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Slates are common metasedimentary rocks in the Iberian Peninsula, ranging in deposition age from Proterozoic
to Ordovician. Spain is currently the primary producer of high-quality slate products. The excellent cleavage is
related to microstructures with very strong preferred orientation of white mica and chlorite. In this study we
explore preferred orientation of eleven slates and one phyllite of different composition and metamorphic grade
from Northern Spain with high energy synchrotron X-ray diffraction and study microstructures with scanning
electron microscopy. While phyllosilicates display high crystallographic and shape preferred orientation, quartz,
with also highly flattened grains, has in most samples a random crystallographic orientation. The microstructural
and texture data are used to model anisotropic seismic properties with a self-consistent method and to explore
the influence of crystal shapes on elastic anisotropy. Anisotropy for these slates is very high compared with gneiss
and shale and, due to its prevalence, slate anisotropy contributes significantly to seismic anisotropy in the upper

crust.

1. Introduction

Slates are remarkable metamorphic rocks with strong planar cleav-
age that extends over large distances. Such strong cleavage allows the
preparation of plates several millimeters in thickness that can be used
for roofs, floors and walls. We originally became fascinated with slates
when we analyzed preferred orientation of a slate from the Belgian
Ardennes and documented a texture strength of mica with over 100
multiples of random distribution (Wenk et al., 2019). This exceeds the
textures of most materials, including rolled metal foils and recrystallized
metals (Hutchinson and Nes, 1992). The discovery is even more
remarkable since slates are fine-grained polyphase materials, generally
composed of white mica, chlorite, quartz and accessories, compared to
single phase metals.

The history of slate crystallographic preferred orientation (CPO),
which was very popular in the 1970s, was reviewed by Wenk et al.
(2020). The unique cleavage properties of slate caught early the
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attention of geologists who investigated slates and slaty cleavage first
with optical microscopy (e.g. Sorby, 1853, 1856; Dieterich, 1969; Sid-
dans, 1972; Wood, 1974; Means, 1981; Weber, 1981) and later with
electron microscopy (e.g. Oertel and Phakey, 1972; Oertel et al., 1973;
Knipe and White, 1977; White and Knipe, 1978), conventional X-ray
pole figure goniometry (e.g. Oertel, 1983) and recently with electron
backscattered diffraction (EBSD; e.g. Cardenes et al., 2021).

Wenk et al. (2020) investigated mineral CPOs in randomly selected
slate samples with high energy synchrotron X-ray diffraction and
observed that extremely high CPO is not unique to Ardennes slates but
similar textures are observed in a wide range of geological settings.
While phyllosilicates display extreme CPO, surprisingly most quartz
CPO, in spite of highly flattened oriented grains (shape preferred
orientation, SPO), is practically random. Slates transformed from shales
that underwent metamorphism and recrystallization. In shales, cleavage
is parallel to the bedding plane formed during sedimentation and
compaction. The slaty cleavage characteristic of slates is a secondary
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tectonic fabric developing at low-grade metamorphic conditions in
argillaceous rocks. It reflects the finite strain that these rocks have un-
dergone (e.g. Siddans, 1972; Wood, 1974; Williams, 1977 for over-
views). The slaty cleavage primarily represents a compressive strain,
with the phyllosilicate platelets oriented perpendicular to the principal
shortening direction.

The strong CPO of phyllosilicates in low-grade metasediments is
typically the result of regional deformation and could define a pervasive
foliation over tens and hundreds of kilometers in orogenic belts (e.g.
Wood and Oertel, 1980; Pérez-Estatin et al., 1991; Goldstein et al., 1998;
van Norden et al., 2007; Turnbull et al., 2001; Herbosch et al., 2020)
including the famous slate belt in Taiwan (Tillman and Byrne, 1995;
Chen et al., 2019). This results in strong anisotropy of elastic properties
which, in many cases, is significant for interpreting seismic anisotropy in
the crust (e.g. Christensen and Mooney, 1965; Brocher and Christensen,
1990; Godfrey et al., 2000; Guo et al., 2014; Ji et al., 2015). Anisotropy
is not only expressed in elastic properties but also in the magnetic
signature (Haerinck et al., 2015).

Wenk et al. (2019, 2020) have optimized and standardized experi-
mental techniques and methods of data analysis. It turns out that clas-
sical methods such as X-ray pole figure goniometry provide only
qualitative information about CPO in slates, largely due to distortions of
peak shape, particularly in reflection geometry, that cannot be corrected
for extreme CPO (e.g. Wenk, 1998, p. 143). Comparatively, with high
energy synchrotron diffraction methods the documented alignment of
phyllosilicates is 5-10 times higher. Other techniques like EBSD tend to
underestimate phyllosilicate contents because some diffraction patterns
cannot be indexed, resulting in a biased quantification of CPO (e.g.
Cardenes et al., 2021). This inspired us to conduct a systematic study of
slate CPO using synchrotron diffraction, focusing on slates from the
Iberian Peninsula which has gained the reputation as the most important
place in the world for industrially produced slates (Cardenes et al.,
2019) and very little is known about the microstructure and texture of
slates from this region.

So far there have been no studies to document the individual in-
fluences of both crystallographic orientation and grain shape on elastic
properties. Slates and phyllites with elastically highly anisotropic
phyllosilicate crystals provide a unique opportunity to investigate the
influence of anisotropic shapes and strong preferred orientation on
seismic anisotropy.

2. Geological context and sample locations

In this study we have investigated low grade metasediments, mainly
slates, from three different zones of the Variscan belt in the Iberian
Massif (Fig. 1a). The Variscan orogen developed during the collision of
Gondwana and Laurasia in the Paleozoic between 370 and 290 Ma (Azor
et al., 2019). The geology of the Iberian Massif is characterized by an
autochthonous Gondwanan domain overlain by an allochthon, which
consists of a stack of peri-Gondwanan terranes and ophiolites (Gomez
Barreiro et al., 2007). The Variscan Iberian Massif can be divided into six
different zones (Fig. 1a). Allochthon and parautochthon are included in
the Galicia-Tras-os-Montes Zone (GTMZ) which represents the most
internal part of the orogen. It is surrounded by the Central Iberian Zone
(CIZ), the eastern portion of which, the Ossa-Morena Zone (OMZ), is
underlain by the West Asturian-Leonese Zone (WALZ) and the Canta-
brian Zone (CZ), both of which represent the Variscan foreland (Julivert
et al., 1972; Martinez Catalan et al., 2014). The OMZ is a slate belt
similar to the CIZ but with some differences in terms of structural and
stratigraphic evolution. The SPZ is a Variscan foredeep basin, dominated
by thrust tectonics.

The structural evolution across the Iberian Massif includes contrac-
tional and extensional pulses related to plate convergence and gravita-
tional re-equilibration. The first contractional events produced
overturned and recumbent folds followed by the development of major
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thrusts and resulted in crustal thickening, which eventually led to
extensional collapse and the formation of gneissic domes through the
accumulation of ductile migmatites (Gomez Barreiro et al., 2010; Mar-
tinez Catalan et al., 2014). This is followed by a late-orogenic stage of
vertical folding (Azor et al., 2019).

Here eleven slates and one phyllite have been investigated (Fig. 1,
Table 1 and for sample locations Supplementary Table S1). Regional
field evidence indicates that the samples represent low-grade meta-
pelites extending over many kilometers and showing thousands of
meters in thickness (e.g. Pérez-Estatin et al., 1991; Diez Balda et al.,
1990).

2.1. Middle-Upper Ordovician - Ollo de Sapo Domain (CIZ)

Nine samples (Bv, Fo, Heb, Piv) were collected in the Truchas syn-
cline area (Fig. 1c) of the Ollo de Sapo Domain in the CIZ (Fig. 1a). This
is one of the most important areas for roofing slate production in the
world with a production of more than 20,000 tons per year (Cardenes
et al., 2014). Roofing slates require large volumes of homogeneous
material with minimal presence of secondary foliations, crenulations,
veins and fractures, which reduce slate fissility (Cardenes et al., 2014).
As an aerial image demonstrates (Suppl. Fig. 1), there are many roofing
slate quarries in this area what makes this area a world-class lithotech
(Cardenes et al., 2019).

The Truchas syncline is located in the CIZ (Fig. 1c¢). It is a Variscan
synclinorium (Martinez Catalan et al., 1992) formed by several recum-
bent folds during the first contractional phase. The structure was refol-
ded during the last contractional stage (Martinez Catalan et al., 2014;
Azor et al., 2019). Regional metamorphism in the Truchas syncline is
low-grade, being related to the Variscan deformation. Previous studies
indicate low greenschist facies conditions (chlorite zone; 300-400 °C;
Garcia-Guinea et al., 1997).

Samples were collected in different quarries of Middle and Upper
Ordovician slates (Table 1) in the Luarca and Rozadais Formations
(Fig. 1b). Fo samples come from normal limbs of recumbent folds (e.g.
Fig. 2) and a penetrative slaty cleavage dominates the fabric. Bedding is
recognized at outcrop scale, defined by silty beds. Sample Fo3 is very
homogeneous with a barely visible cleavage in hand specimens (Fig. 3a).
We will later see that this sample has a very low quartz content. In other
samples bedding and cleavage planes are easily recognized, ranging
between 0 and 10°, except for Fo8 with 20° (Fig. 3b).

The intersection of bedding and cleavage planes results in a linear
structure which has been used as a reference for defining a coordinate
system with X parallel to the lineation, Z perpendicular to the cleavage,
and Y perpendicular to X and Z (e.g. for Fo9 in Fig. 4a).

Sample Pivl (Fig. 4b) is a homogeneous black slate with an excel-
lent slaty cleavage which comes from the Luarca Formation (Barrois,
1882). This formation is a stratigraphic succession of black/grey lutitic
slates, depending on the organic matter content, with sporadic sandy
interlays on the centimeter scale and some volcanic rocks on top
(Barros Lorenzo, 1989). Shales were deposited during the Oretanian
(470-457 Ma) in a graben basin along the Northern Gondwana conti-
nental margin under anoxic to euxinic conditions (Martinez Cataldan
et al., 1992). They were transformed into slates during the Variscan
orogeny.

The Casaio, Rozadais and Losadilla Formations represent the Upper
Ordovician in the Truchas syncline, consisting of slates, sandstones and
quartzites (Fig. 1c¢). We have collected samples at different levels of the
Rozadais Formation. This is a slaty sequence with dark-grey and black
slates (lower section) evolving into silty slates with interlayered sand-
stones, quartzites and diamictites (upper section) (Gutiérrez-Marco
et al., 2002). Samples Bv5a, Fo4, Fo9 and Hebl are typical black slates
with a visible lineation and a diffuse light-grey banding defining the
bedding plane (e.g. Fig. 4a). Samples Fo2, Fo7 and Fo8 range from black
to dark-grey slates.
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Fig. 1. (a) Geological map of the Variscan orogen in the Iberian Peninsula. Samples were collected in three different domains: Sal in Schist-Greywacke Complex
(SGC) which is a part of the Central Iberian Zone (CIZ), Lugol in Mondonedo Nappe of WALZ domain and Bv, Fo, Heb, and Piv in the Ollo de Sapo domain. The
location of the studied areas (red squares) is indicated. The zones of the Variscan Iberian Massif and major faults and strike-slip shear zones are highlighted (after
Martinez Cataldn et al., 2014). (b) Geological map of the Truchas syncline and surrounding areas. (c) Geological section (I-II shown in (b)), with horizontal and
vertical scales equal. Dashed lines represent axial planes of recumbent folds. Red squares: locations of the samples. d) Stratigraphic legend and ages (after
Gutiérrez-Marco et al., 2019).
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Table 1
Samples and geological settings same format as for the rest.
Sample Lithology Unit Age Variscan Domain Metamorphic grade References
Bv5b black Rozadais Upper Ollo de Sapo (Truchas Greenschist facies 300- Cardenes et al. (2014) Barros Lorenzo (1989)
Fo2 slate Ordovician syncline) (Chlorite zone) 400 °C Garcia Guinéa et al. (1997)
Fo3
Fo4
Fo7
Fo8a
Fo8b
Fo9
Hebl
Pivl black Luarca Middle
slate Ordovician
Lugol green Candana Lower Mondonedo Nappe Greenschist facies <450 °C Gonzélez Lodeiro et al. (1979) Cardenes et al.
slate Slates Cambrian (Biotite zone) (2014)
Sal phyllite Monterrubio Upper Schist-Greywacke Diez Balda et al. (1995)
Proterozoic Complex

Fig. 2. Detail of the Os Follos quarry, where most of the Fo samples were collected (see Fig. 1c for locality, view is NW). Slate extraction is focused on the lower part
of the quarry (black slates level) just below the Os Follos quartzite (Barros Lorenzo, 1989) with minor folds. The quartzite marks the bedding plane. Slaty cleavage is

indicated with dashed white lines.

2.2. Lower Cambrian - Mondonedo Nappe Domain (WALZ)

The sample Lugol comes from the Candana Group (Lower Cambrian;
Terra Cha-Lorixe quarry). The area is a part of the Mondonedo Nappe
Domain in the WALZ. The Candana slates in this area have a thickness of
500 m, with schists and carbonates also present. The sample Lugol, a
high quality roofing slate, comes from the upper section with ca. 200 m
of green to greenish-grey slates (Fig. 4c). The fissility grade of this slate
is relatively low (Cardenes et al., 2013). The original sediments of the
Candana Group were deposited under shallow marine conditions.
Variscan regional metamorphism transformed the original shales into
slates and phyllites. The mineral assemblage includes quartz, white mica
(muscovite), chlorite and minor biotite suggesting metamorphic condi-
tions ~450 °C (Cardenes et al., 2013). The structure in the area is
complex with overturned and recumbent N-S folds with an axial planar
foliation (300-335 Ma; Dallmeyer et al., 1997) (Suppl. Fig. 2), and
relatively open, upright folds with a similar trend, and local

development of cleavage in a cartographic interference patterns
(Gonzalez Lodeiro et al., 1979; Martinez Catalan et al., 2014).

2.3. Upper Proterozoic-Lower Cambrian - the Schist-Greywacke Complex
(C1Z)

Sample Sal is a phyllite, not a slate, and was collected from the
Schist-Greywacke Complex (SGC) in Salvatierra de Tormes (Salamanca)
in the CIZ (Table 1, Suppl. Fig. 3). We use this sample to highlight the
different microstructures in pelitic metamorphic rocks. It belongs to the
lower section of the SGC in the Monterrubio Formation, which consists
of more than 2000 m of metapelites with thin interbedded layers of
sandstones, vulcanites and conglomerates (Diez Balda et al., 1990).
Sample Sal was collected between the biotite and almandine Barrovian
isograds (<450 °C) and shows a penetrative crenulation cleavage
(Fig. 3c). Original shales were deposited in a slope-distributary channel
complex in the context of the Iapetus ocean. Metamorphic
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Fig. 3. Hand specimens of slates. (a) Fo3 with no quartz, (b) Fo8 with diagonal bedding and slaty cleavage (horizontal), (c) phyllite Sal with crenulation lineation.

Scale (2 cm) applies to all.

Fig. 4. Roofing slates: (a) Fo9, Os Follos black slate with visible vertical lineation (1st. quality tiles). (b) Pivl, Luarca Fm. black slate. These slates are very ho-
mogeneous. (c) Lugol, Green Lugo slate. In all cases, tile width is 21 cm, thickness varies from 2.5 mm (Fo9), 5 mm (Pivl) to 9 mm (Lugol). Scale is 30 cm. XY
coordinates are indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

transformation of the shale into a phyllite occurred during the Variscan
Orogeny. Contractional phases led to a Barrovian metamorphism
(360-320 Ma) with peak pressure conditions of 400-550 MPa and
temperature conditions greater than 650 °C (Diez Balda et al., 1995;
Azor et al., 2019).

3. Microstructures and mineral composition investigated with
SEM

From hand specimens polished 30 pm thin sections were prepared
perpendicular to the slaty cleavage and assigned coordinates: Z
perpendicular to the cleavage, X parallel to the lineation and Y
perpendicular to X and Z (Fig. 4a). Because of the fine grain size optical
microscopy with a petrographic microscope is not very informative.
Therefore microstructures were analyzed with scanning electron mi-
croscopy (SEM). Carbon-coated thin sections were analyzed with a
Zeiss-EVO scanning electron microscope in high vacuum mode at 20 kV
and a beam current of 2 nA. We mainly used backscatter electron (BSE)
detectors for imaging where the brightness of each phase imaged is
dominantly related to their respective atomic number, making it easy to
identify the main components in the samples: chlorite (bright), white
mica (muscovite/illite) (light grey) and quartz (darker grey) (Fig. 5a and
b). In the transition from shale to slate and schist, illite-smectite

transforms to white mica and chlorite but, as we will see, this transition
is not quite complete in slates. Thus we will use the name “white mica”
in most of this paper.

SEM-BSE images for Lugol clearly document a different shape for
chlorite, white mica, as well as quartz, parallel (Fig. 5a) and perpen-
dicular to the lineation (Fig. 5b). From such images the grain shape can
be estimated by measuring the longest and shortest axes of each grain,
assuming an ellipsoidal shape (Fig. 6). This was done manually on ten
grains per sample to determine an average length/width ratio in XZ
sections (Table 2). For Lugol XZ (Fig. 5a) the average ratios for white
mica are ~16, for chlorite ~15 and for quartz ~8. In YZ sections
(Fig. 5b) they are ~7.6, ~7.5 and ~4.5, respectively. Overall aspect
ratios of phyllosilicates as well as quartz are about two times larger
parallel than perpendicular to the lineation.

With energy-dispersive spectroscopy (EDS) and an EDAX-AMETEK
detector and analytical software, phases were identified (Table 2) and
chemical composition was estimated for white mica (Table S2) and
chlorite (Table S4).

SEM-BSE images for all samples are presented in Fig. 7 and some
details are highlighted in Fig. 8. Grain alignment is most regular in Bv5b,
Fo3, Fo4, Pivl and Lugol. All images in Fig. 7 are XZ sections (parallel to
the lineation), except Sal (Fig. 7k) which is perpendicular to the line-
ation (YZ). Grain size is similar in slates sampled from the same location.
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Fig. 5. SEM-BSE microstructural images of slate Lugol. Quartz is dark, chlorite
is bright and white mica is light grey. (a) is parallel to the lineation (X) where
grains have a larger aspect ratio (length/width), and (b) perpendicular to the
lineation (Y) with a smaller aspect ratio.

Fig. 6. SEM-BSE image of microstructure in Fo9 with chlorite (C), white mica
(M) and quartz (Q). Ellipses approximate grain shapes and averages over 10
grains (Table 2). They are used in GeoMixSelf to calculate aggregate elastic
properties (Table 4).

On average, phyllosilicate sizes within a sample range from 5 to 20 pm in
length and 1-3 pm in width. All Fo samples show an average for phyl-
losilicates 10 pm in length and 1 pm in width and for quartz around 12
pm in length and 3 pm in width in XZ sections. The largest grains are
found in slate sample Bv5b with phyllosilicates average in length 20 pm
and 2 pm in width (Fig. 7a) and phyllite Sal with crystals up to 50 pm in
size (Fig. 7k). The smallest grains are in Pivl with phyllosilicates aver-
aging 7 pm in length and 2 pm in width (Fig. 7i). The aspect ratios of
phyllosilicates in XZ sections average to 1:10, but are slightly less for Fo7
and Fo9 (Table 2). Fo9 shows occasional kink bands (Fig. 8d).

The phyllite Sal from Salvatierra de Tormes shows a more complex
microstructure than slates, with a clear crenulation cleavage (Fig. 8g).
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The macroscopic foliation corresponds to a crenulation cleavage (S3, in
Fig. 8g). Two types of layers are recognized: the cleavage domains with
undulating fine-grained white mica, some chlorite and occasional biotite
(B), and much coarser quartz-rich microlithon layers, where relics of an
older foliation (S1) appear (Fig. 8 g-i) (Passchier and Trouw, 2005, p.
366). Phyllosilicates in the fine-grained mica-rich domains, defining the
S3 foliation, are more or less perpendicular to those in the quartz-rich
layers, which define the S1 foliation. We will see that this is also
expressed in the preferred orientation patterns.

Quartz grains are also flat in most samples, except Sal and Fo7, with
an aspect ratio ~1:5 (Figs. 7 and 8, Table 2). Sample Fo3 has practically
no quartz. While most phyllosilicates are horizontally aligned parallel to
the cleavage, there are some exceptions of chlorite-white mica stacks
that are oriented oblique to the cleavage direction (e.g. Fo4, Fig. 7d;
Piv1, Fig. 7i; Fo3, Fig. 8a; Hebl, Fig. 8e). Such stacking makes quanti-
tative EDS analysis difficult because the beam penetrates into the sample
and averages (e.g. Kisch, 1990). These stacks have aspect ratios of ~
1-3.

SEM-BSE images clearly display accessories, many with high
brightness. They were identified with EDS analyses. Apatite has a pris-
matic shape and the prisms are more or less aligned parallel to the
cleavage plane (Ap in Fo9, Fig. 7g; Fo3, Fig. 8b). In some samples there
are large crystals of monazite showing late-kinematic relationships (Mo,
e.g. Fo3, Fig. 7¢; Fo9, Fig. 8c). In Lugol there are large secondary
crystals of ilmenite (Fig. 8f). Only in Sal could we identify relatively
large crystals of biotite (Fig. 8g).

Based on EDS analyses, white mica in all samples is basically
muscovite but with minor components of Mg and Fe (Supplementary
Table S2). This could be due to submicroscopic interlayers of chlorite (e.
g. Fig. 8a, e) or incomplete transformation from illite/phengite (e.g.
Minato and Takano, 1952). All chlorites have a high iron content
(Fe/Mg~1.6) (Table S4). Compositional variations of white mica and
chlorite are minor. Note that our EDS analyses are semi-quantitative but
atomic proportions are very consistent.

4. Crystallographic preferred orientation and volume fractions
measured with high energy synchrotron X-ray diffraction

Crystallographic preferred orientation (CPO) of fine-grained slates
can be measured quantitatively with high energy X-ray diffraction on
bulk samples and electron backscatter diffraction (EBSD) on single
grains with scanning electron microscopy. Examples of the two methods
were discussed in a review and compared with earlier qualitative results
from X-ray pole figure goniometry (Wenk et al., 2020). Here we use high
energy synchrotron X-rays which is an excellent method to quantify
strong preferred orientation in fine-grained materials due to its ability to
characterize bulk grain statistics with high sample penetration and low
diffraction angles. All samples were prepared identically, measured with
the same instrumental settings and diffraction data were analyzed with
the same methods.

Rectangular prismatic blocks 3-5 mm wide and ~10 mm long were
cut with a diamond saw using the sample XYZ reference system defined
above. The long axis of the block (Z-axis) is perpendicular to the
cleavage plane, and the perpendicular X-axis is parallel to the lineation.
Then the long prism edges were ground down manually to an approxi-
mately cylindrical shape with its long Z axis perpendicular to the
cleavage plane of the sample. This method was better than using a core-
drill, which caused fracturing on the cleavage. The cylinders were then
mounted on a metal rod and measured at the high energy beamline 11-
ID-C of the Advanced Photon Source synchrotron at Argonne National
Laboratory.

A schematic of the experiment is shown in Fig. 9. An X-ray beam with
a wavelength of 0.1173 A (105.7 keV) and a spot size of ~0.8 mm x 0.8
mm reaches the sample, which is mounted on a goniometer head with a
horizontal rotation axis (laboratory Z-axis). The sample is tilted and
translated on the goniometer head to bring the center of the cylinder



H.-R. Wenk et al.

Table 2
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Volume fraction of each mineral (in %) quantified by synchrotron X-ray diffraction, average aspect ratio (length/width averaged over 10 grains) for white mica,
chlorite and quartz, and accessories (Ab albite, Ap apatite, Bi biotite, Ilm ilmenite, Mo monazite, Py pyrite, Ru rutile determined with scanning electron microscopy.
Standard deviations of volume fractions in parentheses (last digit). Aspect ratios calculated from XZ sections.

Volume fractions (%) Aspect ratios (length/width) Accessories
White mica Chlorite Quartz Albite White mica Chlorite Quartz
Bv5b 44.5(3) 24.1(2) 24.8(2) 6.5(4) 10 10 3 Ap, Ru
Fo2 38.4(1) 25.6(1) 25.6(1) 10.5(1) 10 7 3 Ap, Py, Ru
Fo3 63.5(6) 36.3(3) 0.1(5) - 10 13 NA Ab, Ap, Mo, Py, Ru
Fo4 41.3(2) 27.4(1) 22.1(1) 9.2(1) 8 7 4 Py, Ru
Fo7 45.0(1) 16.4(1) 34.1(1) 8.6(1) 8 5 3 Py, Ru
Fo8a 35.3(1) 26.3(1) 28.3(1) 10.1(1) 14 9 4 Mo, Ru
Fo8b 35.3(1) 26.3(1) 28.3(1) 10.1(1) - - - -
Fo9 38.9(2) 27.3(1) 26.7(1) 7.1(1) 7 6 3 Ap, Mo, Py,
Hebl 36.7(1) 29.9(1) 26.2(1) 7.2(1) 7 10 5 Ap, Py, Ru
Lugol 40.2(1) 16.8(1) 42.9(1) - 11 11 4 Ilm
Pivl 42.3(1) 26.0(1) 31.7(1) - 10 10 3 Ap, Ru
Sal 39.4(2) 19.7(1) 31.5(2) 9.4(5) 15 10 2 Ap, Bi, Ru

into the center of the beam and the cylinder axis parallel to the hori-
zontal rotation axis. About 10 cm behind the sample the primary beam is
captured by a beam stop. The diffraction images are recorded with a
PerkinElmer 2D image plate detector mounted ~195 cm from the
sample.

The experiment takes advantage of the high energy of X-rays, not
only for good sample penetration, but also for low diffraction angles (a
range of 20 = 0.4-3.5° was used, corresponding to lattice d-spacings
15.0 to 1.92 A). Recorded diffraction peaks correspond to lattice planes
that are barely tilted relative to the incoming X-ray (6 = 0.2-1.75°). Note
that in the schematic Fig. 9 a much larger wavelength and corresponding
larger 20 is depicted for illustrative clarity.

Before measuring slate samples the instrument geometry is cali-
brated with a LaBg standard (a = 4.156468 10\) to refine sample-detector
distance, exact detector orientation and instrumental resolution
(Caglioti function, Caglioti et al., 1958). Slate samples were then
measured over a ¢ 0-165° range, rotating around Z. During each rota-
tion, 11 “composite” images at ¢ = 15° rotation intervals were acquired.
A composite image is a sum over ~200 diffraction images captured
using 0.5 s exposure during the rotation interval. During each rotation
interval, the sample was also translated along the cylindrical axis (Z) to
improve grain statistics. The measurement of a sample, including
mounting of the sample, software control, ¢-rotations and exposure
time, takes about 20 min.

Two typical diffraction images for slates Fo3 and Fo4 are shown in
Fig. 10. Each circular Debye ring represents diffraction from a different
lattice plane hkl. Azimuthal intensity variations along the rings (1 angle)
indicate strong preferred orientation for white mica/muscovite and
chlorite and minimal preferred orientation for quartz, the main mineral
constituents in the sample Fo4 (Fig. 10b). Fo3 is exceptional, with
almost no quartz (Fig. 10a). (00l) diffractions of phyllosilicates are
strongest perpendicular to the vertical cleavage (horizontal direction Z
in Fig. 10).

The 11 images at different ¢-rotations in 15° intervals (from 0° to
165°) are then used to map the three-dimensional diffracted intensity
distribution relative to sample coordinates XYZ, which can be projected
on a pole figure (the insert in upper left of Fig. 9 shows a simplified pole
figure coverage for 6 images at 30° ¢-intervals). The rotation is about the
axis normal to the cleavage plane (Z). There is good coverage of different
directions with data, particularly the center which corresponds to (001)
maximum of phyllosilicate pole figures.

The 11 diffraction images for a sample were then analyzed simul-
taneously with the Rietveld method (Rietveld, 1969), which relies on a
least-squares fit to minimize the difference between experimental
diffraction data and a calculated model that is based on diffractometer
parameters, beam intensity, scattering background, crystal structures,
crystal preferred orientations and volume fractions of components. For

the Rietveld refinement the software MAUD was used (Lutterotti et al.,
1997). Details on the software and routine analysis procedures are
described in tutorials (Lutterotti et al., 2014; Wenk et al., 2014). First 2D
images (Fig. 10) were integrated over 5° azimuthal sectors along the 1
angle to produce 72 conventional diffraction patterns. A total of 11 x 72
= 792 patterns for each sample, with 20 ranging from 0.4° to 3.5°, were
then used in the Rietveld refinement.

A polynomial function with five coefficients was used to refine the
background of each image and 3-5 minerals were considered with
corresponding crystallographic information from the literature: for
white mica 2M-muscovite (Guggenheim et al., 1987, C2/c amcsd
0001076), trigonal quartz (Antao et al., 2008, P3;21 amcsd 0006212),
and triclinic chlorite (Zanazzi et al., 2009, C-1 amcsd 0007298). We also
tried monoclinic chlorite but the refinement quality was worse. Other
minor phases such as biotite (Bohlen et al., 1980, C2/c amcsd 0000756),
low albite (Winter et al., 1977, C-1 amecsd 0000715) and apatite (Hughes
et al., 1989, P63/m amcsd 0001259) were included for some samples.
Note that for the texture analysis in MAUD, the first setting for mono-
clinic crystals such as white mica (muscovite) and biotite needs to be
applied, i.e. (100) is the cleavage plane instead of the more familiar
second setting with (001) as the cleavage plane (Matthies and Wenk,
2009). But for labels of lattice planes hkl in text, tables and figures we
use the more conventional second setting.

A comparison of the calculated model (Fig. 11 “Fit”) with experi-
mental patterns (Fig. 11 “Measured”) for sample Fo3 shows a close
similarity, indicative of an excellent fit, both in positions as well as in-
tensities of diffraction peaks. Parameters that were refined in the Riet-
veld analysis were scattering background, lattice parameters of phases
(Supplementary Tables S3 and S5), size and shape of crystallites and
microstrains (using the anisotropic Popa, 1998 model), crystal orienta-
tions as well as volume fractions of phases.

Most important for this study are three-dimensional crystallographic
preferred orientation distribution functions (ODF) which are expressed
in intensity variations along Debye rings. They were refined with the
discrete EWIMV method, based on WIMV (Matthies and Vinel, 1982) but
allowing for arbitrary data coverage. No sample symmetry was imposed
and an ODF 7.5° cell size was considered for the discrete orientation
space for every mineral. The refined ODF was then exported from MAUD
and introduced into the BEARTEX software (Wenk et al., 1998) to rotate
the sample orientation such that the normal to the cleavage plane
(Z-axis) is in the pole figure center and, if there is a girdle-like distri-
bution, the girdle is perpendicular to the X-axis of the pole figure, i.e.
normal to the lineation. The transformed ODFs were then used to
calculate and plot pole figures of minerals as well as to model bulk
elastic properties of each sample.

The Rietveld refinement also provides quantitative information
about phase volume fractions. The main phases in all samples are white
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Fig. 7. (a-k). SEM-BSE images of slate samples cut perpendicular to cleavage and parallel to the lineation (XZ) except for (k) Sal which is perpendicular to the
lineation (YZ). Phases identified using SEM-EDS and labeled as chlorite (C), white mica (M), quartz (Q), albite (Ab), apatite (Ap) and monazite (Mo). All scale bars are
10 pm unless otherwise labeled. Images were taken in high vacuum mode at a working distance of 15 mm and accelerating voltage of 20 kV.

mica, chlorite and quartz (Table 2). Lugol has the highest quartz content
(42.9%). The quartz + albite content of black to dark-grey slates Fo2,
Fo7 and Fo8 range from 36 to 43% and for Bv5b, Fo4, Fo9 and Heb1 it is
less than 35%. Sample Fo3 is a homogeneous black slate with the lowest
quartz + albite content (0.1%).

ODFs, as well as pole density values in pole figures are expressed in
multiples of random distribution (mrd) with 1 mrd corresponding to an
isotropic distribution (or absence of preferred orientation) and oo cor-
responding to a single crystal orientation. Pole figures are displayed for
white mica (Fig. 12), chlorite (Fig. 13), quartz (Fig. 14), apatite

(Fig. 15a) and biotite (Fig. 15b). Some information is summarized in
Table 3. Pole figures are projected on the cleavage plane (XY) in equal
area projections to produce minimal distortion of the dominant (001)
maximum (in the center) and display deviations from axial symmetry.
For white mica the (001) pole figure maxima vary from 25 mrd to
120 mrd, for chlorite from 13 mrd to 125 mrd. The strongest preferred
orientations are in Lugol (white mica 120 mrd and chlorite 125 mrd)
and Fo4 (white mica 83 mrd, chlorite 84 mrd), and relatively weak
orientations were observed in Fo2 (white mica 25 mrd, chlorite 22 mrd),
Fo8 (white mica 29 mrd, chlorite 37 mrd) and Sal phyllite (white mica
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Fig. 8. (a-f). SEM-BSE images of details in some samples as discussed in the text. Phases identified using SEM-EDS are chlorite (C), white mica (M), quartz (Q), albite
(Ab), apatite (Ap), biotite (B), ilmenite (II) and monazite (Mo). (g—i) Some details about crenulation cleavage in phyllite Sal. (g) There are different planar features:
S1 (dotted line) is an older foliation, and S3 (white line) is the crenulation cleavage, which define the fissility of the rock. Note that a late crenulation of low
amplitude overlaps S3. (h) Schematic outlining of microlithon and cleavage domain. The cleavage domain, predominantly composed of white mica, corresponds to a
compressional foliation (S3). Within microlithons transposed relics of the S1 foliation are preserved. (i) 3D image with horizontal crenulation cleavage (S3) and late
crenulation lineation (see also Fig. 3c).

Fig. 9. Schematic of X-ray diffraction experiment with X-ray beam, cylindrical sample mounted on a goniometer head and incrementally rotated (¢) around Z, and
detector with diffraction image. Upper left is the pole figure coverage with 6 images taken at different angles ¢. Each dot represents a diffraction pattern averaged
over 5° on n). Note that there is excellent coverage in the center (Z) for the main orientation maximum (001 of phyllosilicates).
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Fig. 10. Selected diffraction images for (a) Fo3 (without quartz) and (b) Fo4 (with quartz). Intensity variations along Debye rings are indicative of preferred
orientation. In (b) for quartz 100 and 101=(101 + 011) there are no intensity variations and thus no CPO. Cleavage plane is vertical. Z is normal to cleavage
(horizontal) and vertical axis varies between X and Y depending on sample rotation (¢); n defines the azimuthal angle of patterns on the Debye ring.

42 mrd, chlorite 14 mrd). In many samples white mica and chlorite show
similar maxima, an exception is Sal where chlorite is much weaker
which is consistent with the complex microstructure (Figs. 7k and 8g).
All samples show a girdle in the YZ plane, most pronounced in Fo8, Fo9,
Lugol and Sal. In Fo3 and Pivl the distributions are close to axial
symmetry. Texture patterns for Sal reflect the crenulation cleavage,
with a minor (001) sub-maximum in Y (both for chlorite and white
mica), which correlates with the quartz-rich microlithon layers in Fig. 8g
(SD).

In actual 3D ODFs exported from MAUD, ODF maxima are consid-
erably higher than (001) pole figure maxima (Table 3) reaching 310 mrd
for white mica and 951 mrd for chlorite in Lugol. This is because 2D
pole figures are 3D ODF projections. ODFs are used to calculate pole
figures as well as anisotropic physical properties.

Perhaps most surprising has been the effective absence of significant
preferred orientation for quartz (Fig. 14) in spite of the highly flattened
grain shape as displayed in SEM images (Fig. 7). Except for phyllite Sal
with fairly equiaxed quartz, aspect ratios range from 3 to 5 (Table 2).
Pole figure maxima for quartz range from 1.4 mrd to 2.2 mrd. Pole
density values of <1.4 mrd are most likely artifacts of the Rietveld
analysis with extremely oriented phyllosilicates diffraction peaks over-
lapping with quartz (Fig. 10). The strongest CPO with a (0001)
maximum of 2.3 mrd was observed in Sal (with a weak phyllosilicate
texture and equiaxed quartz grains) but the pole figure does not corre-
spond to any typical textures documented in quartzites where quartz
(0001) CPO generally exceeds 5 mrd, with regular patterns (e.g.
Menegon et al., 2008; Toy et al., 2008; Wenk et al., 2019).

We have explored orientation patterns of some accessories. Albite
does not display any coherent orientation. Prismatic apatite in Fo3
aligns with (0001) preferentially in the lineation direction X (Fig. 15a),
which is comparable with SEM microstructures (Fig. 8b). Biotite in Sal
displays a weak preferred orientation of (001) (3.1 mrd) at high angles
to the foliation plane (Z-axis) (Fig. 15b).

5. Elastic anisotropy based on crystallographic and shape
preferred orientation

Elastic properties of rocks are needed to examine seismic velocities
and particularly their anisotropy. Slates, composed of elastically highly
anisotropic white mica (muscovite) and chlorite with strong alignment
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are significant contributors to seismic anisotropy in the crust (e.g. Guo
et al., 2014; Cardenes et al., 2021). These slate samples with extraor-
dinary preferred orientation also provide an excellent case to explore the
influence of mineral composition, crystallographic and shape preferred
orientation on seismic anisotropy and elastic properties of polymineralic
rocks. While there are many data on the anisotropy of shales (e.g.
Hornby, 1998), there is very little information about slates which are an
important component of the continental crust in many orogenic belts (e.
g. Christensen and Mooney, 1965; Godfrey et al., 2000). We start with a
brief survey on how crystallographic and shape preferred orientation
can be used to calculate elastic properties.

Linear elastic properties of a material are described with the twice-
symmetric fourth-rank stiffness tensor Cjj (or compliance Sjjx, which
satisfies the “inversion relation” Cjjq = Sjji1) that, in the general case, has
21 independent components (e.g., Nye, 1985). If single crystal elastic
properties °C or °S are known, elastic properties of a textured polycrystal
can be estimated by averaging over the 3D ODF. In the simplest form this

Fig. 11. “Unrolled” diffraction image of Fo3 (Fig. 10a) in MAUD, plotting
azimuthal intensities as function of 2-@. This corresponds to a stack of 72 in-
tegrated diffraction patterns. Some diffraction peaks are indexed (Ch: chlorite,
M: muscovite/white mica). Bottom are experimental data and above it the
Rietveld fit.
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Fig. 12. Pole figures of white mica (muscovite). Equal area projection on cleavage plane. Contours in multiples of random distribution (mrd), logarithmic scale.
Coordinates X (lineation) and Y are indicated.
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Fig. 13. Pole figures of chlorite. Equal area projection on cleavage plane. Contours in multiples of random distribution, logarithmic scale. Coordinates X (lineation)
and Y are indicated.
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Fig. 14. Pole figures of quartz. Equal area projection on cleavage plane. Contours in multiples of random distribution, linear scale. Coordinates X (lineation) and Y
are indicated.
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Fig. 15. Pole figures of (a) apatite in Fo3 and (b) biotite in Sal. Equal area projection on cleavage plane. Contours in multiples of random distribution, linear scale.

Table 3

Preferred orientations of minerals in different samples: 001 pole figure maxima and minima, ODF maximum (in multiples of random distribution, mrd) and for white
mica and chlorite angular half-width of the 001 texture maximum in XZ (a) and YZ (b) planes at 1 mrd (boundary between blue and green, in degrees).

Sample White Mica Chlorite Quartz
Min 001 Max 001 ODF max (001) a-b Min 001 Max 001 ODF max (001) a-b Min 001 Max 001

Bv5b 0.1 56.4 94 21-40 0.1 57.0 354 22-50 0.61 1.51
Fo2 0.1 25.2 71 24-52 0.1 21.6 79 23->90 0.41 1.68
Fo3 0.0 69.4 205 20-33 0.1 99.3 503 19-35 - -
Fo4 0.0 83.5 213 22-36 0.0 83.7 531 21-41 0.43 1.35
Fo7 0.1 38.0 83 24-43 0.0 36.6 660 22-38 0.38 1.70
Fo8a 0.0 29.3 70 22-55 0.0 37.4 143 22-65 0.51 1.43
Fo8b 0.0 36.6 106 22-50 0.0 51.0 132 21-54 0.38 1.54
Fo9 0.0 43.1 138 23-51 0.0 65.1 140 23-50 0.62 1.36
Hebl 0.0 61.8 184 22-51 0.0 44.4 173 22-45 0.35 1.80
Lugol 0.0 119.8 310 17-32 0.0 125.1 951 16-29 0.15 1.70
Pivl 0.0 46.7 114 24-33 0.0 57.4 461 22-42 0.52 1.32
Sal 0.0 41.6 139 18-90 0.1 13.5 88 21->90 0.31 2.23

can be done as an arithmetic average of stiffness over all crystals (Voigt
average, Voigt, 1887) or an average of compliance (Reuss average,
Reuss, 1929). Both averages allow for calculation of properties of
multiphase polycrystals by including volume fractions of different
phases. A Voigt average is higher (upper bound of the polycrystal
properties) than the Reuss average (lower bound). The real elastic
properties of the polycrystal are between the two. Different methods
were proposed to narrow these bounds, e.g., using an arithmetic mean of
Voigt and Reuss results (Hill, 1952), or geometric mean models
(Matthies and Humbert, 1995). The latter additionally obey the

statistically important group principle (Matthies et al., 2001).

Such relatively simple methods consider only ODFs, volume fractions
and single crystal elastic properties of constituent phases, and disregard
details of grain interactions, or grain shapes. This could be addressed
with finite element methods, but these are rarely applied to such com-
plex anisotropic and heterogeneous materials as multiphase rocks and
are mostly limited to studies of isotropic materials or 2D cases (e.g.,
Makarynska et al., 2008; Zhong et al., 2014; Srisutthiyakorn et al.,
2018).

Another approach is to use an iterative self-consistent algorithm that

Fig. 16. P-wave velocity distributions of white mica (muscovite), chlorite (projected on cleavage plane (001)) and quartz (with c-axis in center) single crystals.
Linear scale. Equal area projection. Minimum and maximum velocity values (in km/s) and anisotropy coefficients An are given.
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Table 4

Elastic properties of slates obtained by GMS averaging, expressed as 21 stiffness coefficients (C;; in GPa); P-wave velocity maxima and minima and shear wave splitting
(P and dS velocities are in km/s); P-wave anisotropy coefficient An(%); and density (g/cmS). X is lineation, Z is normal to cleavage. Grain shapes 1:1:0.1 were assumed
for phyllosilicates and 1:1:0.2 for quartz.

density Bv5b Fo2 Fo3 Fo4 Fo7 Fo8a Fo9 Hebl Lugol Pivl Sal

2.706 2.693 2.730 2.696 2.716 2.686 2.692 2.684 2.714 2.700 2.701
C11 141.20 135.02 171.54 144.95 134.58 135.80 139.01 142.09 139.79 142.72 131.68
Coo 130.40 119.86 159.95 134.97 124.01 119.67 124.50 131.15 134.28 136.9 112.75
Cs3 83.54 89.06 77.49 83.76 82.43 90.35 88.29 86.72 78.55 82.17 89.26
Caq 30.16 33.23 24.06 29.30 30.66 33.23 31.82 30.84 29.30 29.31 34.04
Css 29.84 33.90 23.94 29.28 30.90 33.70 32.12 30.94 28.74 29.23 35.38
Cos 51.89 47.93 59.93 53.65 50.39 48.31 49.74 52.29 54.96 54.05 45.82
Ci2 30.72 28.76 44.58 31.38 27.64 28.25 29.88 30.74 26.70 30.99 26.38
Ci3 23.23 24.67 28.77 22.76 21.75 23.31 23.88 23.35 18.72 22.97 23.82
Cia 0.07 0.12 0.08 —-0.03 -0.25 —0.05 —0.01 0.11 0.75 0.04 0.57
Cis —1.42 -1.07 7.08 0.88 —-2.73 1.74 0.38 2.21 —0.69 —5.82 —-1.20
Cie 0.20 —-0.39 -0.57 -0.27 -0.31 -0.37 —-0.01 -0.29 —-0.06 —-0.03 —0.09
Cas 25.22 26.64 29.87 24.32 23.26 25.82 26.03 25.08 20.23 23.99 25.82
Coq 0.49 0.95 0.71 —0.06 —-2.21 —0.04 0.03 0.78 5.95 0.02 2.58
Cos -0.17 -0.13 1.09 0.11 -0.24 0.10 0.01 0.25 —-0.08 -0.71 0.08
Cae 0.09 0.15 —0.49 -0.24 -0.25 -0.16 0.02 -0.11 0.17 —0.03 0.28
Cas 0.29 -0.16 0.01 —0.06 -0.31 0.15 0.06 0.05 0.13 -0.16 1.26
Css —-0.01 0.02 0.11 0.05 -0.16 0.07 —-0.03 0.00 -0.10 0.05 -0.22
Cse —-0.09 0.01 0.21 0.13 0.14 0.06 —0.02 0.12 -0.16 0.01 —-0.05
Cas —0.04 —0.03 0.11 0.05 0.05 —0.03 —0.02 0.06 —0.09 0.00 —0.02
Cae —-0.56 -0.44 2.60 0.35 -1.03 0.59 0.10 0.84 -0.31 —2.30 -0.27
Cse 0.31 0.37 0.26 —-0.06 —-1.08 0.02 0.04 0.41 2.58 —0.02 1.91
VPmax 6.86 7.08 7.93 7.33 6.72 7.11 7.18 7.27 7.18 7.29 6.98
VPmin 5.27 5.75 5.32 5.56 5.48 5.79 5.72 5.68 5.37 5.51 5.72
An% 26.2 20.7 39.4 27.5 20.3 20.5 22.6 24.6 31.4 27.8 19.8
dS max 1.02 0.75 1.77 1.19 0.73 0.77 0.90 1.05 1.28 1.22 0.63

Table 5

Different models of elastic properties of Lugol slate expressed as 21 Cj; stiffness coefficients (in GPa); P-wave velocity maxima and minima and shear wave splitting (P
and dS velocities are in km/s); P-wave anisotropy coefficient An(%); and density (g/cmS). Coordinates X is lineation, Z is normal to cleavage. All Lugol columns assume
measured phyllosilicate and quartz CODs, except column 7 with random quartz COD. Comparison with Tambo gneiss (Vasin et al., 2017), Outokumpu gneiss (Wenk
et al., 2012) and Kimmeridge shale (Vasin et al., 2013).

density Lugol slate Tambo Outo. Kimm.
2.7144 2.660 2.750 2.648
Voigt Reuss GMS GMS GMS GMS GMS
Phyllosilicate aspect ratio 1:1:0.01 1:1:0.1 1:1:1 1:1:0.1 1:1:0.1
Quartz COD random
Quartz aspect ratio 1:1:0.2 1:1:0.2 1:1:0.2 1:1:1 1:1:1
Ci1 149.1 125.4 140.5 139.8 137.7 139.6 140.6 102.1 105.5 59.0
Co2 145.7 119.8 134.5 134.3 133.2 134.1 134.4 90.2 95.4 59.0
Cs3 88.0 75.7 78.3 78.6 81 78.7 80.2 103.9 78.1 38.1
Cas 34.8 26.2 28.8 29.3 30.2 29.3 29.0 33.9 31.8 12.5
Css 34.5 25.7 28.2 28.7 29.7 28.8 28.1 38.3 31.3 12.5
Ces 58.5 50.7 54.8 55.0 55.0 54.8 55.0 33.8 39.2 18.8
Ci2 30.0 20.7 27.4 26.7 25.1 26.7 27.0 25.3 21.5 21.5
Ci3 18.9 17.2 19.1 18.7 18.0 18.7 17.6 26.8 19.4 20.4
Cig 1.0 0.3 0.8 0.7 0.7 0.7 0.9 0.0 -0.9 0
Cis -0.6 -0.6 -0.7 -0.7 -0.6 -0.7 -0.9 0.7 1.1 0
Cie 0.0 -0.1 -0.1 -0.1 0.0 -0.1 0.0 0.8 0.9 0
Cos 20.0 18.9 20.8 20.2 19.3 20.2 19.7 25.2 21.7 20.4
Ca4 5.9 5.3 6 5.9 5.7 6.0 6.0 0.4 -0.6 0
Cos -0.1 0.0 -0.1 -0.1 -0.1 -0.1 -0.1 0.0 -0.6 0
Cos 0.2 0.2 0.2 0.2 0.2 0.2 0.0 0.1 0.7 0
Cs4 0.4 -0.4 0.1 0.1 0.0 0.1 -0.1 1.1 -1.4 0
Css -0.2 0.0 -0.1 -0.1 -0.1 -0.1 0.1 0.5 0.3 0
Cse -0.2 -0.1 -0.1 -0.2 -0.2 -0.2 0.0 0.0 0.0 0
Cys -0.2 -0.1 -0.1 -0.1 -0.1 -0.1 0.0 0.3 0.5 0
Cue -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 0.2 -0.3 0
Cse 2.3 2.5 2.6 2.6 2.4 2.6 2.8 0.3 -33 0
VP max 7.41 6.79 7.20 7.18 7.12 7.17 7.20 6.36 6.23 4.60
VP min 5.56 5.24 5.37 5.37 5.44 5.37 5.41 5.90 5.30 3.69
An% 28.5 25.8 29.1 28.8 26.8 28.7 28.4 7.5 16.1 22.0
dS max 1.11 1.28 1.30 1.28 1.22 1.26 1.31 0.25 0.53 0.48
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Fig. 17. P and dS velocities as function of direction, equal area projection on the cleavage plane. The first 10 samples are Spanish slates and Sal a phyllite. The last
one is Kimmeridge shale from the North Sea for comparison and with different intensity scale (from Vasin et al., 2013). For dVs lines indicate polarization of the fast
s-wave. Anisotropy coefficient values (%) are given. Coordinates X (lineation) and Y are indicated.

calculates elastic properties of the polycrystal, treating it as an effective
medium composed of grains approximated by ellipsoidal inclusions (e.
g., Kroner, 1958; Morris, 1970, Fig. 6). To model bulk elastic coefficients
of slates we use a modified self-consistent method GeoMIXself (GMS)
(Matthies, 2010, 2012) that adds elements of the geometric mean model
(Matthies and Humbert, 1995) to conventional self-consistent routines
to produce a unique solution for elastic properties exactly obeying the
inversion relation. As an effective medium approach, GMS neglects
correlations in positions of grains, and thus requires only ‘global’
orientation distributions. ODFs are obtained from the diffraction

16

experiments described above. Shape orientation distributions (SPO)
may be either derived from CPOs considering additional rotations when
the grain shape is related to crystallographic cleavage planes as in
phyllosilicates (Vasin et al., 2013), or be represented as §-function in the
sample coordinate system if grain shapes are defined by a macroscopic
deformation process, as in case of highly flattened quartz grain shapes in
the studied slates.

Volume fractions of minerals are available from the Rietveld
refinement (Table 2), and single crystal elastic constants of minerals are
taken from the literature (Table S6). We use elastic tensors measured by
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Vaughan and Guggenheim (1986) for white mica/muscovite (the latter
has to be changed to first monoclinic setting to comply with the CPO
analysis) and by Heyliger et al. (2003) for quartz. The stiffness tensor of
chlorite has been estimated by measurements (Alexandrov and Ryzhova,
1961) and more recently by first principles calculations (Mookherjee
and Mainprice, 2014; Ulian et al., 2018). Here we use results from
Mookherjee and Mainprice (2014) assuming a monoclinic unit cell. In
slates, triclinic chlorite is present but two lattice angles are close to right
angles; thus for calculations we used the monoclinic tensor taking into
account that it is provided in a coordinate system related to stacking
crystal planes and therefore to the grain shape. The first principle cal-
culations are made for clinochlore, a pure Mg-chlorite, while chlorites in
slates have a Fe/Mg ratio of ~2 which could affect elastic properties.

Let us demonstrate first the single crystal elastic anisotropies of the
three mineral phases that compose most of the slates. Using mineral
stiffnesses and densities, elastic wave velocities have been calculated
with BEARTEX (Wenk et al., 1998). Fig. 16 displays longitudinal P-ve-
locity distributions, projected on the (001) plane for white mica/-
muscovite and chlorite, and on the (0001) plane for quartz. Elastic
anisotropy (An) can be qualitatively described using Vp values as An% =
200(Vpmax-Vpmin)/(VPmax + Vpmin)- Clearly white mica/muscovite has
the highest elastic anisotropy (56.4%). Chlorite has a much weaker
anisotropy (30.0%). Anisotropy of quartz is even weaker (25.9%).

Aspect ratios of mineral grains in slates were assessed from SEM
images (Fig. 7, Table 2). Here we use for all samples average {1:1:0.1}
grain shapes for phyllosilicates and {1:1:0.2} shapes for quartz
(Table 4). Grain shapes of phyllosilicates are linked to their crystal
orientation, those of quartz to the sample coordinates (X/Z).

To investigate the effect of the grain shape on slate elastic properties,
we used GMS to model Lugol slate elasticity assuming different phyl-
losilicate shapes {X:Y:Z}: {1:1:0.01}, {1:1:0.1} and {1:1:1}, and quartz
shapes {1:1:0.1} and {1:1:1} (Table 5). We also explored the effect of
quartz assuming {1:1:0.1} for phyllosilicates but having random CPO for
quartz with a (1:1:0.2) grain shape and actual CPO for quartz but
isotropic shape (1:1:1).

Results for the slate elastic properties are expressed with 21 stiffness
coefficients for each slate sample (Table 4) and for different assumptions
in the case of Lugol (Table 5). Cy; coefficients, corresponding to the
lineation direction X, range from 132 to 172 GPa. Cs3 coefficients, the
stiffness along the softest direction Z perpendicular to the cleavage
range from 77 to 90 GPa. These stiffness coefficients and slate densities
computed from mineral densities and refined volume fractions, were
then used to calculate elastic wave velocities with BEARTEX. Distribu-
tions of P-wave velocities and shear wave splitting (difference between
fast and slow shear wave velocities) in slates are shown in Fig. 17. In all
slates, slowest P-waves are perpendicular to the cleavage plane (Z),
corresponding to the preferred orientation of (001) normals of phyllo-
silicates. Highest shear wave splitting is in the XY plane. Dark lines in the
shear wave splitting plots indicated the orientation of the fast s-wave.

6. Discussion
6.1. Crystallographic and shape preferred orientation

Preferred orientation patterns for white mica (muscovite) and chlo-
rite in Spanish slates are similar to those observed in a worldwide survey
(Wenk et al., 2020). However, Spanish slates consistently display a
girdle-like (001) phyllosilicate distribution in pole figures (Figs. 12 and
13). This can be quantified by looking in (001) pole figures at the
angular half-width at 1 mrd pole density in the XZ plane and the YZ
plane (Table 3). For white mica, the sharpest width in XZ (a) is 17° for
Lugol and ranges from 17° to 24°. In the YZ plane (b) the range is much
broader, from 32° (Lugol) to 55° (Fo8a). Fo8 is the sample with the
macroscopically well-visible inclined bedding plane (Fig. 3b). The dif-
ference in width in XZ and YZ is smallest for Pivl (9°) with an almost
axially symmetric pattern. Similar patterns are observed for chlorite. To
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Fig. 18. Comparison of white mica and chlorite CPOs, represented by
maximum values of 001 pole figures (mrd) and tectosilicate content (quartz +
albite) vol%, of Fo samples, calculated from data in Table 2. Lugol and Sal are
plotted for comparison.

quantify this girdle distribution, it is crucial to project pole figures along
Z on the cleavage plane (XY) to avoid distortions due to spherical pro-
jections. For projections along the lineation (X) (001) pole figures of
phyllosilicates look highly distorted, even for axial symmetry (e.g.
Cardenes et al., 2021).

The girdle distribution observed in Spanish slates is different from
some (001) pole figures observed in the Belgian Ardennes (Be-E1, E2),
Hunsriick-Germany (Sturtz), Brittany-France (Sin2), and the Eastern
Sierra Nevada in California (NS3), which are basically axially symmetric
(Fig. 19 in Wenk et al., 2020). Samples described here were subjected
not only to axial compression but also plane strain, with extension and
simple shear in the lineation direction, as demonstrated by the YZ girdle
for white mica and chlorite (001). This is consistent with the structural
evolution in this part of the Variscan orogen (Pérez-Estatin et al., 1991;
Azor et al., 2019). The sample with the most pronounced crenulation
cleavage Sal displays the largest YZ spreading of phyllosilicate (001)
normals, consistent with the layered microstructure attributed to
different deformation episodes with microlithon and cleavage domains
(Fig. 8g-i).

Microstructures with fairly euhedral platy crystals of white mica and
chlorite, with not much evidence of kinking (e.g. in Fo9, Fig. 8d) or grain
boundary sliding, are consistent with recrystallization under stress
(Kamb, 1959; Paterson, 1973; Shimizu, 2001), rather than rigid particle
rotations that have been proposed by Oertel and Curtis (1972), Oertel
(1983) and Sintubin (1994), using the Jeffery (1923) and March (1932)
theories. The dominant mechanism appears to be pressure solution and
reprecipitation (e.g. Weyl, 1959; Plessmann, 1964, 1966; Durney, 1972;
Rutter, 1976; De Boer, 1977; Wright and Platt, 1982; Lee et al., 1986;
Ishii, 1988; Kanagawa, 1991; Karasawa and Kano, 1992; Heidelbach
et al., 2000; Ho et al., 2001; Imon et al., 2004) and would also account
for flat quartz grains growing parallel to phyllosilicate platelets in
pressure shadows (e.g. Pabst, 1931; Passchier and Trouw, 2005), with
random crystal preferred orientation.

Fo8a has a pronounced bedding plane at 20° to the cleavage (S1)
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plane (Fig. 3b), but this does not seem to be expressed significantly in
the texture. The bedding plane/cleavage intersection is visible by weak
diagonal structures on slaty cleavage surfaces (top left/bottom right in
Fig. 4b and c). While the bedding plane is recognized in some hand
specimen due to slight compositional variations (Fig. 3b), it is not well
expressed in SEM microstructures, except a weak diagonal stacking of
platelets top right/bottom left e.g. in Fo8a (Fig. 7f), Pivl (Fig. 7i) and
Lugol (Fig. 7j).

One question is the total strain to which slates were subjected. There
are no clear passive markers in our samples to account for strain
quantification. The development of a penetrative slaty cleavage has
been typically related to >50% shortening perpendicular to cleavage
plane (e.g. Wood, 1974). A combination of different processes is
involved in the development of slaty cleavage. Rigid rotation and
intracrystalline plasticity of micas combine with solution-transfer creep
in both phyllosilicates and quartz. The observation of strong quartz SPO
without CPO points to a dissolution and reprecipitation mechanism,
which, under significant stress at low temperature, can generate strong
fabrics without significant plastic deformation by dislocation glide (e.g.
Czertowicz et al., 2019).

The influence of metamorphic grade on slate microstructures has
been discussed (e.g. Siddans, 1972; Wood et al., 1976; Knipe, 1979,
1981; Morris, 1981; Lee et al., 1986; Ho et al., 1995; van Norden et al.,
2007; Jacques et al., 2014). In the case of Spanish metasediments
studied here, metamorphic grade ranges from lower to upper greens-
chist facies. Highest grade, with some biotite, applies to Sal and Lugol.
In all samples microstructures indicate that white mica and chlorite
crystallized in equilibrium with euhedral crystals, only rarely bent and
particularly often interlayered at micron-scale (Figs. 7i and 8a, e). It
suggests equilibrium growth during the illite/smectite white mica/-
chlorite transformation.

The mineral composition is similar in all samples, with white mica,
Fe-Mg chlorite and quartz as the main phases, and minor components
like albite (<10%, Table 2), depicting an overall textural equilibrium
under greenschist facies conditions. Typical lepidoblastic microstructure
dominate the fabric, which can be easily correlated to regional axial
plane foliation in all cases. Only in the case of the highest metamorphic
grade (phyllite Sal), with the presence of biotite and a crenulation
cleavage (e.g. Cosgrove, 1976; Gray, 1977; Gray and Durney, 1979;
Passchier and Trouw, 2005), there is a relatively complex evolution
(Fig. 8g-i). In Sal, biotite crystals are large but scarce (<5%) and show a
syn/late-kinematic character with respect to the principal foliation (S3
cleavage). Also, Sal is the only sample where quartz does not have a
flattened grain shape as a result of the formation process of layered
microlithons domains (Fig. 8h) and displays significant CPO (Fig. 14).
From the white mica (001) YX girdle (Fig. 12) it can be inferred that the
sample experienced more or less asymmetric expension rather than
plane strain.

Determining lattice parameters of phyllosilicates in the Rietveld
refinement (Supplementary Tables S3 and S5), as well as estimating
chemical composition with EDS analyses (Supplementary Tables S2 and
S4) suggests no systematic variations with metamorphic grade. Chlorites
have all similar high Fe/Mg ratios (~1.6), perhaps slightly lower for
high grade Lugol and Sal (~1.3).

There are consistent accessories (<3%) in most samples: apatite,
pyrite and rutile (Table 2). Apatite with prismatic shape deformed with
phyllosilicates and developed significant texture with [0001] aligned in
the lineation direction (X in Fig. 15a). Monazite has been documented in
Fo3, Fo8 and Fo9. Lugol contains relatively large phenocrysts of
ilmenite (Fig. 8f) that grew and replaced phyllosilicates and quartz.
Albite is present in many samples (0-10%, Table 2) but displays no
significant preferred orientation.

One of the most important properties of slates related to micro-
structures is fissility (Cardenes et al., 2014). Splitting into thin slate
plates (i.e. 3-10 mm thickness) up to certain dimensions (minimum 32
x 20 cm) is critical to determine the potential of the rock for being a
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high-quality roofing slate (Fig. 4, e.g. Garcia-Guinea et al., 1998). There
is a close correlation between mechanical properties of slates and their
fabric (i.e. bending strength; Wagner, 2007; Gomez-Fernandez et al.,
2012). The quartz content is a significant factor modifying both fabric
and mechanical response of the slate, affecting its workability and slate
hardness (Cardenes et al., 2014).

In our samples quartz shows a strong shape preferred orientation
(Fig. 7), but an almost random texture (Fig. 14). There appears to be a
slight tendency for a concentration of poles of positive rhombs (101)
perpendicular to the cleavage plane, which could be attributed to me-
chanical Dauphiné twinning (e.g. Minor et al., 2018). But this is ques-
tionable because the strong quartz (101 + 011) diffraction peak overlies
with the strong white mica (006) peak (Fig. 10b).

To explore the interlink between mineral composition and phyllo-
silicates texture, we have represented in Fig. 18 the covariance of the
(001) pole figure maximum value (mrd) of white mica and chlorite, and
the abundance of tectosilicates in the rock (quartz + albite, Table 2). Our
results show that in most samples within the common compositional
range for Spanish roofing slates, phyllosilicate texture strength de-
creases as tectosilicate content increases (Fig. 18). Both white mica and
chlorite display a similar behavior as suggested by microstructural ob-
servations (Figs. 7 and 8). Even slates like Fo3, with a very low content
of tectosilicates, are compatible with this trend.

6.2. Elastic anisotropy

All slates have strong elastic anisotropy as expressed by P- and S-
wave velocities calculated based on microstructures and preferred
orientation (Table 4, Fig. 17). There is a P-wave velocity minimum
perpendicular to the cleavage (in Z direction) and a maximum in the
lineation direction (X) with strong shear-wave splitting in the cleavage
plane. The P-wave anisotropy coefficient An ranges from 19.8% (Sal) to
39.4% (Fo3). Fo3 is the sample without quartz, almost entirely
composed of phyllosilicates. Maximum shear wave splitting in the 11
samples ranges from 0.6 to 1.8 km/s. Fo3 demonstrates maximum
splitting due to minimal quartz content.

The Spanish slates provide excellent samples to explore the as-
sumptions of different averaging models and particularly the influence
of grain shape on anisotropy in a polymineralic rock. They are high-
lighted in Table 5 for Lugol. As was mentioned earlier, the Voigt model
provides an upper bound for polycrystal elastic properties with high P-
wave velocities, while the Reuss model provides a lower bound with
lower velocities, the GMS model provides intermediate results. There is
not much difference between extremely flat grains of phyllosilicates
(1:1:0.01) and flat grains corresponding best with observed micro-
structures (1:1:0.1). Both models provide high P-wave anisotropy (An)
and shear wave splitting values (dS max) (Table 5). Assuming spherical
phyllosilicate grains (1:1:1) results in a 5% lower An, as well as lower
shear wave splitting. Thus, the sophisticated GMS model improves es-
timates of elastic anisotropy. Considering random CPO or spherical
grain shapes for quartz instead of oriented {1:1:0.2} platelets barely
affects slate elastic properties and anisotropy.

Rather low An values of ~13.6 + 3.0% were recently reported for
some Spanish slates investigated with EBSD and explored for elastic
anisotropy with the Hill model (Cardenes et al., 2021), compared to our
results with An 20-40%, Table 5). This could be attributed both to un-
derestimation of phyllosilicate content with EBSD and the simplified
arithmetic mean of the Hill approach, which disregards grain shapes.

In Table 5 we also compare elastic anisotropy of Lugol slate with
gneiss and shale. For amphibolite facies Tambo muscovite gneiss
modeled and measured elastic properties show much lower anisotropy
than slate (Vasin et al., 2017) with only 7.5% anisotropy compared with
~28% for slate. This is largely due to the much lower phyllosilicate
content (17% muscovite) and lower CPO (10 mrd). For biotite gneiss
from the Outokumpu drill hole in Finland with 23% biotite and 22 mrd,
anisotropy is 16% (Kern et al., 2009; Wenk et al., 2012). This is similar to
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other studies of gneiss and schists (e.g. Godfrey et al., 2000; Kern et al.,
2001; Cholach and Schmitt, 2006; Valcke et al., 2006; Wenk et al., 2010;
Fazio et al., 2017).

Anisotropy is also stronger in the slates studied here than in shales,
even after taking aligned porosity into account, e.g. Kimmeridge shale
(Hornby, 1998; Vernik and Liu, 1997; Vasin et al., 2013, Table 5), Mont
Terri clay (Wenk et al., 2008), Posidonia shale (Kanitpanyacharoen
et al., 2012) and experimentally compressed clay mixtures (Voltolini
et al., 2009). For Kimmeridge shale with 67% phyllosilicates and illite
(001) at 6.7 mrd, anisotropy is 22%, including aligned porosity (Vasin
et al., 2013).

For slates we did not take microfractures into account for calculating
elastic properties. Some are revealed by black regions in SEM images
(Figs. 5 and 7). They do not seem associated with the cleavage plane, are
rather equiaxed and may have originated during sample preparation.
Oriented fractures have been considered in GMS modeling of shales (e.g.
Vasin et al., 2013), gneiss (e.g. Vasin et al., 2017) and Westerley granite
(Lokajicek et al., 2021).

Shales transforming to slates in metasedimentary basins as in Spain
may contribute significantly to observed seismic anisotropy in the crust
(e.g. Christensen and Mooney, 1965). In fact, several recent studies
document seismic anisotropy in Northern Spain (e.g. Barruol et al,,
1998; Diaz et al., 2006; Acevedo et al., 2021), attributing it tentatively to
serpentinite, even though anisotropy of slates is much higher and may be
very significant for interpreting seismic data. From a regional point of
view the Iberian Massif low-grade metasediments show a pervasive
tectonic foliation related to the Variscan orogeny deformation in the
Paleozoic (Azor et al., 2019). The presence of kilometer-scale volumes of
highly anisotropic rocks like slates and phyllites, should be considered to
evaluate, for example, the significance on the reflectivity (Blangy, 1994;
Godfrey et al., 2000), or the interpretation of the recent observsations in
seismic experiments in the Iberian Massif (e.g. Diaz et al., 2006; Ruiz
etal., 2017; Palomeras et al., 2021). But keep in mind that the very high
anisotropy in hand specimens described in Fig. 17 and Table 4 is
modified by folds on the macroscopic scale (Figs. 1c and 2).

6.3. Suggestions for future studies

This study on microstructures, preferred orientation and seismic
anisotropy adds important new information on these enigmatic rocks
but it also opens new questions that should be addressed in the future.
While there is a lot of information on shales and slates, there is little
information how a shale transforms to a slate. Material from Northern
Spain may provide an opportunity since old shales are available and
transformations have been investigated geochemically (e.g. Clauer and
Weh, 2014). This transformation should also be investigated experi-
mentally to shed light on the mechanisms of dissolution — reprecipita-
tion at low grade conditions.

Another issue is organic matter. “Organic” slates/shales, or argillites,
have been described in coal deposits, but very little is known about the
transition of argillites into slates and corresponding microstructures and
textures (e.g. Large et al., 1994; Suchy et al., 2007; Suarez-Ruiz et al.,
2012). Slates from the California Shoe Fly Ftn. with a high carbon
content display only very weak fabrics. The Middle-Upper Ordovician
slates sampled in the Rozadais and Luarca Formations have similar
organic matter contents (<0.3%), while the Lower Cambrian and Upper
Proterozoic phyllites typically show no trace of organic matter (e.g.
Cardenes et al., 2014). As a consequence, the Ordovician slates depict
dark black-grey colors, while high-grade slates are greenish-grey. The
green color of the Cambrian slate (Lugol, Fig. 4c) has been attributed to
the presence of clinochlore (Cardenes et al., 2014), although in our
samples Lugol has a similar fairly high iron content as the other chlo-
rites (Supplementary Table S4). Lugol has the strongest preferred
orientation, visible in its regular horizontal alignment of phyllosilicate
grains (Fig. 7j).

Another point is experimental studies of slate anisotropy at high
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pressure. This was so far only approached with measurements at
ambient conditions, subject to an excessive influence of open fractures,
as demonstrated in the recent studies of Guo et al. (2014) and Cardenes
et al. (2021). Experiments with state-of-the-art methods such as Kern
et al. (2009) and Lokajicek et al. (2021) would add valuable new
information.

7. Conclusions

A study of greenschist-facies metamorphic slates from Northern
Spain reveals strong preferred orientation of white mica (muscovite) and
chlorite. Fairly euhedral grain shapes suggest formation from original
shales by pressure solution and reprecipitation with recrystallization.
The high CPO could be quantified with high energy synchrotron X-ray
diffraction and Rietveld texture analysis. Results are about an order of
magnitude higher than previously documented with conventional
methods such as pole figure goniometry. By contrast quartz, a significant
percentage of slate compositions, has also flattened shapes, but random
CPO. With increasing quartz content phyllosilicate CPO decreases. The
girdle-like distribution of white mica and chlorite (001) CPO implies
that a significant proportion of strain was plane strain. Due to high CPO
of phyllosilicates slates display strong elastic anisotropy (20-40%) and
since they are important components in tectonic settings around the
world, including our sampling locations in Northern Spain, they strongly
contribute to observed seismic anisotropy in the crust, which should be
incorporated into future seismic models.
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