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Abstract: We have studied damage zones of two active faults, Baza and Padul faults in Guadix-Baza
and Granada basins, respectively, in South Spain. Mineral and microstructural characterization by
X-ray diffraction and field emission electron microscopy studies have been combined with structural
fieldwork and in situ measurements of rock properties (permeability and Young’s modulus) to find
out the relation between deformation behavior, mineral processes, and changes in the soft rock and
sediment properties produced by fluid flow during seismic cycles. Our results show that microsealing
produced by precipitation of dolomite and aragonite along fractures in the damage zone of Baza
Fault reduces the permeability and increases the Young’s modulus. In addition, deformation bands
formed in sediments richer in detrital silicates involved cataclasis as deformation mechanism, which
hamper permeability of the sediments. In the Granada Basin, the calcarenitic rocks rich in calcite and
clays in the damage zone of faults associated to the Padul Fault are characterized by the presence of
stylolites without any carbonate cement. On the other hand, marly lithofacies affected by faults are
characterized by the presence of disaggregation bands that involve cracking and granular flow, as well
as clay smear. The presence of stylolites and deformation bands in these rocks reduces permeability.

Keywords: aragonite and dolomite microsealing; clay-filling stylolites; fracture; deformation bands;
permeability; active faulting

1. Introduction

Faults are localized deformation structures that form in different rock types, sediments, and
tectonic settings. Faulting processes produce deformation, dissolution, and crystallization of minerals
that generate microtextures which usually affect petrophysical properties and fluid flow within the
deformed rocks [1–7]. Faulted rocks are divided into fault core and damage zone based on the
deformation intensity (e.g., [8]). Fault core may contain the main slip surface, fractures, fault gouge,
cataclasite, lenses of deformed and undeformed rocks, breccia, clay or sand smear and diagenetic
features [9–13]. The damage zone surrounding the fault core may include small faults, fractures,
and/or deformation bands, and sometimes drag fold [3,14–17]. The complexity of the internal structure
of fault core and damage zone affect strongly the fluid flow during the seismic cycle. Outcrops are
commonly used to study the details of fault core and damage zone, which gives only a snapshot
of the faulting process and sometimes the most mature stage. However, studying active faults and
syn-sedimentary deformation can contribute to the understanding of dynamic process of faulting
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and changes in sediment properties at different stages of faulting [18–21]. These changes are usually
combined with diagenetic features and mineralization that could be attributed to different seismic
cycles during the fault life [7,22].

The process of fracturing, fluid flow, and earthquake nucleation across sedimentary carbonate
strata has received great attention (e.g., [23–28]). Vein formation due to pressure solution is a relevant
aseismic process that dissipates strain energy during the seismic cycle. Moreover, veins also record
stress cycles produced by earthquakes along faults [29,30]. The vein formation process involves an
initial fracture aperture that is subsequently sealed by crystallization of cement [31]. Therefore, veins
represent old fluid pathways controlling flow of fluid and heat in rocks (e.g., [32,33]). However,
veins can have a strong effect on the host rock features, affecting the later brittle deformation of
rocks [34–37], and the flow of fluids [38]. Seismic or aseismic fault slip behavior can be controlled
by these features [39–42]. When carbonate pressure solution is not able to dissipate the energy,
the development of seismic faults is favored by fragments of unmodified materials (asperities) acting as
brittle nuclei. After nucleation, propagation of fractures occurs by seismic rupture (e.g., [23,25,27,28]).
Mineral and microtextural characterization of the rocks provide significant information on the fluid
flow processes of the rocks associated to the seismic cycle of faults. The main objectives of the present
study are: (i) To investigate the changes in the deformation pattern and mineralogy of carbonate
sediments in the fault damage zone during the aseismic cycle of faulting; (ii) to study the effect of these
changes on the petrophysical and mechanical properties of the deformed sediments; (iii) to understand
the effect of active faulting on fluid flow.

Therefore, we have studied damage zones of two active faults, Baza and Padul in Guadix-Baza
and Granada basins, respectively, in South Spain. We have combined mineral and microstructural
characterization by X-ray diffraction (XRD) and field emission electron microscopy (FE-SEM) studies
with structural fieldwork and in situ measurements of rock properties (permeability and Young’s
modulus) to finally find out the relation between deformation frequency, mineral processes, and
changes in the soft-rock and sediment properties.

2. Geological Setting

The most active tectonic zone of the Iberian Peninsula with the highest seismic hazard and
instrumental seismicity rate is the central Betic Cordillera (see e.g., [43,44]), especially in the Guadix-Baza
and Granada basins. Furthermore, the 1884 Andalusia earthquake (magnitude Mw = 6.5) and the
1531 Baza earthquake (magnitude ca. 6.0) [44–46] are two of the major historical earthquakes recorded
in this area.

A regional geodynamic setting with NNW–SSE compression is responsible of this seismicity [47–51]
due to several NW–SE normal faults, Granada Fault system and Baza Fault, that accommodate a
regional ENE–WSW extension [52–55].

2.1. The Baza Fault

The Baza Fault is located in the Guadix-Baza basin (central Betic Cordillera, Figure 1). In this
region, convergence between Nubia and Eurasia has a rate of approximately 4 to 6 mm/yr [56]. The main
tectonic feature of the area is an ENE–WSW extension that has produced dip normal faults since the
Miocene [47]. The main active structure of the Guadix-Baza basin is the Baza Fault (Figure 1b), one
of the most important active normal faults of the Betic Cordillera with 37 km of extension, a N–S to
NW–SE strike and 45◦–65◦ dipping to the east [55,57]. In the northern part of the fault, it has one main
strand and fault zone is ca. 0.2 km width. However, more than 13 strands can be observed in the
southern part of the fault zone, with a width of ca. 7 km. Since the late Miocene, accumulated total
fault throw is around 2 km [55]. The estimations of the slip rate of the fault vary between 0.12 [44,55]
to 0.49 mm/yr [57].

The geological, sedimentological, and geomorphological evolution of the Guadix-Baza basin
was controlled by the Baza Fault. The maximum thickness of sediments (around 2200 m) can be
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found near the fault [58]. Sedimentary marine rocks (upper Miocene) and fluvial and lacustrine rocks
(Pliocene/Pleistocene) fill this basin [59]. The transition from marine to continental environment was
produced by the regional uplift of the surrounding relief of the Betic Cordillera which promoted a process
of differential subsidence with endorheic continental sedimentation during the Plio-Pleistocene [59–61].
The stratigraphic study and facies mapping by Gibert and collaborators [61] includes three gradational
lithologic zones (inner, intermediate and marginal). The studied samples in the present paper belong
to the “Benamaurel Unit”, which includes the sedimentary deposits of the inner and the intermediate
lithologic zones of the basin. The Benamaurel Unit comprises subhorizontal lacustrine deposits rich in
carbonate, marls, gypsum, and dark claystones bearing native sulphur nodules. The basin changed
to exorheic in the middle Pleistocene because of large sedimentation, after the drainage of the basin
was captured by a tributary of the Guadalquivir river and underwent erosive incision with local
deposition of alluvial fans, piedmont deposits, fluvial terraces and valley-bottom deposits. A flat
geomorphic surface (glacis) of this period, frequently used as marker of recent deformation, was
partially preserved [57]. After the change to exorheic conditions in the basin, many topographic
escarpments along the trace of the Baza Fault and a major mountain front nearly 30-km long were
created [57,62].
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2.2. The Granada Fault System: Padul Fault

The Granada Basin is a late orogenic intramontane basin located in the central sector of the Betic
Cordillera, southern Spain (Figure 2) [54,64]. The most remarkable normal fault of this region from
a geomorphic point of view is the Padul Fault, located in the Internal Zone of the Betic Cordillera.
The Sierra Nevada highest reliefs and the Granada basin are separated by this active normal fault [65].
Footwall metamorphic marbles (Alpujarride complex) show the great mountain front created by
the fault [66,67]. A northern segment is 5.25-km long and a southern segment is 7-km long can be
identified. Fault strike is predominantly NW–SE, its throw is around 800 m in its central part [68]
and dip ranges from 65◦–20◦ to the SW. Well-preserved scarps can be observed in the contact with
the footwall basement. Since the end of the Miocene, a graben filled by Late Tortonian bioclastic
grainstones and Messinian marls was formed in the hanging wall block (Padul graben), which received
alluvial fans during the Pliocene and the Quaternary [69,70].

Minerals 2020, 10, x FOR PEER REVIEW 4 of 29 

 

2.2. The Granada Fault System: Padul Fault 

The Granada Basin is a late orogenic intramontane basin located in the central sector of the Betic 
Cordillera, southern Spain (Figure 2) [54,64]. The most remarkable normal fault of this region from a 
geomorphic point of view is the Padul Fault, located in the Internal Zone of the Betic Cordillera. The 
Sierra Nevada highest reliefs and the Granada basin are separated by this active normal fault [65]. 
Footwall metamorphic marbles (Alpujarride complex) show the great mountain front created by the 
fault [66,67]. A northern segment is 5.25-km long and a southern segment is 7-km long can be identified. 
Fault strike is predominantly NW–SE, its throw is around 800 m in its central part [68] and dip ranges 
from 65°–20° to the SW. Well-preserved scarps can be observed in the contact with the footwall 
basement. Since the end of the Miocene, a graben filled by Late Tortonian bioclastic grainstones and 
Messinian marls was formed in the hanging wall block (Padul graben), which received alluvial fans 
during the Pliocene and the Quaternary [69,70]. 

 

Figure 2. (a) Geological sketch of the Granada Basin and the Betic Cordillera, southern Spain. (b) 
Geological map of the study area. Location of the area is indicated in (a). Modified from Sanz de 
Galdeano [71]. 

a

b

Figure 2. (a) Geological sketch of the Granada Basin and the Betic Cordillera, southern Spain.
(b) Geological map of the study area. Location of the area is indicated in (a). Modified from Sanz de
Galdeano [71].
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The study area, named Tablate area [71–73], is located less than 3 km to South of the Padul Fault,
in the southeastern edge of the Granada Basin where a tectonically poorly consolidated sedimentary
succession, up to 250 m thick, made up of middle Miocene to Quaternary siliciclastic and carbonate
rocks unconformably overly a Paleozoic to Triassic metamorphic basement strongly deformed during
the Alpine orogenesis [74,75]. In the study area, Agosta and collaborators [72] indicated that the
sedimentary beds dip about 10◦ SW, and are crosscut by three different sets of normal faults which
activity is associated to the Padul Fault. Strikes of these faults are ∼N–S (set 1), ∼E–W (set 2), and
∼NW–SE (set 3). The first fault set contains strands of individual segments that dip either E or W,
while the second set contains strands that dip either N or S. Both sets 1 and 2 consist of faults up to
−3 km-long with throws up to 100 m (set 1) and 80 m (set 2). Faults of set 3 mainly dip SW with throws
up to 100 m.

3. Methods

We conducted structural studies, in situ field measurements and regular sampling at outcrops.
1D scanlines were conducted at the base of each outcrop to position faults and fractures in cm length
scale for further in situ measurements. We first identified the core of the main fault and its boundaries
with the damage zone in each locality following the method described by Torabi et al. [17]. The
fault-core thickness is defined as the total thickness of fault rocks, which in our studied localities include
the major slip surface, crushed material, and clay smear incorporated between slip surfaces in the fault
core. The damage zone statistical boundaries with host rock are identified using the slop changes in
the cumulative plots [17]. The structural measurements in the field include registering the position of
all deformation features along the scanline, orientations of faults (using lower-hemisphere projection
on Schmidt Stereonet), fractures, and bedding along with a description of the studied sections.

A TinyPermII and a Schmidt Hammer were used in the field for in situ permeability and
hardness measurements at regular distances along the scanlines, avoiding measurements on fractures.
The measurements were conducted almost perpendicular to the main fault orientation in each section
(locality). The in situ measurements were performed on fresh rock surfaces to avoid the surface erosion
effect [76]. In order to reduce the measurement errors, several measurements were performed at
the same location and average values are provided in the plots presented in this paper. The in situ
measurements from TinyPermII (TP) were converted to permeability (k) values using the empirical
relation established by the manufacturer (New England Research), Equation (1):

TP = −0.8206log(k) + 12.8737 (1)

The Schmidt Hammer measurements were converted to Young’s modulus using the following
empirical relation [76,77].

ln(E) = −8.967 + 3.091ln(HR) ± 0.1, R2 = 0.99 (2)

where HR is the Schmidt Hammer measurements and E is the Young’s modulus.
Small samples were taken at the same location where the in situ measurements of permeability

and hardness were performed along each scanline for each locality. The samples were also analyzed
through X-ray diffraction (XRD) and field emission scanning electron microscopy (FE-SEM) to establish
the mineral assemblages and to characterize the texture at micrometer scale. XRD data were obtained
from random powders and oriented aggregates after washing with distilled water to remove salts.
Oriented aggregates were prepared by sedimentation on glass slides and the <2 µm fraction was
separated by centrifugation. Ethylene glycol treatment was carried out to permit the identification of
expandable clay minerals (smectite, interstratified layers, etc.).

X-ray diffractograms were obtained in a PANalytical Empyrean diffractometer equipped with
a θ/θ goniometer. The CuKα radiation with a voltage of 45 kV and a current of 40 mA was used
with a step size of 0.01◦ 2θ and a count time of 40 s per step. Samples were scanned from 4◦ to 64◦
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2θ (Centro de Instrumentación Científico-Técnica, CICT, University of Jaén). Factors proposed by
Dinelli and Tateo [78] and Vazquez and Jimenez-Millan [79] were used for the estimation of the relative
abundances of minerals. Following the XRD, microstructural investigation has been done by FE-SEM.
Carbon-coated polished thin sections were examined using back-scattered electron (BSE) imaging in
atomic number contrast mode and energy-dispersive X-ray (EDX) analysis to characterize the textural
and mineralogy. These observations were carried out with a Merlin Carl Zeiss SEM at the Centro de
Instrumentación Científico-Técnica, CICT (University of Jaén).

4. Results

4.1. Damage Zone of the Baza Fault

Five outcrops were studied along Baza Fault, covering damage zones made of Plio/Pleistocene
soft rocks from the intermediate zone of the Benamaurel unit and developed at the northern, central,
and southern segments of this major fault. In the following details of outcrop studies and in situ
measurements are provided.

4.1.1. Northern Segment: Cañada Gallego Site

The Cañada Gallego site is located between the Baza and Cortes the Baza villages, in the northern
part of the Baza Fault (UTM 30S 518679, 4160143, Figure 1b). In this area, the width of the fault zone
is around 0.2 km, with several parallel closely spaced splays merging into a main fault (Figures 3
and 4), which leaves a high morphological scarp. At the northern end, a gradual decrease of the throw
is observed, practically on one single superficial fracture, with a progressively steeper dip. At the
surface, the majority of fault planes have NE–SW orientation dipping SE (Figure 4d) with dip-slip
displacement in Pliocene–Pleistocene soft rocks. In this site, the Cañada Gallego gully runs from east to
west (Figure 3b), sub-perpendicular to the fault zone. The scanline was carried out on the hanging wall
of a normal fault with approximately 50 m displacement cutting through carbonate rocks (Figure 4).
The carbonate rocks belong to the intermediate zone of the Benamaurel unit described by Gibert and
collaborators [61] that they occur intercalated with lutite layers, as well as fine- to coarse-grained
siliciclastics beds, and chert. This fault includes well-developed clay smear in the fault core, which is
around 60 cm thick at the base of the outcrop.

A series of samples were taken along the scanline at different distances from the fault. XRD
analyses of rocks from the scanline conducted in the hanging wall reveal a dolomite-rich composition
(up to 64%) of the mineral content (Table 1). Several samples are enriched in quartz and feldspars,
representing around 40% of the mineral composition. Clay mineral content varies between 8% and
14%. Illite is always present in the mineral assemblage, whereas kaolinite, smectite, or chlorite appear
only in some samples.

Table 1. X-ray diffraction (XRD) analysis of the samples from the northern segment of the Baza Fault
(Cañada Gallego site). The distance corresponds to the distance from fault, which is also shown on the
x-axes of the plots in Figure 4.

D (m) Cal Dol Qz Fsp Gp Phy Ilt Kln Sme Chl

0.8 4 64 12 8 3 9 X X X
2 3 59 18 5 15 X X
3 14 42 25 7 12 X X X
5 4 39 29 11 3 14 X X
6 5 64 14 4 5 8 X X
10 8 33 28 9 8 14 XX X

D (m): distance in meters. Cal: Calcite, Dol: Dolomite, Qz: Quartz, Fsp: Feldspar, Gp: Gypsum, Phy: Phyllosilicates,
Ilt: Illite, Kln: Kaolinite, Sme: Smectite, Chl: Chlorite. Phyllosilicate proportions expressed as number of X (XX:
main phase, X: moderate phase; x: scarce). Mineral abbreviations according to Whitney and Evans [80].
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Figure 4. (a) A photo of the northern segment of the Baza Fault (Cañada Gallego site). Note that the
scanline measurements were conducted in the hanging wall of this fault. (b) Frequency and cumulative
distribution of fractures. (c) Permeability and Young’s modulus measurements along the scanline.
(d) Stereoplot of the fault (red) and fracture (blue) orientations.

Frequency of fractures is higher close to the fault (up to 9 fractures per meter, Figure 4b) and
drops out away from the fault in the hanging wall, where the damage zone ends due to inaccessibility
(1 fracture per meter at 21 m of the scanline). Therefore, the cumulative plot does not flatten out along
the scanline. There are some local increase that could be related to the changes in the mineralogy as we
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did not observe any minor faults in the damage zone. Permeability changes between ~2 mD close
to the fault core and ~90 mD away from the fault, which in total changes one order of magnitude.
Young’s modulus measurements range between ~0.5 GPa and ~2.7 GPa, with the highest value located
close to the fault core (Figure 4c).

The permeability and Young’s modulus measurements show a negative correlation, with increasing
permeability, the Young’s modulus decreases and vice versa. The higher dolomite content for the
samples at 0.8 m and 6 m distances from the fault (Table 1), corresponds approximately to lower
permeability and higher Young’s modulus values on the plot in Figure 4c.

4.1.2. Central Segment: Carrizal and Barranco Del Agua Sites (East and West Sections)

The outcrops studied in the central part of the Baza Fault occur in the damage zone of a 1-km
wide fault zone, which includes several NNW–SSE striking strands. Offsets of the Pleistocene units
indicate that most of the Baza Fault cumulative slip concentrates along two main strands. This area
is characterized by a vertical sequence of different flat landforms (Figure 5). The highest landform
(surface A) is an extensive, flat surface, gently dipping toward the center of the basin (to the east)
corresponding to the glacis of the Guadix-Baza Basin. Erosive incision in this sector developed two
main gullies (Carrizal and Barranco del Agua) running perpendicular to the Baza Fault, which join
in a creek to the east. We focused our analysis in this central segment on three outcrops, namely,
the Carrizal outcrop and the Barranco del Agua east and west outcrops, located on two fault strands.
The fault strands cropping out in this sector are responsible for a ca. 20 m offset of the glacis (surface A,
Figure 5).Minerals 2020, 10, x FOR PEER REVIEW 9 of 29 
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Carrizal Site

In this outcrop a normal fault is exposed, which is associated to the westernmost of the two main
strands of this sector. This scanline was placed at the hanging wall of this fault (UTM 30S 518200E,
4152500N, Figure 6). The fault is made of several splays and clay smear, which totally encompasses
1.4-m thick fault core at the base of the outcrop (ground level). This outcrop is characterized by the
presence of marly beds, which are predominant over the carbonate beds. Thin beds of dark lutites rich
in organic matter are associated with the carbonate and marly beds. Scanline was conducted on marly
levels with significant amounts of carbonate, quartz, and clay minerals, which were identified and
measured on samples (Table 2). Dolomite content (up to 54%) prevails over calcite (<8%). The amount
of phyllosilicates is high (>27%). Samples near the origin of the scanline are enriched in clay minerals
(39%, illite and paragonite as main minerals) quartz (25%), and feldspars (11%). Small amounts of
gypsum can also be observed in these sediments. Since the sediments were very fragile, we just
conducted permeability measurements with no Schmidt hammer measurement. Number of fractures
is 3 per meter around the fault but increases within the damage zone away from the fault (Figure 6b).
The rest of damage zone was covered, therefore, the cumulative plot does not show any flattening.
Permeability changes between 47 and 105 mD, increasing away from the fault core (Figure 6c), which
agrees with the changes in the fracture frequency (Figure 6b) and the clay content in the rock samples
(Table 2).
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Figure 6. (a) Photo of the outcrop exposed in the Carrizal site (central segment of the Baza Fault).
The main fault includes clay smear in the fault core and small synthetic faults and fractures in the damage
zone. (b) Frequency and cumulative distribution of fractures along the scanline. (c) Permeability
and Young’s modulus measurements along the scanline. (d) Stereoplot of the fault (red) and fracture
(blue) orientations.
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Table 2. XRD analysis of the samples from the central segment of the Baza Fault at the Carrizal site.
The distance corresponds to the distance from fault, which is also shown on the x-axes of the plots in
Figure 6.

D (m) Cal Dol Qz Fsp Gp Phy Ilt Sm Chl Pg

0 3 37 13 6 5 36 XX X X X
1 6 54 8 5 27 X X

1A 8 12 25 11 5 39 XX X X X
2.2 5 52 10 3 30 X X
3.2 8 50 8 5 29 X X
4 5 53 9 5 28 X X

5.1 4 54 9 5 28 X X
6 6 51 10 4 29 X X
7 5 53 7 5 30 X X

D (m): distance in meters. Cal: Calcite, Dol: Dolomite, Qz: Quartz, Fsp: Feldspar, Gp: Gypsum, Phy: Phyllosilicates,
Ilt: Illite, Sme: Smectite, Chl: Chlorite, Pg: Paragonite. Phyllosilicate proportions expressed as number of X. Mineral
abbreviations according to Whitney and Evans [80].

Barranco Del Agua Gully (West Section)

This outcrop is located between the two main strands of the fault in this locality (UTM 30S 518290E
4152650N, Figure 5). The studied outcrop includes a large normal fault, in which it had no measurable
displacement due to lack of markers. The origin of the scanline (0 point) was set up in the hanging wall
of the fault and then continued into the footwall after crossing the fault between 5.7 and 9.5 m along the
scanline (Figure 7a). White lacustrine carbonate beds up to 50 cm thick appear intercalated with thin
grey lutite and silt layers. These lithofacies are very carbonate rich (up to 83%) (Table 3), predominating
dolomite over calcite. The amount of quartz, feldspars, phyllosilicates, and gypsum is very low (<10%).
Sampling for mineralogical study and permeability and Young’s modulus measurements were also
carried mainly along a carbonate-rich level.

Table 3. XRD analysis of the samples from the central segment of the Baza Fault at the Barranco del
Agua gully (west section). The distance corresponds to the distance from fault, which is also plotted on
the x-axes of the plots in Figure 7.

D (m) Cal Dol Qz Fsp Gp Phy Ill Sme

0.8 22 61 6 3 8 X
2.4 36 44 8 6 6
3.5 20 56 8 3 5 8 X
5.3 15 54 18 3 3 7 X
20 52 20 8 5 5 10 X

D (m): distance in meters. Cal: Calcite, Dol: Dolomite, Qz: Quartz, Fsp: Feldspars, Gp: Gypsum, Phy: Phyllosilicates,
Ilt: Illite, Smectite: Sme. Phyllosilicate proportions expressed as number of X. Mineral abbreviations according to
Whitney and Evans [80].

The fault core thickness is estimated to be around 3.8 m at the scanline. The fracture frequency
is steady (1 fracture per meter) in the hanging wall until it reaches the fault, in which the number
of fractures increases to 2 in the fault zone and then it drops out in the footwall before it increases
again at 24 m along the scanline (Figure 7b). The scanline was stopped at 25 m because of the
inaccessibility of the rest of footwall damage zone therefore the cumulative curve does not flatten
out. Permeability changes between ~9 mD to ~230 mD, indicating two orders of magnitude change
along the damage zone (Figure 7c). Permeability increases in the fault core to around 160 mD. Young’s
modulus measurements are between ~0.4 GPa and ~3.2 GPa, which show a sudden increase at 10 m of
the scanline (Figure 7c). The low permeability values in the scanline (corresponding to high Young’s
modulus values) could be related to the high calcite/dolomite content (Table 3).
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Figure 7. (a) Photo of the outcrop exposed in Barranco del Agua gully (west section) in the central
segment of the Baza Fault. The person on the picture is standing along the fault between the hanging
wall (behind her) and footwall. The origin of the scanline (0 point) was set up in the hanging wall of
the fault and then continued into the footwall up to 25 m as far as the damage zone was accessible.
(b) Frequency and cumulative distribution of fractures along the scanline. (c) Permeability and Young’s
modulus measurements along the scanline. (d) Stereoplot of the fracture’s orientations.

Barranco Del Agua Gully (East Section)

This outcrop is located at the east of the eastern strand of the fault zone in this sector (UTM
30S 518420E 4152730N, Figure 5). We studied a small part (6 m) of the damage zone of a normal
fault exposed in this locality (Figure 8a). Measurements and sampling were carried out on carbonate
lithofacies occurring at the footwall of the normal fault. These rocks are enriched in calcite and contain
very low quartz, feldspars, and clay minerals (illite) (<6%) (Table 4).

Table 4. XRD analysis of the samples from the central segment of the Baza Fault at the Barranco del
Agua gully (west section). The distance corresponds to the distance from fault, which is also plotted on
the x-axes of the plots in Figure 7.

Cal Dol Qz Fsp Phy Ilt

64 18 9 3 6 X

Cal: Calcite, Dol: Dolomite, Qz: Quartz, Fsp: Feldspars, Gp: Gypsum, Phy: Phyllosilicates, Ilt: Illite. Phyllosilicate
proportions expressed as number of X. Mineral abbreviations according to Whitney and Evans [80].

The fracture frequency ranges from 1 to 7 per meter (Figure 8b). The cumulative curve flatten out,
which might indicate the statistical boundary of damage zone with host rock. Permeability changes
between 17 and 46 mD. While Young’s modulus changes between 4 and 18 GPa, which is higher
than similar measurements in the previous outcrops (Figure 8c). There is a clear negative correlation
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between the permeability and Young’s modulus measurements, in which when permeability increases,
Young’s modulus decreases and vice versa. The changes in the permeability and Young’s modulus are
also consistent with the changes in the fracture frequency (Figure 8).
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Figure 8. (a) Photo of the outcrop exposed in Barranco del Agua gully (east section) in the central
segment of the Baza Fault. The outcrop includes a small part of a normal fault damage zone, which
was studied along a scanline. (b) Frequency and cumulative distribution of fractures. (c) Permeability
and Young’s modulus measurements along the scanline. (d) Stereoplot of fracture orientations.

4.1.3. Southern Segment: Altichuelas Site

The Altichuelas locality is located 2.5 km NE of Caniles village, in the southern part of the Baza
Fault (UTM 30S 526630 4144887, Figure 9). In this sector, the 7-km-wide fault zone splits into several
NW–SE-slipping fault strands and the Rambla de Valcabra ephemeral river flows from south to
north, sub-parallel to the fault zone (Figure 9). This river is dry for long periods of time and only
experiences flow after it has rained enough in the catchment area. Structural measurements and
sampling were conducted on the bedrock units, which are Plio-Pleistocene well-bedded carbonate
lithofacies intercalated with silts, clays, and fine sands belonging to the intermediate zone of the
Benamaurel unit described by Gibert and collaborators [61]. Thin and thick carbonate beds are mainly
massive, but also can include laminated and nodulose micritic mudstones. The lutites of this unit are
affected by minor but common erosional surfaces. The carbonate beds may contain variable amounts
of gypsum. A normal fault located in the north corner of this outcrop is considered as the main fault in
this locality. This fault has a minimum displacement of 20 m and a fault core thickness around 0.5 m.
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The shaley layer in the hanging wall has been smeared out along the fault core and cavities/dissolution
features are observed both around the main fault and along the two studied sections (Figures 10
and 11).Minerals 2020, 10, x FOR PEER REVIEW 14 of 29 
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Figure 9. (a) Geological–geomorphological map of the central sector of the Baza Fault. Location
in Figure 1. (b) Geological cross section along the southern sector. Modified from Castro and
collaborators [63].

The two studied sections (scanlines) are perpendicular and include the footwall damage zone of
the main fault. In addition, there are several small faults in the footwall damage (Section 1, Figure 10),
which are both synthetic and antithetic to the main fault. Small fractures are observed all over the
outcrop in both sections.
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Figure 10. (a) Section 1 in Altichuelas site (southern segment of the Baza Fault), where the first scanline
was conducted at the base of the outcrop. Note the fault in the northern corner of this outcrop with a
clay smear and many cavities/dissolution features around the fault. The scanlines were conducted in
the footwall damage zone of this fault. There are several small faults, illustrated with red dashed lines
that are either synthetic or antithetic to the orientation of the main fault. (b) Frequency and cumulative
distribution of fractures along the scanline. (c) Permeability and Young’s modulus estimations along
the scanline.
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Figure 11. (a) Section 2 in Altichuelas site (southern segment of the Baza Fault), where the second
scanline was conducted at the base of the outcrop. Note that there are only fractures observed in
this section, which is part of the main fault footwall damage zone. (b) Frequency and cumulative
distribution of fractures along the scanline. (c) Permeability and Young’s modulus estimations along
the scanline. (d) and (e) stereoplots of faults (red) and fractures (blue) in Sections 1 and 2, respectively.
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Sampling for mineralogical study and in situ permeability and Young’s modulus measurements
were carried mainly along a carbonate level. XRD analyses showed similar mineral associations along
both scanlines, that mainly consist of calcite, dolomite, aragonite, quartz, clay minerals, and feldspars
(Table 5). The main mineralogical characteristic of these sediments is the large amount of carbonate,
which oscillate between 42 and 63%. Calcite is commonly the predominant carbonate (Figure 12a) in
the non-deformed lithotypes, although in the samples richest in carbonate, the amount of dolomite
plus aragonite frequently predominates over calcite. The quartz content varies between 7% and 34%.
In addition, significant clay mineral contents were found (around 15%) with illite as predominant
phyllosilicate. The proportion of feldspars and gypsum is in general very low (frequently <10%).

Table 5. XRD analysis of the samples along the scanline 1 in Altichuelas site in the southern segment of
the Baza Fault. The distance corresponds to the distance from fault, which is also plotted on the x-axes
of the plots in Figure 10.

D (m) Cal Dol Arg Qz Fsp Gp Phy Ilt Kln Chl

0.5 39 12 21 7 5 16 XX X X
1.4 44 11 3 14 8 5 15 XX X X
2.1 32 10 34 7 5 12 XX X X
3 40 12 18 10 3 17 XX X

4.35 36 11 26 8 5 14 XX X X
6.4 26 11 12 18 9 7 17 XX X X

7.15 26 11 17 17 8 7 14 XX X X
9.2 27 12 8 23 10 3 17 XX X

11.3 25 10 25 12 7 7 14 XX X X
17.2 23 9 31 7 7 8 15 XX X X

D (m): distance in meters. Cal: Calcite, Dol: Dolomite, Arg: Aragonite, Qz: Quartz, Fsp: Feldspars, Gp: Gypsum,
Phy: Phyllosilicates, Ilt: Illite, Kln: Kaolinite, Chlorite: Chl. Phyllosilicate proportions expressed as number of X.
Mineral abbreviations according to Whitney and Evans [80].Minerals 2020, 10, x FOR PEER REVIEW 16 of 29 
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Figure 12. Representative XRD patterns of samples from the damage zones of the Baza Fault (Altichuelas
site). (a) Calcite-rich samples from portions of non-deformed lithotypes. (b) Aragonite and dolomite-rich
samples with low permeability values. Cal: Calcite, Dol: Dolomite, Arg: Aragonite, Qz: Quartz, Fsp:
Feldspars, Phy: Phyllosilicates, Ms: Muscovite. Mineral abbreviations according to Whitney and
Evans [80].

Fracture frequency is low close to the main fault (1 per meter as background frequency), and
increases in the damage zone along the scanline, where there are several fault splays (Figures 10b and
11b). Further away from the main fault, the fracture frequency shows some fluctuations, that could
be related to the mineralogical changes or diagenetic features or strain partitioning in this multilayer
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sequence. The cumulative plots flatten out toward the end of both sections indicating the statistical
boundaries of damage zone with the host rock around 21 m of the scanlines (Figures 10b and 11b).
Both permeability and Young’s modulus measurements also show similar changes and fluctuations
along the two scanlines. Permeability ranges from ~15 mD up to ~490 mD in Section 1 (Figure 10c) and
from ~14 mD to ~120 mD in Section 2 (Figure 11c), indicating an order of magnitude change along the
damage zone. Young’s modulus measurements range between ~0.15 GPa and ~1 GPa in Section 1 and
between ~0.15 GPa and ~0.8 GPa in Section 2 (Figures 10c and 11c). Orientations of faults (red) and
fractures (blue) in Sections 1 and 2 are shown in the stereoplots of Figure 11d,e. The lower permeability
values (correspond to higher Young’s modulus) along the scanlines could be related to the presence of
higher dolomite/calcite and partly aragonite content (Table 5 and Figure 12b).

4.1.4. Petrography: Outcrops in the Damage Zones of the Baza Fault

Carbonatic lithofacies consist of a very fine sized micritic matrix (1–2µm) (Figure 13) predominantly
made of calcite (Barranco del Agua east), dolomite (Cañada Gallego and Barranco del Agua), and
mixtures of calcite, dolomite, quartz, feldspars, and phyllosilicates (Altichuelas and Carrizal).Minerals 2020, 10, x FOR PEER REVIEW 17 of 29 
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Figure 13. Petrography of samples from the damage zones of the Baza Fault. (a,b): Carbonatic
lithofacies made of a micritic matrix of dolomite and calcite with a disconnected fracture network filled
by aragonite (Altichuelas site). (c) Outcrop picture showing the macroscopic fractures of the sample;
square indicates the area of the SEM images (a) and (b). (d,e) Detrital silicate deformation bands made
of quartz, alkali feldspars, Fe oxides/hydroxides and phyllosilicates (muscovite, paragonite, chlorite)
(Carrizal site). (f) Outcrop picture showing the macroscopic fractures of the sample; square indicates
the area of the SEM images (d) and (e). Cal: Calcite, Dol: Dolomite, Arg: Aragonite, Qz: Quartz, Ms:
Muscovite, Pg: Paragonite, Chl: Chlorite, Hem: Hematite, Fps: Feldspar, Fra: Fractures. Mineral
abbreviations according to Whitney and Evans [80].

Micrograins from matrix are anhedral, and they do not show preferred elongation or crystal
orientation (Figure 13a,b), their boundaries are irregular, resulting in an isotropic, compact
microstructure. Figure 13c shows an outcrop picture with the macroscopic fractures of the sample.
Coarser calcite has been found only within fossils. Grain size is broadly constant in all the site
samples, except for those richer in detrital silicates (Altichuelas and Carrizal, Figure 13d,e) where
massive matrix hosts irregular bands made of irregular quartz clasts, alkali feldspars and detrital
crystalline phyllosilicate lamellae, up to 200 µm in size (muscovite, paragonite, chlorite). These bands
are deformation band (cataclastic bands) formed during the faulting process of poorly consolidated
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sediments and involve cataclasis or grain breakage (e.g., [81,82]). Euhedral crystals or perfectly rounded
clusters of Fe oxides/hydroxides and sulphides, from submicrometre to 20 µm in size can also be
found. Figure 13e shows an outcrop picture with the macroscopic fractures of the sample. A pattern of
disconnected fracture network is developed in many of the carbonatic lithofacies samples, suggesting
preferential flow through the fractures. Microsealing by precipitation of aragonite (Altichuelas site)
or dolomite (Barranco del Agua W) filling fractures occur through this vein network associated to
deformation bands (Figure 13a,b).

4.2. Outcrops Studied along the Southeastern Edge of the Granada Basin

Two localities were studied along the southeastern edge of the Granada Basin, Tablate A and
Tablate B. In the following, details of the in situ measurements of each outcrop are presented.

4.2.1. Tablate A Locality

This area is located near the Tablate bridge on the Torrente river, at the hanging wall block
of the Padul Fault (UTM coordinates 30S 453058E, 4086362N). The sediments belong to the Padul
graben formed since the end of the Miocene, and filled in this sector by Late Tortonian shallow marine
yellow calcarenite lithofacies (shallow-marine skeletal grainstones and rudstones including bryozoans,
bivalves, red algae, echinoids and barnacles) intercalated with grey fine-sized sands deposited within
the Granada Basin [74]. The thicknesses of the individual layers range from 20 cm to 12 m. Extensional
faults striking ~N–S and ~E–W occur in this outcrop. Around the fault zones, the rocks from the damage
zone are pervasively crosscut by bed-perpendicular joints and veins, arranged in two orthogonal sets
striking ~N–S and ~E–W (Figure 14).
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Figure 14. (a) Section in the Tablate A locality in the southeastern edge of the Granada Basin. Several
small normal faults (red dashed lines) located in the damage zone of a segment to the S of the Padul
Fault have been measured along the scanline. Layering is shown in black dashed lines. (b) The fracture
frequency and cumulative distribution shows an increase in the number of fractures from an average
background fractures (1 fracture per meter) where the small faults are located. (c) Permeability and
Young’s modulus measurements along the scanline. (d) Stereoplots showing the orientation of faults
and fractures in this locality.
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XRD data (Table 6 and Figure 15) reveal that calcarenite beds are calcite rich (62–90%), although
some samples show significant quartz (up to 24%) and illite contents (up to 11%). Grey sands are
characterized by high quartz content (up to 88%) and the significant presence of illite (<18%).

Table 6. XRD analysis of the samples from Tablate A locality in the southeastern edge of the Granada
Basin. The distance corresponds to the distance from fault, which is also plotted on the x-axes of the
plots in Figure 13.

D (m) Cal Dol Qz Hem Phy Ilt Kln Chl Sme

19.5 82 3 12 3 X X
24 68 5 19 8 X

28.5 65 24 11 X
32.5 74 3 14 9 X
35.6 85 12 3 X X
62.8 9 82 9 X X
66.3 5 2 70 23 XX X XX
79.8 4 2 87 7 X
95 5 2 84 9

112.7 80 15 5 X
118.7 50 3 41 6 X
135.7 85 11 4 X
140 4 75 21 XX X X
159 62 21 17 XX XX
160 5 2 88 5 X
178 90 7 3 X

D (m): distance in meters. Cal: Calcite, Dol: Dolomite, Qz: Quartz, Hematite: Hem, Gp: Gypsum, Phy:
Phyllosilicates, Ilt: Illite, Kln: Kaolinite, Chl: Chlorite, Sme: Smectite. Phyllosilicate proportions expressed as
number of X. Mineral abbreviations according to Whitney and Evans [80].Minerals 2020, 10, x FOR PEER REVIEW 19 of 29 
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Figure 15. Representative XRD patterns of samples from the Tablate area in the southeastern edge of the
Granada Basin. (a) Calcite-rich samples from calcarenite beds. (b) Quartz-rich grey sands. Cal: Calcite,
Qz: Quartz, Fsp: Feldspars, Phy: Phyllosilicates, Ms: Muscovite. Mineral abbreviations according to
Whitney and Evans [80].

A long scanline (196 m) was conducted along the hanging wall damage zone of a segment to
the south of the Padul Fault. Many small normal faults were observed and measured along the
scanline. Displacement on these faults ranges from a few centimeters up to 3 m. Fault core thickness of
these small faults in this damage zone section ranges from a few cm up to 0.7 m. The background
fracturing increases from 1 fracture per meter to up to 5 fractures in meter close to the faults (Figure 14b).
Cumulative curve is gradually flattening out after the last fault and toward the end of section,
approximately around 160 m along the scanline (Figure 14b). Permeability changes from ~7 to ~800 mD
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along the scanline and it increases close to the faults. Young’s modulus measurements vary between
0.1 GPa and ~26 GPa with the lowest values close to the faults (Figure 14c). The changes in the
permeability and Young’s modulus correspond to the fracture frequency (Figure 14). The higher
permeability values (corresponding to low Young’s modulus values) along the scanline (Figure 14c)
could be related to high calcite and low quartz, illite, and smectite contents in the samples (Table 6).

4.2.2. Tablate B Locality

This area is located 1 km to the SW of Tablate A on a road to Pinos del Valle village (UTM
coordinates 30S 452695E, 4086485N). The outcrop is situated in the hanging wall damage zone
outcropping to south of the Padul Fault and is made of Messinian marl lithofacies intercalated with
lutite beds. The small faults outcropped in this locality are mainly normal faults with only two reverse
faults (Figure 16a). Displacement varies between 5 cm to 50 cm. Fault core thickness ranges between
a few cm to 15 cm. Samples characterized from this outcrop show a significant amount of calcite
(35–56%), quartz (12–27%), and phyllosilicates (15–31%) (Table 7). Since the outcrop was very fractured,
no fracture frequency measurement was performed on this outcrop. Permeability changes substantially
(up to 4 orders of magnitude) along the scanline, from 0.6 mD to 1.9 mD (Figure 16b) with the highest
values close to the faults, where the samples have lower phyllosilicate contents (Table 7). While Young’s
modulus measurements vary between 0.4 GPa and 1.4 GPa with the lowest values close to the faults.
The permeability and Young’s modulus measurements show a negative correlation, with increasing
permeability the Young’s modulus decreases and vice versa.
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Figure 16. (a) Section in the Tablate B locality in the southeastern edge of the Granada Basin. Several
small normal faults located in the damage zone of a segment to the south of the Padul Fault have been
measured along the scanline. (b) Permeability and Young’s modulus measurements along the scanline.
(c) Stereoplot showing the orientation of faults and fractures.
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Table 7. XRD analysis of the samples from Tablate B locality in the southeastern edge of the Granada
Basin. The distance corresponds to the distance from fault, which is also plotted on the x-axes of the
plots in Figure 14.

D (m) Cal Dol Qz Fsp Phy Ilt Kln Chl Sme

0.4 54 12 17 0 17 XX X
1.7 39 5 21 15 20 XX X X XX
2.3 56 10 12 3 19 XX X
4.8 48 11 14 10 17 XX
6 51 8 12 8 21 XX

7.2 48 9 18 9 16 XX
8 56 11 14 4 15 XX X

9.2 39 6 24 4 27 XX X X XX
9.8 47 10 13 9 21 XX X

10.5 41 5 19 12 23 XX X
12.65 47 10 14 14 15 XX X
14.5 39 5 25 7 24 XX X
15.6 50 13 12 9 16 XX X
16.1 54 11 16 0 19 XX
17.2 37 5 14 15 29 XX
17.7 53 10 13 6 18 XX
19 51 9 13 9 18 XX X
21 35 5 27 2 31 XX X X XX
25 52 12 16 2 18 XX

26.5 42 5 24 6 23 XX X XX

D (m): distance in meters. Cal: Calcite, Dol: Dolomite, Qz: Quartz, Fsp: Feldspars, Phy: Phyllosilicates, Ilt: Illite, Kln:
Kaolinite, Chl: Chlorite, Sme: Smectite. Phyllosilicate proportions expressed as number of X. Mineral abbreviations
according to Whitney and Evans [80].

4.2.3. Petrography: Outcrops in the Damage Zones of the Southeastern Edge of the Granada Basin

BSE images reveal that the studied carbonate lithofacies (Tablate A) are made of carbonate
skeletal bioclasts (mainly bryozoan fragments with minor amounts of red algae and thick-shelled,
bivalve fragments) and few terrigenous grains (quartzites, schists and rare phyllites and marbles)
(Figure 17a–c). Some of these rocks show thin discontinuous stylolitic surfaces following the stress
orientation (Figure 17d,e). Pressure solution seams are not homogeneously distributed within the rock,
leaving large rounded portions of massive carbonate grainstones almost unaffected. The stylolite-filling
material is invariably formed by an ultrafine smectite matrix that encloses relic detrital grains of
illite and quartz (Figure 17e). On the other hand, marly lithofacies affected by faults (Tablate B) are
characterized by the presence of disaggregation bands up to 500 µm thick made of coarse grains
(50–200 µm) of quartz, calcite, and feldspars affected by grain cracking and granular flow processes
such as grain rolling and grain boundary sliding (Figure 18). In these bands phyllosilicate alignment
and local clay smearing were also observed.
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Fault). (a–c) Carbonate lithofacies containing carbonate skeletal bioclasts (bryozoan fragments, a and
c, and bivalve fragments, b) and terrigenous grains (quartz and schists). (d–f) Thin discontinuous
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quartz. Sm: Smectite, Sty: Stylolitic surfaces, Bry: Bryozoan fragments, Biv: Bivalve fragments. Rest of
abbreviations as in Figure 13.
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Figure 18. BSE images of samples from the damage zones in the Tablate B locality (S of the Padul
Fault). (a) Marly lithofacies made of quartz, phyllosilicates, calcite, feldspars and terrigenous grains
(e.g., schists). (b) Deformation band (DB) in the form of a disaggregation band with phyllosilicate
alignment and local clay smearing (LCS) along the band. (c) outcrop picture showing the macroscopic
fractures of the sample; square indicates the area of the SEM images (a) and (b). Mineral abbreviations
as in Figure 13.
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5. Discussion

There are several factors affecting the deformation behavior (brittle versus non-brittle) and
intensity (fracture frequency) in a fault damage zone. These factors include strain localization during
the faulting process, host rock mineralogy, and secondary mineralization or cementation during
faulting. In the following, these factors are discussed in the light of our results.

5.1. Deformation Pattern, Mineral Changes, and Petrophysical Properties

In general, our observations confirm that the number of fractures increases close to the faults
with at least two exceptions in Altichuelas and Carrizal localities, in which the number of fractures
around the main fault is low (1 fracture per meter). In these two outcrops, there are several splays of
the main fault, which continue around a few meters away from the main fault and could accumulate
the strain and compensate for the missing fractures. In addition, the mineralogy of host rock affects the
deformation behavior of the sediments both in the fault core and damage zone contributing to the
non-brittle deformation during the process of faulting and clay smear observed in several cases (e.g.,
in Altichuelas and Carrizal localities) in this study. Furthermore, secondary mineralization during
active deformation of saturated sediments has resulted in the formation of dolomite and aragonite
along the damage zone in Baza Fault localities.

The cementation affects the mechanical and petrophysical rock properties. Our measurements
show an increase in Young’s modulus and a decrease in permeability wherever there is a high content
of dolomite. According to the XRD data this occurs in all localities of the Baza Fault: Cañada Gallego
(up to 64% dolomite), Carrizal (up to 54% dolomite), Barranco del agua gully (up to 61% dolomite),
and Altichuelas localities (up to 40% dolomite plus aragonite).

5.2. Fluid Flow and Mineral Processes

The cement fabrics reveal fluid flow and dissolution-crystallization processes during fault activity
possibly related to the seismic cycle. Sediments in the Baza Fault localities include microfractures,
probably produced during the seismic behavior of the fault, that are filled by sparitic infills of aragonite
or anhedral dolomite, probably precipitated during the aseismic cycle. Whereas the calcarenitic rocks
affected by the faults associated to the Padul Fault are characterized by the presence of stylolites
without any carbonate cement. This could be attributed to the higher calcite and clay content in
these sediments.

The origin of aragonite and dolomite in the Baza Fault localities can be related to the existence of
fractures as preferential flow paths, together with fracture-pore interactions in these sediments and
different geochemical processes related to fluid-pore composition. Fractures can act as preferential flow
paths; flow conditions and fluid-pore composition can have a strong influence on the precipitation and
dissolution processes during deformation. Samples far from the damage zone of the Baza fault are
characterized by the absence of cataclastic textures and cementing minerals associated with deformation
such as aragonite [83,84], which suggests that fluids especially channeled through the damage-zone
fault zone.

The chemical conditions that affect the precipitation of aragonite are well-known by experimental
research (e.g., [85]). The increase of Mg/Ca ratios can promote the precipitation of aragonite instead
of other carbonate minerals [86–88]. Aragonite may precipitate from circulating solutions bearing
suspended carbonates [89]. Previous experimental studies revealed that the precipitation of calcite
and dolomite in natural environments occurs under Mg/Ca ratios of 2/12 [83,88], but aragonite only
crystallizes in Mg-rich solutions (Mg/Ca > 50) [90–93]. The precipitation of aragonite, a mineral with
low Mg content, in a high Mg/Ca ratio environment can be explained taking into account some crystal
chemical considerations. The crystallization of Mg-calcite and dolomite is successively favored as the
fluids become Mg-richer.
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The presence of relevant amounts of Mg2+ can generate an inhibitory effect on the carbonate
crystallization if a critical Mg2+/Ca2+ ratio is exceeded [94,95]. The smaller size of Mg2+ (larger
hydration sphere) compared to Ca2+ do not favor the dehydration processes required to fix it on
the mineral surface [96], promoting the development of aragonite grains instead of other carbonate
minerals. Singurindy and Berkowitz [97] observed that the amount of precipitated aragonite was largest
in fractures where the concentration of Mg2+ in solution is higher. Therefore, the formation of CaCO3

polymorphs is strongly controlled by the presence of dissolved Mg2+, given that the crystallization of
aragonite is clearly favored by Mg2+, partially avoiding the precipitation of calcite as the more stable
phase. Furthermore, the process of aragonite to calcite transformation by dissolution-precipitation
reactions is also inhibited by Mg2+, since this cation can avoid the nucleation and growth of calcite
favoring the stabilization of the quickly crystallized aragonite [98].

In these cases, aragonite precipitation first occurs in veins and fractures. In later stages, sustained
precipitation of aragonite or dolomite (depending on the Mg2+/Ca2+ fluid composition) can produce a
reduction of the rock permeability because of the total or partial microsealing of flow in the fractures.

In the Baza Basin, the precipitation of gypsum in the inner part of the lacustrine system can produce
residual brines with high Mg2+/Ca2+ ratio circulating through the porous sediments. Overpressure
produced during seismic cycle can promote fracture dissolution in the sediments closer to the active
fault splays and later sealing by precipitation of aragonite and/or dolomite from the Mg-rich hypersaline
brine circulating through pore and microfractures, depending on the Mg2+/Ca2+ of the solution, during
the aseismic behavior of the fault.

On the other hand, in rocks from the damage zone of the Tablate A locality in the Granada Basin,
the lowest permeability values are found in samples with high density of pressure solution seams
(stylolite) filled with smectite. We, therefore, propose that stylolite mineralogy can affect permeability
and mechanical properties of the rocks in the damage zone of the fault. SEM observations showed that
clay minerals (smectite and illite/muscovite) are predominant forming the pressure solution seams.
The progressive calcite dissolution during stylolite seams formation produced the accumulation of
detrital micas occurring within pressure solution seams. The origin of part of the smectite filling the
stylolite seams can also be associated to the starting grainstones, because the occurrence of smectite
in these rocks can be observed around calcite grains or inside the skeletal bioclasts. However, some
smectite crystals could have been formed as well by precipitation from late fluids that were circulating
along pressure solution surfaces during the deformation process or later. In fault zones, the permeability
and fluid flow through the damage area can be decreased by the presence of clay-mineral layers that
act as barriers (e.g., [3,99,100]). In the Tablate B samples, we propose that pressure solution seams
formed by interconnected clay-rich levels decrease the permeability of the original carbonate lithofacies,
sealing fluid flow thorough the damage zone and favoring occasional seismic fluid overpressure events.
On the other hand, the presence of smectite in the stylolite seams would favor later aseismic frictional
sliding behavior of the fault and damage zone due to its extremely low friction coefficient (e.g., [42]).

6. Conclusions

The following conclusions could be made out of this study:

1. The changes in the permeability and Young’s modulus are consistent with the changes in the
fracture frequency. This means that for open fractures, permeability increases, while the Young’s
modulus decreases with increasing the number of fractures close to the fault. However, there
are some exceptions, for example, where there is a clay smear along the fault or if the strain is
distributed along several fault splays, in which the fractures are less or absent close to the fault.

2. The precipitation of dolomite and aragonite along the fractures in the damage zone of Baza Fault
during its aseismic behavior, controlled by the Mg-rich nature of the fluids circulating by fractures
and veins, has reduced permeability and increased Young’s modulus of the sediments.

3. The presence of abundant clay in calcite rich sediments around faults associated to the Padul
Fault resulted in the formation of stylolites that act as barrier to fluid flow.
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4. Cataclastic and disaggregation bands involving clay smear are observed in the sediments rich in
detrital silicates in the damage zone of both Baza and Padul faults, respectively. These bands are
expected to reduce permeability in these sediments and favor later aseismic frictional sliding
behavior of the fault and damage zone.
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