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Abstract

The westernmost Betic Cordillera is located along the northwestern
Gibraltar Arc, which constitutes a curved orogen formed by the interaction of the
Eurasian and African plates and the Albordn continental domain in between. This
is a key region for understanding the alpine evolution of the western
Mediterranean. This Ph.D. Thesis examines the crustal structure in the
westernmost Betics and its foreland, also determining the present-day activity of
the mountain front in this area. In addition, this research provides new data that
contribute to discussion of the main models of the evolution of the Gibraltar Arc
proposed to date. Integration of geological, geophysical and geodetic data in the
region proved crucial for these purposes, given the complex regional structure and

the lack of quality outcrops.

The analysis of magnetic anomalies along several profiles crossing the main
magnetic dipole in the southwesternmost Iberian Peninsula helps constrain the
geometry of the Monchique Alkaline Complex. This body crops out in
southwestern Portugal and extends in depth eastward to the Betic Cordillera. A
sharp step in the anomalous body coincides precisely with the southern channel
of the Guadiana River, revealing the presence of a deep N-S crustal fault unknown
to date, the Guadiana Fault. Gravity and geological observations support these

results.

Long period magnetotelluric data are useful to elucidate the conductivity of
deep crust and upper mantle, whereby it is possible to infer the lithospheric and
asthenosphere structure. Sea water constitutes the main conductive body at
shallow crustal levels and its influence can mask 3D geological structures. 3D
forward modelling studies have been developed to constrain the bathymetry and
irregular coastline effect on phase tensor and tipper vectors in the Gibraltar area

and appraise the influence of the narrow Gibraltar Strait.



Long period magnetovariational observations in the westernmost Betic
Cordillera, considering the sea influence in the area, highlight the presence of a
major conductive body (0.05 Q-m) within the basement of the southern
Guadalquivir foreland basin: the Villafranca body. Magnetic anomaly data also
evidence this major structure and help constrain its intermediate or basic igneous
nature, with high sulphide mineralization. Its origin is discussed in the framework

of the regional geological setting.

Although previous research efforts held the western Betic Cordillera frontal
area to be inactive, new GPS data suggest a very consistent westward motion with
respect to the foreland, reaching maximum displacement values in the Gibraltar
Strait area. The rectilinear character of the northwestern mountain front, together
with the southeastward increasing thickness of the Guadalquivir basin infill,
support the activity of the westernmost Betics. Deformation is mainly
accommodated by active folds showing a roughly WNW-ESE to W-E shortening,
at least since the Pliocene. The displacement pattern is in agreement with the
present-day clockwise rotation of the tectonic units in the westernmost Betic
Cordillera. All these data support active lithospheric subduction and slab-rollback

as the main model of tectonic evolution of the Gibraltar Arc.



Resumen

El extremo occidental de la Cordillera Bética esta situado al noroeste del
Arco de Gibraltar, un orégeno arqueado formado por la interacciéon de las placas
Euroasidtica y Africana y el Dominio de Alboran entre ambas. Constituye una
regién fundamental para el conocimiento de la evoluciéon alpina del Mediterrdneo
occidental. Este trabajo de investigaciéon comprende el andlisis de la estructura
cortical del extremo occidental de la Cordillera Bética y su antepais asi como la
actividad actual del frente montafioso en esta region. Ademads, aporta nuevos datos
para la discusién de los modelos de evolucion del Arco de Gibraltar propuestos
hasta el momento. La integracion de datos geoldgicos, geofisicos y geodésicos ha
sido fundamental para conseguir este objetivo, dada la complejidad de la

estructura de la zona y la escasez de afloramientos de calidad.

El analisis de anomalias magnéticas a lo largo de varios perfiles que cortan el
principal dipolo magnético de la parte suroccidental de la Peninsula Ibérica ha
permitido definir la geometria del Complejo Alcalino de Monchique. Este cuerpo
aflora al Suroeste de Portugal y se extiende en profundidad hacia la Cordillera
Bética. En la parte meridional del cauce del rio Guadiana, se produce un salto
brusco del cuerpo anémalo lo que revela la existencia de una falla cortical de
orientacién N-S, la falla del Guadiana. Datos gravimétricos y geolégicos apoyan

estos resultados.

Los estudios magnetoteluricos de largo periodo son ttiles para determinar la
conductividad de la corteza profunda y el manto a través de la cual es posible
inferir la estructura de la litosfera y astenosfera. El agua del mar representa el
principal conductor en la corteza superficial y su influencia puede enmascarar las
estructuras geoldgicas tridimensionales. En la zona de Gibraltar se ha realizado un
estudio a través de modelizacion forward 3D para definir el efecto en el phase

tensory los tipper vectors de la batimetria y lineas de costa irregulares asi como

del Estrecho de Gibraltar.



Los datos magnetovariacionales de largo periodo adquiridos en el extremo
occidental de la Cordillera Bética, que consideran la influencia del mar en el drea,
destacan la presencia de un gran cuerpo conductor (0.05 Q-m), Villafranca, en la
parte Sur del basamento de la cuenca del Guadalquivir. Las anomalias magnéticas
también reflejan la presencia de esta estructura y nos ayudan a definir su
naturaleza ignea, intermedia o basica, con alto contenido de mineralizaciéon de

sulfuros. El origen de este cuerpo se discute segun el contexto geoldgico regional.

A pesar de que tradicionalmente se ha considerado inactivo el frente
occidental de la Cordillera Bética, nuevos datos de GPS reflejan firmemente el
movimiento hacia el Oeste con respecto al antepais. Los valores de
desplazamiento maximos se alcanzan en el drea del Estrecho de Gibraltar. El
caricter rectilineo del frente montanoso noroccidental junto con el engrosamiento
del relleno de la cuenca del Guadalquivir hacia el Sureste confirman la actividad
tectonica del extremo occidental de la Cordillera. La deformacién en la zona se
acomoda principalmente por pliegues que evidencian un acortamiento general de
orientacién ONO-ESE a O-E al menos desde el Plioceno. Los patrones de
desplazamiento concuerdan con la rotacién horaria actual de las unidades
tectonicas en el extremo occidental de la Cordillera Bética. Todos estos datos
soportan la subduccién activa junto con slab rollback como principal modelo de

evolucidn tectdnica del Arco de Gibraltar.
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Chapter 1

Introduction

The Betic and Rif Cordilleras constitute an arched Alpine belt connected
through the Gibraltar Arc developed since the Cretaceous. The latest stages of
relief uplift occurred from the Neogene onward, due to the NW-SE Eurasian and
Africa plate convergence and the westward motion of the Albordn continental
Domain in between (Dewey et al, 1989; Rosenbaum et al,, 2002). The Iberian
Massif constitutes the stable foreland of the Betic Cordillera and belongs to the
central Europe Variscan belt formed as consequence of the late Paleozoic collision
of Gondwana and Laurasia. At present, east of the North Atlantic spreading axis,
the Eurasian-Africa plate boundary constitutes a dextral strike-slip fault, the
Gloria fault, changing to a broad band of transpressional deformation eastward

the Gorringe Bank in the westernmost Mediterranean (Roest and Srivastava,

1991) (Fig. 1.1).
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Figure 1.1: Eurasian and African plate boundary sketch; NAP: North American plate; GoB:
Gorringe Bank; GA: Gibraltar Arc; BC: Betic Cordillera; RC: Rif Cordillera; AGBB: Algero-
Balear Basin. Modified from Ruiz-Constan, (2009).
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The Betic-Rif Cordilleras has undergone a complex evolution including
compressional and extensional deformations that sometimes occurred
simultaneously in different settings. Up to date, geological and geophysical
research has focused on the description of recent and active structures in order to
elucidate the mechanism responsible for the orogen’s tectonic evolution; these
studies mainly deal with the central and east parts of the Cordillera. Diverse and
controversial models have been proposed for the development of the Gibraltar Arc
based on subduction with associated slab roll-back and detachment of the
subducted slab (Arafa and Vegas, 1974; Torres-Roldan et al, 1986; Wortel and
Spakman, 1992; Pedrera et al,, 2011; Ruiz-Constén et al, 2011) or on lithospheric
delamination beneath the Alboran Sea (Houseman er al, 1981; Seber et al, 1996;

Calvert et al, 2000; de Lis Mancilla, 2013).

The westernmost Betic Cordillera, the Guadalquivir foreland Basin and
southwestern Iberian Massif constitute a key region because of their setting by the
western-northwestern boundary of the Gibraltar Arc. This region has not been
studied in detail to date due to its complexity. The lack of good quality outcrops
in this region conditions the development of recent tectonic studies related to
surface geological observations. Studies of active structures in the westernmost
front as well as the westernmost part of the Betic Cordillera have been highly
constrained by this fact. Moreover, previous geophysical research have focused on
broadly describing the lithospheric structure given the scarcity of further detailed

data in the area.

This Ph.D. Thesis integrates new geological, geophysical and geodetical data
on the westernmost Betic Cordillera and its foreland so as to shed light on deep
structure and tectonic activity of the area. New magnetic and gravity data acquired
along several transects of the South Portuguese Zone, the Algarve Basin and the
westernmost Betic Cordillera together with a magnetovariational 3D study in the

western Betics, provide additional constraints for the lithospheric structure of the



Chapter 1: Introduction

Iberian Massif and its prolongation below the Betic Cordillera. Methodological
research regarding the influence of sea water, irregular continental borders and
bathymetry on magnetotelluric data was performed in order to appropriately
interpret regional magnetovariational data in the region. In addition, the study
addresses recent and active folds and brittle structures in the mountain front, the
westernmost Cordillera and the Guadalquivir foreland Basin. This analysis is
supported by new GPS data in the region. The integration of these results
provides new insights that will be useful when discussing the recent evolution of

the Gibraltar Arc.






Chapter 2

Aims and Ph.D. Thesis structure

This Ph.D. Thesis focuses on the westernmost part of the Betic Cordillera
and its foreland. Its location in the western-northwestern boundary of the
Gibraltar Arc makes this area a key region for our understanding of the Alpine
evolution of the western Mediterranean related to the Eurasian-African plate
interaction. The lack of high quality outcrops in this region conditions the
development of detailed tectonic studies related to surface geological
observations. Furthermore, geophysical researches to date are more concerned
with broadly describe the lithospheric structure due to the scarcity of detailed data

about the area.

The main aim of this research is to shed light on the knowledge of the
westernmost Betic Cordillera and its foreland, and more specifically the crustal
structure and recent evolution of this Alpine orogen, with an emphasis on
determining the westernmost front activity. In addition, this work provides new
data that will enrich discussion of the main hypotheses proposed for the evolution

of the Gibraltar Arc. To this end, this study develops the following aspects:

e Providing new geophysical data —gravity, magnetic, long period
magnetovariational and  audiomagnetotelluric  data—, and
integrating them with the previous geophysical data, including
seismic reflection profiles. These data enhance our knowledge of the
crustal structure in the studied area.

e Determining the influence of the sea on magnetotelluric data in the

region, considering a detailed bathymetry of Atlantic Ocean,
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Mediterranean Sea and Gibraltar Strait, in order to accurately
constrain the structures by means of magnetovariational studies.

e Analysing folds and brittle deformation in the westernmost front of
the Betic Cordillera and its foreland. The observations related to the
front are concentrated on the recentmost deformation to describe its
activity.

e Characterizing the recent paleostress pattern in the Betic Cordillera
northwestern mountain front through microtectonic measurements
in the area.

e Contributing new geomorphologic observations to support the
presence of blind faults in the Betic Cordillera foreland, and evidence
recent and present-day deformation in the westernmost front in order
to assess its activity.

e Studying the sedimentary thickness infill of the Guadalquivir foreland
Basin based on new geophysical data and its integration with
sedimentary studies, so as to explain its geometry in relation with the
mountain front activity.

e Analysing new and previous GPS data to provide relevant structural
constraints that elucidates the active tectonic structures of the
western Betic Cordillera.

e Finally, proposing a Tectonic model for the westernmost Betic

Cordillera by integrating all the analysed data.

Ph.D. Thesis Structure

In what follow now, a brief description of the structure of this Ph.D. Thesis
is given to facilitate comprehension of the text and how the aims were approached
and achieved. Note that the Ph.D. Thesis is presented in the ensemble of

publications format in accordance with the rules of the University of Granada. The
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volume is divided in three main parts: Part [ is a summary of relevant introductory
data as well as previous geological, geophysical and GPS researches findings in the
studied region. In addition, models of the recent tectonic evolution of the
Gibraltar Arc presently under discussion are succinctly exposed. Part II comprises
five articles, published or submitted for publication, that provide new geological
and geophysical data regarding the westernmost Betic Cordillera and its foreland.
They draw new insights about the crustal structure of the region and contribute
to the discussion of its recent evolution. Finally, Part III is divided into two
chapters that expound and discuss the results presented here and summarize the

main conclusions in the frame of the Gibraltar Arc evolution.

In Part II, the main body of the Ph.D. Thesis, each article is presented as it
would appear in the corresponding journal. This implies an element of repetition,
given that all the studies are developed in the same region. Having said that, Part

IT of the Ph.D. Thesis is made up of the following chapters:

Chapter 5: “Magnetic evidence of a crustal fault affecting a linear laccolith:
the Guadiana Fault and the Monchique Alkaline Complex (SW Iberian
Peninsula)”. The aim of this study was to improve our knowledge of the main
crustal structure of the western Betic Cordillera foreland. Constraining the
eastward extension of the Monchique alkaline laccolith helps elucidate the
continuity of the deep structures of the South Portuguese Zone toward the Betic
Cordillera. This regional research may enhance understanding of the major
covered faults (i.e. Guadiana fault) through the integration of magnetic, gravity

and geological data.

Chapter 6: “Influence of a narrow strait connecting a large ocean and a small
sea on magnetotelluric data: Gibraltar Strait”. On account of the location of the
studied region, near the Gibraltar strait and surrounded by irregular bathymetry,
it is indispensable to accurately constrain the sea influence on magnetotelluric

research.
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Chapter 7: “Long period magnetovariational evidence of a large deep
conductive body within the basement of the Guadalquivir foreland basin and
tectonic implications (Betic Cordillera, S Spain)”. This study looks into the crustal
structure by means of magnetovariational data acquired through a grid of sites
covering the westernmost Betic Cordillera and its foreland. It provides insights
about a new major conductive body located in the Iberian Massif below the
Guadalquivir foreland basin. These results therefor shed light on the basement

structure.

Chapter 8: “Shallow frontal deformation related to active continental
subduction: structure and recent stresses in the westernmost Betic Cordillera”. A
combination of geological and geophysical observations supported by (available)
previous GPS data leads to new findings that enrich discussion of the present-day
tectonic activity in this key area. This study elucidates the activity of the area,

mainly related to folds.

Chapter 9: “Active rollback in the Gibraltar Arc: evidences from CGPS data
in the Western Betic Cordillera”. After demonstrating the activity of the mountain
front, this study provides new GPS data as well as geological observations that
support the variability of deformation along the Western Betic Cordillera. These
results contribute to the discussion of the tectonic models for the Betic

Cordillera’s development.

10



Chapter 3

Regional setting and background

The study area covered in this Ph.D. Thesis is located in the South and
southwestern Iberian Peninsula including Spain and Portugal regions (Fig. 3.1).
For the purpose of characterize the structure of the southwestern Betic
Cordillera foreland, several transects were performed along the Algarve and Bajo
Alentejo regions in South Portugal. One of this transects crosses the Guadiana
River which constitute the Spain and Portugal border in the area. Nevertheless,
the main body of the research focuses in the westernmost Betic Cordillera and
the Guadalquivir foreland Basin, covering the Andalucia (Spain) provinces of

Huelva, Cadiz, Sevilla and the West of Malaga.
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Figure 3.1: Geographical setting of the study area.
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Crustal structure and active deformation in the westernmost Betic Cordillera and its foreland

3.1 Geological setting

The Betic-Rif Cordilleras constitutes an arcuate Alpine orogenic belt,
connected through the Gibraltar Arc. The Albordan Sea Neogene basin is located
at the inner part of this orogen. These cordilleras are formed by the interaction
of the Eurasian-African NW-SE plate convergence and the westward motion of
the Alboran Domain in the West Mediterranean, consequence of the Algero-
Balearic Basin oceanic spreading during the Oligocene and early Miocene
(Dewey et al, 1989; Rosembaum er al, 2002; Rosembaum and Lister, 2004)
(Fig. 1.1). The Betic Cordillera corresponds to the northern branch of the
Gibraltar Arc. It overthrusts the Variscan Iberian Massif which is partially
subducted beneath the western part of the Betics (Morales et al, 1999; Serrano

et al, 2002; Ruiz-Constan et al,, 2010).
3.1.1 Iberian Massif

The Iberian Massif is part of the Variscan belt that extends along central
Europe, formed due to the late Paleozoic collision of Gondwana and Laurasia. It
comprises several zones characterized by its tectonometamorphic evolution
(Ribeiro et al, 1990). The southern Iberian Peninsula, from SW to NE, holds the
South Portuguese (SPZ), the Ossa Morena (OMZ) and the Central Iberian
Zones. In addition, the Algarve basin, located in the southernmost Portugal,
together with the SPZ corresponds to the External Zones of the variscan orogen
(Fig. 3.2). This region constitutes the relatively stable Betic Cordillera foreland,
which extends below the Guadalquivir foreland basin and beneath the External
Zones of the cordillera. The main regions of the Variscan orogen enclosed in this
research are the South Portuguese Zone and the Algarve Basin briefly described

next.

The SPZ (Fig. 3.2) is mainly formed by Devonian and Carboniferous rocks

in some cases affected by low to very low grade metamorphism (Pinheiro et al,
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Figure 3.2: Geological setting of the South Portuguese Zone and the Algarve Basin.

1996; Abad et al, 2001, 2002; Simancas, 2004). During variscan thin-skinned
tectonics, three fold episodes and later thrusts involved structures of SW
vergence, followed by a late brittle deformation phase (Silva er al, 1990;
Mantero et al, 2011). Therefore, deep seismic refraction and reflection profiles
(Diaz and Gallart, 2009) indicate that crustal detachments are delineated within
the variscan cover. The OMZ/SPZ contact is marked by a band of amphibolites
with oceanic affinity, the so-called Beja-Acebuches Amphibolite unit. These
rocks have been traditionally considered as the Devonian suture of the Rheic
Ocean (Bard, 1977). However, U-Pb zircon ages of the protholits point out an
Early Carboniferous oceanic-like crust that opened during the volcanic massive
sulfide (VMS) occurrence (Azor et al, 2008). Considering stratigraphic and
structural criteria, Oliveira (1990) and Silva er a (1990) propose a division of
the SPZ on the following major subdomains from North to South (Fig. 3.2): (a)
The Northem Domain, also called the Pulo do Lobo unit, formed by detritic
metasediments including mafic rocks that have been interpreted as an

accretionary prism associated with a north-dipping (Eden and Andrews, 1990)
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or south-dipping (Azor et al, 2008) subduction zone. (b) The Central Domain,
also known the Iberian Pyrite Belt, constitutes a volcano-sedimentary complex of
Devonian to Early Carboniferous age including VMS deposits interlayered with
metapelites or directly linked to acidic volcanic rocks (Tornos et al, 1998). (c)
The Baixo Alentejo Flysch Group, or Culm Group, is mainly formed by
metapelitic rocks. (d) The Southern Domain, outcrops only in the South of
Portugal with low extension. It is chiefly composed by metapelitic rocks similar
to the Culm group but younger. Many authors consider these last subdomains as
part of the Iberian Pyrite belt (Onézime et al, 2003). The variscan research of

this Ph.D. Thesis mainly focuses in the last two subdomains.

Since early Cretaceous, probably associated with the motion of the Iberian
plate above a mantle plume (Merle et al, 2009), large magmatic intrusions
occurred along the West margin of the Iberian Peninsula. Onshore, the main
subvolcanic complexes include the massifs of Sintra, Sines and Monchique,
NNW-SSE aligned, of late Cretaceous age. Although there is no surface
evidence, a large NNW-SSE crustal structure (the Sintra-Sines-Monchique
fault) has been proposed as a weakness that facilitates magma ascent (Ribeiro et
al, 1979). The Monchique Alkaline Complex is the largest and youngest
complex, located in the Southern Domain of the South Portuguese Zone,
northward the Algarve Basin. The age of the alkaline rocks is around 72 Ma
(Miranda et al, 2009). Rock (1978) describes this massif as a subvolcanic
laccolith emplaced into late Carboniferous marine sediments. It has an E-W
elliptical shape, probably controlled by ESE-WNW variscan fractures, with a
concentric structure formed mainly by two nepheline sienite bodies (Valadares
and Gonzélez-Clavijo, 2004). These fractures were reactivated as normal faults

during the formation of the Algarve Basin (Ribeiro et al, 1990).

The Mesozoic Algarve Basin (Fig. 3.2) is located at the southern tip of
Portugal and overlays the South Portuguese Zone, separated by an angular

unconformity. It is characterized by carbonate sediments with a few levels of
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sandstone, marls and clays (Heimhofer er al, 2008). These Mesozoic deposits
are formed by the collapse and dismantling of the variscan orogen. They
accumulated in a passive margin developed owing extensional regime during the
opening of the Atlantic and Tethys oceans. The Mesozoic section is
characterized by a sharp thickening toward the South across ENE-WSW flexures
trending subparallel to the coastline (Ribeiro er al, 1984). These flexures are
most likely connected with basement normal faults that formed during the
extensional tectonics related to margin rifting (Ribeiro et al, 1990). A clear
tectonic inversion occurred during the alpine orogeny and several compressive
episodes have been identified (Manuppella er al, 1988; Terrinha, 1998;
Terrinha et al,, 2002). As a consequence, the Cenozoic evolution of the Algarve
basin is characterized by the compressional reactivation of variscan extensional
basement faults and the deformation of the Mesozoic deposits. At present, the
main alignments identified by photo interpretation have NNE-SSW, N-S and
ENE-WSW orientations, probably corresponding to the most important brittle

structures in the region (Moniz et al., 2003).
3.1.2 Betic Cordillera

The Betic Cordillera is traditionally divided in two main tectonic crustal
domains (Garcia-Duefias and Balanyd, 1986): the Albordin Domain
corresponding to the Internal Zones, and the South Iberian Domain, that are

equivalent to the External Zones, separated by the Flysch Units (Fig. 3.3).
Internal Zones

The Internal Zones are made up of several superposed complexes including
Paleozoic rocks, and affected by Alpine metamorphism. From bottom to top: the
main complexes are the Nevado-Fildbride (Egeler, 1964), the Alpujdrride (Van
Bemmelen, 1927) and the Maldguide (Blumenthal, 1927) (Fig. 3.3). These
complexes are separated by low-angle normal faults (Aldaya er al, 1984; Garcia-

Duefas and Balanyd, 1986; Galindo-Zaldivar er al, 1989). In addition, the
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Figure 3.3: Geological map of the Betic Cordillera and the southwestern Iberian Massif. Dashed

red box marks the study area.

Dorsal and Predorsal complexes, formed by Triassic to Early Neogene
sedimentary rocks, constitute the frontal imbricated units chiefly outcropping in
the western and central Betic Cordillera. The Nevado-Filabride and Alpujarride
complexes include a succession of thrust sheets with Paleozoic to Mesozoic
lithostratigraphic sequences, drawing an extensive Alpine ductile evolving to
brittle deformation and high pressure (HP) metamorphism progressing to high
temperature-low pressure (HT-LP) gradients. The Alpujdrride upper unit
includes large peridotite bodies at its base that widely outcrop at the Ronda
Massif. A crustal-scale extension during the Early and Middle Miocene produced
the exhumation of the Alpujdrride and later the Nevado-Fildbride complexes
(Galindo-Zaldivar et al, 1989; Monié et al, 1991; Garcia-Duenias et al, 1992;
Watts et al, 1993). The former is supported by a sharp decompression in the
metamorphic P-T path of these complexes (Vissers, 1981; Gémez-Pugnaire and
Ferniandez-Soler, 1987; Bakker er al, 1989; Garcia-Casco and Torres-Roldan,
16
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1996). The Maldguide complex is formed by Paleozoic to Middle Miocene rocks
that were deformed but not affected by Alpine metamorphism (Martin-Algarra
et al., 2009; Chalouan and Michard, 1990). All these complexes are located in
the southeastern part of the Betic Cordillera and continue towards the basement
of the Albordn Sea. The Paleozoic basement of the Internal Zones was partially
affected by the Variscan orogen (Martin-Algarra et al, 2009; Gémez-Pugnaire
et al, 2004; 2012). However, the most penetrative deformation and
metamorphism occur from the Eocene to Early Miocene (Monié er al, 1991). A
late extensional stage between Early and Middle Miocene developed low-angle
normal faults and detachments (Galindo-Zaldivar et al, 1989; Jabaloy er al,
1992). They are followed by the neotectonic deformations that are related to the

present-day relief development (Sanz de Galdeano, 1990).

Flysch

The Flysch units (Fig. 3.3) correspond to the former oceanic or thin
continental swell located among the two main domains filled by siciliclastic
deposits from Oligocene to Miocene (Durand-Delga et al, 2000; Lujan et al,
2006) and not affected by Alpine metamorphism. In the last stages of the Alpine
orogeny these units have been imbricated forming an accretionary prism with an
N-S structural trend and W to NW vergence in the Betic Cordillera that is also
denominated Campo de Gibraltar Units (Lujdn er al, 2006). At present, they
extend along the Internal/ External Zones boundary, in an ENE-WSW direction.
The main tectonic unit of the Flysch Complex is the Aljibe thrust (Didon et al,
1973). The Paleogene sequence of this unit comprises claystones and
intercalations of calcareous limestones, while the Neogene sequence is made up

of a characteristic quartzite formation with minor marly levels.
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External Zones

The External Zones represents the deformed Mesozoic to Cenozoic
continental deposits of the South Iberian paleomargin (Garcia-Duefias and
Balanyd, 1986). They have been differentiated in the Prebetic (formely located
nearby the continent, now outcropping toward the Northeast of the Betic
Cordillera) and Subbetic (in a more distal position, located in more southern and
West area of the Cordillera) (Fig. 3.3), based on their tectonic, stratigraphic and
paleogeographic features (Blumenthal, 1927; Fallot, 1948). These Zones consist
mainly of carbonate-marly series with local volcanic intercalations. The Late
Triassic is represented by claystones with gypsum and fine-grained sandstones
(Keuper facies) which during late Alpine deformations constitute a regional
detachment surface from the Variscan basement. Above, different carbonate
series developed depending on the position in respect to the continental margin.
The South Iberian Domain was deformed, but not metamorphosed, during the
continental collision in the Alpine orogen as a NW to W vergent fold-and-thrust
belt (Sanz de Galdeano and Vera, 1992; Lonergan and White, 1997). In a frontal
position, in contact with the foreland basin, a mélange unit is widely developed
especially in the Subbetic Zone (Sanz de Galdeano et al, 2008; Roldan er al,
2012). This unit constitutes a chaotic mix of huge mass of rocks, known as
Olisthostromes, placed by tectonic deformation and gravity gliding and involving
Mesozoic and Tertiary sediments, mainly silts and gypsum. It is related to mass
wasting and breaking processes due to contractional events responsible of the
cordillera prism accretion and extensional processes linked to the orogen
exhumation. In the External Zones, alpine deformation started during
Cretaceous, remaining active up to Pliocene (Cano-Medina, 1981). Present-day
relief features in the Betic Cordillera are related to large folds and faults active
since the Upper Miocene (Sanz de Galdeano, 1990; Braga et al, 2003; Sanz de
Galdeano and Alfaro, 2004).
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3.2.3 Neogene - Quaternary basins

During the westward emplacement of the Internal Zones on the South
Iberian Margin in Early-Middle Miocene, sedimentation in an incipient
Guadalquivir foreland Basin took place. The sedimentary infill is composed by
detrital Neogene and Quaternary deposits featuring interlayered calcarenites
and limestones (Rold4n, 1995). The most recent evolution of the cordillera
includes the development of minor sedimentary basins over the External and the
Internal Zones and along its boundary, from the Late Miocene onward. They are
tilled by detritic sequences with intercalated calcarenites and locally with
lacustrine and reef limestones. These intramontane basins (e.g. Granada and
Ronda) developed simultaneous to relief uplift, and therefore are highly
conditioned by the recent tectonic structures. In addition, the Albordn Sea is the
main Neogene — Quaternary basin remaining below sea level and located
between the Betic and Rif Cordilleras. Its metamorphic basement is in continuity
with the Internal Zones. Among them, the Guadalquivir Basin is the only

outcropping in the study area and will be described next.
The Guadalquivir foreland Basin

The Guadalquivir Basin is an elongated Neogene-Quaternary basin limited
by Iberian Massif to the North and the Betic Cordillera to the South which
respectively form its passive and active margins (Salvany er al,, 2001) (Fig. 3.3).
[t has an asymmetric geometry narrowing to the East and gradually increases its
depth toward the SSE, so the basement is found up to 5000 m below the Betic
thrust front (Ferndndez et al., 1998; Garcia-Castellanos et al, 2002; Salvany et
al., 2011). During the Early and Middle Miocene, it was a large marine basin
constituting the northern connection between the Atlantic Ocean and the
Mediterranean (the North Betic Strait; Sanz de Galdeano and Vera, 1992). The
Guadalquivir Basin developed during Neogene and Quaternary as result of the
subsidence due to the flexure of the Iberian Massif related to the load of the

allochthonous units of the Betic Cordillera. The sedimentary infill, Langhian-
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Pliocene in age, is mainly marine and of clastic nature, chiefly formed by
autochthonous sediments in its northern part while the southern border is made

up of chaotic allocthonous sediments from the Subbetic.

Most of the researches developed in the Guadalquivir Basin regarding to
this study are mainly focused in the Lower Guadalquivir Basin. Since Early
Pliocene, the basin has principally been filled by alluvial sediments as well as by
aeolian and shallow marine sediments. Each sequence is characterised by: first,
an initial period of erosion that produced a regional unconformity; second, a fast
alluvial progradation supplied by the craton margin of the basin along the thrust
front; and third, a slow alluvial retrogradation cratonward. In the third sequence,
retrogradation occurred together with a shallow marine transgression that
flooded the southern part of the basin (Salvany er a/, 2011). The late evolution
of the lower Guadalquivir basin, at least since Late Pliocene, was mainly
controlled by tectonic uplift and sediment supply from the northern variscan

foreland.

3.2 Previous geophysical data

For the purpose to constrain as far as possible the deep structure in the
western Betic Cordillera, many geophysical methods including active and passive
seismic, gravity, magnetic and magnetotelluric researches, have been longer
applied in the region (Fig. 3.4). Their results contribute to elucidate what is
missing from geological surface observations. The main features evidenced up
to date by the available geophysical data are: the crustal thickness variation
between the different geological regions, the eastward to southeastwards
subducting slab below the Gibraltar Arc (Serrano et al, 1998; Morales et al,
1999; Calvert et al, 2000; Ruiz-Constan er al, 2011) and the anomalous mantle

in the Alboran Sea (Bonini et al, 1973; Torné et al., 2000).
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The aim of this section is to summarize the main geophysical researches
carried out in the Betic Cordillera and its foreland, especially focused in their
western part, which constituted the starting point for the acquisition of the new
geophysical data in the frame of this Ph.D. Thesis. Both previous and new data
together with the geological observations have been essential in the development

of this research.
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Figure 3.4: Location of the main gravity, magnetotelluric and seismic researches
performed in the western Betic Cordillera and the southwestern Iberian Massif. Red

box marks the study area of this Ph.D. Thesis.

3.2.1 Gravity data

The 1:1.000.000 free air and Bouguer anomaly maps of Spain (I.G.N.,
1976) were performed from gravity measurements on the surface. The Bouguer
anomaly map holds a good correlation between the regional geological features

and the gravity anomalies. It shows negative values within the Iberian Peninsula
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related to the thick continental crust that mostly become 0 mGal close to the
coast. In fact, the minima (up to -160 mGal) are located in the Betic Cordillera
between the Internal and External Zones boundary drawing the presence of a
thickened crust below and the low density of the Guadalquivir, Ronda, Granada
and Guadix-Baza basins sedimentary infill. Toward the Alboran Sea, the
anomaly values increase reaching positive ones in its central zone (Casas and
Carbé, 1990). Gravimetric models for the Betic Cordillera and the Alboran Sea
are helpful to establish the crustal thickness in the region (Surifilach and Udjias,
1978; Casas and Carbd, 1990; Galindo-Zaldivar et al, 1998; Torné et al, 2000
Ruiz Constén et al, 2012) (Fig. 3.4). This increase of the Bouguer anomaly
from the Internal Zones of the Betic Cordillera toward the Albordn Sea has been
modelled drawing a continental crustal thickness from 38 km bellow the Internal
Zones up to less than 15 km beneath the central Albordn Sea (Torné and Banda,
1992). Regional gravity studies focused on the southwestern Iberian Massif
propose a moderate crustal thickening and a lithospheric mantle thinning bellow
the OMZ and SPZ (Ferndndez et al, 2004). Crustal studies suggest different
crustal nature of both Zones separated by a slice of lithospheric mantle

(Sdnchez-Jiménez et al., 1996).

Summarizing, gravity data support the presence of a standard continental
crust in the Iberian Massif (Sdnchez-Jiménez et al, 1996; Ferndndez et al,
2004) that is southeastward bounded by the relatively thick crust of the Betic
Cordillera and followed by the very thin continental crust of the Albordn Sea

above an anomalous mantle (Hatzfeld, 1976; Torné et al,, 2000).

3.2.2 Magnetic data

The aeromagnetic map of the Iberian Peninsula (Socias and Mezcua, 2002)
is the only magnetic research that helps to elucidate the Iberian Massif and the
Betic Cordillera regional structure on depth in the southwestern part of Iberia.

[ts resolution is not high enough to feature bodies smaller than 10 Km. Thus,
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tield magnetic data are necessary to constrain the crustal structure in detail. The
magnetic anomalies in Southern Iberian Massif are mainly characterized by a
WNW-ESE band related to the basic igneous rocks of the OMZ. Their analysis
reveals the Variscan basement extension below the Guadalquivir foreland basin,
at least as far as the External Zones of the Betic Cordillera in its central sector
(Bohoyo et al, 2000; Serrano et al, 2002). Gonzalez-Castillo er al (2014)
evidence the presence of a large E-W elongated dipole, extending more than 200
km in the southernmost Iberian Massif foreland, related to the Monchique
Alkaline Complex and identify by first time the N-S oriented crustal Guadiana
Fault. The former research corresponds to the first chapter of Part II of this
Ph.D. Thesis. Eastward, the most intense aeromagnetic maximum of the
westernmost Betic Cordillera is located by the Guadalquivir foreland basin that it

is also analysed in Part II.

3.2.3 Seismic Data

Seismic refraction data (Fig. 3.4) (Banda and Ansorge, 1980; Medialdea er
al., 1986; Diaz and Gallart, 2009) support the presence of a crustal thickness of
30 km in the Iberian Massif that reach up to 37 km in the Betic Cordillera,
extending along the Gibraltar Arc and decreasing down to 22 km in Albordn Sea
(Surifiach and Vegas, 1993). The deep seismic reflection profiles (Fig. 3.4) have
provided new data on the structure of the variscan crust of the Iberian Massif
(Simancas et al, 2003; Martinez-Poyatos et al., 2012) revealing differences on
the upper crust dominated by magmatic structures in the Central Iberian Zone,
high deformation by folds and thrust in the Ossa Morena Zone and fold and
thrust belt in the South Portuguese Zone. In the Betic Cordillera and the
Guadalquivir foreland basin there is a widespread set of shallow seismic
reflection profiles, mainly covering the Neogene-Quaternary sedimentary basins
as the Guadalquivir foreland basin (Rold4n, 1995), the Gulf of Cadiz (Gutscher
et al., 2002) and the Albordn Sea (Comas et al, 1992) that reveal the structure of

the sedimentary infill. However the only available deep profiles (ESCIBéticas,
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Garcia-Duenias er al, 1994; Galindo-Zaldivar et al, 1997) are located in the
eastern transect of the Betic Cordillera showing a flat Moho below a lower crust
that is probably in continuity with the Iberian Massif and an upper detached

crust.

Shallow seismicity in the westernmost Betic Cordillera and Rif is
widespread along a broad 400 km band (Buforn et al, 1995, 2004; Bokelman et
al, 2011) in addition to an intermediate seismicity reaching up to 120 km depth
(Morales et al., 1997; Buforn er al, 2004, Ruiz-Constan er al, 2011). Moreover
scarce deep earthquakes occur in the central Betic Cordillera (Buforn et al,
1991). Tomographic images at crustal depths (Dafiobeitia et al, 1998; Carbonell
et al, 1998) and reaching the upper mantle (Blanco and Spakman, 1993;
Morales et al, 1999; Gurria et al, 2000; Calvert er al, 2000; Spakman and
Wortel, 2004; Serrano et al, 2005; Diaz er al., 2010) and more recently receiver
functions (de Lis Mancilla et a/, 2013) and anisotropy (Alpert et al, 2013)
reveal the deep structure of the Cordillera mainly characterized by the presence
of high heterogeneous and anisotropy zones including subduction slab and an

anomalous mantle in the Albordn Sea. Seismic and gravity data have been

integrated in lithospheric models (Fullea et al, 2007; 2010).
3.2.4 Magnetotelluric data

Magnetotelluric researches underline the anisotropy of the eastern (Marti
et al, 2004) and the western Betics (Ruiz-Constdn et al 2010) suggesting a
roughly arched anisotropy variable in depth. 2D MT researches have focused to
investigate the elongated shallow crustal structures in the southern part of the
Iberian Massif (Almeida et al,, 2001, 2005; Pous et al., 2004; Mufioz et al., 2005,
2008; Pous er al, 2011), and the central-western Betic Cordillera (Ruiz-Constdn
et al, 2012). Monteiro Santos et al (1999, 2002) suggest the presence in the
Ossa Morena zone of a high conductivity middle crustal band probably related to
the presence of graphite (Almeida er al, 2005). 3D MT models have been

developed in the easternmost Betic Cordillera (Marti et al, 2009) and have been
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extended up to the central sector (Rosell et al, 2011). Although they support the
presence of several major anomalies in the crust and upper mantle, their
accuracy is low for deep structures. In the westernmost Iberian Massif, Vieira da
Silva et al. (2007) analyzed the SPZ and OMZ. However, in the westernmost
Betic Cordillera there is a complex 3D structure surrounded by an irregular sea

that has avoided the development of MT studies up to date (Fig. 3.4).

3.3 Previous GPS data

Betic Cordillera is the most active tectonic region of southwestern Europe
owing to the proximity to the Eurasian and African plate boundary and
constitutes a suitable area to develop geodetical researches on active tectonic
deformations. Plate reconstructions indicate that the whole region underwent a
NW-SE shortening of 4 to 5 mm/yr heterogeneously distributed (Argus er al,
1989; DeMets et al, 1990; Nocquet, 2012). The detailed correlation between
the tectonic activity and displacement is drawn by the accurate results of GPS
geodetical networks that have been installed through the Cordillera. The
regional networks are observed from continuously recording GPS stations and

local structures are analyzed by survey-mode GPS sites.

The regional continuous GPS networks show a roughly westward motion of
the Betic Cordillera with respect to the Iberian Massif, with southwestward
component in the eastern regions and NW to WNW displacement in the western
part (Serpelloni et al, 2007; Vernant et al, 2010; Koulali et al, 2011). These
data demonstrate that the deformation related to the westward migration of the
Internal zone (Albordan Domain) in respect to Eurasian and African plate
boundary continues active at present. Even so, studies generally aim to trace
sharp rectilinear Eurasian-African plate boundaries and crustal blocks that not
accurately integrate the active tectonic structures. The quality of the settings has
been largely enhanced in the last years on account of the equipment
improvement and the longer recording. Since the first results based on very
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scarce data from Fadil er al (2006) and Serpelloni er al. (2007) deriving a
relative westward motion of the Betic-Rif Cordilleras, the observations have
been largely accurate. Tahayt et al. (2008) evidences the westward motion in the
Gibraltar Strait area with respect to Eurasia. Pérez-Pefa et al. (2010) points the
heterogeneous deformation during the NW displacement of the Betic Cordillera
and northern Rif related to the main faults and seismicity. Pérouse et al (2010)
focus their researches in the Rif and propose the presence of a local detached
slab. Vernant et al. (2010) and de Lis Mancilla er a (2013) also evidence the
westward motion of the Betics with scarce data. Koulali ez a/ (2011) include data
acquired in the period 1999-2009, suggesting an arcuate pattern of displacement
ranging from WSW in the eastern Betic and WNW displacements in the western
area (Fig. 3.5). Since 2008, in relation with the Topo Iberia project, new stations
have been installed for the purpose to provide more accurate results and fulfill

the gaps of the available continuous GPS network (Fig. 3.6).

Figure 3.5: GPS motion in the South Iberian Peninsula with respect to stable

Eurasian plate from Koulali et a/. (2011). Error ellipses denote 95% confidence

intervals.
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These data have been processed by different software (Garate er al., 2015)
by Real Observatorio de la Armada, University of Barcelona and University of
Jaén. While in the central and eastern Betics there are more discrepancies in the
results, the western region has a very consistent well constrained W to WSW
displacement of the Betic Cordillera with respect to the Iberian Massif and its

foreland.

3.4 Models of recent tectonic evolution of the Gibraltar Arc

The recent tectonic evolution of the Gibraltar Arc is still under debate
since the 1970s supported by the progressive adding of new geological and
geophysical data that contribute to shed light on the geodynamic models. The
starting point of the geodynamic analysis may consider the following features of
the Betic and Rif Cordilleras: (a) The arcuate and narrow shape of the Betic-Rif
Cordilleras; (b) Distribution of the deformation along a wide-spread plate

boundary; (c) Early to Middle Miocene thrusting in the External Zones coeval to
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the development of low-angle normal faults in the Internal Zones; (d) Thin
continental crust in the central sector of the Alboran Sea; (e) Distribution and
nature of volcanism since the Middle Miocene; (f) Intermediate and deep
seismicity with a complex earthquake pattern and the location of seismic

anomalous bodies on depth.

Many hypotheses have been discussed for the development of the Gibraltar
Arc (Fig. 3.7). First proposals (Fig. 3.7a) suggest that the westward motion of a
rigid Albordn microplate between the Eurasian and African plates determines its
arched character and the folds and thrust belt structure of the External Zones
(Andrieux et al, 1971; Andrieux and Mattauer, 1973). Meanwhile, the Albordn
Domain displacement to the West was interpreted in the frame of a tectonic
scape as result of plate’s boundaries irregularities (Tapponier, 1977). This
argument led to explain the development of roughly E-W dextral strike-slip
faults in the Betic Cordillera and sinistral strike-slip faults in the Rif (Bourgois,
1978; Sanz de Galdeano, 1983; Leblanc and Olivier, 1984; Bouillin er a/, 1986,
Martin-Algarra, 1987; Durand-Delga and Olivier, 1988; Dewey et al, 1989).
The thinned lithosphere in the inner part of the orogen was explained as
consequence of mantle diapir rising, radial emplacement of gravitational nappes,
and subsequent cooling below the Albordn Sea (Cloetingh and Nieuwland, 1984;
Weijermars et al., 1985) (Fig. 3.7b). The emplacement of the Ronda peridotites
was also explained as result of a diapiric intrusion (Bonini et al, 1973; Loomis,
1975). The contact between the metamorphic complexes of the Internal Zones,
traditionally considered as thrust (Egeler and Simon, 1969), were reinterpreted
on the 80s as low-angle normal faults (Aldaya et al, 1984; Galindo-Zaldivar,
1986; Garcia-Duenas and Balanya, 1986; Galindo-Zaldivar et al., 1989; Platt and
Vissers, 1989). This fact implied an extensional tectonic in the back sector of the
Albordn Domain during its emplacement to the west (Balanyd and Garcia-

Duefas, 1987; Jabaloy er al, 1992).
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Figure 3.7: Outline of the main geodynamic models proposed for the Gibraltar Arc. Modified
from Ruiz-Constdn (2009). (a) Andrieux et al (1971); (b) Weijermars et al. (1985); (c) Platt
and Vissers (1989); (d) Seber et al. (1996); (e) Lonergan and White (1997); (f) Duggen et al.

(2008).

29



Crustal structure and active deformation in the westernmost Betic Cordillera and its foreland

During the Miocene, fast extension in the Internal Zones coeval to
shortening in the External Zones, together to the exhumation of metamorphic
rocks occurred. The latest tectonic models attempt to explain the mechanical
factor that may cause this process. Despite all them agree that there is a tectonic
element (Albordn Domain) among the two major plates, different hypotheses

nowadays under discussion can be clustered in three groups:

- Detachment and/or delamination of subcontinental lithosphere beneath the

Albordn Sea

According to these models, the thick and cold lithospheric root of the
orogeny as result of the convergence between Africa and Eurasia was removed
and assimilated during Late Oligocene-Early Miocene by convection (beneath a
fixed depocentre) (Fig. 3.7c) (Houseman et al., 1981; Platt and Vissers, 1989) or
lithospheric delamination (West migratonial depocentre) processes (Garcia-
Duenas et al, 1992; Seber et al., 1996; Calvert et al., 2000; de Lis Mancilla ez al,
2013) (Fig. 3.7d). This fact provoked the collapse and radial extension of the
crust which led the exhumation of metamorphic rocks. In the late Miocene the
convergence between Eurasia and Africa became the main deformational process
again increasing the shortening within the External Zones. Two high velocity
bodies dipping to the SE beneath the Albordn Basin at intermediate (60-400
km) and very deep levels (570-650 km) have been observed from seismic
tomography data (Calvert et al, 2000) and related to the existence of a

delaminated lithosphere.

- Subduction with or without associated slab roll-back and/or detachment of the

subducted slab

Several subduction models have been confronted depending on their
geometry and polarity. Some authors propose a northward dipping subduction
zone (Arafia and Vegas, 1974; De Jong, 1991 and 1993; Wortel and Spakman,
1992; Zeck et al., 1992). Torres-Rolddn er al. (1986) suggest the existence of a
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double oceanic crust subduction zone active up to the Late Miocene also
interpreted from metamorphic ages by Chalouan et a/ (2001) and Chalouan and
Michard (2004). Seismic tomography studies reveal an eastward to
southeastward dipping subduction with subsequent slab rollback (Fig. 3.7e)
(Blanco and Spakman, 1993; Morley, 1993; Royden, 1993; Lonergan and White,
1997; Hoernle er al, 1999; Wortel and Spakman, 2000; Gutscher er al, 2002;
Gill er al. 2004; Spakman and Wortel, 2004; Thiebot and Gutscher, 2006; Brun
and Faccena, 2008; Pedrera er al, 2011; Ruiz-Constan er al, 2011, 2012a).
Models supporting the rollback have been proposed based on GPS data in the
Rif (Fadil et al, 2006; Pérouse et al, 2010). In addition, it has been also
described the break-off of the slab and its sinking into the asthenosphere
(Buforn et al, 1991; Blanco and Spakman, 1993; Zeck, 1996; Spakman and
Wortel, 2004; Garcia-Castellanos and Villasenor, 2011; van Hinsbergen er al.,
2014). Finally, intermediate seismicity distribution, stress state and seismic
tomography of the crust and the upper mantle of southern Iberia elucidate a
southward dipping continental subduction of the Iberian Massif in western
Albordn Sea, South of the Mdlaga region (Serrano er al, 1998; Morales et al.
1999). The Albordn Basin may be interpreted as a backarc basin although related
to different proposed subduction slabs (Doglioni et al, 1997; Gueguen et al,
1997; Galindo-Zaldivar et al., 1998; Gueguen et al., 1998; Doglioni et al., 1999;
Pedrera et al, 2011; Carminati et al, 2012; van Hinsbergen et al, 2014).
Although most of the former models focus on the Miocene evolution, Gutscher
et al. (2002), Thiebot and Gutscher (2006), Pedrera er al. (2011) and Ruiz-

Constdn et al. (2012) suggest that the subduction is still active at present.

- Subduction of oceanic lithosphere below the Albordn basin and delamination of

subcontinental lithosphere

This hypothesis attempts to explain the geochemical evolution of the
Neogene magmatism in the region (Duggen er al, 2003, 2008) (Fig. 3.7f). The

roll-back of an E-dipping Miocene oceanic slab subduction beneath the Albordn
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Basin could produce the Late Miocene delamination of subcontinental
lithosphere beneath the continental Iberia and Africa margins (Martinez-
Martinez et al, 2006). The upwelling of plume-contaminated sublithospheric
mantle beneath these margins replaced the delaminating subcontinental

lithospheric mantle.

In this framework, the acquisition of new geological and geophysical
observations is essential to shed light on the discussion and choice of the most
suitable model of the geodynamic evolution of the Gibraltar Arc. Most of the
present day studies are based on scarce dataset which are considered for very

controversial interpretations.
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Chapter 4
Methodology

Geological, geophysical and geodetic methods have been combined to
constrain as far as possible the crustal structure and the active deformation in
the westernmost part of the Betic Cordillera and its foreland. The surface
geological observations provide insights of tectonic structures and reveal their
geometry and kinematic. However, due to the scarcity of outcrops in the region
where this Ph.D. Thesis is focused, and the poor constrain of the deep structures
as consequence of its complexity, geophysical methods are essential to determine
the shallow and depth structure of the studied area. In addition, geodetic
networks supply present-day deformation patterns that show the activity of
geological structures and eventually reveal the general deformation tectonic

models.

4.1 Geological methods

The field work related to this Ph.D. Thesis comprises a wide range of
geological methods that are carefully described in the chapters of part II. Even

so, the main techniques are briefly exposed in this section.

The review of the geological maps from the Instituto Geolégico y Minero
de Espafia (mainly MAGNA, 1:50.000) constitutes the starting point of the
geological database. It allows identify the main geological structures and point to
the better areas to develop more detailed studies. These maps provide a good

tool to derive a mean value of shortening in a suitable transect of the mountain
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front that may be taken into account for the whole frontal area (Chapter 9.6).
Available paleomagnetic data contribute to precise the clockwise rotation of

blocks considered in the proposed recent evolution tectonics models.

[ would like to emphasize the field work disadvantages especially in areas as
the Guadalquivir Basin on account of outcrops lack, the flat topography and the
regional agriculture. The field observations mainly involve the most recent rocks,
including the Neogene and Quaternary infill of the Guadalquivir Basin.
Nevertheless, some researches were carried out through the Variscan Units of

the south Portuguese Zone.

The researches have been focused in the recentmost deformations,
including folds and brittle structures. Their main geometrical elements have
been analysed. The kinematic of fault has been determined by surface features
such as striae, steps, mineral growth or the fault gouge structures (S-C, trails).
However, the low amount of well exposed faults focuses the researches to the

joint analysis (Fig. 4.1).

In order to characterize the recent paleostress pattern in the region,
microtectonic measurements have been made in a wide zone along the mountain
front. The structural analysis was developed from the geometry of the fracture
system according to Hancock (1985). The recentmost sediments are generally
affected by one set of fractures interpreted as tensional joints, supported by
calcite growth, pointing the orientation of minimum stress (Fig. 4.1a). It has also
been observed two oblique joint sets that correspond to hybrid or shear joints
(Fig. 4.1b). These data allow determining the orientation of the maximum and
minimum horizontal stresses, although they do not provide information on the

axial ratio of the stress ellipsoid.

Geomorphic observations and analysis in the whole region are helpful to

determine the tectonic activity of this Betic Cordillera boundary and support the
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Figure 4.1: Field examples of joints. (a) Tensional joint. (b) Hybrid and shear joints.

presence of blind structures. Among other, it has been performed the sinuosity
index of the westernmost mountain front (Bull and McFaden, 1977; SMF=
length of the mountain front/ length of straight line of the mountain front)
(Chapter 8.3). The rectilinear character of the Guadiana River near its mouth

draws the presence of a brittle structure (Chapter 5.6).

4.2 Geophysical methods
4.2.1 Gravity

In a homogeneous, sphere and non-rotational Earth, gravitational
acceleration (g) values along its surface would be constant. However, these
values change owing to the rotation, shape and lateral density heterogeneities of
the Earth. It is defined as ‘Anomaly’ the difference between the observed and the
theoretical g values at one point of the Earth surface. The anomalies study allows
determining a probable geological structure on depth in a region depending on

the geometry and density of the bodies.

As consequence of the space and time dependency of the gravity field, it
will be necessary to apply several corrections to the measured g values with the
purpose to fix the density contrast effect of the geological structures. Time

variations as result of the sun and moon attraction are removed by the tidal
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correction. Moreover, data acquisition was carried out in closed cycles with the
purpose to correct the tide variation and the instrumental drift. Due to the
Earth’s elliptical shape and rotation, it is necessary apply some additional

correction to the observed gravity (g,,) to obtain the gravity anomaly value:

The theoretical value of the gravity at sea level (g,) dependant on the
latitude is subtracted from the gobs. This value is obtained by the Geodetic

Reference System formulae (GRS, 1967),
g, = 978031.849 (1+0.005278895 sin’ ¢ + 0.000023462 sin* ¢ ) (mGal)
(¢ is the latitude in degrees)

Free air correction (0.3086 mGal/m) considers the elevation differences at
the gravity stations with respect to the datum itself. It provides the Free Air

anomaly (g,).
g, = gobs - g, + 0.3086 h (mGal)
(h is the elevation above sea level)

The Bouguer correction accounts for the excess or deficit of mass
underlying observation points placed at higher or lower locations than the

elevation datum. The Bouguer gravity anomaly (BG) is calculated by:
BG = go,,— g, + (0.3086 h) - (0.04193 p h) (mGal)
(p is the average density of the rocks underlying the survey area in g/cm?)

Topographic or Terrain correction (TC) considers for variations in the

observed gravitational acceleration caused by topography near each station.

Finally, the Bouguer anomaly (g,,) including the terrain correction is given

by:

g,.= gobs — g+ (0.3086 h) — (0.04193 p h) + TC (mGal)
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This anomaly is just related to density changes of the materials and allows

constraining the geological bodies’ distribution in depth only depending on this

property.
Equipment

A Scintrex CG-5 AutoGrav gravimeter with accuracy up to 0.001 mGal and
standard deviation less than 0.005 mGal was used to acquire the gravity data
(Fig. 4.2a). It has an internal memory to storage the measurements and built-in
GPS for approximate positioning and precision in time and date. It also
incorporates an electronic level for a correct positioning of the equipment prior
to measurements. Tidal corrections are performed by the equipment in the final

data.

The relative positioning of the gravity stations was performed using a
global positioning system (GPS) receiver, and the altitude of the stations was
determined with a barometric altimeter with an accuracy of 0.5 m (Fig. 4.2b). A
barograph was located near the base station during the measurement cycles to
accurately correct diurnal variations in elevation due to the atmosphere pressure
evolution. The precise elevation of the sites was determined through the
measurements at different geodetic reference points of the Instituto Geografico

Nacional (IGN) during the field data acquisition.

Figure 4.2: Equipment used to acquire gravity data. (a) Scintrex CG-5 Autograv gravimeter on a

tripod. (b) Barometric altimeter and Garmin e-trex GPS. (c) Gravity measurement over a field

station.
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Processing and modelling

The Bouguer anomaly was obtained by CICLOS and ANOMALIA
developed Fortran programs from J. Galindo-Zaldivar. The instrumental drift
and residual tides were linearly corrected through the CICLOS program to
obtain the Observed Gravity (go,,) at each field station. The Free Air and the
Bouguer corrections were calculated using the ANOMALIA program. The
Terrain correction was determined with the GRAVMASTER program, by
applying the Hammer circle (Hammer, 1939 and 1982). Topographic correction
was calculated using a digital terrain elevation model with a grid of 90 meters of

cell size for the first 22 km (B-M Zones).

Once the Bouguer anomaly is already calculated for each data station, it is
necessary to line up all the sites along a rectilinear profile in order to get the data
in the suitable format for the modelling software. The PERFIL Fortran program

from J. Galindo-Zaldivar makes it possible.

The wavelength of the anomaly is indicative of the depth of the anomalous
bodies in profiles orthogonal to the anomaly elongation. Deep and far geological
structures show large wavelengths and low gradients (regional anomaly) whereas
local shallow bodies give rise to small anomalies with high horizontal gradients
(noise). Bodies located at an intermediate range of depths, which are the most
interesting from a geological standpoint, produce the residual anomaly. The
Bouguer anomaly will be the addition of the three components so it would be
necessary to isolate the residual anomaly before modelling the geological
structures. With this purpose, the regional gravity anomaly may be estimated by
smoothing the Bouguer Anomaly. A second alternative could be to consider the
regional anomaly map of the IGN (1:500.000) that provides a suitable support to
estimate the regional anomalies. Even so, in regional studies as presented in this

Ph.D. Thesis only the noise is removed.
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Finally, the observed anomalies were modeled using the GRAVMAG v.1.7
software of the British Geological Survey (Pedley er al, 1993), which makes it
possible to perform 2D and 2.5D models.

4.2.2 Magnetic

Earth’s magnetic field, also known geomagnetic field, mostly behaves as the
tield of a magnetic dipole slightly tilted with respect to the Earth’s rotation axis.
[t chiefly originates to the friction due to the inner core movement in relation to
the liquid outer core and the convection cells coming from the last one. The
three per cent of the geomagnetic field dues to external causes associates to the
sun and moon influence in addition to magnetic storms and the auroras borealis.
The overall intensity of geomagnetic field is approximately 30,000 nT at the
equator and 60,000 nT at the poles. Magnetic prospection is based on the
analysis of the magnetic anomalies coming from the local distortion of the
geomagnetic field due to the presence of contrast in magnetic properties of the
rocks. The Koenigsberger ratio relates the remnant and induced magnetization,
both properties determine the presence of the magnetic anomalies. Magnetic
method is restricted in depth depending on the Curie point which limits the

permanence of the magnetic properties of the rocks.

Magnetic anomaly maps

Aeromagnetic maps allow distinguishing regional anomalies related to large
bodies even if they do not outcrop. The aeromagnetic anomaly map for the
Iberian Peninsula mainland (Socfas and Mezcua, 2002) is the result of compiling
the aeromagnetic anomaly maps of Portugal (Miranda et al, 1989) and Spain
(Ardizone et al, 1989). The flight lines considered were oriented N-S and
spaced 10 km, while E-W control lines were separated 40 km. Flight barometric
elevation was 3000 m above sea level with accuracy of 30 m. However, field

surveys are necessary to study regional anomalies in detail in order to better
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constrain the geometry, properties and location of the bodies responsible of the

anomalies.

Equipment

Total magnetic field data has been measured in several transect of the
study region using a GSM-8 proton precession magnetometer (Fig. 4.3) with an
accuracy of 1 nT at a mean height of 2 m above the topography. Susceptibility
measurements of outcrops rocks were acquired with an Exploranium KT-9

kappameter.

Figure 4.3: Magnetic equipment. (a) Standard GSM 8 proton precession magnetometer. (b)

Exploranium kappameter KT-9 Susceptometer. (c) Magnetic data acquisition over a field station.

Acquisition, Processing and Modelling

The magnetic profiles included in this Ph.D. Thesis have been measured in
a roughly N-S direction crossing orthogonally the anomaly dipoles. Because
anthropic noise, such as electric power lines or ferromagnetic material, distorts
the natural magnetic field, magnetic measurements were not performed near

settlements.

Total field magnetic anomalies were calculated through a standard
procedure including reduction to the IGRF 2010 (IAGA, 2010). Diurnal
variations were corrected considering the total field intensity data of the nearest
permanent magnetic station in San Fernando (Cadiz, Spain), which belongs to

the Royal Army Observatory (www.intermagnet.org). The residue of diurnal

40



Chapter 4: Methodology

variations is removed by comparing the values obtained from periodic returns to
a measured base. The estimation of the anomaly has been calculated using
CICLOS and ANOMALIA Fortran programs from J. Galindo Zaldivar, including
PERFIL program which line up the measurement points along rectilinear

profiles .

In turn, 2D magnetic models were calculated using GRAVMAG V.1.7
software of the British Geological Survey (Pedley er al, 1993). This software
makes it possible to remove the regional trend and model the residual magnetic

anomaly.

Simultaneous modelling of aeromagnetic and field magnetic anomalies
may help to determine the magnetic body depth: the difference between the
magnetic anomaly intensity determined with the two methods decreases when

the body depth increases.

4.2.3 Magnetotelluric Method

The Magnetotelluric (MT) Method is based on simultaneous
measurement of the natural variations of the earth’s electric and magnetic fields
in orthogonal directions at the surface throughout a wide range of frequencies
(Kato and Kikuci, 1950; Tikhonov, 1950; Cagniard, 1953; Vozoff, 1972, 1991).
The Electromagnetic Induction defines the dependent relationship between the
electric and magnetic fields at the Earth’s surface (Fig. 4.4). The

electromagnetic fields behave roughly like plane waves at the Earth’s surface. A
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small part of their energy propagates downward into the Earth and the
amplitude, phase and orthogonal direction between both electric (E) and

magnetic (B) fields depend on the distribution of the electrical conductivity in

depth (Vozoff, 1991).

Natural sources of MT fields below 1Hz are related to the time-variations
of the Earth’s magnetic field caused by the interaction of the solar wind with the
Earth’s magnetosphere (Vozoff, 1991). Charge currents in the Ionosphere
originate the oscillation of the magnetic field which induces an electric current at
the Earth’s surface that generates an electric field. At frequencies above 1Hz

thunderstorms worldwide represent the main signal source.

Then, the MT method is an useful geophysical method that allow delineate
the electrical conductivity structure within the Earth from shallow depths to the
upper mantle. The electrical conductivity is usually expressed in terms of its
reciprocal that is called electrical resistivity, because of numerical convenience.
The electrical resistivity of most of the Earth’s rocks is comprised in a wide range
of values from 1 Q-m to several thousands of Q-m (Telford et al, 1990), in spite
of values lower than 1 Q'm can be measured as in sulphide or graphite
concentrations. This feature of the rocks depends on several factors such as
temperature, pressure, porosity, physical and chemical state and especially the
presence of water and salinity of fluids in the material. The depth of
investigation is function of the resistivity of the materials and the measuring
frequency that means as lower the frequency is, deeper induced currents will
flow. Thus, we can draw the resistivity variation in depth beneath a point by

measuring the magnetic and electric fields at different frequencies.

Equipment

The magnetotelluric equipment used to carry out the Long Period
Magnetovariational measurements presented on this Ph.D. Thesis consists in a

series of elements to record the electrical and magnetic field oscillations
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(Fig. 4.5). A flux-gate magnetometer which is designed for 4Hz frequency
registers the three components of the magnetic field (Bx, By, Bz). Two pairs of
non-polarizable electrodes placed in orthogonal directions, generally N-S and E-
W, allow determining the two horizontal components of the electric field (Ex,
Ey) by measuring a potential difference. The electrodes have to be sufficiently
spaced (50-100 meters) in order to keep the noise level low. Moreover, they
must be in contact with the soil and buried 30-70 cm deep in order to avoid
temperature and humidity changes. Moreover, it is common to put wet kaolin
and copper sulphate at the base of the electrode to preserve humidity and
provide a good contact with the soil. The electric and magnetic sensors are
connected by cables and a connection box to the data logger (LEMI-417) that
includes an analog-digital-converter and stores the data. Finally, exact time and

location of each measurement is necessary. Therefore, the system is connected

to a GPS antenna.

Flux-gate Ex
magnetometer /

Ey

Figure 4.5: Long period magnetotelluric equipment. (a) long period LEMI-417 equipment; 1,
LEMI-417 data logger; 2, flux-gate magnetometer; 3, pair of non-polarizable electrodes; 4,
connection box; 5, GPS antenna. (b) Field installation sketch of the different components of

long period LEMI-417 equipment.

All the equipment is installed underground except the GPS receiver. With
the purpose to avoid as much as possible anthropogenic noise, regions close to

wide settlements have not been observed.
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Processing and Modelling

The processing procedure is focused on extracting noise signals from the
recorded data trying to get be most accurately Earth’s response in frequency
domain (Vozoff, 1991). The MT data acquired during the development of this
Ph.D. Thesis has been processed according to the linear bivariate approach by

standard robust processing (Ritter et al, 1998) using the Processing Software

"Frankfurt MT-Tools" (Lower, 2014).

The MT variables most commonly used are frequency dependent transfer
functions between the natural time variations of the magnetic and electric field
(Chave and Jones, 2012). The field components observed at different locations
on the Earth’s surface are the magnetic induction B = (B,, By,BZ)T and the
telluric field E = (Ex,Ey)T. Both are treated as vectors which are function of
time t (s). Note that the magnetic induction Bis related to the magnetic field by
B= p,.H, where p, is the magnetic permeability of the vacuum. The data is
observed in the time domain. The signals are transformed to the frequency
domain using the Fourier transformation. Then B and E are complex values and
functions of space and frequency. They are connected by the impedance tensor
Z, also called transfer function, and by the tipper vector 7'through the linear and

frequency dependent relationships

()= 22)()
Ey Zyx Zyy By
B, = TyB, + TyB,

Z Z T,
With 7 = ( o "y) and T = (Tx)
Zyx Zyy - y

The Impedance tensor has eight components corresponding to real
[Re(Z)] and imaginary [Im(Z)] parts. Its analysis allows estimate two main MT
parameters, the apparent resistivity (o ,) (Q-m) and phase (¢ ) (degrees) for

each frequency:
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pa(T) 1u02 ‘Z‘ go_arctan( ( )J

(T) Represents the period T=2 7 /w, w as the wave amplitude.

Note that when Phase value is 45° the medium is homogeneous, values above
45° indicate a resistive to conductive contrast and values below 45° a conductive

to resistive boundary.

The Tipper vector 7 is a complex (i.e., containing real and imaginary
parts) geomagnetic transfer function that represents the ratios of vertical
magnetic field component (Bz) to the horizontal magnetic fields components
(Bx,By) (Schmucker, 1970). Since vertical magnetic fields are generated by
lateral conductivity gradients, tipper vectors can be used to infer the presence or
absence of lateral variations in resistivity of the Earth on depth. The horizontal
projection of the tipper is called /nduction Arrow that is displayed on diagrams
as real and imaginary arrows which orientation and length depend on the
location of a conductivity contrast and its intensity. In this work, it is assumed
the Wiese (1962) convention: the real part of the arrows point away from the
conductivity anomalies. Broadly speaking, the direction of the imaginary arrows
for short periods is reversed to the real arrows and rotates toward the parallelism
at long periods (Lilley and Arora, 1982; Agarwal and Dosso, 1990).
Magnetovariational studies are only focused in the response of tipper vector such

a lot of information can be derived from it.

Often the impedance tensor Z is influenced by frequency independent
distortions owing to near surface conductivity inhomogeneities (Chave and
Jones, 2012). A measure independent from such galvanic distortions is the phase
tensor @ after Caldwell er al/ (2004). The phase tensor is reducing the

impedance tensor to its phase relations:

=777,
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P o
With & = ( i xy) and Z and Zas the real and imaginary parts of 2
Pyx Dyy ! '

According to Caldwell et al. (2004) phase tensor can be displayed as an ellipse
(Fig. 4.6a).
_ Dy Puy\ fcosY
¢(Y) N (q)yx (Dyy) (SlnY)
Due to the rotational invariant character of ¢,, and ¢,,, we can assume the
phase tensor in a 3D environment as (Fig. 4.6b)

; ®._ 0
0, -Ra-p "y ) Raes

Where R (a + f) is the rotation matrix and R" is the transposed or

inverse rotation matrix.

We can perform a dimensionality analysis of the geoelectrical structures
from the phase tensor rotational invariant components. We consider 1D
dimensionality the structures which the resistivity only depends on depth, thus
Gpox= Pin and L =0. If the resistivity also depends on one of the horizontal
directions the structure is considered 2D, then ¢, # ¢,;, and S =0. Finally, 3D

structures present a resistivity change in the three directions (x,y,z) with

d)max#: d)min and ﬁ :'&O‘

a y b y C
1 Q(Y) 1 (Dmax 0
@ i) o
'Y min & o - ﬁ
< >X| < b 5 »X s

Figure 4.6: Phase tensor ellipse and bars (PT bars). (a) Phase tensor ellipse. (b) Phase tensor in

a 3D environment. (c) Phase tensor bars in a 3D environment. Colour phase scale in degrees.
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Among different presentations of ¢ (Booker, 2014), in this Ph.D. Thesis,
the phase tensor is displayed by @,in max = arctang®min max (Hiuserer et al,

2011) (Fig. 4.6¢).

Another variable that is important to consider is the Skin Depth (§ ) which
is the depth at an electromagnetic field is diffusely attenuated through a
medium. It depends on the resistivity (p) of the medium and the measured

frequency (inverse of the period, T) and is expressed as

§=0.5,/pT

The electric and magnetic field variations are modeled for 3D conductivity
structures using "MT3D" modelling software for Comsol Multiphysics 5 (Léwer,
2014). An internal Comsol FE-routine generates a grid which density is
controlled by a scheme of half ellipsoids. Grid resolution depends on the
frequency. Conductivity distribution is interpolated to the grid elements from an
arbitrary distribution of supporting points (Fig. 4.7). More detailed basics of MT
modelling with Comsol Multiphysics are described by Kiitter (2009).

Figure 4.7: Block diagram of the Comsol
Multiphysic grid from Lower (2014).

Bathymetry

Sea water constitutes the main widespread electrical conductor at shallow

levels of the Earth crust. Its low resistivity values, around 0.25 Q-m, contrast
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sharply with most geological structures of solid earth. Consequently, the
presence of irregular continental borders and varying bathymetries significantly
influences LMT data parameter, such as phase tensor and tipper vectors. In
areas where large and small oceans are connected by narrow gateways, this fact
constitutes an additional current channelling effect. The bathymetry is included
in the 3D forward models developed in the MT studies related to this Ph.D.
Thesis using the General Bathymetric Chart of the Oceans (GEBCO,
www.gebco.net). It provides a digital terrain model of 30 arc-second grid sizes
that is precise enough to consider most of the main seafloor features for MT

modelling. In addition, it delivers accurate coastline geometry.
Audiomagnetotelluric (AMT) data

The AMT method allows investigating of the electrical resistivity structure
downward the earth surface from measurements of natural variations of the
surface electromagnetic fields over high frequency range (Vozoff, 1991). A
detailed audiomagnetotelluric profile orthogonal to the mountain front of the
Betic Cordillera was recorded with Strata Gem EH4 equipment, in a frequency
range from 70 kHz to 10 Hz, reaching depths of tens to hundreds of meters. A
transmitter antenna was used to enhance the natural electromagnetic field from
1 kHz to 5 kHz, where the natural signal decreases. Geoelectric dimensionality
was analysed by means of Bahr decomposition (Bahr, 1988, 1991). The curves
show a general 1D behaviour up to 10" s and 2D structure from 10" and 10 s
with a N70-90°E strike. We checked the internal consistency of the rho and
phase estimated at each site (Parker and Booker, 1996) and corrected static shift
problems in some of the curves. A joint 2D inversion of resistivities and phases
was carried out integrating all the data (Rodi and Mackie, 2001). An error floor

of 3% for the apparent resistivity and the phases was selected.
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4.3 Geodetic studies

Geodetic networks provide deformation patterns that show the activity of
geological structures and eventually reveal the general deformation tectonic
models. The continuous GPS observations used in this work were recorded from
March 2008 up to December 2013 allows determine the GPS velocity field in the
western Betic Cordillera based on a sub-network of 10 sites (Fig. 4.8) ALJI,
LOJA, CAST, LIJA pertain to the Topo-lberia research project
(http://www.igme.es/ Topolberia/default.html); COBA, HUEL, MALA, CEUI,
LAGO are stations of the Euref Permanent Network
(http://www.epncb.oma.be); and SFER (ROA). The Topo-Iberia sites are
located in open field on the concrete pillars founded above bedrock, implying
great stability and a high quality of observations in contrast with other available

stations that undergone the effects of building deformation.
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35.5

-9 -8.5 -8 -7.5 -7 -6.5 -6 -5.5 -5 -4.5 -4

Figure 4.8: Location of the Continuous GPS stations in the westernmost Betic
Cordillera.
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The data analysis was performed using the Bernese Processing Engine
(BPE) of Bernese 5.0 software, after checking the quality of data by means of
TEQC software developed by UNAVCO (Estey and Meertens, 1999). At the end
of this step, one daily solution in a loosely constrained reference frame was
estimated. The output file is composed of the coordinates of the stations along
with their covariance matrix in SINEX format. Loosely constrained solutions can
be combined regardless of the datum definition of each contributing solution.
The solution reference frame is defined stochastically by the input data; although
it is basically unknown, there is no need to estimate or apply relative rigid
transformations (rotation-translation-scale) for reference frames, which
naturally leads to a combined solution not distorted by any constraint or
transformation. Daily loosely constrained cluster solutions were then merged
into global daily loosely constrained solutions of the whole network, applying a
classical least squares approach where the mathematical model is defined by the
time propagation operator (Bianco et al,, 2003). After that, the daily combined
network solutions can be minimally constrained and transformed into the
IGb_08 frame, estimating translations and scale parameters. In this particular
case, the realization EPN_A IGb08 was used and 13 core stations contributed to
the rigid transformation: AJAC, BOR1, BUCU, CAGL, EBRE, GRAS, GRAZ,
LAMP, MATE, NOT1, SFER, SJDV and ZIMM. Then, the velocity field was
estimated from the IGb_08 time series of daily coordinates with the complete
covariance matrix using ad hoc software (NEVE) that manages the stochastic
model (Devoti et al, 2008, 2011). Velocities were estimated simultaneously,
together with annual signals and sporadic offsets at epochs of instrumental
changes. Velocity errors were derived through direct propagation of the daily
covariance matrix. Finally, the IGb_08 solutions were transformed into the
Eurasian Reference Frame in view of the Euler pole of the Eurasian plate. These
data provide the most accurate available base to constrain the activity of the

tectonic structures.
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ABSTRACT

Magnetic anomalies can help reveal the structure of the upper crust in regions
with intermediate or basic igneous rocks, and their continuity is essential to
determine the position of crustal faults. The southwestern Iberian Peninsula
constitutes the foreland of the Betic Cordillera and is characterized by an
elongated E-W dipole extending 200 km toward its external zones. The anomaly
is related to the outcropping Monchique Alkaline Complex, characterized by rocks
of moderate magnetic susceptibility (0.029 SI) intruding into the metapelitic host
rock of the South Portuguese Zone. Analysis of aeromagnetic and field magnetic
anomalies serves to constrain the geometry of this laccolith. Toward the east, the
magnetic dipole has a 60 km long N-S sharp boundary that coincides with the
southern part of the Guadiana River. Field magnetic and gravity anomalies
confirm the presence of this structure. It is produced by a sharp step in the
elongated anomalous body, with an E downthrown block, interpreted as the offset
produced by a deep N-S crustal fault—the Guadiana Fault. Therefore, the
Guadiana River has three long linear segments near its mouth, locally coinciding
with a N-S trending joint set, that support the presence of this major fault. To
date, no evidence of this tectonic discontinuity, coinciding with the Spanish-
Portuguese border, has been reported. Magnetic research is essential for
understanding the structure of wide regions intruded by intermediate and/or

basic igneous rocks.
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Keywords: Magnetic anomalies; Magnetic susceptibility; 2D magnetic models;

South Portuguese Zone; Intermediate igneous rocks; Crustal fault.

Highlights

A large magnetic dipole characterizes the southwestern part of the Iberian

Peninsula.

Monchique Alkaline Complex, that extends eastward hundreds km, is the

responsible of the anomaly.
The dipole has a N-S sharp discontinuity across the Guadiana River.

A depth crustal fault, The Guadiana Fault, conditions the sharp step of the
body.
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5.1 Introduction

Geophysical methods are essential for determining crustal structures in
covered regions and in areas of complex geological features. Magnetic studies over
continental areas conventionally focus on mineral exploration and on establishing
regional geologic and tectonic frameworks. The trends of magnetic anomalies are
directly linked to the geometry of the magnetic rocks and, therefore, to the
deformation undergone (Blakely and Simpson, 1986). Magnetic methods are
useful to study the upper crust in regions with intermediate and basic igneous
rocks because of related major magnetic anomalies. They are very relevant in the
analysis of large linear batholiths, such as the Cretaceous gabbro intrusion along
the Antarctic Peninsula, related to the Pacific Margin Anomaly or West Coast
Magnetic Anomaly, and more than 1500 km long (Garrett, 1990). In recent times,
some magnetic studies have been applied in the analysis of specific faults that
produce the sharp juxtaposition of rocks with different magnetic properties
(Pilkington, 2007). Aeromagnetic data reveal a large strike-slip fault in the
northern Willamette Valley, Oregon (Blakely er al, 2000) and the location and
structure of the Seattle fault zone, in Washington (U.S.) (Blakely et al, 2002); as
well as a left-lateral strike-slip fault in the Libyan Sirte Basin (Saheel et al, 2011),
and several buried tectonic lineaments in the Kutahya-Denizli region (western

Anatolia) (Bilim, 2007).

In the specific case of a fault downwardly displacing a thin anomalous
magnetic layer, a sharp fall-off of magnetic effects would coincide with the fault
trace (Reid, 2003). High resolution magnetic surveys make it possible to detect
and model geometries of faults affecting thin magnetic bodies such as magnetic
sedimentary strata or laccolith formed by magnetic rocks. For example, the faults
that offset the Albuquerque basin fill, in New Mexico (U.S.) feature a layer with
magnetic properties and have a clear aeromagnetic expression (Grauch et al,

2001 and Hudson et al, 2001).

56


http://www.sciencedirect.com/science/article/pii/S0264370713001531#bib0020
http://www.sciencedirect.com/science/article/pii/S0264370713001531#bib0055
http://www.sciencedirect.com/science/article/pii/S0264370713001531#bib0145
http://www.sciencedirect.com/science/article/pii/S0264370713001531#bib0025
http://www.sciencedirect.com/science/article/pii/S0264370713001531#bib0030
http://www.sciencedirect.com/science/article/pii/S0264370713001531#bib0190
http://www.sciencedirect.com/science/article/pii/S0264370713001531#bib0015
http://www.sciencedirect.com/science/article/pii/S0264370713001531#bib0155
http://www.sciencedirect.com/science/article/pii/S0264370713001531#bib0060
http://www.sciencedirect.com/science/article/pii/S0264370713001531#bib0060
http://www.sciencedirect.com/science/article/pii/S0264370713001531#bib0080

Chapter 5: Magnetic evidence of a crustal fault affecting a linear laccolith

The southwesternmost part of the Iberian Peninsula corresponds to the
external zones of the Variscan orogen, and comprises the South Portuguese Zone
and the Algarve Basin (Fig. 5.1). This region constitutes the Betic Cordillera
foreland, which extends below the Guadalquivir foreland basin and beneath the
external zones of the cordillera. It is characterized by large linear magnetic
anomalies (Socias and Mezcua, 2002) (Fig. 5.2) that can also be observed
offshore, in the nearby Gulf of Cadiz. These magnetic anomalies have been related
to large basic bodies (Dafiobeitia et al, 1999) associated with the alkaline
intrusions that affected the region during the Cretaceous (Bernard-Griffiths er al,
1997, Féraud et al, 1982 and Rock, 1982). The Monchique Alkaline Complex is
the most voluminous one, and the only one exclusively intruding Paleozoic rocks
(Miranda et al., 2009). Surface geological data do not reveal the presence of large
N-S Variscan or Alpine faults, although a set of fractures with this orientation is

recognized in the Gulf of Cadiz (Lopes et al., 2006).
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Figure 5.1: Geological setting of the studied area. (A) Regional geological setting including the
Sintra, Sines and Monchique Massifs. (B) Geological setting of the South Portuguese Zone and

the Algarve Basin.
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Figure 5.2: Aeromagnetic map including location of field profiles. Modified of Socias and
Mezcua, 2002.

The aim of this research is to combine geophysical and surface geological
data in order to determine the extension of the Monchique alkaline laccolith along
the Southwestern Iberian Peninsula and discuss the nature of its boundaries. Its
outcrop is related to a wide magnetic dipole that extends eastward several
hundreds of kilometers in a region where only metapelitic rocks crop out. A sharp
magnetic discontinuity across the Guadiana River reveals, for the first time, the
presence of a probable crustal fault, the Guadiana Fault. This regional research
may improve our understanding of major covered faults through the integration

of magnetic, gravity and geological methods.

5.2 Geological setting

The studied area is located in the southwesternmost part of the Iberian
Massif, corresponding to the South Portuguese Zone and the Algarve Basin (Fig.

5.1). This area constitutes the western foreland of the Betic Cordillera.

The South Portuguese Zone represents the external zones of the Variscan

orogen and was formed by an accretionary prism over oceanic crust during the
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Pangaea formation. It comprises Devonian and Carboniferous rocks, some of
them affected by very low grade metamorphism (Pinheiro er al, 1996). Its
northern boundary is determined by an ophiolite. During Variscan thin-skinned
tectonics, three fold episodes and later thrusts involved structures of SW vergence,
followed by a late fracture phase (Mantero er al, 2011 and Silva er al, 1990).
Therefore, deep seismic refraction and reflexion (Diaz and Gallart, 2009) profiles
indicate that crustal detachments are delineated within the Variscan cover. The
South Portuguese Zone is divided into the following structural and stratigraphic
subdomains from north to south: the Beja-Acebuches Ophiolitic Complex, the
Pulo do Lobo Domain, the Volcano-Sedimentary Complex and the Southern
Domain (Oliveira, 1990 and Silva et al, 1990). The studied area is located in

Southern Domain, and is mainly formed by metapelitic rocks.

Since early Cretaceous, large magmatic episodes occurred along the west
margin of the Iberian Peninsula, probably associated with the motion of the
Iberian plate above a mantle plume (Merle et al, 2009). Onshore, the main
subvolcanic complexes of late Cretaceous age are NNW-SSE aligned and include
the massifs of Sintra, Sines and Monchique (Fig. 5.1A). Although there is no
surface evidence, a large NNW-SSE crustal structure (the Sintra-Sines-
Monchique fault) has been proposed as a weakness that facilitates magma ascent
(Ribeiro et al, 1979). The Monchique Alkaline Complex is the largest and
youngest complex, and it is located in the Southern Domain of the South
Portuguese Zone, north of the Algarve Basin. Rock (1978) describes this massif
as a subvolcanic laccolith emplaced into late Carboniferous marine sediments. The
age of the alkaline rock is around 72 Ma (Miranda et al, 2009). It has an E-W
elliptical shape, probably controlled by ESE-WNW Variscan fractures, with a
concentric structure formed mainly by two nepheline sienite bodies (Valadares
and Gonzélez Clavijo, 2004). These fractures were reactivated as normal faults

during the formation of the Algarve Basin (Ribeiro et al, 1990).
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The Algarve Mesozoic Basin is located at the southern tip of Portugal and is
characterized by carbonate sediments with a few levels of sandstone, marls and
clays (Heimhofer et al, 2008). It overlays the South Portuguese Zone, separated
by an angular unconformity. These Mesozoic deposits are formed by the collapse
and dismantling of the Variscan orogen. They accumulated in a passive margin
developed in an extensional regime during the opening of the Atlantic and Tethys
oceans. The Mesozoic section is characterized by a sharp thickening toward the
south across ENE-WSW flexures trending subparallel to the coastline (Ribeiro et
al., 1984). These flexures are most likely connected with basement normal faults
that formed during the extensional tectonics related to margin rifting (Ribeiro et
al, 1990). At any rate, some compressive episodes have been identified, and a
clear tectonic inversion occurred during the Alpine orogeny (Manuppella et al,
1988, Terrinha, 1998 and Terrinha er al, 2002). As a consequence, the Cenozoic
evolution of the Algarve basin is characterized by the compressional reactivation
of Variscan basement faults and the deformation of the Mesozoic deposits. At
present, the main alignments identified by photo interpretation have NNE-SSW,
N-S and ENE-WSW orientations, probably corresponding to the most important

brittle structures in the region (Moniz et al, 2003).

5.3 Methodology

This research explores the crustal structure of the westernmost Betic
Cordillera foreland using magnetic (aeromagnetic and new field data) and gravity

methods combined with field observations.

The aeromagnetic anomaly map for the Iberian Peninsula mainland (Socias
and Mezcua, 2002) is the result of compiling the aeromagnetic anomaly maps of
Portugal (Miranda et al., 1989) and Spain (Ardizone et al,, 1989). The flight lines
considered were oriented N-S and spaced 10 km, while E-W control lines were

separated 40 km. Flight barometric elevation was 3000 m above sea level with an
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accuracy of 30 m. Data acquired in this survey enabled us to determine the major

crustal structures.

Field surveys are necessary to study regional anomalies in detail. Total
magnetic field data were measured using a GSM 8 proton precession
magnetometer with an accuracy of 1 nT at a mean height of 2 m above the
topography. Susceptibility measurements were done with an Exploranium KT-9
kappameter. Magnetic measurements were taken in May 2010 and January 2011,
with a mean spacing of 500 m, along two NNW-SSE profiles (Portimio-Odemira
and Olhdo-Castro Verde) in the Algarve Basin, and an E-W profile across the
Guadiana River (Fig. 5.2). Because anthropic noise, such as electric power lines
or ferromagnetic material, distorts the natural magnetic field, magnetic
measurements were not acquired near settlements. Total field magnetic anomalies
were calculated through a standard procedure including reduction to the IGRF
2010 (IAGA, 2010). Diurnal variations were corrected considering the total field
intensity data of the nearest permanent magnetic station in San Fernando (Cadiz,
Spain), which belongs to the Royal Army Observatory (www.intermagnet.org). In
turn, 2D magnetic models were calculated using GRAVMAG V.1.7 software of
the British Geological Survey (Pedley et al, 1993). This software makes it possible

to remove the regional trend and model the residual magnetic anomaly.

Simultaneous modelling of aeromagnetic and field magnetic anomalies may
help determine the magnetic body depth: the difference between the magnetic
anomaly intensity determined with the two methods decreases when the body

depth increases.

Along the E-W Guadiana River profile, gravity measurements were
performed simultaneously with the magnetic data acquisition in order to confirm
and characterize the sharp gradient. These data were gathered using a Scintrex
Autograv CG-5 gravity meter whose maximum accuracy is 0.001 mGal.
Measurement cycles were a complete working day, since this gravity meter

features tidal correction. Measurements were referenced to the Granada base
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station of the Instituto Geografico Nacional (IGN) (Spain) gravimetric network
to calculate the absolute gravity value. Complete Bouguer anomaly was
determined with a reference density of 2.67 g/cm®. It includes a terrain correction
determined by Hammer circles (Hammer, 1939 and Hammer, 1982) for a total

distance of 22 km from the stations (B-M zones) using the SRTM3 NASA digital

terrain elevation model (http://www2.jpl.nasa.gov/srtn/) with 90 m of cell size.

Location of field magnetic and gravity sites was determined using a Garmin
Dakota model global positioning system (GPS) receiver, with an accuracy higher
than 5 m, which includes a barometric altimeter with an accuracy of 1 m. In
addition, during the measurement cycles, a barograph located near the base
station was used to correct apparent diurnal variations in elevation due to the

atmospheric pressure evolution.

5.4 Magnetic anomaly dipole in SW Iberia

Aeromagnetic data reveal that the onshore southwestern Iberian Peninsula
is characterized by an intense E-W elongated dipole about 200 km in length (Fig.
5.2). The mean width of the magnetic dipole is 80 km. Although the maximum in
the westernmost side is well constrained, reaching 280 nT, eastward it is located
offshore and is not covered by the aeromagnetic data. Toward the north, the
minimum is as low as -74 nT; it is disrupted along the Guadiana River by a N-S
sharp gradient (roughly 20 nT) decreasing westward, right at the Spain-Portugal
border.

Field magnetic anomaly data were acquired to confirm the main features of
the aeromagnetic anomalies and to compare both sets of anomaly data. Two N-S
profiles are located along transects of the main dipole, in the area of the most
intense anomalies (Portimio-Odemira) (Fig. 5.3A) and eastward, in the best

accessed cross section (Olhio-Castro Verde) (Fig. 5.3B).
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Figure 5.3: Magnetic anomalies along the Portimdo-Odemira (A) and the Olhio-
Castro Verde (B) profiles. Vertical scale is different in both profiles because of the

different magnitude range of the anomalies.

The Portimdo-Odemira field profile reaches 1073 nT in the southern
maximum and down to -292 nT in the northern minimum, and extends northward
with a wide region of negative anomalies around -70 nT. Aeromagnetic data show
the same anomaly trends, although anomaly values are smoother than field data,

with a difference of over 750 nT in the maximum.

The Olhio-Castro Verde profile shows the same dipole, yet most of the
profile is characterized by negative anomaly values. The aeromagnetic maximum

1s 22 nT and the minimum is -56 nT, while the field data have a maximum of 98 nT
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and a minimum of -97 nT extending along a region of negative anomalies
comprised between -37 nT and -80 nT. Metapelites are the only exposed rocks

along the profile, and they show a magnetic susceptibility of 0.00018 (SI).

In addition, an E-W profile along the minima crosses the Guadiana River
(Fig. 5.2). It was acquired along a Portuguese road providing good access, and
then extends to Spain along a field path where it was difficult to take regular
measurements. The profile confirms the sharp gradient reflected by aeromagnetic

data, although the field anomalies are more irregular and intense (Fig. 5.4A).

5.5 Magnetic anomaly models

Along both N-S profiles, 2D aeromagnetic and field magnetic anomaly
models (Fig. 5.5) were developed to discern the shape and depth of the anomalous

magnetic body. The combination of these data is essential for characterizing the

depth of the body.

The sienite of Monchique Alkaline Complex are the only outcropping rocks
that may cause magnetic anomalies in the whole region. They are exposed in the
Portimdo-Odemira profile, which also crosses the most intense anomalies (Fig.
5.1, Fig. 5.2 and Fig. 5.3A). Hence, this profile is the best one for constraining the

main features of the anomalous magnetic body.

Field measurements of magnetic susceptibility in Monchique sienites have a
mean value of 0.029 SI, which is also in the range proposed for these rocks
(Telford et al, 1990). Magnetic modelling accounts only for the contrast in
magnetic susceptibility. In the Portimdo-Odemira profile, the best fit is obtained
considering 0.034 SI susceptibility (Fig. 5.5A), slightly higher than field
measurements. Although remnant magnetization may occur, it would have the
same orientation as the induced magnetization, because the dipole shows a normal
attitude. It may cause slightly higher susceptibility values in the model than those

obtained by field measurements. Still, the Olhao-Castro Verde profile is modelled
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with a susceptibility of 0.025 SI (Fig. 5.5B), which is also in the range of these

types of rocks.
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Figure 5.4: Magnetic and Gravity profiles across the Guadiana River. (A)
Magnetic anomalies. (B) Bouguer anomaly.

In the southern side of the Portimdo-Odemira profile (Fig. 5.5A), the body
crops out along a 5.5 km stretch. The best model of both field and aeromagnetic
anomalies is obtained when a moderately northward decreasing regional magnetic
anomaly is considered. In this section it has an asymmetric lenticular shape that is

35 km long and thins northward. The maximum thickness is more than 3 km.
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Figure 5.5: Total field intensity magnetic anomalies and magnetic models of Portimdo-Odemira

(A) and Olhio-Castro Verde (B) profiles.

The eastward extension of the magnetic dipole in the Olhdo-Castro Verde
profile (Fig. 5.2) suggests that the magnetic anomalies are related to the same
body, which does not outcrop. However, the wide and intense minima in contrast
with the low maxima make modelling difficult. Induced magnetism in this region
always produces more intense maxima than minima, unlike the observed field and
aeromagnetic anomalies (Fig. 5.2 and Fig. 5.3). Moreover, if reverse remnant
magnetism occurred, the dipole should be opposite the observed one, with maxima
located northward and minima southward. Thus, the only way to fit a model is by
taking into account an external negative regional anomaly (Fig. 5.5B). In this case,
the combined aeromagnetic and magnetic anomalies point to the presence of a

relatively shallow body, 50 km wide and with a lenticular cross section.
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5.6 Gravity, geomorphological and fracture evidences of the Guadiana River

structure

One of the most interesting features of the aeromagnetic anomaly is the
sharp N-S gradient observed along the Guadiana River (Fig. 5.2), confirmed by
field magnetic measurements (Fig. 5.4A). To date, available geological maps do
not identify any structure that might correspond to this feature. Based on new
field gravity data, as well as geomorphic and structural observations, we analysed

its origin.

Gravity observations along the E-W profile (Fig. 5.4B) confirm that the
structure is different on the two sides of the Guadiana River. Despite Bouguer
Anomaly irregularities, a sharp eastward decrease of more than 2 mGal is
observed. The absence of other geophysical data to help constrain the crustal
bodies impedes development of an accurate gravity model. In sum, both gravity
and magnetic data confirm the presence of this clear N-S structure along the

Guadiana River.

The Guadiana River channel has several N-S to NNW-SSE rectilinear
segments that coincide with the structure revealed by geophysical data. They
extend 34 km from Sanlicar del Guadiana to the mouth of the river (Fig. 5.6).
Three main segments may be differentiated from N to S. The first, approximately
5 km length and the most irregular, has a smooth curvature and ends southward
in two sharp meanders. The second segment runs along 14 km, as far as a broad
curve in the channel. The third one is the most rectilinear and extends 8 km, up
to the mouth. Seven kilometers correspond to the two short curved connections.

The three segments are aligned and suggest the presence of a rectilinear structure.

Metapelite outcrops are similar on either side of the rectilinear channel. The
foliation has a N110°E dominant trend and dips northeastward. The fractures are
frequent but concentrated in narrow bands, mainly corresponding to joints and

reverse faults. Only one set of N-S to NNW-SSE joints evidences the presence of
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a tectonic structure coinciding with the orientation of the Guadiana river

rectilinear channels (Fig. 5.6).
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Figure 5.6: MDT showing profile locations, Guadiana river sinuosity and joints rose diagram.

5.7 Discussion
Magnetic anomalies enable us to discern deep structures in regions intruded
by intermediate or basic igneous rocks. They provide new insights regarding the
geological evolution of the Antarctica, covered by a thick ice sheet (Galindo-
Zaldivar et al., 2013). Such anomalies reveal the presence of bodies located in the
upper crust, to a depth with temperatures cooler than the Curie Point. This
temperature limit is between 550 °C and 600 °C for most ferromagnetic minerals

(Telford et al, 1990) and is reached in a normal geothermal gradient at about

30 km (Maus et al, 1997).

Although magnetic data generally must be supported by other geophysical
data to constrain body features, the combination of aeromagnetic and field
measurements is a sound tool for characterizing a body and determining its depth.

Gravity data support the presence of crustal structures. The South Portuguese
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Zone and the Algarve Basin constitute a region suitable for integration of such
data, particularly due to the absence of other detailed geophysical research and

the homogeneous outcropping lithology.

The origin of the largest dipole of the South Portuguese Zone is clearly
related to the Monchique Alkaline Complex, as the most intense anomalies are
caused by the sienite outcrops of this complex. Northward the study area, another
magnetic anomaly dipole can be observed (Fig. 5.2). The most intense anomalies
related to this dipole are located at the northern edge of the Volcano-Sedimentary
Complex outcrops and could also be produced by Ossa Morena Zone basic rocks.
Anyway, the influence of this dipole is negligible in the studied Monchique
Alkaline Complex dipole. In the absence of other sources of magnetic anomalies
in the South Portuguese Zone and the Algarve Basin, the E-W elongated dipole of
up to 200 km in length suggests that this body extends laterally at shallow crustal
levels, below the outcropping metapelites. Comparison of aeromagnetic and field
magnetic anomalies indicates that the depth of the body increases progressively

eastward, with a sharp step along the Guadiana River.

The models of the magnetic anomalies constrain the geometry of the sienite
laccolith along the Portimdo-Odemira profile accurately, pointing to a roughly
lenticular and asymmetrical section extending in depth toward the north. This
geometry is typical of large laccolith plutons emplaced in the upper crust. The best
models obtained in the Olhdo-Castro Verde profile suggest a similar section of
this body eastward. However, because the regional negative magnetic anomalies
were more intense than the positive ones, it was necessary to remove a negative

anomaly in order to model the anomaly along this profile.

This wide region of negative magnetic anomalies affecting the whole dipole
may have an external origin, as suggested in the modelling section. The regional
values for both aeromagnetic and magnetic anomalies were similar, although
calculated with different geomagnetic reference fields (Portugal, IGRF 1980;
Spain, IGRF 1985 for aeromagnetic and IGRF 2010 (IAGA, 2010) for field
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magnetic measurements). Hence, it is not a consequence of mis-estimation of the
IGRF fields. The region is affected by the minima related to a major dipole,

probably associated with the oceanic crust that floors the Gulf of Cddiz to the

south (e.g. Roest et al,, 1996).

Magnetic and gravity data (Fig. 5.4) support the presence of a N-S crustal
discontinuity along the Guadiana River, just at the Spain-Portugal border. Field
geophysical data confirm the accuracy of aeromagnetic data and the presence of
this structure, previously undetected by field geological observations. The most
intense anomalies are reached by shallow bodies, and they decrease as they
become deeper, for the same magnetization intensity. The minima values in the
western side of the Guadiana River are 20 nT less than on the eastern side, most
likely due to a sharp step in the lateral extension of the anomalous body. Two N-
S profiles on the E and W sides of the river were modelled, removing a regional
negative anomaly, to show the sharp increase in depth of the anomalous body
eastward (Fig. 5.7). In addition, the dipole maximum corresponding to the
eastward profile lies offshore, so that the aeromagnetic map shows only the
minimum values, and the body extends to the south beyond the modelled section.
Therefore, we lack sufficient data to constrain the geometry of the body and
accurately estimate the step in depth. Yet these profiles show that only a depth

difference of the body would explain the sharp gradient in the anomaly values.

Crustal faults generally have a geomorphic expression because they affect
the present-day relief or constitute previous heterogeneities that are underlined
during erosion. Faults generally determine the rectilinear character of river
channels (Keller and Pinter, 1996). In covered areas or in regions with
homogeneous lithology, analysis of the fluvial network is essential for this purpose.
Whereas several N-S faults have been described offshore (Lopes et al, 2006) no
fault has been observed along the Guadiana River, characterized by homogeneous

metapelite outcrops.
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Figure 5.7: Anomalous body depth and influence in the values of the minimum aeromagnetic

anomaly. N-S aeromagnetic models in both E and W sides of the Guadiana River.

Just one set of joints (Fig. 5.6) follows the trend of this structure. The rectilinear
trace of the Guadiana River channel evokes the surface effects of this

heterogeneity.

These apparently contradictory geophysical and geological data throw new
light on the late Variscan to Alpine evolution model of the region studied. The
sharp structure is probably a N-S subvertical Variscan fault affecting at least the
upper crust and representing a crustal discontinuity. Metapelite units that crop
out at surface are probably displaced by the late Variscan thrusts with respect to
the basement, previously affected by the N-S crustal fault. The Monchique
Alkaline Complex, Cretaceous in age, would have been emplaced in this
heterogeneous crust and led the fault surface to have a sharp steep geometry.
Finally, during Alpine orogeny, this previous discontinuity contributed to the
development of a N-S to NNW-SSE fracture set and broadly determined the linear
segments of the Guadiana River channel. In this context, the Guadiana Fault may

be considered one of the main crustal faults of the South Portuguese Zone and the
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Algarve Basin basement, right along the Spain-Portugal border, but having only a

gentle expression at present.

5.8 Conclusions

The southwestern part of the Iberian Peninsula constitutes the foreland of
the Betic Cordillera and is characterized by a large N-S dipole elongated in an E-
W direction, measuring 200 km in length and more than 50 km in width. This
anomaly is related to the Monchique Alkaline Complex, featuring the highest
mean magnetic susceptibility values of the whole region (0.029 SI). Overprinted
on the dipole, the area is affected by negative magnetic anomaly values, probably

related to the nearby oceanic crust of the Gulf of Cddiz, southward.

Simultaneous 2D modeling of aeromagnetic and field magnetic data along
several profiles allowed us to constrain the depth of the bodies responsible for the
anomalies between 0 and 3.5 km (Fig. 5.8). The Portimio-Odemira profile crosses
the sienites of the Monchique Alkaline Complex, indicating a roughly lenticular
shape 50 km wide. The best value for magnetic susceptibility in models is 0.034
SI, slightly higher than field values, suggesting low remnant magnetization. The

E-W elongated anomaly dipole supports a body elongation of about 200 km.

I Alkaline laccolith
— Magnetic 2D model

80 -40 0 20 40 80nT
LIl 1 1 I I j— ]

Figure 5.8: 3D Diagram of the Monchique laccolith and Guadiana River Fault.
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Alarge N-S linear discontinuity was identified along the Guadiana River and
near its mouth, on the basis of magnetic and gravity data. Rectilinear channel
segments and joints support the presence of this structure, interpreted as a major
blind crustal fault, the Guadiana Fault (Fig. 5.8), probably of late Variscan age.
This anisotropy entails a sharp step, rising westward, of the Cretaceous laccolith

across the Guadiana River.

Integration of aeromagnetic, field magnetic and gravity data is a suitable
methodology to characterize the upper crustal structure of the Betic Cordillera
Variscan basement and foreland. In addition, it may prove useful to identify the
presence of large faults affecting rocks with magnetic properties that are not

revealed by field geological observations.
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ABSTRACT

Long period magnetotelluric (LMT) data are generally used as the prime tool to
shed light on the conductivity of the deep crust and upper mantle structure. LMT
allows for deep study of the lithospheric tectonic plates and the asthenosphere
dynamics. Because it investigates the variability of the upper mantle conductivity
at different depths, LMT complements seismic data. Naturally, LMT data are
sensitive to the influence of highly conductive bodies even at far distances. Sea
water constitutes the main widespread electrical conductor at shallow levels of the
Earth crust. Its low resistivity values, around 0.25 Q-m, contrast sharply with most
geological structures of solid earth. Consequently, the presence of irregular
continental borders and varying bathymetries significantly influences LMT
parameter, such as phase tensor and tipper vectors. This effect is especially
important in areas where large and small oceans are connected by narrow
gateways. The Gibraltar Strait (southern Spain) connects the vast Atlantic Ocean
with the irregular and relatively small Mediterranean Sea. Several 3D models have
been developed in the region nearby the Strait, some featuring a roughly
simplified geological structure, to show the influence of seawater on tipper and
phase tensor. Here, detailed bathymetry (General Bathymetric Chart of the
Oceans, GEBCO) including the coastline is considered in a model that enables us
to analyse the influence of the Strait of Gibraltar on LMT data. We stress the
significance of the Sea for LMT data interpretation and the development of 3D
conductivity models, especially in regions involving complex coastline geometries
and bathymetry near narrow straits. Forward modelling studies are essential to

accurately appraise the sea influence, which may mask 3D geological structures.
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Keywords: Long Period Magnetotellurics (LMT); 3D models; Phase tensor;

Tipper vector; Bathymetry; coast effect.

Highlights

Detailed bathymetry is essential in magnetotelluric 3D modelling nearby

the sea.
Narrow straits represent connection channels that increase sea effects.
An irregular coastline influences tipper behaviour.

3D forward modelling precisely determines geological features and sea

effect.
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6.1 Introduction

Long period magnetotelluric research (LMT) is the main geophysical
prospecting method used to reveal the resistivity structure of the Lithosphere
(Vozoff, 1980; Jones, 1992; Garcia-Castellanos er al, 2009). LMT data
complement the results obtained by seismic reflection (Jones, 1987) and seismic
tomography studies (Vauchez and Tommasi, 2003) that reveal the main features
of the deep crust and upper mantle. However, the ocean, constituting the main
conductive body (around 0.25 Q-m) above the solid earth, has an influence
recognized even in early studies that tried to constrain coastal effects (Mackie et
al., 1988; Dosso and Meng, 1992). Most research performed near the coast or on
islands takes the sea effect into account (Heise er al, 2007; Monteiro Santos et al,
2001; Pous et al., 2002; Yang et al., 2010, Key and Constable, 2011; Pifia-Varas et
al, 2014). A recent study by Malleswari and Veeraswamy (2014) presented
numerical 2D models to study the TE and TM phase tensor modes and test the
suitability of long period magnetotelluric data to explore deep earth structures;
they conclude that the coast effect depends on land distance, land resistivity and
depth to the top of the conducting asthenosphere. The deeper the structure to be
investigated, the further from the coast line the measurements should be taken.
For regular coastlines, and 2D models orthogonal to the continental margins, the
Sea influence may be accurately constrained. Yet in areas with irregular coastal
geometries, variable bathymetries and narrow straits, 2D models do not provide

accurate solutions, distinguishing the geological structures from the sea effect.

A unique setting to try to reveal the sea’s influence on LMT models is the
Gibraltar Strait (Fig. 6.1) in the westernmost part of the Mediterranean Sea. It is
the narrowest gap located between two continents and constitutes a highly
conductive channel between a large ocean (Atlantic Ocean) and a small sea
(Mediterranean Sea). The Gibraltar Strait was formed by interaction between the
Eurasian and African plates and the westward motion of the Albordn domain

during the Alpine orogeny that developed the Gibraltar Arc. This arcuate
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mountain belt connects the Betic Cordillera in the Iberian Peninsula and the Rif
Cordillera in North Africa. Although the deformation started in Late Cretaceous,
most of the present-day relief formed in the last 10 Ma, since Late Miocene (Braga
et al, 2003). At this time, the Atlantic Ocean and Mediterranean Sea were
connected. During the Messinian salinity crisis (5.96 Ma) the narrow continental
connection between Africa and Eurasia isolated the Mediterranean Sea. This
connection was dramatically broken 5.33 Ma ago, and initially controlled by the
tectonic subsidence of the Gibraltar sill. High rates of erosion caused the abrupt
flooding of the Mediterranean Sea in a short period of time (between a few months

and two years) (Garcia-Castellanos et al,, 2009).
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Figure 6.1: Bathymetry of the Gibraltar Strait area according to GEBCO v.2.13 (British
Oceanographic Data Centre, www.gebco.net). (a) Whole area considered for modelling. (b)

Enlarged sector including Gibraltar Strait. The red square indicates the area illustrated in Fig.

6.2.
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This study describes the effect of a narrow strait on magnetotelluric transfer
functions such as phase tensor and tipper vectors. To analyse these effects, we
selected the Gibraltar Strait as the optimal natural example. In addition to folding
3D forward models suitable for highly resolved bathymetry, we evaluate the
influence of the sea and a narrow strait to contribute to future research involving

hypothetical major geological structures in nearby regions.

6.2 Methodology

The MT variables most commonly used are frequency dependent transfer
functions between the natural time variations of the magnetic and electric field
(Chave and Jones, 2012). The field components observed at different locations on
the Earth’s surface are the magnetic induction B = (B,,B,, BZ)Tand the telluric field
E = (EyE,) . Usually the observed time series are transformed into the frequency
domain such that B and E are complex values and functions of space and
frequency. They are connected by the impedance tensor Zand by the tipper vector

T'through the linear and frequency dependent relationships

()= 22)(5)
Ey Z}’x Zyy By
B, = TyB, + T, B,

) Z Z T
Wlch=( xx xy) andT=(Tx).
Zyx Zyy - y

Often the impedance tensor Z is influenced by frequency independent
distortions due to near surface conductivity inhomogeneities. It can be shown that
the phase tensor ¢ is independent from such distortion (Caldwell et al, 2004). It

is related to the impedance tensor Z by

& =212
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Dy cny

W1th<l>=<q) @

) and Z and Z. as the real and imaginary parts of Z. Among

yx yy

different presentations of ¢ (cf Booker, 2013), in this study the phase tensor is

displayed by ¢ = tan~! & (Hiuserer and Junge, 2011).

The spatial and frequency dependency of ¢ and 7 is modeled for 3D
conductivity structures using Comsol Multiphysics (Hiuserer and Junge, 2011).
Basics of MT modelling with Comsol Multiphysics are described by Kiitter (2009).
The bathymetry is included in the model using the General Bathymetric Chart of
the Oceans (GEBCO, www.gebco.net). It provides a digital terrain model of 30
arc-second grid sizes that is precise enough to consider most of the main seafloor

features for MT modelling. In addition, it delivers accurate coastline geometry.

6.3 The influence of the Gibraltar Strait on phase tensors and induction arrows

The influence of the Gibraltar Strait on phase tensors and induction arrows
is investigated by comparing two 3D models (Fig. 6.2) —with and without a
connection by sea water between the Mediterranean Sea and the Atlantic Ocean
through the Strait of Gibraltar. The models take into account the Earth ~s main
structural layers and its roughly average resistivities: crust (0-30 km, 300 Q-m),
lithospheric mantle (30-100 km, 1000 Q-m) and asthenosphere (>100 km, 25
Q:m). The bathymetry was considered with a constant sea water resistivity of 0.25
Q-m. For each model LMT transfer functions were calculated at 27 hypothetical
sites equally distributed throughout Southern Spain and Northern Africa for

periods between 10 — 10,000 s (Fig. 6.2).

For the shortest period of 10s, only the tipper vectors at the sites close to
the coastline are affected by the sea water, whereas the phase tensor take on values
of about 45°. Under increasing period, the influence of the sea water is seen at all
sites. However, a comparison of the two models reveals significant differences only

for the real part of the induction vectors; the imaginary part and the phase tensor
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Figure 6.2: Comparison of transfer functions on a grid of hypothetical sites in
Southern Spain and Northern Africa for open (left) and closed (right) Strait of
Gibraltar. Real (red) and imaginary (blue) tipper vectors (Wiese convention) and
phase tensor bars (colour coded) for periods of 10, 100, 1000 and 10,000 seconds.

For further explanation see text.
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remain similar even in close proximity to the Strait of Gibraltar. There, the real
parts of the induction vector are conspicuously large for the open Strait
model, and they are oriented perpendicular to the Strait. For the period of 1000s,
the influence of the strait extends to all sites with smaller but comparable size. In
turn, for 10,000s the influence of the Atlantic Ocean is dominant for all transfer
functions except the imaginary part of the induction vector, which rotates at all
sites from north via west to the south. The phase tensors show a consistent pattern
for periods longer than 100s, with phases above 45° for the east-west bar and
below 45° for the north-south bar, obviously caused by the extended sea water
bodies to the east and west. Note that the sea water within the strait of Gibraltar

does not affect the phase tensors, only the real induction vectors.

As the influence of the Sea reaches far inland for periods above 100 s, its
influence is tested on representative hypothetical geological bodies (Fig. 6.3)
related to existing structures in the area. The structures are an extended resistive
and conductive fault zone (0-15 km depth, 7 km wide and 110 km long, 1000 and
10 Q'm) (Figs. 6.3 and 6.4); a sedimentary basin (0-3 km, 60 km wide, 10 Q-m)
representing upper crustal bodies; and a zone of partial melt within the upper
mantle (40-80 km, 70 km wide, 10 Q-m) (Figs. 6.3 and 6.5). In general, for periods
longer than 100 s the Ocean response dominates the transfer functions and hides

the geological signals (Figs. 6.4 and 6.5).

A Sedimentary Basi N Partial Mett

oA ' e oY
150000 200000 250000 300000 350000 150000 200000 250000 300000 350000 150000 200000 250000 300000 350000

Figure 6.3: Location of hypothetical geological structures. A resistive (1000 Q-m) and a

conductive (10 Q-m) fault zone were considered.
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Figure 6.4: Comparison of transfer functions for different hypothetical geological structures:
resistive and conductive fault zones (cf. open strait model in Fig. 6.2). Real (red) and imaginary
(blue) tipper vectors (Wiese convention) and phase tensor bars (colour coded) for periods of

10, 100, 1000 and 10,000 seconds. For further explanation see text.
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Land and Sea Sedimentary Basin Partial Melt
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Figure 6.5: Comparison of transfer functions for different hypothetical geological structures:
sedimentary basin and partial melt. (cf. open strait model in Fig. 6.2). Real (red) and imaginary
(blue) tipper vectors (Wiese convention) and phase tensor bars (colour coded) for periods of
10, 100, 1000 and 10,000 seconds. For further explanation see text.
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6.4 Discussion

The bathymetry broadly determines the LMT response in areas surrounding
straits and near irregular coastlines. The behaviour of the real tipper vectors and
of the phase tensors for the longest period (Fig. 6.2) reflects the 2D situation of a
roughly north-south striking boundary with a conductor to the west, and the sites
on the resistive quarter space to the east. It is obvious that for this period the
extension of the Atlantic Ocean outweighs the influence of the Mediterranean
Sea. As it is a large scale effect, the appearance of the phase tensors of all sites is
quite homogeneous, with E-W respective to N-S orientation of the major axis and
phases above and below 45°. The former resemble TE mode currents oriented
north-south, the latter TM mode currents flowing E-W. Obviously, the influence
of the sea water within the Strait of Gibraltar does not suffice to compensate this
large scale effect, not even for short periods down to 100s or at sites very close to
the Strait. Yet the effect of the Atlantic Ocean smoothly affects the tipper

orientation at those sites.

[t is surprising that toward the shorter period end only the real tipper vectors
respond to the influence of the Strait of Gibraltar (Fig. 6.2). We attribute this
behaviour to the current channelling through the strait, which does not
significantly change the electrical field nearby, but strongly affects the vertical
component of the magnetic field. Depending on period, this effect reaches far
inland —up to a distance of over 100 km— and must be considered in any

interpretation of tipper vectors in that area.

The ocean influence strongly affects the interpretation of geological
structures based on M T within areas of southernmost Spain (Figs. 6.4 and 6.5). It
is obvious that the detection of such bodies is restricted to MT transfer functions
with periods less than 100s due to the influence of the Sea. Phase tensors at sites
above the conductive structures indicate their existence by values above 45°, while
induction vectors are significant at sites above their lateral boundaries. Special

caution is needed when interpreting the real tipper vectors due to the far inland-
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reaching influence of the Strait of Gibraltar. Naturally, the conductive fault (Fig.
6.4) produces a more intense effect than the resistive one. The resistive fault only
affects the nearby sites for periods of 10s; whereas the effect of the conductive
fault is more widespread and covers periods up to 1000s. However, at the long
period end (10,000 s) both shallow crustal structures are masked. The conductive
sedimentary basin (Fig. 6.5) has an effect on the transfer functions similar to that
of the conductive fault, but affecting a wider area for periods up to 100 s. The
hypothetical mantle plume (Fig. 6.5) has a very minor effect, and it is only
detected for short periods around 10s. The maximum detectable depth of these
bodies depends on the skin depth of the electromagnetic waves within the
mentioned period range: for average crustal resistivities above 300 Q-m, which
seems to be the lower limit for the crust in southern Spain, there would appear to

be evidence of a conductive mantle plume (Fig. 6.5).

6.5 Conclusions

The bathymetry crucially influences the behaviour of MT response functions
at sites onshore, depending on their distance to the sea and the period. With
respect to the situation north and south of the Strait of Gibraltar, the Atlantic
Ocean predominates over the impact of the Mediterranean Sea for periods larger

than 100 s.

Within the Strait of Gibraltar, the electric currents induced in both Seas are
concentrated; this provokes large real tipper vectors at sites close to the Strait but

has a negligible influence on the phase tensors.

Fault zones can be detected preferably by tipper vectors only if they are deep
and conductive with respect to the surrounding environment. This is a common
setting due to higher permeability, fluid circulation and metallic mineralization
within such structures. Thick sedimentary basins can be investigated by phase

tensors for high frequencies. At longer periods, the basin response will be masked
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by the sea water response. It proves challenging to detect mantle anomalies below
40 km and/or for smaller conductivity contrasts found in areas near the sea and a

narrow strait.

We claim that it is essential to take into account the detailed bathymetry
and coastline geometry in the context of any onshore modelling or inversion study
when the induction volume includes non-negligible parts of sea water. Tipper
vectors and phase tensors may complement each other, depending on the

geological situation.
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ABSTRACT

The Betic Cordillera is an Alpine belt formed by the interaction of the Eurasian
and African plates and the westward motion of the Albordn Domain. Long Period
Magnetovariational observations at 26 sites in its westernmost part provide
induction arrows that have been compared with 3D forward models including
bathymetry and major geological bodies. The results highlight the presence of a
major conductive body (0.05 Q-m) unknown to date and located within the
basement of the Guadalquivir foreland basin. Aeromagnetic and field magnetic
measurements further support the occurrence of magnetic anomalies related to
the top of this anomalous body. This major structure is interpreted as an
intermediate or basic igneous rock, with a high proportion of metallic
mineralization. Its origin is discussed in the framework of the regional geological
setting, possibly produced in the southern Iberian Variscan Massif by a huge
concentration of volcanogenic massive sulphide (VMS) in the prolongation of the
Iberian Pyrite Belt during Devonian-early Carboniferous times. Another
possibility is that the conductive anomaly is due to magmatic intrusions associated
with the Mesozoic fragmentation of Southern Iberia and the opening of the

Tethys.
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Keywords: Gibraltar Arc; Long Period Magnetovariational observations; magnetic

anomalies; deep basic rock intrusion; Pyrite Belt; Tethys.

Highlights
- Long Period Magnetovariational data were acquired in the west Gibraltar

Arc.

- The most remarkable conductive body is located in Guadalquivir Basin

basement.
- The intense magnetic positive anomaly suggests metallic mineralized rocks.

- The anomaly could be related to a concentration of volcanogenic massive

sulphide.

- The Tethys opening could also explain the Mesozoic emplacement of the

body
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7.1 Introduction

Magnetotelluric investigations provide insights into the spatial distribution
of deep lithosphere resistivity. While broad band studies mainly delineate crustal
structures, Long Period Magnetotelluric (LMT) data make it possible to

characterize the structure of the upper mantle as well (Chave and Jones, 2012).

Most LMT studies focus on continental areas and cratons (Schultz er al,
1993; Jones et al., 2001; Korja et al, 2007; Epov et al, 2012) and describe the
deep resistivity pattern (e.g. in Europe; Olsen, 1998). This technique also
contributes to constraining the geometry of subduction zones (Jones, 1993), as in
the Carpathians (Stanica and Stanica, 1993) and the subducting Juan de Fuca
plate (Kurtz et al, 1986; Wannamaker er al, 1989) as well as the fluid cycle in
these areas (Worzewski et al, 2010). Magnetotelluric is especially sensitive to
interconnected metallic mineralization and sulphides that appear as conductive
sectors (Ducea and Park, 2000). Hence, LMT has proven useful in detecting and
delineating mineralized areas linked to faults and shear zones (Unsworth er al,
1997; Bedrosian et al., 2002) and to intrusive bodies (Hiuserer and Junge, 2011).
Given its suitability for deep studies, LMT was one of the main geophysical
techniques used to constrain the structure and recent tectonic evolution of Iberia
and Northern Africa in the framework of the Topo Iberia project (Pedrera et al.,
2010; Ruiz-Constdn et al, 2010; Anahnah et al,, 2011a; 2011b; Pous et al., 2011).
[t also helped to elucidate the crustal structure in the southern and southwestern
part of the Iberian Massif (Monteiro-Santos et al, 1999, 2002; Almeida et al,
2001, 2005; Pous et al, 2004; Mufoz et al., 2005; Vieira da Silva et al, 2007).

The Mediterranean Sea, located between the Eurasian and African plates,
comprises a complex array of oceans and continental margins (Fig. 7.1). The
present-day setting, resulting from the evolution of the Tethys Sea from the
Mesozoic up to date, was mainly controlled by a transtensive sinistral motion
between Laurasia and Gondwana, with local dextral events in the lower late

Cretaceous and from 20 Ma to date (Schettino and Turco, 2010). Since the

92



Chapter 7: Deep conductive body within the basement of the Guadalquivir foreland basin

d

ges" ~

Iberian )
W\ e
P

Peninsula = = 20
[ “a¢ 2

G
.......................... ‘ SEVILLA — ~
I L=

Vi.llafrancg
[/

A
H %
........... H : i

.

Alboran Sea

Y LEMI-417 stations

‘0 100 200km
=i ———— —————

“.Magnetic Profile
Iberian Massif Betic Cordillera g
Neogene Sediments
[ Central Iberian Zone j— ExternalZones  , [[m (a. volcanic rocks)
Ossa Morena Zone Il Prebetic [ Flysch
a (a. Pyrite Band) [ Frontal Mélange Unit | Internal Zones .
South Portuguese Zone - Malaguide C., Dorsal
|| y ; gd . : Il External Subbetic | and Predorsal
esozoic and Cenozoic I Middle Subbetic i
J Cover of the Iberian Massif . L= (AIpu;a(gdﬁC%mplex
[T Internal Subbetic a (a. penaoutes

B Chaotic Complex [ Nevado-Filabride C.

Figure 7.1: Geological setting of the Betic Cordillera. (a) Gibraltar Arc location in the western
Mediterranean. (b) Main geological units of the Betic Cordillera and its foreland. (c) Detailed
setting of the studied area, including the observed station location and the field magnetic profile

(dashed green line).

Oligocene, the development of the Western Mediterranean has determined the
uplift of several Alpine orogens (Gueguen et al., 1998), such as the Betic and Rif

Cordilleras, connected by the Gibraltar Arc.

Until now, the deep structure of the westernmost part of the Betic Cordillera
has not been studied in detail due to its complexity, yet it is a key region to
understand the evolution of the South Iberian margin and the Gibraltar Arc.
Moreover, its location between the Atlantic Ocean and the Mediterranean Sea and
the irregular continental borders involved have a great influence on

magnetotelluric studies, something to be carefully taken into account.

Previous analysis of magnetic anomalies has shed light on the distribution

and geometry of the main intermediate and basic intrusive bodies located in the
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upper crust of the southwestern Iberian Massif (Socias et al,, 1991; Gonzalez-
Castillo er al, 2014). However, some intense magnetic anomalies in the

westernmost Betic Cordillera and its foreland have not yet been analysed in detail.

The aim of this research is to identify and interpret the main deep electrical
and magnetic anomalies located in the westernmost part of the Betic Cordillera
and its foreland, mainly on the basis of Long Period Magnetovariational
observations combined with magnetic research carried out in the framework of
the Topolberia project. To this end, we performed a 3D forward resistivity model
of the lithosphere. In addition, its interpretation has been hold on magnetic data.
The magnetovariational study focuses on time variations of the magnetic field, as
they are less dependent of galvanic distortions than the telluric field (Chave and

Jones, 2012).

7.2 Geological Setting

The Betic Cordillera is an Alpine arcuate orogenic belt that corresponds to
the northern branch of the Gibraltar Arc (Fig. 7.1). Together with the
Guadalquivir Foreland Basin, it is located above the Variscan Iberian Massif which
is partially subducted beneath its western part (Serrano et al, 2002; Ruiz-Constan
et al., 2010). This Cordillera is traditionally divided in two main domains (Garcia-
Duenas and Balanyd, 1988): the Albordan Domain (Internal Zones) and the South
Iberian Domain (External Zones), the two generally separated by Flysch Units.
The Internal Zones are made up of several superposed metamorphic complexes
including Paleozoic rocks (from bottom to top: the Nevado-Fildbride, the
Alpujarride and the Maldguide) in addition to the Dorsal and Predorsal
complexes. The Alpujdrride upper unit includes large peridotite bodies at its base.
All these complexes are located within the southeastern part of the Betic
Cordillera, and continue toward the basement of the Albordan Sea. The Flysch

Units correspond to the former oceanic or thin continental swell located between
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the two main domains, filled by siliciclastic deposits from the Oligocene to
Miocene (Lujan et al, 2006). The South Iberian Domain represents the Mesozoic
to Cenozoic continental margin deposits of the South Iberian Peninsula (Garcia-
Duenas and Balanyd, 1988). It consists mainly of a carbonate-marly series with
local volcanic intercalations. They were deformed during the Alpine orogeny as a
NW-to-W-vergent fold-and-thrust belt. In a frontal position, in contact with the
foreland basin, a Mélange Unit is widely developed (Sanz de Galdeano et al, 2008;
Roldan et al, 2012). The Guadalquivir foreland basin and the intramontane basins
are filled by detrital Neogene and Quaternary sedimentary deposits featuring
interlayered calcarenites and limestones (Rolddn, 1995). The Albordn Sea is the
main basin remaining below sea level and located between the Betic and Rif

Cordilleras. Its metamorphic basement lies in continuity with the Internal Zones.

The Variscan Iberian massif comprises several zones with a characteristic
tectonometamorphic evolution (Ribeiro et al, 1990). The southern Iberian
Peninsula, from SW to NE, holds the South Portuguese (SPZ), the Ossa-Morena
(OMZ) and the Central Iberian zones (Fig. 7.1). The SPZ, mainly formed by low
grade metapelites, represents the External Zone fold-and-thrust belt of Variscan
orogen. Toward the base of the metapelitic sequence, volcanogenic massive
sulphide (VMS) deposits crop out, placed within a Volcano-Sedimentary Complex
of Devonian to Early Carboniferous age known as the Iberian Pyrite Belt. The
VMS deposits are interlayered with metapelites or directly linked to acidic
volcanic rocks (Tornos et al., 1998). The OMZ/SPZ contact, in turn, is marked
by a band of amphibolites with oceanic affinity (Bard, 1977). U-Pb zircon ages of
the protoliths point to a lower Carboniferous oceanic-like crust that opened
during the VMS occurrence (Azor et al., 2008), constituting the core of Variscan

orogen.
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7.3 Previous geophysical studies

The deep structure of the Betic Cordillera and its foreland has been
constrained by means of many geophysical methods, including active and passive
seismic, gravity, magnetic and magnetotelluric research. Bouguer gravity
anomalies (I.G.N., 1976) support the presence of a standard continental crust in
the Iberian Massif (Sdnchez-Jiménez, 1996; Fernandez et al,, 2004) bounded to
the southeast by the relatively thick crust of the Betic Cordillera; it is followed by
the very thin continental crust of the Alboran Sea, which lies above an anomalous
mantle (Hatzfeld, 1976; Torné et al,, 2000). Seismic refraction data (Banda and
Ansorge, 1980; Medialdea et al, 1986; Surinach and Vegas, 1993; Diaz and
Gallart, 2009) determine the average crustal thickness and support this structure.
There is a widespread set of shallow seismic reflection profiles in the Betic
Cordillera and the Guadalquivir foreland basin —mainly covering the Neogene-
Quaternary sedimentary basins (Rolddn, 1995), the Gulf of Cadiz (Gutscher et
al., 2002) and the Albordn Sea (Comas er al,, 1992)— revealing the structure of
the sedimentary infill. However, the only available deep profiles (ESCIBéticas,
Garcia-Duenias et al, 1994; Galindo-Zaldivar et al, 1997) are located in the
eastern transect of the Betic Cordillera, and show a flat Moho below a lower crust
that is probably in continuity with the Iberian Massif, and an upper detached crust.
The deep seismic reflection profiles defining the structure of the Variscan crust of
the Iberian Massif (Simancas et al., 2003; Martinez-Poyatos et al., 2012) reveal
differences in the upper crust: it is dominated by magmatic structures in the
Central Iberian Zone, metamorphic rocks highly deformed by folds and thrust in
the Ossa Morena Zone, and fold-and-thrust belt in the South Portuguese Zone.
The intermediate seismicity, reaching up to 120 km depth (Morales et al, 1997;
Ruiz-Constdn et al, 2011), reveals the presence of a subduction slab in the

western Albordn Sea.

Aeromagnetic anomalies (Socias et al, 1991; Socias and Mezcua, 2002) provide

new data regarding the deep structure of the Iberian Massif and the basement
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structures of the Betic Cordillera. The Variscan basement extends below the
Guadalquivir foreland basin, at least as far as the External Zones of the Betic
Cordillera (Serrano et al, 2002). Gonzalez-Castillo er al. (2014) evidence the
presence of a large E-W elongated dipole, extending more than 200 km in the
southernmost Iberian Massif foreland, related to the Monchique Alkaline
Complex. Eastward, the most intense aeromagnetic maximum of the westernmost
Betic Cordillera is located by the Guadalquivir foreland basin and the Betic
Cordillera front (Figs. 7.1 and 7.2).

Magnetotelluric (MT) researches underline the anisotropy of the eastern
(Marti et al., 2004) and the western Betics (Ruiz-Constdn et al, 2010), suggesting
a roughly arched anisotropy that varies at depth. 2D MT researches have looked
into the elongated shallow crustal structures in the southern part of the Iberian
Massif (Pous et al, 2004, 2011; Munoz et al, 2005, 2008), and the central-
western Betic Cordillera (Ruiz-Constan et al, 2012). Monteiro-Santos et al,
(1999) suggest the presence, in the Ossa Morena Zone, of a high conductivity

middle crustal band probably related to the presence of graphite. 3D MT models

have been developed in the easternmost Betic cordillera (Marti et al, 2009) and
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Figure 7.2: Aeromagnetic map of the Western Betic Cordillera and its foreland, including field

observed magnetic profile and location of main Iberian Pyrite Belt ores.
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extended up to the central part (Rosell et al, 2011). Although they support the
presence of several major anomalies in the crust and upper mantle, their accuracy
is low for deep structures. In the westernmost Iberian Massif, Vieira da Silva et al.
(2007) analyzed the South Portuguese and Ossa-Morena zones. However, in the
westernmost Betic Cordillera there is a complex 3D structure surrounded by an

irregular sea impeding the development of MT studies to date.

7.4 Methodology, data acquisition and processing

In order to obtain accurate insights regarding the deep 3D structure of the
westernmost part of the Betic Cordillera, Long Period Magnetovariational

observations were combined with magnetic interpretations in this study.
7.4.1 Long Period Magnetovariational observations

Time variations of the natural Earth magnetic field components (Bx, By, Bz)
were observed at 26 sites with an average spacing of 10-20 Km, during three
surveys from 2011 to 2013 (Fig. 7.1c). The area near the city of Sevilla was not
observed because of its high anthropogenic noise level. The three components of
the magnetic field were recorded by fluxgate magnetometers (LEMI-417) with a

sampling rate of 0.25 seconds for at least 15 days at each site.

Transfer functions Tzx and Tzy between the magnetic field components

were estimated in the frequency domain according to the linear bivariate approach
Bz = TzxBx+TzyBy

by standard robust processing (Ritter et al, 1998). Tzx and Tzy are complex
functions of frequency, respective period depending on conductivity variations in
the subsurface. The real and imaginary values of Tzx and Tzy are presented
separately by induction arrows within an x-y coordinate system, the positive x and
y axes respectively referring to the North and East directions. The Wiese

convention is used to present the induction arrows —e.g. the real arrows point in

98



Chapter 7: Deep conductive body within the basement of the Guadalquivir foreland basin

the direction of laterally increasing resistivity (Wiese, 1962). As the induction
volume increases toward the long period end, the conductive sea water will

obviously influence the induction arrows accordingly.
7.4.2 Magnetic observations

Aeromagnetic anomalies from the Iberian Peninsula (Ardizone, 1989; Socias
and Mezcua, 2002) were derived from a grid of flight lines at a barometric
elevation of 3000 m above sea level. The flight tracks comprise N-S lines spaced
10 km, with E-W control lines separated 40 km, and evidence the features of the

large crustal anomalous bodies.

Furthermore, total magnetic field survey measurements were obtained along
a NW-SE transect of the main dipole (Figs. 7.1 and 7.2) using a GSM 8 proton
precession magnetometer with an accuracy of 1 nT measured at 2 m above the
topography. Measurement spacing was 500 m on average, the position of the
stations being determined by a Garmin GPS. Because of anthropogenic noise,
measurements were not acquired near settlements. Magnetic data processing was
carried out through a standard procedure including reduction to the IGRF 2010
(IAGA, 2010). Diurnal variations were corrected considering the total field
intensity of the nearest permanent magnetic station in San Fernando (Cédiz,
Spain), which belongs to the Royal Army Observatory (www.intermagnet.org). In
turn, the 2D magnetic model was calculated using GRAVMAG v.1.7 software
from the British Geological Survey (Pedley et al., 1993), which allows for removal

of the regional trend to model the residual magnetic anomaly.

7.5 Induction arrows from Long Period Magnetovariational observations

Figure 7.3 displays the pattern of the real and imaginary induction arrows
for the periods 1000s and 6250s at all field sites underlain by the major geological
units. For both periods the real arrows have an eastward component, which

reflects the predominating influence of the Atlantic Ocean compared to that of
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the Mediterranean Sea. The pattern of the northern sites contrasts with that of
the sites south of the Guadalquivir basin: the northern arrows are much larger and
point almost to the north, whereas the southern arrows turn to the east. Note that
for the shorter period, the arrows at the southern boundary of the Guadalquivir
basin turn to the south, while the pattern is more homogeneous for the longer
period. In general, the differences between the real arrows of the two periods are
not as large as for the imaginary arrows, which show a striking change in direction
and size for the two periods: they generally point to the same direction as the real
arrows for the long period, but to the opposite or perpendicular direction for the
shorter period at almost all the sites. Again there is a conspicuous change in its
pattern between the northern sites and the sites to the south of the Guadalquivir

basin.

200000 250000 300000 350000 200000 250000 300000 350000
' . L UTM-30N
[Tiberian Massif [_]Guadalquivir  [_]External Zones [ Internal Zones [JFlysch
foreland Basin and Mélange U.

Figure 7.3: Observed real (red) and imaginary (blue) part of induction arrows for periods
1000 s (top) and 6250 s (bottom) at all field sites. Major geological units are underlain (cf
Fig. 7.1).

7.6 Conductivity models

3D models were constructed using Comsol 4.3 software (Hiuserer and

Junge, 2011) to provide a preliminary pattern of hypothetical induction arrows at
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the field sites for different periods. The models take into account the known
conductivity distribution, such as the bathymetry and coast lines and the major
geological units in the area (Fig. 7.4). A comparison of the modelled and observed

data can thus indicate the existence of further unknown bodies hidden in the

subsurface.
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Figure 7.4: Sketch of the main known geological bodies considered for Long Period
Magnetovariational models and the new anomalous Villafranca body (solid red). (a)

Map view. (b) Idealized cross section.
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The main influence in the area —resulting from the bathymetry and the
irregular coast line— is demonstrated by the model based on the bathymetry
obtained using GEBCO v.2.13 from the British Oceanographic Data Centre
(www.gebco.net) with an average sea water resistivity of 0.25 Q-m (Figs. 7.4 and
7.5a). It includes further an approximate depth dependence of the resistivity
considering: crust (0-30 km, 800 Q-m), lithospheric mantle (30-100 km, 1000
Q-m) and asthenosphere (>100km, 30 Q-m). This model reveals the influence of
the sea on the induction arrows in the study area. For the short period the real
arrows point northward, increasing to the south, and rotating slightly eastward at
the northern sites. This rotation is visible at all sites for the longer period, whereas
the imaginary arrows basically maintain their direction with a slight rotation to the
west for the longer period. This behaviour demonstrates the complicated 3D
situation generated by the trace of the coast line and possible current channelling
through the strait of Gibraltar. It makes it clear that it is essential to take into
account the 3D conductivity structure reflecting the large conductivity contrast

between land and sea.

The main known geological bodies in the region (Fig. 7.4) were added in
model b (Fig. 7.5b). Resistivities were determined considering the dominant
lithologies and previous MT studies in the neighbouring area (Marti er al., 2009;
Anahnah er al, 2011a, 2011b; Rosell et al,, 2011; Ruiz-Constan et al, 2012). The
following geological units were taken into account (Fig. 7.4): Guadalquivir
foreland sedimentary basin (5 Q-m) increasing in thickness towards the Betic
Cordillera boundary down to 3 km; the External Zones and Mélange units (30
Q-m), thickness from 5 km to 15 km; the Flysch Units (50 Q-m), mainly located
in the westernmost Betic Cordillera reaching a depth of 15 km; and the Internal
Zones (500 Q-m), 22 km thick and extending from the Cordillera toward the
Albordn Sea. All these bodies are implemented within a crustal background (800
Q'm) that represents the Variscan basement. Additionally, an anomalous

conductive upper mantle (30 Q-m) was included towards the Albordn Sea, as well
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Figure 7.5: Modelled real (red) and imaginary (blue) part of induction arrows for periods 1000s
(top) and 6250s (bottom) at all field sites. (a) Bathymetry model. (b) Model a with known

geological bodies included. (c) Model b with new conductive anomalous Villafranca body.
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as a continental slab (1000 Q-m) reaching down to 120 km depth. Whereas there
are moderate changes in the arrows’ direction as compared to the land-sea model
(Fig. 7.5a) for the long period, the period of 1000s exhibits significant differences
in size (northern sites) and direction of the arrows. This shows the influence of
the conducting sediments of the Guadalquivir basin, the External Zones and the
Flysch. Note that this pattern already features the major components of the

observed data as discussed above.

Still, differences remain and so an attempt was made to include a further
geological body located in the crustal basement of the westernmost part of the
Betic Cordillera foreland basin, model ¢, with enhanced conductivity and spatial
extent derived from the aeromagnetic anomaly (Fig. 7.2). The result is shown in
Fig. 7.5c. Significant changes occur only for the short period at sites close to the
boundary of the anomalous body: to the north the magnitude of the real arrows
increases, and to the southeast they rotate clockwise, more closely resembling the

observed field data.

7.7 Magnetic anomalies

Aeromagnetic anomalies suggest the presence of a large anomalous body in
the basement of the western part of the Guadalquivir foreland basin related to the
most intense (+46 nT) and widest magnetic anomaly maximum in Villafranca
village. This anomaly is located east of the Monchique magnetic dipole (Fig. 7.2)
with low intensity minimum. To the southeast, other aeromagnetic anomalies are

related to the peridotite outcrops in the Internal Zones of the Betic Cordillera.

The magnetic anomaly profile measured in the field (Figs. 7.1, 7.2 and 7.6)
confirms the presence of the aeromagnetic anomaly. Its smooth and low intensity
suggests that it corresponds to a wide, deep body. This anomaly contrasts with the

southeastward high intensity anomalies that are related to the shallow peridotite

bodies.

104



Chapter 7: Deep conductive body within the basement of the Guadalquivir foreland basin

A total field magnetic anomaly 2D model (Fig. 7.6) was developed to test

this hypothesis. A good fit was obtained when considering only the magnetic

susceptibility contrast (0.06 SI) of a body whose top would be located at about 10
km depth.
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Magnetic Anomaly (nT)

-600
0

20 ' 40 ' 60 " 80 ' 100 120 140 ' 160
Distance (km)

0.060 SI
NG
L

Villafranca
i ) 1 1

[] Guadalquivir Basin [ 'nternal Zones [l Basic Rocks Magnetic Susceptibility SI
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Figure 7.6: Field magnetic anomalies and magnetic model included in a simplified sketch of the

main geological units of the Betic Cordillera along the cross section. The top of Villafranca is

fixed and could extend in depth as black arrows indicate.

7.8 Discussion

The analysis of deep structures in highly deformed regions requires the

integration of geophysical data based on different rock properties. Although

seismic research generally provides exceptional results regarding the crust and the

upper mantle, gravity and magnetotelluric methods can complete the image. In

addition, magnetic research can better locate bodies which contrast magnetic

properties in the upper crust. The Long Period Magnetovariational observations

acquired for the first time in the westernmost part of the Gibraltar Arc (Fig. 7.3)

demonstrate the 3D character of the regional structures and the high influence of

the sea water, according to the bathymetry. The irregular geometry of the coast
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line, the differential influence of the deep Atlantic Ocean and the shallow Alboran
Sea, and the presence of the Gibraltar Strait all come to determine an induction
arrow pattern (Fig. 7.5a) that should be considered before arriving at any

geological interpretations.

After considering induction arrow patterns for 3D forward models for
periods 1000 s to 6250 s —including all the known major structures (Fig. 7.5b)—
the well-constrained difference between the observed data (Fig. 7.3) and the
model results can be explained by the presence of a major conductive anomalous
body (Fig. 7.5¢). This structure, which we call the Villafranca body, would be
located in the basement below the western part of the Guadalquivir basin, at a
depth of 10 to 30 km. The extremely high conductivity (0.05 Q-m) suggests
graphite or a structure with a high metallic content, typical of igneous bodies. The
presence of this body escaped previous seismic research, perhaps because of a lack

of detailed data in this region.

The nature of this major anomalous body should be discussed in light of its
high conductivity and magnetic anomalies. The fact that the same region shows
the most intense magnetic anomaly maximum, with similar anomaly values for
aeromagnetic and field magnetic data, would signal a body whose top lies at a
depth of roughly 10 km, and has very different magnetic properties with respect
to the host rocks (Fig. 7.6). Although the presence of graphite-bearing layers is
suggestive of the main origin for highly conductive crustal bodies (Monteiro-
Santos et al.,, 2002), they usually correspond to wide horizontal layers, whereas the
observed anomalous body extends mainly in depth. Besides, the presence of
magnetic anomalies is typical of metallic mineralized bodies, never related to
graphite. While it is not possible to determine its magnetic remanence, because
the body does not crop out, the maximum suggests a high contrast in magnetic
susceptibility possibly due to the occurrence of intermediate rocks, such as the
Monchique Alkaline complex (Gonzdlez-Castillo et al, 2014) or basic rocks

(Dafiobeitia et al, 1999). Moreover, the magnetic anomaly displays rectilinear
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ENE-WSW and NNW-SSE oriented borders. In this setting, the most probable
lithological interpretation is the occurrence of a crustal intermediate or basic body
highly intruded by hydrothermal mineralization; given its low resistivity (0.05

Q-m) it may be sulphide, with very substantial vertical extension.

One of the world’s foremost sulphur ore belts is located along the Devonian-
lower Carboniferous Iberian Pyrite Belt, close to the Villafranca body. Although
the two might be related, there are some aspects that do not fit with this
hypothesis: its southern location in respect to the belt continuity below the
Guadalquivir basin, the shallow character and small size of the sulphur ore, and
the absence of significant magnetic anomalies in VMS outcrops (Fig. 7.7). Also

incompatible is the northward origin of the volcanic deposits, later thrusted

toward the south (Onézime, 2003).

Two alternative tectonic settings for the emplacement of the Villafranca
body would account for the Mesozoic Tethys evolution along the south Iberian
margin (Schettino and Turco, 2010). The area was affected by a regional sinistral
transtensional deformation during the Jurassic and lower Cretaceous. In this
framework, NW-SE-oriented relay faults could develop local pull-apart or crustal
thinning areas accommodating the emplacement of igneous bodies with high
sulphide mineralization. Schettino and Turco (2010) also suggest that from the
latest lower Cretaceous and during the upper Cretaceous a well-defined ENE-
WSW dextral transcurrent fault line crossed this region, and may have caused the
development of local pull-apart structures and crustal thinning areas. At any rate,
there are no other highly metallic mineralized bodies of this age cropping out in
the Betic Cordillera; and although the proposed setting is feasible, there are not

enough data to unequivocally determine its emplacement.
7.9 Conclusions

Long Period Magnetovariational observations along 26 sites were carried out
in the westernmost part of the Betic Cordillera in order to highlight the presence
of deep conductive bodies. The induction arrow pattern of 1000 s to 6250 s from
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Figure 7.7: Integration of Long Period Magnetovariational field observation, geological setting

and aeromagnetic anomalies suggesting the location of the new Villafranca body.
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3D forward modelling with respect to bathymetry and the known geology of the
region, supports the presence of a highly conductive (0.05 Q-m) body at a depth
of 10 to 30 km, which we call Villafranca. Magnetic anomalies in the region
constrain the location of its top in depth. The integration of results from the two
geophysical methods points to the sulphuric nature of the anomalous body,

probably in an igneous host rock.

This major anomaly located in the Variscan basement of the Guadalquivir
foreland basin may represent a structure related to the Iberian Pyrite Belt, or else
a body emplaced along the South Iberian Margin during the Mesozoic Tethys

evolution.

Acknowledgements

This research was funded by the Spanish Government through projects
CGL2010-21048, P09-RNM-5388 and CSD2006-0041 (European Regional
Development Fund-ERDF) and the RNM148 research group of the Junta de

Andalucia.

109






Chapter 8

Shallow frontal deformation related to active continental subduction:

structure and recent stresses in the westernmost Betic Cordillera

Lourdes Gonzalez-Castillo ?, Jestis Galindo-Zaldivar *°, Antonio Pedrera®,

Francisco José Martinez-Moreno ¢, Patricia Ruano ab

Published on:
TERRA NOVA, 2015
DOI: 10.1111/ter.12138

(Received 27 May 2014; Accepted 14 January 2015)

* Departamento de Geodindmica, Universidad de Granada, Spain.

® Instituto Andaluz de Ciencias de la Tierra. CSIC-UGR. Spain.

111



Crustal structure and active deformation in the westernmost Betic Cordillera and its foreland

ABSTRACT

The westernmost Betic Cordillera front is located along the arcuate Alpine belt
formed by the interaction of the Eurasian-African plate boundary and the Alboran
continental domain in between. Although classical geological data suggest that the
western Cordillera front is inactive, recent GPS data show a westward—north-
westward motion of up to 3.4 mm/yr with respect to the foreland. In addition, the
increasing thickness of Guadalquivir sedimentary infill toward the Cordillera, and
the rectilinear character of the front formed by soft sediments, suggest that the
Cordillera is still active. Large ENE-WSW-oriented open folds detected in the
tield, seismic reflection profiles and new audiomagnetotelluric data are consistent
with active deformation. Fracture analysis in Quaternary deposits evidences
recent NW-SE horizontal compression. The GPS motion and maximum stress
orientation may be due to north-westward tectonic collision of the westernmost
Betic Cordillera, accommodated at depth by active continental subduction of the

Iberian lithosphere.

Key words: Recent and active tectonics, shallow geophysics, brittle fractures,

active folds, tectonic collision.
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8.1 Introduction

The transition from oceanic subduction to continental collision contributes
to the development of orogenic belts in two main end-member geodynamic
settings. (i) When continental lithosphere keeps subducting, aided by the pull
down of the nearby oceanic lithosphere (Chemenda et al, 2001), its detachment
produces uplift and a contractional deformation front (Gerya er al,, 2004). (i) If
decoupling or delamination of the mantle lithosphere occurs, uplift, high heat
flow, uncompensated high elevation and significant magmatic activity can be
expected (Wortel and Spakman, 2000). The Eurasian-African plate boundary is
associated with a broad band of continental deformation and seismicity in the
westernmost Mediterranean (Buforn et al, 2004; Stich et al, 2010; Billi et al,
2011; Palano et al, 2013). In this region, the interaction of the roughly westward
motion of the Albordn continental domain with this major plate boundary, since
the late Oligocene, has created the Betic and Rif cordilleras. They surround the

continental Albordn Neogene basin (Fig. 8.1).

Some authors propose delamination and mantle lithosphere detachment
below the Albordn Domain (Docherty and Banda, 1995; Seber et al., 1996; De Lis
Mancilla et al, 2013). However, other researchers support subduction models
(Doglioni et al., 1999a,b) — based on seismic tomography studies that imaged an
oceanic subducted slab with SW-NE to N-S orientation (Blanco and Spakman,
1993; Gutscher er al, 2002, 2012; Piromallo and Morelli, 2003; Spakman and
Wortel, 2004; Bezada et al, 2013; Palomeras et al, 2014) and E to SE-dip —
including slab roll-back (Lonergan and White, 1997; Pedrera et al, 2011) with
partial or total slab break off and/or tearing (Blanco and Spakman, 1993; Spakman
and Wortel, 2004; Garcia-Castellanos and Villasefor, 2011; van Hinsbergen et al.,
2014). Eastward (Gutscher et al, 2002, 2012) and south-eastward (Ruiz-Constdn
etal, 2009, 2011, 2012a) dipping slabs have been considered. The Albor4dn Basin
may be interpreted as a backarc basin, although related to different proposed

subduction slabs (Doglioni et al., 1997; Gueguen et al., 1997; Galindo-Zaldivar et
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Figure 8.1: Geological Setting. (a) Betic-Rif Cordillera in the Western Mediterranean Sea. The
boundaries of this Alpine belt are indicated by the white dashed lines. (b) Main tectonic units
of the Betic Cordillera and its foreland, including GPS motion and 95% confidence ellipses
(Koulali et al., 2011). (c) Detail of the Western Betic Cordillera including seismicity, GPS
motions and 95% confidence ellipses (Koulali et al., 2011). (d)Detailed location of seismic and

audiomagnetotelluric lines. Dashed lines indicates the area covered in Fig. 8.6.

al, 1998; Gueguen et al., 1998; Doglioni et al, 1999a,b; Pedrera er al, 2011;
Carminati et al, 2012; van Hinsbergen et al.,, 2014).

The major lithosphere-scale fault along the boundary between the External
and Internal Zones was active during the westward motion of the Albordn domain
before the contact was covered by Tortonian marine sediments (Martin-Algarra,
1987). Yet GPS data in the central and western Betics indicate a relative westward
displacement of the Internal Zones with respect to Eurasia of up to 3.4 mm/yr
(Fig. 8.1; Koulali er al, 2011). At present, the eastern part of the cordillera
mountain front seems to be scarcely active (Ruano et al, 2004). However, late
Miocene faults located within the Iberian basement have been reactivated under

the present-day NW-SE convergence, often leading to shallow seismicity (Pedrera
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et al., 2013). To the west, however, there is widespread shallow seismicity in the
Iberian basement beneath the Morén de la Frontera area (Fig. 8.1; Ruiz-Constdn
et al, 2009, 2012b). Farther west, seismic reflection profiles and bathymetry in
the Gulf of Cadiz (Gutscher et al, 2002, 2012) suggest thrust activity on the front
offshore. To date, there are no studies of the activity and structures related to the

westernmost part of the onshore Betic cordillera front.

The aim of this study was to characterize the westernmost Betic cordillera
front to determine the recent and present-day tectonic activity. A combination of
geological and geophysical observations supported by available GPS data provides

new results that enrich discussion of the present-day setting of this key area.

8.2 Geological setting

The westernmost part of the Betic Cordillera and the Guadalquivir Neogene
foreland basin are located above the Iberian Massif (Fig. 8.1). The Betic Cordillera
is traditionally divided into three main zones. The Albordn Domain (Internal
Zones) and the South Iberian Domain (External Zones) are separated by a Flysch
Complex. The South Iberian Domain represents the Mesozoic to Paleogene cover
of the former South Iberian margin, deformed as a thin-skinned fold-and-thrust
belt between the latest Oligocene and late Miocene, and consists of carbonates
with intercalated marls, along with siliciclastic and, locally, volcanic rocks. A
synorogenic Mélange unit (Bourgois, 1973; Pedrera et al, 2012; Roldén et al,
2012) occurs in the frontal area of the Cordillera, formed during the early Miocene
to early Serravallian. The Guadalquivir foreland basin has an ENE-WSW
elongated triangular shape, opening toward the Gulf of Cadiz. It developed as a
consequence of flexure of the Variscan lithosphere by the load of the Alboran
Domain during its emplacement (Garcia-Castellanos er al,, 2002). Stratigraphic
studies (Martinez del Olmo et al., 1984; Sierro et al, 1990; Rolddn, 1995; Riaza
and Martinez del Olmo, 1996; Salvany er al, 2011; Rodriguez-Ramirez et al,
2014) as well as several boreholes and seismic reflection profiles (Ferndndez et al,
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1998) have determined the pattern of the sedimentary infill, whose thickness at

some points is greater than 5 km.

Plate relative angular velocities reveal a NW-SE convergence between the
African and European plates in the western Mediterranean (Argus et al., 1989;
DeMets et al, 1994). Stresses characterized by brittle deformation and
earthquake focal mechanisms show a regional NW-SE compression, subparallel to
the relative major plate motion, as well as variable to NE-SW tension in the
Internal Zones of the Betic Cordillera (Galindo-Zaldivar et al, 1993; De Vicente
et al., 2008; Pedrera et al., 2011; Palano et al., 2013). In the western Betics, large
E-W and ENE-WSW folds have been observed, deforming late Tortonian to
Pliocene rocks (Balany4 et al, 2007; Ruiz-Constén et al., 2009, 2012b).

In the western part of the Betic Cordillera, the depth of earthquakes
progressively increases toward the south—south-east — from shallow seismicity at
the Morén mountain front segment (Ruiz-Constédn et al, 2009) to events at
approximately 120 km depth beneath the western Albordn Sea, where an arc is
traced south of the Mélaga coast (Buforn et al, 1995; Morales et al, 1999; Pedrera
et al., 2011; Ruiz-Constdn et al., 2011). In contrast, seismicity is very scarce in the

westernmost part of the mountain front, the sector studied here.

GPS research (McClusky et al, 2000; Vernant et al, 2010; Koulali ez al,
2011) shows regional westward movement of the Betic Cordillera with respect to
the Iberian Massif. In the central Betics the displacement is roughly to the WSW,
but further west the largest velocities are reached in a WNW direction, even
affecting the External Zones (Fig. 8.1). The movement progressively decreases

toward the mountain front and is practically absent in the Guadalquivir Basin.

8.3 Morphology of the westernmost Betic Cordillera mountain front

The Betic Cordillera relief developed in stages, as evidenced by continental
deposits since the Aquitanian (Martin-Algarra, 1987). The north-western limit of
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the Betic Cordillera front was traditionally considered to be an inactive thrust.
Onshore, the westernmost mountain front in south-west Spain draws a linear step
along the Gulf of Cadiz coastline between the towns of Chipiona and Sanlicar de
Barrameda (Figs. 8.1 and 8.2). To the east, the lower Guadalquivir Basin is
characterized by a large flat marsh area in sharp contact with the mountain area.
The rectilinear front continues along the southern boundary of the Guadalquivir
Basin, at least as far as Cabezas de San Juan, with discontinuous segments
corresponding to elongated hills with steep NW rectilinear boundaries (Fig. 8.2).
The sinuosity mountain front index (Bull and McFadden, 1977; SMF = length of
the mountain front/length of straight line of the mountain front) of 1.13 indicates

its active character.
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8.4 Structure of the mountain front

The mountain front is formed mainly by folds with ENE-WSW axes (Fig.
8.1). Antiform culminations consist of Tortonian moronite formations. There is
no surface field evidence of recent sediment deformation. In contrast, borehole
data (Salvany er al, 2011) indicate progressive thickening toward the south-east

up to Holocene of the Guadalquivir deposits.

8.4.1 Seismic reflection profiles

Multichannel seismic reflection profiles (Fig. 8.3) were processed by means

of a standard sequence including migration.

The S83A-232 profile has a NW-SE orientation and crosses the mountain
front orthogonally, near Trebujena (Fig. 8.1). A roughly continuous subhorizontal
deep reflector is recognized at about 3.6 s TWT and may represent the top of the
Variscan basement. Horizontal reflectors belonging to the sedimentary infill of the
Guadalquivir basin contrast with the folds in the Betic Cordillera Front, where
antiforms determine the main hills of the area and the varying reflector curvature
along synforms supports a synsedimentary character. No surface faults are
recognized, suggesting that the mountain front formed mainly as a consequence

of fold activity above a detachment level.

The S84A-302 profile, in the Guadalquivir basin, shows a SE-ward dipping
reflector corresponding to the top of the Variscan basement below the cross-
bedding, thus indicating SE progradation of the sedimentary infill. Subhorizontal

layers correspond to the top of the sedimentary sequence.
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Figure 8.3: Multichannel seismic profiles. SIGECO database
(http://cuarzo.igme.es/sigeco). Location in Fig. 8.1c.

8.4.2 Audiomagnetotelluric data

A detailed audiomagnetotelluric profile orthogonal to the mountain front
was recorded with Strata Gem EH4 equipment, in a frequency range from 70 kHz
to 10 Hz, reaching depths of tens to hundreds of meters. A transmitter antenna
was used to enhance the natural electromagnetic field from 1 kHz to 5 kHz, where
the natural signal decreases. Geoelectric dimensionality was analysed by means of
Bahr decomposition (Bahr, 1988, 1991). The curves show a general 1D behaviour
up to 10— 1 s and a 2D structure from 10—1 to 10 s with a N70-90° E strike. We
checked the internal consistency of the rho and phase estimated at each site
(Parker and Booker, 1996) and corrected static shift problems in some of the
curves. A joint 2D inversion of resistivities and phases was carried out integrating
all the data (Rodi and Mackie, 2001). An error floor of 3% for the apparent

resistivities and the phases was selected.
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The north-western part of the profile (Fig. 8.4) is characterized by a low-
resistivity sector, extending from the surface down to 300 m (~1 ohm-m),
corresponding to the sedimentary Guadalquivir basin infill, made up of saturated
clays and silts. To the south-east, uplift of the resistive layer is related to an
antiformal structure that reaches the surface along an elongated hill, determining

a sharp mountain front extending down the basin sediments.

NW MOUNTAIN SE

Guadalquivir Basin FRONT antiform synform

Resistivity (ohm-m)

Figure 8.4: Audiomagnetotelluric profile across the mountain front. Location in Fig. 8.1d. Root

mean-square-misfit between the data and the synthetic response was 4.1.

8.5 Brittle deformation and stresses

In order to characterize the recent palaeostress pattern in this region,
microtectonic measurements were made in a wide zone along the mountain front.
According to Hancock (1985), the main joint system (Figs. 8.5 and 8.6) consists
of a NW-SE tensional set or two hybrid sets forming an acute angle, suggesting
that the mountain front underwent NW-SE compression and orthogonal NE-SW
tension. This stress field is recognized all along the mountain front and is well
constrained in the Chipiona sector, where the coastal area is formed from
Quaternary consolidated beach deposits. Faults are scarce, with normal regime

and restricted to antiformal areas (Fig. 8.5).
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Figure 8.5: Field examples of fractures. (a) Conjugate fractures in Quaternary beach deposits

(‘Corrales de Peces’, Chipiona). (b) Vertical tension joints. (c) Normal faults in antiformal areas.
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Figure 8.6: Fracture orientation and paleostresses. Rose diagrams of main outcrops (purple plot);
maximum horizontal stress corresponds to the orientation of the main extensional joint set or to
the acute angle between the conjugate or hybrid joint sets according to Hancock (1985). Faults

in stereographic projection (green plot), lower hemisphere.
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8.6 Discussion

Although the major tectonic structures that accommodated the accretion of
the external Betics appear to have been inactive since the late Miocene, the
rectilinear character of the westernmost Betic Cordillera mountain front suggests
that it is still affected by active deformation. Although no large faults are
recognized, active folds affect the marine Tortonian rocks up to the Holocene
deposits (Fig. 8.7). Normal faults along antiformal culminations reveal local
shallow NW-SE to NNW-SSE extensional trends (Figs. 8.5-8.7), which could be
a consequence of the uplifted relief that developed as a result of deep

compressional deformation.

\North
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)

Aseismic

Iberian massif

—
Seismic

|:] Quaternary sediments
[ ] Upper Serravallian to Pliocene marine sediments
[ ] Lower Miocene to lower Serravallian Mélange

Figure 8.7: 3D model of the structures across the folded deformation front.

The decreasing magnitude of the WNW GPS velocities (from 3.4 mm/yr)
toward the western mountain front with respect to the roughly stable foreland
basin agrees with active folding along a broad band. The progressive crustal
thickening of the Betic Cordillera produces a load and flexure of the Guadalquivir
Basin Variscan basement (Garcia-Castellanos er al, 2002); the thickness of
sedimentary infill increases toward the mountain front (Salvany et al, 2011;

Rodriguez-Ramirez et al., 2014).
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In spite of the wide ellipse errors of the GPS measurements (Fig. 8.1), WNW
motion of the western Betic Cordillera with respect to the Eurasian plate is
consistent with the NW-SE compression, underlining the relevance of present-
day collision tectonics related to ongoing continental subduction, aided by the pull

of the already subducted oceanic crust (Ruiz-Constén et al,, 2011; Fig. 8.8).

Figure 8.8: Tectonic model
showing the GPS motion and
compression trend. The regional
NW-SE compression between
Eurasian and African plates
together with the NE-SW

extension in the Betic Cordillera

determines the relatively

an :
p/al‘e wesward-northwestard motion of

the Albordn domain.

The active structures vary along the mountain front. The folds and soft rocks
in the study area prevent the occurrence of shallow earthquakes. Coupling
between the Albordn Domain and the Iberian massif promotes the occurrence of
seismicity within the foreland. Westward, this area connects offshore in the Gulf
of Cadiz, where Gutscher er al. (2002, 2012) documented present-day thrusting.
Eastward, shallow earthquakes affect the Iberian crust in the Morén (Ruiz-
Constdn et al,, 2009) and Torreperogil areas (Pedrera er al, 2013). In the central
Betic Cordillera the front is essentially inactive, and deformation occurs toward

the interior of the mountain belt (Ruano et al, 2004).
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8.7 Conclusions

The compilation of geomorphic, field geological, geophysical and available
GPS data provides evidence that the westernmost Betic Cordillera mountain front
is active, and that it produced the south-eastward increase in the thickness of the
sedimentary infill of the Guadalquivir Basin, which affects up to Holocene
deposits. The mountain front has a variable character due to the different
lithologies. Shallow seismicity related to reverse and strike-slip faults occurs in the
Morén area; to the west, active folds accommodate the deformation along the
westernmost mountain front in the Trebujena-Chipiona area (Fig. 8.7); finally,

thrusts affect the Gulf of Cadiz.

The obliquity between the WNW-ward motion of the Cordillera with respect
to the foreland, and the NW-SE trend of compression related to the Eurasian-
African plate motion, may result from oblique collision (Fig. 8.8) related at depth
to active continental subduction. These newly integrated results confirm that
Alpine compressional deformation continues in this sector of the western

Mediterranean.
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ABSTRACT

The Gibraltar Arc, located in the western Mediterranean Sea, is an arcuate
Alpine orogen formed by the Betic and Rif Cordilleras, separated by the Alboran
Sea. New continuous GPS data (2008-2013) obtained in the Topo-Iberia
stations of the western Betic Cordillera allow us to improve the present-day
deformation pattern related to active tectonics in this collision area between the
Eurasian and African plates. These data indicate a very consistent westward
motion of the Betic Cordillera with respect to the relatively stable Iberian Massif
foreland. The displacement in the Betics increases toward the south and west,
reaching maximum values in the Gibraltar Strait area (4.27 mm/yr in Ceuta,
CEU1, and 4.06 mm/yr in San Fernando, SFER), then progressively decreasing
toward the northwestern mountain front. The recent geological structures and
seismicity evidence moderate deformation in a roughly NW-SE to WNW-ESE
compressional stress setting in the mountain frontal areas, and moderate
extension toward the internal part of the cordillera. The mountain front
undergoes progressive development of folds affecting at least up to Pliocene
deposits, with similar recent geological and geodetical rates. This folded strip
helps to accommodate the active deformation with scarce associated seismicity.
The displacement pattern is in agreement with the present-day clockwise
rotation of the tectonic units in the northern branch of the Gibraltar Arc. Our
data support that the westward emplacement of the Betic Cordillera continues to

be active in a rollback tectonic scenario.
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Keywords: CGPS stations; Western Mediterranean; active deformations;

present-day rollback; tectonic rotation.

Highlights

- New CGPS stations support fast westward displacements of the Western
Betics.

- Active dextral rotations are in agreement with the tectonic arc
development.

- Afolded strip of several tens of km accommodates the frontal
deformations.

- Integration of CGPS and geological data supports active rollback in the

Betics.
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9.1 Introduction

The geodetical networks based on GPS observations provide new insights
to constrain the pattern of active motion and rotation in oroclinals, as the
Bolivian oroclinal (Allmendinger et al, 2005), St. Elias orogen in Alaska (Elliot
et al, 2013) and central Anatolia (Aktug er al,, 2013). The Betic-Rif Cordillera,
connected through the Gibraltar Arc (Fig. 9.1), is a strongly curved oroclinal.
New accurate GPS geodetical data are essential to constrain the active tectonic

deformations.

In the western Mediterranean, NW-SE convergence of 4 to 5 mm/yr,
depending on different geodynamic models, occurs in-between the major
Eurasian and African plates (DeMets et al, 1994, Nocquet, 2012). Geodetic
networks provide deformation patterns that show the activity of geological
structures and eventually reveal the general deformation pattern. Up to now,
GPS data from continuously recording GPS stations (CGPS) and survey-mode
GPS sites show a roughly NW-WNW displacement in the western part of the
Betic Cordillera (Serpelloni er al, 2007; Vernant et al, 2010; Koulali et al,
2011) with respect to the Iberian Massif. These data demonstrate that the
building up of this Alpine cordillera continues at present, in agreement with the
regional seismicity related to the plate boundary. However, models based on
these studies generally aim to trace sharp rectilinear Eurasian-African plate
boundaries, without integrating the widespread active tectonic structures

observed in these Cordilleras.

Different models have been proposed for the development of the Gibraltar
Arc, based on the presence of subduction structures (Arafa and Vegas, 1974;
Torres-Roldan er al., 1986; De Jong, 1991 and 1993; Wortel and Spakman, 1992;
Zeck et al, 1992 and Zeck,1996, Pedrera et al, 2011; Ruiz-Constan et al,, 2011),
lithospheric delamination (Houseman et al, 1981; Platt and Vissers, 1989;
Garcia-Duenas er al, 1992; Seber et al, 1996; Calvert er al, 2000; de Lis
Mancilla et al., 2013) or slab rollback (Blanco and Spakman, 1993; Morley, 1993;
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Figure 9.1: The western Betic Cordillera and its foreland. (a) Geological setting of the western
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Royden, 1993; Lonergan and White, 1997; Hoernle er al, 1999; Wortel and
Spakman, 2000; Gill ez al. 2004; Thiebot and Gutscher, 2006; Brun and Faccena,
2008). Although most of them focus on the Miocene evolution, Gutscher et al.
(2002), Thiebot and Gutscher (2006), Pedrera et al. (2011) and Ruiz-Constan
et al. (2012) suggest that the subduction is still active at present. In addition,
slab rollback models have been proposed based on GPS data from the Rif (Fadil
et al, 2006; Pérouse et al, 2010). Its origin and recent evolution are still
controversial due to a lack of accurate data on its structure at depth, as well as
the superposition of deformations and the variable features of the recent tectonic

movements.

The aim of this paper is to present the results of new CGPS data from
some stations (Fig. 9.1) that belonged to the Topo-Iberia research. As part of
this project, a network of 26 CGPS stations covering the Spanish part of the
Iberian Peninsula and Northern Morocco were set (Lacy er al., 2012; Garate et
al., 2014). These new data for the period between March 2008 and December
2013 attest a westward displacement of the Betic-Rif Cordillera, reaching
maximum values toward the south, near Gibraltar Strait area. Given their high
quality and novelty, the data presented here shed light on the active tectonic

structures of the western Betic Cordillera.

9.2 Geological Setting

The Betic-Rif Cordillera constitutes an arcuate Alpine orogeny, connected
through the Gibraltar Arc, formed by the interaction of the Eurasian-African
plates in the Western Mediterranean (Fig. 9.1). The Betic Cordillera is divided
into the Internal Zones (Albordn Domain), Flysch Units and External Zones
(South Iberian Domain) located over the Iberian Massif foreland. The Internal
Zones are formed by metamorphic complexes that include Paleozoic rocks. They

comprise three main complexes: from bottom to top, the Nevado-Fildbride,
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Alpujdrride and Maldguide, in addition to the Dorsal and Predorsal. The most
complete Alpujarride units have a sequence of metamorphic rocks with
peridotites at the base. The Flysch Units correspond to an accretionary wedge
constituted by Early Cretaceous to Lower Miocene siliciclastic deposits, located
between the External and Internal Zones (Lujdn et al, 2006). The External
zones represent a thin-skinned fold and thrust belt formed by Mesozoic and
Cenozoic carbonate and detritic deposits (Crespo-Blanc er al, 2012).
Furthermore, there is widespread development of intramontane basins which,
together with the Guadalquivir foreland basin, are filled by sedimentary rocks
from Miocene to Quaternary ages (Rolddn, 1995; Riaza and Martinez del Olmo,
1996; Salvany et al., 2011, Rodriguez-Ramirez er al, 2014). The frontal area of
the Betic Cordillera, located along the mountain front that bounds to the south
the Guadalquivir basin, features a synorogenic early Miocene to early
Serravallian Olisthostromic unit of the Guadalquivir (Perconig, 1960-1962) also
called Mélange Unit (Bourgois, 1978; Pérez-Lépez and Sanz de Galdeano, 1994;
Pedrera et al, 2012; Rolddn et al, 2012). The activity of this arcuate orogen
(Balanyd et al, 2007, 2012; Expésito et al., 2012) has determined a clockwise
rotation of tectonic units in the Betics and counter-clockwise in the Rif, as
evidenced by paleomagnetic data (Platzman, 1990; Platzman and Lowrie, 1992;
Platt et al, 2003). In the western Betics, rotation varies in every unit probably
reaching as much as 60°ince Cretaceous time. The present-day relief has
developed during the last 10 Ma (Braga et al, 2003) in a roughly NW-SE to
WNW-ESE compressional setting (Pedrera er al, 2011; Palano et al., 2013).

The widespread seismicity in the region (Buforn et al, 1995 and database
of the Instituto Geogréafico Nacional, www.ign.es) is associated with the tectonic
activity (Ruiz-Constén et al, 2012) and related to the Eurasian-Africa oblique
collision. Most of the western Betic Cordillera is affected by compressional
deformations related to the overthrusting of its tectonic units onto the Iberian
Massif foreland (Ruiz-Constén et al, 2012). However, the eastern part of the

Betics has mainly undergone extensional tectonics since Middle Miocene
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(Galindo-Zaldivar et al, 2003), although the transition from extensional to
compressional deformations related to top-to-the west displacements and its
timing are under discussion (Galindo-Zaldivar et al, 2000). Although most of
the earthquakes are shallow nearby the Betic Cordillera mountain front, they are
deeper toward the western Albordn Sea, reaching 120 km deep along an arcuate
band related to active subduction processes (Buforn et al, 1995; Morales et al,

1999; Pedrera er al, 2011; Ruiz-Constan et al,, 2011).

GPS research in the Betic-Rif Cordillera is based on the installation of
survey-mode GPS networks to study local structures such as the Zafarraya fault
(Galindo-Zaldivar er al, 2003), Balanegra Fault (Marin-Lechado er al, 2010),
CuaTeNeo GPS network in the eastern Betic Cordillera (Echeverria et al, 2013)
and Granada Basin (Gil et al, 2002; Ruiz et al, 2003). CGPS data —often
combined with GPS campaign observations— have allowed researchers to
determine the general deformation pattern of the Betic-Rif Cordillera with
respect to the Iberian foreland, which represents the stable Eurasian plate. Most
GPS contributions are aimed to distinguish different crustal blocks along the
plate boundary (Fadil et al, 2006; Serpelloni et al, 2007; Vernant et al., 2010;
Koulali er al, 2011), generally lacking interpretation of particular active
structures. Serpelloni er al. (2007) derived a relative westward motion of the
Betic-Rif Cordillera based on very scarce data. Fadil er al. (2006) focus on the
Rif, proposing rollback of a delaminated subcontinental lithospheric slab, while
Tahayt (2008) evidenced westward motion in the Gibraltar Strait area with
respect to Eurasia. Pérez-Pefia et al. (2010) study the Betics and northern Rif,
supporting roughly NW motion (ranging from N to W) and relating the
displacement to several major faults and seismicity. Pérouse er al. (2010) use a
GPS displacement model to propose a local detached slab in the Rif. Vernant et
al. (2010) and De Lis Mancilla et al (2013) also present scarce data in the
Betics, with motions ranging from WSW in the eastern Betics to WNW in the

western Betics. Koulali er al. (2011) present campaign GPS data between 1999
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and 2009, showing the arcuate displacement pattern in greater detail (Fig. 9.1b).
These results contrast with the current and innovative results presented in this
paper, based on recent data (2008-2013) from the Topo-Iberia stations, which

show a roughly westward motion of the western Betics.

9.3 Methodology

This study presents the current GPS velocity field in the western Betic
Cordillera derived from CGPS observations from March 2008 up to December
2013. The sub-network used in this paper consists of 10 sites (Figs. 9.1 and 9.2)
which are operated by different Institutions: ALJI, LOJA, CAST, LIJA (Topo-
Iberia research project), COBA, HUEL, MALA, CEU1l, LAGO (EUREF
Permanent Network, a science-driven network of continuously operating GPS
reference stations of the International Association of Geodesy) and SFER
(International GNSS Service, IGS). It is very important to emphasize that the

locations of the Topo-Iberia sites are in the field (not on buildings) and founded
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Figure 9.2: Topography and CGPS data of the area studied. Residual velocity field is referred

to Eurasia and 95% confidence ellipses.
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on bedrock, implying a high stability of the concrete pillars and a high quality of
the observations. Firstly, a previous quality check of CGPS data was carried out
using the TEQC software developed by UNAVCO (Estey and Meertens 1999).
Secondly, data processing was performed using the Bernesse software (Dach er
al. 2007). A daily GPS network solution in a loosely constrained reference frame
was estimated. The GPS observable is formed by double-differencing the L1 and
L2 phase observations. GPS orbits and Earth's orientation parameters were held
fixed to the combined IGS products and a priori error of 10 m is assigned to all
site coordinates in order to get the loosely constrained coordinates. These
solutions could be combined regardless of the datum definition of each
contributing solution. The solution reference frame is defined stochastically by
the input data and is basically unknown, though the estimation of relative rigid
transformations (rotation-translation scale) between reference frames becomes
necessary; this naturally leads to a combined solution not distorted by any
constraint or transformation. Then, the daily network solutions were minimally
constrained and transformed into EPN_A_IGb08 (EUREF Permanent Network
station Positions in IGb08 reference frame) estimating translations and scale
parameters. Finally, the velocity field was estimated by means of the NEVE
software, which manages the complete stochastic model (Devoti er al. 2008).
Velocities were estimated simultaneously, together with annual signals and
sporadic offsets at epochs of instrumental changes. Velocity errors were derived

from the direct propagation of the daily covariance matrix.

Geological field observations involved recent and active structures that
could accommodate the present-day deformation field of the western Betic
Cordillera. Field research included observation of recent faults (fault surfaces
and regime) and folds (orientation, dip of the limbs), as well as reviewing and

improving the previous geological maps in areas of poor outcropping.
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9.4 Displacements from GPS data in the western Betic Cordillera and its

foreland

The CGPS-derived absolute velocities and associated errors in the IGb08
reference frame are given in Table 9.1 and Figure 9.3. A more effective
representation of the estimated velocity field can be attained by presenting the
residual velocities with respect to stable Eurasia, whose kinematics is defined
through the rotation pole and rate. Figures 9.1 and 9.2 show the residual
velocities at 95% of confidence with respect to the Eurasia fixed reference frame.
These new GPS results provide a highly consistent displacement pattern of the

western Betic Cordillera with respect to its foreland.

Coordinates Absolute velocities (mm/yr)  Residual velocities (mm/yr)
Site Lat. (°N) Long. (°E) VE ok VN oN VE ok VN oN
CAST 38.1227 -6.5321 |17.55 #0.03 17.17 *0.04|-1.60 #0.05 -0.01 =0.05
AU 36.5299 -5.6494 | 15.67 +0.05 16.72 #0.06| -4.00 #0.07 -0.44 +0.07
LUJA 36.9062 -5.4038 |17.07 #0.04 17.06 +0.05|-2.56 +0.06 -0.09 =0.06
LOJA 37.1073 -4.1064 |17.01 #0.04 16.67 *0.04|-2.81 +0.05 -0.44 =0.05
LAGO 37.0989 -8.6684 |17.89 +0.03 17.71 #0.03|-1.11 #0.05 0.50 =0.05
COBA 37.9156 -4.7211 | 19.08 +0.03 16.99 #0.03| -0.45 #0.05 -0.14 =+0.05
HUEL 37.2000 -6.9203 |17.54 #0.03 17.49 +0.04|-1.75 #0.05 0.31 =0.05
MALA 36.7261 -4.3935 |17.52 +0.04 16.14 #0.05|-2.33 #0.06 -0.99 =0.06
CEU1 35.8920 -5.3064 | 15.60 +0.04 17.36 #0.04| -4.26 #0.06 0.21 +0.05
SFER 36.4643 -6.2056 | 15.57 #0.01 17.16 +0.01|-4.01 +0.04 -0.01 #0.04

Table 9.1: CGPS-derived absolute velocities and associated errors in IGb08 reference frame and

residual velocities with respect to Eurasia fixed.

Most of the sites located in the Iberian Massif have very low relative
displacement with respect to stable Eurasia, and all of them have a roughly
westward component. HUEL and CAST, are faster than COBA and RUBI (Fig.
9.2). Moreover, the stations in the western Gibraltar Arc (CEU1, LIJA, SFER)
show a westward motion relative to its foreland (HUEL) (Figs. 9.1 and 9.2), the
values reaching a maximum in the Gibraltar Strait (CEU1, 4.26 mm/yr) and its
northern nearby region (ALJI 4.00 mm/yr), as well as in the area to the

northwest (SFER site, 4.01 mm/yr). This displacement (Figs. 9.1 and 9.2)
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slightly decreases toward the north (LIJA, 2.56 mm/yr) and east (MALA, 2.33
mm/yr and LOJA, 2.81 mm/yr). Further eastward, the relative displacement has
a minor WSW component (LOJA and MALA) in contrast to the purely westward
motion of the LIJA, SFER and CEU1 stations.
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Figure 9.3: Position time series of the network stations (North and East components in
metres. Yellow lines are considered outliers according to the software applied. Absolute

velocities are included in Table 1.
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In the northwestern front of the Betic Cordillera there is a high gradient of
progressively decreasing displacement, up to the foreland located toward the
NW, evidencing oblique contraction. Moreover, the moderate difference of the
displacements between LOJA and MALA with respect to ALJI (Figs. 9.1 and
9.2) supports the occurrence of a low intensity widespread extension in the

southeastern part of the study area.

9.5 Recent, active and other relevant structures

Field observations reveal the main features of the geological structures
that may accommodate the present-day westward displacement of the western
Betics with respect to its foreland. Most of the frontal area is formed by soft
rocks of Miocene to Quaternary ages (Fig. 9.1), with scarce reference horizons.
They unconformably lies over Cretaceous to Jurassic carbonate series. There are

also olisthostromic masses mainly formed by Triassic sediments (Figs. 9.4, 9.5,

and 9.6).

The westernmost front of the Cordillera (Figs. 9.1 and 9.2) constitutes a
thin-skinned fold and thrust belt and huge olisthostromic masses derived from
the External Zones. Folds affecting Jurassic and Cretaceous rocks (Sierra de
Lijar, Fig. 9.4), as well as Upper Miocene sediments (Montellano area, Figs. 9.5
and 9.6), generally have NE-SW orientations ranging from N45°E to N50°E.
More recent folds affect Pliocene sediments in the Montellano area (Fig. 9.5)
and have axes N20°E to N40°E. The geometry of these folds varies from NW
vergent moderately inclined (Sierra de Lijar, Fig. 9.4) to upright (Espera, Fig.
9.7). Southward along the Gibraltar Arc, folds also affect the inner sector of the
Cordillera, as evidenced by the N-S oriented Manilva antiform (Figs. 9.6 and
9.8) formed in early-middle Miocene, but also affecting upper Miocene rocks
(Balanyd er al, 2012) and Pliocene sediments (Durand-Delga, 2006).
Although the main observed structures are recent folds, scarce recent reverse
faults can also be identified, for instance near Espera (Figs. 9.6 and 9.7). These
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structures are responsible for accommodating recent shortening in the western

Betics.
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Figure 9.4: Structure of the Lijar range. (a) Geological map. (b) Cross-section. Modified from
Cano-Medina (1981). See regional location in Fig. 9.1a.
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Figure 9.5: Structure of the Montellano area. (a) Geological map. (b) Cross-section.

Modified from Garcia de Domingo et al. (1985). See regional location in Fig. 9.1a.

Several E-W oriented faults occur in the Grazalema area (Figs. 9.1 and
9.6), separating sectors with different westward displacements. Despite the
expected dextral kinematics, a detailed analysis of striae and S-C structures
reveals that these faults have reverse kinematics and are inactive at present.
Thus, we have not identified any remarkable tectonic structure that would justify
the different displacement observed between LIJA and ALJT sites (Figs. 9.1 and
9.2). Therefore, the strong N-S gradient inferred might be due to the poor
velocity estimation at ALJI station, which, in turn, could be related to a site
effect (see time series; Fig. 9.3). Alternatively, these data may evidence a fast
present-day block rotation. In addition, the N-S oriented faults between ALJI
and MALA sites should have a normal regime, though they do not show typical

features of active faults.
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Figure 9.6: Field structures. (a) Dipping Upper Miocene biocalcarenite layer in the western limb
of the Montellano synform. (b) Reverse fault in the Espera area. (b;) Detailed view of fault
gauge fabric. (c) Manilva N-S oriented antiform. (d) E-W oriented fault in Grazalema area with

expected strike-slip but which only shows S-C structures of reverse fault.
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Figure 9.7: Folds affecting up to Pliocene sediments in the Espera area. (a) Geological map. (b)

Cross-section. Modified from Garcia de Domingo et al. (1985). See regional location in Fig. 1a.

140



Chapter 9: Active rollback in the Gibraltar Arc: evidences from CGPS data

-5.30 -5.29 -5.28 -5.27 -5.26

—r—

Thrust  Fault  Antiform Synform Undifferentiated  Unconformity
contact

|:l Grey and white marls (Pliocene) - Limestones (Paleocene)

I:I Sandstones and marls (Miocene) I:I Marly limestones (Upper Cretaceous - Paleocene)
I:l Sanstones and marls (Oligocene - Miocene) - Sandstone and marls (Lower Cretaceous)

ﬂ:l Sandstones (Oligocene) - Marls and Marly limestones (Lower Cretaceous)
- Calcarenites and marls (Eocene) Limestones (Jurassic)

I-r
b WNW {/ \ \» \\ ESE

W

%, Q%%m

. Ve o
%q‘%’- 4"‘%@%

RRYLERSS

Figure 9.8: N-S oriented antiform in the Manilva area. This fold mainly developed during
Miocene, though also affects Pliocene deposits. (a) Geological map. (b) Cross-section. Modified
from Cano Medina and Torres Roldan (1980). See regional location in Fig. 1a.

141



Crustal structure and active deformation in the westernmost Betic Cordillera and its foreland

9.6 Shortening in the western Betic mountain front and clockwise rotation

The cross-section of the Espera region (Fig. 9.7) allows us to derive a
mean value of WNW-ESE to W-E shortening that may be taken into account for
the whole frontal area. Considering the Messinian calcarenites as a reference
level affected by Early Pliocene (5.3 to 3.6 Ma) folds, an average shortening of
16.1 % is estimated to have occurred. LIJA site and the westward Betic
Cordillera mountain front in the direction of Trebujena are 61 km apart. Bearing
in mind a roughly homogeneous shortening, folding has accommodated 11.70
km of deformation at a geological rate between 2.2 and 3.25 mm/yr, while the

CGPS observations determine a present-day rate of 2.6 mm/yr.

The clockwise rotation of the western Betic units is of 60° (Platzman, 1990;
Platzman and Lowrie, 1992; Platt et al, 2003) since Cretaceous times (145.5 to
65.5 Ma). Considering that rotation started at 65.5 Ma, on average a rate of
0.916°/Ma can be inferred. If we take into account the different displacement
rates at LIJA and ALJI stations, as well as the distance and angle between them,
a clockwise block rotation of 2.06°/Ma would have been occurring at present, i.e.
approximately twice the long-term geological rates but in agreement with the

sense of rotation.

9.7 Discussion

We have analyzed data and used velocities from 10 CGPS Topo-Iberia and
EUREF stations acquired in the period 2008-2013 to investigate present-day
deformation in the Western Betic Cordillera. These new data provide very
detailed information on deformation in the area. The new data depict a more
consistent pattern of roughly parallel westward displacements that reach
maximum values in the central part of the Gibraltar Arc (ALJI, CEU1) and
decrease toward the NW Betic mountain front. This pattern contrasts with the

previous marked arcuated patterns proposed by Vernant er al. (2010), Koulali et
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al. (2011), Palano et al. (2013) and De Lis Mancilla et al. (2013), being however

in agreement with the simpler patterns of Serpelloni er al. (2007).

The above deformation pattern agrees with an active westward
displacement of the western Betics in the northern branch of the Gibraltar Arc.
Toward the NW mountain front, a fold belt with scarce reverse faults
accommodates the deformation over a basal detachment. The folds in the
Montellano area (Fig. 9.5) evidence active deformation at least since the late
Miocene. While the oldest folds have NE-SW trends, the most recent folds have
a NNE-SSW orientation, closer to N-S. Although this setting may have been a
consequence of changing stresses or convergence trends, it is more likely due to
progressive clockwise rotation during oblique convergence in agreement with
regional clockwise block rotations (Fig. 9.9). The N-S oriented antiform mainly
developed during Miocene (Balanyd er al, 2012) and affecting Pliocene
sediments nearby Manilva (Durand-Delga, 2006) is compatible with the
westward present-day displacement recorded in the westernmost part of the

Gibraltar Arc.

The estimated values of geological shortening for the Lijar-Trebujena
cross-section (2.2-3.25 mm/yr) are in line with the geodetic rates (2.6 mm/yr),
thus supporting a continuous deformation in the western Betics since the
Pliocene. Frontal folds accommodate most of the deformation and are
responsible for the rectilinear character of the northwestern mountain front. The
present-day clockwise rotation sense is also in agreement with paleomagnetic

studies (Platzman, 1990; Platzman and Lowrie, 1992; Platt et al, 2003).

The displacement pattern points to an active westward motion of the
mountain belt along the Gibraltar Arc (Figs. 9.1, 9.2 and 9.10). Geodynamic
models that involve only delamination would imply active extension in the whole

orogeny. Therefore, our results do not give credit to delamination models. On
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Figure 9.9: 3D model of the folded belt in the NW frontal zone of the Betics. (a) Progressive
dextral rotation of folds due to oblique convergence, which probably determines the end of
their activity and the development of a new fold generation with orientation more close to N-
S. (b) The asymmetrical vergent folds toward the inner zones become symmetrical and more

open toward the NW mountain front in a thin skinned tectonic scenario.

the contrary, models that consider a simple orogenic wedge with a subduction
zone, are compatible with a continuous compressive westward motion. However,
these simple models do not agree with the moderately present-day extension
evidenced by the larger westward motion of LIJA and CEU1 sites with respect to
MALA and LOJA. Finally, if subduction with related active slab rollback is
considered (Fig. 9.10), the expected deformation pattern may fit quite well the
obtained GPS results. This tectonic model determines, at surface, that the
frontal compressive deformation area is related to an oblique dextral
convergence mainly accommodated by folds. At a broader scale, this setting
produces the progressive clockwise rotation of the more rigid tectonic blocks.

The fact that subduction is active in the Betic Cordillera is evidenced by the

144



Chapter 9: Active rollback in the Gibraltar Arc: evidences from CGPS data

intermediate deep seismicity along the arcuate band parallel to the western
boundary of the Albordn Sea (Fig. 9.1). This model for the Betic Cordillera is
also compatible with models proposed for the Rif Cordillera (Fadil er al, 2006;

Pérouse et al., 2010) that envisage slab rollback.
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Figure 9.10: Tectonic model for the westernmost Betic Cordillera integrating CGPS data. The
slab rollback tectonics determines the faster westward displacement of the westernmost portion
of the orogen and the development of dextral rotations. At the same time, moderate E-W

oriented extension occurs toward the southeastern sector of the studied region.

9.8 Conclusions

A CGPS monitoring by means of the Topo-Iberia stations has allowed us to
determine the present-day deformation of the Western Betic Cordillera from
recent data (2008-2013) affording higher detail and precision than previous
assessments. Accordingly, the development of the Gibraltar Arc continues at
present. Maximum relative westward displacements with respect to the foreland
reach up to 4.27 mm/yr in the Gibraltar Strait. The rate of displacement

decreases along a narrow band toward the northwest mountain front and toward
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the eastward internal zones of the arcuate orogen. Furthermore, present-day
clockwise rotation of geological units in the western Betics is shown to be faster
(2.06°/Ma) than long-term geological rotations (0.916°/Ma). Such displacement
values are compatible with the presence of a region undergoing contraction in

the frontal part of the Cordillera, while moderate extension takes place eastward.

The oblique shortening of the Cordillera with respect to its foreland is
accommodated by a deformation band affected mainly by folds, active at least
since the Late Miocene. Local reverse faults have also been identified. While
long-term WNW-ESE to W-E shortening rates from the LIJA station to the NW
mountain front are of the order 2.2-3.25 mm/yr, present-day rates lie within this
range, reaching 2.6 mm/yr. The presence of soft rocks and the thin-skinned
tectonics characterizing most of the mountain front, would have concentrated
the deformation along folds at shallow crustal levels, thus explaining the scarce

seismicity in this region.

The new CGPS-derived velocity field for the Western Betic Cordillera,
together with the intermediate-depth seismicity, is in agreement with active

subduction and slab rollback.
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Chapter 10

General discussion

The new data presented in this Ph.D. Thesis further our knowledge of the
crustal structure of the westernmost Betic Cordillera and its foreland beside the
recent tectonic evolution of this area. Their relevance points to shed light on the
discussion about the geodynamic models suggested for the Neogene to Present
evolution of the Gibraltar Arc. This chapter initially includes discourse regarding
the suitability of applied methodologies and their contribution to the body of
knowledge regarding new crustal structures in the region, unknown to date.
Right after, the recent evolution and present-day tectonic activity of the area are
discussed in the framework of the new supporting data. Finally, the findings are
integrated in order to highlight their significance with respect to geodynamic
models proposed for the Betic-Rif-Albordn region. In order to avoid the
repetition of discussions included in Part II of the volume, this chapter is meant
to summarize and integrate the main subjects constituting the present Ph.D.
Thesis. Even so, some concepts are repeated for the sake of consistency in

expounding the discussion.

Crustal structure of the Westernmost Betic Cordillera and its foreland based on

geophysical data supported by additional geological observations

Until now, only scarce detailed research efforts have been concerned with
the crustal structure of the westernmost Betic Cordillera and its foreland,
probably due to the poor quality of the outcrops highly conditioned by a flat
topography, the covering vegetation and soils, and the low intensity of recent
deformation. Geophysical studies, meanwhile, have been chiefly developed in

the framework of seismic and seismology. Yet by combining geophysical
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methods and geological observations we were able to analyse the main deep

features in covered regions of this complex geological setting.

Regional magnetic data (Socias and Mezcua, 2002) may trace a general
pattern of the distribution of the main magnetic bodies and hence improve the
rough determination of crustal structures at depth. Even so, field magnetic
measurements are essential to constrain the regional anomalies in detail and to
elucidate local structures that are not identified by the regional data. Field
measurements should be performed along profiles crossing the anomaly dipoles
or the maxima in order to locate anomalous structures. In dipole anomalies, the
magnetic anomalous bodies are positioned between the maxima and minima in a
normal environment of middle latitudes, while in isolated maxima, the bodies are
close to the anomalies. The Curie Point restricts the applicability of this method
to a maximum of 30 Km depth in a normal geothermal gradient area, due to the
fact that below this depth the higher rock temperature would make most of the
ferromagnetic minerals lose their magnetic properties. The simultaneous
modelling of aeromagnetic and field magnetic data in this region stand as a novel
contribution of this Ph.D. thesis and the vantage point from which to accurately
assess the location of the magnetic anomalous bodies in depth. From a
qualitative standpoint, the difference between the magnetic anomaly intensity
determined from aeromagnetic and field magnetic data increases as shallower
the body is. While modelling, it is possible to fit both the calculated and the
observed magnetic anomalies by changing the shape, depth and susceptibility of
the polygons. The simultaneous aeromagnetic and field magnetic data modelling
thus serves to constrain the results and reduce uncertainty. In view of the above,
the magnetic studies related to this research have identified some geological
features unknown to date. In this sense, the magnetic dipole related to the
Monchique Alkaline Complex, which constitutes the most intense dipole in the
Southwestern Iberian Peninsula, was analysed in detail in order to establish its

eastward extension (Fig. 5.8). This study entailed magnetic observations along
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the Portimao-Odemira and Olhdo-Castro Verde profiles. In addition, an E-W
magnetic profile crossing the Guadiana River besides two N-S aeromagnetic
profiles located in both the East and West, sides of the river came to reveal the
Guadiana fault (Fig. 5.8) as a major blind crustal structure probably of late
variscan age. Magnetic data are traditionally related to gravity data, as both
constitute potential fields and can support each other. In this way, the presence
of the Guadiana fault is further founded on gravity data along the same E-W
profile. The rectilinear character of the Guadiana River channel near its mouth
and a set of joints following the trend of the proposed blind fault shed light on
the presence of this major structure evidenced by weak surface deformations.
Eastward, a magnetic maximum located above the Guadalquivir foreland basin
could be in contact to the former dipole. Due to the location of this area, in a
recently active tectonic zone, the anticipated geothermal gradient is higher than
normal, meaning that the maximum depth of the magnetic method results is
shallower. The fact that the magnetic anomaly intensity, amplitude and trend are
similar for aeromagnetic and field magnetic data in the area points to a body
whose top lies at great depth. Considering the geothermal gradient in the region,
magnetic data lead us to discuss the nature and location of the top of this body,
but do not provide insight as to the bottom depth. Still, this method highlights

the presence of an anomalous body unknown to date.

The 3D character of the regional structures in the western Betic Cordillera,
the substantial sea influence and the proximity of the Gibraltar Strait have
restricted the magnetotelluric research in the region, thus far exclusively
developed with low accuracy to the east and northeast (Rosell er al,, 2011; Ruiz-
Constan et al, 2010; Pous er al, 2011). Given the location of the studied area, it
is essential to constrain the effect of the sea and the narrow Gibraltar Strait on
LMT data in order to precisely isolate the response of the geological structures.
The bathymetry and the irregular coast line broadly define the LMT response in
the region. As longer the period is, induction arrows show that the Atlantic

Ocean prevails over the influence of the Mediterranean Sea. The phase tensor
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pattern is quite homogeneous for this period due to the fact it is a large scale
effect. The Gibraltar Strait condition the real part of the tipper vectors mainly
for shorter periods and nearby areas. Meanwhile, the current channel through
the Strait strongly affects the vertical component of the magnetic field. This
effect, together with the Atlantic and Mediterranean Sea influence, has to be

taken into account in any interpretation of LMT data in the region.

Long period magnetovariational observations were acquired at a grid of 26
sites in the westernmost Betic Cordillera in order to derive the induction arrows
pattern in the area. Once the bathymetry as well as the known major geological
structures was taken into account for 3D forward modelling, the different
induction arrows patterns between the data and the 3D model for long periods
underlined the presence of a deep conductive body. This high conductor
structure is located within the southern part of the of the Guadalquivir foreland
basin basement, just coinciding with the position of the magnetic anomaly
maximum previously identified. Long period magnetovariational research
enhances magnetic studies and helps to determine the depth extent and
conductivity of the anomalous structure, which we call Villafranca body (Fig.
7.7). The extremely low resistivity of Villafranca body together with its magnetic
properties constrains the lithological interpretation to an intermediate or basic

body with a high sulphide content.

Recent evolution and active tectonic in the Westernmost Betic Cordillera from

geological research, GPS data and shallow geophysical observations

The westernmost Betic Cordillera front has traditionally been considered
to be an inactive thrust. The scarce outcrops and the absence of detailed
geophysical and GPS data hampered proposals regarding the activity and
structures in the area. Westward, the offshore Gulf of Cadiz is held to represent
present-day thrusting (Gutscher et al, 2002, 2012). Eastward, its activity has

been delineated by shallow earthquakes related to reverse and strike slip faults
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affecting the Iberian crust in the Morén and Torreperogil areas (Ruiz-Constdn
et al., 2009; Pedrera er al, 2013). In the central Betics the front is inactive and
the deformation is highlighted toward the interior of the Cordillera (Ruano et al,
2004). New geomorphological and field geological observations, together with
GPS data for this region come to shed light on the present day tectonic activity
of the westernmost mountain front. These results are supported by shallow

geophysical data.

The Gulf of Cadiz coastline is underlined by a rectilinear step between the
Chipiona and Sanlidcar de Barrameda towns; it extends at least 7 Km along the
southern boundary of the Guadalquivir Basin. The sinuosity mountain index of
1.13 confirms the active tectonic character of the westernmost mountain front. A
detailed audiomagnetotelluric profile orthogonal to the mountain front reveals
the Guadalquivir Basin sedimentary infill at depth besides a sharp mountain
front related to antiformal structures in the area. In addition, seismic reflection
profiles orthogonal to the westernmost mountain front and at the Guadalquivir
basin, support the development of folds along the western Betic front as well as a
southeastward progradation and thickening of the Guadalquivir Basin infill
affecting up to Holocene deposits (Salvany er al, 2011; Rodriguez-Ramirez et

al., 2014).

Main deformation in the westernmost Betic Cordillera front entails recent
and active folds affecting Tortonian up to Holocene deposits that evolve over a
basal detachment (Fig. 8.7 and 9.9). The presence of soft rocks and deformation
accommodated along folds at shallow crustal levels would explain the scarce
seismicity of this region. Deformation along the oblique foreland boundary
determines a progressive rotation. Indeed, while the oldest folds have NE-SW
trends, the most recent folds are NNE-SSW to N-S oriented. Brittle deformation
in the westernmost front is limited to tensional joint or hybrid joint sets forming
an acute angle suggesting NW-SE compression and NE-SW tension. Scarce

normal faults develop along an antiformal culmination, revealing a local shallow
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NW-SE to NNW-SSE extensional trend as consequence of the relief uplift. The
former area is mainly deformed by folding with N-S structures (Manilva

antiform) affecting up to upper Miocene rocks and Pliocene sediments (Balany4

et al, 2012; Durand-Delga, 2006).

Up to now, GPS data showed an arcuate displacement pattern (NW-
WNW) for the western Betic Cordillera with respect to the stable Iberian Massif
(Serpelloni et al, 2007; Vernant et al, 2010; Koulali er al, 2011). These data
were in line with the present day building up of the Betics, but their
interpretations did not take into account the active tectonic structures in the
area. The newest GPS data (2008-2013) indicate a very consistent homogeneous
westward motion (Fig. 9.2) increasing toward the south and west, reaching
maximum values in the Gibraltar Strait area (CEU, LIJA, SFER). The
displacement progressively decreases toward the northwestern mountain front
(LIJA), being minimal in the relatively stable foreland (LAGO, HUEL, CAST,
COBA, RUBI). The southeasternmost stations (MALA, LOJA) show a lower

displacement with respect to the Gibraltar Strait area.

This research proposes, for the first time, that the westernmost mountain
front is still active and accommodates the deformation by folding, the ENE-
WSW oblique foreland boundary acting as a barrier to the westward motion of
the westernmost Betic Cordillera (Fig. 10.1). The folds would moreover be
responsible of the rectilinear character of the westernmost Betic Cordillera front,
and together with the southeastward thickening of the Guadalquivir Basin
sedimentary infill, they suggest its present day activity. Southward along the
Gibraltar Arc, in the inner parts on the Betic Cordillera (Espera and Grazalema
areas), E-W scarce reverse and inactive faults cannot be related with the recent
or present westward displacement of the Internal Zones. The absence of any
tectonic structure justifying the different displacement between LIJA and AL]JI
areas, together with the NNE-SSE orientation of the more recent folds with

respect to the NE-SW oldest trends, points to a progressive clockwise rotation
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during oblique convergence in agreement with regional clockwise block
rotations. The above interpretation also agrees with paleomagnetic studies that
support a 60° clockwise rotation of the western Betic units since Cretaceous
times (Platzman, 1990; Platzman and Lowrie, 1992; Platt et a/, 2003). From the
region of maximum westward displacements in the Gibraltar Arc, there is an
eastward decrease of the GPS rates that should generate extension in the eastern

regions, as is corroborated far to the East in the Padul and Nigtielas faults nearby

the city of Granada (Galindo-Zaldivar er al, 2003).

Finally, the derived values of WNW-ESE to E-W geological shortening for
the Lijar-Trebujena cross-section (2.2-3.25 mm/yr) compared to the geodetic
present day rates (2.6 mm/yr) are similar and support continuous deformation

in the western Betics since the Pliocene.

New insight into the tectonic evolution models of the Gibraltar Arc

The geological, geophysical and geodetical research carried out for this
Ph.D. Thesis point to active westward motion of the Betic Cordillera along the
Gibraltar Arc. As noted above, this motion is related to an oblique dextral
convergence between the Eurasian and African plates in the western
Mediterranean, mainly accommodated in the westernmost Betic Cordillera by
folds over a main detachment and producing regional clockwise block rotations
with relative extension to the eastward areas. In this setting, geodynamic models
considering lithospheric delamination (Garcia-Duefas et al, 1992; Seber et al.,
1996; Calvert et al., 2000; de Lis Mancilla, 2013) would imply active extension in
the whole area and do not fit the presented results. On the other hand, models
based only on subduction processes (Arafia and Vegas, 1974; De Jong, 1991 and
1993; Wortel and Spakman, 1992; Zeck et al, 1992) would infer a compressive
westward motion but do not explain the moderate extension highlighted by the
gradient between the Western and Eastern GPS stations (CEU, SFER, AL]JI,
LIJA with respect to LOJA and MALA).
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To conclude, this research supports a lithospheric subduction with related
active slab rollback (Blanco and Spakman, 1993; Morley, 1993; Royden, 1993;
Lonergan and White, 1997; Hoernle et al, 1999; Wortel and Spakman, 2000;
Gutscher et al,, 2002; Gil et al. 2004; Spakman and Wortel, 2004; Thiebot and
Gutscher, 2006; Brun and Faccena, 2008; Pedrera er a/, 2011; Ruiz-Constan et
al, 2011, 2012a) to explain the tectonic activity of the westernmost Betic
Cordillera and the proposed deformation pattern (Fig. 10.1). It is not possible to
ensure the suitability of the slab detachment. Deep seismicity along the arcuate
band parallel to the western boundary of the Albordn Sea suggests active
subduction. The geodynamic model proposed for the Betic Cordillera is in
agreement with the slab rollback suggested for the Rif (Pérouse et al, 2010), in a
different orientation, and may represent the normal behaviour during the

development of the Gibraltar Arc.
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Conclusions

This chapter summarizes the findings compiled in the previous chapters for
the purpose to underline the main contribution of this Ph.D. Thesis to the
knowledge of the crustal structure and recent tectonic evolution of the
westernmost Betic Cordillera and its foreland. Furthermore, the geodynamic
model of the Gibraltar Arc supported by this research is highlighted. Integration
of geological and geophysical methods is essential to determine the shallow and
deep crustal structure mainly in areas with scarce outcrops and complex

geological setting as the westernmost Betic Cordillera.

The simultaneous modelling of aeromagnetic and field magnetic data allow
accurately constrain the features of the bodies responsible of the magnetic
anomalies. The understanding of the magnetic anomalies in the southwestern
Iberian Massif made possible to constrain the extension in depth of the
Monchique Alkaline Complex with lenticular shape, 50 km wide and its eastward
prolongation of more than 150 km. The intrusive body should have a weak
remnant magnetization parallel to the induced one. Moreover, combining these
data with gravity measurements as well as geomorphological and structural
geology observations has been useful to identify the Guadiana fault, interpreted

as major N-S oriented blind crustal fault of probable late Variscan age.

Long Period Magnetotelluric data constitute the most suitable tool to
determine the conductivity of the deep crustal structure. In that way, MT
response functions onshore are strongly influenced by the bathymetry and the

coast line geometry in areas surrounded by sea water depending on the distance
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and the period. In addition, a narrow strait connecting two seas concentrates the
electric currents provoking large tipper vectors at sites close to the strait onshore
but with negligible effect on phase tensor. Hence, it is essential to take into
account the detailed bathymetry and coast line geometry in any MT research

performed in areas nearby the Gibraltar Strait.

Long period magnetovariational observations in the westernmost Betic
Cordillera supported by magnetic anomaly studies have elucidated the presence
of a highly conductive (0.05 Q-m) and magnetic anomalous body, the Villafranca
Body. This up to date unknown structure should have sulphide nature and is
located at 10 to 30 km depth, probably in an igneous host rock. Villafranca
determines also the major magnetic anomaly located in the Variscan basement of
the Guadalquivir foreland basin. It may represent a structure related to the
Iberian Pyrite Belt, or else a body emplaced along the South Iberian Margin

during the Mesozoic Tethys evolution.

The compilation of geological, geophysical and available GPS data supplies
consistent arguments to support the present day tectonic activity of the
westernmost frontal area of the Betic Cordillera. This fact produces the
progressively southeastward increase of the Guadalquivir Basin infill reaching up
to Holocene deposits. Recent and active folds accommodate the deformation
along the westernmost mountain front and are responsible of its rectilinear
character. The presence of soft rocks and the thin-skinned tectonics would have
concentrated the deformation along folds at shallow levels over a basal
detachment, thus explaining the scarce seismicity in this region. A WNW-ESE to
E-W tectonic shortening occurs in the western Betics since the Pliocene,
evidenced by a roughly constant rate (2.2-3.25 mm/yr) for Lijar-Trebujena

Cross-section.

New continuous GPS data evidence the maximum relative westward

displacements of western Betic Cordillera with respect to the foreland reaching
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up to 4.27 mm/yr in the Gibraltar Strait. The rate of displacement decreases
along a narrow band toward the northwest mountain front and eastward, to the
internal zones of the arcuate orogen. This behaviour supports the variscan
foreland as a barrier to the westward motion of the Betic Cordillera. Such
displacement values are compatible with the presence of a region undergoing
contraction in the frontal part of the Cordillera, while moderate extension takes
place eastward. In addition, a progressive clockwise rotation during oblique
convergence is in agreement with regional GPS results (2.06° /Ma) faster than
long-term geological rotations deduced from previous paleomagnetic data
(0.916°/Ma). This fact is compatible with progressive rotation of fold axes

pattern.

The new geological, geophysical and geodetical data in the Westernmost
Betic Cordillera presented in this Ph.D. Thesis support the active subduction

and slab rollback as the more confidence model for the recent evolution of the

Gibraltar Arc.
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Conclusiones

Este capitulo resume los resultados presentados, con el propésito de subrayar
la principal contribucién de esta Tesis al conocimiento de la estructura cortical y
evolucidén tectdnica reciente del extremo occidental de la Cordillera Bética y su
antepais. Asimismo, se destaca el modelo geodindmico de evolucién del Arco de
Gibraltar respaldado por este trabajo. La integracion de métodos geoldgicos y
geofisicos es fundamental para determinar la estructura superficial y profunda de
la corteza, especialmente en dreas con pocos afloramientos y contexto geoldgico

complejo, como la zona occidental de la Cordillera Bética.

La modelizacién simultdnea de anomalias aeromagnéticas y magnéticas de
campo nos permite constreniir de manera precisa las caracteristicas de los cuerpos
responsables de dichas anomalias. El analisis de las anomalias magnéticas en el
Suroeste del Macizo Ibérico, ha hecho posible determinar la extensiéon en
profundidad del Complejo Alcalino de Monchique, con forma lenticular y 50 km
de anchura, asi como su prolongacion de mds de 150 km hacia el Este. Este cuerpo
intrusivo debe tener una magnetizacién remanente débil paralela a la inducida.
Ademds, la combinacién de estos datos con medidas gravimétricas junto con
observaciones geomorfolégicas y estructurales, ha permitido identificar la Falla del
Guadiana, interpretada como una falla ciega de orientacion N-S posiblemente de

edad tardivarisca.

Los datos magnetoteliricos (MT) de largo periodo constituyen el mejor
método de prospeccion geofisica para determinar la estructura conductora de la
corteza en profundidad. La respuesta de los parametros de MT en tierra estd
fuertemente influenciada por la batimetria y la geometria de la linea de costa en
dreas rodeadas por agua de mar, en funcién de la distancia y el periodo. Ademas,

un estrecho pequefio que conecte dos mares, concentra las corrientes eléctricas y
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provoca tippers vectors de gran magnitud en estaciones en tierra cercanas a dicho
estrecho, pero tiene efecto inapreciable en el phase tensor. Por tanto, es esencial
tener en cuenta la batimetria y geometria de la linea de costa precisas en el

desarrollo de cualquier investigacion magnetotelirica en zonas cercanas al

Estrecho de Gibraltar.

El andlisis de datos magnetoteluricos de largo periodo en el extremo
occidental de la Cordillera Bética apoyados por el estudio de anomalias
magnéticas, revelan la presencia de un cuerpo anémalo magnético y altamente
conductor (0.05 Q-m), Villafranca. Este cuerpo, desconocido hasta ahora, debe
contener sulfuros probablemente en una roca de caja ignea y se situa entre 10 y
30 km de profundidad. Villafranca determina ademds la mayor anomalia
magnética localizada en el basamento de la cuenca de antepais del Guadalquivir.
Podria representar una estructura relacionada con la Faja Piritica de la Zona
Sudportuguesa o también un cuerpo emplazado en el margen Sudibérico durante

la evolucion Mesozoica del Tethys.

La compilacion de datos geoldgicos, geofisicos y de GPS, aportan
argumentos consistentes para afirmar la actividad tecténica actual del extremo
Oeste de la Cordillera Bética. Dicha actividad produce el progresivo aumento del
relleno de la cuenca del Guadalquivir hacia el Sureste que afecta hasta materiales
Holocenos. La deformacién es acomodada por pliegues activos y recientes que son
los responsables del caricter rectilineo del extremo occidental del frente
montanioso. La presencia de rocas blandas y una tecténica de thin-skinned
concentrarian la deformacion a lo largo de pliegues superficiales sobre un
despegue basal, lo que explicaria la escasa sismicidad en la zona. En el Oeste de la
Cordillera Bética se ha producido un acortamiento tecténico desde el Plioceno en
direccion ONO-ESE a E-O con una velocidad constante aproximada de 2.2-3.25

mm/a calculada para la seccién Lijar-Trebujena.
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Nuevos datos de GPS de registro continuo ponen de manifiesto el mdximo
desplazamiento relativo de la parte occidental de la Cordillera Bética hacia el
Oeste respecto al antepafs, que alcanza valores hasta 4.27 mm/a en el Estrecho de
Gibraltar. La velocidad de desplazamiento disminuye a lo largo de una banda
ancha hacia el Noroeste en el frente montafioso y hacia el Este, en las partes
internas del orégeno. Este contexto supone que el antepais Varisco actia como
una barrera frente al movimiento hacia el Oeste de la Cordillera Bética. Los valores
de desplazamiento son compatibles con la existencia de contraccién en la parte
frontal de la Cordillera y extension moderada hacia el Este. Asimismo, la rotaciéon
calculada a partir de los datos regionales de GPS (2.06°/Ma) concuerda con un
modelo de rotacién horaria progresiva durante la convergencia oblicua, mds rdpida
que las rotaciones geoldgicas obtenidas a partir de datos previos de
paleomagnetismo (0.916°/Ma). Estos resultados son compatibles con el patrén

general de rotacién progresiva de los ejes de los pliegues.

Los nuevos datos geoldgicos, geofisicos y geodésicos en el extremo
occidental de la Cordillera Bética presentados en esta Tesis favorecen la

subduccidn activa y slab rollback como principal modelo de evolucién reciente del

Arco de Gibraltar.
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