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We study the crustal and lithospheric mantle structure under central Betics in the westernmost
Mediterranean region by migrating P-receiver functions along a dense seismic profile (~2 km interstation
distance). The profile, North-South oriented, probes the crustal structure of different geological units,
from the Alboran domain in the south with metamorphic rocks, through the External Zones with
sedimentary rocks to the Variscan terrains of the Iberian Massif in the north. From north to south, the
Moho depth increases from ~30 km to ~46 km underneath the Guadix basin, due to the underthrusting

Keywords: of the Iberian crust below the Alboran crust, and suddenly shallows to ~30 km underneath the Internal
westernmost Mediterranean subduction Zones with a step of 17 km. This sharp Moho step correlates well with a lithospheric step of ~40 km,
system where the thickness of the lithosphere changes abruptly from ~100 km in the north to ~50 km in

central Betics

sharp Moho step

STEP fault

positive tectonic flower structure

the south. We interpret this sharp and prominent lithospheric step as the termination of the Iberian
lithosphere caused by a near-vertical STEP (Subduction-Transform-Edge-Propagator) fault that continues
towards the surface as a positive flower tectonic structure of crustal scale. This STEP fault is located
at the northern edge of the narrow Westernmost Mediterranean subduction system facilitating the slab
rollback motion towards the west. The sharp termination of the Iberian lithosphere occurs under the
contact between the Alpujarride and the Nevado-Filabride complexes of the Alboran domain in an ENE-
WSW right-lateral transpressive shear zone. The thickest crust and lithosphere do not correlate with the
highest topography along the profile suggesting that this high topography is a combined effect of the
positive flower structure, and the push up of the asthenosphere produced by the removal of the Iberian

lithosphere.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction underthrusting plate at both sides of the STEP fault (Govers and
Wortel, 2005; Baes et al.,, 2011). In addition, the juxtaposition of
overriding plate and the continental part of the subducting plate
causes an increase of the crustal thickness that contributes to the
relatively sharp contrast in the Moho depth.

Observations of faults produced by slab tearing (STEP fault)
have been found in subduction system worldwide (e.g. North Fiji
Basin, Eastern Caribbean plate, Sulawesi Indonesia, see e.g. Govers
and Wortel, 2005) and in the Mediterranean region in particular:
e.g. in Northern Apennines (e.g. Agostinetti, 2015), in the south-
ern Tyrrhenian subduction system (e.g. Bianchi et al., 2016) and
in the Hellenic arc (e.g. Pearce et al., 2012). While STEP faults at
the subducting slab have been studied largely in last years, de-

At edges of a subduction system, STEP faults (Subduction-
Transform-Edge-Propagator, also called tear fault) occur and en-
able the continuation of subduction (Govers and Wortel, 2005).
These faults are strike-slip transfer faults that produce tearing in
the subducted plate lithosphere and propagate, approximately, per-
pendicular to the subduction strike (Nijholt and Govers, 2015).
The slab tearing may result in sharp changes in lithospheric and
crustal thickness across the STEP fault, strike-slip motion in the
upper plate and vertical motion between the two blocks of the
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formation produce at the top of them in the overridden plate is
still poorly understood. Some observations correlate the location of
the STEP faults in the subducting plate with a wide shear zone in
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Fig. 1. Geologic (a) and topographic (b) maps. Red triangles mark the HIRE-I stations and black triangles the HIRE-II stations. Grey triangles denote the permanent and
other previous temporary stations in the area. The white stars represent approximate location of the tear fault along the northern edges of the westernmost Mediterranean
subduction system obtained by Mancilla et al. (2015a). The blue dashed line is the direction of the cross-sections shown in Figs. 2 and 4. The stations inside the black

rectangle are the ones which data are included in the migration images.

the overriding plate formed by strike-slip faults (e.g. Ozbakir et al.,
2013; Agostinetti, 2015). Ozbakir et al. (2013) following observa-
tions at the surface above the STEP fault suggested that the shear
zone at depth is not sharp in its early stage of formation. However,
there is no clear observation of how the deformation is distributed
from the tear fault in the subducted slab to the entire crust in the
overriding plate.

At the northern edge of the westernmost Mediterranean sub-
duction system where continental crust started to be involved at
Miocene ages, slab tearing along STEP fault has been suggested
to occur (e.g. Faccenna et al., 2004; Duggen et al, 2004, 2005;
Govers and Wortel, 2005; Garcia-Castellanos and Villasefior, 2011;
Mancilla et al., 2015a, 2015b). An increase in the number of seis-
mic station deployed in the Ibero-Maghreb area (Fig. 1) occurred
in the last ten years with four temporary experiments (Topolberia,
Picasso, Indalo, and Siberia projects) and the densification of per-
manent Spanish seismic networks (Instituto Geografico Nacional
and Instituto Andaluz de Geofisica). All these stations have pro-
duced a virtual seismic network with approximately ~50-60 km of
interstation spacing (Topolberia consortium, http://iberarray.ictja.
csic.es). This virtual network has allowed imaging a Moho step (in
some profiles a lithospheric step) that marks the approximate po-
sition of a tear fault (or STEP fault) along the northern edge of
the subduction system under eastern and central Betics by receiver
function migration techniques (white stars, Fig. 1, Mancilla et al.,
2015a). The surface expression of this slab tearing is marked by re-
gional uplift, denudation of high-pressure rocks in elongated core-
complex type domes, late Miocene volcanism at the Eastern Betics,
and by large ENE-WSW strike-slip transfer faults (see Mancilla et
al., 2015a and the references therein).

The large inter-station distance, however, prevents an accurate
estimation of the sharpness and size of the jump and the geom-
etry of the contact between the subducting and the overriding
plates. Trying to constrain the structure of the crust and mantle
lithosphere in more details, a passive-source seismic experiment
(HIRE) was conducted (Heit et al., 2010). The experiment was per-
formed in two legs. The first leg consists of 40 broadband stations
with an interstation distance of ~2 km deployed in a NS direc-
tion perpendicular to the collision front and to the possible tear
fault in central Betics (HIRE-I project, red triangles, Fig. 1). In the
second leg, 10 broadband stations with an interstation distance of

~10 km were installed to follow the lithospheric structure towards
the north reaching the Iberian massif (HIRE-II project, black trian-
gles, Fig. 1).

In this study we use the data from the HIRE high-density seis-
mic profile and other stations in the close vicinity to perform an
analysis of P-wave receiver functions in order to image with high
resolution the crustal and the lithospheric mantle structures. By
making use of the receiver function migration technique we de-
lineate the Moho and lithosphere-asthenosphere boundary (LAB)
and other intracrustal discontinuity across the different geological
units.

2. Tectonic setting and previous geophysical studies

The westernmost Mediterranean region has undergone a com-
plex tectonic evolution since the Miocene. In this region subduc-
tion of oceanic lithosphere beneath the tightly curved Gibraltar arc
is imaged by different tomographic studies (e.g. Spakman and Wor-
tel, 2004; Bezada et al., 2013; Villasefior et al., 2015). The Betic and
Rif orogenic belts that surround the Alboran basin conform the
Gibraltar arc, the westernmost expression of the Alpine orogeny
(e.g. Lonergan and White, 1997; Platt et al.,, 2003). These belts
are formed by the westward collision of the Alboran domain and
are thrusting over the South Iberian and North Maghrebian pas-
sive continental paleomargins during the Miocene (e.g. Platt et al.,
2003).

In this area the Iberian and Nubian plates converge with current
WNW-ESE oblique direction at a rate of ~4-5 mm/yr (e.g. Noc-
quet and Calais, 2003; Stich et al., 2006; Serpelloni et al., 2007).
In this convergent setting an extension process is present since
Miocene times and is responsible for the development of the Albo-
ran Basin in the middle of this collisional orogeny. The onset of this
extension process is due to the evolution of the western Mediter-
ranean subduction system toward a slab rollback system together
with back-arc extension, also producing too the westward motion
of the Alboran domain over the Iberian and Maghrebian paleo-
margins (e.g. Lonergan and White, 1997; Gutscher et al., 2002;
Faccenna et al., 2004). This subduction system is currently in its
last evolution stage where the subduction process seems to be no
longer active (e.g. Stich et al., 2006).
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Fig. 2. Summation traces of the receiver functions for all the stations along the NS-profile shown in Fig. 1. All the traces have been corrected for Ps-moveout prior to stacking.
The horizontal dashed black lines mark the converted phase at the Moho discontinuity (Pms) and the continuous black lines the arrival time of the multiples phases from the
Moho. The vertical dashed lines mark the limit between different geologic units at surface (IM: Iberian massif; EZP: External Zones Prebetics; EZS: External Zones Subbetics;
IZAL: Internal Zones Alpujarride; IZNV: Internal Zones Nevado-Filabride). The black circle labeled with GB at the top of the topography encloses the multiples related with
the sedimentary cover of the Guadix Basin. The inset map shows the location of the earthquakes used in the receiver function analysis. The red stars are the ones recorded
by the HIRE-I stations and blue stars by the HIRE-II stations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

The tomographic studies, with a resolution from ~70 km depth
to the base of the mantle transition zone, reveal the current ge-
ometry of the subducted slab, imaged as a high-velocity body (e.g.
Bezada et al.,, 2013; Palomeras et al., 2014; Villasefior et al., 2015).
This high-velocity body, possibly corresponding to oceanic litho-
sphere, has a slab-like structure dipping steeply towards the east.
The projection of this slab on the surface has a curvilinear shape
and coincides with the extension of the Gibraltar arc orogenic belts
(the Betics and the Rif belts; e.g. Bezada et al., 2013).

The seismic profile analyzed in this study probes two main tec-
tonic units of Southern Iberia involved in the collision (Fig. 1): the
Betics domain sampled by the stations of HIRE-I and the Iberian
Massif by the stations of HIRE-II. The Iberian massif forms a ma-
jor part of the Iberian Peninsula and is a fragment of the European
Variscan orogen (Fig. 1). The crustal structure in its southern part
is rather homogeneous with an almost flat crust with a thickness
of 30-32 km (Mancilla et al., 2015b; Mancilla and Diaz, 2015). The
Betics domain is tradltlonally divided into the External Zones, the
Internal Zones (or Alboran domain), and the Flysch units. Our ex-
periment only samples the External and the Internal Zones units.
The External Zones represent the continental paleomargin of Iberia
and contain Mesozoic to Miocene sedimentary rocks deposited on
this paleomargin prior to the collision and the formation of the
Betics belts (Prebetic and Subbetic units, Fig. 1, Garcia-Hernandez
et al, 1980). The External Zones were folded and thrusted in
the northwesterly direction onto the Iberian foreland during the
Miocene. The Alboran domain (or Internal Zones) is composed
mainly of Paleozoic and Mesozoic meta-sedimentary rocks with
varying metamorphic grade and Neogene basin deposits (Fig. 1, e.g.
Lonergan and White, 1997). The Internal Zones have traditionally
been divided into the Nevado-Filabride (IZNV), Alpujarride (IZAL)
and Malaguide complexes (Balanya and Garcia-Duefias, 1987). Only
the first two complexes are observed at the surface in our study
area (Fig. 1).

Mancilla et al. (2013 and 2015a, 2015b) obtained migration im-
ages of the lithospheric structure using P-wave receiver functions
in NS and EW profiles along the southern Iberian Peninsula. The
average inter-station distance was 50-60 km. They observed strong
lateral variations of the crustal thickness with in the southern
Iberia peninsula, ranging from ~19 km to ~46 km and a relatively

thin lithosphere with thickness ranging from ~50 km in south-
eastern Iberia to ~90-100 km beneath the thickest crust and the
western Betics and the Rif near the coast. The thickest crust was
found at the contact between the Alboran domain and the External
Zones of the Betics Range underneath some of the Neogene basins
(e.g. Granada and Guadix-Baza basins). On the contrary, crustal
thinning was observed in southeastern Iberia (down to 19 km).
From the cross-sections, they interpreted that the Iberian crust
underthrusted the Alboran domain under its contact with the Ex-
ternal Zones and described the presence of slab-like feature of
Iberian lithosphere nature at the western Betics while tearing of
this Iberian slab is proposed in the central and eastern Betics re-
gions.

3. Data and methodology

We calculate P-wave receiver functions from teleseismic seis-
mograms recorded at 50 seismic broadband stations deployed in a
North-South profile across the Sierra Nevada Mountains in cen-
tral Betics, Southern Spain (red and light blue triangles, Fig. 1;
HIRE project, Heit et al., 2010). The HIRE-I stations were in op-
eration for 14 months, from 09/2010 to 11/2011, while the HIRE-II
stations for 22 months, from 06/2013 to 05/2015. In addition, we
use data from permanent and other temporary seismic stations lo-
cated close to the profile (gray triangles, Fig. 1). The total length of
the profile is ~230 km. The additional permanent stations belong
to the Instituto Andaluz de Geofisica (IAG, http://www.ugr.es/~iag)
and Instituto Geografico Nacional (IGN, http://www.ign.es) and
the temporary stations were deployed by the TOPOIBERIA (Iber-
array seismic network, https://doi.org/10.7914/SN/IB) and INDALO
projects (http://www.ugr.es/~iag).

For the receiver function analysis, we consider earthquakes with
magnitude larger than 5.5 in the distance range between 30° and
90°. The number of obtained receiver functions ranges from 8
(HR24) to 56 (HR36). The difference in the number of receiver
functions between stations is mainly due to technical problems
for some stations during the experiment. Additionally, we include
the receiver functions from stations locate close to the profile that
were analyzed by Mancilla et al. (2015b). For the study area, the
azimuthal coverage of the data is shown in the inset map in Fig. 2.
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Fig. 3. a) Location of the stations shown in b) along the profile with a simplified crustal structure below them obtained in the migration image in Fig. 5; b) Q component
receiver functions for some representative stations stacked by backazimuth in bins of 10° with an overlap of 5°. The summation trace of the Q components is displayed on
the top. All the traces have been corrected for Ps moveout prior stacking. The dashed red and blue lines mark the arrival times for the converted phase (Pms) at the Moho
discontinuity for the Alboran Moho and for the Iberian Moho, respectively. Fig. 3 continued for stations located in the southern side of the STEP fault. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Most earthquakes occur in the active seismic areas of Central and
South America while other azimuths are less represented.

P-wave receiver functions are time series containing P-to-S con-
verted and multiples reverberated phases generated at seismic
discontinuities underneath the recording stations (Vinnik, 1977;
Langston, 1979). The receiver functions are obtained by decon-
volving the vertical component from the horizontal components in
the time window corresponding to the first P arrival and its coda.
The deconvolution removes the effects of the source, the P wave
propagation path, and the instrument response, retaining the in-
formation on receiver-side wave conversions caused by the local
structure (Vinnik, 1977; Langston, 1979).

Prior to deconvolution, we rotate the horizontal and vertical
components into the ray coordinate system, using the theoretical
back azimuth and incident angles, obtaining the Q and L com-

ponents instead of radial and vertical components, respectively
(Vinnik, 1977). Receiver functions have been obtained using an it-
erative time domain deconvolution method (Ligorria and Ammon,
1999). We use a Gaussian filter width of 2.5, translating into re-
ceiver function pulses of around 1 s wide. For a more detailed
description about the processing used see Mancilla et al. (2012).
We display, in Fig. 3, the Q components of the receiver func-
tions for some representative stations along the profile located
in different geologic domains. The transversal components are
shown in the supplementary material (Fig. S1). We observe a
great variability of receiver function between stations along the
profile increasing their complexity in the contact area between
the Iberian Massif and the Alboran domain (stations HR41-HR25).
Even though, the transversal components contains significant en-
ergy and we observe features that can be explained by dipping
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Fig. 3. (continued)

layers or anisotropy, in this study we only focus on the Q com-
ponents. To follow the Moho discontinuity along the profile, in
Fig. 2, we plot the receiver function summation traces at each sta-
tion (dashed black lines).

Receiver functions show in general clear conversion phases at
the Moho discontinuity (Pms) beneath most of the stations with
the exception of few stations located in the Guadix-Baza basin (GB
in Fig. 2 and Fig. 3). Four stations are excluded from the analysis
because of the strong reverberations from the sedimentary cover
that hide the conversion phase from the Moho discontinuity and
other intracrustal structures. We observe strong similarities be-
tween neighboring stations (e.g. HRO2 and HRO7; and HR27 and
HR25 in Fig. 3).

The dense distribution of HIRE-I seismic stations (red triangles
Fig. 1), allows for building migration images of the lithospheric dis-
continuities with high spatial resolution. In Fig. 4, the PRFs are
back-projected along the incident ray path and then stacked in the

Fd.L Mancilla et al. / Earth and Planetary Science Letters 486 (2018) 32-40

area with high density of stations. Data from neighboring stations
within a swath of 20 km are included to build migration images.
The horizontal and vertical sizes of the bins are 1 and 2 km, re-
spectively. In the migration images we observe the continuation
of the conversion discontinuities along the profile and interpret
them in Fig. 4B. In the crust at the depth range of <50 km, we
can identify a series of conversion phases with positive amplitudes.
We interpret the deepest one (at depths of 30-50 km) as the base
of the crust, and other dome-shape features as intracrustal dis-
continuities. A discontinuity with negative amplitude (blue color)
is inferred at the depths of 60-100 km, coinciding with the LAB
discontinuity observed in previous studies (Palomeras et al., 2014;
Mancilla et al., 2015b). We mark the location of the inferred LAB
discontinuity with magenta line.

In Fig. 5, we extend the profile toward the north with data
from HIRE-I and II stations (blue line, Fig. 1) and use all the avail-
able data in the area from the closest temporary and permanent
stations (gray triangles in Fig. 1). In this migration we take into
account the increase of the Fresnel zone with depth. We stack
in the cross-section all PRF amplitudes with piercing points in-
side a band with halfwidth of 20 km at both sides of the profile
(Fig. 5). We spatially smooth the stacking using a Gaussian filter
of 3 km. In these figures, we can delineate the Moho discontinu-
ity and other intracrustal structures from the Iberian Massif in the
north to the Mediterranean coast in the south. A modified IASP91
reference velocity model using crustal information from previous
refraction profiles was used to convert delay time to depth (see
Diaz and Gallart, 2009, for a review).

4. Results and discussion

The summation traces plotted in Fig. 2 along the profile in a
near NS direction (dashed blue line, Fig. 1), show variations in
the Pms arrival time (black-dashed lines in Fig. 2). In the south-
ern side of the profile, receiver functions represent the response
of the crustal structure underneath the Alboran domain near the
Mediterranean coast. Stations HRO1-HRO3 show the earliest arrival
of the Pms phase at ~3 s, corresponding to a crustal thickness
of ~25 km. Towards the north, the arrival time of the Pms phase
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Fig. 4. A) Migration images built with receiver functions from the HIRE-I stations and neighboring stations located within a distance of 10 km from the profile at 3°W of
longitude. Topography along the profile is shown at top the of each panel. In these images, positive amplitudes (red color) represent seismic discontinuities with velocity
increase with depth, while negative amplitudes (blue) represent velocity decrease. B) Same as the (A) but including interpretations lines of tectonic character. Continuous
black lines mark the Moho discontinuity and positives flower structure faults; the LAB discontinuity with magenta lines, and intracrustal structures with dashed black lines.
We show the inferred positive flower-fault structure that propagates the tear fault toward the surface. GB marks the location of the Guadix-Baza basin. The vertical/horizontal

scale is 1 to 2.
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(and therefore, the crustal thickness) increases gently to ~4.5 s
(~35 km) underneath stations HR17-HR18 located at the high-
est altitude along the profile. Farther north, the arrival time de-
creases to ~3.9 s (~30 km) and remains constant from station
HR21 to HR24. Between stations HR25 and HR42, our data suggests
the presence of two Moho phases, one pulse at approximately
the same time of the Pms from the closest southern stations
(~3.9 s) and the other pulse arriving later at ~5.5-7 s (imply-
ing a crustal thickness of ~46-48 km). North of station HR42,
receiver functions present a simple crust and resemble the ones
obtained beneath stations located in the Iberian massif (Mancilla
et al, 2015b). At the northern edge of the profiles the arrival
time of the Pms phases is ~3.7-3.9 (~30-32 km of crustal thick-
ness). The arrival times and the inferred crustal thickness along
the profile correlate well with results obtained by previous seismic
studies and the Bouguer anomaly map (e.g. Mancilla et al., 2015b;
Mancilla and Diaz, 2015).

The same pattern in crustal thickness is observed in the mi-
gration images (Figs. 4 and 5). The deepest positive conversion
(continuous black line) represents the base of the crust (Moho
discontinuity). The stations located in the Iberian massif present
a similar crustal thickness of 30-32 km (Fig. 5). The structure of
the Iberian crust remains homogeneous from the northern side of
the profile until the middle of the External Zones (under station
EQES, Fig. 5) where we clearly observe a stacking of crustal layers

(Alboran at the top and Iberian crust at the bottom) producing an
increase in the crustal thickness to a maximum of ~46-48 km.

We interpret the double phase as the stacking of the crust
resulted from the continental collision where the Iberian crust un-
derthrusts the Alboran crust (Fig. 5). The continuous increase of
the crustal thickness from ~30 km under the Iberian Massif in
the north to ~46-48 km underneath the External Zones (~17 km
of increase) occurs within a distance of ~60 km along the pro-
file. The crustal stacking ends very sharply below the contact
at the surface between the Alpujarride and the Nevado-Filabride
units (Internal zones, Figs. 4 and 5). The area with the thick-
est crust is below the Antiplano of the Guadix-Baza basin with
an average altitude of ~1000 m but not below the highest to-
pography along the profile (~2100 m, Sierra Nevada Mountain).
This maximum crustal thickness coincides with a minimum in the
Bouguer anomaly (~120-150 mGal, Bureau Gravimétrique Interna-
tional, http://bgi.omp.obs-mip.fr).

Towards the south, in the area where the density of seis-
mic station increase, the observed step in the Moho discontinu-
ity (~17 km) occurs in a short distance along the profile, less
than 3 km (Fig. 4), approximately under the contact between
the Nevado-Filabride and the Alpujarride units (Internal Zones).
Schulte-Pelkum and Ben-Zion (2012) show that observed veloc-
ity contrasts in the crust across large continental strike-slip faults
are sufficient to produce artificial vertical Moho offsets of >5 km.
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From seismic refraction profile and gravity data in the area no
strong velocity contrasts are found between the Iberian crust and
Alboran crust (Banda et al., 1993) apart from the presence of the
Guadix basin in the northern side of the STEP fault (Fig. 4). The
thickness of the sedimentary cover in the influence area for our
profile is less than 1000 m in its thickest part (Sanz de Galdeano
et al., 2007). Even though this contrast could bias the size of the
Moho step, the error is less than 4 km (Schulte-Pelkum and Ben-
Zion, 2012).

This step at crustal level correlates with a step of ~40 km at
lithospheric level (magenta lines at the bottom panels in Fig. 4). In
Fig. 4, we can observe a negative converted phase below the Moho
at a depth of ~100 km in the north (at distance of 20-50 km),
which shallows to a depth of ~60 km until the southern end
of the profile (at distance of 100 km). We interpret this nega-
tive phase as the LAB. In general, the conversion phase at the
LAB, for average lithospheric thickness, is difficult to detect in P-
wave receiver functions analysis because it is often interfered by
crustal multiples. In our case, the crustal multiples arrive later
than the LAB phase arrival, which enables the identification of
the LAB discontinuity (Fig. 4). Following the profile from north
to south the LAB depth increases from 85-90 km to 100 km
depth underneath the Moho discontinuity jump and suddenly de-
creases to ~60 km in the south (Fig. 4). Similar values are obtained
in previous studies in the area using P-wave receiver functions
(Mancilla et al., 2015b), S receiver functions (Dundar et al., 2011;
Heit et al., 2017) and surface wave tomography (Palomeras et al.,
2014, 2017).

The anomalies in the crust and mantle lithosphere are vertically
correlated (Fig. 4). The STEP fault is almost vertical from the LAB
discontinuity (at ~100 km depth) through the Moho discontinu-
ity (at 48 km depth in the northern side) until reaching ~30 km
depth. The vertical aspect is inferred by the observed Moho step
with a jump of ~17 km between stations separated less than
5 km (between stations HR27 and HR25, Fig. 3). The spacing be-
tween stations (~2 km) allows mapping with high accuracy the
variations of the crustal structure in short distance. Therefore, the
lithospheric mantle and the underthrusting Iberian crust are cut
almost vertically. Above the lithospheric step, from 30 km depth
to the surface, we observe at the top of the step and mostly at
its left side intra-crustal structures with dome shapes (marked by
dashed lines in Figs. 4 and 5) that resemble positive flower struc-
tures observed in seismic reflection profiles. We draw the possible
segments of the flower structure along the changes in the contin-
uation of the discontinuities and we connect them to the geologic
boundaries at the surface.

Positive flower structures are present in transpressional set-
tings (e.g., Park, 1993; Kearey et al., 2009) such as the central
Betics region (e.g., Sanz de Galdeano et al., 1985). In central Bet-
ics the compression component came from the oblique collision
between Iberia and Nubia in a current WNW-ESE direction (e.g.,
Nocquet and Calais, 2003; Stich et al., 2006; Serpelloni et al., 2007).
The transcurrent movement needed to produce the positive flower
structure came from the rollback process directed toward the west
(e.g., Lonergan and White, 1997).

The inferred positive flower structure seems to extend for
60 km along the profile and 30 km in the vertical direction cut-
ting mainly the Alboran crust. The presumed fault segments of
the positive flower fault structure correlate well, in its southern
part, with the observed faults of the Alpujarran Corridor (Sanz de
Galdeano et al., 1985). In the northern part, the surface expres-
sions of the flower structure are included in a narrow deformation
zone between the External (Iberian paleomargin units) and In-
ternal Zones (Alboran Domain) of the Betic Cordillera (e.g. Smet,
1984; Sanz de Galdeano et al., 1985) (Figs. 4 and 5). This ENE-
SSW zone is characterized by sub-vertical faults, with an important

right-lateral component of movement, separating pluri-kilometer
lense-shape domains belonging to the Iberian paleomargin units
or Alpujarride units (Alboran Domain). This strike-slip deformation
zone, also called External Internal Shear Zone (EISZ), is the south-
western spatial continuation of the Crevillente fault (e.g., Sanz de
Galdeano et al.,, 1985; Nieto and Rey, 2004), and can be mapped
to the northern boundary of Sierra Harana where transpressive
structures have been classically defined (e.g. Sanz de Galdeano et
al., 1985). Thus, the outcrop of the Nevado-Filabride complex in
the Sierra Nevada mountains would be the central part of this
flower structure bounded by these two major right-lateral strike-
slip shear bands (Alpujarran Corridor to the south and EISZ to the
north). This strike-slip fault system started developing in the Mid-
dle Miocene and presents remarkable tectonic deformation and
uplifting since the Late Miocene (e.g., Sanz de Galdeano et al,
1985; Martinez-Martinez et al., 2006). The dextral strike-slip So-
covos Fault in the central Betics may represent one of the surface
expressions of this process. The 49Ar/3°Ar analysis of the lam-
proites melts channelized along the Socovos Fault shows an age of
9.3-7.1 Ma, which are compatible with a right-lateral lithosphere
tearing in the Miocene (Pérez-Varela et al., 2013).

STEP faults can be expressed by shear zones in the crust and
mantle lithosphere, associated to the tearing process at depth.
However, it is not clear, how the strain and deformation are dis-
tributed in the overriding plate and if there is regional difference
in the sharpness of the shear zone. Large shear zones at the sur-
face of the overriding plate associated with STEP faults have been
observed in other regions with average width in the order of
40-60 km: e.g. The Pliny-Strabo shear zone (Ozbakir et al., 2013);
and the Ionian fault system in the Messina Strait, (e.g. Bianchi et
al.,, 2016). The width is similar to one we observe in this study.
Ozbalar et al. (2013) argue that such a width is because its imma-
turity evolving towards a more localized strain onto a most localize
single fault. However, the sharp crustal step observed here and the
tectonic flower structure observed implies a more localized shear
strain distribution at crustal level, that marks the termination of
the underthrusting of the Iberian Massif crust beneath the Alboran
crust.

In the collision between the Iberian and Alboran domains the
highest deformation is found in the Alboran crust. In contrast,
the Iberian crust maintains its structure unperturbed, as sug-
gested by the continuity in its internal structure until the colli-
sional front. The dome structures observed by field works in Sierra
Nevada, Sierra de los Filabres and Sierra Alhamilla Mountains in
the Internal Zones were proposed to be crustal-scale feature (e.g.,
Martinez-Martinez et al., 2002). In Fig. 4, similar dome structures
have been imaged in the Alboran crust (Internal Zones) confirming
that hypothesis. The lateral extension of shallowest one is coinci-
dent with the Nevado-Filabride outcrop in that part of the Sierra
Nevada Mountains (Martinez-Martinez et al., 2002).

Our interpretation is that a lithospheric step was produced by
a STEP fault that disconnects the transitional crust of the Iberian
paleomargin from the oceanic slab imaged under the Alboran
Sea. This fault represents the lateral removal of the underthrusted
Iberian lithosphere along the northern edge of the westernmost
Mediterranean subduction system. The tearing of the Iberian litho-
sphere along this fault presumably occurred as a consequence of
the reduction in the roll-back velocity at the northern edge of the
subduction system when the southern Iberian continental margin
started to be subducted, compared with the roll-back velocity be-
low the Alboran basin where oceanic lithosphere were consuming
(e.g. Duggen et al., 2004, 2005). The expected consequence of this
change in velocity along the strike of the subduction system is the
tear of the oceanic lithosphere from the continental-transitional
lithosphere along sub-vertical tear faults called STEP fault (Govers
and Wortel, 2005). This type of fault is present or thought to be



Fd.L Mancilla et al. / Earth and Planetary Science Letters 486 (2018) 32-40 39

present at the edges of many subduction systems as Calabria and
Hellenic arc in the Mediterranean Sea (e.g. Gallais et al., 2013;
Govers and Wortel, 2005).

In general, the STEP faults develop, mainly, along continent-
oceanic boundaries of the same lithospheric plate, e.g., along South
the American-Caribbean plate boundary, in the Calabria arc, in
western Algeria margin (Clark et al., 2008; Gallais et al., 2013;
Badji et al., 2015), but sometimes in purely oceanic domains, e.g.,
in South Sandwich trench and Tonga subduction zone (Govers and
Wortel, 2005). However, we observe that in central Betics, the tear-
ing seems to occur at the transitional lithosphere instead of at
the boundary between the continental-oceanic lithosphere as ex-
pected (Govers and Wortel, 2005). The thickness of the removed
underthrusted Iberian crust is ~17-20 km (Fig. 5). The structure
of the Iberian crust remains constant from the northern side of the
profile until the contact with the External Zone. This continuity
and the thickness of the removed Iberian crust imply a transi-
tional character. That could mean that tearing of this transitional
lithosphere probably occurred along inherited weaknesses of the
pre-rifted continental paleomargin (Garcia-Hernandez et al., 1980).

In the central Betics, the surface expression of the inferred STEP
fault is marked by regional uplift, denudation of high-pressure
rocks in elongated core-complex type domes (e.g., Sierra Nevada
Mountains), late Miocene volcanism at Eastern Betics, and by large
ENE-WSW strike-slip transfer faults (e.g. Platt et al., 2006, 2013).

Another important result from the migration images is the ab-
sence of correlation among the highest altitude along the profile
and the biggest crustal and lithospheric thicknesses (Figs. 4 and 5).
The coincidence of the highest topography with the positive flower
structure suggests that at least part of this topography is produced
by this compressive structure. However, this structure could not be
enough to explain a mean uplift of 0.5 mm/y during last 8 Ma
(Azafién et al., 2015). The lithospheric removal should promote
a complementary asthenospheric push up to this area. In west-
ern Betics, Heit et al. (2017) found that the highest topography of
Sierra Nevada Mountain correlates well with a possible astheno-
spheric influx due to ongoing delamination, at the position where
they detected a jump in the depth of the LAB discontinuity.

5. Conclusions

We image, by migrating P receiver functions, the crustal and
lithospheric architecture in the high-metamorphic core of the cen-
tral Betic orogen and its transition to the Variscan terrains of the
Iberian Massif in the north. We observe that the underthrusted
Iberian lithosphere terminates sharply under the contact at the
surface between the Alpujarride and the Nevado-Filabre com-
plexes (Alboran domain). The abrupt ending of the underthrusted
Iberian lithosphere produces a sharp Moho and lithospheric step
of ~17 km and 40 km, respectively. This sharp and prominent
lithospheric step is related with a near-vertical STEP fault that
propagates to the surface as a positive flower fault structure. This
STEP fault accommodated the differences in the subduction roll-
back velocity along the strike, at the northern edge of the Western
Mediterranean system, when the Iberian continental lithosphere
started subducting under the Alboran domain. We have not ob-
served a crustal root under the highest altitude of the Sierra
Nevada mountain, suggesting that the high topography is produced
by the combination of the uplift produced by the positive flower
structure and the push up of the asthenosphere after the litho-
spheric removal of the underthrusting Iberia along the STEP fault.
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