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Abstract

Boom Clay is a soft, slightly overconsolidated, uncemented claystone considered as potential
host material for a radioactive waste repository in Belgium. We studied the evolution of
microfabrics in samples which were shortened to 20% bulk strain in consolidated-undrained
(CU) triaxial experiments at effective confining pressures of 0.375, 0.750 and 1.5 MPa,
respectively.

Results show a geomechanical behavior in agreement with previous studies, with total strain
partly localized in shear zones and partly diffuse outside the shear zones. The diffuse strain is
accommodated by pore compaction without any discernible microstructural changes compared
to the starting material. In the shear zones, pore collapse reduces SEM-visible porosity and
further deformation mechanisms within the shear zones are particulate flow (grain boundary
sliding), particle rotation and the formation of microcracks. There is no evidence for
comminution of quartz and feldspar grains. Strain localization on macro- and mesoscale is
governed by viscosity contrasts between harder clasts (e.g. quartz and feldspar) embedded in a
soft, porous, phyllosilicate-rich matrix.

Our microstructures are comparable to those observed in Boom Clay deformed naturally and
in the Excavation Damaged Zone of the Underground Research Facility. This suggests that our
results are representative of Boom Clay’s geomechanical behavior at the microscale.

1 Introduction

Geomechanically, Boom Clay is a phyllosilicate-rich geomaterial transitional between soils
and rocks (Petley, 1999; Dehanschutter et al.,, 2004). The platy habit of clay minerals fosters
deformation of phyllosilicate composites by particulate flow, where slip is accommodated along
the crystal’s basal planes (e.g. Morgenstern and Tchalenko, 1967; Borradaile et al., 1981; Porter
et al, 2000), resulting in low coefficients of friction of clay-rich materials (Wojatschke et al.,
2016). In addition to particulate flow, there are further mechanisms commonly attributed to the
deformation of clay-rich materials: (i) cataclasis involving displacement and / or rotation of
particles as well as particle fragmentation with associated particle size reduction; (ii) diffusive
mass transfer comprising material removal, transportation and deposition; (iii) intracrystalline
plasticity resulting in permanent lattice distortion manifested by crystal kinking and bending
(Blenkinsop, 2000; Fossen, 2016). The occurrence and intensity of individual deformation
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mechanisms depends on a broad variety of controlling factors such as size (Logan et al., 1987;
Klinkenberg et al, 2009), shape (Lupini et al, 1981; Klinkenberg et al., 2009) and spatial
distribution of particles (Klinkenberg et al., 2009) as well as the presence of a preferred particle
orientation (e.g. foliation; Morgenstern and Tchalenko, 1967; Rutter et al.,, 1986; Laurich et al,,
2014; Ikari et al,, 2015). Equally important is the fraction of frictionally strong (e.g. quartz) to
weak (e.g. phyllosilicates) phases and their spatial relationship (i.e. presence or absence of
interconnected weak layers; Kenney, 1977; Rutter et al., 1986; Logan et al.,, 1987; Niemeijer and
Spiers, 2007; Collettini et al,, 2009; Haines et al., 2009; Jessel et al., 2009; Schleicher et al., 2010;
Haines et al, 2013; den Hartog and Spiers, 2014). Further factors influencing failure
mechanisms are orientation of stress with respect to foliation (Morgenstern and Tchalenko,
1967; Dehandschutter et al, 2005b; Niemeijer and Spiers, 2007), water content (Moore and
Lockner, 2007; Morrow et al., 2017), degree of cementation (Desbois et al., 2017a), temperature
of deformation (den Hartog and Spiers, 2014), chemical state of mineral constituents (Kenney,
1977) and syndeformational changes of material properties (Laurich et al., 2017).

Imaging grain-scale deformation microstructures (at sub-micrometre scale) in clay-rich
geomaterials is challenging because such materials are difficult to prepare with conventional
methods without intensive damage to microfabrics. Microstructural studies are nevertheless
required to fully understand the bulk rheology of these materials (Morgenstern and Tchalenko,
1967; Logan et al, 1979, Lupini et al., 1981; Rutter et al., 1986; Logan et al., 1992; Saffer and
Marone, 2003; Dehandschutter et al., 2004, Dehandschutter et al., 2005a; Dehandschutter et al.,
2005b; Colletini et al., 2009; Haines et al., 2009; Haines et al., 2013; Kaufhold et al., 2016;
Desbois et al., 2017a). lon beam methods (FIB: Focussed lon Beam; BIB: Broad lon Beam) enable
the preparation of high-quality cross sections and, in combination with scanning-electron
microscopy (SEM), currently pave the way to new fields of qualitative and quantitative
investigations of phyllosilicate-rich geomaterials (Desbois et al.,, 2009; Milliken & Reed, 2010;
Heath, 2011; Klaver et al.,, 2012; Hemes et al,, 2013; Houben et al,, 2013; Desbois et al,, 2014;
Houben et al., 2014; Laurich et al,, 2014; Warr et al., 2014; Hemes et al,, 2015; Klaver et al. 2015;
Hemes et al.,, 2016; Laurich et al,, 2017; Laurich et al., 2018). This approach allows investigating
deformed phyllosilicate-rich geomaterials at nanometre-resolution with unprecedented clarity
(Laurich et al., 2014; Desbois et al., 2017a; Laurich et al., 2017).

The Boom Clay Formation constitutes of a plastic, uncemented, detrital claystone (Horseman
etal, 1987; Boisson et al,, 2005; Vandenberghe et al., 2014). Its deposition in the Early Oligocene
(33.9 - 28.1 Ma BP) at the southwestern margin of the North Sea basin is related to one opening
episode of this rift system (Bergerat and Vandycke, 1994; Vandenberghe et al.,, 2014). After
burial, up to 100 m uplift related to the Alpine orogeny caused a slight overconsolidation
(Horseman et al., 1987; Vandycke, 1992; Mertens et al,, 2003; Dehandschutter et al.,, 2004;
Boisson et al.,, 2005; Vandenberghe et al., 2014). Boom Clay crops out in northern Belgium and
dips slightly towards NE, where its maximum thickness is about 150 m with the top of the
formation reaching a depth of more than 300 m (Figure S1; Vandenberghe et al., 2014). Periodic
silt-clay sorting processes of mainly quartz and clay phases resulted in a charactersistic layering
of the formation expressed in alternating, several meters to centimetre thick silt-rich (“clayey-
silt”) and silt-poor (“silty-clay”) bands (Honty and de Craen 2012, Vandenberghe et al. 2014).
Associated with this layering, inversely correlated quartz and clay contents show large
variations (Table 1; Honty and de Craen 2012, Vandenberghe et al. 2014; Zeelmaekers et al.,
2015). BIB-SEM microstructural analyses of undisturbed Boom Clay reveal a fine-grained matrix



formed by clay minerals wrapping around more rigid and larger phases. Clay minerals display a
shape preferred orientation (SPO) parallel to bedding (Desbois et al., 2009; Hemes et al., 2013;
Desbois et al.,, 2014).

Understanding deformation of Boom Clay is of special interest because of its application to
geotechnical problems such as foundations (Schittekat et al, 1983; Mendoza, 2004) and its
potential as host rock for the disposal of nuclear waste in deep geological formations (Horseman
et al. 1987; Taylor and Coop 1993; ONDRAF-NIRAS, 2001; Bernier et al., 2007). To this end,
various studies aimed for a geomechanical characterisation of the Boom Clay (Boisson et al,
2005). Critical state mechanics (see Roscoe et al., 1958; Roscoe and Burland; 1968; Schofield and
Wroth, 1968; Wood, 1990) allows describing the rheological response of Boom Clay to
deformation and its brittle-ductile transitional behaviour (e.g. Horseman et al., 1987; Horseman
et al, 1993; del Olmo et al,, 1996; Dehandschutter et al., 2004; Dehandschutter et al.,, 2005a;
Dehandschutter et al, 2005b; Sultan et al., 2010; Deng et al., 2011a). Research comprises
investigations of material stiffness and yield behaviour (e.g. Mendoza, 2004; Piriyakul, 2006;
Sultan et al,, 2010; Labiouse et al., 2013; Bésuelle et al., 2014), the coupling between rheology
and temperature variations (e.g. Horseman et al,, 1987; Horseman et al., 1993; Baldi et al,,
1991a; Baldi et al, 1991b; del Olmo et al, 1996; Cui et al., 2009; Monfared et al.,, 2012).
Furthermore, petrophysical properties such as permeability (e.g. Coll, 2005; Deng et al.,, 2011b,
Bésuelle et al., 2014), and the influence of pore-pressure variations on the geomechanical
behaviour (Horseman et al, 1987; Horseman et al, 1993; Barnichon and Volckaert, 2003;
Monfrared et al.,, 2012; Yu et al,, 2012; Bésuelle et al., 2014) have been studied.

Table 1: Bulk mineralogical composition of Boom Clay (Laenen, 1997; Honty and de Craen, 2012;
Vandenberghe et al., 2014; Zeelmaekers et al,, 2015) and mineralogical composition of sample EZE 62
from the ON-Mol-1 borehole, considered as reference for samples investigated in this study.

Non-clay minerals Amount [wt%] Clay minerals Amount [wt%]
bulk EZE 62 bulk EZE 62

Quartz 20-60 23 2:1 phases

K-Feldspar 10-15 6 Smectite 7-24 17

Plagioclase 10-15 2 [llite-Smectite 7-23 13

Calcite <4 <1 Illite 5-18 15

Dolomite * <1

Siderite + <1 1:1 phases

Pyrite <3 3 Kaolinite 10-15 16

Gypsum <1 Chlorite 1-4 3

Anatase <1 <1

Apatite <1 <1

Glauconite <2

Rutile <1

Zircon <1

Organic Matter <5 2

Natural deformation of Boom Clay has been studied in outcrops (Dehandschutter et al,
2005a; Dehandschutter et al., 2005b) and at 223 m depth in the Underground Research Facility
(URF) at Mol-Dessel, Belgium (Dehandschutter et al, 2002; Dehandschutter et al., 2004;
Dehandschutter et al., 2005a). In both settings (Dehandschutter et al, 2005a), Boom Clay
exhibits a brittle-ductile transitional behaviour manifested by the occurrence of compacted,



ductile (non-dilatant) shear bands with slickensides, hybrid shear fractures and dilatant
fractures (Dehandschutter et al, 2004; Dehandschutter et al, 2005b). Small faults of
predominantly (oblique) dip-slip and subordinately reverse kinematics range in size from m to
um (Dehandschutter et al.,, 2002; Dehandschutter et al.,, 2004; Dehandschutter et al., 2005a).
Matrix porosities are remarkably reduced at and in close vicinity to these discontinuities
(Dehandschutter et al., 2005a). Faulting-related microstructures are Riedel-shears and en-
échelon tension gashes in dilatant fractures and displacement-parallel shape-preferred
orientations (SPO) originating from grain-boundary sliding and rotation of clay particles in
(hybrid) shear faults (Dehandschutter et al.,, 2004; Dehandschutter et al., 2005a; Dehandschutter
etal,, 2005b).

Based on microstructural observations and using critical state mechanics, discontinuities are
interpreted to have formed consecutively during compaction and consolidation related to burial
and the subsequent uplift of the formation: ductile shear bands are interpreted to have formed
first before or close after the onset of uplift, followed by hybrid fractures generated during uplift
before tensile fractures formed close to the surface (Dehandschutter et al,, 2005b). However,
this interpretation does not describe how deformation localized. Moreover, (i) observations
were mostly made at shear zone edges because they are easy to recognize macroscopically
(Laurich et al., 2014) but leave the internal structure of the shear zone elusive, (ii) splitting
samples along shear planes induces surface damages, and (iii) the remaining high topography of
broken samples does not allow quantitative stereology analyses.

Deformation experiments, both consolidated-drained (CD) and consolidated-undrained (CU),
on Boom Clay samples show (i) variations in main rheological and petrophysical properties
(Table 2) which are a function of mineralogy, burial depth and bedding-related fabric
anisotropy, and (ii) a slight strain-softening behaviour as expected for slightly overconsolidated
clays (Horsemann et al. 1993; Coll, 2005; Piriyakul, 2006; Sultan et al., 2010; Bésuelle et al,,
2014). Boom Clay’s slight overconsolidation with a preconsolidation stress in the order of 5 to 6
MPa could explain the common absence of strain localization in deformation experiments at
confining pressures above 5 MPa (Baldi et all., 1991a; Baldi et al., 1991b; Horsemann et al,,
1993; Coll, 2005). At these conditions, samples are barreled with macroscopically diffuse strain
(Coll, 2005). At confining pressures below 5 MPa strain localization during deviatoric loading
was observed to develop along shear zones oblique to o1 (Horsemann et al. 1993; Coll, 2005;
Sultan et al,, 2010; Monfrared, 2012; Yu et al., 2012; Bésuelle et al., 2014). Angles between shear
plane and o1 increase from 30-35° to 40-44° with confining pressure (Coll, 2005). Furthermore,
pore pressure drops measured in CU experiment and volumetric strain analyses in CD
experiments indicate both that Boom Clay tends to dilate by the formation of micro-cracks,
which tend to be suppressed with increasing confining pressures (Horsemann et al. 1993; Coll,
2005; Sultan et al,, 2010; Monfrared, 2012; Yu et al., 2012; Bésuelle et al., 2014). Permeability
during the triaxial tests reported above does not seem to change significantly even when strain
is localized (Coll, 2005; Bésuelle et al., 2014; Monfrared et al., 2012).

Microstructures developed during experimental deformation of Boom Clay are well-
developed slickensides (Horsemann et al., 1993) and bent clay aggregates (Al-Mukthar et al,,
1996), in shear zones which display strong SPOs parallel to displacement and have a denser
fabric arguing for compaction, rotation and sliding mechanisms (Horsemann et al, 1987;
Vasseur et al, 1995, Al-Mukthar et al, 1996; Djéran-Maigre et al, 1998; Yu et al, 2012).
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Horsemann et al. (1993) attribute the residual strength in stress-strain curves after failure to the
reorientation of clay aggregates within the shear zone. The co-occurrence of slickensides
(Horsemann et al, 1987; Taylor and Coop, 1993) and minor dilatant micro-fractures
(Horsemann et al., 1987; Sultan et al., 2010; Yu et al,, 2012) indicates that Boom Clay is close to
the dilatancy transition (Ingram and Urai, 1999) at confining pressures < 5 MPa.

Table 2: Review of Boom Clay material properties compiled after Schittekat et al., (1983), Horseman et al.,
(1987), Al-Mukthar et al. (1996), del Olmo et al. (1996), Mertens et al., 2003; Boisson et al., 2005; Coll,
2005; Dehandschutter et al. (2005a), Bésuelle et al., 2013, Hemes et al. (2016) and references therein.

Bulk density (saturated) [kg m-3] 1900 - 2100
Water content [wt%] 19-30

Porosity (physical) [%] 35-49%
Porosity (connected) [%] 23-40%
Permeability [m?] 2x1019-4x101°
Hydraulic conductivity [m s1] 5x109-5x1012
Young’s modulus [MPa] 200 - 400
Unconfined compressive strength [MPa] 2

Poisson’s ratio 0.40-0.45

Shear modulus [MPa] 37

Angle of internal friction [°] 11-22

Apparent cohesion [MPa] 0.08-0.3
Overconsolidation ratio (p’max / P actual)? ~1-1.5

ap”:effective stress

Microstructural analyses using BIB-SEM have not been applied to study experimentally
deformed Boom Clay yet. Therefore, this study aims to give a first detailed look at
microstructures before and after experimental deformation of Boom Clay in CU tests imaged by
BIB-SEM. This will substantially contribute to understand deformation mechanisms and strain
localization of this material.

Furthermore, this contribution aims to compare the microstructures presented here with the
ones observed in Boom Clay deformed naturally and artificially during excavation of the URF at
Mol-Dessel (Dehandschutter et al., 2002; Dehandschutter et al, 2004; Mertens et al., 2004;
Dehandschutter et al., 2005a; Dehandschutter et al. 2005b).

Finally, results of this investigation on Boom Clay, an uncemented clay, are compared with
results obtained by studying the geomechanical behaviour of Callovo-Oxfordian Clay, a
diagenically cemented mudrock, using a similar methodological approach (Desbois et al.,, 2017a).
This approach allows assessing variations in rheology of clay-rich geomaterials with differing
degrees of diagenetic cementation.

2 Material and methods
2.1 Material

The Boom Clay core material used in this study originates from the ON-Mol-1 borehole
drilled in spring 1997 (Figure S1, ONDRAF/NIRAS, 2001). The sample (ON/MOL/1/269.27-
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269.47) was preserved in vacuum-packed Al-coated-poly-ethylene barrier foil immediately after
coring, stored at 7 2C and opened for this study. It is very similar to and originates about 20 cm
below the sample from the Terhagen Member of the Boom Clay referenced as EZE 62 in
Zeelmakers et al. (2015), which consequently is considered as reference (Table 2).

2.2 Consolidated-undrained triaxial deformation

Cylindrical samples (diameter: 40 mm; height: 80 mm) were cut dry with long axis
perpendicular to bedding with a low-speed saw. Three undrained deformation experiments at
effective confining pressures (o’c) of 0.375, 0.750 and 1.500 MPa (Figure 1a), were performed at
the Institute of Foundation Engineering, Soil Mechanics, Rock Mechanics and Waterways
Construction (RWTH Aachen University, Germany) following the norm DIN 18137-2-CU. Before
the test, samples were jacketed in rubber tube with stripes of filter paper, re-saturated with -
following laboratory-internal standard approaches - deionized water and then consolidated.
Subsequently, the sample was deformed normal to bedding at a constant displacement rate of
4.2x10-5 mm s! to an axial bulk strain of 20 %. Axial stress was derived by calculating the ratio
between the load force and the transverse area of sample (A = Vo x (ho - Ah)1 = A (1 - €)%
where Vo and Ay are respectively the initial volume and the transverse area of sample, ho the
initial length of the sample, Ah the shortening and € the bulk strain).

After the deformation experiments, samples were unloaded and dried slowly over several
months (without the rubber jackets) to minimize drying cracks, in an atmosphere with stepwise
decreasing humidity. Relative humidity (RH) was controlled by different salt solutions (KCL -
RH:85%; NaCl - RH:76%; air - 45% < RH < 60%), at room temperature (Hemes et al., 2016).
Bulk porosities (®) before and after the experiments were determined as follows:

®=1-(pa/ pe)

with pgbeing the dry density and pgbeing the grain density (determined with a pycnometer).
The dry density is defined as

pa=pw/ (1 +w)

where pwindicates the wet density and w the water content. While grain density is an intrinsic
material property which is not affected by the experiments, dry density changes in response to
deformation.
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Figure 1: (a) Sketch (left) of setup of the three confined-undrained deformation experiments and
deformed samples with visible shear planes. Axial compression (o1) is oriented normal to bedding. Initial
sample dimensions were 4 cm (diameter of cylinder) by 8 cm (height of cylinder). Confining pressure (o =
02 = 03) increases from 0.375 MPa over 0.750 MPa to 1.5 MPa. Detailed microstructural analyses have
been performed on samples confined at 0.375 MPa and 1.5 MPa. (b) Sketch of sample-sectioning (left) and
sectioned samples. Black box in left sample gives location of (d). A displacement gradient from top left
(larger displacement) to bottom right (smaller displacement) is visible in all samples. This displacement
gradient is exemplified at the sample confined at 0.750 MPa, where dark-brown, horizontal bedding
planes are more offset towards the sample top compared to the sample bottom. (c) Sketch of deformed
sample confined at 0.375 MPa with trace of shear plane highlighted in orange. While the average angle
between o1and the shear plane is about 32° it varies locally between 21° and 57°. (d) Detail (reflected
light microscopy) of deformed sample confined at 0.375 MPa. White half-arrows indicate location and
width of the shear zones and its sense of displacement. Along the shear zone there are deflected markers
such as pores (black arrow) and minerals (white arrow).



2.3 BIB-SEM imaging of deformed microstructures and image processing

After deformation and drying, samples deformed at 0.375 MPa and 1.5 MPa were cut dry
parallel to both o1 and the dip direction of the visible shear plane with a low speed diamond saw
(Figure 1b). As the shear zone was macroscopically barely visible on the cut surfaces (Figures 1b
& c), a micro-relief-replica (Lamipeel; Kraus, 2002) was prepared to facilitate its identification.
Subsequently, Eight sub-samples (7 x 7 x 5 mm3) containing the shear zone were prepared by
using a low-speed micro diamond saw without fluids and pre-polished mechanically with SiC
grinding papers (down to 2400 grade) before performing BIB-polishing (slope cutting, JEOL SM-
09010, 6KV, 8hrs) or flat polishing (Leica Tic3X, 7.5kV, 7 hrs) as described in Desbois et al.
(2009), Klaver et al. (2012), Hemes et al. (2013), Houben et al. (2013), Desbois et al. (2014),
Houben et al. (2014), Laurich et al. (2014), Hemes et al. (2015), Hemes et al. (2016), Laurich et
al. (2017) and Laurich et al. (2018). All BIB-polished surfaces contain the normal to the shear
plane (Figures 1b & d). Furthermore, an undeformed sample was also BIB-polished with the
bedding normal to the polished surface to act as reference for the starting material. In addition,
two samples were broken along and two across the shear zones similar to the technique
described in Dehandschutter et al. (2004), Dehandschutter et al. (2005a) and Dehandschutter et
al. (2005b).

Samples for SEM (Zeiss Supra 55) were coated with 7 nm tungsten (Leica EM ACE600) to
allow imaging fine microstructural details in true 2D flat cross-sections including sub-micron
pores in the clay matrix. Secondary electron (SE) images were acquired to image pores (3 kV
acceleration voltage; 8 mm working distance (WD); 20,000x magnification; 14.7 nm pixel size),
backscattered electron (BSE) images to visualize phase density contrasts (20 kV acceleration
voltage; 8 mm WD; 5,000x magnification; 58.6 nm pixel size), and energy dispersive X-ray (EDX)
analyses to map the elemental composition (20kV acceleration voltage; 8 mm WD; 3,500x
magnification; 83.8 nm pixel size).

Single images were stitched automatically using Kolor Autopano giga 2.0 software (Houben
et al,, 2014) to produce megapixel mosaics of SE2 and BSE images. Segmentation of pores was
done automatically by using a combination of image filters and thresholdings in FiJi (Schindelin
et al,, 2012) followed by manual cleaning with special attention to intragranular pores (Hemes
et al,, 2013). Quartz and feldspar grains of the undeformed sample and three subsamples of the
sample deformed at a confining pressure of 0.375 MPa were segmented manually based on EDX
element maps overlain on BSE mosaics in ArcGIS. Image analyses was performed with ArcGIS.
Data were used for quantitative evaluation of microstructures (e.g. size, shape, orientation of the
bounding ellipses’ long axis) of the undeformed sample and the three subsamples of the sample
deformed at a confining pressure of 0.375 MPa (grains and pores) as well as of the deformed
sample confined at 1.5 MPa (pores). Grain size data were used to perform power-law analyses to
investigate if grain size distributions are fractal. The methodological details of this analysis are
given in Hemes et al. (2013).

The representativeness of SEM-visible porosity measurements (Kanit et al. 2003) was
analysed for the sample deformed at 0.375 MPa confining pressure by referring to the local
porosity theory which uses covariance analysis. This approach provides a statistical tool to
calculate the relative error of the property estimations as a function of the size of the analysed
area and the number of realizations of that area (i.e. the relative error on the porosity



measurement from an ideal representative infinite area). Details and applications are given in
Hemes et al. (2014), Keller et al. (2015) and Philipp et al. (2017).

3 Results
3.1 Macroscopic deformation

Samples show a trajectory of strain hardening, a poorly defined peak stress and subsequent
onset of minor strain softening (Figure 2a). Strain at peak stress decreases with increasing
confining pressure 16.73 % (o’ 0.375 MPa), 14.58 % (o’ 0.750 MPa) and 13.34 % (o’ 1.5
MPa) (Figure 2a; Table 3). Conversely, maximum shear stress increases with increasing
confining pressure 343 MPa (o’ 0.375 MPa), 508 MPa (o’c: 0.750 MPa) and 859 MPa (¢’ 1.5
MPa) (Figure 2a; Table 3). After the onset of deformation, pore pressures increase as strains
increase (Figure 2b). Samples confined at 0.350 MPa and 0.750 MPa show decreasing pore
pressures above 6 % strain. Pore pressure of the sample confined at 0.350 MPa slightly
increases between ~12.2 and 16.1 % strain before decreasing again. Pore pressure in the sample
confined at 1.5 MPa increases steadily with increasing strain, plateaus between ~ 11 and 15.7 %
and decreases afterwards. Bulk porosities are smaller after deformation (Table 3). Porosity
reduction is less pronounced for samples deformed at lower confining pressure (~ 7% for the
sample deformed at 0.375 MPa confining pressure vs. ~11% for the sample confined at 1.5
MPa).

Table 3: Sample properties before (US: undeformed sample) and after (DS: deformed sample)
deformation as well as strain and stress at failure, respectively.

¢6'c=0.375 MPa ¢'c=0.750 MPa ¢'c=1.5MPa

Sample us DS us DS us DS
Sample height [cm] 7.99 6.31 7.92 6.24 7.94 6.26
Sample diameter [cm] 3.80 4.20 3.80 4.20 3.79 4.16
Sample density [kg m3] 2.06 2.09 2.08 2.12 2.12 2.17
Porosity [%] 34.0 31.7 329 30.3 32.2 28.6
Strain at failure [%] 16.73 14.58 13.34
c'1 at failure [MPa] 1.058 1.761 3.189
o'z at failure [MPa] 0.373 0.744 1.471
Maximum shear stress [MPa] 0.343 0.508 0.859

Evaluating these results in a Mohr diagram (Figure 2c) gives an apparent cohesion of 0.117
MPa and an angle of internal friction of 18.7°.

Deformed samples are slightly barrelled and display shear zones indicating localized
deformation (Figures 1a & b). Angles between o1and shear planes are about 32° in case of the
samples confined at 0.375 MPa and 0.750 MPa, respectively, and with roughly 36° slightly larger
in case of the sample confined at 1.5 MPa (Figures 1b & c). Maximum shear displacement at
offset sample tops (Figure 1b) is about 4 mm for samples deformed at confining pressure of
0.375 MPa and 1.500 MPa, respectively. The sample deformed at 0.750 MPa confining pressure
is offset by up to 2 mm. All samples exhibit a displacement gradient, i.e. offsets measured at
suitable markers such as bedding foliations, decrease along the shear plane (Figures 1b & c).
Furthermore, occasional markers are deflected along the shear plane (Figure 1d). Samples were



deformed to 20% axial strain, or 16.8 mm axial shortening (Table 3). As the displacement along
the shear zone (at an angle to o; between and 32° and 36°, respectively) is up to 4 mm, the
maximum contribution of movement along the shear zone to total shortening ranges between
19.3% (o.= 1.5 MPa) and 20.2% (o.= 0.375 MPa). This implies that most strain is non-localized.
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[ ] failure envelope range from literature (see Tab. 1)

c: apparent cohesion = 0.117 MPa

Figure 2: (a) Stress versus bulk strain (¢) recorded during the three experiments. All samples show a long
trajectory of strain hardening and minor strain softening after peak stress (see also Table 3). (b) Pore
pressure (pr) evolutions versus bulk strain (€). After onset of deformation compaction lead to pore
pressure increases before decreasing pore pressures at larger strains indicate dilatancy. (¢) Mohr diagram
based on data recorded during the experiments (see Table 3). Derived geomechanical properties
(apparent cohesion c and angle of internal friction ¢) are in good agreement with previously reported

values.
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3.2 Microstructures

Pores in the clay-rich matrix reflect grain boundaries between individual clay aggregates
(Figure 3; see also Desbois et al., 2009; Curtis et al., 2012). We refer to three different foliations,
which reflect prevailing orientations of pores and grains (Figures 4 & 5): (i) So is the bedding in
deformed and undeformed samples (Figures 1d, 3, 4b & 5); (ii) S; is a foliation inside the shear
zone, oblique to shear zone boundaries (Figure 4c & 5); (iii) Sz is a second foliation inside the
shear zone, (sub)parallel to the shear zone boundaries (Figures 4d & 5) but less-well developed
in the sample deformed at a confining pressure of 1.5 MPa. Using the nomenclature introduced
by Logan et al. (1979) S;1 corresponds to a P-foliation and S; corresponds to Y-shears.

Figure 3: SEM images of undeformed Boom Clay. Pores are supposed to reflect prevailing orientations of
pores and grains. Bedding (So) is horizontal in all images. (a) Backscattered electron (BSE) image to
investigate microstructures. (b) Same area as in (a) images with secondary electrons (SE) to analyze
pores. Dark uniform-grey areas indicate non-imaged areas. White box gives location of (c). (¢) Secondary
electron image giving details of (b).

Qualitative microstructural investigations of the undeformed sample and the areas of the
deformed samples located outside the shear zones (e.g. Figures 3, 4a & 6) do not show
significant visible differences in grain size, grain shape and pore morphology despite the 16 %
non-localized strain outside the shear zones. Undeformed and deformed samples display rare
examples of bent and broken mica grains (Figure 7a). Furthermore, there are rare fragments of
larger micas in the shear zones (Figure 7b). Apart from these occasionally deformed micas,
grains are not deformed. The most striking difference is intact dolomite grains in the
undeformed sample (Figure 7c) versus substantially dissolved dolomite grains commonly
observed in the deformed samples (Figure 7d). Shear zones, commonly between 50 to 100 um
thick, have relatively clearly defined boundaries indicated by sharp changes from Sp to S; or S,
respectively (Figures 4a, d & e) Further microstructures associated with shear zone boundaries
are (i) bent micas, occasionally with broken tips (Figures 4d & e) and (ii) trails of individual
pyrite grains, probably originating from framboidal pyrite aggregates (Figure 4f) being
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abundant in the undeformed sample and outside the shear zones of deformed samples. S1 covers
most of the shear zone. Locally, S1 and S; define microlithons with preserved So and S,
respectively. Typical angles for S; and S; relative to So are respectively 15-25° and 60° in the
sample deformed at a confining pressure of 0.375 MPa (Figure 5). Angles in the sample confined
at 1.5 MPa differ slightly: 40° (S1) and 55° (Sz), respectively. Boundaries between S; and S; show
characteristic microstructures comparable to those observed at shear zone boundaries: bent
micas with possible broken tips, and bent clay aggregates (Figure 4g).

. . ;- 2 oot : S |

Figure 4: Backscattered electron images of microstructures of deformed samples exemplified at sample
confined at 0.375 MPa. (a) Overview of shear zone (located between red stippled lines). White boxes
indicate location of detail images b - g. White arrows indicate large cracks typically encountered within
the shear zones. Box in the lower left corner indicates relationship between o1and displacement. (b)
Bedding (So) is oriented normal to o1 and can be observed outside the shear zone. (c) S; is a foliation
(corresponding to a P-foliation sensu Logan et al, 1979) within the shear zone but oblique to its
boundaries, hence displacement. (d) S: is a foliation (corresponding to Y-shears sensu Logan et al., 1979)
within the shear zone, parallel to its boundaries, hence displacement. White arrow indicates mica grains
bent at the shear zone boundary. (e) Fractured mica grain at the shear zone boundary indicated by white
arrow. (f) Trail of individual pyrite grains presumably originating from one abundantly-present
framboidal pyrite aggregate indicates sense of shear displacement. (g) S1is deflected at the contact to S..
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Figure 5: Orientations of pores (left side) and quartz grains (right side) in undeformed (top row) and
samples deformed with confining pressures of 0.375 MPa (row 2 - 4) and 1.5 MPa (bottom row),
respectively. Sketch in the bottom right corner indicates relationship of individual foliations with respect
to the sample and oj, respectively. The bedding / foliation So (normal to o1) is clearly visible in
undeformed samples and deformed samples outside the shear zones. Within the shear zones, foliation S4
(oblique to the shear zones) is clearly visible. This is slightly different compared to foliation S; (parallel to
the shear zones), which can only be identified on the rose diagrams for pores but not on the ones for

quartz grains.

Deformed samples display gypsum mineralization within the shear zones (Figure 8).
Mineralization, mainly found at shear zone edges, often occupies elongated areas with their long
axes being parallel to displacement (the undeformed samples do not contain gypsum). These
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gypsum mineralizations can be cross-cut by micro-cracks (Figures 8b & c). Some of the gypsum
veins encountered in the sample deformed at 1.5 MPa confining pressure are curved along a
central line parallel to the shear direction (Figure 8c) suggesting syndeformational growth.
Furthermore, samples split along the shear plane locally show slickensides and imbricated, flaky
clay aggregates aligned parallel to shear displacement (Figures 9a & b).

= X 7

cﬁo rm

Figure 6: Backscattered electron images of the undeformed (a) and the deformed sample confined at
0.375 MPa (b). The shear zone (left image; located between the two solid red lines) is apparently
characterized by smaller grain sizes than the bulk sample (see also Figures 10a & b). However, these
zones with smaller than bulk sample grain sizes can be observed at other locations in the deformed
sample and the undeformed sample (located between dotted red lines). These zones in undeformed and
deformed samples can have comparable angles with respect to bedding (So).

To study particle and pore size distributions “sieve curves” were generated (Figure 10). For
this, quartz and feldspar grains as well as pores were first sorted according to their size in
increasing order. In a second step, cumulative area percent (i.e. contribution of all grains/pores
with respect to grains/pores smaller or equal a specific size compared to the overall area
occupied by this phase) were plotted against the grain size. Particle and pore size distributions
are different depending on their location in- or outside the shear zone: grains inside the shear
zone plot left of grains outside the shear zone (Figures 10a & b). This implies that grains inside
the shear zone are smaller than outside the shear zone. Furthermore, the grain size distribution
derived from the undeformed sample plots in-between the distributions obtained from grains
in- and outside the shear zone, respectively. Pore size distributions display the opposite pattern
(Figure 10c) as pores inside the shear zone plot right of pores outside the shear zone, i.e. pores
inside the shear zone tend to be larger than those outside.

The quantitative observation of apparently smaller grain sizes within the shear zone is
supported by qualitative microstructural investigations (Figure 6). We note here that
undeformed samples also show elongated regions characterized by smaller grain sizes than the
surrounding matrix (Figure 6).
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Figure 7: Backscattered electron images of microstructures. (a) Rare example of deformed mica grains in
the undeformed samples. (b) Dolomite grains in the undeformed sample are not dissolved. (c) Shear zone
of sample deformed at 1.5 MPa confining pressure containing three mica fragments originating potentially
from a single, large grain. (d) Dolomite grains in deformed samples are commonly heavily dissolved.

Measured SEM-visible porosities, based on about 10¢ segmented pores, systematically
decrease in the following order (Table 4): undeformed sample (~13.7%), deformed sample,
outside the shear zone (~9.4 %) and deformed sample, inside the shear zone (~7.1 %).
Furthermore, pores are more elongated in the same order (Figure 11). At the scale of our
investigations, the relative error on the porosity measurement from an ideal representative
infinite area is about 12 % for the undeformed sample, ranges betweenll and 15 % areas
outside the shar zone of deformed samples and 14 to 35 % for shear zones, respectively (Table
4). The higher relative errors determined within shear zones are explained by the relatively
small area of shear zone available in a single BIB-cross section, compared to the area covered
located outside the shear zone.

Figure 8: Backscattered electron images of deformed sample confined at 1.5 MPa. (a) Black arrows
indicate large cracks within the shear zone. White arrows highlight areas within the shear zone
mineralized by gypsum. White box gives location of (b). Arrows in the upper right corner indicate
relationship between o7 and displacement. (b) Detail of (a). White box gives location of (c). White areas
indicate non-imaged areas. (c) Gypsum minerals are bent (indicated by stippled orange line) pointing to
syndeformational growth.
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Whereas there are micro-cracks observed in the undeformed sample, deformed samples
contain micro-cracks outside the shear zones oriented parallel to So (Figure 12). Within the
shear zones, there are large cracks with orientations varying between S; and S; (Figures 4a, 8 &
12).

relative®
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Figure 9: Backscattered electron images of deformed sample confined at 0.375 MPa split along the shear
zone (i.e. view is on top of the shear plane). Relative movement of displayed plane is to the left side as
indicated by white arrows in the upper right corner. (a) Overview of shear plane with slickensides,
striations (white stippled lines) and imbricated clay aggregates (black arrows). White box indicates
location of (b). (b) Detail of (a).

Table 4: Characteristics of analyzed areas for porosity investigations.

Sample usa DSb
¢'c=0.375 MPa ¢'c=1.5MPa
#1 #2 #3
0SZc ISZ4 0SZ ISZ 0SZ ISZ 0SZ ISZ

Size of
analyzed area 120,546 120,725 35,647 55,801 35,401 30,878 3,015 1,997 2,444

[um?]

Porosity [%] 13.72 8.35 6.49 10.46 8.13 10.54 8.53 8.20 5.40

Relative error

%] 11.61 10.41 20.47 10.89 34.81 15.60 13.47 / /

aundeformed sample
bdeformed sample
coutside shear zone
dinside shear zone

4 Discussion
4.1 Possible artefacts due to sample preparation and experimental setup

In our experiments, the samples experienced the following sequence of perturbations: (i)
stress unloading after coring and slight dehydration during the packing in Al-barrier foils at
URF; (ii) water migration and swelling while stored in Al-barrier foils; (iii) swelling and
compaction during the saturation and consolidation before the triaxial test; (iv) stress unloading
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after the experiments; (v) slow drying after deformation; (vi) sawing and mechanical polishing
during subsampling for BIB-polishing; (vii) high vacuum during BIB-polishing and SEM
analyses; (viii) high energy electron beam during SEM analyses. It is known that drying of
undeformed Boom Clay leads to shrinkage and slight changes of the pore fabric together with
shrinkage of swelling clay aggregates (Hemes et al.,, 2013). We note that in addition, deformed
samples may dry and shrink differently outside and inside the shear zones.
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Figure 10: “Sieve curves” to investigate grain (a: quartz; b: feldspar) and pore (c) size distributions
performed on three subsamples from the undeformed sample and the deformed sample confined at 0.375
MPa. To generate sieve curves grains/pores were sorted according to their size in increasing order before
the contribution of all grains/pores with respect to grains/pores smaller or equal a specific size compared
to the overall area occupied by this phase (i.e. the cumulative area percent) was plotted against the grain
size.
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Pre-existing micro-cracks are expected to have closed during the consolidation phase, which
implies that any micro-cracks must have been activated during or after the experiment (Bésuelle
et al, 2014). Current analyses indicate that high vacuum during BIB polishing does not further
reduce the water content (Anne Oelker pers. comm. 2018) suggesting that micro-cracks are not
formed during BIB-polishing. Bedding-parallel cracks are present in deformed but absent in
undeformed samples (Figure 12) which strongly suggests that their formation is related to
unloading after the experiment. In contrast, micro-cracks encountered within the shear zones
(Figures 4a, 8 & 12), most likely formed during deformation as it is expected for the slightly
overconsolidated Boom Clay (e.g. Horseman et al., 1987; Horseman et al., 1993) and indicated by
decreasing pore pressures for strains larger than 6% (samples confined at 0.350 and 0.750 MPa,
respectively) and ~16% (sample confined at 1.5 MPa), respectively (Figure 2b). However, it
cannot be excluded that the initial width of these micro-cracks increased during unloading.
Consequently, we expect our SEM images to be slightly different from the in-situ images. Further
application of the cryo-BIB-SEM method (Desbois et al., 2009; Desbois et al., 2014) on extremely
well-preserved Boom Clay samples quenched in liquid nitrogen only a few minutes after
opening the core case are currently in progress to understand and evaluate in detail the
damages induced by stress unloading after sample collection at the URF and subsequent drying
(Desbois et al., 2017b).

0.4 q 0. = 375 MPa - subsample 1 o, = 375 MPa - subsample 3
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Figure 11: Investigation of pore elongation in two subsamples of the deformed sample confined at 0.375
MPa. The x-axis shows the inverse axial ratio (AR1) of the pores’ bounding ellipses. The inverse axial
ration (length of short axis divided by length of long axis) has been chosen to ensure derived values range
between 0 (infinitively elongated pore) and 1 (sphere). To produce the plot AR‘?was binned (bin size:
0.01). The y-axis gives the frequency of pores falling within a specific bin (Nyin). To facilitate comparability
between individual samples differing by the total amount of investigated pores, frequencies have been
normalized by the total amount of pores within a sample. In fact, resulting curves are probability density
distributions (i.e. the integral of each curves equals 1). Results reveal that curves are systematically
(undeformed sample - area of deformed sample located outside the shear zone - shear zone of deformed
sample) shifted towards the left side. This observation implies that distributions plotting more towards
the left side reflect more elongated pores. Please note: this does not imply that the pores’ long axes
lengthen; a - most likely compaction-induced - shortening of the pores’ short axes is sufficient to yield
this result.

Striking differences between undeformed and deformed samples are (i) intact and commonly
dissolved dolomite grains (Figures 7c & d) and (ii) gypsum mineralization only present in
deformed samples (Figure 8). It appears likely that both observations are related to the use of
di-ionized water providing oxygen instead of synthetic Boom Clay pore fluids to re-saturate
samples before the experiment: under these conditions, dissolved oxygen facilitated pyrite
dissolution, which provided sulfate ions, increased pore fluid acidity and enabled associated
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dolomite dissolution. Subsequently gypsum precipitated (e.g. Ritsema and Groenenberg, 1993;
and references therein).

Figure 12: Backscattered electron image of sample broken across the shear zone (same orientation as
BIB-polished samples), i.e. view is perpendicular to the shear plane. Sketch in the upper left corner gives
relationship between o1 and shear displacement. Shear zone is located between the two stippled red lines.
White lines give orientation of foliation So (bedding), S1 (oblique to shear zone) and S; (parallel to shear
zone). White arrows indicate joints parallel to So and black arrows give cracks typically located within the
shear zone with orientations intermediate or equal to S1 and S, respectively.

4.2 Pore pressure evolution and associated shear zone dilatancy

Pore pressure drops of samples confined at 0.375 and 0.750 MPa (Figure 2b) indicate
dilatancy, i.e. the formation of micro-cracks observed within the shear zones (Figures 4a, 8 &
12). Dilatancy before peak stress is characteristic for moderately to highly overconsolidated
clays and typically observed in Boom Clay (e.g. Horeseman et al., 1987; Baldi et al., 1991a; Baldi
et al,, 1991b; Dehandschutter et al., 2005b and references therein). The absence of pore pressure
drops before failure and only moderately declining pore pressures after failure recorded for the
sample confined at 1.5 MPa (Figure 2b) are probably related to the syndeformational
mineralization of gypsum veins (Figure 8; see also section 4.1). Under this assumption,
syndeformational dilatancy was counteracted by syndeformational gypsum mineralization.
However, it remains elusive if micro-cracks cross-cutting zones of gypsum mineralization
(Figure 8c) are of syndeformational origin or result from unloading.

4.3 Mechanisms of deformation

The geomechanical behaviour exhibited by deformed samples with stress-strain curves
displaying trajectories of strain hardening, poorly-defined peak stresses and subsequent onsets
of minor strain softening (Figure 2a) is characteristic for plastic materials (Wood, 1990).
Furthermore, this slight brittleness in combination with slight syndeformational dilation
resulting in observed hybrid fractures (i.e. dilatant shear fractures, Figures 4a, 8 & 12; Ingram
and Urai, 1999), is typical for overconsolidated mudrocks (Lupini et al., 1981; Laurich et al,,
2017). However, while this behaviour has been observed previously (e.g. Baldi et al.,, 1991a;
Baldi et al., 1991b), Boom Clay deformed in triaxial experiments and undrained conditions
commonly displays better defined peak stresses followed by pronounced strain-softening (e.g.
Horseman et al., 1987; Coll, 2005).

19



In general, geomechanical parameters (apparent cohesion, angle of internal friction; Figure
2c¢) derived from mechanical data recorded during the experiments are in good agreement with
previous findings (Table 1; e.g. Horseman et al., 1987; Baldi et al., 1991a; Baldi et al., 1991b; Coll,
2005). Furthermore, macro- and microstructural observations such as shear zone thickness and
its angle to o1 (Horseman et al, 1987; Baldi et al, 1991a; Baldi et al.,, 1991b; Coll, 2005),
presence of micro-cracks (e.g. Sultan et al,, 2010; Yu et al,, 2012), preferred particle alignment
and bent phyllosilicates (Al-Mukthar et al., 1996; Djéran-Maigre et al,, 1998) and slickensides
(Horseman et al., 1987) have been described in previous experimental studies on Boom Clay.
These microstructures of experimentally deformed Boom Clay are comparable with the ones
resulting from ring and biaxial shear experiments achieving high strains in uncemented, fine-
grained, phyllosilicate-rich material (Morgenstern and Tchalenko, 1967; Wu, 1978; Haines et al,,
2009; Haines et al., 2013; Ikari et al,, 2015).

About 80% of bulk strain is accommodated outside the shear zone (see section 3.1). As
indicated by syndeformational pore pressure increases (Figure 2b), non-localized deformation
outside the shear zone resulted in porosity reductions, which in case of SEM-visible porosities
are in the order of 23-40 % (Table 4). Furthermore, pores size distributions outside the shear
zones of deformed samples suggest smaller pore sizes compared to the undeformed sample
(Figure 10c). By taking the absence of microstructural differences between the undeformed
sample and the areas of diffuse strain into account, the main deformation mechanism was
compaction of pores within the matrix.

Considering that maximum displacement along the shear zone is up to 4 mm (Figurer 1a & b)
and that the shear zone thickness is in the order of 50 to 100 um (Figures 5, 6 and 7), the
maximum shear strain in the shear zone is in the range of 40 to 80. While outside the shear zone
deformation only resulted in pore collapse, the shear zones themselves have also been affected
by porosity reduction (Table 4) but display in addition further deformation-related
microstructures such as bent and occasionally broken phyllosilicates (Figures 4d & e) and
preferred particle alignment having resulted in mineral and pore fabrics with well-developed S
and S; foliations oblique to the bedding (Figure 4).

Microstructures of non-phyllosilicate minerals do not show any evidence of fragmentation
such as angular, chipped or abraded edges (e.g. Passchier and Trouw, 2005) Furthermore, their
grain size distribution is apparently not power-law distributed (Figure 13), which - if present -
would suggest grain fragmentation (Marone and Scholz; 1989). Whereas there is missing
evidence for (abundant) particle comminution, the presence slickensides (Figure 9), two
foliations (S1 and Sz; Figures 4 & 5) clearly reflecting reorientation of larger clastic particles and
pores (i.e. clay minerals constituting the matrix) in combination with the dominance of
frictionally weak phyllosilicates (Table 1) and the associated low angle of internal friction (Table
2; Figure 2c) argue that strain within the shear zones was accommodated by granular flow:
sliding between low frictional, platy clay particles (Lupini et al, 1981). Additionally, normal
stresses of this specific experimental setup aiming to simulate shallow-depth conditions as well
as normal stress generally used to approach geotechnical problems are too low to foster particle
comminution (for a detailed discussion see Tembe et al., 2010). Consequently, formation of S;
and S; was achieved by independent particulate flow (grain boundary sliding) and particle
rotation (see Morgenstern and Tchalenko, 1967; Borrodaile et al., 1980). This promoted the long
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axes of platy phyllosilicates and of other elongated particles to align in the direction of the XY
plane of finite strain (Moore and Lockner, 2004; Moore and Lockner 2007).
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Figure 13: Pore-law analyses of pore (a) and quartz grain (b) sizes from deformed sample confined at
0.385 MPa. For methodological details refer to Hemes et al. (2013). While pore sizes are power-law
distributed, as it can be expected for clay-rich materials (Desbois et al., 2009; Klaver et al., 2012; Houben
etal., 2013), quartz grain sizes are not power-law distributed.

In contrast to the usually framboidal pyrite aggregates in undeformed Boom Clay and in
deformed samples outside the shear zone (this study and Hemes et al., 2013), trails of single
pyrite grains (Figure 4f) support the presence of independent particulate flow within the shear
zones. In addition, bent micas at shear zones boundaries (Figure 4d) and between S: and S;
point to intracrystalline deformation. However, at the resolution of SEM images, the internal
structure of the dominating clays-sized (i.e. < 2 um) particles is not accessible.
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To identify deformed clay aggregates, nanoscale investigations using transmission electron
microscopy (TEM) would be necessary (Lee et al.,, 2003; Laurich et al., 2014; Schuck et al,, 2018).
However, comminution of clay particles appears unlikely, because (i) clay minerals with aligned
(001) basal planes present in amounts significantly smaller than in this study are able to
drastically reduce a material’s frictional strength (e.g. Schleicher et al.,, 2010; Morrow et al,,
2017) and (ii) the typical grain size of clay minerals is so small that it is easier for a fracture to
propagate along grain boundaries than to break grains (cf. Haines et al, 2013). While these
arguments oppose fragmentation of clay-sized phyllosilicates, larger micas with broken tips
located at shear zone (Figure 4e) and S1/S; boundaries, respectively, indicate fracturing. These
observations in combination with fragments of a larger mica grain (Figure 7b), interpreted as
boudinage in microlithons, indicate that larger phyllosilicates can deform in a brittle manner,
when the grain size is too large to accommodate particle rotation and sliding mechanisms.
Widened and/or offset cleavage planes observed in larger mica grains suggest that some of
these particles may be delaminated when they are deformed in the shear zone.

With their formation being related to syndeformational grain and pore reorientation, the
orientation of S; and S; with respectto shear zone boundaries suggest a consecutive formation:
S1 (P-foliation), oblique to shear zones boundaries, developed at low strains (e.g. Cladouhos,
1999a; Cladouhos, 1999b; Blenkinsop, 2000; Haines et al., 2013). Higher strains resulted in the
formation of S; (Y-shears) parallel to shear zones boundaries (e.g. Blenkinsop, 2000; Jessel et al.,
2009; Haines et al, 2013). Owing their identical orientation, slickensides observed along
fractured shear zones (Figure 9) are interpreted to correspond to the S, foliation. Following
Haines et al. (2009), Haines et al. (2013) and Ikari et al. (2015), Sz are interpreted to be active
shear surfaces where shear strain localized.

Pore size distributions and qualitative microstructural investigations demonstrate that
syndeformational dilatancy localized within shear zones: “sieve curves” indicate that pores in
the shear zone tend to be larger compared to the undeformed sample and areas located outside
the shear zones of deformed samples (Figure 10c). This observation is especially significant for
the 20 - 30% of largest pores. Furthermore, large cracks (up to several 100s pm long; e.g.
Figures 4a, 8 & 12) are only present within shear zones (bedding-parallel cracks of similar
dimension are encountered outside the shear zone but represent an artefact as discussed above,
Figure 12; see section 4.1). Similar observations of shear zones facilitating dilatancy in
otherwise non-dilatant claystones have been described for the also slightly overconsolidated
Opalinus Clay, too (Laurich et al., 2014; Laurich et al., 2017).

As expected for the large strains achieved in the shear zones (e.g. Dewhurst et al., 1996),
porosity is stronger reduced (Table 4) and pore morphologies are more elongated (Figure 11)
compared to the areas located outside the shear zone. These changes in response to applied
axial shortening are further enhanced by the dominating deformation mechanisms in
combination with the predominance of platy phyllosilicates: particle rotation and sliding
mechanisms promoted the alignment and the stacking of clay aggregates along their long axes
(i.e. promoting pores with long aspect ratios between platy clay similarly oriented aggregates;
Desbois et al. 2009; Curtis et al. 2012). Compared to S;, Sz displays barely visible porosity at the
resolution of SEM (Figure 4g). These small porosities suggest that the pore fabric accommodates
the high strains along the Y-shears by minimizing the inter-particle porosity between clay
aggregates.
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4.4 Strain localization in experimentally deformed Boom Clay at low confining
pressures: a conceptual model

In addition to identifying acting deformation mechanisms, it is equally important to unravel
how and why strain localized to understand the rheology of investigated Boom Clay samples. In
the following we discuss constraints on strain localization and propose a conceptual model for
the strain localization in experimentally deformed Boom Clay at low confining pressures.

Boom Clay is a complex heterogeneous material. However, in order to understand its bulk
geomechanical behaviour and how it accommodates strain, it can, in a first approximation, be
considered as a two-phase material composed of strong phase (non-phyllosilicates) embedded
within a matrix of a weak phase (phyllosilicates). The proportion of hard to soft phases in
deformed samples (1:2; Table 1) and the spatial distribution of the hard phase (dispersed in the
matrix) imply that the soft phase (i.e. the matrix) accommodates most of the strain, as the hard
phase does not act as a load-bearing framework, i.e. the macroscopically observed deformation
behaviour is determined by the amount of hard particles (e.g. Lupini et al.,, 1981; Handy, 1994;
Jessel et al., 2009). In our deformed samples the grain size of non-clay minerals in the shear zone
is smaller than outside the shear zone (Figures 6, 10a & b). There are two possible explanations
for this observation: (i) cataclastic processes leading to particle comminution (e.g. Marone and
Scholz, 1989; Desbois et al., 2017a) and (ii) shear zone formation in zones without large grains.
While the first option has been excluded based on missing direct (e.g. fractured grains) and
indirect (grain sizes of rigid particles do not display power law distributions; Figure 13)
evidences (see section 4.3), the second option appears to be the likely one.

In a two-phase material the strength contrast between clasts and matrix promotes strain
localization, i.e. a shear zone evolves in the low-strength phase (Handy, 1994; Jessel et al.,, 2009;
Rybacki et al,, 2014; Nardini et al., 2018). However, while on macroscale strain localizes in shear
zones, foliations S1 and S, oblique and parallel to shear zone boundaries, respectively, indicate
that strain localization within the shear zones is heterogeneous, too. Considering the two-phase
model employed to describe strain localization, the low-strength phase hosts the shear zone.
Consequently, heterogeneous strain accommodation within the shear zones is not governed by a
strength contrast but needs a different mechanism: although particles in undeformed Boom Clay
display a bedding (Figures 3, 5 & 6a), they are not perfectly aligned. Once a shear zone localizes,
governed by the strength contrast between the hard and the soft phase, and displacement starts
to accommodate, tips of phyllosilicates become entangled and particles start to rotate before
they subsequently slide along their grain boundaries, which results in foliation S; at higher
strains. The harder phases also rotate but are rheologically passive (Handy, 1990). This
“geometric softening” within the low-viscosity phase requires sufficient porosities to enable
particle rotation. This interpretation implies that the perception of strain localization depends
on the scale of observation: while strain localization is governed by geometric constraints on the
nano- to microscale (i.e. scale of matrix-forming phyllosilicates), it is governed by viscosity
contrasts at the meso- to macroscale (i.e. scale of shear zone thickness, Figure 6, to bulk sample
scale).

The assumption that strain localizes in zones with a lower fraction of large, hard particles is

supported by such bands present in every orientation in the undeformed sample and outside the
shear zones of deformed samples (Figure 6). In frictional materials the orientation of shear
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zones is controlled by the material’s Coulomb angle (Guo & Stolle, 2013). Our results show how
the spatial distribution of strong and weak phases with respect to o1 facilitates this (Lupini et al.,
1981; Handy, 1994; Shen & Lissenden, 2005; Jessel et al., 2009). The observed small variations
in the orientation of the shear zone with respect to o1 (Figure 1c) might reflect the initial
heterogeneous distribution of strong particles. However, to quantify this process, it is necessary
to investigate larger areas at high resolution. In addition, strain localization in our samples is
affected by (i) friction between pistons and sample, and (ii) the cylindrical symmetry of the
specimen (Viggiani & Hall, 2008).

4.5 Comparison of microstructures from experimentally and naturally deformed
Boom Clay

Deformation-related microstructures observed in naturally deformed Boom Clay comprise
shear bands with and without slickensides, hybrid shear fractures and cracks (Dehandschutter
et al, 2005a; Dehandschutter et al.,, 2005b). Furthermore, these discontinuities are associated
with reduced porosities and phyllosilicates oriented parallel to displacement. These
microstructures are comparable to the ones generated during the experiments presented in this
paper. Furthermore, we expect that BIB-SEM observations of natural shear zones in Boom Clay
will also show similar microstructures.

Microstructures in our experiments are comparable to those generated during construction
processes at the URF at Mol-Dessel, where excavation lead to hybrid failure, slickenside
formation and reorientation of phyllosilicates manifested in an excavation damaged zone
(Dehandschutter et al., 2002; Dehandschutter et al.,, 2004, Mertens et al.,, 2004). While in situ
confining pressure and differential stresses are inferred to be around 1.9 MPa and 0.5 MPa,
respectively, excavation promoted differential stress to increase until this artificial disturbance
resulted in failure at a differential stress in the order of 2.4 MPa (Dehandschutter et al., 2004).
This differential stress at failure is on a first order approximation similar to that recorded during
our experiments (0.685 < ogirr < 1718 MPa; Table 3).

In this first look then, comparisons between Boom Clay deformed artificially (i.e. during
experiments and excavation) and naturally indicate that deformation mechanisms inferred in
this study (i) are representative of those occurring during URF excavation and in nature at low
confining pressure, and (ii) are suitable to extrapolate the understanding of Boom Clay rheology
beyond the time scales accessible in the laboratory.

While these experimental outcomes appear promising on the first look, a more sophisticated
experimental and observational setup is required to fully understand deformation of Boom Clay.
Necessary modifications include for example using in-situ pore fluid compositions and
measuring the incremental deformation field (Oelker et al., 2017).

4.6 Boom Clay and Callovo-Oxfordian Clay: two end.members for the understanding
of deformation in phyllosilicate-rich materials?

At Bure (France; approx. 220 km ESE of Paris), the French National Radioactive Waste
Management Agency (ANDRA) operates a URF to explore the feasibility of Callovo-Oxfordian
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Clay to host radioactive waste (Armand et al., 2013). There, the roughly 160 Ma old claystone is
encountered in a depth between ~ 417 - 547 m (Gaucher et al, 2004): Its mineralogical
composition (26 - 42 % phyllosilicates; 27 - 42 % carbonates; 24 - 30 % tectosilicates - mostly
quartz) is comparable to the one of Boom Clay (see Table 1; Gaucher et al., 2004; Conil et al,,
2018). Opposed to Boom Clay, Callovo-Oxfordian Clay is heavily cemented by secondary (i.e.
diagenetic) calcite (Gaucher et al., 2004; Desbois et al., 2017a), which results in a substantially
higher strength (e.g. Young’s modulus: 2 - 5 GPa; unconfined compressive strength: 30 MPa;
Gasc-Barbier et al,, 2004; Fabre and Pellet, 2006; see also Table 2).

Deformation mechanisms in experimentally deformed Callovo-Oxfordian Clay are
predominantly cataclastic with minor crystal plasticity (i.e. inter- and intragranular
fragmentation; granular flow and particle rotation resulting in SPOs and particle bending;
Desbois et al., 2017a). This geomecahnical behaviour contrasts strongly with the one of Boom
Clay presented herein. Therefore, although at first approximation, the inelastic behaviour of
cemented (e.g. Callovo-Oxfordian Clay) and uncemented (e.g. Boom Clay) phyllosilicate-rich
geomaterials can be described by similar pressure-dependent hardening plasticity models,
underlying microphysical mechanisms are very different indeed.

5 Conclusions

BIB-SEM investigations of Boom Clay experimentally deformed at confined and undrained
conditions provide first detailed insights into the evolution of deformation-related
microstructures, which allows in combination with data recorded during the experiments to
understand the rheology of this plastic, uncemented claystone.

Deformed samples display strong strain partitioning between shear zones and the rest of the
samples. Most of the strain (~80 %) was accommodated outside the shear zones, mostly by pore
collapse. Dominating deformation mechanisms within the shear zones are pore collapse,
independent particulate flow (grain boundary sliding) and particle rotation. These mechanisms
promoted particle reorientation leading to shape preferred orientations manifested by distinct
foliations oblique (P-foliation) and parallel to displacement (Y-shears). Fragmentation of mica
grains and intracrystalline deformation leading to bent micas are subordinate. Furthermore,
succeeding initial fluid pressure increases in response to pore collapse, the formation of
microcracks within shear zones resulted in decreasing pore pressures.

On macro- and mesoscale, strain localization is governed by viscosity contrast between the
dominating frictionally weak phyllosilcate-rich matrix and embedded, harder quartz and
feldspar grains. At these scales, shear zones localize predominantly in bands where there are
less large, hard phases. At the microscale (scale of phyllosilicates constituting the matrix) strain
is accommodated within shear zones by particle rotation and subsequent sliding along grain
boundaries initiated by the initial phyllosilicate orientation. This “geometric softening” requires
sufficiently large initial porosities.

Deformation mechanisms deduced from experimentally generated microstructures are very
similar to those inferred in Boom Clay having been deformed naturally and artificially during the
excavation of an Underground Research Facility at low confining pressures. Consequently,
deformation experiments at low confining pressure in combination with microstructural
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analyses appear suitable to understand Boom Clay rheology on the microscale, which is required
to understand its macroscale behaviour. However, further investigations will be necessary to
test this hypothesis.
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Figure S1. Boom Clay Formation: outcrop area, thickness and depth of the formation base in Belgium.
Depth is given in TAW (‘tweede algemeene waterpassing’): the topographic reference zero level in
Belgium, 2.33 m below the sea level (Hemes 2015). Figure after ONDRAF/NIRAS 2001.
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