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[1] Mélange rocks outcrop widely in the central and western frontal sectors of the Betic Cordillera, as in
many other collisional orogens where they form part of the accretionary wedges. Extrusion of Triassic plastic
clays and evaporites was favored by the progressive accretion of the Betic External Zones, mixing rocks of
different provenance and forming a synorogenic frontal mélange unit. MT data coupled with gravity data are
a valid combined methodology to characterize the geometry of these mélange units, since the characteriza-
tion of plastic rocks geometry is usually uncertain using seismic techniques. The results correlate well with
known geological features (sedimentary basins, calcareous ranges, evaporitic rocks) and reveal the deep
geometry. A resistive body, slightly dipping toward the SE, points to the continuity of the Iberian Massif
below the Guadalquivir basin (2�) and the External Zones (6–8�). To the south, gravity models show the
Iberian continental crust subducting below the Internal Zones with a roughly 20–35� slope. The main con-
ductive bodies are related to the location of evaporitic rocks involved in the frontal mélange. They overlie
the Iberian Massif and, southwards, the frontal Jurassic and Cretaceous limestone sequences of the External
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and Median Subbetics. In this setting, thick plastic rock units placed above the foreland could act as a lubri-
cant facilitating continental subduction, and being progressively accreted toward a frontal mélange.

Components: 9400 words, 10 figures.
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1. Introduction

[2] In many collisional orogens, such as those form-
ing the circum-Mediterranean belt, lithospheric flex-
ure generated by the advance of the orogenic wedge
toward the foreland has produced huge volumes
of tectonic, sedimentary and/or diapiric mélanges
[Hsü, 1968; Moore and Karig, 1980; Raymond,
1984; Cowan, 1985; Pini, 1999; Vannucchi and
Bettelli, 2002]. These rocks, traditionally called
‘chaotic’, show high stratal disruption, including
blocks of different ages and origin dispersed in an
argillitic, sandy or ophiolitic matrix [Camerlenghi
and Pini, 2009]. Although the surface description
of these units is relatively simple, their genesis and
sub-surface geometry are difficult to establish.

[3] Mélange units outcrop widely in the central and
western frontal sectors of the Betic Cordillera, and
were first defined as “Olistostromic units” by
Perconig [1960–1962]. During their emplacement,
the southern sediments of the Guadalquivir Foreland
Basin were also deformed, and diverse hypotheses
have been proposed to explain their provenance
[Fallot, 1948; García-Dueñas, 1969; Sanz de
Galdeano, 1975] and emplacement mechanism
[Flinch et al., 1996; Berástegui et al., 1998;
Fernàndez et al., 1998]. These mélange units have a
plastic behavior that highly controls the mechanism
of accretion. Where plastic rocks, as clays or eva-
porates, are located at the detachment levels, the low
angle of friction produces much thinner thrust wedges
with a low foreland dip [Lickorish et al., 1999]. The
existence of carbonate rocks provides a buttress to
the propagation of the thrust front generating a rel-
atively thick orogenic wedge. In the study area,
borehole data and seismic lines constrain the geom-
etry of the northern part of this accretionary wedge,
but its southern extension at depth is still poorly

known. Moreover, determining the continuity and
dip of the foreland below the detached frontal units
is essential to elucidate the crustal structure.

[4] Since the 1970s, controlled-source seismic
experiments have been performed with the aim of
determining the geometry of the Guadalquivir
foreland basin in detail, as well as the main features
of the crustal structure and Moho depth below the
Betic Cordillera and its foreland [Banda and Ansorge,
1980; Medialdea et al., 1986]. More recently,
magnetotelluric studies have been applied, but tra-
ditionally focusing on the crustal structure of the
eastern Betics and the southwestern Iberian Massif
[Pous et al., 1999, 2004; Martí et al., 2004, 2009;
Pedrera et al., 2009, 2010], or regional deep crustal
and lithospheric structures [Ruiz-Constán et al., 2010;
Rosell et al., 2011]. West of the 4�W meridian there
is a lack of resistivity data focused on shallow
crustal structures. New geophysical studies must
be undertaken to better understand the behavior of
this zone.

[5] In this study, we aim to achieve a more detailed
image of the upper-middle crust of the central-
western Betic Cordillera through analysis of new
magnetotelluric and gravity data together with the
compilation and reinterpretation of seismic reflec-
tion and borehole data. Their analysis provides the
deep geometry of the Guadalquivir sedimentary
foreland basin and the continuity at depth of the
Iberian Massif foreland below the Betic Cordillera,
along with the deep distribution of the allochtho-
nous bodies emplaced on the southern border of the
basin and the geometry of the External Zones.

2. Geodynamic Setting

[6] The Iberian Peninsula (Figure 1) was deformed
mostly during Variscan orogeny, and, to a lesser
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extent, during Alpine orogeny. The Iberian Massif
is the largest continuous outcrop of the Late Paleo-
zoic Variscan Orogen in western Europe. The Betic
Cordillera was formed to the south of the Iberian
Massif during Alpine orogeny by simultaneous
westward migration and deformation of its internal
zones within the general N-S to NW-SE oriented
African-Eurasian plate convergence in the western
Mediterranean. The External Zones of the Cordil-
lera constituted the cover of the South Iberian
paleomargin, deformed during intracontinental col-
lision in the Early Miocene, forming a thin-skinned
fold-and-thrust belt of sedimentary non-metamor-
phosed rocks [Sanz de Galdeano and Vera, 1992;
Lonergan and White, 1997]. The Internal Zones
consist of three main stacked metamorphic com-
plexes and several frontal imbricated units that
mainly outcrop in the western and central Betics.
In the Early Middle Miocene, the Guadalquivir
foreland Basin started to form toward the frontal
part of the Cordillera associated with the progres-
sive flexure of the Iberian Massif. Coevally, the
Internal Zones were subjected to intense exten-
sional process accommodated by detachments that
culminated in the Alboran Basin development.

Intramontane basins were progressively individual-
ized at the edge of the large Alboran Basin as a
result of eustatic and tectonic processes since the
Late Miocene [Sanz de Galdeano and Vera, 1992].

3. Main Tectonic Complexes

3.1. SW Iberian Massif Foreland

[7] The Ossa-Morena and South Portuguese Zones
(Figure 2) constitute the southern branch of the
Iberian Massif defined by NW-SE trends and a SW
regional vergence. The former belongs to the inter-
nal zones of the Variscan orogen and comprises
Precambrian to Devonian pre-orogenic rocks affected
by Late Palaeozoic metamorphism and ductile defor-
mation [Simancas et al., 2001]. The South Portuguese
Zone is a Variscan foreland with Devonian and
Carboniferous rocks affected by folds and thrusts
[Oliveira, 1990]. The boundary between the two
zones is interpreted as a suture corresponding to an
oceanic domain [Munhá et al., 1986].

3.2. External Zones (South Iberian Domain)

[8] Most of the profiles (Figure 2) traverse along
the outcrops of the NE-SW to ENE-WSW thin-
skinned fold-and-thrust belt constituted by the
External Zones of the Betic Cordillera [Sanz de
Galdeano and Vera, 1992]. The External Zones
have been differentiated into the Prebetic and Sub-
betic domains [Fallot, 1948]. The Prebetic outcrops
eastward of the study area, and is characterized by a
typical imbricate thrust system of para-autochthonous
shallow-water carbonate facies with terrigenous
continental deposits [García-Hernández et al., 1980].
The Subbetic is constituted by allocthonous pelagic
units detached from its Variscan basement and was
folded and thrusted under a nearly uniform WNW-
NW transport direction during Early to Middle
Miocene [Pedrera et al., 2012]. It may be sub-
divided into External, Median and Internal zones on
the basis of paleogeographic criteria. Accretion styles
vary between the well-structured Internal Subbetics
and the more complex Median and External Sub-
betics [Pedrera et al., 2012]. The accretion process
induced the extrusion of a synorogenic viscous tec-
tonic mélange mainly constituted by Triassic clays
and evaporites, also including carbonate and marly
Jurassic, Cretaceous, and Tertiary rocks. In addition,
Langhian to Early Serravallian olistostromic mass-
transport deposits are particularly well developed
in some sectors, mainly formed by components

Figure 1. Geological setting. (left) General location of
the Iberian Peninsula. (right) Enlarged geological map
of the study area in the context of the western
Mediterranean.
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derived from the previously described synorogenic
tectonic mélange [Roldán et al., 2012]. In the liter-
ature, the name and the processed involved in the
formation of these chaotic units has been source of
controversy [Staub, 1934; Cruz-San Julián, 1974;
Pérez López and Sanz de Galdeano, 1994; Roldán
García, 1995; Berástegui et al., 1998; Vera, 2004;
Roldán et al., 2012]. In an attempt to unify defini-
tions, we will refer to this unit as the frontal mélange
unit [Pedrera et al., 2012].

3.3. Flysch

[9] The Flysch units (Figure 2) are comprised of a
stack of nappes, consisting of siliciclastic sediments
of Cretaceous to Early Miocene age, not affected by
Alpine metamorphism. They were deposited in an
attenuated continental lithospheric setting, probably
also including oceanic crust [Durand-Delga et al.,
2000]. The westward motion of the Internal Zones
produced subduction of the oceanic floor and the
deformation and emplacement of the Flysch Trough
during the Early Miocene. Therefore, it constitutes

an inactive accretionary prism that outcrops in the
western Betics [Luján et al., 2003], and extends
between Ronda and Granada along the Internal/
External Zone boundary.

3.4. Internal Zones (Alboran Domain)

[10] The Internal Zones (Figure 2) consist of several
frontal imbricated units that mainly outcrop in the
western and central Betics, in addition to three
main stacked metamorphic complexes: in ascend-
ing order, the Nevado-Filábride, Alpujárride and
Maláguide. The Maláguide is only weakly affected
by Alpine metamorphism [Chalouan and Michard,
1990; Lonergan, 1993], whereas the two lower com-
plexes record intense polyphase deformation includ-
ing Alpine high-pressure metamorphism [Tubía
et al., 1992; Azañón et al., 1997; Balanyá et al.,
1997]. A thick slice of peridotites from the litho-
spheric mantle and associated mafic rocks also
outcrop in the Alpujárride Complex [e.g., Mazzoli
and Algarra, 2011].

Figure 2. Geological map of the central-western Betic Cordillera with the location of the MT profiles, soundings and
gravity stations; UTM coordinates, zone 30S.
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3.5. Neogene Basins

[11] The Neogene Guadalquivir foreland Basin
(Figure 2) has an asymmetric geometry controlled
by the lithospheric flexure of the Variscan basement
as consequence of crustal thickening of the Betic
Cordillera since Middle Miocene times, in the con-
text of the Eurasia-Africa plate convergence. The
depositional sequences outcropping at its northern
boundary comprise autochthonous sediments (Late
Tortonian-Pliocene) that unconformably overlie the
Iberian Massif [Roldán García, 1995]. In contrast,
those outcropping at the southern border (Late
Langhian-Late Tortonian) are highly deformed and
have been considered as allocthonous.

[12] The main Neogene intramontane basin of the
western Betic Cordillera is the Ronda Basin. It is
located at the boundary between the Internal Sub-
betic units —to the south— and the Flysch and
mélange to the north. The sedimentary sequence of
the basin is mainly formed by Late Miocene cal-
carenites and marls [Serrano, 1979].

4. Previous Geophysical Research

4.1. Seismic Data

[13] Deep seismic studies carried out in the southern
Iberian Massif established the Moho depth at around
33–34 km [Córdoba et al., 1988; Suriñach and
Vegas, 1988; Banda et al., 1993]. In the Betic Cor-
dillera, the greatest crustal thickness (37–38 km) is
reached below the large-scale kilometer-sized folds
of the Internal Zones, and decreases to 23–25 km
along the south and southeast coast of the Iberian
peninsula— except in the area close to the Gibraltar
arc that is characterized by 28–31 km Moho depths
[Banda and Ansorge, 1980;Medialdea et al., 1986;
Barranco et al., 1990]. Also present are crustal
detachment levels that probably separate the upper
crust, corresponding to outcropping rocks, from
the lower crust [Banda and Ansorge, 1980; Banda
et al., 1993; Galindo-Zaldívar et al., 1997]. In the
western Betics, it is probably related to a detachment
surface that separates, respectively at 10 and 12 km,
the Iberian Massif basement from the External and
Internal Zones [Carbonell et al., 1998]. Below the
Alboran Sea, the continental crust becomes thinner,
to a minimum of 16 km in its central part [Working
Group for Deep Seismic Sounding in Alboran 1974,
1978; Torné and Banda, 1992]. The low P and
S velocities observed in the upper mantle of the
Alboran Sea [Banda et al., 1983], together with the
high regional heat flow values [Polyak, 1996],
suggest the existence of an anomalous mantle in this

region [Torné and Banda, 1992; Galindo-Zaldívar
et al., 1998].

4.2. Magnetotelluric Data

[14] Magnetotelluric (MT) surveys previously under-
taken in the southern Iberian Massif revealed the
presence in the upper crust of high resistivity bodies
related to Paleozoic series of rocks and to some
unexposed plutons [Pous et al., 2004]. In the lower
crust, the main feature is a highly conductive zone in
the Ossa Morena Zone that has been related to
granulitic basement rocks with the presence of
interconnected graphite [Monteiro Santos et al.,
1999; Pous et al., 2004; Almeida et al., 2005].
Other mid-crustal conductive bodies correlated with
the main thrust zones formed during Variscan
shearing processes [Monteiro Santos et al., 2002],
as the contact between the South Portuguese and
Ossa Morena Zones [Almeida et al., 2001]. In the
Betic Cordillera, MT studies have been traditionally
focused on the crustal structure of its more active
eastern part [Pous et al., 1999; Martí et al., 2009;
Pedrera et al., 2009, 2010], while west of the 4�W
meridian they are scarce and mainly address the
lithospheric structure and its implications for geo-
dynamic models [Ruiz-Constán et al., 2010; Rosell
et al., 2011].

4.3. Gravity Data

[15] The Instituto Geográfico Nacional (IGN) gath-
ered the gravity data used to construct the 1:1.000.000
free air and Bouguer anomaly maps [Instituto
Geográfico Nacional (IGN), 1976] available for
the Iberian Peninsula. In the study region, the
Bouguer anomaly approaches zero values close to
the northern boundary of the Guadalquivir Basin.
To the north, the SW Iberian Massif gravity data
reveal a NE–SW gradient, with values near zero in
the Ossa Morena Zone and positive values in the
South Portuguese Zone. In this setting, a constant
Moho depth of around 33–34 km has been proposed
for both domains [Sánchez Jiménez, 2004]. The
Betic Cordillera is associated with a gravity mini-
mum, which extends from the Gulf of Cadiz to the
Balearic Islands, due to regional thickening of the
crust and the local presence of low density sedi-
ments. The crust thins from 32–38 km below the
Internal Zones to 15–22 km beneath the Alboran
Sea, depending on the transect analyzed [Torné and
Banda, 1992]. Positive values detected along the
Málaga coast are related to the presence of Ronda
peridotites [Bonini et al., 1973]. However, the
anomaly is placed southward of the peridotitic out-
crops, pointing to the existence of deeper basic
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bodies [Torné et al., 1992]. From the coast toward
the Alboran Sea, the gravity values show a steeper
increase [Casas and Carbó, 1990], revealing the
southward thinning of the crust [Torné and Banda,
1992].

5. Borehole and Seismic Reflection Data
in the Guadalquivir Foreland Basin

[16] The sedimentary sequence of the Guadalquivir
Basin has been extensively studied through bore-
holes [Instituto Geológico y Minero de España

(IGME), 1987] and seismic reflection profiles
[Roldán García, 1995] acquired by oil exploration
companies (Figure 3). These profiles (e.g., S84C-13
in Figure 3) image the geometry of the top of
the basement and the sedimentary sequence of the
Guadalquivir basin. At the southern boundary, the
Upper Tortonian unit is overlied by the Langhian-
Lower Serravallian and the Upper Serravallian-
Lower Tortonian units at medium levels of the
series. Meanwhile, the upper part of the series seals
both units. The Messinian and Upper Messinian-
Pliocene rocks onlap onto the foreland, meanwhile

Figure 3. (top) Detailed map and (bottom) S-84C-13 seismic profile (IGME http://www.igme.es/internet/sigeof/
inicio_spa.html) of the Guadalquivir basin sedimentary infill.
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the Pliocene unit is restricted to the northern part
of the profile.

[17] In addition, logs from 13 commercial boreholes
(Figures 2 and 8) were selected in order to constrain
the geophysical models. Seven of them (S, CC,
C1, CoA1, CoA2 and CoA3; Figure 2) cross the
sedimentary infill overlying the Iberian Massif,
showing increasing depth of the basement toward
the hinterland. Boreholes situated to the south (C2,
C3, C4, C5, C6 and E2) also go through sedi-
ments involved in the mélange, at a maximum depth
of approximately 1.8 km in C6. However, since
the imaging of plastic units (clays, gypsum…)
is usually problematic using seismic techniques,
given the occurrence of energy-absorption problems
that mask the deeper structure, southward of the
Guadalquivir Basin it is necessary to combine this
results with information provide by other geo-
physical data.

6. New Magnetotelluric Data

[18] New broadband magnetotelluric data were
acquired along two transects of the western Betic

Cordillera, from the Iberian Massif foreland to
frontal units of the Internal Zones of the Cordillera
(Figure 2). Magnetotelluric (MT) results allow us
to characterize the electrical structure of the upper
crust and provide information on the geometry and
depth of the Iberian Massif below the western Betic
Cordillera and the structure of the Betic External
Zones.

6.1. Data and Methodology

[19] The MT technique is an electromagnetic (EM)
method used to constrain spatial variations of the
Earth’s resistivity by measuring, simultaneously,
the natural time-varying electric and magnetic fields
at the Earth’s surface in orthogonal directions
[Vozoff, 1972]. The components of the EM field
were measured using Metronix ADU06 equipment,
covering a period band from 0.001 to 100 s. The
survey consists of 23 magnetotelluric sites along
two profiles approximately orthogonal to the main
geological trend of the Betic Cordillera. Spacing
between sites was around 5–15 km. The western
profile (Profile 1; Figures 2 and 4) comprised twelve
sites placed in a NW–SE direction along �130 km

Figure 4. Dimensionality analysis of the MT data. (a) Rose diagrams of the phase consistent strike results includ-
ing all periods for the sites inverted in the 2D model (triangles). Squares are the sites not included in the 2D inversion.
(b–e) Phase tensor and induction arrow sections at different periods.
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between the cities of Marbella and Castilblanco.
The easternmost profile (Profile 2; Figures 2 and 4)
comprised eleven sites in a NNW–SSE direction
along �120 km from Fuengirola to Hornachuelos.
The space between sites is greater in the northern
part of the profiles because this area is crossed by
railway lines and high-voltage power lines that both
produce EM noise. In addition, the southern exten-
sion of both profiles is compromised by the highly
populated villages along the Malaga coast. The time
series were processed using a standard robust pro-
cessing algorithm [Egbert and Booker, 1986] to
obtain the impedance tensor components. The data
finally used in the analysis were generally of good
quality, which decreases considerably between 10
and 100 s (Figure 6).

6.2. Dimensionality Analysis

[20] The dimensionality analysis was performed
using two approaches: Bahr decomposition [Bahr,
1988, 1991] and phase tensor analysis [Caldwell
et al., 2004]. The determination of the strike direc-
tion has an inherent ambiguity of 90� because, when
axes are rotated to achieve an ideal two dimensional
medium, there is no a priori indication from the MT
data about which axis direction is along strike and

which is orthogonal to it. This ambiguity was solved
considering the known strike direction of the main
geological contacts together with the real induction
arrows (Figure 4) that are commonly sensitive to
lateral electrical resistivity variations, pointing toward
the conductive zones [Parkinson, 1962]. Figure 4a
shows the results from Bahr decomposition for
each MT station. The rose diagrams show a homo-
geneous geoelectrical strike, giving a general NE–
SW to ENE–WSW direction (Figure 4b) at the Betic
Cordillera sites for periods shorter than 100 s. These
directions are in agreement with those calculated
by Rosell et al. [2011]. However, a more heteroge-
neous pattern was observed at longer periods due
to the generalized change in the geolectrical strike
to a N–S direction below 100 s [Ruiz-Constán et al.,
2010]. The change in strike trend defined the period
range, inverted to periods lower than 100 s. Thus,
for 2D inversion purposes, a geoelectrical strike of
N55�E was chosen.

[21] The phase tensor (F) can be depicted graph-
ically as an ellipse, the major (Fmax) and minor
(Fmin) axes representing the principal axes of the
tensor. The color used to fill the ellipses represents
the geometric mean of the maximum and mini-
mum phase (F2), high values being indicative of
increasing conductivity with depth. In the study area
(Figure 4), the direction of the phase tensor principal
axis is also consistent with the strike found while the
high F2 values indicate the location of anomalous
conductive zones in the frontal and shallow parts of
the cordillera.

6.3. 2D Inversion

[22] A joint 2D inversion [Rodi and Mackie, 2001],
of 55� rotated apparent resistivities and phases, was
carried out. The tipper was not included in the
inversion due to some problems appeared in the
vertical magnetic component that resulted in a low
quality tipper data. Static-shift effects were detected
as displacements between the TE (Transversal
Electric Model) and TM (Transversal Magnetic
Model) modes at the shortest periods of curves 9W
and 6E. All the corrections were smaller than one
decade. The model Fuengirola-Hornachuelos (east-
ern profile) minimizes second derivatives using a
uniform grid Laplacian and a smoothing factor (t)
of 7. This value was determined through optimizing
the tradeoff between the RMS misfit and the
smoothing of the model (Figure 5a). An error floor
of 8% for the apparent resistivities and 4% for the
phases was used in the inversion for both modes. A
number of inversions were carried out with different
error floors around these values, always giving the

Figure 5. L curve, trade-off between model roughness
and root mean square (rms) of the (a) western and
(b) eastern profile models.
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same relevant features in the final inverse models.
The best fitting model (RMS = 2.25) was obtained
through the following pattern. First, the TM mode
was inverted with a homogeneous intermediate
resistivity of 100 Ohm�m and with a regular lateral
cell size increasing with depth. Second, this inverse
model result was used as an initial one for joint
inversion of the TM mode and TE mode data
simultaneously.

[23] The same procedure was undertaken for the
western model (Figure 5b). The smoothing factor t
selected during inversion was 7, and the error floor
considered for resistivity and phases of both polar-
ization modes were 6% and 3%, respectively. The
resistivity image obtained shows the lowest misfit
achieved (RMS = 1.53) and the best geological
correlation with the outcropping structures. Model
responses for the profile 1 and profile 2 sites are
shown in Figure 6. The difference pseudosections
between the observed and modeled responses for all
the sites along the profile show that generally a good
fit is achieved for both the TE and the TM modes
(Figure 7).

6.4. Geological Interpretation of Resistivity
Data

[24] Figure 8 shows the results of the two inversion
models which, at first glance, reveal the same main
features. The northwestern edges are characterized
by an almost continuous resistive layer extending
considerably in depth to the SE below a more het-
erogeneous upper crust. This geometry confirms the
continuity in depth of the Iberian Massif below the
Guadalquivir foreland basin and the External Zones
of the Betic Cordillera. The absolute electrical con-
ductivity of this layer is fairly homogeneous. How-
ever, the great thickness of the conductive bodies
located below sites 4E-7E and 4W-8W mask their
continuity in this part of the profiles. Hypothesis
testing showed that the resistivity of this area is only
weakly resolved by the data. A wedge-shaped high
conductive body (�3–15 Ohm�m) is located in the
shallow part of the models between sites 2W-8W
(western profile) and 2E-6E (eastern profile). It
correlates with Neogene sediments of the Gua-
dalquivir foreland basin and the frontal mélange
unit. Its thickness increases from north to south
until reaching �5 km, although its geometry is
more irregular and discontinuous on the eastern
profile.

[25] At stations 5E, several relatively resistive
bodies (�500 Ohm�m) appear below the southern

border of the wedge, finally outcropping at sites 6E
and 7E. They are also observed below sites 8W to
10W. These resistive zones correlate well with the
locations of bodies formed by Subbetic carbonates.
In the shallow part, the same lithology seems to
have enhanced conductivity, probably reflecting the
presence of saline water in these highly permeable
rocks. Between sites 10W and 11W, a conductive
zone (�4–15 Ohm�m) coincides with the sedimen-
tary infill of the Ronda Basin, the clays and gypsum
matrix of the frontal mélange and a chaotic unit
mainly involving Flysch, both constituting the
basement of the northern part of the sedimentary
infill. The continuity of the Iberian massif below the
External Zones at the southern end of the profile is
masked due to their similar resistivity values. The
models will be described and interpreted in detail in
light of the geological cross-sections and informa-
tion provided by the seismic profiles, borehole and
gravity data (see section 8).

7. Gravity Data

7.1. Methodology and Acquisition of New
Gravity Data

[26] New gravity data (Figure 9) were acquired
along theMT transects, reaching southward as far as
the coastline. They were complemented with addi-
tional data from the Instituto Geológico de España
database (IGME, http://www.igme.es/internet/sigeof/
inicio_spa.html) and from a detailed survey in the
Ronda Depression [Ruiz-Constán et al., 2009].
Altogether, these data help to corroborate the crustal
structure established by the resistivity image, and
propose its southward continuity.

[27] The eastern and western profiles respectively
comprise 348 and 338 gravity stations. Mean spac-
ing between stations is 500 m. The data were
acquired using a CG-5 Scintrex gravimeter with a
maximum accuracy of 0.001 mGal that automati-
cally corrects for instrument drift and tidal varia-
tions. The measurement stations were positioned
with an e-trex Garmin GPS and a barometric
altimeter with 0.5 m altitude precision. The absolute
altitude of the stations was established through
measurements in several geodetic references near
the profile. In order to determine the absolute
gravity value, data were calibrated to the Málaga
and Sevilla base stations of the IGN national gravi-
metric network. Topographic correction was per-
formed up to a distance of 22 km using a digital
terrain model with a grid of 90 m cell size due to the
limited effect of the farthest reliefs. The Bouguer
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anomaly was calculated taking into account a stan-
dard density of 2.6 g/cm3.

7.2. Gravity Modeling and Crustal
Structure

[28] The study of the Bouguer gravity anomaly in
complex tectonic areas, where many bodies con-
tribute to the anomaly, implies that gravity models
are not unique and diverse proposals could give
similar model responses. Therefore, previous data
on the geological surface structure, boreholes, seis-
mic and magnetotelluric profiles are needed to
better constrain realistic models. We propose two
new 2.5D NW-SE gravity models developed using
the GRAVMAG V.1.7. software of the British
Geological Survey [Pedley et al., 1993] that inte-
grate the new 2D resistivity models and previous
geological and geophysical data [Medialdea et al.,
1986; IGME, 1987; Morales et al., 1999]. The
average density assigned to each geological unit is
related to its main lithology according to standard

values [Telford et al., 1990] and previous studies
in the area [Sánchez Jiménez, 2004].

[29] The gravity profile (Figure 10) shows the tran-
sition from the stable continental crust of the Iberian
Massif through the cross-section of the Betic Cor-
dillera, up to the thinned continental crust of the
Alboran Sea margin. The positive Bouguer anomaly
values toward the northwestern end of the profile
infer the presence of a high density body, possibly
basic rocks, that extends northward beyond the
profile and is probably located at middle levels of
the Iberian crust [Sánchez Jiménez, 2004]. The high
anomaly values, reaching 80 mGal, are determined
by the presence of this body and are not observed to
the east or west of this profile [IGN, 1976]. To the
south, the Iberian Massif continues below the Betic
Cordillera, and a decrease in the Bouguer anomaly
is produced by the low density Neogene sediments
of the Guadalquivir and Ronda Basins and the
Mesozoic-Cenozoic sedimentary rocks of the External
Zones of the Betic Cordillera.

Figure 7. Magnetotelluric pseudosections. Apparent resistivity and phase pseudo-sections of the two MT profiles, for
both the observed and modeled responses, as well as difference pseudo-section between the observed and modeled
responses. The difference pseudo-section clarifies the spatial areas and period ranges that are well fit and poorly fit
in the model.

Figure 8. Two-dimensional electrical resistivity model along the MT profiles with indication of the main highly resistive
and highly conductive zones and geological structures discussed in the text. FU, Frontal Units of the internal Zones; GB,
Guadalquivir Basin; m, mélange; SU, Subbetic Units; the location of theMT sites and the boreholes in Figure 3 are marked.

Geochemistry
Geophysics
Geosystems G3G3 RUIZ-CONSTÁN ET AL.: FRONTAL CRUSTAL STRUCTURE 10.1029/2012GC004153

12 of 19



[30] From the stable Iberian Massif, Moho depth
increases southwards below the Guadalquivir Basin
and the External Zones due to the load of the Betic
Cordillera. Southwards, Iberian continental crust
sinks into the mantle toward the Alboran Sea, as
corroborated by the seismicity distribution and
available seismic tomography data [Morales et al.,
1999]. The overprinting of several bodies, like the
continental crust sinking into a dense mantle, makes
it difficult to accurately determine the deep structure
of each one but they support the proposed deep
structural model.

8. Discussion

[31] Figure 10 integrates all the available informa-
tion in order to produce a regional image of the crust
over the whole area. The upper part is well con-
strained and based on geological knowledge of the
different complexes and their structural relation-
ships. The structure at depth, while more specula-
tive, is based on the MT 2D inversion models
interpreted in terms of lithology and with other
geophysical data (seismic profiles, borehole and
gravity data). The use of different techniques
assuages the limitations of each method. The MT

survey was highly affected by electrical noise
interference owing to anthropic activity along the
Guadalquivir Basin and the cities along the coast-
line. This impeded the southward continuity of the
resistivity model toward the coast, and necessitated
the larger spacing of the soundings in its northern
part. The southern continuation of both transects
was constrained by the gravity models, whereas the
northern part was constrained by the information
provided by the seismic lines and borehole data. The
high conductivity values obtained in the shallower
part of the MT profiles also reduces resolution of
resistivity structures below 20 km. The Moho depth
is established in our model by previous seismic
information [Medialdea et al., 1986] and slightly
modified by gravity anomaly data.

[32] In comparable examples, the dip of the foreland
at the frontal part of the orogenic wedge and below
the external thrusts ranges from low values of 1–5�
to high values of 10–20� [Davis et al., 1983; Jaumé
and Lillie, 1988; Talbot and Alavi, 1996; Ford,
2004]. Similar variability is observed in the cir-
cum-Mediterranean belt, for example, by compar-
ing the Alps and the Apennines. In the former, this
angle varies from 2 to 3� at the front of the accre-
tionary wedge to about 5� beneath the external

Figure 9. Bouguer gravity anomaly map integrating all the available data; UTM coordinates, zone 30S.
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thrusts. In the latter, the dip is higher and respec-
tively varies from 4–5� to 10�, although there are
areas where it exceeds 20� [Mariotti and Doglioni,
2000]. Boreholes and seismic lines show that
the Iberian Massif, below the Guadalquivir basin
and the External Zones, is tilted toward the SE
with a slope increasing from 2.5� to 6� [García-
Castellanos et al., 2002] and reaches depths of
5 km at a distance of 60–80 km from the southern
outcrops of basement [Fernàndez et al., 1998].
Other geological cross-sections [Crespo-Blanc and

de Lamotte, 2006] propose a uniform slope rang-
ing from 6.5� in the central Betics (Jaen-Granada
transect) to 5� in the western sector (Almonte-
Manilva transects). The MT models for both pro-
files supports a nearly horizontal slope (2�) below
the Guadalquivir basin, with the frontal part of the
orogenic wedge increasing toward the SE and giv-
ing values between 6 and 8� below the External
Zones (Figure 8). The basement top reaches depths
of approximately 5–7 km at a distance of 60–80 km
from the first foreland outcrops. However, these

Figure 10. Gravity models. Densities are indicated in g/cm3: AM, anomalous mantle; BR, basic rocks; GB,
Guadalquivir Basin; F, Flysch, IM, Iberian Massif; IZ, Internal Zones; m, mélange; M, mantle; N, Neogene sediments;
P, peridotites; RB, Ronda Basin; S, Subbetic.
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values cannot be extrapolated to other transects of
the Betic Cordillera, as lateral variation in the fore-
land dip angle has been widely described in tectonic
arcs associated with lateral variations of the inher-
ited crustal and lithospheric thicknesses and com-
positions [Mariotti and Doglioni, 2000].

[33] Several changes in the slope observed in the
central part of both profiles could be related to
normal faults that deform the basement top. The
presence of these faults is reflected by seismic lines
in the lower part of the Guadalquivir sedimentary
infill [Fernàndez et al., 1998] and could be a con-
sequence of basement flexure. Toward the Internal
Zones, gravity models support the notion that
basement dip increases up to roughly 20–35� below
the coastline, showing a curved geometry in depth.
This geometry is in agreement with the context of
the partial subduction of continental Iberian crust
below the Alboran Sea, previously pointed out by
seismic tomography [Morales et al., 1999] and
seismotectonic analysis of earthquake focal mecha-
nisms [Ruiz-Constán et al., 2011].

[34] The greatest thicknesses of the conductive
rocks of the mélange unit are located above the
frontal resistive bodies that correspond with the
Jurassic and Cretaceous sequences of the External
(eastern transect) and Median (western transect)
Subbetics, pointing to the Subbetic provenance of
these plastic rocks [García-Dueñas, 1969; Sanz de
Galdeano, 1975; Pedrera et al., 2012]. Below
several Jurassic-Cretaceous Subbetic reliefs of the
more frontal part (such as Sierra de Estepa; sites
6–7, eastern profile), the resistivity profile shows
additional underlying repeated sequences of more
resistive Subbetic sheets separated by the conduc-
tive mélange matrix bands (clays, sandstones and
gypsum). Furthermore, the Subbetic of the Estepa
range has a well-defined structure characterized by
curved folds mainly developed above NW–WNW
directed thrusts [Pedrera et al., 2012]. These
ranges, apparently chaotically placed within the
mélange unit, were previously described as large
isolated blocks floating over the plastic mélange.
The bottom of the stacked carbonate sequences
reaches around 8 km in depth below the external
zones and is similar to the one proposed in other cross-
sections of the Cordillera [Banks and Warburton,
1991; Platt et al., 2003; Crespo-Blanc and de
Lamotte, 2006]. However, on the basis of our resis-
tivity models, we cannot discard a Prebetic prove-
nance of the deeper high resistive rocks, given their
lithological similarities, as pointed out in the western
sector [Flinch et al., 1996; Platt et al., 2003].

[35] We hold that the extrusion of the plastic rocks
that constitute the mélange matrix was aided by
the load and compression linked to the progres-
sive Subbetic units accretion. Accreted rocks, as a
result of tectonic collision, were incorporated to a
frontal prism including: Triassic clays, evaporites
and ocean-floor basalts, Mesozoic and Neogene
platform and pelagic sediments, and fragments of
metamorphic rocks. Interplay of tectonic, grav-
itatory and diapiric processes configured the com-
plex structure of this unit. Berástegui et al. [1998]
considered that plastic rocks were originally placed
below the Intermediate Units. However, the MT
models reveal a Subbetic affinity, suggesting that
their extrusion occurs in different places: at the front
of the Internal Subbetic (conductors beneath Olvera
and Campillos in Figure 8), at the front of the
Median Subbetic (conductors beneath Sierra de los
Caballos and Morón in Figure 8) and at the front of
the External Subbetics (conductor north of Estepa,
Figure 8). In addition, the models show that
extruded plastic mélange cover, or “canopy,” some
stacked carbonate Subbetic sequences, and account
for the continuity in depth of the resistive stacks of
Jurassic limestones that outcrop in some ranges
(e.g., the Estepa Range).

[36] The sequence of deformation and emplacement
of the Subbetic ranges and the progressive frontal
accretion of the mélange unit are interpreted as a
continuous process linked to the Oligocene-Late
Miocene E-directed subduction of oceanic crust and
the thin continental crust of the Iberian margin
beneath the Alboran continental Domain [Pedrera
et al., 2012]. In this context, our geophysical data
suggest that the tectonic mélange, mainly formed
by plastic Keuper Triassic evaporites, acted as the
decoupling horizon facilitating a partial continental
subduction of the Iberian continental crust. Although
continental crust may be considered resistant to
subduction due to its positive buoyancy, in certain
convergence settings it may be at least partially
subducted [Chemenda et al., 1996; Matte et al.,
1997; Faure et al., 2003]. As a broader approach,
we propose that thick plastic rocks units placed
above the foreland could act as a lubricant facilitat-
ing continental subduction, then being progressively
accreted toward a frontal mélange.

9. Conclusions

[37] The MT method, which is highly sensitive
to conductors, combined with gravity prospecting,
sensitive to low density rocks, can accurately
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characterize the subsurface structure of mélange
units with a high content in wet evaporites and
clays. This combined methodology is therefore the
best option for imaging plastic units, since the use of
seismic techniques is usually problematic given the
poor continuity of reflectors and the occurrence of
energy-absorption that usually mask the deeper
structure. The derived MT and gravity models were
also compared with geological information and
complemented with further data, including seis-
mic profiles and boreholes, to lead to a compre-
hensive interpretation of the deeper structure of
two transects of the central and western Betic
Cordillera.

[38] The main conductive bodies observed in the
MT model are related to the claystones, sandstones
and evaporitic rocks involved in the frontal mélange
unit. The greatest thicknesses are located at the
frontal part of the Cordillera. They overlie the
Iberian Massif in the northern part and the frontal
Jurassic and Cretaceous limestone sequences of the
External and Median Subbetics toward the south.
Internally coherent Subbetic units are less common
toward the NW, where resistive bodies alternate
with a greater amount of plastic rocks of the
mélange matrix. Furthermore, there is continuity at
depth of some Subbetic ranges previously described
as large isolated blocks floating over the plastic
mélange.

[39] Extrusion of the plastic rocks was favored by
the load due to the progressive emplacement of the
External Zones. Rocks of very different provenance
were accreted as a result of tectonic collision, with
the greatest thicknesses of plastic rocks located at
the frontal part of the different Subbetic Units. The
bottom of the stacked carbonate sequences reaches
around 8 km depth below the External Zones and
seems to be of Subbetic provenance, although the
presence of Prebetic units cannot be discarded,
given their lithological (and resistivity) similarities.

[40] The MT models show the continuity of the
Iberian Massif foreland below the Betic Cordillera,
with a nearly horizontal slope below the Guadalquivir
foreland basin that increases toward the SE, reach-
ing 6–8� below the External Zones. Several steps in
the top of the resistive body, corresponding to the
Iberian Massif foreland, could be related to the
presence of normal faults deforming the basement.
To the south, gravity models and earthquake distri-
bution support the slope increasing up to approxi-
mately 20–35� below the Internal Zones and the
Alboran coast, with a curved geometry. Our geo-
physical data suggest that the tectonic mélange,

mainly formed by plastic Keuper Triassic evapor-
ites, acted as the decoupling horizon facilitating a
partial continental subduction of the Iberian con-
tinental crust. Although continental crust may be
considered resistant to subduction, thick plastic rock
units placed above the foreland could act as a
lubricant facilitating the process, being progressively
accreted toward a frontal mélange.
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