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The interplay between phyllosilicates fabric
and mechanical response of deep-seated landslides.
The case of El Forn de Canillo landslide (Andorra)

Abstract Deep-seated landslides are among the most devastating
natural hazards on earth, usually involving a rigid rock mass
sliding over a weak, clayey shear band rich in phyllosilicates. The
mechanical response of this shear band to the loading of the
overburden is, therefore, critical for the stability and the evolution
of a landslide. We hereby show that this mechanical response is
strongly associated with mineralogy and microstructure of clay
minerals forming the shear band, and vice versa. By presenting a
detailed mineralogical, textural, and mechanical characterization
of a shear band of an active deep-seated landslide, we attempt to
shed light on processes determining the failure mechanism of a
large deep-seated landslide. The case study chosen is the El Forn
landslide located in Andorra Principality (Eastern Pyrenees). Its
shear band is formed of black shales of the Silurian period. Using
core samples of this landslide, we have performed mineralogical
and microstructural analyses (XRPD, SEM-EDS, and MicroCT),
combined with mechanical tests (liquid limit, plastic limit) to
study the interplay between the internal texture of the material
of the shear band and its mechanical response. Our results show
that the highest mechanical alteration of the material occurs at the
center of the shear band, where the phyllosilicates are perfectly
aligned parallel to the shearing direction. The alignment of the
crystals and their face-to-face contact increases the plasticity index
of the material and reduces its porosity. Hence, the shearing
movement rearranges the contacts of the phyllosilicate grains
inside the shear band, reducing the resistance of the material
and promoting the slip of the overburden.

Keywords Landslide . Phyllosilicates . Fabric . Shear
band . Porosity

Introduction
The shear band of a large deep-seated landslide is the weakest part
of the landslide (Kilburn and Petley 2003), admitting chemical and
mechanical processes that alter the material and trigger the move-
ment of the sliding mass from its creeping phase to its collapse
(Veveakis et al. 2007). Large deep-seated landslides can involve
millions of cubic meters of the rock mass, threatening infrastruc-
ture and human life in its path, thus creating the need for a deeper
knowledge of the processes that occur inside the shear band. Deep-
seated landslides can fail because of (1) external factors, changing
loading stress of the slope beyond its static limit. Such factors
include an increase of groundwater level due to rainfall or artificial
dam impoundment, and earthquakes; and (2) internal factors that
change the shearing resistance of the shear band material (i.e.,
strength and friction coefficient) without any variation of the
loading stress. Such factors include degradation processes includ-
ing thermal, hydraulic, and chemical effects (Vardoulakis 2000,
2002; Chang et al. 2005; Veveakis et al. 2007; Goren and Aharonov

2007; Regenauer-Lieb et al. 2009; Goren et al. 2010; Cecinato et al.
2011).

Some of the most prominent effects that could reduce the
friction coefficient of the shear band material, for example, are
thermal in origin (Anderson 1980; Voight and Faust 1982;
Lachenbruch 1980; Mase and Smith 1984; Vardoulakis 2002; Rice
2006). These mechanisms are of primary importance to thermally
sensitive materials like clays, making thus very important the
knowledge of the material forming the shear band of the landslide
and this material’s behavior when affected by large deformation
and stresses (Vardoulakis 2002). It is very common in large deep-
seated landslides to have a shear band formed of clays or clay-like
material. This kind of material is challenging with respect to its
response under shear, due to its mineralogical composition (i.e.,
phyllosilicates), especially when these minerals are in contact with
water (i.e., groundwater). Saturated clays can become very plastic,
which leads to sudden collapses of large deep-seated landslides
after years of creeping, as the case of the Vaiont landslide (Italy,
1963) (Veveakis et al. 2007; Segui et al. 2020).

Despite the importance of the microstructure of clay minerals
to their macroscopic response, only limited microstructural stud-
ies on phyllosilicates (mica group, chlorite group, and clay/clay-
like or poorly crystalline phyllosilicates) materials forming land-
slide shear bands have been performed. The majority of them have
been studied for faults located in plate margins (Labaume et al.
1997; Chester and Logan 1987; Collettini et al. 2009), and one for
the Walton’s Wood landslide (Tchalenko 1968). All of these studies
show that inside the shear band phyllosilicates are fully oriented
and aligned parallel to shear movement, and outside the shear
band, the fabric of clays is randomly oriented. All of them also
agreed that the alignment of clay minerals inside the shear band
affects the shearing resistance of the material, decreasing its fric-
tion coefficient (Labaume et al. 1997; Chester and Logan 1987;
Collettini et al. 2009; Tchalenko 1968). Maltman (1987) studied
experimentally the microstructure of a clayey shear band and
stated that the alignment of phyllosilicates in the shear band is
not due to the flow of groundwater but due to an intense shear
movement. Labaume et al. (1997) linked the orientation of
phyllosilicates inside the shear band with a compactant plastic
strain behavior of the clays.

Studies performed regarding possible failure mechanisms of
large deep-seated landslides focusing on the shear band behavior
include mechanical parameters of the clayey material of the shear
band and its response to external factors (such as groundwater
variations) (Vardoulakis 2000, 2002a; Veveakis et al. 2007; Goren
and Aharonov 2007; DeBlasio and Elverhoi 2008; Goren et al. 2010;
Regenauer-Lieb et al. 2009; Chang et al. 2005; Ferri et al. 2011;
Cecinato and Zervos 2012; Segui et al. 2020). Moreover, studies
that have focused on the current case study—El Forn landslide
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(Andorra)—have not included the response of the shear band
material and its impact on landslide failure. Firstly, Corominas
and Alonso (1984) and Soutadé (1988) presented the landslide and
its history, respectively. Corominas (1990) described its slope
stability, and Santacana (1994) and Planas et al. (2011) presented
the history of movements that occurred in the landslide. More
recently, Jaqués (2014) proposed the latest geological model of the
landslide with a new history of movements of the slide and an
analysis of slope stability. Jaqués (2015) also studied the general
and local behavior of the active landslide. Finally, Corominas et al.
(2015) followed the sliding movement by radar and differential
interferometry techniques.

The present work extends these studies by focusing on the role
of microstructural response (fabric) of phyllosilicates in the mac-
roscopic response of deep-seated landslides. We present as a case
study the El Forn landslide (Andorra, Eastern Pyrenees), which is
the largest active deep-seated landslide in the Pyrenees, involving a
mass of approximately 300 Mm3 (Corominas et al. 2013). In the
following sections, we firstly present the case study of El Forn
landslide, before detailing the methods used for microstructural
and mechanical characterization of landslide’s materials. Follow-
ing this, the results of these studies, in combination with appro-
priate field data, are presented and thoroughly discussed.

Case study: El Forn de Canillo landslide
El Forn landslide is located on the southern side of the Pyrenees,
on the left margin of the Valira d’Orient river basin, near Canillo
village (Fig. 1). The landslide is a huge complex earthflow having
more than 300 Mm3 and extending about 2.7 km2 (Corominas et al.
2013) (Fig. 1c). The landslide is an old one with some parts being
presently active, which affects a village, several farms, and a road
(Jaqués 2014, 2015) as it is described below, motivating its moni-
toring and study since the 1980 decade.

The landslide has been formed by several destabilizations since
the Upper Pleistocene leading to accumulations of large slide
deposits. It was first described by Corominas and Alonso (1984)
and after by Soutadé (1988), who postulated that the mass slid
towards the valley after the Valira d’Orient glacier melted between
20.000 and 10.000 BP (Before Present). After these initial studies,
Corominas (1990) described the influence of the glacier retreat on
the stability of El Forn and Encampanada (nearby site) slopes.
Santacana (1994) studied in depth the large earthflow of El Forn
and the lateral expansion of Encampanada, which resulted from
the retreat of the Valira d’Orient glacier in the main valley, between
16.000 and 13.000 BP or lower. The latter author identified three
main episodes in the formation of El Forn landslide: The first is a
complex rotational/translational movement with the flow at the
toe at the western margin of the El Forn area, which could have
collapsed the main valley; the second is also a rotational/
translational complex movement that dammed the valley, and
the third is a rotational movement that buried some areas of the
rotational sections of the second movement. Santacana (1994) also
pointed out that there are recent movements at the toe of the
landslide.

Planas et al. (2011) studied exhaustively the movements pro-
duced in the El Forn landslide following the work of Santacana
(1994) and using borehole logs, detailed field mapping, and
radiocarbon dating. Planas et al. (2011) concluded that El Forn
landslide has been subject to at least three main episodes of

movement and revealed that the two older occurred within the
glacial period and that both involved a (slow) progression of the
glacier over the sliding mass. Jaqués (2014, 2015) proposed a new
model for the landslide history and used limit equilibrium and
finite element methods to analyze the behavior of the entire slide
and the most active bodies of the sliding mass.

The active parts of the landslide involve two main risks: (1) the
sliding area includes the small village of Prats and several residen-
tial areas; (2) the landslide is sliding towards Canillo village
(north-west direction). Displacement indicators (as fractures and
subsidence in the roads and fissures on walls of buildings and
retaining walls) revealed the activity of some sectors of the land-
slide and motivated the Andorra Government to develop landslide
and risk maps (Altimir et al. 2001; Euroconsult 2002). To assess
more quantitatively the risk and to construct a system for early
warning, the Andorra Government complemented these studies
with a surveillance plan. It involved borehole drilling along the
entire landslide to monitor the displacements (borehole exten-
someters and inclinometers) and groundwater levels (piezometers
(Euroconsult 2007)). More recently, radar differential interferom-
etry techniques (GB-SAR and DInSAR) were also performed to
monitor the displacement in a more distributed way (Corominas
et al. 2013, 2015).

Monitoring from 2008 to 2018, three active parts in the land-
slide were identified: Cal Ponet–Cal Borronet (center-north), Clots
Fondos (north-east), and Prats (at the toe of the slide, east) with
maximum velocities of approximately 4 cm/year. Figure 1d shows
the displacement of Cal Ponet–Cal Borronet lobe between April
and June of 2017 with a movement of over 0.5 cm (Euroconsult
2017). Previous studies have suggested that triggering factors of
this landslide are (1) rise of groundwater level and (2) erosion at
the toe of the landslide due to the Valira d’Orient river (Corominas
et al. 2015).

In this study, we will focus on the Cal Ponet–Cal Borronet lobe
(Fig. 1c). This lobe has been described and delimited by
Torrebadella et al. (2009) as one of the active and fastest
creeping lobes of the El Forn landslide involving a mass of
0.97 Mm3. Torrebadella et al. (2009) presented the results of the
group of lithologies present in the landslide from core samples
obtained between 2007 and 2009, which are divided by three main
groups: colluvium, high fractured and altered shales, and bedrock
shales. Furthermore, Torrebadella et al. (2009) showed the results
of geotechnical parameters of each group of geological units for
each borehole performed and the instrumentation installed inside
the boreholes. By the time Torrebadella et al. (2009) concluded the
report, with field data to describe the areas of the landslide that
were active and creeping faster at that time, the authors defined
the Cal Ponet–Cal Borronet lobe.

Focusing now on the Cal Ponet–Cal Borronet lobe, the first
borehole was per formed in 2007 wi th core sample
recovery—which is the material that has been used in this
study—and instrumented with piezometers and inclinometers.
Due to the movement of the landslide and, thus, the loss of some
instrumentation of the borehole below the shear band (due to
continuous displacement of the mass), the Andorra Government
has performed 4 additional boreholes next to the initial one to
continue monitoring its movement and groundwater. The last
borehole and installation of the instrumentation were carried out
by the Andorra Government and the Polytechnic University of
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Catalonia (UPC). This last borehole was performed in September
of 2018, which did not have core sample recovery; however, it was
instrumented with three piezometers at different depths (one
below the shear band and two above it), a wire extensometer
(Corominas et al. 2000) (with the base at 40 m depth) and a
thermometer in the shear band at 29 m depth.

Geological setting
From a geological point of view, Andorra country is located in the
central-eastern part of the Pyrenean Axial Zone. Therefore, due to
the orogeny of the Pyrenees, the structural morphology of Andorra
Principality is complex because it includes anticlines, synclines,
and faults (see Hartevelt 1970; Zwart 1979; Barnolas and Chiron
1996) formed of Paleozoic materials (Cambrian, Ordovician Silu-
rian, and Devonian) that have been intensely deformed in a com-
plex process during long periods (Clariana 2004). These geological

materials are associated with detachments and diapirs causing
softness and incompetent behavior (Zwart 1979).

Geological map (Fig. 2) presents the area of interest in this
study, which is the El Forn landslide (defined by a thick black
line) that is formed of Paleozoic materials (Cambro-Ordovician to
Mid Devonian), and the Cal Ponet–Cal Borronet lobe (defined by a
thick red line) formed of Silurian materials. Silurian materials
(inside the Paleozoic age) are present as limestone and shale (in
green) from the W to SE areas of the landslide. Moreover, there are
three formations of the Devonian at the E and NE part of the
landslide: (1) marly limestones and vivid color shales of the Lower-
Mid Devonian (in light orange), and two intrusive contacts of the
lower Devonian as (2) massive limestones (in dark gray) and (3)
alternations of limestones and brown shales (in blue). At the SE
part of the landslide, there are series of rhythmic sandy shales (in
white) of the Cambro-Ordovician (see Clariana 2004 for a detailed
stratigraphy).

a b

dc

Fig. 1 a Satellite image (©Google Earth) of the SW of Europe, where Andorra Principality is located inside the black square. b Satellite image (©Google Earth) of Andorra
Principality with a red circle indicating the location of the study area (near Canillo). c Satellite image (©Google Earth) presenting El Forn landslide (in red), the red arrow
indicating the direction of movement of the sliding mass, Cal Ponet–Cal Borronet lobe (in purple) with the location of the S10 borehole (white marker) and the S9
borehole (yellow marker). d Displacement data of S10 borehole from April to June 2017 (Euroconsult 2017)
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Geological structures in this region are arranged in E-W or
ENE-WSW direction. Pre-carboniferous materials are present as
anticline and syncline domes with large extensions (kilometers)
with faults and thrusts at the boundaries of these domes oriented
in the same direction as the domes. The El Forn landslide area is
located at the Tor-Casamanya syncline, where Devonian materials
are present at the center of the landslide and Silurian and Cambro-
Ordovician materials are located at the sides of the landslide
(Clariana 2004).

Methodology

Samples used in the study
The samples preserved of the 2007 borehole of Cal Ponet–Cal
Borronet lobe are shown in Fig. 3 (from 25 to 30 m depth), where
the shear band is located (at 29 m depth). It is known that these
samples are fully saturated due to the information provided by the
piezometers (Euroconsult) and Fig. 3. The shear band is located
between 28 and 31 m depth as identified by the data provided by
extensometers and inclinometers (Euroconsult and UPC). The
profile of vertical displacement of the Cal Ponet–Cal Borronet lobe
(Fig. 1d) shows that the sliding mass is moving as a rigid block
(translational/rotational).

The core samples (Fig. 3) show three main facies. The first facie
is from 25 to 26 m depth where samples are large blocks (looks as
cohesive material) in white/gray colors. From 26 to 27-m depth
samples are incohesive (looks as a weaker material than the above)
in a darker color with green tones. Finally, from 27 to 30-m depth
samples are also incohesive as 26–27 m depth but darker with
black and gray tones. These changes in color indicate the presence
of different minerals, which are detailed in the “XRPD” section.

The grain size of the samples from 27 to 30 m depth has
been defined by three main sizes: (1) chips from decimeters
(dm) to centimeters (cm), (2) flakes from cm to millimeters
(mm), and (3) powder size as micrometers (μm). Figure 3
shows that the samples seem homogeneous from outside, with
orange stains that indicate a process of oxidation. Inside the
samples can be seen quartz veins (white color) that are
surrounded by very fined and homogeneous gray shales. The
fractures in these samples are most of them totally or par-
tially filled by quartz. Moreover, all the samples present or-
ganic matter, which is detected as the samples tinge fingers
with black-gray color.

These core samples (Fig. 3) have been divided at each half a
meter of depth to perform tests to characterize the shear band.
Therefore, we ended up with 9 samples to characterize the geolog-
ical material and the evolution (in-depth) of its properties. Fur-
thermore, we studied core samples of Silurian shales located at the
bedrock (174–175 m depth) and obtained from the S9 borehole
(Fig. 1c). The Silurian shales of the bedrock have been studied to
compare “pure” shales (bedrock’s material) with “altered” shales
(shear band’s material).

Analytical techniques

X-ray powder diffraction
Samples studied in X-ray powder diffraction (XRPD) needed to be
crushed in an agate mortar until the rock reduces its particle size
below 40 μm, ending up with a very fine powder that does not

scrape between the fingers. XRPD data were collected with
Panalytical X’Pert PRO MPD X-ray diffractometer with
monochromatized incident Cu Kα1 radiation at 45 kV and
40 mA, equipped with a PS detector with an amplitude of 2.113°.
Patterns were obtained by scanning randomly oriented powder
particles from 4 to 80° (2θ). Datasets were obtained using a scan
time of 50 s at a step size of 0.017° (2θ) and variable automatic
divergence slit. The identification of minerals was achieved by
comparing XRPD diffractogram with the ICDD database (2007
release) using the Diffrac plus evaluation software (Bruker 2007).
Quantitative mineral phase analyses were obtained by full refine-
ment profile using XRPD and the software TOPAS V4.2 (2009)
(Coelho 2000).

Scanning electron microscope with energy-dispersive X-ray spectroscopy
To study samples in SEM-EDS, we have created polished thin
sections from the core samples. The procedure of the sample
preparation of a thin section includes cutting a 1000-mm3 cubical
or prismatic sample from a cylindrical core of undisturbed mate-
rial retrieved at a depth between 27–30 m (shear band) and 174–
175 m (bedrock). A cubical sample is first included in epoxy resin
and then attached on a glass sample holder—on one side—to cut a
slice of 50 μm thick on which SEM observations will be performed.
Finally, a metallographic polishing—under dry conditions—is
carried out to obtain the flat surface needed for EDS analyses.
Morphology and microtextural features of the studied samples
were examined with Nikon Eclipse LV100 POL microscope and
ESEM Quanta 200 FEI, XTE 325/D8395 scanning electron micro-
scope with energy-dispersive X-ray spectroscopy (SEM-EDS).

Micro X-ray computed tomography scanner
Micro X-ray computed tomography (MicroCT) tests have been
performed on the studied core samples. Multiple tests have been
performed to ensure the representativeness of the samples and
repeatability of the results. The porosity of the studied samples
was examined on chips of original core rock (order of cm) with a
Nikon XTH 225 ST, which is a high-resolution X-ray computed
tomography scanner. With this scanner, 2D and 3D images inside
and outside the sample are obtained by projection of X-ray beam
through the sample and sample’s interaction with the beam via
radiography/X-ray image. The X-ray source used in the tests per-
formed is the 225-kV UltraFocus Reflection Based Signal and
Tungsten Target (spot size 3 μm) with a max power of 200 W.
The detector used is the Perkin Elmer 1620 AN3 CS CT. The X-ray
filter used is a 0.5-mm thick copper filter. We have used the Avizo
software (TJP 2015) to post-process the 2D MicroCT images. The
3D reconstruction and the quantification of the matrix and the
porosity, separately, have been performed by segmenting the 2D
images (i.e., separate the pores from the matrix using a gradient
threshold method). Once the segmentation is successful (i.e., the
contacts between the matrix and the pores are well defined, as well
as the contour of the sample from the background), the quantifi-
cation of the volumes is automatic by the Avizo software. To
quantify the volume of pores and the volume of the matrix, the
software uses the voxel size of the image, the 3D reconstruction,
and the segmentation.

The technical features of MicroCT scanner images include res-
olution (voxel size) between 0.0265 and 0.0443 mm, detector
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2000 × 2000 pixels with each pixel spaced at 200 μm, 2500 projec-
tions, angle steps of 0.144°, and X-ray energy of 190 kV.

Plasticity index
The plasticity index has been obtained for the studied samples. For
each sample, we have performed three tests to obtain reliable

results. First, it has performed a plastic limit test, and second a
liquid limit test using Casagrande’s liquid limit device. Both tests,
liquid limit and plastic limit, have been performed following the
standard approach in soil mechanics (Das 1941). The geological
material used for the tests has been the powder size of the core
samples (μm) mixed with small flakes (mm).

Results
The results of the test performed on the materials of the two
boreholes (S9 and S10) will provide information of the “altered”
material of the landslide (defined by S10 borehole samples) and
the “unaltered” material of the landslide (defined by bedrock
shales—S9 borehole). For the material obtained from the S10
borehole, we have considered that each sample studied represents
half a meter (in-depth) of the stratigraphic column.

XRPD
Nine samples have been tested in this study. Eight samples are
from the S10 borehole, to study the shear band, and one sample is
from the S9 borehole, to study the bedrock shales. In total, 6
mineral phases have been found in the nine samples: quartz
[SiO2], muscovite [K2Al4Si6Al2O20(OH,F)4], chlorite chamosite
[ ( M g , A l , F e ) 1 2 ( S i , A l ) 8 O 2 0 ( O H ) 1 6 ] , p a r a g o n i t e
[(K,Na)2Al4Si6Al2O20(OH,F)4], calcite [CaCO3], and plagioclase
(albite) [NaAlSi3O8].

Fig. 2 Geological map of the study area (modified after Clariana 2004)

29m 29.5m

Fig. 3 Core samples preserved of the S10 borehole performed in 2007, including
the shear band of the Cal Ponet–Cal Borronet lobe and its center highlighted in a
red rectangle. Note that the samples tested in this study are not highlighted in this
figure as the tests have been performed on plenty of the core samples from this
box
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Note that the paragonite found in the XRPD tests and also
identified by the SEM-EDS analyses is not pure paragonite miner-
al, Na2Al4(Si6Al2)O20(OH,F)4 (Mineral Data Publishing 2001); it is
a muscovite rich in sodium (as it is shown in its chemical formula
in the paragraph above). However, in this paper, we will refer to it
as paragonite (see the “Chemo-mechanical alteration of shales
inside the shear band” section for in-depth reasoning).

The percentage (in weight) (wt%) of the identified mineral
phases has been calculated by the Rietveld method (Rietveld
1969) and by using the TOPAS V4.2. software.

Figure 4 presents the results of the quantitative analyses (in
wt%) of the mineral phases present in nine samples. The sample
located at 25.5–26 m depth is mainly composed of calcite (52 wt%),
quartz (12 wt%), muscovite (25 wt%), and chlorite chamosite
(11 wt%). Its mineral composition is very different compared with
the rest of the studied samples. Samples 26.5–27 m and 27–
27.5 m are formed by quartz (between 35 and 28 wt%), mus-
covite (between 55 and 52 wt%), chlorite chamosite (between
16 and 13 wt%), and with minor presence of calcite (≤ 1 wt%).
Five of the analyzed samples present a very similar composi-
tion and proportion of the identified minerals, which are
27.5–28 m, 28–28.5 m, 28.5–29 m, 29–29.5 m, and 29.5–30 m.
In these samples, a muscovite rich in Na has been identified
as a mineral called paragonite. In all the analyzed samples,
the presence of quartz varies between 24 and 21 wt%, musco-
vite between 59 and 53 wt%, paragonite between 22 and
14 wt%, and chlorite chamosite between 6 and 3%. The sam-
ple that corresponds to the Silurian shales, which is the
bedrock’s material, is very rich in muscovite (80 wt%), pla-
gioclase (albite 12 wt%), quartz (8 wt%), and 1 wt% of chlorite
chamosite. The latter is the only sample where feldspar
(albite) has been detected.

Therefore, the changes in the colors of the core samples seen in
Fig. 3 are explained by the mineralogy. Calcite content of sample
25.5–26 m explains the white-ish color, samples from 26.5 to 27.5
with high content in chlorite present a green tone, and samples
from 28 to 30 m depth have a high content in muscovite and
paragonite which makes the material look darker (black-gray
tones also influenced by the organic matter).

SEM-EDS
SEM-EDS analyses have confirmed the mineral composition of the
phases found in the samples analyzed by XRPD. In the case of
paragonite, EDS analyses reveal the presence of Na in the chemical
composition. Moreover, the potassium phyllosilicate present in the
studied samples is defined as muscovite due to the amount of K in
the mineral composition (Deer et al. 1962). The results of all the
studied samples revealed four different textures. Thus, we will
present the results of the sample’s textures by groups, naming
them textural groups.

Before we start describing the textural groups observed in the
analyzed samples of the S10 borehole, we will first describe the
Silurian shales of the bedrock (S9 borehole). The texture of the
bedrock’s material is considered in this study as the “initial”
texture of the shales of the S10 borehole. Therefore, comparing
the textures of the bedrock and the shear band can shed light on
the possible processes that the material of the shear band has
experienced.

The Silurian shales, that constitute the bedrock’s material of the
study area, are considered in this study as “unaltered” shales. The
tested geological material has been obtained from the S9 borehole
of the El Forn landslide at 174–175 m depth. This sample presents a
highly folded texture and random orientation of the folds and the
mica particles but shows a fluid texture of the platy grains of
muscovite with face-edge and face-face contacts. Figure 5 shows
three SEM-EDS images of this sample at three scales. In Fig. 5a, the
minerals are arranged to form very irregular folds that are ran-
domly oriented. The sinuosity of these folds is also very different
(as the red lines show in Fig. 5a). Figure 5b presents a large fold of
chlorite (white grains) surrounded by multiple randomly oriented
smaller folds of muscovite (gray grains). The sinuosity at a smaller
scale of the folds can be seen in Fig. 5c, which shows the different
orientations and degrees of sinuosity of the folds of the Silurian
shales.

The samples analyzed from the S10 borehole represent the
shear band and its surroundings, and are described by textural
groups by their fabric differences as follows:

– The first textural group is defined by sample 27–27.5 m. This
material is a black-gray-green shale with several small
fractures—filled by quartz (Fig. 6a)—surrounded by
phyllosilicates (muscovite, paragonite, and chlorite). Muscovite
particles are randomly oriented (Fig. 6b) but showing a fluidal
texture of the platy grains of muscovite, with face-edge and
face-face contacts. Quartz grains are found inside the sub-
horizontal fractures with different thickness sizes between
bands of phyllosilicates. There is also a presence of accessory
minerals, identified by SEM-EDS analyses, such as apatite
(CaPO4) and allanite [Ca,(REE)3+Al2Fe

2+[Si2O7][SiO4]O(OH)],
among others that are very rich in REE—Ce, La, and Nb.
Figure 6c shows an area composed of phyllosilicates. These
phyllosilicates (with the presence of quartz) present as fine-
grained particles at the boundaries of the quartz veins.

– The second textural group is defined by sample 27.5–28 m. The
texture of this sample is different from the rest. SEM-EDS
images show large fragments of black-gray-green shales (Fig.
6d) and, between them, small particles of quartz and
phyllosilicates (muscovite, paragonite, and chlorite) with face-
face and face-edge contacts. The texture inside the large clasts
is identical to the texture of the first textural group—27–27.5 m
sample (Fig. 6e). These large fragments are not matrix-
supported as the small particles of quartz and phyllosilicates
are not attached (Fig. 6f). Also, this sample has the presence of
rutile (TiO2) (Fig. 6f).

– The third textural group is defined by samples 28–28.5 m, 28.5–
29 m, and 29.5–30 m. These samples are black-gray shale with
small (14 μm) and large (over 75 μm) fractures (filled by
quartz), located between layers of phyllosilicates (muscovite,
paragonite, and chlorite), and arranged forming folds.
Phyllosilicate particles have a certain orientation and direction,
following the shape of the folds (Fig. 6g), and their contacts are
mainly face-edge, but with some face-face contacts. Quartz
grains are located between phyllosilicates following the orien-
tation of the folds (Fig. 6h). Moreover, these samples present
accessory minerals such as rutile and hematite (Fe2O3).
Figure 6i presents a detailed image of muscovite particles and
chlorite-muscovite intergrowths.
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– The fourth textural group is defined by sample 29–29.5 m,
where the center of the shear band has been found. It is a
homogeneous and very dark sample with large and oriented
fractures filled by quartz. SEM-EDS images show a well-defined
orientation and direction of the phyllosilicates—muscovite,
paragonite, and chlorite (Fig. 6j). This sample also presents
thick fractures where, at their boundaries, the phyllosilicates
are aligned (by their faces) parallel to the fractures (Fig. 6k).
Furthermore, contacts between crystals of phyllosilicates are
face-face (Fig. 6l).

The sizes of the phyllosilicates, in the analyzed samples, have
been obtained by SEM-EDS, and vary between 6 and 50 μm.

MicroCT
Six samples of the S10 borehole have been tested to study the
porosity of the material by MicroCT scanning. The results shown
in Fig. 7 are for three samples, one of each mechanical group

(slightly different from textural groups). We will also show the
numerical results (i.e., percentage of porosity) of all samples to see
the evolution of the porosity along the shear band.

The first mechanical group is defined by samples 27–27.5 m,
27.5–28 m, and 28–28.5 m. These samples present a matrix volume
fraction of 0.226, 0.2, and 0.23 and a porosity volume fraction of
0.0029, 0.0027, and 0.0027, respectively. Thus, the samples have a
percentage of pores of 1.27%, 1.37%, and 1.15%, respectively. Sample
27.5–28 m (Fig. 7) represents this first mechanical group and
presents a defined orientation and direction of small pores and
some large fractures.

The second mechanical group is defined by samples 28.5–29 m
and 29.5–30 m. These two samples have a matrix volume fraction
of 0.14 and 0.22, and a porosity volume fraction of 0.00021 and
0.00019, thus with a percentage of pores in the sample of 0.14%
and 0.087%, respectively. Sample 29.5–30 m is presented in Fig. 7
and represents this second mechanical group. In Fig. 7, there can
be seen very thin and large fractures, with an NW-SE direction (of
the image, not the field), across the entire 29.5–30 m sample.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

25.5-26

26.5-27

27-27.5

27.5-28

28-28.5

28.5-29

29-29.5

29.5-30

shales

wt% quartz

wt% muscovite
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Fig. 4 Proportion in wt% of minerals in each sample studied. wt% is obtained by Rietveld refinement of powder X-ray diffractograms by using the TOPAS V4.2 software

Fig. 5 SEM-EDS images. Backscattered electron (BSE) images of bedrock Silurian shale sample. a In this image, phyllosilicates (white particles are chlorite chamosite, and
gray particles are muscovite) at both sides of a wide fracture can be seen. b This image shows a big fold of chlorite chamosite (white particles) surrounded by smaller and
irregular folds of muscovite (gray particles). c Irregular and randomly oriented folds formed by phyllosilicates (white is chlorite, and gray is muscovite) with the presence of
quartz
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Fig. 6 SEM-EDS images. First textural group. a BSE of sample 27–27.5 m. In this image, the main mineralogy is quartz [Qz] and phyllosilicates. The image shows the
thickness variability of quartz veins (see yellow lines). There are present accessory minerals of elevating reflectivities such as apatite [Ap] (very light gray color) and allanite
[Aln] (vivid white color). b BSE of sample 27–27.5 m: phyllosilicates are randomly oriented. c BSE of sample 27–27.5 m. Zoom of Fig. 6a (green rectangle). At the top and
bottom parts of the image, there are large blocks of quartz (yellow lines) and, in between, fine-grained silicates particles. Second textural group. d BSE of sample 27.5–
28 m. Fragments of shales of different sizes surrounded by small particles of quartz and phyllosilicates. e BSE of sample 27.5–28 m. Zoom of the red rectangle 1 from Fig.
6d. Detail of a fragment of shale where the texture of minerals can be observed. In this case, there are no visible veins of quartz. Quartz grains are randomly oriented and
surrounded by phyllosilicate particles oriented forming folds. The orientation of the phyllosilicates is variable, either following a fold or randomly. f BSE of sample 27.5–
28 m. Zoom of the yellow rectangle 2 from Fig. 6d. Small particles of quartz and phyllosilicates located between large shale fragments. There are large particles (23 μm) of
quartz slightly fractured, and small particles of muscovite [Ms] (prismatic shape). There is also a rutile [Rt] mineral (vivid white color). Third textural group. g BSE of sample
28.5–29 m. Folds are well defined (purple lines) by oriented phyllosilicates in the direction of the fold. Quartz particles are randomly positioned along the folds. h BSE of
sample 28.5–29 m. Zoom of red rectangle 3 from Fig. 6g. Orientation detail of phyllosilicates in a syncline (purple line). i BSE of sample 28.5–29 m. Zoom of yellow
rectangle 4 from Fig. 6g. Detail of quartz, muscovite, chlorite [Chl] particles, and an intergrowth of chlorite-muscovite. Fourth textural group. j BSE of sample 29–29.5 m.
The clear orientation of phyllosilicates in one direction (parallel to shear movement). k BSE of sample 29–29.5 m. A large vein of quartz (yellow line) with phyllosilicates
oriented in one direction (see particles interconnected by face-face). There is also a large porous fracture (black) in the middle of the image. Surrounding the fracture,
phyllosilicates follow its orientation and direction. l BSE of sample 29–29.5 m. Oriented phyllosilicates: muscovite (gray), paragonite [Pg] (dark gray). Note that symbols of
minerals are from Whitney and Evans (2010)
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Furthermore, this sample presents small pores that are aligned and
organized in bands, have the same direction, and look as thin
fractures.

The third mechanical group is defined by sample 29–29.5 m.
This sample presents a matrix volume fraction of 0.14 and a
porosity volume fraction of 0.0033, thus with a percentage of pores
in the sample of 2.16%. This sample presents, at its center, a large
fracture (Fig. 7) with large interconnected pores (where fluid can
flow through them). This large fracture has an E-W direction (of
the image, not the field). Above and below this fracture, there are
thin fractures (some of them located at the bottom of the sample
with larger pores) oriented parallel to the shear movement.

Plasticity index
In this section, we present the plasticity index results in relative
values (i.e., all results obtained will be divided by the value ob-
tained for the first sample, 27–27.5 m). We present the results
in relative values because (1) the values obtained in liquid
limit and plastic limit tests usually depend on the user, as
each user adds a different amount of water in the samples,
and (2) when the borehole was performed, the company
obtained a plasticity index value of 8.7 for the sample 27.15–
27.30 m and now we obtained a plasticity value of 3.96 for the
sample 27–27.5 m. This difference in the value of the plasticity
index could also be due to the current dry state of the
samples, and its preservation after 12 years (since the bore-
hole was performed). However, as the samples were uniformly
exposed to the environment, we assume they degraded
proportionally.

The results of the plasticity index reveal the same behavior as
the porosity results (the “Mechanical evolution of the shear band”
section, Fig. 9). These results show three distinct values that can be
identified as three mechanical groups (same mechanical groups as
MicroCT). The first mechanical group includes samples 27–27.5 m,
27.5–28 m, and 28–28.5 m, with values of relative plasticity index of
1, 0.93, and 0.97, respectively. The second mechanical group in-
cludes samples 28.5–29 m and 29.5–30 m, with relative plasticity
values of 0.67 and 0.62, respectively. The samples of the second
mechanical group have lower values of relative plasticity index
compared with the values of the first mechanical group (over 30%
lower). And, finally, the third mechanical group, which is consti-
tuted by sample 29–29.5 m, has a value of relative plasticity index
of 1.95. Thus, this third mechanical group has a very high value of
relative plasticity index compared with the other two groups.

Discussion

Chemo-mechanical alteration of shales inside the shear band
With the XRPD analyses, we have seen a difference in the miner-
alogy between the black shales of the shear band and the black
shales of the bedrock (Fig. 4). The initial composition of the black
shales of the shear band can be known by the studied samples of
the bedrock (S9 borehole), which are composed of quartz, musco-
vite, chlorite, and albite. However, the “altered” shales, which are
considered in this study as shear band’s shales (S10 borehole), are
composed of quartz, muscovite, chlorite, and paragonite. The
presence of paragonite (muscovite rich in Na) and non-
appearance of albite (Na feldspar) indicate that chemical and
mechanical processes may have occurred, as previous studies state

(Livi et al. 1990; Li et al. 1994; Livi et al. 1997; Árkai et al. 2008).
Paragonite has been found in Central and SE Europe and the
previous authors, among others, have studied the cause of the rare
appearance of this mineral in metamorphic rocks, which generally
forms in areas of high pressures and low temperatures (Frey 1978,
Frey 1987; Árkai et al. 2008). Specifically, in Silurian to Jurassic
shales (same shales as of the present study), the appearance of
paragonite has been described as extremely rare (Árkai 1983; Árkai
and KovÁcs 1986; Árkai et al. 1995; Árkai et al. 2008).

The paragonite found in this study is related to muscovite (as
has been explained in the “XRPD” and “SEM-EDS” sections) and
presents an intermediate composition between muscovite
( K 2 A l 4 S i 6 A l 2 O 2 0 ( O H , F ) 4 ) a n d p a r a g o n i t e
(Na2Al4(Si6Al2)O20(OH,F)4). The result of this paragonite is an
intermediate mineral, which is a muscovite rich in sodium
((K,Na)2Al4Si6Al2O20(OH,F)4). Usually, paragonite is present as
intergrowths inside muscovite (Árkai et al. 2008; Gioretti et al.
2003; Jiang and Peacor 1993).

Different mechanisms can be involved in this chemo-
mechanical alteration of black shales. Some studies consider that
as albite (NaAlSi3O8) is a mineral rich in sodium, the hydrothermal
alteration can contribute to enrich with Na the fluids that circulate
through the rock and trigger the formation of paragonite
(Chatterjee 1973; Frey 1969, 1978; Frey 1987; Árkai et al. 2008;
Gupta and Fareeduddin 2013). However, considering the percent-
age of albite in the bedrock’s Silurian shales (S9 borehole) and
percentage of paragonite in the shear band’s shales (from S10
borehole sample, 29–29.5 m depth), we can see that the percentage
of these two minerals at each sample is almost the same (Fig. 8).
Moreover, it is important to overlay that the paragonite in our
samples has been seen by SEM-EDS as an intergrowth between
muscovite grains, which could explain the chemical reaction be-
tween Na and muscovite (Fig. 6l). Moreover, Gioretti et al. (2003)
studied processes that lead to the appearance of an intermediate
muscovite rich in sodium as an intergrowth between muscovite
minerals. The latter authors described that the result of an altered
muscovite rich in sodium is formed by an incomplete reaction of
muscovite towards paragonite, ending up with an intermediate
mineral phase. Therefore, in our case study, we could consider
the possibility of hydrothermal alteration of both, albite and mus-
covite, as both minerals are in contact with each other, especially
when albite grains are fully surrounded by muscovite in the bed-
rock’s shale sample. This could explain a process involving fluids
and high pressures that trigger the dissolution of albite and, as
albite is in contact with muscovite, creating intergrowths of mus-
covite-paragonite.

The possible chemo-mechanical mechanisms explained in the
previous paragraph could have happened in the study case of the
El Forn landslide. However, more information, such as updated
thermodynamic data, would be needed to understand the change
in the mineralogical composition inside the shear band.

Moreover, the percentage of quartz between the bedrock and
the shear band is also very different. In five samples of the shear
band, the percentage of quartz varies from 24 to 21 wt%, while in
the bedrock’s shales, it is 8 wt% (Figs. 4 and 8). This difference in
the amount of quartz can be interpreted as the formation of
fractures inside the rock (possibly due to shear movement) that
facilitate hydrothermal fluid transport and consequent precipita-
tion of quartz inside the fractures. This interpretation can be
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confirmed by the presence of fractures filled by quartz observed in
Fig. 6a, c, k.

Mineralogical and textural evolution of the shear band and its
comparison with the bedrock’s material
With the SEM-EDS analyses, we have been able to characterize and
locate the shear band of the El Forn landslide due to the fabric of
the S10 core samples. In this section, we present the results and the
evolution of mineralogy and fabric of these samples, comparing
them with the Silurian shales of the bedrock.

The shear band samples have been characterized by 4 groups,
regarding its texture and mineralogy content, called textural
groups:

1 The first textural group is defined by sample 27–27.5 m. This
sample is composed of 35 wt% of quartz, 52 wt% muscovite,
13 wt% of chlorite, and 1 wt% of calcite (Fig. 9). It is the only
sample of the S10 that does not have any paragonite, and the
only one that has a small content of calcite. Furthermore, this is
the sample that has a higher content of quartz (35 wt%

compared with 21–24 wt% of the rest of the samples) and
chlorite (13 wt% compared with 3–6 wt%) in the shear band
area, in which the presence of chlorite (higher amount) makes
the sample look greener. Texturally, this sample presents at a
small scale (Fig. 6c) a certain orientation, but not a defined
direction at a larger scale (Fig. 6b). Although, it can be seen in
Fig. 6b that there are partial folds, suggesting that its original
texture is the bedrock’s shales, there is a noticeable change
between this sample and bedrock’s shales due to the presence
of more grains of quartz. The higher amount of quartz could be
explained due to the fractures present in the material. These
fractures can also explain that the sample has been fractured
due to shear movement and the folds do not have the same
continuity as the ones from the initial texture (bedrock’s
shales).

2 The second textural group is defined by sample 27.5–28 m. This
sample is composed of 21 wt% of quartz, 53 wt% of muscovite,
3 wt% of chlorite, and 22 wt% of paragonite (Fig. 9). Thus, this
sample is the one that has a higher content of paragonite (Fig.
4). The texture of this sample is very different from the rest of

Fig. 7 MicroCT 2D section images, and 3D reconstruction. Each sample shown in this figure represents each mechanical group. Inside 2D section images, black color
represents voids/porosity, which in 3D reconstructions is seen as the darker color (dark gray or dark green). In the samples, 27.5–28 m and 29–29.5 m are visually clear in
the orientation of pores in the 3D. However, in sample 29.5–30 m, the porosity in the 3D reconstruction is poorly defined as pores are very small (due to low porosity of
the sample). Thus, for sample 29.5–30 m, its 2D section image shows visually better orientation of pores (in black). Note that for optimal visualization of the 3D
reconstructions, refer to the supplementary videos of the samples
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the samples of the shear band area. This sample presents large
angular grains (Fig. 6d) composed by quartz and phyllosilicates
(Fig. 6e), and between the large grains are small fragments of
phyllosilicates, but not a dense matrix (Fig. 6f), showing a clast
support. The texture inside large clasts is the same as the
sample of the first textural group and the Silurian shales of
the bedrock. Therefore, since the fabric inside the clasts is the
same as the first textural group and the bedrock, but the
sample has been mechanically altered (showed by the clasts
and small fragments), we interpret here that this mechanical
alteration is presented as a brittle-viscous deformation of the
structure. This mechanical deformation in the sample implies
that the shear band deformation starts at this depth, also shown
by the vertical deformation of the extensometer in Fig. 1d.

3 The third textural group is defined by samples 28–28.5 m, 28.5–
29 m, and 29.5–30 m. These samples have the following com-
position: 24 wt%, 21 wt%, and 24 wt% of quartz; 55 wt%,
59 wt%, and 24 wt% of muscovite; 6 wt%, 5 wt%, and 5 wt%
of chlorite; and 15.13 wt%, 15.32 wt%, and 17.5 wt% of
paragonite, respectively (Fig. 9). The percentages of the miner-
alogical composition are very similar in all the three samples.
In general, the texture of these samples is very similar as well,
where the phyllosilicates have a certain orientation and direc-
tion following folds (Fig. 6g and h). The folds present in this
textural group are different from the folds of the first and
second textural groups, as well as the folds from the bedrock’s
shales. In this case, the sinuosity of the folds is smoother and
the folds are more continuous in the sample. The comparison
of the shape of the folds of this third textural group with the
ones from the previous textural groups suggests a rearrange-
ment of the phyllosilicates due to higher pressures and shearing
movement (Moore and Lockner 2004).

4 The fourth textural group is defined by sample 29–29.5 m. This
sample is composed of 24 wt% of quartz, 56 wt% of muscovite,
6 wt% of chlorite, and 14 wt% of paragonite (Fig. 9). Thus, this
sample could be included inside the third textural group by its
mineralogical composition. However, because of its texture,
this sample requires to be included in an additional textural

group. The texture of this sample is different from the others,
as there are no folds (Fig. 6j) as the phyllosilicates are aligned
and oriented in one direction (Fig. 6k). The contacts between
the phyllosilicates are face-face (Fig. 6l), which is the weakest
contact between phyllosilicates (Moore and Lockner 2004).
This kind of contact between grains of phyllosilicates and their
orientation facilitates friction between grains and the forma-
tion of fractures in the same orientation and direction (Fig. 6k).
The total orientation of grains along the entire sample iden-
tifies it as the area of intense deformation, because of mechan-
ical stresses acting due to friction. The high stresses acting at
this depth, due to shear movement, trigger the rearrangement
of the grains to a parallel orientation to the shear movement
(Moore and Lockner 2004).

Mechanical evolution of the shear band
The mechanical properties of the S10 borehole’s samples have been
determined by its porosity and index of plasticity. We have char-
acterized these samples by three groups, regarding its porosity and
plasticity index, called mechanical groups:

1 The first mechanical group is defined by samples 27–27.5 m,
27.5–28 m, and 28–28.5 m. This first group presents a porosity
between 1.15 and 1.27% (Fig. 9). Small pores are, generally,
located within the entire sample with a defined orientation
(parallel to shear direction). However, the pores tend to be at
the bottom of the samples (Fig. 7). The porosity in these
samples is not connected, as the pores are isolated. Fractures
inside the samples follow the same direction as the pores (Fig.
7), which indicates the direction of the shear movement. The
values of the plasticity index in these samples are very similar,
varying between 0.93 and 1 (Fig. 9). Thus, these three
samples—located outside the high mechanical stress area (i.e.,
shear band)—have the same properties regarding their porosity
and plasticity index.

2 The second mechanical group is defined by samples 28.5–29 m
and 29.5–30 m. These two samples are located right above and

Fig. 8 Images of thin sections and mineralogy (in wt%) of the bedrock’s Silurian shale from the S9 borehole and sample 29–29.5 m from the S10 borehole
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below the area of intense deformation, and they present the
lowest porosity values of this study, between 0.087 and 0.14%
(Fig. 9). In general, the sizes of the pores that are present in
these samples are very small, and not connected, but they are
organized in the same orientation (i.e., shear direction), which
is the same as the fractures formed in these samples (Fig. 7).
The plasticity values in these samples are also very similar, with
values between 0.62 and 0.67 (Fig. 9), which are the lowest ones
compared with the rest of the studied samples. Thus, in light of
these results, it can be considered that right above and below
the area of intense deformation there is a strong mechanical
behavior that produces a reduction of porosity and plasticity in
the samples due to the reorganization of mineralogy because of
large deformation and high stresses. With the SEM-EDS anal-
ysis, plasticity index, and MicroCT of these two samples, we see
that these samples have been under high stress due to the shear
movement. Thus, these results lead to assume that they are
forming the upper and lower boundaries of the shear band.

3 The third mechanical group is defined by sample 29–29.5 m.
This sample has been identified as the area of intense defor-
mation of the shear band of the deep-seated landslide. The
study of porosity revealed a thick fracture in the entire sample
(Fig. 7), which indicates a path of fluid flow. The porosity of this
sample is the highest one compared with the rest of the samples
studied, with a value of 2.16% (Fig. 9). All pores in this sample
are concentrated and connected forming a thick and large
fracture (Fig. 7). Furthermore, the plasticity index in this sam-
ple is the highest one compared with the rest of the studied
samples, with a value of 1.95 (Fig. 9). This high index of plas-
ticity is not related to its mineralogical composition, like the
rest of the samples have the same composition and percentage
values of minerals (Fig. 9), but to its fabric/texture (Chester and
Logan 1987; Collettini et al. 2009; Tchalenko 1968; Maltman
1987; Moore and Lockner 2004). This high plasticity index can
be explained by (A) the orientation of phyllosilicates, which is
parallel to the shearing direction (Fig. 6k) and (B) the face-to-
face contacts between the phyllosilicates (Fig. 6l), which are
weaker than edge-edge, corner-face, and corner-edge contacts.
Face-face contacts help to increase the plastic behavior of the
material, as reflected by the values of the plasticity index
calculated in the present study (Labaume et al. 1997). Further-
more, the presence of water in the sample reduces the strength
of the material. Moore and Lockner (2004) studied the differ-
ence between dry and saturated samples of muscovite and
paragonite. The authors found that the friction coefficient of
a dry sample of muscovite + paragonite is between 0.5 and 0.6;
however, the effect of water decreases this friction coefficient to
values between 0.4 and 0.5. They also showed that the presence
of fluid creates a film within the phyllosilicate’s contacts, re-
ducing its bond and, thus, reducing its friction coefficient (i.e.,
the strength of the material).>

Fabric and mechanics of a deep-seated landslide
This paper presents the results of the study—at micro-scale—of
Cal Ponet–Cal Borronet lobe, which is located inside the large El
Forn landslide (Andorra). This lobe is an active deep-seated land-
slide, as it creeps as a rigid block on top of a heavily deformed
shear band. The shear band of this case study is formed of black

shales, which are very rich in phyllosilicates (Fig. 4). With the tests
performed in the samples of the shear band and the bedrock and
its results, it can be seen that there are two kinds of deformation/
alteration of the material: chemical and mechanical alterations.
Chemical alteration can be seen as the difference of mineralogical
composition between shales located in the shear band (considered
altered material) and Silurian shales located in bedrock (consid-
ered the initial shales), as shown in Fig. 4. The main difference
between the altered and the pure Silurian shales is that in the shear
band, there is the presence of paragonite (Fig. 8), which is a
muscovite rich in Na, and that in the bedrock’s shales instead of
paragonite, there is albite, which is plagioclase rich in Na. In the
previous section (the “Chemo-mechanical alteration of shales in-
side the shear band” section), we have explained different scenar-
ios that could have led to this chemical process, as the literature
cited explains for other case studies. However, the goal of this
study is not the study of these chemical processes and further
thermodynamic data is needed to understand the chemical reac-
tion produced in these samples. With the data provided in this
study and previous studies in the formation of paragonite as
intergrowths in muscovite, these indicate that chemo-mechanical
processes have occurred. However, it is not probable that the
appearance of paragonite has been due to high pressures of the
shear movement, as higher pressures than the shearing are needed
for the chemical reaction produced at this shallow depth (29 m).

Mechanical alteration due to localized shear movement (active
landslide) is explained by the results of the samples’ fabric. Results
show an evolution of the rearrangement of the minerals, as fol-
lows: (1) Outside the shear band, there is no orientation of the
mineralogy, as grains are organized creating randomly oriented
folds with edge-edge and face-edge contacts. Moreover, the sample
of the second textural group can be included here as its fabric
inside the clasts is the same as the samples of the first textural
group, regardless of the broken structure (thus, showing that
mechanical forces have occurred). Hence, we unify both groups
for the general picture of the material’s behavior along with the
shear band of this deep-seated landslide. (2) Closer to the center of
the shear band, the fabric of the samples is still folded but the
sinuosity and orientation of the folds are more organized and the
folds are more continuous than the other samples with folds, and
(3) the center of the shear band presents a perfect alignment of the
phyllosilicates with face-face contacts, without the presence of
folds. This evolution of the texture along with the shear band zone
can be observed in Fig. 10 (Carreras et al. 2005). To further
describe where the shear band starts and ends, the plasticity index
and porosity of the samples have been developed. The values of
these two types of test are consistent with the results obtained by
the SEM-EDS analysis, where we can describe the same three
groups as the ones by SEM-EDS, as (1) the porosity and plastic
behavior of the material outside the shear band have a continuous
porosity localized in isolated small pores and oriented parallel to
flow direction (Fig. 7), and with the same relative value of plasticity
index; (2) closer to the center of the shear band, the mechanical
results show that both values, of porosity and plasticity index,
decrease sharply (Fig. 9). These low values of porosity are due to
the rearrangement of minerals forced by shear movement, and the
low values in the plasticity index can be explained by the particle’s
bonds (face-edge) which reduce shear deformation, thus, decreas-
ing its plastic behavior. And (3) the center of the shear band
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presents a high porosity value, which is localized (mainly) in a
thick fracture oriented parallel to the shear movement (Fig. 7).

This sample also has a very high value of the plasticity index,
compared with the rest of the samples studied (Fig. 9). The plastic

Fig. 10 Profile of Cal Ponet–Cal Borronet lobe with a sketch (taken as a reference from Fig. 9 of Carreras et al. (2005)) of the orientation of mineralogy inside (maximum
thickness of each color layer: 0.5 m) and outside the shear band (maximum thickness of layer: 2 m). Green lines represent boreholes (Euroconsult 2008–2018). Note that as
the samples tested represent 0.5 m of the stratigraphic column, there is no scale for such a sketch. However, it represents—in dimensionless form—the evolution of
orientation of minerals along the stratigraphic column (inside and outside the shear band)

Fig. 9 Combination of all the results performed in the study and its evolution, organized following the stratigraphic column (shallowest at the top to deepest at the
bottom). For each sample, the figure shows thin section image, a representative SEM-EDS image with yellow lines following the orientation of the phyllosilicates,
mineralogy and its percentage, porosity, relative plasticity index, and displacement from April to June of 2017 (Euroconsult 2017) of the landslide at each corresponding
depth
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behavior in this area can be explained by texture, which indicates
the alignment of phyllosilicates bonded face-face (Fig. 6l), which is
the weakest bond between phyllosilicates particles, and this kind
of bond increases its plasticity index.

Hence, the difference in mechanical and textural behavior of
the material surrounding the area of intense deformation, but at
the same time very different from the rest of the samples (outside
the shear band), implies that mechanical forces are acting and thus
these samples must be included inside the shear band of the El
Forn landslide. Therefore, the shear band of the landslide has two
types of material: (A) at the edges of the shear band, where the
material is still folded and with less porosity and plastic behavior,
and (B) at the center of the shear band, where the minerals are
perfectly aligned and the porosity and plasticity of the material are
very high.

Figure 10 shows the textural evolution of the Silurian shales that
are located in the shear band of the El Forn landslide. It has been
taken as a reference to the study of Carreras et al. (2005), which
explains several scenarios of folded rocks in shear zones. As the
sketch in Fig. 10 shows, there is an evolution from outside to inside
the shear zone of the El Forn landslide. Outside the shear band of
the landslide, the fabric of the shales is the same as the bedrock’s
shales (no defined orientation and direction of the mineralogy).
The folds present in the material outside the shear band show high
sinuosity but, as the material is located nearby the shear band, the
presence of fractures (mainly filled by quartz) breaks the initial
continuous folds (bedrock’s shales) ending up with a more chaotic
orientation and shorter folds. Inside the shear band of the El Forn
landslide, we have seen two types of material with different fabric
and mechanical properties: (1) smoother folds (than the initial
shales) and very continuous, (2) linear orientation of the mineral-
ogy parallel to the shear movement. In the shear band, the broken
and non-oriented folds from the material located outside the shear
band start orienting and organizing parallel to the shear move-
ment, due to the shear force and compression. Hence, the folds
present inside the shear band are smoother and more continuous.
In the center of the shear band (area of high deformation), how-
ever, we have seen that the smoother folds have become linear with
face-face contacts of the phyllosilicates.

Moreover, it is important to remark that below 30 m depth of
the S10 borehole, we do not have samples to present the properties
of the material. However, we have considered that as we have
symmetry inside the shear band, it should also be symmetric
outside the shear band. Leading to assume that the material below
30 m depth is outside the shear band, it has the same properties
(textural, mineral, and mechanical) as the material above the shear
band (i.e., samples 27–28.5 m depth). Hence, the material below
the shear band would have a texture with randomly oriented folds
and broken clasts, due to high stresses and deformation in the
zone by shearing (Fig. 1d). Therefore, we assume that the evolution
of textural and mechanical properties inside and outside the shear
band is symmetric (Fig. 10) (Carreras et al. 2005).

Conclusions
This study has correlated the mineralogy content, between mineral
phases (by X-ray diffraction), the orientation of the grains (by
SEM-EDS), the plasticity index of the material, and the porosity
(by MicroCT) in the area of the shear band, to show the effect of
the shear movement of a deep-seated landslide.

The tests performed in this study, on the samples of the shear
band of the Cal Ponet–Cal Borronet lobe of the El Forn landslide,
show that mechanical processes are happening in the material, and
are related to shearing. We show an evolution of the fabric of the
phyllosilicates from a randomly oriented structure, towards a
perfectly aligned fabric at the center of the shear band. Further-
more, we link the effect of the fabric of the material with its
mechanical properties, such as porosity and plasticity. The shear
movement reorganizes the phyllosilicate grains, which are local-
ized in a thin band and aligned and joined by their weakest
contacts.

In conclusion, the authors propose that mechanical mecha-
nisms inside the shear band are caused by the shearing movement,
triggering a rearrangement of the phyllosilicates (layered silicates)
and a different organization of the layers. These face-to-face con-
tacts between the phyllosilicates (001) facilitate the shear move-
ment, as it is the weakest contact between the phyllosilicates (i.e.,
decreasing the material’s strength). Furthermore, if the material is
saturated, as found often inside the shear band of a deep-seated
landslide, the friction coefficient of the material in these structures
can be significantly decreased, as it is the case of the Cal Ponet–Cal
Borronet lobe of the El Forn de Canillo landslide. Thus, this study
highlights that there is another mechanism that triggers the sliding
and further collapse of a deep-seated landslide, such as the align-
ment of the phyllosilicates inside the shear band. This, in turn, is
showing the importance of a microstructural study of the shear
band’s material on understanding the behavior of the landslide
and the risk of potential failure of the sliding mass.
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