TRANSPOR T
Chair : Joseph Stucki - Scott Altman n

Bentonite colloid diffusion through the host rock of a deep geological repository
0/i 0A/ 1

	

U.Alonso ' , T. Missana ' , A . Patelli ` , J . Ravagnan 2 , V. Rigato 2
CIEMAT, Departarnento de Impacto ambiental de la energia, Spain / 'LNL, Italy

The tortuosity of diffusion paths in saturated compacted sodium bentonite

0/10A/2

	

I . C . Bourg L2, C . Sposito ' , A . C . M . Bourg 2
Civil and Environmental Engineering University of California, USA /''Environmental Hydro Geochemistry. University of Pau,

IPRA France

Swelling and osmotic flow in a potential host roc k
O/10Aj3

	

J .F.Harrington, S .T. Horseman, D .J . Noy

British Geological Survey, United Kingdo m

Modelling of electro-osmotic phenomena with pH effects in saturated clays
0/10A/4

	

T. Lemaire, D . Stemmelen, C . Moyne
UMR 7563 - INPL UHF LEMTA, Franc e

16h20-16h50

	

Coffee brea k

SESSION 11 A - ISOTOPIC C"

	

IT OF CLAY
INTERSTITIAL WATE R
Chair : lean-Pierre Girard - Jean-François Aranyoss y

	

a 6h50-17h1 1

	

New methodologies for 0, H and Sr isotopic measurements in pore wate r
0/11A/1

	

of Callovo-Oxfordian argillites from the Andra underground research laborator y
GdR FORPRO : S.Giannesini ' 2 ', C . France-Lanord ' , J . Lancelot ' , C . Guilmette '
CRPG -CNRS UPR2300, France /'Labo GIS-CEREGE UMR 6635, CUFR Nimes, France /'Audra, Franc e

Chloride and stable water isotopes in pore water of the Callovo-Oxfordian shales an d
0/11A/2

	

surrounding formations at the Bure site, France
11 ._N . Waber ' , T. Gimmi ' 2, M . Mazurek ' , A . Vinsots, A. Gautschi"'
' Rock-Water Interaction, Inst . of Geological Sciences, University of Bern, Switzerland /'Paul Scherrer Institut, Switzerlan d
'Andra, France / 'Nagra, Switzerlan d

	

17h30-17h5

	

Cl-isotopic record of hydrogeological events in a very low permeability clay sequenc e
0/11A/3

	

environment over geological times
GdR FORPRO : V. Lavastre, N . Jendrzejewski, P. Agrinier, M . Javo y
Laboratoire de Géochimie des isotopes stables, Université Paris Vll / IPGP France

Determination of natural tracer contents ( 2 H, X8 0, Cl") in porewaters from the Tournemir e
0/11A/4

	

Toarcian argillite by radial diffusio n
5 . Savoye ' , C . Wittebroodt ' , J .-L . Michelot '
' IRSN SARG/LETS, France / UMR IDES, CNRS-Université Paris-Sud, Franc e

5h/:

16h00 •

17h10-17



Auditorium
Descartes Wednesday 16, afternoo n

SESSION 10B - THM EXPERIMENT S
IN THE OPALINUS CLAY
Chair: Tilmann Rothfuchs - Yannick Wilevea u

Monitoring and modelling of thermo-hydro-mechanical processes : main results of a heate r
experiment at the Mont Terri underground rock laborator y

H .d . Alheid ' , N . lockwer2 , J .C . Mayor-3 , J .L. Garcia-Sineriz' , E . Alonso ' , H .P. Weber6 , M . Plotze' , G . Klubertanzs

' BGR Federal Institute for Geosciences and Natural Resources, Germany /'GRS Final Repository Research Division ,
Germany / 3 ENRESA, Spain /''AITEMIN, Asociacibn para la InvestigaciOn y Desarrollo Industrial de los Recursos Naturales,
Spain / 5 CIMNE, Centro International de Métodos Numéricos en Engeneria, UPC Spain / 6Nagra, Switzerland / ' ETHZ,
Swiss Federal Institute of Technology Zurich, IGT Switzerland / 3COLENCO, Power Engineering Ltd . Switzerlan d

The response of Opalinus clay due to heating : a combined analysis of in-situ measurements ,
laboratory investigations and numerical calculation s
M . Jobmann, M . Polste r

DBE Technology Germany

Modelling of an in-situ heater experiment in Opalinus cla y
G. Klubertanz ' , J . Croisé ' , P. Marschall 2

1 Colenco Power Engineering AG, Groundwater Protection and Waste Disposal, Switzerland / 2 Nagra, Switzerlan d

16h00-16h20

	

Measurement of thermally-induced pore water pressure increase and gas migratio n
0/10B/4

	

in the Opalinus cla y
H. Kull ' , N . Jockwer ' , C .-L . Zhang ' , Y. Wileveau 2 , S . Pepa 3

'Gesellschaft fur Anlagen - und Reaktorsicherheit (GRS,, Germany/ 2Andra, France / 3 Métro-Mesures, France

16h20-16h50

	

Coffee brea k

SESSION -11B - EDZ EFFECTS ON ROCK CHEMISTRY AN D
TRANSPORT PARAMETER S
Chair : Philippe Lalieux - Peter Blumlin g

16h50-17h1 :

	

Modelling oxidising perturbations in argillaceous materia l
0/11 B/1

	

0 ..._Bildstein, C . Pozo, M . Jullien, L . Trotigno n

CEA Cadarache, France

17h10-17h30

	

Modelling of porewater flow in the vicinity of a deep geological repository in Opalinus cla y
0/11B/2

	

P. Marschall ' , U . Kuhlrnann 2

'Nagra Switzerland / 2 TK Consult, Switzerland

Modelling of groundwater flow along the excavation damage zone of a tunne l
in the Opalinus clay
G .W.Laon', P. Marschall 2 , Peter Blümling 2

'Fracture Systems Ltd, UK / 2 Nagra, Switzerlan d

Effect of excavation induced fractures on radionuclide migration through the Boom clay
M .Huysmans ' , A . Berckmans2 , A . Dassargues ' '3

' Hydrogeology & Engineering Geology Group, Department of Geology-Geograpy, Katholieke Universiteit Leuven, Belgiu m
2ONDRAF/NIRAS Belgium / 'Hydrogeology, Department of Georesources, Geotechnologies and Building Materials ,
Université de Liége, Belgium

CLAYS IN NATURAL AND ENGINEERED BARRIER S
FOR RADIOACTIVE WASTE CONFINEMEN T

15h00 -
0/10B/ 1

0/10B/2

1''5`4
O /10B / 3

17h30-17

0/11 Bf3

17h50-

0/11B/4



Thursday 17, morning

SESSION 12 - RETENTION/SORPTIO N
Chair: Pedro Hernan - Eric Giffau t

Iodide (I) weak affinity for clay minerals in anoxic and abiotic condition s
0/12/1

	

C . Tournassat ' , E . Gaucher ' , G . Negrel 2 , A . Moussay '

BRGM, EPI/DES France / 2ANTEA Franc e

Experimental and modeling sorption of Cs',

	

and Ln 3+ onto clays minerals up to 150° C
0/12/2

	

E. Tertre 1' , G . Berger ' , S . Castet ' , M . Loubet' , E. Giffaut'

LMTG, UMR UPS-CNRS 5563, France / 2Andra France

Structural aspects and mechanisms of anion sorption on HDPY° modified MX-8 0
0/12/3

	

montmorillonite: a Monte Carlo study
A . Meleshyn, C . Bunnenber g

University of Hannover, Center for Radiation Protection and Radioecology ZSR), German y

9h30-9h%"

	

Surface complexation modeling using multi-components approach : example s
0/12/4

	

of predictions and simplification s
N .	 Marmier ' , C . Hurel ' , E . Ciffaut'

'Université de Nice-Sophia Antipolis, Laboratoire de Radiochimie, Sciences Analytiques et Environnement - France
'Audra, Franc e

9h50-10h1 0

	

Quantitative Determination of 99 Tc(IV) eigencolloïds by a novel column precipitatio n
O/12j5

	

chromatography technique
E. Breynaert, A . Mae s

Kuleven, Departement Interfasechemie, Laboratorium voor Colloidchemie, Belgiu m

10h !w

	

Experimental investigations of colloids and EU(II)/NI(ll) adsorption properties of th e
0/12/6

	

Callovo-Oxfordian claystone from Bure (France )
FORPRO : R . Michels ' , P. Faure ' , M . Elie ' , G . Montavon 2 , M . Azouazi 2 , V. Moulin', P. Reiller" , F. Casanova " ,
F.Mercier' , N . Barré ' , R Michel ' , Y. Hautevelle ' , D . Bartier ' , L . Martinez ' , B . Grambow2

UMR CNRS 7566 G2R Faculté des sciences, France / 'UMR 6457 SUBATECH, Ecole des Mines de Nantes, Franc e
"UMR CEA-CNRS-UEVE 8587 France / 'CEA DEN/DPC Franc e

10h30-11 h00

	

Coffee B
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Auditoriu m
Pierre de
Ronsard

Thursday 17, morning

SESSION 13 - HYDRO-MECHANICAL (HM) PROCESSES :
HOST PERMEABILITY AND SELF SEALIN G
Chair: Charles Fairhurst - Patrick Lebon

	

1 h20

	

Estimating hydraulic conductivity of the Opalinus clay at the regional scal e
0/13/1

	

D . Fernandez-Garcia ' , J . J . GOmez-I-1ernandez ' , J .-C . Mayor `

' Universitad Politecnica de Valencia Institute of Water and Environmental Engineering, Spain / 2Empresa Nacional de
Residuos Radioactivos SA. (ENRESA), Spai n

	

! 1h20-11h40

	

Determination of hydraulic properties of the Callovo-Oxfordian argillite at the Bure site :
0/13/2

	

synthesis of the results obtained in deep boreholes using several in-situ investigatio n
techniques
J .-M . Lavanchy ' , M . Distinguin 2

Colenco Power Engineering AG, Groundwater Protection and Waste Disposal, Switzerland / 2Andra Franc e

	

12h0 :"

	

Characterisation of a clay rich rock through development and installation of specifi c
0/13/3

	

hydrogeological and hydrogeochemical equipment at the Meuse/Haute Marn e
underground research laborator y
J . De ay, S . Dewonck, M . Distingui n

Andra France

	

12h00-12h20

	

Overall and local deformation and failure of shale rocks as a function of their degre e
0/13/4

	

of saturation
F. Vales, M . Bornert, J .-C . Eytard, H . Gharbi, D . Nguyen Min h

Ecole Polytechnique. Laboratoire de Mécanique des Solides (LMS), France

Experimental study of macro-cracked argillite permeability: gas and water testin g
0/13/5

	

F. Skoczylas ' , C . Davy` , R. Lebon', J .-D . Barnichon'

' Laboratoire de Mécanique de Lille - Ecole Centrale de Lille, France / 2ERGI (Industrial Engineering Research Team), Ecol e
Centrale de Lille, France / 3Andra, Franc e

12h40-14h00

	

Lunch

CLAYS IN NATURAL AND ENGINEERED HARRIERS
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Thursday 17, afternoo n

SESSION 14A - GEOCHEMICAL MODELLIN G
Chair: Norbert Clauer - Kazumi Kitayam a

	

0-15h20

	

Geochemical modelling of the near field of a HLNW repositor y
O/14A/1

	

F. Grandia ' , C . Domènech ' , D . Arcos ' , J . Bruno ' , O . Karnland 2 , P. Sellin3

Enviros Spain, Barcelona, Spain / 2 Clay Technology AB, Lund, Sweden / 3 SKB, Stockholm, Sweden

5h40

	

Nanokin: a geochemical computer model for dissolution, nucleation and growth of cla y
O/14A/2

	

minerals of clay minerals in aqueous solution s
B . Fritz ' , C . Noguera 2, A . Clement ' , A . Baronnet
Centre de Géochimie de la Surface, University L. Pasteur and CNRS France /'Groupe de Physique des Solides,

University Paris 6 and 7 France / 3 Centre de Recherche sur les Mécanismes de la Croissance des Nanostructures, Franc e

15h4_[

	

Nanostructures and thermodynamic properties of clay minerals : illite, smectite
O/14A/3

	

and mixed-layer illite-smectite
H . Gailhanou 5 , J . Olives ' , M . Amouric ' , J . Rogez 2 , R . Perbost ' , J . C . van Miltenburg 3 , G .J .K . van den Berg3 ,
G . de Weireld 4 , Y. Belkhmakbout4 , E . Gaucher 5 , P. Blanc`

CRMCN-CNRS France / ' TECSEN, Faculté des Sciences de Saint-Jérôme France / 3 Chemical thermodynamic group,
University of Utrecht, Netherlands / 'Faculté Polytechnique de Mons, Belgique / 5 BRGM, Fance , 6Andra-ANRT-BRGM-

CNRS-Univ

	

"6h20

	

Ab initio study of edge sites reactivity on pyrophyllit e
O/14A/4

	

SV.__Chu_rakov

Nuclear Energy and Safety Department Laboratory for Waste Management, Paul Scherrer Institute, Switzerlan d

	

16h20-16h50

	

Coffee brea k

SESSION 15A - PORE-WATER CHEMISTRY : ACQUISITIO N
AND MODELLIN G
Chair: Andreas Gautschi - Emmanuel Jacquot

	

16h50-17h

	

Gas equilibration and pore water sampling experiment in the Opalinus clay at the Mon t
0/15A/1

	

Terri rock laborator y
A_Vinsot ' , T. Herz` , C . Cailteau3 ' ' , P. de Donato 3 , J . Pironori', S . Pepa 5 , P. Wersin 6, P. De Cannière' , H .-E . Gabler' ,
N . Badertscher9 , L . Eichinger ' J
Andra. France / 2 Solexperts, Switzerland / 3 LEM, UMR 7569 CNRS, ENSG/INP(. France / ' 'G2R-CREGU, UMR 7566 CNRS

France /'Metro Mesures, France / 6 Nagra, Switzerland / 'SCK-CEN, Belgium / 8 BGR Germany /Geotechnical Institut e
Switzerland / 7°Hydroisotop, Germany

	

17h10-17hCC

	

Determination of porewater composition and species-specific transport parameters by a
O/15A/2

	

new method using laboratory core infiltration : examples from Opalinus clay (Mont Terri )
and Callovo-Oxfordian clay (Bure )
U . Mader ' , H .N . Waber ' , Th . Gimmi ' , A . Vinsot 2 , P. Wersln'
'Rock-Water Interaction, Geological Sciences, University of Bern, Switzerland /'Andra France / 3 Nagra, Switzerland

	

17h30-17h _

	

Acido-basic processes at the clay-electrolyte interface
0/15A/3

	

M . Duc ' , F. Gaboriaud ' , F.Thomge, E . Schouller2
Laboratoire de Chimie Physique et Microbiologie pour l'Environnement, UMR 7564 CNRS/UHP France / 'Laboratoire

Environnement et Minéralurgie, UMR 7569 CNRS/INPL Franc e

h50-19

AL MEE T
7 ,12005

Stable isotope composition of porewater in Callovian-Oxfordian argillites (Bure) : insight
from CO2 and H20-vapor released by core s
J .-P. Girard ' , C . Fléhoc ' , E . Gaucher ' , S . Buschaert2

BRGM, France / 'Andra, France



Thursday 17, afternoo n

SESSION 14B - HM PROCESSES IN THE ENGINEERE D
BARRIER SYSTEM (EBS)
Chair : Charles Fairhurst - Juan Carlos Mayo r

Using argillite as backfill material for deep galleries
0/14B/1

	

F. Masrouri ' , 0 . Cuisinier ' , A . Abdallah ' , 1 .-D . Barnichon `

' LAEGO-/NPL France /'Andra, Franc e

Experimental study on Chamoise tunnel argillites after excavation
L.Boutonnier' , B . Albert' , E . Flavigny ` , J .-D . Barnichon 3

' Scetauroute, France /'Laboratoire Sols, Solides Structures / 3Andra, Franc e

Characterization of the hydro-mechanical behaviour of the MX80 bentonite at roo m
temperature, under moderate temperature or after a heat treatmen t
C . Imbert, C . Gatabin, P. Billaud, G . Touz é

CEA Saclay DPC, SCCME/LECBA - Franc e

Experimental study on sealing properties of commercial bentonites related to bentonite
mineralogy and water solution compositio n
0. Karnland '' , U . Nilsson ' , S . Olsson 3 , P. Sellin4

'Clay Technology AS. Sweden / `Geological Department, University Sweden / 3 Geochimica Sweden /"Swedish Nuclea r
Fuel and Waste Management Co, Swede n

16h20-16h50

	

Coffee brea k

SESSION 15B - HM PARAMETERS ACQUISITIO N
AND MODELLIN G
Chair : Charles Fairhurst - Juan Carlos Mayo r

	

16h50-!7

	

A large scale in-situ demonstration test for repository sealing in an argillaceous hos t
0/15B/1

	

rock -the RESEAL projec t
M.Van Geet'', W. Bastiaens ' , N . Maes ' , E . Weetjens ' , G . Volckaert ' , A . Gens ` , M . V. Villar', M . Filippi ' , Ch . Imbert' ,
F. Plas5

' SCK-CEN, BELGIUM / 'UPC Spain / 3CIEMAT Spain /"CEA Saclay, France / 5 CEA Saclay, France / 6Andra, Franc e

	

17h10-17h30

	

Selfsealing barriers of clay/mineral mixtures . The SB project at the Mont Terri rock laborator y
0/15B/2

	

T. Rotchfuchs, N .lockwer, C .L . Zhan g

GRE Final repository Research Division - Germany

	

17h30-17h50

	

Complete in-situ stress determination at the Bure laboratory site
0/15B/3

	

Y. Wileveau ' , F.H . Cornet '

1 Andra, France / " I.PG.P., Laboratoire de Mécanique des Roches, Franc e

	

17h50-1

	

Evaluating the reliability of hydro-mechanical simulation : a benchmark of numerica l
0/15B/4

	

techniques carried out by Research Group of MoMa s
C . Chavant, R . Fernande s

EDE, France

Idiifiliiiiiii 	
CLAYS IN NATURAL AND ENGINEERED BARR

FOR RADIOACTIVE WASTE CONFWNEMI r

O/14B /2

0/14B/3

O/14B/4



Auditorium
Pierre de
Ronsard

Friday 18, morning

SESSION 16 - PORE-WATER CHEMISTRY : ACQUISITIO N
AND MODELLING (Continuation )
Chair : Andreas Gautschi - Emmanuel Jacquot

Recent advances in characterising the pore-water chemistry of argillaceous material s
O/16/1

	

D . Entwisle, S . Reeder, B . Charlton, S . Kem p

British Geological Survey (BGS), United Kingdo m

Boom Clay pore water chemistry
M . De Craen, L . Wang, M . Van Geet, H . Moor s

SCK-CEN (Belgian Nuclear Research Institute), Switzerlan d

Modelling the porewater chemistry of the Callovian-Oxfordian formation at a regional scal e
0/16/3

	

E .C.Gaucher ' , S . Altmann`, R. Blanc ' , G . Braibant ' , C . Crouzet ' , J .P. Girard ' , E . Jacquot' , A . Lassin ' , A . Moussay ' ,
C . Tournassat ' , A . Seron '

'BRGM, France / 'Andra, Franc e

Estimation of in-situ groundwater chemistry using geochemical modeling a test case fo r
0/16/4

	

saline type groundwater in argillaceous roc k
H . Sasamoto ' , M . Yui ' , R . C . Arthur '

'Japan Nuclear Cycle Development Institute ONC), Japan / 'Monitor Scientific LLC, USA

9h50-1G „

	

Solubility of gases and minerals in water unsaturated rocks : thermodynamic calculations
0/16/5

	

A ._Lassin ' , M . Azaroual ' , M . Pettenati ' .2 , L . Mercury' , J .-L . Pinault '

'BRGM, France / 'UMR-CNRS 8148 "IDES' ;Université Paris-Sud, Franc e

10h10-1 C3

	

Coffee brea k

8h30-8h5 0

8h50-9h1 0

9h10-9h3 0

9h30-9t

0/16/2
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11 hOt
0/17/ 1

0/17/ 2

11 h20-12hOO

Friday 18, mornin g

SESSION 17 - GENERAL STRATEGY : INTEGRATIO N
AND PROSPECTIV E
Chair: Patrick Landais

Integrating geological information into safety cases for deep disposal facilities in cla y
formations ; experience from the OECD/NEA with examples from Switzerland, France and
Belgium
P. Smith ' , R . Beauheim 2 , A . Gautschi ' , K . Rbhlig4 , S . Voinis ' , P. Lalieux 6 , P. Lebon '

' SAM Ltd., UK/ 2SNL / 3 Nagra; Switzerland / ''GRS Germany / 'OCDE NEA France / 6ONDRAF/NIRAS / 'Andra France

Integrated approach for developing clay-based engineered barrier systems in geologica l
repositories
A. Hooper ' , S . Van's ' , H . Umeki3

' UK Nirex Ltd, United Kingdom / OECD NEA France / 3 NUMO, Japa n

CLOSING SESSIO N

- Luis Echâvarri : Director General of the Nuclear Energy Agency (OECD)
- DG Research of the European Commission Representativ e
- Patrick Landais : Chairman of the meeting

CLAYS IN NATURAL AND ENGINEERED BARRIERS
FOR RADIOACTIVE WASTE CONFINEMENT
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Agnès Sore t
Lounge Monday 14" to Thursday 17' - 14 :00 - 15 :0 0

Session: General strateg y
clay based concepts an d
Integration (GS1)

P
Evaluations of composition fo r
buffer material based on geneti c
agorithm s
C.-C . Wei ' , Y.-L . Jan e , C .-N . Hsu-3
'Ching Yun University,Department of Civi l
Engineering, Tawain 2Ching Yun University,
Tawain /'National Tsing Hua University, Tawai n

PICSIIO ::'

Couple mechanics hydraulics and
sorption properties of mixtures to
evaluate buffer/backfill material s
Y.-L . Jan '' , S .-C . Tsai 2 , C .-N . Hsu '

'Department of Civil Engineering Ching Yun
University, Taiwan / 2 Department of Industria l
Safety and Hygiene, Fooyin University, Taiwa n
3Department of Nuclear Science, National Tsing
Hua University Taiwa n

Safety calculation for an under-
ground repository for radioactive
waste: the first objective of the
Alliances calculation software
platform
G . Pepin, R . Miguez, L . Loth, G . Aza r
Andra, France

P/GS1104

Yuseong underground researc h
tunnel project in Kore a
W.-J . Cho, J .-H . Park, S .-K . Kwo n

Korea Atomic Energy Research Institute, Korea

P?GSIIO 5

Practical designs for clay-base d
engineered barrier systems fo r
heat-emitting radioactive wastes
I . McKinley ' , H . Urneki 2 , H . Ueda 2 ,
H . Kawamura ' , K . Kaku '

Nagre Switzerland / 2 NUMO, Japan / 3 Obayash i
Corporation, Shinagawa Intercity Japa n

Argillaceous formations and clay s
in the context of deep geologica l
radioactive waste disposal i n
Ukraine
D . D .P. Khrushchov, S .B . Shekhunov a

institute of geological science, National Academy
of sciences, Laboratory on geological problems ,
Ukraine

PIGS1/07
Modeling of an underground wast e
repository for far field numerica l
simulation s
A . Bourgeat ' , 0 . Gipouloux2
MCS ISTII UCB-Lyonl. France / ' Faculté des

sciences, Université de St-Etienne, France

~,0SI/08
Instrumentation and database i n
large scale experiments : the FEBE X
experienc e
J .-L . Garcia-Sineriz, I . Bârcen a

AITEMIN, Spain

Thermal conductivity improvemen t
of bentonite buffer materia l
T. Mori ' , K . Nakaoka ' , H . Asano2 , R . Masuda 2 ,
H . Tada 2 , H . Komine3
'Obayashi Co., Japan /Radioactive Waste
Management Funding and Research Center,
Japan / 3 lbaraki University, Japa n

P/GSI/l 0

Characterisation studies of Romania n
bentonite as engineered barrier i n
radioactive waste repositorie s
E.Gheorghiu ' , M . Stanciucu 2

'Institute for Nuclear Research, Romani a
2 Geology Faculty, University of Bucharest,
Romania

P/GSI/l l

Types and distribution of water s
in a powdered and compacted
spanish Ca-Mg-Na-Smectite :
effects on the porewater salinity
and swelling pressure
A .M . Fernandez, P. Riva s
CIEMAT, Spain

Reduced clay bearing gray sandston e
deposits of Meghalaya, NE India : a
possible upper backfill material i n
geological repository for high leve l
radioactive waste disposa l
R .K . Bajpai, A . Acharya, V. Arumugam ,
M .R . Josh i

Habha Atomic Research Center, BETDD/NRG,
India

P/GSI/1 3
The design of a large scale heate r
test in Boom clay - the PRACLAY
experiments
F. Bernier ' , X.L . Li ' , J . Verstricht ' , W. Bastiaens ' ,
E . Weetjens 2

1 E/6 Euridice, Belgium / 2 CENOSCK Waste &
Disposal Department, Belgium

PjGS1/1 4

Study of different disposal concept s
in clay formations
W. Filber t

DBE Technology Gmbl-1, Germany

P/GSI!1 5
Ukrainian programme on
characterization and evaluatio n
of swelling clays for use i n
engineered barrier syste m
of geological repositor y
B . Zlobenko, P. Fedorenko
Institute of Environmental Geochemistry of NA S
of Ukraine, Ukrain e

PIGS1/ 1
Barrier characteristics of cla y
and claystone the Betton
database- network versio n
J . Gerard i

BGR institut federal de geosciences et de
ressources naturelles, Germany

P/GSI/1 7

Bentonite deposits in China and it s
possible use as buffer material fo r
China's high level radioactive
waste repository
J . Wang, Z. Wen, G . Xu, Y. Li u

Beijing Research Institute of Uranium Geology
China National Nuclear Corporation, P. R Chin a

P/CS1/18

Scientific investigation in dee p
wells at the Meuse/Haute Marn e
underground research laboratory,
northeastern Franc e
J . Delay, H . Rebours, A. Vinsot, P. Robi n
Andra, France

P/GSI/19

Investigation of Triassic clay
suitability for radioactive waste
confinement
S . MotiejOnas ' , R . Pusch 2 , J . Jonynas ' ,
J . CyZienê 4 , J . Satkfnas'

'Radioactive Waste Management Agency,
Lithuania / `' IDEON Research Center, Sweden
3Ecofirma, Lithuania / ' Geological Survey o f
Lithuania, Lithuania

IN NATURAL AND ENGINEERED (BARRIER S
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Monday 14th to Thursday 17 th - 14 :00 - 15 :0 0

P/GSI/2C
Are all smectite clays suitable a s
"buffers" ?
R . Pasch ' , J . Kasbohm ' , J . Pacovsky ' ,
Z . Cechova-'
Geodevelopment AB, Sweden / '̀ Greifswald

University, Germany /'Czech Technica l
University, Czech Republic

P/GSI/2
An approach for initia l
environmental safety assessments
for near-surface burial of R-MFF F
solidified wastes with low alph a
radionuclide concentrations i n
Russi a
L . J . Jardine' , T. Gupalo '
'Lawrence Livermore National Laboratory, US A
'All-Russian & Design Institute of Productio n
Engineering (VNIPIP77, Russia

Evaluation of the diffusio n
processes of an alkaline plum e
through the Toarcian clayey
formation of the Tournemir e
experimental site (France)
S . Motellier ' , I . Devol-Brown ` , D . Thoby ' ,
E.Tinseau' , J .-C . Alberto ' , R. Berne ' , T. Melkior '
'Commissariat à l'Energie Atomique,
DRT/LITEN/SAT France / 'Institut de
Radioprotection et de Sûreté Nucléaire,
DEI/SARG/LETS. France

P/AP/0*

Advection of an alkaline fluid
through Boom clay cores :
geochemical modelling of
experimental dat a
F.M . I . Hunter ' , W . R . Rodwell ' , D . J . Noy',
J . Diederik', R. De Canniere '
'Serco Assurance, UK /'British Geologica l
Survey, UK /'StudieCentrum voor Kernenergie,
Centre d'étude de l'Énergie Nucléaire (SCK-CEN),
Belgiu m

Coupled chemical/transfe r
phenomena: chemical degradatio n
of concrete under clayis h
physico-chemical condition s
C . Perlot' , X . Bourbon ' , M . Carcasses '
'Laboratoire des Matériaux et Durabilité de s
Constructions, INSA-UPS, France / 'Audra, France

PAP/0 4
Interaction of Tourmire argillite
with hyperalkaline fluids : batch
experiments performed with pow-
dered and/or compact material s
I . Devol-Brown, E . Tinseau, A . Mifsud ,
K . Devivier, O . Ada, C . Bouchard
Institut de Radioprotection et de Sûreté
Nucléaire, DEI/SARG/LETS, France

P/API05
Mineralogical and microstructura l
characterization of Tournemire
argillite after in-situ interactio n
with cement s
E.Tinseau ' , D . Bartier ' , I . Devol-Brown ' ,
A . Raulo '
'Institut de Radioprotection et de Sûreté
Nucléaire, DEI/SARG/LETS France / 'Muséu m
National d'Histoire Naturelle, laboratoire de
Géologie France /'Ecole Nationale Supérieure
des Mines de Paris, CIG, France

PIAPf06
Clay organic matter as a potentia l
humic source under alkaline
perturbation
F.Claret ' T. Schafer ' , T. Rabung ' , M . Wolf' ,
A . Bauer ' , G . Buckau '

Forschungszentrum Karlsruhe, Institut fü r
Nukleare Entsorgung Germany /'GSF-Nationa l
Research Center for Environment and Health ,
Institute of Groundwater Ecology, German y

Dissolution of montmorillonite and
precipitation kinetics of secondar y
minerals in hyperalkaline condition s
at 75-200° C
L . Sanchez, J . Cuevas,R . Fernandez, D . Rui z
de LeOn, R . Garcia, R. Vigil de la Villa, S . Leguey
Universidad Autdnorna de Madrid Facultad de
Ciencias. Departamento de 0u/mica Agricola ,
Geologia y Geoquimica, Spai n

P/AP/08

Processes involved in the alteratio n
of organic matter from Khushay m
Matruck site (Jordan )
GdR FORPRO : M . Elie '', P. Faure' , L . Martinez ' ,
I . Suarez-Luiz '
'UMR CNRS 7566, Université H. Poincaré, France
`Instituto Nacional del Carbon (CSIC), Spain

P/APf09

Altération of bentonite by
hyperalkaline fluids : the role
of secondary mineral s
D . Savage ' , C . Walker ` , R . Arthur' , C . Rochelle ,
C . Oda '
Quintessa Limited, UK /"Queen Mary University

of London, UK/ 'Monitor Scientific LLC USA
`'British Geological Survey UK/ 'JNC Japa n

P/AP/1 0
Experimental and modeling study on
long-term alteration of compacted
bentonite with alkaline groundwate r
T. Yamaguchi, Y . Sakarnoto, M . Akai ,
M . Takazawa, Y . lida, T. Tanaka, S . Nakayam a
Japan Atomic Energy Research Institute, Japan

Development of analytica l
technique of alteration mineral s
formed in bentonite by th e
reaction with alkaline solution
H . Sakamoto ' , M . Shibata ' , H . Owada ' ,
M . Kaneko ' , Y. Kuno ' , H . Asano 2
' Taiheiyo Consultant Corporation, Japa n
'Radioactive Waste Management Funding an d
Research Center, Japa n

,'AP '

Alteration processes of organi c
matter from Khushaym Matruck
site (Jordan )
GdR FORPRO : M . Elie ' , R Faure ' , L . Martinez ' ,
L.Suarez-Luiz '
' UMR CNRS 7566, Université H. Poincaré, France
'Instituto Nacional del Carbon (CSIC), Spai n

Reactive surface area in smectit e
dissolution under highly alkaline
condition
M.Tsutsui ' , M . Kuroda ' , S . Yokoyama ' ,
C . Pascua ' , C . Ringor ' , T. Sato'
' Graduate School of Natural Science &
Technology, Kanazawa Unie Japan /'Institute o f
Nature and Environmental Technology Kanazaw a
Univ, Japa n

P(AP/1 4
Hydro-mechanical behaviour of
Callovo-Oxfordian argilite s
percolated by a alkaline fluid :
experimental data and preliminary
model of the chemical damag e
J .-C . Robinet ' , F. Pias' , E . Jacquot `
' Euro-Géomat-Consulting and INSA Rennes ,
France / 'Audra, Franc e
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P/AP!1 B P!AP12` P/AP/r 27

MX-80/iron interactions at 80, Magnetic monitoring of low-tem - Clay-iron interactions under hig h
150 and 300°C under alkaline con - perature (95°C) transformation in pH condition s
ditions: influence of mineralogical natural clays D . Charpentier ' , R . Mosser-Ruck ''

transformations on texture GdR FORPRO : C. Aubourg ' , J .P. Pozzi ' , K . Devineau ' , M .Cathelineau ' , D . Rousset '

K . Devineau ' , D . Charpentier' , F . Villiéras ' , G . Cairanne ' 'UMR CNRS-UHP-INPL-CREGU, G2R n° 7566 ,

R . Mosser-Ruck' , S . Maddi ' , O . Barrés ' , ' Université Cergy Pontoise (UMR 7072), France France / 'UMR CNRS-INPL LEM n° 7569, France

A . Razafitianamaharavo ' 'Ecole Normale Supérieure (UMR 8538), France

'Laboratoire Environnement et Minéralurgie, 'Weiner France

UMR 7569 ENSG-INPL & CNRS France The early mineral reactions of th e

'Géologie et Gestion des Ressources Minérales P/AP/22 MX80 bentonite with high pH NaOH ,
et Energétiques, LJMR 7566 UHP & CNRS, France The fate of smectite before KOH and CA(OH)2, alkaline solution s

becoming illite in bentonite at 60, 90 and 120° C
P/AP/1 experiments S . Ramirez ' , A . Bouchet ' , A . Cassagnabère ' ,
Experimental study on changes of A . Bauer ' , B . Lanson' , E . Ferrage', A . Bauer' , A . Meunier' , P. Vieillard ' , N . Michau4
bentonite mineralogy and physical K . Emerich' , B . Velde4 , T. Fanghanel ' 'ERM. France /'INF, Germany/'HYDRASA
properties as a result of exposure ' FZK-INE Germany / 'Environmental Geochemistry France / 'Andra Franc e
to high pH solutions Group, LG.LT - Maison des Géosciences, Université

O . Karnland ' .' , S . Olsson' , U . Nilsson' , R Sellin° J. Fourier, France / ' FZK-ITC-WGT, Germany

' Clay Technology AB, Sweden / 'Geological `'Laboratoire de Géologie de l'Ecole Normale Experimental and modelling stud y
Department, Lund University, Sweden Supérieure de Paris, France of bentonite evolution as a functio n
'Geochimica, Sweden / 'Swedish Nuclear Fuel of temperature and distance to a
and Waste Management Co., Sweden PIAP/23

source of iro nIron corrosion in Callovo-Oxfordian
D . Guillaume" , G . Montes-H', D . Charpentier 'argillite

Reactive transport modeling of G . de Combarieu ' , P. Barboux ' , Y. Minet ' , 'UMR 7566 CNRS, Université H. Poincaré, Franc e
' Westfalische Wilhelms-Universitat Münster,

cement - claystone interaction : N . Codon '
Institut fürMineralogie, Germany /'UMR 751 7

application to Opalinus clay ' CEA Marcoule, DEN/DTCD/SECM/LCLIi France ULP-CNRS, CGS Franc e
using a degradation model 'Ecole Polytechnique, LPMC Franc e

U . Mader ' , D . Traber ' , B . Schwyn ' P/AP!30

'Rock-Water Interaction, Geological Sciences, Modelling the interface betwee n
Predicting the long term durabilit yUniversity of Bern, Switzerland / 'Nagra iron and clay material s

Wettingen, Switzerland of concrete engineered barriers in G . Beauplé, N . Michau, E . Jacquo t
a geological waste disposal Andra France
L . 'mignon ' , V. Devallois ' , H . Peycelon ' ,

Geochemical behavior of a kaolinite/ C . Tiffreau ' , X . Bourbon' P''AP!3 1
smectite clay material under neutral 'CEA DTN/SMTM/LMTE CE - Cadarache, France X-ray diffraction modellin g
and alkaline conditions 'CPA DPCi SCCME/LECBA CE Saclay, France technique as a tool to investigat e
Made Benoit' , Michaux Laurent ' 'Andra, France

smectite structural changes
' Ecole des Mines de Paris, GIG, UMR -CNRS through its hydration propertie s
Sysiphe, France /'CEA, CEN-FAR E . Ferrage ' '' , B . Lanson ' , E . Jacquot'
DCC/DESD/SESD, France Experimental studies of th e

interactions between anaerobically ' Environmental Geochemistry Group, LGIT —
Maison des Géosciences, Université JosephR19 corroding iron and bentonite
Fourier-CNRS, France ! 'Andra, FranceErosion, generation, and stability L . Carlson ' , O . Karnland' , V. M . Oversby' ,

of calcium bentonite colloids at A . P. Rance '̀, N . R . Smart" , S . Margit' ,

the bentonite/granite interface M . Vahanen s, L . O . Werme ' Session: Geochemistry
Min-Hoon Baik, Jae-Owan Lee, Won-Jin Cho ' Geological Survey of Finland /'Clay Technology, and mineralogy (Gllitl
Korea Atomic Energy Research Institute, Korea Sweden /'VMO Konsult, Sweden /'Serco

Assurance, UK/'Saanio & Riekkola Dy, Finland P/GMf0 1
°Posiva, Finland / 'SKB Sweden Chemical interaction between th e

Evaluation of Long-term settlement clay barrier and the radioactiv e
of container for HLW in bentonite Thermal properties of bentonite waste
saturated by various salinity of water M .D . Alba ' , R . Alvero ' , A .I . Becerro ' ,under extreme condition s
Kunihiko Nakamura, Yukihisa Tanka M .A . Castro ' , P. Chain ' , A . Escudero ' ,Radek Vasicek ,
Central Research Institute of Electric Power M . Naranjo ' , A .C . Perdig6n ' ,1 .M . Trillo '

Centre of Experimental Geotechnics, Faculty o fIndustry. Japan 'Instituto Ciencia de los materiales de Sevill aCivil Engineering Czech Technical University,
Czech Republic CSIC-Universidad de Sevilla Spain /'Departmen t

of Chemistry and BP Institute, university o f
Cambridge, UK
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P/GM/02 P'tG M/08 P/GM/1 3
pH buffering in compacted Na smectites in the Cala de Tomate Implementation of an infrare d
bentonite bentonite deposit (Spain) : a natural sensor for the in-situ determinatio n
M .H . Bradbury, B . Baeyens analogue of the salinity effect on of the gas partial pressures in a
Paul Scherrer Institut, Laboratory for waste the bentonite barrier of a radwaste borehole (Mont Terri, Switzerland )
management. Switzerland disposal C . Cailteau '2 , P. De Donato ' , J . Pironon2 ,

L . Pérez del Villar ' , M . Pelayo ' , A . Vinsot3 , E . Jacquot'
P/GM/03 A .M . Fernandez ' , J .S . COzar ' , A . Delgado`, ' LEM, UMR 7569 CNRS, ENSG,/INPL Nancy
Comparison of two formulations for E . Reyes ' , J .M . Fernandez-Soler' , M . Tsige' 2 G2R-CREGU, UMR 7566 CNRS Université
multicomponent reactive modeling 'CIEMAT/DIAE/CEAGP,/Ed., Spain /'Dpto. de Henri-Poincaré, France /3Andra Franc e
by global approach Ciencias de la Tierra y 0u/mica Ambiental .
M . Fahs, J . Carrayrou, P. Ackerer Estacidn Experimental del Zaidin (CSIO, Spain P/GM/14

Institut de mécanique des fluides et des solides, 3 Dpto. de Mineralogla y Petrologia . Universidad The hydrogeochemistry o f
UMR 7507 ULP-CNRS. France de Granada Spain / °Dpto. de Geodinârnica . argillaceous rock formationsa t

Facultad de Ciencias Geolôgicas, Universidad the Horonobe URL site, Japan
Complutense, Spain K . Hama ' , T. Kunimaru ' , R . Metcalfe'

Dynamics in clays, microscopic ' Japan Nuclear Cycle Development Institut e
simulation and neutron scattering GM/09

Horonobe Underground Research Center, Japa nOld groundwater age dating withN . Malikova, V. Marry, A . Cadène, E . Dubois, 'Quintessa Japa n
P. Turq Krypton by using Ris-Tof facilit y

Université Pierre et Marie Curie, Laboratoire GdR FORPRO : B . Lavielle ' , V. Lavastre ' , P/GM/1 5
Liquides Ioniques et Interface Chargées, France E . Gilabert ' , B . Thomas ' , N . Thonnard ` Behavior of 137 Cs, 238 Pu(IV), 237 Np(V )

' Laboratoire de Chimie Nucléaire Analytique et in bentonite pore waters
P/G M /05 Bioenvironnementale (CNAB), UMR , France M .N . Sabodina ' , St .N . Kalmykov ' ,
Microbial analysis of samples from ' Institut of rare isotope measurement (IRM Y.A . Sapozhnikov ' , V.P. Beigul 2 , T.A . Tupalo '

University of Tennessee USAthe "Tunnel Sealing Experiment" 'Radiochemistry div, Chemistry dept,
at AECL's underground research Lomonosov Moscow State University, Russia

laboraTory Natural analogues in the perform -
2 VNPIPI Promtechnology Russia

S . Stroes-Gascoyne, C .J . Hamon, D .A . Dixon, ance assessment of a nuclear waste PIGM/1 6J .B . Martino disposal : the Cortijo de Archidona Chemical and isotopic analysi s
AECL Whiteshell Laboratories, Canada deposit and the salinity effect of hydrocarbon traces degased out

A . M' . Fernandez ' , D . Arcos' , M . Pelayo ' , of Callovo-Oxfordian argillites fro m
Geochemical advanced mock-up M . Tsige 2 , J . M . Fernandez-Soler', P. Rivas ' , Bure (France) : methodology an d

L . Pérez del Villar 'experiments : outlining the valida - result s
CIEMAT Dpt. of Energy Environmental Impac ttion of engineering repository Y . Huiban ' , S . Noirez ' , A . Prinzhofer ' ,

`' Enviros,

	

3Faculta dSpain /

	

Spain /

	

de Ciencia s
P.L . Martin, J .M . Barcalag . Barrera J-P. Girard ' , J . Chappellaz'Geoldgicas, Universidad Complutense Spain
OEMAT, Spain ''Dpta de Mineralogla y Petrologa. Universidad 'Institut Français du Pétrole, France / `BRGM,

de Granada Spain bureau de Recherches Géologiques et Minières,
P/GM/GT France / 'Laboratoire de Glaciologie et d e

State-of-the-art on the key P/GM/11 Géophysique de l'Environnement (LGGE), Franc e

near-field geochemical processes Hydrochemical characterisation PIGM/1 7
(NF-PRO Project) of the Opalinus clay in the test Radiation resistance of the natura l
B . de la Cruz ' , M . V . Villar ' , M . . Turrero ' , interval of the BDI-B1 borehole and bacteria population in FEBE XJ . Pena ' , A. M . Fernandez ' , T. Carlsson', on site pH, Eh, Fe(ll) and alkalinity

bentoniteA . Muurinen 2 , T. Meyer' , H .-J . Herbert 3 , measurements
D . Arcos ' , A . Vokal 5 , R. Hernan 5 A .M . Fernandez ' , MJ . Turrero ' , A . Yllera ' ,

M . Mingarro, M . Garcia-Gutiérrez ,
1 . Quinone s

'CIEMAT, Spain /''VTT Technical Research A .M . Melon ' , M .D . Sanchez ' , J . Pena ' ,
Centre of Finland Finland // 'GRS : PO Box 10 A . Garral6n ' , P. Rivas ' , R. Hernan 2 CIEMAT, Departamento de Irnpacto ambiental

15 64, Germany / `' ENVIROS, Spain /'NR( de la energia, Spain
' OEMAT, Dpto. of Environmental Impact o f

Czech Republic / C ENRESA Spain
Energy, Spain /

2 ENRESA Madrid, Spain PIGMi .̀ ;

Temperature effects on the wate r
retention properties of compactedPore water chemistry of satured
MX80 bentoniteFEBEX bentonite compacted at A-M . Tang, Y-J . Cu i

different dry densities: implications
CERMES, ENPC Institut Navies Franceto the properties of the bentonite -

water system
A .M . Fernandez, P. Riva s
CIEMAT, Spain
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P!GMj19 P/G M!26 P/GM!3 1
Micro-macro modelling of the in-situ pCO2 measurement in Boom O, H and Sr isotopes in formatio n
electrical resistivity of clay-water Clay : the PEGASUS experiment waters of Jurassic limestones fro m
system : role of the aggregation H . Moors, M . De Craen, M . Van Geet, L . Wang the eastern Paris basin, and conse -
process SCK CEN (Belgian Nuclear Research Institute), quences
Ph . Cosenza, A . Tabbagh Geological disposal, Belgium GdR FORPRO : S . Giannesini 12 '3 , J . Lancelot ' ,

Université Pierre et Marie Curie, Sisyphe UMR C . France-Lanord 2 , C . Guilmette 2 , S . Buschaert'
P/GM/2 7

7619, France ' GIS-CEREGE UMR6635, France /'CRPG -CNRS
Isotopic signatures (6 13 C, 5 18 0 and UPR2300, France / 'Audra, France
87 Sr / 86 Sr) of paleofluids related t o

Investigation of B and Li isotopes different fracturing and diagenetic PIGM!32
in Callovo-Oxfordian porewater at stages in the Dogger limestones Actinide speciation in the environ -
Bure, eastern Paris Basin : objectives from EST 210 drilling . Comparisons ment to support safety assessmen t
and preliminary results with the isotopic signatures of the of geological repositories
J .-P. Girard, C . Guerrot, R . Millot, J . Casanova Callovian-Oxfordian clays from the A. Novikov ' , S . Kalmykov2

BRGM, Unité de Géochimie Isotopique, Service Meuse/Haute-Marne 'Vernadsky Institute of Geochemistry and

Analyse et caractérisation minérale ANA/ISO, L. Siebenaller ' , S . Fourcade 2 , I . Techer3 , Analytical Chemistry Russian, Academy of
France C . Hibsch', M . Cathelineau ' Sciences, Russia / 2 Lomonosov Moscow State

University, Russia
'UMR CNRS 7566 G2R Université Henri Poincaré,
France / 2Géosciences Rennes UMR CNRS 6118,

Experimental study of electrical and PIGM/3 3

dielectric properties of consolidated
Université de Rennes 1, France /'Espace GIS,
Laboratoire de Géochimie Isotopique UMR 6635, Determination of the isotopi c

clayey materials CEREGE, Centre Universitaire de Formation et de composition of pore water

GdR FORPRO : L . Comparon'', M . Zamora, Recherche de Nimes, France from the argillaceous formation s
G . Ruffié', P. Talbot', G . Grandjean' of Tournemire (France) :
' UMR7046, IPGP France /'BRGM /'PTOM, an inter-comparison study
Bordeaux / ' LEST Brest Analysis of the pore water chemistry M . V. Altinier ' .2 , M . Massault 2 , S . Savoye ' ,

obtained by squeezing from rock C . Beaucaire ' , J-L. Michelot2 , H . N . Waber 3 ,
samples of the Meuse-Haute-Marne D . Tessier '

Effect of microbial activity on the underground laboratory (France) 'IRSN, SARG/LETS France / ` UMR IDES CNRS,
chemical composition of ground - A .M . Fernandez, R . Campos, M .D Sanchez, France ,' 'Rock-Water Interaction (RWI), Switzerlan d
waters in the argillaceous forma - M . Sanchez, A . Quejido INRA Unité de Science du Sol, Franc e

tions of Tournemire (France) CIEMAT, Departamento de Impacto ambienta l
C . Beaucaire ' '' , S . Savoye ' , J .-M . Matray ' , de la energia, Spain Session: Investigations onJ .-L . Michelot2 , S . Daumas' geological environment s
' IRSN/DF_I,/SARG/LETS, France / 2 UMR IDES
CNRS-Université Paris-Sud, France / 3 CFG, Modeling of a bentonite engineered (IGE)
Groupe BRGM, France barrier system: feedback of miner-

alogical modifications on physical
,r,I,

t:;

	

'^ 1
P ;/I GM/23 properties Analysis of a intracarixian clay
Development of methods for on - N . Marty' '2 , G . Montes-H ' , B . Fritz ' , horizon into carbonate platfor m
line measurements of chemical A. Clement ' , N . Michau2 of the Ouarsenis (Algeria) :
conditions in compacted bentonite ' UMR 7517 ULP-CNRS CGS, France / 'Audra, composition, dynamic an d
A. Muurinen, T . Carlsson France paleoclimatic implicatio n
Vtt Processes, Finland M . Benhamou, A . Salh i

Faculté des Sciences de la Terre et de
P/GM/24 Geochemical simulations and IAmenagement du territoire, Départemen t
Effect of the organic matter on the long-term extrapolations to model de Géologie, Université d'Oran, Algeria
dissolution reaction of bentonite : the conditions encountered i n
the case of salicylate the Ophelie mock-up P/IGE/02
S . Garcia-Palma, M .L . Rozalén, F .J . Huertas, D . Sali ' , N . Michau ' , H . Van Humbeeck 2 , Timing of the saprolitisatio n
J . Linares P. De Cannière ' , A . Dierckx" , M . Julien ' processes in the sediments
CSIC Estacion Experimental del Zaidin, Opt . Earth ' Audra . France /'Euridice EIG c/o SCK-CEN, of the Ardenne area (Belgium )
Sciences and Environmental Chemistry, Spain Belgium / 3SCK-CEN, Belgium ! 'Ondraf/Niras, J . Yans ' , A . Perruchot2 , C . Dupuis '

Belgium / 1'CEA- Cadarache, France ' Faculté Polytechnique de Mons, Géologie
P ;! G

	

'29 Fondamentale et Appliquée, Belgium /'Université
Stable oxygen and hydrogen isotope de Paris-Sud Xl, Laboratoire de Géochimie de s
ratios in clay rock pore waters : ana - roches sédimentaires, France

lytical and interpretative aspects
A . Bat h
Intellisci Ltd, UK
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Pf IGEj03 PJIGE//09 P/IGEj1 5
A clay grouting technique for granitic Characterizing dissolved organic Impact of landscape evolution ove r
rock adjucent to clay bulkhead matter in clay formations evaluated 1 million years on the hydrauli c
K . Masumoto ' , Y. Sugita' , T . Fujita ' , for radioactive waste disposal boundary conditions of th e
J .B . Martino', E .T . Kozak' , D .A . Dixon ' A. Courdouan ' , I . Christi ' , P. Wersin' , Callovo-Oxfordia n
' Kajima Technical Research Institute, Japan R . Kretzschmar ' V. Ides ' , E . Mouche ' , P. Maugis ' , M . Huhle ' ,
'Japan Nuclear Cycle Development Institute, 'Institute of Terrestrial Ecology (iTOe), Switzerland J . Brulhet' , G . Vigneron ' , J . Wendling'
INC, Japan / 'Atomic Energy of Canada Limited, `National Cooperative for the disposal of 'Laboratoire des Sciences du Climat et d e
AECL Canada radioactive waste (Nagra), Switzerland l'Environnement, UMR CEA-CNRS, Franc e

'Andra France
Pf 1GE/ 1 à

Anisotropy of elastic, magnetic, and Tectonics in the Mont Terri rock D'IGE!1 E
microstructural properties of the laboratory Multiscale investigation of th e
Callovo-Oxfordian shales (Meuse) C . Nussbaum, P. Bossart structure of swelling clays unde r
GdR FORPRO : C . David, P. Robion, Institut Géotechnique SA Switzerland confined condition s
B . Menendez 1 . Bihannic ' , L . J . Michot ' , K . Devineau ' ,
Université de Cergy-Pontoise, Département des Pf IGE/ 11 S . Maddi ' , F. Villiéras ' , O . Cuisinier ' ,
Sciences de la Terre et de l'Environnement, France Detection and identification of F. Masrouri' , B . Demé 3 , G . Fragneto'

autochthonous microorganisms 'Laboratoire Environnement et MinéralurgiePj1GE/05
in deep clay-rocks formations under UMR 7569 CNRS-INPL-ENSG, Franc e

Magnetic mineralogy of Jurassic 'Laboratoire Environnement Géomcanique etevaluation for disposal of high
argillite specimens from eastern Ouvrages, ENSG-INERIS-INPI, France / 3 lnstitu tactivity nuclear wastes : exampl e
Paris Basin (France) : coexisting Laue-Langevin, France

of Opalinus clay Mont Terri ,iron-sulphides and iron-oxides
Switzeland) Pf IGEI1 7

GdR FORPRO : L . Esteban'' , J . Bouchez ' ,
GdR FORPRO : S . Poulain ' ", C . Sergeant ' , Hydrogeological

	

i nprocessesR . Siqueira ' , Y. Géraud '
C . Le Marrec' , M . Simonoff ' , S . Altmann ' the Paris basin : climate an d1 tNTG, UMR CNRS #5563, France / 'Andra

France /'EOSL France 'CNAB, CNRS UMR 5084 / Université Bordeaux geomorphologic impacts of th e
1, France /'Unité de Sécurité Microbiologique last five million years

P/IGE/O6 des Aliments - ISTAB. France / "Andra France
A . Jost ' , S . Violette ' , J . Gonçalves ' ,

Estimation of the proportions of clay E . Ledoux ' , Y. Guyomard ' , C . Robin ' ,
minerals in a clay rock from XRD pat - S . Bonnet' , F. Guillocheau ' , M . Kageyama`' ,Predicting the diagenetic evolution
tern treatment: the Arquant model G . Ramstein ' , S . Fauquette 5 , E . Favre ,of argillite repositories : applicatio n
P. Blanc, O . Legendre J .P. Such J .L . Michelot ' , G . de Marsily'

of flow-through reaction cell s
BRGM, France ' Sisyphe, Université Pierre et' Marie Curie, Franc e

L . Warr, N . Clauer, N . Liewig
'Sisyphe, CIG, ENSMR France /'Géoscience s

Centre de Géochimie de la Surface (CGS), Ecole Rennes, UMR CNRS 6118, Université Rennes 1,

Detection of the presence of et Observatoire des Sciences de la Terre (EO57), France / ' Laboratoire des Sciences du Climat et de
France l'Environnement, France / ' institut des Sciences deindigenous microorganisms in the

1'Evolution de Montpellier, Université Montpellier 2,
Opalinus clay Formation, Mont P/IGEj13 France / 6PaléoEnvironnements et PaléobioSphère ,
Terri rock laboratory: geochemical Paleoclimatic approach for ground - Université Claude Bernard Lyon 1, France
and cultivation approaches water dating of the Oxfordian and 'OrsayTerre, FRE 2566 Faculté des Sciences France
L . Mauclaire ' , P. Meister ' , J . A . Kenzie ' , Dogger aquifers (eastern part of
B . Schwyn ' , P. Bossart' the Paris Basin, France )
' Laboratory of Geomicrobiology Geological GdR FORPRO : V. Lavastre ' , B . Lavielle ' , Nodulisation, carbonate (and silica )
Institute, ETH-Zentrum, Switzerland / "Nagra, E . Gilabert ' , B . Thomas ' , S . Giannesini' migration in argillite s
Switzerland /'Geotechnical Institute, Switzerland B . Beaudoin' ' , S . Dennebouy ' , A . Trouiller"

' Laboratoire de Chimie Nucléaire Analytiqu e
et Bioenvironnementale, UMR 5084, France lEcole des Mines de Paris, France /'Andra Franc e

P/IGE108
' GIS -CEREGE, UMR 6635, CUFR Nîmes, France 'MINANDRA partnership

Magnetosusceptibility event an d
cyclostratigraphy (MSEC) of uppe r
Jurassic marly formations (Andra Characterization of the organic Tracing of heterogeneities in th e
underground research laboratory, matter of argillite from the Callovo - Callovo-Oxfordian argillite (eastern
Bure : east of Paris Basin) Oxfordian Paris basin) by use of organi c
E . Huret ' '' , B . Galbrun ' , P.-Y. Collin ' , R. Bon ' , J . Brevet'`, L . Grasset' , E . Gaucher", geochemistry in a stratigraphi e
C . Ravenne ' A . Albrecht ' , A . Ambles ' framewor k
' Université Pierre et Marie Curie, FR CNRS 32 'Andra, France /'Laboratoire de Géochimie Y. Hautevelle ' '` , R . Michels ' , F. Malartre' ,
« CEPAGE », Géologie Sédimentaire, France Organique, UMR-CNRS6514, France/ 'BRGM, M . Elie ' , A . Trouiller'
'Andra France / ' Institut Francais du Pétrole, France ' UMR 7566 CNRS G2R Université Henri Poincaré,
France Nancy 1, France / `Andra, France / 'UMR 756 6

CNRS G2R Ecole Nationale Supérieure de
Géologie, France
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P/IGE/20 P/MTPM/04 F1/MTPM/1 1
Discontinuity networks in mud - An abrasive peeling method for Dynamics of confined water i n
stones : an apparent contradiction measuring diffusion profiles of compacted clay system s
for Boom clay at Mol, Opalinus clay strongly sorbing radionuclides in F. Gonzalez ' , F. lurânyi2'3 , T. Gimmi ' .4 ,

at Mont Terri, Callovo-Oxfordian argillaceous rocks L .R . Van Loon ' , T. Seydel 5

silty clay at Bure L .R . Van Loon, J . Eikenberg 'Laboratory for Waste Management Paul Scherre r

M . Arnould ' , M . Mazurek2, N . Vandenberghe' Paul Scherrer Institut, Switzerland Institute, Switzerland /'Physical Chemistry,
Saarland University, Germany / 3 L.aboratory fo r

'Centre de Géologie de l'ingénieur, France Neutron Scattering Paul Scherrer Institute
'Rock-Water Interaction, Institute of Geological 4 lnstituteSwitzerland /

	

of Geological Sciences,
Sciences, University of Bern, Switzerland A Wavelet approach to robust `'InstitutUniversity of Bern, Switzerland /

	

Laue-
3Laboratoriurn voor stratigrafie, KU LEVEN, Belgium solver for three dimensional Langevin, 38042, Franc e

contaminant mass transpor t
P/1GE/2' H . Nasif, A . Neyam a
Clay minerals in the Meuse - Haute

Computer Software Development Company Ltd, Diffusion and activation energies
Marne underground laboratory CSD, Japan of I - and Cs+ ions in compacted
(France) : Possible influence of smectite
organic matter on clay mineral P/MTPM/06 H . Sato
evolution Can thermal osmotic transport occur Japan Nuclear Cycle Development Institut e
F. Claret '' , B . A . Sakharov' , V . A . Drits ' , under stationary conditions after UNC), Japa n
L . Griffault 2 , B . Lanson ' canister lifetimes are exceeded ?
'Environmental Geochemistry Group, LGIT, CNRS M . Navarro P/MTPM/1 3
— Univ J Fourier, France / 'Andra, France GRS Germany Time-course variation in hydrauli c
'Geological Institute, Russian Acad . Sci., Russia conductivity of clay-sand compacte d

P/MTPM/07 specimens using calcium rich wate r
Large-scale gas injection test T . Ebina, D . Sugiyana, Y. Onodera ,Meuse/Haute-Marne underground (LASGIT) at the Aspii hard rock A. Chatterje e

research laboratory examination, laboratory in Sweden National Institute of Advanced Industrial Scienc eon a shaft wall, of pluridecametric S .T. Horseman ' , D .J . Birchall ' , J .F. Harrington ' , and Technology, Laboratory for Membran e
features induced by borehole P. Sellin g Chemistry - Japan
hydrofracturing tests 'British Geological Survey, Keyworth, UK / 'Svensk
L . Bertrand ' , Y Gros ' , H . Rebours 2 , Karbranslehantering AB (SKB), Stockholm, Sweden P/MTPM/1 4
Y. Wileveau 2 , B . Proudhon ' An alternative experimental set-u p
'ANTEA France / 'Andra, France / ' CEO-TER, PfMT1PMf08 for diffusion experiments applicable
subcontractor to EDF-TEGG, France Non-isothermal multiphase solute to in-situ studies

transport in partially saturated M. Garcia-Gutiérrez, M . Mingarro, T . Missana ,

Session: Mass transfer bentonite P.L . Marti n
S . Hua ' , X . Mingliang ' , N . Thomas ' , K . Olaf ` CIEMAT, Departamento de Impacto ambienta land porous media (MTPM
' Federal Institute for Geosciences and Natural de la energia, Spain
Resources, Germany /'Center of Applie dP/MTPM/01
Geosciences, Chair of GeoSytemsResearch, P/MTPM

Modeling of long-term diffusion - University of Tubingen, Germany Fluid flow in highly compacte d
reaction in a bentonite barrier for clays - laborative and numerica l
radioactive waste confinement P/MTPM/09 simulation
G . Montes-H ' , N . Marty ' , B . Fritz ' , A. Clement ' , Transport through shales . thermo - T. Wilsnack' , S . Boy ' , M . Gruner 2 , W. Ga g ner'
N . Michau 2 dynamic approach, importance ' lBeWa - Consulting for Mining Water and Wast e
'UMR 7517 ULP-CNRS CGS, France /'Andrz of the microstructure, and com- Disposal Engineering Germany /'Departmen t
France paraison with experimental data of Mining and Special civil engineering of th e

P. Leroy, A . Revil Freiberg University of Mining and Technology,P/MTPM/02
CNRS-CEREGE Département Germany

Moisture content monitoring of d'Hydrogéophysique et Milieux poreux Franc e
clay barriers using geoelectri c
tomography P!MTPM!10 Porosity, pore structure and bindin g
K . Wieczoreck, T. Rothfuchs Modeling of tracer behaviour and state of water in Opalinus clay,
GRS, Final repository Research Division, Germany dominant reactions during the pore Switerlan d

water chemistry (PC) experiment in T.

	

M . Mazurek '
P/MTPM/03

the Opalinus clay, Switzerland ' RWI Institute of Geological Sciences, University
Diffusion coefficients of some D . Arcos ' , T. Girnmi 2, ', L . Duro ' , H .N . Waber 2 of Bern, Switzerland /'LES Paul Scherrer Institu t
cations in a mudrock sample from Villigen, Switzerlan d' Environ Spain, Spain / 'RWI, Institute o f
the Bure site Geological Sciences, University of Bern,
T. Melkior, S . Yahiaoui, D . Thoby, V . Barthès Switzerland /''Paul Scherrer Institut, Switzerlan d
CEA SAT France
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P/MTPM/17 P/MTPM/22 P/MTPM/28
A fast and sensitive method for Gas flow mechanism in an Modelling the overpressure regim e
evaluating nuclides migration engineered barrier system in the Opalinus clay, at Benken (CH) .
characteristics in rock medium G . Klubertanz' , J . Croisé ' , M . de Combarieu 2 , Impact of the development of th e
K . Okuyarna ' , A . Sasahira ' , K . Noshita ' , A . Fujiwara', S . Vomvoris`' topographic relief through a 2 D
T. Yoshida 2 , K . Kato', S . Nagasaki'' , T . Ohe5 'Colenco Power Engineering AG, Groundwater analysi s
'Power and Industrial Systems R&D Laboratory, Protection and Waste Disposal, Switzerland D . Bruel
Hitachi, Ltd., Japan / " Nuclear Systems Division, 2Andra, France / 3 RWMC, Radioactive Waste

Ecole des Mines de Paris, Centre d'informatiqu e
Hitachi, Ltd., Japan /'Nuclear Fuel Cycle Management Funding and Research Center ; Japan Géologique (CIG). France
Department, Tokyo Electric Power Company, Naga Switzerlan d
Japan / ' institute of Environmental Studies, P/MTPM/29
Graduate School of Frontier Sciences, The PIMTPM123

Monte Carlo Simulation of NaC l
University of Tokyo, Japan / 5 Energy Engineering Water transport in bentonite :
Course, Applied Science Department, School of evaluation by molecular dynamics, species in Na-Montmorillonit e
Engineering, Tokai University, Japan Interlayershomogenization analysis and

T. Thoenen
similitude law

Paul Scherrer Institut, Waste managemen t
Y. Ichikawa ' , S . Prayonghan', K . Kitayama 2 ,The in-situ gas migration test (GMT) Laboratory, Switzerlan d
K . Kawamura 'at the Grimsel test site : gas injection
' Department of Environmental Enginee ring andand system hydraulic tests
Architecture, Nagoya University Japan / 2 NUMO, Validation and use of a reactiveS . Okamoto ' , S . Yamamoto ' , A . Fujiwara ' , Japan / 'Tokyo Institute of Technology,. Meguro,

S . Vomvoris 2 , R Marschall2 , G .W . Lanyon ' , Japan transport code in porous medi a
K . Ando' , T. Shimura'' Ph . Montarnal ' , A . Dimier2 , C . Mégler ' ,

' RWMC Japan / 2 Nagra, Switzerland / 'Fracture J . Colin ' , M . Descostes '

Systems Ltd, Tregurrian, UK / `Obayashi Experiments on water sorption and Commissariat à l'Energie Atomique, Centre d e
Corporation, Japan dilatation Saclay, France / 2Andra, Franc e

P/MTPM/19 R . Hanus, I . Kolarikova, L . Brabec, R . Prikryl,
P/MTPM/3 1

E . Jeline k
A Discussion of the applicability of Determination of the minimal sam -

Charles University, Faculty of Science, Ins. o f
water/air two-phase flow modeling Geochemistry, Mineralogy and Mineral Resources, ple thickness for diffusion experi -
to in-situ gas migration behavior in Czech Republic ments with strong sorbing tracer s
engineered barrier system J . Mibus ' , P. Trepte 2 , V. Brendler '

K . Mori ' , K . Tada ' , H . Tosaka2 , S . Okamoto', Forschungszentrum Rossendorf Institute o f
A . Fujiwara ' Qualification of Aster_code for Radiochemistry Germany /'University o f

'Geoshpere Environmental Technology, Inc, the simulation of two-phase flows Applied Sciences, Faculty of Mechanical an d

Nihonbashi, Japan / 2 University Tokyo, Graduate in porous media. Application to Process Engineering Germany

School of Engineering Japan / 3 RWMC Mascilia experiment » , MTPM/3'2Radioactive Waste Management Funding and M . Eddi ' , C . Chavant ' , J . Texeraud '
Research Center, Japan Diffusion of humic colloids i n

' EDF/R&D/MFTT France / 2EDF/R&D/AMA, compacted bentonit e
P/MTPM/20 France / `Student MATMECA Université de S . Wold, T. Erikse n
Diffusion of strontium 85 in highly Bordeaux I, France

Royal Institute of Technology, Chemistry
compacted montmorillonite : varia - Department/Division of Nuclear Chemistry,
tion of sample thickness and ionic Molecular modelling of the state Swede n

strength and dynamics of water and ions P/MTPM/3 3M .A . Claus, A . Jakob, W . Moller, L .R . Van Loon in the interlayer region of clays Multiscale, coupled T-H model forPaul Scherrer Institut, Laboratory for Waste G . Kosakowski
Management, Switzerland system studies

Paul Scherrer Institut, Waste management G . Danko ' , D . Bahrami ' , F. Frigyesi 2
Laboratory Switzerlan dP/MTPM/21 ,

University of Nevada, USA ! 2 Paks, Hungary
Pore network connectivity P/MTPM/2 7
anisotropy in Jurassic argillite Effect of homogenization on the

P/MTPM /3 4

specimens from eastern Paris exclusion of chloride in compacted
Heat and water mass transfer i n

Basin (France) bentonite
unsaturated swelling clay base d

GdR FORPRO : L . Esteban '' 2 , Y. Géraud' , A . Muurinen ' , O . Karnland 2 , J . Lehikoinen '
buffer : discussion on the effect of

J .-L . Bouchez ' the thermal gradient and on the'VTT Processes, Finland / `Clay Technology AB,
' LMTG . UMR CNRS #5563, France / 2Andra Ideon Research Centre, Sweden diffusion of water vapou r
France /3 EOST France J .-C . Robinet ' , F. PIas2

Euro-Géomat-Consulting France / 2Andra France
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P/MTPM/35 P(MTPMI41 P/MTPM/47
Microstructure and porous network Osmotic origin of overpressures in Fractured porous medi a
characterisation of calcareous and shale formations : impact of osmotic GdR FORPRO : V. Mourzenko " , B . Bogdanov ' ,

clayey rocks using high resolution efficiency models J .-F. Thovert 2 , R.M . Adler '

X-ray microtomography and petro- R. Gueutin, J . Gonçalvès, P Cosenza, S . Violette 7/PGP, France / " LCD, SP2MI, France

physical tools Université Pierre et Marie Curie, UMR-7619 -

S . Sammartino ' , S . Buschaert` SISYPHE, France P!MTPMj4 8
Stereological analysis of fractur e

'Université de Poitiers, ERM, France / "Andra,
networksFrance

In-situ chemical osmosis experiment GdR FORPRO : J .-F. Thovert 2 , A .K . Gupta ' ,

P/MTPMl36 in Boom clay at the underground P.M . Adler '

Numerical simulation of the hydro - research laboratory at Mol ' IPGP, France / "PTM/LCD, France

gen migration out of intermediate A .M . Garavito ' , Fi . Kooi ' , P. De Cannière "
P/MTPM/49

level radioactive waste 'Department of Hydrology and Geo-Environmenta l

G . Mayer ' , J . Talandier2 , R. Siegel 2 , J . Croisé` Sciences, Faculty of Earth and Life Sciences, 1/rije Parameter estimation for reactiv e
Universiteit, The Netherlands / "SCK-CEN, Belgian transportColenco Power Engineering AG, Groundwater

Protection and Waste Disposal , Switzerland Nuclear Research Centre, Belgium M . Aggarwal"', J . Carrayrou '

"Andra France Institut de Mécanique des Fluides et des Solides
PIMTPM?43 de l'Université Louis Pasteur, UMR 7507 Université

P!MTPMt37 Influence of ionic strength on the Louis Pasteur-CNRS, France / "̀ Indian Institute o f

From U-series desiquilibrium transport parameters of tritiated Technology. Department of Chemical Engineering

measurements in clayey sediments water and iodide in Boom clay India

to radionuclide migration processes H . Moors ' , A . Dierckx " , M . Aertsens ' ,

J . Casanova ' , J . Brulhet 2 P. De Cannière '
Gas threshold pressure tests i n

' BRGM France / 'Andra France 'Belgian Nuclear Research Centre (SCK CEN),
Waste and Disposal Departement, Belgium argillaceous rock - Results fro m

PfMTPMf38 "NIRAS,/ONDRAF, Belgium the Bure and Benken sites
B . Frieg ' , C . Enachescu e , P. Marschall ' ,Extension of the de-saturated zone PIMTPMj44 R . Senger ' , M . Distinguin`' , J . Delay'

around different drifts in the Design and dimensionning of in-situ Nagra, Switzerland / "Golder Associates GmbH,
Tournemire argillites by means of diffusion experiments at Bure Germany /"Intera Incorporated, USA / 'Andra ,
petrophysical measurements cou- E . Tevissen ' , S . Dewonck 2, P. Montarnal " , France
pled to gas tests P. Brisset°, V. Blin ' , M . Descostes ' ,
J .-M . Matray ' , S . Savoye ' , S . Lemius ' , M . Kech" „MTP .i?5 1F. Goutelard ' , C . Poinssot '
' IRSN/DEI/SARGH/LETS, France / "SOLEXPERTS, 'CEA/Saclay, DEN/DPC/SECR/L3MR France Estimation of the storage impact
Switzerland "Andra, France./ "CEA/Saclay, DEN-DM2S-SFME- on the fluids movement in th e

MTMS France / °CEA,/Saclay, DRT/DeTeCS/LIAS Callovo-Oxfordian geological laye r
PJMTPM/39 France B . Faith ' , H . Hakmark ' , J . Wendling` ,
Treatment and exploitation of tem - M . Akesson '
poral series of borehole pressure at ' Clay Technology AB, Ideon Research cente r
the experimental argillaceous site Osmotic flow and overpressures Sueden / 'Andra France
of Tournemire within the Callovo-Oxfordia n
H . Fatmi ' , A . Mangin ' , J .-M . Matray 2 , argillite in the eastern part of
S . Savoye 2 the Paris Basin Multidomain simulation of flow an d
'Laboratoire Souterrain de Moulis CNRS/UPS, 1 . Croisé ' , A . Vinsot" , D . Noy' transport around the Bure site
France / " IRSN/DEI,/SARG/LETS, France Colenco Power Engineering AG, Groundwater F. Clément ' , J . Jaffré' , J . E. Roberts ' ,

Protection and Waste Disposal, Switzerland A . Sboui ' , V. Martin 2
P(MTPMj4d "Andra France /'British Geological Survey ' INRIA-Rocquencourt, Projet Estime, Franc e
Assessment of geochemical stability Kingsley Dunham Centre, UK "Politechnico di Milano, Italy
of the Spanish reference clay b y
hydrogeochemical and reactive P/MTPM/46 P/MTPMl5 3
transport modeling Numerical simulation of the hydro - Uraninite stability within alkaline
L . Montenegro, J . Samper, L . Zheng, C . Yang gen migration out of intermediate clay porewater (Belgian project) ,
University of A Coruna Civil Engineering School, level radioactive waste and natural analogue of uraninit e
Spain G . Mayer ' , J . Talandier2 , R. Siegel " , J . Croisé ` preservation in argillaceous medi a

'Colenco Power Engineering AG, Groundwater T. De Putter ' , S . Decrée ` , J . Yans '
Protection and Waste Disposal , Switzerland ' Musée Royal de (Afrique Centrale, Géologie
"̀Andre France Isotopique, Belgium ./ 'Université Libre de Bruxelles,

Belgium /'Faculté Polytechnique de Mons,
Géologie Fondamentale et Appliquée, Belgium
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Agnès Sore t
Lounge Monday 14 th to Thursday 17 th - 14:00 - 15 :00

Equilibrium studies of Mn and Zn
ions removal from aqueous solu -
tions by kaolinite clay
M . N . Tijani ' •' , S .-I . Onodera`

'Department of Geology, University of Ibadan,
NIGERIA/ ` Biogeochemistry laboratory, Hiroshima
University, Japa n

Adsorption behaviour of bivalen t
ions onto Febex bentonite
T. Missana, M . Garcia-Gutiérre z

CIEMAT, Departamento de lrnpacto ambienta l
de la energia, Spai n

PISRC/03.

Behaviors of Cs and Se o n
Wyoming Bentonite in sea wate r
and synthetic groundwater
S .-C . Tsai ' , Y .-L .Jan' , T.-Y.Chen 3 , C .-N . Hsu 3

'Department of Occupational Safety and Hygiene ,
Fooyin University, Taiwan / `Departrnent of Civi l
Engineering Ching Yun University Taiwa n
3lnstitute of Nuclear Science, National Tsing Hua
University, Taiwa n

Incorporation of trivalent actinides
(Cm(III)) in calcite . A time resolved
laser fluorescence spectroscopy
(TRLFS) study
M . Marques Fernandes, T. Stumpf, T . Rabung ,
A . Bauer, T. Fang [Jai-le i
Institut of Nuclear Entsorgung Forschungszentrur n
Karlsruhe, Germany

Tc(IV) interaction with dissolve d
Boom clay humic substances
C. Bruggeman, A . Maes, J . Vancluysen ,
K . Geraedts
Kuleven, Departement lnterfasechemie ,
Laboratorium voor Colloidchemie, Belgium

P/SRC/0 6
Matching a surface complexatio n
model with ab initio molecular
dynamics : montmorillonite case
D. A . Kulik, S . V. Churakov
Paul Scherrer Institut, Geological Modelling
Switzerland

P/SRC/O7
Sorption behavior of Cs ont o
bentonite colloi d
K. lijima ' , T. Tomura ' , T. Masuda 3
Waste Isolation Research Division, Japan Nuclea r

Cycle Development Institute UNC), Japa n
`inspection Development Corporation, Japa n

P,'ERG`O R

Solubility limited retention o f
strontium in Boom Cla y
L.Wang, M . De Craen, S . Sala h

SCK CEN (Belgian Nuclear Research Institute) ,
Switzerlan d

P/SRCIO 9

Sorption of selenium on mineral s
mixtures : role of minor phases i n
the modelling part
H . Charlotte, N . Marinier

Laboratoire de Radiochimie, Sciences
Analytiques et Environnement, France

Fine particle control of radiocesiu m
accumulation in contaminant s
flood plain soil s
E .M . Korobova ' , N .P. Chizhikova2 , A.G .Volosov'

'Vernadsky Institute of Geochemistry an d
Analytical Chemistry, Russian Ac . of Sci., Russia
2 Dokuchaev Institute of Soil Science, Russian Ac .
of Sci., Russia

Study of the interaction of SeOa 2 " ,
1 - , Cs' and Ni e+ on consolidated
bentonit e
E.Alhajji, G . Montavon, B . Grambo w
Subatech Laboratory, Franc e

P/SRC'l Z

Sulphate sorption on Callovo -
Oxfordian argillite
F.Bazer-Bachi ' z , M . Descostes ' , P. Meier ' ,
M .-0 . Simonnot2 , M . Sardin 2 , E . Tevissen '
' CEA/DEN/DPC/SECR/ L3MR CEN Saclay,
France /'Laboratoire des Sciences du Génie
Chimique, CNRS, ENSIC-INPL France

Sorption of iodine and seleniu m
by organo-clays as influenced by
competing anion s
J . Behnse n

University of Hannover, Center for Radiatio n
Protection and Radioecology (ZSR), Germany

P/SRC/14

Influence of temperature
pretreatment on the sorptio n
capacity of organo-clays fo r
iodine and seleniu m
B . Riebe, C . Bunnenber g

Center for Radiation Protection and Radioecolog y
(ZSR), Hannover University, Germany

P/SRC/1 5

Kd or not Kd, that is the question?
M .A .M . Kedziorek, A .C .M . Bourg

University of Pau, Environmental Hydr o
Geochemistry Laboratory (LHGE-JE 2397),
France

P/SRC/1 6

Hydrogeochemistry of Sn and
sorption on bentonite
M .A .M . Kedziorek, A .C.M . Bourg

University of Pau, Environmental Hydr o
Geochemistry Laboratory (LHGE-JE 2397),
France

P/SRCt1 ?

'Co leaching through mortar-
radwaste matri x
I . Pleca s
Institute of Nulcear Sciences, Serbie et
Montenegro

Session- :-M, HM and THM-C
processes in engineere d
barriers {THME)

Confined wetting of FoCa clay
powder/pellets mixtures :
experimentation and numerica l
modellin g
P. Maugis, C . Imber t

CEA CNRS UMR 1572, /PSI . CE Saclay, Franc e

P/THME/02
Comparison of operating phas e
instrument readings with decom-
missioning observations in the clay
bulkhead portion of the tunne l
sealing experimen t
D .A . Dixon ' , P.J . Chernis ' , J .B . Martino ' ,
B . Vignal 2, K . Masumoto3 , T. Fujita4
' Atomic Energy of Canada Limited, AECI_
Canada / 2Andra, France / 3 Kajima Technica l
Research Institute, Japan /'Japan Nuclear Cycl e
Development Institute, INC Japa n
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PjTHMEf03 P/THME/10 P/TH M EI17
New theoretical prediction Performance of the bentonite Volume change behaviour of a
of swelling characteristics of barrier at temperatures beyond bentonitic clay under differen t
bentonite-based buffer 100°C: a critical review monotonic loading condition s
Hideo Komine P. Wersin, L .H . Johnson, I .G . McKinley T. Schanz, S . Tripathy

Ibaraki University, Japan Nagra, Switzerland Bauhaus-University Weimar, Laboratory of soi l
Mechanics, Germany

PITHME/04 TT-WE/1 1
The response of a clay barrier Drying and resaturation of the PHt;MF'1 8

subjected to internal heating bentonite barrier in a nuclear Hydromechanical study of a roc k
P. Selvadurai waste repository. New formulas and concrete interfac e

Mc Gill University, Department of a civil quick tools for assessments and for 0 . Buzzi ' , J . Hans ' , M . Boulon ' ,

engineering and applied mechanics, Canada analyses of parameter sensivity F. Deleruyelle 2 , F. Besnus `

J . Claesson, G . SaIlfors 'Université Joseph Fourier, Laboratoire 3S Franc e
2IRSN,DES'SESID, Franc e

Chalmers Technical University, Swede n
The tune) sealing experiment : an
international study of full scale seals P[THMEf12 P/THME/1 9

J .B . Martino ' , D .A . Dixon ' , E .T. Kozak ' , Effect of activation on swelling Mechanical material model o f
B . Vignal 2 , Y. Sugita', T. Fujita 3, K . Masumoto 4 MX80 parameter settings an dproperty in Ca-bentonite
'AECL Underground Research Laboratory, Pinawa, W .-C . Chen, S .-J . Yang, W.-H . Huang development s
MB, Canada / 2Andra, France / 'INC Japan M . Akesson, H . Hdkmar k

National Central University, Department of Civi l
Engineering Taiwan Clay Technology AR ideal Research Center,

P/THM" Swede n
The Decovalex project : studies P(THME{1 3
of coupled THM experiments and Comparative study of bentonite
lessons learned properties with respect to the Monitoring the hydration an d
C .-F. Tsang ' , L . ling`, 0 . Stephansson 3 , stability of bentonite backfil lapplication as geotechnical barrie r
F. Kautsky 4 under the influence of percolatin gin HLRW-repositorie s
'Lawrence Berkeley National Laboratory, USA S . Kaufhold ' , R. Dohrmann ' • 2 solution s
2 Royal Institute of Technology, Sweden J . Berger, L . Warr, J . Dupla y
'GeoForschungsZeitrum, Germany / "Swedish ' Bundesanstalt for Geowissenschaften un d

Nuclear Power Inspectorate, Sweden Rohstoffe (BGR), Germany / 2 Niedersachsisches Centre de Géochimie de la Surface (CGS), Ecole

Landesamt für Bodenforschung (NLfB), Germany et Observatoire des Sciences de la Terre (MST),
France

P/TH M Ef 1 4Effect of activation on swelling PfTHM!2 IInvestigating swelling characteristics
property in Ca-bentonite Thermal loading of smectite-richof mixtures for buffer materials byW.-C . Chen, S .-J . Yang, W .-H . Huang rocks: laboratory experiment san improved arrangement
National Central University, Department of Civil I . Kolarikova, R . Hanus, E . Jelinek, R . Prikry l
Engineering Taiwan N .-C . Tung, Y.-I . Ja n

Ching Yu University, Departement of Civil Charles University, Faculty of Science, Ins . of
Geochemistry, Mineralogy and Mineral Resources ,

PITH M E?O Engineering Taiwan
Czech Republic

Hydro-mechanical modelling
parameters of a highly compacted r-'/THM Ef22

The prediction model of therma lbentonite-sand mixture Model suggested for hydro -
conductivity of sand-bentoniteS .S . Agus, T. Schanz mechanical behaviour of a wate r
based buffer materia l

University Weima, Laboratory of Soil Mechanics, unsaturated bentonite
Germany Y. M . Tien ' , C . A . Chu ' , W. S . Chuang 2

A . Dueck, L . Bbrgesso n
' Department of Civil Engineering National

Clay Technology AB, Ideon Research Center,P/TH M E/09 2 lnstituteCentral University, Taiwan /

	

of Nuclear
Sweden

Temparature buffer test - Design, Energy Research, Atomic Energy Council, Taiwan

instrumentation and measurements PITT-IMF/23
T. Sandén ' , M . de Combarieu`, R . Goudarzi ' , Laboratory results from suctio nChemical influence on th e
H . Hbkmark ' controlled tests on a wate rhydro-mechanical behaviou r
'Clay Technology AB, Sweden / 2 Andra, France unsaturated bentoniteof high-density bentonite

A. DueckE . Castellanos ' , C . Musso2, E . Romero ' ,
A . Lloret ' Clay Technology AB, Ideon Research Center,

Swede n
'Technical University of Catalonia UPC Spai n
2 Politecnico di Torino, Italy
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Agnès Soret
Lounge Monday 14' to Thursday 17 th - 14:00 - 15 :00

P/TH M E/24
Bentonite THM behaviour mock-u p
studies
C . Gatabin ' , J-C Robinet2 , F. Plast ,
T . Lassabatere 4 , B . Vignal '

'CEA Saclay France / `Eurogeomat Consulting
France /"Andra France / ' EDF Centre des
Renardières, France

P/TH E/2 5

Modelling the field behaviour of
a granular expansive barrie r
E . Alonso, C . Hoffmann
Centro International de Métodos Numérico s
en Engeneria (CIMNE), Spain

Hydromechanical behaviour o f
bentonite pellet's mixture s
C . Hoffmann, E . Alons o
Centro International de Métodos Numérico s
en Engeneria (CIMNE), Spai n

The friction-free compressibilit y
curve of bentonite block
Y. M . Tien ' , P. L . Wu ' , W. S . Chuang '
'Department of Civil Engineering National Centra l
University Taiwan / - 'Institute of Nuclear Energy
Research, Atomic Energy Council, Taiwan

P/TH M El2 8
Advances on experimenta l
techniques for the characterizatio n
of THM behaviour of bentonit e
M .V. Villar' , A . Lloret '

1 CIEMAT, Spain / 'UPC Spain

Sessio

	

HM and THM-C
processes in natura l
barriers (THMN)

P I TH!" _ .

A general approach to asses s
hydromechanical changes of natura l
clay barriers due to physico-chemica l
interaction with waste in deep
seated waste disposal site s
R . M . Schmitz ' ", Ch . Schroeder', R . Charlier '
' National Scientific Research Fund, Belgiu m
(FNRS) / 'Université de Liége-GeomaC Belgiqu e

PITHM? In '

Experimental study of the thermo-
hydro-mechanical behaviour o f
indurated clay s
C.-L . Zhang ' , T . Rothfuchs ' , K . Su`, N . Hoteit `
'GRS, Germany /'Andra, France

P/THMN/03
Anisotropy of seismic an d
mechanical properties of Opalinus
clay during traxial and shea r
deformatio n
T . Popp, K . Salze r
Institut fur gebirgsmechanik GmbH, Germany

Nonlinear behavior of geologica l
and engineered barrier s
H . Ghasemzadeh ' , B . Gatmiri ' .2
CERMES, Ecole Nationale des Ponts et

Chaussées, France / 'University of Tehran, Iran

P!THP1NI 5

Numerical modelling of the couplin g
between damage and permeability
in the geological barrier. Applicatio n
for the Excavation Damage Zon e
around the radioactive waste storag e
deep gallerie s
P. Desgrée ' , K . Maleki ` , A . Courtois ' , A . Pouya4

' EEDE R&D, France / 'IRSN-SARG, France / 'EDF
SEPTEN, France ;"LCPC, France

PITHMN/0 5
Effect of compaction energy on soi l
suction of clayey soil s
S .-J . Yang, W .-C . Chen, W.-H . Huang

National Central University, Department of Civil
Engineering Taiwan

P/THMN/0 7
EDZ caracterization through electri-
cal tomography : EZ-G experiment i n
Mont Terri Laboratory (gallery 04 )
GDR FORPRO : A . Grislin-Mouezy 12 , F. Conil' ,
D . Gibert' , B . Kergosien2, F. Nicollin '
'Andra France /'Géosciences Rennes UMR 6118,
Franc e

P/THMN/0 8
X-ray micro tomography for studying
fracturation in Callovo-Oxfordia n
argillites under triaxial compressio n
N . Lenoir'` , G . Viggiani' , P. Besuelle 2 ,
J.Desrues ' , M . Di Michiel '

' Andra France, /'Laboratoire 3S UJF-INPG -CNRS
UMR 5521, France /'ESRF Franc e

PITHS N/09
An anisotropic elasto-plastic mode l
for argillites and application t o
stress identification by overcorin g
at Mont Terri rock laboratory
R . Giot ' , A . Giraud ' , D . Hoxha ' , F. Homand ' ,
K. Su e
'Laboratoire Environnement Géomécanique e t
Ouvrages, LaEGO-ENSG, France / 'Andra France

A Study on the dynamic behaviou r
of the Meuse/Haute-Marne argillit e
M . Cai ' , P.K . Kaiser' , F. Suorineni ' , K . Sue

'Laurentian University, Geomechanics Researc h
Centre, Canada /'Andra, Franc e

Mechanical behavior of unsaturated
Meuse/Haute-Marne argillit e
D . Hoxha ' , F . Homand ' , A . Giraud ' , K . Su '

' Laboratoire Environnement Géomécanique e t
Ouvrages LaEGO-ENSG, France /'Andre France

PITHFMN/1 2
Permeability evolution of a plasti c
clay with deviator stress : an experi-
mental stud y
C . Coll, J . Desrues, P. Bésuelle, G . Viggian i

Laboratoire Sols Solides, Structures, UMR 5521,
France

PfTHMN/1 3
EDZ characterization using MASW
method: measurements in the cir-
cumferential direction of the tunne l
J . Lagarde 12 , O . Abraham ' , L . Laguerre ' ,
P. Cote ' , C . Balland'' , J .-P. Piguet4 , G . Armand'

' LCPC France / 'INPI. LAEGO, Ecole des Mine s
de Nancy, France /'INERIS, Ecole des Mines d e
Nancy, France / 'Andra, Franc e

P/THMN/1 4
Parameter identificatio n
methodology for unsatured soil s
R . Rodriguez, J . Robles, I . Canamôn, A . Udias ,
F.J . Elorz a

University Politécnica of Madrid Scoll of Mining
Department of Applied Mathematics and
Numerical Methods, Spai n

P/THMN/1 5
Verification of a new constitutive
model for unsaturated soil s
R . Rodriguez ' , M .V . Villar' , J . Robles ' ,
F.J . Elorza ' , A . Udias ' , I . Canamon ' , RL . Martin'

'Universidad Politécnica de Madrid, Spai n
'CIEMAT, Spain

P`THMN' E

Correlation of mechanical behaviou r
to mineralogical and microstructura l
characteristic s
M . Klinkenberg 123 , H . Schnier ' , S . Kaufhold j2 ,
R . Dohrmann 12 , S Siegesmund '
' Federal Institute for Geosciences and Natura l
Resources / 'Lower Saxony Geological Survey
Germany /'Geowissenschaftliches Zentr urn de r
Universitat Gottingen, Germany
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PITH M N 117 P/TH M N 124 P/THMN13 1
Self-healing capacity of argillaceous Application of the dilatancy concept Chemo-mechanical couplings i n
rocks: review of laboratory results on the behavior of Opalinus clay treated compacted argillite
obtained from the SELFRAC project U . Hunsche, M . Naumann, O . Schulze F. Masrouri ' , O . Cuisinier ' , A . Abdallah ' ,

L . Ortiz, M . Van Geet BGR Germany M . Cathelineau ' , R . Ruck-Moser' , C . Peiffert ' ,

SCK CEN (Belgian Nuclear Research Institute) . F . Villieras3 , J .-D . Barnichon4

Switzerland PfTHMN125 ' LaEGO-INPL-INERIS, France / 2 G2R UMR 7566,
Long term behavior of a galery France / 3 LEM UMR7569, France / 'Andra,

within a clay repository : impact France

An analysis of static / dynamic of stress and the water saturation P /properties of a transversely isotropic perturbations
shale: from theory to experiments GdR FORPRO : D . Amitrano ' , D . Grgic ' ,

Velocity survey around a cross-cu t

J . Sarout '2 , L . Molez ' , Y. Guéguen ' , F. Homand ' , J .P . Henry' slot

N . Hoteit ' ' LaEGO-ENSMN-INPL France / 2LAEGO-ENSG -
J . Damaj ' .'4 , C. Balland ' , G . Armand', T. Verdet '

' Ecole Normale Supérieure, Laboratoire de INPL France / 3 GIS/CEREGE, France 'INERIS, Ecole de Mines de Nancy Franc e

Géologie. France

	

'Andra, France 2LNCSR Scholar, France / 3 Andra, Franc e

PITHMN126 'LaEGO, Ecole de Mines de Nancy, Franc e

Mechanical behaviour of a cut-off PITHMN13 3Long-term behaviour of argiliceous in argillites Velocity field simulation an d
rocks : evaluation of "stimulated 1 .-B . Kazmierczak ' , V. Renaud ' , M . Ghoreychi ' , velocity survey design aroundcreep" O . Ozanam ' , J .-D . Barnichon '

the Meuse/Haute-Marne shaf tGdR FORPRO : J . Desrues, P. Bésuelle, ' INERIS, DRS France / zAndra, Franc e
C . Rousseau excavation

Université de Grenoble. Laboratoire Sols, Solides, P/THMN/27 C . Balland ' , V. Renaud ' , J . Morel ' , J . Damaj ' ''

Structures, France The dependence of mechanical ' INERIS Ecole de Mines de Nancy, Franc e
'Andra France / 3LNCSR Scholar, LaEGO, Francebehaviour of Callovo-Oxfordia n

P/THMN/20 argillites on fluid composition and `''`THMN134Elastoplastic damage modelling humidity Rock-mechanical Investigationsof argillite in partially saturated K . Su ' , M . Tijani' , N . Hoteit '
condition for validation of the Hou/Lux-T

Y. Jia ' , A . Mohamad-Hussein ' , D . Kondo ' ,
'Andra, France /"Centre de géotechnique et
d'exploitation du sous-sol, Ecole des Mines de

constitutive model based o n
J .-F. Shao ' , K . Su' Paris, France underground measurement s
' Laboratoire de Mécanique de Lille a.MU UMR in argillaceous rock mass
8107 CNRS France / 'Andra. France ,128 K .-H . Lux, O . Czaikowsk i

Sensitivity analysis of temperature, Technçische Universitat Clausthal, Intitut fu r
P/THMN/21 pore pressure and THM phenomena aufbereitung und deponietechnik Germany
Micro penetration tests in the using analytical solutions of simpli -
Meuse Haute Marne underground fied problem s
laboratory K . Su Moisture transfer in shale sample s
G . Armand ' , 1 .-P. Henry ' subjected to desaturation - renatu -

Andra Franc e
' Andra France /'CNRS Espace GIS, France ration

Q .T. Pham, L . Malinsky, D . Nguyen Minh ,
P/THMN122 Incidence of the creep on the water F. Vales, H . Gharbi
Measurements of gas generation, pressure measured from borehole Ecole Polytechnique, Laboratoire de Mécaniqu e
water content and changes in water des Solides (LMS). Francetests in the Meuse/Haute-Marn e
distribution in a heater experiment Callovo-Oxfordian argillites
N . lockwer ' , K . Wieczorek ' , A .M . Fernandez ' J .-B . Kazmierczak ' , F . Laouafa ' , Effect of drying on argillite samples1 GRS-Final Repository Research Division, Germany M . Ghoreychi ' , P Lebon' , J .-D . Barnichon '̀
2 CIEMAT Centro de Invest/gat/ones Energetic-as Q .T. Pham, L . Malinsky, D . Nguyen Minh ,

Medioambientales y Tecnoldgicas, Spain
zAndraINERIS, DRS France /

	

France F. Vales, H . Gharb i
Ecole Polytechnique. Laboratoire de Mécaniqu e'ITHMNIj3 t

P/THMN/23 des Solides (LMS). France
Time-dependent behaviour includin gExcavation effect on thermo-hydro -
damage effects of argillaceous rocks P/THNINI2 7mechanical behaviour of geologica l

barrier
G . Fabre, F. Pellet Experimental studies of strengt h

B . Gatmiri ' '' , A . Hoor' Laboratoire Sols, Solides, Structures, France and creep behaviour as well as ne w
'Ecole Nationale des Ponts et Chaussées, CERNES developments of the Hou/Lux-T
France / 2Department of Civil Engineering Faculty constitutive model for clayston e
of Engineering University of Tehran, Iran K : H . Lux, Z . Hou, U . Düsterloh, R . Wolters

Technçische Universitat Clausthal, Intitut fu r
aufbereitung und deponietechnik Germany
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?THMN138 P /`THMNl4ÿ P/TH M N?4 6
Modelling of the mechanical Thermo-hydromechanical behaviour Anisotropic 3D analysis of th e
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