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FOREWORD

Foreword

Countries around the world are considering a wide variety of argillaceous media - from soft,
plastic and poorly indurated clays, to brittle, hard mudstones or shales — as potential host rocks
for the deep geological disposal of radioactive waste. Such argillaceous media are typically
characterised as being favourable or unfavourable for the long-term passive isolation of safety-
relevant radionuclides, based on a number of parameters. Characteristics that are typically
evaluated for argillaceous media being considered as a potential host for a deep geological
repository (DGR) include:

o thickness and continuity;

¢ low permeability;

e chemical buffering capacity;

¢ potential for plastic deformation and self-sealing of fractures;

e geochemical characteristics that favour low solubility of radionuclides; and

e high capacity to delay the migration of radionuclides to the accessible environment
(e.g. through sorption and/or diffusion-dominated transport).

Information required to evaluate the performance of deep geological formations is drawn
from detailed site characterisation programmes and regional observations/understanding
(e.g. hydromechanical characteristics are gathered during borehole drilling, underground
excavation and underground rock laboratory [URL] activities; and geochemical characteristics
are used to indicate the ability of the formation to limit radionuclide migration obtained from
groundwater/porewater analyses).

The Nuclear Energy Agency Working Group on the Characterisation, the Understanding and
the Performance of Argillaceous Rocks as Repository Host Formations (hereinafter the “Clay
Club”) began, in 1990, examining the various argillaceous rocks that are being considered for the
deep geological disposal of radioactive waste. The Clay Club promotes: 1) continuing inter-
comparison of the properties of different argillaceous media; 2) exchange of technical and
scientific information on clay properties and behaviour, and on testing that is being carried out
in underground research facilities; and 3) detailed review of the available and most promising
investigation techniques for site characterisation.

With these overall objectives, one of the first initiatives of the Clay Club was to gather the key
geoscientific characteristics of the various argillaceous formations that were — or had been -
studied in NEA member countries in the context of radioactive waste disposal. This work resulted
in the publication of the Clay Club Catalogue of Characteristics of Argillaceous Rocks (NEA, 2005). The
present publication builds upon this earlier report by providing updated datasets for a select
number of argillaceous formations that were presented in the 2005 catalogue, and by providing
an expanded discussion of: 1) the formations and their properties; 2) the radioactive waste
management organisations responsible for implementation of the DGR concept; 3) the design
concept proposed for a DGR in the respective countries, specific to the rock formations; and
4) some of the favourable properties of argillaceous formations. A key goal of this 2022 updated
catalogue is to present the data in a manner that allows reasonable comparability (in both scale
and methods) of the included parameters in order to support formal assessment and
demonstration of the capacity of clay-rich formations to securely contain and isolate radioactive
waste from the natural environment.
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Argillaceous formations included in this updated catalogue are listed under their respective

countries below:

Belgium
e Boom Clay at Mol
e Ypresian clays at Kallo/Doel (Beveren)

Canada

e Queenston Formation Shale at Tiverton (Bruce nuclear site)
e Georgian Bay Formation at Tiverton (Bruce nuclear site)

France

e Callovo-Oxfordian at Bure
e Toarcian-Domerian at Tournemire

Hungary

e Boda Claystone at Boda
¢ Boda Claystone at Gorica

Japan
e Wakkanai at Horonobe
e Koetoi at Horonobe

Switzerland

e Opalinus Clay at Mont Terri
¢ Opalinus Clay in north-east Switzerland.
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IRSN French Institute for Radiological Protection and Nuclear Safety
JAEA Japan Atomic Energy Agency

L&ILW Low- and intermediate-level waste

LLW Low-level waste

NUMO Nuclear Waste Management Organization (Japan)
NWMO Nuclear Waste Management Organization (Canada)
NEA Nuclear Energy Agency

PURAM Public Limited Company for Radioactive Waste Management (Hungary)
R&D Research and development

RD&D Research, Design and Development

SFC Safety and Feasibility Case

TDS Total dissolved solids

URF Underground research facility

URL Underground rock (or research) laboratory
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LIST OF ABBREVIATIONS AND ACRONYMS

14

cm
°C
kg/m?
km

km?

MPa

m/s
mg/L
mm
mV
m?%/g
m?/s
vol.%
wt.%

%o V-SMOW

List of units

centimetre

degrees Celsius

kilogram per cubic metre
kilometre

square kilometres
million years
megapascal

metre(s)

metres per second
milligrams per litre
millimetre

millivolt

square metres per gram
square metres per second
percent by volume

percent by weight

per mille Vienna Standard Mean Ocean Water
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CHAPTER 1. OBJECTIVES OF THE REPORT

Chapter 1. Objectives of the report

The primary aims of the 2005 Clay Club Catalogue (NEA, 2005) were to:

e provide an overview of key geoscientific data that are necessary inputs in clay
characterisation and performance assessments (e.g. geology, mineralogy, geochemistry,
petrophysics, hydrogeology, solute transport, rock mechanics) for each argillaceous
formation included in the catalogue;

¢ assist in understanding both the similarities and differences between formations;

e assess the possibilities of transferring knowledge and/or characterisation methodologies
from one formation to another (or from one site to another);

o illustrate the wide spectrum of characteristics corresponding to “clays as host formations”.

The present report builds upon the knowledge and experience gained during the compilation
of the catalogue in 2005 and brings together a small collection of datasets compiled over the last
decade, which document the key geoscientific characteristics of argillaceous formations that are
most relevant in the context of demonstrating passive safety and confirming deep system
longevity and stability. The updated 2022 report 1) highlights key attributes and characteristics of
argillaceous sediments, some of which are being considered as host media for the long-term
containment of radioactive waste; and 2) provides a vetted database documenting representative
formation properties. Emphasis is placed on the understanding of geosphere properties, coupled
with understanding of behaviour in the geological past, and how such information underpins and
establishes confidence in the context of long-term deep geological repository (DGR) safety
considerations for the future.

The parameters selected to structure the datasets were included on the basis of their
relevance, according to the performance assessment ranking system presented in the Nuclear
Energy Agency publication Features, Events and Processes Evaluation Catalogue for Argillaceous Media
(FEPCAT) (NEA, 2003). An evaluation of the performance assessment Level 1-ranked features,
events and processes yields the following three hypotheses suggested to be highly relevant in
establishing confidence in formation suitability to host a DGR.

1. The areal extent and thickness of the lithological units at the sites allow for predictability
at scales relevant to establishing safety.

2. The presence of natural barriers (host and enclosing formations) acts to isolate the host
rock and to contain solutes for time frames necessary to establish safety:

— shallow groundwater resources are isolated;

— the nature of the argillaceous rock allows for sorption of solutes and retardation of
radionuclide transport.

3. Stability of the geosphere on timescales relevant to establishing safety is supported by
multiple lines of geoscientific reasoning:

— Transport processes are anticipated to remain diffusion-dominated over geological
time frames (hundreds of thousands to millions of years).

— The groundwater-porewater system is anticipated to remain geochemically stable
over geological time frames.

— The formations are characterised by geomechanical stability.
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Each formation description (see Annex III: Document 1) included in this report contains a
summary section, “Favourable Formation Attributes”, detailing site- or formation-specific
information that has been collected during characterisation activities. This information has been
organised into groupings based on their relevance to the three hypotheses presented above.

Key goals of the 2022 Clay Club Catalogue include:

1. providing a reasonably comparable database of select physical and chemical properties
(e.g. geochemical, hydrogeological and geomechanical) representative of clay-rich
sedimentary formations, from the last decade of international research on long-term
radioactive waste management;

2. emphasising the breadth and scope of international knowledge and experience
associated with the characterisation of argillaceous rocks for long-term radioactive
waste management purposes;

3. highlighting features and attributes, as well as the versatility, of argillaceous formations,
with emphasis on those characteristics that would be most relevant for consideration in
the context of DGR safety (note that ranking of the sedimentary formations is not a
component of this report).

The catalogue includes data that have been acquired from both surface-based investigations
(borehole logging and core analysis, seismic surveys, etc.) and underground rock laboratories
(URLs). The measured data are presented as a range in the data tables, using minimum and
maximum values, as well as by a quantitative best-estimate value for most parameters. The report
should not be used for the following purposes:

¢ as adetailed description of a particular geological formation;

e asan assessment of the abilities of a particular geological formation to host a radioactive
waste disposal facility;

e as an evaluation/comparison of the respective performance of the various formations;

¢ as direct quantitative input for assessments without any consideration of the origin of
the data and the related terms of their measurements;

e as a provision of a guarantee of the applicability of a given value to a specific location,
depth, lithostratigraphic interval within the formation, etc., without further checking
with pertinent specialists.

Each contributing organisation is responsible for the content of its formation-specific text
and data. Neither the NEA nor the participating national organisations can be held responsible
for any use that might be made of the information considered in this catalogue.

This catalogue is open and freely available. In addition to Clay Club members, the catalogue
targets radioactive waste disposal experts and external geoscientific experts as its main audience.
A comprehensive database is included as an Annex of this report. Annex III of this catalogue is a
comprehensive compilation that has been updated from the 2005 version of the Clay Club
Catalogue to include information on: i) the current waste disposal concept (where applicable) of
the respective organisations; and ii) the key characteristics of the various formations that are/can
be used to provide confidence in the ability of argillaceous formations to safely isolate radioactive
waste over long time frames.
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Chapter 2. Description of the catalogue
and guidelines for its use

2.1. Context for the presented formations

This updated 2022 catalogue documents key properties and attributes of clay formations, based
on geoscience research in radioactive waste management programmes around the world. Unlike
the previous (2005) version of the catalogue, key formation properties are selected and presented
here according to the three key geoscientific hypotheses (see Chapter 1) that are considered highly
relevant to demonstrating long-term passive performance in the context of deep geological
repository (DGR) safety.

In this report, the formations presented include those studied in national repository (siting or
licensing) site characterisation programmes and/or those in which an underground rock
laboratory (URL) has been established for the purpose of assessing formation properties
(i.e. gaining process understanding) relevant to predicting long-term evolution. Included in the
catalogue is a comprehensive compilation of high-quality datasets (Master Database; see Annex
IIl: Table 1) that highlight the natural properties of argillaceous rock most influencing the
understanding of geosphere stability, as well as detailed formation descriptions (Annex III:
Document 1). Section 4.1 contains brief geological summaries for each argillaceous formation
included in the Master Database. The detailed descriptions of the various argillaceous formations
found in Annex IIIl: Document 1 include information on the national context in which all the data
were gathered, the disposal concept being considered (where applicable), the key formation
properties (i.e. geology and geomechanics, hydrogeology, geochemistry and solute transport) and,
wherever possible and relevant, data applicability in the context of suitability of argillaceous
formations to host a DGR and contain/isolate waste over safety-relevant time frames. Other
relevant information presented includes:

o geological environment;
o illustrated map(s) and cross-sections;

e data acquisition techniques (i.e. geophysical survey, outcrops, boreholes/drillings,
existence of a URL).

It should be noted that the intention of this data compilation is not to promote inter-site
comparison or ranking of sites relative to one another based solely on the presented data. Instead,
this report aims to document characteristics of a variety of argillaceous formations that span a
broad range of clay contents, mineralogies, ages and degrees of induration, as well as to depict
the range in key parameters that are encountered in a variety of argillaceous media considered
potentially suitable for the long-term management and isolation of radioactive waste.

2.2. Selection of clay properties in the catalogue

The parameters included in this update are selected and presented based on three key
geoscientific hypotheses that are of relevance to demonstrating system longevity and stability,
as stated in Chapter 1. These parameters are selected, in part, based on their role and
importance to understanding long-term geosphere behaviour, as well as on data availability
from the participating national organisations. The data are prioritised in terms of relevance to
the assessment of long-term safety in line with the properties and parameters identified in
Mazurek et al. (2011) and assigned a Level 1 ranking in NEA FEPCAT (NEA, 2003).
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For each argillaceous formation, the presented parameters are grouped into the following
main categories:

e geological parameters;

e mineralogical parameters;

e porewater chemistry parameters;

e petrophysical parameters;

o flow and solute transport parameters;
e geomechanical parameters.

For each category, a list of the included parameters is presented in Table 1.

2.3. Confidence in clay characteristics and properties

A number of steps have been taken to validate the datasets included in the Master Database. Such
steps have included review of the datasets for charge balance and for major mineral composition
balance, and review of the methods used to measure the respective parameters to ensure
reasonable comparability of the data. Where it has been noted that the methods used would
preclude or limit comparability, a note to that effect has been included in Chapter 3, “Limitations
of the Catalogue”. Chapter 4 highlights some of the key features of argillaceous media that render
them feasible for the purpose of long-term radioactive waste storage and isolation, with emphasis
in Section 4.2 on the figures and correlation plots in Annex [ and Il It is noted in Section 4.2 that,
for the formations included in this report, the various methods used to measure individual
parameters generally produce similar/consistent results for the individual formations. In addition,
for clarity, the measurement methods employed are indicated in a number of the data figures
included in Annex I and are tabulated in Annex III (Annex III: Table 2) along with the scales of
measurement for each parameter.

The datasets included are of high quality and have undergone extensive review at NWMO,
Nagra, Andra, ONDRAF/NIRAS, JAEA and IRSN.

2.4. General guidelines

¢ An assessment of the quality of, and confidence in, the data is provided (low, medium
and high) in Annex III: Table 1, and is indicated in various figures in Annex L

e The conditions of measurement (i.e. in situ versus laboratory, sample orientation) of a
given parameter, where appropriate, are noted in the Master Database (see Annex IIl: Table
1) and in the summary table of method(s) and scale(s) of measurement (see Annex III:
Table 2).

o Scale(s) of measurement and/or method(s) of measurement for each parameter are
tabulated, in as much detail as possible, in Annex III: Table 2.

e Parameters are expressed as “minimum”, “best estimate” (most representative or best
estimate from experts) and “maximum” values.

— The meaning of min/max/best estimate for each parameter may reflect different
measures. In some circumstances, the min/max values reflect the range of values
measured for the formation (lowest/highest, with best estimate as the mean), while
in others the min/max may represent the analytical precision of the methods and
encompass the 1o or 20 range of the mean or central tendency (or “best estimate”).
The meaning of these values is defined wherever possible in Annex III: Table 2.

- The meaning of “best estimate” may differ between the respective formations and is
intended as a reference value (selected or calculated based on expertise from the
available data). In some circumstances, the “best estimate” represents mean values
measured for the formation (possibly at multiple locations) near repository depth, as
part of site selection or multiple site investigation activities. In other circumstances,
it represents values for the formation from an underground rock laboratory (URL)
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location, which likely will not be used as a future site for a DGR. And finally, in a few
circumstances the data represent the best estimates from repository depth at a site
that has undergone extensive characterisation activities and has been proposed as a
potential repository location. The number of measurements performed, and the
location(s) from which the samples were taken, are provided wherever possible in
Annex III: Table 2 to clarify the meaning of “best estimate” for the various parameters.

¢ Wherever possible, anisotropy of any parameter measured in both horizontal and
vertical orientations is noted in Annex III: Table 1.

e Parameters are not anticipated to be affected by surface effects such as weathering or
decompression.

To the greatest extent possible, bibliographic references refer to open, published literature.

Table 1: Master Database compilation - listing of included parameters

Geological

Mineralogical

Porewater

Petrophysical

Flow and solute

Geomechanical

chemistry transport
parameters parameters parameters parameters
parameters parameters
Depositional Clay minerals - sum S:;I;)cri:;xmange Hydraulic g:r{r?r);lraelssive
() ivity (L
environment \(/)vfe?llr(\t/;) total dry Porewater type [meq/100 g f:bniii:mi’s(] ) strength (1) lab
9 of rock] tests [MPa]
Hydraulic Uniaxial
Clay minerals-lllite TDS - salinity Specific surface L compressive
Age (Ma) [% total dry weight] | [mg/L] external [m?/g] conductivity ¢ lab strength (/) lab
tests [m/s]
tests [MPa]
Burial depth Clay minerals- Specific surface Hydraulic Young's modulus
present-day (top |smectite [% total dry |Eh [mV] t:tal [m%/q] conductivity static (1) lab tests
formation) weight] 9 in situ tests [m/s] [MPa]
Blrglsaeln(fg;h Clay minerals- Density bulk Diffusion effective |Young's modulus
P y chlorite [% total dry |pH 3 coefficient De (3H) | static (/) lab tests
(bottom X saturated [kg/m3] 1 5
formation) weight] (1) lab tests [m?*/s] | [MPal]

Thickness (m)

Clay minerals-
kaolinite [% total dry
weight]

380 [%/00 V-SMOW]

Density bulk dry
[kg/m?3]

Diffusion effective
coefficient De (3H)
) lab tests [m?/s]

Young's modulus
dynamic ) lab
tests [MPa]

Burial depth
maximum (m)

Clay minerals-
illite/smectite [%
total dry weight]

8%H [%/00 V-SMOW]

Density grain
average [kg/m?3]

Diffusion effective
coefficient De (I)
D) lab tests [m?/s]

Young's modulus
dynamic (/) lab
tests [MPa]

reached during
diagenesis (0C)

dry weight]

HCO3, Br (mg/L)

at 105-110 °C [% by
volume]

Over- o Quartz [% total dry | Cations: Ca, Mg, K, Water con.tent D|ﬁu§|9n effectl.ve You.nng_njocj.qus
consolidation weight] Na (mg/L) (water weight/dry | coefficient De (I) (/) | static () in situ
ratio 9 9 weight) [%] lab tests [m?/s] tests [MPa]
Maximum Porosity calculated | ... . . ,
temperature Feldspars [% total Anions: Cl, SO4, from water content Diffusion effective | Young’s modulus

coefficient De (Cl-)
(D) lab tests [m?/s]

static (/) in situ
tests [MPa]

Carbonates [% total
dry weight]

Physical porosity

Diffusion effective
coefficient De (Cl)
) lab tests [m?%/s]

Poisson's ratio
static lab tests (L)
[-]

Calcite [% total dry
weight]

Porosity other
methods [% by
volume]

Poisson's ratio
static lab tests (//)

Dolomite/ankerite
[% total dry weight]

Anion-accessible
porosity

Poisson's ratio
dynamic ) lab
tests [-]

Pyrite [% total dry
weight]

Seismic velocity Vp
D) lab tests [m/s]

Poisson's ratio
dynamic (/) lab
tests [-]
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Table 1: Master Database compilation - listing of included parameters (cont’d)

PoreV\{ater Petrophysical Flow and solute Geomechanical
chemistry

transport
parameters
parameters parameters

Geological Mineralogical

parameters parameters parameters

20

Carbon organic [%]

Seismic velocity Vp
() lab tests [m/s]

Cohesion (1) lab
tests [MPa]

Seismic velocity Vs
(D lab tests [m/s]

Cohesion (/) lab
tests [MPa]

Seismic velocity Vs
() lab tests [m/s]

Internal friction
angle ) lab tests
[]

Seismic velocity Vp
in situ tests [m/s]

Internal friction
angle (/) lab tests
[]

Seismic velocity Vs
in situ tests [m/s]

Swelling pressure
() lab tests [MPa]

Swelling pressure
() lab tests [MPa]
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Chapter 3. Limitations of the catalogue

The following sub-sections focus on specific challenges with respect to data comparison and
transferability, as determined subsequent to detailed review of the datasets. Observations with
respect to potential heterogeneity of methods and the comparability of laboratory versus in situ
data are documented here, as well as brief discussions of data reliability, potential issues
associated with upscaling and anisotropy, and any key property uncertainties.

Data transferability

As noted in Chapter 2, comparison of the data between formations must be performed with
caution. Methods used to determine several of the included parameters are not the same between
organisations/sites, with different approaches employed based on the nature of the rock
(e.g. depth of the formation - application of pressure in laboratory to imitate in situ pressure
conditions, typical/known salinity of the porewater/groundwater, porosity and water content).

As observed in Annex I, II and III, differences can often be observed in measured values for
the same parameter when the measurement is performed in laboratory versus in situ.
Consideration must be given to these differences in both scale and methodology (see Annex III:
Table 2) when comparing such results. These differences may be real, potentially representing
the differences between the in situ pressure conditions at depth and those measured in the
laboratory (i.e. following core relaxation — use of ambient pressure/temperature or applied
pressure), or may be a reflection of the various methods applied and the potential for those to
measure parameters to a different degree of accuracy/confidence/certainty.

The data for site-specific and/or URL locations can be used to make some conclusive
statements regarding the nature of the argillaceous rock mass at that location, and potentially
the surrounding area (km to tens of km scale); however, the potential for heterogeneity within
and across argillaceous rock formations must be considered in any overall generalisation about
the nature of these formations in a broader scale or context.

Effort has been made to ensure the data presented are reasonably comparable, based on
assessments of methodology, sample orientation and scales of measurement; however, it must
be understood that differences do exist and must be considered in any evaluation or comparison
of parameters between the formations (or between sites), which is not the intended purpose of
this compilation.

Data reliability

The parameters included in the Master Database have been ranked in terms of level of
confidence in the values (high, medium, low). The confidence levels reflect a number of factors,
including the uncertainties associated with the methods employed.

In a general sense, parameters can be compared between locations despite differences in
the analytical methods; however, direct comparison is not appropriate, as conditions of
measurement (i.e. pressure, temperature, displacing medium, sample size, number of samples
analysed, etc.) cannot be assumed to be the same between laboratories. To the extent that it is
available such information is presented in Annex III: Table 2, where the methods employed,
scales of measurement and any relevant notes are included for the parameters measured.

Annex III: Table 2 indicates, wherever possible, the number of samples analysed to determine
the minimum, best estimate and maximum values presented in the Master Database (Annex III:
Table 1) and in the figures (Annex I and II).
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Upscaling and anisotropy

A number of parameters in the Master Database have been measured at varying scales and
varying degrees of confidence/certainty with respect to the measured values. As a result, it is
difficult to make general assessments about the potential representativeness of the parameter in
the context of the formation as a whole. Wherever possible, anisotropy values (i.e. where values
have been measured both parallel and perpendicular to bedding, or at different orientations) for a
parameter have been provided (i.e. calculated) in the Master Database (Annex III: Table 1).

Key property uncertainties

The limitations of the catalogue are outlined below, in order to avoid mis- or over-interpretation
of the data:

¢ The Master Database contains results and data that are more than 10 years old for some
formations, and also contains relatively new data (<10 years old) from recent and/or
ongoing investigation programmes for radioactive waste management.

o Differences exist with respect to the scale of measurement of a given parameter or the
number of samples analysed to achieve the minimum, maximum and best-estimate
values. As a result, scale of measurement, sample numbers and methodology must all
be considered when making any type of assessment of the respective datasets. In the
context of direct comparison, parameters should be compared with caution, after
making reference to the method(s)/scale(s) of measurement information tabulated in
Annex III: Table 2.

e Because each parameter is presented in the context of minimum, maximum and best-
estimate values, an assessment of spatial heterogeneity is not considered appropriate.
Heterogeneity has been observed in some of the included formations, as indicated in the
text (see Section4.1 and formation summaries in Annex III: Document 1), but such
information cannot be used to define parameters or generalise heterogeneity for the
whole formation beyond the borehole- or site-scales.

e A variety of consistency cross-checks have been applied, in an attempt to minimise
internal inconsistencies in the Master Database. Such cross-checks include:

- thickness of formation vs bottom minus top of formation;

- sum of clay minerals vs calculated sum of individual clay species (best-estimate
values for total clay minerals are equivalent to the sum of the individual clay species
for all included formations);

- sum of all minerals vs sum of best estimates of individual species (best-estimate
values for total mineralogy sum to 100 + 1% for all included formations);

- total dissolved solids (TDS) vs sum of all best-estimate chemical species;

- charge balance with respect to porewater chemical composition (charge balance error
for best-estimate porewater chemistries are all < 5%);

- water content porosity and gravimetric water content;

- anisotropies of various parameters, when values have been given for both parallel
and perpendicular orientations with respect to bedding of the samples.

e In some circumstances, no “best-estimate value” is provided, only the data range,
i.e. minimum or maximum values. Reporting in this manner may be justified by the
current level of knowledge of a parameter, but may also largely limit certain dataset
comparisons (i.e. parameter[s] defined only by minimum/maximum values in one
dataset must not be compared to another dataset that may contain only best-estimate
values for the same parameter[s]). In that respect, this catalogue must not be used as
a tool for making a performance assessment of any included formation without the
requisite data checks, consultation with the contributing organisation(s) and/or any
additional quality checks/procedures.
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Chapter 4. List of clay formations considered

The formations included in the Master Database (and the organisation providing the data) are
listed below under the respective countries:

Belgium (ONDRAF/NIRAS)
- Boom Clay at Mol
- Ypresian clays at Kallo/Doel (Beveren)

Canada (NWMO)
- Georgian Bay at Tiverton Ontario (Bruce nuclear site)
- Queenston Shale at Tiverton Ontario (Bruce nuclear site)

France (Andra, IRSN)
- Callovo-Oxfordian at Meuse/Haute-Marne (Andra)
- Toarcian-Domerian at Tournemire (IRSN)

Hungary (PURAM)

- Boda Claystone at Boda

- Boda Claystone at Gorica)
Japan (JAEA)

- Wakkanai at Horonobe

- Koetoi at Horonobe

Switzerland (Nagra)
- Opalinus Clay in north-east Switzerland
- Opalinus Clay at Mont Terri

The country locations of the various argillaceous formations that are characterised within
the catalogue are depicted in Figure 1.

Figure 1: Country locations of the argillaceous rock formations included in the catalogue
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Table 2 presents a list of the argillaceous rock formations included in the catalogue, as well
as their estimated age, present-day depth (top of formation), typical clay contents and dominant
rock types. A brief description of each formation included in the database is presented below
and detailed formation descriptions can be found in Annex III: Document 1.

Table 2: Formations included in the Master Database

Burial depth
Formatlon (Fm) ROCk type “ (present day)

(total clay, wt.%) (Ma)

Ypresian clays (Kortrijk and Tielt Fms) Belgium Clay 25-65 55-51 289-329
Boom Clay (Boom Fm) Belgium Clay 25-71 32-28 190
Georgian Bay Fm Canada Shale 10-65 450 520
Queenston Fm Canada Shale 25-55 445 450
Callovo-Oxfordian France Argillite 29-49 163-158 490
Toarcian-Domerian France Marl and clay 25-50 180 250
Boda Claystone Fm (Gorica Block) Hungary Albitic argillite 15-45 265-260 350-600
Boda Claystone Fm (Boda Block) Hungary Albitic argillite 11-56 265-260 0-600
Wakkanai Fm Japan r:w;:,:;”nse 19-33 7-3 230-350
Koetoi Fm Japan Dif;‘:g‘si;i‘éus 17-25 42 0-20
Opalinus Clay (NE) Switzerland Clay 43-63 172 539-831
Opalinus Clay (Mont Terri) Switzerland Clay 45-72 172 200

4.1. Formation summaries

Boom Clay - Belgium

The Boom Clay, a non-indurated clay unit, has been studied for almost 40 years in Belgium in
the context of the long-term management of radioactive waste. The Boom Clay is present in the
north-eastern part of Belgium and it outcrops along the Rupel River (refer to Vandenberghe et
al., 2014). The Boom Clay Formation is, from base to top, subdivided into four members: Belsele-
Waas Member, Terhagen Member, Putte Member and Boeretang Member, and is covered by
glauconitic and clayey sands of the Eigenbilzen Formation (Figure 2). At Mol, the Boom Clay is
present at depths between 185 and 285 m below ground surface.

The basal member of the Boom Clay (Belsele-Waas) is comprised of two thick silt layers. It is
overlain by the Terhagen Member, a grey clay with a small number of distinct black stained layers.
This unit contains dispersed carbonate in its lower part, and three septaria horizons. It also
contains the “pink” layer, a reddish- to brown-coloured band, depending on humidity conditions
of the clay surface, which corresponds to a maximum flooding surface. The top of the member is
defined by the sudden and systematic occurrence of black bands in the overlying clay. This clay,
the Putte Member, is rich in organic matter. A large amount of pyrite is associated with this organic
matter. The top unit or Boeretang Member is defined on the basis of geophysical logs. This
member gradually becomes coarser, with silty clay layers and clayey silt to fine sand. The most
distinguishing characteristic of the Boom Clay, directly visible where the formation outcrops, is
the presence of horizontal layering, which is the result of variations in grain size, organic matter
content and carbonate content. Within this layering, several “marker” horizons (i.e. layers with
distinct characteristics) are recognised and these horizons can be seen in outcrops and in
boreholes, which has enabled study of the continuity of the Boom Clay over long lateral distances.
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The formation has been subjected consistently to subsidence, with the exception of a short
period of uplift during the Chattian (27-24 million years [Ma] before present). Research indicates
that large-scale erosion and denudation over the last 1 Ma has occurred. The Boom Clay at Mol
may have been buried as much as 20 to 30 metres deeper than its present depth.

Figure 2: Geological column of the Boom Clay showing
the distribution of the formation members
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Ypresian clays (Kortrijk and Tielt Formations) — Belgium

The Ypresian clays are a relatively thick sequence of predominantly fine-grained sediments
deposited early in the Eocene (~54-51 Ma before present). These clay-rich units are part of the
larger Kortrijk and Tielt formations. The area of occurrence of the Kortrijk Formation in Belgium
is bordered in the south-east by a practically straight line, roughly tracing the original paleo-
coastline (see Figure 3). The Ypresian clays dip towards the north and, in northern Belgium, they
are unaffected by erosion and are covered by sediments of younger age. The northerly dip angle
increases slightly from west to east, and towards the north, with a true dip of about 0.5°-0.6° in
a north-northeast direction.

There is little evidence of major tectonic faults cross-cutting the Ypresian clays in the study
area (Kallo and Doel near Antwerp). In outcrop, where the Ypresian clays are exposed, an
orthogonal system of two sets of vertical joints has been observed. These joints are in the same
orientation as a sub-vertical joint system observed in outcrop areas of the Boom Clay
(Dehandschutter, 2004). Fracture patterns similar to this also are recognised in northern France in
the London Clay, the lateral equivalent of the Ypresian clays. No observations or estimations are
yet available for the Ypresian clays that would 1) provide insight into the penetration depth of
these joints and/or 2) indicate if they are present at proposed repository depths.

The Ypresian clays consist of several members characterised by different clayey lithologies.
Their identification on the basis of geophysical borehole measurements was subject to a revision
by the Belgian National Commission for Stratigraphy in order to harmonise the different
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interpretations. From bottom to top, the Ypresian clays consist of the Orchies Member (with
significant kaolinite content), the more silty and heterogeneous Roubaix Member, the clay-rich
Aalbeke Member, the silty Kortemark Member, and the thin Egemkapel clay. As the Roubaix
Member tends to evolve to a sand in the eastern part of the depositional area, and due to the
absence of useful reconnaissance boreholes, the eastern boundary of the area of interest is not yet
clearly defined.

Figure 3: Map of northern Belgium, showing the depth below sea
level for the top of the Kortrijk Formation and the thickness of the formation
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Source: from ONDRAF/NIRAS (2001).

Queenston and Georgian Bay Formations - Canada

The argillaceous Queenston and Georgian Bay shale formations are located within the Michigan
Basin, consisting primarily of marine sediments of Cambrian to Devonian age (Armstrong and
Carter 2010) that unconformably overlie Precambrian Grenville basement rock along the
southern edge of the Canadian Shield (see Figure 4). The shale formations are of Late Ordovician
age (~458-443 Ma old). At the Bruce Site (southwestern Ontario), the low-permeability massive
Ordovician shale sequence occurs at reference depths between ~448 and 660 metres below
ground surface, consisting of the Queenston, Georgian Bay and Blue Mountain shales, as well as
the Collingwood Member shale of the Cobourg Formation. In the region surrounding the Bruce
Site, the Paleozoic strata dip gently between 0.28° and 1.0° towards the centre of the Michigan
Basin (west) and to the south-west.

The Queenston Formation consists of red to maroon, non-calcareous to calcareous shale, with
minor amounts of green shale, siltstone, sandstone and limestone. Gypsum occurs as locally
abundant nodules and thin, sub-horizontal fracture infillings. The Georgian Bay Formation
consists of greenish- to bluish-grey shale, interbedded with limestone, siltstone and sandstone.
The upper 30m is dark grey-green shale with grey, fine- to medium-grained, occasionally
fossiliferous limestone, siltstone and sandstone layers or hardbeds. The lower 60 m is dark grey-
green shale with occasional layers and laminations of fossiliferous limestone, siltstone and
sandstone, the frequency of which decreases with depth. The lowest hardbed is fossiliferous
limestone. The clay fractions of the Queenston and Georgian Bay formations are approximately
40 wt.% and 50 wt.%, respectively. The clay minerals identified in the shales are predominantly
illite and mica (typically > 50% of all clay minerals), chlorite (20 to 45%), and minor kaolinite and
interstratified illite-smectite. Typically, the shales contain about 20-30 wt.% quartz, as well as
highly variable amounts of carbonate minerals. Halite is commonly observed infilling mm-scale
to hairline thickness fractures throughout the shale sequence. The primary iron mineral in the
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Queenston Formation is hematite, while the primary iron mineral in the Georgian Bay Formation
is pyrite. The presence and traceability in multiple boreholes of small-scale lithological variation
(i.e. mm- to cm-thick hardbeds of limestone, siltstone and sandstone within m-scale horizons)
provides evidence that the stratigraphy is laterally consistent and predictable.

Figure 4: Bruce Site lithology
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Core logging suggests the Ordovician shales are unfractured to sparsely fractured. Fracture
data exhibit an orthogonal geometry, consisting of two major sub-vertical joint sets oriented
east-northeast and north-northwest, and the region surrounding the Bruce Site is characterised
as undeformed and tectonically quiescent. The estimated peak burial depths for the top of
formations are ~1 446 and 1 518 m for the Queenston and Georgian Bay, respectively, with peak
burial temperatures approximating 70°C.

Toarcian-Domerian Formation — France

The argillaceous Toarcian-Domerian Formation of Jurassic age is located in the north-south
oriented Causses Basin, containing Permian to late Jurassic sediments, and is delineated by
basement massifs (Rouire and Rousset, 1980; Constantin et al., 2002; Constantin et al., 2004). The
bedding planes at the site generally are sub-horizontal, with dip orientation ranging between 5°
and 10° to the north. The argillaceous formation is sandwiched between two karstified carbonate
aquifers (refer to Figure 5) and is overlain by approximately 200 to 250 m of limestone and dolomite
(Aalenian to Bathonian) and underlain by a lower Liassic series (Carixian to Hettangian) mainly
composed of karstified carbonates (> 300 m).
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From a mineralogical point of view, the clay fraction of the formation ranges between 20 and
50 wt.% of the bulk rock, and is composed mainly of illite (5-15%), illite/smectite mixed-layer
minerals (5-10% with a smectitic proportion of about 10%), chlorite (1-5%) and kaolinite (15-20%).
The claystone contains 10 to 20% quartz (grains), 10 to 40% carbonates (mainly composed of calcite,
with traces of dolomite and siderite) and 2 to 7% pyrite (Boisson et al. 2001; Savoye et al., 2006).

The study area is bound by two east-west trending reverse faults, ~5 km apart and with
several hundreds of metres offset. The Pyrenean compression phase created most of the local
faults, and reactivated others at the regional scale and is assumed to have been responsible for
the karstification of the bounding aquifers (Ambert et al., 1995; Constantin et al., 2004). Based
on fission track analyses (Peyaud, 2002) the formation is interpreted to have been buried under
an additional 1 300 + 400 m of sediment, which would account for the over-consolidated state
of the clay formation. Due to this deep burial and intense diagenetic cementation, the studied
shales and marls of the Toarcian-Domerian are highly consolidated, relatively massive rocks
and exhibit brittle deformation behaviour (Constantin et al., 2002).

Figure 5: Triassic and Jurassic Stratigraphy at the Tournemire site
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Callovo-Oxfordian - France

The Meuse/Haute-Marne site is located in the east Paris Basin. In this region, the Paris Basin is
composed of alternating sedimentary (predominantly argillaceous) and limestone layers,
deposited in a stable marine environment during the Jurassic (165-135 Ma). These layers have a
simple and regular geometric structure, and slope slightly towards the north-west (1.5 to
2 degrees). The Callovo-Oxfordian layer is at least 130 metres thick, argillaceous and laterally
homogeneous, with low porosity (15% to 18%; see Figure 6).
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The rock consists of argillaceous mineral phases (e.g. smectites, illites and illite/smectite
interlayers), representing up to 60 wt.% of the total rock mass, as well as silts (fine quartzes) and
carbonates. The top of the Callovo-Oxfordian is between 340 and 520 m in depth and its base is
between 490 and 660 m, for a total thickness from 142 to 162 m. The middle and upper Callovian,
and the base of the Upper Oxfordian, are of homogeneous mineralogical composition, with clay

content > 35 wt.%.

The structural framework is stable and the site is located away from large regional faults,
such as the Marne Fault to the south-west.

Figure 6: Geological cross-section at the location of the Underground Research Laboratory
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Boda Claystone Formation — Hungary

Lithological description
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The Boda Claystone Formation (BCF) is located in southwestern Hungary. The ~265 Ma old (Middle
Permian [Guadalupian] age) formation is known to cover an area larger than 150 km? The
lithofacies represent an intermittent, saline playa lake in a desert to semi-desert environment.

CLAY CLUB CATALOGUE OF CHARACTERISTICS OF ARGILLACEOUS ROCKS, NEA No. 7249, © OECD 2022

29



CHAPTER 4. LIST OF CONSIDERED CLAY FORMATIONS

The presence of an extremely high proportion of sedimentary albite in the rock is a defining
characteristic of the BCF, as well as a lack of organic material and pyrite. On the basis of
mineralogical investigation (X-ray diffraction, differential thermal analysis, electron microprobe),
the main rock-forming minerals of the BCF are: clay minerals (dominant are illite-muscovite and
chlorite; smectite, kaolinite, vermiculite and mixed-layer clay minerals were identified in
inconsiderable amounts), authigenic albite, quartz, carbonate minerals (calcite and dolomite) and
hematite. Barite, anhydrite, authigenic K-feldspar and detrital constituents (muscovite, biotite,
chlorite, zircon, rutile, apatite, ilmenite, Ca-bearing plagioclase, K-feldspar) are also identified in
trace amounts. The dominant rock type in the formation is albitic claystone.

Figure 7: Detailed geological column of Boda Claystone Formation
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The formation is divided into two distinct blocks (see Figure 7), separated by the Hetvehely-
Magyarszék Fault Zone. The thickness of the BCF, the mineralogical composition and the degrees
of diagenesis are different in the two blocks. The Gorica Block is located north of the fault zone,
overlain by Permian, Triassic and Miocene sediments, and the beds dip to the NE. The Boda Block
is part of an anticline structure, the axis of which plunges to the east; the formation has been
significantly or completely eroded in the west. Its depth increases towards the north, east and
south. In this block, the maximum thickness of the BCF varies between 700 and 1 000 metres.
During sedimentation, the catagenetic stage was reached under conditions of high temperature
(200-250°C) and pressure (120-150 MPa). The BCF beds are interpreted to have been covered by
sediments of up to 3.5-4.5 km thickness during the Cretaceous Period. The over-consolidated,
highly indurated character of BCF is a result of this burial and compaction.
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Koetoi and Wakkanai Formations - Japan

The study site is located in an active Quaternary-aged foreland fold-and-thrust belt near the
boundary between the Okhotsk and Amurian plates (e.g. Yamamoto, 1979; Wei and Seno, 1998;
Ikeda, 2002) on the eastern margin of a Neogene- to Quaternary-aged sedimentary basin on the
western side of northern Hokkaido. The basin sediments consist of the Wakkanai Formation
(siliceous mudstones with opal-CT - i.e. microcrystalline opal), the Koetoi Formation
(diatomaceous mudstones with opal-A - i.e. noncrystalline opal), the Yuchi Formation (fine to
medium-grained sandstones) and the Sarabetsu Formation (alternating beds of conglomerate,
sandstone and mudstone, intercalated with coal seams); see Figure 8. The Koetoi Formation can
be found at depths between ~20 m and 230 m, and the Wakkanai Formation is observed at
depths greater than ~230 m. The boundary between the Koetoi and Wakkanai formations
generally strikes northwest-southeast and dips moderately westward (e.g. Tokiwa et al., 2014).

Figure 8: Schematic columnar section of the Horonobe Area
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The Koetoi and Wakkanai formations consist mainly of amorphous materials (principally
opal-A and/or opal-CT) in addition to trace amounts of quartz, K-feldspar, clay minerals (kaolinite,
illite, smectite and chlorite), pyrite and carbonate (calcite, siderite) (Ota et al., 2011). The upper part
of the Wakkanai Formation is thought to be a diagenetic transition zone, separating biogenic
sediments consisting mainly of opal-A in the overlying Koetoi Formation from deeper zones in the
Wakkanai Formation where opal-CT dominates.

Burial and subsidence of the Wakkanai and Koetoi formations occurred during the Neogene
to Quaternary. The siliceous mudstone was buried to a depth of more than 1 km at the time of
maximum burial (Ishii et al., 2008; Kai and Maekawa, 2009), with uplift and denudation initiated
approximately 1.0 Ma ago.

Opalinus Clay - Switzerland

Two separate datasets have been compiled for the Opalinus Clay: one is based on data from the
Mont Terri URL, representative of shallow depth occurrences of the formation (250-300 metres
below ground surface) and showing a strong tectonic overprint; the second, representative of
the candidate repository regions, is based mainly on data from the boreholes at Benken
(approximately 600 m depth) and Schlattingen (900 m depth). The Opalinus Clay is an over-
consolidated Jurassic claystone with a typical thickness of approximately 100 m across northern
Switzerland (112-120 m in the potential siting regions).
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Clay mineral contents are typically 60 +15 wt.%, consisting predominantly of non-swelling
clays such as kaolinite, illite and chlorite, and approximately 10 wt.% of swelling illite-smectite
mixed layers. Carbonates (20 +15 wt.%) and quartz/feldspars (20 +10 wt.%) are the other main
constituents. Compared to other Mesozoic sedimentary rocks in the area, the Opalinus Clay is
a homogeneous formation with only minor vertical and lateral lithological variability (Figure 9).
At a metre scale, some coarsening-upward cycles are observed with characteristic changes in
grain size from clay to silt-/sand particles. At the decimetre to millimetre scale, the preferred
alignment of platy clay particles is responsible for a distinct fabric (bedding) in the formation.
The macro- to microscopic bedding is an important characteristic of the Opalinus Clay and is
responsible for the observed anisotropy in both mechanical and transport properties.

Figure 9: Illustration of the Lithological variability of Opalinus Clay at different scales
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The tectonic overprint of the Opalinus Clay is different at the Mont Terri URL when compared
with the candidate regions in northern Switzerland. The URL is located in the south-eastern limb
of the Mont Terri anticline and tectonically belongs to the Folded Jura of the detached Alpine
foreland. The Folded Jura is the zone with the most intense deformation of the Jura fold-and-
thrust belt, which developed during late Miocene north-south shortening. In contrast, the
candidate regions are located within the deformed Tabular Jura and the Subjurassic Zone, which
experienced significantly less internal deformation during Miocene shortening. The Mesozoic
sedimentary rocks in northern Switzerland experienced two major burial phases. A first,
continent-scale, long-lasting phase occurred during Cretaceous times, when the Opalinus Clay
was buried to a depth of about 1 100 m, after which about 600 m of Cretaceous and upper Malm
were eroded during late Cretaceous and early Tertiary times. In the late Tertiary the sedimentary
pile was buried again, below the Molasse (erosional debris of the rising Alpine mountain chain),
and the Opalinus Clay at Benken reached a depth of about 1 650 m ~10 Ma before present. At the
Mont Terri URL in north-western Switzerland, burial is thought to have reached a maximum depth
of roughly 1 350 m.

The following two remarks from Nagra relate to data quality and, in particular, the
geomechanical properties. 1) In 2018, as data compilation for this catalogue was being finalised, a
benchmarking study was initiated on undrained triaxial testing of Opalinus Clay from Mont Terri.
The study provided its conclusions in late 2018 and improved significantly the database on
hydromechanical properties of Opalinus Clay for Mont Terri. 2) Nagra’s deep drilling programme
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has begun early in 2019. Extensive new core characterisation and testing data were thus expected
to enter the database for the Opalinus Clay in north-east Switzerland, which up to that time was
represented by data from the boreholes at Benken and Schlattingen.

4.2. General observations from figures

The following general observations are derived from the Master Dataset and Figures
(Annexes I-III):

1. Hydraulic conductivities (Kn) measured in situ for clay-rich formations typically range
between 10 and 10"** m/s.

2. Hydraulic conductivities measured in the laboratory also range between 10 and 10
* m/s, with slightly larger values measured parallel to bedding when compared to values
measured perpendicular to bedding.

3. There is a wide range of porosity values for the included formations, ranging from ~2%
to 62%. The determinations of porosity from different methods for the same formation
are observed to be generally quite consistent.

4. The total clay mineral(s) content of the formations average between 30 and 60 wt.%; nine
of the twelve included formations have clay mineral(s) contents in the range of 40-60 wt.%.

5. There is a notable range in chloride concentrations between the various formations
included, and somewhat less variability with respect to salinity (TDS). Chloride
concentrations, on average, are between 100-10 000 mg/L, with values above and
below this range observed for three of the included formations. For TDS, all values
are > 1 000 mg/L.

6. Average values for water content are typically less than 30 wt.%, with 8 of the 12
included formations plotting in the range of < 10 wt.%.

7. Values measured for Young’s modulus typically are higher when measured
perpendicular to bedding versus parallel to bedding.

8. Average values of uniaxial compressive strength are < 50 MPa, the only exception being
the Hungarian Boda Formation.

9. Diffusion coefficients of I', CI- and HTO are higher when measured parallel to bedding
versus perpendicular to bedding in the laboratory; normal to bedding laboratory tests
using HTO are lower than measurements made both parallel to bedding in the laboratory
and parallel to bedding in situ.

10. A general relationship correlating porosity with in situ hydraulic conductivity can be
observed.

11. For all porewaters included in the database, Na* chemistry dominates, with fluids of Na
or Na-Ca composition for major cations. Anion compositions vary more substantially,
but the majority of the fluids are still dominated by Cl- (and a few by SO42 or HCOx3).

12. There appears to be an almost linear relationship between porosity and De HTO both
parallel and perpendicular to bedding. Values measured in the laboratory using
different methods are typically similar/consistent for the respective formations.

13. There is no clear linear relationship for De I and De Cl- perpendicular to bedding with
respect to porosity; however, there does appear to be more linearity in the relationship
when measured parallel to bedding. Again, values measured using different methods
are quite consistent for both parallel and perpendicular orientations. The difference
observed in the relationships perpendicular to bedding versus parallel to bedding may
be related to the nature of the clay materials in the respective formations and the
anion-accessible porosity in the normal direction for Cl- and I".

14. Correlation can be observed between the total carbonate(s) content and in situ hydraulic
conductivity.

15. Moderate to high densities are observed for the formation rock; almost all have densities
above 2 200 kg/m?.
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Chapter 5. Conclusions

The formations included in this compilation are of varied lithology, water content, porosity and
argillaceous content. The majority of the formations included are classified as clays or shales,
with clay fractions averaging 40-60% by weight. Some key properties of all of the included
formations are highlighted in Table 3. As highlighted in Section 4.2, there are differences between
the various formations included in this report, but what is most significant are the numerous
similarities in the framework of fluid and solute longevity and transport.

The limitations of the catalogue, detailed in Chapter 3, must be kept in mind when
evaluating or using the data for any specific purpose. The scales of measurement and scales of
observation are important, especially when considering the formations at scales larger than
those that were measured. There is potential for heterogeneity across both short and long lateral
distances; inferences about formation scale properties must therefore be carefully balanced in
light of the scales of measurement indicated by the contributors.

The data and information contained in the annexes provide clear indications of the capacity
of argillaceous rock, in the proper context, to retain dissolved solutes and maintain integrity in
spite of external changes. As noted throughout the report, the purpose of this updated catalogue
is not to compare sites and promote a ranking of locations, but instead it is to depict the range
of values for various properties from one formation to another, and to highlight key similarities
and/or consistent traits observed across all formations. When combined, these consistent traits
demonstrate the suitability of natural argillaceous rock formations to host and contain spent
fuel, as well as low- and intermediate-level waste associated with nuclear power activities, over
long time frames.
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DATABASE ILLUSTRATIONS

Database illustrations

Annexes [ and II illustrate some potential utilisations of the Master Database compiled in
Annex III: Table 1.

Figures are presented for a selection of parameters considered relevant in evaluating the
capacity of a given argillaceous rock mass to contain and isolate radioactive waste from the
environment on safety-relevant time frames (i.e. Level 1 ranked features, events and processes).
These figures illustrate: 1) the variety in nature of the clay formations included, and 2) the
similarities between different argillaceous rock formations that are considered representative
of potential repository host rocks in various countries around the world.

The database affords the potential for performing comparisons of ranges in the data seen
between formations (i.e. from one location to another) in order to gain understanding of the
numerous, favourable properties of argillaceous formations; however, as mentioned previously
in Chapters 3 and 4, any comparison for the purpose of assessing a given site/formation, or
assessing one rock formation versus another, is not appropriate and is not the intended purpose
of this report. Any comparisons that are made based on the information presented in this report
must be interpreted with caution and with the understanding that differences may, and often
do, exist with respect to scales of measurement, measurement methods and the number of
samples evaluated for any given parameter.

Figure A1-1 to Figure A1-18 (see Annex I) illustrate some key parameters that are generally
considered to be relevant for assessing long-term rock mass and groundwater system stability.
Figures A2-1 to A2-25 (see Annex II) display a selection of correlations that may be of use in the
context of clarifying/demonstrating relationships between key parameters in argillaceous
media - relationships that lend support to the utility of such formations as potential long-term
storage solutions.

Abbreviations in the figures for each country and formation (including different lithological
units within the Callovo-Oxfordian) are indicated below for reference:

BEL_Boom: Belgium, Boom Clay

BEL_Ypresian: Belgium, Ypresian Clay

CAN_Georgian Bay: Canada, Georgian Bay Formation

CAN_Queenston: Canada, Queenston Formation

HUN_Boda-Gorica: Hungary, Boda Claystone Formation — Gorica Block
HUN_Boda-Boda: Hungary, Boda Claystone Formation — Boda Block

JAP_Koetoi: Japan, Koetoi Formation

JAP_Wakkanai: Japan, Wakkanai Formation

FRA_GCallovo-Oxfordian (USC): France, Callovo-Oxfordian (silto-carbonated unit)
FRA_GCallovo-Oxfordian (UA): France, Callovo-Oxfordian (argillaceous unit)
FRA_Callovo-Oxfordian: France, Callovo-Oxfordian (USC or UA not indicated)
FRA_Toarcian-Domerian: France, Toarcian-Domerian

CHE_Opalinus-MTerri: Switzerland, Opalinus Clay at Mont Terri (Mont Terri URL)
CHE_Opalinus-NE: Switzerland, Opalinus Clay north-east Switzerland
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ANNEX [: SOME RELEVANT KEY PARAMETERS

Annex I: Some relevant key parameters

The first set of figures presents some key parameters, usually considered as representative and
relevant for geological disposal investigations, which are listed below.

Figure A1-1: Present-day burial depth (top of formation)
Figure A1-2: Formation peak burial depth

Figure A1-3: Formation thickness

Figure A1-4: Total clay mineral(s) content

Figure A1-5: Total carbonate(s) content

Figure A1-6: Chloride concentration

Figure A1-7: Total dissolved solids (TDS) concentration
Figure A1-8: Water content

Figure A1-9: Porosity measured using different methods or calculated by water content
and grain density

Figure A1-10: Hydraulic conductivity measured in situ
Figure A1-11: Hydraulic conductivities measured in laboratory parallel (//) or perpendicular

(1) to bedding

Figure A1-12: Diffusion coefficient of iodide measured in laboratory parallel (/) or
perpendicular (1) to bedding

Figure A1-13: Diffusion coefficient of chloride measured in laboratory parallel (/) or
perpendicular (1) to bedding

Figure A1-14: Diffusion coefficient of HTO measured in laboratory parallel (/) (PB) or
perpendicular (1) (NB) to bedding

Figure A1-15: Seismic velocity (Vp and Vs; best-estimate values)

Figure A1-16: Laboratory uniaxial compressive strength (UCS) laboratory tests parallel (//)
or perpendicular (1) to bedding

Figure A1-17: Young's modulus static laboratory tests parallel (//) or perpendicular (1) to
bedding

Figure A1-18: Young’s modulus dynamic laboratory tests parallel (/) or perpendicular (+)
to bedding and dynamic in situ tests

Each formation is presented adjacent to all others in a column-style plot format, allowing
for quick and easy identification and simple comparison/assessment of the ranges of data
observed for each parameter at various locations around the globe.

Figures A1-1 to Al-2 illustrate the present-day burial depths (top of the formation) and
maximum burial depths for all formations included in the Master Database. These two
parameters provide an overall picture of the geological history of the formations in terms
of subsidence, uplift and the potential state of consolidation of the material.
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e Figure A1-3 illustrates the formation thicknesses, and also shows complementary
information on that subject in the form of minimum, maximum and best-estimate values.

e Figures Al-4 to Al-5 depict the total clay minerals and total carbonate(s) content,
respectively. The mineralogical parameters help to define the nature of the argillaceous
formations (clay-rich, carbonate-rich, mixed lithology, etc.). Maximum and minimum
values provide a reasonable idea of the possible variability of these parameters at various
depths and locations within the formation.

e Figures A1-6 to Al-7 depict the porewater (or groundwater) chloride concentrations and
total dissolved solids (TDS), respectively. It can be observed that there is variation in both
chloride concentration and TDS between the various locations around the world. In
general, chloride concentration and TDS typically correlate well, particularly in those
formations for which CI- is the dominant anion in the porewater. TDS values within the
included formations range between 103 to 10° mg/L (i.e. relatively high salinities).

e Flow and solute transport properties are typically related to key petrophysical and
hydraulic parameters, including water content (Figure A1-8), porosity (Figure A1-9),
hydraulic conductivities measured in situ (Figure A1-10) and in laboratory (Figures A1-11
to A1-12), effective diffusion coefficients of iodide, chloride and HTO measured in
laboratory (Figures A1-13 to A1-15, respectively), all of which provide an overall picture
of the current (and possible) physical states of the considered clay material.

e Numerous types of porosity measurements are considered by the different contributing
organisations: classic mercury (Hg) injection, nuclear magnetic resonance, pulse tests
(HTO), pycnometry, as well as porosity deduced from water content (at 105-110°C) and
density. Porosity values determined by these various methods can be directly compared in
Figure 9 for the included formations, and show clear correlation with values determined
for water content (Figure 8).

e The low hydraulic conductivity values (typically <10'* m/s) of the different formations
can both be seen in Figure A1-10 (in situ) and in Figure A1-11 (in laboratory, parallel and
perpendicular).

e Figures A1-12 to Al-14 illustrate the effective diffusion coefficients (measured in
laboratory both parallel and perpendicular to bedding) for iodide, chloride and HTO,
respectively. Where data are available for both orientations, it is possible to highlight the
differences in the De values due to the orientation towards stratigraphy. Based on the
available data, it may be reasonably inferred that HTO diffusion coefficients typically are
higher than those from tests using anionic species such as I or Cl.

e Petrophysical and mechanical characteristics of the different formations are illustrated
with the following parameters: laboratory seismic velocities (Vp and Vs, Figure A1-15),
laboratory uniaxial compressive strength (Figure A1-16) and Young’s modulus (static and
dynamic, Figures A1-17 to A1-18).
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Figure A1-1: Present-day burial depth (top of formation)
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Figure A1-3: Formation thickness
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Figure Al-4: Total clay mineral(s) content (presented in wt.%)
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Figure A1-5: Total carbonate(s) content (presented in wt.%)
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Figure A1-6: Chloride concentration
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Figure A1-7: Total dissolved solids (TDS) concentration
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Figure A1-8: Water content (presented in wt.%)
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Figure A1-9: Porosity measured using different methods
or calculated by water content and grain density
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Figure A1-10: Hydraulic conductivity measured in situ
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Figure A1-11: Hydraulic conductivities measured in laboratory

parallel (/) or perpendicular (1) to bedding
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Figure A1-12: Diffusion coefficient of iodide measured in laboratory
parallel (/) or perpendicular (1) to bedding
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Figure A1-13: Diffusion coefficient of chloride measured in laboratory
parallel (/) or perpendicular (1) to bedding
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Figure A1-14: Diffusion coefficient of HTO measured in laboratory
parallel (/) (PB) or perpendicular (1) (NB) to bedding
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Figure A1-15: Seismic velocity (Vp and Vs; best-estimate values)
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Figure A1-16: Laboratory uniaxial compressive strength (UCS)
tests parallel (/) or perpendicular (1) to bedding
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Notes: Lines represent the range of values measured (minimum to maximum). Symbols represent best-

estimate values
Source: NEA CCC Master Database.
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Figure A1-17: Young’s modulus static laboratory tests parallel (//)
or perpendicular (1) to bedding
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Figure A1-18: Young’s modulus dynamic laboratory tests parallel (//) or

perpendicular (1) to bedding and dynamic in situ tests
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Annex II: Some relevant correlations

Figures 19-43 present a series of correlation diagrams, many of which depict observed
relationships in the database, based only on the “best-estimate” value provided. The correlations
presented are intended to highlight key relationships observed in, and typical of, argillaceous
media.

Figure A2-1: Correlation between porosity and peak burial depth

Figure A2-2: Correlation between present-day burial depth and salinity of formations
Figure A2-3: Ternary diagram for porewater major ion chemistry - cations

Figure A2-4: Ternary diagram for porewater major ion chemistry — anions

Figure A2-5: Ternary diagram for total clay mineral(s) content, total carbonate(s), sum of other
minerals content

Figure A2-6: Correlation between hydraulic conductivity and density
Figure A2-7: Correlation between porosity and in situ hydraulic conductivity

Figure A2-8: Correlation between porosity and HTO diffusion coefficient perpendicular to
bedding

Figure A2-9: Correlation between porosity and HTO diffusion coefficient parallel to bedding

Figure A2-10: Correlation between porosity and chloride + iodide diffusion coefficient
perpendicular to bedding

Figure A2-11: Correlation between porosity and chloride + iodide diffusion coefficient parallel
to bedding

Figure A2-12: Correlation between total carbonate(s) content and in situ hydraulic conductivity
Figure A2-13: Correlation between total carbonate(s) content and porosity

Figure A2-14: Correlation between total carbonate(s) content and water content

Figure A2-15: Correlation between total carbonate(s) content and diffusion coefficient of iodide
Figure A2-16: Correlation between total carbonate(s) content and diffusion coefficient of HTO
Figure A2-17: Correlation between total clay content and in situ hydraulic conductivity

Figure A2-18: Correlation between total clay content and porosity

Figure A2-19: Correlation between total clay content and water content

Figure A2-20: Correlation between total clay mineral(s) content and diffusion coefficient of
iodide

Figure A2-21: Correlation between total clay mineral(s) content and diffusion coefficient of HTO
Figure A2-22: Correlation between total clay mineral(s) content and density

Figure 42-23: Correlation between diffusion coefficient of HTO and water content

Figure A2-24: Correlation between uniaxial compressive strength (UCS) and water content

Figure A2-25: Correlation between uniaxial compressive strength (UCS) and young’s modulus
static laboratory tests
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e Figure A2-1 presents the correlation between porosity and peak burial depth (only “best
estimates” of porosity from all methods are included); in general, a trend can be recognised
between the two parameters of decreasing porosity with increasing peak burial depth.

e Figure A2-2 presents a cross-plot of salinity and present-day burial depth of the
formations. No obvious correlation is apparent between these two parameters.

e Figures A2-3 to A2-4 present ternary diagrams for the major ions (cations and anions,
respectively) measured in the formation porewaters (or groundwaters).

e Figure A2-5 presents the relative position of the various clay formations in a ternary
diagram [clay minerals — carbonates — other minerals]. The diagram confirms that, typically,
none of the formations are “purely clay”, and that some of their characteristics, and
consequently behaviour, may be influenced more or less by the amount of carbonates or
others minerals present.

e Figure A2-6 presents the correlation between hydraulic conductivity and formation density.

e Figure A2-7 presents the correlation between porosities (from different types of
measurements) and in situ hydraulic conductivities.

e Figures A2-8 to A2-9 confirm the direct correlation between the various measured
porosities and HTO effective diffusion coefficients (both parallel and perpendicular to
bedding). For those formations with measurements in both orientations, it is observed
that effective diffusion coefficients of HTO parallel to bedding are typically larger than
those measured perpendicular to bedding.

e Figures A2-10 to A2-11 show the correlation between porosity and effective diffusion
coefficients for chloride and iodide (both parallel and perpendicular to bedding). For
those formations with measurements in both orientations, it is observed that anion
effective diffusion coefficients parallel to bedding are typically larger than those
measured perpendicular to bedding.

o TFigures A2-12 to A2-16 show key correlations related to total carbonate(s) contents (wt.%)
including: in situ hydraulic conductivity, porosity, water content, and effective diffusion
coefficients of iodide and HTO.

e Figures A2-17 to A2-22 show key correlations related to total clay content (wt.%),
including: in situ hydraulic conductivity, porosity, water content (wt.%), effective
diffusion coefficients of iodide and HTO, and density.

e Figure A2-23illustrates the correlation between effective diffusion coefficient of HTO and
water content (wt.%) of the formation.

e Figures A2-24 to A2-25 present the correlations between uniaxial compressive strength
(UCS) and water content (wt.%), and uniaxial compressive strength and Young’s modulus,
respectively. The figure illustrates the typical hydromechanical coupling between such
parameters in clay formations.
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Figure A2-1: Correlation between porosity and peak burial depth (best-estimate values)
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Source: NEA CCC Master Database.
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Figure A2-2: Correlation between present-day burial depth and salinity of formations
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Source: NEA CCC Master Database.
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Figure A2-3: Ternary diagram for porewater major ion chemistry — cations (best-estimate values)

0 100

JPN_Wakkanai
JPN_Koetoi
CAN_Queenston
CAN_Georgian Bay
FRA_Callovo-Oxfordian
FRA_Domerian-Toarcian
CH_Opalinus-NE
HUN_Boda_Boda
HUN_Boda-Gorica
BEL_Boom
BEL_Ypresian

24 I AR | EX2

ca*

Note: HUN_Boda-Boda block and HUN_Boda-Gorica block formation data originated from groundwater.
Source: NEA CCC Master Database.
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Figure A2-4: Ternary diagram for porewater major ion chemistry — anions (best-estimate values)
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Note: HUN_Boda-Boda block and HUN_Boda-Gorica block formation data originated from groundwater.
Source: NEA CCC Master Database.
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Figure A2-5: Ternary diagram for total clay mineral(s), total carbonate(s),
and sum of other minerals content, presented in wt.% (best-estimate values)
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Figure A2-6: Correlation between hydraulic conductivity
and density (best-estimate values)
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Figure A2-7: Correlation between porosity and in situ
hydraulic conductivity (best-estimate values)
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Figure A2-8: Correlation between porosity and HTO diffusion coefficient
perpendicular to bedding (best-estimate values)
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Figure A2-9: Correlation between porosity and HTO diffusion coefficient
parallel to bedding (best-estimate values)
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Figure A2-10: Correlation between porosity and chloride + iodide diffusion
coefficient perpendicular to bedding (best-estimate values)
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Figure A2-11: Correlation between porosity and chloride + iodide diffusion
coefficient parallel to bedding (best-estimate values)
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Figure A2-12: Correlation between total carbonate(s) content (presented in wt.%) and in situ
hydraulic conductivity (best-estimate values)
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Figure A2-13: Correlation between total carbonate(s) content (presented in wt.%)
and porosity (best-estimate values)
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Figure A2-14: Correlation between total carbonate(s) content (presented in wt.%)
and water content (presented in wt.%)(best-estimate values)
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Figure A2-15: Correlation between total carbonate(s) content (presented in wt.%) and diffusion
coefficient of iodide (best-estimate values)
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Figure A2-16: Correlation between total carbonate(s) content (presented in wt.%) and diffusion
coefficient of HTO (best-estimate values)
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Figure A2-17: Correlation between total clay mineral(s) content (presented in wt.%) and in situ
hydraulic conductivity (best-estimate values)
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Figure A2-18: Correlation between total clay mineral(s) content (presented in wt.%)
and porosity (best-estimate values)
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Figure A2-19: Correlation between total clay mineral(s) content (presented in wt.%)
and water content (presented in wt.%) (best-estimate values)
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Source: NEA CCC Master Database.
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ANNEX II: SOME RELEVANT CORRELATIONS

Figure A2-20: Correlation between total clay mineral(s) content (presented in wt.%)
and diffusion coefficient of iodide (best-estimate values)
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ANNEX II: SOME RELEVANT CORRELATIONS

Figure A2-21: Correlation between total clay mineral(s) content (presented in wt.%)
and diffusion coefficient of HTO (best-estimate values)
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ANNEX II: SOME RELEVANT CORRELATIONS

Figure A2-22: Correlation between total clay mineral(s) content (presented in wt.%)

and density (best-estimate values)
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ANNEX II: SOME RELEVANT CORRELATIONS

Figure A2-23: Correlation between diffusion coefficient of HTO
and water content (presented in wt.%) (best-estimate values)
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ANNEX II: SOME RELEVANT CORRELATIONS

Figure A2-24: Correlation between uniaxial compressive strength (UCS)
and water content (presented in wt.%) (best-estimate values)
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ANNEX II: SOME RELEVANT CORRELATIONS

Figure A2-25: Correlation between uniaxial compressive strength (UCS) and Young’s
modulus static laboratory tests (best-estimate values)
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ANNEX III: ARGILLACEOUS ROCK FORMATIONS DESCRIPTION

Annex III: Argillaceous rock formations description’

Boom Clay - Belgium

Introduction

The Boom Clay, a non-indurated clay unit, has been studied for almost 40 years in Belgium in
the context of the long-term management of radioactive waste (ONDRAF/NIRAS, 1990;
ONDRAF/NIRAS, 2001; ONDRAF/NIRAS, 2013). Research began in the 1970s at SCK CEN
(Nuclear Research Institute), situated in Mol, with exploratory drilling and the construction of
the underground research facility (URF), HADES. The URF is presently managed by the EIG
EURIDICE (ONDRAF/NIRAS and SCK CEN). Since its establishment in 1980, ONDRAF/NIRAS, the
Belgian Agency for Radioactive Waste and Enriched Fissile Materials, has been responsible for
radioactive waste management in Belgium. The agency considers geological disposal in poorly
indurated clay as the reference solution for the long-term management of high-level waste
(classified as category C waste) and long-lived intermediate and low-level waste (classified as
category B waste). ONDRAF/NIRAS is also responsible for the research, development and
design programmes related to geological disposal.

Disposal concept

The disposal concept includes the post-conditioning of the waste in disposal packages and
the subsequent disposal of these packages in an underground repository. Before being
transported and disposed of in the repository, the primary waste packages, in which wastes
are currently contained, will be post-conditioned in disposal packages: so-called “super-
containers” for category C waste (high-level long-lived heat-emitting waste) and monoliths
for category B (medium-level long-lived waste). These disposal packages must provide
radiological protection to workers, to enable safe handling of the waste without requiring
additional protection. Apart from radiological shielding, the disposal package for the
category C waste, the super-container, also has to assure complete waste containment during
the thermal phase. This is the phase during which the host rock is at elevated temperature
(i.e. higher than 25°C) due to the heat generated by the waste.

The super-containers and monoliths are then transported to an underground repository.
The reference design for a repository, as considered in ONDRAF/NIRAS’ Research, Design and
Development (RD&D) programme on geological disposal, consists of a disposal facility
constructed in poorly indurated clay. The disposal packages are transferred to the repository
along a large waste shaft, which separates the repository into category B and category C waste
sections. Two smaller shafts are built at each end of the respective sections for personnel and
material transfer, and to allow the repository to be ventilated. The shafts are connected by
access galleries, perpendicular to which the actual disposal galleries are constructed. The
disposal galleries are dead-end structures.

As waste disposal progresses, the repository is progressively closed by backfilling and
sealing of the disposal galleries. After completion of all disposal operations, the repository is
closed by backfilling and sealing of the access galleries and shafts.

1. The summaries were published as provided by the countries with minimal editorial input from the NEA.
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ANNEX III: ARGILLACEOUS ROCK FORMATIONS DESCRIPTION

Formation properties

Present in the north-eastern part of Belgium, the Boom Clay has a long history of being studied by
geologists, soil engineers and industrial users. Study of the Boom Clay began in the 19 century in
its outcrop area along the Rupel River. This river has also given its name to the Early Oligocene
age and stage, the Rupelian.

Geology/structure

Boom Clay is the name given to a thick plastic clay unit of (Early) Oligocene age, present in the
Campine Basin in the North-east of Belgium, in the Netherlands (Rupel Clay Member), under the
North Sea (Lark Formation), and in the Lower Rhine area and Northern Germany (Septarienton/
Rupelton).

The Boom Clay Formation is, from base to top, subdivided into four members (Figure A3-1):
Belsele-Waas Member, Terhagen Member, Putte Member and Boeretang Member (Vandenberghe
et al,, 2014). The Boeretang Member is absent in the outcrop area of the formation and is only
recognised in drill core/cuttings. To the east, the Belsele-Waas Member extends laterally into the
Berg Sand, and the lower part of the Terhagen Member extends into the Kleine Spouwen Clay and
the Kerniel Sands. The Boom Clay is covered by glauconitic and clayey sands of the Eigenbilzen
Formation. In the northern part of Belgium, the distinction between the Boeretang Member and
the Eigenbilzen Formation is difficult to discern. In this case, the Eigenbilzen Formation is
incorporated into the Boom Formation, forming a thick clay layer.

Figure A3-1: Sequence stratigraphic data and interpretation for the Rupelian
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ANNEX III: ARGILLACEOUS ROCK FORMATIONS DESCRIPTION

The occurrence area of the Boom Clay is shown in Figure A3-2. The clay deepens to the
northeast and to the east due to the presence of the Roer Valley Graben, with formation dip of
approximately 1° to 2°. In subcrop, the thickness of the clay is on the order of 80 to 100 m. When
the clayey silt sediments of the Eigenbilzen Formation are included, the maximum thickness of
the formation is ~140 m. The outcrop zone of the Boom Clay forms a 5 to 15 km wide belt along
a west-east line (roughly from the south of Antwerp, via Aarschot to Hasselt), which is
interrupted in the Hageland by a deeply eroded channel filled with Diest Sands (Upper Miocene).
The western outcrop zone is bounded by the Scheldt estuary and both the Rupel and Demer
rivers. The Eastern outcrop is located in the Hageland and the Demer region in Limburg. At Mol,
the Boom Clay is present at a depth of approximately 185 to 285 m below ground surface (b.g.s.).

The most striking characteristic of the Boom Clay, directly visible in outcrop, is its
horizontal layering, which is the result of variations in grain size, organic matter content and
carbonate content (Figure A3-3). Within this layering, several marker horizons (i.e. layers with
distinct characteristics) are recognised. These horizons are labelled, or shown, in Figure A3-3
and Figure A3-4 (as indicated below).

Examples of such markers are the “pink horizon” (“R”), the boundary between the grey clay
(Terhagen Member) and the black clay (Putte Member), the “double band” (“db”), and all septaria
horizons. Septaria are carbonate concretions with similar characteristics (size, composition and
mineral precipitates on their septae) within one single horizon. Their size can vary from a few
tens of centimetres up to almost 2 m, and their height is confined to 40 cm. These marker
horizons are recognised in outcrops and in boreholes and enable study of the lateral continuity
of the Boom Clay over very long lateral distances.

The basal member of the Boom Clay (Belsele-Waas) is comprised of two thick silt layers. It is
overlain by the Terhagen Member, a grey clay with a small number of distinct black stained layers.
This unit contains dispersed carbonate in its lower part and three septaria horizons. It also
contains the pink horizon (“R”), a reddish- to brown-coloured band, depending on humidity
conditions of the clay surface, which corresponds to a maximum flooding surface (“mfs”). The top
of the member is defined by the sudden and systematic occurrence of black bands in the overlying
clay. This clay, the Putte Member, is rich in vegetal organic matter. A large amount of pyrite is
associated with the organic matter as well. In this member, the coarse-grained silty double band
(“db”) occurs, and also the typical sideritic septaria level S60, the latter corresponding to another
maximum flooding surface. The top unit or Boeretang Member is defined on the basis of
geophysical loggings. It was formerly noted as a “Transition zone” or “10-WIG zone” (due to its ten
characteristic resistivity peaks). This member gradually becomes coarser, with silty clay layers
and clayey silt to fine sand.

The Boom Clay belongs to a series of Paleogene deposits formed in the North Sea Basin. The
structural features of the North Sea qualify it as an epicontinental sea. Tectonically, the Rupelian
represents a time interval of intense Alpine deformation. The geographical extension of the Boom
Clay and other Rupelian clays — over what could be considered the northern European branch of
the Paratethys - involved significant subsidence of that area. Sedimentation initiated under sub-
tropical to warm temperature climate conditions, and evolved to colder and drier conditions
towards the Late Rupelian. A sudden cooling, caused by the tectonic separation of the continental
land masses of Antarctica, South America and Australia, marked the start of the Oligocene.

The Boom Clay has been subjected consistently to subsidence, with the exception of a short
period of uplift during the Chattian (27-24 Ma, see Figure A3-4). New findings indicate that the
Central Campine experienced large-scale erosion and denudation over the last 1 Ma. The Boom
Clay at Mol may have been buried as much as 20 to 30 metres deeper than its present depth (not
shown in Figure A3-4).
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Figure A3-2: Isohypse map of the top of the Boom Clay
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Source: Welkenhuysen et al., 2012; courtesy of Geological Survey of Belgium.

Note: The Red Arrow Points to the Nuclear Zone of Mol-Dessel. Inset is an Isopach Map of the Boom Clay with the Outcrop Zone in Dark Blue.

Figure A3-3: Geophysical logging, gamma ray and resistivity, through the Boom Clay at herentals
with indication of the marker horizons (left); Photograph of the Boom Clay in its outcrop zone with
the lighter layers containing more silty material (right)
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ANNEX III: ARGILLACEOUS ROCK FORMATIONS DESCRIPTION

Figure A3-4: Burial history at Mol during the past 37 Ma
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Observed natural discontinuities in the Boom Clay are composed primarily of sub-vertical
joints and slickenside surfaces. Until present, only one normal fault has been found (clay pit of
Kruibeke), and its presence is related to minor differential regional tectonic tilting that occurred
in the Late Oligocene.

Based on paleo-stress and SEM texture analyses, a comprehensive evolution and relationship
between the joints and slickensides has been proposed by Dehandschutter et al. (2005). The low-
angle slickensides form as shear bands in the plastic domain, at the maximum burial depth of the
clay deposit, which was reached during the Rupelian (see Figure A3-4). The orientation of the
slickensides is governed by the NE-trending extension that occurred during the Oligocene, which
was related to the formation of the Roer Valley Graben. As a result of ongoing uplift associated
with this process, the tectonic anisotropy increased and the fault planes developed perpendicular
to the north-east extensional direction. With uplift, lower effective stress levels were reached,
approaching the tensile regime where joints develop. At first, the joints were hybrid, tensional
and shear (bending of clay-grain shear bands can be observed at the boundary with the joint
surface). With further reduction in stress levels, the total effective stress became so low that pure
tensile joints developed.

Plastic diapir-like deformations (valley bulging) are observed where the Scheldt River
eroded down into the top of the Boom Clay; valley bulging is noted to occur when a local
decrease in the overburden load is caused due to denudation and river incision. The horizontal
stress inherited from past burial conditions largely exceeds the (reduced) vertical stress after
the local removal of the overburden (river incision and erosion), which results in the vertical
upward movement of the clay by several metres (Shaw et al., 2011).
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Geochemistry, hydrogeology and transport properties

Geochemistry

Porewater chemistry controls the speciation of radionuclides and, hence, their mobility. It also
plays an important role in the evolution of the geologic disposal system. The present Boom Clay
porewater at Mol is a Na-HCOs solution, but it evolves to a more saline composition to the
northwest. Main cations are Na, Ca, K, Mg, Si and Fe, and major anions are Cl, Br, SO.> and
HCOs. Boom Clay porewater contains between 50 to 150 mg C/litre of dissolved natural organic
matter, composed of humics and fulvics. In the Mol area, the Boom Clay is a reducing, slightly
alkaline environment with a redox potential (Eh) lower than -270 mV and a pH of 8.3. The
specific water composition is calculated with a geochemical model based on the assumption of
a chemical equilibrium between the porewater and the Boom Clay rock-forming minerals. The
current model assumes equilibrium conditions for calcite, siderite, pyrite and kaolinite, and
cation exchange between Ca, Na, K, Mg and the porewater (De Craen et al., 2004). For the Safety
and Feasibility Case 1 (SFC1), ONDRAF/NIRAS requires the building of a single internally-
consistent thermo-chemical database to be used as a reference for geochemical modelling and
reactive transport calculations, referred to as MOLDATA.

Hydrogeology and transport properties

In NE-Belgium, a shallow aquifer system (unconfined and semi-confined) and a deep aquifer
system (confined) are considered. The shallow system comprises the hydrogeological system
above the Boom Clay, while the deep aquifer system refers to the confined hydrogeological system
below the Boom Clay (Figure A3-5). This subdivision is based on modelling and conceptual
knowledge of groundwater flow in the region (Vandersteen et al., 2013).

The shallow system is the main source of water supply for Flanders (Northern part of
Belgium). The regional groundwater flow direction is primarily from to the northwest, from a
major recharge area on the Campine Plateau in the east.

For the deep aquifers, regional pumping near the outcrop zones in the south results in a
decrease in the water levels at great distances to the north, inducing hydraulic gradients which
effect both the magnitude of the groundwater velocities and the groundwater flow direction (as
indicated by groundwater modelling results). Under natural conditions, the groundwater flow
in these aquifers is west to north-west, and water balance calculations show a large influence
of pumping activities on groundwater flow dynamics.

The assumed natural conditions correspond to a closed hydraulic system. The lack of an
outlet for groundwater in the deep aquifer system causes almost all groundwater that enters the
deep aquifer system through the Boom Clay to return to the shallow aquifer system. Under current
conditions (influence of pumping), the hydraulic system is considered to be open, where the
pumping wells remove water that infiltrates the deep groundwater circulation domain. Additional
recharge occurs through aquifer outcrops. The determination of the hydraulic conductivity of the
Boom Clay has been ongoing for more than 30 years, and experiments have been conducted on
different scales: permeameter cells, percolation experiments, piezometers around the HADES
URF, macro-permeameter experiments, radial hydraulic potential profiles, and in situ tests in
boreholes (MDT and Dual Packer tests). The hydraulic conductivity in the Terhagen and Putte
members is fairly constant at the regional scale and is in the order of 10?2 m/s, although it does
increase to the west. The anisotropy is approximately 2.5, with a geometric mean for Ky of 1.7 x
102 m/s and for Kn of 4.4 x 102 m/s at Mol (Yu et al., 2011).

The dominance of diffusion in comparison with advection is demonstrated by large-scale
and long-lasting (several decades) experiments in the HADES URF. Uptake of cations may occur
through two main sorption mechanisms, including cation exchange and surface complexation.
The former represents sorption sinks for metal cations and the cation-exchange capacity is
roughly proportional to the smectite content of the Boom Clay. Surface complexation takes
place between hydrolysed metals and functional groups on the solid phase. The solutes also
may react with colloids present in the porewater. Migration experiments are conducted as pure
diffusion tests and percolation tests (both diffusion and advection are possible in this case). The
behaviour of the solutes of interest are categorised and four groups are identified: neutral and
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non-sorbing species (HTO), solutes subjected to anion exclusion (I'), solutes influenced by cation
exchange (Cs), and solutes interacting with natural organic matter (Tc).

Figure A3-5: (A) Conceptual sketch of the shallow and deep aquifer system and its boundaries; (B)
Detailed overview of the hydrogeology incorporated in the deep aquifer pumping model; (C)
Extension of the DAP Model (black line) in relation to the occurrence of the Boom Clay and the
asse/ursel clay (grey) and the Roer Valley Graben Fault System
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Source: Vandersteen et al., 2013.

Favourable formation attributes

Figure A3-6 depicts summary arguments developed in support of the capacity of the Boom Clay
to contain and isolate nuclear waste. Key safety case arguments, detailing properties of the
formation, are presented below (ONDRAF/NIRAS, 2013).
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The areal extent and thickness of the lithological units allow for predictability at scales
relevant to establishing safety

The geological barrier and the environment can be characterised

e From several drilling operations dispersed over the Campine area, the Boom Clay is well
characterised both in vertical and lateral orientations (Vandenberghe et al., 2014).

¢ The key horizons of the Boom Clay, and even the clay/silt alternations and septaria
horizons, recognised in outcrop (clay pits) can be identified consistently throughout the
basin by means of geophysical logging tools (Vandenberghe and Mertens, 2013),
demonstrating the lateral extent of the formations and marker horizons.

The presence of natural barriers (host and enclosing formations) acts to isolate the host
rock and contain solutes for safety-relevant time frames

Isolation of the system is ensured during the period of concern

e The geodynamic evolution of the Campine over the next million years can be partly
evaluated based on the understanding of its past evolution. Although the geodynamics
of the region are closely related to the evolution of the Roer Valley Graben, the Boom
Clay will roughly remain at the same depth as it is today.

e Tectonic activity is not anticipated to create major faults in this part of the Campine.

e Climate change will occur in the future, and global warming and an associated sea level
rise — resulting in flooding of a large area of the Campine - cannot be excluded from
considerations of future system behaviour.

- Models show that glaciations will again occur after 400 ka from present. However, a
simulated future glacial maximum (at 890 ka after present) would not result in the
extension of an ice sheet into Belgium. Permafrost penetration could potentially
reach a depth of 200 m b.gs.

¢ Human actions in the Campine include exploration and exploitation of underground
resources for economic reasons, such as drinking water, geothermy and gas storage.
Therefore, drilling is one of the main human actions that can be expected to happen in the
region in the future. Although such actions cannot be excluded totally, it is considered
fairly unlikely that a drilling would traverse the disposal system.

Stability of the geosphere on safety-relevant time frames supported by multiple lines of
geoscientific evidence/reasoning

Transport processes are anticipated to remain diffusion-dominated over geologic time frames
(hundreds of thousands to millions of years)

e The dominance of diffusion over advection has been demonstrated in decades-long
experiments in the HADES URF.

e Tests show that temperature increase does not influence the intrinsic permeability of the
clay, although hydraulic conductivity can increase due to the decrease of water viscosity.

Water flow is limited and transport is retarded for many radionuclides

e Transportis diffusion dominated and migration is further delayed by retention processes
(sorption). After the slow transport via diffusion through the Boom Clay, during which a
large fraction of the radionuclides will have decayed, only a minor fraction will reach the
biosphere.
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Geochemical stability of the groundwater-porewater system over geologic time frames

¢ The Boom Clay displays a significant buffer capacity with regard to chemical perturbation.
The potential chemical perturbations affecting the pH, redox potential and pCO can be
buffered by the minerals present, primarily by the pyrite (Eh), carbonates (pH and pCO»)
and organic matter (Eh).

¢ The heating of the Boom Clay leads to degradation of the organic matter, where large
molecules are broken into smaller ones, increasing the hydro-soluble fraction and
resulting in the production of CO,. CO2 production can potentially perturb the chemistry of
the porewater. This perturbation will depend on the quantity of produced CO,, the
buffering capacity of the components (such as carbonates) and the diffusive transport of
species whose concentrations are locally increased due to the generation/presence of COs.

Geomechanical stability of the formations to natural perturbations
e The Boom Clay has a remarkable self-sealing capacity.
- Fractures induced by excavation works seal within weeks.

- Evidence is shown by the spontaneous closure of the clay around borehole casings
and underground liners.

- Insitu experiments using porewater pressure distribution in piezometers and seismic
parameter measurements, as well as laboratory experiments (X-ray computed
tomography), show the self-sealing capacity of the clay.

e The sealing capacity of the clay is linked, in part, to its swelling capacity (based on the clay
mineralogy — especially the smectite content), which is not expected to be significantly
modified due to the excavation, operations and long-term presence of a repository.

Summary and future work

ONDRAF/NIRAS intends to develop its geological disposal facility for category B and C waste in
a step-wise process, punctuated by the submission of key documents to the relevant authorities.
One of these documents is the Safety and Feasibility Case (SFC), a synthesis of evidence,
analyses and arguments that quantify and substantiate the claim that the repository can be
constructed and will be safe. The first SFCis intended to ask the competent authorities to launch
the siting process. In this context, roadmaps were identified that will lead to the development
and compilation of the SFC1 (ONDRAF/NIRAS, 2013).

The SFC1 should focus on, among other items, the testing of safety assessment
methodologies, the refinement of the design of the disposal facility, and further characterisation
of the geological barrier. The latter includes developing state-of-the-art investigation techniques
to be used during a future siting process. The transferability of geotechnical properties to other
locations in the Boom Clay, and to greater depths in particular, is an ongoing research topic in
preparation for the siting process. Methodologies and procedures will be defined, to allow for the
successful application of the preferred techniques during future siting/reconnaissance
campaigns.

The recently cored drilling of ON-Mol-2 will provide additional characterisation opportunities,
both of the Boom Clay and of the surrounding formations.
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Figure A3-6: Key safety summary arguments for the Boom Clay
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Ypresian Clays - Belgium

Introduction

Since the first Safety Assessment and Feasibility Interim Report (ONDRAF/NIRAS, 1990), the
Ypresian clays, a non-indurated clay unit in Belgium, have been proposed as an alternative
host rock to the Boom Clay (Secretary of State for Energy, 1990; ONDRAF/NIRAS, 2001). Today,
the Ypresian clays are considered to be a potential host rock formation for a deep geologic
repository (DGR). For these clays, the degree of knowledge is currently at the level of
parameter characterisation.

The Ypresian clays, which are present in the northwest part of Belgium, have geological
characteristics similar to those of the Boom Clay. Therefore, it is likely that any development
and/or considerations of a disposal system in the Ypresian clays could benefit from the knowledge
acquired in the characterisation activities performed on the Boom Clay. ONDRAF/NIRAS has
carried out several studies and exploratory boreholes in the Doel-Kallo area, the reference zone
for RD&D (research, design and development) in the Ypresian clays. The first drilling campaign
took place in Doel in 1998, and the second one in Kallo in 2009, both of which were followed by a
thorough programme of laboratory experiments on the collected core samples. The information
presented here is based primarily on the data acquired during the Doel-Kallo drilling campaigns.

Disposal concept

At present, ONDRAF/NIRAS assumes that the same disposal concept for the Ypresian clays as
that developed for the Boom Clay.

Formation properties

Geology/structure

The term “Ypresian clays” is an informal name for a relatively thick sequence of dominantly
fine-grained sediments deposited early in the Eocene (about 54 to 51 Ma ago). These clayey units
belong to the Kortrijk and Tielt formations (ONDRAF/NIRAS, 2001). The lithostratigraphic
subdivision of the Ypresian clays was recently subject to revision by the Belgian Stratigraphical
Commission, in order to clarify and pinpoint the boundaries of the various members based on
geophysical borehole loggings.

The Kortrijk Formation is, from bottom to top, subdivided into the following members
(Figure A3-7): the few metres thick Mont-Héribu Member - forms a transgressive transition
layer (not shown in the figure), along with the Orchies Member, the Roubaix Member and the
Aalbeke Member. The local and typical “Zoute” Member is restricted to the north-west
extremity of Belgium (Knokke). Laterally, the Roubaix Member passes into the sandy Mons-
en-Pévele Formation. The Tielt Formation is like the Kortrijk Formation, characterised by a
clayey sedimentation, and is nowadays composed of the Kortemark silt at the base and the
Egemkapel clay on top. Higher up in the stratigraphy, the sandy sediments (members of Egem,
Bois-la-Haut and Mont-Panisel) are now grouped into the Hyon Formation. The occurrence of
the Kortrijk Formation, and its lateral equivalent the Mons-en-Pévele Formation, corresponds
to the coloured areas in Figure A3-8. The two drilling sites, Doel (in 1998) and Kallo (in 2009),
are indicated by red dots.
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The area of occurrence of the Ypresian clays is delineated in the southeast by roughly a
straight line, grossly retracing the original paleo-coastline. The sandy Mons-en-Pévele Formation,
which is not considered for geological disposal of radioactive waste, was deposited directly
northwest of this line, in the broad area around Mol-Leuven-Brussels, where the thickness of the
deposits is less than 100 metres (lightest grey shades on Figure A3-8). The sedimentary rocks
considered as potentially suitable hosts are situated northwest of this rim of shallow-marine
sediments in deeper sections of the basin. In outcrop areas, the Ypresian clays were subjected to
erosion and the sequence is only partly preserved (blue areas in Figure A3-8). The Ypresian clays
dip towards the north and, in northern Belgium, they are unaffected by erosion and are covered
by sediments of younger age. The northerly dip angle increases slightly from west to east, and
towards the north. Between the ON-Doel and ON-Kallo boreholes, an apparent dip of 0.4° is
calculated, corresponding to a true dip of about 0.5°-0.6° to the north-northeast. De Ceukelaire et
al. (2012) recently produced contour maps from borehole data for the base and/or top of individual
members of the Ypresian clays. As a result, the depth distribution of the different members, and
their thickness, is fairly well known; though the scarcity of borehole data in the northern part of
the area of occurrence must be considered. No important thickness variations, or sudden depth
variations, have been reported to-date. When the entire sequence of Ypresian clays are
considered, the total thickness usually is ~100 metres.

Figure A3-7: Lithostratigraphic subdivision of the Ypresian; The ‘Ypresian Clays’ includes the
Orchies, Roubaix, Aalbeke, Kortemark and Egemkapel Members
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Source: ONDRAF/NIRAS, 2001.

As a consequence of the early Eocene basin configuration, and possibly due to tectonic
activity, the Ypresian clays progressively grade into near-coastal, coarser-grained deposits to the
southeast (e.g. the Mons-en-Pévele Formation). Five zones, sub-parallel to the paleo-coastline and
isobaths of the early Eocene basin, have been identified, representing this gradual coarsening to
the southeast. The area of interest is situated within the two westernmost zones, namely zone 1
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(Knokke), where the Ypresian clays are homogeneous and the different members cannot be
distinguished, and zone 2 (Eeklo-Antwerpen), where the Roubaix Member becomes differentiated
— with fine silty and easterly sandy layers interbedded in the clay. The lateral continuity of the
coarser-grained layers is unknown, and any systematic layering has not been reported to-date.
Coarsening- and fining-upward trends at the scale of the members appears to be continuous, even
across the borders of different zones, which suggests lateral continuity of the Ypresian clays
(geophysical log correlation).

Figure A3-8: Map of Northern Belgium, showing the depth below sea level for
the top of the Kortrijk Formation and thickness of the Kortrijk Formation
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Source: ONDRAF/NIRAS, 2001.

By the end of the Cretaceous, rifting of the North Sea Basin ceased in response to opening of
the North Atlantic Ocean, resulting in basin subsidence and concomitant Cenozoic sedimentation.
During the latest Eocene - earliest Oligocene, the Pyrenean and Alpine collisions renewed
subsidence in the basin, particularly in NE-Belgium (especially significant for the Roer Valley
Graben). The Southern Bight of the North Sea Basin, where the zones of interest are located, was
a shallow sedimentary basin throughout this time, and sensitive to tectonic and eustatic relative
sea level changes. Mertens (2005) reconstructed a burial/erosion curve for the Doel area (Figure
A3-9). This curve shows that the Ypresian clays at Doel underwent progressive burial, with only
minor erosion events, and that these clays are currently, more or less, at their maximum burial
depth. An important component of the progressive subsidence at Doel can be attributed to
northward tilting of the basin.

There is little evidence of major tectonic faults cross-cutting the Ypresian clays in the study
area. The presence of faults with large throws likely can be assumed absent. However, based on
the present knowledge, which is of relatively low resolution, the presence of small-scale faults
cannot be ruled out.

A number of intra-formational features, observed on seismic surveys performed in the
North Sea and Scheldt Estuary, have been indicated as diapirs (or valley bulging); onshore, in
quarries, sedimentary dikes have been described. Neither the nature of these structures, nor
their origin, is clear at present. Intra-formational faults have been detected, however, in the
Ypresian clays in the North Sea. Possibly, these structures correspond to onshore examples of
intra-formational features found in some clay pits. Different models have been proposed to
explain their development, but there is no consensus to-date (Dehandschutter et al., 2005). In
the study area, there is a lack of knowledge as to whether or not these features are present at
depth. Because controversy exists about the (chemo-hydromechanical) mechanism(s) of
development of these features, their presence cannot be sufficiently predicted at this time.
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Figure A3-9: Burial History at Doel Over the Past 55 Ma
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In outcrop, where the Ypresian clays are exposed, an orthogonal system of two sets of vertical
joints has been observed in the same orientation as the sub-vertical joint system observed in
outcrop areas of the Boom Clay (Dehandschutter, 2004); such fracture patterns also are recognised
in northern France in the London Clay, the lateral equivalent of the Ypresian clays. No
observations or estimations are available for the Ypresian clays that might provide insight into
the penetration depth of these joints, and/or indicate whether or not they are present at depth. In
analogy with the Boom Clay, it is likely reasonable to assume that the clays in the study area are
not at conditions of extensional failure at present. However, the evolution of the formations
through time, including changes in burial depth, fluid pressure, horizontal stress and
geomechanical parameters, are not sufficiently known to allow evaluation of whether or not the
Ypresian clays in the study area were ever subjected to conditions conducive to joint formation.

Geochemistry, hydrogeology and transport properties

The hydrogeological regime in northern Belgium is characterised by alternating layers of slightly
north-dipping sedimentary rock — bands of high and low hydraulic conductivities — deposited on
top of the generally low-permeability, possibly fissured, solid rock of the Brabant massif.

In the western part of Belgium, the Ypresian aquitard system, corresponding to the Ypresian
clays, acts as an important hydrogeological barrier, separating two main groundwater systems
above and below. In the eastern part of northern Belgium, a similar role can be attributed to the
Boom Clay, while the Ypresian clays wedge out and become coarser-grained, such that its
character as an aquitard dissipates in that direction. The hydrogeological framework at Doel and
Kallo is somewhat transitional — the Ypresian clays can still be considered as an important
aquitard, and, in addition, the overlying groundwater system is further compartmentalised by the
Boom Clay (among others), which act to separate distinct aquifer systems. Water-conducting
layers in this area are primarily recharged in their outcrop locations to the south.

Because the infiltration/recharge areas of the different aquifers are situated at higher
topographic elevations, water pressure in the aquifers is typically artesian towards the north,
where the aquifers are overlain by aquitard units. Present-day hydraulic heads are influenced
significantly by human groundwater extraction activities. For example, groundwater flow,
which is upward in natural conditions in northern Belgium, is locally downward due to over-
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exploitation. The hydraulic gradients calculated from modelled hydraulic heads in a broad zone
around Doel and Kallo illustrate this local inversion of the hydraulic gradient. Tidal fluctuations
have been observed in all aquifers at Doel and Kallo.

The porewater composition in the Ypresian clays (and adjacent aquifers) in the area of
interest is being analysed in ongoing projects. Despite large differences in results between the
Doel and Kallo boreholes, and of high vertical variability within one borehole, it appears that the
ionic strength (or total mineralisation) of the porewater is relatively high. A suspected gradual
increase of chloride with depth seems to be obscured by effects of pyrite oxidation (and
consequential re-equilibration processes) and/or by analytical problems linked to the squeezing
procedure (see Clay Conference — Fernandez et al., 2015). The most probable source of the elevated
concentrations of chloride and other ions in the present setting is seawater — due to potential
inputs from salty to brackish sea/estuary water intrusion, fossil intruded seawater, or connate
seawater.

Favourable formation attributes

The evaluation of the Ypresian clays is currently in the stage of basic property characterisation.
Safety- and feasibility-related issues will progressively be incorporated into the programme,
primarily consisting of the analysis of the transferability of knowledge from Boom Clay to the
Ypresian clays, based on comparison of their basic properties. A subsequent step is the
development of a large-scale hydrogeological model, built to act as the basis for a simplified block
model that adequately represents present-day observations and will be used, in the future, to
study the effect of changing boundary conditions (long-term evolution, like erosion etc.).

ONDRAF/NIRAS considers that its safety approach is valid for disposal in poorly indurated
clays, both for the Boom Clay and for the Ypresian clays. The disposal system must fulfil the
long-term safety functions of containment, delay and attenuation of radionuclide release, and
isolation. It is currently premature to launch safety calculations to evaluate whether a disposal
system in the Ypresian clays would meet these safety functions. The following bullet points
highlight some of the known properties of this argillaceous formation in the context, as much
as is possible, of the three key hypotheses presented in Chapter 1.

The areal extent and thickness of the lithological units allow for predictability at scales
relevant to establishing safety

¢ No significant thickness variations, or sudden depth variations, have been observed to-
date in the early evaluations of the Ypresian clay.

e The combined thickness of the Kortrijk and Tielt formations is typically ~100 metres (or
more).

The presence of natural barriers (host and enclosing formations) acts to isolate the host
rock and contain solutes for safety-relevant time frames

¢ In northern Belgium, the Ypresian clays are unaffected by erosion and are covered by
sediments of younger age.

e In western Belgium, the Ypresian aquitard (clays) system acts as an important
hydrogeological barrier, separating two groundwater systems.

e The hydrogeological framework at Doel and Kallo is transitional - the Ypresian clays
are an important aquitard - and the overlying groundwater system is further
compartmentalised by the Boom Clay, which separates distinct aquifer systems.
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Stability of the geosphere on safety-relevant time frames supported by multiple lines of
geoscientific evidence/reasoning

Transport processes are anticipated to remain diffusion-dominated over geologic time frames
(hundreds of thousands to millions of years)

¢ The hydrogeological regime in northern Belgium is characterised by alternating layers of
low-dip sedimentary rock - including bands of high and low hydraulic conductivities —
deposited on top of the low-permeability solid rock of the Brabant Massif. Transport
properties will be further assessed as characterisation activities continue.

Geochemical stability of the groundwater-porewater system over geologic time frames

¢ Ionic strength (i.e. total mineralisation) of the porewater is relatively high.

Geomechanical stability of the formations to natural perturbations

o Little evidence exists to-date of major tectonic faults cross-cutting the Ypresian clays in
the study area, however, the evolutionary history of the Ypresian clays in the study area
is not sufficiently known to allow determination of whether or not these particular clays
were ever subjected to conditions conducive to joint formation.

Summary and future work

Pending a policy decision on the long-term management of waste (i.e. that meant to be disposed
of in a geological layer), ONDRAF/NIRAS continues to carry on its RD&D programme. For a first
methodological Safety and Feasibility Case, intended to be finalised around 2025, some safety
assessment work will be performed considering geological disposal in Ypresian clays, and if
required, the safety concept will be adapted from that already developed for the Boom Clay.
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Queenston and Georgian Bay Shale formations - Canada

Introduction

The Nuclear Waste Management Organization (NWMO) is responsible for the development, siting
and implementation of the deep geologic repository (DGR) concept in Canada. Part of NWMO’s
mandate is to ensure that the technical expertise required to perform site characterisation
activities in both sedimentary and crystalline rock is developed and maintained.

Six deep boreholes (4 vertical - DGR-1 to DGR-4; 2 inclined - DGR-5 and DGR-6) were drilled at
the Bruce nuclear site (Bruce Site) in southwestern Ontario as part of site characterisation
activities (2006-2010) for a formerly proposed low- and intermediate-level waste (L&ILW) DGR. The
work performed allowed for detailed characterisation of the Queenston and Georgian Bay shale
formations in terms of geology, geomechanics, geochemistry and hydrogeology. Shaft
investigation boreholes were drilled at the former site in 2011 and the results of the geologic and
geophysical analyses confirmed key parameters determined from the site characterisation
activities between 2008 and 2011 (Geofirma Engineering Ltd., 2012). Though the Bruce Site is no
longer being considered for radioactive waste disposal, geoscience research and development
(R&D) programmes continue to be enhanced at the NWMO for both low-permeability sedimentary

and crystalline rock environs.

The Queenston and Georgian Bay shales are Late Ordovician (~450 Ma) in age and are thick,
near-horizontal argillaceous formations found within the Michigan Basin in southern Ontario,
Canada (see Figure A3-10 and Figure A3-11).

Figure A3-10: Bruce site location and structural geology
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Figure A3-11: Michigan Basin cross-section. Bruce Site is indicated on cross-section by DGR-2
borehole location. 3DGF defines the regional-scale model boundaries
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Disposal concept

The former design concept for a L&ILW repository at the Bruce Site is illustrated in Figures A3-12
and A3-13. For L&ILW, the disposal concept has been documented in detail in NWMO (2011a). Low-
level waste (LLW) consists of non-fuel waste in which the concentration or quantity of
radionuclides is above the clearance levels and exemption quantities established by the Nuclear
Substances and Radiation Devices Regulations (SOR/2000-207). LLW contains primarily short-lived
radionuclides (half-lives shorter than or equal to 30 years) and normally does not require
significant shielding for both handling and storage purposes. LLW typically consists of incinerator
ash, compacted waste, low activity ion-exchange resins and system components such as heat
exchangers, feeder pipes and steam generators. Intermediate-level waste (ILW) consists of non-
fuel waste containing significant quantities of long-lived radionuclides. ILW often requires
shielding for worker protection during handling. ILW typically consists of resins and filters,
irradiated core components, and wastes from refurbishment activities. ILW resins are stored in
steel resin liners. Depending on the dose rates of the resin liners, they would be placed into
disposable concrete cylindrical shield overpacks for long-term storage, to ensure that the resulting
dose rates do not exceed waste acceptance criteria.

The disposal concept for high-level waste in sedimentary rock has been developed as a part
of the NWMO’s Adaptive Phased Management (APM) programme, which includes package
emplacement and facilities design (see Figure A3-14), in addition to bentonite buffer boxes to
house the used fuel waste canister (see Figure A3-15). These concepts will be adapted and/or
refined, as needed, as site selection activities advance.

108 CLAY CLUB CATALOGUE OF CHARACTERISTICS OF ARGILLACEOUS ROCKS, NEA No. 7249, © OECD 2022



ANNEX III: ARGILLACEOUS ROCK FORMATIONS DESCRIPTION

Figure A3-12: Former proposed repository layout - L&ILW DGR at the Bruce Site
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Source: NWMO, 2011a.

Figure A3-13: Former proposed repository layout — L&ILW DGR at the Bruce Site

Source: NWMO, 2011a.
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Figure A3-14: Sedimentary conceptual design - canister emplacement and facilities
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Figure A3-15: Fuel canister in bentonite buffer box - conceptual design

Source: NWMO, 2018.

Formation properties

Geology/structure

The lithology of the Michigan Basin consists largely of marine sediments of Cambrian to Devonian
age (Armstrong and Carter, 2010) that unconformably overlie the Precambrian Grenville basement
along the southern edge of the Canadian Shield (refer to Figure A3-10 and Figure A3-11). The
reference Paleozoic sequence at the Bruce Site consists of 17 m of Cambrian sandstone; 5 m of
Ordovician siltstone and sandstone; 179 m of Ordovician argillaceous limestone; 212 m of
Ordovician shale; 324 m of Silurian dolostone, argillaceous dolostone, shale and evaporite; and
104 m of Devonian dolostone (see Figure A3-16).
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Formation of the intracratonic Michigan Basin initiated with Late Precambrian mid-
continental rifting and crustal extension (e.g. Sanford et al., 1985; Van Schmus, 1992), followed by
accumulation of over 4.5 km of sandstones, carbonates, shales and evaporites during the
Paleozoic. The sedimentary succession at the Bruce Site begins with basal Cambrian sandstone
(fine to medium crystalline dolostone, sandy dolostone, argillaceous dolostone, and fine to coarse
sandstone) deposited on top of granitic gneiss of the Precambrian shield. The overlying Ordovician
Black River Group consists of peritidal lithographic limestones, which grade upward into the
Trenton Group argillaceous shelf limestones, reflecting a major marine transgression during this
period. Onset of the Taconic Orogeny in the Ordovician resulted in the collapse of platform
carbonates of the Trenton Group and the westward inundation of these rocks with orogen-derived
marine clastic (shale) sediments, resulting in deposition of the Blue Mountain, Georgian Bay and
Queenston formations. The top of the Queenston Formation is a discontinuity associated with a
global sea level drop and marks the return to carbonate-forming conditions and deposition of the
Early Silurian carbonates. Restricted circulation of shallow seas in the basin - associated with arch
uplift and rapid basin subsidence caused by the Late Silurian Acadian Orogeny — produced
approximately 200 m of interlayered shale, carbonate and evaporite units of the Salina Formation.
At the end of the Silurian, a long period of sediment exposure resulted in the formation of an
erosional disconformity. Subsequent to this erosion, Devonian limestones and dolostones of the
Bois Blanc, Amherstburg and Lucas formations were deposited in a major marine transgression.

The low-permeability massive Ordovician shale sequence at the Bruce Site occurs at reference
depths between ~448 and 660 metres below ground surface, and is comprised of the Queenston,
Georgian Bay and Blue Mountain formations, as well as the Collingwood Member shale of the
Cobourg Formation.

The Queenston Formation consists of red to maroon, non-calcareous to calcareous shale, with
minor amounts of green shale, siltstone, sandstone and limestone. Gypsum occurs as locally
abundant nodules and thin, sub-horizontal fracture infillings. The upper 35-36 m of the formation
is massive red-maroon calcareous shale with grey-green calcareous shale layers and lenses.
Orange fracture infilling minerals (halite with some bounding calcite) are found in the upper 10 to
30 m. The middle ~26 m of the formation is green shale interbedded with medium to light grey,
medium- to coarse-grained fossiliferous limestone layers. The bottom 10-11 m of the formation is
red-maroon shale interbedded with grey-green shale layers and minor limestone beds.
Mineralogically, the upper 36 m consists of: carbonates (40-85%), clays (trace to 50%), calcite fossils
(0-40%), dolomite (7-10%), halite (0-10%), quartz (0-12%), gypsum/anhydrite (0-2.5%) and traces of
pyrite, hematite, goethite and Fe-oxyhydroxide. The middle 26 m consists of: carbonates (25-85%),
fossiliferous carbonates (0-25%), quartz (0-40%) and biotite/dark clays (10-35%), with accessory
minerals of pyrite, chalcopyrite, anhydrite and celestite. The lower 11 m consists of: carbonates
(3-53%), Fe-oxide/hydroxides (0-50%), illite (15-20%), and quartz (5%), with accessory minerals of
pyrite and anhydrite.

The Georgian Bay Formation consists of greenish to bluish-grey shale, interbedded with
limestone, siltstone and sandstone. The upper 30 m is dark grey-green shale with grey, fine- to
medium-grained, occasionally fossiliferous limestone, siltstone and sandstone layers or hardbeds.
The lower 60 m is dark grey-green shale with occasional layers and laminations of fossiliferous
limestone, siltstone and sandstone, the frequency of which decreases with depth. The lowest
hardbed is fossiliferous limestone. Mineralogically, the upper 30 m consists of: carbonates
(20-75%), fossil fragments (10-35%), clays (20-40%), quartz (10-40%), anhydrite and halite (0-2.0%),
and traces of pyrite, biotite, sericite and celestite. The lower 60 m consists of: carbonates (5-40%),
fossil fragments (0-35%), clays (25-70%), quartz (0-10%), anhydrite and halite (0-2.0%), and traces
of pyrite, sericite and celestite.

The clay minerals identified in the shales are predominantly illite and mica (typically > 50%
of all clay minerals), chlorite (20-45%), and minor kaolinite and interstratified illite-smectite.
The interstratified illite-smectite is predominantly illite, with only 5-10% smectite. Typically,
the shales contain about 20-30% quartz, highly variable amounts of carbonate minerals, and
halite is commonly observed infilling mm-scale to hairline thickness fractures throughout the
shale sequence. The primary iron mineral in the Queenston Formation is hematite, while the
primary iron mineral in the Georgian Bay Formation is pyrite.
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Figure A3-16: Bruce site bedrock lithology
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Based on core logging, the Ordovician shales are unfractured to sparsely fractured, with
excellent core quality (INTERA, 2011). Measured averages for rock quality designation (RQD) and
fracture frequency were 94% and 0.3 m?, respectively. The sparse number of measured fractures
is consistent with an estimated peak burial temperature of 70-80°C, which would have been too
low to stimulate the development of pervasive natural hydraulic fractures (e.g. Engelder, 2011).
The temperature range reflects the marginal maturity observed for the Type II and Type III
kerogen in shales of the Georgian Bay Formation (INTERA, 2011). The Queenston shales are
characterised by Type Ill kerogen, indicating thermal immaturity (INTERA, 2011). Low total organic
carbon (TOC), which averages < 1.0 wt%, is consistent with the low degree of thermal maturity.

The estimated peak burial depths for the tops of the formations are ~1 446 and ~1 518 m for the
Queenston and Georgian Bay, respectively, based on the burial curve developed for the Michigan

Basin (Figure A3-17).
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Figure A3-17: Hypothetical burial history curves for the Michigan Basin (southern Ontario)
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The shales have moderate strength, with an estimated mean uniaxial compressive strength
value of 48 and 32 MPa for the Queenston and Georgian Bay formations, respectively. The region
surrounding the Bruce Site is characterised as “essentially undeformed and presently tectonically
quiescent with no known active faults within the Precambrian basement or overlying Paleozoic
sedimentary succession” (NWMO, 2011b). The Paleozoic strata dip gently between 0.28° and 1.0°
towards the centre of the Michigan Basin to the southwest. The site is located in a region generally
considered to have been tectonically stable since the Paleozoic (e.g. Park and Jaroszewski, 1994;
van der Pluijm and Marshak, 2004; Percival and Easton, 2007). Post-Paleozoic tectonic stability
throughout southern Ontario is suggested by the relatively undisturbed sequence of Ordovician
and younger sedimentary rocks overlying the Precambrian basement, as interpreted from seismic
reflection data (Milkereit et al., 1992), and the recognition that the youngest strata transected by
basement-seated faults in southern Ontario are Silurian in age (Armstrong and Carter, 2010).
Marker bed analysis and inclined-drilling results demonstrate that the site is structurally simple
and undeformed, with no significant offsets observed in the Paleozoic strata. Fracture data exhibit
an orthogonal geometry, consisting of two major sub-vertical joint sets oriented east-northest and
north-northwest. Detailed fracture mapping was able to prescribe a probable late Paleozoic timing
for the development of the observed systematic joint and vein sets (Cruden, 2011).

The Michigan Basin is located within the tectonically stable interior of the North American
continent, which is characterised by low rates of seismicity. The Queenston, Georgian Bay and
Blue Mountain shale formations comprise the majority of the cap rock thickness at the Bruce Site.
The presence and traceability of small-scale lithological variation (i.e. mm to cm thick hardbeds
of limestone, siltstone and sandstone within m-scale horizons) is important because these
features are encountered within the same stratigraphic interval in all six of the DGR boreholes,
providing evidence that the stratigraphy is laterally consistent and predictable. Within the study
area, enclosing the formerly proposed DGR footprint, information derived from the deep drilling
programme confirms that the Ordovician formation thickness variations are on the order of
metres only and formation dips are uniformly 0.59° +/- 0.08° (~10 m/km) to the southwest towards
the Michigan Basin.
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Geochemistry, hydrogeology and transport properties

Geochemistry

The brines of the Michigan Basin are considered to have originated by evaporation of ancient sea
water (Wilson and Long, 19934, b). The current understanding regarding the origin of brines from
the Michigan Basin is that they were formed by evaporation of sea water that was subsequently
modified by: i) dilution of brines by lower salinity water; ii) dissolution of halite by lower salinity
water; and, iii) diagenetic water-rock reaction processes, particularly dolomitisation. Chemistry
data collected from the Bruce Site is consistent with regional-scale observations, suggesting that
the brines at both the regional scale and the site-scale are of similar origin.

Porewater chemistry in the Ordovician shales are consistent throughout the entire sequence,
in that the fluid compositions are relatively uniform, consisting of Na-Cl brine (average TDS
~300 000 mg/L). A uniform profile is evident in the major ions, ¥0 and 2H, as well as TDS and fluid
density (see Figure A3-18; Cl, 80 and TDS). pH and Eh (calculated values) are approximately
5.5 + 1 (computed from measured pCOz) and -150 mV, respectively, reflecting iron and/or sulphur-
reducing conditions.

The major ion and geochemical data suggest that diffusion is the dominant solute transport
mechanism within the Ordovician shales.

Hydrogeology and transport properties

Based on laboratory testing, an average total porosity of ~6-8% is estimated for the Queenston
and Georgian Bay formations. Numerous siltstone and argillaceous limestone hardbeds occur
within the shale sequence, particularly in the Georgian Bay Formation, and these hardbeds have
a lower average total porosity of about 2.5%, resulting in a bimodal porosity distribution.

Borehole straddle-packer testing shows that the average horizontal hydraulic conductivities
for the Queenston and Georgian Bay formations ranges from 2.9x10% to 1.2x10? m/s, with a
best estimate of 4x10'* m/s (Figure A3-19). Based on laboratory petrophysical testing, the
horizontal:vertical K anisotropy for the Ordovician shales is assigned a value of 10:1. Specific
storage in the formations, based on calculations from lab measurements of rock compressibility
and total porosity, is estimated to be in the range of 1x10° to 1x10° m. The Ordovician shales
are significantly underpressured as well. Although the genesis of these underpressures is
ambiguous, the occurrence and persistence of underpressures are indicative of low formation
permeabilities.

Laboratory diffusion testing shows vertical effective diffusion coefficients for iodide of about
1x10*? m%s for the Queenston Formation, and 4x101* m?/s for the Georgian Bay Formation. The
values decrease slightly with depth and have a horizontal:vertical De anisotropy of about 2:1. The
vertical effective diffusion coefficients for the hardbeds range from 3x10** to 4x10*®* m?%s. The
estimated iodide diffusion porosity values are 4.5% for the overall shale sequence and 2% for the
siltstone/limestone hardbeds within the shales. The data display systematic variability as a
function of the tracer used to make the measurements, and D. values obtained with HTO tracer
are, on average, 1.9 times greater (range of 0.8 to 4.9) than D. values obtained with iodide tracer.
This difference is attributed to the influence of anion exclusion in lowering the tracer-accessible
porosity for iodide in the shales. There is also a systematic difference in D. values as a function of
the orientation of the measurements with respect to the bedding direction. The D. values are
greatest for diffusion in the orientation parallel to bedding. The anisotropy ratio (De parallel/De
normal) ranges from 1 to 4 for measurements made with the iodide tracer, and from 1 to 7 for
measurements made with HTO (Xiang et al., 2009). The Georgian Bay Formation contains over
700 cm-scale hardbed layers (limestone and siltstone; INTERA, 2011) that increase diffusive
anisotropy, yielding a formation scale anisotropy ratio of 7.2.
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Péclet numbers from hydrogeological modelling simulations indicate that diffusion is the
dominant transport mechanism (i.e. values < 0.4).

e Observed abnormal hydraulic heads and vertical gradients in the Ordovician and Silurian
sediments at the Bruce Site strongly suggest that significant vertical connectivity across
bedrock aquitards/aquicludes does not exist.

o The persistence of low hydraulic heads in the Ordovician and high heads in the
Cambrian indicates that they are not connected by conductive vertical features.

o The interpretation that contaminant transport in the Ordovician shales is dominated by
diffusion is strongly supported by low hydraulic conductivity values, maintenance of
large hydraulic gradients, high porewater salinities, and stable water isotope values
typical of deep sedimentary basin brines.

Figure A3-19: Formation average hydraulic conductivities
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Favourable formation attributes

The areal extent and thickness of the lithological units allow for predictability at scales
relevant to establishing safety

e Comparison of the Paleozoic bedrock stratigraphy encountered at the Bruce Site to regional
information demonstrates traceability of the formations at the local scale.

e A high degree of site-scale predictability, with respect to geometry, stratigraphy and
physical properties of the Ordovician shales, is indicated by the uniformity between the
datasets from six deep boreholes.

e The deep, horizontally-layered shale and argillaceous limestone sedimentary sequence
is geologically stable, geometrically simple and predictable, and of large lateral extent.

The presence of natural barriers (host and enclosing formations) acts to isolate the host
rock and contain solutes for safety-relevant time frames

e The deep shale (Queenston, Georgian Bay, Blue Mountain and Collingwood Member
formations) and argillaceous limestones are thick and of low permeability.

Stability of the geosphere on safety-relevant time frames supported by multiple lines of
geoscientific evidence/reasoning

Transport processes are anticipated to remain diffusion-dominated over geologic time frames
(hundreds of thousands to millions of years)

e Mass transport in the Ordovician shales is diffusion-dominated, as demonstrated by the
natural tracer profiles (§'%0 and Cl) and supported by numerical modelling (Péclet numbers
<0.4).

Geochemical stability of the groundwater-porewater system over geologic time frames

¢ The deep groundwater system in the shales and limestones is saline, stable and ancient,
and shows no evidence of either glacial perturbations or cross-formational flow or mixing.

¢ The shallow groundwater system is distinct from the deep system, demonstrating it is
hydrogeologically isolated from the deep, saline groundwater system (refer to
Figure A3-18).

Geomechanical stability of the formations to natural perturbations

e The investigated site is situated along the north-eastern flank of the Michigan Basin in a
region characterised by low seismic activity.

e There is no evidence of active faulting or seismicity at, or near, to the site.

The drilling of two pilot holes at the Bruce Site (DGR-7 and DGR-8) at the proposed location of
the L&ILW DGR confirmed the key hypotheses above. No evidence was collected during the shaft
investigations to contradict any of the above conclusions with respect to the predictability,
stability and confining properties of the sedimentary formations (Geofirma Engineering Ltd., 2012).

Summary and future work

The NWMO R&D programme is continuously striving to improve/enhance and select the best
methods and means to characterise a potential repository site in argillaceous sedimentary and
crystalline rock. Work programmes are ongoing to evaluate methods for porewater extraction and
characterisation, fluid pressure monitoring, hydraulic testing and assessments of mechanical
strength, as well as evaluations of upscaling of properties and anisotropy.
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Callovo-Oxfordian Formations — France

Introduction

Andra, the French National Radioactive Waste Management Agency, is responsible for assessing
the feasibility of the deep geological disposal of radioactive waste in France. Andra’s feasibility
research has included an extensive research and development (R&D) programme, as well as the
construction and development of an underground research laboratory (URL; Bure, France) in the
Meuse/Haute-Marne area - focused on characterisation of the Callovo-Oxfordian clay-rich
formations. Based on the results of work performed on the Callovo-Oxfordian formations, Andra
now is responsible for conceiving and proposing the implementation of a geologic disposal site
(Cigéo) in the vicinity of the URL site.

Andra’s R&D activities are regularly assessed by various bodies, including those listed below.

e The National Assessment Board (CNE): the CNE’s annual report is submitted to the
Government and to Parliament (Parliamentary Office for the Evaluation of Scientific and
Technology Choices) and published.

¢ The French National Safety Authority (ASN), which relies on the scientific and technical
expertise of the French Institute for Radiological Protection and Nuclear Safety (IRSN)
and advisory committees.

e Andra’s Scientific Council, which evaluates the Agency’s scientific strategy and the
divisions’ activities. It is consulted on R&D programmes conducted by the Agency and
evaluates the results.

e The Guidance and Monitoring Committee (COS) of the Underground Research
Laboratory, which reports to the Scientific Council, is specifically tasked with evaluating
the experiments carried out at the URL.

e Attherequest of the French Government, the major scientific and technical dossiers that
Andra submits, as required by law, can be subject to international reviews conducted
under the direction of the Nuclear Energy Agency (OECD/NEA).

- Andra was evaluated in 2012 by the French Agency for the Evaluation of Research and
Higher Education (AERES).

- In addition, the Local Information and Oversight Committee for the URL orders regular
expert surveys regarding Andra’s large dossiers (or specific topics of interest).

The primary function of a deep geologic repository is to isolate the waste from the surface.
The current disposal concept, as developed for the Callovo-Oxfordian (and Cigéo), is described
below.

Disposal concept

In concept, the repository will be located approximately 500 metres below ground, as deep
disposal would protect the repository (and contents) from natural disturbances, such as erosion
or glaciations, over a scale of hundreds of thousands of years (see Figure A3-20). Another function
of the repository is to confine the radioactive substances and control the transfer pathways, which
may, in the long term, bring radionuclides into contact with the surface environment. These
phenomena operate over long time scales, during which the waste becomes less hazardous as a
result of radioactive decay. The way in which the underground facility is organised, and the design
of the various repository components - such as the waste packages and seals - help to confine the
radioactivity and limit water movement/flow(s) within the repository after closure.
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The first barrier in the safe geological disposal of radioactive waste is the material(s) used
to condition the wastes. These materials are selected for their robustness and ability to prevent
or slow down the release of radionuclides. One example is steel, which is used to fabricate the
disposal canisters in which the most highly-radioactive waste (HLW) is encapsulated, and which
must remain tight for several hundred years. HLW is incorporated into a glass structure that
dissolves very slowly as well, delaying the release of radionuclides over a period of several
hundred thousand years. Concrete, used for intermediate- and low-level waste (ILLW), helps to
slow down the migration of radionuclides.

Confinement in the long term relies on the highly favourable characteristics of the clay layer
in which the repository is located. The repository design, therefore, aims to limit any disturbances/
damage to the host rock as a result of repository construction. For example, i) using construction
methods that limit the extent of damage to the host rock, ii) limiting the volume of residual voids
in the repository (backfilling drifts), ii) minimising chemical disturbances related to the selection
of the repository materials, and iv) minimising large changes in temperature, are favourable
practices to be employed that aim to maintain the original host rock properties in the presence of
the repository.

The scientific studies conducted over the past 20 years on the Cigéo URL project have had
the primary aim of acquiring the basic information needed to create a strong base for project
development, particularly:

e detailed content (chemical and radiological) of waste packages;

e Dbasic parameters relating to radionuclides (e.g. solubility) and repository materials for
subsequent assessment of their behaviour under disposal conditions;

e properties of the geologic medium (e.g. permeability, porewater composition, thermal
conductivity) on different scales (from a centimetre to ten metres), to ensure that it is
suitable for housing a repository and limiting the transfer of radioactivity;

e mechanisms, such as diffusion and convection, by which elements/radionuclides are
transferred to/from the materials, geologic medium or biosphere - to learn more about
how such elements are dispersed in the geological medium, in what quantities, and on
what scales of time and space; and

e dynamics of geological phenomena, such as erosion or hydrogeological flows in the
layers of the Paris Basin, to ensure that the repository will remain stable over very long
periods of time.

The results of this research have been collected by Andra and its scientific partners within
national and international programmes. The work has undergone peer review, has appeared in
scientific journals, has been discussed at conferences, and has provided subject matter for student
theses. R&D plays a valuable part in steering Cigéo’s development and in supporting its
operations. The R&D programme is responsible for defining the optimum geometry (e.g. size,
orientation) of repository structures, selecting design dimensions, and ensuring that construction
will not impair the confinement properties of the host rock.

Thermal criteria

Maximum temperature of 90°C in the rock for the HLW repository zone

HLW is characterised by significant heat release. At this stage of the studies, in order to remain
within a temperature domain that is currently well understood in terms of i) the evolution of
the materials, ii) knowledge and modelling of the involved phenomena, and iii) limited or
negligible impact on the properties of the repository components and Callovo-Oxfordian layer,
it has been decided to define a maximum temperature of 100°C within the repository,
particularly for clays (argillites and swelling clays). A margin of 10°C (i.e. a maximum admissible
temperature of 90°C) has been adopted so as to take into account the uncertainties regarding
the thermal properties and models associated with the thermal dimensioning of the repository.
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Maximum temperature of 70°C for cementitious components, in particular for ILLW

For ILLW, because the chemical behaviour of the cement-based materials is not well understood
at temperatures beyond 70-80°C, a maximum temperature of 80°C has been defined for the
cement-based materials of cells. A margin of 10°C, corresponding to a maximum admissible
temperature of 70°C, has been adopted for the thermal dimensioning of ILLW cells. More
specifically, in the case of bituminised sludge packages, a maximum temperature of 30°C has
been defined, so as to limit the creep rate and chemical reactivity of the bitumen.

Figure A3-20: Illustrative diagram of the underground Cigéo facilities in the Callovo-Oxfordian
Formation (in red : IL-LLW disposal zone ; in orange : HLW disposal zone) - Image may differ from
the completed site
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Repository zones

The repository consists of distinct zones separated by distances of several hundreds of metres
from one another (e.g. the connecting drifts, connecting to the surface, and the dedicated waste
disposal zones for ILLW and HLW are not adjacent to one another). A network of connecting
drifts will link the repository zones and the access shafts. By its 100* year of operation, the Cigéo
footprint will be somewhere between 15 km? and 25 km?2.

Robots will emplace waste packages in horizontal tunnels (Figure A3-21), known as cells,
excavated into the clay layer. HLW will be emplaced in metal-lined cells measuring a few
hundred metres in length and around 70 cm in diameter. ILLW will be emplaced in horizontal
disposal cells measuring a few hundred metres in length and some ten metres in diameter. The
disposal zones will be modular in design to allow waste disposal tunnels to be built over time.
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Figure A3-21: Overview of a disposal cell for HLW disposal packages
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Connection infrastructure

Two types of infrastructure (Figure A3-22) will connect Cigéo’s surface facilities with the
underground facility. Vertical shafts will be used for ventilation, and to transfer personnel,
construction equipment and materials to the underground installations. Waste packages should
be transferred via a funicular along a tube known as an access ramp.

Figure A3-22: Example of waste packages being conveyed down-ramp (left) and example of shaft
head configuration for the building equipment and materials shaft (right)
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Source: Andra, 2020.
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Geological formation properties

Geology/structure

Geologically, the Meuse/Haute-Marne site corresponds to a part of the eastern region of the Paris
Basin (Figure A3-23). In this region, the Paris Basin is composed of alternating sedimentary layers,
predominantly argillaceous and limestone, deposited in a stable marine environment during the
Jurassic (165-135 Ma) (Boulila et al., 2008; Gradstein et al., 2012). These layers have a simple and
regular geometric structure, and slope slightly towards the northwest (1 degree) in accordance
with the general structure of the Paris Basin (bowl-shaped structure centred in the Paris area).

Figure A3-23: 3D geological block diagram of Meuse/Haute-Marne site
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Within the sedimentary sequence, the Callovo-Oxfordian layer has been selected for hosting
a deep geologic repository. This layer is dated by ammonites from the Jason zone (middle
Callovian) to the Plicatilis zone (Middle Oxfordian) (Thierry et al., 2006). It is surrounded by two
calcareous formations (underlying Dogger and overlying Oxfordian) containing several aquifer-
type sedimentary horizons characterised by slow runoffs (approximately one kilometre per one
hundred thousand years for the Darcy water velocity) (refer to Figure A3-24).

Figure A3-24: Lithological column for the Callovo-Oxfordian Formation
at the Meuse/Haute-Marne site
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The structural framework is stable, with natural mechanical stresses oriented in the same
direction for the past 20 Ma. The site is located away from large regional faults, such as the
Marne Fault towards the southwest (refer to Figure A3-23). From a seismic-tectonic perspective,
the Paris Basin is a stable zone with very low seismicity, remote from active zones such as the
“Fossé Rhénan” (east), the Alps (southeast), the Massif Central (south) and the Massif Armoricain
(west). There is no detectable neo-tectonic activity or significant local seismic activity in the
Meuse/Haute-Marne region, as indicated by the national seismic monitoring network and the
local monitoring network implemented by Andra. The magnitude of the maximum physically
possible seismic hazard is estimated at 6.1 + 0.4, with an epicentre conventionally located on
the nearest fault ~6 km away from the URL site (Andra Dossier 2005, Référentiel du site de
Meuse/Haute-Marne, Vol. 3). The 3D seismic data produced by Andra shows that no faults are
present within the layer with a vertical throw exceeding 2 metres (Mari and Yven, 2014).
Directional boreholes confirm the absence of secondary (sub-seismic) faults.

A one-dimensional model of burial history and thermal maturity was developed using data
from the EST433 well (see Figure A3-25). Thermal modelling based on several independent geo-
thermometers (apatite fission-track thermoschronology, fluid inclusion micro-thermometry,
clay mineralogy and sedimentary organic matter evolution) indicates that the Callovian-
Oxfordian experienced a maximum burial temperature of 50 +/- 5°C, about 25°C higher than
present-day (Blaise et al., 2014). Maximum temperature was reached at the end of Upper
Cretaceous. Depending on the thermal flux and conductivity considered, maximum burial
depth is estimated at about 850 m + 200 m for top of the formation.

Figure A3-25: Burial history diagram with colour-scale temperatures
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Paris Basin, Marine and Petroleum Geology
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The Callovo-Oxfordian formation is a sedimentary clay-rich formation. It consists primarily
of clay minerals (e.g. mainly illite and illite/smectite interlayered phases), representing up to
60% of the total rock mass, as well as silts (fine quartz) and carbonates (Gaucher et al., 2004;
Pellenard and Deconinck, 2006). Due to the presence of clays, the rock is featured by a
nanoporous microstructure and low porosity values (15% to 18%) (Yven et al., 2007). The pore
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size distribution is characterised by a median diameter of 10-20 nm (Sammartino et al., 2003;
Yven et al., 2007). Built directly in the Callovo-Oxfordian formation, the Underground Research
Laboratory (URL) is an exceptional facility for conducting scientific studies and characterising
the combined thermal, hydro, mechanical and chemical properties of the clay rock over time.

The lower part of the Callovo-Oxfordian layer is characterised by a relative homogeneity of
its mineralogical composition. This part is defined as a clayey unit (UA), subdivided into 3 zones
(UA1, UA2, UA3; refer to Figure A3-24). These units have clay content > 35%. The unit UA2 is the
stratigraphic level where the clay content is higher than in the rest of the formation (mean
around 50%). It represents the highest-surveyed stratigraphic level in the URL.

The top of the Callovo-Oxfordian layer is characterised by units with a mineralogical
composition more varied and heterogeneous, defined as the silto-carbonated units (USC). They
are characterised by alternating carbonate siltstones and marls. The enrichment in carbonate
content in the USC marks the progressive installation of carbonate platforms during the Upper
Oxfordian. This consistent layering of the homogeneous units allows the study of the spatial
(vertical and lateral) variability of physical properties of the argillite layers, properties that are
known from well-logs and core measurements (Garcia et al., 2011).

Between the clayey unit and the silto-carbonated unit, there is a transition unit with
intermediate properties. It consists of argillites, with interbedded thin layers of clay enriched in
carbonates and siltstones.

A large zone of study for the characterisation of the geological medium was defined in 2005
by Andra, within which the Callovo-Oxfordian layer has physical and chemical properties similar
to those observed at the URL. This zone is called the transposition zone (ZT). The argillites have
mechanical and thermal properties favouring the feasibility of underground engineered structures
at the depth of the Callovo-Oxfordian layer in the ZT (simple compression resistance > 21 MPa;
thermal conductivity between 1.3 and 2.5 W.m.K", depending on the orientation of the sample
with the stratigraphy). Based on the complementary studies developed on the transposition zone
and in the URL, Andra proposed a 30 km? zone of interest for detailed survey (ZIRA) to obtain more
precise information for the implementation of a future repository in 2009 (see Figure A3-26). In the
ZIRA area, the depth to the top of the Callovo-Oxfordian across this zone varies from 340 m to over
530 m, and the thickness of the layer itself varies from 140 m to 160 m (Mari and Yven, 2014).

Geochemistry, hydrogeology and transport properties

The characteristics of the Callovo-Oxfordian layer were acquired shortly after deposition and have
remained undisturbed since early diagenesis (< 10 Ma), as indicated by #Sr/%Sr, §'¥0 and §*C
isotopic markers, geological thermometers and the near-absence of minerals formed at a later
date.

The presence of clay minerals and its associated nanoporous microstructure gives the layer
high retention capabilities, combined with low diffusion coefficient values. The diffusion of
anionic solutes is minimal or very slow due to the occurrence of anion exclusion phenomena
(electrostatic repulsion of anions from the negatively charged clay mineral surfaces; refer to
Descostes et al., 2008; Altmann et al., 2012). As a consequence, approximately half of the total
porosity is accessible for anion diffusion.

The Callovo-Oxfordian formation is also characterised by low hydraulic conductivities
(Delay et al., 2006) (Darcy water velocity of approximately 3 centimetres after 100 000 years),
consistent with the low porosity values and the nanoporous microstructure.

The natural tracer profiles (Cl, Br, He), and marked differences in chloride concentration
between the base of the Oxfordian and the top of the Callovo-Oxfordian, confirm slow solute
transport dominated by diffusion (Mazurek et al., 2009; Mazurek et al., 2011).

126 CLAY CLUB CATALOGUE OF CHARACTERISTICS OF ARGILLACEOUS ROCKS, NEA No. 7249, © OECD 2022



ANNEX III: ARGILLACEOUS ROCK FORMATIONS DESCRIPTION

Figure A3-26: Perimeter of studied zones around Meuse/Haute-Marne site and position of boreholes
drilled by Andra (blue: zone where the feasibility of repository was established in 2005; red: zone
for the emplacement of underground facilities of Cigéo project chosen in 2009)

AN
C.PL.AMSI.16.0119.A :
LEGEND — Zira ___ River system Alttude (inmi:

—— Boundary between — Transposition zone a Hydrographic feature el il bl

administrative departments

Source: Andra, 2016.

Favourable formation attributes

The following key lines of evidence are used to support the key safety hypotheses in the context
of the Cigéo project and the knowledge gained from studies at the URL.

The areal extent and thickness of the lithological units allow predictability at scales
relevant to establishing safety

¢ The modality for development of the geological formations in the Paris Basin (i.e. stable
marine environment during the Jurassic, 165-135 Ma), and the stratigraphic analysis based
on all drillings of the transposition zone, made it possible to predict the thickness of the
formation with an uncertainty of only a few metres. The 3D seismic survey on the zone of
interest for detailed investigation (ZIRA) confirmed the results (Mari and Yven, 2014).

- The comments from different reviewers (National Evaluation Commission, IRSN,
French National Safety Authority [ASN]) indicate that seismicity does not
reveal/present unacceptable structures for the implementation of the deep geologic
repository concept. Identified uncertainties, due to the complexity of seismic data
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processing and interpretation, do not compromise the quality of knowledge acquired
through the 3D seismic survey of 2010, confirming the favourable nature of ZIRA for
the implementation of geologic disposal.

- The National Evaluation Commission considers that knowledge cannot be increased
on the properties of ZIRA before digging direct access to the Callovo-Oxfordian by
shafts and galleries during the first phase of Cigéo construction. Excavations will be
an opportunity to confirm the geological model of the ZIRA.

The presence of natural barriers (host and enclosing formations) acts to isolate the host
rock and contain solutes for safety-relevant time frames

e Shallow groundwater resources in the region are rare. Groundwaters are found primarily
within porous horizons in the Oxfordian and Dogger sediments, in which slow water
circulation occurs (Regnet et al., 2015; Brigaud et al., 2014).

e The aquifer zones show a lower percentage of smectite, with higher transport and transfer
properties than in the inter-porous levels and Callovo-Oxfordian. Water productivity levels
inboreholes are low for all of the porous horizons and aquifer drainage has been monitored
in the laboratory shafts.

Stability of the geosphere on safety-relevant time frames supported by multiple lines of
geoscientific evidence/reasoning

Transport processes are anticipated to remain diffusion-dominated over geologic time frames
(hundreds of thousands to millions of years)

e Low permeabilities in the Callovo-Oxfordian formation (Delay et al., 2006; Vinsot et al.,
2011), as measured on samples and in situ (more than two hundred data from pulse tests,
20 analyses from steady state and long-term in situ tests), as well as low diffusion
coefficients (Descostes et al., 2008; Savoye et al., 2010) associated with load gradients of
about 0.1 m/m, indicate diffusion is the dominant transport mechanism (Péclet < 0.1).
Geodynamic evolution of the region over time is unlikely to change the characteristics of
Callovo-Oxfordian (permeability and diffusion coefficient).

e The numerical evaluations of the geodynamic evolution of the Meuse/Haute-Marne region
over the next million years show very small variations of the hydraulic gradient. Transport
processes are anticipated to remain diffusion dominant over geologic time frames.

Geochemical stability of the groundwater-porewater system over geologic time frames

e The porewater composition was determined on the basis of analyses of samples from
the Callovo-Oxfordian and on geochemical models (Gaucher et al., 2009). Results from
the PAC experimental programme in the URL (porewater sampling for chemical and
isotopic analysis) allowed precise determination of the porewater composition, including
significant parameters: ionic strength, chloride, major anion concentration and total
cation concentration (Appelo et al., 2008; Vinsot et al., 2008; Tournassat et al., 2015).

o The vertical profiles of stable isotopes and chloride concentrations in the water throughout
the formation are interpreted to result from (low) diffusion. Minimum evolution times of
about 10-25 Ma can be calculated, assuming that the initial Cl- concentration was similar
to that observed today in the Dogger aquifer (or higher).

e Water circulation in the Dogger aquifer, which was locally triggered near the end of the
Jurassic (first retreat of the sea), is related to the emersion of the Paris Basin between the
end of the Cretaceous, ~65 Ma ago, and the Tertiary. This emersion, related to the raising
of the basin edges, caused outcropping of the major argillaceous carbonate units of the
Jurassic, mainly in the entire eastern part of the Paris Basin and enabling meteoric water
to circulate within aquifer formations. Isotopic data and modelling confirm the slow
transfer velocities already revealed in this medium.
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Geomechanical stability of the formations to natural perturbations

e The state of natural mechanical stress should remain stable over the next million years.
If stress values change gradually as superficial layers are eroded, the general orientation
of the stress field will stay the same for single formations. The fact that the region is
more than 350 kilometres from the Alpine front, as well as slow plate velocities, explains
the stability of this stress regime.

¢ During glacial periods, the sector is in a permafrost zone, based on observation, so there is
no accumulation of ice and there is no overstressing from overlying ice. Observation has
shown that fossil periglacial structures, indicative of continuous permafrost during the last
glacial climate periods, are present everywhere on the site and in the surrounding region.
Moraine deposits present at the regional scale indicate that the extent of the last glacial
front(s) was very far from the zone of interest for detailed survey (ZIRA) (the nearest
glaciers during glacial periods are localised on the Vosges mountains) (Antoine et al., 1999).

¢ Finally, this region of Meuse/Haute-Marne is a very stable zone from a seismic-tectonic
point of view, with respect to both historic seismicity and recent geological periods. No
quaternary evidence of tectonic activity has been found along the major faults surrounding
the area. The maximum possible earthquake intensity is estimated at 6.1 + 0.4 along the
regional faults (Gondrecourt graben, Marne faults), with return periods of between 100 000
and 1 000 000 years (Andra Dossier 2005, Référentiel du site de Meuse/Haute-Marne, Vol. 3).

Summary and future work

Twenty years of characterisation of the geological medium - based on regional studies, boreholes,
geophysical measurements, various methods and observations made in the underground
laboratory — has provided detailed knowledge of the formations in terms of geometry, structure,
stability, uniformity and continuity at various scales.

For the application for Cigéo creation expected in 2022, reconnaissance work continues, in
addition to characterisation of the Callovo-Oxfordian at the scale of the storage area, in order to
confirm and consolidate the scientific knowledge on the geometry and the vertical and lateral
variability of some formation properties (hydro-dispersive, mechanical parameters).
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Domerian and Toarcian Marls (rock units) -
IRSN Tournemire Tunnel, France

Introduction

Andra, the French National Radioactive Waste Management Agency, is responsible for assessing
the feasibility of the deep geological disposal of radioactive waste in France. Andra’s feasibility
research has included an extensive research and development (R&D) programme, as well as the
construction and development of an Underground Research Laboratory (URL; Bure, France) in the
Meuse/Haute-Marne area - focused on characterisation of the Callovo-Oxfordian argillaceous
formations. Since June, 2006, Andra has been responsible for the conception, proposal and
implementation of a deep disposal site in this region (i.e. the Cigéo project), which was subject to
a public debate/hearing in 2013.

Andra’s R&D activities are regularly assessed by various bodies, including those listed
below.

e Andra’s Scientific Council, which evaluates the Agency’s scientific strategy and the
divisions’ activities. It is consulted on R&D programmes conducted by the Agency and
evaluates the results.

e The Guidance and Monitoring Committee (COS) of the URL, which reports to the
Scientific Council, is specifically tasked with evaluating the experiments carried out at
the URL.

¢ The French National Safety Authority (ASN), which relies on the scientific and technical
expertise of the French Institute for Radiological Protection and Nuclear Safety (IRSN)
and the advisory committees.

IRSN is responsible for the technical soundness and technical expertise presented in any
safety analysis that would be developed for a deep geologic repository site in France. Within this
framework, IRSN has developed research and development programmes with focus on safety, in
situ research, the confining properties of geological formations, and, more specifically, on deep
geological disposal in clay media. Based on an evaluation of the level of knowledge and
understanding with respect to the properties/nature of deep impervious argillaceous formations
in the late 1980s, IRSN initiated in situ research (1989) within a former railway tunnel at
Tournemire (Aveyron, south of France; see Figure A3-27), with direct access to a series of indurated
clay stones and marls (Toarcian and Domerian rock units), in order to better understand the
various transport and mechanical properties of such clay rocks (Barbreau and Boisson, 1994).

The Tournemire railway tunnel site is not under consideration for radioactive waste
disposal, but it does support a number of IRSN’s studies focused on ensuring readiness for site
selection/evaluation in argillaceous media. The main objective of the Tournemire tunnel project
was to develop generic studies that could be applicable to other argillaceous formations that
may be considered for radioactive waste disposal in the future. The research programme has
been focused on hydrogeological, geochemical and geomechanical properties in order to
recognise and better understand fluid transfers possibilities through argillaceous formations.
The URL design is shown in Figure A3-28.

The database included here is an update of the previous OECD/NEA Clay Club Catalogue of
Characteristics of Argillaceous Rocks (Boisson, 2005), taking into account additional data collected
since 2005.
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Figure A3-27: Simplified geological map of the Tournemire Area (Aveyron, France)
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Disposal concept

There is no disposal concept for the Tournemire experimental site, as the location is not being
considered for a deep geological repository. The French conceptual design for deep geological
disposal in France can be found in the summary on the Callovo-Oxfordian formations.
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Formation properties

Geology/structure

The site (La Boutinenque), located close to the village of Tournemire in the South of Aveyron,
France, and operated by IRSN, is situated in the Mesozoic marine Causses du Larzac Basin (see
Figure A3-29) on the southern border of the French Massif Central (Debelmas 1974). It has been
selected because of its geological simplicity and because a former railway tunnel (excavated
between 1 882 and 1 888, and totalling 1 885 metres long) provides direct access to the centre of
the argillaceous Toarcian-Domerian Formation.

The Causses Basin is an north-south oriented basin, containing Permian to late Jurassic
sediments, and is delineated by basement massifs (Rouire and Rousset, 1980; Constantin et al.,
2002; Constantin et al., 2004). The study area consists of a sub-horizontal monoclinal structure
affected by a major east-west trending reverse fault. The bedding planes at the site generally
are sub-horizontal, with dip orientation ranging between 5° and 10° to the north.

The sedimentary formations that have been evaluated represent three major sedimentary
layers of Jurassic age (Boisson et al., 1998). The argillaceous formation at tunnel level is ~250 m
thick and corresponds to a sub-horizontal argillaceous and marl layer of Domerian age
(~188-183 Ma), and thinly bedded clay stones and marls of Toarcian age (~184-175 Ma).

Figure A3-28: Schematic view of the tunnel, galleries and
boreholes at the Tournemire experimental site
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Source: adapted from Wittebroodt, 2011.

The Domerian rock unit consists of ~40 m of marl and indurate clay. The Lower Toarcian,
the Middle Toarcian and the Upper Toarcian units consist of 25 m of organic-rich marl, 20 m of
marl, and 160 m of clay, respectively (Boisson et al., 1998). This argillaceous formation is
sandwiched between two karstified carbonate aquifers (refer to Figure A3-30 and Figure A3-31;
Boisson et al., 2001; Patriarche et al., 2004a, b, c). The formation is overlain by approximately
200 to 250 m of limestone and dolomite (Aalenian to Bathonian), characterised by a well-
developed karstic system, and underlain by a lower Liassic series (Carixian to Hettangian)
mainly composed of karstified carbonates (> 300 m).
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From a mineralogical point of view, the clay fraction of the formation ranges between 20 and
50% of the bulk rock, and is mainly composed of illite (5-15%), illite/smectite mixed-layer minerals
(5-10%, with a smectitic proportion of about 10%), chlorite (1-5%) and kaolinite (15-20%). The
claystone contains 10-20% quartz (grains), 10-40% carbonates (mainly composed of calcite, with
traces of dolomite and siderite), and 2-7% pyrite (Boisson et al., 2001; Savoye et al., 2006b).

A number of boreholes have been drilled from the tunnel. Lithologically, the shale-marl
sequence shows some heterogeneity in the vertical dimension. A number of sub-units, with
somewhat different properties, are distinguished: Middle and Upper Toarcian shale unit
(carbonate content 10-25 wt.%), Lower Toarcian carbonate (carbonate content generally > 30 wt.%),
Upper Domerian shale unit (carbonate content ~10 wt.%) and Lower Domerian carbonate
(carbonate content decreasing from bottom, ~70 wt.%, to top, ~10 wt.%).

Figure A3-29: Triassic and Jurassic stratigraphy at the Tournemire tunnel experimental site
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Based on fission track analyses (Peyaud, 2002), it is suggested (Barbarand et al., 2001) that the
argillaceous formation was buried under 1 300 + 400 m additional sediments than currently
observed, which would account for the currently over-consolidated state of the clay formation.
Due to this deep burial and intense diagenetic cementation, the studied shales and marls of the
Toarcian-Domerian are highly consolidated and relatively massive rocks, and exhibit more brittle
deformation behaviour (Constantin et al., 2002) than many of the other formations described in
this report. These characteristics are demonstrated by the mean mechanical parameter values of
the rock: elastic modulus (E1 = 27 680 MPa, E> = 9 270 MPa), Poisson's coefficients (v1 = 0.17, v2 =
0.20), shear modulus (G: = 3 940 MPa, G = 3 940 MPa) and uniaxial compressive strengths (o1 =
32 MPa, o2 = 13 MPa), where 1 and 2 refer to parallel and normal to the bedding, respectively
(Mafdmann et al., 2009).
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Several fault types affect the massif of Tournemire. Faulting in the area is the result of two
main tectonic events in the geologic past: i) an extension during the Jurassic; and ii) a compression
during the Eocene (from 53 to 33 Ma), as a consequence of the Pyrenean Orogeny (Constantin et
al., 2002).

Figure A3-30: Geological profile across the Toarcian-Domerian at the Tournemire tunnel level
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Source: Adapted from Cabrera et al., 2001.

Two east-west trending reverse faults, ~5 km apart and with several hundreds of metres
offset, bound the area of interest (Cernon fault in the north, St-Jean-d’Alcapies fault to the
south). The reverse Cernon fault, located 1 550 m from the southern tunnel entrance and ~80 km
in length, is the result of a regional extension and has resulted in direct contact between the
Toarcian-Domerian and the underlying Hettangian formation (~199 Ma). This transmissive
major structure enables the communication between two surrounding carbonate aquifers,
namely the Aalenian limestone above and the Carixian limestone below. The Pyrenean
compression phase created most of the local faults, and reactivated others at the regional scale
- including the Cernon fault — and is assumed to have been responsible for the karstification of
the surrounding aquifers (Ambert et al., 1995; Constantin et al., 2004).

At the tunnel location, in addition to the main Cernon fault (see Figure A3-30), secondary
sub-vertical faults of hectometric extension, and oriented N170-180°E, effect the clay rock
formation and have been observed in the galleries and identified in several underground
boreholes. These sub-vertical fault zones (or fracture network, close to the maximal horizontal
stress direction), display mainly sub-horizontal offset (decameter scale) and small vertical offset
(metre scale). In the upper limestone and dolomite of Aalenian to Bathonian levels, these fault
zones widen and fracturing becomes more scattered. Because most of these faults date from
the Pyrenean compression during the Eocene, and because the Cernon fault preceded them, the
clays and marls likely acquired their rigidity and subsequent susceptibility to fracturing under
mechanical stresses quite early in the massif history (Patriarche et al., 200443, b, c).
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Figure A3-31: Block diagram of the Tournemire tunnel experimental site
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Geochemistry, hydrogeology and transport properties

Geochemistry

Direct assessment of porewater chemistry and water-rock interactions for such rocks is an
almost impossible task due to the very low hydraulic conductivity and low water content,
leading to difficulties in porewater sampling without inducing perturbations.

Porewater composition of the Toarcian/Domerian argillaceous formation at Tournemire has
been developed via an indirect approach (Trémosa et al., 2012) using a geochemical model of
water-rock interaction using some properties of the rock and the fluid. It is based on a
comprehensive characterisation of the geochemical clay rock system, including mineralogy,
petrology, mobile anions, cation exchange properties, accessible porosity and CO. partial
pressure, and taking into account geochemical characteristics of fluids obtained from old sealed
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fractures. The porewater compositions calculated at different elevations across the Tournemire
argillaceous formation allow establishment of a vertical profile. The composition profile follows
the mobile anions and shows a bell-shaped profile with a maximum concentration in the middle
of the formation (salinity of 5.6 g L!) and a gradual solute decrease towards the bounding
aquifers. pH varies between 7.35 and 7.9 across the formation, a typical range of values for a
clay rock porewater. The lowest pH values are observed in the Lower Toarcian, where the CO:
partial pressure is higher. The average temperature of water circulating in fractures is ~15°C. U
and Th contents in the Toarcian-Domerian are reasonably homogeneous, with average values
of 11 ppm Th and 2.5 ppm U.

Hydrogeology and transport properties

The sequence of shale and marl lithologies is relatively flat-lying and is considered to be an
aquitard sandwiched between two limestone aquifers above (Aalenian) and below (Carixian)
(see Figure A3-31). The hydrogeological regime for the area is summarised in Trémosa et al.
(2012). The lower aquifer (Hettangien and Carixian) outcrops approximately 2 km southwest of
the study area and discharges part of its water through the Lauras spring. The recharge zone of
this lower aquifer includes the plateau of Saint-Jean d’Alcapies and Lauras, to the south of
Tournemire. The upper aquifer (Aalenian) is composed of Aalenian, Bajocian and Bathonian
limestones and is recharged by local precipitation falling onto the Larzac plateau.

At the site, the Aalenian aquifer is known to discharge primarily through the drain of the
Cernon fault, which feeds the Cernon River, and, to a minor extent, through springs located at
the interface between the aquifer and the impervious argillaceous formation - as drainage can
be observed at the interface in some outcrops. Taking into account the hydraulic heads in the
two aquifers, with an average hydraulic gradient of slightly less than 0.5 m/m across the low-
permeability sequence, calculations of Darcy flux through the aquitard suggest that the flow
direction should be downward (Boisson et al., 2001; Matray et al., 2007). Hydraulic pressures
have been measured at different depths in boreholes drilled into/through the Toarcian
Formation, as well as localised in the unfractured zone of the area with permanently sealed
probes and a multipacker system. Hydraulic heads have also been measured in water-bearing
fractures by means of a double packer systems.

Different phenomena have been recognised as disturbing the more or less simple hydraulic
regime. The obtained profile shows a depression of ~30-40 m around the tunnel with respect to
the theoretical hydraulic head profile derived from heads measured in the two aquifers (Bertrand
et al.,, 2002). This level is characterised by the occurrence of sub-atmospheric water pressures,
limited to the first metre around the tunnel (de-saturation phenomena), and constitutes a
capillary fringe as a consequence of tunnel excavation and natural ventilation. In contrast, the
hydraulic head measured in an 80-m high test section in the lower part of the argillaceous
formation, isolating a water-bearing fracture, indicates the occurrence of overpressure in the clay
formation. In addition, two other fracture networks are observed in the tunnel and drift walls that
may have an important role on water flow and the transport of dissolved species. Fracture
networks, due to the rock disturbance and de-stressing in response to the excavation of the tunnel
and galleries, have been observed, followed by a stress re-distribution and subsequent rock
convergence. This mechanical behaviour is highly influenced by the anisotropic character of the
shales. Another network consists of sub-horizontal fissures at the drift wall, which developed,
more or less, parallel to bedding (several metres deep, each with a millimetre-scale aperture, and
a frequency of about 1 per 10 cm), directly linked to seasonal variations in the drifts’ atmosphere
(hygrometry and temperature), and attributed to variations in the chemical potential of the
interstitial solutions under swelling/shrinking cycles (Daupley, 1997; Mafsmann et al., 2009).

IRSN has performed a series of in situ and laboratory tests (hydraulic conductivities, diffusion
parameters, etc.) for estimating the various transport properties of the Toarcian/Domerian
argillaceous formation. Early measurements from in situ hydraulic tests indicated a hydraulic
conductivity ranging between 10! and 10* m s, whereas laboratory tests provided much lower
values with an average of 10** m s (Boisson et al., 2001). More recent measurements, from a series
of in situ hydraulic pulse tests performed on undisturbed argillite, gave hydraulic conductivities
ranging between 10%* and 10 m s, very close to those estimated from laboratory tests. The
results were obtained on boreholes equipped with permanent bottom-hole probes installed in a
1-m high test section located at 15 m and 40 m below the tunnel ground level, and isolated from
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the surface with epoxy resin and concrete (Bertrand et al., 2002). The difference between the two
sets of tests (early versus late) was explained by the occurrence of water-bearing fractures of
tectonic origin in the previously-tested intervals (Matray et al., 2007).

Secondary fractures are usually sealed with calcite and give access to unfractured blocks of
argillite characterised by small hydraulic conductivities (10-'* to 10-* m/s; i.e. 10 to 10-2 m? as
intrinsic permeabilities) and specific storativity of ~10° m-! (Boisson et al., 2001). Because the
formation is penetrated by systems of brittle fractures, some of these secondary faults are
weakly water conducting and sometimes geodic cavities are identified at the junctions of two
faults that enable the vertical transfer of fluids. Hydraulic tests performed on these fault
junctions have supplied relatively high transmissivities (around 10-1° m?%s), with permeabilities
five orders of magnitude higher than those of the unfractured zone for an equivalent-tested
height (Savoye et al., 2003). With the Cernon fault, these fractures represent the only conduit(s)
for fluids to come in direct contact with the clay formation, which is of importance in the
context of collecting information on the clay interstitial fluid geochemistry (De Windt, 1998,
1999; Beaucaire et al., 2005, 2008).

The limited water discharge observed from fractures observed in the Toarcian shale in the
Underground Research Laboratory, and the difference between laboratory and in situ
measurements of hydraulic conductivity, together indicate that limited fracture flow occurs in
the formation. On the other hand, the regular distribution of natural tracers suggests that, on
the scale of the formation, advective transport is not of prime importance, probably due to a
limited connectivity of the fracture network.

A number of techniques were applied to evaluate porosities of the clay formations (Boisson
et al., 1998, 2001; Patriarche et al., 2004a) and diffusion properties of chemical species. Laboratory
measurements, primarily concerned with the Upper Toarcian, yielded effective diffusion
coefficients parallel to the bedding of 10-'* for water (tritium or deuterium) and 102 m?%/'s for anions
(chloride or bromide) (Patriarche et al., 2004a, 2004b; Altinier et al., 2007; Savoye et al., 2008).
Diffusion coefficients normal to bedding are typically 2-3 times lower than those parallel to
bedding. The anisotropy factor (parallel/normal) for pore diffusion coefficients for Cl is 2.
Table A3-1 provides an overview of the transport parameters for the Toarcian-Domerian marls
and indurate clays at Tournemire (after Mazurek et al., 2006).

Table A3-1: Transport parameters of the Toarcian-Domerian Marls
and indurate clays at Tournemire

Pore diffusion coefficient | Effective diffusion . - .
. Dp normal to bedding coefficient Hydraulic conductivity Acce§5|ble
Sub-unit Lithology E[IniV:tsch)? at 20°C [m%/s] De at 20°C [m?/s] Kim/sl porosity n [
Anions HTO Anions HTO N&ZZ?L;O Pt?er?jlclieirlwtgo Anions | Water
Aalenian aquifer
. Shaly unit,
ml)(:)cizlreTaonadrcian carbonate content | 377.6-554.3 2.8.10™ 56.107" | 7.3.1073 | 4.8.107'2 | 1.0.107"2 2.0.107"? 0.025 | 0.085
10-25 wt.%
Carbonate
Lower Toarcian |content generally |354.5-377.6 2.1.10M 42.10" | 57.10 | 2.3.10" 0.028 | 0.055
>30 wt.%
Upper Shaly unit,
Domerian carbonate content | 325.0-354.5 1.3.10™ 2.6.102
~10 wt.%
Carbonate
Lower content'
Domerian decreasing from 296.9-325.0
bottom (70 wt.%)
to top (10 wt.%)

Carixian aquifer

Source: Adapted after Mazurek et al., 2006.

Calculations of the Péclet number (Patriarche et al., 2004a; Mazurek, 2006), yield values
much lower than 1, indicating that mass transport is not controlled by advection. This result
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Elevation [m a.s.l.]

confirms the assumption already proposed that diffusion is the dominant transport process in
the Tournemire argillaceous formation (Moreau-le Golvan et al.,, 1997; Boisson et al., 2001;
Savoye et al., 2008). However, major observed fractures could represent local advective flow
paths (Constantin et al., 2004).

=  Tracer distributions

Tracers in porewaters were studied in core materials from several boreholes drilled from the
railway tunnel or adjacent galleries. Anion tracer data are available only from the Toarcian. Cl-
contents in porewater were analysed by aqueous leaching and radial out-diffusion experiments.
The spatial distribution of Cl- in porewater shows that Cl- contents are highest in the middle
Toarcian and decrease towards both aquifers. Cl° contents from different boreholes show
substantial heterogeneities due to lateral variability and the local effects of fractures.

&’H and 580 values of porewater were measured using vacuum distillation (50 and 60°C)
and the isotope exchange method; the latter method currently is preferred, but the use of
vacuum distillation data is considered acceptable via an appropriate correction procedure. The
spatial distributions of water isotopes shows, for the §?H profile, a well-defined curved shape
with an apex at ~400 m above sea level (a.s.l.), similar to what was found for Cl". The §'¥0 profile
shows a similar shape, though less well defined.

Groundwaters in the Aalenian and Carixian aquifers, constituting the upper and lower
boundaries of the system, have a very low salinity and a stable isotopic composition similar to
that of recent recharge.

Cl contents in porewaters vary in the range 12-141 mg/L, whereas the groundwater sample
yields 6 mg/L. It appears that flushing of the aquifer by fresh water has not completely leached
out the salinity in the matrix of the limestones.

The stable isotopic composition of groundwaters from both aquifers is typically characterised
by substantially higher §°’H and §®0 values than the uncorrected values in the porewaters
(Figure A3-32). The corrected porewater values are much more consistent with the groundwater
values measured in the surrounding aquifers. The good correspondence in the corrected values
adds credibility to the applied correction procedure of the isotope data from vacuum distillation.

Figure A3-32: Spatial distribution of Cl', §°H and 5'®0 in porewater at Tournemire (data from
Patriarche, 2004a; Savoye et al., 2006b; adapted from Mazurek et al., 2006)

Figure A3-32.1: Spatial distribution of ClI- in free porewater at Tournemire
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Figure A3.32.2: Spatial distribution of §?H in porewater at Tournemire
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Favourable formation attributes

As already mentioned, the IRSN Tournemire tunnel site is not under consideration for a
radioactive waste disposal, but supports a number of IRSN’s studies focused on ensuring
readiness for site selection/evaluation in argillaceous media.

The main objective of the Tournemire tunnel project was to develop generic studies that
could be applicable to other argillaceous formations that may be considered for radioactive
waste disposal in the future. The research programme has been focused on hydrogeological,
geochemical and geomechanical properties in order to recognise and better understand fluid
transfers possibilities through argillaceous formations.

As mentioned, the site has been selected because of its geological simplicity and because a
former railway tunnel provides direct access to the centre of the argillaceous Toarcian-
Domerian Formation. Considering that the overlying limestone layers are approximately 250 m
thick, it has been hypothesised that the physical and hydrogeological conditions (one aquifer
above and one below) could be representative of those that would be encountered in the siting
of a deep geologic repository.

The research programme, carried out from the tunnel inside the geological formation is
supported by both in situ tests from boreholes and galleries, and laboratory studies from core
samples. It is demonstrated, in the framework of this specific site and its specific geological
history, that primary transport processes through the Toarcian/Domerian argillaceous formation
remain diffusion-dominated over geologic time frames (hundreds of thousands to millions of
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years), together with long groundwater residence times with geochemical buffering capacity. The
following bullet points highlight some of the properties of the formation observed from work at
the Tournemire testing facility, organised, as much as is possible, in accordance with the three
key hypotheses presented in Chapter 1.

The areal extent and thickness of the lithological units allow for predictability at scales
relevant to establishing safety

e The formation is evident over a large lateral distance (> 235 km, as depicted in Figure A3-29,
from Tournemire to Mas-Audran).

The presence of natural barriers (host and enclosing formations) acts to isolate the host
rock and contain solutes for safety-relevant time frames

e The Causses du Larzac Basin is a north-south oriented basin (Permian- to Jurassic-age
sediments), and is delineated by basement massifs - the formation covers a broad area
within the southern part of the basin.

Stability of the geosphere on safety-relevant time frames supported by multiple lines of
geoscientific evidence/reasoning

Transport processes are anticipated to remain diffusion-dominated over geologic time frames
(hundreds of thousands to millions of years)

e Earlyin situ hydraulic tests indicated a hydraulic conductivity ranging between 10! and
10 m s and laboratory tests provided lower values with an average of 10** m s™1. More
recent measurements, from a series of in situ hydraulic pulse tests, suggest hydraulic
conductivities ranging between 10*> and 10%m s

e Laboratory measurements, primarily for the Upper Toarcian, yield effective diffusion
coefficients parallel to the bedding of 10! for water (tritium or deuterium) and 10?2 m?/s
for anions (chloride or bromide).

e Calculations of the Péclet number yield values much lower than 1, suggesting that mass
transport is not controlled by advection, but instead that diffusion is the dominant
transport process in the Tournemire Toarcian-Domerian Formation.

e Very low hydraulic conductivity and low water contents have led to difficulties in
porewater sampling (without inducing perturbations) due to the measures required to
extract fluids from the rock.

Geochemical stability of the groundwater-porewater system over geologic time frames

e Regular distribution of natural tracers suggests that, on the scale of the formation,
diffusion is dominant in the context of solute transport, most likely due to limited
connectivity of the fracture network.

Geomechanical stability of the formations to natural perturbations

e Fracture networks are observed due to the rock disturbance and de-stressing in response
to the excavation of the tunnel and galleries, which were followed by stress re-
distribution and subsequent rock convergence; such mechanical behaviour is influenced
by the anisotropic character of the shales.

e Secondary fractures are usually sealed with calcite, yielding unfractured blocks of argillite
characterised by small hydraulic conductivities (10* to 10-> m/s; i.e. 102! to 1002 m? as
intrinsic permeabilities) and specific storativity values of ~10° m-2.
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Summary and future work

Measuring equipment and observation techniques have been deployed at the IRSN Tournemire
tunnel to analyse the clay formation and its behaviour. The main experimental programmes
that have been developed to-date are related to: i) mechanisms responsible for the transfer of
water and natural substances present in the clay formation; ii) effects of excavation, and of
using the underground engineering structures, on the containment properties of the rock;
iii) detection of faults and discontinuities using a wide array of geophysical methods; iv) effects
related to interaction between the rock and the exogenous materials, such as concrete and
metal components; and v) performance of important components relevant to the long-term
safety of a geological repository, such as bentonite seals.

The ongoing and planned R&D activities to be performed at the Tournemire URL in the
coming years are summarised below.

e Performance of disposal sealing components (SEALEX experiments), including
perturbations, and their influence on the confinement properties of the disposal
components, together with technical feasibility of seals with respect to their safety
functions and their expected performance level;

e Interaction between components (CEMTEX experiments) — looking at the Engineered
Barrier System/host rock interactions in saturated conditions at 70°C, with particular
attention on chemical evolution (solid and pore solution), microstructure evolution,
composite effective diffusion coefficient evolutions and validation of numerical blind
simulations;

e Duration of the oxidising transient (OXITRAN experiments), aiming at estimating the
duration of the oxidising transient within the steel/clay interfaces based on the host rock
oxygen consumption (with and without steel) at different humidity degrees;

e Transport properties within faults (FRACTEX experiment), dealing with water transport
properties within a fault zone using in situ hydraulic testing, as well as characterising
mineralogical and petrophysical parameters, porewater chemistry, natural tracer
profiles and diffusion parameters (through-diffusion and radial diffusion);

¢ Knowledge on argillite petro-fabric within undisturbed versus fault zones (PFAT
experiment), focused particularly on the hydraulic behaviour of faults and fractures via
porosity characterisation (nano- to microscopic scales), mineralogical and chemical
evolution, and magnetic properties;

¢ Hydromechanical properties of a fault zone (FF experiment) - in order to evaluate fault seal
integrity using i) in situ characterisation of hydraulic, elastic and strength properties,
ii) estimation of flow times and lengths within different fault zones, iii) permeability-
stress-strain evolution of silty claystones and mudstones, and iv) geophysical imaging of
the architecture of a fault zone in clay-rich formations;

e Geophysical survey, with the purpose of assessing the ability to detect natural faults
from i) the surface (very high-resolution 3D seismic survey and very high-resolution 2D
electric resistivity profile) using advanced interpretation methods, and ii) the existing
drifts (very high resolution seismic at drift walls), and by studying the feasibility test on
large-scale tomography based on muons flux measurements at surface.
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Boda Claystone Formation - Hungary

Introduction

The safe disposal of all types of radioactive waste, the interim storage and the final disposal of
spent fuel, as well as the decommissioning of nuclear facilities, is the responsibility of the Public
Limited Company for Radioactive Waste Management (PURAM) in Hungary. PURAM is a 100%
state owned, non-profit organisation, which was established in 1998. The financial resources
for the operation and construction of disposal facilities (including site selection and design) are
provided by Hungarian Central Nuclear Financial Fund (CNFF).

The preparations for the disposal of high-level and long-lived radioactive wastes (HLW)
began in 1993. In 1994, an exploration tunnel was excavated in the Mecsek Uranium Mine,
reaching the Boda Claystone Formation (BCF), and on-site underground data acquisition began
at a depth of ~1 100 m. The formation was explored underground by a tunnel extending into the
claystone ~500 m. The tunnel was utilised as an Underground Research Laboratory (URL) and a
large amount of on-site underground data was collected. In 1998, the mine was flooded, and the
opportunity to perform underground investigations was terminated.

In 2000, based on desktop studies, a nationwide screening was carried out that evaluated
the potential host rock formations in detail. Thirty-two lithological formations within the
territory of Hungary, and potentially suitable for a DGR, were identified. This comprehensive
investigation confirmed that the BCF has the highest potential among the suitable host rocks
for a HLW repository.

The BCF is explored on the surface and underground in south-west Hungary, in the Western
Mecsek Mountains, mainly to the west of the city of Pécs. The known aerial extent of the
formation is about 150 km?. The BCF is part of the Permian-Triassic sedimentary sequence,
which makes up the Western Mecsek Anticline. Within the rock there is a unit extending up to
37 km? which has been identified as a potential disposal area at depths between 500 and 900 m
b.g.s. Based on the geometry (thickness) and level of consolidation, two different areas can be
distinguished: one in the formation’s central and southern part, which is called the Boda Block;
and another north of the Boda Block, called the Gorica Block (Figures A3-33 and A3-34).

The geological investigations, which were carried out in the Western Mecsek region in 2004,
were suspended in 2005 and initiated again in 2014. The goals of the ongoing work are to
characterise the BCF and to reduce the investigation area to 10-15 km? The current geological
investigation programme covers surface activities, including geological and geomorphological
mapping, hydrogeological (re)mobilisation, trenching, and the drilling of six deep boreholes
accompanied by seismic profiling.

Disposal concept

Based on the reference scenario of direct disposal for spent nuclear fuel, the first, and so far the
final, conceptual design for the long-term management of spent fuel was developed in 2005 and
revised in 2008. Parts of the conceptual design were based on that of the existing interim storage
facility, and included a new transfer facility that provides loading services for shipping
containers, an encapsulation plant, and the underground disposal site. Initial design of the
disposal facility was based on the Swedish concept, in spite of differences in lithology.

In 2005, a preliminary safety assessment was carried out in order to judge the suitability of
the host formation. This assessment was based on data gathered during exploration of the area
before the year 2000. This assessment confirmed that the BCF is a suitable potential host rock
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due to its low porosity, low permeability, and high isotope retardation capability. However, it
must be stated that in 2005 the available information on the BCF was not comprehensive and
some concepts included in the models were only hypothetical.

The conceptual design of the DGR was developed after the preliminary safety assessment.
Assessments of inventory, heat load, packaging information, criticality and radiology were carried
out to help design the DGR in the conceptual phase. The final disposal concept (TS-ENRCON Kft,
2004) considered a copper overpack on the canisters and the layout of the repository was based
on the assumption that disposal of canisters will take place in vertical disposal holes drilled at the
bottom of disposal tunnels, excavated within the BCF. The design of the encapsulation plant was
based on the Swedish concept as well. The disposal tunnel system was planned for 500-800 m
b.g.s., along with associated surface facilities. In the design, underground construction activities
will be undertaken via vertical shafts. The disposal shafts will be connected to one another, and
to the service area, by ventilation ducts and utility piping. The construction of the underground
space will utilise conventional drill and blast methods. It is assumed that for the large-section
underground drifts, rock bolts and sprayed fibrous concrete lining, with an average thickness of
10 cm, will be required, while the small-section drifts (including the disposal drifts), rock bolts,
and a 5-cm thick sprayed concrete lining will suffice.

Because there are numerous uncertainties, such as the lack of a defined back-end strategy for
the management of spent fuel (impacting estimates of the expected inventory of highly-active
residue from nuclear energy production) or of an appropriate repository area, as well as unknowns
regarding the main geometry and geological characteristics of the selected site, the disposal
concept will be reassessed before each decision point (e.g. narrowing of the research area during
siting, location of the repository site, building of the URL and/or DGR, operation of disposal facility,
etc.) and any revisions based on the reassessment may result in changes to the original design.

As part of the ongoing conceptualisation, PURAM has initiated work on a Project Development
Plan, which aims to determine the decision points and their contexts for future research and
development of a DGR. PURAM is committed to the “Do and See” strategy (instead of “Wait and
See”). PURAM aims to gather all possible information and move forward, using a phased approach.

Formation properties

Geology/structure

The ~265 Ma old (Middle Permian — Guadalupian age) BCF is known to cover an area larger than
150 km?. A comprehensive surface- and URL-based characterisation programme was carried out
between 1993 and 1999. The URL exploring the BCF was then the world’s deepest, at a depth of
1100 m b.g.s.

The lithofacies represent an intermittent, saline playa lake in a desert to semi-desert
environment. The present properties of the BCF have been governed, in part, by the extreme
climatic, inflow and geochemical conditions of sedimentation and, in part, by its diagenesis.
These conditions resulted in the formation of an extremely high proportion of sedimentary
albite in the rock, which is the most characteristic mineral of the BCF. The lack of organic
material and pyrite is also remarkable. This fact might be regarded as an unfavourable condition
from the aspect of confinement properties, but it also demonstrates maintenance of long-term
geochemical stability of the formation. Intensive oxidation processes influencing the rock’s
mechanical properties are not expected to occur within the lifetime of the repository.
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Figure A3-33: Geological map and cross-sections of the Western Mecsek

including the surface outcrop of the BCF

(=]
PE-1 PE-2

X1
SSE
Gorica Block «— |—» Boda Block
Bakdca H-M B-B Mecsekalja
NNW Fault Zone b4 Fault Zone Fault Zone Pré::;;;llé'«:one SSE
Gf-1 G-18 .G-7 v XV BAF-2 pm)ecfed

Kt-1

){V Axis of the perianticline

4525

Upper Triassic sandstone

5 [ON©)] [ON©)] T
1 2 3 4km
-B Boda Block Mecsekalja
w Fault Zone 4618 Fault Zone E

4709

proj. 4766 4716

0
1
2
S ® ® 3 km
. iy Lower and Middle Permi
Variscian granitoid rocks and , Variscan metamorphic S elbbe Middle Permian
e B iow-grade metamorphic Lower |7 complex L sandstone, conglomerate and [l goqa Claystone
Paleozoic formations thyolite
Lower Triassic sandstone,
Upper Permian - Lower Triassic Middle Triassic siltstone, —— . Neogene and
1 Kévagosz6l6s Sandstone Fm 1 evaporites and carbonates, [ Liassic coal beds (I mm;y

Source: Compiled and modified from Konrad et al., 2010.

CLAY CLUB CATALOGUE OF CHARACTERISTICS OF ARGILLACEOUS ROCKS, NEA No. 7249, © OECD 2022

151



ANNEX III: ARGILLACEOUS ROCK FORMATIONS DESCRIPTION

152

Figure A3-34: Depth contour of the top of the BCF including the surface outcrop of the BCF
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Source: Konrad, 2016.

Because sedimentation conditions were nearly constant for millions of years, an extremely
thick quasi-homogeneous sequence was formed. Due to minor, cyclic changes in depositional
environment, the formation can be divided into six characteristic rock types, though the main
body of the formation (approximately 90%) consists of one rock type, albitic claystone.

The study area of the formation can be divided into two blocks - the Boda and the Gorica -
separated by a fault zone. In the two blocks, the thickness of the BCF, the mineralogical
composition and the degree of diagenesis is different (Figure A3-35).

The Boda Block is situated within the Western Mecsek Anticline structure and drill core
from this block can be seen in Figure A3-36. The axis of the anticline plunges to the east, and,
therefore, the Boda Claystone has been eroded in the west. The formation outcrops around the
village of Boda where the overlying units have been eroded. Its depth increases with the plunge
of the anticline towards the east and with the dipping of strata to both the north and south. The
northern and eastern limits of the block are currently unknown. In this block, the maximum
thickness of the BCF varies between 700 and 1000 m in the central region, resulting in
considerable freedom when seeking the optimal site for a repository. During sedimentation, the
catagenetic stage was reached under high temperature (200-250°C) and pressure (120-150 MPa)
conditions. The BCF was covered at one point by sediments as thick as 3.5-4.5 km. The over-
consolidated, highly indurated character of the BCF is a result of this diagenetic process.

The Gorica Block is located north of the Hetvehely-Magyarszék Fault Zone. Here, the Boda
Claystone is overlain by Permian, Triassic and Miocene sediments and the beds dip to the NE.
The overlying Kévagdszélés Sandstone is thinner in the region of the Gorica Block than that of
the Boda Block. A total of eight drilled boreholes have reached the BCF in the Gorica Block, but
none have drilled completely through the formation. Only the unfinished borehole, Ib-4,
suggests that the Boda Claystone may be thinner here, ~250 m, than in the Boda Block. The
amount of data available from work performed on this block is limited.
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On the basis of mineralogical investigations (X-ray diffraction, differential thermal analysis,
electron microprobe), the main rock-forming minerals of the BCF are: clay minerals (dominant are
illite-muscovite and chlorite; smectite, kaolinite, vermiculite and mixed-layer clay minerals were
identified in minor to trace amounts), authigenic albite, quartz, carbonate minerals (calcite and
dolomite) and hematite (Arkai et al., 2011; Mathas, 1998; Varga et al., 2005; Varga et al., 2006). In
addition, barite, anhydrite, authigenic K-feldspar and detrital constituents (muscovite, biotite,
chlorite, zircon, rutile, apatite, ilmenite, Ca-bearing plagioclase, K-feldspar) were identified in
trace amounts. The authigenic albite is present as albite cement (typical of all rock types of the
formation), albite and carbonate-lined disseminated irregular white voids (typical of albitic
claystone) and albite replacement of detrital feldspars in sandstone beds (Arkai et al., 2011;
Mathas, 1998; Varga et al., 2006).

Six main rock types of the BCF can be defined based on mineralogical, geochemical and
textural considerations (see Table A3-2): albitic claystone, albitolite, “true” siltstone, dolomite
interbeddings, sandstone and conglomerate (Arkai et al., 2011; Barabas and Barabas-Stuhl, 1998;
Mathas, 1998; Varga et al., 2006; Konrad et al., 2010). The dominant rock type of the formation
is albitic claystone. This mineralogical composition is typical in the perianticlinal structure of
the Western Mecsek Mountains. Core recovered in borehole Ib-4 (Gorica Block) is consistent with
typical composition of the BCF, though this succession does contain abundant analcime (see
Table A3-3). Previous mineralogical investigations show that the amounts of analcime present
in the formation can range between 8 and 25 wt.%.

Figure A3-35: General geological sections for the comparison of
lithostratigraphical units in the Boda and in the Gorica blocks
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Table A3-2: Main rock types of the BCF

clay minerals authigenic o carbonates hematite
Rocktypes (%) albite (wt.9g) | 9uartz (wtd) (Wt.%) (Wt.%)
albitic claystone 20-50 20-50 5-10 ~10 7-10
Albitolite <25 >50 <10 10 5-6
“true” siltstone approx. 10 >35 >25 approx. 10 5
dolomite interbeddings 10 30-40 5 35-50 5
Sandstone 5 (trace) 25-40 (feldspar) 20-30 5-20 5 (trace)

Table A3-3: Ib-4 borehole mineralogy
Samples clay minerals au:';;)?tee nic analcime quartz carbonates hematite
Ib-4
wt.%

5272 m 42 8 12 13 18 6
538.7m 34 7 16 28 10 5
560.64 m 43 16 20 3 10 8

Figure A3-36: BCF cores from the BAF-2 borehole (539-544 m), Boda block

BAT-) 124.Latea—>

Source: Konrad, 2015.
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In the Middle Cretaceous, on the basis of thickness of overlying strata in the perianticlinal
structure of the Western Mecsek Mountains, the BCF was located at a burial depth of at least
3.5 to 4.5 km. The illite and chlorite crystallinity, as well as vitrinite reflectance data determined
in the area of the perianticlinal structure of the Western Mecsek Mountains, point to maximum
diagenetic temperatures of 200-250°C (Arkai et al., 2000). Higher illite and chlorite crystallinity
determined in core samples from the deep borehole, Ib-4 (Gorica Block), however, suggest that
the BCF in Gorica Block underwent lower-grade diagenesis.

Geochemistry, hydrogeology and transport properties

Bulk porosity and hydraulic conductivity of the intact rock matrix are very low (0.6-1.4%; 10-*> m/s)
and the average unconfined strength exceeds 100 MPa. Mineral composition of the 35-50% clay
content corresponds to burial history. The dominant clay mineral is illite (30-40%), and chlorite
content is 5-10%. Smectite content is generally near the detection limit. Smectites occur in larger
amounts in the weathered zone of outcrops and inside the deformation zones of faults. Due to the
burial (thermal) history of BCF, the possible impact of heat production of HLW (e.g. alteration of
clay minerals, thermal softening) is assumed to be rather limited compared to younger
argillaceous formations that have not undergone the same thermal stresses.

Due to its eventful tectonic history, the BCF has a discontinuous character. Traces of four
different tectonic periods have been recognised by detailed surface and underground geological
mapping. Joints and fractures are completely filled by various clay, carbonate or sulphatic
materials (see Figure A3-37). Depending on the density, type and orientation of discontinuities,
the measurable hydraulic conductivity of the actual rock zone can vary within a relatively broad
interval (typically 10 to 10*®* m/s, with values of up to 10® m/s). Because of its geochemical and
geotechnical character, the BCF does not show complete self-healing behaviour, even at the
maximum depth of final disposal (1 000 m); however, some partial self-healing effects have been
recognised. This aspect of geotechnical stability does not restrict the construction of a repository
at depth.

The first measurements on the typical BCF were performed between 1989 and 1993
(Nagykanizsa, 1990; Nagykanizsa, 1991; MEV, 1993). Porosity, Hg-porosity (up to 2000 bar) and
gas permeability measurements were carried out on the rocks. The investigations indicated the
rock structure to be microporous and determined the nature of microfracturing. The degree and
quality of secondary porosity (Csicsak, 1999) — openness and frequency of fractures - decisively
determines the water storage capacity of the rock, as well as the nature of water flow. During
in situ hydrodynamic tests, the permeability of the claystone was measured to be between 10-%°
and 10 m? (Csicsak, 1999). The salinity of the Boda Claystone Formation porewater was
estimated to be between 1.5 and 7 g/L. Regarding its type, the porewater was considered to be
Na*-S04?-HCOs-, Na*-HCO3-S04%, and occasionally Na*-SO.?, and frequently mixes with water
from the upper sandstone formation, which is mainly of Na*-HCOs and Na*-HCOs-SO4> type
(Kovacs, 1998; Kovacs et al., 2000).

A systematic petrophysical analysis (Lakatos et al, 2002; T6th, 2004) was carried out on some
URL samples between 2002 and 2004. The density and porosity of the rock, as well as the
diffusion coefficient for Cr*, were determined. Water and gas permeability measurements under
quasi-reservoir conditions (ppore ~ 80 bar, peonfining  100-120 bar, T = 36°C) were carried out using
the laboratory prototype of an instrument working according to the pressure-pulse decay (PPD)
principle (Sziics and Fedor, 2007; Fedor et al., 2008). The effective porosity (Lakatos et al., 2002)
was found to be higher (1-3%) than estimated from previous measurements. The plugs needed
very long time periods to reach a completely dry state and, in this state, the plugs adsorbed the
humidity of their environment. Water permeability was one to three orders of magnitude lower
than the gas permeability of a given plug. Because of mineralogical inhomogeneity, the plugs
rapidly adsorbed different, and occasionally significant, amounts of water (0.1-0.2 cm?) during
the permeability measurements.
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Figure A3-37: Tectonic joints on the wall of the URL exploration
tunnel filled with calcite veins

Source: Himos, 2015.

A systematic petrophysical investigation on a 1-m long sample from the overlying sandstone,
and on a 10-m long BCF sample, was undertaken as part of the investigation of the Gorica Block
between 2009 and 2013, mainly for the purpose of method development (Fedor and Somodi, 2010;
Fedor et al., 2012; Fedor, 2014). During the project, core scanning and the Laser Induced Pyrolysis
System (LIPS), detailed petrographical description, dry and wet computed tomography (CT) on full
cores, as well as pore-scale investigations (N2, CO2, high-pressure — ~4 100 bar - Hg-porosimetry)
and reservoir characterisation (acoustic and electric properties measurements, gas permeability,
gas- and water permeability under reservoir conditions) were undertaken, together with
mineralogical investigations (microscopy, Inductively Coupled Plasma — Mass Spectrometry [ICP-
MS], X-ray diffraction), thermal tests and organic matter content analyses on 44 core sections. The
results suggest that the permeability of the BCF from the Gorica Block is controlled primarily by
fracturing and is likely to change under varying circumstances (self-healing ability). Two types of
fracturing can be distinguished in the rock mass and the predominant type is the result of drying
of the rock (5-15 nm range), often causing destruction of the sample. Primary porosity can be
connected to micropores (< 2 nm). The water cannot be fully extracted from the sample, even
following drying for a very long time period, and the rock is noted to adsorb humidity from the
air. Water occurs in its smallest amount as free water, and in larger quantities as adhesive water
and in the structure of clay minerals. As a result, a very small amount of swelling clay is
fundamentally influencing rock behaviour (Parneix et al., 2008). The flow of free water is limited
as well, by the size of capillaries. Diffusion processes are taking place within the rock, even on the
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level of fractures. On the basis of the developed laboratory protocol, the water and gas
permeability of the rock under reservoir conditions, using pressure-pulse decay (RS-PPD), can be
determined in a short time. Experience to-date suggests that the porewater of BCF cannot be fully
extracted using current methods. At present, the development of a new method is in progress for
the extraction/retrieval of porewater (Fedor et al., 2014).

Favourable formation attributes

The areal extent and thickness of the lithological units allow for predictability at scales
relevant to establishing safety

e The horizontal and vertical extension of the BCF, in consideration of a potential disposal
area, allows accommodation of a robust (in location) disposal concept in the safety case:

— thickness: 700-1 000 m (Boda Block) and 200-250 m (Gorica Block);
— area: 20-25 km? (Boda Block) and 15-20 km? (Gorica Block); and
- present-day burial depth : 0-1 600 m (Boda Block) and 350-600 m (Gorica Block).

o The low uplift of Western Mecsek (< 0.5 mm/year) ensures that a disposal facility, which
is located > 500 m depth b.g.s., will stay under the surface until the end of safety-relevant
time frames (which is assumed to be 1 Ma).

The presence of natural barriers (host and enclosing formations) acts to isolate the host
rock and contain solutes for safety-relevant time frames

e There are thick overlying beds at the potential disposal zone and uplift of the Western
Mecsek is low; therefore, no major changes in either isolation properties or in solute
containment capacity of the host rock are expected for safety-relevant time frames.

Stability of the geosphere on safety-relevant time frames supported by multiple lines of
geoscientific evidence/reasoning

e Itis proved by geostatistical methods that core samples from different parts of the BCF
show no differences in their chemical characteristics and in their mineralogical
compositions (Hamos et al., 1998).

o To-date, there is no knowledge/identification of any geoscientific feature/parameter that
would have (some/major) influence on the isolation capacity of the BCF, and would be
different with respect to physical properties of the BCF in the deeper parts of the potential
disposal zone when compared to the near surface (Himos et al., 1998).

e Because sedimentation conditions of the BCF were nearly constant for millions of years,
an extremely thick quasi-homogeneous sequence was formed.

e BCF has some potential for partial self-healing capacity.
Transport processes are anticipated to remain diffusion-dominated over geologic time frames
(hundreds of thousands to millions of years)

¢ Bulk porosity and hydraulic conductivity of the intact rock matrix is very low (0.6-1.4%;
10% m/s).

e A very small amount of swelling clays are fundamentally influencing rock behaviour.
e The flow of free water is limited by the size of capillaries.

o Diffusion takes place inside the rock, even at the scale of fractures.
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Geochemical stability of the groundwater-porewater system over geologic time frames

¢ The lack of organic material and pyrite helps to maintain the long-term geochemical
stability of the formation.

e Intensive oxidation processes, which would influence the rock’s mechanical status
considerably, are not expected to occur within the lifetime of the repository.

¢ Due to the burial (thermal) history of the BCF, the possible impact of heat production
from the HLW (e.g. alteration of clay minerals, thermal softening) will be limited.

Geomechanical stability of the formations to natural perturbations

e The potential disposal zone is protected from the natural perturbations by the thick
overlying beds.

Summary and future work

According to the “Do and See” strategy, the decades-long research for a suitable site has to be
maintained without a validated back-end strategy. Based on experiences of countries with well-
developed spent fuel/HLW disposal programmes, the Hungarian disposal programme expects
an operational licence that would last for about five decades.

There are four planned phases of the programme:

¢ Siting is planned to last until 2030.

¢ Building of the URL would be between 2030 and 2038.
e Operation of the URL would last until 2055.

o Installation of the DGR, ~10 years duration, until 2065.

The first phase is divided into three research sub-phases, of which the very first sub-phase
is now in progress. Current surface investigation activities — 6 deep boreholes, seismic profiles,
hydrogeological (re)mobilisation - have the goal of narrowing the target siting area. PURAM has
started examining a 37 km? potential siting area, which would have to be reduced to ~10-12 km?.
The second sub-phase of research activities is going to outline the footprint of the URL. In the
third sub-phase, siting of the target area will be carried out, which will involve the initial
construction of the URL.

It has not yet been decided whether or not the URL will be part of the DGR facility, and this
will be decided only when knowledge of the candidate host formation, and the potential
layout(s) of the disposal facility, become available.

References

Arkai, P. et al. (2000), “Composition, Diagenetic and Post-diagenetic Alterations of a Possible
Radioactive Waste Repository Site: the Boda Albitic Claystone Formation, Southern
Hungary”, Acta Geologica Hungarica, No. 43(4), pp. 351-378.

Barabés, A. and A. Barabas-Stuhl (1998), “Stratigraphy of the Permian formations in the Mecsek
Mountains and its surroundings”, In: Stratigraphy of geological formations of Hungary, Mol Plc.
and Hung. Geol. Institute, Budapest, pp. 187-215 (In Hungarian).

Csicsak, J. (Ed.) (1999), “The short-term program for the qualification of Boda Claystone
Formation”, Research final report, V. volume, Hydrogeological, hydrochemical investigation
program, MECSEKERC Inc., Pécs, pp. 1-117 (In Hungarian).

Fedor, F. et al. (2008), “Laboratory Pressure Pulse Decay permeability measurement of Boda
Claystone, Mecsek Mts., SW Hungary”, Physics and Chemistry of the Earth, S45-S53.

158 CLAY CLUB CATALOGUE OF CHARACTERISTICS OF ARGILLACEOUS ROCKS, NEA No. 7249, © OECD 2022



ANNEX III: ARGILLACEOUS ROCK FORMATIONS DESCRIPTION

Fedor, F. and G. Somodi (2010), “The complex investigation of Boda Claystone Formation for the
comparability of laboratory and field measurements — preliminary results”, Pal-Molnar E.
(Ed): Basin Development and Geological Resources (Hungarian Geological Institute,
“Vandorgyilés” abstract volume), Geolitera, Szeged, pp. 49-51.

Fedor, F. et al. (2012), “Interdisciplinary investigation of Boda Claystone Formation — preliminary
results”, 5% International Meeting on Clays in Natural and Engineered Barriers for
Radioactive Waste Confinement, Montpellier, 22-25 October 2012 (poster presentation).

Fedor, F. (Ed.) (2013), “The complex investigation series on samples from the Ib-4 borehole”,
Research report, MecsekErc Rt, Pécs (In Hungarian).

Fedor, F. et al. (2014), “Determination of the BCF pore water content — possibilities and
limitations”, Research Report, MecsekErc Rt, Pécs (In Hungarian).

Geological results of the boreholes BAF-1, -1A and -2: 1. fig. Publication of the BCF investigation
conference day, 39-45 pages. ISBN 978-963-8221-60-5

Hamos, G., Z. Mathé, and Z. Nagy (1998), “Homogeneity of Boda Claystone Formation:
A Geostatistical Analaysis”, Research Report, MecsekErc Rt, Pécs (In Hungarian).

Héamos, G. (Ed.) et al. (1998), “Representativity of geoscientific information from URL located in
Boda Claystone Formation. A Geostatistical Analysis”, Research Report, MecsekErc Rt, Pécs
(In Hungarian).

Hamos G. (1999), A Bodai Aleurolit Formacié Minésitésének Rovidtavi Programja. Kutatasi zardje-
lentés, 3. kotet: Fﬁildtani dokumentaciés munkak a BAF megismerésére. Pécs, 1999. marcius.
Kézirat. MECSEKERC Zrt., Pécs, Adattar. J-4020

Konréd, G. et al. (2010), “Sedimentology of a Permian playa lake: the Boda Claystone Formation,
Hungary”, Geologos, No. 16(1), pp. 27-41.

Konrad G. (Geolégus Kft.), Halasz A., Sebe K. (PTE), Bernath Gy., Gartner D. (Geo-Log Kft.), Himos
G., Sdmson M., Méthé Z., Obert V. (MECSEKERC Zrt.), Benei B. (BIOCENTRUM Kft.), Magyar L.
(TIMO Bt.) (2016), A BAF-1, -1A és a BAF-2 flras foldtani eredményei. BAF kutatds szakmai
eléadéi nap kiadvanya. 39-45. oldal. ISBN 978-963-8221-60-5

Konrad G. (2012), A Bodai Agyagkés szerkezeti helyzete, litolégidja és faciese, Kornyezetfoldtani
megkozelités, Habilitacids palyazat. Structural position, lithology and facies of the Boda
Claystone Formation, Environmental geological approach. Habilitation thesis.

Kovdcs, L. (Ed.) (1998), “Digest on the Results of Short-Term Characterization Programme of Boda
Claystone Formation”, Special edition of PURAM.

Kovécs, L., G. Himos and J. Csicsdk (2000), “Actual State of the Site Characterization Programme
of the Boda Siltstone Formation”, Bulletin of the Hungarian Geological Society, No. 130(2), pp.
197-206.

Lakatos, I, F. Fedor and J. Téth, (2002), “Hydrodynamic investigations on samples from the Boda
Claystone Formation”, internal report, Mecsekérc Plc. Pécs (In Hungarian).

M4éthé, Z. (Ed.) (1998), “Summary report of the site charachterization program of the Boda Siltstone
Formation”, Vol. 4. Manuscript, Mecsek Ore Environment Company, Pécs, 76 p.

MEV (1993), “Report about the results of geological research related to the recommended Mecsek
Deep Waste Disposal Site in 1989-1992”, Research report. (MEV, Pécs), MEV Database (In
Hungarian).

MEV (Mecseki Ercbanydaszati Véallalat) Berta Zs., Csicsék J., Hdmos G., Hideg J., Kovacs L., Majoros
Gy., Mathé Z., Nagy Z. (1995), OSSZEFOGLALO JELENTES a PA Rt és a MEV kozott létrejott,
H301M-4-1/93/k, valamint a H301M-4-19/94 rendelési szamu Vallalkozasi Szerzédések
keretében elvégzett, a Bodai Aleurolit Formaci6é mindgsitését célz6 munkalatok eredményeirél.
— Kézirat. MECSEKERC Zrt. Adattar, Pécs. J-2666.

CLAY CLUB CATALOGUE OF CHARACTERISTICS OF ARGILLACEOUS ROCKS, NEA No. 7249, © OECD 2022 159



ANNEX III: ARGILLACEOUS ROCK FORMATIONS DESCRIPTION

MEV (1995), OSSZEFOGLALO JELENTES a PA Rt és a MEV kozott 1étrejoétt, H301M-4-1/93/k, valamint
a H301M-4-19/94 rendelési szdmu Vallalkozasi Szerzédések keretében elvégzett, a Bodai
Aleurolit Formdcié minésitését célzé6 munkélatok eredményeirsl. MEV Adattar. (Summary
report on the results of works for the characterization of Boda Claystone Formation within the
scope of Contracts no. H301M-4-1/93/k and H301M-4-19/94 bound between PA Rt. and MEV.)
1.8.2. photo. J-2666

Nagykanizsa (1990), “Determination of the permeability of Lower Permian BCF samples by
constant reservoir pressure at changing pore pressure and temperature”, Hungarian
Hydrocarbon Institute report (In Hungarian).

Nagykanizsa (1991), “Determination of the permeability of Lower Permian BCF samples by
constant reservoir pressure at changing pore pressure and temperature”, Hungarian
Hydrocarbon Institute, part of report (In Hungarian).

Parneix, J.-C., A. Bouchet, A. Mazurier, N. Bétin, S. Ramirez and J.C. Robinet (Eds.) (2008),
“Synthesis of the characterization of Callovo-Oxfordian, Opalinus, Boom and Boda clays”,
Fundamental Processes of Radionuclide Migration (FUNMIG) project PID 3.2.18.

Sdmson M. (szerk.), Himos G., Mathé Z., Mazik J., Mészaros A., Vagd Z. (Mecsekérc Zrt.), Bernath
Gy., Gértner D., Prohdszka A. (Geo-Log Kft.), Kovacs At. Cs. (MFGI), Andrassy M., Danké Gy.,
Korpai F., Matthédus Zieger (Golder Zrt.), Konrad Gy., Haldsz A., Sebe K. (Mérce Bt.), Ko-vacs L.,
Zierkelbach-Kovacs B., Somodi G. (Kémérs Kft.), Acs P., Fedor F., Horvath J., Ko-roncz P. J.
(GEOCHEM Kft.) (2014), BAF-2 furas dokumentalé és értékels jelentése. — Kézirat. MECSEKERC
Zrt. Adattar. RHK-K-011/14

Szics, I. and F. Fedor (2007), “Spatial Extension and Parameter Integration into the Safety Case -
Examples from the Hungarian LLW/ILW and HLW Disposal Project”, in Linkage of Geoscientific
Arguments and Evidence in Supporting Safety Case (workshop proceedings), NEA No. 6119, pp.
163-165, OECD Publishing, Paris.

Téth, J. (2004), “Porosity of the G-35 and G36 plugs”, summary table, internal report.

TS-ENERCON Kft. (2004), “Conception plan and cost estimation for a deep geological repository
for the final disposal of high level wastes and spent nuclear fuel assemblies of Hungary”,
Budapest.

Varga, A. et al. (2005), “Chemical composition, provenance and early diagenetic processes of
playa lake deposits from the Boda Siltstone Formation (Upper Permian)”, SW Hungary, Acta
Geologica Hungarica, No. 48, pp. 49-68.

Varga, A. et al. (2006), “Mineralogical, petrological and geochemical characteristics of the
siliciclastic rock types of Boda Siltstone Formation”, Bulletin of the Hungarian Geological Society,
No. 136(2), pp. 201-232.

160 CLAY CLUB CATALOGUE OF CHARACTERISTICS OF ARGILLACEOUS ROCKS, NEA No. 7249, © OECD 2022



ANNEX III: ARGILLACEOUS ROCK FORMATIONS DESCRIPTION

Koetoi and Wakkanai Formations - Japan

Introduction

The Horonobe URL project is a comprehensive research and development (R&D) programme with
the overall aim of characterising the sedimentary formations that contain saline groundwater
within the region surrounding Horonobe Town in Hokkaido, northern Japan (e.g. Ota et al., 2011).
The project involves both geoscientific study and R&D on geological disposal technology in
sedimentary formations.

Three major goals of the project include:

1. Establishing/evaluating techniques that will be necessary to ensure adequate
characterisation of the deep geological environment;

2. Development/testing of engineering technologies for use in the deep underground; and

3. Confirming/testing the applicability of geological disposal technologies and the disposal
concept in a specific geological environment.

The project consists of three phases, extending over a period of approximately 20 years,
including: surface-based investigations (Phase I), investigations during tunnel excavation
(Phase II), and investigations in the underground facilities (Phase III). Phase I of the Horonobe
URL project consisted of preliminary surface investigations undertaken between March 2001
and March 2006. Phases II and III involve detailed sub-surface investigations, were initiated in
November 2005, and are ongoing.

Disposal concept

The concept of geological disposal in Japan is based on a multi-barrier system approach,
combining the natural, isolating properties of the geologic environment with an engineered
barrier system (EBS), as described in the H12 report: Project to Establish the Scientific and
Technical Basis for HLW disposal in Japan (JNC, 2000). The approach to develop a disposal
system concept has been generic to-date (i.e. has targeted neither a particular rock type nor a
particular geographical area). In developing the disposal concept, special consideration is given
to evaluating the long-term stability of the geological environment, particularly in Japan, which
is located in a tectonically active zone.

Due to Japan’s complex geology, an EBS design was developed with sufficient margins in its
isolation function(s) to accommodate a wide range of geologic conditions (e.g. JNC, 2000). It is
assumed that disruptive events, such as major fault movement and volcanic activity, would lead
to exclusion of a particular location/geologic setting as part of the site selection process by the
Nuclear Waste Management Organization (NUMO) of Japan (e.g. NUMO, 2004). Those geological
environments identified as having favourable characteristics for construction of the disposal
system, and are interpreted as stable geologic setting(s), will dictate the requirements of the
repository design. The major weighting of overall barrier performance of the disposal system is
borne by the near-field (i.e. EBS). The multi-barrier system and its functions are depicted in
Figure A3-38.

When a potential disposal site is selected in the future, an optimised design for the EBS will
be determined based on both safety and economic considerations - including the geologic
conditions specific to the site. The reference layout of the EBS in the H12 report assumes either
axial, horizontal tunnel emplacement or vertical pit emplacement of vitrified waste as a generic
concept (Figure A3-39). Any radioactivity (i.e. radionuclides) released from the EBS will decay,
and concentrations will be reduced by dilution and retardation during the long migration period
within the geosphere. The repository is designed to provide intrinsic, long-term passive safety.
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Figure A3-38: Basic concept for the geologic disposal system in Japan
and expected barrier functions

Vitrified Waste

(in stainless steel canister)

- Containment of radionuclides in
homogencous glass matrix

- Low radionuclide release to
groundwater due to high chemical
durability

- Stable under thermal and radiation loads

Overpack

(Carbon steel)

- Physical containment of vitrified waste
during the period of high heat
generation and radiation field

- Ensures reducing conditions around the
vitrified waste

- Sorption of radionuclides onto corrosion
products

Geological Environment

Long-term stability avoiding

- Volcanic activity

- Significant fault movement =

- Significant effects due to uplift/denudation

- Significant effects due to climate/sea level
change

- Presence of natural resources

Favorable geological environment

- Favorable geochemistry (e.g. chemically
reducing)

- Low groundwater flux

- Rock mechanical stability

- Isolation from the human environment

Function as a natural barrier system
- Retardation and dilution/dispersion of released
radionuclides

Source: JNC, 2000.

Buffer

(Mixture of bentonite and sand)

- Low permeability

- Low solute diffusivity

- Retardation of radionuclide
migration (Sorption)

- Swelling and plasticity

- Low solubility of many
radionuclides in porewater

- Filtration of colloids, organic
matter and micobes

Figure A3-39: Specifications of the disposal tunnels, disposal
tunnel spacing and waste package pitch

a) Disposal Pit - vertical emplacement b) Disposal Tunnel - horizontal emplacement
method (hard rock) method (hard rock)

c) Disposal Pit - vertical emplacement
method (soft rock)

Source: JNC, 2000.

d) Disposal Tunnel - horizontal emplacement
method (soft rock)
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The H12 report demonstrated the basic technical feasibility of geological disposal in Japan
without specifying any particular geological environment. The practicality and reliability of the
technologies used in the H12 report should be confirmed by applying them to specific geological
environments. Considering the range of characteristics and the distribution of the geology in
Japan, two URL projects — the Horonobe URL for investigation of sedimentary rock with saline
groundwater, and the Mizunami URL for investigation of crystalline rock with fresh
groundwater — have been established (e.g. Ota et al,, 2011). The experience and knowledge
gained in the URL projects will support methodologies for investigations for NUMO’s repository
site selection and will be used to establish safety regulations; however, these URLs will never be
transferred to the implementing entity.

Formation properties

An overview of the Horonobe URL is illustrated in Figure A3-40. In the Horonobe URL, the
ventilation and two access shafts have been excavated through unconsolidated sediment
(approximately 20 m thickness) into the sedimentary rocks (i.e. Koetoi and Wakkanai formations).
As shown in Figure A3-40, horizontal galleries have been excavated at 140 m, 250 m and 350 m
depth.

Figure A3-40: Overview of the Horonobe URL
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Source: Koide et al. 2015.

Geology/structure

The Horonobe URL site is located on the eastern margin of a Neogene- to Quaternary-aged
sedimentary basin on the western side of northern Hokkaido. The site is located in an active
Quaternary-aged foreland fold-and-thrust belt near the boundary between the Okhotsk and
Amurian plates (e.g. Yamamoto, 1979; Wei and Seno, 1998; Ikeda, 2002) (Figure A3-41). The basin
consists of the Wakkanai Formation (siliceous mudstones with opal-CT), the Koetoi Formation
(diatomaceous mudstones with opal-A), the Yuchi Formation (fine to medium-grained
sandstones) and the Sarabetsu Formation (alternating beds of conglomerate, sandstone and
mudstone, intercalated with coal seams) (see Figure A3-42). The Koetoi and Wakkanai formations
are the main target rocks for the Horonobe URL project.
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With respect to distribution of the target rocks in the URL site, the Koetoi Formation is found
at depth between 20 m and 250 m, and the Wakkanai Formation is observed at depths greater than
approximately 250 m. Additionally, the boundary between the Koetoi and Wakkanai formations
generally strikes northwest-southeast and dips moderately westward (Tokiwa et al., 2014).

Burial and subsidence of the Wakkanai, Koetoi and Yuchi formations occurred during the
Neogene to Quaternary. The siliceous mudstone was buried to a depth of more than 1 km at the
time of maximum burial (Ishii et al., 2008; Kai and Maekawa, 2009). Subsequently, uplift and
denudation initiated approximately 1.0 Ma ago with the deposition of Sarabetsu Formation, which
followed the flexural folding that began between 2.2 and 1.0 Ma in response to regional east-west
compression (Ishii et al., 2008). Several anticline hinge lines, such as F1, F2 and F3 in Figure A3-41,
developed with northwest-southeast to north-northwest-south-southeast trends, plunging
gently to the northwest or southeast (Ishii, 2012).

With respect to mineralogy, X-ray diffraction analyses indicate that the Koetoi and Wakkanai
formations consist mainly of amorphous materials (principally opal-A and/or opal-CT) in addition
to trace amounts of quartz, K-feldspar, clay minerals (kaolinite, illite, smectite and chlorite), pyrite
and carbonate (calcite, siderite) (Ota et al., 2011). The upper part of the Wakkanai Formation is
thought to be a diagenetic transition zone, separating biogenic sediments consisting mainly of
opal-A in the overlying Koetoi Formation from deeper zones in the Wakkanai Formation where
opal-CT dominates.

Figure A3-41: Geological map and geological cross-section of the Horonobe Area,
showing locations of boreholes and the Horonobe URL
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Figure A3-42: Schematic columnar section of the Horonobe area
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Geochemistry, hydrogeology and transport properties

Geochemistry

Hydrochemical investigations demonstrate that at any given locality within the URL area, shallow,
fresh, Na-HCOs-dominated groundwater occurs above saline, Na-Cl-dominated groundwater
(Hama et al., 2007; Ota et al., 2011). The most saline groundwater sampled in the vicinity of the
URL has TDS of ~22 000 mg/L (Hama et al., 2007). With respect to the groundwater chemistry, both
horizontal and vertical salinity gradients are recognised. The stable isotopes of oxygen and
hydrogen, as well as salinity, increase with increasing depth (Hama et al., 2007; Sasamoto et al.,
2011). The evolution of Na-Cl-dominated groundwater is provisionally interpreted to have
involved the dilution of fossil seawater, accompanied by diagenetic mineral-water reactions, such
as the alteration of opal-A to opal-CT (Hama et al., 2007). Furthermore, spatial variations in
groundwater salinity are tentatively interpreted to be related to variations in the frequency and
spatial distribution of fractures (Hama et al., 2007).

In situ measurement of pH and Eh has been conducted at about 600 mbgs in borehole HDB-11
for the groundwater in the Wakkanai Formation, and the resultant values are 6.2 and -166 mV,
respectively (e.g. Ota et al.,, 2011). The groundwater contains high concentrations of dissolved
gases, including CHa(g), CO2(g), H2S(g) and various hydrocarbons, which exsolve from the
groundwaters as they are pumped. The effects of such degassing on the chemistry of groundwater
was evaluated using a reaction-path model to simulate the titration of the gases exsolved
(Sasamoto et al., 2011). Results suggest that undisturbed groundwaters have similar values for pH;
however, the redox potentials calculated using the corrected groundwater compositions and
assuming equilibrium for the CHa(aq)/CO2(aq) redox couple are more negative than the in situ value
(Sasamoto et al., 2011). Regarding a potential reaction governing redox potentials, the SO.*/pyrite
redox couple could be considered as a possible control on the Horonobe groundwaters (e.g. Amano
etal, 2012).

Hydrogeology and transport properties

In the URL area, two major types of faults have been observed: faults cross-cutting bedding planes
at a high angle (FCBs), and bedding faults parallel to bedding planes (Ishii and Fukushima, 2006).
The former faults (i.e. FCBs) are generally strike-slip faults oblique to the fold axes, and the FCBs
are believed to be the dominant flow paths based on the results of geological and hydrological
investigations (Ishii and Fukushima, 2006; Kurikami et al., 2008).
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Hydrological investigations (i.e. borehole televiewer and electromagnetic imaging logging,
fluid logging, pressure build-up testing, hydraulic packer testing) in the deep boreholes, and
supplemental permeability tests in the laboratory, were performed for the Horonobe URL area.
Results indicate that permeability varies significantly when comparing measurements from
both the field and laboratory; a close relationship between the fracture/fault distribution and
heterogeneities in formation permeability is suggested (Kurikami et al., 2008). Additionally, the
results of field measurement by hydraulic packer testing in the Wakkanai Formation suggest
that the permeability generally seems to decrease with increasing depth, and the sections with
the highest permeability (i.e. hydraulic conductivity higher than 10-° m?/s) are limited to depths
of less than ~400 m b.g.s. (see Figure A3-43).

Figure A3-43: Hydraulic conductivity derived from hydraulic packer tests
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Considering the above hydrogeological features, the following hydrogeological conceptual
model for both the Koetoi and Wakkanai formations (depending on the scale) has been proposed
(Kurikami et al., 2008): a) the Koetoi Formation could be considered as homogeneous (porous)
media under any scale; b) the Wakkanai Formation should be modelled as heterogeneous
(fractured) media, considering the fracture distributions at the scales ranging from 10 to 200 m.
At scales larger than 200 m, the Wakkanai could be considered homogeneous.

The nature and distribution of fractures is an important consideration for the evaluation of
solute transport in the Wakkanai Formation, and non-sorbing tracer experiments using potassium
iodide (KI) solution have been performed by using fractured cores (e.g. Hatanaka et al., 2004). The
obtained breakthrough was evaluated by numerical calculations and the results indicate the
importance of matrix diffusion for mass transport in fractured sedimentary rocks (Hatanaka et al.,
2004).

Laboratory experiments focused on sorption and diffusion behaviours in samples from the
Wakkanai Formation have been conducted using cationic Cs*, anionic I' and neutral HTO, in
order to obtain relevant transport properties, such as Ka and De, for the development of the
mechanistic sorption-diffusion model (Xia et al., 2006; Tachi et al., 2011). A clay-based modelling
approach, assuming key contributions from the illite and smectite components, was proposed
to interpret the observed diffusion and sorption behaviour (Tachi et al., 2011).

166 CLAY CLUB CATALOGUE OF CHARACTERISTICS OF ARGILLACEOUS ROCKS, NEA No. 7249, © OECD 2022



ANNEX III: ARGILLACEOUS ROCK FORMATIONS DESCRIPTION

Diffusion and sorption behaviours in the Wakkanai Formation have been estimated by in
situ dipole tracer experiments using both non-sorbing and sorbing tracers (Yokota and Tanaka,
2014). Preliminary interpretation of the experiments, based on a one-dimensional advection-
dispersion equation, suggests the fracture surface of the Wakkanai Formation would have both
reversible and irreversible sorption characteristics for Cs* and Sr?, and irreversible sorption for
Co? and Eu?* (Yokota and Tanaka, 2014).

A brief summary of the key information presented in the included database is presented
below.

¢ The age of the Koetoi and Wakkanai formations is 2 to 4 Ma and 3 to 7 Ma, respectively.
The thickness for the combined formations in the URL is relatively thick (i.e. more than
400 m). The maximum burial depth for the formations is estimated at about 1 km.

e The dominant minerals (i.e. over 50 to 60 wt.%) in both the Koetoi and Wakkanai
formations are amorphous silica minerals likely opal-A and opal-CT and the formations
contain measurable quantities of clay minerals (e.g. illite, smectite). Trace amounts of
sulfide and carbonate minerals are also present.

e With respect to rock chemistry, very limited information is available for the Wakkanai
Formation, and the best estimated cation-exchange capacity value is relatively low in
relation to the relatively low content of clay minerals.

e Porewater chemistry in both the Koetoi and Wakkanai formations are similar and
indicate Na-Cl-type groundwaters.

e Water content and porosity of the Koetoi Formation is higher than that of the Wakkanai
Formation.

e With regard to permeability, the measured values in laboratory for both the Koetoi and
Wakkanai formations are generally low, though the measured porosities are higher.
Regarding diffusion coefficients, the relevant data are limited to the Wakkanai Formation,
and generally, there is no detailed description/explanation of the orientation of the
samples with respect to bedding. The best-estimate values of D. for HTO and I" are average
values reported in the database.

¢ Geomechanical parameters, such as uniaxial compressive strength and Young’s moduli,
are higher in the Koetoi Formation than in the Wakkanai Formation.

Favourable formation attributes

The areal extent and thickness of the lithological units allow for predictability at scales
relevant to establishing safety

e Neogene sedimentary formations, which are widely distributed throughout Japan, were
selected for investigation in the Horonobe URL project (Ota et al.,, 2011). Based on
Japanese legislation, HLW should be disposed of in deep geological formations at depths
greater than 300 m b.g.s. to isolate the waste from the human environment over the long-
term. In addition, the required formation thickness in the Horonobe URL was defined
assuming that the shaft would reach a maximum depth of ~500 m. Furthermore it was
also required to select a site where the URL could be constructed and maintained safely.

- Geophysical and borehole investigations around the URL site have confirmed that the
target formations (Koetoi and Wakkanai) extend laterally over several kilometres and
vertically, from near surface to at least 1 000 m, displaced/deformed by the Omagari
Fault and related folds.

— In the URL, the Koetoi and Wakkanai formations have been confirmed at depths of
20-250 m and 250-350 m (at present gallery level), respectively.
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The presence of natural barriers (host and enclosing formations) acts to isolate the host
rock and contain solutes for safety-relevant time frames

¢ Due to the nature of the generic URL project, performance evaluation of host rock for
safety-relevant time frames has not been conducted.

— The selected formations in the Horonobe URL project, however, could be considered
as natural barriers due to their basic properties (e.g. low permeability, potential
retardation capacity), which would be a factor in assessing the capacity of the
formations to isolate radionuclides for the long-term.

Stability of the geosphere on safety-relevant time frames supported by multiple lines of
geoscientific evidence/reasoning

¢ Natural events and processes which would occur over the next hundred thousand years
and affect the stability of geosphere in Japan are: a) earthquakes and fault movement, b)
volcanic and hydrothermal activity, c) uplift, subsidence, sedimentation and denudation,
and d) climatic and sea level changes (JNC, 2000). Key natural phenomena which may
have potential impacts on groundwater flow properties include past events (likely c and
d above) (e.g. Niizato et al., 2008), and any more recent neo-tectonic activities around the
URL area (Iwatsuki et al., 2009).

e A conceptual hydrogeological model considering the results of palaeo-hydrogeological
study have been proposed, which defines three hydrogeological sub-systems as follows
(see Figure A3-44 ; Iwatsuki et al., 2009): sub-system 1 is a porous-medium in the Koetoi
Formation having low to moderate permeability (10 to 107 m/s); sub-system 2 is a
fractured-medium in the upper Wakkanai Formation having low to high permeability
(109 to 10> m/s); and, sub-system 3 represents a fracture-medium in the lower Wakkanai
Formation (e.g. deeper than 400 m) having low to moderate permeability (10-1° to 107 m/s)
(Iwatsuki et al., 2009). In both sub-system 1 and 2, mixing of groundwater between the
recharged meteoric water and the connate seawater has been suggested due to uplift
and denudation in the last 1 Ma (Iwatsuki et al., 2009). Connate seawater (resident in the
formation in excess of 1.5 Ma - from Hama et al., 2007), having 1/3 to 1/2 of the salinity
when compared with present-day seawater, has been preserved in sub-system 3
(Iwatsuki et al., 2009).

— Therelatively low-permeability sequence and deep section of the Horonobe URL area,
represented by sub-system 3, suggest that natural events, such as climate change,
uplift and denudation, may not affect the groundwater flow system at depth.

¢ Inrelation to the low-permeability conditions, geochemical stability of the groundwater
over geologic time frames has also been investigated.

- Horonobe groundwaters appear to be at equilibrium, or to closely approach equilibrium,
with respect to carbonate and sulfide minerals (Hama et al., 2007; Iwatsuki et al., 2009;
Sasamoto et al., 2011).

— All of these minerals are observed as secondary minerals in the Wakkanai Formation.

- Itis, therefore, suggested that the geochemical conditions represented by pH (buffered
by carbonate minerals) and redox condition (buffered by sulfide minerals) have been
preserved for a long time since diagenesis, following formation deposition (Iwatsuki et
al., 2009).
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Figure A3-44: Hydrogeological properties of sub-systems (above) and
groundwater chemistry (below) around the Horonobe URL
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Summary and future work

The concept of geological disposal in Japan is based on a multi-barrier system approach that
will combine the natural, isolating properties of the geosphere with the engineered barrier
system (EBS). Evaluation of the long-term stability of the geological environment, particularly
in Japan, is of key importance due its location within a tectonically active zone. EBS design must
possess sufficient margins of safety to accommodate a wide range of geologic conditions. When
a potential disposal site is selected in the future, an optimised EBS design will be determined
based on both safety and economic considerations, with an aim to provide intrinsic, long-term
passive safety.

Any investigations for repository site selection, which will be carried out by NUMO,
established in 2000 as the implementation body for the geological disposal of high-level waste
(HLW) in Japan, will be proceeded by a step-wise approach (i.e. literature surveys, and the
subsequent investigation of preliminary surface-based and detailed sub-surface investigations).

Regarding the Horonobe URL project, future R&D projects have been proposed in response
to the Japanese national programme requirements for research on HLW disposal. Ongoing
(Phases II and III) investigations will continue and the tunnel excavation down to 500 m depth
will be considered based on the plan for the “Deep Geological Research Laboratory (Tentative
Name) Project”, published in 1998 (JNC, 1998).
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Opalinus Clay - Switzerland

Introduction

In Switzerland, the Nuclear Energy Act (KEG, 2003) states that the waste producers are responsible
for the safe management of their radioactive waste. In 1972, the operators of the nuclear power
plants and the Swiss Confederation (responsible for radioactive waste from medicine, industry
and research) set up Nagra to perform this task. Nagra stands for “National Cooperative for the
Disposal of Radioactive Waste”.

The “Sectoral Plan for Deep Geological Repositories” (SFOE, 2008) is the Swiss road map for the
step-wise site selection process. Three major stages shall lead to the general licence application.
At the present stage of planning, there exists the potential for one site to contain all waste forms
or separate sites to accommodate low/intermediate and high-level wastes. In the synthesis report
pertinent to Stage 2 (NAGRA, 2014a), a total of six Stage 1 candidate geological siting regions (five
of them in northern Switzerland) were compared, and Nagra proposed to focus future siting
activities on the regions of Ziirich Nordost (formerly “Ziircher Weinland”; Nagra, 20023, b) and Jura
Ost, both located in northern Switzerland, with the Opalinus Clay as the preferred host rock
(cf. Figure 3-3); the confining units contribute to the geological barrier properties of the rock mass.
ENGS]I, the Swiss Federal Nuclear Safety Inspectorate, approved Nagra’s proposals for the choice of
Opalinus Clay as the host rock for both repository types and the two candidate regions for further
investigation in Stage 3, and also recommended to include an addition region, Nordlich Lagern, in
Stage 3 (ENSI, 2017).

The geoscientific description of the Opalinus Clay and its confining units, as well as the local
geological situation in the areas of Ziirich Nordost and Jura Ost, was recently synthesised (Nagra,
2014b). Investigations on drill cores were performed on samples from various boreholes in
northern Switzerland, with particularly dense and large data sets from Benken and Schlattingen
(e.g. Nagra, 2002a; Wersin et al., 2013).

The Opalinus Clay is also investigated in great detail at the Mont Terri Underground Rock
Laboratory (URL) (www.mont-terri.ch). It is located in the Folded Jura of north-western
Switzerland. This area is not suitable for a DGR, but the security gallery of the highway tunnel
through the Mont Terri anticline provides easy access to the Opalinus Clay for in situ experiments.
Due to differences in the geological evolution, in the tectonic setting and in the current burial
depth, the properties of Opalinus Clay at Mont Terri differ slightly but systematically from those
of the siting areas in northern Switzerland. Therefore, two separate datasets have been compiled
for this report: i) one based on data from the Mont Terri URL, representative of shallow depth
occurrence of the clay (250-300 m b.g.s., maximum burial 1350 m) and with strong tectonic
overprint; and ii) another representative of the candidate repository regions, based mainly on core
data from the boreholes of Benken (approximately 600 m b.g.s.) and Schlattingen-1 (900 m b.g.s.),
with a maximum burial of ~1 700 m.

Disposal concept

The Swiss Radioactive Waste Management Program (Nagra, 2008a) foresees two types of DGRs:
a high-level waste repository? for spent fuel?, vitrified high-level waste (HLW) and long-lived

2. In German: "HAA-Lager".
3. According to current legislation, spent fuel is classified as radioactive waste.

CLAY CLUB CATALOGUE OF CHARACTERISTICS OF ARGILLACEOUS ROCKS, NEA No. 7249, © OECD 2022 171


http://www.mont-terri.ch/

ANNEX III: ARGILLACEOUS ROCK FORMATIONS DESCRIPTION

intermediate-level waste (ILW), and a repository for low- and intermediate-level waste (L/ILW
repository?).

The post-closure safety of the repository systems relies upon a system of nested, passive
engineered and geological barriers that complement one another. Figure A3-45 schematically
illustrates the barrier systems for the different waste types. The barrier system includes the
waste matrices, the disposal canisters/containers, the materials used for backfilling and sealing
of the underground structures, and the host rock, along with other geological formations that
may provide an additional geological barrier (confining units). Figures A3-46 and A3-47 show
schematic layouts of the HLW repository and the L/ILW repository, respectively.

Figure A3-45: Schematic illustration of the barrier systems for the different waste types

Geological barriers Engineered barriers

ILW and L/ILW SF HLW
: ————=o
— (]
— (] Cj@
—— (]
Disposal container Disposal canister

iz =) (—=—)

b

Backfilling and sealing

[T1 [

Source: Leupin et al., 2016.

Note: Not drawn to scale. Emplacement rooms in the left picture do not correspond to any
specific repository type or layout.

In the case of the HLW repository, the underground facilities will be constructed in Opalinus
Clay at a depth of 400-700 m b.g.s. The facilities would include a series of dead-end
emplacement rooms for spent fuel and HLW, with initial diameters of about 2.5-3 m and lengths
ranging from 300 m up to 1 000 m. According to the reference concept, the disposal canisters®
will be emplaced co-axially with respect to the tunnel walls on pedestals of compacted
bentonite blocks. Immediately after emplacement, the respective tunnel section will be
backfilled with highly compacted granulated bentonite.

4 In German: "SMA-Lager".
5. The current reference concept foresees carbon steel canisters.
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Figure A3-46: Schematic layout of the HLW repository with its main features
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The current reference concept includes a liner along the spent fuel/HLW emplacement rooms.
After every ~10%™ canister, the liner is interrupted by an intermediate seal, which ensures direct
physical contact between the bentonite backfill and the Opalinus Clay host rock, thus interrupting
potential preferential water flow and solute transport pathways along the liner (see Nagra, 2010).

Long-lived intermediate-level waste (ILW) will be packaged in concrete disposal containers.
The containers will be stacked in dead-end emplacement caverns of about 7 m width and
supported by concrete lining. The remaining void spaces will be backfilled with a specifically
designed mortar. The current reference concept foresees a gas-permeable seal at the end of
each ILW emplacement cavern.

The concept for waste emplacement in the L/ILW repository is more or less identical to that
of the ILW portion of the HLW repository. The underground facilities of both the HLW repository
and the L/ILW repository consist of:

¢ the main facility (i.e. the emplacement rooms in which the radioactive waste will be
emplaced),

o the pilot facility with representative amounts of the radioactive waste,
e atestarea, also called the Underground Research Laboratory (URL),
e acentral area, and

¢ various types of seals at different locations within the underground structures.

The emplacement rooms will be arranged in disposal areas, the final size and shape of which
will be determined based on in situ geological conditions. Access to both repositories will be
provided, during construction and operation, by a ramp, by shafts or by any combination of these.
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Figure A3-47: Schematic layout of the L/ILW repository with its main features

Access
infrastructure

Source: Nagra, 2016.

Formation properties

Geology/structure

The Opalinus Clay is an over-consolidated Jurassic claystone with a typical thickness of
approximately 100 m across northern Switzerland (112-120 m thickness in the potential siting
regions). Compared to other Mesozoic sedimentary rocks in the area, the Opalinus Clay is a
homogeneous formation with only minor vertical and lateral lithological variability (Figure A3-48).
At the metre scale, some coarsening-upward cycles, with characteristic changes in grain size from
clay to silt/sand particles, are observed. At the decimetre- to millimetre-scale, the preferred
alignment of platy clay particles is responsible for a distinct fabric (bedding). The macro- to
microscopic bedding is a very important characteristic of the Opalinus Clay texture and is
responsible for the observed anisotropy in both mechanical and transport properties.

Figure A3-48: Illustration of the lithological variability
of the Opalinus Clay at different scales
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Note: Coloured depth intervals on the left indicate sub-units (different lithological facies).
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The Mesozoic sedimentary rocks in northern Switzerland experienced two major burial
phases (Figure A3-49). A first, continent-scale, long-lasting phase occurred during the Cretaceous
Period, when the Opalinus Clay was buried to a depth of about 1 100 m, after which about 600 m
of Cretaceous and upper Malm were eroded during late Cretaceous and early Tertiary times. In
the late Tertiary, the sedimentary pile was buried again below the Molasse (erosional debris of the
rising Alpine mountain chain) and the Opalinus Clay at Benken reached a depth of about 1 650 m
at 10 Ma before present. At the Mont Terri URL in north-western Switzerland, maximum burial is
thought to have reached approximately 1 350 m (Mazurek et al., 2006).

Figure A3-49: Reconstructed burial history for north-eastern Switzerland
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Source: Example for borehole Benken Mazurek et al., 2006; after Nagra, 2002a.

Considering the ratio of maximum burial and present burial depth, an over-consolidation
ratio of approximately 2.5-5 at Mont Terri and 1.5-3 in the area of potential repositories in northern
Switzerland is obtained. The maximum temperature reached at the level of the Opalinus Clay in
the siting areas is estimated at approximately 85°C (Mazurek et al., 2006). Diagenetic cementation
is generally weak and clearly detectable only in thin silty or sandy beds and lenses.

The Opalinus Clay outcrops in the vicinity of the German-Swiss border and gently dips to
S-SE. With progressively deeper burial towards the Alps, the band in which it occurs at suitable
depth is relatively narrow and is bounded by fault systems in the east (north of Ziirich) and in
the west (Rhenish system); see Figure A3-50.

The tectonic overprint of the Opalinus Clay is different at the Mont Terri URL when compared
to the candidate regions in northern Switzerland (Figure A3-50). The URL is located on the south-
eastern limb of the Mont Terri anticline and tectonically belongs to the Folded Jura of the detached
Alpine foreland. The Folded Jura is the zone with the most intense deformation of the Jura fold-
and-thrust belt, which developed during late Miocene north-south shortening. In contrast, the
candidate regions are located within the (deformed) Tabular Jura and the Subjurassic Zone, which
experienced much less internal deformation during Miocene shortening.
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Figure A3-50: Tectonic units at the level of the Opalinus Clay in northern Switzerland
with locations of repository candidate regions (Stage 1), deep wells in
Opalinus clay with core characterisation, and the Mont Terri URL
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Geotechnical classification and deformation behaviour

The Opalinus Clay is classified as a clayey (and sandy) siltstone, based on grain-size distribution,
and as predominantly lean clay with low to medium plasticity (plasticity indices in the range of
10-25%).

The mechanical behaviour is characterised by features pertinent to both (stiff) soils and
(weak) rocks. One-dimensional (oedometric) consolidation testing shows a significant volume
reduction in the stress range above the apparent pre-consolidation stress (20 to 25 MPa for core
samples in northern Switzerland). The very low hydraulic conductivity and a moderate swelling
behaviour are additional clay-soil features of the Opalinus Clay.

On the other hand, results from Unconfined Compressive Strength tests suggest a weak to
medium strong rock, according to international standards, and strain softening and development
of discrete shear surfaces are typically observed in undrained triaxial testing. Observations at the
Mont Terri URL also demonstrate that the excavation damage zone is of brittle nature.
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A distinct anisotropy is observed in strength and stiffness, relating the micro- and
macroscopic bedding structures to mechanical observations. Strength strongly depends on
water content, and hence on burial depth and/or the over-consolidation ratio. Elastic properties
(stiffness) are also stress-dependent.

Geochemistry, hydrogeology and transport properties

The mineralogical variability of the Opalinus Clay is minor (Figures A3-48 and A3-51). Clay mineral
contents are typically 60+15 wt.%, with predominantly non-swelling clays (~50 wt.%) such as
kaolinite, illite and chlorite, and approximately 10 wt.% of swelling illite-smectite mixed layers.
Besides clay minerals, carbonates (20+15 wt.%) and quartz/feldspars (20+10 wt.%) are the other
main constituents.

Figure A3-51: Mineralogical composition of the Opalinus Clay
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The porewater is of a general Na-Cl-type and can be explained by a marine component in
addition to interaction(s) with the embedding aquifers. The redox conditions correspond to
SYY/SI equilibrium at saturation with pyrite and siderite. For the sites in northern Switzerland,
the reference value of chloride is 5.7 g/l, and pCO: is 1022 bar. To account for uncertainty and
potential regional variations, variants of the reference porewater have been modelled (mainly
pCO:2 and salinity).

In the two preferred siting areas (Ziirich Nordost and Jura Ost), the Opalinus Clay is part of a
succession of aquitards bounded by regional aquifers (Figure A3-52). Hydraulic tests in Opalinus
Clay in boreholes of northern Switzerland indicate hydraulic conductivities < 5 x 10 m/s
(Figure A3-53). In situ packer test data generally show good agreement with hydraulic testing of
the rock matrix on drill cores, which supports the assumption of a homogeneous media. Various
observations highlight the good self-sealing properties of Opalinus Clay, and dedicated
experiments have been undertaken at the Mont Terri URL (e.g. Bock et al., 2010).

Typical physical porosities of the Opalinus Clay, calculated from density measurements,
amount to about 11 vol.-% for northern Switzerland and about 16 vol.% for Mont Terri. The best
estimate of the anion-accessible fraction is 0.5. The pore size spectra are dominated by
mesopores (i.e. equivalent radii 1-25 nm). Modern methods of scanning electron microscopy
allow visualisation of the pore types associated with different minerals (e.g. Figure A3-54).
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Effective diffusion coefficients were obtained by laboratory and in situ experiments, and can
also be estimated from porosity using the extended Archie's law (van Loon, 2014). Profiles of
natural tracers (Mazurek et al., 2009, 2011) are compatible with diffusion coefficients measured on
drill core samples and are in agreement with low Péclet numbers (Nagra, 2002a), which indicate
diffusion-dominated transport.

Figure A3-52: Geological profile of the Benken borehole and schematic geological isolation concept
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Figure A3-53: Hydraulic conductivity of the Opalinus Clay as a function of depth
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Note: Packer test data indicate best estimates and ranges. Data from drill cores re-calculated
to depth based on average confining pressure.

Figure A3-54: Pore geometries of Opalinus Clay visualised by BIB-SEM (a and b, Houben et al., 2013)
and FIB nanotomography (FIB-nt) (c, Marschall et al., 2016)
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Note: Samples from the clay-rich facies at Mont Terri.
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Favourable formation attributes

The areal extent and thickness of the lithological units allow for predictability at scales
relevant to establishing safety

¢ The Opalinus Clay is an over-consolidated Jurassic claystone with average thickness of
~100 m across northern Switzerland, with favoured siting zones over an area of ~3 200 km?
(~80 km x ~40 km).

e The Opalinus Clay is a homogeneous formation, with only minor vertical and lateral
lithological variability.

The presence of natural barriers (host and enclosing formations) acts to isolate the host
rock and contain solutes for safety-relevant time frames

¢ In the two preferred siting areas (Zlirich Nordost and Jura Ost), the Opalinus Clay is part
of a succession of aquitards bounded by regional aquifers.

e Various observations highlight the good self-sealing properties of Opalinus Clay.

¢ Inthe candidate repository regions, the formation is found at substantial depths (> 600 m
b.g.s.).

Stability of the geosphere on safety-relevant time frames supported by multiple lines of
geoscientific evidence/reasoning

Transport processes are anticipated to remain diffusion-dominated over geologic time frames
(hundreds of thousands to millions of years)
o Very low hydraulic conductivities (10?2 to 10* m/s) are consistent with other parameters
that suggest diffusion-dominated transport.
Geochemical stability of the groundwater-porewater system over geologic time frames

e Profiles of natural tracers are compatible with diffusion coefficients measured on drill
core samples and are in agreement with low Péclet numbers - all suggesting diffusion-
dominated transport.

Geomechanical stability of the formations to natural perturbations

o The candidate regions are located within the (deformed) Tabular Jura and the Subjurassic
Zone, which experienced much less internal deformation than surrounding regions
during Miocene tectonic events.

¢ Moderate swelling behaviour is another feature of the Opalinus Clay.

Summary and future work

The high clay mineral contents, the diffusion-dominated transport and the self-sealing
properties are major arguments for Opalinus Clay as host rock for radioactive waste. The high
clay mineral contents, the diffusion-dominated transport and the self-sealing properties are
major arguments for Opalinus Clay as host rock for radioactive waste. Currently the siting
activities for Sectoral Plan Stage 3 are ongoing.
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CIay Club Catalogue of Characteristics
of Argillaceous Rocks: 2022 Update

The NEA Clay Club has been gathering the key geoscientific characteristics of the various argillaceous
formations that are - or have been - studied in NEA member countries in the context of radioactive
waste disposal, resulting in the publication of the Clay Club Catalogue of Characteristics of Argillaceous
Rocks in 2005.

This publication builds upon the 2005 NEA report by providing updated datasets for a select number
of argillaceous formations presented in the previous report, as well as an expanded discussion of: the
formations and their properties; the nuclear waste management organisations responsible for the
implementation of the deep geological repository concept; the design concept proposed for a deep
geological repository in the respective countries and rock formations; and some of the favourable
properties of said argillaceous formations.

A key goal of this report is to present the data in a manner that allows reasonable comparability (in
both scale and methods) of the included parameters, in order to support the formal assessment and
demonstration of the capacity of clay-rich formations to securely contain and isolate nuclear waste
from the natural environment.
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