
Dynamics of the Gibraltar Arc System: A Complex
Interaction Between Plate Convergence, Slab
Pull, and Mantle Flow
Chiara Civiero1,2 , Susana Custódio2 , João C. Duarte2,3,4 , Virgilio B. Mendes2 , and
Claudio Faccenna5

1Geophysics Section, Dublin Institute for Advanced Studies (DIAS), Dublin, Ireland, 2Instituto Dom Luiz (IDL),
Faculdade de Ciências, Universidade de Lisboa, Lisbon, Portugal, 3Departamento de Geologia, Faculdade de Ciências,
Universidade de Lisboa, Lisbon, Portugal, 4School of Earth, Atmosphere and Environment, Monash University,
Melbourne, Victoria, Australia, 5Dipartimento di Scienze Geologiche, Università di Roma Tre, Rome, Italy

Abstract In typical subduction systems, plate convergence is subperpendicular to the trench. The
Gibraltar Arc System is exceptional, with its narrow subduction arc oriented N‐S and laterally “squeezed”
by the NNW‐SSE tectonic convergence between Nubia and Iberia. The extent to which the slab is still
coupled to the surface and how it interacts actively with the surrounding mantle is a matter of ongoing
debate. Here, we analyze new densely spaced GPS data, together with crustal and mantle observations, to
better understand the slab kinematics, plate dynamics, and mantle flow. In light of previous and current
research, we find that subduction below the Gibraltar Arc is currently in the middle of a disruption process,
with parts of it already detached and others yet coupled to the surface. In particular, the slab seems to be
detached to the north of the Gibraltar Strait, with a small portion still attached to the surface or in the process
of detaching below the western Betics. South of Gibraltar, the slab is still coupled to the overriding plate,
although the subduction seems to be very slow or stopped. Flow of mantle material around the detached
portions of the slab causes most of the surface uplift and a positive residual topography anomaly. Our
findings show that the interplay between slab dynamics, mantle flow, and plate convergence explains much
of the observed residual topography, surface motion, seismicity, and mantle structure.

1. Introduction

The Gibraltar Arc System is located within the plate boundary zone that separates Nubia (NW Africa) from
Iberia (SW Europe), marking the western termination of the Mediterranean orogenic belt (Faccenna
et al., 2014; Royden, 1993) (Figure 1). It comprises a tightly arcuate mountain chain, the Rif‐Betics chain,
and the extensional arc‐back‐arc domain of the Alboran basin. Both these domains have formed since
~30 Ma, under the influence of the oblique dextral plate convergence of the Nubian and Eurasian plates
(Faccenna et al., 2004; Malinverno & Ryan, 1986; Rehault et al., 1985; Rosenbaum et al., 2002). The origin
of this complex system, in particular its association with a possible subduction zone, is a matter of contro-
versy. Contrasting models have been proposed to explain the extension of the Alboran region and the con-
temporaneous formation of the Betic‐Rif orogen, including lithospheric delamination (e.g., Calvert
et al., 2000; Platt & Vissers, 1989; Seber et al., 1996; Williams & Platt, 2018) and subduction and rollback
models (Casciello et al., 2015; Chertova et al., 2014; Chevrot et al., 2014; Faccenna et al., 2004; Gutscher
et al., 2002; Lonergan & White, 1997; Platt et al., 2013; Royden, 1993; Van Hinsbergen et al., 2014; Vergés
& Fernàndez, 2012; Wortel & Spakman, 2000). However, an agreement on the origin and current dynamics
of the system is yet to be reached.

The Gibraltar Arc System is currently trapped between the NNW‐SSE converging Nubia and Eurasian
plates, whichmovewith respect to each other at a rate of 4.5–6mmyr−1 in the region (Fernandes et al., 2003).
Detailed geodetic data (Fadil et al., 2006; Koulali et al., 2011; Palano et al., 2013; Pérouse et al., 2010) and
numerical modeling (e.g., Jiménez‐Munt & Negredo, 2003; Neres et al., 2016; Spakman et al., 2018) corrobo-
rate that plate subduction may provide a plausible mechanism for driving surface deformation. However, in
spite of previous efforts, the drivers of present‐day surface deformation remain poorly constrained.
Topographic variations and geodetic displacements may be related to processes acting at different levels,
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from the crust to the deep mantle: (1) Shallow processes, such as tectonic deformation due to plates' relative
motion, surface erosion, and sediment deposition, lead to temporal changes in crustal or lithospheric
thickness. The resulting isostatic adjustment may lead to changes in elevation, translated in surface uplift
or subsidence in the geodetic signal (Molnar & England, 1990); (2) deep processes may also cause both
horizontal and vertical surface deformation, mostly through mantle flow inducing stresses at the base of
the lithosphere (Faccenna et al., 2014; Hager et al., 1984). While independent studies are generally not
capable of quantifying how much of the surface motion is due to lithospheric versus sublithospheric
processes, the integration of data across several fields of the Earth sciences can help to better identify
which processes are active and where they prevail.

In the present work, we first reconstruct the velocity and the strain rates of the Gibraltar Arc System region
using Global Positioning System (GPS) data from continuous stations and episodic campaigns, spanning the
period 1995–2019. The dense GPS network allows us to obtain, for the first time, a high‐resolution image of
horizontal and vertical surface deformation of the study area. We then comparatively analyze this new data-
set with up‐to‐date seismicity, crustal, and mantle observations to gain new insights into the complex struc-
ture of the Gibraltar Arc System and on how surface deformation is related to the interactions between
lithospheric and sublithospheric processes.

2. GPS Data and Method

Over the past 20 years, the increasing number of GPS stations in the Gibraltar Arc System allowed for the
computation of denser and more precise surface velocity fields (Fadil et al., 2006; Garate et al., 2015;
Koulali et al., 2011; Mancilla et al., 2013; Serpelloni et al., 2013; Stich et al., 2006; Tahayt et al., 2008;

Figure 1. (a) Topography of the Gibraltar arc region from SRTM30+ (Smith & Sandwell, 1997). The main fault traces
identified on the SHARE database (Basili et al., 2013; Vilanova et al., 2014) are shown in black; the Gibraltar arc
(from Neres et al., 2016) and the accretionary wedge fault (after Gutscher et al., 2002) are indicated in brown and gray,
respectively. The same fault and arc traces are plotted in all the figures. Cenozoic volcanic fields are represented with
orange triangles (modified from Lustrino & Wilson, 2007). The geographic features cited in the text are indicated in
black. SN: Sierra Nevada; TASZ: Trans‐Alboran shear zone. (b) Location of the study area along the Eurasia‐Africa plate
boundary (red rectangle). The black line shows the plate boundaries from Bird (2003).
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Vernant et al., 2010). These have served to constrain plate kinematics, geodynamics, and active tectonics
along the Nubia‐Eurasia plate boundary. However, in most cases, only horizontal velocities were investi-
gated, while the analysis of vertical velocities remained a challenge. Worldwide, the use of vertical GPS rates
has beenmostly limited to sea level measurements (e.g., Becker et al., 2002; Teferle et al., 2006; Wöppelmann
et al., 2007), postglacial rebound (e.g., Larson & van Dam, 2000; Scherneck et al., 2001), volcanic monitoring
(Lowry et al., 2001), and anthropogenic or natural subsidence (e.g., Abidin et al., 2008). On a regional scale,
Serpelloni et al. (2013) provided a first map of vertical velocities over the entire Euro‐Mediterranean domain,
but the distribution of GPS stations was nonuniform and quite sparse in some areas, namely, in the Iberia
domain.

Here, we present a new GPS dataset that provides a detailed synoptic view of surface velocities in the region
(Figure 2). We processed GPS observations from ~140 continuous stations in Iberia, covering a period of over
25 years (1995.6–2019.5). The data set is available through the International GNSS Service (Johnston
et al., 2017) and EUREF (Bruyninx et al., 2012) and includes also data from regional networks. Additional
data from campaign sites enriched the data set, namely, from stations in Morocco, spanning the 1999–
2006 time interval (available at the UNAVCO archive, http://www.unavco.org). The GPS data were pro-
cessed using the GAMIT/GLOBK software package (Herring et al., 2015). First, we used a double‐
differenced, ionosphere‐free linear combination of L1 and L2 carrier phases to estimate loosely constrained
station coordinates, satellite state vectors, and other parameters, along with the associated
variance‐covariance matrices. At this stage, we used precise orbits from ESA/ESOC, absolute antenna phase
center models from IGS, ocean tide loading corrections from the FES2004 ocean tide model (Lyard
et al., 2006), and Earth tide corrections according to the IERS Conventions (2010). In order to model the neu-
tral atmospheric refraction, we used a priori zenith delays from GPT2 model (Lagler et al., 2013), mapped
with the VMFmapping functions (Boehm et al., 2006), complemented with station zenith delays corrections
estimated at each station at 1‐hr intervals, and station gradients parameters in north‐south and east‐west
directions at 24‐hr intervals. Our solutions are expressed in the ITRF2008 reference frame (Altamimi
et al., 2011). Second, GAMIT solutions were used to obtain a consistent set of daily station position time ser-
ies for all sites, which were visually screened for outliers and discontinuities. To account for time‐correlated
noise, we applied the realistic sigma method (Herring, 2003).

Current surface vertical motions in Europe are strongly affected by ongoing postglacial rebound processes
(Johansson, 2002; Nocquet et al., 2005). Therefore, we estimated the vertical motion due to glacial isostatic
adjustment (GIA) at GPS sites considering the ICE6G(VM5a) model (Peltier et al., 2015). This model shows a
pattern of subsidence in the Gibraltar Arc System while surface uplift is predicted in Central Iberia
(Figure S1 in the supporting information). Notably, the correction of GPS velocities for the GIA contribution
results in slightly increased rates of uplift in the Betics and Rif (Figure S2).

We then use the spherical wavelet‐based multiscale method proposed by Tape et al. (2009) to compute spa-
tial velocity fields from our irregularly spaced GPS observations. In particular, we present the strain rate and
the dilatation rate fields. The strain rate field is computed as the Frobenius norm of the strain rate tensor and
therefore quantifies the summed squared contributions from all strain tensor components. The dilatation
rate field, or volumetric strain rate, is the divergence of the velocity field, or, equivalently, the first invariant
of the velocity gradient tensor, thus quantifying the amount of dilatation/compression that affects a
given region.

3. GPS Results

Figures 2a and 2b Illustrate the horizontal velocities relative to the Nubia and Eurasia plates, respectively,
considering the ITRF2008‐PMM model (Altamimi et al., 2012). In Table 1 we show the displayed veloci-
ties expressed in mm/yr. Sites located within the northern Rif domain in Morocco show overall SW
motions (~1–2 mm/yr, with most of the velocities lower than error bars) with respect to Nubia, while
in the southern Rif the movement is predominantly S‐SE directed (Figure 2a). The 2‐D strain rate field
shows moderate strain rate values in the Rif, reaching ~7 × 10−9 yr−1 (Figure 2a). The dilatation rate
is negative, ~−2 × 10−9 yr−1, implying that the region is undergoing shortening (Figure 2b). In a fixed
Eurasia reference frame (Figure 2b), sites located in the Betics, north of the Alboran Sea, have a
well‐defined W‐SW–oriented motion, albeit at low rates of ~0.5–1.5 mm/yr. Strain rates in this region are
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slightly higher than those observed in the Rif, reaching values of 8 × 10−9 yr−1 in western Betics and
~12 × 10−9 yr−1 in eastern Betics. Although the region directly north of the Gibraltar Strait is undergoing
shortening, most of the Betics are characterized by a positive dilatation rate field, on the order of
2 × 10−9 yr−1, indicating that extension currently dominates the region. Figure 2c shows vertical
velocities, highlighting areas of consistent uplift and subsidence. Low rates of uplift are consistently
observed in the Betics (~0.5–2.0 mm/yr). Moving southward, in the Rif, the uplift rate is faster, between
~2 and 3 mm/yr in turn, the most significant subsidence rates are ~3 mm/yr and observed east of the
trans‐Alboran shear zone (TASZ), in southeast Iberia around Cartagena and east of El Hoceima, although
the latter is poorly constrained. Around Lorca, in East Iberia, we observe an extremely high value of
subsidence (>5 mm/yr), which likely results from the intensive agriculture and overexploitation of
aquifers that take place in SE Spain (Fernandez et al., 2018; Pulido‐Bosch et al., 2012); therefore, we will
not take it into account in our interpretation. The highest computed strain rate values are observed along
the TASZ, both north and south of the Alboran Sea, reaching values of ~14 × 10−9 yr−1 (Figure 2a).

4. Crustal and Mantle Observations
4.1. Seismicity

Earthquakes along the Gibraltar Arc display a complex pattern that mimics the complexity of the tectonic
framework (Figure 3). Lithospheric deformation generates a 400‐km wide EW‐running seismicity belt
(Buforn et al., 1995). North of the Gibraltar Strait (~36° N), earthquakes spread throughout the Betics, some-
times clustering locally. Here, the focal mechanisms are diverse, pointing to multiple driving forces at work
(Custódio et al., 2016; Martín et al., 2015; Stich et al., 2005, 2020). In the westernmost Betics, focal mechan-
isms indicate thrust and strike‐slip faulting, in agreement with plate convergence. Moving eastward along
southern Spain, the Granada basin hosts earthquakes with predominantly normal focal mechanisms. Five
very deep (600–650 km, M4.3–7.8) earthquakes have been recorded below Granada since the
mid‐twentieth century (Buforn et al., 1991, 2011; Mancilla et al., 2012), with focal mechanisms indicating
faulting along either subvertical or subhorizontal planes. These events have been tentatively associated with
a remnant lithospheric body, located between 630 and 660 km depth, fracturing beneath southern Iberia
(Blanco & Spakman, 1993; Piromallo & Morelli, 2003) or with shear melting along a horizontal plane inside
the subducted slab near the 660‐km discontinuity (Buforn et al., 2011). Directly east of Granada, the Sierra
Nevada, which reaches 3478 m high, is remarkably seismically silent. Further east, the SW‐NE trending
TASZ extends from Valencia, Spain, in the northeast, to El Hoceima, Morocco, in the southwest, crossing
the Alboran Sea (Bousquet, 1978; De Larouzière et al., 1988; Leblanc & Olivier, 1984; Sanz de
Galdeano, 1990). This major shear zone is overall marked by strike‐slip focal mechanisms in its NE

Figure 2. Horizontal velocity estimates from GPS (black vectors tipped with 95% confidence error ellipse). (a) GPS velocities in a Nubian‐fixed reference frame.
The colored background shows the strain rate field. (b) GPS velocities in a Eurasian‐fixed reference frame. The colored background shows the dilatation rate field.
(c) Vertical velocity estimates from GPS data are represented with circles (before GIA correction). The associated error is represented with light blue circles.
Positive (red) is upward, and negative (blue) is downward motion. The colored background is the vertical velocity field as smoothed from the geodetic data (after
GIA correction) and used in profiles of Figure 8. Note that campaign sites have uncertainties much larger than continuous sites.
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Table 1
List of Sites and Velocities Used in This Study, Referred to the ITRF2008 Reference Frame

Station Long (°) Lat (°) E σE N σN U σU

BORR −0.08321 39.90518 20.06 0.16 16.2 0.10 −0.30 0.19
VALE −0.33765 39.48083 19.86 0.12 16.38 0.10 −1.11 0.19
ALC1 −0.47355 38.69799 19.47 0.15 16.81 0.13 0.46 0.3
ALAC −0.48123 38.33892 19.98 0.1 16.58 0.09 0.15 0.19
TOR1 −0.68089 37.97532 19.67 0.06 17.06 0.09 −0.13 0.07
CABO −0.6984 37.63086 20.29 0.34 17.33 0.27 −2.85 0.66
SALI −0.77853 37.8349 19.57 0.32 16.88 0.26 −1.91 0.51
ALCA −0.8608 37.73077 19.88 0.12 17.4 0.12 −0.35 0.27
CARG −0.97385 37.5966 19.2 0.33 18.18 0.24 0.19 0.46
CRTG −0.97929 37.60663 19.95 0.31 18.75 0.27 −2.25 0.6
ABAN −1.05368 38.17506 19.48 0.11 17.34 0.11 1.22 0.08
AYOR −1.05921 39.06134 19.07 0.11 15.89 0.11 0.15 0.22
MURC −1.12252 37.99016 19.64 0.13 16.94 0.08 0.50 0.24
MUR2 −1.12468 37.99216 19.88 0.79 17.78 0.91 −1.31 2.16
AIRM −1.12861 37.80652 19.17 0.26 16.28 0.21 −1.11 0.5
UTIE −1.20859 39.56868 19.33 0.16 16.17 0.13 0.25 0.3
MAZA −1.31049 37.59344 19.6 0.13 18.21 0.12 0.99 0.29
JUMI −1.32565 38.50207 19.48 0.12 16.48 0.11 0.44 0.27
JUM3 −1.32716 38.47122 19.83 0.32 16.12 0.31 −0.91 0.66
CIEZ −1.38087 38.23316 19.38 0.1 17.18 0.14 −0.04 0.28
ALHA −1.44673 37.80424 20.69 0.25 14.19 0.19 −3.28 0.58
MULA −1.44884 38.04111 19.19 0.23 16.46 0.21 0.35 0.49
LOR2 −1.68677 37.65389 25.1 0.38 13.03 0.34 −66.87 0.66
LORC −1.69957 37.65791 26.76 0.22 10.94 0.20 −25.35 0.5
ALBA −1.8564 38.97792 18.59 0.11 16.32 0.10 −6.89 0.32
CRVC −1.86864 38.11458 20.03 0.32 15.77 0.48 −0.82 0.59
HUOV −1.94212 37.40156 19.72 0.09 16.95 0.09 0.79 0.29
CARA −1.96768 38.04588 18.85 0.21 15.96 0.20 0.44 0.14
MORA −1.99882 38.24753 19.42 0.25 16.39 0.28 0.43 0.59
TNDR −2.00301 33.03131 17.7 0.6 18.25 0.53 4.57 1.42
BMTR −2.03269 33.9864 17.44 0.45 18.95 0.43 1.42 1.01
ALMR −2.44088 36.86267 19.01 0.23 16.76 0.19 −0.47 0.5
ALME −2.45945 36.85253 18.66 0.06 16.26 0.08 0.09 0.2
AION −2.53255 34.58794 16.95 0.9 18.71 0.89 −2.93 2.45
CAAL −2.54761 37.22109 18.02 0.28 15.76 0.28 1.98 0.75
MOTA −2.87001 39.50321 18.43 0.19 16.08 0.18 0.08 0.43
PALC −2.9324 37.70234 17.98 0.15 15.9 0.09 0.69 0.33
MELI −2.95165 35.28119 17.36 0.15 19.01 0.13 −0.82 0.37
VIAR −3.01248 38.16764 18.5 0.16 15.91 0.14 0.89 0.36
ALBO −3.03424 35.93984 18.8 0.78 18.53 0.48 −2.46 0.71
DEBD −3.05536 33.91874 17.6 0.47 18.25 0.44 −1.08 1.15
VICA −3.08286 38.11764 18.48 0.25 16.4 0.20 −0.27 0.48
MOTR −3.52052 36.75476 17.1 0.19 15.04 0.16 −0.38 0.44
MDAR −3.53217 34.97012 17.94 0.43 18.99 0.41 1.08 0.94
GRA1 −3.5964 37.1899 18 0.23 15.97 0.12 0.49 0.13
UJAE −3.78173 37.78776 18.52 0.19 16.01 0.19 0.61 0.41
SONS −3.96397 39.67535 18.54 0.08 16.24 0.08 −0.29 0.23
ANDU −4.03031 38.04038 18.84 0.15 16.98 0.14 0.32 0.1
ALMO −4.18025 38.70551 18.11 0.19 17.23 0.36 0.31 0.53
MSLA −4.1844 34.43172 16.52 0.43 17.4 0.42 2.90 0.93
MALA −4.39353 36.72611 16.83 0.22 16 0.18 0.38 0.31
CABR −4.42424 37.46796 18.29 0.09 16.92 0.09 −0.14 0.1
MLGA −4.43541 36.7156 16.64 0.09 15.7 0.14 0.07 0.38
COBA −4.72111 37.91561 18.25 0.1 16.67 0.12 −0.80 0.32
CRDB −4.78783 37.8774 18.31 0.15 16.55 0.09 0.04 0.09
POZO −4.84933 38.38347 18.27 0.16 16.31 0.1 0.66 0.11
HERR −5.05003 39.18144 18.27 0.07 16.47 0.11 0.55 0.08
OSUN −5.09517 37.23231 17.93 0.11 16.2 0.11 0.97 0.44
IFRN −5.10847 33.53962 16.9 0.13 17.33 0.13 0.88 0.24
IFR1 −5.12553 33.51393 16.86 0.12 17.23 0.11 0.23 0.21
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Table 1
Continued

Station Long (°) Lat (°) E σE N σN U σU

HEBR −5.13117 33.33268 16.97 0.63 17.88 0.62 2.40 1.27
ROND −5.14348 36.75404 16.52 0.45 16.64 0.44 1.01 0.98
LAOU −5.15527 35.39494 14.61 0.63 16.24 0.62 −1.76 1.33
TALR −5.23539 39.03508 18.63 0.23 16.93 0.22 1.67 0.59
CEU1 −5.30639 35.89197 15.61 0.15 17.1 0.13 −0.45 0.36
TETN −5.36301 35.56164 15.14 0.08 16.71 0.06 0.46 0.16
ALGC −5.44418 36.11104 16.19 0.21 17.35 0.16 0.34 0.46
MOFR −5.46239 37.12072 17.55 0.27 16.92 0.24 1.06 0.57
ZAGO −5.53127 34.15795 16.29 0.64 16.85 0.62 0.02 1.35
CATU −5.53879 38.73043 18.22 0.07 16.73 0.07 0.82 0.08
OUZ1 −5.53916 34.85042 14.65 0.68 16.58 0.69 1.87 2.07
NAVA −5.54512 39.89485 18.18 0.07 16.56 0.11 −0.79 0.3
TARI −5.60262 36.00851 16.37 0.21 17.69 0.17 −0.51 0.23
CAZA −5.75978 37.93788 17.96 0.16 17.15 0.09 0.76 0.41
TRUJ −5.8556 39.47982 17.1 0.07 17.06 0.11 0.00 0.08
TNIN −5.95839 35.35076 16.25 0.42 17.54 0.41 0.57 0.89
SEVI −5.97156 37.34571 17.77 0.25 17.16 0.11 0.12 0.44
LLER −6.01071 38.23678 17.98 0.13 16.8 0.07 0.1 0.29
SFER −6.20565 36.46434 16.22 0.14 17.15 0.12 0.74 0.31
ROAP −6.20627 36.46427 16.42 0.15 16.97 0.15 0.2 0.37
UCAD −6.2105 36.53167 16.86 0.46 17.17 0.45 0.36 0.95
UCA1 −6.21186 36.53172 17.09 0.32 16.78 0.32 −0.97 0.88
MEDA −6.34856 38.91628 17.95 0.13 17.06 0.07 −0.14 0.08
CCEX −6.37792 39.4723 17.22 0.17 14.79 0.07 0.36 0.4
ZFRA −6.41004 38.42601 18.2 0.13 16.53 0.11 0.15 0.29
CORI −6.51964 39.98162 18.14 0.09 16.94 0.12 −0.14 0.35
ARAC −6.56541 37.89388 17.63 0.25 17.16 0.13 0.05 0.15
JERE −6.77943 38.32004 17.77 0.08 16.89 0.11 −0.12 0.19
RABT −6.85429 33.9981 16.2 0.07 17.83 0.07 −0.34 0.17
HULV −6.91354 37.28029 17.88 0.09 17.1 0.16 0.32 0.09
RRMT −6.9196 33.9582 15.64 0.72 17.03 0.7 16.35 1.96
HUEL −6.9203 37.19998 17.34 0.05 17.23 0.06 −0.52 0.24
BADJ −6.98926 38.89369 17.81 0.14 17.44 0.15 −1.05 0.32
ELVA −7.15941 38.87937 18.4 0.1 16.8 0.12 −0.56 0.27
AMAR −7.22788 38.2087 17.84 0.07 17.01 0.07 −0.29 0.19
VALC −7.24828 39.40761 17.66 0.14 16.61 0.13 −0.13 0.31
SMAM −7.35956 39.31324 18.08 0.09 16.96 0.08 0.23 0.22
VRSA −7.41387 37.1918 17.35 0.25 16.82 0.20 1.46 0.55
PORT −7.43289 39.29094 17.89 0.07 16.83 0.07 −0.11 0.2
BORB −7.46252 38.81032 18.98 0.16 16.61 0.10 −0.21 0.25
CBRA −7.51218 39.81899 17.83 0.14 16.85 0.13 −0.03 0.46
ESTR −7.5854 38.8466 16.6 0.17 16.83 0.09 −2.37 0.34
TVRA −7.64091 37.1323 17.7 0.16 17.15 0.13 −0.30 0.32
MERT −7.66005 37.64654 17.92 0.14 17.36 0.14 0.05 0.29
SMAN −7.75199 38.45922 18.39 0.15 16.97 0.12 −0.11 0.24
BEJE −7.8654 37.99824 18.08 0.09 16.63 0.21 −0.83 0.21
BEJ0 −7.87285 38.01288 17.71 0.07 17.22 0.07 0.27 0.18
AVIS −7.88949 39.05661 17.63 0.15 16.79 0.14 0.22 0.3
EVOR −7.90436 38.5681 17.86 0.07 17.05 0.08 −0.71 0.19
FARO −7.93751 37.0164 17.35 0.07 16.8 0.07 −0.78 0.27
MOUR −8.09446 39.50215 17.96 0.16 16.64 0.17 −0.84 0.34
BENA −8.12669 37.23237 17.32 0.08 16.61 0.11 −0.06 0.14
MELR −8.13042 39.69484 17.77 0.07 16.88 0.07 −0.05 0.15
QESC −8.19938 37.13171 18.22 0.58 19.48 0.59 0.82 1.48
TRRA −8.21918 38.29084 17.84 0.24 16.78 0.23 0.42 0.42
MESS −8.24469 37.83463 17.71 0.1 17.03 0.07 −0.27 0.14
SMGR −8.29366 39.42278 17.57 0.08 16.11 0.09 −0.66 0.15
FVFI −8.32051 38.7205 17.78 0.17 17.84 0.24 −0.25 0.34
PAIA −8.45152 39.53724 17.84 0.18 16.72 0.18 −0.29 0.34
VNOV −8.45702 38.67862 17.76 0.09 16.98 0.08 0.09 0.22
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segment, with one of the two possible fault planes oriented SW‐NE and corresponding to left‐lateral motion,
as well as by some normal focal mechanisms. The SW end of the TASZ shows a more heterogeneous faulting
style. In the Alboran Sea, between Gibraltar and the TASZ, a north–south swarm of earthquakes is recorded
at depths of 60–100 km (Buforn et al., 1991, 1997; Mancilla et al., 2013). These earthquakes have been
interpreted as tearing of the subducted slab (Lonergan & White, 1997). Recently, Santos‐Bueno
et al. (2019) showed that the focal mechanisms of these earthquakes do not correspond to downdip slip
along a slab interface and rather interpreted them as faulting within ancient fractures of the subducted
Jurassic‐age oceanic lithosphere. South of the Alboran Sea, seismic activity is less well documented by
current earthquake catalogs. The few focal mechanisms documented south of Gibraltar indicate strike‐slip
and normal faulting (Figure 3b).

4.2. Crustal Model PRISM3D

Figure 4 shows the 3‐D P wave velocity and the crust‐mantle boundary (Moho) surface provided by
PRISM3D, a recent Earth structure model of the region (Arroucau et al., 2017; Civiero et al., 2018). To guide
the analysis of the results, we define four main segments of the arc where we will focus our interpretation.
From south to north along the arc, we define R1 (eastern Rif), R2 (Gibraltar domain), R3 (western Betics),
and R4 (eastern Betics). PRISM3D merges previous models derived from a variety of data sets, including
local and teleseismic body wave tomography, earthquake and ambient noise surface wave tomography,
receiver function analysis, and active source experiments (see Table S3 for the complete list of models, type
of study and depth range). The Moho surface was modeled using the probabilistic surface reconstruction
algorithm of Bodin et al. (2012). PRISM3D relies on EPcrust as initial model (Molinari & Morelli, 2011)
and then updates it with recently published seismic observations from receiver function analysis and deep
seismic sounding (Afilhado et al., 2008; Chevrot et al., 2014; Díaz & Gallart, 2009; Dündar et al., 2016;
Mancilla & Diaz, 2015; Martínez‐Loriente et al., 2014; Salah, 2014; Sallarès et al., 2011) (see Table S4 for
the list of models and type of study). First‐order features shown by the Moho topography are an eastward

Table 1
Continued

Station Long (°) Lat (°) E σE N σN U σU

ENTR −8.47391 39.47119 17.74 0.25 17.05 0.24 0.30 0.34
VT10 −8.53464 39.23913 17.45 0.28 16.94 0.29 −2.33 0.95
SALM −8.61946 33.1624 15.99 0.43 18.34 0.43 0.18 1.03
ODEM −8.63125 37.59866 17.75 0.15 17.44 0.14 −0.46 0.24
GRIB −8.64173 39.04045 17.64 0.09 17.05 0.09 −0.52 0.13
LAGO −8.66838 37.09894 17.79 0.05 17.47 0.12 0.11 0.19
SCAC −8.6926 38.01878 17.41 0.14 16.87 0.13 −0.67 0.31
CERC −8.71318 37.78978 17.54 0.11 16.97 0.07 −1.34 0.17
LRIA −8.7948 39.73153 17.58 0.07 16.76 0.08 −0.03 0.19
LEIR −8.80533 39.72728 17.18 0.1 16.79 0.08 −0.41 0.17
ALCO −8.87294 38.78532 17.44 0.16 16.73 0.09 −0.29 0.25
PMEL −8.90345 38.57146 17.57 0.1 16.45 0.13 0.21 0.37
SAGR −8.95964 37.02201 17.17 0.09 17.33 0.1 −1.57 0.23
ARRA −8.9611 38.49276 17.4 0.08 16.55 0.07 0.05 0.15
AVIN −9.07944 38.98289 17.87 0.26 16.82 0.21 0.29 0.41
CRAI −9.13328 39.39418 17.63 0.09 16.63 0.07 −0.36 0.19
CRNH −9.13541 39.40701 17.32 0.31 16.59 0.28 0.35 0.47
FCUL −9.15687 38.75647 17.73 0.07 16.73 0.06 −1.86 0.16
IGP0 −9.15852 38.72603 16.91 0.12 15.94 0.11 −0.34 0.19
OALN −9.18709 38.71056 17.93 0.25 16.67 0.19 0.09 0.49
PACO −9.29491 38.69434 17.24 0.12 16.41 0.09 0.09 0.17
MAFR −9.3261 38.93449 17.11 0.09 16.19 0.12 −0.04 0.16
CASC −9.41852 38.69341 17.66 0.06 16.72 0.06 −0.18 0.12
IBIZ 1.44896 38.91125 20.49 0.12 16.17 0.09 −1.78 0.19
DENI 0.10366 38.83478 19.6 0.21 16.19 0.16 0.23 0.43

Note. E, N, and U represent the east, north, and up components of velocity, and σE, σN, and σU are the respective uncertainties, at the one sigma level, expressed
in mm/yr.
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dipping Moho below the Rif (R1) and a tight lateral bending of the downward dipping Moho around the
Gibraltar Strait (R2). The latter divides the dipping Moho into a northern NE‐SW oriented segment along
Betics and a southern NW‐SE segment in north Morocco (Figure 4). In the eastern Rif (R1) and western
Betics (R3), we observe high crustal thicknesses (40–45 km), as well as sharp Moho gradients, in contrast
with a shallower and flatter Moho south and east of the Rif, the eastern Betics (R4) and the Alboran Sea.
The error associated with the Moho depth in the Gibraltar region in PRISM3D is high (2–4 km), which
results from the locally high Moho gradients. Note that the strongly varying Moho depth below
Gibraltar is a feature that is absent in the EPcrust model of Molinari and Morelli (2011); however, it is
clearly imaged by more recent studies, such that presented by Mancilla & Diaz (2015) and Díaz, Gil,
et al. (2016). Similar to PRISM3D, the maximum crustal thicknesses in the model of Diaz, Gallart, and
Carbonell (2016) are localized in the northern Rif and around Gibraltar Strait. Another deep Moho site
is imaged by Diaz, Gallart, and Carbonell (2016) around the Sierra Nevada, whereas PRISM3D places
the deeper Moho in southern Spain a bit further west. Moho depth observations in this region indicate
some variability, which gives rise to different Moho reconstructions. Nevertheless, considering the statis-
tical nature of the approach used to calculate the PRISM3D Moho interface, the Moho values and pattern
agree quite well with the most recent seismic (Capella et al., 2017; Diaz, Gallart, & Carbonell, 2016;
Mancilla et al., 2012; Mancilla & Diaz, 2015; El Moudnib et al., 2015; Thiebot & Gutscher, 2006) and
petrological studies (Fullea et al., 2010).

4.3. Residual Topography

Residual topography is the topography observed once the isostatic component is filtered out. Hence, it may
provide indications of a mantle dynamic support of topography. Dynamic topography can also be estimated
from mantle convection models, by converting tomographic anomalies into thermal densities. Previous
models indicate that the Iberia‐Maghreb region has significant values of residual topography, with a gener-
ally positive uplift signal in the Gibraltar Arc System (Boschi et al., 2010; Faccenna et al., 2014; Faccenna &
Becker, 2010). Here, we present a new residual topography map, computed as the difference between the
observed and Airy isostatic topography, using the PRISM3D crustal model (Figure 5a, update from
Faccenna et al., 2014 and T. Becker, personal communication, 2019). In particular, we used the crustal thick-
ness estimate shown in Figure 4 and a constant lithospheric thickness of 82 km (Palomeras et al., 2017). We
choose crustal (ρc) and mantle lithosphere (ρm) densities of 2,782 and 3,250 kg/m3, respectively, and an

Figure 3. (a) Regional seismicity from the compilation of Custódio et al. (2016) (M > 4: circles, size corresponding to magnitude, color coded by depth, historical
quakes plotted in brown; M < 4, 1996–2016: small dots, color coded by depth). (b) Focal mechanisms from Custódio et al. (2016) color coded according to the
faulting style: Normal (green), strike slip (red), and reverse (blue). Gray dots in the background represent earthquake epicenters (same as in panel (a)).
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asthenospheric density (ρa) of 3178 kg/m
3. Under these assumptions, the Airy residual estimate reveals that

the topography of the Gibraltar Arc System is not fully compensated by crustal isostasy, indicating that at
least part of the topography could be associated with the mantle dynamic processes. However, we have to
keep in mind that the mantle contribution to topography may also result from lithospheric density
heterogeneities, which are not accounted for in our modeling. Figure 5a shows that a negative residual
topography is observed in the proximity of the Gibraltar Arc (R1‐R3), with a maximum amplitude of
~−1,300 m in the Rif. In contrast, a positive signal is obtained in the rest of the region, reaching
amplitudes of 1000 m south and east of the Rif, as well as in the eastern Betics (R4). These new results
indicate that the Gibraltar Arc region stands lower than what would be expected from crustal isostatic
balance, whereas the regions south and east of the Rif and the eastern Betics (R4) stand higher than if

Figure 4. (a) PRISM3D Moho depth model from Arroucau et al. (2017), obtained by interpolation of receiver functions
and deep seismic sounding results. Small colored circles show the Moho depth values observed. The regions
discussed in the text are identified in white: R1 (eastern Rif), R2 (Gibraltar domain), R3 (western Betics) and R4
(eastern Betics). (b, c) WE cross sections through the VP structure of PRISM3D at latitudes of 37°N, cutting through the
Betics (b), and 35°N, cutting through the Rif (c). An eastward dipping Moho is observed in both profiles, below the
eastern Rif (R1) and the western Betics (R3).
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isostatically balanced. We also compute two additional residual topogra-
phy solutions, one using the regional model of Diaz, Gallart, and
Carbonell (2016) combined with the global crustal model CRUST1.0
(Laske et al., 2013) (hereafter referred to DCRUST) (Figure 5b), and the
other using the European EPcrust model (Molinari & Morelli, 2011)
(Figure 5c). We show the difference in residual topography between these
models in supporting information Figure S3. The first solution shows simi-
lar results (Figures 6b and S3a), while the latter—which lacks the observed
lateral variability of theMoho near Gibraltar—has values of residual topo-
graphy close to zero in the Gibraltar Strait region (Figures 6c and S3b).

In the next section we will compare the residual component of the topo-
graphy with the crustal and mantle structure, seismicity and volcanism
of the region to explore if the topography may be related to stresses result-
ing from mantle dynamics.

4.4. Mantle Model IBEM‐P18

Civiero et al. (2018) combined P wave travel time data sets from all avail-
able regional seismic deployments from the Pyrenees, in the NE, to
northwest Morocco and Canaries, in the SW, to provide a new
high‐resolution tomographic model of the Iberia‐Maghreb region
(IBEM‐P18), extending from ~70‐ to 800‐km depth. The imaged seismic
structure confirms the main large‐scale features documented by previous
tomographic models (e.g., Bezada et al., 2013; Bonnin et al., 2014;
Chevrot et al., 2014; Monna et al., 2013; Figure S4). However, the larger
number of stations used, and resulting broader areal coverage of the data
set, increased the depth range of the tomographic imaging, thus allowing
us to discuss the relationship between anomalies in the upper and top-
most lower mantle. Furthermore, the introduction of PRISM3D as a start-
ing model allowed us to minimize the contributions to the travel‐time
anomalies from unresolved crustal structure, thus improving the resolu-
tion and robustness of the mantle model. IBEM‐P18 images a prominent
fast body (δVP > 0.3 km/s in its center) below the Alboran Sea, Betics,
and Rif, which extends from ~200‐km depth down to the base of the man-
tle transition zone (Figure 6). The fast anomaly is arcuate in shape, con-
cave on the Alboran Sea side down to ~400‐km depth and dips steeply
downward. This structure is surrounded by slow seismic anomalies
(δVP ≈ −0.2 km/s) in the upper mantle (Figure 6), suggesting that the fast
body below the Alboran Sea interacts with the surrounding hot mantle
(Civiero et al., 2018, 2019). Other small‐scale (~100 km of diameter at
lithospheric depths) high‐velocity anomalies are imaged below the east-
ern Rif (R1) and the western Betics (R3). The first extends downward
from the surface through the upper mantle, and the latter from
~100 km depth downward. These features are imaged as laterally con-
nected to the strong high‐velocity anomaly below the Alboran Sea, evi-
dencing the continuity of the lithospheric piece down to mantle
transition zone levels.

Figure 7 shows a resolution test beyond those shown inCiviero et al. (2018)
aimed to evaluating if the connectivity of the small‐scale uppermost man-
tle structure below Betics and Rif with the main high‐velocity anomaly in
the upper mantle is the result of vertical smearing. We place three discrete
spikes (δVP = 0.6 km/s, diameter = ~100 km) along each profile AA′ and
BB′ at ~50‐km depth. The recovered images are overall well retrieved and
show that the anomalies remain restricted to a relatively shallow depth

Figure 5. Residual topography computed using the (a) the PRISM3D
crustal model shown in Figure 4; (b) the crustal model DCRUST, a
combination of the model from Diaz, Gallart, and Carbonell (2016) and
CRUST1.0 (Laske et al., 2013); and (c) the EPCRUST crustal model
(Molinari & Morelli, 2011) (T. Becker, personal communication); ρc, ρm,
and ρa used in the computation are indicated at the bottom of each panel.
The reference mean ridge level is t0 = −2.6 km (Carlson & Johnson, 1994).
The regions discussed in the text are identified in panel (a). The strongly
negative values of residual topography around Gibraltar observed both in
(a) and (b) indicate that the Gibraltar region should stand higher than the
observed elevation if it were in isostatic balance. The positive residual
topography in the eastern Betics (R4) and east of the Rif is observed in all
the panels and means that these regions should stand at a lower elevation
relative to the actual topography if they were isostatically balanced.
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level although a small amount of smearing occurs along rays. These results suggest that the connection
between the small‐scale features R1 and R3 with the high‐velocity body centered below Alboran Sea is a
robust feature of the tomographic model.

5. Discussion

Competing evolutionary models have been proposed to explain the present‐day tectonics of the Gibraltar Arc
System. A group of studies attributes the extension observed in the Alboran basin and the formation of the

Figure 6. (a–f) Depth slices through the tomographic P wave model IBEM‐P18 (damping = 5, smoothing = 5) of Civiero
et al. (2018) at depths between 100 and 600 km. The velocities are relative to the 1‐D laterally averaged depth‐dependent
version of PRISM3D and LNLL models (Simmons et al., 2012), used as a reference model (see Civiero et al., 2018, for
details). The SKS splitting measurements from Díaz et al. (2010, 2015) and Díaz and Gallart (2014) are plotted over the
panel (b) with brown bars, whose orientation is aligned with the fast direction. The regions discussed in the text are
identified in panel (a). Profiles AA′ and BB′ in panel (b) are referred to Figure 8. Profiles CC′ and DD′ are referred to
Figure S5. Note the high‐velocity body below the Alboran Sea surrounded by low‐velocity anomalies in the upper mantle
below the external Betics and Rif.
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Betic‐Rif cordillera to delamination (e.g., Calvert et al., 2000; Platt et al., 1998; Seber et al., 1996) and/or to
convective removal of the Alboran underlying lithosphere (e.g., Houseman, 1996; Platt & Vissers, 1989).
Other models propose that the formation of the Gibraltar Arc System can be explained by subduction
rollback, with slab break‐off (e.g., Blanco & Spakman, 1993; Zeck, 1996) or without slab break‐off (e.g.,
Faccenna et al., 2004; Gutscher et al., 2002; Lonergan & White, 1997; Royden, 1993), driven by the
negative buoyancy of the subducting slab and accompanied by extension in the backarc. All the
hypothesized processes require the sinking of negatively buoyant lithosphere and the simultaneous rising
of positively buoyant sublithospheric mantle. However, these models are incompatible with each other
and predict different key observations.

A robust model of the Gibraltar Arc System needs to be consistent with all the existing observations. Here,
we integrate seismic, tomographic, and geodetic data to discuss the different proposed geodynamic models.

Figure 7. Spike resolution test for the IBEM‐P18 model, using a layer of six high‐velocity anomalies of ~100 km width
and 0.6 km/s in amplitude separated by regions of zero perturbation. (a) Input model at 50 km depth. (b) Output P
wave velocity structure at 50‐km depth. (c, e) Vertical cross sections AA′ (c) and BB′ (e) through the input model
(orientations of the profiles are shown in depth slice a) and are the same of profiles AA′ and BB′ in Figure 4. (d, f) vertical
cross sections AA′ (d) and BB′ (f) through the recovered model. The same raypaths and inversion parameters that are
used in the inversion of the observations are used here. Crustal structure is gray shaded. Despite some smearing along the
oblique ray paths, the anomalies are well retrieved. Note that the resolution of the western anomaly in profile BB′ is
weaker as the location is almost entirely offshore.
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To assist our analysis, we show in Figure 8 two cross‐sections through the Betics and Rif respectively, as
imaged by the IBEM‐P18 tomographic model, together with the vertical GPS velocities, the Moho depth,
and the actual and residual topography, along the same profiles. Figure S5 shows another two cross
sections, CC′ and DD′, along profiles perpendicular to AA′ and BB′, respectively.

Our recent tomographic model IBEM‐P18, combined with the PRISM3D crustal model, images the structure
below the Gibraltar Arc System at high resolution, on the order of 100–150 km, allowing us to interpret with
confidence the seismic anomalies from the surface down to the mantle transition zone (Civiero et al., 2018).
Below the western Betics (R3, Figure 8i) and eastern Rif (R1, Figure 8j), the high‐velocity mantle anomalies
appear to be relatively continuous from lithospheric depths down through the transition zone. Where the
imaged high‐velocity structure is continuous, the calculated residual topography values (considering the
PRISM3D crustal model) are negative or close to 0, suggesting that the lithosphere is still deflected down-
ward (Figures 4 and 8g and 8h). This does not seem to be the case below the eastern Betics (R4), where pro-
minent low‐velocity anomalies are imaged in the uppermost mantle (down to ~150‐km depth) and positive
residual topography values are found, suggesting that the lithospheric body is entirely disconnected from the
surface (Figures 8g and 8i). The computed PRISM3D Moho depths are deeper below R1 and R3 where

Figure 8. Cross sections comparing geodetic vertical velocity, Moho depth, topography, and mantle structure along two representative EW profiles through the
Betics (AA′) and the Rif (BB′). The orientation of the profiles is shown in Figure 6b and is the same as those in Figure 4. (a, b) Smoothed vertical GPS
velocities without (dark blue line) and with GIA correction model ICE‐5G (light blue line) applied. The sea domains are masked in gray due to the lack of data.
(c, d) Moho depth from Arroucau et al. (2017). (e, f) Topography profiles (expressed in m) from SRTM30+ (Smith & Sandwell, 1997). (g, h) Residual topography
(expressed in m) using the PRISM3D (red line), DCRUST (orange), and EPCRUST (yellow line) crustal thickness. The sea domains are masked in gray. (i, j)
Seismic mantle structure from the P wave tomographic model of Civiero et al. (2018). The regions discussed in the text are identified in each profile. Regions with
no piercing points are shaded gray.
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continuous high‐velocity anomalies are imaged, and shallower eastward, following the geometry of the
high‐velocity‐low‐velocity interface (Figures 4 and 8). In addition, the anisotropic mantle fabric derived from
SKS splitting analyses shows arc‐parallel fast directions, overlapping with the low‐velocity structure imaged
around the fast anomaly (e.g., Buontempo et al., 2008; Díaz et al., 2010; Miller et al., 2013) (Figure 6b).

These observations together support the existence of a subducting slab and cannot be readily explained by
lithospheric delamination or foundering models. The significant vertical extent of the high‐velocity anomaly
is unlikely to result from delamination alone, which would have indicated a much smaller amount of sink-
ing material (Bonnin et al., 2014). In addition, anisotropic fast directions oriented radially are required to
explain the asthenospheric mantle that replaces the removed lithosphere (Buontempo et al., 2008; Díaz
et al., 2010). The SKS splitting results in Figure 6b show, however, that the flow is oriented more or less tan-
gentially to the Alboran Sea domain. In turn, convective removal of the lithosphere would generate more
rounded and sparse anomalies detached from the surface. Such models would produce a more symmetric
arc system and not a horseshoe‐arc‐shaped mountain belt with an accretionary wedge to the west
(Gutscher et al., 2002; Schellart & Lister, 2004). Furthermore, the distribution of calc‐alkaline volcanism
in the eastern Betics, Morocco and Alboran Sea dating from the Miocene, between 25 and 5 Ma, require
the transport and circulation of fluids from the surface to high depths (80–120 km) only possible in a subduc-
tion environment (e.g., Bosch et al., 2014; Duggen et al., 2005; Faccenna et al., 2004; Gill et al., 2004; Lustrino
et al., 2011) (Figure 1). According to this interpretation, a subducted piece of lithosphere is the only possible
explanation for the deep‐focus earthquakes observed below the Alboran Sea and Granada region (e.g.,
Bezada & Humphreys, 2012; Buforn et al., 2011) (Figure 3). In light of these observations, we conclude that
a subvertical E dipping subducted slab below the Gibraltar Arc System, extending through the upper mantle
down to the upper‐lower mantle boundary, is the only model supported by the integrated data set.

5.1. Has the Gibraltar Slab Broken off?

It is currently debated whether the slab is still attached to the surface and whether the subduction zone
remains active (Duarte et al., 2013; Gutscher et al., 2012; Iribarren et al., 2007; Spakman & Wortel, 2004;
Zitellini et al., 2009). Some authors have proposed that the subducted slab has fully broken off and is no
longer influencing the geodynamics of the region (e.g., Cunha et al., 2012; Duggen et al., 2003), whereas
others have suggested that it is still entirely attached to the surface (e.g., Alpert et al., 2013). Other recent
studies agree that only residual slab segments (below the Rif and the Betics) are still connected to the surface
or in the process of detaching (e.g., Carballo et al., 2015; Garcia‐Castellanos & Villaseñor, 2011; Levander
et al., 2014; Mancilla & Diaz, 2015; Palomeras et al., 2014; Spakman et al., 2018; Thurner et al., 2014;
Vernant et al., 2010). According to our integrated analysis, the subducted slab appears to be indeed segmen-
ted, with a few portions still attached to the surface or in the process of detaching below the eastern Rif (R1)
and the western Betics (R3), while a wide portion of the slab seems to have fully broken off below the eastern
Betics (R4). The TASZ, the present‐day eastern limit of the overriding Alboran block (Neres et al., 2016),
seems to accommodate the differential motion between, on one side, the west Alboran, western Betics
and Rif crust, which are partially still connected to the slab and, on the other side, the eastern Alboran crust
and eastern Betics, which are no longer connected to the slab.

The idea that the slab is still attached to the surface (or detaching from the crust) in the eastern Rif (R1) and
the western Betics (R3) explains: (i) the deep Moho plunging from depths of ~10 km up to more than 40 km;
(ii) the vertical continuity of the tomographically imaged fast anomaly down to the mantle transition zone;
and (iii) the negative (or around 0) residual topography, indicating that the Gibraltar Strait region stands
lower than what would be expected from isostatic balance. The connection of the slab to the surface below
the eastern Rif (R1) is further supported by controlled‐source and natural seismicity surveys (Díaz, Gil,
et al., 2016), surface wave tomography (Palomeras et al., 2014, 2017), and gravity studies (Petit et al., 2015).
To the north, in the western Betics (R3), the evidence that a segment of the slab is still attached to the surface,
or in the process of breaking off, agrees well with previous tomographic models (Levander et al., 2014;
Palomeras et al., 2014; Spakman & Wortel, 2004) and receiver functions studies (Thurner et al., 2014).

The scenario is different around the Gibraltar Strait (R2), where few observations indicate that the crust is
slightly thinner than that of neighbor domains (Figure 4), the IBEM‐P18 tomographic images show a promi-
nent low‐velocity body, which extends down through the upper mantle (Figure 6) and the residual topogra-
phy is negative (Figure 5). This short segment thus appears to be either fully detached or currently detaching
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from the surface, in agreement with the recent model of Thurner et al. (2014), and forming a small slab win-
dow. The formation of such subduction window may have been aided by the continued plate convergence
between Nubia and Eurasia since post‐Miocene times, which seems to have tightly bent the subducted slab
around a vertical axis centered near the Gibraltar Strait (Mattei et al., 2006), thus facilitating the detachment
of this portion of the slab. Strongly negative dilatational rates around Gibraltar (i.e., shortening) indicate that
the plate convergence is still significantly driving deformation here (Figure 2). The ongoing compression is
likely to induce the enlargement of the subduction windowwith time. This suggests that the topographymay
have not yet recovered its isostatic equilibrium position explaining why the residual topography is still nega-
tive. One would expect that only once the slab is fully detached from the plates at the surface the residual
topography values would become neutral, or even positive in case of rebound.

The existence of a detached slab in the eastern Betics (R4) is also supported by current observations, namely,
(i) a substantially shallow Moho (Sierra Nevada excluded), becoming even shallower than in inner stable
Iberia; (ii) a strong low‐velocity anomaly (down to ~150 km depth), as tomographically imaged by the
IBEM‐P18 model; and (iii) the residual topography gradually becoming positive, which indicate that the
eastern end of the arc stands higher than would be expected in a situation of crustal isostatic equilibrium.
These pieces of evidence suggest that the slab is progressively tearing below the eastern Betics (R4), in con-
sequence of the subduction of continental Iberian crust (e.g., Duggen et al., 2004; Mancilla & Diaz, 2015).
The present‐day tearing of the Iberian lithosphere has been proposed to be occurring along a near‐vertical
EW striking STEP fault that is expressed in the crust as a positive flower structure, imaged by receiver func-
tions (Mancilla et al., 2018).

In SE Spain, the data allow us to speculate on a remnant segment of the slab. Similar to the previous tomo-
graphic model of Palomeras et al. (2014), IBEM‐P18 images a small high‐velocity anomaly, which extends
offshore (Figures 6 and 7). This anomaly appears continuous from the crust to transition zone depths and
may indicate a small remnant portion of the subducted lithosphere of the Balearic margin that is still
attached to the surface. However, the resolution in this part of the tomographic model is limited (Civiero
et al., 2018) and better seismic coverage is needed to image clearly the finest details of the structure.

5.2. Is the Gibraltar Subduction Zone Still Active?

The subducted Gibraltar slab does not seem to be continuously connected to the surface over the entire
length of the arc. Several segments of the slab show signs of slab break off and are characterized by slab
windows. This suggests that the slab is detaching from the surface and that the subduction system is reach-
ing its final stages of evolution, as a result of the entering of continental blocks in the subduction zone
(Figure 9). The remaining question is whether the slab segments that are still attached to the surface, to
the west, can transmit stresses efficiently to the surface plates, causing seismotectonic deformation and
eventual facilitating the propagation of the arc to the west, where some oceanic lithosphere is still available
to subduct.

The observed negative residual topography in the Rif, the Gibraltar domain and the western Betics (R1‐R3)
indicates that the surface topography is deflected downward, likely in result of the action of slab pull forces.
However, the GPS vertical data suggests that portions of the arc's surface are presently moving upward
(uplift, see Figures 2 and 8). A hypothesis that could explain these apparently contradictory observations
is that the slab pull force is decreasing as the result of a progressive (viscous) detachment of the slab and
is losing its capacity to propagate stresses to the surface efficiently, causing its uplift (see discussions in
Gutscher et al., 2012; Neres et al., 2016; Serpelloni et al., 2013; Stich et al., 2006). The observed uplift would,
therefore, result from the progressive restoration of isostatic equilibrium. Such interpretation suggests that
the subduction interface may not be active, at least as one would expect from a classical subduction system.
This is in agreement with the lack of instrumental earthquakes along the subduction interface. Furthermore,
a recent study found several focal mechanisms within the subducted plate, at 60‐ to 100‐km depth, east of
Gibraltar, without a clear relation with downdip stresses and suggested that the process of subduction has
come to a halt or slowed down significantly (Santos‐Bueno et al., 2019).

Below the eastern Betics (R4), the surface stands higher than what would be expected from isostatic equili-
brium and, in accordance, the GPS data depicts mostly upward vertical crustal motion. This region is also
characterized by a shallow lithosphere‐asthenosphere boundary, compared with the surrounding regions
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(Palomeras et al., 2014, 2017), and a dominantly positive dilatational strain field, in agreement with
dominantly trans‐tensional and some normal crustal earthquake focal mechanisms (Figures 2b and 3).
Such evidences suggest that the slab has detached here, with the opening of a slab window and the inflow
of asthenospheric mantle (Carballo et al., 2015; Faccenna et al., 2011; Fullea et al., 2010; Molina‐Aguilera
et al., 2019; Palomeras et al., 2014, 2017). Numerical and laboratory studies (Funiciello et al., 2006; Li &
Ribe, 2012; Piromallo et al., 2006; Schellart, 2008; Stegman et al., 2006; Strak & Schellart, 2014) show that
narrow rolling‐back slabs induce strong quasi‐toroidal mantle flow around their lateral edges. We suggest
that this mantle return flow may still be active around the Gibraltar Arc, as evidenced by SKS splitting
results (e.g., Díaz et al., 2010). Although subduction is currently very slow or stopped, the slab may be still

Figure 9. Schematic cartoon of the proposed geometry and dynamics of the Gibraltar slab. (a) Topography of the
Gibraltar arc system. The regions of the arc discussed in the text are indicated in blue (R1 and R3: Segments still
attached to the surface or in the process of detaching) and brown (R2 and R4: Segments of the arc detached). The
volcanism is shown with orange triangles. The TASZ and other major faults are indicated in black. (b) The vertical GPS
motion with white arrows indicating the most significant regions of uplift and subsidence. (c) The simplified 3‐D
geometry of the slab below the IBEM‐P18 model at 100‐km depth. The red arrows indicate the mantle flow pushing
asthenospheric material toward the lateral edges of the slab and through the slab windows.
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moving (and steepening) in the mantle as a result of its negative buoyancy, thus forcing subslab material to
flow around its lateral edges with an upward flow component, emerging below the eastern Betics (R4) and
east of the Rif. The impingement of vertical mantle flow forces the upward dynamic bending of the litho-
sphere and associated positive vertical topographic motion (Figure 9). Such mantle inflow is likely to have
weakened the lithosphere, eventually facilitating the development of the TASZ. The very active seismicity
along the TASZ is in good agreement with the high strain rates observed in the region from GPS data. In
addition, the transtensional faulting regime indicated by focal mechanisms along the TASZ is consistent
with the observed dilatational field (Figure 3).

The process of lateral slab disruption and window formationmay have initiated in the lateMiocene and to be
continuing at the present (Faccenna et al., 2004). The overall uplift has been proposed to be responsible for
the closure of the gateways between the Mediterranean and the Atlantic ~5.8 Ma ago, causing the Messinian
salinity crisis (Duggen et al., 2003; Garcia‐Castellanos & Villaseñor, 2011; Krijgsman et al., 1999). The intra-
plate calc‐alkaline volcanic fields found since ~5 Ma around the lateral edges of the slab in southern Spain
and northeast Morocco (Duggen et al., 2005; Lustrino & Wilson, 2007; Maury et al., 2000) and the thermo-
barometric analysis of basalts (Thurner et al., 2014) provide further evidence for the existence of this upwel-
ling system, where asthenospheric mantle fills the detached portions of the lithospheric slab and generates
partial melting at depths of 40–80 km.

The regional convergence between Iberia and Africa can contribute significantly to the observed folding and
uplift with the consequent increase of the emerged areas in the Betic‐Rif chain from late Tortonian onward
(Braga et al., 2003; Iribarren et al., 2009; Sanz de Galdeano & Alfaro, 2004). As shown in Figure 8, the
uplifted region around Gibraltar (R1–R3) shows a clear match with the high crustal thickness distribution
below. In the Rif, tectonic deformation occurs at local scale. Recently, Spakman et al. (2018) proposed that
the slab‐edge indentation along the African margin due to mantle‐resisted slab dragging provides a straight-
forward explanation for the local crustal thickening of the Rif. This shortening would produce inter‐seismic
strain accumulation that would be expressed at the surface by local uplift. Such process would explain the
few southwestward GPS velocities of the northern Rif (in a Nubian‐fixed reference frame; see Figure 2a).
This observation is in agreement with previous geodetic studies that have interpreted the Rif subblock beha-
vior as an evidence that a segment of the slab is still attached to the surface, and rolling back southwestward,
below this region, producing local shortening at crustal levels (e.g., Pérouse et al., 2010; Vernant et al., 2010).
However, the observed low rates of horizontal GPS rates in the northern Rif (~1 mm/yr) suggest that, if such
process is indeed occurring, it should be significantly less active in the present day.

Additional geophysical studies combined with numerical modeling will allow testing different evolutionary
scenarios that take into account the 3‐D structure of the slab and the various driving forces at work in the
region.

6. Conclusions

In this work, we presented a new dense GPS data set that provides a detailed view of the horizontal and
vertical surface motion in the Gibraltar Arc System. We also computed residual topography using different
crustal models available in literature. We then comparatively analyze these results together with up‐to‐date
Moho depth estimates, mantle structure images, and seismicity of the region. The integration of these
observations allows us to provide a conclusive understanding of the highly debated evolution of the region,
validating some previously published hypotheses and adding new fresh insights on the geometry and
dynamics of the arc. According to our interpretation, the Gibraltar subduction interface appears to be no
longer active as a continuous arc. In agreement with previous findings, the slab appears clearly detached
from the surface beneath the eastern Betics as a result of slab tearing. However, it seems to be still locally
attached to the surface (or has just recently detached) in the eastern Rif and in the western Betics. The
remaining slab pull on the subducted continental margin is depressing the Moho downward. A young slab
window is forming around the Gibraltar Strait under the ongoing compression between the African and
Eurasian plates. However, the negative residual topography suggests that the isostatic equilibrium has
not been reached yet.

Finally, we propose that most of the uplift observed in the Betic‐Rif chain is due to inflow of asthenospheric
mantle material, which replaces the detached lithosphere at shallow depths and pushes the surface upward.
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The Africa‐Eurasia convergence and the slab‐edge indentantion into African continental lithosphere may
additionally contribute to the uplift in NW Morocco, where the slab is still attached to the surface.
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