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Abstract Intermediate deep earthquakes are usually associated with active subduction, and show mostly
dip-slip faulting mechanisms aligned with the downgoing oceanic lithosphere. Forty-two new focal
mechanisms from 50- to 100-km depth beneath the Gibraltar Arc and Alboran Sea show different
characteristics. The most abundant solutions are strike-slip mechanisms, in agreement with relative plate
motion between Nubia and Eurasia. Additional reverse faulting mechanisms indicate compression in
direction of absolute plate motion, reproducing the basal drag of the mantle on the hanging lithosphere. In
turn, no signature of ongoing subduction was found. Migrated sections of P wave receiver functions
suggest that a significant part of intermediate deep seismicity is produced within the stalled remnants of
Jurassic age, oceanic lithosphere that once formed the connection between the Alpine Tethys and the central
Atlantic and later has been buried beneath the Gibraltar Arc.

Plain Language Summary Earthquakes below 50-km depth are usually associated with active
subduction, and the direction of faulting is aligned with the orientation of the subduction zone. Faulting
in 42 earthquakes beneath the Gibraltar Arc and Alboran Sea shows different characteristics. The most
abundant solutions show horizontal slip, in agreement with relative plate motion between Africa and
Europe. Further solutions are associated with shortening and suggest compression from the basal drag of the
Earth's mantle on the moving plates. In turn, no signature of active subduction was found. Images of the
Earth’s interior from teleseismic waves suggest a relation between the earthquakes and a stalled remnant of
~150-Ma-old oceanic material that once formed the connection between two oceans and later has been
buried beneath the Gibraltar Arc.

1. Introduction

The Gibraltar Arc is a tightly curved Orogene that connects the Alpine mountain belts in Southern Spain
and Northern Morocco across the Strait of Gibraltar. It separates the Alboran Sea, the western
termination of the Mediterranean, from the Gulf of Cadiz and Atlantic Ocean to the west. The region
is subject to widespread, moderate seismicity, responding to the oblique, WNW-ESE convergence between
Eurasia and Nubia at rate of ~5 mm/year, as well as extensional processes in the Alboran region since the
Miocene (e.g., Koulali et al., 2011; Stich et al., 2006). Seismicity in the area includes shallow and
intermediate deep earthquakes and isolated, deep events in the mantle transition zone (~600 km; e.g.,
Buforn et al,, 2011). Intermediate deep seismicity concentrates between 50- and 100-km depth, in a
150-km-long band that stretches from southern Spain into the Alboran Sea (Figure 1). Within this band,
we can distinguish more intense activity within three clusters located beneath the center of the Western
Alboran Sea, in front of the Spanish coast, and onshore, respectively. Intermediate deep seismicity
terminates abruptly toward east, while scattered subcrustal events do occur in a ~200-km-wide band
toward west.

Models to explain Alboran extension (Comas et al., 1992) and the presence of intermediate deep earthquakes
are still discussed controversially. Proposed mechanisms include delamination of subcontinental
lithosphere (Calvert et al., 2000; Mancilla et al., 2013; Seber et al., 1996), extensional collapse (Platt &
Vissers, 1989), rollback of an eastward dipping lithospheric slab (Faccenna et al., 2004; Lonergan &
White, 1997; Spakman & Wortel, 2004), or ongoing subduction (Gutscher et al., 2002, 2012). All these
hypotheses honor the existence of a high-velocity anomaly in the upper mantle beneath the Alboran
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Figure 1. Map showing seismicity of the Gibraltar Arc and surrounding area (light blue for earthquakes at normal depths less than 40 km, dark blue for events
larger equal 40 km; deeper events, hypocenters according to Instituto Geografico Nacional catalogue 2015-2017; only locations with depth are taken; those
without assigned depth are dropped). Grid: Gebco 2014. Permanent stations in yellow, stations from the TopoIberia deployment used in red, and stations used from
the Picasso deployment in green. The black box outlines the study area. Right side: projection of hypocenters within the study area onto E-W (top right)

and S-N (bottom right) vertical sections. Light and dark blue like map; yellow for hypocenters relocated in this study.

region. Recent tomographic images show the steep-dipping, narrow and curved Alboran slab with
unprecedented detail (Bezada et al., 2013; Bonnin et al., 2014; Fichtner & Villasefior, 2015; Palomeras
et al.,, 2014, 2017), strengthening interpretations in terms of subduction-related processes. Still, recent
tomographic models disagree on the shallow structure (50-100 km) and lack resolution to clarify the
geometric relationship between the slab and intermediate deep earthquakes. In particular, there is no
consensus on whether the slab is detached (Palomeras et al.,, 2014; Piromallo & Morelli, 2003) or
connected to the surface (Bezada et al., 2013; Spakman & Wortel, 2004), and whether the shallow part
represents lithosphere of oceanic (Gutscher et al., 2002) or continental origin (Palomeras et al., 2014;
Thurner et al., 2014). In this study, we aim at a better understanding of the structural context and
ongoing deformation in the intermediate deep seismic zone.

Most intermediate earthquakes worldwide occur along recognized slabs and show predominately dip-slip
focal mechanisms with principal strain axes aligned close to the strike, dip, and normal vectors of the slab
(Chen et al., 2004; Christova & Scholz, 2003; Myhill & Warren, 2012). Beneath the Gibraltar Arc and
Alboran Sea, few mechanisms are available for intermediate deep earthquakes, and the solutions appear het-
erogeneous. Eight seismic moment tensor mechanisms for depths greater 40 km (Buforn & Coca, 2002;
Martin et al., 2015) show a tendency toward one subvertical and one subhorizontal nodal plane, however
with variable azimuthal orientations. Focal mechanisms from P wave first motions (Buforn et al., 2004;
Medina, 2008) are available mainly from below the Spanish coast. They show a heterogeneous pattern of
normal, reverse, and strike-slip faulting with variable orientation, but in part could fit with deformation
in a southeast dipping slab (Ruiz-Constan et al., 2011). The conditions for focal mechanism retrieval
improved considerably with the deployment of two dense temporary networks of seismic broadband stations
around the Alboran Sea, during the IberArray and Picasso projects from 2007 to 2012 (Gallart et al., 2012;
Levander et al., 2009). We use data from temporary and permanent stations during this period to obtain
new source mechanisms for intermediate depth earthquakes, deduce the characteristics of deformation in
the uppermost mantle, and compare earthquake locations to images of Earth structure from migration of
P wave receiver functions.
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2. Focal Mechanism Inversion

Intermediate deep earthquakes in the study area show mostly low magnitudes, and we recur to first motion
polarities to reconstruct the source radiation patterns from local and near-regional recordings. Subcrustal
earthquakes are suitable targets for this technique: P wave arrivals tend to be clearer and more impulsive
compared to shallow earthquakes, and often a wider range of takeoff angles contributes to the coverage of
the focal sphere. In addition, takeoff angles are more stable than for shallow events, where modeled angles
may be very sensitive to minor changes of source depth or crustal structure. For focal mechanism retrieval
we investigate all earthquakes with magnitude my, larger or equal 2.5 in the IGN catalogue (Instituto
Geografico Nacional, www.ign.es), between longitude 7°W and 3°W and latitude 34.6°N to 37.4°N
(Figure 1). From November 2007 to October 2012, 408 events fulfill these criteria, 198 of them with catalogue
locations below 40-km depth. We analyze data from a total of 168 stations (Figure 1), although the Picasso
and IberArray networks operated with only minor overlap in time, and the amount of available stations for
individual events is less.

Prior to focal mechanism inversion, we relocate the earthquakes using Hypocenter (Lienert & Havskov,
1995). P and S arrivals are picked manually on available waveforms. We tested two different layered Earth
models, the one used for earthquake location at IGN (Rueda, 1995) and the one used at IAG for moment ten-
sor inversion (Stich et al., 2003). Both models lead to similar residuals (average root-mean-square of 0.89 s
and 0.90 s, respectively) and locations. Average residuals at individual stations show a smooth pattern
resembling the crustal thickness map (Mancilla & Diaz, 2015), suggesting that residuals are largely driven
by regional-scale wave speed anomalies. We keep for further analysis 145 events located from at least 10 arri-
val picks, root-mean-square error less than 2 s, and hypocenter depths greater 40 km. Differences between
relocated hypocenters and the IGN catalogue are around 10 km. The most systematic change is an eastward
shift of the intermediate depth seismicity cluster in the central Alboran Sea (Figure 1). The depth distribu-
tion of intermediate deep earthquakes becomes clearer from the relocated dataset. Maximum depths are
~100 km in the N-S trending lineament beneath the Alboran Sea, and clearly less (~70 km) beneath the
South Spanish coast and Gibraltar Arc. We did not find intermediate deep seismicity east of 4.3°W at the
Moroccan coast, and east of 3.6°W at the Spanish coast.

We carefully pick polarities of impulsive P wave arrivals on vertical component seismograms. A grid
search scheme (FocMec; Snoke et al., 1984) is used to test the full range of nodal plane orientations of
double couple mechanisms with 10° increments. Takeoff angles were computed in the IGN velocity
model (Rueda, 1995). Sensor polarities were verified with recordings from teleseismic earthquakes. We
exclude all solutions with two or more polarity error, azimuthal gap larger than 120°, or any fundamental
ambiguity among the solution set provided by the grid search, keeping a total of 42 credible solutions
(Figure 2 and Table S1 in the supporting information). A median of 23 polarity readings has been used,
and mechanisms have a typical resolution of ~20° (Kagan, 2007; Table S1). Magnitudes range from my, 2.5
to my, 5.4 (IGN catalogue). Only for one inverted mechanism (22 April 2010; m;, 5.4), a moment tensor
estimate is available for comparison (Martin et al., 2015), showing a fair agreement of source depth (60
vs. 70 km in this study) and mechanism (Figure 2), however indicating moment magnitude Mw 3.9,
which suggests that a significant overestimation of routine catalogue magnitudes may occur for inter-
mediate deep events in the study area.

3. Intermediate Deep Deformation

The obtained mechanisms achieve a broad coverage of the intermediate depth seismicity zone, including the
principle seismicity clusters, as well as the diffuse seismicity beneath the Gibraltar Arc (Figure 3).
Mechanisms are heterogeneous with regard to faulting style and principle axes orientations. The inventory
even includes solutions with nearly opposite kinematics, sometimes at nearby locations, and cannot be plau-
sibly associated with a uniform stress field. In particular, the population of mechanisms is fundamentally
different from the simple pattern of oriented, dip-slip focal mechanisms commonly observed in subducting
slabs. To unravel the complex characteristics of subcrustal faulting, we classify the solutions into reverse,
strike slip and normal faulting style, according to the attributes of the steepest dipping principal strain axes
(T, N, or P axes; Figure 3).
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Figure 2. Obtained focal mechanisms in order of earthquake occurrence. Observations of vertical P wave first motions in upward (black dots) and downward (open
circles) directions are shown in lower hemisphere, equal-area projection. Each mechanism is labeled with the date of the earthquake (year, month, day) for
comparison with Figure 3 and table S1. On mechanism 20100422a, an available moment tensor mechanism is superposed for comparison.

Reverse faulting is found for 12 solutions, representing close to 30% of the inverted mechanisms. Reverse
faulting solutions are more abundant in the southern sector, beneath the central Alboran Sea and
Northern Morocco, and less frequent near the Spanish coast. All but one of the solutions show similar
orientations of P axes in NE-SW direction (Figures 3, S2, and S3). This orientation has no obvious relation-
ship with the directions of the intermediate deep hypocenter distribution, or the deep Alboran slab
inferred from tomographic models (e.g., Bonnin et al., 2014; Fichtner & Villasefior, 2015), and thus
appears unrelated to active subduction. The direction of compression is similar to the peculiar SW motion
of the Rif block in NW Morocco with respect to the Nubian plate (Fadil et al., 2006; Koulali et al., 2011).
From dynamic modeling of GPS velocities, the SW escape of the Rif has been attributed to horizontal trac-
tion applied to the base of the Rif (Pérouse et al., 2010). Our results suggest that traction affects subcrustal
material as well, and may originate in the uppermost mantle. A plausible source of traction may be the
mantle resistance to slab dragging (Spakman et al., 2018). In fact, absolute plate motions in a model that
is constrained to zero net rotation estimate that the lithosphere is moving at rate of ~2.5 cm/year in NW
direction (~N40°E; Kreemer et al., 2014) with respect to the underlying mantle, in agreement with the
dominant direction of P axes.
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Figure 3. (a) Left: focal mechanisms for reverse (red), normal (blue), and strike-slip faulting earthquakes (green). Intermediate deep seismicity from the Instituto
Geografico Nacional catalogue (gray dots) and relocations in this study (yellow dots) are given for reference. Right: lower hemisphere projection of P and T axes
for the three different faulting styles. Arrows mark dominant directions of principal axes (compare Figures S2 and S3). (b) Left: hypocenters and mechanisms
between 4°W and 5°W projected into a vertical section. Right: projections of P and T axes into vertical section.

The most abundant solutions among our inventory are strike-slip events, representing 24 out of 42 mechan-
isms. This is highly unusual for intermediate depth seismicity, generally characterized by dip-slip faulting
associated to strain aligned with the descending slab. Other intermediate depth strike-slip events that occur
beneath Pamir or the Indo-Myanmar Ranges were attributed to horizontal plate motion rather than subduc-
tion dynamics (Kufner et al., 2016; Rao & Kumar, 1999). In our study, a number of strike-slip solutions
responds to NE-SW oriented P axes (Figures 3, S2, and S3), coincident with the direction of reverse faulting
as well as absolute plate motion. The greater part of strike-slip mechanisms corresponds to approximately
NNW-SSE directed P axes. This agrees with the crustal stress field and the kinematics of shallow strike-slip
events beneath the Gulf of Cadiz and Alboran Sea (e.g., Stich et al., 2005, 2006). In particular, the right-
lateral nodal planes reproduce the orientation and kinematics of mayor WNW-ESE trending faults in the
Gulf of Cadiz (Zitellini et al., 2009), which are known to host strike-slip earthquakes at crustal and subcrustal
depths down to ~55 km (Bartolomé et al., 2012; Geissler et al., 2010). From the observed similarity of shallow
and intermediate deep deformation, we associate the predominant strike-slip faulting solutions in the slab
with the right-lateral transcurrent motion between the African and Eurasian plates, which is reproduced
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at uppermost mantle level. The right-lateral nodal planes of the predominant strike-slip faulting mechan-
isms follow the ~N300°E direction of relative plate motion (Kreemer et al., 2014), explaining the observed
concentration of P axes in NNW-SSE direction.

A smaller number of solutions show normal faulting mechanisms with variable azimuths. In contrast to
reverse and strike-slip solutions, the normal faulting mechanisms do not present notable obliqueness, and
maximum principal strain is subvertical in all cases (plunge >69°). This suggests that they are driven by
buoyancy. While the population of normal faulting solutions is possibly too small and heterogeneous to
draw firm conclusions, their occurrence may be a consequence of advanced slab tearing at shallow depth
(e.g., Heit et al., 2017), putting an end to slab pull from the negative buoyancy contrast between cold, sub-
ducting mantle lithosphere and the surrounding asthenosphere. In summary, the abundance of strike-slip
faulting as well as the lack of orientation in dip-slip focal mechanisms do not support a scenario of active
subduction where intermediate deep seismicity is controlled by downdip stresses transmitted through the
viscous slab (Chen et al., 2004; Isacks & Molnar, 1971).

4. Oceanic or Continental?

Intermediate deep seismicity is commonly related to subduction of oceanic lithosphere, although faulting in
the upper continental mantle has been reported (Malusa et al., 2017; Prieto et al., 2017). In the Alboran-
Gibraltar region, the association of intermediate depth earthquakes with oceanic or continental material
is not clear beforehand, and beyond the explanatory potential of current tomographic models. Subduction
beneath the Gibraltar Arc appears no longer active, the available oceanic lithosphere of the Alboran slab
could have been consumed, and present intermediate deep activity could occur in a continental environ-
ment. According to P wave receiver functions (Mancilla et al., 2013; Mancilla, Booth-Rea, et al., 2015;
Mancilla, Stich, et al., 2015), the Iberian crust is underthrusting the Alboran crust in southern Spain, and
earthquakes down to ~60 km at the Spanish coast can be associated with continental lithosphere (Morales
et al., 1999; Ruiz-Constan et al., 2011). Although continental lithosphere is not prone to subduct, it still
may be carried down to at least 100-km depth according to observations of high-pressure metamorphic rocks
(Ernst, 1999). This would cover the full depth range of Alboran intermediate deep seismicity.

The assignment of intermediate seismicity to oceanic lithosphere may be postulated from the possible con-
nection in Mesozoic times between the spreading centers of the Alpine Tethys and the Central Atlantic.
Paleogeographic reconstructions suggest the formation of a narrow oceanic corridor between Iberia and
Africa in the Jurassic (Frizon de Lamotte et al., 2011; Stampfli & Borel, 2002; Vergés & Fernandez, 2012).
This view is supported by sharp transitions between oceanic and continental domains in the Gulf of
Cadiz, suggesting the continuity of Tethys transform faults into this sector (Ramos et al., 2017; Sallarés
et al., 2011). This scenario implies the presence of oceanic lithosphere under the Gibraltar Arc, a connection
to the autochthonous oceanic crust in the Atlantic, and the oceanic nature of the retreating Alboran slab, at
least in its central part (Molina-Aguilera et al., 2019). Having said that, alternative reconstructions suggest
that the Tethys margin between Iberia and Africa was formed by a transcurrent fault in continental crust
(Rosenbaum et al., 2002; Seton et al., 2012). This model could be consistent with low velocities inferred
under the Gibraltar Arc (Monna et al., 2013; Palomeras et al., 2014; Thurner et al., 2014).

Here we reanalyze teleseismic P wave conversions beneath the Gibraltar Arc recorded in receiver functions
from permanent and temporary broadband stations (Mancilla, Booth-Rea, et al., 2015; Mancilla, Stich, et al.,
2015). We attempt to resolve details of the Moho topography from multiple reverberated phases, in particu-
lar the PpPs and PsPs + PpSs phases. The reverberations show high sensitivity to Moho topography due to
their longer travel path involving multiple legs within the crust. We build common conversion point stack-
ing images through backprojection of the P wave receiver functions along their incident ray path taking into
account the increase of the width of the Fresnel zone with depth. We stack in the cross-section all receiver
function samples with piercing points within 50-km distance from the profile. In these profiles, positive
values (primary P-to-S conversion at the Moho, as well as PpPs phases) are shown in red, and negative values
(PsPs + PpSs phases) in blue (Figure 4). We may locate the Moho discontinuity at the base of the initial velo-
city increase and support the result from analyzing crustal reverberations. The reverberations are not
migrated to their correct geometrical position, and experiment vertical stretching by a factor of more than
two, which allows resolving Moho topography below 5 km.
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Figure 4. (a) Schematic sketch of the geometry of Tethys oceanic lithosphere beneath the Gibraltar Arc and Gulf of Cadiz, consistent with the distribution of
subcrustal earthquakes (yellow: relocated; blue: Instituto Geografico Nacional catalogue) and migrated receiver function images along profiles in N-S (b) and
W-E (c, d) direction (thin lines in a). Red color corresponds to positive amplitudes (velocity increase with depth) and blue to negative amplitudes. Continuous
black lines mark the inferred conversion depth of the Ps converted phase at the Moho discontinuity (Pms, positive amplitudes) and dotted black lines the Ps
converted phase at the LAB discontinuity (PLs, negative amplitudes). Dashed black lines mark the first reverberated phases (PpPs and PsPs + PpSs) generated at the
Moho discontinuity. Stars in (a) and arrows in (b)-(d) mark bends and offsets in Moho topography.

The migrated cross sections (Figure 4) indicate crustal thickness in excess of 40 km under most of the
Gibraltar Arc (Mancilla, Booth-Rea, et al., 2015; Mancilla, Stich, et al., 2015). The image of the deepest
Moho levels in multiple reverberated phases is delimited by rather abrupt offsets of around 20 km, corre-
sponding to actual Moho depth variations between 5 and 10 km. These values agree with the thickness of
regular oceanic crust, providing support for a scenario where the Gibraltar Arc was built, in fact, by the over-
thrusting of the allochthonous units onto preexisting oceanic lithosphere (Molina-Aguilera et al., 2019;
Ramos et al., 2017; Vergés & Fernandez, 2012). Although teleseismic P wave conversions do not sample
the central Alboran Sea, available data show a general match between the extension of thickened crust,
the occurrence of intermediate depth seismicity, and the expected geometry for a segmented corridor of
oceanic lithosphere beneath the Gibraltar Arc (Frizon de Lamotte et al., 2011; Stampfli & Borel, 2002).
Coincident Moho offsets and WNW-ESE lineaments of intermediate depth seismicity (Figures 4b and 4d)
can be associated with Tethys transform faults inferred from structural images (Ramos et al., 2017;
Sallares et al., 2011). This is in agreement with right-lateral strike-slip deformation inferred from focal
mechanisms. Receiver function images support the presence of remnant oceanic crust flooring the
Gibraltar Arc, and a former connection between the Alpine Tethys and the central Atlantic spreading cen-
ters. The oceanic corridor currently hosts intermediate depth seismicity in its interior and particularly along
the limits of the most thickened crust (compare Figures 1 and 4). Other intermediate deep earthquakes occur
outside the autochthonous oceanic lithosphere, in particular beneath the Spanish coast where earthquakes
can be associated with continental delamination (Mancilla et al., 2013).

5. Conclusions

Dense temporal deployments in the Betic-Rif region help evaluating subcrustal earthquakes and litho-
spheric structure. Intermediate depth seismicity in a ~200-km-wide band under the Gibraltar Arc has been
relocated with maximum depth of ~70 km. This is notably deeper than earthquakes beneath the eastern
Atlantic, which occur down to ~55 km, in agreement with the expected limit of brittle faulting in Jurassic
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age oceanic lithosphere in situ (Geissler et al., 2010; Stich et al., 2005). Receiver function images give hints
for the oceanic nature of the lithosphere beneath the Gibraltar Arc, which hosts part of the upper mantle
seismicity. Seismicity beneath the Spanish coast may be attributed to delamination (Mancilla et al., 2013).
Beneath the central Alboran Sea, intermediate depth seismicity has larger depth extend from 50 to
~100 km, which may correspond to the bending of oceanic lithosphere into the near-vertical Alboran slab
seen in tomographic images. Alboran earthquakes do not depict a Wadati Benioff zone, and the slab may
be affected by lithospheric tearing, related to a recognized transfer fault system onshore (Heit et al., 2017;
Mancilla et al., 2018).

Forty-two new focal mechanisms in this study lack a clear relation with downdip stresses and suggest that
subduction of the Alboran slab has come to a halt or slowed down significantly. The prevalent strike-slip
faulting solutions agree with the present-day plate motion between Nubia and Eurasia, as well as with the
orientation of the transform faults of the Alpine Tethys (approximately WNW-ESE in present coordinates;
Frizon de Lamotte et al., 2011). Mechanisms with NE-SW directed compression axes are the second major
trend, in-line with absolute plate motion of the Alboran region, which is substantially different from rela-
tive plate motion in terms of rate (~2.5 cm/year) and direction (~N40°E; Kreemer et al., 2014). This direc-
tion also characterizes compression in NW Morocco, providing support for a deep origin of the
emplacement of the Rif mountains in direction perpendicular to current plate motion. Motion of the
Rif has been attributed to slab rollback (Pérouse et al., 2010), although upper mantle anisotropy (Diaz
et al., 2010) indicates mantle flow perpendicular to the escape of the Rif. SW directed drag on the mantle
lithosphere (Spakman et al., 2018) may provide a more simple explanation for deformation of the Alboran
slab and NW Morocco.
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