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Abstract Understanding active tectonics and seismicity in extensional settings requires the analysis
of high-angle normal faults (HANFs) and the transfer of deformation at depth. The debate surrounds

the role of low-angle normal faults (LANFs) in triggering high magnitude earthquakes. The central Betic
Cordillera is an active seismic zone affected by the NNW-SSE Eurasia-Nubia convergence and orthogonal
extension. The seismicity and present-day stress determined by earthquake focal mechanisms reveals the
activity of a NE-SW extensional system in the shallowest 12 km of the Granada Basin. The structure of
the sedimentary infill, as derived by geological field and gravimetric techniques, suggests the formation
of a half-graben tilted to the N-NE. Seismologic data suggest the activity of HANFs above 6-7 km depth
and a LANF zone around 6-12 km depth, with related earthquakes of up to Mw 4.0 and 20° to 30° fault
dips. High-precision leveling lines highlight the importance of the Granada Fault in the system, with
average vertical displacement rates of 0.35-1.1 mm/yr. These data suggest creep fault behavior at the
surface and increased seismicity at depth. The upper crustal extension in the collisional Betic Cordillera is
accommodated by a top-to-the-WSW extensional detachment related to westward motion and rollback in
the Gibraltar Arc and the gravitational collapse of the cordillera, in a framework of NNW-SSE shortening.
This comprehensive study draws a new scenario that advances understanding of relationships between
HANFs and LANFs.

1. Introduction

Low-angle normal faults (LANFs) or extensional detachments have been mapped and analyzed in numer-
ous areas under extension (Abers, 1991; see review by Collettini, 2011) since they were first described in the
Basin and Range province (Wernicke, 1981), although they also occur in compressional settings (Searle &
Lamont, 2020). Geological studies suggest they are fundamental structures during the accommodation of
crustal extension, often related to the omission of several tens of kilometer of stratigraphic thickness and
generally linked to the exhumation of metamorphic core complexes (Grobe et al., 2019; Rey et al., 2011;
Rosenberg & Garcia, 2011). Despite their geological relevance (Hayman et al., 2003; Jolivet et al., 2010), the
activity of LANFs in the upper crust and their relationships with large earthquakes are still under debate.
Shedding light on this issue, Floyd et al. (2001) proposed that LANFs could become active due to hydro-
thermal fluid flow and high extensional stresses. According to a Coulomb's criterion (Anderson, 1951),
normal faults initiate close to the Earth's surface, with dip angles in the range of 58°-68° (Sibson, 1985).
Statistical studies of earthquakes (Collettini & Sibson, 2001; Jackson & White, 1989) show that earthquakes
of M > 5.5 are restricted to a fault dip range of around 30°-60°, while no major earthquakes are observed
with fault plane solutions having dips gentler than 20°. In this context, some authors concluded that LANFs
could in fact be high-angle faults that were subsequently rotated (Proffett, 1977; Wernicke & Axen, 1988).
Numerous microseismic studies of the Gulf of Corinth (Rigo et al., 1996), the Alto Tiberina Fault (Chi-
araluce et al., 2007), the Brenner Fault (Reiter et al., 2005), and the Zucalle Fault (Piccinini et al., 2003)
pointed to LANFs as structures that produce low-magnitude seismicity. The highest extension rates of
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known LANFs evidenced by high-precision geodetic measurements (e.g., Basin and Range province; Niemi
et al., 2004) do not agree with the small seismicity of LANFs (Abers et al., 1997). Further research (Collet-
tini & Holdsworth, 2004; Hreinsdéttir & Bennett, 2009; among others) put forth that a major part of defor-
mation is produced aseismically, an interpretation that was later demonstrated through detailed geodetic
(e.g., Anderlini et al., 2016) and microseismicity studies (e.g., Gualandi et al., 2017), carried out in the Alto
Tiberina Fault. In turn, in the Woodlark Basin, two recorded events of Mw 6.7 and 6.3 had respective fo-
cal mechanisms with nodal planes of 24° and 32° dip (Abers et al., 1997). Recently, Biemiller et al. (2020)
described the possible occurrence of Mw > 7.0 earthquakes related to LANFs during the Holocene in this
basin. Extensional detachment systems are usually accompanied by high-angle normal faults (HANFs) that
affect the hangingwall of LANFs (Wernicke, 1981). HANFs tend to be related to higher seismicity and may
be responsible for earthquakes of greater magnitude, either synthetic (Corinth Gulf; Rigo et al., 1996) or
antithetic (Alto Tiberina Fault; Boncio et al., 2004; Chiaraluce et al., 2004). To contribute to our understand-
ing of LANFs and their relationship with HANFs, it is necessary to carry out detailed studies of the active
LANTFs of different extensional settings.

The central Betic Cordillera (Figure 1) is a key region to study normal fault development in a collisional oro-
gen. During the lower and middle Miocene, active LANFs exhumed the metamorphic complexes of the In-
ternal Zones (Galindo-Zaldivar et al., 1989; Jabaloy et al., 1993). This is the case of the Mecina detachment,
outcropping in Sierra Nevada and Sierra de los Filabres antiforms (Figure 1), considered to be active in that
sector from Burdigalian to Early Tortonian times (Jabaloy et al., 1992; Vissers et al., 1995). The detachment
was later exhumed due to the development of E-W folds in the framework of Eurasian and African con-
vergence (Garcia-Dueifias et al., 1986; Martinez-Martinez et al., 2002), and may have remained active only
in the westernmost Sierra Nevada (Galindo-Zaldivar et al., 1996, 1999). At present, the most relevant set of
active extensional faults are high angle, with NW-SE orientation, and located mainly in Neogene-Quater-
nary basins (Galindo-Zaldivar et al., 2003; Figure 1). To the north, the Baza Fault dips northeastward (Alfaro
et al., 2008; Medina-Cascales et al., 2020). However, in the southern part of the Cordillera, most faults dip to
the SW, including the Almeria-Tabernas (Marin-Lechado et al., 2005; Sanz de Galdeano et al., 2010), Balane-
gra (Galindo-Zaldivar et al., 2013; Marin-Lechado et al., 2010), and Padul fault zones (Gil et al., 2017), the
latter extending toward the Granada Basin (Granada Fault zone; Morales et al., 1990; Rodriguez-Fernandez
& Sanz de Galdeano, 2006; Ruano et al., 2004). These HANFs affect the basement, but do not cut through
the Mecina detachment (Galindo-Zaldivar et al., 1996).

The Granada Basin is of great interest because it is located next to Sierra Nevada, the region with the highest
elevation (Sanz de Galdeano & Alfaro, 2004) and uplift rates (Braga et al., 2003) of the cordillera (Figure 1).
It is the largest extensional basin of the Betic Cordillera and shows the greatest changes in GPS displace-
ment rates (Galindo-Zaldivar et al., 2015; Garate et al., 2015). This area of high seismicity harbors the Jan-
uary 2021 earthquake swarm and subsequent activity (SIS, 2021). Aside from its present-day fault activity
in a complex structural setting, where focal mechanisms of earthquakes related to NE-SW extension are
the most frequent, and the basin features other strike-slip and even reverse focal mechanisms (Galindo-Za-
Idivar et al., 1999; Morales et al., 1997). One relevant population of earthquake focal mechanism is repre-
sented by events with low dip of one of the nodal planes. The main event of this population is the October
9, 2018 (Mw 4.0) earthquake in the central part of the Granada Basin (Figure 2). These focal mechanisms
raise questions about the present-day activity of deep LANFs linked to shallow HANFs, or alternatively the
occurrence of deep HANFs with vertical slips. To elucidate this issue, a comprehensive analysis of this fault
system in the area is needed.

In this contribution, we aimed to recognize the main features of the active fault system of the Granada Basin
with medium-high exposure risk given its location close to the metropolitan area of Granada, combining
geological fieldwork, seismological, and gravity studies, and two high-precision leveling lines in the Grana-
da Fault. With the multidisciplinary approach we developed in the Granada Basin, we strived to document
the presence and role of buried active normal faults and their relevance for the seismic potential and hazard
assessment.
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Figure 1. Geological setting of the central Betic Cordillera. (a) Synthetic sketch of the study area in the Betic Cordillera. BC, Betic Cordillera. GA, Gibraltar
Arc. RC, Rif Cordillera. GB, Granada Basin; GBB, Guadix-Baza Basin. (b) Tectonic map with the location of main normal fault zones, modified from Galindo-
Zaldivar et al. (2003). Note the location of the outcropping Mecina detachment. CGPS velocities from Galindo-Zaldivar et al. (2015) are shown with red arrows.

2. Geological and Seismological Setting

The Betic Cordillera (Figure 1), together with the Rif, constitute the westernmost alpine mountain belt
in the Mediterranean area. The two mountain ranges are connected by the Gibraltar Arc and they sur-
round the Alboran Sea. The Betic Cordillera is formed by the so-called Internal (Alboran Domain) and
External (South Iberian Domain) Zones, separated by the Flysch Units. The Internal Zones are made up of
three main tectonically superimposed complexes (from bottom to top: Nevado-Filabride, Alpujarride, and
Malaguide), mostly metamorphized, in addition to the Dorsal and Predorsal complexes (Sanz de Galdeano
et al., 2001). The External Zones constitute the fold-and-thrust belt of Mesozoic-Cenozoic rocks, generally
located over Triassic rocks (Pérez-Lopez & Sanz de Galdeano, 1994). Neogene-Quaternary basins are locat-
ed above the Internal and External Zones (Sanz de Galdeano, 1990).

The main deformation in the Betic Cordillera started in the Cretaceous, implying shortening and major dex-
tral displacement between the External and Internal Zones until the Oligocene (Sanz de Galdeano, 1990).
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Figure 2. (a) Geological setting of the eastern Granada Basin with the main recent and active faults, including the location of the Mw 4.0 earthquake, on
October 9, 2018, near Santa Fe. Modified from Galindo-Zaldivar et al. (2015). The location of this area is indicated in Figure 1. (b) Topographic map of the
eastern Granada Basin with the main recent and active faults. Locations of the topographic profiles of Figure 4d.

This main contact became inactive in, at least, the middle Miocene, after which N-S to NNW-SSE compres-
sion with perpendicular extension (Braga et al., 2003; Sanz de Galdeano & Alfaro, 2004) affected the Betic
Cordillera. The Internal Zones underwent intense ENE-WSW extension, producing crustal thinning, the
exhumation of the metamorphic complexes, and the development of LANFs (e.g., Mecina detachment;
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Galindo-Zaldivar et al., 1989; Jabaloy et al., 1992). Since the Tortonian, the Eurasian-Nubian plate conver-
gence and orthogonal extension have continued, producing E-W oriented dextral and normal faults, conju-
gate NW-SE dextral faults, and NE-SW sinistral and normal faults together with large E-W and NE-SW folds
(Galindo-Zaldivar et al., 2003; Sanz de Galdeano, 1990). The Neogene-Quaternary Guadalquivir foreland
basin developed at the front of the Cordillera together with the large Alboran Sea in its southeastern part
and smaller intramontane basins, such as the Granada and Guadix-Baza basins.

Different models have been proposed for the development of the Betic-Rif Cordillera and to explain the
causes of extension in the central zone. Subduction models (Arafia & Vegas, 1974; Chertova et al., 2014; de
Jong, 1991, 1993; Morales et al., 1999; Thiebot & Gutscher, 2006; Torres-Roldéan et al., 1986; Wortel & Spak-
man, 1992), some of them including slab rollback (Brun & Faccenna, 2008; Gill et al., 2004; Gonzalez-Cas-
tillo et al., 2015; Hoernle et al., 1999; Lonergan & White, 1997; Morley, 1993; Pedrera et al., 2011; Pérouse
et al., 2010; Ruiz-Constan et al., 2011), delamination models (Calvert et al., 2000; Garcia-Dueiias et al., 1992;
Houseman et al., 1981; Mancilla et al., 2013; Platt & Vissers, 1989; Seber et al., 1996), and slab tearing or de-
tachment models (Blanco & Spakman, 1993; Spakman et al., 2018; Zeck, 1996; Zeck et al., 1992) have been
discussed. Some authors combine the former models, considering slab detachment with rollback (Wortel &
Spakman, 2000), delamination with rollback (Fadil et al., 2006), or delamination with slab tearing (Mancilla
et al., 2015).

The current development of the Betic Cordillera is a consequence of oblique dextral convergence of
4.0 = 0.2 mm/yr between the Eurasian and Nubian plates in a NNW-SSE direction (DeMets et al., 2010;
Iribarren et al., 2007) and coeval westward motion with respect to the surrounding plates (Galindo-Zaldivar
et al., 2015; Garate et al., 2015; Koulali et al., 2011). Simultaneous with cordillera uplift (Braga et al., 2003;
Reinhardt et al., 2007), the shallow crust has been deformed by NW-SE fault zones (Baza, Tabernas-Almeria,
Balanegra, Padul, and Granada faults), connected by dextral and transtensional transfer faults (Galindo-Za-
Idivar et al., 2015).

Seismicity due to the Eurasian-Nubian plate boundary convergence is heterogeneous and widespread in the
cordillera (Buforn et al., 2004; Morales et al., 1997). Although shallow activity predominates, some inter-
mediate seismicity also occurs (up to 150 km depth) in the western Alboran Sea (Santos-Bueno et al., 2019),
in addition to deep seismicity (650 km depth; Buforn et al., 2011) to the south of Granada. Given the heter-
ogeneous distribution of seismicity in the Betic Cordillera, it is not always possible to correlate it with the
outcropping faults (Galindo-Zaldivar et al., 1999).

The intermontane Granada Basin (Figures 1 and 2) is an extensional basin located on the boundary between
the External and Internal Zones of the Betic Cordillera, filled with middle Miocene to Pliocene-Quaternary
sediments. The basement of the Granada Basin is formed by metamorphic rocks of the Internal Zones (in
its southeastern half) and sedimentary rocks of the External Zones (in its northwestern half). Lying uncon-
formably on the basement, the sedimentary infill contains marine sediments of Serravallian and late Torto-
nian age (Fernandez & Rodriguez-Fernandez, 1991). Above, the thick evaporitic deposits (gypsum and salt)
in the southern part of the basin are related to the final retreat of the sea in the latest Tortonian-Messinian
(Rodriguez-Fernandez & Sanz de Galdeano, 2006). In the northeastern part, clastic sediments are predom-
inant, deposited by large alluvial fans. In late Mesinnian time, the western part was partially occupied
by lakes, as documented by lacustrine limestones. During the Pliocene, fluvial conglomerates, sands and
clays, and lacustrine limestones were deposited. Finally, in the Pleistocene, the basin was captured by the
Guadalquivir River drainage system, developing the current alluvial plain. The eastern border was drained
by alluvial fan systems (Rodriguez-Fernandez & Sanz de Galdeano, 2006; Ruiz-Bustos, 2002) including the
conglomeratic Alhambra Formation, which was formed by the erosion and subsequent deposition of rocks
eroded from Sierra Nevada.

The Granada Basin is bounded by a set of E-W, ENE-WSW to NE-SW strike-slip and normal faults, at the
northern and southern boundaries. The northeastern region (Figure 2) is affected by NW-SE normal faults
(Morales et al., 1990; Rodriguez-Fernandez & Sanz de Galdeano, 2006; Ruano et al., 2004). The faults locat-
ed to the NE (Alfacar, El Fargue, Granada, and other smaller ones) dip toward the SW and generate the larg-
est topographic high and biggest associated scarps (Figure 2b). The faults located in the SW (Santa Fe and
Belicena-Alhendin) dip toward the NE and the related topographic high is smaller. To the SW, the Malaha
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Figure 3. (a) Detailed geological map of the northeastern edge of the Granada Basin, including the main tectonic structures, modified from Galindo-Zaldivar
et al. (2015). Location of outcrops illustrated in Figure 4 and high-precision leveling lines are indicated. The location of this area is given in Figure 2. (b)
Stereonets (Schmidt net, lower hemisphere) of dip/dip directions of the Alfacar fault and the Neogene-Quaternary sediments.

Fault has a WNW-ESE orientation and dips to the SSW. In addition, there are more normal NW-SE faults
dipping toward the SW next to Sierra Elvira and in the SE of the study area, near Sierra Nevada (Garcia-May-
ordomo et al., 2012; QAFI, 2021). Moreover, NE-SW and E-W fault sets occur in the region (Figures 2 and 3).
These fault sets develop half-graben structures with sediment tilting toward the NNW (Rodriguez-Fernan-
dez & Sanz de Galdeano, 2006; Ruano et al., 2004; Figure 3b). The activity of these faults is supported by
paleoseismic research (Azafién et al., 2013; Sanz de Galdeano et al., 2003, 2012), as well as the geomorphic
(Carvajal & Sanz de Galdeano, 2001; Pérez-Pefia, 2015; Pérez-Pefa, Azafidn, Azor, et al., 2009; Pérez-Pefia,
Azanén, Booth-Rea, et al., 2009), geological (Galindo-Zaldivar et al., 1999), and seismological data (Morales
et al., 1997).
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3. Methodology
3.1. Study of the Tectonic Structures

Fieldwork was undertaken (Figures 3 and 4) with the aim of determining the major structures in the area
and to study their fault outcrops, scarps, and related deposits. A regional reconnaissance of lithology and
bedding was carried out to characterize the features of the main folds and faults. Fault scarps and surfac-
es were observed in detail to establish their recent activity. The main structural features—including fault
surface orientation and dip, grooves, and striae orientations—provide information on the fault kinematics.
Moreover, iron mineralizations on fault surfaces were observed (Figure 4b).

Fault scarps are the primary geomorphic expression of active faulting at surface (Stewart & Hancock, 1991).
Faults with slip rates higher than 0.3-0.4 mm/yr tend to generate postglacial scarps in the Mediterranean
(e.g., Benedetti et al., 2002; Cowie et al., 2017; Tucker et al., 2011). For their study, in addition to field ob-
servations, topographic profiles perpendicular to the faults were obtained (Figure 4d) using the 5 m pixel
accuracy DTM developed by the Spanish Instituto Geografico Nacional (IGN) (CNIG, 2021).

3.2. New Gravity Data and Models

Gravity research constitutes a reliable technique for determining the basement relief and the sedimentary
infill geometry given the contrast between the relatively low density of the sedimentary infill and the high
density of the basement. In the studied sector of the Granada Basin, 203 new gravity measurements were
acquired, distributed in four profiles perpendicular to the main faults of the northeastern basin (Figure 5).
The locations were determined using a Leica Zeno 20 differential GPS, with accuracy higher than 1 m. The
gravity measurements were performed using a Scintrex Autograv CG-5 relative value gravimeter, which
provides a standard accuracy of 0.001 mGal, and were referred to the gravity base of the Spanish IGN in
Granada (Absolute gravity, 2021). The Bouguer anomaly was computed using a density value of 2.67 g/
cm’, while the topographic correction was computed using a 5 m pixel resolution DTM developed by the
IGN (CNIG, 2021) up to a distance of 80 km from the stations, combining Kane's (1962) and Nagy's (1966)
methods. A new Bouguer anomaly map was calculated based on the 203 new gravity measurements and the
657 older ones compiled during the project TopoIberia in the same region (Ayala et al., 2016; SIGEOF, 2021;
Figure 5a). The regional anomaly was obtained by means of first-order polynomial fitting, as proposed by
Martinez-Moreno et al. (2015; Figure 5b). The residual anomaly was obtained by subtracting the regional
anomaly from the Bouguer anomaly (Figure 5c). In addition, four residual gravity anomaly profiles were
depicted, then modeled using the Gravmag 1.7 code of the British Geological Survey (Pedley et al., 1993;
Figure 6). The estimated density values are 2.67 g/cm’ for the basement (Hinze, 2003) and 2.3-2.5 g/cm’
for the sedimentary infill, according to the average values of the dominant lithologies (Telford et al., 1990).

3.3. Seismicity

The study of seismicity involves temporal and spatial analysis to shed light on the current activity of faults at
depth. In addition, study of the focal mechanisms is used to associate earthquakes with surrounding faults.
For these reasons, the seismicity of the study area—available from the IGN database—was combined and
plotted (Figure 7a; SIS, 2021). Events after 2000 were exclusively taken into account, due to their higher
accuracy even for low-magnitude events (location error < 1-2 km; Gonzalez, 2017); only shallow seismicity
(less than 15 km depth, below which seismicity decreases) is considered to bear relation with the exten-
sional system. In addition, the brittle-ductile transition is estimated to be around 17-18 km deep, based on
P- and S-wave tomography (Serrano et al., 2002) and previous seismicity analysis in the basin (Galindo-Za-
ldivar et al., 1999; Morales et al., 1997). Focal mechanisms at depths shallower than 15 km including the
older data (since 1985) were compiled from previous research and the IGN database (SMT, 2021) (Figure 7b;
Table 1), and the stress tensor was calculated from them (Figure 7d). To analyze the distribution of seismic-
ity with depth, we considered general seismic patterns, given the error in depth location. For this purpose,
we constructed an earthquake density grid with the events that have assigned depth (Figure 7c), projecting
the earthquakes on a profile parallel to the extension. The January 2021 swarm data were not introduced
in the grid; because it comprises more than half of the events since 2000 (see histogram in Figure 7a) yet is
associated with a single structure and blurs the distribution.
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Figure 4. Main faults in northeastern Granada Basin. (a) The Alfacar Fault in the mountain front of the Sierra de Huétor. (b) Outcrop of the Alfacar Fault
surface, where iron mineralizations with striae mark the fault surface. (¢c) The Granada Fault to the south of Granada, next to the Genil River. Locations in
Figure 3. (d) Topographic profiles perpendicular to the faults, Vertical Exaggeration = 5. Locations in Figure 2b.
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Figure 5. Gravity anomaly maps. The boundary of the basin is marked with a black line. (a) Complete Bouguer anomaly map, (b) regional anomaly map, and
(c) residual anomaly map with the gravity station positions.

3.4. High-Precision Leveling

High-precision leveling data collected over several years can be used to quantify vertical movements with
high precision and thus monitor active normal faults, including identifying seismic and creep deformation
(Galindo-Zaldivar et al., 2013; Giménez et al., 2009; Marin-Lechado et al., 2010). The fault slip rates ob-
tained can in turn be compared with long-term geological or geomorphological slip rates.

Two high-precision leveling lines crossing the Granada Fault were established by Ruiz et al. (2003). When
installing a high-precision leveling line, several factors that generate vertical displacements in the terrain
must be taken into account. First, the tectonic influence must be quantified. Second, lithology, landslides,
and settlements must be considered. Finally, a change in the water table can generate subsidence or uplift.
To minimize such noise, the locations for benchmarks were installed with the following considerations: (a)
slopes are low (Figure 8); (b) in urbanized areas, constructions are old enough to have already settled; (c)
there are no nearby water extraction wells. One of these lines consists of 16 benchmarks (J#), along the lo-
cal Granada-Viznar road in Jun (Figures 3 and 8a). The second one includes 14 benchmarks (G#) and runs
along a wall on the pavement in southern Granada, parallel to the Genil River (Figures 3 and 8b).
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Figure 6. Gravity residual anomaly profiles (top) and gravity associated models (bottom). Location of the profiles in the residual anomaly map.

Both leveling lines were surveyed from 1999 to 2013 by the Microgeodesy Research Group of the University
of Jaén (Spain), using precision levels and invar rods. A Wild N3 optical level with a parallel plate microm-
eter was used for the 1999 survey, and a Wild NA3003 digital level for the 2000 survey. Early results were
published by Ruiz et al. (2003). Since 2000, three new surveys have been carried out with a Leica DNAO03
digital level: (a) in September 2009 for both lines, and (b) in September 2011 and February 2013, only for the
Genil line, because most of the benchmarks along the Granada-Viznar road had been destroyed. For every
benchmark, we evaluated the difference between the height in each survey and the height in the first one
(1999), together with the propagated expanded uncertainty for such differences (Figure 8).

4. The Structure of NE Granada Basin and the Main Extensional Faults
4.1. Field Tectonic Features of the Main Faults

The northeastern boundary of the Granada Basin is characterized by NW-SE oriented normal faults (Fig-
ures 2-4). The main faults that affect the Internal Zones are the 5.3-km long Alfacar Fault, the 11.6-km
long El Fargue Fault, and the 16.8-km long Granada Fault (Sanz de Galdeano et al., 2003, 2012). Moreover,
smaller normal faults can be found in the area associated with the main ones (Azafion et al., 2004; Lupiani
& Soria, 1988). The southwestern boundary is also deformed by the Belicena-Alhendin, Santa Fe, and Ma-
lahé faults.
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Figure 7. Seismicity in northeastern Granada Basin. (a) Seismicity since year 2000 that is shallower than 15 km depth from Instituto Geografico Nacional
database (SIS, 2021). Histogram of seismic distribution with respect to depth, background seismicity in red (January 1, 2000 to January 22, 2021) and January
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Orientation of the main stress components and the axial ratio are shown.

The Alfacar Fault (Figures 3 and 4) is located at the boundary between the Granada Basin and the Alpu-
jarride Complex, which emerges in the Sierra de Huétor. The fault has an average strike of N129°E and an
average dip of 50°SW, but locally exhibits an undulating surface (Figure 3b). The fault surface is character-
ized by the presence of striated iron mineralization and fault steps supporting a normal slip (Figure 4b).
The related scarp reaches 450 m in height in the dolomites of the Alpujarride Complex (Figure 4d). The El
Fargue Fault (Figure 3a), striking N138°E and with a maximum dip of 60°SW, cuts Plio-Quaternary con-
glomerates. A small scarp developed in Pleistocene rocks (Sanz de Galdeano et al., 2003, 2012) reaches 25 m

in height (Figure 4d).
The Granada Fault (Figure 3a), striking N150°E, crosses the city of Granada, and dips 60°SW. To the north,
it bends and strikes N-S. The associated scarp can only be observed to the north (Figures 4d, 7b and 9a) and

south of the city (Sanz de Galdeano et al., 2003, 2012) (Figures 4d and 9b), reaching up to 100 m in height.
Several splays in the central sector affect late Pliocene-Pleistocene sediments of the Alhambra Formation
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Table 1
Solutions for Shallow Earthquake Focal Mechanisms Represented in Figure 7b

N. Date Time (hh:mm:ss) Long. (°E) Lat.(°N) Depth (km) &h(km) Magnitude Strike (°) Dip(°) Rake(®) RMS/CLVD
01" April 7, 1985 14:01:03 —3.6800 37.2217 9 ¢ MbLg 3.0 259 62 —114 -
02*° May 24, 1985 19:04:51 —3.6383 37.1600 8 ¢ MbLg 2.7 225 45 —111 -
03¢ August 20, 1988 16:42:52 —3.7400 37.1783 2 1.0 MbLg 3.4 85 48 —128 0.4
04° October 7, 1989 04:45:11 —3.6383 37.1050 3 ¢ MbLg 3.2 101 45 —101 0.12
05° July 1, 1990 23:24:05 —3.7933 37.1067 2 ¢ MbLg 2.8 15 45 —114 0.17
06° June 21, 1991 21:24:01 —3.5233 37.0967 5 ¢ MbLg 2.7 334 85 -90 0.17
07" August 8, 1991 03:31:58 —3.7233 37.2433 4 ¢ MbLg 3.0 15 70 -90 0.12
08¢ February 7, 1992 16:29:15 —3.5633 37.1217 6 4.0 MbLg 2.7 165 75 -90 ==
09° March 21, 1993 08:17:38 —3.5467 37.0967 2 ¢ MbLg 2.9 76 23 —109 0.24
10° March 21, 1993 09:55:26 —3.5483 37.0867 3 ¢ MbLg 2.9 76 23 —105 0.21
11° March 21, 1993 10:01:40 —3.5350 37.0817 2 ¢ MbLg 3.3 76 23 —105 0.24
12° December 6, 1994 09:28:55 —3.6117 37.1300 3 ¢ MbLg 2.9 75 45 —125 0.15
13¢ March 17, 1995 14:04:14 —3.7733 37.1750 6 1.0 MbLg 3.9 305 70 -99 0.6
14" December 28, 1996 07:30:37 —3.7167 37.1617 12 ¢ Mw 3.9 200 30 -36 0.15
158 June 4, 1998 17:38:17 —3.6043 37.1580 10 4.0 MbLg 2.8 70 25 -90 ==
16°  June 4, 1998 19:28:52 —3.6086 37.1645 10 4.0 MbLg 2.2 158 70 -79 -
178 June 7, 1999 10:03:13 —3.7013 37.2409 6 4.0 MbLg 3.6 147 57 —118 -
18! September 10, 2003 20:22:47 —3.7966 37.1189 12 2.0 Mw 3.8 289 76 —100 0.22
19 January 4, 2007 23:32:32 —3.7747 37.2008 6 ¢ Mw 3.7 303 53 —62 0.01
20 October 9, 2018 07:41:56 —3.7587 37.1848 7 0.1 Mw 4.0 354 73 —84 0.28
21% January 23, 2021 11:15:24 —3.7239 37.2062 3 ¢ Mw 4.4 342 59 =75 0.09
22K January 26, 2021 21:36:33 —3.7296 37.1951 5 ¢ Mw 4.1 318 49 =77 0.07
23k January 26, 2021 21:44:18 —3.7330 37.1756 5 ¢ Mw 4.2 324 51 —67 0.16
24* January 26, 2021 21:54:55 —3.7369 37.1843 5 ¢ Mw 4.4 329 53 —63 0.02
25% January 28, 2021 18:49:49 —3.7206 37.1565 5 ¢ Mw 4.4 325 50 =75 0.02

Note. The last column displays the adjustment of the focal mechanism inversion indicated in RMS or CLVD.
Abbreviations: CLVD, compensated linear vector dipole; IGN, Instituto Geografico Nacional; RMS, root mean square error.

vidal (1986). "Galindo-Zaldivar et al. (1993)‘ “Not provided by the authors/institutions. “Herraiz et al. (1998). “Serrano (1999). ‘Serrano et al. (1996). EMartinez-
Martinez et al. (2006). "Stich et al. (2003). 'Stich et al. (2006). 'Stich et al. (2010). XIGN (SMT, 2021).

(Azafidn et al., 2004) (Figures 4d and 9b) that can be observed NE of the city or in outcrops near the Genil
River (Figures 4c and 9b). The addition of the different scarps amounts to 175 m (Figure 4d).

Toward the SW (Figure 2), the Santa Fe and Belicena-Alhendin faults strike N146°E and dip 60°NE (Sanz
de Galdeano et al., 2012). The Santa Fe Fault separates the Neogene and Quaternary deposits with a 30-m
high-associated scarp (Figure 4d). The Belicena-Alhendin Fault crops out only to the south of the basin,
affecting Quaternary sediments. It has an associated scarp of just 5-10 m. Toward the north, it becomes a
blind fault, although it is still observable in seismic profiles (Sanz de Galdeano et al., 2012).

Northwestward and southeastward of the study area there are more faults pertaining to this set, dipping at
about 60° SW (Figures 1 and 9). The faults bordering Sierra Elvira (QAFI, 2021) affect the External Zones.
Toward the SE, the Trevenque Fault, the Dilar Fault, and the Padul-Nigiielas Fault zone (Gil et al., 2017)
(Figures 2, 7 and 9b) limit the basin and continue through the Alpujarride Complex to join the Mecina de-
tachment, but they do not deform the Nevado-Filabride Complex (Galindo-Zaldivar et al., 1996).
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Figure 8. High-precision leveling lines. (a) Granada N line: cumulative vertical displacements from 1999 to 2009,
together with the propagated expanded uncertainty. (b) Granada S line: cumulative vertical displacements from 1999 to
2013 together with the propagated expanded uncertainty. Insets: Topographic profiles (top). High-precision leveling line
in aerial view (lower left). Topographic map (lower right).
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Figure 9. High-angle normal faults (HANFs) and low-angle normal faults (LANFs) system in the Granada Basin in the framework of the Betic Cordillera. (a)
Location of Granada Basin in the Betic Cordillera, including some CGPS velocities (green arrows) from Galindo-Zaldivar et al. (2015) and Gonzalez-Castillo
et al. (2015). (b) Simplified geological map of Granada Basin, modified from Galindo-Zaldivar et al. (2003). (c) Cross section of HANF and LANF systems with
the projection of rotated earthquake focal mechanisms (Mw > 3.5). Numbers correspond to Table 1 mechanism solutions: in red, those with a subhorizontal
nodal plane. In blue, the focal mechanisms with nodal plane dips between 45° and 60°. The background seismicity density grid is also shown.

The deposits associated with the faults range in age from the middle Miocene, mainly on the NE edge of
the basin, to the Quaternary, closer to Granada city. They have dips between 5° and 40°, generally with a
northward component (Figure 3).

4.2. Gravity Data and Models

Gravity data reveal the structure of the basin at depth. The Bouguer anomaly map (Figure 5a) shows a range
of values, between —134 and —92 mGal. Two gravity minima can be observed W of Granada and at the NW
sector of the study area. However, the increase of the regional anomaly toward the SE (Figure 5b) should be
removed to adequately determine the sedimentary infill geometry. The residual anomaly map (Figure 5c),
ranging from —23 to 13 mGal, allows us to better identify the principal gravity minima associated with the
Granada depocenter, around the city itself, and the Cubillas depocenter, north of the study area (Morales
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et al., 1990; Rodriguez-Fernandez & Sanz de Galdeano, 2006). The gravity maxima are related to the base-
ment outcrops of Sierra Elvira, Sierra de Huétor, and south of Monachil.

The residual anomaly models of profiles A to D (Figure 6) reveal that the depocenter is located southwest-
ward in model A, at 7 km from the beginning of the profile, and has an estimated 1,400-1,600 m maximum
sedimentary infill (2.3-2.4 g/cm®) above the basement (2.67 g/cm®). The structure of the NE Granada Basin
is marked by a northeastward staircase decrease of the sedimentary infill related to the Granada, El Far-
gue, and Alfacar faults. Yet in profile A, the gravity anomaly increases in the downthrown block due to the
presence of Quaternary alluvial deposits formed mainly by debris boulders—therefore of higher density
(2.5 g/cm’®; Telford et al., 1990)—next to the fault (Lupiani & Soria, 1988). Profile D again shows a decrease
of the gravity value toward the SW and an increase of the slope at 4 km, due to the activity of the Granada
Fault. At 8 km in this profile, however, another minor depocenter is observed, which would be related to
the depocenter of Cubillas (Figure 5; Morales et al., 1990; Rodriguez-Fernandez & Sanz de Galdeano, 2006).

5. Seismicity

The seismic record available since 2000 (Figure 7a) shows significant low-magnitude seismicity. There are
only a few earthquakes over MbLg 3.0, and just six events over Mw 4.0 located around Santa Fe. One oc-
curred on October 9, 2018 (#20 in Table 1), and the largest earthquakes correspond to the recent 2021 swarm
(#21-25 in Table 1). From the spatial point of view, there is more seismicity SW of active fault traces than to
the NE. Figure 7a differentiates the background seismicity (in reddish tones) from the January 2021 swarm
(in greenish tones). The background seismicity has a fairly homogeneous distribution along a NW-SE band
in the hangingwall of the Granada and Sierra Elvira faults. The 2021 swarm is located mainly NE of Santa
Fe, in the hangingwall of the Sierra Elvira faults.

The available earthquake focal mechanisms are divided into main groups according to their location. Thir-
teen out of the 25 focal mechanisms are located northwestward, 10 southeastward, and the other two south-
westward of the study area. In general, they present normal earthquake mechanism solutions in which the
NW-SE nodal plane direction predominates. However, SE of the study area, E-W directions also are found.
Twelve out of 20 of the focal mechanisms present one low-angle nodal plane. Numbers 13, 14, 18, and 20
stand out due to their higher magnitude (Mw > 3.5). The rest present nodal planes with dips between 45°
and 60°. The focal mechanisms of the January 2021 swarm events have these characteristics.

Although the depth distribution of the data has lower accuracy than the epicentral location, some general
observations can be made. The seismicity density grid (Figure 7c) shows: (a) on the NE edge of the profile,
from 40 km onwards, seismicity hardly decreases; (b) between 30 and 40 km, below the Sierra Elvira and
Granada fault traces, seismicity is concentrated mainly between 2 and 6 km depth; (c) toward the SW, the
seismicity is more concentrated around 10 km depth. The January 2021 swarm accounts for most of the
earthquakes recorded since 2000 (see histogram in Figure 7a). This swarm is located beneath Santa Fe at
around 5 km depth (note the location of the focal mechanisms of earthquakes with Mw > 4.0; #21-25 in
Table 1). The focal mechanisms are shifted slightly southwestwards of the NE shallow density maximum
of the background seismicity (Figure 7c). Most of the focal mechanisms of the earthquakes having lower
magnitude are projected to the northeast of the profile, and those of higher magnitude are projected south-
westward. The earthquakes of higher magnitude (Mw > 3.5) have a more precise location, those with nodal
planes between 45° and 60° are located at 2-6 km depth (in green in Figure 7), and those with a subhorizon-
tal nodal plane have depths of 6, 7, and 12 km (in red in Figure 7).

The regional reduced stress tensor obtained from these solutions (Figure 7b) indicates a triaxial to prolate
shape of the stress ellipsoid, supporting nearly NE-SW horizontal to radial extension. In addition, o; is
close to vertical, highly inclined toward the SW, for the most shallow 15 km of the crust. Stich et al. (2006)
calculated a horizontal regional compression in the NW-SE direction, parallel to the shortening direction.
Sparacino et al. (2020) presented an evidence supporting both NE-SW extension and NW-SE shortening.
Despite the scarce availability of focal mechanisms, they serve to reveal the structure, to compute the stress
regime, and to discuss the tectonic model.
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6. High-Precision Leveling and Vertical Fault Displacements

The new geodetical leveling data may reveal the behavior of the active Granada Fault. In the Granada N line
(Figure 8a; Movie S1), three sectors with very different styles of deformation appear. To the west of the line
(J1-J4), there is a vertical displacement of up to —11 + 2.5 mm in the period 1999-2009 (—1.1 * 0.25 mm/
yr), with a maximum rate of —5+2.5 mm/yr during the first year. The deformation is accumulated between
benchmarks J4 and J5, where the scarp associated with the Granada Fault is located. In the hangingwall
block (J1-J4), a greater relative vertical displacement is observed when approaching to the fault. In the
footwall block, benchmarks J5-J9 are relatively stable. In the eastern part of the line (J10-J16) lies a chaotic
deformation, where occur maximum vertical displacements. In this sector, each of the points shows a dif-
ferent pattern (e.g., 10 £ 2.8 mm uplift in J10 or 8 + 4.2 mm subsidence in J14). The acquired data in this
area (J10-J16) may present more noise than in other places, since it is located on a slope of the Beiro River
(Figure 8a), where shallow soil processes (ground settlement and landslides) are active. Therefore, they
should be discarded from the tectonic interpretation.

The Granada S line (Figure 8b; Movie S2) documents a total vertical displacement of approximately
5 + 0.9 mm between the years 1999-2013 (0.35 + 0.06 mm/yr). Two clearly differentiated phases are seen
in the deformation. The first one, during the years 1999-2009, shows an elevation of G2-G6 benchmarks
amounting to 6 + 0.9 mm (0.6 + 0.09 mm/yr). Interestingly, vertical deformation of up to 3 + 1.1 mm occurs
in the period 1999-2000 only at benchmarks G2, G3, and G4, whereas until 2009, the deformation affected
all the benchmarks, suggesting westward propagation of deformation. The second phase, 2009 to 2013,
shows a relaxation of the terrain of up to 1 mm. During the two phases, the G7 and G8 benchmarks recorded
very different behavior, probably due to local effects; hence they should be discarded when interpreting the
tectonic deformation patterns.

The average rate of 1.1 &+ 0.25 mm/yr measured for the time period 1999 to 2009 for Granada N is higher
than that of the rate obtained for the Granada S line (0.35 £ 0.06 mm/yr), with both of them having substan-
tially greater vertical displacement within the period 1999 to 2000 (Granada N, 5 + 2.5 mm/yr and Granada
S, 3 + 1.1 mm/yr).

7. Discussion

The evolution of the Betic-Rif Cordillera and the surface uplift over the past 10 Ma is determined by NW-SE
Eurasia-Nubia convergence. In this setting of continental collision (Ruiz-Constén et al., 2009), the western
Betic Cordillera has undergone compression. The central Betic Cordillera is affected by regional compres-
sion with related uplift, in addition to an orthogonal extension. This extension produced mainly NW-SE
normal faults, well developed in the Granada Basin, bounded to the east by the highest relief of Sierra
Nevada (Sanz de Galdeano & Alfaro, 2004). The combination of geological fieldwork and geophysical tech-
niques allows us to determine the structure of the faults and the basin, both at depth and at the surface.
Moreover, the seismological data provide information about the activity and kinematics of faults at depth,
while the geodetical data along the high-precision leveling lines constrain the surface deformation. Thus, by
combining geological, geophysical, and geodetical studies of the active faults, the extensional mechanism
and the relationship between shallow and deep structures can be identified.

7.1. Structure of the Sedimentary Infill and the Fault System of the Granada Basin

The residual gravity anomaly map (Figure 5c¢) and profiles (Figure 6) suggest that the Granada Basin Neo-
gene-Quaternary sedimentary infill has a main anomaly minimum related to a depocenter near Granada
city reaching 800-1,000 m below sea level. The Alfacar Fault, and especially the El Fargue and Granada
faults, have facilitated subsidence of the depocenters in the eastern part of the basin since the Tortonian
(Rodriguez-Ferndndez & Sanz de Galdeano, 2006), favoring the mainly northward tilting of the deposits,
and determining the NE boundary of the anomaly. Given this framework, the Granada Basin can be de-
scribed as a half-graben tilted toward the NNE that generates depocenters next to the main faults, as put
forth for the northern part of the basin (Ruano et al., 2004), and now also evidenced in the eastern Granada
Basin.
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At the SE edge of the basin, the Trevenque Fault, the Dilar Fault, and farther south, the Padul Fault, ex-
tend toward the basement formed by the Alpujarride Complex, never affecting the Nevado-Filabride Com-
plex (Galindo-Zaldivar et al., 1996). The contact between these metamorphic complexes is interpreted as
the top-to-the-W extensional Mecina detachment, which was active during the lower Miocene (Jabaloy
et al., 1992, 1993). This surface was folded by N-S compression, and therefore crops out in the Sierra Ne-
vada and Sierra de Los Filabres antiforms (Garcia-Duefas et al., 1986). In the synforms, it would be located
beneath the Neogene-Quaternary basins, including the Granada Basin. We suggest that the HANFs of the
Granada Basin are connected with the Mecina detachment or another similar LANF.

The seismicity analysis reveals a great variety of dips for focal mechanisms in the shallowest crust, suggest-
ing an interaction of HANFs and LANFs (Figure 9). Outcropping fault surfaces dip 50°-60°, in agreement
with the highest magnitude earthquake shallow focal solutions (45°-60°; green in Figures 7 and 9). Earth-
quakes of Mw > 3.5 with one low-angle nodal plane focal mechanism (red in Figures 7 and 9) are located
at depths between 6 and 12 km, W-SW of the main SW-dipping faults. They could be related to an active
extensional deformation zone, although considering the depth error and its low magnitude, they cannot
be associated with any specific structure (Figure 9c). In fact, there is a sudden decrease of earthquakes
below 11-12 km depth (Figure 7c), where HANFs could be rooted. The sparsity of earthquakes could also
be due to termination of the seismogenic layer, which is usually 10-15 km thick in areas undergoing ex-
tension (Chen & Molnar, 1983). Although previous seismic and seismic tomography studies to the SW of
the Granada Basin situate the limit of the seismogenic layer around 17 or 18 km depth, we cannot discard
that in our study area, it lies at a depth of around 12 km, given the relatively poor resolution. Thus, with the
provided data—subhorizontal nodal planes of the focal mechanisms (e.g., #13, 14, 18, 20)—we can mere-
ly interpret the presence of a detachment that separates two blocks of different deformation: (a) a brittle
hangingwall, where antithetic faults (e.g., the Santa Fe and Belicena-Alhendin faults) dipping toward the
NW and the conjugate faults of Sierra Elvira are located, and (b) a footwall that is either undeformed or
affected by ductile shearing. Seismicity research on the whole Granada Basin (Morales et al., 1997) shows
that seismicity increases with depth in the SW sector of the basin, outside the study zone, suggesting the
SW-ward dipping of LANFs (Figures 7c and 9) (Galindo-Zaldivar et al., 1999). Crustal models in the central
Betic Cordillera propose that a detachment separates the Betic and the Iberian crusts at around 10-15 km
depth (Galindo-Zaldivar et al., 1997; Mancilla et al., 2015). Therefore, LANFs could be rooted at the bound-
ary between the two crusts, facilitating extension at shallow crustal levels in the central Betic Cordillera
(Galindo-Zaldivar et al., 2015). Indeed, deep seismic reflection profiles that cut across the Internal Zones
30 km east of the study region (Galindo-Zaldivar et al., 1997), the seismic refraction profiles that intersect
the seismic reflection profiles and cross the study area (Banda et al., 1993), and magnetoteluric data (Pous
et al., 1995) suggest the existence of crustal detachment levels at depths from 10 to 20 km. These results
are in agreement with previous studies of the sedimentary infill of Granada Basin based on seismic profiles
(Morales et al., 1990; Rodriguez-Fernandez & Sanz de Galdeano, 2006; Sanz de Galdeano et al., 2003, 2012),
which now extend into the basement.

The Mecina Extensional System, which affects the Sierra Nevada, is considered to have been active from
Burdigalian to Early Tortonian time (Jabaloy et al., 1992; Vissers et al., 1995). The geological data east of
the Granada Basin indicate that the HANFs are connected with the top-to-the-WSW Mecina extensional
detachment that was further reactivated in the western Sierra Nevada (Galindo-Zaldivar et al., 1996). The
current data moreover suggest that it, or a similar LANF, may be active at depth further west below the
Granada Basin, in continuity with the HANF. Future studies may fine-tune the role of this LANF in the
extension of the Central Betic Cordillera. The associated earthquakes do not exceed Mw 4.0, suggesting that
seismic ruptures affect a sector a few hundred meters long and entail a few millimeters of displacement. The
extension could be accommodated by creep or by other large earthquakes not occurring in the instrumental
or historical period. Indeed, large earthquakes on LANFs (e.g., Woodlark Basin, Abers et al., 1997) can have
long recurrence periods (Wernicke, 1995), and stable creeping fault segments in some cases become unsta-
ble owing to the rapid shear heating of pore fluids (Noda & Lapusta, 2013).
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7.2. Activity of the Main Faults of the Northeastern Granada Basin

Several factors have to be taken into account when dealing with leveling data. The lines are located with
the best orientation to intersect the main Granada fault, and benchmarks were installed in the most stable
places on structures old enough to be well settled. The NE part of the Granada N line has been affected by
landslides and was excluded from the tectonic interpretation. The other benchmarks are located in areas
of low slopes; hence the influence of landslides should not be important. The absence of close water bore-
holes suggests that all the benchmarks are affected in a similar way by water table fluctuations. Moreover,
the highest vertical displacements are located close to the fault traces, suggesting a mainly tectonic origin.

The two leveling lines present common characteristics (Figure 8). There is uplift of the NE block (footwall)
and subsidence of the SW block (hangingwall). In addition, both profiles show higher rates for the 1999 to
2000 period. The similarities also support that the observed vertical displacements are related to the Grana-
da Fault activity. In the Granada N high-precision leveling line (Figure 8c), the fault reaches the surface and
creates a single scarp, where we quantified an average vertical displacement rate of 1.1 mm/yr (Figure 8a).
In the Granada S line (Figure 8b), vertical displacements affect a wide zone with average rate of 0.35 mm/
yr. This deformation pattern may correspond to a drape fold related to the activity of blind faults, similar
to that proposed by Keller et al. (1996) below the La Zubia alluvial fan, found south of the Granada S line.
The Granada Fault is branched southward, developing a wide deformed area (Figures 4 and 8b; Azafién
et al., 2004). Therefore, along the Granada S high-precision leveling line, only some of the deformation of
the entire fault zone is determined, in agreement with the lower vertical displacement rates.

The new geophysical and geodetic data presented in this paper reveal that the NE zone's faults are currently
or recently active. These data are consistent with previous geomorphic (Carvajal & Sanz de Galdeano, 2001;
Pérez-Pefia et al., 2015; among others) and paleoseismic (Sanz de Galdeano et al., 2003, 2012) research find-
ings. For one, it is an area with a high seismicity rate (Figure 7), especially for the hangingwall of the Gra-
nada Fault and Sierra Elvira faults, and somewhat less for the hangingwall of the El Fargue Fault. Toward
the NE, this activity decreases drastically before reaching the Alfacar Fault. Second, all the geomorphic
indexes point to a recent fault activity and relative uplift of the footwall of the Granada Fault: (a) hypsomet-
ric integral studies assign high values to the footwall of the Granada fault (Pérez-Pefia, Azafidén, Booth-Rea,
et al., 2009), meaning uplift related to fault activity; (b) the new geodetic data are consistent with studies on
incision rates carried out in the same place, 0.45 mm/yr (Pérez-Peiia et al., 2015) and 0.8 mm/yr (Carvajal
& Sanz de Galdeano, 2001) in the footwall of the Granada Fault; (c) analysis of the SLk index (Pérez-Pefia,
Azafion, Azor, et al., 2009) gives positive anomalies when the rivers cross the Alfacar and Granada Faults;
(d) whereas the Alfacar and Granada Faults have scarps reaching hundreds of meters (Figure 4d), the El
Fargue Fault however, has a minor scarp (Figures 2b and 4d). The SLk anomalies and the scarp of the Alfa-
car Fault could be due to lithological changes between the basement carbonates and the detritic sediments
of the sedimentary infill. In the Granada Fault, these geomorphic features are likely related to tectonic activ-
ity, since the lithology of the hangingwall and the footwall are similar. The two high-precision leveling lines
demonstrate that the Granada Fault is currently active, with average rates of vertical displacements between
0.35and 1.1 mm/yr, in agreement with geomorphological slip rates. All the evidence underlines the current
and important activity of the Granada Fault. The faults located toward the NE do not show much activity,
however, in agreement with previous paleoseismological studies (Sanz de Galdeano et al., 2003, 2012). The
El Fargue fault produces a small scarp and could have some associated seismicity, but it does not present
SLk anomalies (Pérez-Pefia, Azafion, Azor, et al., 2009). In turn, the Alfacar Fault does not present associat-
ed seismicity and is covered by sediments that are locally up to 4 m thick. Although it presents anomalous
SLk values, they are at least partly associated with lithological changes.

Both short-term deformation (the geodetical leveling data from two high-precision leveling lines) and
long-term deformation (geological and geomorphological fault slip rates) should be constrained for ade-
quate monitoring of the fault activity. Still, geodetically recorded slip rates are not always representative
of the longer-term geologically derived rates. There are several examples of such discrepancies in other
extensional settings worldwide such as the Basin and Range (Friedrich et al., 2003) and the central Apen-
nines (Papanikolaou et al., 2005). The vertical-displacement values obtained from high-precision leveling
lines of the Granada Fault are considerably higher than those obtained from the geological studies by Sanz
de Galdeano et al. (2003) (0.38 mm/yr; from 300 m displacement observed in the last 0.8 Ma), Sanz de

MADARIETA-TXURRUKA ET AL.

18 of 25



Ay
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2021TC006715

Galdeano et al. (2012) (0.1 mm/yr for the last 2.5 Ma) and Azaiion et al. (2013) (0.003 mm/yr). The values
are, however, more similar to the incision rates obtained from geomorphic analyses by Carvajal and Sanz
de Galdeano (2001) (0.8 mm/yr) and Pérez-Pefia et al. (2015) (0.45 mm/yr). Vertical displacement rates
fluctuate significantly from year to year. Although high-precision leveling profiles indicate average vertical
displacement, those average rates do not occur continuously; stages with higher rates (e.g., 1999-2000) or
deformation relaxation (2009-2013) should be differentiated. The high-rate stages cannot be considered
as coseismic deformation, since they are not temporarily related to increases in seismicity. They might be
related to progressive propagation of the deformation toward the surface related to previous seismic events
at depth. The higher values of the Granada N line with respect to the geomorphological values could be
related to the influence of other factors besides tectonics. On the other hand, it could also be linked to the
fact that geological studies cover large periods of diverse activity, whereas geodetical studies are conducted
on tectonically active structures. Therefore, the Granada Fault, despite its currently higher modern vertical
displacement rates, is likely to have been much less active in other geological periods. Other faults of the
basin may have been the active ones.

The average vertical-displacement rates of the Granada Fault are in line with those determined for other
faults of the central Betic Cordillera. Gil et al. (2017) computed a 0.78 + 0.08 mm/yr rate for the Padul Fault,
considering horizontal GPS displacements of 0.5 + 0.05 mm/yr and an average 55° dip. Similarly, Reinhardt
et al. (2007) calculated a 0.4-0.8 mm/yr relative uplift in the footwall of the Padul Fault from geomorphic
observations. The Balanegra Fault presents lower average values (0.14 mm/yr) because extension is distrib-
uted on other faults of El Campo de Dalias (Galindo-Zaldivar et al., 2013). At any rate, it is remarkable that
the Granada S line shows a late episode of reverse deformation, similar to the Balanegra Fault (Galindo-Za-
ldivar et al., 2013), most likely due to the recovery to some extent of accumulated elastic deformation events.

The Granada Fault, together with the Padul Fault, appear to be the main structures accommodating ex-
tension in the central Betic Cordillera. Considering an average dip angle of 30° and a direction of N150°E
for the Granada Fault, a horizontal displacement between 0.6 + 0.1 and 1.9 + 0.43 mm/yr in the N240°E
direction is obtained. The CGPS stations located in the eastern and western Granada Basin, GRA1
(0.94 + 0.35 mm/yr) and LOJA (2.84 £ 0.35 mm/yr) (Galindo-Zaldivar et al., 2015; Figure 1), document
extension of 1.9 + 0.35 mm/yr. Accordingly, the Granada Fault may be responsible for most of the present
extension that occurs in the whole Granada Basin.

7.3. Geodynamic Implications

The causes of the present extension of the central Betic Cordillera and the recent evolution of the Betics
have been the subject of debate in recent decades. Subduction with or without rollback and delamination
processes have been proposed (Brun & Faccenna, 2008; Mancilla et al., 2013; Ruiz-Constan et al., 2012;
among others). Most authors agree that subduction—although in transition to collision—is still active, pro-
ducing slab rollback (Gonzalez-Castillo et al., 2015; Pedrera et al., 2011; Ruiz-Constan et al., 2011; Wortel
& Spakman, 2000) that may induce extension in the hinterland. In addition, indentation and uplift in the
central-eastern zone may produce orogenic collapse and westward escape tectonics, as occurs in the east-
ern Betic Cordillera (Silva et al., 1993), in the Alboran Sea (Estrada et al., 2018), and in the Rif (Chalouan
et al., 2006). Still other proposals (Mancilla et al., 2015; Spakman et al., 2018) support delamination com-
bined with the detaching or tear-faulting of Iberian subducting crust in the central Betic Cordillera as the
cause of the extension. The stress tensor, in the central Betic Cordillera, shows reverse o; and o, at the
uppermost crust (<15 km) (Sparacino et al., 2020; Stich et al., 2006). Maximum compression (o;) becomes
vertical due to the large uplift (Braga et al., 2003) and suggests the occurrence of gravitational collapse of
the thickened crust. The well-directed NE-SW trend of extension in the upper crust related to the rollback
tectonics of the Gibraltar Arc (Gonzalez-Castillo et al., 2015), together with the former collapse, would have
produced the high- and low-angle extensional system. This scenario, in addition to the NW-SE shortening,
is consistent with g3 in NE-SW direction.

HANF and LANF systems commonly accommodate orogen-parallel extension. The Granada Basin fault
system shares features with the Brenner Fault in the eastern Alps (Selverstone, 1988). The Brenner Fault
separates areas of the distinct trend and intensity of tectonic deformation (Rosenberg & Garcia, 2011),
and seismic activity normally does not exceed earthquakes with magnitude Mw 3.0 in an area undergoing
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horizontal displacement of 0.5 mm/yr (Reiter et al., 2005). There are similarities with the LANFs pro-
posed in the Gulf of Corinth (Chiaraluce et al., 2004; Rigo et al., 1996) and Alto Tiberina Fault (Gualandi
et al., 2017). These low-angle extensional zones have associated seismicity not exceeding Mw 4.0. The high-
est magnitude events occur on the HANFs of the hangingwall (Boncio et al., 2004). However, the seismic-
ity recorded in instrumental and historical periods of the above scenarios is far from the Mw 6.3 and 6.7
earthquakes (Abers et al., 1997), and larger events that possibly took place during the Holocene in Woodlark
Basin (Biemiller et al., 2020).

8. Conclusions

The integration of field geology, geophysical, and geodetical studies allows us to constrain the structure
and activity of the extensional fault system in the NE Granada half-graben, located in the central Betic
Cordillera. This basin is deformed by HANFs, mainly dipping toward the SW, connected with a low-angle
extensional deformation zone reaching 11-12 km in depth.

The active faults in the NE sector tilted the deposits toward the N-NE, developing depocenters. Toward the
surface (<6 km depth), the HANFs (60°) are responsible for much of the shallower seismicity and larger
events (e.g., earthquakes related to the January 2021 swarm). At greater depths (6-12 km), earthquakes
suggest an active subhorizontal extensional deformation zone.

The Granada Fault, together with the Sierra Elvira faults, is the main fault of the system, showing activ-
ity supported by the vertical displacements observed in the high-precision leveling lines (average rates of
0.35-1.1 mm/yr), seismicity, and earthquake focal mechanism solutions. At the surface, it changes in char-
acter and activity along strike. A fault scarp has developed in the northern area, while toward the south it
becomes a blind fault.

Ultimately, the high- and low-angle fault system of the Granada Basin could be an active segment related
to the Mecina Extensional System. At present, the fault system facilitates extension in the upper crust of
the central zone of the Betic Cordillera—produced by the displacement toward the W of the Gibraltar Arc
related to rollback tectonics—in addition to rock uplift related to NW-SE compression.

Data Availability Statement

The seismicity data are available on the IGN website at http://www.ign.es/web/ign/portal/sis-catalogo-ter-
remotos and https://www.ign.es/web/ign/portal/tensor-momento-sismico/. The DTM used in the topo-
graphic correction, topographic profiles, and geologic maps is available in http://centrodedescargas.cnig.
es/CentroDescargas/index.jsp. The information about gravity bases of IGN is provided at https://www.ign.
es/web/ign/portal/grv-gravedad-absoluta. The Bouguer anomaly data from the Topolberia project are ac-
cessible on the website http://info.igme.es/SIGEOF/. Finally, fault data were obtained from the Quaternary
Faults Database of Iberia at https://info.igme.es/qafi/.
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