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The Granada Basin is a slowly deforming intramountain basin in the Betic Cordillera (S-Spain). Despite historical
and paleoseismological evidence for M6 earthquakes, instrumental seismicity lacks large events and the seis-
motectonic model must be built from small earthquakes (M < 5). Here, we reanalyze 35 years of data from the
Granada Basin short period network, and further seismic stations with shorter operating time, to identify seis-
mogenic structures and understand their relationships. We sort events with similar waveforms into multiplet
clusters and perform relative location to image active fault patches. Cluster orientations are used as a priori
constraint for inverting focal mechanisms from composite cluster polarity measurements. We further estimate
moment tensor solutions from full waveform inversion using local and regional broadband stations. We can
identify four groups of structures at different positions in the basin: 1) in the northeast sector, we observe
shallow, NW-SE striking, high-angle normal faulting, often related with known fault structures; 2) the southern
sector shows high-angle normal faulting on unmapped, ~E-W striking structures at mid-crustal depths; 3) be-
tween both groups, we image sub-horizontal fault patches, associated with the basal detachment beneath the
basin, showing SSW transport direction; 4) at the western limit of the basin, we find ~N-S trending, left-lateral
strike-slip faults. Groups 2 and 3 are characterized by clusters with overall constant event production rate,
indicating ongoing and largely aseismic creep of the basal detachment over the last 35 years. Seismological
evidence suggests a locking depth of ~10 km and a brittle-ductile transition near 15 km, according to the depth
range of clusters in groups 2 and 3.

correspondence is assumed between the sets of Quaternary faults (2.59
Ma) and seismogenic structures, although actually only for a subset of

1. Introduction

Seismogenic faults are those structures that generate earthquakes,
owing to their role in present-day strain localization, their strength and
their frictional properties. Due to a lack of knowledge about fault pa-
rameters, seismogenic faults are usually identified through the available
geological, historical or instrumental records of earthquake activity in
the past. The recognition of seismogenic structures has received
considerable attention, since it is essential for understanding seismo-
tectonics and assessing seismic hazard. Potential sources of earthquakes
have been compiled in databases of active structures, mostly based on
the criteria of fault activity during the Quaternary (e.g., Basili et al.,
2013, 2022; Mohadjer et al., 2016; Danciu et al., 2018; Styron et al.,
2020; Styron and Pagani, 2020). Generally, a high degree of
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structures there is evidence for specific fault slip events at seismogenic
speed. On the other hand, small and moderate magnitude earthquakes
can occur also on unknown faults, without surface expression nor pre-
vious knowledge from subsurface imaging (e.g., Stich et al., 2005; Biggs
et al.,, 2006). A comprehensive compilation of the relevant regional
structures is particularly challenging in settings of slow strain accumu-
lation and long recurrence intervals for significant earthquakes. In this
study, we use instrumentally recorded seismicity to identify seismogenic
structures and establish a seismotectonic model of the Granada Basin
(Southern Spain).

The Granada Basin is a Neogene-Quaternary intramountain Basin
within the Betic range (Fig. 1), located at the hanging wall of a low-angle
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extensional system (Morales et al., 1997; Galindo-Zaldivar et al., 1999;
Rodriguez-Fernandez et al., 2011; Azandn et al., 2012; Martin-Rojas
et al., 2023). In view of the obliquely convergent plate motion between
Eurasia and Nubia (Kreemer et al., 2014), ongoing extension in the Betic
range may be attributed to sublithospheric processes. The Betic-Alboran
region is located on top of the Gibraltar slab (Bezada et al., 2013;
Fichtner and Villasenor, 2015) and extension may be driven by slab
retreat (Lonergan and White, 1997; Faccenna et al., 2004; Gutscher
et al., 2012), partial detachment and tearing of the slab (Mancilla et al.,
2015; Heit et al., 2017) and southwest directed drag from the relative
motion of the hanging slab through the surrounding mantle (Spakman
et al.,, 2018; Capella et al., 2020). The extensional regime is clearly
represented in available seismic moment tensors and the GNSS velocity
field. Moment tensor estimates for small to moderate magnitude events
at the Granada Basin indicate mostly normal faulting style and an ENE-
WSW direction of extension, parallel to the trend of the Betics (Stich
et al., 2006, 2020; Martin et al., 2015). Extension along the entire Betic
range has been quantified as about 2 mm/year to 2.5 mm/year (e.g.,
Stich et al., 2006; Serpelloni et al., 2007, 2022), of which the most
important extensional strain can be located in the central sector of the
mountain range (Mancilla et al., 2013; Palano et al., 2015; Garate et al.,
2015). Recent estimates suggest that about 1.3 mm/year of Betic
extension is currently occurring at the Granada Basin (Martin-Rojas
et al., 2023).

In accordance with the tectonic regime, normal faults are the pre-
dominant neotectonic structures that can be observed in seismic
reflection lines and surface geology of the Granada Basin, some of them
with prominent geomorphological expressions and well-preserved fault
scarps (Morales et al., 1990; Sanz de Galdeano et al., 2003, 2012;
Galindo-Zaldivar et al., 2003; Rodriguez-Fernandez and Sanz de
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Galdeano, 2006; Pérez-Pena et al., 2015; Madarieta-Txurruka et al.,
2021). The Iberian database of fault source models (Garcia-Mayordomo
et al., 2012; Garcia-Mayordomo and Martin-Banda, 2022) assigns fault
activity during the Upper Pleistocene to Holocene period (< 125.000
years) to four of these structures: the Atarfe, Pinos Puente, Padul-
Niguelas and Ventas de Zafarraya faults (Fig. 2). Among them, only
the Ventas de Zafarraya fault has been associated unambiguously with a
specific major earthquake, showing surface rupture in the 1884 Anda-
lusian, or Christmas earthquake (My 6.5-6.7, Reicherter et al., 2003,
Griitzner et al., 2013). Other faults are located in areas of low rate of
instrumental seismicity (e.g. Padul-Niguelas fault) or high rate of
instrumental seismicity (e.g. Atarfe and Pinos Puente faults, Fig. 2), but
have unclear relationship to specific seismic events or series (e.g. Lozano
et al., 2022; Madarieta-Txurruka et al., 2022). Here, we reanalyze 35
years of instrumental seismicity of the Granada Basin since the instal-
lation of local seismic stations in the 1980s, performing earthquake
cluster detection, relative location, cluster focal mechanism inversion
and regional moment tensor inversion. We attempt collecting evidence
for the seismogenic or aseismic behavior of recognized fault structures,
as well as characterizing the position, orientation and cinematics of
unmapped tectonic structures that have produced instrumental
seismicity.

2. Seismicity and seismic data

The Granada Basin area is characterized by the occurrence of
frequent small and moderate magnitude earthquakes, as well as rare
strong events (Mezcua and Martinez Solares, 1983; Vidal, 1986). In
particular, two mayor earthquakes in 1431 and 1884 stand out from the
historical records. In 1431, earthquakes were reported for April 24th
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Fig. 1. Shaded relief map of the Betic Cordillera in S-Spain, including location of Neogene-Quaternary foreland basins (light yellow) and intramountain basins (dark
yellow; GB: Granada Basin, GBB: Guadiz-Baza Basin, FB: Fortuna Basin, ACB: Alicante-Cartagena Basin, LGB: Lorca-Guadalentin Basin, TSB: Tabernas-Sorbas Basin,
NB: Nijar Basin), seismicity since 1980 (Reviewed ISC Bulletin, International Seismological Centre, 2023) with magnitudes >3, and horizontal velocities at per-
manent GNSS stations with respect to stable Eurasia (red arrows from Palano et al., 2015, green arrows from Serpelloni et al., 2022 in ITRF2008 reference frame).
Three anomalous GNSS vectors in the Guadalentin Basin, close to the 2011 Lorca earthquake (Lopez-Comino et al., 2012) and to groundwater overexploitation, were
removed. The study area (Fig. 2 and following) is marked by the black box. Orange circles denote earthquakes shallower than 50 km and blue circles denote deeper
events. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Shaded relief map of the Granada Basin, with Neogene-Quaternary sediments in yellow (Instituto Geografico Nacional, 2020). Seismicity shows events with
magnitudes >2.5 since the installation of the local network in 1988 from the double difference hypocenter catalogue by Instituto Andaluz de Geofisica (IAG; depths
colour coded). Seismic stations operated by IAG and Instituto Geografico Nacional (IGN) are represented as triangles (green filling: stations used for cluster detection;
blue filling: additional stations used for relative location; white filling: other stations, mainly recently deployed accelerometers). Faults from QAFI database (Garcia-
Mayordomo and Martin-Banda, 2022; catalogued Quaternary faults VZF: Ventas de Zafarraya Fault, PNF: Padul-Nigiielas Fault, ATF: Atarfe Fault, PPF: Pinos Puente
Fault). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and beginning of July, most likely between July 8th and 10th according
to a cross-validation with accounts of the battle of La Higueruela
(Espinar-Moreno, 2022). The July earthquake apparently reached
macroseismic intensity of IX in the city of Granada, and thus a magni-
tude probably above 6 (Vidal, 2011). On December 25th 1884, an in-
tensity IX-X earthquake occurred at the south-western edge of the basin,
known as the Andalusian Earthquake, claiming nearly 1000 lives in a
sparsely populated area. The earthquake ruptured about 16 km of the
Ventas de Zafarraya fault producing maximum surface displacement of
1.5 m, corresponding to an estimated moment magnitude My 6.5-6.7
(Reicherter et al., 2003). About another ten historic events at the
Granada Basin over the last 500 years seem to have reached intensities
of VII or VIII (Mezcua and Martinez Solares, 1983, Vidal, 1986), which
may correspond to magnitude 5 events. Seismicity since the availability
of local seismic recordings in the 1980s is lacking large magnitude
events, so the characteristics of the earthquake distribution have to be
inferred from small events. The largest event recorded on digital stations
occurred on June 24th 1984, with moment magnitude of 5.0 (Morales
et al., 1996; Stich et al., 2003).

The detection and location of small events and the compilation of a
local earthquake catalogue has been carried out at the Instituto Andaluz
de Geofisica (IAG) of Granada University since the start of operation of

the permanent seismic network in late 1987 (Alguacil et al., 1990). The
original network consisted of seven vertical component, Mark L4C (1
Hz) stations and one three-component short-period station (ACRT,
Fig. 2). Signals were radio transmitted to the IAG central recording site,
and event data were stored digitally at 100 samples per second. All
channels use a common time reference, which makes early locations
already robust against possible errors in synchronization to the DCF77
clock signal (Alguacil, 1986). This short-period network is still in
operation today, providing the backbone of this study with 35 + years of
earthquake recordings by now. From the late 1990s on, the IAG put into
operation an Andalusian seismic broadband network, with the instal-
lation of stations SELV in 1997 and ANER in 1998. Since then, further
three-component broadband sensors at local and regional distances have
been installed by IAG and the Instituto Geografico Nacional (IGN),
including EQTA (2005), HSAN (2007), ELGU (2011), EGOR (2011) and
AETJ (2013) inside or near the Granada Basin. Additionally, a number of
stations with shorter operational life contribute to the data inventory,
including several temporary installations and the recently upgraded
accelerometer network, of which 25 stations (operated by IAG or IGN)
are located in or near the basin.

The instrumental catalogue of local earthquakes shows the spatial
and temporal characteristics of seismicity and the active sectors within
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the basin over the last 35 years (Fig. 2). Several main features emerge
from double difference location (Waldhauser and Ellsworth, 2000;
Waldhauser, 2001), based on the IAG catalogue phase readings and an
average 1D wave speed and density model for the Betic Cordillera
lithosphere (Stich et al., 2003). Background seismicity at the Granada
Basin shows a wide distribution, including important spatio-temporal
concentrations of events in form of seismic swarms, without clearly
defined mainshock. The northeastern part of the basin is currently the
most active sector, including the 2021 seismic series near Atarfe and
Santa Fe (Madarieta-Txurruka et al., 2021, 2022; Lozano et al., 2022).
Other relevant seismic series include the Agrén swarm of 1988-89
(Saccorotti et al., 2002) and the Iznajar-Loja swarm in 1998 (Carmona
et al., 2009). Earthquake swarms represent a complex sequence of en-
ergy release and may be promoted by high fluid pressures, local het-
erogeneity or ongoing slow slip events (Vidale and Shearer, 2006),
although so far, no conclusion had been reached on the factors that
control swarm activity in the Granada Basin. In contrast to swarms, the
largest instrumentally recorded earthquakes so far are associated to
sequences with a single mainshock and low aftershock activity, such as
the June 24th 1984, My = 5.0 event (Morales et al., 1996) and the
August 12th 2021, My = 4.5 event (Lozano et al., 2022).

Seismic activity in the Central Betics is covering a large depth range
from the shallow crust to the base of the mantle transition zone.
Subcrustal earthquakes are concentrated in an area southwest of the
Granada Basin, reaching depths of ~100 km (Morales et al., 1997;
Santos-Bueno et al., 2019). Isolated, very deep focus earthquakes have
been detected beneath the southeastern sector of the Basin, with depths
of about 650 km and significant magnitudes (My = 7.8 in 1954 and My
= 6.3 in 2010; Chung and Kanamori, 1976, Buforn et al., 2011, Mancilla
et al., 2012, Bezada and Humphreys, 2012). Crustal seismicity, which is
the subject of this study, is occurring mainly at shallow depths (0-10
km) in the northeastern sector of the Basin and concentrating in the
middle crust (10 km to 15 km depth) in the central, southern and
western parts of the study area (Fig. 2). The shallow events in the
northeast have been associated with high angle normal faults in this
sector (Madarieta-Txurruka et al., 2022; Lozano et al., 2022). From the
surface rupture of the 1884, My 6.5-6.7 earthquake, we know that
shallow normal faulting is also active at the opposite border of the basin,
although no significant seismic activity has been detected in this sector
since the installation of the local network. The seismicity in the middle
crust appears highly localized in a narrow depth interval, getting
gradually deeper towards the southwest (Fig. 2). Mid-crustal seismicity
has been interpreted as the signature of a subhorizontal shear zone
representing an active low-angle normal fault, or basal detachment,
beneath the basin (Morales et al., 1997; Galindo-Zaldivar et al., 1999;
Madarieta-Txurruka et al., 2021; Martin-Rojas et al., 2023).

3. Moment tensor inversion

The first order seismic moment tensor is a general description of
seismic point sources, containing information on the source mechanism
and the scalar seismic moment (Silver and Jordan, 1982) or associated
moment magnitude My (Hanks and Kanamori, 1979). We use time-
domain moment tensor inversion from complete three-component, in-
termediate period waveforms recorded at regional distances (IAG
moment tensor catalogue; Stich et al., 2003). Green’s functions are
computed from a reflection-matrix method (Randall, 1994) for a plane
layered Earth model that represent the average structure of the Betic
lithosphere (model b in Stich et al., 2003). Waveforms are bandpass
filtered between 0.02 Hz and 0.05 Hz for earthquakes with magnitudes
> 4, and between 0.028 Hz and 0.065 Hz for smaller events. This Earth
model and frequency range have been shown to allow adequate
modelling for earthquakes from the Betics at most regional seismic
stations in southern Spain (Stich et al., 2010). IAG moment tensors
published up to 2014 include 14 solutions for the Granada Basin and
nearby areas (Martin et al., 2015). The earliest solutions date from the
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late 1990s, when regional broadband recordings became available, with
exception of the 1984, My = 5.0 earthquake (Stich et al., 2003) that has
been analysed from recordings at three temporary broadband stations
from the NARS-Europe (Network of Autonomously Recording Seismo-
graphs) deployment.

Here we present an update of the catalogue, examining earthquakes
with reported magnitudes >3.2 in the IAG hypocenter catalogue till end
of 2022. We combine linear least squares moment tensor inversion with
a grid search over centroid depths, to account for the depth sensitivity of
the Green’s functions and to obtain an independent estimate of this
parameter. The grid spacing of the trial centroid depths is 1 km through
the upper crust. We assume deviatoric moment tensors and report
sources through their double-couple tensors and residual compensated
linear vector dipoles (clvd), quantifying the formal deviation from shear
faulting. A careful selection of waveforms and preprocessing is carried
out, including a manual tuning of weighting of the waveforms for
inversion, in order to improve the overall quality of waveform matches
and obtain stable solutions. We illustrate typical recording geometries,
waveform matching and depth resolution for events from the 2021 Santa
Fe-Atarfe earthquake series and from the southern sector of the basin
(Fig. 3). Event 20210126 A represents the first of a succession of three
widely felt earthquakes within 20 min, showing nearly pure normal
faulting, in consonance with other moment tensor solutions for this se-
ries (Table 1). Source depth is shallow, with the formally best solution
obtained at 5 km depth, showing a nearly pure double couple tensor (2%
clvd). Event 20,170,518 shows smaller moment magnitude of 3.5 and
significantly larger noise level in the intermediate period seismograms
(Fig. 3b). Still, part of the signal emerges from the noise and we can fit
most vertical components and several of the horizontal seismograms. A
proper adjustment of weights is challenging in this case, and the large
clvd component (23%) presumably reflects contamination of the
moment tensor by noise. Compared to the 2021 earthquake, this event
shows larger centroid depth of 13 km and a more E-W direction of the
nodal planes.

Altogether, we were able to obtain 18 new moment tensor estimates
(Table 1). The solutions corroborate the main tendencies observed in
previous studies, in particular the dominant role of normal faulting in
the basin (Stich et al., 2006). A majority of normal faulting mechanisms
show nodal planes with ~NW-SE orientation, which are mainly located
towards the northern and eastern limits of the basin, including the so-
lutions for the 2021 Santa Fe-Atarfe series (Fig. 4). Centroid depths in
this sector are mostly shallow, from 3 km to 7 km, suggesting a rela-
tionship of the events with the high-angle normal faults exposed at the
surface (Sanz de Galdeano et al., 2003; Madarieta-Txurruka et al., 2022;
Lozano et al., 2022). In the central-southern part of the basin we observe
notably different normal faulting mechanisms with nodal plane orien-
tation closer to E-W and deeper centroids, close to the presumed
detachment horizon beneath the basin. At the western termination of the
basin, we can observe mechanisms with different faulting style and
orientation, including a NE-SW striking normal faulting solution
(20220929), oblique faulting (20151010) and strike-slip solutions with
NE-SW extensional axes. The largest event of this update (20,210,812,
My 4.5) unfortunately coincides with the coda of a magnitude 8.1
earthquake at the South Sandwich Islands, which is significantly
contaminating the intermediate-period waveforms (compare Lozano
et al., 2022). We achieve a stable outcome for magnitude and faulting
style, but the depth and orientation of the mechanism are largely un-
defined. The updated moment tensor inventory provides dense coverage
for a large part of the study area, and will be compared with the results
of earthquake cluster analysis down below.

4. Cluster detection and relative location
The common occurrence of seismic series and swarms in the Granada

Basin, showing strong spatial clustering of events (Saccorotti et al.,
2002; Carmona et al., 2009; Madarieta-Txurruka et al., 2022; Lozano
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Fig. 3. Examples of moment tensor inversion for events 20210126 A (left) and 20,170,518 (right). Maps show used stations as triangles. Misfit versus depth curves
show also the variation of mechanism and clvd component (numbers above beachballs). Waveform matches show normalized observed (black) and predicted (red)
waveforms on radial, transverse and vertical components (from top to bottom, in each station panel). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

et al., 2022), is a suitable scenario for performing relative hypocenter
location. The relative location between near earthquakes can have
greater accuracy than their absolute locations due to two reasons:
Shortcomings of the Earth model affect at nearby events in a similar
way, and the P- and S- wave arrivals times can be determined with
higher internal consistency, using the waveform similarity between re-
cordings from nearby events to provide a reference for the identification

and alignment of phase arrivals. To map the orientation of seismogenic
structures in the Granada Basin we perform cluster detection and loca-
tion using the digital waveforms from the IAG local seismic network for
the 35-year period from January 1988 to December 2022. This includes
7 vertical component stations and three-component CRT (Fig. 2). To
mitigate the prevalence of vertical component sensors in the original
short period network, we integrate into cluster detection the three-
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Table 1
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Moment tensor solutions for the Granada Basin area. The event ID is constructed from the date and an optional capital letter in order of occurrence. Time is given in
UTC. Latitude and longitude (Lat, Lon) according to IAG catalogue; depth z is the formally best-fitting centroid depth from moment tensor inversion. Columns s1 to r2
denote the strike, dip and rake values for the two nodal planes, with strike counted clockwise from north and dip counted positive to the right. Column clvd denotes the
formal non-double component in percent. Mechanisms before 2014 are published in Martin et al. (2015), and references therein.

Event ID Date Time Lat Lon z sl d1 rl s2 d2 2 My clvd [%]
[d/m/y] [h:m:s] [°1 [°1 [km] [°] [°] [°] [°1 [°] [°]
19,840,624 24/06/1984 14:30:52 36.86 -3.76 6 166 27 -78 333 64 -96 5.0 18
19,961,228 28/12/1996 07:30:36 37.17 -3.71 12 200 30 -35 323 73 —-115 3.9 15
19,970,224 24/02/1997 07:09:50 37.04 —3.83 16 120 4 -92 302 86 -89 4.3 3
19980413 A 13/04/1998 05:55:41 37.23 —4.23 14 77 73 —143 335 55 -19 3.6 27
19980413B 13/04/1998 13:50:52 37.23 —4.24 14 87 72 —150 346 61 -20 3.6 15
19,980,414 14/04/1998 02:13:03 37.24 —4.26 12 88 69 —145 344 58 —-25 3.5 27
19,981,118 18/11/1998 23:18:10 37.00 -3.77 8 134 66 —62 263 35 -135 4.1 19
20,030,910 10/09/2003 20:22:47 37.14 -3.79 12 143 17 —-55 289 76 -100 3.8 22
20,070,104 04/01/2007 23:32:32 37.21 —-3.74 6 83 44 —-121 303 53 —62 3.7 1
20,070,609 09/06/2007 07:15:16 37.06 —3.58 12 188 38 -55 327 59 -114 3.4 8
20,071,001 01/10/2007 00:39:56 37.07 -3.93 6 107 62 -120 338 40 —46 3.5 7
20,091,105 05/11/2009 05:39:55 37.07 -3.89 26 100 28 —-83 273 62 -93 4.0 1
20,100,411 11/04/2010 22:08:06 37.00 —-3.69 620 55 24 —44 188 73 —-107 6.3 1
20,140,709 09/07/2014 18:36:23 36.89 —3.96 60 66 43 28 315 71 130 4.0 6
20,140,325 25/03/2014 00:20:10 36.95 -3.71 13 69 45 -106 271 47 -75 3.6 8
20,151,010 10/10/2015 05:05:29 37.11 —4.12 40 85 39 —-172 349 85 —51 3.7 17
20,170,518 18/05/2017 10:07:55 37.06 —3.94 13 94 69 -99 297 23 —68 3.5 23
20,170,629 29/06/2017 22:32:37 37.10 -3.85 18 168 31 -56 309 65 -109 3.4 10
20,170,731 31/07/2017 23:16:55 37.00 —3.56 11 211 31 -33 330 74 -117 3.5 2
20,180,617 17/06/2018 07:47:34 37.14 —4.28 18 257 63 159 357 72 29 3.5 23
20,181,009 09/10/2018 07:41:53 37.25 —3.75 3 148 20 —100 339 70 —86 3.9 27
20,201,202 02/12/2020 23:09:09 37.22 -3.73 6 153 46 -74 310 46 -106 3.6 13
20,210,123 23/01/2021 11:15:24 37.22 -3.71 5 140 36 -95 326 54 —87 4.3 11
20210126 A 26/01/2021 21:36:33 37.21 —3.70 5 123 37 -109 326 55 -76 4.1 3
20210126B 26/01/2021 21:44:18 37.21 -3.70 5 123 39 —-103 320 53 -79 4.1 12
20210126C 26/01/2021 21:54:55 37.21 -3.71 5 114 40 —115 326 55 -71 4.4 5
20210128 A 28/01/2021 18:06:28 37.22 —3.72 7 126 41 —115 337 54 -70 3.6 4
20210128B 28/01/2021 18:49:49 37.22 -3.72 7 123 36 -111 329 57 -75 4.4 9
20210128C 28/01/2021 19:28:19 37.21 -3.70 7 108 40 —-123 328 57 —65 3.6 25
20210128D 28/01/2021 21:29:04 37.22 —3.69 7 124 41 -112 332 53 —72 3.4 10
20,210,812 12/08/2021 21:25:12 37.19 -3.73 4 128 61 —67 267 36 -125 4.5 37
20,220,929 29/09/2022 09:14:45 37.16 —4.04 11 18 56 247 235 40 —60 3.5 27

component broadband station SELV and its successor AETJ (the station
had to be reinstalled in 2013 due to a change of use at the original
emplacement). This selection is motivated by the long operational re-
cord of these stations (since 1997) and the strategic location on a
Mesozoic outcrop inside the basin, in close proximity to several seismic
series.

The cluster assignment is based on waveform similarity, which is a
necessary condition for measuring reliable relative arrival times (e.g.
Maurer and Deichmann, 1995; Petersen et al., 2021). We apply pairwise
cross correlations for events above a magnitude threshold of Mc > 2.0,
which is usually associated with acceptable signal quality at several
stations, keeping 9358 local events within the Granada Basin area
(geographical limits of Fig. 2). Cross-correlation coefficients are
measured in moving windows of 4 s duration, starting 1 s before the
estimated P- and S-wave arrivals. Seismograms are bandpass filtered
between 0.7 Hz and 2 Hz, which simplifies the waveforms significantly
and which makes it feasible to detect relatively large clusters, through
the evaluation of wavelengths on the order of kilometers. S-wave cor-
relations are taken on horizontal seismograms for three-component
stations, and on vertical components otherwise. To determine the
average, or network-wide similarity for P- and S-waves for an event pair,
negative cross-correlations, as well as the two smallest of the remaining
values are discarded, which reduces bias from uncorrelated noise,
especially for smaller events at distant stations. To avoid excess
computational effort, cross-correlation is calculated only for event pairs
with epicenter distances <10 km, as plausible candidates for high
waveform similarity. This criterion reduces computing time by about
one order of magnitude, leaving ~4 million event pairs within the
selected distance threshold.

Network-wide cross correlations display a small fraction of values
above 0.8 for S-waves and above 0.7 for P-waves, generally

corresponding to event pairs with pronounced overall waveform simi-
larity according to a visual assessment. Classification of similar events is
performed with a density-based clustering algorithm (DBSCAN, Ester
et al., 1996, as implemented in SKlearnl.2, SciKit), which has been
established as a suitable technique for earthquake studies (Konstantaras
et al., 2012; Cesca et al., 2014; Skoumal et al., 2019; Petersen et al.,
2021). We define similar events via network-wide S-wave and P-wave
correlation thresholds, and require a minimum number of five links to
establish relationship with any cluster. The end members of a density-
cluster are not required to comply with the correlation thresholds,
which facilitates the unification of elongated clusters or the integration
of mislocated event. The condition of multiple linkage stabilized the
separation of clusters, although the assignment is still heavily dependent
on the selected thresholds, which have effects on the completeness and
separation of individual clusters. Instead of rigid threshold values, we
employ an iterative cluster assignment, with stepwise increasing cross
correlation thresholds from 0.80 (S-waves) and 0.70 (P-waves). In each
step, clusters with high internal waveform similarity and compact dis-
tributions are extracted manually, while clusters that appear to merge
elements from different earthquake groups are fed back into cluster
analysis and processed with thresholds values increased by 0.02. After
three iterations, a proper cluster separation for the remaining events was
achieved using correlation thresholds of 0.84 and 0.74, respectively.
We identify 47 event clusters with at least 8 members (Fig. 5a),
containing about 26% of the original catalogue events. The largest
clusters correspond to the aforementioned Iznajar-Loja swarm of 1998
(cluster # 33 with 326 events) as well as to the Santa Fe-Atarfe seismic
series of 2021 and previous, collocated activity since 1991 (# 14 with
563 events). The clusters show a wide distribution, with the main ac-
tivity in the northeastern and southern sectors of the basin and in the
area immediately to the west (Fig. 6). Several clusters coincide with
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legend, the reader is referred to the web version of this article.)

quarry locations, and we check the nature of clustered events. Quarry
blasts are an obvious example for repeated events with similar location
and source process, and may be overrepresented in waveform-based
cluster classification. While quarry blasts may be difficult to identify
in routine database operations, they can be easily removed from clus-
tered data, since they are characterized by a particular temporal pattern
of events occurring solely during working hours and over a relevant time
span (Fig. 5b). Accordingly, 18 clusters can be attributed to quarry ac-
tivity, while 29 clusters correspond to natural earthquakes. The duration
of natural earthquake clusters is highly variable, ranging from compact
clusters such as # 44 and 47, showing a single burst of activity of less
than one day, to clusters that were active during almost the entire
observation period (# 01, 04, 05, 06, 9, 19, 21 and 17). We will address
the different temporal characteristics of clusters in section 6.6.
Relative location within each cluster is achieved with a linear master
event relocation scheme (Stich et al., 2001). We attempt to integrate
recordings from additional broadband stations with shorter operational
period (EQTA, ANER, EGOR, ELGU, HSAN) and temporary short-period
instrumentation (PVB, PLL, ASNV, RESI; Fig. 2) when they are available
for a majority of cluster events. The master event is selected according to
the number of recording stations and the average correlation coefficient
with all other events in the cluster. The relative arrival times are
determined by two successive cross-correlations, the first one in larger
windows (2 to 4 s for P-waves 3 to 5 for S-waves), to achieve a gross

alignment, and the second one in shorter, 1 to 2 s long windows for
further finetuning on the first arrival. Window lengths are adapted for
each cluster by trial and error. The successful alignment in a cluster is
checked visually, and misaligned waveforms are excluded manually.
The mean hypocenter location for the cluster is used as geometric
reference to compute take-off angles. We use raytracing (module Cake in
Pyrocko, Heimann et al., 2017), assuming the same Earth model as in
moment tensor inversion.

Relocation results in km-scale hypocenter distributions, which is
significantly smaller than the extend of cluster hypocenters in the
routine catalogue (Figs. 6, 7). Most clusters show a pronounced planar
component after relative location, confirming the presence of high-angle
(e.g., # 06 and 20) and low-angle faults (e.g., # 9 and 21) in the basin
(Fig. 7). The relocation of # 33 shows two separate fault segments, with
the same strike direction and distance of 2 km, indicating the simulta-
neous activity of parallel faults during the 1998 Iznajar-Loja swarm and
giving a glimpse of the seismotectonic fine structure in a highly frac-
tured middle crust in this sector. For some clusters, we observe the
migration of hypocenters along the structure. Cluster 10 first activates
the southwestern patch, including the largest event of the series, and in
the late stage of the series moves to the northeastern patch (Fig. 7). For #
33, we observe opposite trends for hypocenter migrations on either side,
with upward and northward migration of seismicity on the western
fault, and southward migration of seismicity on the eastern fault. For 23



D. Stich et al.

a) Cluster assignment from P and S-waves

Tectonophysics 882 (2024) 230368

e
©
S (9] o ® o
(o]
@e o °
©
L) o e L) L]
40 4 COEDeEEED @¢ Ge °
© °
eem ®we o o ° ooo oo
-
emmme o
)
. e ® ®» ® GIENSG®e © GNO We 00 00w ¢ eoe o
L ¢ Gy )
9] e emoe © © o
° ° ape o o °
30 [ (4]
L X ] L L L XJ e o0 0 L) o
= ° ©
3 ) XX ] @ oocunuD o0 000 ocmo0 ° oom
E LX) L] L] L X ] L)
] ° [ L)
< ° ) ® ) ® o ® )
o} ° e o o o0 o®
7 ® o
3 ® ° ° e oo ° @ o ° ° °
S 20 A [ ee oo o0 oo o o
° @ ° ° °
) ] ] ) (o] ) ) )
° ° ) ° ° o o °
000 cm@ed oo o © © 000 @ ¢ GNID © GHEEEEENCS ¢ GHENINENND SIS 00 ¢ e ° °
° e o0 ooo ° eam oo °
e oo ° ® ° ®oeo o o @o o [ ® e ° ® ©O O OCOCEEEENUNENEIC O
o0 ° ° ° e oo ° o oam
X ° @ee ¢ o 00 @ 0 0000 °
(2] ao eoe () () () ) (2] ]

10 o ° oo o o ° o ° -
o o o o ® o o000 o o0 o o o0 @ e o o o © ®e ®® oo ° °
anee @0 ome@ee
GEDGED GEGEEEREREG © 6 e eo@eo - o o emen e L) e oo e e & L) L)

[ ) @ o o ° @ oo0o o000 ° © o000 00 © 000 @O
@ o0 oo® © 000 °® ®o e» © o oo oo oe®eo o © @ © @0 o0®e 00 © O 00 ®eo
e ® ° ° ° ° ° ) o o °o ©
o L N ] L1 I N J L) o
oEDEca® 000 ©
o © 0 0000 0W®E ° e o ® oemo@@E® © eaw © © o0 © © 000 ©O ®OO 000 °
T T T T T T T T T T
1 1000 2000 3000 4000 5000 6000 7000 8000 9000
catalogue event number
b) Origin time within clusters
1 2 3 4 5 6 10
last 3] o | 1 o of
. t dq d /’.
8 ° 0* N & %
€ oP 0 o of |® ’.,c
GE) °.. : &) & (%)
s e ° 81| AR AL
11 12 20
last (] R B [
. ast o o l. o:'
o M) o ¢
2 ° 0 ¢ °
£ LI o % 50
[ o0 d
€ L, 8 o
st g 91 - ML
21 22 30
last o] - 5
N o 0® ° o & °
g |, :
5 °® o % °
£ "o ® 5 °
b °e o °
L S . e
31 32 40
last E B
. [N i. Po
g o o ® 0o, & q
£ *® 5 8
o " ° 1
€ /‘ ® oo .'0 °
st B0 of 1 &F o | met e 14 L 1l ]S
a1 a2 a3 a5 46 2 8 14 20 2 8 1420 2 8 1420
last o. -so E . °o 1% s To ® . ° e hour (UTC) hour (UTC) hour (UTC)
@ (3 0 % ] b ° °
2 ° ° o ' ° °
£ ° o ©° p °e ’ .
£ q 0® o I © b ©,° ° °
2 8 14 20 2 8 14 20 2 8 14 20 2 8 14 20 2 8 14 20 2 8 14 20 2 8 14 20
hour (UTC) hour (UTC) hour (UTC) hour (UTC) hour (UTC) hour (UTC) hour (UTC)

Fig. 5. a) Assignment of events (event number in temporal order) to detected clusters. The numbering of the clusters is done according to the temporal order of the

first events. Black and blue colors denote clusters attributed to quarry activity and

to natural earthquakes, respectively. b) Time (UTC) against order of events, with 8

UTC and 20 UTC marked by vertical lines, to identify clusters of presumed quarry blasts, which take place during working hours.

out of the 29 natural earthquake clusters, we estimate strike and dip
values of the structures from principal component analysis (Table 2,
Fig. 8). The orientation of the hypocenter patterns will be related to focal
mechanism information to characterize the responsible structures.

5. Cluster focal mechanisms

So far, cluster analysis has been used for imaging seismogenic
structures from relative locations of nearby earthquakes. In this section,
we elaborate additional focal mechanisms from relocated clusters. This
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is particularly relevant for clusters that cannot be connected to moment
tensor solutions, and thus the kinematic description of these faulting
sources is incomplete, lacking information on rake. For this purpose, we
rely on classic focal mechanisms inversion from first motion polarities in
vertical component seismogram. For clustered seismicity, we can sta-
bilize first motion focal mechanisms substantially (Carmona et al.,
2009). First, we obtain focal mechanisms from the set of composite first
motion polarity measurements on the aligned waveforms of the cluster,
which is typically larger and more accurate than polarity measurements
for individual waveforms (Shearer et al., 2003). The different events are
assumed to give redundant information, allowing to detect inappro-
priate polarity readings in presence of noise or technical problems of the
instrumentation. The use of the mean hypocenter location from all
multiple earthquakes reduces depth errors, stabilizing the estimation of
take-off angles. Furthermore, we use the fault angle parameters from
relative location as an a priori constraint in the search for first-motion
focal-mechanisms, in order to restrict the model space and reduce am-
biguity in cases where polarities alone are insufficient to constrain the
nodal planes (Kilb and Hardebeck, 2006; Carmona et al., 2009).

We applied the analysis to the 23 relocated clusters with strike and
dip angle estimates (Table 2). Stations with unclear or changing polar-
ities are omitted. We obtain an average of 9 self-consistent polarity
readings per cluster, which in their own are not sufficient for focal
mechanism inversion for any of the clusters. To restrict the model space,
we allow for faulting solutions with strike within 20° from the best-
fitting plane from cluster relocation, leaving the dip and rake angles
free. As an exception, for # 9 and 21 (dip of 11° y 7°, respectively) we
constrain the dip value (from 0 to 30°), but do not restrict strike, to take
into account the indetermination of strike for sub-horizontal planes. We
perform grid search for suitable mechanisms using FOCMEC (Snoke,
2003), with angles determined from raytracing for the mean cluster
location and the 1D Betic Earth model (see previous section). Since only

clear and consistent polarities are being used, polarity errors in the so-
lution are not allowed. We were able to obtain focal mechanisms for 16
clusters (Fig. 9, Table 3). The solutions confirm the predominance of
normal faulting mechanisms, in addition to a number of strike-slip
sources, the latter concentrated west of the Granada Basin. Apart from
being able to overcome a shortage of polarity readings, the composite
cluster focal mechanisms are a complete kinematic description of the
source, since the a priori knowledge of the cluster orientation allows
resolving the nodal plane ambiguity inherent to point source mecha-
nisms. In the following section, we compare cluster focal mechanisms to
moment tensor solutions and assemble the seismotectonic model of the
Granada Basin.

6. Discussion
6.1. Cross-validation of results

The combination of full waveform moment tensor inversion, cluster
detection and relative location, and the inversion of cluster focal
mechanisms allows for a comprehensive assessment of seismotectonic
parameters in the Granada Basin, at least for structures that have shown
activity in the last 35 years. The comparison of point source focal
mechanisms and fault orientations from relocated seismicity allows
overcoming the nodal plane ambiguity inherent to focal mechanisms on
one hand, as well as the indetermination of slip vectors inherent to the
structural interpretation of hypocenter alignments on the other hand.
The different methodologies lead to overall consistent results, which is
shown by the substantial agreement between the tendencies for focal
depth, faulting style and fault orientation, as well as from the compar-
ison of parameters for individual clusters and events. All three meth-
odologies were applied to seismicity from the Iznajar-Loja and Santa Fe-
Atarfe series (# 33 and 14). In the first case, three available moment
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tensor solutions give average fault angles of strike N342°E, dip 58° and
rake of —21°, compared to N343°E, dip 90° and rake of 0° for the cluster
mechanism and strike N343°E, dip 74° for the best fitting plane.
Centroid depths from 12 km to 14 km are similar to the cluster centroid
location at 11.4 km depth. For the Santa Fe - Atarfe series, centroid
depths of 5 km to 7 km and average source orientation from moment
tensor inversion of strike N126°E, dip 41°, rake —106° compare favor-
ably to cluster orientation of N124°E, dip 61°, cluster depth of 4.4 km
and cluster mechanism of N100°E, dip 61°, and rake —102°.

Assuming planar geometry of faults, the discrepancies observed for
the Iznajar-Loja and Santa Fe-Atarfe series are < 30°, which, if charac-
teristic for the rest of the dataset, allows a proper determination of
faulting style and orientation. Larger deviations were observed only for
cluster 10, near the locality of Salar, with moment tensor estimate of
strike N284°E, dip 72° and rake —66°, and cluster orientation of N223°E
with dip 56°. Even here both models agree on fairly steep fault dip in
roughly NW direction, providing an acceptable qualitative description
of this normal fault. The orientation of relocated clusters and cluster
focal mechanism give similar results by construction, since the focal
mechanisms grid search is limited to directions close to the best fitting
plane. Nevertheless, we observe individual inconsistencies, for example
for clusters 04 and 05, which show steep southward dip in relocation
(78° and 71°, respectively), but steep northward dip in cluster mecha-
nisms (80° and 81°, respectively). Strike directions agree within 3° and
formal discrepancies are < 30°, although this entails the reversal of fault
dip polarity in this example, with significance for the tectonic charac-
terization of the structures. A main source of uncertainty may be the
predominance of short-period, vertical-component seismograms in
relative location, implying that S-wave cross correlations may be
contaminated by the P-wave coda and S to P conversions, and the

10

saturation of the signal at near stations for earthquakes > magnitude 3.
Within this limitation, we observe consistent source parameters within
different areas of the Granada Basin, which are presented below.

6.2. Shallow structures in the NE-sector of the basin

A large share of seismicity corresponds to the northeastern sector of
the Granada Basin, near Sierra Elvira and the Granada metropolitan
area. In this section we include structures with centroid depths from 1
km to 9 km (# 14, 20, 24, 32, 39, 43, 45). The distributions of the
relocated events show approximately NW-SE strike and dip to the SW
(except for # 32). The cluster relocations suggest high-angle faulting,
with dip angles from 60° to 74°. Several active normal faults in this
sector have been recognized from surface geology (Sanz de Galdeano
et al., 2003; Pelaez et al., 2003; Galindo-Zaldivar et al., 2003; Madarieta-
Txurruka et al., 2022; Lozano et al., 2022), and appear to be linked to
recorded seismicity. We can compare cluster relocations to co-located
moment tensors (20,070,104, 20,181,009, and Santa Fe-Atarfe series)
and cluster focal mechanisms (# 14, 20, 24, 32, 39, 45) available for this
group of earthquakes, confirming the normal faulting style. The only
exception is # 39, showing the largest dip angle and strike-slip motion.
For the normal faulting events, the average focal mechanism from
moment tensor inversion is strike N125°E, dip 40°, rake —104°, and
from cluster analysis N134°E, 60°, —92°, compared to an average cluster
orientation of strike N132°E and dip 66°. Although these discrepancies
may fall within the range of uncertainty (see previous section), at least in
case of cluster 14 we may also suspect that they are produced by a listric
geometry of the fault. Overall cluster dip (61°) is steeper than dip from
moment tensor inversion (about 40°), while at the same time moment
tensor centroids are deeper than the mean cluster location, suggesting
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Cluster assignment and relocation of detected multiplets in the Granada Basin. Columns; 1: Cluster number according to temporal order of the first events, 2: Number of
members, 3-5: mean catalogue location as cluster centroid, 6: source type (earthquake or explosion), 7: geographical reference (not shown in map) and 8-9: Cluster
orientation from Principal Component Analysis for hypocenter distributions with general planar shape. Strike values counted clockwise from north and dip positive to
the right. For multiplet 33, two planes have been fitted to the western and eastern hypocenter clusters.

# Events Lon [°] Lat [°] Depth [km] source Near place: Strike [°] Dip [°]
1 70 -3.713 37.011 12.8 EQ Venta del Fraile N70E 64
2 21 —3.824 37.054 7.9 EXPL Agrén - -
3 34 —3.633 37.280 13.7 EXPL E Cubillas - -
4 19 —-3.840 37.036 12.0 EQ Agréon N112E 75
5 66 —3.937 37.064 13.4 EQ Cacin N77E 71
6 39 —3.836 37.097 11.9 EQ Ventas de Huelma N68E 77
7 82 —4.158 37.137 4.4 EXPL Sierra Gorda - -
8 27 -3.651 37.282 15.0 EXPL E Cubillas - -
9 42 —3.734 37.157 9.7 EQ S Santa Fe N273E 11
10 107 —4.032 37.167 12.2 EQ Salar N223E 56
11 13 —3.947 37.116 11.7 EQ Cacin - -
12 57 —4.358 37.090 2.2 EXPL Sierra Gorda - -
13 54 —4.002 37.075 12.3 EQ Santa Cruz del Comercio - -
14 563 -3.707 37.215 4.4 EQ Santa Fe - Atarfe N124E 61
15 24 —4.092 36.908 7.6 EXPL Sierra Tejeda - -
16 176 —4.336 37.000 10.4 EXPL SW Sierra Gorda - -
17 8 —3.638 37.055 12.5 EQ El Puntal - -
18 10 -3.763 37.219 7.5 EQ Fuente Vaqueros - -
19 8 —3.687 37.060 12.1 EQ Suspiro del Moro N131E 27
20 36 —3.608 37.194 6.8 EQ Granada N137E 62
21 17 -3.624 37.156 10.1 EQ Armilla N164E 7
22 14 —4.238 37.283 9.5 EQ Iznajar - -
23 9 —4.152 37.134 4.3 EXPL Sierra Gorda - -
24 17 —3.766 37.240 8.7 EQ Pinos Puente N113E 71
25 8 —4.098 36.905 6.7 EXPL Sierra Tejeda - -
26 10 —3.626 37.292 17.3 EXPL E Cubillas - -
27 42 —-3.751 37.056 7.2 EXPL Esctizar - -
28 18 —4.304 37.194 11.4 EQ Villanueva de Tapia N62E 77
29 20 —3.718 37.235 0.2 EXPL Sierra Elvira - -
30 8 —3.704 37.261 6.3 EQ S Cubillas - -
31 56 —3.944 37.233 14.9 EQ Bracana N244E 76
32 33 —3.744 37.248 3.8 EQ Pinos Puente N340E 71
33 325 —4.231 37.220 11.4 EQ Izndjar- Loja, W- cluster: N343E 74
E- cluster: N164E 86
34 69 —4.294 36.960 12.7 EXPL SW Sierra Gorda - -
35 8 —3.565 36.935 11.9 EXPL Valle de Lecrin - -
36 40 —-3.577 36.938 10.8 EXPL Valle de Lecrin - -
37 49 —4.242 37.142 10.9 EQ Rio Frio N62E 73
38 22 —4.064 36.867 0.6 EXPL Sierra Tejeda - -
39 12 —3.744 37.197 9.2 EQ El Jau N140E 74
40 76 -3.759 36.972 5.4 EXPL Venta del Fraile - -
41 8 —3.752 36.991 5.0 EXPL Venta del Fraile - -
42 19 —4.099 37.081 13.6 EQ Sierra Gorda N122E 88
43 19 —-3.589 37.167 6.4 EQ Zaidin N128E 60
44 18 —4.238 37.185 14.6 EQ Santa Barbara N57E 81
45 25 —3.731 37.238 0.9 EQ Pinos Puente N130E 70
46 16 —4.263 37.046 14.4 EQ W Sierra Gorda N13E 70
47 9 —4.424 37.031 0.9 EQ East Antequera N134E 84

that the responsible fault may be progressively flattening out into the
basal detachment.

According to the absolute cluster locations, cluster orientations may
be extrapolated to the surface, compared to fault traces and tentatively
assigned to individual structures. # 20, composed mainly from events of
the 1998 earthquake series beneath the city of Granada, with 6.8 km
centroid depth, strike N137°E and dip angle of 62°, matches with the
outcrop of the Fargue Fault (Fig. 8). A relationship between this series
and the fault has been proposed previously (Sanz de Galdeano et al.,
2012). Also, # 43, active in 2009, with cluster orientation of N128°E,
60° and located slightly south at 6.4 km depth, matches with the ge-
ometry of the Fargue Fault. # 45 near Sierra Elvira shows shallow depth
of ~1 km and steep SW-ward dip of ~70°, which makes an extrapolation
to the surface relatively straightforward. This cluster matches with the
trace of the Atarfe Fault, sometimes referred to as Tajo Colorado Fault
(Sanz de Galdeano et al.,, 2003; Madarieta-Txurruka et al., 2022),
although taking into account the density of the fault network and real-
istic location accuracy, the cluster might possibly belong to the Pinos
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Puente fault, as well. In a similar position we find # 14, associated with
the 2021 Santa Fe-Atarfe series, which according to cluster and moment
tensor depths is located deeper and probably behind the Atarfe Fault. We
propose that this series involved the Ermita Tres Juanes fault as the most
prominent mapped candidate structure in the footwall of the Atarfe fault
(Azanon et al., 2012; Madarieta-Txurruka et al., 2022). # 32, containing
events from the 2018 Pinos Puente seismic series, shows opposite dip
direction. The cluster agrees with the steep dipping plane in moment
tensor mechanism 20,181,009, at centroid depth of 3 km. We propose
that this cluster activated a shallow antithetic fault in the hangingwall of
the Pinos Puente fault, which could match with the Alitaje fault, visible
in seismic sections (Sanz de Galdeano et al., 2003).

6.3. Mid-crustal structures in the southern sector

In the southern sector of the basin, we also find high-angle faults (#
1, 4, 5 and 6), although with notably different characteristics and
orientation. Dip values from relocations range from 64° to 77°. The
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strike of the structures scatters around an approximately E-W orienta-
tion, with values between N68°E and N112°E, representing a different
trend compared to events in the northeast sector. The centroid locations
of these clusters are systematically deeper, concentrating in a narrow
depth interval from 12 to 13 km. This is matching with the sub-
horizontal band of mid-crustal seismicity (Fig. 2) indicating that these
clusters represent the activation of high-angle fault segments in vicinity
of the basal detachment beneath the Granada Basin. A striking charac-
teristic of the clusters is their continued activity over the monitoring
period of 35 years (Fig. 5), a point we readdress in section 6.6. The size
of the fault patches represented by # 1, 4, 5 and 6 is about 5 km,
apparently confining seismicity between about 10 and 15 km depth,
which is consistent with the width of the mid-crustal seismicity band
from absolute locations. The orientation of the clusters show similarity
to mapped faults, in particular the southward dipping La Malaha Fault
(Azanon et al., 2007), but the extrapolation of fault patch geometries to
the surface does not match with individual structures and the continuity
and activity of the detected structures into the upper crust is
unconstrained.

The approximately N-S of extension on the fault patches in this sector
is consistent with available moment tensor solutions (events
19,981,118, 20,071,001, 20,091,105, 20,140,325, 20,170,518). The
corresponding strike values range from N83°E to N107°E (with the
possible exception of mechanism 19,981,118, where the E-W nodal
plane shows a significantly shallower dip of 35°), comparable to strike
values from cluster focal mechanisms, that range from N72°E to N114°E.
The consistent values for strike directions are in contrast to controversial
results for dip, where the cluster focal mechanisms suggest steep
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northward dipping faults (compare section 6.1). According to our pro-
jection of first motion polarities, a southern fault dip is difficult to
reconcile with normal faulting cinematics for these clusters. Here,
cluster analysis is unable to discriminate between a syn- or antithetic
arrangement of the fault segments near the detachment horizon,
although moment tensor inversion suggests that both types of structures
are involved, since southward (events 20,071,001 and 20,170,518) and
northwards (events 20,091,105 and 20,140,325) fault dip directions can
be observed for the steep-dipping nodal planes in this sector. The most
prominent north dipping structure in the Granada Basin is the Zafarraya
fault on the southern edge of the basin, but the mid-crustal clusters are at
least 15 km apart from the fault trace and unrelated to this fault.

6.4. Low-angle structures in the central sector

Between these two groups of high-angle faults we find three clusters
with notably different geometry, corresponding to low-angle hypocenter
distributions (# 9, 19 and 21). Like the structures discussed in the pre-
vious section, also the low-angle clusters are characterized by long-
lasting activity. They have depths between 10 and 12 km, again coin-
cident with the prominent band of mid-crustal seismicity. The funda-
mental difference to the previous group of structures is the sub-
horizontal orientation, with estimated dip of 7° and 11° for # 21 and
9. These clusters indicate that the sub-horizontal basal detachment
beneath the basin itself is seismically active, apart from being a refer-
ence horizon for seismicity on nearby high-angle fault patches as seen in
the previous section. # 19, with a NW-SE strike and dip of 27° to the SW,
may be possibly associated with the deepest part of the Dilar fault, in
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Table 3

Cluster focal mechanisms. Cluster number, centroid location and geographical
reference as in Table 2. Mechanism given through the active nodal plane, with
strike values counted clockwise from north and dip positive to the right.

# Lon [°] Lat [°] Depth Near place: Strike Dip Rake
[km] 1 [°1 [°]

1 -3.713  37.011 12.8 Venta del N252E 80 —80
Fraile

4 —3.840 37.036 12.0 Agron N294E 80 —80

5 —3.937  37.064 13.4 Cacin N254E 81 —60

6 —3.836 37.097 11.9 Ventas de N256E 64 —-56
Huelma

9 —-3.734  37.157 9.7 S Santa Fe N45E 14 —145

14 -3.707 37.215 4.4 Santa Fe — N99E 61 -102
Atarfe

19 -3.687  37.060 12.1 Suspiro del N105E 22 -117
Moro

20 —3.608 37.194 6.8 Granada N137E 60 -90

24 —3.766 37.240 8.7 Pinos Puente N134E 70 -90

28 —4.304 37.194 11.4 Villanueva N60E 80 -90
de Tapia

32 3744  37.248 3.8 Pinos Puente N330E 40 -90

33 —4.231 37.220 11.4 Iznajar- Loja N343E 90 0

37  —4.242  37.142 10.9 Rio Frio N332E 90 0

39 3744 37.197 9.2 El Jau N340E 84 -8

42 —4.099 37.081 13.6 Sierra Gorda N280E 75 —90

45 —-3.731 37.238 0.9 Pinos Puente N141E 50 —-90

accordance with a listric geometry of the fault systems in the eastern
part of the basin as they approach the detachment horizon. The location
of # 9 coincides with moment tensor solution 19,961,228, with depth
12 km and one low-angle nodal plane (30°). Other moment tensor
mechanisms possibly associated with the basal detachment are
19,970,224, 20,030,910 and 20,170,629, with nodal plane dip of 4°,17°
and 31°, respectively, although the assignment of the mechanisms is
uncertain in each individual case, since their position, depths and ori-
entations are also similar to the steep dipping segments of the southern
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sector (see previous section). Nevertheless, the fault kinematics can be
confirmed from cluster focal mechanism for # 9 and 19, with dip of 14°
and 22° respectively.

The average slip vector from the available mechanisms indicates
direction of transport of the hanging wall block towards SSW (mean
azimuth N211°E), providing a key parameter for understanding the
present-day tectonics of the Granada Basin. The SSW transport direction
is sub-parallel to the principal extensional strain axes of many mecha-
nisms in the southern sector of the basin, while it is significantly rotated
from the downdip direction of the NW-SE striking faults that border the
basin to the east, and also from the overall Betic WSW extension from
GNSS observations. The clusters confirm seismic activity of the basal
detachment of the basin, although limited to small fault patches with
diameters close to 3 km. The three clusters span an area of about 100
km?, which gives a lower bound for the size of the detachment surface in
the brittle crust. This does not imply that the detachment is to be
considered a seismogenic structure. Creeping low-angle normal faults
may exist above the brittle-ductile transition, and there is a general lack
of moderate-to-large earthquakes on such structures in the seismological
record (e.g., Collettini, 2011). To shed more light on this issue, we will
examine the temporal pattern of detachment-related seismicity in sec-
tion 6.6.

6.5. Structures in the western sector

Near the western limit of the Granada Basin, we observed the pres-
ence of clusters with relatively small dimensions and variable orienta-
tions, mostly located at depths between 11 and 15 km. The clusters are
characterized by low magnitudes (m < 3), except for # 10 and 33, with
maximum magnitudes My 3.5 (Table 1). These are also the two most
relevant clusters in terms of dimension (600 m and 1 km, respectively)
and number of events (> 100). # 10 is related to activity near Salar in
September and October 2022, and related to normal faulting (moment
tensor 20,220,929), with strike N223°E and dip of 56°. The distribution
of hypocenters for # 33, containing the Iznajar-Loja seismic series,
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reveals geometric complexity, showing two separate fault segments
(compare section 4). Strike (N343°E and N164°E) and dip values (74°
and 86°) are in agreement with strike-slip mechanisms obtained for this
series (moment tensors 19980413 A,B, 19980414). The strike-slip ki-
nematics and ~ N-S orientation inferred for the Izndjar-Loja series co-
incides with a previous analysis of multiplets using high-frequency
waveforms (Carmona et al., 2009) and with fault plane measurements
(Reicherter and Peters, 2005). Strike-slip faulting could represent a
regional trend, since similarly oriented mechanisms were involved for
example in the 1951, M,, 5.2 and M,, 5.3 Jaén earthquakes, ~30 km
north of the Granada Basin (Batllo et al., 2008). At the eastern limit of
the area, the orientation and normal faulting cinematics of # 42 appear
similar to the structural elements in the southern Basin (section 6.3), and
the transition between the two domains cannot be defined precisely.

6.6. Temporal characteristics of earthquake activity

We already established that part of the seismicity in the Granada
Basin occurs in the form of seismic series, with a pronounced burst of
activity over a short period of time (e.g., Saccorotti et al., 2002; Car-
mona et al., 2009). Often these series lack a prominent main shock, as
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was the case of the Iznajar-Loja series (# 33), with three earthquakes of
moment magnitude Mw 3.5 to 3.6, or the Santa Fe-Atarfe series (# 14),
with five earthquakes between Mw 4.1 and 4.4. On the other hand, many
detected clusters contain events from different years (Fig. 3), indicating
sustained seismic activity on the responsible structures. To examine the
significance of these two end members of cluster activity, we represent
the normalized cumulative event count within clusters, organized ac-
cording to the four groups of structures discussed in sections 6.2 to 6.5
(Fig. 10). Event production rate is showing a dichotomous nature, and
can be divided into two fundamentally different subsets. Clusters in the
western sector and clusters representing high-angle faults in the north-
eastern sector show a pronounced step-like history of event production,
illustrating the occurrence of sequences concentrated in time. In case of
series from the northeastern sector, the temporal concentration appears
somewhat less pronounced than for the western basin, including series
in which activity is resumed several times over the observation period.
The two remaining groups show a fundamentally different temporal
pattern, with continuous activity at similar event production rate over
practically the entire 35-year duration of local seismic network opera-
tion. Short-lasting clusters sometimes show a unidirectional component
of hypocenter migration along the fault plane in the course of the swarm

b) Southern sector

101 e clul ® o §
o clusd / Oogoooo
o clus (90 <%
084 o clué !
¥ O
@®. %o
o
e
0.6 1 03
&
OO
[9)
0.4 4
° .8
(0]
024° o g
° ;8
(o] (0]
O.O'.g
1990 1995 2000 2005 2010 2015 2020
d) Western sector
101 o culoe o ° o e, e
e clu2s® : ° ge
o clu3l® . g
) o] °
08] e clu33, e .
o clu37 e .8 °
e clud2 o © o ° o
064 o cludd e : o ®
e clu46 ® o 08 ¢ °
e clusg7 ® ) ° °
° ° o) e o
0.4 4 ® o o °
) ° o] ° [
) o (o] °
i ] ) o [ ]
0.2 ) ° o ®
e o ° 1) ® o
° § o®° 8 o° °
004 @ °
1990 1995 2000 2005 2010 2015 2020

Fig. 10. Normalized cumulative event count in clusters versus time (years 1988-2022), sorted by groups of structures (as sections 6.2-6.5). The curves illustrate the
stepwise histories of event production for clusters in groups 1 and 4, versus a steady event production rate for clusters in groups 2 and 3 related to the mid-

crustal detachment.
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(Fig. 7), which has not been observed for the long-lasting clusters.

Long-lasting activity is observed for the mid-crustal structures in the
southern sector and the low-angle structures in the central sector, both
in the vicinity of the basal detachment beneath the Granada Basin. A
stable event production rate for clusters located on different points along
the detachment horizon suggests that the low-angle normal fault at the
base of the basin releases stress continuously and over a broad area,
loading the individual patches of the low-angle structure (group 3) or
nearby faults (group 2) at a relatively constant rate. Such a seismological
expression of detachment creep resembles the situation in the Corinth
Rift (Rigo et al., 1996; Hatzfeld et al., 2000), Aegean Sea (Toker, 2021)
or the Apennines (Michele et al., 2020; Waldhauser et al., 2021), where
earthquake clusters mark the position and extend of coupled fault
patches, representing elastic asperities along the creeping low-angle
faults (Anderlini et al., 2016), as well as synthetic and antithetic
normal faults in the hanging wall block of the detachment (Chiaraluce
et al., 2007). Low-angle normal faulting is expected to occur on struc-
tures with low frictional strength, generally promoting aseismic slip or
creep (Collettini, 2011). Within an overall picture of continuity of the
detachment-related clusters, we can perceive a second-order change in
the last quarter of the monitoring period: The average event production
rate in the clusters of groups 2 and 3 is approximately constant during
26 years from the start of the local earthquake catalogue in 1988 to end
of 2013, but appreciably lower during the 9 years from 2014 to 2022
(Figs. 10, 11). It is unclear if these changes in event production rate can
be related to variations of aseismic slip (Vuan et al., 2020), but it is
remarkable that the decrease is mainly driven by # 1, 19 and 17, which
are located in the same area and may reflect an actual change of the local
situation.

6.7. Seismotectonic model for the Granada Basin

Our results show the distribution of different faulting trends in the
Granada Basin and illustrate their relationship. On a NE-SW trending
transect across the basin we can track the succession of shallow high

| average
| groups 1&4
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angle normal faulting on the NE-side, the activity of coupled fault
patches along the detachment horizon in the central basin, and mid-
crustal, high-angle fault patches in the southern sector where the main
detachment surface is becoming deeper (Fig. 11). We can relate several
seismic series to mapped active faults in the northeastern sector of the
Basin, which match with the dip and location of relocated clusters and
related focal mechanisms. In particular, we find evidence for seismic
activity on the Fargue fault (# 20 and 43), Ermita Tres Juanes Fault (#
14), Atarfe fault (# 45), as well as the Alitaje Fault as example for an
active antithetic structure (# 32). Besides high fault dip angles near 60°
for shallow clusters, there are available some estimates for intermediate
fault dip between ~25° and ~ 45°, for example from moment tensors for
the 2021 Santa Fe-Atarfe series (Ermita Tres Juanes Fault) or cluster 17,
presumably located near the base of the Dilar fault, which suggests that
the high angle normal faults may be flattening out as the approach the
detachment horizon. The listric geometry may induce hanging-wall
rollover, explaining the presence of basement highs in the footwalls of
synthetic normal faults inside the Granada Basin (e.g. Sierra Elvira, and
La Malaha fault, Azanon et al., 2007).

The high angle normal faults connect at depth with a SW-wards
dipping layer of concentrated seismicity between 10 and 15 km
(Fig. 11). From the appearance of long-term sequences with.

steady event production rate for clusters in this volume we infer that
the basal detachment is moving aseismically (Chiaraluce et al., 2007;
Anderlini et al., 2016; Toker, 2021). Also the spatial distribution of
seismicity is more continuous along the detachment horizon, compared
to the shallow crust, which reinforces our impression of a dichotomous
nature of the seismicity in the basin. The SW limit of a localized and
seismologically detectable detachment seems to coincide with the
brittle-ductile transition at 14-15 km depth (Fig. 11), below which rocks
become too ductile to build up elastic strain. Aseismic creep of the basal
detachment is driving continuous seismicity on the embedded asperities
(low-angle clusters) and the adjoining portion of other faults (high-angle
clusters). Microseismic surveys along creeping or presumably creeping
faults for example in the Apennines (Michele et al., 2020, Waldhauser
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Fig. 11. Cluster strike directions (black bars, compare Fig. 8) and representative focal mechanisms for the four different seismogenic domains discussed in sections
6.2 to 6.5. Representations of faults and stations like Fig. 2. The inlays illustrate the dichotomous nature of event production rate in discrete clusters (top) and
continuous clusters related to aseismic creep of the basal detachment (bottom, compare Fig. 10). Right side: Seismotectonic section showing the projection of
catalogue seismicity (M > 2.8, 4.15°W-3.45°W, 36.75°N-38.35°N), detected clusters and faults from surface geology in NE-SW direction (blue line in map). Faults
discussed in the text are labeled in blue (ALIF: Alitaje Fault, PPF: Pinos Puente Fault, ATF: Atarfe Fault, ETFJ: Ermita Tres Juanes Fault, ALF: Alfacar Fault, FF: El
Fargue Fault, MF: La Malaha fault, ZAF: Ventas de Zafarraya Fault). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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et al., 2021), the Calabrian arc (Brozzetti et al., 2017; Cirillo et al., 2022)
or the Corinth Rift zone (Rigo et al., 1996; Hatzfeld et al., 2000; Lam-
botte et al., 2014) show an analogous arrangement of low angle and high
angle structures in the mid-crustal shear zone. Geodetic evidence for
aseismic creep on low-angle normal faults (Hreinsdottir and Bennett,
2009; Anderlini et al., 2016) suggests that the upper limit of micro-
seismicity marks the locking depth of the faults. In case of the Granada
Basin this suggests a locking depth of 10 km, permitting an estimate for
the downdip width of seismic ruptures on high-angle normal faults.
Shallow structures above the locking depth move in sporadic earth-
quakes or seismic series with step-like histories of cumulative event
counts, separated by long periods of seismic quiescence, in accordance
with the low deformation rate of the basin.

Current seismicity data cannot provide support for an extension of
the basal detachment beyond the limits of the Granada Basin. In
particular, the seismological defined detachment appears to be located
deeper than the Mecina detachment, a low-angle basement fault
outcropping about 5 km distance from the high-angle faults (Martinez-
Martinez, 2006), and which has been considered as a candidate struc-
ture for the master fault beneath the Granada Basin (Galindo-Zaldivar
et al., 1996; Madarieta-Txurruka et al., 2021). A regional-scale exten-
sion of the detachment towards the Guadix-Baza Basin (Martin-Rojas
et al., 2023) may be consistent with the geometry of mid-crustal seis-
micity in the Granada Basin, although the barrier of high topography
and current lack of earthquakes between the two basins does not provide
further evidence for such a configuration. On the other hand, fault
displacement along the detachment may be transferred to the surface
through the high-angle normal faults at the eastern border of the basin,
as the seismotectonic section indicates continuity and interaction be-
tween both types of structures (Fig. 11). The presence of ~2 km of
sediments in several depocentres in the basin (Morales et al., 1990,
Rodriguez-Fernandez and Sanz de Galdeano, 2006), as well as the
important activity of the mountain front inferred from river entrench-
ment and geomorphology (Pérez-Pena et al., 2010) point to a significant
combined fault throw at the NW-SE normal faulting structures. This
suggests that the boundary faults at the eastern edge of the Granada
Basin have transferred a significant amount of extension from the basal
detachment to the surface. Clusters west of the basin take place at the
depth of the detachment horizon, however showing different faulting
style and orientation (with the exception of # 42), and impulsive his-
tories of event production, which suggests that the detachment does not
extend into this sector either.

We recall that the identification and characterization of seismogenic
elements from instrumental seismicity for the period 1988-2022 may
show only a subset of the existing structures. Notably, no individual
clusters or events over the last 35 years could have been assigned to
several of the major faults with clear morphological expression and
evidence for associated paleoearthquakes. This includes the Ventas de
Zafarraya Fault (Reicherter et al., 2003), the Malaha Fault (Azanon
et al., 2007), the Granada Fault (Azanon et al., 2009) as well as possibly
the Padul-Niguelas Fault (Alfaro et al., 2001), although the seismogenic
nature of this later fault has been questioned explicitly (Gil et al., 2017;
Abad et al., 2022). The Padul-Niguelas Fault and the Malaha Fault are
candidate structure to explain archaeoseismological evidence for a M6
event in the 13th century CE (Forlin et al., 2024). In particular, the
Ventas de Zafarraya Fault can be considered a verified seismogenic
structure, as in addition to inferred paleoearthquakes with recurrence
times of about 2 ka (Griitzner et al., 2013), there is available historical
and geological evidence for rupture during the 1884 earthquake. For our
observation period, starting 103 years after the last significant event, the
crustal volume around the Ventas de Zafarraya Fault is characterized by
a virtual absence of seismicity. By analogy, we should not take the lack
of instrumental seismicity on other active Quaternary faults in the
Granada basin as indication of aseismic behavior.
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7. Conclusions

Despite the solid evidence for large earthquakes in the Granada basin
happening in historical times, the instrumental seismicity recorded since
the start of the local network in 1988 is limited to low magnitudes. In-
dividual seismogenic elements of the Granada Basin have been identi-
fied and characterized using three different techniques. Moment tensor
inversion from regional three-component waveforms was applied to the
most energetic events (My 3.4 to 5.0). 32 moment tensor solutions for
the Granada Basin show a predominance of normal faulting, consistent
with the extensional tectonic environment. The vast majority of events
are located in the upper crust at depths shallower than 15 km. We
further classify events with similar waveforms over 35 years into clus-
ters, to image active structures through relative location. After the
removal of quarry blasts, with characteristic source time distributions
during working hours, we were able to estimate the position and
orientation of 23 fault patches. Relative locations reveal shallow (1-9
km), NW-SE-trending structures associated with surface faults only in
the northeastern sector of the basin. The seismically active structures in
the southern sector are high-angle ~E-W-trending fault patches between
10 km and 15 km depth, which we identify with a basal detachment
beneath the basin. The sub-horizontal detachment can be directly
visualized over an area of ~100 km? through the presence of event
clusters with low-angle fault dip. Finally, 16 additional focal mecha-
nisms have been obtained by combining composite first motion polarity
measurements within clusters with the fault orientations from relative
location. Available source mechanisms suggest a ~ SSW ward transport
direction of the basal detachment, compared to a general ~WSW motion
of the Western Betics with respect to stable Iberia according to GNSS
data.

Observed seismicity clusters show very different temporal behavior,
including discrete seismic series with fast moment release, as well as
continuous earthquake clusters with steady event production rate over
the entire observation period. The latter clusters can be associated with
the basal detachment and are a byproduct of aseismic creep, where
displacement along the detachment accumulates gradually. High-angle
and low-angle fault systems in the Granada Basin interact with each
other, as shown by the continuous seismic activity on high-angle
structures near the detachment horizon. There is currently no seismo-
logical evidence for an extend of the basal detachment beneath the limits
of the basin, which instead might interact with the listric normal faults
to transfer displacement to the surface on the northeastern side of the
basin. The brittle-ductile transition appears to limit the seismologically
detected detachment on the southwestern side. The upward limit of the
mid-crustal seismicity band at ~10 km may represent the locking depth
for major structures and the downdip limit of large ruptures at high-
angle normal faults. Several shallow clusters and focal mechanisms
match with recognized fault structures, providing support for a seis-
mogenic behavior of the Fargue, Ermita Tres Juanes, Atarfe, and Alitaje
faults. The inventory of seismogenic structures developed in this study is
intrinsically incomplete due to the limited time span covered by local
seismic instrumentation, which may be a relevant limitation in view of
the slow deformation and long recurrence intervals in the study area. For
new seismic series arising and small-to-moderate earthquakes at the
Granada Basin, we now dispose of a modern, dense recording network
that permits routine applications of modern seismological analysis tools.
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