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A striking feature of the seismicity in the Ibero-Maghrebian region is a narrow band of intermediate-depth
earthquakes (50 < h < 100 km) beneath the western part of the Alboran Sea, with epicenters following a
NNE-SSW alignment. The origin and characteristics of this seismicity are debated, and an accurate analysis of this
seismic scenario is provided despite the low to moderate magnitude of these earthquakes. In this study, we
collect 20 years of seismic data from permanent and temporary installations and reprocess these data with the aid
of advanced seismological techniques, including non-linear probabilistic relocation with a 3D-Earth velocity
model and a probabilistic moment tensor inversion scheme, to shed new light on intermediate-depth seismicity in
Southern Spain and the Alboran Sea. We relocated 238 intermediate-depth earthquakes (M > 3) using a
nonlinear probabilistic approach and a recent regional 3D tomography lithospheric velocity model for the
Alboran-Betic Rif Zone. Maximum likelihood hypocenters confirm the NNE-SSW distribution in a depth range
between 50 and 100 km, depicting three clusters of epicenters with a seismic gap that may be correlate to the
boundary between the sunken slabs of the Iberian and African plates around Gibraltar. We simultaneously
determined the focal mechanisms of 25 mb > 3.9 earthquakes using P-waves and moment tensors by fitting body-
wave amplitude spectra and waveform cross-correlations. We performed an accurate resolution study by
repeating the inversion using different 1-D velocity models. The results show predominant horizontal T axes with
a rotation on the direction from NE-SW in southern Spain to E-W near the African coast. The distribution of
intermediate-depth earthquakes and their source geometries provide new evidence of the seismotectonic
complexity of the region, which is possibly controlled by the stopping or slowing down of subduction.

1. Introduction Internal Zone domain was progressively pushed westwards. This Inter-

nal Zone was situated initially at the NW and W parts of the future

The Alboran Sea is located between the Iberian Peninsula and
northern Morocco in the western part of the Mediterranean Sea (Fig. 1)
at the plate boundary between Eurasia and Africa. Its origin is the
opening of the Algero-Provencal Basin that occurred from the end of the
Oligocene-early Aquitanian to the end of the Burdigalian, perhaps the
beginning of the Langhian, in a process that lasted approximately 10 My,
from ~24 to ~14 My (Fig. 2; Sanz de Galdeano, 1990). The process of
the formation of this basin, where the Alboran Sea corresponds to its
western end, caused a great break in the region, forming domains that
were progressively dispersed in several directions, some to the east,
others to the south, and still others to the west. At this stage, the Betic-Rif
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Algerian Basin that then began to open (Fig. 2). Owing to this process of
opening progressively occupying more space, the Internal zone was
pushed and began its westward drift to later collide with the Betic
External Zone, and immediately after collided with the Riffian External
Zone and then formed the Rif Mountains. In the drift process, the In-
ternal Zone was partially superposed to a part of the Iberian crust and
also to a part of the African crust (in the proximities of northern
Morocco). Both sectors of crusts began to sink, that is, began to subduct.
Morphologically, this area where occurred the overthrusts corresponds
to the present Gibraltar Arc. Andrieux et al. (1971) and Udias and Lopez-
Arroyo (1972) were the first to link the formation of the Gibraltar Arc to
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subduction.

As a consequence of these processes, southern Iberia, the Alboran Sea
and northern Morocco form a very tectonically complex region, where
the plate boundary is a wide deformation zone. Evidence of this
complexity its seismicity is characterized by a continuous occurrence of
moderate earthquakes (M < 5) at shallow (h < 40 km) and intermediate
depths (40 km < h < 150 km) and occasionally events at very deep
depths of ~650 km (Fig. 3) (http://www.ign.es/web/ign/portal/sis-cat
alogo-terremotos). The occurrence of earthquakes at intermediate
depths in the Gulf of Cadiz, Alboran Sea and northern Morocco was
recognized early and is currently well-known (Munuera, 1963; Udias
et al., 1976; Hatzfeld, 1978; Hatzfeld and Frogneux, 1981; Grimison and
Chen, 1986; Buforn et al., 1988a,b, 1995, 1997; Morales et al., 1999).
The distribution of intermediate-depth epicenters is substantially
different to the east and west of the Strait of Gibraltar (SG). In the Gulf of
Cadiz, west of the SG, their epicenters are elongated along the E-W and
NW-SE (Fig. 3) directions, similar to those of shallow events. This spatial
pattern can be explained in terms of plate boundary convergence.
Furthermore, focal depths for offshore earthquakes are poorly con-
strained due to poor azimuthal station coverage (Cabieces et al., 2020).
However, east of Gibraltar, in the western part of the Alboran Sea
(marked as a square in Fig. 3), intermediate-depth earthquakes (focal
depths less than 150 km) are distributed following a narrow arc parallel
to the SG, which does not agree with the distribution of the overlying
shallow earthquakes. Depth estimates are better constrained in this
domain because the station density and network coverage are higher
than to the west of SG. Shallow earthquakes in the Alboran Sea are
mostly located east of the intermediate-depth events, with the most
active zone between Alhoceima (northern Morocco) and Alboran Island,
where the largest earthquakes have occurred. These earthquakes are the
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2004 Mw 6.3 Alhoceima (Morocco) and the 2016 Mw 6.4 Alboran Sea
earthquakes (Fig. 3), both with shallow depths (h < 10 km) (Ait Brahim
et al., 2004; Jabour et al., 2004; Stich et al., 2005; Buforn et al., 2017;
Medina and Cherkaoui, 2017; Galindo-Zaldivar et al., 2018; Kariche
et al., 2018; Gracia et al., 2019; Stich et al., 2020). These earthquakes
are well correlated to the geological faults of this zone.

Other evidence of regional complexity is the occurrence of very deep
earthquakes (h > 600 km) located south of Granada, the largest recor-
ded, those of 1954, M = 7.8 (gray triangle in Fig. 3) and the 2010, Mw
6.3 (black triangle in Fig. 3; Buforn et al., 2011; Mancilla et al., 2012;
Bezada and Humphreys, 2012). No seismicity is reported between
depths of 150 and 600 km (Hodgson and Cock, 1956; Chung and
Kanamori, 1976; Udias et al., 1976; Grimison and Chen, 1986; Buforn
et al., 1991, 1997, 2011).

This complex seismicity distribution is controlled by the interaction
of the Eurasian and African plates, which have a complex, not well-
defined continental plate margin. The origin of intermediate-depth
earthquakes in the Alboran Sea is still under discussion. Over the
years, different mechanisms have been proposed, including continued
subduction (Hatzfeld and Frogneux, 1981; Morales et al., 1999; Casado
et al., 2001; Gutscher et al., 2002, 2012), but recent studies (Pedrera
et al., 2011; Buforn et al., 2016; Sun and Bezada, 2020) propose that
subduction is not currently active and that its seismicity corresponds to
the present NNW-SSE compression existing between Iberia and Africa.
Other proposed origins include delamination of the continental litho-
sphere (Grimison and Chen, 1986; Seber et al., 1996; Mezcua and Rueda,
1997; Calvert et al., 2000), extensional collapse of the continental lith-
osphere (Platt and Vissers, 1989) and rollback of a dipping slab from
different subduction geometries (Spakman and Wortel, 2004; de
Lamotte et al., 2009; Van Hinsbergen et al., 2014; Carminati et al., 2012;
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Fig. 1. Regional location of the Alboran Sea in the western Mediterranean Sea. Main geological units and features are showed.
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Vergés and Fernandez, 2012). The E-W extension found in the shallow
part of the crust in the Alboran Sea may be explained using different
tectonic models, such as some kind of complex shallow subduction or
delamination process (Buforn et al., 1997, 2016; Mancilla et al., 2013;
Levander et al., 2014). Tomographic studies coincide in the identifica-
tion of a positive speed anomaly in the upper mantle dipping beneath
the Alboran Sea, although its origin and geometry are debated (Blanco
and Spakman, 1993; Spakman and Wortel, 2004; Amaru, 2007). Recent
tomographic studies have shown a narrow steeply dipping curved slab
(Bezada et al., 2013; Van Hinsbergen et al., 2014; Palomeras et al.,
2014). It is still debated whether the slab is detached (Piromallo and
Morelli, 2003; Palomeras et al., 2014) or connected to the surface
(Spakman and Wortel, 2004; Bezada et al., 2013). This is hardly
resolved, given that tomographic models do not have resolution at
shallow depths (50 to 100 km). Two recent studies have provided the
most new and reliable information: Sun and Bezada (2020) relocated
more than 900 intermediate-depth earthquakes between 1997 and
2017, and Santos-Bueno et al. (2019) relocated 145 events for the
2007-2012 period and estimated the fault-plane solutions of 42 of them
using P-wave first motion.

The objective of our study is to extend these studies, by carrying out a
detailed analysis of intermediate-depth seismicity. In our study, we
obtain 238 absolute relocations of earthquakes for the period
2000-2020 versus 58 of Sun and Bezada (2020) and focal mechanism for
25 events (M > 3.9) from moment tensor inversion while Santos-Bueno
et al. (2019) have used P-wave first motion. We relocated the earth-
quakes using a nonlinear probabilistic search, accounting for a regional
3D velocity model (NonLinLoc, Lomax et al., 2000). The use of a
nonlinear probabilistic approach, which provides “optimal” hypocenters
and complete information on location uncertainties, along with the use
of realistic 3-D lithospheric models that allow the inclusion of propa-
gation effects of highly heterogeneous velocity structures within a re-
gion, is a powerful tool to improve the hypocentral parameters and
better constrain the seismicity distribution (Buforn et al., 2017; Lozano
et al., 2020). Focal mechanisms and moment tensors are obtained based
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on first-motion polarities and fit of waveforms and spectra, respectively.
Moment tensor inversion is performed using a Bayesian optimizer
(GROND, Heimann et al., 2018), which provides source parameters,
including non-double-couple components, and their uncertainties.

2. Hypocentral relocation

An accurate determination of the geometry of seismic sources of
intermediate earthquakes in the Alboran Sea is important to better
constrain the focal mechanisms. Hypocentral relocation was performed
using the NonLinLoc software package. To take into account the complex
regional lithospheric structure, we use a 3D velocity model (El Moudnib
etal., 2015) instead of a simplified 1D model, which allows us to account
for propagation effects in highly heterogeneous velocity structures
within the Alboran Sea region. NonLinLoc performs a nonlinear proba-
bilistic search for a seismic hypocenter allowing travel time within a 3-D
grid to be calculated. This method follows the inversion approach of
Tarantola and Valette (1982), which provides “optimal” hypocenters
and an estimate of the posterior probability density function (PDF) for
the location of the spatial hypocenter and more reliable location un-
certainties than linearized classical inversions. The 3D model used in
this study covers the crust and upper mantle of the Alboran-Betic Rif
Zone, which was proposed based on recent high-resolution P-wave to-
mography (El Moudnib et al., 2015). Using an accurate 3D model allows
us to account for differences in the travel times of seismic waves within
the different crustal domains reported for this region (Gomez de la Pena
et al., 2018). The 3-D model was parametrized as a regular grid volume
of constant velocity cells of 20 x 20 x 4 km® in the x, y and z directions.
For the travel-time calculations, we considered a finer grid of 1 x 1 x 1
km? obtained by interpolation from the original model and extended to a
depth of 200 km with the IASP91 global model (Kennett and Engdahl,
1991). To take into account S arrivals, we assumed a constant vp/vs
ratio of 1.73 obtained from the Wadati diagram (Wadati, 1933) of a set
of 960 intermediate-depth earthquakes (M > 2) recorded in the region
between 2000 and 2020. Theoretical P- and S-wave travel times from
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Fig. 2. Kinematic reconstruction of the opening of the Algerian Basin, after Sanz de Galdeano (1990).
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Fig. 3. Epicenters for the 2000-2020 period with M > 3 (http://www.ign.es/web/ign/portal/sis-catalogo-terremotos). Epicenters of the 1954 and 2010 deep
earthquakes are the gray and black triangle, respectively. Black stars denote the 2004 and 2016 shallow earthquakes. The rectangle shows the region studied in this

paper. CSV: Cape Saint Vincent. GC: Gulf of Cadiz. SG: Strait of Gibraltar.

each 3-D grid node to each station were calculated using finite differ-
ences approximation of Huygens’ principle (Podvin and Lecomte, 1991).
To compute the probabilistic solution, we used the equal differential-
time (EDT) likelihood function, which is very robust in the presence of
outliers in the data (Lomax, 2005). The oct-tree importance sampling
method, which is faster than the conventional grid search (Lomax and
Curtis, 2001), was applied as the search algorithm for the PDF
evaluation.

We applied this methodology to relocate earthquakes with moderate
magnitudes (M > 3) and intermediate depths (40 to 110 km) in the
catalog of the Instituto Geografico Nacional (Instituto Geografico
Nacional (IGN), 2021; http://www.ign.es/web/ign/portal/sis-cat
alogo-terremotos) for the 2000-2020 period in the western Alboran
Sea (35.0-37.2°N, 3.7-5.4°W) (Fig. 3, rectangle). An initial set of 286
earthquakes in the IGN catalog were selected using these criteria. The
data correspond to 12,127 total P- and S-wave first arrivals (secondary
phases are not considered) from the IGN catalog, for a total of 151
seismic stations from permanent and temporary networks (Fig. 4) within
the region covered by our 3-D velocity grid. These networks are ES,
Spanish Seismic Network (doi: https://doi.org/10.7914/SN/ES); PM,
Portuguese National Seismic Network (doi: https://doi.org/10.7
914/SN/PM); WM, Western Mediterranean Seismic Network (doi: 10
.14470/J7581150); IG, Southern Spain Broadband seismic network;
LX, Universidade de Lisboa (doi: https://doi.org/10.7914/SN/LX); DZ,
Centre de Reserche en Astronomie, Astrophysique et Geophysique de
Algeria; SPGM, Service du Physique du Globe, Rabat, Morocco; MN,
MEDNET (doi: 10.13127/SD/fBBBtDtd6q); X1, UCM, Universidad
Complutense de Madrid. Fig. 4 shows the percentage of earthquakes to
which each station has contributed (for more details, see Supplementary
Material Table S1). The stations with lower contributions correspond to
temporary stations available for one or two months only, while

permanent stations have larger contributions (with the darkest colors in
Fig. 4). This figure highlights the higher density of stations in southern
Spain versus the low number of permanent seismic stations in northern
Africa. This is indicated by a slight increase in the hypocentral location
uncertainties when approaching Morocco (Supplementary Material
Fig. S1 and Table S1). Events with few readings (less than 20 readings
and 8 P-S pairs) and observations with large time residuals (>2.0 s) were
removed, and we considered only well-constrained solutions. With these
criteria, we reduced the dataset to 238 earthquakes, with a mean
azimuthal gap of approximately 140°. The large number of events
allowed us to derive robust station corrections, and station delays were
included in the location process by means of the average of the phase
residuals for P- and S-waves, including the station delays in a second
run. From the final set of events, 11 events have been relocated at
shallow depths (h < 40 km), with average depth uncertainties of 15 km,
and are no longer considered intermediate-depth earthquakes. Two of
the shallow earthquakes are located at the Malaga coast, around 34 to
39 km depth (+ 5 km), similar to the IGN catalog locations (40-43 + 5
km). However, we removed them from Fig. 5 and the discussion to keep
consistency in our analysis of the intermediate-depth seismicity. The
remaining nine shallow events correspond to earthquakes mostly
located along the Moroccan coast, except for one in southern Alboran
sea. We have carefully checked these events, comparing their S-P times
with the S-P of deeper earthquakes, with similar epicentral locations, at
certain common stations. Inconsistencies in the S-P values, few available
P-S picks, large azimuthal gaps and large depth errors of most of them,
lead us to conclude that these earthquakes may be mislocated in depth.
Thus, we discarded them for later discussion.

Relocated seismicity is distributed in a narrow NNE-SSW band
beneath the western part of the Alboran Sea, bending ENE-WSW beneath
the coast of Spain. We observe a lateral variation in the seismicity rate
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Fig. 4. Contribution of each station to the relocation process (in % relative to the total number of relocated events, Supplementary Material Table S1). The stations
used to belong to the following seismic networks: ES, Spanish Seismic Network (doi: https://doi.org/10.7914/SN/ES); PM, Portuguese National Seismic Network
(doi: https://doi.org/10.7914/SN/PM); WM, Western Mediterranean Seismic Network (doi: 10.14470/J7581150); IG, Southern Spain Broadband seismic network
(r); LX, Universidade de Lisboa (doi: https://doi.org/10.7914/SN/LX); DZ, Centre de Reserche en Astronomie, Astrophysique et Geophysique de Algeria; SPGM,
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along this curved profile, almost parallel to the Gibraltar Arc, with an
alternation of seismically active regions and aseismic regions (Fig. 5a). A
small seismic gap is observed around latitude 36°N. We identify two
spatial clusters north of this gap, which we refer to as Clusters Al and
A2, and one to the south, namely, Cluster A3. Cluster Al is located
inland, with epicenters extending in the E-W direction from 3.9°W to
4.6°W and latitude 37.0°N to 36.75°N. Clusters A2 (36.25°N-36.75°N)
and A3 (35.9°N to 35.3°N) have N-S orientations extending from 4.4°W
to 5.2°W. In Fig. 5b, we show a vertical N-S cross-section of hypocenters
together with their depth error bars. The maximum depth is approxi-
mately 100 km, and the hypocentral depths smoothly decrease in Cluster
A2 to the north, in the direction of the Spanish coast. In Cluster A3, we
observe a similar although less marked behavior, with focal depth
decreasing from latitude 36°N to the south. In addition, it is observed a
depth increasing from west to east in A2 and A3. The depth errors are
larger for Cluster A3 due to the lower number of local stations and the
asymmetric distribution of the seismic network. The deepest earth-
quakes are found in both A2 and A3 clusters, close to the central aseismic
region. In Cluster A1, the hypocenters are shallower, between 40 and 70
km, except for three earthquakes with a greater depth uncertainty
(Fig. 5b). Hypocenters and their uncertainties are given in Supplemen-
tary Material Table S2. The uncertainties are represented by the 90%
confidence depth interval (ErrZ), ellipse semi-major and semi-minor
axes (Smajax and Sminax, respectively), and the strike of the semi-
major axis. Fig. 5¢c shows a vertical E-W cross section of hypocenters,
which highlights that the maximum depth (approximately 100 km) is
reached between 4.7°W and 4.5°W (Eastern part of Clusters A2 and A3)
and that the depth decreases when we move to the east and west. The

figure also shows that the uncertainties are smaller for earthquakes
inland and offshore near the Spanish coast and become larger toward the
African coast due to the worse station coverage and lower available P-S
pairs. Epicentral uncertainties range between 1 and 13 km in the
southern Alboran Sea, 1-10 km close to the coast of Spain and 1-8 km
onshore. Depth uncertainty ranges are 4-25 km, 2-13 km and 2-10 km,
respectively, in the same regions. The uncertainty ellipsoids are typically
elongated WNW-ESE or ENE-WSW, implying larger uncertainties in
longitude. The root mean square (RMS) has values between 0.19 and
0.62 s (Supplementary Material Table S2).

The comparison between the relocations obtained in this study and
those of the IGN catalog (Supplementary Material Fig. S1), using the
linear algorithm LocSAT (Bratt and Bache, 1988) and a 1D model for the
whole Iberian region (Martinez-Solares, 1995), shows a significant
improvement. For the epicenter, the major and minor ellipsoid axes
(Supplementary Material Fig. S2 and Table S2) are reduced (86% and
93%, respectively), on average by ~1 km (http://www.ign.es/web/
ign/portal/sis-catalogo-terremotos). The largest improvement (~9 km)
is found for earthquakes in Cluster A3. Depth uncertainties decrease for
168 events (74%), with differences up to ~24 km (Supplementary Ma-
terial Fig. S2 and Table S2). Our results display an overall eastward shift
of the epicenters, ranging between 1 and 13 km; epicenters with a larger
shift are those onshore and off the coast of Spain. The depth of 39 (91%)
onshore earthquakes is reduced between 1 and 15 km, while for offshore
earthquakes, it increases for 130 (71%) events between 1 and 30 km (see
Supplementary Material Table S2).
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Fig. 5. Relocated hypocenters of M > 3.0 intermediate-depth earthquakes (h > 40 km) that occurred in the western Alboran region (2000-2020) using the NonLinLoc
algorithm (Lomax et al., 2000) and a regional lithospheric 3D velocity model (El Moudnib et al., 2015). On the right, latitude (north-south) and longitude (east-west)
depth profiles with depth uncertainty bars are shown. Dashed circles represent different clusters (A1, A2 and A3).

3. Focal mechanisms

We selected 25 earthquakes out of 238 relocated events that occurred
between 2002 and 2020 with magnitude 3.9 < mb < 4.8 (IGN catalog)
and focal depth varying from 50 to 110 km after relocation (Supple-
mentary Material Table S2). These earthquakes have well-constrained
hypocenters, with location errors of less than 5 km for the epicenter
and between 2 and 6 km for depth (earthquakes E1, E3 and E17 have
depth errors of 10, 11 and 8 km, respectively, Supplementary Material
Table S2). We investigated their seismic sources using two different
approaches. First, we obtained the fault-plane orientation using a P-
wave first-motion (FM) method. Next, we performed a moment tensor
inversion using a probabilistic inversion approach to obtain a deviatoric
moment tensor (MT). Comparing the results of the two independent
methods allows us to evaluate their quality. We used 113 stations at
regional distances (x < 800 km) from permanent and temporary net-
works (Supplementary Material Fig. S3). The number of stations used for
each earthquake changes depending on their availability and the
method used: between 6 and 31 stations for the polarity method and
between 4 and 34 stations for the MT inversion. These data correspond
to the following networks: ES (Spanish National; doi: https://doi.
org/10.7914/SN/ES), WM (Western Mediterranean; doi: 10.14470
/jz581150), PM (Portuguese National; doi: https://doi.org/10.7
914/SN/PM), GSN-IU (Global Seismograph Network; doi: https://doi.
org/10.7914/SN/IU) and IP (Instituto Superior Tecnico Broadband)
permanent seismic networks; and they correspond to the following de-
ployments: the Topolberia-Iber Array (doi: https://doi.org/10.7
914/SN/IB), TEDESE, PICASSO (doi: https://doi.org/10.7914/S
N/XB_2009) and Hire-II (doi: 10.14470/8 W7568280780) de-
ployments (Supplementary Material Fig. S3).

For the polarity method, we used MECSTA software with stations
located at epicentral distances below 800 km (Buforn and Udias, 1984;
Udias and Buforn, 1988). This method is based on a probabilistic model
developed by Brillinger et al. (1980) that provides the fault plane
orientation together with the T and P axes, an estimation of their errors,

and the score for each solution. The score is defined as the ratio of
correct polarities out of the total number of observations. We used a
lithospheric model with a gradient velocity to estimate the take-off an-
gles (Buforn and Udias, 1984). Only observations with a clear P-wave
arrival on vertical components have been used, with an average of 16
polarities per earthquake (Supplementary Material Table S3).

The moment tensor inversion is performed using GROND software to
fit ground displacements and spectra. Displacement waveforms are ob-
tained after deconvolution of the instrumental transfer function, rota-
tion of the horizontal components to radial and transverse components,
and bandpass filtering. GROND has been used in several other studies,
even in the same region (Hensch et al., 2019; Walter et al., 2019; Cab-
ieces et al., 2020). For permanent stations, we simultaneously fitted the
displacement waveforms of the P and S phases in the vertical and
transverse components, respectively, as well as their corresponding
amplitude spectra. For temporary installations, where we could not
verify the reliability of the instrumental response, we fit the displace-
ment traces only by cross-correlation. A similar approach has been used
for a recent study offshore Spain (Cesca et al., 2021). Given the low
magnitude of the selected earthquakes, we used only stations with
epicentral distances up to 300 km. Furthermore, given the intermediate
depth of the earthquakes, with seismic signals characterized by clear P-
and S-wave onsets but low-amplitude surface waves, we used a 6 s time
window for the P phases in the vertical components and an 8 s time
window for the S phases in the transverse components, starting 3 s
before the manually picked phase arrivals in both cases. The frequency
band for each earthquake was selected to maximize the signal-to-noise
ratio. In most cases, we used a bandpass of 0.5-2 Hz. In some cases,
when the microseismic noise reduced the signal-noise ratio, we
increased the bandpass to 1-3 Hz. We further increased the frequency
bandpass to 1.5-4 Hz in only one case. We manually checked all
waveforms and removed a few traces with high noise levels, data gaps or
mismatches among theoretical and picked arrival times. As a result,
GROND provides the scalar seismic moment (M), moment magnitude
(My), moment tensor components, centroid location and depth and
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centroid time. We restricted the search for the centroid location to
within 5 km from the relocated hypocenter. Here, we present the mean
MT solution derived from the ensemble of MT solutions obtained by
bootstrapping (Heimann et al., 2018). The adopted bootstrap approach
provides confidence intervals for all resolved source parameters. Fig. 6
shows an example of an MT inversion result for the E8 earthquake,
providing the focal sphere (a), the moment magnitude in gray with a
black line in the magnitude of the IGN catalog (b), and selected examples
of waveform and spectral fits (c). The fits show the observed (gray lines)
and synthetic (black lines) displacement waveforms with a panel that
lists the station name (ECEU and EQTA), epicentral distance and azi-
muth. The bottom panel in the frequency domain shows the comparison
between the amplitude spectra of the observed (black filled line) and
synthetic (gray filled line) traces.

Synthetic seismograms were computed from Green’s functions pre-
calculated with the ortho-normalization method QSEIS (Wang, 1999).
Since the selection of the velocity model could partially bias the moment
tensor inversion results (Domingues et al., 2013), we tested the stability
of the MT results by repeating the inversion with two different 1-D ve-
locity models, one based on the Crust2.0 database (Bassin et al., 2000)
and one proposed by Stich et al. (2003), derived from a selection of local
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and regional models (Supplementary Material Fig. S4). We assessed the
performance of both velocity models, comparing the average cross-
correlation normalized misfit values. Supplementary Material Fig. S5
compares these values for each earthquake, and the velocity model
performed similarly. The predictive MT solutions are similar, but the
second model (Stich et al., 2003) presents slightly lower misfit values for
all earthquakes. For this reason, we only include in the discussion the
MT results using the Stich et al. (2003) model.

In this way, we obtained for each earthquake a DC mechanism from
first-motion polarities (FM solution in Supplementary Material Fig. S6
and Table S3) and a deviatoric MT solution (MT) from the moment
tensor inversion (Supplementary Material Fig. S7 and Table S4). MT
solutions were classified as Quality A if they had at least 6 P-wave and 5
S-wave observations, an azimuthal gap for observations lower than 200°
and if the number of correct observations over the focal sphere (score)
was larger than 70%. If one of these conditions did not hold, the solution
is listed as Quality B. We obtained 14 Quality A and 10 Quality B so-
lutions (Supplementary Material Table S5). The comparison of the so-
lutions obtained from FM and MT inversions shows a general agreement,
with some differences (differences of P or T axes plunges greater than
30° and/or axes azimuths between 70° and 110° or 250° and 290°)
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Fig. 6. Moment tensor (MT) inversion results for the E8 earthquake. a) Mean MT solution obtained from the ensemble of MT solutions using GROND software
(Heimann et al., 2018). b) Magnitude probability density functions. Fits of observed data (gray). c) Synthetic displacement obtained from the best MT.
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found for 11 earthquakes (E1, E2, E10, E11, E12, E13, E14, E17, E19,
E20 and E22 events).

Fig. 7 shows the best solutions of the selected earthquakes, in some
cases corresponding to the FM solution (marked with an asterisk in
Table 1) and in the majority of cases to the MT solution (Table 1). For
event E1, FM and MT solutions were discarded because of the low
number of stations, specifically broadband stations (Supplementary
Material Figs. S6 and S7). For events E2 and E10, the MT solution was
preferred, as the azimuthal coverage was improved, and the score of the
polarity fit was comparable to the P-wave first-motion polarity solution.
Some of the MT solutions have large CLVD (Compensated Linear Vector
Dipole) components. The orientation of the T axis is poorly resolved for
MT solutions with positive CLVD components (events E11, E12, and
E17); the same occurs with the orientation of the P axis for MTs with
large negative CLVD components (E13, E19, and E20). MT solutions for
events E13, E19 and E20 do not fully agree with polarity data (score <
70%), so for these cases, the MT solutions were discarded, and FM so-
lutions were preferred. For events E14 and E22, both FM and MT solu-
tions satisfactorily fit the P-wave polarities (scores >70%), with a good
station distribution (gap <155°), so that both solutions could be
possible: in these cases, we selected the MT solutions, as they rely on
more data. Finally, for earthquake E4, the MT solution was unstable,
with a large difference between the best and mean solutions, and we
used the FM solution. In conclusion, we select the MT solutions, except
when the polarity score is below 70%. In such case, we select the FM
solutions. In Fig. 7, the plotted focal mechanisms correspond to the MT
solution (20 events), except for earthquakes E4, E13, E19 and E20 (FM
solution). Event 1 has been removed from the selected data.

The distribution of focal mechanisms (Fig. 7) is quite heterogeneous,
with mostly dip-slip and normal solutions and few thrust and strike-slip
mechanisms. From 20 MT solutions, 9 have a CLVD component lower
than 30% (Table 1, events E3-7, E13, E15-16, and E18-21), so the
moment tensor solution is dominated by the DC component. A larger
CLVD component (greater than 30%) for the remaining 11 earthquakes
does not correlate with the magnitude, number of stations or depth.
Regarding the stress axes, 7 earthquakes (2 from the FM solution) have a
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Fig. 7. Focal mechanisms selected from FM and MT solutions (Table 1). The
kernel density estimation of epicenters obtained from relocations of this study is
represented in grayscale. SG: Strait of Gibraltar.
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sub-horizontal P axis (plunge less than 30°), 9 events have sub-
horizontal T axes and 5 earthquakes have sub-horizontal T and P axes
(E3, E9, E24, E8 and E21) (Table 1).

The MT solution for earthquake E14 is in agreement with the solu-
tion obtained by Martin et al. (2015). Solutions for earthquakes E7, E8
and E9 are in agreement with the focal mechanism obtained by Santos-
Bueno et al. (2019) using P-wave polarities.

Regarding the other parameters, we obtained My and Mw values
(Supplementary Material Table S4). The My values vary from 1.3 x 1013
to 1.9 x 10'° Nm, and the Mw values vary between 2.7 (E6) and 4.2
(E2). We further report Mw values based on mb estimates of the IGN
catalog (Supplementary Material Table S2) using the empirical relation
by Cabanas et al. (2015) (Supplementary Material Table S2, except for
event E14). The M,, values obtained using this relation are generally
larger than those obtained by the MT inversion. These results can be
explained due to the fact that the relation by Cabanas et al. (2015) was
obtained using only shallow earthquakes, not including intermediate-
depth earthquakes. An overestimation of the IGN magnitude was also
obtained by Santos-Bueno et al. (2019). Our results show that a specific
relation between mb and Mw is necessary for intermediate-depth
earthquakes for the region.

4. Discussion

From the selected 238 earthquakes (2000—2020), the hypocentral
relocation show 227 located have 50 and 100 km focal depth. Eleven
earthquakes are shallower (h < 40 km). We find that epicenters and
depth uncertainties are larger in the southern Alboran Sea (latitude
35,5°N to 36°N), which we explain as a consequence of the lower station
density in Northern Africa (average gap of 173°) and the lower number
of picked seismic phases (average of 45 per event). Compared to the
original IGN locations, relocated epicenters are shifted slightly to the
east; a similar result was also found by Santos-Bueno et al. (2019). A
comparison with the locations by Santos-Bueno et al. (2019), which is
possible only for 17 common events, suggests a general agreement,
except for those earthquakes in which we obtain shallow hypocenters.
For the period of 2010-2013, during the temporary deployment of the
PICASSO project, we relocated 34 events with magnitudes greater than
3.0; our results are in good agreement with the PICASSO catalog and the
locations by Sun and Bezada (2020), except for three earthquakes in
northern Morocco, which we found to be shallow, with depths of 24-34
km (Supplementary Material Fig. S8).

Relocations depict a clustered seismicity pattern along an alignment
in the western Alboran Sea, with three spatial clusters. The two clusters
across the Alboran Sea area are separated by a volume with scarce
seismic activity, extending between ~35.8°N and ~ 36.25°N (Fig. 5).
The first cluster (A1) extends E-W beneath the Spanish coast. The other
two clusters (A2 and A3) are located in the western part of the Alboran
Sea, with mostly offshore foci distributed in a narrow NNE-SSW strip
separated by an aseismic region in the middle of the Alboran Sea. Sun
and Bezada (2020), using seismicity data for the period of 1997-2017,
proposed the presence of five clusters. They suggest that Cluster Al is
separated into two sub-clusters, but we consider that this separation is
hardly resolved, given that the distance between events in the two po-
tential sub-clusters is on the same order of the average location uncer-
tainty. The proposed fifth cluster is in a region where we observe scarce
seismic activity; this difference may result from the different criteria
applied to select the relocated earthquakes, where we discarded earth-
quakes with M < 3 and considered the period of 2000-2020.

We obtained the focal mechanism for 24 selected events (4 FM and
20 MT solutions; 15 Quality A and 9 Quality B). Differences in the
plunge of the pressure and tension axes of the two solutions are found in
few cases and can be explained by the low number of data points or the
large amount of CLVD. Relatively large CLVDs are found for a significant
number of earthquakes (11 events). Spurious non-double-couple com-
ponents can appear due to high noise levels in data or network geometry
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Table 1
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Focal mechanism obtained from MT inversion using GROND (Heimann et al., 2018), the asterisk * denotes focal mechanisms from P-wave first-motion (MECSTA
software, Buforn and Ud{as, 1984; Udias and Buforn, 1988). REF: event identification; stress trend and plunge; CLVD component (%); strike, dip and rake of fault plane;

quality of the solution; score: number of correct observations/total observations.

Ref Plunge P (°) Trend P (°) Plunge T (°) Trend T (°) CLVD [%] Strike [°] Dip [°] Rake [°] Quality Score [%]
E21 10 287 56 182 15 344 45 40 A 86
E19* 11 132 18 222 359 78 14 A 83
E24 10 303 6 34 91 348 87 -12 A 88
E20* 68 41 22 236 - 142 67 —-95 A 100
E8 22 304 6 36 79 348 79 -20 A 96
E14 26 337 37 226 69 17 43 11 A 75
E12 21 327 23 66 62 197 89 32 A 82
E7 32 160 9 64 24 197 61 -17 A 100
E5 24 312 65 119 26 53 21 104 A 90
E11 17 228 70 16 62 333 29 111 A 83
E22 84 288 6 131 65 224 39 -86 A 75
E13* 17 88 34 189 - 322 79 38 A 100
E25 73 33 13 256 77 360 34 -70 B 100
E9 41 307 35 180 59 329 30 -7 A 98
E18 70 324 9 209 3 319 39 —62 A 81
E2 83 316 5 183 39 278 40 —82 B 89
E4* 38 199 49 355 - 98 85 102 A 100
E3 18 346 20 249 25 28 62 2 B 80
E17 40 159 17 264 71 207 76 —43 A 100
E10 70 11 3 271 30 164 51 -115 A 100
E6 71 115 18 313 11 52 27 —78 B 75
E15 18 168 13 263 12 215 87 —-22 A 100
El6 46 290 44 106 5 125 2 -163 A 93
E23 1 308 68 216 81 17 48 60 B 88

asymmetry (Cesca et al., 2013). The velocity model is likely not
responsible for the large CLVDs, as we tested the inversion with different
models and similar results (Supplementary Material Figs. S4 and S5). We
also found no correlation between the azimuthal coverage and the CLVD
percentage, which could suggest a bias due to the network geometry, or
between the magnitude and the CLVD percentages, which could indicate
a bias due to seismic noise. In these conditions, the non-DC terms may
represent a true source feature, either attributed to source complexity
(Kagan, 2009) or to the processes driving intermediate-depth seismicity
(Frohlich and Nakamura, 2009).

Fig. 7 shows our MT (E2-3, E5-12, E14-18, and E21-25) and FP (E4,
E13, E19, and E20) selected solutions (Table 1) and the kernel density
estimation of relocated epicenters and the three proposed clusters (A1,
A2 and A3). In general, the moment tensor solutions, including their
non-DC terms, are quite heterogeneous. Despite this fact, pressure and
tension axes are quite homogeneous within each of the three considered
clusters. In Cluster Al (formed by 9 earthquakes), events E19, E12, E24
and E8 have sub-horizontal P and T axes that correspond to strike-slip
motion. However, three shocks (E8, E24 and E12) have CLVD compo-
nents larger than 60% (79%, 91%, and 62%), so we can conclude that in
Cluster Al, only E19 (FM solution) has a pure strike-slip mechanism.
This earthquake is located inland, with an estimated M,, = 2.8 and depth
of 57 km and low hypocenter uncertainties (2 and 1 km for the epicenter
and 3 km for depth). These results are in partial disagreement with
Santos-Bueno et al. (2019), who suggested an overall predominance of
strike-slip solutions. In Cluster A2 (7 events), we observe a predominant
sub-horizontal T axis (E22, E25, E18 and E2), with large CLVD com-
ponents (more than 59% in 4 events) and a clear, stable sub-vertical P
axis (Table 1). MTs in Cluster A3 (7 events, namely, E3, E4, E6, E10, E15,
E16, and E17) are quite heterogeneous: the southernmost events (E3 and
E15) have sub-horizontal P and T axes, denoting a strike-slip compo-
nent, with variable CLVDs. Event 17 has a sub-horizontal T axis and the
largest CLVD of 71%. Events E6 and E10 show sub-vertical P axes,
denoting a normal faulting component, and the remaining two events
(E4 and E16) show vertical dip-slip mechanisms, with P and T axes
dipping approximately 45°. Event 23 (h = 51 km) is located in the SG,
and among the concentration of intermediate-depth events, the MT so-
lution has a large CLVD component (81%) and a horizontal P axis.

Fig. 8a shows a horizontal projection of the T axis, and Fig. 8c shows

the projection of the P axis. In Fig. 8b and d, we plotted the epicenters of
earthquakes with focal mechanisms with symbol sizes proportional to
the plunge of the T and P axes, respectively (a vertical axis is represented
by a point). The symbol color varies with depth. We observe a pre-
dominance of sub-horizontal T axes (plunges less than 30°, Fig. 8a and
b). However, their orientations vary substantially from one cluster to the
other; a rotation of the trend of this axis varies from a NE-SW orientation
in Cluster Al to N-S in Cluster 2 and finally to E-W in Cluster A3. The
deepest events (h = 86 to 92 km) are located in Cluster A2. There are
fewer earthquakes with a sub-horizontal pressure axis (12 out of 24,
Fig. 8c), and generally, the P axis is more regularly NNW-SSE, in
agreement with the regional stress regime in this area derived from the
convergence between Eurasia and Africa. Only 3 earthquakes have a P
axis oriented in the NE-SW to E-W direction, but two of them (E13 and
E4 in Clusters A2 and A3, respectively) have FM focal mechanisms, and
the third earthquake E11 (MT solution) has a 62% CLVD component. In
general, we observe that sub-horizontal NNW-SSE-oriented P axes are
characteristic of Cluster Al, north of Cluster A2 and south of Cluster A3.
Conversely, events south of Cluster A2 and north of Cluster A3, close to
the aseismic region, have a different P axis orientation, which is sub-
vertical (Fig. 8d).

Our results do not confirm the predominance of pure strike-slip so-
lutions obtained by Santos-Bueno et al. (2019) based on first-motion
polarity. In addition to these differences, we resolve the horizontal
compression in the NE-SW direction, which is in agreement with the
study of Santos-Bueno et al. (2019) and with other previous works in the
region (Buforn et al., 1997; Buforn and Coca, 2002; Martin et al., 2015),
which is also consistent with the crustal stress field in the Alboran Sea
(Stich et al., 2006). However, we point out for the first time a progres-
sive rotation of the tension axes, which are generally sub-horizontal and
vary in orientation from EW in the southern Alboran Sea to NE-SW on
the Spanish coast.

In Fig. 9, we show a scheme of the geometry of the intermediate-
depth earthquakes in the Gibraltar Arc. The present position of the
emerged Betic-Rif Internal Zones (BIZ and RIF) is result of the WSW
wards drift. Consequence of this drift is the sunken slabs of the Iberian
and African plates around Gibraltar. The origin of the intermediate-
depth earthquakes in the Alboran Sea are this narrow vertical and
curved slab, with an asymmetric geometry: more extensive and
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Fig. 8. Left horizontal projections of the T (a) and P (c) axes obtained in this study. Dashed lines represent the solutions with CLVDs greater than 60% and positive
values (T axis). At the right plunges of T (8b) and P (8d), the size of the symbol is proportional to the plunge (vertical axes have the minimum size).

developed in the Betic area (Fig. 9). The three clusters of epicenters may
be considered the western boundary of the slabs origin by the Internal
Zone, defining a transitional region from the base of the crust to the
upper part of a slab. Cluster A1 corresponds to the northern part of the
boundary region with an E-W region that extends from 40 to 70 km
depth and where the stress regime corresponds to NE-SW horizontal
extension. Clusters A2 and A3 mark the western part of this transition
region, which is deeper than the northern part (extending from 40 km to
110 km). This western part of the slab has a low seismicity region, from
36.25°N to 35.9°N, which is practically a gap, that may be interpreted as
the limit between the African and Iberian slabs, a region with different
material. There is an abrupt change in the orientation of the T axis across
the discontinuity marked by the aseismic region, with horizontal NE-SW
extension to the north and E-W extension to the south (Fig. 9). Differ-
ences in T axes among clusters are most likely consequence of the slab
curvature, rather than with a change in the stress conditions. Interme-
diate depth seismicity in subducting regions is typically characterized by
normal faulting events, striking parallel to the trench. Our results show
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very few moment tensor solutions show such a mechanism (only E10
and E6 display a compatible focal mechanism). We interpret this
observation as an additional indication of the complexity of the region
and that the subduction is not active (Pedrera et al., 2011; Buforn et al.,
2016; Sun and Bezada, 2020). Thus, the seismicity occurs within the
volume of the inactive subduction, but is controlled by other tectonic
stresses, such as the aforementioned Iberian-African convergence.
Other authors, such as Sun and Bezada (2020), have associated this
intermediate-depth seismicity with delamination and thinning of the
slab, as tomography is unable to resolve it. According to their model,
Clusters A2 and A3 (extending within 40-110 km depth in the NE-SW
orientation; Fig. 8a) would be located on and inside the slab (Bezada
et al., 2014; Bonnin et al., 2014; Monna et al., 2013; Villasenor et al.,
2015). The seismicity in the slab (h > 60 km) has been interpreted by
Heit et al. (2017) as a consequence of an N-S sub-horizontal plane tear of
the slab. Our study shows a progressive change in the orientation of the
extensional stress from NE-SW in southern Iberia to E-W in northern
Africa (Fig. 8a). The extensional stresses are perpendicular to the
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Sunken slab of part
~of the Iberian crust

Fig. 9. Schematic reconstruction of the geometry of the subduction in the
Gibraltar arc. A: present position of the emerged Betic-Rif Internal Zone (BIZ-
RIZ) along with a schematic of the seismicity and the horizontal projections of
the T axes. B: the sunken slabs of the Iberian and African plates along with a
schematic of the vertical projections P axes.

borders of the slab, both at the Gibraltar Arc and the southern coast of
Spain. The NW-SE horizontal compression at the southern coast of Spain
(Fig. 8c) derived from our focal mechanism may be explained in terms of
the convergence between Eurasia and Africa. The vertical compression
in Clusters A2 and A3 is more difficult to explain, may be consequence of
this former “composed” subduction, and it is an evidence of the tectonic
complexity of this region.

The intermediate-depth seismicity is not correlated to the shallow
earthquakes that occurred in the Alboran Sea, which are located east of
the intermediate-depth events, following a NE-SW direction, from
Almeria in southern Spain to Al Hoceima in northern Africa (Fig. 3) and
with focal mechanism of strike-slip motion. Furthermore, another evi-
dence of the complex seismotectonic of this area nor is the correlation
between the intermediate and the very deep seismicity located in a nest
at the bottom of the slab (at a depth of approximately 650 km) under
Granada and where the focal mechanisms correspond to P and T axes
oriented E-W and dipping 45° (Buforn et al., 1991, 2011).

5. Conclusions

The results of the relocation of 227 intermediate-depth hypocenters
that occurred in the Alboran Sea between 2000 and 2020, using a
nonlinear method (NNL) and a 3D-velocity model show that the seis-
micity extends laterally in the western part of the Alboran Sea almost
parallel to the Gibraltar Arc in a narrow band of ~50 km between 40 and
110 km depth. The use of a 3D earth model takes in account the tectonic
complexity of the region, thereby improving the quality of the hypo-
centers. We observe a slight displacement toward the east of the hypo-
centers compared to the IGN catalog.

Three clusters of earthquakes are observed, one in an E-W orienta-
tion in southern Spain and two offshore N-S orientations separated by a
seismic gap, in the limit between the African and Iberian slabs. The focal
depth increases from the Strait of Gibraltar, reaching a maximum (110
km) at 4.5°W and it is lower in the northeast (onshore epicenters in
southern Spain).

Focal mechanisms and moment tensors of 24 earthquakes were
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obtained using P-wave first-motion and waveforms and amplitude
spectra moment tensor inversion. In the last case, we repeated the MT
inversion with two different 1-D velocity models, obtaining similar re-
sults. In 11 cases, the CLVD component of the MT inversion is greater
than 30%, a percentage that may represent a true source feature, either
attributed to a source complexity or to the processes driving
intermediate-depth seismicity. Focal mechanism solutions are hetero-
geneous, but we identify clear spatial patterns in their principal axis
orientation. Pressure axes are either oriented NW-SE, compatible with
plate convergence, or sub-vertical, in the central part of the Alboran Sea.
Predominant horizontal extension stresses show a rotation from NE-SW
in southern Spain to E-W in northern Africa. We found no clear relation
among the intermediate-depth seismicity and the shallow and very deep
earthquakes also present in this region.
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