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ARTICLE INFO ABSTRACT

Keywords: Geochemical changes and authigenic clays were detected in the fault rocks of the Padul Fault. An enrichment
Cataclasite from the protolith to the ultracataclasites in Si, Al, Fe, Ca, Ti and also Zn but an impoverishment in Mg was
Chlorite detected. Although the protolith (dolostones) and fault rocks are mostly composed of carbonates, the fault rocks
?:ﬁ oscale are also characterized by the presence of fine-grained clays in the matrix (mainly chlorite and Mg-rich biotite, but
Thermometry also smectite and punctually talc). Neither chlorite nor talc were detected in the protolith. The application of

7n chlorite thermometry gives temperatures around 140-220 °C for chlorites lamellae located on the fault plane.
These chlorites are compositionally homogeneous, whereas the chlorites detected in the cataclasites are more
variable, although both of them are Mg-rich and have almost no Fe. As well, chlorites from the cataclasites
usually include Zn in their composition and, as observed at nanoscale, they are genetically related to biotites,
which come from the protolith. Talc grains (< 1 pm) are always found between dolomite and calcite. These
observations point to clay mineral reactions in the fault rocks as the chlorite and talc precipitation promoted by
circulation of fault-controlled hydrothermal fluids close to 200 °C. Other clays such as smectite are the result of
the final step of the hydrothermal activity in the fault. The identification of authigenic clay minerals, which cause
weakening mechanisms, is consistent with the geodetic characterization of the Padul Fault, which plays an
important role in aseismic deformation.

1. Introduction

The southern Iberian Peninsula is a tectonically active area as a
consequence of the convergence of the Eurasian and the African plates.
A main feature of this geotectonic context is the existence of many active
faults such as those located in the Granada Basin, in the central sector of
the Betic Cordillera. Here, the extension is accomodated by normal
faults with a predominantly NW-SE strike. One of them is the Padul
Fault, in the southeastern part of the Granada Basin (Fig. 1). Whereas
there is abundant structural fieldwork research developed in this loca-
tion (Alfaro et al., 2001; Galindo-Zaldivar et al., 2003; Gil et al., 2017;
among others), less attention has been given to mineralogical/
geochemical characterization as potential features that can modify the
rheology during fault zone evolution. Jiménez-Millan et al. (2015) and
Abad et al. (2017, 2019) evidenced that the mineralogy is probably a
primary control on deformation as proposed previously by other authors
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(e.g., Kristensen et al., 2013). Mechanical and hydrological properties of
crustal faults are conditioned by lithological variations. The occurrence
of phyllosilicates or other weak minerals (clays, anhydrite) in a fault
zone can promote distributed deformation and provide a potential
explanation for fault weakness (Faulkner et al., 2003; Buatier et al.,
2012; Tesei et al., 2014; Smeraglia et al., 2017; among others).

The textural and mineralogical characterizations up to the nanoscale
and the analysis of the major and trace elements in the samples (fault
rocks and the protolith) aim to determine the low-temperature processes
that affected to these materials during the development of the exten-
sional fault zone. Attention has been paid to clay minerals as they are
known to have a crucial role on the fault behaviors (e.g., Van der Pluijm,
2011; Jiménez-Millan et al., 2015; Smeraglia et al., 2017; among
others). But this is not an easy task often due to the fine-grain size and
poor crystallinity of these mineral phases, which has implied the use of
transmission electron microscopy for a detailed study in selected
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Fig. 1. (a) Geological context of the study area with indication of the location of the Padul fault (green arrow) in the Internal Zone (Alpujarride Complex) of the Betic
Cordillera (modified from Fig. 3 in Sanz de Galdeano, 2022). (b) Detailed geological map of the Padul Fault in the south of the Granada basin with approximated

indication of the studied outcrops (red rectangles, 1: Motrilejo quarries; 2: Marchena zone). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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samples providing a significant and relevant amount of data. This is a
study involving interpretation of exhumed fault rocks. However, while
outcrops provide natural laboratories at much larger observational scale
than a drill core, some parameters as depth, temperature and geological
setting during deformation must be interpreted. The sample collection
has been focused on the fault core that is in the zone characterized by the
slip surface, which is mainly composed of ultracataclasites and
cataclasites.

In the studied case, we combined mineralogical and geochemical
methods (X-ray diffraction, optical and - scanning and transmission -
electron microscopy, electron microprobe and whole rock geochem-
istry) to determine the fault-rock chemistry, mineralogy and micro-
textures which allowed us to provide mechanisms of clay formation and
to speculate about the Padul Fault behavior.

2. Geological setting and materials

The Betic Cordillera (southern Spain) is the westernmost European
Alpine chain. This ENE-WSW-trending fold-and thrust belt is composed
of the External Zone and the Internal Zone (Fig. 1a). The External Zone is
characterized by Mesozoic to Tertiary rocks corresponding to the Iberian
Plate palaeomargin, situated on top of the Variscan basement. The In-
ternal Zone corresponds to the Alboran Domain and consists of a thrust
stack of metamorphic complexes (Nevado-Filabride, Alpujarride and
Malaguide) affected by major tectonism and large displacements during
the early Miocene (e.g., Aldaya et al., 1979; Sanz de Galdeano, 1990;
Azanoén and Crespo-Blanc, 2000; Sanz de Galdeano and Lopez-Garrido,
2003; Sanz de Galdeano et al., 2019). Superimposed on these structures
are Neogene to Quaternary sediments filling the intramountain basins,
limited by E-W and NE-SW faults (Montenat and Ott D'Estevou, 1995;
Galindo Zaldivar et al., 1999).

2.1. The Padul Fault

The Padul Fault, which is also known as the Padul-Nigiielas Fault, is
the most remarkable normal fault from the central sector of the Betic
Cordillera from the geomorphic point of view (e.g., Sanz de Galdeano,
1976; Sanz de Galdeano et al., 1984; Galindo-Zaldivar et al., 2003;
Hiirtgen et al., 2013). This fault, in the Internal Zone of the cordillera,
separates the highest reliefs of Sierra Nevada (footwall block) from the
Padul graben at the southeastern border of the Granada Basin (e.g., Sanz
de Galdeano, 1976; Sanz de Galdeano and Alfaro, 2004) resulting in a
spectacular mountain front, the Sierra del Manar, constituted by car-
bonate rocks of the Alpujarride Complex.

The fault trends NW-SE with a variable dip to the SW ranging from
60°-65° to <20° and is composed of a northwestern segment of 5.25 km
(close to Padul village) and a southeastern segment of 7 km (close to
Dircal and Nigiielas villages) connected by a 1.5 km relay fault. The
throw of the fault is >800 m in its central part (Santanach et al., 1980;
Sanz de Galdeano and Lopez-Garrido, 1999) and although the dis-
placements are mainly normal, there is a slight to moderate left lateral
component (Gil et al., 2017).

2.2. The Sierra del Manar rocks

The study outcrops are located in the footwall block of the Padul
Fault, corresponding to the Sierra del Manar, relief composed mainly of
rocks of the Alpujarride Complex (Fig. 1b). The stratigraphic succession
of the Alpujarride Complex is constituted by a basement of Paleozoic
micaschists and quartzites, and a cover made up by a lower phyllite and
quartzite formation of Permian - Anisian, a thick Middle-Upper Triassic
carbonate formation, and locally thin Jurassic rocks (Delgado et al.,
1981; Braga and Martin, 1987; Sanz de Galdeano and Lopez-Garrido,
2014). Different tectonic units of the Alpujarride Complex are super-
imposed on the Alpine Orogeny resulting in nappes with distinct
metamorphic grade and dolomitization degree (Azanon and Goffé,
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1997; Sanz de Galdeano and Loépez-Garrido, 1999, 2014; Azanén and
Crespo-Blanc, 2000; Sanz de Galdeano et al., 2019). The Sierra del
Manar is composed mainly of dolostones and secondarily metapelitic
rocks of the Alpujarride Complex, but also upper Tortonian bioclastic
limestones (Quéntar Formation), conglomerates and sands (Pinos Genil
Formation or Block Formation) and Messinian marls (Cenes Formation)
located at >1300 m elevation.

In the study area, the hanging wall block is located in the Padul
graben, which began to form in the Pliocene. The Padul graben was
filled mainly by alluvial fans and peat deposits, which were affected by
the fault activity during the Pliocene and the Quaternary. As a conse-
quence of this, some fossil alluvial fans are now found at >1200 m high
in south face of the Sierra del Manar. Fission track analyses confirm that
Sierra Nevada underwent a fast uplift during the Pliocene (Johnson,
1997).

The Sierra del Manar is mainly constituted by the Triassic dolostones
of the Alpujarride Complex, which are known as Trevenque Unit (Sanz
de Galdeano and Lopez-Garrido, 1999, 2003) and which are affected by
low-grade metamorphism. However, in some areas the base of the car-
bonate formation of the Trevenque Unit is composed of calc-schists.
Some small outcrops correspond to Paleozoic dark schists, calc-schists
and dolostones of the Guindalera klippes (Aldaya et al., 1979). These
rocks are recorded in the northwest end of the Sierra del Manar relief
and correspond to the Guajares Unit (Simancas and Campos, 1993;
Azanon et al., 1994; Alonso-Chaves and Orozco, 1998; Sanz de Galdeano
and Lopez-Garrido, 2003), which overthrusts the Trevenque Unit (Sanz
de Galdeano, 1990).

For this study, fault rocks and their respective protoliths were
collected from Motrilejo quarries and Marchena zone (Fig. 1b). In the
Motrilejo quarries, two outcrops were sampled: (i) ultracataclasites and
cataclasites formed from Triassic dolostones taken directly from the
fault plane and (ii) a cross-section composed of carbonate rocks where
samples were collected from >30 m to the fault plane. Quarrying for
three decades removed a major part of the hanging wall colluvium
revealing smooth fault planes of >40 m height (Fig. 2a). In the Marchena
zone, fault rocks were collected along two ravines with an appearance
very similar to the ultracataclasites from the Motrilejo quarries.

3. Methodology

X-ray diffraction (XRD) data were obtained from unoriented powders
and oriented aggregates prepared by sedimentation on glass slides
(whole-rock samples and, in some specific cases, <2 pm fraction) after
washing with distilled water to remove salts. Oriented aggregates were
prepared by sedimentation on glass slides and the <2 pm fraction was
separated by centrifugation. Ethylene glycol treatment was carried out
to permit the identification of expandable minerals.

X-ray diffractograms were obtained in a PANalytical Empyrean
diffractometer (CuKa radiation, 45 kV, 40 mA) equipped with an
X'Celerator solid-state linear detector and 6/6 goniometer using a virtual
step increment of 0.01° 20 and a counting time of 10 s/step at the Centro
de Instrumentacion Cientifico-Técnica (CICT) of the Universidad de
Jaén. Dry samples were scanned from 4° to 64° 20, while for the gly-
colated samples the scan was done between 4° and 32° 26.

Following the XRD characterization and the examination under
magnifying glass and optical microscope at various magnifications of all
thin-sections, carbon-coated polished thin sections were examined by
Scanning Electron Microscopy (SEM), using back-scattered electron
(BSE) imaging in atomic number contrast mode and energy-dispersive X-
ray (EDX) analysis to obtain textural and chemical data. Small rock-
chips were cut and glued on a sample holder for the morphological
characterization of the fault plane using secondary electron imaging.
These observations were carried out with a Merlin Carl Zeiss Gemini II
SEM with 0.8 nm of resolution and five detectors (one in lens detector
for high resolution) at the CICT (Universidad de Jaén). Electron
microprobe (EPMA) analyses of phyllosilicates were obtained using
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Fig. 2. (a) View of the Motrilejo quarry and the fault plane in the background, dipping around 60° to the SW; (b) fault plane with the two types of fault rocks,
cataclasites and ultracataclasites; c-d) aspect of both types of fault rocks; e-f) magnifying glass images of the contact between cataclasites (grey part) and the

yellowish ultracataclasites (fault plane upwards).

wavelength-dispersive spectroscopy (WDS) on a Cameca SX100 at the
Centro de Instrumentacion Cientifica (CIC) of the Universidad de
Granada. The instrument was set at an accelerating voltage of 15 kV,
with a beam current of 15 nA and an electron beam diameter of <5 pm.
Data were reduced using the procedure of Pouchou and Pichoir (1985)
and the standards used were albite, sanidine, periclase, diopside, quartz,
vanadinite, rutile, fluorite and synthetic oxides (Aly03, FexO3, NiO and
MnTiOs3). Specifically, the chlorite analyses from the fault plane were
done on a polished preparation previously impregnated under vacuum
with a polyester resin.

Selected samples were prepared as ion-milled specimens for their
study by TEM and HRTEM, scanning transmission electron microscopy
(STEM) with high-angle annular dark field (HAADF) at the CIC (Uni-
versidad de Granada). The copper rings were attached to selected areas
of thin sections prepared with Canada balsam. These areas were de-
tached through gentle heating, ion-thinned using a Fischione-1010 ion
mill and further carbon coated. The TEM-HRTEM study was conducted
through a HAADF Thermo Fisher Scientific TALOS F200X microscope,
operating at 200 kV and with a point-to-point resolution of 0.12 nm in
the TEM mode and 0.19 nm in the STEM mode. The quantitative micro-
to nano-chemical analyses, in STEM mode, were obtained by means of
the AEM-EDX (energy dispersive X-ray microscopy), using the Super-X
system.

Whole-rock analyses of the major elements of selected samples from
the host rocks and fault rocks to compare the variation of chemical
composition in different samples were carried out using a PANalytical
wavelength dispersive X-ray fluorescence (XRF) spectrometer model
Zetium with a maximum power of 4 kW, and provided with a X-ray tube

of Rh anode. Samples were prepared as beads with a Philips Pearlx3.
Trace elements were analysed in the same samples using a NexION 300D
inductively coupled plasma-mass spectrometer (ICP-MS) after HNO3 +
HF digestion of 100 mg of sample powder in a Teflon-lined vessel at
180 °C and 200 p.s.i. during 30 min, evaporation to dryness, and sub-
sequent dissolution in 100 ml of 4 vol% HNOs (both techniques in the
CIC, Universidad de Granada). Elemental mappings of fault rocks have
been obtained by X ray-microfluorescence M4 Tornado Brucker at the
CICT (University of Jaén).

Semi-empirical thermometric methods (Bourdelle et al., 2013; Inoue
et al., 2018) were applied in chlorites analysed by EPMA under the
conditions previously indicated via the spreadsheet from Verdecchia
et al. (2019). The final choice of these two chlorite thermometers was
guided by the compositional range of the studied chlorites, and by the
temperature range. In both cases, the structural site location of Ti, Mn,
Na, Ca, and K was done considering the configuration followed by each
author. In addition, Fe, which is present in very small quantities here
(<0.05 atoms per formula unit, apfu hereafter), was considered as Fe2t.
The uncertainties on the temperature calculations are approximately
+50 °C.

4. Results
4.1. Petrographic characterization
In the fault plane two different types of rocks were sampled: the

yellowish ultracataclasites, forming discontinuous patches, probably
due to fault scarp erosion, up to 8-10 cm thick resting above the
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underlying grey cataclasites (Fig. 2b). The main difference between the
yellow ultracataclasites and the grey cataclasites is the abundance and
size of the dolomite clasts (Fig. 2¢-d). The ultracataclasites with het-
erometric texture, exhibit dolomite in form of angular clasts of <1 cm of
diameter and abundance around 5-10% dispersed within a ground mass
composed by very-fine grained material. Nevertheless, the cataclasites
show a much higher presence of angular dolomite clasts (around 45%)
with sizes up to several centimeters. In both cases the mechanical
crushing of the protolith is evident but in any case, the ultracataclasites
show more intense grain comminution than the cataclasites. In the fault
plane, the boundary between both rocks is clear; under the magnifying
glass there is usually a gradual transition sometimes marked by un-
dulations that are visible thanks to the reddish and yellowish colors of
the ultrafine-grained matrix that characterizes the ultracataclasites
(Fig. 2e) although net limits can also be observed (Fig. 2f).

With respect to the mineralogy, the ultracataclasites are composed
not only by carbonates, dolomite and subordinated calcite with sharp
chemical boundaries, but also by a little proportion of fine-grained sil-
icates in the matrix: quartz, chlorite and micas in addition to Fe and Ti-
oxides and apatite. The SEM characterization of the ultracataclasites
shows that there are mainly two micas: Mg-rich biotite and muscovite
(Fig. 3a). As well, in some cases, it was possible to observe domains rich
in silicates including also paragonite and epidote (Fig. 3b).

The cataclasites matrix shows a mineralogical composition very
similar to the ultracataclasites, although the amount of calcite is lower
and only in some cases quartz and micas were detected in the X-ray
diffractometer. BSE images display the presence of minor chlorite and
biotite laths among the predominantly angular dolomite crystals
frequently affected by an inner crackle breccia texture, some calcite, Fe
and Ti oxides and apatite. The bigger chlorite grains (30-60 pm) show
different grey tones in the BSE images (Fig. 3c) and exhibit a variable
content of Zn, the same as the biotites (Fig. 3d). Occasionally, talc has
been identified in some fault rocks at the micrometer scale, as thin laths
of <100 pm long (Fig. 3e). Only in one case, in a cataclasite that
appeared to be composed only of carbonates, talc was detected by XRD

Chlorite
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(<2 pm fraction) and later confirmed by TEM.

The dolostones (protolith) are composed mainly of dolomite, as well
as minor quartz and micas (biotite and muscovite) (Fig. 3f). These bi-
otites are Mg rich and show no Zn at all. It was also observed the
occurrence of authigenic smectite/kaolinite filling the interstices among
dolomite grains, the smectite aggregates with beidellitic composition.
Nevertheless, neither chlorite nor talc were detected in the protolith.

The SE images corresponding to small rock-chips cut from the fault
plane allowed to detect the presence of chlorite and minor smectite and
biotite grains parallel to the fault plane at the micrometer scale and
arranged on rhombohedral dolomite crystals (Fig. 4a-b). These lamellae
are responsible of the smooth appearance of the fault plane in some
locations. In these clays, Zn is absent (Fig. 4c-e).

4.2. Chemical bulk composition

The XRF data corresponding to major elements of the protolith,
cataclasites and ultracataclasites point to an increase in SiO, and other
oxides (AlyO3, FesO3, and CaO) mainly with a decreasing in MgO from
the protolith to the fault plane that contains the ultracataclasites
(Fig. 5a-d). In the case of SiOo, the content is <1 wt% in the protolith, a
bit higher than 1 wt% in cataclasites and around 4-5 wt% in ultra-
cataclasites. Al;03 and Fe;O3 contents increase from nil to 3 wt% (Al)
and 1 wt% (Fe) in the fault rocks. CaO undergoes however a more
relevant increase from ~30 wt% in the protolith to almost 40 wt% in
ultracataclasites, whereas MgO decreases from ~22 wt% to <16 wt% in
the ultracataclasites (Table 1).

In relation to the trace elements, it was observed from protolith to
fault rocks an enrichment in Rb, V, Ni, Zr, but overall in Zn and Pb
(Fig. 5e, Table 2). The enrichment factors (EF), which are based on Al
normalization (Xgr = [(X/ADsample/(X/Al)paas] where X is an specific
trace element and PAAS, the post-Archean average shale compositions
of Taylor and McLennan, 1985), were calculated for these trace ele-
ments. In practical terms, EFs > 3 represent a detectable enrichment of
an element over average crustal concentrations, and EFs > 10 represent

Fig. 3. BSE images and EDX spectra showing texture and chemical features of the fault rocks: a-b) Details of the fine-grained matrix of ultraclasites showing the
presence of silicates in addition to carbonates; c) aspect of the matrix of a cataclasite, including dolomite clasts of different micrometer sizes and chlorite laths (in the
center and the white arrows); d) EDX spectra of chlorite and biotite with Zn; e) fault rock matrix including also a talc grain among chlorites and carbonates; f) view of
the protolith, a dolostone. Mineral abbreviations according to Whitney and Evans (2010), Bt, biotite; Cal, calcite; Chl, chlorite; Dol, dolomite; Ep, epidote; Fe ox., Fe

oxide; Ms, muscovite; Qz, quartz; Pg, paragonite; Tlc, talc.
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white arrows for biotite crystals and blue arrows for smectite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

a moderate to strong degree of enrichment (Algeo and Tribovillard,
2009). EFs are >10 in Zn and Pb for most of the fault rocks, which is
considered a moderate to strong degree of enrichment, relative to their
average crustal abundance. There is also a significant REE enrichment of
the ultracataclasites, and this increase is as well progressive from the
host rock to the samples in the fault plane (Fig. 5f).

XRF mapping reveals irregular bands enriched in Si, Al, Fe, Ti and Zn
along the predominantly carbonate matrix of the fault rocks and sur-
rounding the dolomite clasts (Fig. 6). This enrichment is also visible
towards the fault plane, in the reddish and yellowish zone of the
ultrafine-grained matrix of the ultracataclasites.

4.3. Chemistry of trioctahedral phyllosilicates

Trioctahedral phyllosilicates, mainly chlorites and biotites from fault
rocks were analysed in detail using the EPMA and the TEM to ascertain
in their origin and genetic relationship in the framework of the fault
dynamic.

The structural formula of biotites show Zn contents between 0.25
and 0.5 apfu. The Si content is usually lower than 2.8 apfu (Fig. 7a and
Table A in supplementary material). In relation to the sum of interlayer
cations, this is between 0.62 and 0.37 apfu (Fig. 7b). There is only one
biotite analysis that fits with their theoretical composition and it is close
to the phlogopite end-member (Fig. 7a-b).

The composition of chlorite from the cataclasites is Mg-rich (clino-
chlore variety), although with a highly variable content of Mg
(3.49-4.83 apfu) and Si (2.88-3.33 apfu) (Fig. 7c). Fe is generally low (<
0.11 apfu) and also Ti (< 0.05 apfu), while there is variability of Zn
values, from nil up to 0.91 apfu (Fig. 7d, Table B and C in supplementary
material). The sum of interlayer cations (K + Ca) ranges between 0.05
and 0.20 apfu. The analyses with Si values <2.95 apfu corresponds to
the ones with no Zn or < 0.10 apfu, which are the richest in Mg. The sum
of octahedral cations is usually <6 apfu and exhibits a negative corre-
lation with the Si content. By contrast, the Mg-rich chlorites located on
the fault plane (Fig. 4a-b) show a more homogeneous chemistry, with
narrower ranges for Si, Mg and Al. These chlorites have almost no Zn and

Fe, which are always <0.03 apfu and Ti is totally absent (Fig. 7c-d). The
interlayer content of these chlorites, due to trace amounts of Ca and K,
are always <0.05 apfu. Some of the smectitic domains located on the
fault planes show Al-rich dioctahedral beidellite-like composition and
others close to a Mg saponite (Table D in supplementary material). The
scarcity and smallness of the biotite grains on the fault plane prevented
the obtention of EPMA analyses.

In relation to the talc, the chemistry of this mineral is the typical Mg-
rich composition, with very small quantities of Al (<0.15 apfu)
distributed between the tetrahedral and octahedral sheets and no Fe at
all.

4.4. Chlorite thermometry

Semi-empirical thermometry was applied in chlorite-bearing sam-
ples corresponding to the fault plane. The chlorite analyses were
selected according to the criteria related to the sum of interlayer cations
and the value of octahedral vacancies given by Bourdelle et al. (2013)
and Inoue et al. (2018). The temperature estimations for the two ther-
mometers are rather similar, with differences that do not exceed 25 °C.
The average temperature obtained for the chlorites located on the fault
plane is 179 °C according to the Bourdelle et al. (2013) thermometer and
191 °C according to the Inoue et al. (2018) thermometry proposal
(Table 3). There is a wide range of temperatures (from 110 °C to 280 °C)
although as it can be observed in Fig. 7e the predominant values are
around 140-220 °C. In relation to the chlorites from the cataclasites, the
sum of interlayer cations (<0.20 apfu, but high for the thermometry
requirements) and/or the presence of Zn, whose possible effect on the
geothermometry is unknown, and hence a possible source of error on the
temperature determination, prevented reliable temperature estimations.

4.5. TEM characterization

Based on XRD and SEM data two fault rocks were chosen to ascertain
in the genetic relationship between biotites and chlorites and a third
sample was prepared to attempt determination of the paragenesis of talc.
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Fig. 5. Major element binary diagrams based on X-ray fluorescence data showing chemical differences and trace elements plots based on the chemical bulk
composition of the studied rocks (protolith and fault rocks): a) MgO vs SiO3; b) MgO vs CaO; ¢) MgO vs Al,03; d) MgO vs Fe,Os; e) trace elements-pattern; f)
chondrite normalized REE-patterns. For trace elements, two samples from each type of rock where selected (overall data in Table 2).

At TEM scale, biotite was detected with lattice fringes of 10 A and 1
M polytype and also chlorite packets with the characteristic 14 A peri-
odicity. In addition, other phyllosilicates such as muscovite, illitic mica
and kaolinite were detected at nanoscale. The detailed study of some
biotitic grains showed the presence of individual 14 A layers in the
lattice fringe images. In these packets it is easy to observe defects as
bending and layer terminations that in some cases are terminations of
one or two layers of biotite by a layer of chlorite (Fig. 8a). The strain
contrast, due to internal deformation of the crystalline structure, origi-
nated by the difference of size of the two kinds of layers, is apparently
associated with these defects. But the most significant feature was the

identification of packets which include lattice fringes of 10 A and 14 A,
sometimes alternating individual layers (24 A) and sometimes forming
packets of several layers of 10 A alternating with several layers of 14 A
(Fig. 8b-c). The X-ray maps showed that in the crystal where these lattice
fringe images were taken there are bands richer in K than others
(Fig. 9a). The rich ones correspond to biotitic mica, although the content
in K is around 0.5 apfu, the same chemical feature previously described
for the biotites analysed by EPMA. The bands with low K content (~ 0.20
apfu) correspond to Mg chlorite with a sum of octahedral cations ~5.50
apfu. The particular chemistry of biotites and chlorites agrees with the
observations done in the lattice fringe images, where the presence of
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Table 1

Whole-rock analyses of major elements of Padul Fault samples (oxide wt%, XRF).
Samples Si0, Al,O3 Fe 03 MgO CaO K20 Na,O MnO TiO, P,0s LOI Total
Protolith
FP8 0.00 0.00 0.05 21.62 31.73 0.00 0.00 0.00 0.04 0.00 46.00 99.44
Dol pro 0.14 0.05 0.06 21.59 31.40 0.03 0.00 0.00 0.05 0.00 46.28 99.60
FP-7 0.80 0.32 0.22 20.96 31.53 0.11 0.00 0.00 0.06 0.01 45.64 99.65
JU4 0.13 0.00 0.00 21.08 31.34 < LLD < LLD < LLD 0.04 < LLD 46.85 99.44
JUln 0.26 0.11 0.08 21.27 31.63 0.03 < LLD < LLD 0.04 < LLD 46.06 99.48
Cataclasites
FP-2 1.27 0.63 0.24 20.80 30.96 0.05 < LLD < LLD 0.08 0.01 45.52 99.56
FP-9 1.26 0.40 0.27 21.07 31.21 0.27 < LLD < LLD 0.06 0.01 45.29 99.84
JU1b 1.52 0.76 0.23 18.85 33.27 0.12 < LLD < LLD 0.05 0.01 45.15 99.96
Ultracataclasites
FP-1 5.04 2.73 1.06 14.55 34.79 0.28 0.08 < LLD 0.12 0.03 41.36 100.04
MO1 5.50 2.67 1.07 12.60 36.56 0.16 0.04 0.01 0.15 0.03 40.72 99.51
JU6b 4.31 1.78 0.74 15.15 34.97 0.10 0.06 0.01 0.09 0.03 42.67 99.91
Jued 4.43 2.00 0.78 13.31 36.81 0.12 0.06 0.01 0.12 0.03 41.86 99.53
JUSb 7.19 3.26 1.15 8.32 40.34 0.06 0.18 < LLD 0.16 0.03 38.84 99.53

Table 2

Trace elements (ppm, ICP-MS) of Padul Fault samples.

Protolith Cataclasites Ultracataclasites

Samples FP8 Dol pro Fp-7 Ju4 JUln FP-2 FP-9 JUlb FP-1 MO1 JU6b Jued JUSb
Li 0 0.54 2.13 0 1.02 3.32 5.23 5.7 10.24 15.43 11.56 11.31 12.79
Rb 0.37 1.28 2.8 0.29 1.3 2.32 5.91 4.82 18.25 11.03 5.23 5.44 2.95
Cs 0.08 0.14 0.28 0.08 0.18 0.98 0.73 1.23 6.13 3.74 2.61 2.29 1.8
Be 0.05 0.06 0.05 0.05 0.07 0.13 0.03 0.17 0.46 0.49 0.4 0.36 0.63
Sr 94.23 113.59 99.85 92.6 105.09 113.26 240.68 94.86 116.37 101.8 102.39 107.15 59.19
Ba 5.35 6.76 14.95 5.11 6.64 15.81 22.28 12.15 32.28 21.26 19.4 17.13 14.8
Sc 0 0 0 0 0 0.33 0.24 0.38 2.03 2.18 1.25 1.65 2.49
\% 5.6 4.99 7.94 7.46 7.09 18.08 6.75 16.29 39.45 40.55 32.52 27.46 34.65
Cr 3.32 3.65 7.96 7.58 4.71 9.43 7.84 7.15 20.51 18.94 11.26 12.77 16.4
Co 0.03 0.33 0.62 0 0.1 0.68 0.33 0.57 2.77 2.86 2.22 2.45 2.81
Ni 4.31 3.51 7.92 4.23 4.43 12.82 6.9 11.59 26.55 18.92 26.62 24.83 45.36
Cu 1.61 0 1.81 1.26 2.17 2.12 2.16 2.94 14.64 5.92 6.26 8.17 14.67
Zn 45.01 0.85 23.56 9.74 35.35 755.93 55.58 564.22 2364.3 1222.2 2144 1708.8 5122.4
Ga 0 0.05 0.48 0 0.13 0.86 0.62 0.93 3.31 3.33 2.13 2.62 4.31
Y 1.22 1.49 2.48 1.14 1.45 1.89 1.91 2 3.85 3.72 4.06 6.07 4.84
Nb 0.96 1 0.92 0.96 1.08 1.24 0.96 1.49 2.68 3 2.35 2.54 3.18
Ta 0.02 0 0.09 0.02 0.02 0.16 0.03 0.05 0.26 0.21 0.12 0.21 0.19
Zr 1.25 1.55 1.27 1.31 1.94 3.2 1.53 4.84 13.13 16.14 10.88 10.81 16.37
Hf 0 0 0 0 0 0 0 0 0.29 0.37 0.11 0.1 0.25
Mo 0.77 1.21 0.33 0.12 0.54 0.37 0.25 0.55 0.85 0.78 1.14 1.03 1.04
Sn 0 0 0 0 0 0 0 0 0.21 0.18 0 0 0
Tl 0.04 0.17 0.05 0.03 0.18 0.38 0.1 0.57 1.84 1.32 0.66 0.88 0.67
Pb 8.06 0 23.88 1.93 6.5 100.32 21.68 58.84 1006.9 441.46 322.38 218.46 431.86
U 1.39 1.21 1.17 0.56 1.54 1.52 0.65 1.68 2.06 2.83 2.55 1.63 1.27
Th 0 0 0 0 0 0 0 0 1.07 1.58 0.73 0.87 1.28
La 1.06 1.34 1.99 1.04 1.39 2.1 2.04 2.01 5.58 5.61 5.09 9.84 6.85
Ce 1.87 2.34 4.22 1.82 2.54 3.91 3.5 3.83 8.85 11.3 7.22 11.36 10.44
Pr 0.16 0.21 0.46 0.15 0.24 0.41 0.41 0.39 1.03 1.24 0.97 2.05 1.39
Nd 0.87 1.04 2.04 0.82 1.15 1.74 1.76 1.75 4.02 4.89 3.97 8 5.51
Sm 0.26 0.3 0.44 0.3 0.3 0.31 0.32 0.37 0.64 0.89 0.71 1.53 1.03
Eu 0.18 0.2 0.27 0.18 0.2 0.21 0.22 0.22 0.28 0.33 0.31 0.49 0.37
Gd 0.42 0.6 0.597 0.39 0.43 0.597 0.597 0.42 0.796 1 0.33 0.97 0.62
Tb 0.05 0.07 0.1 0.05 0.05 0.07 0.1 0.06 0.11 0.14 0.04 0.13 0.07
Dy 0.32 0.35 0.59 0.31 0.33 0.42 0.47 0.38 0.64 0.71 0.44 0.9 0.63
Ho 0.07 0.07 0.12 0.06 0.07 0.08 0.12 0.09 0.14 0.15 0.15 0.22 0.18
Er 0.32 0.33 0.41 0.31 0.33 0.38 0.38 0.36 0.49 0.51 0.51 0.66 0.58
Tm 0.07 0.07 0.08 0.07 0.07 0.08 0.08 0.07 0.09 0.09 0.09 0.11 0.1
Yb 0.41 0.43 0.48 0.41 0.43 0.46 0.46 0.46 0.55 0.58 0.54 0.67 0.62
Lu 0.05 0.06 0.07 0.05 0.06 0.06 0.06 0.06 0.08 0.08 0.07 0.09 0.09

Note: In bold samples used for the Fig. 5.

chlorite layers inside biotites would be responsible of the lower K con-
tent than that which might be expected for the micas.

With respect to Zn, in the chlorite packets reaches values up to 1.30
apfu. Specifically, in some zones which include also the presence of
muscovite laths and kaolinite coexisting with the carbonates and biotite

(Fig. 9b), it was observed that in the EDX map of Zn there are bright thin
bands next to biotite packets that correspond to chlorite bands (Fig. 9c).
The negative correlation of this map with the EDX map of the K allows to
observe a very subtle banding in the K content just in the zones in which
Zn-bearing chlorite is present alternating with biotite (Fig. 9d). The Mg
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Fig. 6. X-ray microfluorescence compositional maps of Si, Al, Fe, Ti and Zn corresponding to a cataclasite.

and Al EDX maps permit the clear identification of the muscovite and
biotite packets in the right upper corner and the kaolinite packet in the
middle of the images (Fig. 9e-f). The STEM-EDX spectra of chlorite and
biotite corresponding to the positions indicated in Fig. 9c confirm that
whereas the Mg-chlorite has Zn, this element was not detected in the
biotites (Fig. 9g-h). The detailed characterization of some chlorite grains
shows that in some cases they are Zn free, but when the Zn is present, the
distribution is not homogeneous inside them either because it shows an
increase from one part to another (Fig. 10a-c) or because it oscillates
perpendicular to the elongation of the grains (Fig. 10d-e).

In relation to the presence of talc in these samples, although it is rare
(Fig. 3e), the identification of this phase by XRD (< 2 pm fraction) in one
of the samples from the fault plane was significant enough to try to
characterize it at the nanoscale as it was not possible at the micrometer
scale. The textural images and the EDX maps show the predominance of
carbonate clasts (dolomite and calcite) and the minor presence of
phyllosilicates as biotite and talc as well as xenomorph quartz crystals.
These minerals are normally observed alone, occupying gaps among the
carbonates (Fig. 11a-b). The size of the talc grains is always less than
several micrometers which explains the difficulty in locating them in the
SEM. Most of talc grains are around 0.5 pm long and 100 nm thick and,
although they are very small, the lattice fringe images and electron
diffractions show defect-free crystals (Fig. 11c-d). The textural location
of the talc, as it is observed in Fig. 11, always follows the same pattern,
that is, between both types of carbonates.

5. Discussion
5.1. Fault rock composition and clay genesis

The intense cataclasis during the fault activity would increase the
permeability of the surrounding rock mass facilitating the fluids circu-
lation in the fault zone, which would act as a domain driving mobilised
fluids from deep source and promoting fluid-rock interaction processes
that led to clay neoformation. To clarify these points, we determined the
mineral assemblages corresponding to the host rocks and the fault rocks
and detected the enrichment and/or depletion in some elements (major
and trace) from the protolith to the damaged rock and the distribution of
these elements in the fault rocks. In addition, the presence of chlorite has
allowed the application of recent methods of chlorite thermometry.

The XRF analyses are useful to determine fluid-related alterations. In
our case, as well as the clear increase observed in SiO,, Al;03, FeoO3 and
CaO (Fig. 5a-d) from the protolith to the ultracataclasites, the pXRF has
shown that these elements and also Ti and Zn draw irregular bands along
the predominantly carbonate matrix of the rocks, surrounding the
dolomite clasts (Fig. 6). This textural aspect of the fault rocks points to a
relation with a fluid circulation episode which had to promote the
chemical element variations and the authigenesis of quartz and phyl-
losilicate grains. The significant presence of Zn (> 1200 ppm in the
ultracataclasites, Table 2), a trace element with a higher solubility in
hydrothermal systems than in other environments as for instance, the
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Fig. 7. Diagrams showing the chemical composition of biotites (a-b) and chlorites (c-d) and histogram (e) showing the geothermometric data obtained from the
chemical analyses of the chlorites located on the fault plane of the Padul Fault (navy blue: Inoue geothermometer, light blue: Bourdelle geothermometer). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Summary of temperatures calculated in chlorites with semi-empirical methods.
Geothermometer Range (°C) Average (°C) n
Bourdelle et al., 2013 118-276 179 + 41 20
Inoue et al., 2018 107-278 191 + 48

Note: Errors are expressed at SD level and n is numbers of analyses.

metamorphic environment (London et al., 1988) is consistent with these
observations. As a matter of fact, hydrothermal fluids play a significant
role in the genesis of a variety of Zn-rich clay minerals present in Zn

10

mineral deposits (Buatier et al., 2016; Balassone et al., 2020 and refer-
ences therein). In relation to the probable source of the Zn (and Pb),
mineral deposits of F-Pb-Zn, some of them mined, are frequent in the
Triassic carbonate sequence of the Alpujarride Complex (Martin et al.,
1987 and references therein). They are strata-bound, mainly stratiform,
hence they must have a sedimentary origin linked to diagenetic pro-
cesses of lagoonal fine-grained dolomites.

Whereas the protolith, which is essentially a low-grade metamorphic
dolostone is made of dolomite and minor quantities of quartz and micas
(biotite and muscovite), the fault rocks show also calcite, mainly in the
ultracataclasites, minor presence of Fe, Ti oxides and apatite and
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14 A (2 layers)
/

Fig. 8. HRTEM images showing the presence in the same packet lattice fringes
of different values: a) biotite which includes individual 14 A layers.; b and c)
thin packets of 24 A, 14 A and 10 A periodicity. Layers terminations are indi-
cated by red arrows. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

phyllosilicates such as illitic micas, kaolinite, chlorite, smectite and
sporadic talc as well as muscovite and biotite in both ultra- and cata-
clasites. It is obvious that the protolith has undergone a certain
enrichment in silicates in the fault area.

The detailed characterization of the chlorites as well as the talc,
present uniquely in the fault rocks, has allowed to determine that they
are Mg-rich chlorites, but also that Zn, with an EF > 10 in the fault rocks,
is preferentially partitioned in them. Nevertheless, not all analysed
chlorites include Zn in their composition. Specifically, chlorites from the
fault plane have no Zn, at all (Fig. 7d). The same observation with
respect to the Zn was done for the biotites, although in this case they are
also present in the protolith but without Zn. In fact, the presence of the
biotites decreases from protolith to the fault plane, the opposite that
occurs with the chlorites. According to Feng et al. (2022) the Zn varia-
tion in chlorites of hydrothermal origin is likely caused by fluid
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compositional difference. In addition to the variable presence of Zn in
the trioctahedral phyllosilicates (biotites and chlorites) of the cata-
clasites, the particular composition of these micas with abnormally low
K contents, relative to a theoretical biotite, points to at least a partial
alteration of them in the fault rocks. The nanoscale characterization of
these trioctahedral phyllosilicates in cataclasites, where it was observed
that biotitic packets include 14 A layers (Fig. 8a) and packets with 3-6
layers of 10 A alternating with packets of several layers of 14 A or 24 A
(Fig. 8b-c) indicate a layer-by-layer transformation from parent biotite
to chlorite product. The parallel orientation of the (001) layers corre-
sponding to both phases suggests a topotactic replacement of biotite by
chlorite facilitated by the structural and chemical similarities. This kind
of transformation has been previously described in low-grade meta-
morphic contexts (Jiang and Peacor, 1994; Barrenechea et al., 2000) and
also in hydrothermal systems (Jiménez-Millan et al., 2008; Airaghi et al.,
2020). Nevertheless, the chlorites identified on the fault plane (Fig. 4),
which are parallel to the fracture surface, have a more homogeneous
composition (Fig. 7) and show bigger sizes than chlorites from cata-
clasites. In this case, it seems more appropriate to consider a dissolution-
crystallization mechanism, which would affect the host rocks.

The analyses of chlorites from the fault plane and the application of
chlorite thermometry (Bourdelle et al., 2013; Inoue et al., 2018) points
to a temperature for chlorites on the fault plane close to 200 °C. These
temperatures are typical for pervasive hydrothermal fluids that could
circulate along the fault plane but also migrating laterally through the
permeable carbonate formations soaking the surroundings (cataclasites)
and promoting changes in the geochemistry and mineralogy, more
evident in the fault plane that at certain distance, also due to the tem-
perature which would be higher along the main fault planes contrib-
uting to dissolution processes.

The presence of other trioctahedral phyllosilicate, talc, was detected
by SEM in cataclasites and more significantly by XRD and TEM in
samples taken from the fault plane and composed essentially by dolo-
mite and calcite. The small size of the talc grains observed at nanoscale
(< 0.5 pm), which do not form aggregates and are always located among
both carbonates suggest a genesis from dolomite promoted by the ac-
tivity of silica-rich hydrothermal fluids in a low-temperature environ-
ment. According to the experimental study of Wan et al. (2017), talc can
form from the interaction of CaMg (COs3)2, SiO2 and H20 at temperatures
as low as <200 °C and low PCOj, but increasing the reaction rate with
increasing temperature and always above 100 °C. This reaction has even
been documented within faults and shear zones (e.g., Hecht et al., 1999;
Viti and Collettini, 2009) in the range of 170-400 °C at 1-2 kbar
depending on the CO5 content and it is one of the most cited origins of
talc deposits (Tornos and Spiro, 2000; Chatir et al., 2022 and references
therein). The reaction implies the generation of CO; and calcite as by-
products as well as talc (Gordon and Greenwood, 1970):

3CaMg (CO;), +4Si0, + H,0—~Mg, (Si;04) (OH), + 3CaCO; + 3CO,

These conditions are consistent with the chlorite thermometry.

To sum up, the presence of fault-controlled hydrothermal fluids
promoted geochemical changes and mineral reactions in the fault rocks
as the direct talc and chlorite precipitation from circulating fluids in the
fault plane at temperatures close to 200 °C and the layer-by-layer
transformation from parent biotite to chlorite product in the cata-
clasites, according to chlorite data and electron microscopy observa-
tions. The presence of smectite in the fault plane and the fault rocks
together with kaolinite and illite could be the result of the circulation of
late fluids, may be related to the final step of the hydrothermal activity
in the fault, the same as for much of the calcite whose presence is
remarkable in the ultracataclasites. Calcite mineralization as cement or
filling veins implies the closing of fluid pathways and a reduction of the
permeability of the fault rocks.



L. Abad et al.

Applied Clay Science 230 (2022) 106669

100 nm

Si g
= Mg Zn Chlorite
17 Al 1
;‘ -~

28t

i N

S8

Tke vap

gy )

ety BCeurt)

Si
Biotite

Znka

Tde g Susp

gy )

Fig. 9. a) K vs Ca vs Fe STEM-EDX map of site of interest reported in Fig. 8; b) Mg vs Al vs Ca STEM-EDX map with a red rectangle indicating the position of the
STEM-EDX maps on the right (c-f). Below, g) STEM-EDX spectra of Zn chlorite (white arrows in ¢) and h) biotite whose location is indicated in the Zn EDX map. Cal,
calcite; Kln, kaolinite; Ms., muscovite; Bt, biotite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
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5.2. The potential role of clay minerals on the Padul Fault behavior

According to several authors (Schleicher et al., 2010; Van der Pluijm,
2011), the presence of newly grown clay minerals, can be a key factor in
the behavior of active fault systems. Smeraglia et al. (2017) stated that
phyllosilicates can facilitate aseismic creep by dissipation of elastic
strain energy, more clearly if these minerals are located in ultrathin
layers, even for quantities <3 wt%, as it was experimentally tested. Here
we have described chlorite and smectite preferentially oriented, parallel
to the fault plane. Smectitic clays are among the weakest materials in the
crust, with extremely low friction coefficients (p < 0.23) when
compared with illite and chlorite (up = 0.27-0.32) (Ikari et al., 2009). In

12

addition, other authigenic clay, talc, is considered the softest known
natural mineral and one of the few minerals capable of absolute fault
weakening, as it has a friction coefficient between ~0.05 and 0.23,
depending on the temperature, pressure, fluid conditions, and applied
strain rate (Escartin et al., 2008; Moore and Lockner, 2008). In our case,
talc is present in very minor amounts, which generates doubts about its
possible influence in the fault behavior. In any case, whereas in the
cataclasites the talc grains detected are several tens of micrometers long,
in the fault plane however they are normally <0.5 pm long and < 100
nm width (Fig. 11). According to Collettini et al. (2009a) this difference
in the size could be a consequence of interlayer delaminations of talc
grains which would provoke a grain size reduction providing in turn a
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. Spectrum from area 1

. Spectrum from area 5

Fig. 10. a) HAADF image showing the mineral distribution in an area with a chlorite crystal; b) Mg vs Ca vs Zn STEM-EDX map of this area with location of the
chlorite analyses showing the extreme Zn compositions; c¢) two overlapped energy-dispersive X-ray (EDX) spectra corresponding to the chlorite packet of previous
images (a-b) with clear differences in the content of Mg and Zn; d) HAADF image with location of next STEM-EDX map; e) Mg vs Ca vs Zn STEM-EDX map of an area
of a chlorite where the Zn content changes across the width of the elongated crystal as it is shown by the colors and the inset (Zn profile).

number of possible frictional sliding surfaces. But even so, these talc
grains do not form an interconnected framework in the Padul samples as
described by Collettini et al. (2009a) and fault weakening depends
strongly on rock fabric and the distribution of weak phases within a fault
zone (Collettini et al., 2009b).

The Padul Fault is the most relevant and best exposed active normal

13

fault of the central Betics (Betic Cordillera, Spain). But the absence of
instrumental or historical seismic events suggests that the fault is now
unlocked and that its activity occurs, at least partially, by creep,
reducing the possibility of large seismogenic events. According to the
GPS data and an average fault dip of 55°, the average displacement on
the fault surface should be of around 0.78 mm/yr (Gil et al., 2017) which
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Fig. 11. a and b) textural and Mg vs Si vs Ca STEM-EDX map showing the mineral association based on dolomite (Dol), calcite (Cal) and talc between them (Tlc); c)
lattice fringe image of the talc grain with the 9.4 A basal d-value characteristic of this phyllosilicate and EDX spectrum,; d) selected area electron diffraction pattern

showing 00! reflections of talc.

is a bit higher rate than the one based on stratigraphic markers (0.16 to
0.35 mm/yr, Sanz de Galdeano et al., 2012). In conclusion, Gil et al.
(2017) considered that Padul Fault probably has an important part of
aseismic deformation, although more data covering a broader time than
the last 500 years would be necessary to quantify the percentages of
aseismic and seismic deformation of this active fault. Particularly, the
identification of soft-sediment structures produced by liquefaction in the
Quaternary sediments next to Padul Fault (< 1 km) was attributed to
seismic shocks of a moderate-high-magnitude, although not necessarily
produced by an earthquake associate with this fault (Alfaro et al., 2001).
In this context, the fault rocks characterization from the chemical and
mineralogical point of view, with the identification of authigenic clay
minerals as a consequence of fluid-rock interaction processes, displays
results consistent with the geodetic data from Gil et al. (2017). It has
been demonstrated that newly grown clay minerals can promote
weakening mechanisms at shallow crustal levels that contribute to the
creep over the seismic stick-slip and reduce the possibility of large
seismogenic events (Wintsch et al., 1995; Smeraglia et al., 2017).

6. Conclusions

Clay minerals not detected in the protolith of the Padul Fault were

14

described in the fault rocks. Among them, chlorite is the most significant
both in fault rocks and directly on the fault plane. Both the presence of
Zn in chlorites and the chemistry of biotites from the cataclasites and the
textural relationship of both minerals up to the nanoscale suggest a
layer-by-layer transformation. Nevertheless, chlorites from the fault
plane have no Zn and show more homogeneous compositions. The
chlorite thermometry indicates temperatures between 140 and 220 °C.
Talc grains were also detected among carbonates. These data together
with the geochemical features, Si, Al, Fe, Ca, Ti and Zn enrichment to-
wards the ultracataclasites in form of irregular bands, points to the
presence of fault-controlled hydrothermal fluids promoting geochemical
changes and mineral reactions in the fault rocks, as the precipitation of
chlorite and talc from fluids at temperatures close to 200 °C. The iden-
tification of authigenic clay minerals as a consequence of fluid-rock
interaction processes are results consistent with the geodetic data and
the absence of instrumental or historical seismic events in the Padul
Fault that points to a predominant fault activity by creep.
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