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One of the most significant parameters for seismic hazard assessment analyses is the fault slip rate. The com-
bination of both geological (long-term) and geodetic (short-term) data offers a more complete characterization of
the seismic potential of active faults. Moreover, geodetic data are also a helpful tool for the analysis of geo-
dynamic processes. In this work, we present the results of a local GPS network from the Baza sub-Basin (SE
Spain). This network, which includes six sites, was established in 2008 and has been observed for seven years.
For the first time, we obtain short-term slip rates for the two active faults in this area. For the normal Baza Fault,
we estimate slip rates ranging between 0.3 & 0.3 mm/yr and 1.3 + 0.4 mm/yr. For the strike-slip Galera Fault,
we quantify the slip rate as 0.5 + 0.3 mm/yr. Our GPS study shows a discrepancy for the Baza Fault between the
short-term slip rates and previously reported long-term rates. This discrepancy indicates that the fault could be
presently in a period with a displacement rate higher than the mean of the magnitude 6 seismic cycle. Moreover,
the velocity vectors that we obtained also show the regional tectonic significance of the Baza Fault, as this
structure accommodates one-third of the regional extension of the Central Betic Cordillera.

Our GPS-related slip rates form the basis for future seismic hazard analysis in this area. Our results have
further implications, as they indicate that the Baza and Galera Faults are kinematically coherent and they divide
the Baza sub-Basin into two tectonic blocks. This points to a likely physical link between the Baza and Galera
Faults; hence, a potential complex rupture involving both faults should be considered in future seismic hazard
assessment studies.

1. Introduction

Fault slip rates are the principal controls on the tectonic activity and
seismic potential of a region. This relation is the reason why slip rates
are one of the most sensitive inputs for seismic hazard assessment
models (Cornell, 1968; McGuire, 2007, among many others). In regions
with low deformation rates, most seismic hazard assessments are based
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on geological evidence providing long-term fault slip rates (e.g., Faure
Walker et al., 2010). These rates summarize multi-millennial records of
cumulative earthquake displacements and cover multiple seismic cycles,
yielding average recurrence intervals for individual faults. In recent
years, this approach has been complemented with data from local GPS
networks. These networks provide present deformation rates and, hence,
short-term slip rates that are helpful to estimate the seismic potential of
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active faults. Further analyses of local GPS networks are also an open
window to geodynamical processes at the millimetric level (e.g., Larson
et al., 2004; Smith et al., 2004; Kouba, 2005; Hreinsdottir et al., 2006).

The Betic Cordillera (Fig. 1) is located in the western Mediterranean
region, where the Nubian and Eurasian plates slowly converge. This
active convergence is responsible for the development of more than one
hundred active faults. Most of the quantitative deformation data related
to these faults are geologically derived long-term slip rates (Garcia--
Mayordomo et al., 2012; Pedrera et al., 2012; Sanz de Galdeano et al.,
2020). Geodetic short-term slip rates in the Betic Cordillera related to
individual faults are scarce. The first geodetic data of slip rates were
initially obtained from high-precision levelling profiles, providing ver-
tical uplift rates for faults located in the Eastern Betic Cordillera
(Giménez, 1998; Giménez et al., 2009). In the last two decades, several
local GPS networks have been established in different areas: along the
Carboneras and Alhama de Murcia Faults (Colomina et al., 1998;
Echeverria et al., 2013, 2015), the Padul Fault (Gil et al., 2002 and 2017;
Ruiz et al., 2003), the Bajo Segura and Crevillente Faults (Borque et al.,
2019), the Zafarraya Fault (Galindo Zaldivar et al., 2003), the Balanegra
Fault (Marin-Lechado et al., 2010; Galindo-Zaldivar et al., 2013), and
the Baza and Galera Faults (this study). Until now, these local GPS
networks have provided only a few short-term fault slip rates: 1.5 + 0.2
mm/yr for the Alhama de Murcia Fault (Echeverria et al., 2013), 1.3 +
0.2 mm/yr for the Carboneras Fault (Echeverria et al., 2015), ~0.9
mm/yr for the Padul Fault (Gil et al., 2017), 0.6 + 0.2 mm/yr for the
Bajo Segura Fault (Borque et al., 2019) and 0.7 + 0.2 mm/yr for the
Crevillente Fault (Borque et al., 2019).

In the present work, we provide new data from a local GPS network
in the Baza sub-Basin (BsB), a key area located in the transition zone
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between two major tectonic domains of the Betic Cordillera. In this area,
two active faults have been described, the Baza and Galera Faults (Alfaro
et al., 2008; Garcia Tortosa et al., 2011). Only long-term geological and
geomorphological slip rates have been previously reported for these two
active structures. Our geodetic data permit us to estimate the velocity
field in the BsB, to interpret these velocities in terms of fault kinematics
and to constrain the short-term fault slip rates. In addition, we compare
our GPS-derived short-term slip rates with long-term geological rates to
derive implications for seismic hazard assessment. We also propose a
local tectonic model involving both faults that could be incorporated
into future regional geodynamic interpretations and that has further
implications for seismic hazard analyses.

2. Regional geodynamic setting

The western Mediterranean area (Fig. 1) is characterized by NNW-
SSE convergence of the Nubian and Eurasian plates, as mentioned
above. The convergence rate is approximately 5—6 mm/yr according to
several regional geodetic studies (Nocquet and Calais, 2003; McClusky
et al., 2003; Serpelloni et al., 2007; Stich et al., 2006, 2007; Pérez-Pena
et al., 2010; Nocquet, 2012). This convergence is not uniformly
distributed (Serpelloni et al., 2007; Pérez-Pena et al., 2010; Vernant
etal., 2010; Koulali et al., 2011; Spakman et al., 2018, among others), as
approximately two-thirds of the convergence is accommodated in the
southern margin (North Africa) and only one-third is accommodated in
the northern margin (Betic Cordillera and Algero-Balearic Basin).

Under this convergent setting, two major tectonic domains can be
distinguished in the Betic Cordillera: i) the Eastern Betic Cordillera,
dominated by active strike-slip tectonics (Bousquet, 1979; De Larouziere
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Fig. 1. Quaternary-active fault map of the Betic Cordillera (after Garcia-Mayordomo et al., 2012). The green area represents the extension-dominated Central Betic
Cordillera. Green arrows indicate regional extension. The yellow area is the strike-slip-dominated Eastern Betic Cordillera. Yellow arrows indicate strike-slip motion
along the main active faults. Inset shows the regional convergence in the western Mediterranean between Nubia and Eurasia (orange arrows).
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et al., 1988; Silva et al., 1993), and ii) the Central Betic Cordillera, To the east of the BsB (Fig. 1), the Eastern Betic Cordillera is domi-
dominated by active NE-SW to ENE-WSW extension (Galindo-Zaldivar nated by active strike-slip tectonics (Bousquet, 1979; De Larouziere
etal.,, 1993; Stich et al., 2006, 2007; Pérez-Pena et al., 2010). Our study etal., 1988; Silva et al., 1993), probably related to the presence of a thin
area, the BsB, is located in the transition zone between these two major and rigid crustal indenter in the Algero-Balearic Basin (Coppier et al.,
tectonic domains (Figs. 1 and 2). 1989; Palano et al., 2015; Borque et al., 2019). Active structures in the
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Fig. 2. Active faults in the BsB and the locations of sites in our local GPS network. Red arrows indicate the absolute velocity field derived from the position time
series in the IGS08b reference frame and 95 % confidence ellipses. The noise model for the data is composed of white and random walk noises. Units are mm/yr.
Scaled circles represent significant instrumental and historical earthquakes. Moment tensor solution of the 2003 Benamaurel Earthquake (Mw = 4.1) is also shown.



P. Alfaro et al.

Eastern Betic Cordillera constitute the Eastern Betic Shear Zone (Bous-
quet, 1979; De Larouziere et al., 1988; Silva et al., 1993). In this
left-lateral tectonic band, the strike of the active faults grades north-
wards from NNE-SSW to NE-—SW and then to ENE-WSW. Active faults
in the Eastern Betic Shear Zone were responsible for major earthquakes,
such as the 1829 Torrevieja earthquake (I = IX—X, Mps = 6.6) and the
2011 Lorca earthquake (I = VIII, Mw = 5.1).

To the west of the BsB (Fig. 1), the Central Betic Cordillera is
dominated by active ENE-WSW extension (Galindo-Zaldivar et al., 1993;
Stich et al., 2006, 2007; Pérez-Pena et al., 2010). This extension has
been explained as related to active subduction with rollback (e.g.,
Gutscher et al., 2002; Galindo-Zaldivar et al., 2015; Gonzalez-Castillo
etal., 2015), deep-seated delamination processes (e.g., Fadil et al., 2006;
Pérouse et al., 2010; Petit et al., 2015; Baratin et al., 2016; among
others) or slab drag (Spakman et al., 2018). The active extension is
mainly accommodated by NNW-SSE to WNW-ENE high-angle normal
faults (Galindo Zaldivar et al., 2003). Some of these active faults are the
seismogenic sources of several of the larger earthquakes that have
occurred in the Iberian Peninsula, such as the 1884 Andalusian earth-
quake (I = VII-IX, My, = 6.5), the 1531 Baza earthquake (I = VIII-IX,
Mps = 6.0), and the 1956 Purchil earthquake (mD = 5.0). In the Cen-
tral Betic Cordillera, regional geodetic analyses quantified the broad
extension to between ~2.1 and ~3.7 mm/yr (Serpelloni et al., 2007;
Stich et al., 2007; Pérez-Pena et al., 2010; Ruano and da Silva Fernandes,
2020). Discrepancies in these regional extensional rates are related to
the area considered in the studies cited above. Data from the Topo-Iberia
project obtained from continuous GPS (CGPS) stations indicate that
displacement of the Central and Eastern Betic Cordillera is westward
(with a southwestward component) in relation to stable Eurasia
(Galindo-Zaldivar et al., 2015; Gonzalez-Castillo et al., 2015). These
CGPS data also indicate that displacement significantly increases
southwards and westwards (Galindo-Zaldivar et al., 2015; Gonza-
lez-Castillo et al., 2015). However, the regional scale of these studies
hinders the relation of these extensional rates to specific faults.

3. Active faults of the Baza sub-Basin

Two major active faults have been described in the BsB: the normal
Baza Fault and the strike-slip Galera Fault (Alfaro et al., 2008; Garcia
Tortosa et al., 2011; Medina-Cascales et al., 2020) Fig. 2). The largest
recorded earthquake in the BsB is the historical 1531 Baza earthquake (I
= VIII-IX; Mw = 6.0). This earthquake, responsible for 310 deaths and
the destruction of the city of Baza (Olivera Serrano, 1995), was likely
produced by the Baza Fault (Alfaro et al., 2008; Sanz de Galdeano et al.,
2012). In the instrumental record, the larger earthquakes are the 1962
Caniles event (mbLg = 4.7, probably related to the Baza Fault) and the
1964 Galera earthquake (mbLg = 4.8, probably related to the Galera
Fault). Recently, Castro et al. (2018) postulated a palaeoseismic history
of the Baza Fault involving 8 or 9 surface-rupturing events for the last 45
kyr.

The Baza Fault is a 40 km-long normal fault, with a mean strike of
N155E and dips ranging between 45° and 65 °E (Alfaro et al., 2008; Sanz
de Galdeano et al., 2012; Haberland et al., 2017). Faulting initiated in
the late Miocene (ca. 8 Ma), producing a cumulative vertical throw of
~2000 m. The Baza Fault developed a half-graben in the hanging wall
(Alfaro et al., 2008; Haberland et al., 2017). At the surface, the Baza
Fault consists of a fault array with variable width and a variable number
of sub-parallel strands. The Baza Fault can be divided into two main
sections (Fig. 2): a narrow NO1OE-striking north section and a
N135E-striking south section that widens southwards. The long-term
geological slip rate of the Baza Fault ranges between 0.2 and 0.7
mm/yr (Alfaro et al., 2008; Garcia Tortosa et al., 2011; Sanz de Gal-
deano et al., 2012). Higher slip rates have also been proposed for the
Baza Fault (Fernandez-Ibanez et al., 2010). However, these higher
values are based on a geomorphological marker that was recently
reinterpreted as older (Garcia Tortosa et al., 2011); hence, slip rates
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should also be reinterpreted as within the abovementioned range.

The Galera Fault is a 25 km-long structure striking NO65E. Scarce
geological kinematic indicators seem to show that the Galera Fault
presents left-lateral kinematics with a minor vertical component (Garcia
Tortosa et al., 2011). The only geological quantitative data point to a
vertical slip rate ranging between ~0.08 and ~0.24 mm/yr (Garcia
Tortosa et al., 2011). For the Galera Fault, the only reported slip rate
refers to the minor vertical component of the total displacement. This
long-term geological vertical slip rate ranges between 0.1 and 0.2
mm/yr (Garcia Tortosa et al., 2011). The lateral (main) long-term slip
rate of the Galera Fault remains unknown.

4. GPS sites, data processing and velocity field estimation
4.1. GPS network and data processing

In 2008, we built a GPS network that includes six sites (Fig. 2). We
located the sites as far as possible of fault traces and on the different
blocks of the active faults in the study area. To guarantee the same
placement of the GPS antennas in each campaign, we used exposed rocks
and self-centring mounting devices. We completed six GPS field cam-
paigns in September 2009, 2010, 2011, 2012, 2014 and 2015. The sites
were observed for a continuous 96 -h interval in each campaign. The
equipment that we used in the 2009 and 2010 campaigns consisted of
Leica Geosystem GX1230 receivers and LEIAX1202 antennas, whereas
we observed the 2011, 2012, 2014 and 2015 campaigns using LEICA
Geosystem AR10 receivers with LEIAR10 antennas. To process the GPS
data, we used GIPSY 6.4 in Precise Point Positioning mode. GIPSY is a
GNSS-inferred positioning system and orbit analysis simulation software
package developed by the Jet Propulsion Laboratory (JPL) (https://gip
sy-oasis.jpl.nasa.gov/). We followed the processing strategy described
in Bertiger et al. (2010) with zero-ambiguity resolution and an identical
standard procedure for all campaigns (Sanchez-Alzola et al., 2014). This
GPS processing included the use of JPL final ephemeris and Pole prod-
ucts in the same IGSO8 reference frame and the introduction of the
FES2004 ocean tide loading model from Lyard et al. (2006). We also
applied hydrostatic and wet components of the zenith tropospheric
delay and a 10-degree cut-off angle and the calibration parameters for
the antenna phase centre.

4.2. GPS position time series and velocity field estimation

We represented the position time series to fit the best trend line for
each site of the network. We applied linear regression considering the
change in antennas between the 2011 and 2012 campaigns, which
produced a shift in the time series. Fig. 3 shows the GPS position time
series in horizontal components (north and east) in the IGS08 frame for
all of the sites in millimetres. The model applied to the original time
series, using weighted least squares, consists of an intercept, a linear
trend (site velocity) and an offset to account for an antenna change. The
error term in these time series is composed of uncorrelated random er-
rors (white noise) and temporally correlated random errors (coloured
noise). The temporal correlation is described by a random-walk process.
We have assumed a typical magnitude for this process of 1.0 mm/ \/yr.
We are aware that a rigorous statistical analysis and a proper fit to the
data are essential to obtain a solid and accurate understanding of crustal
deformation analysis. The GPS-derived site rates and uncertainties are
shown in Table 1. Fig. 2 shows the absolute velocity field from the po-
sition time series in the IGS08 reference frame. A more effective repre-
sentation of the velocity field was estimated through the residual
velocities with respect to stable Eurasia. We computed the residual ve-
locity field considering the ITRF2008 plate motion model (Altamimi
etal., 2011) with the Eurasian plate as fixed (Fig. 4). The main issue with
the GPS-derived residual velocities used in our interpretation is that they
are quite small (sub-mm) but are non-zero at the 95 % confidence level
(Table 1).
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Fig. 3. De-trended position time series in the east and north components for the BsB sites in the IGS08b reference frame. Units are millimetres. Green lines represent
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Table 1

East and north absolute velocities estimated for the BsB GPS network. Residual
velocities are calculated with respect to a fixed Eurasia as defined by the
ITRF2008 plate motion model (Altamimi et al., 2012). Residual velocities pro-
jected along the NO65E and N115E directions are also shown. All values are
given in mm/yr.

Absolute velocities (mm/yr) Residual Projected velocities
velocities (mm/  (mm/yr)
yr)
Site VE coE VN oN VE VN NO65E N1155E
5100 190 +04 161 +05 -0.8 0.6 0.8 0.4
5200 18 +04 162 +£06 -13 0.5 1.2 0.6
5400 191 +05 163 +£06 —0.7 —0.4 0.7 0.3
5500 183 +05 162 +£05 -1.4 -0.5 1.4 0.6
5600 191 +05 161 +£05 0.7 -0.6 0.8 0.4
5700 18 +04 158 +04 -12 0.8 1.3 0.6

5. Fault slip rates

All of the sites located in the BsB move towards the WSW at different
rates with respect to stable Eurasia (Fig. 4), i.e., roughly perpendicular
to the convergence direction between the Nubian and Eurasian plates
(N323E + 1.8; Argus et al., 2011). The residual velocity vectors that we
obtained (Fig. 4) can be preliminarily grouped into two sets according to
their values. i) Vectors set 1 has residual velocities (E component)
ranging between -1.2 £+ 0.5 and -1.4 + 0.4 mm/yr; this first set includes
sites 5200, 5500, and 5700 (Fig. 4, Table 1). ii) Set 2 includes vectors
with velocities (E component) ranging between -0.7 + 0.6 and -0.8 + 0.5
mm/yr; this second set comprises sites 5100, 5400, and 5600 (Fig. 4,
Table 1). Set 1 includes sites located in the footwall of the Baza Fault and
the north block of the Galera Fault. Set 2 includes sites located in the
hanging wall of the Baza Fault and the south block of the Galera Fault
(Fig. 4).

To discuss these residual velocities in terms of fault slip rates and
kinematics, we projected the obtained vectors along the NO65E direc-
tion, which is sub-perpendicular to the mean strike of the Baza Fault and
parallel to the Galera Fault (Fig. 5, Table 1).

5.1. Baza Fault slip rate

To interpret the GPS-derived velocities in terms of the Baza Fault slip
rate, we first subtract the residual velocities of stations located to the
west and east of the Baza Fault along two profiles. The first profile cross-
cuts the north section of the Baza Fault, as it involves sites 5500 and
5400 (Fig. 5). After this analysis, we obtain a value for the NO65E
component of the motion of Vy.nogsg = 0.7 + 0.4 mm/yr (Fig. 5, Tables 1
and 2). The second profile cross-cuts the south section of the Baza Fault,
as it involves sites 5100 and 5200 (Fig. 5). In this case, our analyses yield
a velocity of Vgnogsg = 0.3 £ 0.3 mm/yr (Fig. 5, Tables 1 and 2).

These values seem to indicate less extension in the south section of
the Baza Fault than in the north section. We must be cautious due to the
low signal-to-noise ratio observed at the 95 % confidence level, but this
lower extension rate in the south section of the Baza fault is consistent
with geologic, geomorphologic and geophysical data, as (1) the
geomorphic expression of the fault scarp is subtler towards the south
(Garcia-Tortosa et al., 2008), (2) the total displacement of recent
geologic markers is less in the south section (Garcia Tortosa et al., 2011),
and (3) subsurface data also indicate that the total cumulative throw of
the Baza Fault is lower in the south section (Alfaro et al., 2008; Hab-
erland et al., 2017). The lower velocity computed along the second
profile could also be related to the relative location with respect to the
fault tip line. Faults tend to present maximum displacement in their
central part that gradually decreases towards the tips (Barnett et al.,
1987; Ferill and Morris, 2001, among many others). The second profile
(in the south section of the Baza Fault) is located closer to the southern
fault tip line than the first profile (in the north section of the Baza Fault)
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is to the northern tip line (Fig. 5); therefore, a lower velocity is expected
along the southern profile.

After the above analysis, we use a simple geometrical calculation to
compute the short-term slip rate of the Baza Fault for the first time. For
this computation, we use the short-term displacement rates of the NO65E
components of motion for the north and south sections (Vn.noesg = 0.7 =
0.4 mm/yr and Vg.noese = 0.3 £+ 0.3 mm/yr, respectively; Fig. 5, Ta-
bles 1 and 2). In addition, we consider dips of the Baza Fault ranging
between 45° and 60°, according to both surface and subsurface data
(Alfaro et al., 2008; Haberland et al., 2017). We obtain a slip rate on the
north section ranging between 0.9 + 0.4 mm/yr (assuming a dip of 45°)
and 1.3 £ 0.4 mm/yr (assuming a dip of 60°) (Table 2). Analogously, for
the south section, we obtain slip rates ranging between 0.5 + 0.3 mm/yr
(assuming a dip of 45°) and 0.7 + 0.3 mm/yr (assuming a dip of 60°)
(Table 2).

5.2. Galera Fault slip rate

To analyse the slip rate of the strike-slip Galera Fault we also used the
NO65E (fault direction) projected component of motion of GPS-derived
velocities. In this case, we subtract the residual velocities of the stations
located to the north (site 5700) and to the south (site 5600) of the Galera
Fault (Fig. 4). After this analysis, we obtain a value of the NO65E
component of the motion of Vyoesg = 0.5 &+ 0.3 mm/yr (Fig. 5, Tables 1
and 2). This value indicates that the Galera Fault presents a sinistral
strike-slip component. Once again, these are the first quantitative strike-
slip rates attributed to the Galera Fault, as previous geological studies
quantified only the vertical component of the fault. In any case,
geological vertical slip rates (ranging between 0.1 and 0.2 mm/yr;
Garcia-Tortosa et al., 2008, 2011; Sanz de Galdeano et al., 2012) are
significantly lower than our GPS-derived strike-slip rates. Consequently,
our data further support the interpretation of the Galera Fault as a
strike-slip fault with a minor dip-slip component. Our GPS-derived re-
sidual velocities are not accurate enough to analyse the
perpendicular-to- strike component of movement (transpression or
transtension) of the Galera Fault.

6. Discussion

In this section, we discuss the implications of the results obtained
from our GPS network for the tectonic setting and seismic hazard
assessment of this key geodynamic region of the Betic Cordillera.

6.1. Reconciling geologic and geodetic fault slip rates

Our GPS-derived data permit us to establish a short-term slip rate on
the Baza Fault ranging between 1.3 + 0.4 mm/yr (north section, dip 60°)
and 0.5 + 0.3 mm/yr (south section, dip 45°) (Table 2). Alfaro et al.
(2008) and Garcia Tortosa et al. (2011) presented the total cumulative
throw for stratigraphic and geomorphic markers. With these total
throws and the ages of these markers proposed by the abovementioned
authors, the long-term slip rate ranges between 0.2 mm/yr (assuming a
dip of 60°) and 0.7 mm/yr (assuming a dip of 45°). Despite the high
uncertainties of these values, the slip rates that we obtain are within the
range of those proposed by Alfaro et al. (2008) and Garcia Tortosa et al.
(2011). However, we cannot rule out that the geodetic short-term slip
rates are higher than the geologic slip rates, particularly for the north
section of the Baza Fault. We postulate that the higher short-term
geodetic slip rates that we observe on the Baza Fault are real and not
an artefact related to the low signal-to-noise ratio observed at the 95 %
confidence level. Discrepancies between slip rates derived from different
sources are not uncommon (e.g. Oskin et al., 2008; Cowgill et al., 2009).
In fact, a scientific debate continues about whether these discrepancies
are related to temporal and/or spatial variations in fault activity or are
merely the result of the observational limitations of the measurement
techniques. Discrepancies between geodetic and geologic slip rates have
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Fig. 4. BsB velocity field with respect to a fixed Eurasia as defined by the ITRF2008 plate motion model and 95 % confidence ellipses. Vectors indicate that all of the
sites move sub-perpendicularly to the convergence direction between the Nubian and Eurasian plates (N323E + 1.8; Argus et al., 2011). Vectors are grouped into two
sets according to their values: set 1 includes sites 5200, 5500, and 5700 (green circles); set 2 includes sites 5100, 5400, and 5600 (blue circles).

been explained using a viscoelastic earthquake cycle model (Nur and over time. This could be the case for the Baza Fault; however, because of
Mavko, 1974; Savage and Prescott, 1978; Ray and Kaj, 2011; Tong et al., the approximately 500 years elapsed since the last significant earth-
2014). In this model, steady-state crustal motion is perturbed after a quake (a magnitude of circa 6 for the 1531 Baza Earthquake), we
significant earthquake because of a viscoelastic relaxation. That is, the consider unlikely that postseismic relaxation is still affecting the GPS
surface strain rate increases after an earthquake and gradually decreases velocities close to the fault. An alternative interpretation for these
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Fig. 5. BsB GPS network residual velocities projected along the NO65E direction and 95 % confidence ellipses. Vectors are grouped into two sets according to their
values: set 1 includes sites 5200, 5500, and 5700 (green circles); set 2 includes sites 5100, 5400, and 5600 (blue circles).

discrepancies could be related to slip rate variations. In recent years,
much evidence seems to indicate that normal fault slip rates vary in both
time and space (Nicol et al., 2006; McClymont et al., 2009; Schlagenhauf
et al., 2010, among many others). If this is the case for the Baza Fault,
our GPS-derived short-term slip rate would indicate that the fault is
presently in a period with a displacement rate higher than the mean of

the magnitude 6 seismic cycle (i.e., higher than the long-term slip rate).
This interpretation would increase the short-term seismic hazard of the
region assuming that higher-than-average slip rates are more likely to
trigger smaller magnitude events, e.g., in the range of Mw 5, which
could also cause much damage to local populations.
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(a) Logic tree showing the parameters we used to obtain the range of short-term slip rates for the Baza and Galera Faults. (b) Parameters for the long-term slip rates after
Alfaro et al. (2008) and Garcia Tortosa et al. (2011) are also shown. (c) Chart with both short-term and long-term slip rates for the Baza Fault.
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6.2. Displacement transfer between the Baza and Galera Faults

The Baza and Galera Faults constitute an active fault system in the
BsB (Fig. 2). The interaction of synchronously active faults implies a
transfer of displacement between them (e.g., Dahlstrom, 1969; Walsh
and Watterson, 1991). Moreover, in active fault systems where different
types of faults coexist, kinematic coherence is expected; that is, the
displacement rates of the interacting faults should be interdependent.
Analyses of kinematic coherence within fault systems are usually
approached by applying field data to elucidate fault attitudes, slip di-
rections and displacement rates (Mouslopoulou et al., 2006 and 2008;
Nicol et al., 2010). In the BsB, our GPS data provide slip rates that permit
us to analyse how displacement is transferred between the normal Baza
Fault and the strike-slip Galera Fault, to elucidate whether the fault
system is kinematically coherent.

As previously mentioned, the residual velocity vectors that we ob-
tained can be grouped into two sets (Fig. 4, Table 1): i) set 1 comprising
sites 5200, 5500, and 5700 with higher residual velocities (E component
between -1.2 + 0.5 and -1.4 + 0.4 mm/yr) and ii) set 2 including sites
5100, 5400, and 5600 with lower residual velocities (E component
ranging between -0.7 & 0.6 and -0.8 & 0.5 mm/yr). Set 1 includes all the
sites located in the footwall of the Baza Fault and in the north block of
the Galera Fault. Set 2 includes the rest of the sites, i.e., all the sites
located in the hanging wall of the Baza Fault and in the south block of
the Galera Fault (Fig. 4). According to these observations, and using

caution because of the low signal-to-noise ratio observed at the 95 %
confidence level, we propose that the BsB could be structured into two
main tectonic blocks (Fig. 6): i) a southeastern block made up of the
hanging wall of the Baza Fault and the south block of the Galera Fault
and ii) a northwestern block made up of the footwall of the Baza fault
and the north block of the Galera Fault. To test the displacement transfer
and kinematic coherence of the BsB fault system, we use our GPS data to
analyse the slip azimuths and displacement rates of the Baza and Galera
Faults. A requirement in synchronously active fault systems involving
only two tectonic blocks is that the slip directions of all faults within the
system must be sub-parallel (Mouslopoulou et al., 2006). In the BsB fault
system, this slip parallelism is confirmed by our residual velocity vec-
tors, which present a sub-parallel WSW azimuth with respect to stable
Eurasia (Fig. 4). Global data compiled by Mouslopoulou et al. (2006)
indicate that in kinematically coherent fault systems involving normal
and strike-slip faults, extension and strike-slip rates are equal (Fig. 7).
Our GPS-derived vectors seem to indicate that this is also the case in the
BsB fault system, as the extension rates on the normal Baza Fault are
within the range of the strike-slip rates on the Galera Fault (Vn.nossE =
0.7 + 0.4 mm/yr and Vygesg = 0.5 + 0.3 mm/yr, respectively; Fig. 7 and
Table 2).

6.3. Regional tectonic significance of the Baza and Galera Faults

Our GPS-derived data also permit us to discuss the regional tectonic
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Fig. 6. BsB tectonic sketch showing the kinematic coupling between the Baza and Galera Faults (see white square in inset for location).

significance of the Baza and Galera Faults. Sites 5200, 5500, and 5700
(vectors set 1) moves towards the WSW direction faster than sites 5100,
5400, and 5600, (vectors set 2) (Fig. 4), which is in good agreement with
the normal kinematics of the Baza Fault and the regional extension of the
Central Betic Cordillera. Our data also seem to indicate that no extension
occurs east of the Baza Fault. In fact, no major active normal faults have
been described in the Eastern Betic Cordillera (Garcia-Mayordomo et al.,
2012; Sanz de Galdeano et al., 2020). Consequently, we postulate that
the Baza Fault represents the easternmost limit of the regional extension;
hence, the BsB is the transition zone between the two present major
tectonic domains of the Betic Cordillera (Fig. 6).

Regional geodetic analyses have quantified the broad ENE-WSW
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extension in the Central Betic Cordillera to between ~2.1 and ~3.7
mm/yr (Serpelloni et al., 2007; Stich et al., 2007; Pérez-Pena et al.,
2010). Our data indicate that the NO65E component of motion of the
Baza Fault ranges between 0.9 & 0.4 and 1.3 + 0.4 mm/yr. This implies
that the Baza Fault accommodates approximately one-third of the total
regional extension, underlining the seismogenic potential of this active
structure. Moreover, recent CGPS data from the Topo-Iberia network in
the Central Betic Cordillera (Galindo-Zaldivar et al., 2015) indicate that
the regional extension in the area located east of the Sierra Nevada is
approximately 0.8 + 0.4 mm/yr (Fig. 1). Consequently, the Baza Fault
accommodates almost all of the extension in this area.
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Fig. 7. Strike-slip vs. extension rate log plot for the following fault systems:
Taupo rift-North Island Fault System in New Zealand (NZ), Red Sea Rift-Dead
Sea Fault (RS), Sumatra Fault-Sunda Strait Rift (Sum), Transform Faults A
and B in the FAMOUS area of the Mid-Atlantic Ridge (TF-A and TF-B), Vema
Fracture Zone of the Mid-Atlantic Ridge (Vm), Kane Fracture Zone of the Mid-
Atlantic Ridge (Kn), Siqueiros Fracture Zone of the East Pacific Rise (Siq), and
Tamayo Fracture Zone of the East Pacific Rise (Tam). Our GPS-derived
displacement rates for the BsB are also plotted. The blue line represents equal
strike-slip and extension rates. Modified from Mouslopoulou et al. (2006).

6.4. Implications for seismic hazard assessment

Our GPS data permit us to quantify short-term slip rates on the Baza
and Galera Faults for the first time. These slip rates will facilitate future
seismic hazard assessment studies in this region. However, our data also
permit us to propose a local tectonic model for the BsB with implications
for the seismic potential of this area. As we have already mentioned, the
active extension in the Central Betic Cordillera is mainly accommodated
by NW-SE normal faults. This deformation is heterogeneously distrib-
uted, as areas of active extension are physically separated but kine-
matically coupled through WSW-ENE strike-slip transfer fault zones
(Martinez-Martinez et al., 2006; Pedrera et al., 2006; Galindo-Zaldivar
etal., 2013). As discussed above, we interpret the Baza Fault as the main
active structure in the BsB accommodating the regional ENE-WSW
extension. Moreover, our GPS data also indicate that the Baza and
Galera Faults are kinematically linked. In addition, no major normal
faults have been described east of the Galera Fault. Consequently, we
postulate that the Galera Fault is a transfer fault bounding the margin of
an extended area (Fig. 6).

The tectonic model discussed above also has implications for the
seismic potential of the BsB. Complex ruptures involving multiple faults
with a wide range of orientations, senses of movement, slip rates,
recurrence intervals and even crossing tectonic domain boundaries have
been documented for several historical earthquakes around the world
(Matsuda, 1974; Wallace, 1984; Beanland et al., 1989; Sieh et al., 1993;
Kurushin et al., 1997; Beavan et al., 2012; Schwartz et al., 2012). The
factors contributing to these complex ruptures are being analysed after
several events occurred in the last few years, such as the El
Mayor-Cucapah 2010 earthquake (Fletcher et al., 2014), the Sumatra
2012 earthquake (Meng et al., 2012), and the Kaikoura 2016 earthquake
(Litchfield et al., 2018). Likely factors contributing to complex ruptures
include physical linkages between faults and inherited geological
structures, among others (Litchfield et al., 2018). Our interpretation of
the GPS data indicates that the Baza and Galera Faults are kinematically
coupled, pointing to a likely physical linkage between the two faults.
Consequently, we postulate that a complex rupture involving both the
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Baza and Galera Faults should be considered in future seismic hazard
assessment studies.

7. Conclusions

Our results are the first GPS-derived data obtained from the BsB, a
key tectonic area in the Betic Cordillera prone to significant earth-
quakes. Despite the low signal-to-noise ratios of our residual velocities,
which are related to the relatively slow (sub-millimetric) strain rate in
this region, the results that we obtain are in good agreement with
geological observations and regional geodetic data.

Our local study quantifies for the first time the short-term slip rates
on active faults in this area. We obtain slip rates for the Baza Fault
ranging between 0.3 &+ 0.3 mm/yr and 1.3 + 0.4 mm/yr. These values
seem to be higher than previously reported long-term geological slip
rates, indicating that the fault could be presently in a period with a
displacement rate higher than the mean of the magnitude 6 seismic
cycle. Our analysis provides a slip rate for the lateral (main) component
of the Galera Fault (0.5 £ 0.3 mm/yr) for the first time. Our GPS study
also indicates that the Baza Fault accommodates one-third of the
regional extension of the Central Betic Cordillera and that this structure
represents the easternmost active normal fault in the region.

These slip rates will be the basis that will facilitate future seismic
hazard assessment studies in this region. In addition, the residual ve-
locities that we obtain seem to indicate that the Baza and Galera Faults
are kinematically coherent and that the BsB is structured in two main
tectonic blocks with no significant internal deformation. The south-
eastern block comprises the hanging wall of the Baza Fault and the south
block of the Galera Fault, and the northwestern block comprises the
footwall of the Baza Fault and the north block of the Galera Fault. This
interpretation would also imply that the Baza and Galera Faults are
kinematically coupled and physically linked and that a potential com-
plex rupture involving both faults should be considered in seismic haz-
ard assessment studies.
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