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Abstract The coexistence of shortening and extensional tectonic regimes is a common feature in orogenic
belts. The westernmost end of the Western Mediterranean is an area undergoing shortening related to the 5 mm/
yr NNW-SSE convergence of the Nubia and Eurasia Plates. In this region, the Central Betic Cordillera shows
aregional ENE-WSW extension. Here, we present GNSS-derived geodetic data along a 170 km-long transect
orthogonal to the main active normal faults of the Central Betic Cordillera. Our data indicate that the total
extension rate along the Central Betic Cordillera is 2.0 + 0.3 mm/yr. Extension is accommodated in the eastern
(0.8 + 0.3 mm/yr in the Guadix-Baza Basin) and western (1.3 + 0.3 mm/yr in the Granada Basin) parts of the
Central Betic Cordillera, while no extension is recorded in the central part of the study area. Moreover, our
data permit us to quantify, for the first time, short-term fault slip rates of the Granada Fault System, which is
one of the main seismogenic sources of the Iberian Peninsula. We deduce a fault slip rate of ~1.3 + 0.3 mm/
yr for the whole Granada Basin, with 0.9 + 0.3 mm/yr being accommodated in the Granada Fault System and
0.4 + 0.3 mm/yr being accommodated in the southwestern sector of the Granada Basin, where no active faults
have been previously described at the surface. The heterogeneous extension in the Central Betic Cordillera
could be accommodated by shallow high-angle normal faults that merge with a detachment at depth. Part of the
active extension could be derived from gravitational instability because of underlying over-thickened crust.

Plain Language Summary We present here high-precision GPS data obtained in S Spain. In this
area tectonic deformation of the Earth crust is related to the convergence between Nubia (Africa) and Eurasia
Plates. Under this general convergence setting, our study area is undergoing extensional deformation. GPS data
permit us to quantify and characterize this extension. The total extension in our study area is 2.0 + 0.3 mm/

yr. But this extension is heterogeneous, as it concentrates in two areas to the east and to the west, separated by
a zone with no extension. Moreover, our data permit to quantify, for the first time, short-term fault slip rates

of the Granada Fault System (0.9 + 0.3 mm/yr). This parameter is essential to characterize the seismic hazard
of this structure, which is one of the main seismogenic sources of the Iberian Peninsula. We also discuss the
subsurface geometry of the faults accommodating this heterogeneous extension and the crustal mechanism
responsible for that.

1. Introduction

The peri-Mediterranean orogenic belt started to form as a consequence of widespread subduction processes
related to the onset of the Nubia-Eurasia convergence. From the Eocene on, these subduction-dominated dynam-
ics changed, leading to a tectonic setting in which the formation of mountain belts near the subduction trenches
was coeval with the opening of back-arc basins and the formation of orogenic arcs. This change was the conse-
quence of fast slab retreat throughout the Mediterranean region (see compilation in Jolivet and Faccenna (2000)
and Jolivet et al. (2021)).

This mixed tectonic setting is still active in the Eastern Mediterranean region, where widespread extension is
presently occurring in the Corinth or Western Anatolian rifts (Aktug et al., 2009; Armijo et al., 1999; Ford
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et al., 2007, 2017; Gawthorpe et al., 2018; Rohais et al., 2007; Taylor et al., 2011). In the Betic Cordillera
(Figure 1), located in the Western Mediterranean region, extensive extension started to end 8 Ma ago (Billi
et al., 2011; Crespo-Blanc et al., 1994; d'Acremont et al., 2020; Faccenna et al., 2014; Galindo-Zaldivar &
Jabaloy, 1989; Jabaloy et al., 1992, 1993; Medaouri et al., 2014). Therefore, this region is generally under-
stood as an area undergoing shortening related to convergence between the Nubian and Eurasian plates. Within
this general convergence geodynamic cadre, three major tectonic sectors are recognized in the Betic Cordillera
(Figure 1): (a) the Eastern Betic Cordillera, dominated by transpressive tectonics, (b) the Western Betic Cordil-
lera, dominated by shortening, and (c) the Central Betic Cordillera, an area undergoing extension.

In the Eastern Betic Cordillera, the Eurasia-Nubia convergence is effectively transferred because of a tectonic
indenter (Figure 1) (Borque et al., 2019; Coppier et al., 1989; Estrada et al., 2018; Galindo-Zaldivar et al., 2022;
Palano et al., 2015; Tendero-Salmerén, 2022). This convergence is accommodated along a transpressive tectonic
corridor: the Trans-Alboran Shear Zone (Bousquet, 1979; De Larouziere et al., 1987), also named the Eastern
Betic Shear Zone (Silva et al., 2003). Several regional geodetic studies have quantified both the regional and local
slip rates of this left-lateral shear zone (Borque et al., 2019; Echeverria et al., 2013, 2015).

In the Western Betic Cordillera, NW—SE shortening is the result of westwards displacement of the cordillera with
respect to the relatively stable foreland (Gonzalez-Castillo et al., 2015). This shortening, accommodated by active
folding and faulting, has been quantified by regional geodetic studies (Gonzalez-Castillo et al., 2015; Serpelloni
et al., 2007).

Nevertheless, in this convergence setting of the Eurasian-Nubia plates, the Central Sector of the Betic Cordillera
is characterized by active NE-SW extension (Figure 1). Studies on active tectonics describe NW-SE active
normal faults in the Granada and Guadix-Baza Basins (Alfaro et al., 2001, 2008, 2021; Castro et al., 2018;
Galindo-Zaldivar et al., 1999; Gil et al., 2002; Medina-Cascales et al., 2020, 2021; Rodriguez-Fernandez &
Sanz de Galdeano, 2006; Ruiz et al., 2003; Sanz de Galdeano & Loépez-Garrido, 1999; Sanz de Galdeano
et al., 2012, 2020; and many others) (Figure 2). This extension is further confirmed by seismic studies, as seis-
mic moment tensors are compatible with NE-SW regional extension (Galindo-Zaldivar et al., 1999; Herraiz
et al., 2000; Palano et al., 2015; Stich et al., 2006, 2007) (Figure 1). Moreover, a significant amount of seismic
activity in the Granada Basin is attributed to NW-SE normal faults (Madarieta-Txurruka et al., 2021; Morales
et al., 1997; Reicherter et al., 2003; Ruano et al., 2004; Sanz de Galdeano et al., 2003).

The extension rates of the Central Betic Cordillera have been estimated from broad regional geodetic stud-
ies (Galindo-Zaldivar et al., 2015; Palano et al., 2015; Pérez-Pefia et al., 2010; Serpelloni et al., 2007; Stich
et al., 2006). Stich et al. (2006) estimated an extension rate of ~2.5 mm/year in a N60°E direction. Serpelloni
et al. (2007) indicated that the Alboran-Betics region accommodates ~2.1 + 0.7 mm/year of E-W extension.
Pérez-Pefia et al. (2010) showed an extension of ~3.7 mm/year in a WSW-ENE direction for the whole Betic
Cordillera. Other geodetic studies quantified the local extension rates of some of the main active faults within the
Central Betic Cordillera (Alfaro et al., 2021; Gil et al., 2002, 2017). This active deformation is responsible for
significant seismicity, such as the 1884 Andalusia earthquake (I = VIII-IX, M, = 6.5) (Reicherter et al., 2003),
the 1531 Baza earthquake (/ = VIII-IX; Mw = 6.0) (Alfaro et al., 2008), and the 2021 Granada seismic swarm
(Madarieta-Txurruka et al., 2021, 2022).

In this work, we present GNSS-derived geodetic deformation data along a 170-km-long transect orthogonal to the
main active normal faults of the Central Betic Cordillera. Our results permit us to quantify regional extensional
rates and to analyze deformation partitioning within this region. Moreover, our study assigns short-term slip
rates to some of the main active faults in this area. The comparison of our short-term slip rates with geologically
derived long-term rates sheds further light on how deformation is distributed. We also discuss further implica-
tions for fault geometries and possible crustal mechanisms for explaining this extension. Finally, our results will
be the basis of future seismic hazard assessments for this region, with significant seismicity.

1.1. Geodynamic and Geological Setting

The Betic Cordillera is located at the Nubia-Eurasia plate boundary (Figure 1). This sector is under N-S to NW—
SE convergence, probably since the Late Cretaceous (Dewey et al., 1989; Mazzoli & Helman, 1994; Rosenbaum
etal., 2002; Srivastava et al., 1990). At present, the Nubian and Eurasian plates converge at a rate of approximately
5-6 mm/year according to regional models (DeMets et al., 1994; McClusky et al., 2003; Nocquet, 2012; Nocquet
& Calais, 2003; Pérez-Peiia et al., 2010; Serpelloni et al., 2007; Stich et al., 2006).
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Figure 1. (a) Simplified geological map of SE Iberia and N Africa, showing the three major sectors recognized in the Betic
Cordillera. Focal mechanisms (Instituto Geogréfico Nacional, 2022) show how the Western Betic Cordillera undergoes
shortening, the Eastern Betic Cordillera strike-slip and the Central Betic Cordillera is dominated by extension. (b)

Regional velocity field derived from cGNSS data (after Serpelloni et al. (2007), Pérez-Peiia et al. (2010), Galindo-Zaldivar
et al. (2015), and Gonzélez-Castillo et al. (2015)) respect to the Eurasia fixed reference frame (IGb_08).

Under this general plate convergence, the Betic Cordillera underwent a complex geodynamic evolution. After an
initial period characterized by subduction-related shortening, during the Early to Middle Miocene, the Betic Internal
Zones underwent general NE-SW to E-W extension. This extension was the consequence of fast slab retreat and
subsequent development of a back-arc basin (Galindo-Zaldivar et al., 2015; Gonzalez-Castillo et al., 2015; Gutscher
etal., 2002; Mancilla et al., 2015). Miocene extension was accommodated by ductile deformation evolving into brit-
tle low-angle normal faults, such as the Mecina Fault, which separates the two lowermost metamorphic complexes
of the Betic Cordillera and shows top-to-the-W kinematics (Galindo-Zaldivar & Jabaloy, 1989). During the Upper
Miocene, the general geodynamic setting changed. From that moment onwards, the Betic Cordillera has been domi-
nated by the convergence between the Nubia and Eurasia Plates. This convergence produces NNW-SSE shortening,
which is responsible for the main topographic features observed today (Sanz de Galdeano & Alfaro, 2004). After
that geodynamic change, only the Central Betic Cordillera underwent extension, accommodated by NNW-SSE to
WNW-ESE high-angle normal faults (Alfaro et al., 2008; Azafién et al., 2004; Castro et al., 2018; Garcia-Tortosa
etal., 2008; Medina-Cascales et al., 2020; Sanz de Galdeano et al., 2012). These normal faults produced half-grabens
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Figure 2. Simplified geological map of the Central Betic Cordillera. Black lines indicate the main (thick) and minor (thin)
active normal faults. Green dots are our GNSS stations. Arrows indicate the absolute velocity field of the Central Betic
Cordillera derived from the position time series and 95% confidence ellipses. 1, Sierra Elvira Fault; 2, Alfacar Fault; 3,
Fargue Fault; 4, Santa Fe Fault; 5, Granada Fault; 6, Dilar Fault; 7, Padul Fault; 8, Graena Fault; 9 Galera Fault.

in their hanging walls filled by Upper Miocene to Quaternary sediments and, hence, led to the development of
Neogene-Quaternary sedimentary basins, including the Granada and Guadix-Baza Basins (Figure 2). These normal
faults comprise the Granada Fault System (including the Sierra Elvira, Santa Fe, Dilar, Granada, Fargue, Alfacar,
and Padul Faults) (Alfaro et al., 2001; Azafion et al., 2004; Calvache et al., 1997; Estevez & Sanz de Galdeano, 1983;
Lhénaff, 1965; Morales et al., 1990; Riley & Moore, 1993; Rodriguez-Fernandez & Sanz de Galdeano, 2006; Ruano
et al., 2004; Sanz de Galdeano & Lopez-Garrido, 1999) that generated the Granada Basin.

The Baza Fault (Figure 2) is another of these high-angle normal faults (Alfaro et al., 2008; Castro et al., 2018;
Fernandez-Ibafez et al., 2010; Garcia-Tortosa et al., 2008; Medina-Cascales et al., 2020; Sanz de Galdeano
et al., 2012); this active structure is responsible for the development of the eastern sector of the Guadix-Baza
Basin. Other normal faults in the Central Betic Cordillera are the Solana del Zamborino Fault and the Graena
Fault (Sanz de Galdeano et al., 2012) (Figure 2). The WNW-ESE-striking Zafarraya Fault is located at the SW
end of our study area (Galindo-Zaldivar et al., 2003; Gil et al., 2002; Reicherter et al., 2003) (Figure 2).

Active normal faults in the Central Betic Cordillera are the seismogenic sources of significant and destructive earth-
quakes. The Zafarraya Fault is probably responsible for the well-known 1884 Andalusia Earthquake (/ = VIII-IX,
M_ = 6.5) (Galindo-Zaldivar et al., 2003; Reicherter et al., 2003). The Granada Fault System is responsible for the
1431 Otura-Alhendin earthquake as well as the 1806 Pinos SW of Armilla and 1956 Albolote Earthquakes. This fault
system also produced the 2021 Granada Seismic Swarm (Lozano et al., 2022; Madarieta-Txurruka et al., 2021, 2022).
The Baza Fault is the seismogenic source of the 1531 Baza earthquake (/ = VIII-IX, M, = 6.0) (Alfaro et al., 2008).

Several geodynamic models have been proposed to explain the present geodynamic setting of the Betic Cordil-
lera, which is characterized by coeval extension and shortening. While shortening is widely attributed to
convergence between the Nubian and Eurasian plates, the origin of the extension is under debate. Two main
hypotheses are evoked to explain the extension in the Central Betic Cordillera: (a) eastwards Nubia plate subduc-
tion and subsequent back-arc extension associated with westwards slab roll-back (Galindo-Zaldivar et al., 2015;
Gonzalez-Castillo et al., 2015; Lonergan & White, 1997; Royden, 1993), and (b) lithospheric delamination of a
previous overthickened crust (Mancilla et al., 2013; among others).

1.2. GNSS Sites and Data Processing

Several local episodic GNSS networks already exist in the Central Betic Cordillera: the Granada Basin Network
(Gil et al., 2002), Padul Fault Network (Ruiz et al., 2003), Zafarraya Fault—Sierra Tejeda Antiform Network
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EZ?IIZI:CI North Absolute and Residual Velocities Estimated at the Profile Sites
Velocity (mm yr=") Uncertainty (mm yr—") Res. velocity (mm yr~")

Site ID East North East North East North
6000 17.1 16.7 +0.3 +0.5 -2.8 0.1
6100 16.9 15.8 +0.2 +0.2 -3.0 -0.8
6200 17.8 15.2 +0.3 +0.2 —22 -1.3
6300 18.1 16.5 +0.2 +0.3 -1.9 —-0.1
6400 18.3 16.0 +0.2 +0.3 -1.7 —-0.6
5500 18.2 16.3 +0.3 +0.3 -1.8 -0.3
5600 19.0 16.4 +0.2 +0.2 -1.0 —-0.1

(Galindo-Zaldivar et al., 2003), and Baza Fault Network (Alfaro et al., 2021). We used some stations of these
networks to establish and measure a new regional profile along a transect involving most of the Central Betic
Cordillera (Figure 2). This ENE-WSW GNSS transect involves two stations from the Zafarraya Fault and Sierra
Tejeda Antiform Networks, two from the Granada Basin Network and two from the Baza Fault Network. Addi-
tionally, a new station has been added, resulting in a total of seven geodetic stations involved in the study geodetic
transect.

Sites 6000 and 6100 belong to the Zafarraya Fault and Sierra Tejeda Antiform Networks. They are located on the
basement of the Central Betic Cordillera (Betic External Zones) (Figure 2). Station 6200 belongs to the Granada
Basin network and is located on the Neogene sediments of the basin infill. Station 6300 is located just inside
the NE border of the Granada Basin on rocks belonging to the Central Betic Cordillera basement (Betic Internal
Zones). Station 6400 is situated on basement rocks (Betic External Zones) at the western limit of the Guadix-
Baza Basin. Site 5500 is on basement rocks (Betic Internal Zones) outcropping in the center of the Guadix-Baza
Basin. Finally, station 5600 is at the southeastern limit of the Guadix-Baza Basin on basement rocks (Betic
External Zones).

Every GNSS site consists of a benchmark or a pillar anchored to solid rock. To measure with a benchmark, a
50 cm long aluminum tube is screwed on it, and the GNSS antenna is set up on top. Alternatively, three stations
are geodetic pillars with a force centring device. Sites 6100, 6400, 5500, and 5600 are benchmarks, and sites
6000, 6200, and 6300 are geodetic pillars. Episodic surveys of the geodetic profile were carried out in 2009,
2010, 2011, 2012, and 2017. Some sites were also observed in 2015 and 2016. During each survey, the sites were
continuously observed for four-day intervals (96 hr). During the 2009 and 2010 campaigns, the GPS receivers
used were Leica Geosystem GX1230 receivers and LEIAX1202 antennas, whereas in subsequent campaigns in
2011, 2012, 2015, 2016, and 2017, the equipment was Leica Geosystem AR10 receivers and LEIAR10 antennas.

The data processing was performed by Precise Point Positioning using GipsyX software (Bertiger
et al., 2020a, 2020b). GipsyX is GNSS-inferred positioning software developed by the Jet Propulsion Laboratory
(JPL) and maintained by the Near-Earth Tracking Applications and Systems groups. A similar standard procedure
for all campaigns was used. All the JPL products were computed in the same IGb14 reference frame.

1.3. Velocity Field

After processing all daily data with GipsyX in the IGbl4 reference frame the time series were displayed
(Figure S1). For our calculations, we considered the change in GPS antennas and receivers between the 2010 and
2011 campaigns, which produced a slip in the time series. The estimation of the crustal velocity field is computed
from the IGb14 time series by using the Time Series Analysis Software SARI (Santamaria-Gémez, 2019). In our
case, the model applied consists of an intercept, a site rate and an offset to account for antenna change. The uncer-
tainties are computed using a colored noise model. The error term is composed of white noise and temporally
correlated random error. The colored noise is described by a random walk process. We assumed a typical magni-
tude for this process of 1.0 mm/ \/ yr. Table 1 shows the absolute velocities and residual velocities calculated with
respect to a fixed Eurasia as defined by the ITRF2014 plate motion model (Altamimi et al., 2017). Figure 2 shows
the present-day GNSS-derived absolute velocity vectors and 95% confidence error ellipses, and Figure 3a shows
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Figure 3. GNSS residual velocities of the Central Betic Cordillera. (a) With respect to a fixed Eurasia as defined by the
ITRF2014 plate motion model (Altamimi et al., 2017) and 95% confidence ellipses. (b) Projected along the NO60E direction
and 95% confidence ellipses. The SW increase in the vectors module indicate a regional SW-NE extension.

the residual velocity field with respect to a fixed Eurasia. Furthermore, we projected the residual velocity vectors
along the NOG6OE direction (Figure 3b). This direction is subperpendicular to the mean strike of the major active
faults in the study area (Figure 3b).

2. Discussion
2.1. Tectonic Deformation Rates in the Betic Cordillera

The Betic Cordillera undergoes active extension and shortening that should be quantified to better understand
the present-day behavior of the Nubia-Eurasia plate boundary. In the Western Betic Cordillera, previous cGNSS
regional data indicate a total E-W shortening up to 2.6 + 0.1 mm/yr (Gonzalez-Castillo et al., 2015). In the East-
ern Betic Cordillera, transpressive NNW-SSE rates range between 0.7 and 1.5 + 0.1 mm/yr (Borque et al., 2019;
Echeverria et al., 2013, 2015). In the case of the Central Betic Cordillera, our GNSS-derived velocity field
sheds light on the overall regional deformation that is currently occurring in this tectonic domain. A general
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Figure 4. Comparison between the extension rate derived from our episodic GNSS network and regional extension rates
derived from cGNSS data after Galindo-Zaldivar et al. (2015) (a) and Serpelloni et al. (2007) and Pérez-Peiia et al. (2010) (b).

increase to the SW of the absolute value of the NO60E components of the velocity vectors is observed between
stations 5600 and 6100 (Table 1, Figure 3b). This indicates that this transect is undergoing extension. Subtrac-
tion of the NO60E components of stations 5600-6100 shows that the extension in this area is 2.0 + 0.3 mm/yr
(Table 1, Figure 3b). This value is in good agreement with previously reported extension rates for the Central
Betic Cordillera. Galindo-Zaldivar et al. (2015) presented cGNSS-derived velocity vectors for several stations
within the Central Betic Cordillera (Figure 4a). We quantified the overall extension from these cGNSS data
following the same procedure described above for our own vectors. The distribution of the stations presented by
Galindo-Zaldivar et al. (2015) permits the analysis of the overall extension of the Central Betic Cordillera along
two transects: one involving stations CAAL-LOJA and the other involving stations ALME-PALM. The subtrac-
tion of the NO60E component of the velocity vectors for stations along these two transects yields extension rates
of 2.0 + 0.7and 1.8 + 0.7 mm/yr, respectively. These values are very similar to the value of 2.0 + 0.3 mm/yr that
we obtained from our episodic study. Therefore, we consider this value (2.0 + 0.3 mm/yr) to be representative
of the total extension that is presently occurring in the Central Betic Cordillera. This extension rate also agrees
with regional extension rates proposed by broad studies carried out on the Nubia-Eurasia plate boundary, ranging
between 2.1 and 3.7 mm/yr (Pérez-Pefia et al., 2010; Serpelloni et al., 2007; Stich et al., 2006) (Figure 4b). Some
authors proposed higher deformation rates for this area (Pérez-Pefia et al., 2009) based on the offset of a geomor-
phological marker. However, this marker was later reinterpreted as older (Garcia-Tortosa et al., 2011), and there-
fore, deformation rates should also be reduced within the abovementioned range. The extensional deformation
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affects up to 6100, although a comparison between the 6100 and 6000 stations, in the southwesternmost part of
the profile, shows the change in behavior to shortening (Figure 3).

2.2. Fault Slip Rates in the Central Betic Cordillera

Our GNSS results permit us to better constrain the fault slip rates of the main active structures in this region. For
this analysis, we assumed a rigid-block approach (Alfaro et al., 2021; Borque et al., 2019), where all the observed
deformation is accommodated by the active faults. This approach considers that all horizontal deformation is
accommodated by the active faults located between the analyzed stations. That is, we assume that no internal
deformation takes place within the blocks bounded by active faults. Under this assumption, we derived fault slip
rates by transforming the horizontal deformation field into along-fault displacement (slip rate), using the fault
kinematics (pure normal kinematics for all the faults in our study area) and fault dip.

2.3. Fault Slip Rates in the Guadix-Baza Basin

If we subtract the NO60E component of stations 5600-5500, we obtain a horizontal extension rate of 0.7 + 0.4 mm/
yr (Table 1 and Figure 3b). The only active fault between these two stations is the Baza Fault (Figures 2 and 3b).
Assuming pure normal kinematics and a fault dip ranging between 45° and 60°, we transformed the 0.7 + 0.4 mm/
yr of horizontal extension rate into a fault-slip rate. After this calculation we derived a short term slip rate for the
Baza Fault ranging between 0.9 + 0.3 and 1.3 + 0.4 mm/yr (assuming dips of 45° and 60°, respectively). These
values are in agreement with previously reported slip rates, ranging between 0.3 + 0.3 and 1.3 + 0.4 mm/yr using
data from a local episodic GNSS network (Alfaro et al., 2021).

The comparison of the NO60E component of stations 5500-6400 yields a horizontal extension rate of 0.1 + 0.4 mm/
yr (Table 1 and Figure 3b). In that case, we assumed that this extension is accommodated by the Solana del Zamborino
Fault (Figure 2). No previous short-term slip rate has been reported for this fault. We are aware that the computed
value is not statistically significant because of the very low signal-to-noise ratio. However, if we assume this value to
be a very rough approximation of the horizontal extension rate accommodated by the Solana del Zamborino Fault,
we can compute the fault slip rate following the same procedure previously discussed. We obtained a fault slip rate
of this active structure that could be approximately 0.1 mm/yr. These results are in good agreement with geological
and geomorphological data, as the Solana del Zamborino Fault presents a subtle ggomorphic expression (Sanz de
Galdeano et al., 2012). Moreover, our data are also in agreement with previously reported long-term slip rates,
ranging between 0.1 and 0.3 mm/yr (assuming a dips of 45° and 60°, respectively) (Sanz de Galdeano et al., 2012).

2.4. Fault Slip Rates in the Granada Basin

In the Granada Basin, the transect between stations 6300 and 6400 crosses the Granada Fault System (Figure 2).
Subtraction of the NO60E components of these two stations yields a horizontal extension rate of 0.9 + 0.3 mm/
yr (Table 1 and Figure 3b). Once again, we compute fault slip rates assuming that all the deformation is accom-
modated by active faults. Therefore, our GNSS-derived data indicate a total cumulative slip rate ranging between
1.3 +£ 0.6 and 1.8 + 0.6 mm/yr for the Granada Fault System (assuming a mean dip of 45° and 60°, respectively).

Our GNSS-derived data indicate that the area located to the southwest of the Granada Basin is undergoing a
horizontal shortening rate of 0.6 + 0.4 mm/yr along the NO60E direction. In this area, the main active structures
are the Sierra Tejeda Anticline and the E-W Zafarraya Fault (Sanz de Galdeano et al., 2003, 2012). However,
geological data indicate that the Zafarraya Fault presents oblique kinematics, including a normal component
(Galindo-Zaldivar et al., 2003; Reicherter et al., 2003; Sanz de Galdeano et al., 2003, 2012). Therefore, further
studies are necessary to elucidate the present kinematics of this significant active fault and its relationship with
folding in a setting with shortening.

2.5. Comparison Between Short- and Long-Term Slip Rates

As discussed above, from our GNSS-derived data, we calculate the short-term slip rates of several active faults of
the Central Betic Cordillera assuming that all the horizontal deformation is accommodated by active faults. In this
section, we compare our short-term slip rates and geological long-term slip rates that were previously reported.

In the NE sector of the Guadix-Baza Basin, the short-term slip rates that we obtained for the Baza Fault range
between 0.9 + 0.3 and 1.3 + 0.4 mm/yr (assuming fault dips of 45° and 60°, respectively). These values are higher
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than previously reported long-term slip rates, varying between 0.2 and 0.7 mm/yr (using an Upper Tortonian
stratigraphic marker and a 250-600 ky old geomorphic marker, assuming fault dips of 45° and 60°, respectively)
(Alfaro et al., 2008; Garcia-Tortosa et al., 2011) (see the relevant discussion in Alfaro et al. (2021)).

In the SW sector of the Guadix-Baza Basin, we estimated that the fault slip rate of the Solana del Zamborino
Fault is approximately 0.1 mm/yr, although this value is just a rough approximation because of the very low
signal-to-noise ratio, as we discussed above. Previously reported long-term fault slip rates for this fault range
between 0.1 and 0.3 mm/yr (using a 250-600 ky old geomorphic marker and assuming fault dips of 45° and 60°,
respectively) (Garcia-Tortosa et al., 2011; Sanz de Galdeano et al., 2012). Therefore, in the case of the Solana del
Zamborino Fault, both the long- and short-term slip rates are within the same range.

In the NW part of the Granada Basin, our GNSS-derived data indicate total cumulative slip rates of 1.3 + 0.6 to
1.8 + 0.6 mm/yr for the Granada Fault System (assuming a mean fault dips of 45° and 60°, respectively). The
long-term slip rate calculated for this fault system using a Late Tortonian marker ranges between 0.2 and 0.6 mm/
yr (Gil et al., 2002). Thus, once again, the short-term slip rate of the Granada Fault System that we calculated
from our GNSS analysis is faster than the geological long-term slip rates reported in previous works.

Consequently, our GNSS-derived data yield short-term slip rates for the active faults of the Central Betic Cordil-
lera that are higher than geologically computed long-term slip rates (except for the Solana del Zamborino Fault,
where our GNSS data present a very low signal-to-noise ratio). Such differences between geodetic and geologic
slip rates are not rare (e.g., Cowgill et al., 2009; Oskin et al., 2008). A possible explanation for these differences is
a viscoelastic perturbation of the steady-state crustal motion that occurred after a major seismic event (Chuang &
Johnson, 2011; Nur & Mavko, 1974; Savage & Prescott, 1978; Tong et al., 2014). In the case of the Central Betic
Cordillera, no major earthquakes have taken place in the last 500 years (Instituto Geografico Nacional, 2022);
thus, we suggest that it is unlikely that a viscoelastic relaxation is still ongoing. Alternatively, discrepancies
between short- and long-term slip rates could be the consequence of fault slip rate variations in time and/or space
(McClymont et al., 2009; Nicol et al., 2010; Schlagenhauf et al., 2010, among many others). These rate variations
influence the tectonic loading of faults and thus potentially trigger earthquake clusters (Oskin et al., 2008). This
could be the case for the Granada Fault System, where subsequent earthquake swarm activity developed in Janu-
ary 2021 (Instituto Geografico Nacional, 2022; Madarieta-Txurruka et al., 2021).

Otherwise, the discrepancy between the proposed geological and geodetic fault slip rates in the Central Betic
Cordillera could also be explained assuming that part of the quantified extension rate is distributed in the rock
volume between the major faults. Usually, most deformation in active areas is assumed to accumulate along the
mapped major faults. However, a significant fraction of deformation could also be accommodated as internal
deformation at the scale of observation. Moreover, there are several examples of recent earthquakes that occurred
on previously unknown faults, such as the 2011 Darfield-Chistchurch event (England & Jackson, 2011). We
consider the existence of unknown major faults in our study area very unlikely because the surface expression
of these active normal faults is very clear in the study region, but we cannot rule out this hypothesis. In fact,
this could be the case in the southwest Granada Basin, where the extension between sites 6100 and 6200 is
0.4 + 0.3 mm/yr, without any significant main fault. Therefore, in our case, long-term geological slip rates are
related to an active structure, as they compute the offset of a marker, that is, long-term slip rates account only for
deformation related to one single fault. In contrast, short-term geodetic slip rates account for deformation along a
transect and thus include displacement of active faults but also minor structures and hypothetical unknown faults.

2.6. Extension Partitioning in the Central Betic Cordillera

To analyze strain partitioning in the study region, we also subtracted the NO60E component of different stations
(Figure 5). We quantified extension in the Guadix-Baza Basin by comparing the NO60E component of the resid-
ual velocity vectors of stations 5600, 5500, and 6400 (Table 1 and Figure 3b). This comparison indicates that the
Guadix-Baza Basin is presently undergoing general ENE-WSW extension, as the NO60 E components at these
stations gradually increase from east to west. However, the distribution of this extension is highly heterogeneous
(Figure 5). If we subtract the NO60E component of stations 5600-5500 and 5500-6400, we obtain extension rates
of 0.7 + 0.4 and 0.1 + 0.4 mm/yr, respectively. Consequently, GNSS-derived data indicate that most of the exten-
sion in the Guadix-Baza Basin is accommodated in the NE part of the basin (Figure 3b).

To analyze deformation in the region located between the Guadix-Baza and Granada Basins, we compared the
NO060 E component of the residual velocity vectors of stations 6400 and 6300 (Table 1 and Figure 3b). In that
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case, the subtraction of these components yields an extension rate of —0.1 + 0.3 mm/yr (Figure 5). This value is
not statistically significant (at the 95% confidence level) because of the low signal-to-noise ratio. Thus, we inter-
preted that deformation in this area is very low (under the confidence level of our analysis).

Extension in the Granada Basin can be analyzed by comparing the NO60E components of stations 6300, 6200,
and 6100 (Table 1, Figure 3b). The subtraction of the components of stations 6300 and 6100 yields a total exten-
sion rate of 1.3 + 0.3 mm/yr for the Granada Basin. Once again, this extension is heterogeneously distributed
along the basin (Figure 5). The transect comprising stations 6300-6200 accommodates most of this extension
(0.9 + 0.3 mm/yr), while the southwestern part of the basin accommodates 0.4 + 0.3 mm/yr (stations 6200-6100).

Finally, the comparison of the NO60E components of stations 6100 and 6000 yields an extension rate of
—0.6 + 0.4 mm/yr. This value indicates that this area is undergoing shortening along the NO60E direction, as
discussed above.

The above exposed GNSS-derived velocity field indicates that the 2.0 + 0.3 mm/yr overall extension within
the Central Betic Cordillera is heterogeneous. The analysis of the NO60E components of the velocity vectors
(Figure 3b) shows that NE-SW extension is localized in two main areas characterized by thick sedimentary infill:
the Guadix-Baza Basin and the Granada Basin (Figure 5). These two extensional areas are separated by a zone
with no significant deformation (at the resolution of our data) characterized by extensive outcrops of basement
rocks (Figure 2). The eastern borders of the two extensional areas are the normal Baza Fault and the Granada
Fault System (Figure 2). Consequently, the active Central Betic Cordillera can be described as two half-grabens
(the Guadix-Baza and Granada Basins) separated by a horst with no significant internal deformation (Figure 5).

Moreover, extension partitioning within the Guadix-Baza and Granada Basins is also heterogeneous. The Guadix-
Baza Basin is undergoing a total NE-SW extension of 0.8 + 0.3 mm/yr. This extension is mainly concentrated in
the NE sector (0.7 + 0.4 mm/yr of extension rate between stations 5600-5500) and is much lower in the SW sector
of the basin (0.1 + 0.4 mm/yr of extension rate between stations 5500-6400) (Figure 5).

Similarly, extension partitioning in the Granada Basin is also heterogeneous. The total NE-SW extension in the
Granada Basin is 1.3 + 0.3 mm/yr (Figure 5). Most of this extension is concentrated in the NE sector of the basin
(0.9 + 0.3 mm/yr of extension rate between stations 6300 and 6200). The SW sector of the basin accommodates
0.4 + 0.3 mm/yr of extension (between stations 6200 and 6100). Previously reported cGNSS-derived data indicate
a higher extension rate (1.8 + 0.7 mm/yr) for the NE Granada Basin (Galindo-Zaldivar et al., 2015). However,
this higher extension rate is based on the velocity vector of one station (GRA1) located at the top of a building
based on the sedimentary infill of the Granada Basin. This sedimentary infill is undergoing localized ground
surface movements related to groundwater addition and subtraction (Mateos et al., 2017; Notti et al., 2016; Sousa
et al., 2010). Therefore, we consider that precautions should be taken when using station GRA1 for active tecton-
ics studies.

MARTIN-ROJAS ET AL.

10 of 18

85U8017 SUOWIWIOD BATER1D) 8|l |dde au Aq pauIenob a1e saole O ‘88N JO S3|nJ o} A%eIq1T 8UIJUO AB]IA UO (SUOIIPUOD-PUB-SWRYW00 A8 1M A1 [pulUo//SdNy) SUORIPUOD pue swie 1 8u)3es *[£202/0/0] Uo Aiqi]8ulluo A3|IM 80 UGNSSD A SeuonENbpY aluedl|y 8 PepsRAIIN A £2//00012202/620T OT/I0p/wod" A im AreiqputjuosgndnBe//sdny woly pepeojumod ‘. ‘€202 ‘Y6T66T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2022TC007723

Furthermore, our data permit a detailed analysis of the strain distribution between the faults forming the Granada
Fault System. Two leveling profiles carried out along the Granada Fault (one of the active faults of the fault
system) yielded a horizontal extension ranging between 0.2 + 0.1 and 0.6 + 0.3 mm/yr (assuming a mean
fault dip of 60°, Madarieta-Txurruka et al., 2021). Consequently, the comparison between these values and our
GNSS-derived extension rates indicates that the rest of the active faults of the Granada Fault System accommo-
date ~0.3-0.7 mm/yr of extension. No outcrops of active faults have been previously identified in the SW part of
the Granada Basin (Figure 2). However, our GNSS-derived data indicate that this area is undergoing extension
(0.4 + 0.3 mm/yr between stations 6200 and 6100) (see below).

2.7. Insights Into Structural Style in the Central Betic Cordillera

As we already mentioned, our GNSS-derived data indicate that the SW part of the Granada Basin is undergoing
extension (0.4 + 0.3 mm/yr between stations 6200 and 6100) yr (Table 1, Figures 3b and 4). Active deformation
in this part of the basin is further supported by the shallow (less than 15 km) (Morales et al., 1997) instrumental
seismicity. However, no outcropping active fault has been previously identified in this area (Figure 6).

Madarieta-Txurruka et al. (2021) postulate that the outcropping faults of the Granada Fault System appear to
lie downwards in a SW-dipping low-angle normal fault (likely the Mecina Detachment Zone). This fault coales-
cence was also proposed for other high-angle faults offsetting the basement rocks to the southeast of the Granada
Basin (Galindo-Zaldivar et al., 1996). Low-angle detachment zones in the Betic Cordillera developed during the
Lower Miocene, that is, prior to the formation of the Granada Fault System (Crespo-Blanc et al., 1994; Jabaloy
et al., 1992). Therefore, the hypothetical coalescence of the Granada Fault System with a low-angle detachment
zone would imply an interaction between newly formed and preexisting intrabasement faults. Interactions between
intrabasement structures and newly formed normal faults have been widely reported in the literature (Fraser &
Gawthorpe, 1990; Morley et al., 2004; Phillips et al., 2016; Ring, 1994; Salomon et al., 2015). The exact manner
in which previous extensional structures influence later normal faults was observed by Phillips et al. (2016)
in offshore southern Norway. In this area, intrabasement Devonian extensional shear zones were reactivated
by high-angle Carboniferous-early Permian normal faults (Ziegler, 1992). Phillips et al. (2016) observed three
different styles of interaction between newly formed normal faults and preexisting intrabasement low-angle faults
(Figure 6): (a) Merging faults, located in the hanging wall of intrabasement faults and striking subparallel to them.
Merging faults coalesce with the margins of preexisting basement faults at depth. (b) Exploiting faults, dipping
and striking subparallel to intrabasement faults. Under this type of interaction, reactivation occurs by exploiting
internal weak zones within basement faults. (c) Cross-cutting faults dipping and striking obliquely to intrabase-
ment faults. In that case, newly formed faults are neither geometrically nor kinematically linked with preexisting
basement faults.

Faults of the Granada Fault System merge with a low-angle detachment in map view, suggesting an analogous
interaction at depth. According to Galindo-Zaldivar et al., 1996 and Madarieta-Txurruka et al. (2021), this
structure is the Mecina Detachment Zone (Figure 6). We interpret the Granada Fault System as a merging fault
(in the sense of Phillips et al., 2016). Therefore, these two structures would be geometrically linked. In that
case, a kinematic link is also expected. This kinematic link is also supported by our data, as they indicate that
the Granada Fault System accommodates an extension rate of 0.9 + 0.3 mm/yr (stations 6300-6200). This value
is compatible with the extension rate derived from cGNSS data for the Mecina Detachment (1.1 + 0.3 mm/
yr, Galindo-Zaldivar et al., 2015), while the SW sector of the basin accommodates 0.4 + 0.3 mm/yr (stations
6200-6100). These two values are compatible with such a kinematic link, accounting for the computed errors.

Seismic reflection data suggest that the Baza Fault, the main active structure in this area, becomes listric with
depth (Haberland et al., 2017), but no further constraints of the deep structure in this area are available. In map
view, the Baza Fault is geometrically and kinematically linked to the strike-slip Galera Fault (Figure 2) (Alfaro
et al., 2021; Medina-Cascales et al., 2021), but no interaction with preexisting intrabasement faults is observed.

To provide a wider geodynamic interpretation of the Central Betic Cordillera encompassing available geological
and geophysical data as well as our geodetic results, we compare our proposed structural model with the Eastern
Basin and Range in the USA. The Eastern Basin and Range is a seismically active extensional region character-
ized by alternating mountain ranges and sedimentary basins (Smith & Sbar, 1974; Velasco et al., 2010). The pres-
ent overall extension along the Eastern Basin and Range reaches up to 3 mm/yr over 350 km (Bennett et al., 2003;
Friedrich et al., 2003; Niemi et al., 2004). Seismic reflection data (Velasco et al., 2010) show that the eastern end

MARTIN-ROJAS ET AL.

11 of 18

85U8017 SUOWIWIOD BATER1D) 8|l |dde au Aq pauIenob a1e saole O ‘88N JO S3|nJ o} A%eIq1T 8UIJUO AB]IA UO (SUOIIPUOD-PUB-SWRYW00 A8 1M A1 [pulUo//SdNy) SUORIPUOD pue swie 1 8u)3es *[£202/0/0] Uo Aiqi]8ulluo A3|IM 80 UGNSSD A SeuonENbpY aluedl|y 8 PepsRAIIN A £2//00012202/620T OT/I0p/wod" A im AreiqputjuosgndnBe//sdny woly pepeojumod ‘. ‘€202 ‘Y6T66T



A2 |
MI
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2022TC007723

5500

» GNSS station
—— Active fault

U ek
Detachment Zone
sensu <
: 4 Madarieta-Txurruca (2021) |
Sy )) T ) -\

Sedimentary _—" Minor fault
basins .
Extensional — Main Fault
— Interpreted
detachment - mainaute
Uj Crust
D ppertrus =" Extensional detachment
. Middle Crust — = Interpreted extensional
- detachment
sw Granada Faults System Baza Ft NE
«————————> Sierra Arana ki
m
/4 WV

Figure 6. Extensional system linking low- and high-angle faults. (a) Map of the Granada Basin showing the main active
faults (after Madarieta-Txurruka et al., 2021). According to Madarieta-Txurruka et al. (2021), the Granada Fault System
(faults 2, 3, 5, and 7) merges in map view with the low-angle Mecina Detachment Zone. Three different styles of interaction
between newly formed normal faults and preexisting intrabasement low-angle faults are shown (modified from Phillips

et al. (2016)). The interaction of the Granada Fault System corresponds to style I (merging faults). (b) Cross-section
illustrating the hypothesis that the low-angle detachment zone soling the Granada Fault System could also be a regional
detachment. White line in inset show the approximate position of the cross section. Legend as in Figure 3.

of the Eastern Basin and Range consists of two major antithetic normal faults (Wasatch and Gunninson Faults),
creating half-grabens where Cenozoic and Quaternary sediments were deposited (Figure 6). The Wasatch and
Gunninson normal faults bound a basement horst (San Pitch Mountains) (Figure 6), and both of these active faults
coalesce at depth with a low-angle preexisting detachment zone (Constenius et al., 2003; Velasco et al., 2010).
This low-angle surface is interpreted as a regional extensive detachment linking the most active normal faults
cropping out at depth in the Eastern Basin and Range (Velasco et al., 2010).

Further studies are necessary to elucidate the subsurface geometry of the Central Betic Cordillera. However, the
proposed extension rate and surface structural style of the Central Betic Cordillera resemble those of the east-
ern end of the Eastern Basin and Range. Despite significant differences between our study area and the Basin
and Range, such as the heat flow and areal amplitude of the extensional area (Soto et al., 2008), the observed
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similarities could suggest an analogous subsurface structure. If this is the case, the low-angle detachment zone
soling the Granada Fault System (Madarieta-Txurruka et al., 2021) could also be a regional extensive detachment.
Therefore, other normal faults in our study area, including the Baza Fault, could hypothetically also coalesce at
depth in this low-angle detachment (Figure 6). Our GNSS-derived data are compatible with this hypothesis, as the
overall horizontal velocity field for the Central Betic Cordillera shows a southwest motion of all stations with a
southwestward increase in the NO60 E components (Figure 3b). In any case, we would like to emphasize that addi-
tional research is required to clarify this highly hypothetical subsurface structure of the Central Betic Cordillera.

2.8. Geodynamic Implications

The Betic Cordillera is a collisional orogen that is presently dominated by the convergence between the Nubian
and Eurasian plates (DeMets et al., 1994; McClusky et al., 2003; Nocquet, 2012; Nocquet & Calais, 2003; Pérez-
Pefia et al., 2010; Serpelloni et al., 2007; Stich et al., 2006). Because of this convergence, the Western and East-
ern Betic Cordillera are undergoing shortening and transpression, respectively (Borque et al., 2019; Echeverria
etal., 2013, 2015; Gonzalez-Castillo et al., 2015) (Figure 1). Within this convergent geodynamic framework, our
GNSS data indicate that the Central Betic Cordillera accommodates 2.0 + 0.3 mm/yr of overall NE-SW exten-
sion (Figure 5). Moreover, our results indicate that the Central Betic Cordillera consists of a horst bounded by two
half-grabens, where sedimentary basins developed from the Upper Miocene onwards (Figure 5).

Despite being an extensional domain, the Central Betic Cordillera is characterized by the highest topography
of the entire mountain range (Figures 1 and 6). Subsurface data also indicate that the Central Betic Cordillera
presents an overthickened crust (~35 km) as a consequence of duplex formation, folding and thrusting related
to the underthrusting of the Iberian basement beneath the Betic orogenic wedge (Galindo-Zaldivar et al., 1997).

Therefore, the upper crust of the Central Betic Cordillera is an elevated area undergoing extension, with extensional
basins and characterized by an overthickened crust (Figure 7). Analogous geodynamic situations have been described
in other convergent settings. For instance, Crete in the eastern Mediterranean is also an extensional region within
a general convergent geodynamic cadre related to the Nubia-Eurasia convergence. Crete is characterized by thick
crust (~40 km) (Gudmundsson & Sambridge, 1998; Meier et al., 2004) and relatively high topography. Extension in
Crete in the upper part of the crust has been interpreted as the consequence of regional uplift related to gravitational
instability of the overthickened crust (Gallen et al., 2014). In Crete, the overthickened crust is the result of thrusting
and folding associated with the underplating of the African oceanic crust under Eurasia. Therefore, according to the
abovementioned similarities, we postulate that an analogous process could also play a role in the active extension
observed in the Central Betic Cordillera (Figure 7). That is, we hypothesize that part of the 2.0 + 0.3 mm/yr of overall
NE-SW extension indicated by our GNSS data for the Central Betic Cordillera may be the result of upper crustal
extension derived from gravitational instability because of the underlying overthickened crust. Notably, this gravi-
tational extension is compatible with any of the other geodynamic processes invoked by previous authors, such as
slab rollback related to active subduction located further west (e.g., Galindo-Zaldivar et al., 2015; Gonzélez-Castillo
et al., 2015; Gustcher et al., 2002), deep-seated delamination processes (e.g., Baratin et al., 2016; Fadil et al., 2006;
Pérouse et al., 2010; Petit et al., 2015; Soto et al., 2008; among others) or slab drag (Spakman et al., 2018).

3. Conclusions

The GNSS data discussed here represent a significant advance in the characterization of deformation partitioning
in the westernmost part of the peri-Mediterranean orogenic belt. We quantitatively characterize deformation in
the Central Betic Cordillera, an extensional area within this shortening-dominated collisional orogen. Our data
indicate that the total extension in this area is 2.0 + 0.3 mm/yr. In addition, we show that this deformation is
highly heterogeneous. We identify two areas of extension, the Guadix-Baza Basin to the east (accommodating
0.8 + 0.3 mm/yr) and the Granada Basin to the west (accommodating 1.3 + 0.3 mm/yr). These two extensional
areas are separated by a zone in which no significant deformation occurs. Moreover, deformation partitioning
within the two mentioned extensional areas is also heterogeneous. Therefore, we describe the analyzed transect
of the Central Betic Cordillera as two half-grabens (the Guadix-Baza and Granada Basins) undergoing extension
separated by a horst with no significant internal deformation, similar to that observed in the Basin and Range.

Our GNSS data widen the knowledge of fault slip rates of active faults in the Central Betic Cordillera. We pres-
ent, for the first time, short-term slip rates for two of these faults. We obtained a fault slip rate of 0.1 + 0.4 mm/
yr for the Solana del Zamborino Fault. In the case of the Granada Fault System, we obtained a fault slip rate of
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Figure 7. Southwest—northeast oriented 3D view of the Betic Cordillera showing the regional topography and schematic
crustal structure. The Central Betic Cordillera presents the highest topographic relief and the thickest crust (related to
underplating) of the orogen. Our results indicate that the Central Betic Cordillera is an extensional area (green arrows indicate
regional extension). We postulate that this extension could be partially related to an extensional collapse driven by the
regional uplift (orange arrow) produced by underplating.

0.9 + 0.3 mm/yr. These new data represent a significant advance for the seismic characterization of the Central
Betic Cordillera, as they will be the input for future seismic hazard assessments. This is especially relevant for the
Granada Fault System, as this seismogenic structure is located in a highly populated area.

We also postulate that the outcropping high-angle normal faults accommodating extension may sole downwards
in a regional extensional detachment. Furthermore, we discuss that, according to the interaction between the
hypothetical low-angle detachment and the Granada Fault System, the latter could be considered a merging fault
(sensu Phillips et al., 2016).

The results discussed here shed light on the deformation partitioning along an extensional domain located in a
convergence-dominated setting. We hypothesize that part of the present extension could be the result of gravi-
tational instability related to an overthickened crust. This hypothesis opens a new discussion about the tectonic
process presently active in the western Mediterranean region.

Data Availability Statement

The RINEX files with the data used for computing the crustal velocity field in the study are available with CC BY
4.0 license at Mendeley Data (Martin-Rojas, 2022). Data processing was performed by Precise Point Positioning
using GipsyX software (Bertiger et al., 2020b).
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