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1. Introduction
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is a rock defined by structural (cleavage) and textural (grain size) criteria, resulting from the
combination of deformation and metamorphism of fineggrained pelitic sediments. Slaty cleavage
results fromthe growth of paragenetic phyllosilicates during metamorphism (Kameda et al., 2011),
in addition to the structural rearrangement of primary minerals during associated regional
deformation. The typical mineral assembly for slates is quartz, feldspar, migadachlorite,
frequently with carbonates and irorsulphidesas accessory minerals. Slate is thus a rock that
combines sedimentary relict features with newly developed metamorphic and tectonic structures,
representing the transition from diagenesis to lowgrade metamorphism in the context of regional
deformation.

There are two main structures in a typical slate: sedimentary fabric, or bedding, (SO) and a
tectonic fabric, i.e. the slaty cleavage (S1). The intersection of these two structures creates a third
one, the intersection lineation (L1). Dominant slatdorming minerals have a very strong shape
orientation, defining S1. This feature can be seen using any microscopy technique, gives slate its
characteristic fissility, and makes it very appealing for consiction since it is easy to split into
regular blocks. The arrangement of these structural features determine the classification of slates as
an Stectonite (Passchier and Trouw, 2005). However, when the process of sedimentation involves
the formation of afabric due to the geometric orientation of particles during compaction and
diagenetic growth, and bears some type of fabric determined by the arrangement of particles during
compaction and diagenesis, the intersection between SO and S1 can result in alifieric, i.e. from
Stectonite (stack of planeshapes) to Etectonite (stack of pencHshapes). Generally for phyllitic
rocks, a flattening strain will generate $ectonites while plane strain (such as simple shear) SL
tectonites with transverse anisotrpy (Ji et al., 2013b; Ji et al., 2015; Shao et al., 2014).

The presence of slates in many orogenic belts, together with its remarkable structural anisotropy,
make this rock an exceptional proxy for the study of the relations between rock microstructure and
seismic anisotropy. With microstructure, we refer here to the size, shape and spatial
interrelationship between the grains (Fettes et al., 2011). The strong crystallographic control in the
development of the shape of mica grains, implicitly involves alsoystallographic preferred
orientation.

When a slate outcrop has little or no deformation and the rock is homogeneous, it can be used to
produce roofing slate shingles, a construction material with very specific requirements (Cardenes et
al., 2014). Roofig slate shingles must be thin, flat and regular. Roofing slate outcrops can therefore
provide homogeneous samples of fine and undeformed slate, which is perfect for the study of
crystallographicpreferred orientations (CPO). The CPO can be determined usiBgctron
Backscatter Diffraction (EBSD) or Synchrotron Xay Microtomography (SMCT). Each of these two
techniques has its pros and cons. With EBSD, it is possible to link directly microstructure and CPO.
Samples require a high degree of polishing so theam can index as many grains as possible,
avoiding grain boundaries that might interfere with indexation (Prior et al., 2009). On the other
hand, SMCT scans a given volume of rock, discriminating among mineral components via
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this technique, sample preparation is easier than for EBSD; usually, a rock cylinder measuring just a
few millimetres will suffice. However, the resolution depends on the sample volun(ghe lower the
resolution, the better), so it is best if the cylinders have diameters of around 2 mm, which can be



rather arduous to obtain, depending on sample integrity. Both techniques produce comparable CPO
data (e.g. Wenk et al., 2020).

There are mary examples of CPO determination and its relationship to other physical parameters
of deformed metamorphic rocks, e.g. marbles (Austin et al., 2014), gneisses (lvankina et al., 2017),
eclogites (Keppler, 2018; Park and Jung, 2019; Renedo et al., 2015),mtgk(Elyaszadeh et al.,
2018; Fazio et al., 2017), amphibolites (Cao et al., 2010; Ji et al., 2013b; Ko and Jung, 2015; Mainprice
and Nicolas, 1989), peridotites (Ben Ismail and Mainprice, 1998; Jung, 2011; Kang and Jung, 2019;
Nicolas et al., 1973), anderpentinites (Dilissen et al., 2018; Ji et al., 2013a; Jung, 2011). All these
rocks excluding slates have grain sizes from medium to coarse. Due to the economic interest of
shales, CPO has also been fairly studied in figeained rocks below and at the dundary of the low
grade metamorphic scale (e.g. Lonardelli et al., 2007; Sayers, 2005; Vasin et al., 2013). The next
lithology with increasing metamorphism, slate, has been the subject of significantly less research
despite being a major component of thepper-middle crust.

Sintubin (1994) studied the orientation of phyllosilicates in argillites from the Staveldenn
Massif, finding that mineral orientations are the result of regional deformation. Wenk et al. (2017)
have studied CPO in slates using8CT, finding a very strong CPO for phyllosilicates (chlorite and
mica). Recently, Wenk et al. (2020) have published a detailed review of the fabric of slates using
high-energy Xray diffraction and EBSD concluding that the extremely high alignment of the
phyllosilicates can be attributed to growth and dissolution processes maintained during igvade
metamorphism. The weak development of CPO in quartz in these rocks suggests that
intracrystalline plasticity is not the main deformation mechanism at play in thisnineral.
Dissolution-precipitation processes have been proposed to explain the lack of CPO and the strong
shape fabric of quartz (e.g. Engelder et al., 1981). On the other hand, phyllosilicates are prone to
deformation by slippage, and then usually rearrage with deformation. Saur et al. (2020) have
applied high-resolution X-ray computed tomography (XCT) coupled with Xay spectroscopy (EDS)
to the determination of ShapePreferred Orientation (SPO) of grains in a metamorphic succession
from shales to slatesranging from a cleavagdéree domain to a pencicleavage domain, and to a
slaty-cleavage domain. They found grain alignment and rotation with increasing strain, but also a
difference in SPO depending on grain composition (quartz and calcite). Quartz giain these
conditions are rigid and not prone to deform internally, while calcite grains present deformation and
recrystallization features.

Regarding mechanical behaviour, slate is considered a significantly homogeneous rock in terms
of rock mechanics Mechanical properties in foliated rocks are primarily determined by the angle
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this study, RodriguezSastre and Calleja (2006) found that this angle dat@nes seismic velocities,
Young's modulus and the Poisson coefficient, all of these values beiif§ #mes lower when 3
approaches 0° than when 3 = 90°.

The sources of seismic anisotropy in crustal rocks depend on several factors. In the upper crust,
anisotropy is mainly controlled by the development of fractures (e.g. Crampin, 1984), the regional
stress field (e.g. Boness and Zoback, 2006) or structures (e.g. Acevedo et al., 2020). At greater
depths/pressures (>200 MPa), the crystallographic preferred entation and the elastic properties of
the minerals composing the rock are the main sources of seismic anisotropy as porosity and
microcracks close at high confining pressure over geological times. Indeed, Guo et al. (2014) have
found that with increasing confining pressure seismic velocity increases while anisotropy decreases,
as the axial and transverse seismic velocity values approach. These authors explained this as a result
of the closure of microcracks parallel to S1, which at low confining pressuf@sder wave
propagation across the main foliation, while transverse propagation maintains similar values.
Similar results have been found in shales (i.e. Lu et al., 2019; Vasin et al., 2013). Although the



progress of metamorphic reactions with depth leads reduced porosity, the exhumation processes
cause new microcracks in the slate massifs losing their original seismic properties (Akker et al.,
2018). An alternative way to constrain seismic properties at depth, avoiding the effect of
microcracks, is to nodel the seismic properties using averaging schemes from the measured CPO
and the modal amount of mineral phases (Almgvist and Mainprice, 2017; Mainprice and Nicolas,
1989). These averaging schemes require knowledge of the elastic properties of the mim¢hat
make up the rocks to be modelled.

Here, we have studied several roofing slate samples from different active Spanish quarries by
using EBSD data and calculating seismic velocities and anisotropy using the ViégussHill
averaging (VRH) method. We @mpare these results with seismic wave velocities measured using an
ultrasonic pulse meter at room conditions

2. Materials and methods

2.1. Sampling and slate properties

The slate blocks were selected from active roofing slate quarries located in seemeds in the
NW Iberian Peninsula (Fig. 1). The slate district is based in a low to medium grade metamorphic belt
formed during the development of the Variscan orogen, mostly Carboniferous in age in this part of
the mountain belt (Dallmeyer et al., 1997)n the area, the widespread and regional tectonic foliation
is a slaty cleavage that forms in relation to near isoclinal, often recumbent, large folds (e.g. RPérez
Estadn et al., 1991). This dominant fabric is often crenulated by a secondary regional teictéabric
in relation to upright open folds (e.g. Bastida et al., 2010). Roofing slate quarries either target areas
where rocks only develop the regional slaty cleavage or where secondary tectonic fabrics are
homoaxial to the earlier slaty cleavage, and @id locations where the angle between two
superimposing tectonic foliations is oblique, as crenulations would prevent the extraction of planar
slate shingles.
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Fig. 1. Geological context of slate quarries in NW Spain, showing the location of samplés thsedtudy. The
geological map is extracted from the Geological Map of Spain at 1:1,000,000 (www.igme.es). CZ, Cantabrian
Zone; WALZ, WesAsturian Leonese Zone; and, ClZ, Centtakrian Zone (after Julivert, 1971).

In addition, the roofing slate indusry requires outcrops that are large, homogeneous and free of
fractures. Quarries of this special type of ornamental rock are therefore perfect for obtaining fine
grained(1Qu & ' NO Lnl LONoLLSE OLNontdO Ot OnL6t RNEN



(Cardenes et al., 2014). The samples were thus large, clean blocks of slate taken directly off the
production line, several metres below the surface into the unaltered rock massif. Slate shingles are
split along S1, crossing the oblique SO planes (Fig. ®)e intersection of these two planes, SO and S1,
creates the lineation L1, which is used during the manufacturing process to define the length of the
slate shingles, optimizing their mechanical performance. The blocks are therefore cut along this
direction, which helped us to orient the structures of the slate. Due to the high degree of fissility
required to exfoliate &8 mm thick shingles, most of the slate extracted from the quarry is rejected
(85¢D0%, Cardenes et al. (2014) due to heterogeneities suskiak-bands, quartz veins, or joints,
accumulated since the Variscan orogeny through to the Alpine orogeny. All the blocks sampled were
taken from the production chain, which means they were suitable for exfoliation. Each of these
blocks weighed between @ and 70 kg. However, a detailed examination highlighted some
heterogeneities in samples ANL and especially GXE, which do not affect exfoliation but could
influence our results. Sample ANL was found to have two walifferentiated parts, one composed of
ahomogeneous and clean slate, and the other containing visible sandy beds defining SO. To study
the influence of these sandy beds, this sample was divided into two samples, ANL:I and ANL-II.

On the other hand, GXE presented two families of microscopiearystallized quartz levels, one
parallel and the other oblique to S1.

Intersection
lineation L,

Fig. 2. Examples of 10 cm side cubes used for seismic wave velocities determination. Plane XY is parallel to S1.
Plane ZY is normal to S1 and parallel to the intersection lineatidn Plane YZ is normal to S1 and L1. Some
samples (ANE and ANL-Il) show bedding (S0) nearly parallel to S1, while others (OSO) present angles higher
than 45° between these two structures.

All blocks were kept at room temperature with average humidity cafitions (50¥0%) until they
were sawed into 10 cm edge cubes. Lineation was visible in all of the slate blocks, marked by SO and
S1 planes (Fig. 2). As standard in structural geology, the reference frame used has the Z direction
perpendicular to the foliaion, the X direction parallel to the lineation, and the Y direction contained
in the foliation plane and perpendicular to X (Fig. 2).

2.2. Microstructure and petrological analysis

The characterization of the microstructure and mineralogy was carried outing transmitted-
light microscopy (on the three main planes), SENBSE, electron backscatter diffraction (EBSD) and
energydispersive Xray spectroscopy (EDX) on the XZ planes-rdy diffraction and fluorescence
were used for the description of the bulk minel and chemical composition, respectively. All
analyses except EBSD and EDX were performed at the Scientific Services of the University of
Oviedo.

2.2.1. Electron backscatter diffraction (EBSD) data acquisition



A small slab (2 x 2 cm) was extracted for ela sample, using the XZ plane for the EBSD analysis.
To protect the slab before the polishing process, each slab was encapsulated with epoxy resin at
room pressure without penetrating the pore system but merely supporting it. The samples were then
polishedwith diamond paste and finished by polishing with colloidal silica in a VibroMet Polisher.
EBSD and Energydispersive Xray spectroscopy (EDX) maps were acquired with a CamScan X500
FE CrystalProbe SEM at Géosciences Montpellier (France) to determine tingstallographic
preferred orientations and mineral phase content. Samples were not carborated. Operating
conditions for EBSD acquisition were an accelerating voltage of 20 kV and a working distance 62 24
25 mm under low vacuum conditions (~5 Pa). EBSpatterns were indexedising HKL Technology's
AZtec V3.2 software at rates of ~40 Hz. The local maps had step sizes (spatial resolution) within the
rangeof OTH 6 A ' N Lnl LOkdNnN LotL O 2 AnddBr re§olufionsfared a A
better than 0.5 degrees. Indexing rates in raw maps ranged between 72 and 87% of the surface
analyzed (Fig. 2).

2.2.2. Electron backscatter diffraction (EBSD) data processing

Postacquisition data treatment was performed using MTEX toolbox v5.2 (Mainprice et al., 2D1
and in-house MATLAB codes, provided as Supplementary Material. Orientation data with MAD
above 1.3 were not considered, and wild spikes were removed. Grains were then segmented using a
Voronoi decomposition algorithm with the misorientation threshold seto 10°. CPO are presented in
upper-hemisphere contour pole figures representing volume/areaeighted orientations. CPO
strength for each mineral phase and specific crystallographic element was characterized with the J
index, which ranges from one (unifom distribution) to infinite (a single orientation) (Mainprice et
al., 2014), and presented as misorientation profiles with a random orientation distribution for
reference.

2.3. Prediction of seismic properties from rock composition and CPO

We used MTEXv5.2 and the procedures described in (Mainprice et al., 2011) to predict seismic
velocities and anisotropy based on the VoigiReussHill (VRH) averaging method (Hill, 1952;
Reuss, 1929; Voigt, 1928). More specifically, we considered the CPO and the velablumetric
contribution of the rock-forming mineral phases (quartz, muscovite, chlorite and albite). Single
crystal properties and references used are listed in Table 1 and detailed in the codes provided as
Supplementary Material. Transversal and axiakeismic anisotropy for Vp and Vsl was calculated
using the expression 208 (Vimax- Vmin) / (Vmax+ Vmin) ON two perpendicular planes, while for shear
wave splitting the expression 100 x Vs&  5;/Onean(Vsl) was used. To gauge how mica CPO and
mica content affects the seismic properties of the slates, we defined a new proxy called the
normalized Jindex of micas. The estimation of this proxy value is done in two steps:

1. First combining the Jindex of the micas (muscovite and chlorite) weighting theid-index
values to their relative content. This procedure has the advantage of avoiding possible bias
caused by micas with extreme-thdex values and low volumetric representation.

2. Then, this Jindex value is normalized by weighting it to the total mica cdent of the slate so
that the proxy allows the comparison of slates with different mica content.

Table 1 Summary of singlerystal properties and references used for the VRH averaging method.

Mineral Density (g/cm 3) Elastic constants Stiffness tensor
Quartz 2.65 McSkimin et al. (1965)

Low albite 2.623 Brown et al. (2006)

Muscovite 2.83 Vaughan and Guggenheim (1986)

Chlorite 2.628 Joswig et al. (1989) Bayuk et al. (2007)




2.4. Laboratory measurements using ultrasonic waves

Seismic wave velocities Vand Vsl were measured in the cubes at room conditions using a
portable ultrasonic pulse velocity meter (Pundit PR2) with 500 KHz transducers. Velocities were
measured at least three times for each principal direction in the cubic samples and then avedage
using the arithmetic mean.

3. Results

3.1. Mineral content and microfabric

Mineral content (Table 2) and chemical compositions (see Supplementary Table 1) are typical for
slates. Quartz, albite, chlorite and muscovite are the main constituents. Other raral phases
(anatase, ilmenite, hydroxyl, apatite, calcite, zircon or pyrrhotite) do not exceed 3.6% in total. The
mica content of the samples varies between 28 and 56%, with Chl/Ms. ratios between 1.29 and 0.58
(Table 2).

Table 2.Mineral content (%).

sam qua musco anat albi chlor hydroxyla iime calc zirc pyrrho Chl/Ms % of
ple rtiz vite ase te ite patite nite ite on tite ratio mica
A:\IIL 48.9 19.6 13 39 252 0.7 0.4 1.29 44.7
AL 473 203 15 a2 216 0.7 04 - 089 459
BEI 29.8 27.6 03 241 16.1 0.8 0.4 0.9 0.58 43.6
CA 472 25.5 1.3 08 242 0.6 0.4 0.95 49.7
EUP 455 16.9 04 221 109 0.8 22 04 0.7 0.65 27.8
GXE 56.1 16.4 0.8 13.7 122 0.7 0.74 28.6
IRO 26.7 26.7 1.3 147 293 1.3 1.10 56.0
0sSO 36.7 24.0 04 254 121 0.5 1.0 0.51 36.1

*Recalculated from EBSD data assuming that nRimdexed pixels are equally distributed across the different
recognised phases.

The mineral arrangement is strongly dominated by the slaty cleavage, being similar across
samples (Fig. 2, Fig. 3). The arrangement of the main mineral phases looks similar on XZ (lineation
parallel) and YZ (lineationnormal) sections. Quartz grains tenda be elongated except in pressure
shadows in which they appear as a crystal mosaic. The chlorite blasts appear elongated with S1. Two
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acicular habit. The fabric is lepidoblastic, characteristic of roofing slates (Cardenes et al., 2014).
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Fig. 3. EBSD mineral phase mapsil2and 2)3) versus transmitted light opticahicroscope (@2 and 2)4). EBSD
and microscope images do not correspond to the same area. All images correspond to plane XZ.

3.2. Crystallographic preferred orientation

The high quality of the samples and the careful preparation protocol allowed us to obtain EBSD
indexing rates within the range 70% to 87%, which is remarkably high for rocks with this amount of
phyllosilicates. The CPO patterns in micas can be reduced irtwo types (Fig. 4). Samples BEI, CA,
EUP and GXE have a planar pattern, with (001) planes lying parallel to the foliation plane and the
crystallographic axes [010] and [100] placed at random within the foliation plane. Samples ANL
ANL-II, OSO and IRO vith a planar/linear pattern where the crystallographic axes [100] and [010]
develop a maximum within the foliation plane. The (001) pole figure maxima for muscovite and
chlorite have exceptionally strong alignments up to 50 and 80 multiples of a unifornmsttibution,
respectively, using a hafvidth of 5 degrees (Fig. 4). Anatase also displays a strong CPO with (001)
pole figure maxima perpendicular to the foliation plane and the crystallographic axes [001] and
[010] lying within the foliation plane (Fig. 5. By contrast, quartz and feldspar show very weak or
completely random CPOs (Fig. 5). The misorientation angle distribution for quartz, muscovite and
chlorite illustrated in Fig. 6 highlights the randomness of quartz CPO in contrast to that of micas.
The strength of the quartz and albite CPO, measured by the index J, yield values close to a random
distribution (J = 1), especially for quartz. Indeed, the misorientation angle distribution for quartz
follows the theoretical random reference profile (Fig. 6J-index in the micas reveals highly variable
CPO strengths across samples, ranging from 5 to 40 for chlorite and from 3.8 to 21 for muscovite (see



Fig. 2 in Supplementary material). Except for samples ANL and IRO, the distributions of the
misorientation angles in micas show a nearly flat distribution except for the most extreme values

(Fig. 6).

Fig. 4. Muscovite and chlorite CPO pole figures. The CPO is strong for all the samples but-fcarANANL-II,
which have some scattering in the plane (010). &lgpemisphere equalrea projections, contours in multiples of
uniform distribution (half-width 5°). Linear intensity scale is the same for each mineral phase.





























https://www-sciencedirect-com.insu.bib.cnrs.fr/sdfe/pdf/download/S0040195121000998/attachments













