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a b s t r a c t

We obtain P-wave receiver functions from teleseismic earthquake recordings at a dense seismic broad-
band transect, deployed along 170 km across the Betic mountain range in southeastern Spain.
Migrated images show the crustal structure of the orogen in detail. In particular, they reveal the situation
of the subducted Iberian paleomargin, with full preservation of the proximal domain and the �50 km
wide necking domain. Crustal thinning across the necking domain affects mainly the lower continental
crust. The Variscan crust of the Tethys margin is bending downward beneath the Betics, reaching
�45 km depth, and terminates abruptly at a major slab tear. The distal domain of the paleomargin cannot
be reconstructed, but the migrated section suggests that material has been exhumed through the subduc-
tion channel and integrated into the Betic orogen. This supports an origin of the HP-LT Nevado-Filabride
units from subducted, hyperextended Variscan crust. According to our profile, the present-day eastern
Betics appear to have a much more significant contribution from metamorphic Iberian crust than previ-
ously thought.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana

Research. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction

Seafloor spreading around Iberia started in the mid Jurassic
almost simultaneously in the Alpine Tethys and central Atlantic,
and propagated also into the northern Atlantic in the Early Creta-
ceous (Stampfli et al., 2002, Schettino and Turco, 2010, Frizon de
Lamotte et al., 2011). The Atlantic passive margin of Iberia has been
extensively studied, often in comparison with the conjugate mar-
gin of Newfoundland, and found to show a magma-poor rifted
architecture, characterized by a wide ocean-continent transition,
the presence of hyperextended Variscan crust and the exhumation
of serpentinizedmantle (e.g. Peron-Pinvidic et al., 2013, Sutra et al.,
2013). In turn, we know little about the Tethys continental margin
of Iberia, which became involved in rollback of the Western
Mediterranean subduction system (Lonergan and White, 1997,
Faccenna et al., 2004), overthrust by the westward motion of the
Alboran domain, and eventually integrated into the Betic mountain
range or removed by slab tearing in the late stage of subduction
(Mancilla et al., 2015b, 2018). Slab rollback and tearing in the Bet-
ics is apparently related to the intrusion of Si-K rich and Si-poor
volcanics between 9-1 Ma, (Duggen et al., 2005; 2008), the devel-
opment of ductile-brittle extensional detachments and exhuma-
tion of HP metamorphic rocks (Alpujarride and Nevado-Filabride
complex) during middle Miocene to Quaternary (e.g. Martínez-M
artínez et al., 2002; Booth-Rea et al., 2007; 2012), and the impor-
tant crustal and lithospheric thinning and large epeirogenic uplift
of the Betics and Rif since 8–6 Ma (Braga et al., 2003; Duggen
et al., 2003; García-Castellanos and Villasenor, 2011).

The Betic range is traditionally divided into the Flysch units, the
External Zones and the Internal Zones (Fig. 1, Balanyá and García-
Dueñas, 1987). While the Internal Zones are composed mainly of
metamorphic, Paleozoic and Mesozoic meta-sedimentary rocks,
the External Zones preserve deformed Mesozoic to Miocene sedi-
mentary rocks (Prebetic and Subbetic units), originally deposited
onto the passive paleomargin (Fig. 1, García-Hernández et al.,
1980). The collisional features in the Betics, result of �200 km of
roughly N-S convergence between mid-Oligocene and Late
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Fig. 1. A: Topography with the locations of the TransCorBe seismic profile (blue
triangle) and a previous seismic profile HiRe (black triangles) together with other
permanents and temporary stations deployed in the study area (grey triangles). We
include the main faults and the probable location of tearing at the edge of the
Alboran slab inferred by Mancilla et al. 2015a (red line and dashed red line); B:
Geologic map with the main terranes and volcanism. Abbreviations: CVF: Crevil-
lente Fault; AMF: Alhama de Murcia Fault; PF: Palomares Fault. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Miocene time and �50 km of WNW-directed oblique convergence
since the Late-Miocene, coexist with very significant extensional
structures inducing a broad crustal stretching on the Internal
Zones. Compared to other peri-Mediterranean orogens, the Betic
Cordillera experiments a contractive reorganization since the late
Miocene, causing folding, tectonic inversions and strike-slip fault-
ing in the whole region. This event could be associated to the beha-
viour of the slab at depth (Faccenna et al., 2001a; Faccenna et al.,
2001b; Vignaroli et al., 2008; Spakman et al., 2018).

So far, conjectures about the nature and deep architecture of the
Tethys margin have to be developed from indirect observations.
Some clues come from ultramafic and mafic rocks in the Nevado-
Filabride complex of the internal zone of the Betics, that may be
associated to serpentinized subcontinental mantle (Booth-Rea
et al., 2005; Gómez-Pugnaire et al., 2012; Jabaloy et al., 2015) or
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Mesozoic oceanic lithosphere (Puga et al., 2017). Nevado-
Filabride rocks (metapelites and metabasites) of continental origin
experimented high-pressure, low-temperature (HP-LT) metamor-
phism (1.6 GPa to 2.2 GPa), suggesting a burial depth of 50–
70 km (Augier et al., 2005; López-Sánchez-Vizcaíno et al., 2001;
Behr and Platt, 2012; Dilissen et al., 2018; Santamaría-Lópeza
et al., 2019). Such depths may indicate the involvement of
Nevado-Filabride rocks in subduction, and hence their provenance
from the extended continental margin. Conodont fossils provide
further support for an assignment of the Nevado-Filabride unit to
the Iberian margin (Rodríguez-Cañero et al., 2018). Such recent
work is questioning the classic association of the Nevado-
Filabride complex with the allochthonous Alboran domain, and
instead suggests that the internal zone of the Betic range may have
had a more complicated evolution, blending allochthonous ele-
ments with material from the Variscan margin (Booth-Rea et al.,
2005; Gómez-Pugnaire et al., 2012; Jabaloy-Sánchez et al., 2018).

To obtain information on the internal structure of the Betic
mountain range, we deployed a 170 km long, dense transect of
three-component seismic broadband stations across the entire
width of the orogeny (blue triangles, Fig. 1). The profile samples
the different tectonic domains of the range, the internal and exter-
nal zones, as well as the transition to the autochthonous Variscan
foreland. The NW-SE trend of the profile is chosen perpendicular to
the local trend of the orogen, but is actually also parallel to the
Tethys spreading direction (Stampfli et al., 2002). In this study,
we retrieve and migrate receiver functions for teleseismic P-
waves, to image the position of principal discontinuities in the
lithosphere. We expect that the length and direction of the profile
are suitable for understanding the role and fate of the Iberia Tethys
margin and the deep architecture of the Betics across the full width
of the orogen.
2. Data and method

We analyse data from a 170 km long passive seismic transect
which we named the TransCorBe profile (Trans Cordillera Bética;
blue triangles in Fig. 1). 37 temporary seismic broadband stations
from the Geophysical Instrument Pool at GFZ Potsdam form the
backbone of the field experiment (blue triangles in Fig. 1,
Morales et al. 2015). We complement the transect with three per-
manent 120 s-broadband stations (SESP, VALD, and MAZA stations,
grey triangles, Fig. 1B) from the Instituto Andaluz de Geofísica (IAG,
http://iagpds.ugr.es) and three temporary broadband stations from
the Hire experiment (black triangles, Fig. 1, Mancilla et al. 2018).
The TransCorBe profile operated from July 2013 to June 2015 and
was deployed in NNW-SSE direction across the full width of the
eastern Betic Cordillera, from the village of Mazarrón at the
Mediterranean coast to the Iberian Massif in the interior of Spain.
The typical distances between stations along the profile are
�3.5 km, which provides a sufficiently dense underground cover-
age for building images of the crustal seismic interfaces through
P-wave receiver function analysis (i.e. Mancilla et al. 2018).

P-wave receiver functions (RFs) are time series that contain P-
to-S-converted and multiply reverberated phases generated at
seismic discontinuities underneath the recording stations
(Vinnik, 1977; Langston, 1979). The RFs are obtained from three-
component seismograms by deconvolving the vertical component
from the horizontal components in the time window correspond-
ing to the first P arrival and its coda. Ideally, deconvolution
removes completely the effects of the source, teleseismic wave
propagation, and the instrument response from the waveforms,
and in the RFs there only remains the information related with
the local earth structure beneath the station. In this study, we
employ an iterative time domain deconvolution method (Ligorria
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and Ammon, 1999) to extract RFs. We choose a Gaussian filter
width factor of 2.5, which translates into receiver function pulses
of around 1 s width. Prior to deconvolution, we rotate the horizon-
tal and vertical components into the ray coordinate system, using
the theoretical backazimuth and incident angles. In this way, we
obtain the L (longitudinal), Q and T-components of the wavefield,
to achieve the separation of P-waves (L) from vertically polarized
(Q) and horizontally polarized (T) S-waves (see Mancilla et al.
2015a for processing details).

We calculate P-wave RFs for all stations of the TransCorBe pro-
file from available recordings of teleseismic earthquakes with mag-
nitude Mw > 5.5 located in the epicentral distance range between
30� and 90� (inset map in Fig. 2). The number of used RFs, with
appropriate signal-to-noise ratio, for the temporary stations ranges
from 68 to 5. The difference in the number of the receiver functions
between stations is mainly due to technical problems at a few sta-
tions. In the case of permanent stations, we use four to six years of
data (i.e. 159 RFs for SESP and 129 for VALD). The distribution of
the earthquakes and azimuthal coverage for the temporary exper-
iment can be observed in the inset panel of Fig. 2. The permanent
stations used show similar azimuthal coverage, following the dis-
tribution of global seismicity. For some of the stations, the trans-
verse RF-components (T) contain significant energy and we
observe features that can be explained by dipping layers or aniso-
tropy. In this study we will focus on the Q-components to obtain
images of underground structure, however we additionally show
T-components to corroborate heterogeneity of subsurface struc-
tures in several sections of the profile.

RFs along the TransCorBe profile show typically complex wave-
forms with several converted phases and some of them show sig-
natures of dipping converters, suggesting complexity of the
crustal architecture. We get a robust initial overview of the princi-
pal discontinuities from a representation of summation traces of
the Q-components at each station along the profile (Fig. 2). To
show in detail the quality of the data and to support this first
approximation, we display Q and T-components of the RFs from
some representative stations along the profile (Fig. 3a and b). RFs
show great variability between stations along the profile in terms
of complexity of the signals. For stations located directly on the
Iberian Massif, or in the area of thin Prebetic units (approximately
from stations TR30 to TR48), the Q-components of the RF’s denote
Fig. 2. Summation traces of the Q-components of RFs along the TransCorBe profile (red
stations used in the analysis with their name codes (TR); Grey triangle represent the loca
belonging to another passive experiment ‘‘HiRe” (Fig. 1; Mancilla et al., 2018). All trace
shown. Black lines mark the converted phase at the Moho discontinuity (Pms, dashed lin
intracrustal conversions. Shaded boxes enclose the arrival time of Mohomultiples (PmsPs
surface and purple dashed lines show the main fault contacts. The inset shows the locatio
experiment. Abbreviations: IM, Iberian massif; EZP, Prebetic External Zones; EZS, Subbet
AMF, Alhama de Murcia Fault, PF Palomares Fault). (For interpretation of the references to
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a relative simple structure, well defined by a constant and clear
Pms phase (P-to-S conversion at the Moho) plus an evident intra-
crust discontinuity (green line, Fig. 2). No significant energy can
be detected in the transverse components of the RFs for this sector
(e.g. TR41 station, Fig. 3b).

The complexity of the RFs increases on both Q and
T-components as we approach the central section of the profile,
characterized by the transition between the external zones
(Subbetic units) and the Alborán domain (Fig. 3b). A remarkable
point is the presence of the Crevillente Fault (fault trace near sta-
tion TR19). The mentioned complexity in this sector is evident
for example in the Pms arrival time of the stacked RFs (Fig. 2)
and in the Q and T-components (Fig. 3b) with a prominent step
in the Pms delay time from 6 s (TR19) to 4.5 s (TR17) or 4 s
(TR15). Significant energy is also detected in the transverse compo-
nents in the RFs of this sector (Fig. 3b), whose characteristics may
be explained by the presence of steeply dipping layers and/or ani-
sotropy, which provides further evidences the complexity of this
sector that is key to understand the crustal structure. In the Albo-
ran’s domain, the RFs are simpler with shallower Pms (less than 4 s
of delay time), although some energy in the T-component indicates
that the Moho is dipping towards the NW in this sector (Fig. 3c).

The dense spacing of seismic stations contributed to multifold
underground coverage along the profile and allows building migra-
tion images and increasing the detail of subsurface positions of the
crustal discontinuities with high spatial resolution using the com-
mon conversion point (CCP) stacking technique (Yuan, 2000). For
this purpose, the RFs are migrated, i.e. back-projected along the
incident ray paths, and then stacked into bins taking into account
the increase of the Fresnel zone with depth (Yuan, 2000), as well as
taking into account the coherence with the application of a phase-
weighting factor (Schimmel & Paulssen 1997, Frassetto et al. 2010).
We stack in the cross-section all the RFs amplitudes with piercing
points inside a band with halfwidth of 20 km at both sides of the
profile (Fig. 4a). The size of bins is 1 km along the strike of the pro-
file and 2 km in depth. We afterwards apply spatial smoothing to
the figure, using a Gaussian filter of 3 km. With this migration,
we can delineate the variation of the Moho discontinuity and other
intracrustal structures defined by strong seismic waves conver-
sions. A modification of the IASP91 reference velocity model using
crustal information from previous refraction profiles was used to
dashed line in Fig. 1). Blue triangles shows the position of the TransCorBe seismic
tion of permanent seismic stations used and black triangle represent seismic station
s have been corrected for Ps-moveout prior to stacking. On top, the topography is
e is the expected continuation of the arrival according to PmsPs). Green lines show
). The vertical dashed lines mark the limit between the main geologic domains at the
ns (blue stars) of the earthquakes used in the RF analysis recorded in the temporary
ic External Zones; IZ: Internal Zones; GB: Guadalentin Basin; CVF, Crevillente Fault;
colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 3. a) Simplified sketch of our interpretation of the crustal structure along the profile with the location of some representative stations. b)-c) For these stations, we show
the Q (left panels) and T-components (right panels) of RFs, stacked by backazimuth in bins of 10� with overlap of 5�. The summation trace of Q-components is displayed on
top. All traces have been corrected by Ps moveout prior to stacking. The dashed lines mark the arrival times for the converted phase at different crustal discontinuities. Their
colour refers to the discontinuity marked in a).
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convert delay time to depth (see Díaz and Gallart, 2009, for a
review).

In order to enhance the signal to noise ratio of the image and
make better use of the high frequency information, we additionally
apply a multi-signal processing to the receiver functions profile,
using a post-staking processing sequence typical of reflection seis-
mics (Yilmaz, 2001). The goal of the post-stack processing is to
increase the quality of the seismic section; which entails two
aspects: first, increasing the coherence of the amplitudes between
adjacent traces (RFs), and on the other hand, enriching the traces
with a wider bandwidth of frequencies (Teixidó, 2000). We there-
fore convert the original section represented in amplitude mode to
traces, and apply commercial seismic processing software to the
data (Globe Claritas soft code, www.globeclaritas.com). The post-
processing sequence includes spatial and temporal resampling (in-
creasing the temporal sampling from Dt = 100 ms to Dt = 12.5 ms,
and duplicating the number of traces), deconvolution with a
zero-phase wavelet (spike) to enhance the high frequencies, and
coherence filtering by means of horizontal amplitude algorithms.
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Finally, a correction for spherical divergence has been applied to
enhance the amplitudes in the deeper part of the section. In
Fig. 4, we compare the traditional amplitude representation of
the CCP stack (Fig. 4a) with the post-processed section (Fig. 4e),
as well as overlay of amplitude and trace representations with dif-
ferent weights (Fig. 4b–d). Trace representation and post-
processing enhances the coherence of the image and highlights
high frequency information as intended, while preserving the posi-
tion of converters. The overlay of both representations shows to be
advantageous for the identification and tracking of structures, as
well as to clarify their geometrical relationship with each other.
3. Results and discussion

As expected from the complex appearance of individual RFs
(Fig. 3) and stacked RFs at each station (Fig. 2), the migrated recei-
ver function section (Fig. 5) contains numerous converters, which
may be related to the Moho and different intracrustal discontinu-



Fig. 3 (continued)
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ities. Some of the most energetic arrivals can be characterized
already from the unmigrated section of stacked RFs (Fig. 2), which
present generally high signal-to-noise ratio, and show clearly sev-
eral principal structures inside the orogen. The most prominent
converter on the SE side of the profile can be associated with the
Alboran Moho, with delay times of the converted phase, Pms,
between �2.5 s at the coast (MAZA) and �4 s at the boundary
between the External and Internal Zones. After migration, this cor-
responds to depths from �20 km to �31 km for the NW-dipping
Alboran Moho in this sector (Fig. 5). At delay times between 9 s
and 12 s, the first crustal multiple (PmsPs) of the Alboran Moho
is visible in several stacked RFs (grey transparent area in Fig. 2).
In the central part of the profile, from station TR15 to TR19 (Crevil-
lente Fault Zone), several converters can be identified, however
their geometrical relationship remains unclear from stacked RFs
only (Fig. 2). In turn, from station TR20 to the NW termination of
the profile, stacked RFs again are characterized by continuous arri-
vals (Fig. 2).

On the NW side, we can easily follow the Variscan Iberian Moho
converted phase (Pms) as it becomes progressively deeper,
from �4 s delay time in the foreland domain to > 5 s under the oro-
gen (Fig. 2). After migration, this translates to a depth range
from �30 km to �45 km depth (Fig. 5). Variations in Bouguer grav-
ity along the profile (Ayala et al., 2016) reproduce the trend of
Moho depth variations interpreted from the receiver function tran-
sect. Bouguer gravity decreases continuously from the Iberian fore-
land towards a broad minimum northwest of the inferred tear
fault, showing anticorrelation with the progressive increase of
Moho depth (Fig. 5). At the tear fault the trends of Moho depth
and Bouguer gravity are reversed, reflecting the crustal thinning
towards southeast of the Alboran domain.

On the NW side, two continuous intracrustal discontinuities
emerge (green lines in Fig. 2). The shallower one, according to
geometry and position, may be associated with the main thrust
interface of the Betic mountain range onto Iberia. RFs suggest that
this contact is very shallow in the Prebetic Zone, and progressively
deepening beneath the Subbetic Zone, reaching �20 km in its
deepest part. The second intracrustal discontinuities represents
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the prolongation of a prominent mid-crustal discontinuity broadly
detected in intraplate Iberia (Simancas et al., 2003, Martínez
Poyatos et al., 2012, Mancilla et al., 2015a, Ayarza et al., 2021),
and associated with the intrusion of mafic sills (Brown et al.,
2012). This inherited Paleozoic marker horizon allows us to distin-
guish between thickness variations in upper and lower Iberian con-
tinental crust. We observe convergence between the mid-crustal
discontinuity and the Iberian Moho, which indicates that the lower
Variscan crust is thinning progressively beneath the Betic range
(Figs. 2 and 5). In turn, the total thickness of the upper crustal
thickness above the marker horizon is nearly preserved in this sec-
tor, within the resolution limit of receiver functions and uncertain-
ties of migration velocities.

We recognize this pattern of crustal thickness variations as
characteristic for passive continental margins (Ranero and Pérez-
Gussinyé, 2010, Huismans and Beaumont, 2011), and interpret
the geometry of mid-crustal and Moho converters beneath the pro-
file as reference to the proximal and necking domains of the Ibe-
rian paleomargin. The proximal domain, with no systematic
trend in lower crustal thickness, may extend at least to station
SESP, at about 10 km distance from the limit between Prebetic
and Subbetic Zones at the surface (Fig. 5). Further southeast, the
time difference between mid-crustal and Moho converters
decreases, until both signals merge into one single pulse in the
RFs between stations TR24 and TR20, suggesting the disappearance
of the thinned lower crust in this sector (Fig. 2). Apparently, prox-
imal and necking domains of the Tethys margin are still completely
preserved below the Betic orogen (Figs. 2 and 5). Their position at
the base of the crust indicates that the Iberian lower crust was not
reworked during formation of the eastern Betics.

In the CCP stack section (Fig. 5), we can observe more detail of
crustal structure. In particular, we can follow more easily the Ibe-
rian paleomargin under the orogen. In the proximal domain of the
margin, we can identify sharp offsets of the Variscan mid-crustal
discontinuity (near TR34, TR36 and TR41), probably indicating
the positions of major normal faults that were active during crustal
breakup. Interestingly, these inherited structures seem to control
the length of Alpine overthrusting, as the external Betic thrust



Fig. 4. Migrated RFs section (CCP stack) and post-stack trace representation along the TransCorBe profile. Overlay of amplitude and trace representation for different weights:
a) weighting 1:0, b) 0.8/0.2, c) 0.6/0.4, d) 0.4/0.6 and e) 0:1. Frequency content and coherence of the trace representation were enhanced with post-processing techniques
from reflection seismics (see text). Abbreviations: IM: Iberian massif; EZP: External Zones Prebetics; EZS: External Zones Subbetics; IZ: Internal Zones; GB: Guadalentin Basin
(no stations were deployed inside the basin due to high noise); CVF: Crevillente Fault, AMF: Alhama de Murcia Fault, PF: Palomares Fault.
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front coincides with one of the faults. Normal faulting implies that
crustal thinning affected also the upper Variscan crust. The
migrated section confirms a general dichotomy of compressional
and extensional tectonic elements in the architecture of the Betic
Range, with the inherited thrusting structure preserved on top of
the Tethys paleomargin, and doming and exhumation characteriz-
ing the inner part of the orogeny (directions mark in Fig. 5 by black
arrows).
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The migrated image confirms convergence between mid-crustal
and Moho converters and the progressive wedging of the lower
crust along the �50 km wide necking domain of the margin. Crus-
tal thinning in this sector is very unevenly partitioned between
lower and upper crust, the latter maintaining nearly constant
thickness. Extension of the upper crust may have been compen-
sated by sedimentation, or occurred predominantly in the distal
domain, similar to in situ examples of Mesozoic passive margins



Fig. 5. A) Migrated RF section (CCP stack) along the TransCorBe profile. Overlay of amplitude and trace representation (weighting 1:1; compare Fig. 4). B) Interpreted section
with crust-mantle boundary (Iberian and Alboran Moho and tear fault, thick black lines), Variscan converters (green lines; UC: upper Variscan crust; LC: lower Variscan crust),
other intracrustal structures (faults and domes, thin black lines), external Betics (yellow shading), supposed or confirmed (at SE end of profile) HP units in the internal Betics,
as well as probable Alboran units (magenta). Vertical black dashed lines show the contact between domains at the surface (IM: Iberian Massif Zone; EZP: Prebetic External
Zone; EZS: Subbetic External Zone; IZ: Internal Zones). Purple dashed lines show the main fault contacts (CVF: Crevillente Fault; AMF: Alhama de Murcia Fault and PF:
Palomares Fault). C) Bouguer gravity along the profile (red line, Ayala et al., 2016) versus Moho depth interpreted from the migrated RF section (black). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(e.g. Biari et al., 2017, Ros et al., 2017, Pérez-Gussinyé, 2013). The
preserved Iberian paleomargin terminates abruptly at what we
interpret as the distal limit of the necking zone, where the lower
crust thinned out to zero thickness. Beyond this point, marked by
a prominent Moho step of �12 km vertical offset, we may associate
the lowermost converter in the section with the AlboranMoho. The
position of the Moho step agrees with the trail of a major, litho-
spheric scale tear fault that can be followed over SE-Spain, and that
may have disconnected the subducting margin at this point (Fig. 1,
Mancilla et al., 2015b, 2018). The observed configuration seems
plausible from a mechanical point of view. Beyond the necking
zone, the brittle coupling of hyperextended continental crust and
mantle permits serpentinization of mantle rocks in the upper
5 km (Sutra et al., 2013), provoking mechanical weakness that
may localize the initiation and propagation of slab detachment.

The central portion of the profile shows numerous medium-
scale converters with variable dip and complex configuration.
Compared to the unclear image of this sector in the section of
stacked RFs (Fig. 2), migration is capable of unraveling the geomet-
ric relationship of the structures (Fig. 5), drawing a general picture
of fault-bounded blocks as the dominant constituent of the moun-
tain range. The crustal architecture resembles receiver function
migrations from the HiRe transect further west (black triangles
in Fig. 1, Mancilla et al., 2018), dominated by crustal-scale strike-
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slip faults and flower structures inside the Betics (in Fig. 6 both
profiles are compared). This appearance is in agreement with the
evolution of the Betic range and in particular the motion of the Alb-
oran domain, where lateral transport in direction of slab rollback
has been far more significant than convergence with Iberia
(Spakman et al., 2018). Along the migrated section of the Trans-
CorBe profile, the polarity pattern within several fault bounded
blocks shows striking similarity with the Iberian foreland domain
and the buried Iberian margin: It reproduces the same characteris-
tic sequence of two successive sign changes (positive–negative-p
ositive) in the upper crust. This analogy provides substantial sup-
port for recent tectonometamorphic models that associate the
Nevado-Filabride unit to the continental subduction of the hyper-
extended Iberian paleomargin, with a provenance of this unit from
the upper Iberian crust (Booth-Rea et al., 2005; Gómez-Pugnaire
et al., 2012; Jabaloy-Sánchez et al., 2018).

These observations allow conjecturing about the fate of the dis-
tal domain of the Iberian paleomargin. Part of the material should
have subducted, or sunk into the mantle after a major tearing event
disconnected the Tethys margin at the distal limit of the necking
zone. Other parts of the distal domain, in turn, have been reworked
and integrated into the Betic Range. Blocks of upper continental
crust from the hyper-extended margin were subducted to HP-LT
conditions, exhumed along the subduction channel (e.g. Warren



Fig. 6. Comparison of interpreted migrated RF sections (CCP stack) along the TransCorBe profile (A, blue triangles in Fig. 1) and reinterpretation of the Hire profile (B, black
triangles in Fig. 1, Mancilla et al. 2018). The crust-mantle boundary (Iberian and Alborán Moho) and tear fault are marked with thick black lines, Variscan converters with
green lines; faults and intracrustal converters in external Betics and Alboran domain with thin black lines. Black dashed lines show the contact between domains at the
surface. Abbreviations: UC: upper Variscan crust; LC: lower Variscan crust; IM, Iberian massif; EZP, Prebetic External Zones; EZS, Subbetic External Zones; IZ: Internal Zones;
IZAL: Alpujarride Internal Zone; IZNV: Nevado-Filabride Internal Zone; GB: Guadalentin Basin; CVF, Crevillente Fault; AMF, Alhama de Murcia Fault, PF Palomares Fault). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2008) and emplaced at the base of the orogen. A possible
allocation of Iberian HP-LT units in the migrated section (Fig. 5)
involves several of the main crustal blocks in the cross section.
We can validate this hypothesis directly at the SE end of the profile,
where the Iberian HP-LT units inferred according to the character-
istic polarity pattern of Iberian crust correspond accurately to the
mapped Nevado-Filabride outcrops (Fig. 1). Given the transport
direction perpendicular to the profile during slab rollback, we can-
not reconstruct the width of the paleomargin from the migrated
section. According to the burial depth of exhumed continental
HP-LT rocks, we can postulate that at least 30 km of highly thinned
continental crust were present in the distal domain of the margin.
Certainly, the abundance of the Iberia-type polarity pattern in the
Betics suggests that the total width of the hyperextended conti-
nental margin was larger.

The identification and characterization of the Iberian paleo-
margin beneath the TransCorBe profile provides clues to under-
stand intracrustal converters also in the HiRe profile, another
passive seismic broad-band transect crossing the Betic Range in
N-S direction and connecting with TransCorBe at its northern ter-
mination (Figs. 1 and 6). The migrated receiver function section
from the HiRe profile (Mancilla et al., 2018) shows a larger vertical
offset of �17 km between the Iberian and Alboran Moho (Fig. 6),
with this difference corresponding mainly to the deeper position
of the Iberian Moho (�48 km), while the maximum depth of the
Alboran Moho is the same in both profiles (�31 km). The presence
of fault-bounded blocks on top of the STEP fault is noticeable in
both profiles, including the reappearance of the characteristic
polarity pattern of the Iberian upper crust in several blocks of
the HiRe profile, in this case coincident with the mapped
Nevado-Filabride outcrop in Sierra Nevada, and providing further
support for the integration of exhumed Iberian HP-LT rocks in
the Internal Betics. The coarser station spacing of �10 km in the
northern leg of the HiRe profile makes the tracking of arrivals from
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the Iberian paleomargin more challenging (Mancilla et al., 2018).
The comparison of both profiles, however, allows its reinterpreta-
tion and to recover the position and length of the proximal and
necking domains also in the HiRe profile, confirming a width of
the necking domain of�50 km (Fig. 6, note that the apparent width
of the necking domain is larger, due to the oblique orientation of
the profile with respect to the Tethys stretching direction). In both
profiles the distal limit of the necking domain is located �25 km
from the boundary between Internal and External Zones at the sur-
face. A remarkable difference between the profiles is the continuity
of the Iberian Moho beyond the necking domain in the HiRe tran-
sect, suggesting that a narrow band of the distal domain of the
Tethys margin may be conserved in this position, and that tearing
of the hyperextended Iberian paleomargin occurred �20 km from
the distal limit of the necking zone.

The comparison of the TransCorBe and HiRe profiles also points
to the importance of interstation distances for reducing the non-
uniqueness of structural interpretations in migrated RF sections.
Despite the complexity of crustal structure, the lateral continuity
of underground converters is mostly easy to follow in the southern
leg of HiRe (station spacing of�2 km) and TransCorBe (station spac-
ing of �3.5 km), while in the northern leg of HiRe (station spacing
of �10 km), the resolution of underground converter is coarse and
large ambiguity exists in the possible connections of conversion
patches between stations. Our previous interpretation of HiRe
(Mancilla et al., 2018) suggested a more abrupt termination of the
lower crust. Along TransCorBe, we can support our structural inter-
pretation of the paleomargin by two clear observations from the
migrated section: The continuity of the upper Variscan crust, with
characteristic polarity pattern and approximately constant thick-
ness, from the Iberian foreland to the tear fault, and the convergence
between the mid-crustal and Moho converters towards the tear
fault. Lower crustal thinning at the margin seems to be the most
likely and simplest structural model to explain both observations.
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4. Conclusions

Receiver function imaging led to the discovery of the Iberian
Tethys paleomargin, with intact proximal and necking domains
preserved at the base of the eastern Betics, and exhumed material
from the distal domain integrated inside the orogen. The general
characteristics of the paleomargin resemble the magma-poor mar-
gin with serpentinized mantle preserved in situ at the Atlantic side
of Variscan Iberia (Ranero and Pérez-Gussinyé, 2010, Pérez-
Gussinyé, 2013, Peron-Pinvidic et al., 2013), as well as the substan-
tially reworked fossil Tethys margin in the Alps (Mohn et al., 2012).
Exhumed Iberian upper crust from the hyperextended margin is a
principal constituent of the Betic range, which after rollback exten-
sion and denudation is reaching at present similar, or even greater
importance than the allochthonous Alboran units themselves. The
migrated section confirms a general dichotomy of compressional
and extensional tectonic elements in the architecture of the Betic
Range, with the inherited thrusting structure preserved on top of
the Tethys paleomargin, and doming and exhumation characteriz-
ing the inner part of the orogen.
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