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Abstract

This thesis provides a detailed onshore-offshore structural analysis of Neogene–
Quaternary tectonic structures in the southeastern Betics and their control on 
bathymetry, landscape and drainage evolution. The extensional processes that led to the 
development of the southeastern Betic basins (Sorbas–Tabernas, Vera and Níjar basins) 
in the core of the Gibraltar subduction-collisonal system produced important Tortonian 
marine depocenters coeval to arc and backarc magmatic accretion offshore along the 
Palomares margin. Unconformities related to this extension occur up to the latemost 
Tortonian (~8 Ma) affecting the Azagador member temperate limestones. This extension 
was strongly heterogeneous and partitioned by large transfer faults like the Carboneras 
sinistral and North Cabrera dextral faults. 

The contractive inversion of the basins initiated during the latemost Tortonian with the 
development of the E–W Sierra Alhamilla–Polopos and NE–SW Cabrera anticlinoria 
and associated reverse faults, together with the E–W to ESE–WNW Polopos dextral and 
NNE-SSW Palomares sinistral conjugate transcurrent faults. This thesis provides a new 
morpho-structural map (fault segmentation, fluvial terraces and alluvial fans) defining 
the ~30 km length Polopos fault zone and highlighting its Quaternary to recent activity. 
This fault zone is formed by the North Alhamilla reverse fault and the North and South 
Gafarillos dextral-reverse faults, all segments active from the latemost Tortonian (≈ 7 
Ma) up to the late Pleistocene (≥ 70 ky) except the North Gafarillos one that is sealed 
by the Messinian Cantera member reef carbonates. The helicoidal geometry of the fault 
zone permits to shift SE-directed displacement along the South Cabrera reverse fault to 
NW-directed shortening along the North Alhamilla reverse fault via vertical Gafarillos 
fault segments, in between.

Structural field-based and morphometric GIS-based studies show that dextral 
transpressive and reverse displacement along the Polopos fault zone conditioned the 
relief in the Sierra Alhamilla northern slope producing a set of fault-related geomorphic 
features congruent with the tectonic uplift of its hanging-wall (e.g. rectilinear mountain 
fronts, deeply dissected basins and valleys, immature drainage basins, and stream 
“rejuvenation” process in the proximity of faults). The morphometric GIS-based 
and tectonic data set in the Sierra Cabrera anticlinorium highlights the occurrence of 
an active pop-up formed between the North and the South Cabrera reverse faults. The 
pop-up developed in a constrictional domain of the large-scale Polopos and Palomares 
conjugate strike-slip faults. Meanwhile, extension in the Níjar basin perpendicular to the 
present maximum shortening axis occurs in the extensional domain of the large-scale 
conjugate strike-slip fault system. The high-angle normal fault system occurring in the 
Níjar basin conditioned the relief in the Sierra Alhamilla southern slope producing a set 
of fault-related geomorphic evidence congruent with the tectonic uplift of their footwall 
(e.g. rectilinear mountain fronts, deeply dissected basins and valleys, immature drainage 
basins, fault-related knickpoints).



IV

Once the North Gafarillos fault segment was sealed by Messinian limestones, a new 
dextral-reverse fault segment developed to the south of Sierra de Polopos (South 
Gafarillos fault) that shifted the main mountain front from the north to the south of 
the mountain range. This process together with the uplift and westward propagation of 
the North Alhamilla reverse fault favored the incision of the Alias river and its affluent 
the Rambla de Lucainena that captured the Sorbas basin centripetal drainage during 
the middle Pleistocene. Continued tectonic uplift of the Sierra Alhamilla–Polopos and 
Cabrera anticlinoria and local subsidence associated to the Palomares fault zone in the 
Vera basin promoted the headward erosion of the Aguas river drainage and the late 
Pleistocene capture of the Sorbas basin.

Offshore deep reflection seismic lines, parametric profiles, and bathymetry at the 
Palomares margin, together with GPS geodetic data available and focal mechanisms 
indicate that the inversion of the Palomares margin resulted in NE–SW reverse faults 
and folds and NNE–SSW sinistral strike-slip faults. These structures are comparable 
to the ones observed onshore and consistent with the NW–SE present stress field and 
presently active as inferred by seafloor features (e.g. submarine canyon deflections 
and submarine fault escarpments) and focal mechanisms in the area. The set of 
Palomares margin structures, both onshore and offshore, fit in an oblique convergence 
model where NW–SE shortening is partitioned between en-echelon reverse faults and 
associated folds, and strike-slip faults along a NNE–SSW margin. Inversion of the 
Palomares margin occurred during the latemost Tortonian–Messinian up to the present 
day and is coeval to the inversion of the Algerian margin. The late Miocene to present 
compressional inversion of the western Mediterranean is developing a new transpressive 
plate boundary at the southern margins of the Algero–Balearic and Alborán basins. This 
plate boundary has propagated westwards from the Algerian margin approximately 7 
Ma ago to the Alborán Ridge about 5 Ma ago, ending along the southern margin of the 
Western Alborán basin.

Keywords:Tectonic inversion, active tectonics, morpho-tectonics, geomorphic indices; 
fault segmentation, multichannel seismic, western Mediterranean, eastern Betics, 
Palomares margin, Sierra Alhamilla, Sierra Cabrera, Gafarillos fault, Palomares fault 
zone, Polopos fault zone, Abubacer anticline.
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Resumen

Esta tesis proporciona un análisis detallado, en tierra y en mar, de las estructuras 
tectónicas Neógeno–Cuaternarias en las Béticas orientales y su influencia en la 
batimetría y en la evolución del paisaje y la red de drenaje. Los procesos extensionales 
que llevaron a la formación de las cuencas sedimentarias de las Béticas surorientales 
(cuencas de Sorbas–Tabernas, Vera y Níjar) en el interior del sistema orogénico del 
Arco de Gibraltar produjeron importantes depocentros marinos Tortonienses coetáneos 
con la acreción magmática de arco y de retro-arco a lo largo del margen de Palomares. 
Discordancias relacionadas con esta extensión, que afectan a las calizas templadas del 
miembro Azagador, ocurren hasta el Tortoniense terminal (~8 Ma). La extensión fue 
extremadamente heterogénea y segmentada por grandes fallas de transferencia como la 
falla sinistrorsa de Carboneras y la falla dextrorsa de Sierra Cabrera Norte.

En el Tortoniense terminal se inició la inversión contractiva de las cuencas con la 
formación de los anticlinorios E–O de Sierra Alhamilla–Polopos y NE–SO de Sierra 
Cabrera y fallas inversas asociadas. Otras estructuras resultado de la inversión son la 
fallas dextrorsa de Polopos, de dirección E–O/ESE–ONO, y su conjugadas, la falla 
sinistrorsa de Palomares, de dirección NNE–SSO.

En esta tesis se realizó un nuevo mapa morfo-estructural de la zona de falla de Polopos 
que tiene aproximadamente 30 km de longitud con énfasis en su actividad Cuaternario 
hasta el presente. Esta zona de falla está formada por la falla inversa de Sierra Alhamilla 
Norte y las fallas transpresivas dextrorsas Gafarillos Norte y Gafarillos Sur, todas 
activas desde el Trotoniense terminal (≈ 7 Ma) hasta el Pleistoceno superior (≥ 70 ky) 
excepto la falla Gafarillos Norte, que está sellada por las calizas arrecifales del miembro 
Cantera. La geometría helicoidal de la zona de falla permite la transferencia desde un 
desplazamiento hacia el SE a lo largo de la falla inversa de Sierra Cabrera Sur hasta un 
desplazamiento hacia el NO asociado a la falla inversa de Sierra Alhamilla Norte por 
medio de segmentos de falla verticales dextrorsos de Gafarillos.

Los estudios estructurales de campo y morfométricos (basados en SIG) indican que 
el desplazamiento transpresivo dextrorso a lo largo de la zona de falla de Polopos 
condicionó el relieve de la ladera norte de Sierra Alhamilla produciendo un conjunto 
de rasgos geomorfológicos relacionados con fallas, congruentes con el levantamiento 
tectónico de sus bloques de techo (ej. frentes montañosos rectilíneos, cuencas y 
valles profundamente erosionados, cuencas de drenaje inmaduras, y procesos de 
rejuvenecimiento de los cauces en la inmediación de las fallas). El conjunto de datos 
tectónicos y morfométricos en el anticlinorio de Sierra Cabrera pone en manifiesto 
una estructura de “pop-up” activa formada por las fallas inversas de Sierra Cabrera 
Norte y Sierra Cabrera Sur. El “pop-up” se formó en dominio constrictivo entre las 
fallas conjugadas de salto en dirección de Polopos y Palomares. Mientras tanto, en la 
cuenca de Níjar tuvo lugar extensión perpendicular a la dirección del esfuerzo máximo 
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compresivo horizontal actual en el dominio extensional de las fallas conjugadas 
de salto en dirección. Las fallas normales de alto ángulo de la cuenca de Níjar 
condicionaron el relieve en la ladera sur de la Sierra Alhamilla produciendo un conjunto 
de rasgos geomorfológicos relacionados con fallas, congruentes con el levantamiento 
tectónico de sus bloques de muro (ej. frentes montañosos rectilíneos, cuencas y 
valles profundamente erosionados, cuencas de drenaje inmaduras, y “knickpoints” 
relacionados con fallas).

Una vez que el segmento Norte de la falla de Gafarillos fue sellado por calizas 
Messinienses, un nuevo segmento de falla transpresiva dextrorsa se desarrolló al sur 
de la Sierra de Polopos (la falla de Gafarillos Sur) que desplazó el principal frente 
montañoso del norte al sur de la sierra. Este proceso junto con el levantamiento y la 
propagación hacia el oeste de la falla inversa de Sierra Alhamilla Norte favoreció 
la incisión del río Alias y de su afluente la rambla de Lucainena que capturó la red 
de drenaje centrípeta de la cuenca de Sorbas en el Pleistocene medio. El continuo 
levantamiento de los anticlinorios de Sierra Alhamilla–Polopos y Sierra Cabrera y 
la subsidencia local asociada con la zona de falla de Palomares en la cuenca de Vera 
promovió la erosión en la cabecera del río Aguas y la captura de la cuenca de Sorbas en 
el Pleistoceno superior.

Líneas sísmicas de reflexión profunda, perfiles paramétricos, y mapas batimetrícos 
a lo largo del margen de Palomares, en mar, junto con los datos geodésicos de GPS 
y mecanismos focales disponibles en el área indican que la inversión del margen de 
Palomares produjo fallas inversas y pliegues de dirección NE–SO y fallas sinistrorsas 
de dirección NNE–SSO. Estas estructuras son comparables con las que se observan en 
tierra y consistentes con la dirección actual, NE–SO, del esfuerzo horizontal máximo 
y son activas hoy en día como indican los rasgos del fondo marino (ej. deflexiones de 
cañones submarinos y escarpes de fallas submarinas) y los mecanismos focales en el 
área. El conjunto de estructuras del margen de Palomares, tanto en tierra como en mar, 
es congruente con un modelo de convergencia oblicua donde el acortamiento NO–SE 
se reparte entre fallas inversas “en-echelon” y pliegues asociados, y fallas de salto 
en dirección a lo largo de un margen orientado NNE–SSO. La inversión del margen 
de Palomares ocurrió desde el Tortoniense terminal–Messiniense hasta el presente 
y es coetánea con la inversión del margen de Argelia. La inversión compresiva del 
Mediterráneo occidental desde el Mioceno superior hasta el presente, está produciendo 
un nuevo límite de placas transpresivo a lo largo del margen sur de las cuencas 
Argelino-Balear y de Alborán. Este límite de placas se ha propagado hacia el oeste 
desde el margen de Argelia aprox. hace 7 Ma hasta la Cresta del Alborán aprox. 5 Ma, 
terminando a lo largo del margen sur de la cuenca del Alborán Occidental.

Palabras claves: Inversión tectónica, tectónica activa, morfo-tectónica, índices 
geomorfológicos, segmentación de fallas, sísmica multicanal, Mediterráneo occidental, 
Béticas orientales, margen de Palomares, Sierra Alhamilla, Sierra Cabrera, falla de 



IX

Gafarillos, zona de falla de Palomares, zona de falla de Polopos, anticlinal de Abubacer.
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1Resumen extendido

0.0 Resumen extendido

El principal objetivo de esta tesis es la caracterización de las estructuras tectónicas 
Neógeno–Cuaternarias en la Béticas orientales desde el punto de vista estructural, 
analizando su geometría y segmentación, y desde una perspectiva morfo-tectónica, 
analizando el control tectónico de estas estructuras sobre la evolución del relieve. Se ha 
prestado una especial atención a las estructuras formadas desde el Mioceno superior en 
el marco de la inversión tectónica de las cuencas de Alborán y Argelino–Balear y de sus 
márgenes en las Béticas y el Rif en relación con la convergencia entre África e Iberia. 
Se han analizado las estructuras responsables de los últimos eventos extensionales que 
dieron lugar a las cuencas sedimentarias de las Béticas surorientales y del margen de 
Palomares durante el Tortoniense superior y las estructuras formadas con posterioridad 
representadas por fallas de salto en dirección e inversas y pliegues asociados.

El análisis geomorfológico y morfo-tectónico ha tenido un enfoque cualitativo y 
cuantitativo basado en la cartografía de rasgos geomorfológicos como terrazas y 
abanicos fluviales y el cálculo de índices geomorfológicos, en áreas claves de las 
Béticas surorientales. El análisis estructural integra datos marinos y del margen 
emergido de Palomares, incluyendo: a) la cartografía de los sistemas de fallas y su 
caracterización estructural; b) cortes geológicos construidos con la ayuda de sondeos y 
tomografía eléctrica 2D; c) cortes balanceados; d) interpretación y procesado de datos 
geofísicos marinos (sísmica multicanal, perfiles paramétricos y batimetría). Finalmente, 
el conjunto del análisis ha sido integrado con una recopilación de datos publicados 
por otros autores, como desplazamientos geodésicos de GPS, mecanismos focales, 
campos de esfuerzos, y datos de cartografía estructural tanto en tierra como en mar. 
A continuación, se resumen los distintos capítulos correspondientes a publicaciones o 
manuscritos que han resultado de esta Tesis Doctoral.

0.1 Influencia de la tectónica extensional de las fallas transfer en las cuencas de las 
Béticas surorientales (Sorbas y Níjar)

Este apartado corresponde al capítulo 6 de la tesis y presenta el análisis estructural de 
dos depocentros controlados por fallas extensionales en la cuenca de Sorbas, situándolos 
en el contexto más amplio de la extensión que desde el Mioceno medio afectó a las 
Béticas orientales. La falla dextrorsa del Norte de la Sierra Cabrera, junto con otras 
fallas E–O/NE–SO de salto en dirección, es una falla de transferencia que acomoda 
la extensión SO-NE entre el Serravalliensey elTortoniense. Estas fallas “tranfer” 
y las fallas normales asociadas forman los principales bordes de dos depocentros 
sedimentarios activos desde el Mioceno medio hasta el Tortoniense. El depocentro 
más antiguo, situado al norte de Sierra Cabrera, fue activo entre el Serravalliensey 
elTortoniense inferior (aprox. de 13.8 a 10 Ma), mientras que el depocentro más joven 
(depocentro de Gacía) se formó por un nuevo pulso extensional en el Tortoniense, entre 
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9 y 7.5 Ma. El depocentro de Gacía se formó al oeste del depocentro del norte de Sierra 
Cabrera a favor de un sistema de fallas normales lístricas, con dirección de transporte 
hacia el SO, que se unen en un despegue de bajo ángulo. Un corte geológico balanceado 
a través del depocentro de Gacía indica que el despegue se enraíza dentro del complejo 
Nevado–Filábride aproximadamente a una profundidad de 0.8 km, basculando el 
despegue extensional previo entre los complejos Alpujárride y Nevado–Filábride. 
Esta extensión es coetánea y está cinemáticamente vinculada a la falla sinistrorsa de 
Carboneras, más al sur en la cuenca de Níjar. Esta extensión, con dirección de transporte 
hacia el oeste,tiene un carácter heterogéneo y produce”core-complexes” extensionales 
en los que se distinguen bloques basculados al norte de la falla de Carboneras. Este 
mismo proceso extensional es el causante de la acreción magmática sobre corteza 
continental adelgazada al sur de esta región. La extensión y el magmatismo representan 
la manifestación superficial de la rotura de la litosfera del Tetis y la delaminación, con 
una fuerte componente lateral, a lo largo de un límite de entidad litósférica debajo de la 
rama norte del orógeno Bético-Rifeño.

0.2 Evidencias geomorfológicas de actividad tectónica compresiva Cuaternaria 
asociada a la zona de falla de Polopos y su conjugada, la zona de falla de Palomares

En este apartado, que corresponde a los capítulos 7 y 8 de la tesis, se presentan las 
características estructurales de la zona de falla dextrorsa transpresiva ESE–ONO 
de Polopos y el condicionamiento que ésta ejerce sobre la evolución reciente del 
relieve. Este apartado se compone de dos partes, una primera centrada en la parte más 
occidental de la falla de Polopos y su relación con el anticlinorio de Sierra Alhamilla–
Polopos, y una segunda que se centra en el anticlinorio de Sierra Cabrera, que se situa 
entre la terminación oriental de esta falla y la terminación meridional de la falla de 
Palomares, una falla sinistrorsa de orientación NNE–SSO que se ha interpretado como 
una conjugada del sistema de Polopos.

En Sierra Alhamilla se ha realizado un mapa en el que se tiene en cuenta la 
segmentación de la zona de falla de Polopos en función, entre otros parámetros, de los 
abanicos aluviales asociados y se han calculado los siguientes índices geomorfológicos: 
la sinuosidad de los frentes montañosos, la relación anchura-altura del fondo de valle, 
el factor de asimetría en cuencas de drenaje, curva e integral hipsométrica, perfiles 
longitudinales de los cauces, y el índice del gradiente longitudinal de río normalizado 
respecto a la pendiente graduada de río (índice SLk). Los datos morfo-estructurales 
confirman, contrariamente a lo previamente publicado por diversos autores, que hay 
deformación tectónica activa en la Sierra Alhamilla. Esta deformación es de carácter 
transpresivo dextro en su borde norte (falla inversa Norte Alhamilla al borde norte de 
la sierra) y de salto en dirección dextrorsa en su borde oriental (falla de Sur Gafarillos). 
Estas fallas afectan a la red de drenaje en la vertiente norte de Sierra Alhamilla 
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produciendo deflexiones de los cauces fluviales. Además, las fallas normales activas 
condicionan la geometría de los depósitos aluviales de la vertiente sur de esta sierra.

El mapa de SLk indica dos conjuntos de anomalías positivas: a) una orientada E–O 
relacionada con la falla transpresiva dextrorsa de Polopos en el flanco norte del 
anticlinorio; b) un grupo de anomalías con orientación NNO–SSE relacionadas con 
fallas normales NO–SE y NNO–SSE que cortan el flanco sur de la sierra. En el borde 
norte de Sierra Alhamilla, la sinuosidad del frente montañoso y la relación anchura-
altura del fondo de los valles han permitido estimar tasas de levantamiento Cuaternario 
moderadas (entre 0.05 y 0.5 m ka-1). La falla de Gafarillos corta las terrazas fluviales 
de las ramblas de Lucainena y de los Feos, en las que se reconocen depósitos del 
Pleistoceno superior que transicionan a techo a depósitos coluviales Holocenos. Esta 
falla induce desviaciones en los cauces fluviales. Por otra parte, las curvas hipsométricas 
de las subcuencas de esa vertiente presentan una forma convexa hacia arriba, 
característica de zonas con un levantamiento tectónico muy reciente.

El relieve del flanco sur de la terminación occidental de Sierra Alhamilla está controlado 
por fallas normales de alto ángulo. Estas fallas son las responsables de los bajos valores 
de la sinuosidad de este frente montañoso y de la baja relación anchura-altura del fondo 
de los valles de este flanco sur.

Al igual que en la Sierra Alhamilla, se ha investigado la actividad cuaternaria de las 
fallas de Polopos y Palomares y su incidencia en la evolución del relieve de la Sierra 
Cabrera. El análisis morfológico indica que los principales frentes montañosos del 
anticlinorio de Sierra Cabrera están condicionados por las fallas inversa Norte y 
Sur de Cabrera que se unen lateralmente con las fallas de Palomares y Polopos, 
respectivamente. La actividad de estas fallas ha dado lugar a knickpoints, desviaciones 
de cauces, cuencas con curvas hypsométricas complejas, anomalías positivas de SLk y 
un fuerte encajamiento de la red de drenaje. La red fluvial de esta sierra presenta un 
patrón en forma de S que refleja una rotación progresiva en sentido sinistrorso asociado 
con la falla sinistrorsa de Palomares. Las tasas de levantamiento, determinadas por 
medio de la integración entre el índice de sinuosidad de frente montañoso y la relación 
anchura-altura del fondo de valle, son más altas que los observadas en las fallas de salto 
de dirección en la Béticas orientales. Estas mayores tasas de levantamiento indican 
que el relieve topográfico de la Sierra Cabrera está controlado por fallas inversas que 
forman una estructura de pop-up inducido por la componente compresiva de las fallas 
conjugadas de salto en dirección de Polopos y Palomares. Además, datos geodésicos de 
GPS sugieren que las fallas inversa Norte y Sur de la sierra de Cabrera acomodan una 
parte importante de la convergencia entre África e Iberia en la región.

0.3 Migración de frentes montañosos y capturas fluviales asociadas con la 
segmentación de las fallas del sistema transpresivo dextro de Polopos
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En este apartado, que correspondería al capítulo 9 de la tesis, se presenta la evolución y 
crecimiento de los segmentos de la zona de falla transpresiva dextrorsa de Polopos y su 
relación con la evolución del relieve en las Béticas surorientales durante el Cuaternario. 
Este trabajo ha permitido relacionar los procesos de enlace y crecimiento de segmentos 
de la falla con la migración de los frentes montañosos asociados y las capturas que han 
ocurrido en la región de las cuencas de Sorbas–Tabernas y Níjar. La zona de falla de 
Polopos está formada por la falla inversa Norte Alhamilla de orientación E–O y por las 
fallas dextrorsas Norte y Sur Gafarillos de orientación ESE–ONO. Esta zona de falla 
de aproximadamente 30 km de longitud es un sistema conjugado a la falla NNE–SSO 
sinistrorsa de Palomares, activa desde el ultimo Tortoniense terminal (≈ 7.5 Ma) hasta el 
tardo Pleistoceno superior (≥ 70 ka). La geometría helicoidal de la zona de falla permite 
la transferencia de desplazamiento hacia el SE a lo largo de la falla inversa Sur Cabrera 
a desplazamiento hacia el NO asociado a la falla inversa Norte Alhamilla por medio de 
segmentos verticales dextros de Gafarillos en medio. Desde el Messiniense la actividad 
de la falla ha migrado hacia el sur formando la falla Sur Gafarillos y desplazando el 
frente montañoso asociado con la falla del norte al sur de la Sierra de Polopos, mientras 
que la  actividad reciente de la falla Norte Alhamilla ha migrado hacia el oeste. La falla 
de Polopos ha determinado el levantamiento diferencial entre la Sierra Alhamilla y la 
cuenca de Sorbas–Tabernas promoviendo la captura que ocurrió en el Pleistoceno medio 
en el margen sur de la cuenca de Sorbas. El continuo levantamiento de los anticlinorios 
de Sierra Alhamilla–Polopos y Cabrera y la subsidencia local de la cuenca de Vera, 
promovida por el funcionamiento a la falla de Palomares, induce el retroceso de la 
cabecera de la subcuenca del río Aguas provocando la captura de la cuenca de Sorbas en 
el Pleistoceno superior (ca. 70 ka).

0.4 Convergencia oblicua en el margen de Palomares desde el Mioceno superior 
hasta la actualidad en el contexto de la inversión tectónica compresiva de la cuenca 
Argelino-Balear (Mediterráneo occidental)

En este apartado, que corresponde al capítulo 10 de la tesis, proporcionan datos sobre la 
inversión tectónica en las Béticas orientales y más concretamente, sobre su incidencia 
en el margen de Palomares desde el Mioceno superior hasta la actualidad, situándolos 
en el contexto más amplio de la inversión del Mediterráneo occidental (cuencas 
Argelino–Balear y de Alborán). Este modelo se ha obtenido a partir de la integración 
de datos estructurales, geodésicos, deformación de sondeos profundos realizados 
en tierra y datos geofísicos marinos del margen de Palomares (sísmica de reflexión 
profunda, perfiles acústicos paramétricos y batimetría). Los perfiles de sísmica de 
reflexión multicanal muestran que el margen de Palomares, que marca la transición 
entre corteza continental adelgazada con abundantes intrusiones de rocas volcánicas de 
arco (cuenca del Alborán oriental) y corteza oceánica de retroarco (cuenca Argelino–
Balear), se ha formado durante la apertura de la cuenca Argelino–Balear en el Mioceno 
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Superior. Sin embargo, los principales altos batimétricos observados en el margen se 
han producido en relación con una inversión contractiva posterior a la formación del 
margen. Al igual que en el margen emergido, las estructuras contractivas del margen 
de Palomares están formadas por fallas inversas y pliegues asociados de orientación 
~N50ºE, como los anticlinales de Sierra Cabrera y el alto de Abubacer, y fallas de 
salto en dirección de orientación N10-20ºE, como las fallas de Palomares y Terreros. 
Los perfiles paramétricos en mar, la deformación de sondeos, la deformación de 
sedimentos cuaternarios en tierra y en mar, los datos de desplazamientos geodésicos de 
GPS disponibles, los mecanismos focales de terremotos y la batimetría indican que la 
inversión tectónica del margen de Palomares es activa. El margen de Palomares presenta 
un patrón estructural comparable con el de los márgenes del norte de Marruecos y 
Argelia donde la convergencia entre las placas de Africa y Eurasia se acomoda por 
fallas inversas de orientación NE–SO, fallas NNO–SSE sinistrorsas y fallas ONO–
ESE dextrorsas. Las estructuras contractivas de este margen contribuyen a la inversión 
tectónica general del Mediterráneo occidental desde hace aproximadamente 7 Ma, 
coetáneamente con la inversión del margen Argelino. El acortamiento a lo largo de las 
fallas de Al-Idrisi y las de la cresta de Alborán se producen con posterioridad (desde 
hace 5 Ma), indicando una propagación hacia el oeste de la inversión contractiva del 
Mediterráneo occidental.
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Outline of the Thesis

The thesis is subdivided into five major parts:

In PART I, the Introduction (Chapter 1) provides some introductory notions to present 
the main subject of the thesis to the reader and illustrate the aims and motivations 
behind this work. The chapter summarizes the processes that determine the landscape 
evolution, presenting its control factors and focusing on the influence of tectonics. 
Tectonics controls the landscape evolution through both local fault structures and 
epeirogenic uplift. Then, qualitative and quantitative geomorphic analyses by 
geomorphic indices are presented as a useful tool to define and quantify the landscape 
features and the tectonic control on them. Finally, we illustrate the main objectives and 
the methodology adopted of these thesis briefly in the Introduction (Chapter 1) and 
fully in the Aims of this thesis (Chapter 2). This section is followed by the Tectonic 
setting (Chapter 3) that illustrates the Gibraltar subduction-collisonal system presenting 
the tectonic domains of the Betic–Gibraltar–Rif arched orogenic system. Further topics 
presented in this section are the crustal types of the Alborán and Algero–Balearic basins, 
Neogene extensional basins and Neogene–Quaternary and active tectonic structures 
of the southeastern Betics. Chapter 4 provides a detailed Lithostratigraphy of the 
region illustrating the metamorphic basement rocks and the Neogene to Quaternary 
sedimentary rocks of the study area, and focusing on the Quaternary fluvial terraces 
and drainage pattern evolution. Chapter 5 describes the Methodology adopted in this 
thesis, including the structural field-based and morphometry GIS-based methods and the 
seismic data processing flow.

PART II presents the main Results of this thesis and is subdivided into five chapters. 
Except the first one that is a paper in preparation and the last one that is a submitted 
paper, all these chapters have been published in top ranked scientific journals in the 
field of structural geology, tectonics and geomorphology. Chapter 6 deals with the 
importance of the late Miocene extensional tectonics in the evolution of the eastern 
Betics and Neogene–Quaternary sedimentary basins. This chapter provides an example 
from the Sorbas basin where a Tortonian extensional fault system segmented by transfer 
faults determines a large Tortonian sedimentary depocenter later inverted under the 
present NW–SE compressive stress field. Chapter 7 and Chapter 8 present two morpho-
tectonic studies in two adjacent areas of the eastern Betics, the Sierra Alhamilla–
Polopos and Cabrera anticlinoria together with nearby basins, the Sorbas–Tabernas and 
Níjar basins. In these chapters we present the geomorphic evidence of active to recent 
tectonic activity in the region associated to the Palomares and the Polopos conjugate 
strike-slip fault zones and the constructional domain in between. In Chapter 9 we 
present a structural study about mountain front migration and drainage captures in the 
Sorbas–Tabernas and Níjar basins related to fault segment linkage and growth of the 
Polopos fault zone together with the Palomares fault zone and the epiorogenic uplift 
documented in the area. In Chapter 10 we analyse multichannel seismic, parametric 
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profiles and bathymetry offshore at the Palomares margin. This work is integrated with 
the previous morpho-structural data set providing an offshore onshore kinematic model 
for the late Miocene to present tectonic inversion of the Palomares margin and eastern 
Betics in the context of the western Mediterranean.

In PART III we present the Conclusions (Chapter 11) in a synthetic way referring to the 
results chapters. The References cited in this thesis are reported in PART IV (Chapter 
12).
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1.0 Introduction

Landscape evolution occurs by geomorphic processes, both fluvial and alluvial that 
are influenced by topography, climate, sea level fluctuations, lithology, tectonics and 
epeirogenic uplift. These factors must be taken into account when tectonically oriented 
conclusions are deduced (e.g. Ollier, 1981; Jackson and Leeder, 1994; Schumm et 
al., 2000; Burbank and Anderson, 2001; Azor et al., 2002; Keller and Pinter, 2002). 
Tectonics competes with, and influences, the geomorphic processes during landscape 
evolution, both locally, in response to tectonic structures that affect the topography, and 
regionally, in response to epeirogenic or fault-block uplift (e.g. Jackson et al., 1996; 
Goldsworthy and Jackson, 2000; Booth-Rea et al., 2004a; Pérez-Peña et al., 2010). 
Strike-slip fault displacement, for example, generates horizontal topographic alterations 
and important topographic gradients forming both uplifted ranges and sedimentary 
depocenters in antidilational and dilational jogs, respectively (Sibson, 1986; Sylvester, 
1988).Furthermore, growth and migration of fault and fold systems by the development 
of new fault segments and folds determine topographic modifications but also variations 
in the position of active sedimentary depocenters (Ollier, 1981; Walker and Jackson, 
2002; Booth-Rea et al., 2003a). Faulting related topographic and sedimentary changes 
induce local-base level variations that in turn produce dissection or aggradation 
processes and drainage adjustments like fluvial captures, river deflection, headward 
erosion and stream head- or foot-rejuvenation processes (Holbrook and Schumm, 1999; 
Snyder et al., 2000; Burbank and Anderson, 2001; Lave and Avouac, 2001; Hilley and 
Arrowsmith, 2008). Thus, fluvial and alluvial systems should reflect the fault activity 
migration and mountain front evolution in time and space (e.g. Keller and Pinter, 2002).

Epeirogenic uplift influences the landscape evolution in a wider manner controlling the 
general topographic gradient in large uplifted regions and plateaus, and thus, influencing 
the drainage pattern, its flow direction and the general dissection grade. Epeirogenic 
uplift can result from lithospheric delamination, a mechanism that has been invoked for 
the Late Neogene evolution of the Betic–Rif orogeny (Duggen et al., 2003; Martínez-
Martínez et al., 2006; Lis Mancilla et al., 2013). Sustained early Pliocene–Quaternary 
epeirogenic uplift produced repeated river incision episodes since the middle 
Pleistocene onward in the eastern Betics (Harvey and Wells, 1987; Mather, 1993; 
Braga et al., 2003). Typically, this uplift was higher in the antiformal ridges than in the 
Neogene–Quaternary basins (of about 100 m Ma-1; Weijermars et al., 1985; Braga et 
al., 2003).

Local tectonic structures together with the epeirogenic uplift control most of the 
landscape evolution in the eastern Betics, both concurring with and conditioning the 
alluvial and fluvial processes (e.g. fluvial captures, drainage adjustments and mountain 
front migration; Mather, 1993, 2000b; Stokes and Mather, 2000; Mather et al., 
2002; Maher et al., 2007). The regional uplift, associated river incision episodes and 
generalized erosion has resulted in few outcrops of Quaternary sediments in the eastern 
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Betics, which are limited to fluvial strath and bedrock terraces and dissected alluvial 
fans.

Where the Quaternary geomorphic or geological markers are insufficient to detect and 
characterize recent or active tectonics, the qualitative and quantitative geomorphic 
analyses provide a useful tool to define and quantify the landscape features and the 
tectonic control on them. This approach has been broadly applied to identify and 
characterize sectors deformed by active faults with low to moderate deformation rates 
(e.g. Bull and McFadden, 1977; Rockwell et al., 1984; Wells et al., 1988; Merrits and 
Vincent, 1989). The results of this methodology is particularly productive in semiarid 
zones like SE Spain, where landforms related to active tectonics are preserved for 
long periods (Silva et al., 2003). Active tectonic structures have been evaluated using 
quantitative geomorphic analyses in regions of the central and eastern Betics, for 
example in Sierra Nevada and the Granada basin (Pérez-Peña et al., 2009c, 2010) or at 
the southern limb of the Sierra de las Estancias antiform (Pedrera et al., 2009b).

We carried out both structural field-based and geomorphic analyses in selected areas of 
the eastern Betics in order to detect and define active or recent tectonics, the landscape 
evolution and the tectonic control on it, both local and regional. First, we selected the 
region identified by the Sierra Alhamilla and the Sierra de Polopos antiformal ridges, 
including the Sorba–Tabernas and Níjar basins. We focus our research especially on 
tectonic-driven mountain front migration and fluvial captures. Secondly, we selected 
the region coinciding with the Sierra Cabrera and Sierra de Polopos antiformal ridges, 
including the Vera and Níjar basins. Our analyses in this area were addressed to discern 
the tectonic contribution on the landscape/relief provided by the strike-slip and reverse 
tectonics, respectively.

Finally, to characterize the active tectonic processes occurring in areas offshore of the 
eastern Betics we obtained and processed marine geophysical data (deep reflection 
seismics, parametric sub-bottom profiles and bathymetry) from the Palomares margin. 
We integrated this data with the previous onshore data. The integration of onshore and 
offshore structural, geomorphic and bathymetric data in the southeastern Betics and the 
Palomares margin with available work by previous authors in the Algero–Balearic and 
Alborán basins permits us to propose a revised model for the tectonic inversion of the 
Western Mediterranean since the latemost Tortonian until present.

2.0 Aims of the thesis

The main aim of this thesis is to contribute consistently to the definition of the main 
tectonic structures (both their kinematics and timing) that control the landscape 
evolution of the southeastern Betics and the Palomares margin offshore since the late 
Miocene to present. We focus on fluvial captures and mountain front migration and 
the tectonic control on them, both local and regional. This objective is achieved by 
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structural field- and morphometry GIS-based studies exhaustively explained in chapters 
6, 7 8 and 9.

The final aim of this thesis is to provide a synthetic morpho-tectonic and structural 
model that could explain the landscape evolution and the recent to present tectonic 
setting of the southeastern Betics and the Palomares margin. Furthermore, we set this 
study area in the wider context of the late Miocene to present tectonic inversion of the 
westernmost Mediterranean proposing a revised model. This aim is achieved by the 
integration of structural field- and morphometry GIS-based onshore data with marine 
geophysical data (two deep reflection seismic and parametric sub-bottom profiles and 
bathymetry), as illustrated in chapters 9 and 10. Furthermore, we integrate our onshore-
offshore data set with a recompilation of geophysical available in the area (e.g. GPS 
geodetic displacement data, earthquake focal mechanisms, borehole and fault inversion, 
heat flow, thermal conductivity, radiogenic heat production, crustal thickness and 
rheological profile).

Finally, this thesis provides a multidisciplinary approach using methodologies based 
on the integration of different data sets that could solve and explain complex tectonic 
scenarios as the eastern Betics and the Palomares margin in the context of the wider 
Eurasia–Africa boundary plate.

3.0 Tectonic setting

The Betic and Rif belts belong to the Gibraltar arc orogenic system that formed 
by combined subduction and oblique collision mechanisms (Fig. 1). Early to late 
Miocene subduction of Mesozoic oceanic crust of the Thethys Ocean occurred under 
central areas of the Gibraltar arc resulting in an accretionary wedge that is preserved 
in the Gulf of Cádiz (e.g. Gutscher et al., 2001; Iribarren et al., 2007; Sallarès et al., 
2011; Gutscher et al., 2012), a volcanic arc in the Eastern Alborán basin and back-arc 
extension that lead to the opening of the Algero–Balearic basin during the middle to late 
Miocene (e.g. Lonergan and White, 1997; Duggen et al., 2003, 2004a; Mauffret et al., 
2004; Duggen et al., 2005; Booth-Rea et al., 2007). Simultaneous to this subduction, 
oblique collision of the Iberian and the North Maghrebian passive margins beneath the 
Alborán domain orogenic wedge occurred in the northern and southern branches of the 
Gibraltar arc (e.g. Balanyá and García-Dueñas, 1987; Martínez-Martínez and Azañón, 
1997; Durand-Delga et al., 2000; Faccenna et al., 2004; Booth-Rea et al., 2005; 
Luján et al., 2006; Platt et al., 2006; Balanyá et al., 2007; Booth-Rea et al., 2007). 
The Gibraltar arc formed in the context of NW–SE Nubia–Iberia convergence during 
the Alpine orogeny (e.g. Dewey et al., 1989; Mazzoli and Helman, 1994; McClusky et 
al., 2003; Nocquet and Calais, 2004), however, the mechanisms driving the tectonic 
evolution of the system have been strongly debated. These include mantle convective 
removal (Platt and Vissers, 1989), slab rollback (Lonergan and White, 1997), slab 
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tearing or breakoff (Zeck, 1996; Carminati et al., 1998; Zeck, 1999), lithospheric 
delamination (García-Dueñas et al., 1992; Martínez-Martínez and Azañón, 1997; 
Faccenna et al., 2004; García-Castellanos and Villasenor, 2011) or a combination of 
subduction beneath central areas of the Alborán basin and edge-delamination beneath 
the Betic–Rif margins (Duggen et al., 2003; Martínez-Martínez et al., 2006; Booth-Rea 
et al., 2007, 2012b).

Thrusting and folding of the South–Iberian Mesozoic to Tertiary passive margin 
sedimentary cover during the early to late Miocene was coeval to extensional processes 
in the core of the Betics. Middle to late Miocene extensional tectonics along WSW-
directed core-complex type detachments exhumed HP metamorphic rocks and markedly 
attenuated the previous metamorphic nappe stack (García-Dueñas and Martínez-
Martínez, 1988; Galindo-Zaldívar et al., 1989; Platt and Vissers, 1989; García-Dueñas 
et al., 1992; Martínez-Martínez and Azañón, 1997; Martínez-Martínez et al., 1997; 
Booth-Rea et al., 2005). This extension resulted in the development of internal Betic 
Neogene extensional basins and the E–W spreading of the Alborán and Algero–Balearic 
basins in the core of the orogeny, involving the formation of oceanic crust (García-
Dueñas et al., 1992; Comas et al., 1999; Mauffret et al., 2004; Booth-Rea et al., 2007; 
Pesquer et al., 2008).

Ongoing NW–SE convergence between Africa and Eurasia produced the tectonic 
inversion of the eastern Betic–Rif extensional basins and of the Alborán and Algero–
Balearic basins (Bourgois et al., 1992; Campos et al., 1992; Comas et al., 1992; 
Mauffret et al., 1992; Morel and Meghraoui, 1996; Martínez-Martínez and Azañón, 

Fig. 1: Tectonic map of the western Mediterranean region (modified from, Faccenna et al., 2004; 
Mauffret, 2007; Billi et al., 2011).
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1997; Comas et al., 1999; Soto et al., 2000; Martínez-Martínez et al., 2002; Booth-
Rea et al., 2005; Déverchère et al., 2005; Domzig et al., 2006; Mauffret, 2007; Billi et 
al., 2011; Booth-Rea et al., 2012b). This compressional tectonic inversion resulted in 
the development of several large strike-slip and reverse faults since the late Miocene, 
most of which continue  active until the Plio–Quaternary or the present (Bousquet and 
Montenat, 1974; Bousquet, 1979; Weijermars et al., 1985; de Larouzière et al., 1988; 
Montenat and Ott d´Estevou, 1990; Booth-Rea et al., 2004a; Stich et al., 2006).

3.1 Tectonic domains of the Gibraltar Arc orogenic system

The Gibraltar Arc orogenic system has been traditionally subdivided into four major 
tectonic domains: a) the South–Iberian passive continental palaeomargin; b) the 
Maghrebian passive continental palaeomargin; c) the Flysh Trough units; d) and 
the Alborán domain (Fig. 2). Furthermore, the orogen includes several Neogene–
Quaternary extensional basins.

Fig. 2: Simplified geological map showing the tectonic domains of the Gibraltar Arc and the Alborán 
and Algero–Balearic basins (modified from, Comas et al., 1999; Booth-Rea et al., 2007; Martínez-García 
et al., 2013). Igneous geochemistry data acquired from El Bakkali et al. (1998), Coulon et al. (2002), 
Duggen et al. (2004a; 2005). Age of metamorphism: (a) Platt et al. (2005) and (b) Platt et al (2006). 
Scientific drill sites (DSDP and ODP) and commercial wells in the Alborán Basin are also located. See 
Fig. 1 for its location.
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3.1.1 The South–Iberian and Maghrebian passive continental palaeomargins (external 
zone)

These domains are foreland thrust and fold belts formed by Mesozoic and Tertiary 
sediments deposited at the South–Iberian and Maghrebian rifted palaeomargins (Fig. 2). 

The South–Iberian paleomargin sediments deposited during the Mesozoic and part of 
the Cenozoic upon the Hercynian basement in shelf and deep basin environments (Vera, 
2001). These sediments, non-metamorphosed or poorly metamorphosed, were detached 
from their Hercynian basement and deformed by thin-skinned tectonics (Crespo-
Blanc and de Lamotte, 2006). This domain has been traditionally subdivided into a 
Prebetic Zone to the north and a Subbetic Zone to the south, that have both tectonic 
and stratigraphic substantial differences (García-Hernández et al., 1980). The Prebetic 
units deposited mostly in shallower marine conditions with continental exposure 
including locally erosion, whilst the Subbetic units show dominant pelagic facies (Vera, 
2001). The Prebetic tectonic style varies from imbricate thrust sheets to large folds with 
subordinated thrusts. Meanwhile the Subbetic formed a thrust-and-fold-belt that was 
highly extended during the late Miocene (Rodríguez-Fernández et al., In Press).

The Mesozoic and Tertiary Maghrebian paleomargin sediments, namely the External Rif 
units, deposited in deeper marine environments on the rifted African margin and locally 
over exhumed mantle (Michard et al., 1997). These units are formed by evaporitic 
deposists of Triassic Germanic facies (evaporites, pelites, dolomites and some 
volcanics in a sabkha environment), by a lower to middle Jurassic carbonate sequence 
(transgressive carbonate platform deposits and shallow to deep marine limestones and 
dolomites), by upper Jurassic detritic series and a lower Cretaceous olistostromic unit 
(Favre et al., 1991; Azdimousa et al., 2007). These rocks were detached from their 
basement from early Miocene onwards, deformed by thin-skinned tectonics as fold-
and-thrust belt and metamorphosed during subduction. Metamorphic grade increases 
eastward from diagenesis in the west, to anchizone in the central Rif (Ketama unit), and 
reaching IP–LT conditions and a penetrative foliation in the eastern Rif (Temsamane 
units) (Azdimousa et al., 1998, 2007; Negro et al., 2007; Booth-Rea et al., 2012b; 
Vázquez et al., In press).

3.1.2 The Flysh Trough units

The Flysch Trough units are formed by deep-water or oceanic siliciclastic turbidites 
and abyssal plain sediments deposited along an elongated trough between the African 
and Iberian paleomargins during the lower Cretaceous to lower Miocene (Fig. 2). The 
Flysch Trough basin was floored by thinned-continental or oceanic basement (Dercourt 
et al., 1986; Durand-Delga et al., 2000; Luján et al., 2006). These units were detached 
from their basements and deformed without metamorphism by thin-skinned tectonics 
overriding the underlying Subbetic units essentially during the early to middle Miocene 
(Luján et al., 2003, 2006).
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3.1.3 The Alborán domain (internal zone)

The Alborán domain includes three poly-metamorphic nappe complexes of variable 
metamorphic grade that are, in ascending order, the Nevado–Filabride, Alpujarride, 
and Malaguide complexes (Fig. 2) (Balanyá et al., 1997). These complexes are 
made up manlyof Palaeozoic and Mesozoic rocks that underwent low to high-grade 
metamorphism and penetrative deformation during the late Cretaceous to Paleogene or 
Miocene. The Nevado–Filabride complex is formed by Paleozoic to Cretaceous rocks 
that suffered a polyphase Alpine metamorphism with an early HP/LT metamorphism, 
followed by high-greenschist facies in the two lower tectonic units and almandine-
amphibolite facies in the uppermost one, and later by an decompression and exhumation 
(Nijhuis, 1964; Gómez-Pugnaire and Fernández-Soler, 1987; García-Dueñas et al., 
1988; Bakker et al., 1989; Soto, 1991; Johnson, 1997; Johnson et al., 1997). The 
Alpujarride complex is formed by Paleozoic metapelites and Triassic carbonate rocks 
that underwent Alpine metamorphism with a first HP/LT event followed by isothermal 
decompression inducing low and intermediate pressure metamorphism (Goffé et al., 
1989; Tubía et al., 1992; Azañón et al., 1997; Balanyá et al., 1997). The Malaguide 
complex is formed by the remnants of a stack of at least six thrust sheets formed by a 
Palaeozoic basement and a Permo–Triassic sedimentary cover. The base of the basement 
underwent low-grade metamorphism during the Hercynian orogeny (Chalouan and 
Michard, 1990). The Triassic cover reached anchizonal metamorphic conditions in 
the structurally lowest Malaguide thrust sheets during the Alpine orogeny (Nieto 
et al., 1994; Lonergan and Platt, 1995; Abad et al., 2003; Booth-Rea et al., 2004c). 
This metamorphism resulted from nappe stacking during the underthrusting of the 
Alpujarride complex (Lonergan and Platt, 1995; Balanyá et al., 1997).

The Alpujarride complex HP/LT metamorphism occurred during the Palaeogene (40-
50 Ma) and is interpreted as originated after crustal stacking under the Malaguide 
complex (Balanyá et al., 1997; Platt et al., 2005). The following near isothermal 
decompression is interpreted as the response to ductile regional thinning (Balanyá et 
al., 1993) that led to the exhumation of the Alpujarride complex during the early 
Miocene (19 Ma, Lonergan and Johnson, 1998; Esteban et al., 2004). Extension of 
the Malaguide complex and associated tholeiitic and calc-alkaline volcanism initiated 
earlier during the Oligocene (Duggen et al., 2004b; Garrido et al., 2011; Marchesi et 
al., 2012). The Nevado–Filabride complex underwent HP metamorphism (both –LT 
and –HT) during the early–middle Miocene (14-18 Ma) from Lu-Hf dating of garnetin 
eclogite (Platt et al., 2006) and U-Pb of zirconin piroxenite (López Sánchez-Vizcaíno 
et al., 2001) by continental subduction and crustal stacking under the Alpujarride and 
Malaguide complexes. Coeval to the extension and exhumation of both Malaguide 
and Alpujarride complexes and their stacking over the Nevado–Filabride complex, 
the Flysch Trough units underwent to imbricate thrust stacking in the early Miocene. 
Finally, extensional denudation of the Nevado–Filabride complex occurred between 
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the middle and late Miocene according to fission-track analyses (12-6 Ma, Johnson, 
1997; Johnson et al., 1997; Vázquez et al., 2011). The extension has continued during 
the Quaternary to present denudating the Nevado–Filabride complex at the western 
Sierra Nevada mountain front (e.g. Galindo-Zaldívar et al., 1996; Martínez-Martínez 
et al., 2004; Pérez-Peña et al., 2010). The superposition of extensional events (early to 
middle Miocene for the Malaguide and Alpujarride complexes), and middle Miocene to 
present for the Nevado–Filabride complex) have determined that most of the boundaries 
between the Alborán domain units are ductile, ductile-brittle or brittle extensional shear 
zones (García-Dueñas et al., 1992; Crespo Blanc et al., 1994; Azañón et al., 1997; 
Martínez-Martínez et al., 2004).

The Alpujarride and Malaguide complexes share a common orogenic evolution since 
the Palaeogene (e.g. Lonergan and Platt, 1995; Azañón et al., 1997; Balanyá et al., 
1997; Booth-Rea et al., 2004a; Platt et al., 2004), however, the Nevado–Filabride 
complex entered the orogenic wedge at a later stage, during the early to middle Miocene 
(López Sánchez-Vizcaíno et al., 2001; Platt et al., 2006). Considering these different 
tectono-metamorphic evolutions, the Alborán domain includes two different terrains, 
on one hand, the Alpujarride and Malaguide complexes and, on the other hand, the 
Nevado–Filabride complex. The Alpujarride and Malaguide complexes represent 
the remnants of an earlier orogenic wedge that underwent crustal staking and HP/LT 
metamorphism (Goffé et al., 1989; Tubía and Gil Ibarguchi, 1991; Azañón et al., 1997; 
Booth-Rea et al., 2002) associated to Eocene continental collision (Lonergan, 1993) 
prior to the evolution of the Gibraltar Arc (about 50 Ma, Balanyá et al., 1997; Azañón 
and Crespo Blanc, 2000; Platt et al., 2005). In contrast, the Nevado–Filabride complex 
underwent a later HP metamorphism and represents the Paleozoic basement and 
Permo–Triassic cover of the south Iberian passive margin that subducted beneath the 
Alpujarride and Malaguide complexes during the formation of the Gibraltar arc between 
the early to middle Miocene (14-18 Ma, López Sánchez-Vizcaíno et al., 2001; Platt et 
al., 2004; Booth-Rea et al., 2005; Platt et al., 2005; Platt et al., 2006; Booth-Rea et al., 
2007).

3.1.4 The Neogene extensional basins

The early to late Miocene extension of the orogen hinterland produced the Neogene 
Alborán and Algero–Balearic basins together with other minor internal Neogene basins 
that showed marine continuity with the previous ones during the late Neogene and are 
currently emerged in the Betics (Platt and Behrmann, 1986; Galindo-Zaldívar et al., 
1989; Platt and Vissers, 1989; García-Dueñas et al., 1992; Lonergan and Platt, 1995; 
Martínez-Martínez and Azañón, 1997; Comas et al., 1999; Martínez-Martínez et al., 
2002; Booth-Rea et al., 2005). Examples from the western and central Betics are the 
Granada and Guadix-Baza basins related to late Miocene to Quaternary extensional 
tectonics (Fig. 2, Fernández et al., 1996; Azañón et al., 2004a; Rodríguez-Fernández 
and Sanz de Galdeano, 2006; Azañón et al., 2007; Pedrera et al., 2007, 2009b; Pérez-



19Part I – Introduction, Aims of the thesis, Tectonic setting, Litostraigraphy and Methodology

Peña et al., 2009c). The Sorbas–Tabernas, Níjar–Carboneras and Vera basins in the 
eastern Betics underwent important extension in their origin but were tectonically 
inverted since the late Miocene by strike-slip faults and associated reverse faults and 
folds (Fig. 2, Weijermars et al., 1985; Montenat and Ott d´Estevou, 1990; Booth-Rea et 
al., 2004a).

3.2 Crustal types of the Alborán and Algero–Balearic basins (fore-arc and back-arc 
basins)

The Alborán and Algero–Balearic basins lie above de part of the Gibraltar Arc that 
underwent subduction and thus show a different structure than the regions where 
oblique collision occurred. In the Alborán and Algero–Balearic basins three main crustal 
domains can be defined: the continental crust of the West Alborán fore-arc basin, the 
thinned continental crust intruded by arc magmatism of the East Alborán basin, and 
oceanic crust of the Algero–Balearic basin, progressively eastwards (Fig. 2, Comas et 
al., 1999; Booth-Rea et al., 2007; Mauffret, 2007). The West Alborán basin represents 
the fore-arc basin of the magmatic arc (Booth-Rea et al., 2007; Mauffret et al., 2007) 
and corresponds to the major sedimentary depocenter of the Alborán basin that is 
infilled by up to 7-8 km of early to middle Miocene sediments (Comas et al., 1999). 
This basins is floored by metamorphic rocks of the Alborán crustal domain that reach 
the maximum crustal thickness of about 18 km in the western sector (decreasing to less 
than 12 km in the East Alboran basins, Comas et al., 1999). This basin was affected by 
a post-Messinian subsidence of thermal (Watts et al., 1993) or flexural origin (Docherty 
and Banda, 1995), and later, since the middle Miocene until the Pliocene extensive 
diapirism occurred (Comas et al., 1999).

The East Alborán basin is floored by thinned continental crust heavily intruded by arc 
volcanism during the Serravallian to Messinian (as recent as ≈6 Ma), in the western 
part, and by magmatic arc crust (belonging both to the tholeiitic and calc-alkaline series) 
older than ≈8 Ma in the eastern part (Comas et al., 1997; Turner et al., 1999; Hoernle et 
al., 2003; Duggen et al., 2004a; Gill et al., 2004; Duggen et al., 2005; Booth-Rea et al., 
2007; Duggen et al., 2008). In the back-arc region, the Algero–Balearic basinspread in 
an E–W direction between 16 and 8 Ma (Mauffret et al., 2004; Booth-Rea et al., 2007) 
involving the formation of oceanic crust (Pesquer et al., 2008) probably older than 10–
12 Ma in its eastern part.

3.3 Neogene–Quaternary and active tectonic structures of the southeastern Betics

The main sinistral strike-slip faults associated to the late Miocene compressional 
tectonic inversion in the southeastern Betics are the Palomares, Terreros, Carboneras 
and Alhama de Murcia fault zones (Fig. 3, Bousquet and Montenat, 1974; Bousquet, 
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1979; Weijermars et al., 1985; de Larouzière et al., 1988; Montenat and Ott d´Estevou, 
1990; Booth-Rea et al., 2004a; Stich et al., 2006). Furthermore, both folding and dextral 
and reverse faulting occurred during this tectonic inversion, for example, at the Sierra 
Alhamilla–Polopos and Cabrera anticlinoria and the Gafarillos dextral fault (Stapel et 
al., 1996; Huibregtse et al., 1998; Jonk and Biermann, 2002; Martínez-Martínez et al., 
2002; Martín et al., 2003; Martínez-Martínez, 2006; Martínez-Martínez et al., 2006).

The sinistral Carboneras fault zone was active at least since the Serravallian until 
the QuateQuaternary. The Miocene activity of this fault was essentially strike-slip 
(Bousquet, 1979; Montenat and Ott d´Estevou, 1990; Stapel et al., 1996; Huibregtse 
et al., 1998; Jonk and Biermann, 2002; Rutter et al., 2012). On the contrary, its Plio–
Quaternary activity appears to be transpressive rather than strike-slip (Bell et al., 
1997; Reicherter and Reiss, 2001; Rutter et al., 2012). New field data give evidence 
for shortening in the Plio–Quaternary along the Carboneras fault zone and folding in 
the Sierra Cabrera, such as folding-related unconformities in the latemost Messinian 
to Pliocene sedimentary rocks (Rutter et al., 2012). Similarly, along the Sierra Cabrera 
northern mountain front, reverse faulting- and folding-related unconformity in the 
latemost Tortonian–Messinian sediment (8–7.24 Ma) marks the initial growth of the 
Sierra Cabrera anticlinorium (together with the Sierra Alhamilla–Polopos one) and the 
following reverse faulting (Martínez-Martínez et al., 2002; Booth-Rea et al., 2003a; 
Martín et al., 2003; Booth-Rea et al., 2004a, 2005; Martínez-Martínez, 2006; Martínez-
Martínez et al., 2006). Nevertheless, reverse faulting during the Plio–Quaternary is not 
documented yet nor solved.

The Palomares fault zone was characterized by a pure sinistral strike-slip kinematic 
during the Tortonian–Messinian meanwhile during the Plio–Quaternary the fault zone 
lengthened and widened eastwards evolving in an transtensional oblique-slip regime 
(Booth-Rea et al., 2004a). The present activity of this fault zone is confirmed by its 
influence on the drainage network and topography (e.g. higher drainage density in the 
uplifted fault-block, stream deflections, Booth-Rea et al., 2004a).

Dextral transpressive or reverse faulting along the Gafarillos trough the Sierra 
Alhamilla–Polopos anticlinoria northern mountain fronts (Fig. 3) probably initiated 
its activity in the Tortonian and locally was sealed by latemost Tortonian and early 
Messinian temperate limestones (between 8 and 6.4–5.9 Ma; Platt et al., 1983; 
Weijermars et al., 1985; Ott d’Estevou and Montenant, 1990; Stapel et al., 1996; 
Huibregtse et al., 1998; Jonk and Biermann, 2002). Furthermore, to the west of the 
Sierra Alhamilla, Sanz de Galdeano et al. (2010) documented the existence of active 
E–W-striking dextral faults that cross the Tabernas basin (Fig. 3).

Finally, a Pliocene–Quaternary NW–SE- to NNW–SSE-striking high-angle normal 
fault system occurs in the Níjar–Almeria basin with a SW-toward extension direction 
and sub-parallel to the present sub-horizontal maximum shortening direction (Fig. 3; 
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Fig. 3: Structural map where the main tectonic structures active during the Quaternary are shown: the 
Albox fault (AF), the Alhama de Murcia fault (AMF), the Carboneras fault zone (CFZ), the Palomares 
fault zone (PFZ) and the Polopos fault zone (PoFZ) (see Fig. 2 for location, Booth-Rea et al., 2004a, 
2004c; Masana et al., 2004; Marín-Lechado et al., 2005; Masana et al., 2005; Gràcia et al., 2006; 
Pedrera et al., 2006, 2009a; Sanz de Galdeano et al., 2010; Booth-Rea et al., 2012a; Giaconia et al., 
2012a, 2012b; Pedrera et al., 2012; Giaconia et al., 2013a). Furthermore, focal mechanisms, local 
stress tensor (both from focal mechanisms and fault slicken-line inversion data, Stich et al., 2003a; 
Fernández-Ibáñez et al., 2007; Giaconia et al., 2013a) and GPS geodetic data (Khazaradze et al., 2008; 
Echeverria et al., 2011) are shown. Topographic and bathymetric map (100 m grid) of the study area from 
digital grids released by SRTM-3, IEO bathymetry (Ballesteros et al., 2008; Muñoz et al., 2008), CSIC 
bathymetric dataset (Gràcia et al., 2012) and MEDIMAP multibeam compilation (MEDIMAP GROUP et 
al., 2008) at 90m grid-size.

Martínez-Martínez and Azañón, 1997; Martínez-Díaz and Hernández-Enrile, 2004; 
Marín-Lechado et al., 2005; Pedrera et al., 2006). The present activity if this fault 
system is confirmed by extensional focal mechanisms in the area (e.g. the Mw 4.8 2002 
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Gergal and the Mw 6.1 1910 Adra earthquakeas; Stich et al., 2003b; Béjar et al., 2006).

All these structures are oriented well fitting to the present NW–SE compressive stress 
field between Africa and Eurasia (Fig. 3). This stress field is supported by earthquakes, 
focal mechanisms and GPS geodetic displacement data available both in the Betics and 
the Alborán and Algero–Balearic basins (Buforn et al., 1995; Morel and Meghraoui, 
1996; Buforn et al., 2004; Gràcia et al., 2006; Stich et al., 2006; Fernández-Ibáñez et 
al., 2007; Serpelloni et al., 2007; Khazaradze et al., 2008; Echeverria et al., 2011).

4.0 Lithostratigraphy of the southeastern Betics

4.1 Metamorphic basement rocks of the study area

The exhumed crustal section of the Nevado–Filabride complex is completely exposed 
in the Sierra Nevada and Sierra de los Filabres and partially crops out in the Sierra 
Alhamilla–Cabrera anticlinorium. This metamorphic complex is formed by three 
major tectonic units separated by two ductile shear zones subparallel to both the 
main foliation and the litological contacts (Fig. 4, Martínez-Martínez et al., 2004). 
These tectonic units are the Ragua, Calar Alto, and Bédar–Macael units, in ascending 
order. All these units except the Ragua unit crop out in the study area at the Sierra 
Alhamilla, Polopos and Cabrera antiformal ridges. The Ragua unit consists of low-
grade, albite-rich, graphite Palaeozoic mica-schist with numerous metapsammite rocks 
interlayered at the top. The Calar Alto unit is formed by metasedimentay sequence 
including chloritoid-rich, graphite mica-schist of Palaeozoic protholith (Montenegro 

Fig. 4: Nevado–Filabride tectono stratigraphic columns beneath the detachment surface at the base of 
the Alpujarrides. Standard lithostratigraphic columns in the different Alpujarride units are also shown. 
Figure from Martínez-Martínez and Azañón (1997).
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formation) with orthogneisses derived from late Carboniferous granites, light-
colored schist derived from Permo–Triasic pelites (Tahal formation), and marble and 
meta-evaporites of Triassic protholith. Serpentinites and metamorphosed Jurassic 
metabasites are also included. This unit underwent variable metamorphic conditions 
from eclogites to greenschist facies. In the study area only the Tahal formation of the 
Calar–Alto unit is missing. The Bédar–Macael unit includes staurolitestaurolite graphite 
mica-schist, tourmaline gneiss, light-colored schist, serpentinite, amphibolites, and 
marbles (Martínez-Martínez et al., 2004). Available thermobarometric data indicate 
a metamorphic thermal peak of 550 ºC and over 12 kbar for the Bédar–Macael unit 
(Bakker et al., 1989; Soto, 1991). The Calar–Alto unit eclogites and serpentinites 
reached higher pressure of up to 2.0 Gpa and temperature above 600ºC, however, the 
exhumation P–T path evolved under lower temperature conditions (450 ºC, Martínez-
Martínez, 1986; Soto, 1991; González-Casado et al., 1995; Platt et al., 2006; Padrón-
Navarta et al., 2011). Although the metamorphic evolution of the Ragua unit is not 
well constrained, the unit was metamorphosed under greenschist and albite-epidote 
amphibolites metamorphic conditions (<450 ºC) and is assumed to have lower pressure 
conditions than the other two overlying units (Martínez-Martínez, 1986; de Jong, 
1993; Puga et al., 2002). More recent data indicate HP–LT metamorphic conditions of 
320º-450 ºC and 1.2-1.6 GPa for the Ragua and Calar–Alto units from graphite schists 
(Booth-Rea et al., 2003b, 2004b; Augier et al., 2005; Booth-Rea et al., 2005).

The Alpujarride complex comprises three major tectonic units in the study area, in 
ascending order, the Lower unit (Martínez-Martínez and Azañón, 1997), Intermediate 
unit (Variegato unit, Booth-Rea et al., 2005) and the Upper unit (Fig. 5). These units 
crop out mostly in the core of antiformal ridges in the southeastern Betics (e.g. the 
Sierra de los Filabres, Sierra Cabrera, Sierra Almagrera and Sierra de Almagro) bounded 
by extensional ductile and brittle shear zones. The Lower unit is formed by a medium-
grade metamorphic tectonostratigraphic sequence that includes, from bottom to top, 
calcite-dolomite marbles, kyanite phyllites and quartzites, light-colored chloritoid-
garnet schists, and sturolite-kyanite-garnet graphite schists. This unit is overturned, 
as indicated by an inverted metamorphic zonation and age, that is Triassic for the 
marbles and Palaeozoic for the graphite schists (Platt et al., 1983; Martínez-Martínez 
and Azañón, 1997). This unit has been correlated to the Herradura unit in the central 
Betics (Azañón et al., 1994; Martínez-Martínez and Azañón, 1997). The Intermediate 
unit corresponds to the low-grade metamorphic Variegato unit defined by Simon (1963) 
and revised by Booth-Rea et al. (2005). This unit comprises at least three second-order 
imbrications: the two lowest are formed by fine-grained schists of Permo–Triassic age 
and by Triassic carbonate rocks, and the structurally highest one also includes graphite 
schists at its base with garnet and biotite. The Upper unit only crops out locally between 
segments of the Carboneras fault in Sierra Cabrera. It is formed by K-feldespar gneises, 
sillimanite schist that gradually pass to lower-grade metapelites and then to metapelites 
with staurolite, garnet, andalusite and chloritoid. The staurolite schists usually show 
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kyanite relicts that disappear upwards (García-Casco et al., 1993; García-Casco and 
Torrés-Roldán, 1999).

The Malaguide complex in the study area comprises a Lower Malaguide unit that 
underwent low-grade metamorphism (anchizonal) during the Alpine orogeny, and the 
non-metamorphosed post-Triassic sedimentary cover (Lonergan, 1993; Lonergan 
and Mangerajetzky, 1994; Nieto et al., 1994; Lonergan and Platt, 1995). The Lower 
Malaguide unit comprises several imbricate thrust sheets formed by, from bottom to 
top, Permo–Triassic quartz-pelitic rocks (red quartzite, red slate, micro-conglomerates 
and some gypsum levels) and Triassic carbonate rocks (calc-phyllite, massive black 
dolomites, gypsum, tabular dolomites and limestone). The post-Triassic sedimentary 
rocks comprise conglomerates and limestones of Palaeogene age resulted from the 
exhumation and dismantlement of the Malaguide complex.

4.2 Neogene to Quaternary sedimentary rocks of the study area (Sorbas–Tabernas 
and Níjar basins)

4.2.1 Pre-Tortonian (Burdigalian–Serravallian) sedimentary units

The older sediments in the Sorbas–Tabernas and Níjar basins are early to middle 
Miocene in age (Fig. 6, Burdigalian–Serravallian). The lower Burdigalian unit is formed 
by pelagic limestone, marly limestone and marls of pelagic facies that became shallower 
upwards of Burdigalian age. In ascending order, red conglomerates, sandstones with 
echinoderm and lamellibranchia, platform limestones, turbiditic marls, and continental 
conglomerates of late Burdigalian to Langhian age overlay the previous unit. The 
middle Miocene sequence is capped by a Serravallian unit that includes several 

Fig. 5: Lithological sequences and metamorphic zonation of the Alpujarride Units cropping out in 
the central and eastern Betics, with their position in the Alpujarride nappe and the mineralogical 
paragenesis used for their distinction. Figure from Balanyá et al. (1998).
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facies from open marine turbiditic to continental conglomeratic with Alpujarride and 
Malaguide clasts (Völk, 1966; Barragán, 1997; Booth-Rea et al., 2004a).

4.2.2 Tortonian sedimentary units

The lower Tortonian unit comprises two depositional sequences and is probably 
equivalent to lithoseismic unit IV in the east Alborán (Fig. 6). The lower sequence is 
formed by conglomerates, calcareous sandstones and marls deposited in transitional 
marine environments. The upper sequence is formed by red continental conglomerates 
with Nevado–Filabride boulders (Barragán, 1997). The upper Tortonian unit is formed 
by two depositional sequences, the lower one defines an erosional angular unconformity 
on both sediments and metamorphic basement (intra-Tortonian unconformity), 

Fig. 6: Synthetic stratigraphic column of the Neogene–Quaternary sediments of the Sorbas-Tabernas 
and Níjar basins that were correlated with the lithoseismic units differentiated in the eastern Alborán 
following the seismo-stratigraphic correlation proposed by Booth-Rea et al. (2007).



26

whilst the upper one shows a sedimentary continuity with the previous one. This unit 
probably is equivalent to lithoseismic unit III in the east Alborán basin (Fig. 6). The first 
sequence comprises deltaic conglomerates with Nevado–Filabride boulders, sandstones 
and siltstones of transitional and marine facies. The second is formed by marls and 
limestones with sand and silt intercalations of the Chozas formation (Fig. 6, Ruegg, 
1964).

4.2.3 Messinian sedimentary units

The Messinian sedimentary units comprise, from bottom to top, the pre Messinian 
salinity crisis Turre formation (latemost Tortonian–early Messinian), the evaporitic 
Yesares formation (Messinian) and finally the post crisis Feos formation (Figs. 6 and 7, 
late Messinian). All these units are probably equivalent to lihoseismic unit II in the east 
Alborán basin (Fig. 6). The Turre formation (~lithoseismic subunit IIc) is formed by 
the Azagador, the Cantera and Abad members (Figs. 6 and 7). The latemost Tortonian 
temperate carbonates of the Azagador member (8-7.24 Ma; Völk, 1966; Martín et 
al., 2003) are composed of bioclastic calcarenites and sandstones, locally mixed 
with conglomerates, with abundant bryozoans, bivalves, coralline algae and benthic 
foraminifera, and minor brachiopods, solitary corals, barnacles and gastropods (Wood, 
1966). The Azagador member shows progressive unconformities related both to the 
initial growth of the Sierra Alhamilla–Polopos and Cabrera anticlinoria (Alvado, 1986; 
Ott d’Estevou and Montenant, 1990; Booth-Rea et al., 2004a) and to Tortonian SW-
directed extension at the western termination of Sierra Cabrera (Giaconia et al., 2013b). 
The distal equivalent of the Azagador member are the open marine marls of the “Lower 
Abad” member that are characterized by a cyclic pattern of alternating whitish marly 
chalks and beige marls (Fortuin and Krijgsman, 2003) intercalated with diatomites and 
contain abundant calcareous nanoplankton and planktonic foraminifera of Messinian 
age (Sierro et al., 2001).

Messinian reef carbonates of the Cantera member overlie the Tortonian sediments 
(7.24-5.96 Ma; Völk, 1966; Sierro et al., 2001) sealing part of the folding in the Sierra 
Alhamilla (Weijermars et al., 1985), although they themselves define an open fold. This 
member is composed of tropical platform carbonates, locally mixed with siliciclastics, 
that pass upward to prograding fringing reefs composed of corals encrusted by 
stromatolites (Braga et al., 1996). The top of these reefs is an erosional surface with 
signs of subareal exposure.

The distal equivalent of the Cantera member are the Messinian marls of the “Upper 
Abad” member that confirm the open marine conditions in the then connected Níjar 
and Sorbas–Tabernas basins until the occurrence of the Messinian salinity crisis (Hsü 
et al., 1973, 1977). The “Upper Abad” member deposited during increasing restriction 
of marine conditions and includes sapropelitic laminites, marls and chalks that mark an 
upward shoaling (Fortuin and Krijgsman, 2003).
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The Messinian evaporites of the Yesares formation (~lithoseismic subunit IIb, Fig. 6) 
deposited in both the Níjar and Sorbas–Tabernas basins over the basin-scale Messinian 
erosional unconformity at the top of both Cantera and Abad members (5.96-5.67 Ma; 
Martín and Braga, 1994; Krijgsman et al., 2001). The Yesares formation predominantly 
consists of selenitic gypsum that are intercalated upwards with beds of marine silts and 
marls containing benthic and planktonic foraminifera of Messinian age (Riding et al., 
1998). At the final stage of the crisis, during the late Messinian, basin differential uplift 
closed the connection between the two basins producing different lithostratigraphic 
sequences since then (Braga et al., 2003; Booth-Rea et al., 2005). In the Níjar basin the 
marine environment was restored during the late Messinian as confirmed by the Lago 
Mare facies sediments of the Feos formation (5.67-5.33 Ma; Fortuin and Krijgsman, 
2003). This formation (~lithoseismic subunit IIa, Fig. 6) is formed by alternating coarse 
clastic and pelitic sediments reflecting strongly fluctuating environmental conditions 
during its deposition (Fortuin and Krijgsman, 2003). The Miocene–Pliocene boundary 
is an erosive unconformity in the marginal part of the basin (Aguirre and Sánchez-
Almazo, 2004), whereas in the basin center, it is characterized by a conformable, 
bioturbated contact (Fortuin and Krijgsman, 2003).

The post-evaporitic Feos formation (~lithoseismic subunit IIa, Fig. 6) is subdivided, 
from bottom to top, in the Sorbas and Zorreras members in the Sorbas basin (Fig. 7). 
The costal sequence of the Sorbas member is formed by whitish coated to entirely 
oolithic sandstones, siliciclastic sands and conglomerates, with local oolitic carbonates 
and coral patch reefs, changing basinwards to silts and marls (Martín et al., 1993; 
Fortuin and Krijgsman, 2003). The continental sequence of the Zorreras member 
contains only two brackish Lago Mare incursions (lacustrine limestones containing a so-
called caspibrackish fauna) on a total of eight sedimentary cycles of alternating reddish 
silts and yellowish sands that correlates very well with the eight sedimentary cycles of 
the Feos formation in the Níjar basin (Krijgsman et al., 2001; Fortuin and Krijgsman, 
2003). Thus, since the late Messinian the Sorbas–Tabernas basin had emerged.

4.2.4 Pliocene sedimentary units

Fig. 7: Lithostratigraphic overview of the Messinian–Pliocene successions in the northern Nijar Basin 
(Gafares area) and correlation with the (partly equivalent) units in the Sorbas Basin. Figure from Fortuin 
and Krijgsman (2003).
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Marine conditions persisted longer in the Níjar basin, between the early Pliocene 
when marine shelf sands and muds of the Cuevas formation deposited (~lithoseismic 
subunit Ic), and the beginning of the late Pliocene, as inferred by the fan delta deposits 
of the Molata formation (~lithoseismic subunit Ib, Fig. 6) (Mather, 1993; Stokes and 
Mather, 2000). In contrast, the late Pliocene aggrading fluvial sediments of the Góchar 
formation (~lithoseismic subunit Ib) confirms the final emersion of the Sorbas–Tabernas 
basin until present (Fig. 6, Mather, 1993; Aguirre, 1998).

4.3 Quaternary fluvial terraces and drainage pattern evolution of the study area 
(Sorbas–Tabernas and Níjar basins)

During the early Pleistocene the Sorbas drainage was centripetal toward the Lobos axial 
system in the basin center, meanwhile, southwards the drainage system incised through 
the Sierra Alhamilla–Polopos and Cabrera anticlinoria (Mather, 2000b). This system 
drained the Sorbas–Tabernas basin into the Alias river in the Níjar basin by means of the 
Rambla de los Feos that connected both basins (Fig. 8, Harvey and Wells, 1987; Mather, 
2000b; Maher et al., 2007). This connection is inferred by the alluvial sediments from 
the base of the Góchar formation that feed the late Pliocene (3.2 Ma, Aguirre, 1998) fan 
deltas of the Molata formation (Mather, 1993) southwards across the Sierra Alhamilla–
Polopos and Cabrera anticlinoria. During the late Pliocene and the early Pleistocene a 
continuous alluvial aggradational system developed in the Sorbas basin.

Since the middle Pleistocene onward repeated river incision episodes and strath-
terrace development spread out in the Sorbas basin mainly triggered by changes in 

Fig. 8: Simplified geological scheme and drainage system of the southeastern Betics. Figure from Maher 
et al. (2007).
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regional gradients associated to sustained early Pliocene–Quaternary uplift in the 
region (Harvey and Wells, 1987; Mather, 1993; Braga et al., 2003). Five tearraces 
(A-E) have been defined in the area from previous authors (Harvey and Wells, 1987; 
Mather, 1993; Maher et al., 2007; Whitfield and Harvey, 2012). Terraces A-C overly 
unconformably the Neogene basin fill sediments and basement rocks whilst the base of 
the aggradational event linked to terrace D is below the level of the modern channel 
(Fig. 9). Terrace E is an extremely patchy remnant throughout the area often associated 
with the modern floodplain. Fluvial conglomerates associated with terraces A-C are 
usually well-cemented both by pedogenically-derived carbonate and groundwater-borne 
carbonate, whilst the younger terrace deposits (D-E) have very little, if any, cementation 
developed. Terraces A-C are mainly sourced by the Sierra de los Filabres metamorphic 
rocks, including marbles, granitic gneiss and amphibole schists, and to a lesser extent by 
Neogene basin fill sediments, evaporitic gypsum and Góchar formation conglomerates. 
In contrast terrace E-D are mainly sourced by the Sierra Alhamilla and Cabrera low 
grade metamorphic rocks, including graphite mica schists with small amounts of garnet 
mica schist, metacarbonates and vein quartz, and the Neogene basin fill sediments that 
comprises marl, calcareous sandstone, dolomitic and reef limestones, and subordinately 
gypsum (Harvey and Wells, 1987; Mather, 1993; Maher et al., 2007).

The highest and oldest terrace A is formed by heavily cemented channelized fluvial 
gravels that are poorly preserved in the area. This terrace marks the aggradational-
incision transition in the basin and has been dated at 304 ± 26 ka, although it should 
be older than 400 ka since the dated calcretes at the top of the terraces formed post 

Fig. 9: a) Map of fluvially derived terraces on the Rio Alias, Rambla de los Feos and the Rambla 
Lucainena. b) Idealised terrace cross section on the Rio Alias immediately downstream of the Feos 
junction. Figure from Maher et al. (2007).
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abandonment of the surfaces (Candy et al., 2005; Candy and Black, 2009). These river 
terraces post date the first capture operated by the Alias river in the middle Pleistocene. 
This capture re-routed 15% of the original Sorbas basin drainage into the Alias river 
drainage basin (Níjar basin) to the south through the Rambla de Lucainena (Mather, 
2000a, 2000b). This capture isolated the northeastern mountain front area of Sierra 
Alhamilla from the Sorbas basin forming the Rambla de Lucainena.

Post-capture terrace B is formed by cemented coarse fluvial gravels with channel 
structures that usually overlie the metamorphic basement culminating with carbonate-
accumulating red soils dated at 207± 11 ka (Candy et al., 2005; Whitfield and Harvey, 
2012). Terrace C deposits contain planar cross-stratified conglomerates, horizontally 
stratified conglomerates (and subordinate sands) and large palaeo-channel structures. 
The conglomerates are texturally mature (rounded clasts) and the amphibole schist 
amount reaches the 15% of the total clast assemblage. Preserved calcretes on terrace C 
show an higher degree of rubification and pedogenic carbonate accumulation compared 
with the terrace D ones (Maher et al., 2007). Terrace C calcretes have been dated at 77 
± 4 ka (Candy et al., 2005).

The second capture operated by the Aguas river occurred in the late Pleistocene (≈ 70 
ka) re-routing 73% of the original Sorbas basin drainage into the Vera basin to the east. 
This capture disconnected the Rambla de los Feos from the Sorbas basin and expanded 
the area of the Aguas river drainage system (capture site in Fig. 9, Mather, 2000b; 
Maher et al., 2007). Terrace D, dated between 12.8 ± 1 ka to 8.7 ± 0.5 ka (Candy et 
al., 2005), provides evidence of source material and a sedimentary environment shift 
inferring and postdating the late Pleistocene capture. Terrace D deposits are formed 
by dominant sheet gravel beds alternating with horizontally laminated sands and silts. 
Small channels are associated with limited amounts of planar cross-stratification or 
massive sand plugs. These deposits are texturally fairly mature (clasts varying between 
sub-angular and rounded) indicating that a significant proportion of the sediments 
have travelled only short distances. The amphibole schist amount is lower than 2% 
of the total clast assemblage, thus indicating a dramatic loss of source material with 
respect to the terrace C. Terraces D culminates with immature brown soils with little 
if any carbonate development (Maher et al., 2007). The modern terrace E is formed by 
horizontally laminated silts and sands with dispersed flattened fine clasts. The essential 
source material of these deposits is formed by the graphite schists that confer the 
characteristic dark appearance to terrace E.

5.0 Methodology

In this chapter I describe the methodology adopted for the development of the thesis 
research objectives. Since these aims involve various geologic disciplines I carried out 
a multidisciplinary approach mainly founded on the integration of different data sets. I 
employed structural field- and morphometry GIS-based methods and tools in order to 
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define the kinematics and timing of recent to present tectonic structures and their control 
on the landscape, respectively. Furthermore, I processed two deep seismic reflection 
lines acquire during the TOPOMED seismic survey at the BCSI (Barcelona Center for 
Subsurface Imaging).

5.1 Structural field-based methods and tools

We collected structural data and mapped the main fault segments, obtaining geological 
cross-sections with the aid of drill holes and electrical tomography in order to define the 
kinematics, fault linkage and growth evolution of the Polopos fault zone. Furthermore, 
I calculated net and vertical fault slips and displacement rates taking into account the 
elevation differences of geological or geomorphic surfaces across fault segments, 
their age, the fault plane orientation and the slickenlines (fault displacement vector). I 
inverted the slip structural data (using the DAISY3 software, Salvini et al., 1999) in 
order to define the strain orientation along the fault system and to verify its congruence 
with the present stress field (obtained from GPS geodetic displacement data, earthquake 
focal mechanisms, borehole deformation available in the area). Finally, we mapped the 
present geomorphic elements (e.g. fluvial terraces, alluvial fans and mountain fronts) 
to define qualitatively the influence of these tectonic structures on the landscape (e.g. 
topography and the drainage system).

5.2 Morphometry GIS-based methods and tools

I carried out both qualitative and quantitative geomorphic analyses using geomorphic 
indices to define and quantify the tectonic control on the geomorphic process and the 
landscape evolution. The qualitative analyses are focused on topographic profiles, 
longitudinal river profiles, ridge-line profiles (Fig. 10a), pattern of the drainage 
network, spatial distribution of drainage basins and their geometric relationships 
(Ouchi, 1985; Whipple and Tucker, 1999; Azor et al., 2002; van der Beek et al., 2002; 
Wegmann and Pazzaglia, 2002; Clark et al., 2004; Zhang et al., 2004; Korup, 2006). 
The quantitative geomorphic analyses were conducted using geomorphic indices that 
allow characterizing quantitatively the geomorphic features of a landscape to evaluate 
its relative level of tectonic activity (Seeber and Gornitz, 1983; Brookfield, 1998; 
Keller and Pinter, 2002; Chen et al., 2003; Kobor and Roering, 2004). Thus, the final 
aim of this kind of analyses is to describe a landscape and possibly associate a set of 
geomorphic features to a detected tectonic structure or other geologic control factors 
(e.g. erodibility contrasts, capture processes or sea-level changes).

The quantitative analyses were conducted calculating the following geomorphic indices: 
mountain-front sinuosity (Smf, Fig. 10b), valley floor width-to-height ratio (Vf, Fig. 
10c), drainage basin asymmetry factor (Fig. 10d), basin hypsometric curve and integral 
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(Fig. 10e), and stream-length gradient index (Fig. 10f) normalized by the graded river 
gradient (SLk index). Further details of the morphometry GIS-based methodology are 
explained in the Chapter 7.

5.3 Seismic data processing flow

I processed two deep seismic reflection lines in order to explore how the studied 
tectonic structures continue offshore and, overall, to redefine tectonically the Palomares 
margin and the southeastern Betics in the wider context of the tectonic inversion of the 
westernmost Mediterranean. I employed a typical seismic data processing flow of the 
deep seismic reflection lines that included the following steps (Fig. 11a): data quality 
control to verify the continuity of the seismic imaging; definition of the line geometry 
and shots-to-CMP conversion (Fig. 11b) to obtain the first stack; velocity analysis to 

Fig. 10: Synthetic scheme of the geomorphic used in this thesis: a) stream and ridge-line profiles, b) 
the mountain-front sinuosity (Smf), c) the valley floor width-to-height ratio (Vf), d) the drainage basin 
asymmetry factor, e) basin hypsometric curve and integral, f) and the stream-length gradient index 
normalized by the graded river gradient (SLk index).
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achieve a velocity model congruent with the geologic and structural features imaged by 
the first stack (useful for the Normal Moveout Correction, Fig. 11c); compensation of 
the spherical divergence to correct the amplitude loss in depth (Fig. 11d); picking of 
the external and internal “mutes” in order to remove the non acceptable seismic energy 
(Fig. 11e); predictive deconvolution to suppress multiple reflections (Fig. 11f); pre-
stack Radon and symmetric FK filters in order to remove the dipping and flat multiples; 
time migration to move dipping reflections to a more correct location (Fig. 11g) and 
space conversion to obtain a more correct geological interpretation of the deep seismic 
reflection lines. Further details of the seismic data processing flow are explained in the 
Chapter 10.

Fig. 11: a) Synthetic scheme of the processing flow applied on the multichannel reflection seismic data 
in this thesis: b) definition of the line geometry for the shots-to-CMP conversion, c) Normal Moveout 
Correction of the CMP gathers for the stack, d) compensation of the spherical divergence to correct the 
amplitude loss in depth, e) external and internal “mutes” to remove the non acceptable seismic energy, 
f) predictive deconvolution to suppress multiple reflections, g) and time migration to move dipping 
reflections to a more correct location.
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6.0 Heterogeneous extension and the role of transfer faults in the 
development of the southeastern Betic basins (SE Spain)

F. Giaconia a, *, G. Booth-Rea a, J.M. Martínez-Martínez a, J.M. Azañón a,
F. Storti b, A. Artoni b

a Dpto. Geodinámica, Instituto Andaluz de Ciencias de la Tierra (CSIC-UGR),
Campus Fuentenueva S/N, 18002, Granada, Spain
b Dipartimento di Fisica e Scienze della Terra “Macedonio Melloni”,
Università degli Studi di Parma, Campus Universitario, Parco Area delle Scienze 157/A, 
43124, Parma, Italy
* Corresponding author. E-mail address: flavio@ugr.es, flavio@iact.ugr-csic.es
(F. Giaconia)

Abstract: The north Cabrera dextral fault and other E–W to NE–SW strike-slip faults 
active during the Serravallian to Tortonian in the Sorbas basin were transfer faults 
produced under SW–NE extension. These transfer faults, together with related normal 
faults form the main boundaries of two sedimentary depocenters active between the 
middle Miocene and the Tortonian. The older, north Cabrera depocenter, was active 
between the Serravallian and the lower Tortonian (approx. 13.8 to 9 Ma), whilst the 
younger Gacía depocenter formed in response to a new extensional pulse during 
the Tortonian, between 9 to 7.5 Ma. The Gacía depocenter formed to the west of the 
north Cabrera depocenter by the development of a listric fan of normal faults with SW-
directed transport that detach on a low-angle detachment. A balanced cross-section 
across the Gacía depocenter shows that the detachment cuts into the Nevado–Filabride 
complex at approximately 0.8 km depth tilting a previous extensional detachment 
between the Alpujarride and Nevado–Filabride complexes. This extension was temporal 
and kinematically linked to sinistral displacement along the Carboneras fault further 
south in the Níjar basin. Westward-directed heterogeneous extension in the region 
produced elongated core-complexes and tilted-blocks to the north of the Carboneras 
fault and magmatic accretion upon thinned continental crust to the south. This extension 
and magmatism represents the superficial manifestation of the rupture of the Tethyan 
slab and associated edge delamination along a lithospheric transform fault beneath the 
northern branch of the Betic–Rif orogen.

Keywords: strike-slip fault, extensional tectonics, SE Betics, Carboneras fault zone, 
delamination
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6.1 Introduction

Strike-slip faults can be found in all tectonic settings, developed in transcurrent tectonic 
regimes as dynamic structures or in both compressional and extensional regimes 
as transfer and transform faults that are kinematic structures formed in response 
to deformation heterogeneities among fault segments (e.g. Dahlstro, 1970; Gibbs, 
1984; Sylvester, 1988; Martínez-Martínez et al., 2006). The fundamental difference 
between these faults is that transcurrent faults strike obliquely to the principal regional 
stress axes (normally ~30º), whereas transfer faults are subparallel to the direction of 
shortening or extension. Furthermore, transfer faults can show variable transport sense 
and amount of slip along them, depending on the kinematics of the faults that they link 
(e.g. Duebendorfer and Black, 1992; Faulds and Varga, 1998; Martínez-Martínez et al., 
2006). Transfer faults in extensional regime are transverse structures that link spatially 
separated loci of extension. They show “hard linkage” with the faults they connect, 
allowing slip to be transferred (Walsh and Watterson, 1991; McClay and Khalil, 1998; 
Martínez-Martínez et al., 2006).

The tectonic evolution of the eastern Betics has been strongly influenced by strike-
slip tectonics during the middle–late Miocene to present. The main eastern Betic 
Neogene–Quaternary basins occur in synclines among E/W- to ENE/WSW-elongated 
antiformal ridges that are related to or cut by large-scale transcurrent faults like the 
Palomares, Terreros and Alhama de Murcia sinistral faults or the Polopos dextral fault 
(e.g. Bousquet and Montenat, 1974; Ott d´Estevou and Montenat, 1985; Hernandez et 
al., 1987; Weijermars, 1987; Larouzière et al., 1988; Coppier et al., 1990; Montenat 
and Ott d´Estevou, 1990; Martínez-Díaz, 2002; Booth-Rea et al., 2004a; Masana et 
al., 2004). These faults formed in response to NW–SE convergence between Africa 
and Iberia. Moreover, large strike-slip faults occur parallel to the folds axes, bounding 
the margins of some of the main basins, like the Alpujarras fault or or the Cantona and 
North Cabrera the strike-slip faults described in the southern margin of the Sorbas, 
Tabernas and Vera basins (Sanz de Galdeano et al., 1985; Sanz de Galdeano, 1987; 
Rodriguez-Fernandez et al., 1990; Haughton, 2001; Hodgson and Haughton, 2004; 
Martínez-Martínez, 2006; Martínez-Martínez et al., 2006). Thus, most literature in the 
area has related the development and evolution of the southeastern Betic Neogene–
Quaternary basins in a transcurrent tectonic setting. However, other works have shown 
the great importance of extensional tectonics in the development and evolution of 
these basins during the Miocene (Platt and Vissers, 1989; Martínez-Martínez and 
Azañón, 1997; Martínez-Martínez et al., 2002; Booth-Rea et al., 2005). Furthermore, 
the transcurrent model for the development of the eastern Betic basins fails to explain 
the exhumation of early to middle Miocene HP rocks in the core of all the outcropping 
basement highs (e.g. López Sánchez-Vizcaíno et al., 2001; Platt et al., 2006; Behr and 
Platt, 2012).

In order to differentiate between transcurrent and transfer faults, and to define their 
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role in the origin and evolution of the southeastern Betic basins during late Miocene 
extensional tectonics, we have carefully mapped a key area in the Sorbas basin where a 
set of dextral transcurrent faults have been described previously (e.g. Sanz de Galdeano, 
1987; Montenat and Ott d´Estevou, 1990; Stapel et al., 1996; Huibregtse et al., 1998; 
Jonk and Biermann, 2002). We analyzed the age, segmentation, linking and crosscutting 
relationships between normal and strike-slip fault segments, differentiating between 
transfer and transcurrent faults in the area. Later, we analyzed the geometry of the main 
middle and late Miocene sedimentary depocenters in the area and their relations to the 
mapped faults. Finally, we constructed a balanced cross section transversely to the main 
Tortonian sedimentary depocenter with the aid of drill holes and electrical tomography 
to evaluate the importance of late Tortonian extension in the development of the Sorbas 
basin and its significance in the evolution of the eastern Betic basins.

6.2 Structural framework

The Betics and Rif together with the Gulf of Cádiz accretionary wedge form the 
Gibraltar Arc orogenic system that developed by combined subduction and oblique 
collision during the Alpine orogeny. Subduction of the Mesozoic oceanic crust of 
the Tethys Ocean occurred under the central areas of the arc during the early to late 
Miocene, whilst oblique collision of the Iberian and the North Maghrebian passive 
margins beneath the Alborán domain orogenic wedge occurred in the northern and 
southern branches of the Gibraltar Arc (e.g. Balanyá and García-Dueñas, 1987; 
Martínez-Martínez and Azañón, 1997; Durand-Delga et al., 2000; Faccenna et al., 
2004; Booth-Rea et al., 2005; Luján et al., 2006; Platt et al., 2006; Balanyá et al., 
2007; Booth-Rea et al., 2007, 2012b). This subduction-collisional system comprises an 
accretionary wedge presently preserved in the Gulf of Cádiz (e.g. Gutscher et al., 2001; 
Iribarren et al., 2007; Sallarès et al., 2011; Gutscher et al., 2012), a volcanic arc in the 
Eastern Alborán basin and a back-arc region coinciding with the Algero–Balearic basin 
(e.g. Lonergan and White, 1997; Duggen et al., 2003, 2004a; Mauffret et al., 2004; 
Duggen et al., 2005; Booth-Rea et al., 2007). The mechanisms driving the tectonic 
evolution of the system have been strongly debated including mantle convective 
removal (Platt and Vissers, 1989), slab rollback (Lonergan and White, 1997), slab 
tearing or breakoff (Zeck, 1996; Carminati et al., 1998; Zeck, 1999), lithospheric 
delamination (García-Dueñas et al., 1992; Martínez-Martínez and Azañón, 1997; 
Faccenna et al., 2004; García-Castellanos and Villasenor, 2011) or a combination of 
subduction beneath central areas of the Alborán basin and edge-delamination beneath 
the Betic–Rif margins (Duggen et al., 2003; Martínez-Martínez et al., 2006; Booth-Rea 
et al., 2007, 2012b).

Thrusting and folding of the South–Iberian Mesozoic to Tertiary passive margin 
sedimentary cover in the external zone was coeval to extensional processes in the Betic 
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hinterland during the early–late Miocene. This extension resulted in the development 
of the Alborán and Algero–Balearic basins in the core of the orogeny, involving the 
formation of oceanic crust (García-Dueñas et al., 1992; Comas et al., 1999; Mauffret 
et al., 2004; Booth-Rea et al., 2007; Pesquer et al., 2008). Extension started before 
the Burdigalian, when the Alpujarride metamorphic complex was denudated (19 
Ma, Lonergan and Johnson, 1998; Esteban et al., 2004), and continued through the 
Serravallian (13.6 Ma) until the present, when the Nevado–Filabride metamorphic 
complex was exhumed (Johnson et al., 1997; Martínez-Martínez et al., 2002, 2006). 
The main extension occurred along WSW-directed core-complex detachments that 
exhumed HP metamorphic rocks of the Nevado–Filabride complex and markedly 
attenuated the previous metamorphic nappe stack (García-Dueñas and Martínez-
Martínez, 1988; Galindo-Zaldívar et al., 1989; Platt and Vissers, 1989; García-Dueñas 
et al., 1992; Martínez-Martínez and Azañón, 1997; Martínez-Martínez et al., 1997; 
Booth-Rea et al., 2005). The SW-directed extensional exhumation of the Nevado–
Filabride complex propagated westwards in the Sierra de Filabres and Sierra Nevada 
elongated domes (Johnson et al., 1997). At the Sierra de Filabres, apatite fission tracks 
young from about 13-11.5 Ma to the east to 7-8 Ma to the west of the dome (Johnson et 
al., 1997; Vázquez et al., 2011). 

WSW-directed extension in the Betics and Rif belts was heterogeneous in style 
including core-complex structures like the Sierra Nevada elongated dome in the central 
Betics (e.g. Martínez-Martínez et al., 2002, 2004; Negro et al., 2007; Booth-Rea 
et al., 2012b) and upper crustal extension characterized by tilted block domains (e.g. 
García-Dueñas et al., 1992; Martínez-Martínez and Azañón, 1997; Booth-Rea et al., 
2003c, 2004c; Martínez-Martínez, 2006). Moreover, crustal thinning offshore at the 
east Alborán and Algero–Balearic basins was accommodated by magmatic accretion 
between the middle and late Miocene. These domains with different styles of extension 
were separated by extensional transfer faults like the ENE–WSW Alpujarras dextral 
fault in the central Betics (Martínez-Martínez, 2006; Martínez-Martínez et al., 2006) 
orthe sinistral NE –SW Carboneras fault in the eastern Betics (Rutter et al., 2012).

The heterogeneity of the early–late Miocene extension in the Betics includes 
changes in direction of extension both in time and space. Extension started with 
a N–S displacement during the early Miocene and continued with a W to SW 
displacementfrom the middle Miocene until present in the central Betics (e.g. García-
Dueñas et al., 1992; Martínez-Martínez et al., 2002). Meanwhile, SE-directed 
extensional faults like the Almenara detachment contributed to the exhumation of the 
Nevado–Filabride complex in the eastern Betics during the late Miocene (Booth-Rea 
et al., 2012a). Eastwards directed extension during the late Miocene also occurred east 
of the Alborán magmatic arc in the Algero–Balearic back-arc basin (Booth-Rea et al., 
2007).

Many basins developed on the hanging-walls of the extensional system that showed 
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marine continuity with the Alborán and Algero–Balearic basins during the late Miocene 
(Platt and Behrmann, 1986; Galindo-Zaldívar et al., 1989; Platt and Vissers, 1989; 
García-Dueñas et al., 1992; Lonergan and Platt, 1995; Martínez-Martínez and Azañón, 
1997; Comas et al., 1999; Martínez-Martínez et al., 2002; Booth-Rea et al., 2005). The 
Granada and Guadix–Baza basins are examples from the western and central Betics 
of sedimentary basins produced by extensional tectonics during the late Miocene to 
Quaternary (Fernández et al., 1996; Azañón et al., 2004a; Rodríguez-Fernández and 
Sanz de Galdeano, 2006; Azañón et al., 2007; Pedrera et al., 2007, 2009b; Pérez-Peña 
et al., 2009c; Fernández-Ibánez et al., 2010; Pérez-Peña et al., 2010). Other examples 
are the Sorbas–Tabernas, Níjar–Carboneras and Vera basins in the eastern Betics that 
underwent important extension in their origin during the middle–late Miocene but were 
tectonically inverted in contraction since the late Miocene (Fig. 1, Weijermars et al., 
1985; Montenat and Ott d´Estevou, 1990; Booth-Rea et al., 2004a). During the late 
Miocene to present tectonic inversion, both normal and transfer fault of the extensional 
system were reused as strike-slip faults or inverted as reverse faults depending on their 
orientation with respect to the stress field (e.g. Martínez-Martínez, 2006; Meijninger 
and Vissers, 2006).

Fig.1 Geological sketch of the southeastern Betics highlighting the studied area modified after Giaconia 
et al. (2012b). NGF: North Gafarillos fault.
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The main examples of these inversion shortening structures in the southeastern Betics 
are large strike-slip faults like the sinistral Palomares and Terreros fault zones, the 
dextral Polopos fault zone and other structures as the Sierra Cabrera and Alhamilla–
Polopos anticlinoria and associated reverse faults (Fig.1, Bousquet, 1979; Weijermars 
et al., 1985; Montenat and Ott d´Estevou, 1990; Montenat et al., 1990; Ott d´Estevou et 
al., 1990; Booth-Rea et al., 2004a, 2005; Giaconia et al., 2012b, 2013a).

6.3 Balanced cross section method

We constructed a NE–SW oriented balanced cross section parallel to the direction of 
extension following the inclined-shear construction technique proposed by Dula (1991) 
that assumes the inclined-shear model as the dominant deformation mechanism for 
the hanging-wall. The assumption of the inclined-shear model was widely checked 
by clay-model analog experiments and both forward inclined-shear construction and 
inverse fault-to-bed construction on subsurface examples and seismic records. This 
technique allows reconstructing the master fault geometry of a listric fault system from 
sub-superficial geometry of the hanging-wall roll-over-anticline. The control factor 
that determines both the roll-over-anticline geometry and the master fault geometry 
and depth is the shear angle. The shear angle can be estimated by iterative modeling 
varying the shear angle systematically. The resultant fault and roll-over-anticline shape 
is compared to the shallow geometry of the master fault segments and the roll-over-
anticline until a best fit is obtained.

In order to obtain the balanced cross section we extrapolated our mapping information 
at depth with the aid of drill holes with continuous depth sampling and taking 
into account the strata dips, the shallow geometry of the extensional faults and the 
stratigraphic contacts. Later, we input our preliminary shallow cross section into the 
2DMOVE software and tested different shear angles in order to obtain the master fault 
geometry that best fitted the shallow geometry of the roll-over-anticline.

6.4. Lithostratigraphy of the study area

6.4.1 Metamorphic basement rocks

The metamorphic rocks that form the basement in the study area belong to the Albóran 
domain that is composed of three poly-metamorphic nappe complexes that are, in 
ascending order, the Nevado–Filabride, Alpujarride, and Malaguide complexes (Fig. 
2, Balanyá et al., 1997). The Nevado–Filabride metamorphic complex is formed by 
three major tectonic units separated by two ductile shear zones subparallel to both 
the main foliation and the litological contacts (Martínez-Martínez et al., 2004). These 
tectonic units are the Ragua, Calar Alto, and Bédar–Macael units, in ascending order. 
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All these units except the Ragua unit crop out at the Sierra Alhamilla, Polopos and 
Cabrera antiformal ridges. The Calar Alto unit is formed by a metasedimentay sequence 
including chloritoid-rich, graphite mica-schist of Palaeozoic protholith (Montenegro 
formation) with orthogneisses derived from late Carboniferous granites and light-
colored schist (Tahal formation), marble and meta-evaporites of Permo–Triassic 
protholith. Serpentinites and metamorphosed Jurassic metabasites are also included. 
This unit underwent variable metamorphic conditions, reaching HP eclogite facies 
between 17 and 15 Ma (López Sánchez-Vizcaíno et al., 2001; de Jong, 2003; Platt et al., 
2006), followed by greenschist facies metamorphism before its exhumation that started 
at 13 Ma, age of the oldest zircon fission-track data (Johnson et al., 1997; Vázquez et 
al., 2011). The Bédar–Macael unit includes staurolite graphite mica-schist, tourmaline 
gneiss, light-colored schist, serpentinite, amphibolites, and marbles (Martínez-Martínez 
et al., 2004).

The Alpujarride complex comprises three major tectonic units bounded by extensional 
ductile and brittle shear zones, the Lower unit (Martínez-Martínez and Azañón, 1997), 
Intermediate unit (Variegato unit, Booth-Rea et al., 2005) and the Upper unit (Fig. 
2). The Lower unit is formed by a medium-grade tectono-metamorphic sequence that 
includes, from bottom to top, calcite-dolomite marble, kyanite bearing phyllite and 
quartzite, chloritoid-garnet graphite schist, and sturolite-kyanite-garnet graphite schist. 
This unit is overturned, showing an inverted metamorphic zonation and age that is 
Triassic for the marbles and Palaeozoic for the graphite schist (Platt et al., 1983; 
Martínez-Martínez and Azañón, 1997). The Intermediate unit corresponds to the low-
grade metamorphic Variegato unit (Simon, 1963; Booth-Rea et al., 2005) and comprises 
at least three second-order imbrications. The two lowest are formed by fine-grained 
schist of Permo–Triassic age and by marble of Triassic protholith. The structurally 
highest Variegato nappe also includes graphite schist at its base with garnet and biotite. 
The Upper unit only crops out locally between segments of the Carboneras fault in 
Sierra Cabrera. It is formed by K-feldespar gneises, sillimanite schist that gradually pass 
to lower-grade metapelites and then to metapelites with staurolite, garnet, andalusite and 
chloritoid.

The Malaguide complex in the study area comprises a Lower Malaguide unit that 
underwent low-grade metamorphism (anchizonal) during the Alpine orogeny, and some 
small outcrops of the Palaeogene limestones of the post-Triassic sedimentary cover 
(Lonergan, 1993; Lonergan and Mangerajetzky, 1994; Nieto et al., 1994; Lonergan 
and Platt, 1995). The Lower Malaguide unit comprises several imbricate thrust sheets 
formed by, from bottom to top, Permo–Triassic quartz-pelitic rocks (red quartzite, red 
slate, micro-conglomerates and some gypsum levels) and Triassic carbonate rocks (calc-
phyllite, massive black dolomite, gypsum, tabular dolomite and limestone).
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6.4.2 Neogene sedimentary rocks

The sediments in the eastern Betic basins have been traditionally divided in older and 
recent Neogene. The older Neogene is formed by early to middle Miocene sediments 
and the recent Neogene by late Miocene sediments. The main difference between these 
sedimentary sequences is that the recent Neogene sediments registered the extensional 
denudation of the Nevado–Filabride complex rocks (Völk, 1967; Ott d´Estevou et al., 
1990). The older sediments in the Sorbas–Tabernas basin are early to middle Miocene 
in age (Fig. 3, Burdigalian–Serravallian). The lower Burdigalian unit is formed by 
a shallowing upwards sequence of pelagic limestone, marly limestone and marls. In 
ascending order, red conglomerates, sandstones with echinoderm and lamellibranchia, 
platform limestones, turbiditic marls, and continental conglomerates of late Burdigalian 
to Langhian age form the overlaying unit. A Serravallian unit that includes open marine 

Fig. 2. Geological map of the Sierra Cabrera ridge and surrounding Neogene sedimentary basins: the 
Sorbas and Vera basins, to the north, and the Níjar basin, to the south. NCRF: North Cabrera reverse 
fault; NCDF: north-Cabrera dextral fault. See Fig. 1 for its location.
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turbidites to continental conglomerates with Alpujarride and Malaguide clasts above, 
capes the older Neogene sequence (Völk, 1966; Barragán, 1997; Booth-Rea et al., 
2004a).

Tortonian to Pliocene sediments form the recent Neogene sedimentary sequence. Two 
sedimentary units deposited during the Tortonian. The lower Tortonian unit comprises 
two depositional sequences. The lower sequence is formed by conglomerates, 

Fig. 3. Synthetic stratigraphic column of the Neogene–Quaternary sediments of the Sorbas, Vera and 
Níjar basins (Barragán, 1997; Fortuin and Krijgsman, 2003; Piller et al., 2007).
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calcareous sandstones and marls deposited in transitional marine environments. The 
upper sequence is formed by red continental conglomerates with Nevado–Filabride 
boulders (Barragán, 1997). The upper Tortonian unit is formed by two depositional 
sequences. The lower sequence defines an erosional angular unconformity on both 
sediments and metamorphic basement (intra-Tortonian unconformity) and comprises 
deltaic conglomerates with Nevado–Filabride boulders, sandstones and siltstones of 
transitional and marine facies. The upper sequence shows a sedimentary continuity with 
the previous one and is formed by marls and limestones with sand and silt intercalations 
of the Chozas formation (Fig. 3, Ruegg, 1964).

The latemost Tortonian to Messinian sedimentary units comprise, from bottom to top, 
the pre Messinian salinity crisis Turre formation (latemost Tortonian–early Messinian), 
the evaporitic Yesares formation (Messinian) and finally the post crisis Feos formation 
(Fig. 3, late Messinian). The Turre formation is formed by the Azagador, the Cantera 
and Abad members (Fig. 3). The latemost Tortonian temperate calcarenites of the 
Azagador member (8-7.24 Ma; Völk, 1966; Martín et al., 2003) are composed of 
bioclastic calcarenites and sandstones, locally mixed with conglomerates, with abundant 
bryozoans, bivalves, coralline algae and benthic foraminifera, and minor brachiopods, 
solitary corals, barnacles and gastropods (Wood, 1966). The Azagador member shows 
progressive unconformities related both to the initial growth of the Sierra Alhamilla–
Polopos and Cabrera anticlinoria (Alvado, 1986; Ott d’Estevou and Montenant, 1990; 
Booth-Rea et al., 2004a) and to Tortonian SW-directed extension at the western 
termination of Sierra Cabrera (Giaconia et al., 2013b). The distal equivalent of the 
Azagador member are the open marine marls of the “Lower Abad” member that are 
characterized by a cyclic pattern of alternating whitish marly chalks and beige marls 
(Fortuin and Krijgsman, 2003) intercalated with diatomites and contain abundant 
calcareous nanoplankton and planktonic foraminifera of Messinian age (Sierro et al., 
2001).

Messinian reef carbonates of the Cantera member overlie the Tortonian sediments 
(7.24-5.96 Ma; Völk, 1966; Sierro et al., 2001) sealing part of the folding in the Sierra 
Alhamilla (Weijermars et al., 1985), although they themselves define an open fold. This 
member is composed of tropical platform limestones, locally mixed with siliciclastics, 
that pass upward to prograding fringing reefs composed of corals encrusted by 
stromatolites (Braga et al., 1996).

The distal equivalent of the Cantera member are the Messinian marls of the “Upper 
Abad” member that confirm the open marine conditions in the then connected Níjar 
and Sorbas–Tabernas basins until the occurrence of the Messinian salinity crisis (Hsü 
et al., 1973, 1977). The “Upper Abad” member deposited during increasing restriction 
of marine conditions and includes sapropelitic laminites, marls and chalks that mark an 
upward shoaling (Fortuin and Krijgsman, 2003).
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The Messinian evaporites of the Yesares formation (Fig. 3) deposited in both the Níjar 
and Sorbas–Tabernas basins over the basin-scale Messinian erosional unconformity at 
the top of both Cantera and Abad members (5.96-5.67 Ma; Martín and Braga, 1994; 
Krijgsman et al., 2001). The Yesares formation predominantly consists of selenitic 
gypsum that are intercalated upwards with beds of marine silts and marls containing 
benthic and planktonic foraminifera of Messinian age (Riding et al., 1998). At the 
final stage of the crisis, during the late Messinian, basin differential uplift closed the 
connection between the two basins producing different lithostratigraphic sequences 
since then (Braga et al., 2003; Booth-Rea et al., 2005). In the Níjar and Vera basins the 
marine environment was restored during the late Messinian as confirmed by the Lago 
Mare facies sediments of the Feos formation (5.67-5.33 Ma; Fortuin and Krijgsman, 
2003) and persisted until the Pliocene as inferred by marine shelf sands and muds of the 
Cuevas formation (early Pliocene, Fig. 3, Mather, 1993; Stokes and Mather, 2000).

6.5 Results

The main faults in the studied region were active and produced important tectonic 
subsidence during the deposition of Neogene marine and continental sedimentary units 
in the Sorbas basin. Two well-differentiated sedimentary depocenters occur in the 
eastern part of the Sorbas basin related to the activity of strike-slip and normal faults 
during the middle to late Miocene.

The older sedimentary depocenter here named north Cabrera depocenter has an ENE–
WSW orientation and runs parallel to northern limb of the Sierra Cabrera anticline 
into the Vera basin to the east (Fig. 2). It contains late Burdigalian to early Tortonian 
sediments that are bounded to the north by different ENE–WSW segments of the north–
Cabrera dextral strike-slip fault zone that turns to a WNW–ESE orientation towards 
the west (Sanz de Galdeano, 1987), and to the south by the latemost–Tortonian to 
Quaternary North Cabrera reverse fault (Giaconia et al., 2012b). Many NW–SE normal 
faults occur with both NE- and SW-directed extension along the southern boundary of 
the north Cabrera depocenter (Fig. 4).

The younger sedimentary depocenter, namely the Gacía depocenter, occurs at the 
western termination of the Sierra Cabrera with a WNW to ESE orientation and is 
bounded by NW–SE normal faults with SW-directed extension and by both dextral 
and sinistral oblique strike-slip faults of E–W to NE–SW orientation (Fig. 4). These 
fault segments form a strongly curved brittle fault zone that separates the metamorphic 
basement from the Tortonian sediments and shows consistent W to SW-directed 
extensional displacement. This basement bounding fault zone merges or is cut at 

Fig. 4. Geological map of the eastern margin of the Sorbas basin where the north–Cabrera and Gacía 
sedimentary depocenters occur. Drill holes, structural stations, cross sections and photo sites (in Figs. 6 
and 8) are located.
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its intersection with the dextral North Gafarillos fault zone at the south of the Gacía 
depocenter (Fig. 4). The Gacía depocenter contains two thick Tortonian sedimentary 
units that are tilted and fan out towards the NE. Towards the NW the greatest thickness 
of Messinian and Pliocene sediments of the Sorbas basin seal the faults that bound the 
Gacía depocenter.

6.5.1 Serravallian to Tortonian extensional system and the north Cabrera depocenter

Segments of the north–Cabrera dextral fault zone crop out discontinuously along the 
northern foothills of the Sierra Cabrera. Most of these segments separate metamorphic 
rocks of the Alpujarride and Malaguide complexes in the northern block from middle 
Miocene and Tortonian sediments in the southern one. The main dextral strike-slip fault 
segments mapped show ENE–WSW orientation with subhorizontal striae. However, 
some of these segments presently show reverse kinematics. Locally, vertical fault 
segments with dextral kinematics and E–W to WNW–ESE orientation occur to the 
NW of the Sierra Cabrera (Fig. 4). Most of the observed dextral fault segments cut and 
are sealed by the deltaic conglomerates of the upper-Tortonian lower-sequence, whilst 
the Tortonian Chozas marls seal them (Figs. 5b and c). Many NW–SE normal faults 
occur with both NE- and SW-directed extension along the southern boundary of the 
north Cabrera depocenter affecting up to the upper-Tortonian lower-sequence deltaic 
conglomerates.

The sedimentary sequence in the north Cabrera depocenter shows a progressive 
unconformity within late-Serravallian conglomerates that has an ENE–WSW hinge 
parallel to the western termination of the north–Cabrera dextral strike-slip fault zone 
(Fig. 4 and 5a). This unconformity can be observed at several localities to the north 
of Sierra Cabrera. Furthermore, an angular unconformity occurs at the base the lower 
Tortonian unit. This data indicate a Serravallian to Tortonian age (13,8 to approximately 
9 Ma) for the north-Cabrera dextral fault zone and extensional faults within the north 
Cabrera depocenter.

The north Cabrera depocenter is affected by later compressive structures, being folded 
in a syncline and cut by the North Cabrera reverse fault that has been active during 
the Quaternary (Figs. 2 and 4, Booth-Rea et al., 2004a; Giaconia et al., 2012b). 
Furthermore, at the western termination, the depocenter is bounded and cut by the NE–
SW sinistral Huelga fault and by a NW–SE normal fault with SW transport that cuts up 
to the latemost Tortonian to Messinian Turre formation (Fig. 4).

6.5.2 Early–latemost Tortonian extensional system and the Gacía depocenter

The extensional system that bounds and cuts the Gacía depocenter is formed by normal 
faults that strike N140º-160ºE, dipping about 40º southwestwards and showing an 

Fig. 5. a) a) A western segment of the north-Cabrera dextral strike-slip fault showing a progressive 
unconformity within the late Serravallian conglomerates (on the right) that has an ENE-WSW hinge 
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parallel to the fault zone (see Fig. 4 for its location). b) A north-Cabrera dextral fault segment that cuts 
and is sealed by the deltaic conglomerates of the uppe-Tortonian lower-sequence (see station 6 in Fig. 
4 for its location). c) Panoramic view of the dextral strike-slip fault sealed by the latemost Tortonian–
Messinian temperate calcarenites (see Fig. 4 for its location). d) Intra-Tortonian unconformity that 
separates marine sandstones and siltstones of the lower Tortonian unit from deltaic conglomerates of the 
upper Tortonian unit occurred at approximately 10 Ma (Fig. 4 for its location). e) Fault-related facies 
changes in the Tortonian sequences, which deepen in the hanging-walls towards the SW (Fig. 4 for its 
location). f) Progressive unconformity in the Azagador member related to a normal fault with NE-directed 
extension between the Sierra Alhamilla and the Sierra de Polopos at the northern margin of the Nijar 
basin. g) Stereonet collecting structural data of the dextral fault in Fig 5b (see Fig. 4 for its location). 
Ad: Alpujarride dolomites; AzMb: latemost Tortonian–Messinian temaplate mixed-limestones of the 
Azagador member; CnMb: latemost Tortonian–Messinian tropical platform limestones of the Cantera 
member; Mqz: Malaguide quartzite; lTr-mSS: marine sandstones and siltstones of the lower Tortonian 
unit; Sru: open marine turbidites to continental conglomerates with Alpujarride and Malaguide clasts 
of the Serravallian unit; Tr-cl: latemost Tortonian–Messinian temperate calcarenites of the Azagador 
member (Turre formation); uTr-dCg: deltaic conglomerates with Nevado–Filabride boulders of the lower 
sequence of the upper Tortonian unit; uTr-ls: sandstones and siltstones of transitional and marine facies 
of the upper-Totonian lower-sequence; uTr-us: marls and limestones with sand and silt intercalations 
(Chozas formation) of the upper-Tortonian upper-sequence.
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Fig. 6. a). Panoramic view of the a dextral lateral ramp that evolve to the left to a normal fault of the 
Tortonian extensional system, see structural stations st5a and 5b and Fig. 4 for its location. In the 
white inset a photo of the dextral lateral ramp is shown b). Frontal ramp of the Tortonian extensional 
system, see structural stations st4a and 4b and Fig. 4 for its location. c) Normal fault affecting the upper 
Tortonian unit (see Fig. 4 for its location). St8. Stereonet collecting structural data of the Tortonian 
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extension displacement towards N240-270ºE. These faults in the basin, link with a 
brittle fault zone with variable orientation that separates the metamorphic basement 
from the Tortonian sediments and shows consistent W to SW-directed displacement 
(Fig. 4). This strongly curved fault zone is formed by both N150ºE normal and N70-
90ºE oblique strike-slip fault segments that dip about 50-70º both north- and southwards 
(Figs. 4 and 6). The oblique strike-slip segments show dextral-normal kinematics when 
they produce sinistral apparent offset of the normal faults they link and dip towards the 
south (Figs. 4, 6a and b). Meanwhile, they show sinistral-normal kinematics when they 
produce dextral apparent offset of the normal faults they link and dip towards the north. 
All the fault segments that define the main sediment-basement bounding fault zone are 
continuous between each other; thus, no crosscutting relationship can be established 
between them. The basement bounding fault zone merges or is cut at its intersection 
with the dextral North Gafarillos fault zone at the south of the Gacía depocenter (Fig. 
4).

The balanced cross section across the Gacía depocenter was obtained using a shear 
angle of 80º and indicates a listric fault fan that roots in a basal detachment at 0.8 km 
depth (Fig.7). Gravimetric data available in the area  (Li et al., 2012) indicate that the 
Nevado–Filabride/Alpujarride contact in the section is located at a depth of about 0.6 
km, thus indicating that the extensional system cuts into the Nevado–Filabride complex. 
This extensional system produced a 1.2 km depth depocenter, reaching about a 39 % 
amount of extension during the Tortonian. The Tortonian sedimentary rocks show 
a progressive decrease of the dip of their strata upwards, describing a growth-strata 
structure toward the main extensional fault segments. Furthermore, within each unit the 
strata shows a decrease in dip angle away from the main faults, defining a hanging-wall 
roll-over-anticline (Fig. 7).

The two Tortonian sedimentary units that fill the Gacía depocenter show strong 
thickness changes between the outcrops located in the footwall of the normal fault 
system to the NE where they reach approximately 150 m thick and the center of the 
depocenter where 800-900 m of Tortonian sediments occur. Furthermore, across each 
normal fault strong changes occur in the sedimentary facies of the Tortonian sequences, 
which deepen in the hanging-walls, towards the SW (Fig. 5e).

Two angular-unconformities were recognized in the Tortonian sediments of the 
Gacía depocenter. The first one, namely the intra-Tortonian unconformity, occurred 

extensional system affecting the lower Tortonian unit (see Fig. 4 for its location). Ad: Alpujarride 
dolomites; Aphy: Alpujarride phyllite; lTr-rCg: red continental conglomerates with Nevado–Filabride 
boulders of the late-Tortonian upper-sequence; Sru: open marine turbidites to continental conglomerates 
with Alpujarride and Malaguide clasts of the Serravallian unit; Tr-cl: latemost Tortonian–Messinian 
temperate calcarenites of the Azagador member (Turre formation); uTr-dCg: deltaic conglomerates with 
Nevado–Filabride boulders of the lower sequence of the upper Tortonian unit; uTr-ls: sandstones and 
siltstones of transitional and marine facies of the upper-Totonian lower-sequence; uTr-us: marls and 
limestones with sand and silt intercalations (Chozas formation) of the upper-Tortonian upper-sequence.
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Fig. 7. Restored balanced cross section thought the Gacía sedimentary depocenter, see Fig. 4 for its 
location.
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at approximately 9 Ma and separates marine sandstones and siltstones of the lower 
Tortonian unit from deltaic conglomerates of the upper Tortonian unit (Fig. 5d). 
The second one occurred at approximately 8 Ma between the late Tortonian Chozas 
formation marls and the template mixed-limestones of the Azagador member. Both 
unconformities are related to the NE-directed tilting produced by the NW–SE normal 
faults that defines the northeastern margin of the depocenter (Fig. 4). Finally, a further 
extension-related progressive unconformity occurred within the latemost Tortonian–
Messinian Azagador member between ~8 and 7.24 Ma, whilst the Messinian Abad 
marls seal the fault system (Fig. 4). A progressive unconformity in the Azagador 
member related to a normal fault with NE-directed extension has been observed further 
west between the Sierra Alhamilla and the Sierra de Polopos at the northern margin of 
the Nijar basin (Fig. 5f).

The southern boundary of the Gacía depocenter is defined by the North Gafarillos 
fault that shows WNW–ESE orientation and dextral kinematics at the east and curves 
towards an ENE–WSW orientation to the west where it has reverse kinematics  
(Giaconia et al., 2013a). To the west, the reverse segment of the North Gafarillos fault 
separates Langhian conglomerates or metamorphic basement of the northern limb of the 
Polopos anticline from Tortonian sediments of the Gacía depocenter (Fig. 4). An electric 
tomography section across the northern limb of the Polopos anticline shows that the 
North Gafarillos reverse fault segment dips gently at the surface (aprox. 15º) towards 
the south (Fig. 8). Although the North Gafarillos fault shows dextral-reverse kinematics 
the uplifted fault block that forms the Polopos anticline lies at a lower structural level 
than the western termination of the Sierra Cabrera anticline. Moreover, a middle 
Miocene sedimentary depocenter is preserved in the southern fault block that is tilted 
NE-wards against Nevado–Filabride graphite schist in the Sierra Cabrera fault block.

6.6 Discussion

This work shows that the Sorbas basin underwent important normal faulting during the 
Serravallian to Tortonian coinciding with the tectonic denudation of the HP Nevado-
Filabride complex between 13,8 and 7,5 Ma.. The extensional system was strongly 
segmented with both NW–SE oriented normal faults and E–W to ENE–WSW strike-
slip faults. The fact that the strike-slip faults link with the normal faults and that both 
structures were coeval suggests that they generated in a common extensional setting. 
Thus, the strike-slip faults are transfer faults developed under regional extension. This is 
further demonstrated by the fact that the apparent offset these faults produce is contrary 
to their kinematics and that faults with approximately the same orientation can show 
contrary kinematics. Two main sedimentary depocenters formed in the studied area 

Fig. 8. Corss section and electrical resistivity tomography thought the Polopos anticline and the North 
Gafarillos reverse fault (see Fig. 4 for its location).
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during this Serravallian to late Tortonian extension (approx. 13.8 to 7.5 Ma) that were 
strongly influenced by the transfer faults.

The older North Cabrera depocenter is strongly compartmented by segments of the 
north–Cabrera dextral transfer fault zone and by normal faults with both NE and SW 
transport that were active between the Serravallian and the Tortonian (approx. 13.8 to 
9 Ma). The normal and transfer faults related to the north Cabrera depocenter cut and 
were finally sealed by upper Tortonian deltaic conglomerates and the Chozas marls. 
Meanwhile, the progressive unconformity observed within Serravallian conglomerates 
and the angular unconformity at the base of the lower Tortonian unit probably are both 
related to the activity of this fault zone. The dextral kinematics of the north–Cabrera 
transfer fault zone suggests that eastward-directed extension was probably dominant 
towards the east, in the Vera basin.

The Gacía depocenter in the western termination of the Sierra Cabrera formed in 
relation to a later extensional pulse between approximately 9 and 7.5 Ma that supposed 
a westward propagation of extension and the abandonment of the north–Cabrera 
dextral fault zone. This second depocenter was also controlled by a strongly segmented 
extensional system with both N140-160ºE normal faults and N70-90ºE transfer faults 
and W- to SW-directed extension. The normal faults cut the Gacía depocenter defining 
a listric fan that coalesces in a low-angle detachment. Both published gravity data and 
the construction of a balanced-cross section across the Gacía depocenter indicate that 
the main detachment cuts into schist of the Nevado–Filabride complex at approximately 
0.8 km depth. Thus, this fault system cuts and tilts an older extensional system that 
detached at the contact between the Nevado–Filabride and Alpujarride complexes (e.g. 
Platt and Vissers, 1989; Martínez-Martínez and Azañón, 1997; Booth-Rea et al., 2005; 
Behr and Platt, 2012). The normal faults controlled the upper Tortonian sedimentary 
facies shifting from continental and deltaic conglomerates in the footwall to silts 
and basin marls in the main depocenter. Tortonian to Messinian SW and NE directed 
extension occurred also at the Níjar basin, this work, and further south in the Cabo de 
Gata region (Brachert et al., 2002; Krautworst and Brachert, 2003).

The westward migration of the locus of extension from the north Cabrera depocenter 
during the Serravallian–lower Tortonian to the Gacía depocenter during the Tortonian 
follows very closely the apatite fission track cooling ages obtained from Nevado–
Filabride samples from the Sierra de Filabres to the north. The samples to the north of 
the north Cabrera depocenter cooled between 15 to 11 Ma, whilst at the N to NW of 
the Gacía depocenter the apatite FT ages young to 9.5-7.5 Ma (Johnson et al., 1997; 
Vázquez et al., 2011). Furthermore, this hypothesis is supported by the position of the 
Tortonian detachment within the Nevado–Filabride complex, indicating that it cut the 
previous Alpujarride–Nevado Filabride detachment that presently crops out tilted in the 

Fig. 9. Synthetic tectonic model for the Serravallian to Tortonian extension (a) and the later compressive 
tectonic inversion (b) in the southeastern Betics. In white inactive fault are shown.
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Sierra de Polopos to the south of the Gacía depocenter.

The North Gafarillos dextral-reverse fault overthrusts the folded metamorphic basement 
of the Sierra de Polopos antiform upon Tortonian sediments at the south of the Gacía 
depocenter. However, this fault zone does not manage to displace the metamorphic 
basement in the hanging-wall of the Sierra de Polopos at a higher structural position 
with respect to the footwall of the Sierra Cabrera. Thus, suggesting that the North 
Gafarillos fault has inverted a normal fault with SW-directed extension, but not 
undone its previous extensional displacement. The North Gafarillos fault shows a hard-
linkage relationship with the Carboneras sinistral transfer fault that was active since 
the middle Miocene (Keller et al., 1995; Rutter et al., 2012). Thus, extension in the 
Gacía depocenter during the Tortonian continued along the North Gafarillos fault and 
was transferred to sinistral displacement along the Carboneras fault to the south. This 
fault configuration results in a strongly heterogeneous extensional system with short 
normal frontal ramps linked by long dextral and sinistral transfer faults that separate 
regions with different styles of extension during the Tortonian. Core-complex type 
extension exhumed the Sierra de Filabres elongated dome to the north of the Sorbas 
basin (Martínez-Martínez et al., 2002, 2004), tilted-block extension produced the 
main depocenters in the Sorbas and Nijar basins, and magmatic accretion with normal 
faulting upon thinned continental crust occurred to the south of the Carboneras transfer 
fault (Fig. 9, Krautworst and Brachert, 2003; Booth-Rea et al., 2007; Giaconia et al., 
Submitted).

Serravallian to late Tortonian extension probably occurred in a transtensional setting 
above a lithospheric transform fault that permitted the westward propagation of 
the Thethyan oceanic slab beneath the Albóran basin producing edge delamination 
beneath the Betics (Duggen et al., 2003; Martínez-Martínez et al., 2006; Booth-
Rea et al., 2007). Slab tearing beneath the Betics probably induced a transtensional 
setting characterized by the development of elongated core complexes, predicted 
theoretically by le Pourhiet et al. (2012). Furthermore, both the observed SKS and 
Pn seismic anisotropy (Buontempo et al., 2008; Díaz et al., 2010; Bokelmann et 
al., 2011) and mantle xenolith fabrics support the existence of a vertical ENE–WSW 
foliation in the lithospheric mantle formed in a transtensional setting during the late 
Miocene (Konc, 2013; Konc et al., Submitted). Thus, the superficial manifestation of 
a lithospheric transform fault in the Betics would be a region with heterogeneous 
extension characterized by elongated core-complexes, tilted blocks and magmatic 
accretion, segmented by long transfer faults like the Alpujarras, the north-Cabrera and 
the Carboneras faults. Slab tearing probably took advantage of the continental-oceanic 
transition to the south of Iberia that would explain the contrast between the clear 
oceanic subduction signal in the Alboran and Algero-Balearic basins to the south of 
the transform and continental collision features to the north in the central and eastern 
Betics.



6.7 Conclusions

The Sorbas basin underwent important normal faulting during the Serravallian to 
Tortonian producing two extensional-related sedimentary depocenters in the region. The 
older North Cabrera depocenter is strongly compartmented by segments of the north–
Cabrera dextral transfer fault zone and by normal faults with both NE and SW transport 
that were active between the Serravallian and the Tortonian (approx. 13.8 to 9 Ma). A 
normal-fault listric fan with SW-directed extension that rooted in a detachment within 
the Nevado–Filabride complex formed the Gacía depocenter between approximately 9 
and 7.5 Ma. This system tilted the previous Nevado-Filabride/Alpujarride detachment, 
produced a westward migration of SW-directed extension and the abandonment of the 
north-Cabrera dextral fault zone.

Extension in the Gacía depocenter was coeval and probably linked with sinistral 
displacement along the Carboneras fault to the south, producing a strongly 
heterogeneous extensional system with short normal frontal ramps linked by long 
dextral and sinistral transfer faults. Westward directed heterogeneous extension in the 
region resulted in different styles of extension, producing tilted-block domains and 
metamorphic core-complexes to the north of the Carboneras sinistral transfer fault 
and magmatic accretion upon previously thinned continental crust to the south of the 
fault. Serravallian to latemost Tortonian extension probably occurred in a transtensional 
setting above a lithospheric transform fault that permitted the westward propagation 
of the Thethyan oceanic slab beneath the Albóran basin producing edge delamination 
under the Betics.
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Abstract: Active tectonic deformation influencing the streams and hillslopes of the 
Sierra Alhamilla ridge (anticlinorium) in southeast Spain is related to the dextral-
reverse Polopos Fault Zone to the north and east of the ridge and to normal faulting 
in the southern side of the ridge. A fault segmentation and fluvial terrace mapping is 
presented in this paper. The following geomorphic indices were calculated in the 
area: the mountain-front sinuosity, valley floor width-to-height ratio, drainage basin 
asymmetry factor, basin hypsometric curve and integral, longitudinal river profile and 
the stream-length gradient index normalized by the graded river gradient (SLk index). 
The SLk map shows two sets of high anomalies: a) an E–W-striking anomaly, due to the 
dextral-reverse Polopos Fault Zone located in the northern limb of the anticlinorium; 
b) a group of NNW–SSE-striking anomalies, associated with Pliocene–Quaternary 
NW–SE- to NNW–SSE-striking high-angle normal faults that cut the southern limb. 
Late Pleistocene–Holocene activity occurred along the North Alhamilla Reverse Fault 
and the dextral transpressive South Gafarillos Fault; two segments in the Polopos Fault 
Zone. The former fault produces rejuvenation of the streams at the base of the northern 
slope. In this area, mountain-front sinuosity and valley floor width-to-height ratio 
suggest Quaternary uplift rates between 0.05 and 0.5 m ky-1. Holocene to present-day 
activity of the South Gafarillos Fault is demonstrated by faulted late Pleistocene terraces 
and Holocene colluvial deposits and suggested by deflected streams that have complex 
or convex hypsometric curves. Pliocene–Quaternary high-angle normal faults control 
the relief in the southern limb and the western end of the Sierra Alhamilla. These faults 
produce low mountain-front sinuosity and valley floor width-to-height ratio indices 
typical of uplift rates quite higher than field based rates from some other studies.

Keywords: Active tectonics; Geomorphic indices; Eastern Betics; Sierra Alhamilla; 
Gafarillos fault
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7.1 Introduction

Studies of Quaternary and present-day tectonic activity are mainly based on 
geomorphologic, geologic, geodetic and seismologic data. In regions affected by low/
moderate tectonic deformation rates, geomorphologic and geologic data provide some 
of the best approaches to detect and characterize active tectonics (Molin et al., 2004; 
Dumont et al., 2005; Necea et al., 2005).

Recent and active tectonics may affect geomorphic processes and landscape evolution. 
For example, tectonic activities producing differential uplift and/or tilting and local 
base-level variations may control the development of alluvial fans (Mather, 2000b; 
Mather et al., 2000; 2002; Stokes et al., 2008). Tectonic uplift induces erosion that 
usually turns into the main driving factor of channel incision, river deflection, headward 
erosion, stream head- or foot-rejuvenation processes and eventually piracy processes 
(Holbrook and Schumm, 1999; Snyder et al., 2000; Burbank and Anderson, 2001; Lave 
and Avouac, 2001; Hilley and Arrowsmith, 2008). However, geomorphic processes are 
also controlled by topographic, climatic, and lithologic factors that must be taken into 
account when tectonically oriented conclusions are deduced (Jackson and Leeder, 1994; 
Schumm et al., 2000; Burbank and Anderson, 2001; Keller and Pinter, 2002).

Qualitative and quantitative geomorphic analyses are useful tools to investigate the 
impact of tectonic activity on geomorphic processes and landscape development. 
Qualitative analyses usually study topographic and longitudinal river profiles, drainage 
networks, spatial distribution of drainage basins and their geometric relationships, 
having the aim to define controlling factors and reconstruct the evolution of landscapes 
(Ouchi, 1985; Whipple and Tucker, 1999; Azor et al., 2002; van der Beek et al., 2002; 
Wegmann and Pazzaglia, 2002; Clark et al., 2004; Zhang et al., 2004; Korup, 2006). 
Quantitative geomorphic analyses are conducted using geomorphic indices, which 
help to assess the relative level of tectonic activity in an area and to characterize 
quantitatively the geomorphic features of a landscape (Seeber and Gornitz, 1983; 
Brookfield, 1998; Keller and Pinter, 2002; Chen et al., 2003; Kobor and Roering, 
2004). Geomorphic indices have been broadly used as a tool to identify and characterize 
sectors deformed by active faults (Keller and Pinter, 2002; Pedrera et al., 2009a; 
Pérez-Peña et al., 2010). Thus, the final aim of the quantitative analyses is to describe 
a landscape in detail and possibly associate a set of geomorphic features to a detected 
tectonic structure. These kind of studies are appropriate in semiarid zones like SE Spain, 
where landforms related to active tectonics such as fault-generated mountain fronts are 
preserved for long periods (>100 ky, Mayer, 1986; Silva et al., 2003).

Furthermore, in strike-slip fault systems, like those found in the eastern Betics, 
displacement may generate important topographic gradient associated with uplift and 
subsidence in antidilational and dilational jogs, respectively (Sibson, 1986) forming 
both uplifted blocks and sedimentary depocenters (Sylvester, 1988). Temporal variations 
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in the position of active fault segments together with creation of new segments lead 
to migration of active sedimentary depocenters and changes in the topography and 
drainage pattern (Ollier, 1981; Walker and Jackson, 2002; Booth-Rea et al., 2004a).

Here, we explore the presence of active structures in the Sierra Alhamilla ridge 
(anticlinorium) and surrounding Neogene basins (Sorbas–Tabernas and Níjar–Almería 
basins), using both qualitative and quantitative geomorphologic analyses, in order 
to provide evidence of the present activity of these structures and characterize the 
geomorphic features associated with them. Qualitative analyses focused on topographic 
profiles, longitudinal river profiles, and ridge-line profiles, pattern of the drainage 
network, and spatial distribution of drainage basins and their geometric relationships. 
Quantitative analyses were conducted calculating the following geomorphic indices: 
the mountain-front sinuosity, the valley floor width-to-height ratio, drainage basin 
asymmetry factor, basin hypsometric curve and integral, and the stream-length gradient 
index normalized by the graded river gradient (SLk index). The main structures in this 
area are the Sierra Alhamilla ridge, with associated reverse faults in its northern limb, 
and the Gafarillos dextral fault in the northeastern termination of the ridge (Weijermars 
et al., 1985; Ott d’Estevou and Montenant, 1990; Stapel et al., 1996; Huibregtse et al., 
1998). A late Pliocene to Quaternary extensional regime (Stapel et al., 1996) and related 
high-angle normal faults have also been described in the Níjar–Almería basin to the 
south of the Sierra Alhamilla (Pedrera et al., 2006). 

Both the reverse fault and the Gafarillos dextral strike-slip fault in the northern side of 
the Sierra Alhamilla are locally truncated by Messinian sediments, and thus, inactive 
(Ott d’Estevou and Montenant, 1990; Stapel et al., 1996; Huibregtse et al., 1998; Jonk 
and Biermann, 2002). However, seismicity in the region indicates the presence of active 
reverse and strike-slip faults (Stich et al., 2003a; Marín-Lechado et al., 2005). This 
evidence, together with the new geological and geomorphologic data we present here, 
indicate that reverse faulting in the northern side of the Sierra Alhamilla and dextral 
strike-slip deformation in its eastern termination are presently active, affecting local 
topography and the drainage network.

7.2 Regional setting

The southeastern Betics are characterized by the presence of Neogene to Quaternary 
sedimentary basins that occur in synclines among E/W- to ENE/WSW–elongated 
antiformal ridges, where the metamorphic basement occurs bounded by folded 
extensional detachments. This basement is made up of several metamorphic complexes 
belonging to the Alborán domain, a terrain that collided with the South Iberian and 
Maghrebian passive margins during the Miocene, forming the Gibraltar Arc and the 
Betic and Rif ranges (Balanyá and García-Dueñas, 1987; Martínez-Martínez and 
Azañón, 1997; Martínez-Martínez et al., 2002; Platt et al., 2003; Booth-Rea et al., 
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2005; 2007).

The Neogene sedimentary basins in the internal Betics formed during Miocene 
extensional tectonics, which markedly attenuated the previous pile of metamorphic units 
of the Alborán domain. The ultimate result of this severe extensional tectonics was the 
formation of the Alborán Sea and the Algero–Balearic basin in the core of the Betic–
Rif orogen, coeval to thrusting in the external domains (García-Dueñas et al., 1992; 
Martínez-Martínez and Azañón, 1997; Comas et al., 1999; Booth-Rea et al., 2005; 
2007). Ongoing late Miocene to present-day convergence between Northern Africa and 
Iberia (Dewey et al., 1989; McClusky et al., 2003; Serpelloni et al., 2007) has resulted 
in tectonic inversion of the Miocene extensional basins and the development of folds 
and strike-slip fault systems including dextral and sinistral faults (Weijermars et al., 
1985; Montenat and Ott d´Estevou, 1990; Comas et al., 1999; Booth-Rea et al., 2004a). 

The most important sinistral strike-slip faults active during the latest Miocene and 
Quaternary are the Carboneras (Bell et al., 1997; Gràcia et al., 2006), Alhama de 
Murcia (Martínez-Díaz, 2002; Masana et al., 2004), Palomares (Bousquet, 1979; 
Booth-Rea et al., 2004a), and Terreros sinistral fault-zones, all of them with a NNE/
SSW to NE/SW trend. Conjugate dextral faults are not as long and show a dominant 
WNW/ESE orientation, like the North Gafarillos fault zone that bounds the western end 
of the Sierra Cabrera (Fig. 1, Ott d’Estevou and Montenant, 1990; Stapel et al., 1996; 
Barragán, 1997; Huibregtse et al., 1998; Jonk and Biermann, 2002). Large regional 
uplift of south Iberia has been related either to this recent convergence (e.g. Jolivet et 

Fig. 1. Geological sketch of the southeastern Betics highlighting the studied area. NGF: North Gafarillos 
fault.
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al., 2006) or alternatively, to deep mantle processes associated with subcontinental-
mantle lithosphere edge delamination (Duggen et al., 2003; Booth-Rea et al., 2007).

7.2.1 Structural framework

The Sorbas–Tabernas and Níjar–Almería basins, to the north and to the south of the 
Sierra Alhamilla, respectively (Fig. 2), are examples of extensional Miocene basins that 
have later evolved into a transpressive late Miocene to Quaternary tectonic scenario 
(Weijermars et al., 1985; Martínez-Martínez and Azañón, 1997). Late Miocene 
transpression resulted in the development of the Sierra Alhamilla anticlinorium and 
associated reverse and strike-slip faults (Weijermars et al., 1985; Ott d’Estevou and 
Montenant, 1990; Stapel et al., 1996; Huibregtse et al., 1998; Jonk and Biermann, 
2002; Booth-Rea et al., 2004a).

The main active or recent tectonic structures in the study area are the transpressive 
dextral Gafarillos Fault to the east of the Sierra Alhamilla ridge and its western 
prolongation as a reverse fault (here called North Alhamilla reverse fault, NARF) in 
the northern limb of the Alhamilla anticlinorium (Fig. 2, Ott d’Estevou and Montenant, 
1990; Stapel et al., 1996; Huibregtse et al., 1998; Jonk and Biermann, 2002); whereas 
to the south in the Níjar–Almería basin Pliocene–Quaternary high-angle normal faults 
occur with an NW–SE to NNW–SSE strike (Fig. 2, Martínez-Martínez and Azañón, 
1997; Marín-Lechado et al., 2005; Pedrera et al., 2006; Sanz de Galdeano et al., 2010). 
Finally, to the west of the Sierra Alhamilla, Sanz de Galdeano et al. (2010) documented 
the existence of active E–W-striking dextral faults, which cross the Tabernas basin (Fig. 
2).

Both fault segmentation mapping and geomorphic analysis of the area (presented 
below) show the existence of active dextral fault segments to the south of the Polopos–
Cabrera antiformal ridge, here called South Gafarillos Fault (SGF). It is a highly 
segmented strike-slip fault system with several parallel and oblique fault segments that 
cut through the Messinian to Quaternary sedimentary cover of the Níjar basin and fan 
out towards the SE as they get close to the Carboneras sinistral strike-slip fault zone.

The South Gafarillos Fault (SGF) connects with the North Alhamilla Reverse Fault 
(NARF) that runs along the northern mountain front of the Sierra Alhamilla. The NARF 
locally shows splays that cut through early Tortonian turbidites and offset Quaternary 

Fig. 3. Geological sketch where the North Alhamilla Reverse Fault affects the Quaternary alluvial fan 
in the Sierra Alhamilla northern front. a) Detail of the northern limb of the Sierra Alhamilla anticline 
and the North Alhamilla Reverse Fault (see Fig. 2 for location), with examples of drainage divide 
profiles coinciding with middle to late Pleistocene alluvial fan surfaces that show the displacement and 
topographic uplift produced by the fault. LANF: low angle normal fault; HANF: high angle normal fault. 
b) Topographic profiles #5 and #6 of Quaternary alluvial fans (see a) for location) showing displacement 
and slope increase in the intersection with the North Alhamilla Reverse Fault. c) Late Pleistocene 
calcrete cut by a North Alhamilla Reverse Fault segment. See a) and d) for location. d) Panoramic view 
of the North Alhamilla Reverse Fault located at the foot of the northern slope of the ridge. At this site, the 
mountain front is developed within highly erodible Tortonian marls.
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Fig. 2. Structural map of the study area (see Fig. 1 for its location) where the main tectonic structures 
of the Sierra Alhamilla are shown: the North Alhamilla Reverse Fault (NARF), the North and the South 
Gafarillos faults (NGF and SGF, respectively), after Martínez-Martínez and Azañón (1997). Faults with 
Quaternary activity are shown in red.
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alluvial fans defining the present mountain front within these highly erodible sediments. 
Harvey et al. (2003) described two alluvial-fan units and related them to dated terraces 
in the Sorbas basin. The oldest one is formed by debris-flow dominated deposits and 
several palaeosol and calcrete horizons of middle Pleistocene age. The youngest unit 
is formed by sheet and channel gravels and culminates at the fan surface with a well 
developed pedogenic calcrete. This unit has been correlated by these authors with 
terrace C in the Sorbas basin that includes calcretes dated between 70 and 100 ky 
(Harvey et al., 1995; Maher et al., 2007). These calcretes are locally faulted by the 
NARF, indicating a post-late Pleistocene activity of this structure (Fig. 3c and d). These 
alluvial fans define a Quaternary palaeo-topographic surface that has been cut by the 
reverse fault (Fig.3a). This surface with an age between 400 and 70 ky (Harvey et al., 
1995; Harvey et al., 2003; Candy et al., 2005) has been displaced approximately 100 m 
by reverse faulting after 400- 70 ky with a slip rate ranging between 0.25 and 1.4 mm 
yr-1 (Fig. 3b). The NARF and the SGF together define a fault system 28 km long here 
called Polopos fault zone (Fig. 2) conjugate to the Palomares sinistral strike-slip fault 
zone.

The Pliocene–Quaternary NW–SE- to NNW–SSE-striking high-angle normal fault 
system affects Quaternary alluvial fan sediments deposited above dated late Pliocene 
coastal sediments (about 3.2 Ma, Aguirre, 1998) in the Níjar–Almería and produces 
fault scarps in the southern and southwestern mountain fronts of the ridge and 
associated Quaternary alluvial fans (Fig. 2, Martínez-Martínez and Azañón, 1997; 
Martínez-Díaz and Hernández-Enrile, 2004; Marín-Lechado et al., 2005; Pedrera et 
al., 2006; Sanz de Galdeano et al., 2010). These faults generally dip to the SW and 
sometimes show evidence of synsedimentary activity and, moreover, produce seismicity 
in nearby areas where extensional focal mechanisms have been determined, for 
example, the Mw 4.8 2002 Gérgal earthquake (Béjar et al., 2006) or the Mw 6.1 1910 
Adra earthquake (Stich et al., 2003b).

7.2.2 Geomorphologic features

The study area is characterized by the Sierra Alhamilla ridge bounded by the Sorbas–
Tabernas and Níjar–Almería basins, to the north and to the south, respectively. The 
Sierra Alhamilla shows an E–W elongated shape and a mean altitude between 1200 and 
1300 m.a.s.l., reaching a maximum height of 1387 m.a.s.l.. This ridge topographically 
contrasts with the low-lying Sorbas–Tabernas and Níjar–Almería basins, whose heights 
range between 300 and 500 m.a.s.l. and from 0 to 200 m.a.s.l., respectively (Fig. 4). The 
region is characterized by a semi-arid climate, with a mean annual rainfall of around 
200 mm y-1 (Harvey and Wells, 1987).

The Sorbas basin fill is dissected by two drainage systems, the NNE-wards Rio Aguas 
drainage system, to the north, and the SSE-wards Rio Alias drainage system, to the 
south. The latter drains the southern area of the basin across the Sierra Alhamilla and 
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Cabrera into the Níjar–Almería basin, by means of the Rambla de los Feos and Rambla 
de Lucainena streams (Fig. 4). In the southern part of the Sorbas basin two regionally 
significant captures occurred, both triggered by changes in regional gradients associated 
with sustained Quaternary uplift in the region (160 m Ma-1 over the Plio/Pleistocene, 
Mather, 2000b).

The initial drainage was centripetal towards the Sorbas basin until the early Pleistocene. 
The first capture occurred in the early to middle Pleistocene and re-routed 15% of the 
original drainage in the Sorbas basin across the Alhamilla and Cabrera ridges, into 
the Níjar–Almería basin to the south via the Rio Alias (Mather, 2000b). This capture 
disconnected the northeastern mountain front area from the Sorbas basin and gave rise 
to the Rambla de Lucainena (capture site 1 in Fig. 4).

The second capture occurred in the late Pleistocene and re-routed 73% of the original 
Sorbas Basin drainage into the Rio Aguas to the east, so isolating the Rambla de los 
Feos from the Sorbas basin and expanding the area of the Rio Aguas drainage system 
(capture site 2 in Fig.  4, Mather, 2000b; Maher et al., 2007). The fluvial terraces 
related to these captures, both strath and fill terraces, have been dated using calcretes 
and palaeosols. Their ages range between 400 and 70 ky and (Harvey and Wells, 1987; 
Mather, 2000b; Candy et al., 2005; Maher et al., 2007). The inversion of the Sorbas 
basin since the early Pleistocene produced a long-term trend of fluvial incision with 
episodic periods of aggradation, recording increased sediment supply to the catchment 
during the cold/dry climates experienced during glacial stages. This long-term fluvial-

Fig. 4. Topographic map of the study area (see Fig. 1 for location) where the drainage network, the main 
drainage divides of the Sierra Alhamilla and capture sites are shown.
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incision was controlled also by short-term climatic oscillations relating to Europe 
glacial/interglacial periods (Harvey and Wells, 1987). During glacial aggradation 
episodes fluvial terraces and alluvial fans developed, whereas during interglacial warm 
phases incision prevailed forming calcretes and palaeosols (Candy and Black, 2009). 
However, not only climate has influenced the geomorphic features occurring in the 
area but also tectonics producing different regional uplift rates between the ranges and 
Neogene basins and also between the various basins. Pliocene to recent regional uplift-
rates are between 80 and 150 m Ma-1 for the Sierra Alhamilla (Weijermars et al., 1985) 
and higher than 170 m Ma-1 for the Sierra Cabrera, meanwhile they are typically much 
lower for the Neogene basins, 70 and 100 ± 20 m Ma-1 for the Sorbas basin, up to 120 
± 20 m Ma-1 for the Tabernas basin, and between 53 and 76 ± 20 m Ma-1 for the Níjar–
Almería basin (Braga et al., 2003). During the Quaternary, the differential regional 
tectonic uplift among ranges and basins disconnected the Sorbas basin from the sea and 
changed local base-levels causing ponding and lake development in the basin center, 
followed by dissection propagating up the system (Harvey et al., 2003). Furthermore, 
in the SE part of the Sorbas basin in the Rambla de Lucainena, a fault-related 
drainage-captures followed by incision was documented in relation with the NARF 
(Mather, 2000b). The mountain-piedmont junction in the Sierra Alhamilla has either a 
lithological or a fault origin. The mountain fronts defined by lithological contacts occur 
mostly in the southern slope of the Sierra Alhamilla and developed on the previously 
folded most resistant rocks, like Messinian carbonates or metamorphic basement. Whilst 
mountain fronts coinciding with faults, sometimes occur within the same lithology, for 
example, Tortonian marls in some segments of the NARF, and others between different 
lithologies juxtaposed by the faults.

The Tabernas basin fill is dissected by the SW-wards Rambla de Tabernas drainage 
system that flows into the Rio Andarax and drains the entire western termination of 
the ridge and the Níjar–Almería basin (Fig. 4). The main geomorphologic features of 
the Tabernas basin are deeply eroded badlands to the west and coalescent aggrading 
alluvial fans to the east linked by entranced canyons whose origin have been strongly 
influenced by the Pliocene–Quaternary uplift in the eastern part of the basin. This uplift 
produced a considerable incision and the development of steep regional gradients. The 
incised Tabernas drainage falls 260 m in less than 16 km from Tabernas Town to the 
Rio Andarax (Nash and Smith, 1998). Similarly, the Rio Andarax incision history, which 
constitutes the axial stream of the eastern Alpujarras valley, was controlled largely by 
the propagation of an incision wave induced by tectonic uplift (García et al., 2003; 
2004).

Finally, the Níjar–Almería basin fill is drained by the SW-wards Rambla del Artal 
drainage system that flows parallel to the Carboneras fault zone (Fig. 4). In the 
northeastern part of the basin the Pliocene–Quaternary high-angle normal fault system, 
together with the differential regional uplift between the Níjar–Almería basin and the 
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Sierra Alhamilla, as well as the Sorbas–Tabernas basin, generates the Sierra Alhamilla 
southern mountain front and the associated Quaternary alluvial fans.

7.3 Material and methods

Present tectonic activity in the study area has been documented by fault-segment and 
fluvial-terrace mapping in selected areas, as presented below. Furthermore, qualitative 
and quantitative geomorphic analyses were conducted. Qualitative observations 
were carried out on the drainage network, spatial distribution of drainage basins and 
their geometric relationships, and on topographic profiles perpendicular to the Sierra 
Alhamilla and longitudinal river profiles. Quantitative geomorphic analyses were 
carried out employing several geomorphic indices that are indicated below.

Mountain-front sinuosity (Smf) has been employed to evaluate tectonic activity along 
mountain fronts, apart from its dependence of climate and lithology (Bull, 1977; Keller 
and Pinter, 2002; Silva et al., 2003; Bull, 2007). It was defined by Bull (1977) as;

Smf = Lmf/LS          (1)

where Lmf is the length of the mountain front along the foot of the mountain, e.g. the 
topographic break in the slope, and LS is the length of the mountain front measured 
along a straight line. In active mountain fronts, uplift will prevail over erosional 
processes, producing straight fronts with low Smf values. Whereas, in less active fronts 
the erosional processes, overcoming the tectonic ones, will generate sinuous fronts with 
high Smf values. Some studies have proposed that Smf values lower than 1.4 are typical of 
tectonically active fronts (Keller, 1986; Silva et al., 2003; Pérez-Peña et al., 2010).

In order to discriminate between V-shaped and U-shaped flat-floored valleys the valley 
floor width-to-height ratio (Vf) has been calculated for the selected mountain fronts. This 
index has been previously applied to several mountain fronts located in the eastern and 
central Betics (Silva et al., 2003; Pedrera et al., 2009b; Pérez-Peña et al., 2010) and 
was defined by Bull and McFadden (1977) as:

Vf = (2Vfw) / [(Eld - Esc) + (Erd - Esc)]       (2)

where Vf is the valley floor width-to-height ratio, Vfw is the width of the valley floor, Eld 
and Erd are elevations of the left and right valley divides, and Esc is the elevation of the 
valley floor.

Deep V-shaped valleys (Vf < 1) are associated with downcutting streams distinctive 
of areas subjected to active uplift, whilst flat-floored valleys (Vf > 1) are characteristic 
of sectors with major lateral erosion in response to relatively tectonic quiescence (e.g. 
Keller and Pinter, 2002).

In order to assign tectonic activity ranges to the mountain fronts analyzed in this work, 
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we integrated the Smf index with the Vf of the main rivers of each mountain front. 

Tectonically active fronts are characterized by low values of both indices and inactive 
fronts by high values. Intermediate values are assigned to the moderate tectonically 
active fronts class typically controlled by low displacement rates (Silva et al., 2003; 
Bull, 2007).

The basin asymmetry factor (AF) was applied to identify possible tectonic tilting, as 
well as fold propagation, at the scale of the whole range. The AF is defined as (Keller 
and Pinter, 2002):

AF = 100(Ar /At)         (3)

where Ar is the area of the basin to the right (facing downstream) of the trunk stream, 
and At is the total area of the drainage basin. Values of AF above or below 50 indicate 
that the basin is asymmetric. Following Pérez-Peña et al. (2010) we express AF as 
the absolute value minus 50 and added an arrow indicating the asymmetry direction. 
Subsequently we defined four asymmetry classes: AF < 5 (symmetric), AF = 5–10 
(slightly asymmetric), AF = 10–15 (moderately asymmetric), and AF > 15 (strongly 
asymmetric).

The fourth geomorphic index we used is the drainage basin hypsometric curve that 
represents the distribution of area and altitude within the selected basins (Strahler, 
1952). This curve is obtained by plotting the proportion of the total basin height 
(relative height) against the proportion of total basin area (relative area, Strahler, 1952; 
Keller and Pinter, 2002). The shape of the hypsometric curve is related to the degree of 
dissection of the basin (e.g. its erosional stage), and moreover allows the comparison 
among basins with different sizes (Keller and Pinter, 2002; Walcott and Summerfield, 
2008; Pérez-Peña et al., 2009a). Convex hypsometric curves characterize “young” 
weakly eroded basins; S-shaped curves are typically associated with moderately eroded 
basins; and, finally, highly eroded basins show concave curves. This index is highly 
dependent of lithology and structure.

The hypsometric integral (HI) is defined as the area below the hypsometric curve and 
it varies from 0 to 1. Highly eroded and weakly eroded basins show HI values close 
to 0 and 1, respectively. Obviously, these two geomorphic indices are controlled by 
lithological and tectonic factors. The hypsometric curve and integral were calculated 
applying the CalHypso ARCgis tool developed by Pérez-Peña et al. (2009b). 

The fifth geomorphic index consists of the longitudinal river profiles that are influenced 
by balance between erosion and uplift rates. Concave profiles represent long-term 
equilibrium between uplift and erosion rates. Concave-convex profiles with erosion 
steps in the middle reaches indicate long-term predominance of erosional processes. 
Convex profiles are typical of areas where uplift is dominant (Hovius, 2000; Menéndez 
et al., 2008).
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Useful information can also be obtained from “ridge-line profiles” drawn by projecting 
rivers onto their theoretical pre-incision surface (Menéndez et al., 2008). This surface 
is obtained by interpolating the altitude from present-day lateral divides of the 
basins. However, this interpolated surface cannot be considered to be the precise pre-
incision surface because basin divides themselves are affected by erosional processes 
(Brocklehurst and Whipple, 2002). Thus, these profiles give the minimum bulk erosion 
for each basin, allowing relative comparisons of bulk erosion among the different basins 
and thus their relative erosional stage.

In order to facilitate the reading and interpretation of these data a “minimum bulk 
erosion map” was produced. This is a raster map where each cell results from the 
subtraction between the cell value on the theoretical pre-incision surface and the one 
on the DEM. We obtained this map with the aid of ArcGIS software, using the raster 
calculator and executing a subtraction between the DEM and the rasterized theoretical 
pre-incision surface. Thus, this map shows spatial variations in minimum bulk erosion 
expressed in eroded-rock column and allows discerning weakly eroded areas from 
highly eroded ones.

The sixth geomorphic index is the stream-length gradient index (SL index). In a river 
reach it is defined as follows (Hack, 1973):

SL = (dh/dl) L          (4)

where dh/dl is the slope or gradient of the reach and L is the channel length upstream 
from the midpoint of the reach to the river head.

The SL index shows the variation in stream power along the river reaches and it is 
very sensitive to changes in channel slope (Pérez-Peña et al., 2009c). For this reason it 
allows the evaluation of recent tectonic activity and/or rock resistance.

In order to compare SL values of rivers with different lengths and, finally, obtain an 
SL map, a normalization factor must be used. We used the graded river gradient of the 
equilibrium profile (K) to normalize the SL index, obtaining the SLk index. With this 
normalization it is possible to compare the SLk index between rivers of different lengths 
(Pérez-Peña et al., 2009c).

To conduct the SLk analysis we extracted the drainage network from a digital elevation 
model with 10-m spatial resolution using the D8 method (0.5 km2 as threshold of the 
flow accumulation, O’Callaghan and Mark, 1984). To perform the SLk analysis, 200 
channels were selected from the drainage network. To obtain the SLk values along the 
selected channels we used the SLk ARCgis tool developed by Pérez-Peña et al. (2009c). 
This tool calculates the index for a fixed dl value. In order to determine the optimum 
spacing for the study area, three dl values were used (150, 250 and 350 m) to obtain the 
SLk data.
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To obtain SLk maps, the ordinary kriging method was applied with the aid of the 
ArcGIS geostatistical analyst tool. Subsequently, these maps were compared, taking into 
account their statistical errors and congruence with the geological and tectonic features 
present in the study area. Finally, the SLk map obtained from the dataset with a dl of 150 
m was selected.

7.4 Results

7.4.1 Fault activity: timing and kinematic constraints from mapping

Fault segmentation in the SGF zone is characterized by reverse and reverse-oblique 
strike-slip kinematics producing both dilatational and antidilational jogs and associated 
folds (Fig. 5). This fault zone affects Neogene and Quaternary sediments of the Níjar 
and Sorbas basins. Recent activity is manifested by cut and folded Quaternary terraces 
and by the tectonic control exerted on the drainage pattern. The SGF produces large 
deflections in the Rambla de los Feos congruent with E–W-strike-slip faulting (southern 
area of the map in Fig. 5). Furthermore, deformed Quaternary alluvial terraces provide 
useful time constraints for the SGF activity. The characteristics of these terraces are 
strongly influenced by two capture events in the area (Maher et al., 2007); the oldest 
one occurred between the early and middle Pleistocene (>400 ky) according to Mather 
(2000b) and Candy et al. (2005). The youngest capture has been dated using pedogenic 
carbonates between 70 and 100 ky (Harvey and Wells, 1987; Candy et al., 2005). 
Terrace mapping by Maher et al. (2007) in the Rambla de los Feos identified terraces 
A to C that developed after the first capture event, and are thus of middle Pleistocene 
age, and terraces D and E of late Pleistocene age. The 70 ky capture produced a shift 
in deposition-facies in the Rambla de los Feos from coarse channelized fluvial gravels, 
typical of the C pre-capture terrace, to fine fluvial sheet gravels in terraces D and E 
developed after the capture. The southern SGF segments cut and deform all terraces 
(SW sector of Fig. 5). The middle Pleistocene A terrace shows clear syn-tectonic 
stratigraphic architecture with internal progressive unconformities/cumulative wedge-
outs in outcrops with synformal geometry (see cross-section in Fig. 5). Holocene 
colluvial silts are cut and/or associated with the southernmost segments of the SGF, 
meanwhile the Rambla de los Feos show an example of large stream deflection 
congruent with E–W strike-slip faulting (Fig. 5). Since SGF segments produce stream 
deflections and affect Holocene colluvial silts it is most likely that their activity 
continued up to the present.

7.4.2 Results from qualitative geomorphic analysis

Focusing on the main drainage divides an extreme northwards asymmetry of the entire 
ridge is observed and confirmed by perpendicular topographic profiles (Fig. 4). This 
asymmetry is characterized by a steeper and narrower northern slope and a wider gently 
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dipping southern slope coinciding with the fore limb and the back limb of the anticline, 
respectively. 

The Sierra Alhamilla shows a dendritic drainage pattern with an elongated centripetal 
radial geometry because of its E–W ridge shape. This kind of drainage network is well 
manifested in the central part of the southern slope of the ridge. Also in its western part, 
where the same drainage pattern occurs, locally displaced according to a WNW–ESE 
direction.

Fig. 5. Fault segments and fluvial terraces in a key area of the South Gafarillos Fault. See Fig. 2 for 
location. Fault segmentation is characterized by dextral and dextral-reverse kinematics affecting 
Neogene and Quaternary sediments and terraces of the Níjar basin. This fault zone controls the drainage 
pattern producing large deflections in the Rambla de los Feos congruent with E–W strike-slip faulting 
(southern area of the map). The middle Pleistocene C terrace shows clear syn-tectonic stratigraphic 
architecture with cumulative wedge-outs in outcrops with synformal geometry (see the cross section).
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The southern edge of the Sorbas–Tabernas basin, especially at the western and eastern 
terminations of the Sierra Alhamilla, is affected by an asymmetric dendritic drainage 
pattern extremely developed at the Rambla de Lucainena head (Fig. 4). This drainage 
network is characterized by a main set of axial E–W- to NW–SE-oriented streams (of 
orders 5 and 4) that drain the foot of the hillslope east and westward throughout the 
ridge terminations. From these streams come up near N–S-oriented streams (of orders 
1 to 3) that drain the northern hillslope. They are shorter to the north and longer and 
more evolved to the south of the main axial streams. Such a drainage pattern should 
be produced by a recent E–W drainage system that is capturing a previous N–S one, 
in response to tectonic activity and/or geologic control factors occurring in the Rambla 
de Lucainena. This valley originated from an early Pleistocene capture driven by 
reverse displacement along the NARF to the south, and differential erosion between the 
Tortonian silty-marls and late Tortonian to Messinian temperate carbonates and reefs to 
the north (Mather, 2000b).

The spatial distribution analysis and geometric relationships among the basins of the 
central part of the southern limb of the anticlinorium, both at the watershed and at the 
foot, indicate that they are advancing northwards by headward erosion. Indeed southern 
slope basins are steeper than the northern slope ones (Fig. 6). Furthermore, the E–W 
main drainage divide does not follow a straight line but shows an irregular trend 
characterized by a near northward convexity (Fig. 7a). Thus, a northward erosional 
trend seems likely for the basins of the southern limb. In the eastern termination, basins 
proceed both north- and westwards, and the main streams become progressively sub-
parallel (near E–W) to the South Gafarillos Fault close to it (Figs. 7a and 9). However, 
the ridge asymmetry and the different slopes between the northern and southern 
hillslopes could be related with the asymmetry of the anticline and in particular with the 
different dips for its fore limb and back limb.

7.4.3 Mountain front sinuosity (Smf)

With respect to the mountain front sinuosity, the Sierra Alhamilla shows a quite 
continuous linear E–W-trending northern front, whilst the southern one is less 
continuous because of the development of alluvial fans, embayments and the presence 
of normal faults oblique to the ridge (Fig. 6). Two sectors can be differentiated in the 
southern front, a quite regular western front with a WNW–ESE main strike, and a less 
continuous eastern front that shows NNW–SSE-trending segments.

Smf index values were calculated for 16 mountain fronts here named with a first letter 
representing the main front they belong to (N for the northern one, S for the southern 
one, W and E for the western and eastern terminations, respectively, Table 1) and the 
second one increasing progressively eastward. The northern mountain front, with Smf 

index values lower than 1.4, indicates active tectonics especially in its eastern part 
(Fig. 6). The tectonic structures that produce this front are the NARF and the SGF, 



77Part II – Results, Chapter 7

Fig. 6. Slope map of the Sierra Alhamilla showing the mountain fronts and main tectonic structures of the 
Sierra Alhamilla (after Martínez-Martínez and Azañón 1997). Lmf (the length of the mountain front) and 
LS (its length measured along a straight line) employed to calculate Smf values (mountain front sinuosity 
index values), and Vf values (valley floor width-to-height ratio) are also shown.
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to the west and to the east, respectively. On the contrary the southern mountain front 
is characterized by at least two segments showing Smf index values higher than 1.4 
coinciding with the basin fill-metamorphic basement contact where alluvial fans occur 
(Fig. 6). The remaining segments to the south show values lower than this threshold 
in response to the NW–SE- to NNW–SSE-striking high-angle normal faulting. The 
western and the eastern ridge terminations are characterized by Smf index values lower 
than 1.4. The eastern one induced steep regional gradients probably because of the SGF 
presence, whilst the western one could be related to the marked incision operated by the 
Rio Andarax system in response to uplift (Nash and Smith, 1998; García et al., 2003; 
2004).

7.4.4 Valley floor width-to-height ratio (Vf)

The Vf index was calculated for the main streams 300 m upstream from the mountain 
front (Fig. 6 and Table 2). Since the DEM is insufficient to accurately measure valley 

Basin   HI   Vf

1   0.37   0.59
2   0.30   –
3   0.44   0.25
4   0.56   0.90
5   0.48   –
6   0.50   –
7   0.58   0.87
8   0.47   –
9   0.57   0.34
10   0.32   –
11   0.36   0.14
12   0.54   0.46
13   0.35   0.78
14   0.52   1.08
15   0.04   –
16   0.42   –
17   0.41   0.84
18   0.40   –
19   0.48   –

Basin   HI   Vf

20   0.40   0.27
21   0.36   0.22
22   0.36   0.92
23   0.47   1.22
24   0.42   1.22
25   0.46   –
26   0.40   –
27   0.53   1.22
28   0.45   –
29   0.44   1.44
30   0.48   1.44
31   0.61   –
32   0.64   1.40
33   0.56   1.10
34   0.54   1.10
35   0.57   1.10
36   0.50   1.38
37   0.29   1.23

Table 2. Hypsometric integral and valley floor width-to-height ratio values (Vf) for basins and streams 
shown in Figs. 7 and 9.

Front   Smf

Sa   1.20
Sb   1.30
Sc   1.01
Sd   1.70
Se   1.14
Sf   1.96
Sg   1.01
Sh   1.30

Front   Smf

W   1.06
Na   1.47
Nb   1.22
Nc   1.44
Nd   1.40
Ne   1.23
Nf   1.10
E   1.38

Table 1. Mountain-front sinuosity values (Smf) for fronts shown in Fig. 6.
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widths, especially for narrow stream valleys, the Vfw parameter was obtained by 
measuring widths directly from aerial photographs (Pedrera et al., 2009b; Pérez-Peña 
et al., 2010).

In the northern and southern slope of the Sierra Alhamilla, streams present V-shaped 
valleys (Vf < 1), with only two streams with slightly higher Vf values (streams 23 in the 
northern front and 14 in the southern one). Moreover, some of the streams in both fronts 
present particularly low Vf values (Vf < 0.5), thus suggesting highly active fronts (Fig. 
6).

By integrating mountain front sinuosity and valley floor width-to-height ratio, we are 
able to assign different tectonic activity classes to each mountain front (Rockwell et al., 
1984; Silva et al., 2003). The mountain fronts of the eastern and western terminations 
belong to the tectonically active front class, showing low values of both Smf and Vf. The 
northern mountain fronts are divided between tectonically highly active fronts (Nb, Nf, 
and Ne) and moderately active fronts (Na, Nc and, Nd) that present low Vf and over-
threshold Smf values. The southern mountain fronts, Sa, Sb, Sc, Se, Sg, and Sh have 
been defined as tectonically active, whereas fronts Sd and Sf present characteristics of 
moderately and low activity, respectively (Fig. 6). Thus, for both highly and moderately 
active fronts, streams downcut producing V-shaped valleys upstream from the fault. 
Nevertheless, the western termination shows low Smf and Vf values probably related 
to the marked incision operated by the Rio Andarax system (Nash and Smith, 1998; 
García et al., 2003; 2004).

Some authors have proposed uplift-rate ranges for each tectonic activity class: rates 
of >0.5 m ky-1 for class 1; 0.5–0.05 m ky-1 for class 2; and <0.05 m ky-1 for class 3 
(Rockwell et al., 1984; Mayer, 1986; Silva et al., 2003; Bull, 2007). Taking into account 
these uplift-rate ranges as a reference, we are able to assign a tectonic uplift rate from 
0.05 m ky-1 to at least 0.5 m ky-1 to the entire Alhamilla northern front. However, we 
cannot assign any uplift rate to the whole southern front because the fault system here 
is extremely segmented by faults with different strikes. We use these ranges because it 
is very difficult to constrain the uplift-rates with field data since morpho-stratigraphic 
markers are not continuous, for example in the Sierra Alhamilla northern front the 
youngest Pleistocene alluvial unit is missing in the hanging-wall fault block where only 
the oldest one crops out.

7.4.5 Basin asymmetry factor (AF)

Three sectors with similar basin asymmetry factor can be recognized: a) the eastern 
termination shows a clear southwards asymmetry; b) the northern slope shows a 
common westward asymmetry; and c) the western termination and the southern slope 
show roughly a common eastwards asymmetry (Fig. 7a). Based on the asymmetry 
classes, basins of the western termination show the lower asymmetry values, belonging 
to the first and second classes, in contrast to those of the eastern termination that belong 
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Fig. 7. Maturity drainage-basin map of the Sierra Alhamilla. a) Drainage basins distribution map where 
the main drainage divides, streams, drainage basins (classified depending on their hypsometric curve 
shapes) with their asymmetry factor are shown. b) Hypsometric curves associated with mature and highly 
eroded basins. c) Hypsometric curves associated with moderately eroded basins. d) Hypsometric curves 
associated with “younger” and weakly eroded basins. e) Hypsometric curves associated with stream 
“rejuvenation” processes, at the foot or head of the streams.
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to the second and forth classes. Basins of the northern slope show the highest values of 
asymmetry belonging commonly to the fourth class, whereas the southern slope ones 
show more variable values (Fig. 7a). 

7.4.6 Hypsometric curves and integral (HI)

Basins with concave hypsometric curves, and so more mature, occur in the western 
termination of the ridge and at the foot of the southern slope (Fig. 7a and b). Basins 
with S-shaped hypsometric curves, and so intermediately mature, are located mainly in 
the eastern part of the ridge, both at the foot of the northern slope and in its eastern 
termination (Fig. 7a and c). The less mature basins with convex hypsometric curves are 
found in the western part of the southern slope at the main watershed, and locally, in the 
eastern part of the northern slope (Fig. 7a and d).

Some basins show quite irregular hypsometric curves that cannot be classified within 
the previous shapes. The irregular form of these curves might be due to “rejuvenation” 
processes at the foot or head of the streams and/or piracy events, probably related to 
active tectonics together with litho-geological control factors. Thus, here we propose the 
term “complex hypsometric curves” to distinguish them from the previous curves.

Basins with complex hypsometric curves are recognized in the western part of the 
northern slope and also locally at the foot of the southern hillslope (Fig. 7a and e). 
Typically, basins in the southern slope show a convex shape in the upper part of their 
hypsometric curves indicating a lower grade of maturity with respect to their lower part 
and thus head-rejuvenation processes. Nevertheless, the hypsometric curve shape of 
basin 20 could be related to a piracy event caused by an E–W-drainage that captured an 
N–S previous one (Fig. 7a and e). On the other side, basins of the northern slope show 
evidence of foot-rejuvenation processes responsible for a convex trend in the lower part 
of the curves. However, the shapes of the curves of basins 27 and 28 could be related to 
a piracy event produced by stream 27 at the head of stream 28.

It is important to underline the occurrence of basins with convex and S-shaped curves 
continuously from the eastern termination to the central part of the northern slope (Fig. 
7a). Basins with complex curves are found farther west, along the northern slope, and 
locally at the foot of the southern hillslope. The previous observations were confirmed 
by the calculated HI values, reported in the Table 2.

7.4.7 Longitudinal stream profiles

Three sectors with similar longitudinal stream profiles can be recognized: a) streams at 
the eastern termination of the ridge show concave profiles; b) those at the southern slope 
are characterized by both concave and concave-convex profiles; and c) streams with 
convex and concave-convex profiles occur both at the western termination and northern 
slope of the ridge.



82 Geomorphic evidence of active tectonics in the Sierra Alhamilla

The most important results from the longitudinal stream profiles concern the streams 
of the central and eastern parts of the northern slope. Longitudinal stream profiles 31, 
32, 34 and 35 are characterized by convex geometries, thus suggesting areas affected 
by an uplift-incision ratio higher than 1. The stream profiles 34 and 35 (Fig. 8) are 
associated with uplift (south to the SGF) caused by the SGF, which is characterized by 
dextral transpressive kinematics. Similarly, the stream profiles 31 and 32 (Fig. 8) seem 
to be related to the NARF that produces an important uplift of its southern block in this 
sector of the northern slope. Both streams show a knickpoint at the foot of their profile 
coinciding with the fault scarp of the NARF, meanwhile the other ones are the result of 
either an older fault scarp that has migrated upstream (stream 31) or a lithologic control 
(Alpujarride–Nevado Filabride complexes contact, for stream 32).

Longitudinal stream profiles in the southern slope locally show concave-convex 
profiles, with knickpoints probably associated with the NW–SE- to NNW–SSE-
striking high-angle normal faults, like streams 3 and 12 (Fig. 8). Both stream profiles 
show two knickpoints associated with these high-angle normal faults that produce a 
local base-level fall downstream. The other knickpoints are probably the result of the 
lithological contrast across the extensional detachment between the Alpujarride and 
the Nevado Filabride complexes. These results evidence that most streams in the study 
area, showing both fault- and lithologic-related knickpoints, cannot be considered 
as continuous systems but as subsystems in the evolution of both stream profiles and 
drainage divides. Indeed both streams and drainage basins affected by faults have to 
remove the fault-related geomorphic anomaly before they can equilibrate themselves (as 
a continuous system), reaching a concave stream profile and hypsometric curve. This 
geomorphic action is accomplished when the sub-portions of the same basin reach the 
same geomorphic evolutionary stage. 

7.4.8 Ridge-line profiles and minimum bulk erosion map

The minimum bulk erosion map shows that basins occurring in the southern slope of 
the ridge, especially in its central part, are the most eroded in the area. These basins are 
numbered 4, 7, 9 and 12 (Fig. 9). The maximum bulk erosion value of 390 m (eroded-
rock column) is reached by stream 12, meanwhile the average in the south is between 
200 and 300 m (eroded-rock column). The basins occurring in the eastern termination 
of the ridge are the less eroded, indeed their streams show a mean bulk erosion value 
between 20 and 80 m (eroded-rock column, Fig. 9). Basins of the northern slope of the 

Fig. 8. Representative longitudinal stream and ridge-line profiles (×10 vertical scale, see Fig. 7a for 
location). Solid lines are stream profiles; dotted lines are ridge-line profiles. Triangles indicate fault-
related knickpoints. Profiles 3 and 12 are examples of streams from the southern slope of the Sierra 
Alhamilla affected by the Pliocene–Quaternary high-angle normal fault system (HANF) that produces 
knickpoints in their profiles. Profiles 31, 32, 34, and 35 are examples of streams from the northern slope 
of the Sierra Alhamilla where the North Alhamilla Reverse Fault–South Gafarillos Fault system produces 
“foot-rejuvenation” processes (NARF in profiles 31 and 32) or convex profile shapes (profiles 34 and 35). 
Profiles 3 and 32 show knickpoints produced by the Serravallian low angle normal fault system (LANF).
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ridge, especially in its central part, show the highest bulk erosion values relative to this 
slope (basins 27 to 30, and 33, Fig. 9). Bulk erosion values in these streams are between 
60 and 150 m, reaching a maximum value of 173 m (eroded-rock column). Summing 
up, the highest erosion bulks occur in the central part of the southern slope, whereas the 
lowest bulks are located in the eastern termination of the ridge (Fig. 9).

7.4.9 SLk map and anomalies

The SLk map discerns areas with low slope from areas with high slope along the stream 
channel, thus allowing detecting anomalies that may be related to recent tectonic 
activity and/or gradients of rock resistance. The SLk map obtained shows at least five 
high SLk anomalies (Fig. 10). Two of them are located on the topographic break of the 
northern slope of the ridge and show an E–W elongated shape (1 and 2 in Fig. 10). The 
length of these anomalies is 8 and 13 km, respectively; both are 2 km wide. The other 
anomalies (3 to 5 in Fig. 10) are located on the southern slope having an NNW–SSE 
main strike, although their shape is quite irregular. It is important to remark that a good 
correspondence between most of the high SLk anomalies and the highest bulk erosion 
values is observed, as in the case of anomaly 4 in basin 12 (Figs. 9 and 10).

7.5 Discussion

In addition to local and regional tectonic activity, geomorphic processes are also 
controlled by topographic, climatic, and lithologic factors that must be taken into 
account when tectonically oriented conclusions are deduced (Jackson and Leeder, 
1994; Schumm et al., 2000; Burbank and Anderson, 2001; Keller and Pinter, 2002). 
Thus, in this section we will discern the tectonic control on the conducted geomorphic 
analyses from the other controlling factors. Subsequently we will try to associate these 
geomorphic features with the tectonic structures present in the study area.

The North Gafarillos Fault probably initiated its activity in the Tortonian, in response 
to NW–SE Nubia–Iberia convergence, and was sealed both by latest Tortonian and 
early Messinian temperate carbonates and by Messinian reefs in the northern limb of 
the Sierra Alhamilla, thus staying active between 8 and 6.4–5.9 Ma (Ott d’Estevou and 
Montenant, 1990; Stapel et al., 1996; Huibregtse et al., 1998; Jonk and Biermann, 
2002; Booth-Rea et al., 2004a). Dextral displacement along the North Gafarillos Fault 
was transferred to the North Alhamilla reverse fault located in the northern limb of the 
Sierra Alhamilla–Polopos anticline (Platt et al., 1983; Weijermars et al., 1985).

Although some of these fault segments are sealed, the qualitative and quantitative 
geomorphic analyses carried out here, together with the fluvial terrace mapping and 
the epicenter position of reverse and strike-slip focal mechanisms (Stich et al., 2003a), 
testify that other fault segments of the system have been active during and after the 
Pleistocene, which control the present geomorphologic features in the area. This 
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is the case of the North Alhamilla reverse fault and the South Gafarillos Fault, to the 
southeast.

Finally, geomorphic analyses show the occurrence of Pliocene–Quaternary high-angle 
normal faulting in the southern slope and western termination of the Sierra Alhamilla, 
congruent with the structures documented in literature (Martínez-Martínez and Azañón, 
1997; Martínez-Díaz and Hernández-Enrile, 2004; Marín-Lechado et al., 2005; 
Pedrera et al., 2006; Sanz de Galdeano et al., 2010).

7.5.1 The NARF-SGF fault system

The low Smf index values obtained for the Sierra Alhamilla northern front seem to 
be related to the occurrence of an E–W-anticline that forms the entire ridge (Na and 
Nb in Fig. 6). In the eastern part of this front, the tectonic control on topography is 
accentuated by the NARF occurrence. Indeed the low Smf index values occurring here 
support the late Pleistocene activity of the NARF that ends westward (Nc, Nd and Ne 
in Fig. 6). The high SLk anomaly 1 in Fig. 10 seems to be related to the NARF that 
produces a significant uplift of its hanging-wall block, coinciding with the northern 
slope of the ridge. The uplift rate deduced from the integration between the Smf and 
the Vf indices ranges between 0.5 and 0.05 m ky-1 in the Quaternary. In addition, the 
occurrence of basins showing high bulk erosion values at the foot of northern slope of 
the ridge, especially in its central part (Fig. 9), support the uplift of the NARF southern 
block. Indeed a continuous fault activity lowers the local base-level of streams, allowing 
the occurrence of high bulk erosion and high SLk anomalies. Thus, to obtain such a 
geomorphic output a prolonged fault activity is necessary.

Fault segmentation and fluvial-terrace mapping shows that the SGF has been active 
until the Holocene (probably up to the present) in the eastern part of the Sierra 
Alhamilla northern front (Nf in Fig. 6). Moreover, the southward basin asymmetries 
recognized here (Fig. 7a) seem to be associated with the uplift of the southern block 
of the NARF–SGF system, which in this sector is characterized by an NW-ward 
displacement of the hanging-wall in response to a dextral-transpressive regime. This 
uplift is supported also by the high SLk anomaly 2 in Fig. 10 that is located just to the 
south of this fault system. The uplift rate assigned to this fault from the integration of 
the Smf and the Vf indices is more than 0.5 m ky-1 in the Quaternary. Contrary to the 
expected occurrence of highly eroded basins south of this fault system, the minimum 
bulk erosion map shows the less eroded basins here (Fig. 9). This is most likely due to 
the more pure strike-slip displacement component of the SGF verified in the field.

These hypotheses are confirmed also by the occurrence of streams with convex and 

Fig. 10. SLk map and main tectonic structures of the Sierra Alhamilla. NARF: North Alhamilla Reverse 
Fault. SGR: South Gafarillos Fault. In the legend LANF stands for low angle normal fault, and HANF 
for high angle normal fault. Faults with Quaternary activity are shown in red. Modified after Martínez-
Martínez and Azañón (1997).
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concave–convex longitudinal profiles and basins with S-shaped, convex and complex 
hypsometric curves in the entire northern slope (Fig. 7a). The relative uplift of the 
southern block of NARF–SGF fault system changes local base-levels causing the 
occurrence of less mature basins. In addition, in response to reverse displacement along 
this fault system, foot-rejuvenation processes should occur in basins above the fault 
trace, thus generating complex hypsometric curve shapes.

Furthermore, a progressive gradient is observed from completely rejuvenated basins to 
the east (basins 31 to 33), passing through basins showing S-shaped hypsometric curves 
in the center (29 and 30) towards basins with complex curves in the western end of the 
NARF (26 to 28 in Fig. 7a). This gradient can reflect both the westward propagation of 
the fault system along time and/or a progressive decrease of net slip towards the tip line, 
in our case the west one. The westward asymmetry of basins in the central part of the 
northern front confirms the existence of fault displacement gradient increasing towards 
the east, with maximum uplift being localized close to the junction between the NARF 
and the SGF. This net slip gradient, which in turn produces a differential uplift, would 
have promoted tilting towards the west, away from the area of maximum uplift, located 
at the head of stream 33. Furthermore, the occurrence of a fault displacement gradient 
along the NARF is supported by the eastward increasing Smf index values (Nc to Nf 
mountain fronts in Fig. 6).

7.5.2 The Pliocene–Quaternary high-angle normal fault system

The low Smf index values obtained for the Sierra Alhamilla southern front (Sa, Sc and 
Se in Fig. 6) support the recent to present activity of the NW–SE- to NNW–SSE-
striking high-angle normal fault system that affects the southern slope of the ridge and 
the Níjar–Almería basin. The uplift rate assigned to the faults, coinciding with theses 
fronts (Sa, Sc and Se in Fig. 6) from the integration between the Smf and the Vf indices 
is more than 0.5 m ky-1 in the Quaternary, values quite different from displacement 
rates documented in the area from other authors (between 0.23 and 0.48 m ky-1 for 
the western part of the system, Martínez-Díaz and Hernández-Enrile, 2004). These 
observations are confirmed by the occurrence of basins with S-shaped, convex and 
complex hypsometric curve shape at the southern slope (Fig. 7a). In response to SW-
wards normal displacement, the relative uplift of southern slope sectors, especially 
westward, has changed the streams local base-level thus producing younger drainage 
basins. In addition, stream head-rejuvenation processes should occur in basins above 
the fault traces, generating complex hypsometric curve shapes. Congruently with these 
observations, longitudinal stream profiles in the southern slope locally show concave-
convex profiles with knickpoints (Fig. 8). Finally, the relative uplift of the respective 
high-angle normal fault footwalls in the southern front is further confirmed by the 
occurrence of high SLk anomalies 5 and 4 (Fig. 10).

In the eastern part of the Sierra Alhamilla southern slope the occurrence of basins with 
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S-shaped and complex hypsometric curve shapes (Fig. 7a) seems to be related to a 
Pliocene–Quaternary high-angle normal fault having an N–S strike and a down to the 
east normal displacement (Fig. 2). The Quaternary activity of this fault is also suggested 
by the low Smf index value associated with the Sg mountain front (Fig. 6). Furthermore, 
this fault, producing a relative uplift of its western block, seems to be the cause of the 
high SLk anomaly 3 shown in Fig. 10.

Finally, the occurrence of the most eroded basins in the southern slope of the ridge, 
especially in its central part (Fig. 9), should be related also to the high-angle normal 
fault system together with differential uplift between the Sorbas–Tabernas and Níjar–
Almería basins (Braga et al., 2003).

Although the tectonic displacement rate of this fault system is relatively low (between 
0.23 and 0.48 m ky-1 for the western part of the system, Martínez-Díaz and Hernández-
Enrile, 2004) geomorphic indicators of the fault activity, such as the sinuosity of the 
fault-related mountain fronts, are preserved because of the semi-arid climate and the 
strength contrast between the Neogene sediments and the metamorphic basement.

7.5.3 Western and eastern terminations

The low Smf index values obtained for the western and eastern terminations of the Sierra 
Alhamilla (E and W in Fig. 6) seem to be related in the western end with the occurrence 
of the peri-anticlinal closure and in the eastern one by the presence of the SGF cutting 
the fold. Basins with concave hypsometric curve shape (Fig. 7a), together with the 
absence of a high SLk anomaly at the western termination (Fig. 10) should prove a 
quiescent activity of the Sierra Alhamilla anticlinorium in its westernmost end; whereas, 
the occurrence of low Smf index values (Fig. 6), could be related to the marked incision 
operated by the Rio Andarax system and its Rambla de Tabernas tributary in response 
to uplift induced steep regional gradients (Nash and Smith, 1998; 2003; García et al., 
2004).

7.6 Conclusions

The qualitative and quantitative geomorphic analyses suggest that the Sierra Alhamilla 
is tectonically active during the Pleistocene and Holocene, and probably up to the 
present. The high SLk anomaly 1 in Fig. 10 seems to be related to the North Alhamilla 
Reverse Fault (NARF) that produces an uplift of the northern slope of the ridge with 
rates ranging between 0.05 and 0.5 m ky-1 in the Quaternary. The results from the 
geomorphologic analyses together with the field data support the Pleistocene activity 
along the NARF. These include the northwards asymmetry of the entire ridge, low 
Smf and Vf values of the northern front, the “foot-rejuvenation” of the northern slope 
streams, characterized by convex and concave-convex profiles, and finally, the 
occurrence of basins with high bulk erosion values that show convex and S-shaped 



90 Geomorphic evidence of active tectonics in the Sierra Alhamilla

hypsometric curves.

The high SLk anomaly 2 in Fig. 10 is likely produced by the fault system formed 
by the junction between the NARF and the South Gafarillos Fault (SGF), which 
is characterized by a dextral transpressive regime. These segments of the Polopos 
Fault Zone have also been active in the Pleistocene and the Holocene producing 
uplift of the southern block with respect to the NARF and SGF with rates above 0.5 
m ky-1 in the Quaternary. This activity is supported by both fluvial terrace mapping 
and geomorphologic analyses, which show low Smf and Vf  values of the northern 
front, southwards migration and asymmetry of the basins, stream “rejuvenation” and 
reorientation close to the SGF and convex stream longitudinal profiles.

The NARF–SGF system is characterized by a progressive decrease of net slip towards 
its tip line at the west. This observation is supported by a progressive eastward 
“rejuvenation gradient” of basins along the NARF together with an eastward increasing 
Smf index value of the northern mountain front. In turn this tectonic transport gradient 
causes an eastward increase in uplift of the southern block producing westward 
asymmetric basins in the central part of the northern slope of the ridge.

The high SLk anomalies 3, 4 and 5 in Fig. 10 are probably due to the Pliocene–
Quaternary high-angle normal fault system that affects the entire southern slope of the 
Sierra Alhamilla and the Níjar–Almería basin. Uplift rates in the southern mountain 
fronts that coincide with high-angle normal faults are higher than 0.5 m ky-1 in the 
Quaternary. The geomorphic evidence of such a tectonic control are: a) low Smf and Vf  
values in southern mountain front segments that are congruently oriented with respect 
to the normal faults; b) the northwards asymmetry of the entire ridge; c) the northwards 
advance and stream “head-rejuvenation” of the basins located in the central part of the 
southern slope; d) longitudinal stream profiles in the southern slope that locally show 
concave-convex profiles with knickpoints; and e) maximum bulk erosion values of 
basins occurring in the southern slope.
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8.0 Geomorphic analysis of the Sierra Cabrera, an active pop-up in the 
constrictional domain of conjugate strike-slip faults: the Palomares 
and Polopos fault zones (eastern Betics, SE Spain)
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Abstract: The NNE–SSW sinistral Palomares and the conjugate dextral WNW–ESE 
striking Polopos fault zones terminate in the Sierra Cabrera antiform. In order to test 
the Quaternary activity and topographic relief control in the termination of these fault 
zones, here we present new qualitative and quantitative geomorphic analyses supported 
by a new structural map of the region. The main mountain fronts of the Cabrera 
antiform are formed by the North and South Cabrera reverse faults that merge laterally 
into the Palomares and Polopos faults, respectively. These faults produce knickpoints, 
stream deflections, complex basin hypsometric curves, high SLk anomalies and highly 
eroded basins in their proximity. Furthermore, the drainage network shows an S-shaped 
pattern reflecting progressive anticlockwise rotation related to the sinistral Palomares 
fault zone. The estimated uplift rates determined by the integration between mountain 
front sinuosity index and valley floor width to height ratio are larger than those obtained 
for strike-slip faults in the eastern Betics. These larger uplift rates with our geomorphic 
and structural dataset indicate that the topographic relief of the Sierra Cabrera antiform 
is controlled by reverse faults that form a pop-up structure in the constrictional 
domain between the larger Palomares–Polopos conjugate strike-slip faults. Existing 
GPS geodetic data suggest that the North and South Cabrera reverse faults probably 
accommodate a large part of Africa–Iberia convergence in the region.

Keywords: Active tectonics; Geomorphic indices; Eastern Betics; Polopos fault zone; 
Palomares fault zone
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8.1 Introduction

Geomorphic analyses are very productive in semiarid zones like SE Spain, where 
landforms related to active tectonics are preserved for long periods (Silva et al., 2003). 
Furthermore, geomorphic indices are tools to characterize sectors deformed by active 
faults with low to moderate deformation rates (Keller and Pinter, 2002; Gràcia et al., 
2006; Pedrera et al., 2009b; Pérez-Peña et al., 2010). In regions affected by strike-
slip faults, like the eastern Betics, displacement generates important topographic 
gradients forming both uplifted ranges and sedimentary depocenters in antidilational 
and dilational jogs, respectively (Sibson, 1986; Sylvester, 1988). Similarly, thrust 
systems and associated folds control the development and evolution of alluvial and 
fluvial systems in response to tectonically induced local base-level variations, together 
with fault linkage and time-space migration of folds (Ramsey et al., 2008; Pedrera et 
al., 2009b). Furthermore, creation of new fault segments produces migration of active 
sedimentary depocenters and variations in the topography and drainage network (Ollier, 
1981; Walker and Jackson, 2002; Booth-Rea et al., 2004a). In the southeastern Betics 
the main positive topographic reliefs coincide either with antidilational jogs related to 
strike-slip faults or with antiformal structures that define the Sierras in the area (e.g. 
Montenat and Ott d´Estevou, 1990).

Sierra Cabrera is a key area to evaluate the nature of active tectonics in the eastern 
Betics because three of the main active faults in SE Spain, the Carboneras, the 
Palomares and the Polopos fault zones, converge and terminate there. Contrasting 
with the pure strike-slip Neogene activity of these faults (Bousquet, 1979; Montenat 
et al., 1990; Ott d´Estevou et al., 1990; Faulkner et al., 2003; Gràcia et al., 2006), 
the Quaternary activity of the Carboneras and the Palomares fault zones appears to 
be oblique-slip along their terminations (Buforn et al., 1988; 1995; Bell et al., 1997; 
Reicherter and Reiss, 2001; Booth-Rea et al., 2003a; Booth-Rea et al., 2004a; Buforn et 
al., 2004).

The N90-100ºE dextral Polopos fault zone, conjugate of the Palomares fault zone, 
bounds the southwestern termination of the Sierra Cabrera antiform and has been active 
during the Pleistocene with a global transpressive regime (Giaconia et al., 2012a). This 
fault zone merges into N50-60ºE reverse fault segments, here named the South Cabrera 
reverse faults, in the southeastern corner of the Sierra Cabrera. The Carboneras fault is 
a sinistral strike-slip fault active during the Neogene to Quaternary (Bousquet, 1979; 
Montenat et al., 1990; Ott d´Estevou et al., 1990; Faulkner et al., 2003; Gràcia et 
al., 2006). This fault worked as a transform fault system accommodating differential 
extension between the Níjar and other postorogenic basins to the NW of it and the 
volcanic Cabo de Gata terrain to the SE (Rutter et al., 2012). Its Plio–Quaternary 
activity appears to be oblique-slip according to the field data (Buforn et al., 1988; 1995; 
Bell et al., 1997; Reicherter and Reiss, 2001; Buforn et al., 2004; Rutter et al., 2012). 
The Plio–Quaternary activity of the Palomares Fault Zone is characterized by a sinistral-
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normal displacement that uplifts its eastern block, represented by the Sierra Almagrera. 
Toward the south, Palomares fault segments turn and splay out into reverse faults in the 
northern limb of the Sierra Cabrera antiform (Booth-Rea et al., 2003a; 2004a). In this 
paper we refer to these faults as North Cabrera reverse faults. GPS geodetic studies in 
the southeastern Betics show deformation rates of 1-1.5 mm yr-1 on the coast, roughly 
parallel to the NW–SE direction of the Africa–Eurasia plate convergence, while the 
stations inland exhibit insignificant motion with respect to the stable part of the Eurasian 
plate (Echeverria et al., 2011). This indicates that the majority of the convergence 
between Africa and Eurasia in the area is accommodated along structures located near 
the coast, like the Sierra Cabrera antiform and associated structures. 

In this paper we carry out a thorough geomorphic analysis of the Sierra Cabrera 
ridge supported by a new geological and structural map inferring that strike-slip 
displacement along the Polopos and Palomares fault zones has been accommodated by 
reverse faulting in the southern and northern hillslopes of the ridge by the South and 
North Cabrera reverse faults, respectively. This reverse tectonic regime in the Sierra 
Cabrera antiform, together with the epeirogenic uplift of the southern Betics (Braga et 
al., 2003), results in a strong dissection of its hillslopes by the Aguas and Alias river 
systems, to the north and to the south, respectively. Because of this morphotectonic 
context the Quaternary alluvial and fluvial deposits are missing at the foot of the 
hillslopes impeding the timing of faulting and fault slip-rate determination. Thus, the 
objective of this paper is to test the presence of active or recent reverse faults that may 
control the topographic relief of the Sierra Cabrera antiform and surrounding Neogene 
basins (e.g. Vera and Níjar basins), using both qualitative and quantitative geomorphic 
analyses. Quantitative analyses were conducted calculating the following geomorphic 
indices: mountain-front sinuosity, valley floor width-to-height ratio, drainage basin 
asymmetry factor, basin hypsometric curve and integral, and the stream-length gradient 
index normalized by the graded river gradient (SLk index).

8.2 Structural framework

The southeastern Betics are characterized by the occurrence of Neogene basins formed 
during Miocene extensional tectonics (Martínez-Martínez and Azañón, 1997; Booth-
Rea et al., 2004c; 2005). Later, late Miocene to present convergence between Africa 
and Iberia (Dewey et al., 1989; McClusky et al., 2003; Serpelloni et al., 2007) produced 
tectonic inversion of the Miocene extensional basins and development of folds, reverse 
and strike-slip fault systems (Weijermars et al., 1985; Montenat and Ott d´Estevou, 
1990; Comas et al., 1999; Booth-Rea et al., 2004a). Thus, most of the sedimentary 
cover occurs in synclines among E–W- to ENE–WSW-elongated antiformal ridges, 
where the metamorphic basement crops out bounded by folded extensional detachments 
(Fig. 1). This basement is formed by several metamorphic complexes belonging to the 
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Alborán domain, a terrain that collided with the South Iberian and Maghrebian passive 
margins during the Miocene, forming the Gibraltar Arc and the Betic and Rif cordilleras 
(Balanyá and García-Dueñas, 1987; Martínez-Martínez and Azañón, 1997; Platt et 
al., 2003; Booth-Rea et al., 2007). The Sierra Cabrera antiform is an example of these 
elongated antiformal ridges where metamorphic rocks crop out, surrounded by Miocene 
to Quaternary sediments of the Sorbas–Tabernas, Vera and Níjar basins (Fig. 1).

The Sierra Cabrera antiform is located in the termination of three strike-slip faults 
developed in the NW–SE late Miocene to present convergent setting (Fig. 2). These 
are the sinistral Carboneras (Bell et al., 1997; Gràcia et al., 2006) and Palomares 
(Bousquet, 1979; Booth-Rea et al., 2004a) fault zones that end in the eastern 
termination of the antiform, and the dextral Polopos fault zone that bounds the 
southwestern end of the Sierra Cabrera (Giaconia et al., 2012a). The Polopos fault zone 
includes several fault segments, some of which have been described in the literature, 
like the Gafarillos fault (Fig. 1, Ott d’Estevou and Montenant, 1990; Stapel et al., 1996; 
Barragán, 1997; Huibregtse et al., 1998; Jonk and Biermann, 2002).

The Palomares fault zone initiated its activity during the Tortonian–Messinian with 
sinistral strike-slip displacement. Subsequently, during the Plio–Quaternary, the fault 
zone lengthened and widened eastwards evolving in an oblique-slip regime (Booth-
Rea et al., 2004a). Deformation along this fault zone migrated toward the east, 

Fig. 1. Geological sketch of the southeastern Betics highlighting the studied area after Giaconia et al. 
(2012a). PoFZ: Polopos Fault Zone.
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from the Palomares segment, with its main activity during the Upper Tortonian and 
Messinian, toward the Arteal fault, active during the Pliocene and Quaternary (Booth-
Rea et al., 2003a). Present drainage network and topography give evidence of fault 
segmentation and migration of deformation related to the Palomares fault zone. Indeed 
drainage density is higher in the uplifted eastern block of the Palomares fault zone 
showing stream deflections, meanwhile recent activity of fault segments has increased 
topographic gradients inducing headward erosion of streams transverse to active 
segments (Booth-Rea et al., 2004a). 

The sinistral Carboneras fault zone was active at least since the Serravallian and its 
activity is documented until the Pliocene (Rutter et al., 2012). The Miocene activity 
of this fault was essentially strike-slip in response to a NW–SE compressive regime 
(Bousquet, 1979; Montenat et al., 1990; Stapel et al., 1996; Huibregtse et al., 1998; 
Jonk and Biermann, 2002; Rutter et al., 2012). On the contrary, the Plio–Quaternary 
activity of this fault appears to be transpressive rather than strike-slip (Bell et al., 
1997; Reicherter and Reiss, 2001; Rutter et al., 2012). New filed data give evidence 
for shortening along the Carboneras fault zone and folding of basement rocks of the 
Sierra Cabrera, such as folding-related unconformities in the latemost Messinian to 
Pliocene sedimentary rocks (Rutter et al., 2012). The Carboneras fault zone shows a 

Fig. 2. Structural map of the study area (see Fig. 1 for its location) where the main tectonic structures 
of the Sierra Cabrera are shown: the Carboneras fault zone (CFZ), the Palomares fault zone (PFZ), 
the North and the South Cabrera reverse faults (NCRF and SCRF, respectively), and the North and the 
South Gafarillos faults (NGF and SGF, respectively). LANF: low angle normal faults; HANF: high 
angle normal fault. Faults and folds with Quaternary activity are shown in red, meanwhile those with a 
Miocene activity are in blue.
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width slightly larger than 1 km in its northernmost outcrops, where it includes several 
parallel fault segments. These segments run close by and slightly oblique to the South 
Cabrera reverse fault in the southern slope of the Sierra Cabrera. Longitudinal valleys 
like Rambla de Sopalmo have developed parallel to the Carboneras fault segments most 
probably related to the strong comminution of the basement rock produced by the fault 
zone (Fig. 3).

The dextral-oblique Polopos fault zone is formed by three main fault segments, the 
North and South Gafarillos strike-slip faults, and the North Alhamilla reverse fault. The 
North and South Gafarillos faults bound the northern and the southern Sierra de Polopos 
range-fronts, respectively, meanwhile the North Alhamilla reverse fault occurs at the 
northern Sierra Alhamilla one. This fault zone, conjugate to the Palomares sinistral fault 

Fig. 3. Geological map of the Sierra Cabrera ridge and surrounding Neogene sedimentary basins: the 
Sorbas and Vera basins, to the north, and the Níjar basin, to the south.
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zone, was probably active from the Tortonian to present, although, some of its fault 
segments were sealed by Messinian sediments (Fig. 2, Ott d’Estevou and Montenant, 
1990; Stapel et al., 1996; Huibregtse et al., 1998; Jonk and Biermann, 2002; Giaconia 
et al., 2012a).

8.3 Geomorphic features

The Sierra Cabrera and Polopos ridges are bounded by the Vera and Sorbas–Tabernas 
basins, to the north, and the Níjar basin, to the south. The Sierra Cabrera ridge shows 
an E–W elongated shape and an average altitude between 700 and 900 masl, reaching a 
maximum height of about 1,000 masl. This ridge emerges topographically between the 
coastline and the Vera, Níjar and Sorbas–Tabernas basins, whose heights range between 
0 and 200 masl for the first two, and from 300 to 500 masl for the later (Fig. 4). The 
study area is characterized by a semi-arid climate, with a mean annual rainfall of around 
200 mm yr-1 (Harvey and Wells, 1987).

The Vera basin is drained by a series of macro-scale external drainage systems; the 
Almanzora, Antas and Aguas Rivers. These drainage systems and associated Plio–
Pleistocene landforms (river terraces, pediments, erosional straths and badlands) 
record up to 200 m of dissected topographic relief in the mountain front areas. The 
magnitude of dissection decreases from central basin areas, eastwards toward the coast, 
culminating in a low topographic relief coastal plain region in the shoreline area of the 
modern Mediterranean Sea (Stokes, 2008).

Two drainage systems dissect the Sorbas basin infill, the NNE-directed Rio Aguas 
drainage-system to the north, and the SSE-directed Rio Alias drainage-system to the 
south. The first one incises into the sediments of the Vera basin and flows parallel to 
the northern mountain front of the Sierra Cabrera ridge. The Rio Alias drainage system 
drains the southern area of the Sorbas basin across the Sierra Alhamilla and Cabrera into 
the Níjar basin, through the Rambla de los Feos and Rambla de Lucainena streams (Fig. 
4).

Two regional-scale significant captures occurred in the southern part of the Sorbas 
basin, both prompted by the sustained Quaternary uplift of the basin (160 m Ma-1 over 
the Plio/Pleistocene, Mather, 2000b). The initial drainage system (early Pleistocene) had 
a centripetal network toward the center of the Sorbas basin. The first capture (capture 
site 1 in Fig. 4) occurred in the early to middle Pleistocene and deflected 15% of the 
original Sorbas basin drainage system into the Níjar basin to the south (Mather, 2000b). 
The second capture occurred in the late Pleistocene and deflected 73% of the original 
Sorbas basin drainage system into the Vera basin to the east by the Rio Aguas. This 
later capture isolated the Rambla de los Feos from the Sorbas basin and expanded the 
drainage area of the Rio Aguas (capture site 2 in Fig. 4, Mather, 2000b; Maher et al., 
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2007). The ages of fluvial terraces related to these captures (strath and fill terraces) 
range between 400 and 70 ky (Harvey and Wells, 1987; Mather, 2000b; Candy et al., 
2005; Maher et al., 2007).

The sustained Quaternary uplift of the Sorbas basin produced a long-term fluvial-
incision phase with episodic periods of aggradation controlled by short-term climatic 
oscillations related to Europe glacial/interglacial periods (Harvey and Wells, 1987). 

Fig. 4. DEM of the study area (see Fig. 1 for its location) where the drainage network, the main drainage 
divides of the Sierra Cabrera and capture sites are shown.
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Fluvial terraces and alluvial fans developed during glacial aggradation periods, whereas 
incision prevailed during interglacial warm phases forming calcretes and palaeosols 
(Candy and Black, 2009). In addition, also tectonics influenced the geomorphic features 
in the area producing different regional uplift-rates between ranges and Neogene basins 
and also between the various basins. Typically, Pliocene to recent regional uplift-rates 
are higher in the ranges (Sierra Alhamilla and Cabrera) than in the Neogene basins 
(Weijermars et al., 1985) and higher in the northern basins (Tabernas and Sorbas basins) 
than in the Níjar basin (Braga et al., 2003).

8.4 Methodology

In order to evaluate the topographic relief response to active tectonics in the area we 
carried out qualitative and quantitative geomorphic analyses. Qualitative observations 
were focused on the drainage-network geometry, the geometric relationships between 
drainage basins, and on topographic profiles. Quantitative geomorphic analyses 
employed several geomorphic indices.

Mountain-front sinuosity (Smf) has been employed in several works to evaluate 
tectonic activity along mountain fronts. Since this index expresses the relation-factor 
between the length of the mountain front and its length measured along a straight 
line, commonly, is less than 3 and approaches the minimum value of 1.0 where steep 
mountains raised rapidly along a range-bounding fault or fold (Bull, 1977; Keller and 
Pinter, 2002; Silva et al., 2003; Bull, 2007; Pérez-Peña et al., 2010). In this work 
mountain-fronts were defined with the aid of a slope map where a topographic break of 
the slope higher than 15º occurs systematically, later the existence of these fronts was 
verified in the field. This index evaluates the sinuosity of a mountain front, which is 
controlled through the balance between erosion and tectonics. Tectonically active fronts, 
where tectonics prevails over erosional processes, are characterized by linear segments 
that typically show low Smf values (Smf < 1.4, Keller and Pinter, 2002; Silva et al., 2003; 
Bull, 2007; Pérez-Peña et al., 2010).

The valley floor width-to-height ratio index (Vf) has been calculated for the selected 
mountain fronts (Bull and McFadden, 1977) allowing to discriminate between 
V-shaped and U-shaped valleys. The height of the valley divides was calculated from 
a river-perpendicular topographic profile obtained from the DEM and the valley floor 
width from aerial photographs. Deep V-shaped valleys (Vf < 1) are associated with 
linear active-downcutting in areas subjected to active uplift, while flat-floored valleys 
(Vf> 1) are typical of sectors with major lateral erosion in response to relative tectonic 
quiescence (e.g. Keller and Pinter, 2002; Silva et al., 2003; Pedrera et al., 2009b; 
Pérez-Peña et al., 2010). We calculated the Vf of the main rivers at a distance of 300 
m upstream from the mountain fronts, as well as the Smf index of each front, in order to 
establish different tectonic activity classes; used to determine relative uplift-rate ranges 
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as proposed on empirical basis by other authors (Rockwell et al., 1984; Silva et al., 
2003; Bull, 2007). These authors proposed rates above 0.5 m ky-1 for tectonically active 
fronts (class 1); between 0.5 and 0.05 m ky-1 for moderately active fronts (class 2); and 
finally down to 0.05 m ky-1 for inactive fronts (class 3). In this paper we use the term 
uplift as rock uplift.

The basin asymmetry factor (AF) expresses the area of the drainage basin to the right of 
the trunk stream with respect the total area in order to identify possible tectonic tilting 
at the scale of the whole range (Keller and Pinter, 2002). We calculated the asymmetry 
of the main basins of the study area following the classification proposed by Pérez-Peña 
et al. (2010) where the index is expressed as the absolute value of AF minus 50, with an 
arrow indicating the asymmetry direction. This classification defines the sense and the 
magnitude of the basin asymmetry in four classes; symmetric basins (AF < 5), gently 
asymmetric basins (5 < AF < 10), moderately asymmetric basins (10 < AF < 15), and 
strongly asymmetric basins (AF > 15).

The hypsometric curve represents the degree of dissection of the basin. This curve is 
obtained by plotting the proportion of the total basin height (relative height) against the 
proportion of total basin area (relative area, Strahler, 1952). Its shape is related to the 
degree of dissection of the basin (e.g. its erosional stage); convex hypsometric curves 
characterize immature weakly eroded basins; S-shaped curves are typically associated 
to moderately eroded basins; and concave curves depict highly eroded basins (Keller 
and Pinter, 2002; Pérez-Peña et al., 2009a). Hypsometric curves for the study area were 
calculated applying the CalHypso ARCgis tool developed by Pérez-Peña et al. (2009a; 
2009b). 

Longitudinal river topographic-profiles can be interpreted as the result of the present-
day balance between erosion and uplift rates. River ridgeline-profiles can be considered 
as proxies of pre-incision conditions, and they can be obtained by projecting rivers onto 
their theoretical pre-incision surface obtained by interpolating the altitude from present-
day lateral divides of each individual basin (Menéndez et al., 2008; Pérez-Peña et al., 
2010). The comparison between longitudinal river topographic-profiles and ridgeline-
profiles gives a relative estimation of the bulk erosion within a basin if geological 
evidence is are available to demonstrate that ridgelines are pre-incision surfaces (Small 
and Anderson, 1995). When this evidence is missed this surface cannot be considered 
to be the precise pre-incision surface because basin divides themselves are affected by 
weathering erosional and gravitational processes (Brocklehurst and Whipple, 2002). 
However, the comparison between these profiles represents minimum bulk erosion 
for each basin that allows the relative comparison in terms of erosion among different 
basins giving information about the grade of dissection (Pérez-Peña et al., 2010).

In order to facilitate the reading and interpretation of these data a “minimum bulk 
erosion map” is presented. This map represents the elevation differences between the 
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whole theoretical surface (calculated for all the basins in the study area) and the present-
day topography (obtained from a 10m DEM). This map allows discerning between areas 
with different degrees of erosion in terms of eroded-rock column. 

The last geomorphic index used in this work is the normalized stream-length gradient 
index (SLk index, Hack, 1973; Pérez-Peña et al., 2009c) that shows the variation in 
stream power along the river reaches. This index is very sensitive to changes in channel 
slope, thus allowing the evaluation of recent tectonic activity and/or rock resistance 
(Chen et al., 2003; Pedrera et al., 2009b; Pérez-Peña et al., 2009c; Giaconia et al., 
2012a). We followed the methodology proposed by Perez-Peña et al. (2009c) in order 
to obtain the SLk anomaly map. We used 204 channels of the drainage basin, a fixed dl 
of 150 m and the geostatistical kriging-interpolator (see methodology section in Pérez-
Peña et al., 2009c for further details).

8.5 Results

The Sierra Cabrera ridge shows a dendritic drainage network with an elongated 
centripetal radial geometry coherent with its ENE–WSW-striking antiformal geometry 
(Fig. 4). Focusing on the NE–SW-oriented main drainage divides, both to the north and 
to the south, the 1st and 2nd order streams are NW–SE-oriented meanwhile those of 3rd 
and 4th orders have a N–S orientation (Fig. 4). This double stream set, perpendicular 
and oblique to the main drainage divides, gives an S-shape to the drainage network in 
this area indicating an anticlockwise-rotation of the ridge.

The entire southern slope of the Sierra Cabrera and the adjacent margin of the Níjar 
basin are dissected by an asymmetric dendritic drainage network characterized by a 
main set of major WSW–ENE-oriented streams (of 4th and 5th orders), which located 
at the base of the ridge drain eastwards into the Mediterranean Sea (Fig. 4). Most of 
the 4th and 5th order streams show ENE–WSW to E–W deflections suggesting active 
tectonic structures with sub-parallel strike (Figs. 2 and 4). The N–S to NW–SE-oriented 
drainage system is perpendicular to the Sierra Cabrera anticline axis. The deflection 
toward the WSW–ENE of the 4th and 5th order streams is probably produced by the 
joint activity of the South Cabrera reverse fault that deflects the streams around the 
foot of the uplifted fault-block and the Carboneras fault that produces relative uplift 
of its southern block to the south of the streams (Figs. 2 and 4). Further west where 
the reverse displacement of the South Cabrera reverse fault is transferred to the dextral 
branch of the North Gafarillos fault streams flow subparallel to it (Fig. 5). Meanwhile, 
south of the Sierra de Polopos, meanders in the Ramblas de los Feos and de Lucainena 
appear strongly controlled by the dextral South Gafarillos fault segments (Fig. 5).

The entire northern slope of the Sierra Cabrera and the adjacent margin of the Vera 
basin are dissected by two stream sets: a main SW–NE-oriented one (of 5th and 4th 
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orders) occurring at the slope foot and basin margin; and a minor SE–NW-oriented 
one (up to 3rd order) occurring in the upper part of the hillslope (Figs. 4 and 5). The 
SW–NE-oriented streams flow to the E–W Aguas axial-system and their orientation is 
influenced by the lithological contrast between folded Messinian marls and latemost 
Tortonian temperate carbonates in the center of the basin and between late Tortonian 
marls and Serravallian or Tortonian conglomerates in the southern margin of the basin 
(Fig. 3). The SW–NE streams are related to the northern limb of the Sierra Cabrera 
anticline. Meanwhile, the sharp connection between the two stream sets is reasonably 
related to and coincides with the North Cabrera reverse fault.

Ridge-perpendicular topographic profiles show a northward asymmetry of the entire 
ridge (Fig. 6). This asymmetry results from a steeper and narrower northern slope and 
from a wider gently dipping southern slope. This is reasonably due to the geometry of 
the fold and to the timing of thrusting and associated uplift between the southern and 
northern mountain fronts, having started earlier in the northern side (e.g. Jackson et al., 
1996). In the western termination of the ridge the main drainage divide is driven toward 
the north in the head region of the present Alias River drainage system. This is related to 
the presence of highly erodible Tortonian marls in the area and to the importance of this 
drainage system before its capture by the Aguas River in the late Pleistocene (Fig. 5, 

Fig. 5. Simplified sketch of the drainage network of the study area showing its relation to the main 
tectonic structures.
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Harvey and Wells, 1987; Mather, 2000b; Maher et al., 2007). Actually, in this area the 
presently more vigorous Aguas drainage system is advancing toward the west cutting 
into the late Pleistocene main drainage divide between the Sorbas and the Vera basins.

8.5.1 Mountain front sinuosity (Smf)

The Sierra Cabrera shows several generations of mountain fronts having a common 
E–W to NE-SW trend. These fronts seem to be congruently oriented with the main 
tectonic structures present in the area, e.g. the North and South Gafarillos faults, and the 
North and South Cabrera reverse faults.

Smf index values were calculated for 10 mountain fronts (shown in Table 1), here named 
with a first letter representing the main front they belong to (N for the northern one, 

Fig. 6. Topographic profiles across the Sierra Cabrera ridge, their location is shown in the map at the top 
of the figure where the main drainage divides and the mountain fronts are shown. The first topographic 
profile is along the main drainage divide of the ridge, meanwhile the other ones are perpendicular to the 
ridge advancing eastwards.
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S for the southern one) and the second one incrementing progressively eastwards. The 
northern mountain fronts, showing Smf index values lower than 1.4, indicate active 
tectonics especially at the inner mountain front that appears branched (Nd and Ne in 
Fig. 7). The tectonic structures that produce these fronts are sinistral faults parallel to 
the Palomares fault zone and a conjugate dextral one (Na and Nb in Fig. 7) together 
with the North Cabrera reverse faults that bound the entire Sierra Cabrera northern 
slope (Nd and Ne in Fig. 7). Meanwhile, the Nc mountain front has a lithological origin, 
formed by the contact between the folded latemost Tortonian and Messinian members 
of the Turre formation, the Azagador mixed-platform carbonates and the Abad marls, 
respectively (Fig. 5, Völk, 1967). The southern mountain fronts also seem related to 
active structures, having Smf index values lower than 1.4 (Fig. 7). The structures that 
control the evolution of these mountain fronts are the North and South Gafarillos faults, 
which produce the Sa and the Sd fronts (Fig. 7), respectively, together with the South 
Cabrera reverse fault and the Palomares fault segments that generate the Sb and Sc 
fronts, respectively (Fig. 7). The Se front is probably produced by incision of the Alias 
stream in the resistant Neogene Cabo de Gata volcanics (Figs. 3 and 7).

8.5.2 Valley floor width-to-height ratio (Vf)

The Vf index was calculated for 27 streams 300 m upstream from the mountain front, 
obtaining the Vf values shown in Table 2. In the northern and southern slopes of the 
Sierra Cabrera, streams present V-shaped valleys (Vf < 1), with only four streams with 
slightly higher Vf values (streams 1 and 4 in the northern front and 22 and 23 in the 
southern one). Moreover, some of the streams in both fronts present particularly low 
Vfvalues (Vf < 0.5), thus indicating highly active fronts (Fig. 7).

We assigned different tectonic activity classes to each mountain front by integrating 
mountain front sinuosity and valley floor width-to-height ratio (Rockwell et al., 1984; 
Silva et al., 2003). The mountain fronts of the northern slope of the Sierra Cabrera 
belong to the tectonically active front class, showing both Smf and Vf low values. Only 
the Nc front differs from them being a moderate to tectonically active front with Vf 
values higher than 1 (stream 22 in Fig. 7). The southern mountain fronts belong both to 
tectonically active fronts (Sb and Sc) and moderate active fronts (front Sa and Sd in Fig. 
7). Actually, the latter ones belong to an intermediate class because they show one of 
the Vf values higher than 1 (Vf values 1b and 4a for the Sa and Sd fronts, respectively). 
Similarly, the Sc front shows Smf and Vf values that are quite near to the threshold 
allowing to consider it as tectonically active.

In the absence of geomorphic markers useful to determine uplift-rates for these fault-
related mountain-fronts we used uplift-rate ranges proposed by some authors for each 
tectonic activity class (Rockwell et al., 1984; Mayer, 1986; Silva et al., 2003; Bull, 
2007). Rates above 0.5 m ky-1 were proposed for class 1 (tectonically active fronts); 
between 0.5 and 0.05 m ky-1 for class 2 (moderately active fronts); and finally down 
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to 0.05 m ky-1 for class 3 (inactive fronts). Referring to these uplift-rate ranges, we are 
able to assign an uplift-rate higher than 0.5 m ky-1 for the northern fronts, excepting the 
Nc front (0.5-0.05 m ky-1). The Sa and Sd fronts in the southern hillslope of the Sierra 
Cabrera are related to uplift ranges between 0.5 and 0.05 m ky-1. Meanwhile, an uplift 
rate higher than 0.5 m ky-1 would be associated to the Sb and Sc fronts.

8.5.3 Basin asymmetry factor (AF)

In the Sierra Cabrera three sectors with similar basin asymmetry factor can be 
identified: a) the central and eastern parts of the northern slope show a clear westward 
asymmetry; b) the easternmost part of the southern slope shows a common southward 
asymmetry; c) and the central part of the southern slope shows roughly a common 
eastward asymmetry (Fig. 8a). In terms of the asymmetry classes, basins of the southern 
slope show the lower asymmetry values, belonging to the first and second classes 
(symmetric and gently asymmetric basins, respectively), in contrast to those of the 
northern slope that belong mainly to the third and fourth classes (moderate asymmetric 
and strong asymmetric basins, respectively). Basins showing the highest asymmetry 
values occur in the eastern termination of the ridge and in the central part of its northern 
slope (Fig.8a). 

Mountain front   Smf

Na    1.01
Nb    1.04
Nc    1.13
Nd    1.08
Ne    1.03

Mountain front   Smf

Sa    1.05
Sb    1.00
Sc    1.20
Sd    1.06
Se    1.10

Table 1. Mountain-front sinuosity values (Smf) are shown for fronts in Fig. 7, here named with a first letter 
representing the main front they belong to (N for the northern one, S for the southern one) and the second 
one incrementing progressively eastwards.

Stream   Vf

1a   0.88
1b   1.67
2   0.32
3a   0.48
3b   0.16
3c   0.14
4a   1.59
4b   0.34
8   0.30
9   0.66
10   0.87
11   0.85
14   0.22
15   0.51

Stream   Vf

16   0.49
17   0.67
18a   0.29
18b   0.31
19a   0.26
19b   0.26
20a   0.41
20b   0.34
21a   0.32
21b   0.25
21c   0.21
22   1.43
23   1.04

Table 2. Valley floor width-to-height ratio values (Vf) are shown for streams in Fig. 7 here named with a 
first number representing the stream they belong to and the letter increasing progressively.
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Fig. 7. Slope map of the Sierra Cabrera showing the mountain fronts and main tectonic structures. LANF: 
low angle normal faults; HANF: high angle normal fault. Faults and folds with Quaternary activity 
are shown in red, meanwhile those with a Miocene activity are in black. Furthermore, Lmf (the length of 
the mountain front) and Ls (its length measured along a straight line) employed to calculate Smf values 
(mountain front sinuosity index values), and Vf values (Valley floor width-to-height ratio) are shown.
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8.5.4 Hypsometric curves

Basins showing concave hypsometric curves, and so mature, are located in the western 
and eastern terminations of the ridge (Fig. 8a and b). Basins with S-shaped hypsometric 
curves, and so in an intermediate stage of maturity, occur widely in the eastern and 
central parts of the southern slope of the ridge, and in the western part of the northern 
slope (Fig. 8a and c). The less mature basins with convex hypsometric curves are locally 
found in the northern and southern slopes of the ridge, both at the slope foot (Fig. 8a 
and d). Basins with complex hypsometric curves are recognized only in the northern 
slope of the Sierra Cabrera (Fig. 8a and e). These basins show a convex trend in the 
lower part of the curves indicating stream foot-rejuvenation processes. Furthermore, the 
hypsometric curve of basin 19 gives evidence of two sites of foot-rejuvenation.

The most important result from basin hypsometric curves is the occurrence of basins 
with complex and S-shaped curves in the northern slope of the ridge, and basins with 
S-shaped curves in the eastern part of the southern slope (Fig. 8a).

8.5.5 Longitudinal stream profiles

Three sectors with the same longitudinal stream profile shape can be recognized: 
a) streams in the northern slope and at the western termination of the ridge are 
characterized by concave-convex profiles; b) streams at the eastern termination show 
concave profiles; c) those in the southern slope of the ridge show both concave and 
concave-convex profiles. Streams with convex profiles occur locally in the northern 
slope of the ridge. These results indicate: a) long-term predominance of erosional 
processes at the northern slope and the western termination of the ridge where 
Miocene extensional structures bound the sediment-basement contact (Booth-Rea 
et al., 2004a; 2005); b) long-term equilibrium between uplift and erosion rates at the 
eastern termination of the ridge; c) and finally from long-term equilibrium to erosion 
predominance at the southern slope.

The most important result from the longitudinal stream profiles is the occurrence of 
knickpoints normally related with active fault segments. Most of the streams located 
at the southern slope of the ridge show knickpoints at their foot, locally very sharp 
(streams 3 and 7 in Fig. 9). Stream 3 shows a knickpoint at the foot of its profile 
coinciding with a South Gafarillos fault scarp, whereas in streams 7 and 9 knickpoints 
coincide with fault scarps of the Carboneras and the southern Palomares fault segments, 
respectively (Figs. 9 and 10). Similarly, streams occurring in the northern slope show 
knickpoints both at the foot and the head, in some cases several knickpoints occur (e.g. 
streams 19 and 21 in Fig. 9). In the case of streams 19, 20 and 21 knickpoints occur at 
the foot of their profile corresponding to the fault traces of the North Cabrera reverse 
faults, whereas in stream 14 the knickpoint is probably related to a western sinistral 
segment of the Palomares fault zone (Figs. 9 and 10).
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8.5.6 Ridge-line profiles and minimum bulk erosion map

Basins occurring in the southern slope of the ridge, both in its central and eastern parts, 
are the most eroded in the area, as shown by the minimum bulk erosion map where 
these basins are numbered 1, 4, and 8 (Fig. 10). The maximum bulk erosion value of 
315 m (eroded-rock column) is reached by stream 8, meanwhile the average is between 
150 and 250 m. Also basins occurring in the northern slope, especially in its eastern 
part, show the highest bulk erosion values relative to this slope (basins 13, 18 and 20 in 
Fig. 10). Bulk erosion values in these streams are between 100 and 200 m (eroded-rock 
column), reaching a maximum value of 300 m in basin 20.

The basins occurring in the eastern termination of the ridge are the least dissected; 
indeed their streams show a minimum bulk erosion value between 20 and 60 m (eroded-
rock column Fig. 10). Resuming, the most incised basins occur in the southern slope, 
whereas the least dissected basins are located in the eastern termination of the ridge 
(Fig. 10).

Fig. 10. Minimum bulk erosion map of the Sierra Cabrera (see Fig. 1 for its location) showing the main 
streams and tectonic structures. LANF: low angle normal faults; HANF: high angle normal fault. Faults 
and folds with Quaternary activity are shown in white.

Fig. 9. Representative longitudinal stream and ridge-line profiles (×10 vertical scale, (see Figs. 8 and 10 
for its location). Stream profiles are shown in black lines; dotted lines are ridge-line profiles. Triangles 
indicate fault-related knickpoints. Profile 3 is an example of streams at the southern slope of Sierra 
Cabrera affected by the South Gafarillos oblique dextral fault that produces knickpoints at their foot. 
Profiles 7 shows examples of knickpoints related to the Carboneras fault zone oblique-sinistral segments. 
Profile 9 show knickpoints related to the Palomares fault segments. Profiles 19, 20 and 21 are examples of 
streams in the northern slope of Sierra Cabrera affected by the North Cabrera reverse faults that produce 
several knickpoints.
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8.5.7 SLk map and anomalies

The SLk map allows us to distinguish areas with low slope from areas with high slope 
along streams, thus detecting anomalies associated with recent tectonic activity and/
or differences in rock resistance. We recognized at least four positive anomalies of the 
SLk index value, fixing the threshold at 3 and taking into account the tectonic structures 
occurring in the area. Anomaly 1 bounds the foot of the Sierra Cabrera northern slope 
having an ENE–WSW main strike (Fig. 11). This anomaly is 12 km long and 2.5 km 
wide. Anomalies 2 and 3 are located on the southern slope of the ridge and show a NE–
SW irregular elongated shape (Fig. 11). The length of these anomalies is 9 km and 20 
km, respectively; both are 2.5 km wide. Finally, anomaly 4, 5.5 km long and 1.5 km 
wide, occurs at the western termination of the Sierra Cabrera with a near E–W strike.

8.6 Discussion

The geomorphic analyses performed in this paper evidence the Quaternary active 
tectonics in the Sierra Cabrera region. The most interesting results are given by the 
minimum bulk erosion map and the SLk map. Indeed in both cases fault-related 
anomalies occur topographically just above the fault traces. This analysis highlights that 
the topographic relief records uplift in response to displacement along reverse faults 
located in the northern and southern hillslopes of the ridge (e.g. the North and the South 
Cabrera reverse faults). Uplift in the lateral terminations of the ridge is transferred to 
segments of the Polopos and Palomares conjugate strike-slip faults that merge into 
the South and North Cabrera reverse faults, respectively. The Polopos fault follows 
westwards bounding the southern limb of the Sierra de Polopos antiform (e.g. the South 
Gafarillos faults) meanwhile, the Palomares fault runs parallel to the coast in the eastern 
part of the Sierra Cabrera southern hillslope. In the following subchapters we will 
associate geomorphic features of landscape obtained from qualitative and quantitative 
analyses to the tectonic structures occurring in the study area.

8.6.1 The North Cabrera reverse faults

The low Smf and Vf values obtained for the Sierra Cabrera northern front are related to 
the occurrence of the North Cabrera reverse faults that bound the entire northern slope 
of the ridge (Nd and Ne in Fig. 7). These low Smf and Vf values confirm the Quaternary 
activity of these faults. The uplift-rate for these fault-related mountain fronts obtained 
from the integration of Smf and Vf indices and the assignation to the tectonically active 
front class is higher than 0.5 m ky-1. The high SLk anomaly 1 in Fig. 11 seems to be 
associated to the North Cabrera reverse faults that uplift its southern block. In addition, 
the occurrence of basins showing high bulk erosion values in the northern slope of the 
ridge, just to the south of these faults (Fig. 10), supports this uplift.

The tectonic activity of the northern Cabrera front is confirmed by the occurrence of 
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Fig. 11. SLk map and main tectonic structures of the Sierra Cabrera: the Carboneras fault zone (CFZ), 
The Palomares fault zone (PFZ), the North and the South Cabrera reverse faults (NARF and SCRF, 
respectively), the North and the South Gafarillos faults (NGF and SGF, respectively). LANF: low angle 
normal faults; HANF: high angle normal fault. Faults and folds with Quaternary activity are shown in 
red.
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drainage basins in the central part of the northern front that have complex hypsometric 
curves indicative of stream foot-rejuvenation processes (Fig. 8a and e). In addition, 
streams that transect the North Cabrera reverse faults show deflections congruently 
oriented with an ENE–WSW direction and knickpoints both at the foot and the head 
(streams 18, 19, 20, 21 and 23 in Fig. 9). Finally, the northwestern directed basin 
asymmetry factor in central areas of the Sierra Cabrera northern slope is compatible 
with active uplift along the North Cabrera reverse faults (Fig. 8a). Uplift at the northern 
Cabrera front is probably related both to the reverse kinematics of the faults that bound 
it and to the associated anticline that probably determines the general north asymmetry 
of the Sierra Cabrera ridge (Fig. 3).

8.6.2 The South Cabrera reverse fault

The Quaternary activity of the South Cabrera reverse fault is widely inferred from 
stream features in the area. Indeed streams become sub-parallel to the fault close to it 
and are affected by deflections congruently oriented with an ENE–WSW to E–W main 
direction (Fig. 5), and most of them show knickpoints at their foot (streams 4, 8 in 9) 
fitting with a reverse component of displacement along the South Cabrera reverse fault. 
The low Smf and Vf values obtained for the Sierra Cabrera southern front allow us to 
assign this front to the tectonically active fronts class inferring its Quaternary activity 
(Sb in Fig. 7), this front seems to be related to the occurrence of the South Cabrera 
reverse fault. Since this front belongs to the tectonically active front class we can 
assign an uplift-rate higher than 0.5 m ky-1. The high SLk anomaly 3 in Fig. 11 seems 
to be related to the uplift produced by the South Cabrera reverse fault together with 
the dextral branch of the North Gafarillos fault, further westwards (Figs. 2 and 3). This 
uplift is confirmed by the occurrence of high minimum bulk erosion just north of the 
fault system (Fig. 10).

The fact that the southern slope of the Sierra Cabrera is wider than the northern one 
but has higher bulk erosion values probably indicates that the South Cabrera reverse 
fault developed later once the northern fold asymmetry had been established (Figs. 
8a and 10). This is supported also by the longitudinal stream profiles at the southern 
slope that show long-term equilibrium to erosion predominance processes and S-shaped 
hypsometric curves typical of moderately eroded basins in an intermediate stage of 
maturity (Fig. 8a).

8.6.3 The Palomares fault zone

The low Smf and Vf values obtained for the western part of the Sierra Cabrera northern 
front are caused by short sinistral Palomares fault segments (N20-30ºE) (Na and Nb in 
Fig. 7). Similarly, the eastern termination of the Sierra Cabrera antiform shows low Smf 
and Vf values most likely related to the main Palomares fault segments (Sc in Fig. 7), 
suggesting their Quaternary activity. The Vf values and the minimum bulk erosion map 
show variations that relate to the orientation of the faults, and thus, probably to their 
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tectonic regime as expected from a present NW–SE shortening stress field (Fernández-
Ibáñez et al., 2007) and present GPS determined geodetic displacements (Echeverria 
et al., 2011). The segments that have a N50-60ºE strike (e.g. the South Cabrera reverse 
fault) show lower Vf and larger minimum bulk erosion values than the ones that have 
a N30ºE strike (e.g. the Palomares sinistral fault segments). Thus, the uplift rates 
associated to both these segments differ depending on their orientation; the N50-60ºE 
segments have associated uplift rates higher than 0.5 m ky-1, while the N30ºE segments 
would have uplift rates close to 0.5 m ky-1. This assessment was obtained by the 
integration of Smf and Vf data for the Sb and Sc fronts (Fig. 7). 

The Palomares sinistral fault segments produce the SLk high anomaly 2b related to the 
uplift of the northwestern fault block in relation to oblique-slip along the Palomares 
fault segments (Fig. 11). Meanwhile, anomaly 2a should be related to the uplift of the 
southeastern Carboneras fault block in the Níjar basin (0.05 to 0.1m ky-1  since the late 
Pleistocene, Bell et al., 1997; or 0.03-0.05 m ky-1  since the early Pliocene, Martín et al., 
2003), Resuming, the N50-60ºE faults probably have mostly reverse kinematics while 
the N30ºE ones are strike-slip.

8.6.4 The South Gafarillos Fault

The Quaternary activity of the dextral South Gafarillos fault is inferred from stream 
features in the area. These streams show deflections congruently oriented with the strike 
of the fault system (Fig. 5), and knickpoints at the foot of their longitudinal profiles 
(streams 2 and 3 in Fig. 9).

The low Smf and Vf values obtained along the Sc front (Fig. 7) seem to be related to 
the occurrence of the South Gafarillos fault. Furthermore, the integration between these 
two geomorphic indices allows us to assign this fault related-mountain front to the 
moderately active front and consequently an uplift-rate that ranges between 0.05 and 
0.5 m ky-1 for the northern fault block. The high SLk anomaly 4 in Fig. 11 occurs in the 
uplifted block of this fault system that is formed mostly by oblique dextral-reverse fault 
segments. This fault system is highly segmented with both dilational and antidilational 
jogs that produce locally uplifted and sunken blocks, thus providing an irregular SLk 
anomaly. The SLk anomaly map shows at least two uplifted blocks in the central and 
eastern part of anomaly 4 (Fig. 11) coinciding with local restraining bends. 

The low uplift rates obtained for the South Gafarillos fault activity support that the 
kinematics of this fault zone is essentially strike-slip. However, the large minimum 
bulk erosion obtained for the Rambla de los Feos (Fig. 10) together with concave 
hypsometric curve of its basin (basin 1 in Fig. 8) indicates a sustained uplift of the 
northern South Gafarillos (the Sierra de Polopos) fault block since the early-middle 
Pleistocene, age when the Alias-Feos drainage system captured the Sorbas basin 
centripetal system (Mather, 2000b; Candy et al., 2005; Maher et al., 2007). This 
timing also coincides with the age of the oldest synkinematic sediments associated to 
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these fault segments (Giaconia et al., 2012a) and with folding of the Sierra de Polopos 
Anticline documented by folded paleo-profiles of the Rambla de los Feos (Harvey and 
Wells, 1987). 

8.6.5 The North Gafarillos Fault

The North Gafarillos Fault is sealed by Messinian sediments (Ott d’Estevou and 
Montenant, 1990; Stapel et al., 1996; Huibregtse et al., 1998; Jonk and Biermann, 
2002), nevertheless any recent tectonic-related geomorphic-results would have been 
erased by the strong dissection of the Rambla de los Feos transverse basin (Mather, 
2000b), driven by the early-middle Pleistocene uplift of the southern Sierra de Polopos 
mountain front (Harvey and Wells, 1987). Thus, geomorphic analyses performed 
here cannot confirm the geomorphic-effects of a North Gafarillos Fault Quaternary 
activity. The occurrence of the Sa mountain front with low Smf value at the northern 
Sierra de Polopos fold limb seems to be related to the erosional contrast between the 
metamorphic basement, to the south, and the late Tortonian marls and silty-marls, to 
the north (Fig. 3). However, the occurrence of the high SLk anomaly 3 and the presence 
of drainage basins with S-shaped hypsometric curves, together with the present stress 
field orientation and GPS measured displacements in the area (Fernández-Ibáñez et al., 
2007; Echeverria et al., 2011, respectively) support the present activity of the dextral 
branch of the North Gafarillos fault, whereas its reverse branch seems inactive. 

8.6.6 Drainage-network evolution in response to folding and faulting

Progressive unconformities in latemost Tortonian sediments of the Azagador member 
(8-7.24 Ma) of the Turre formation mark the initial growth of the Sierra Cabrera fold 
structures in response to the North Cabrera reverse fault activity (Booth-Rea et al., 
2004a; Booth-Rea et al., 2005). This developed an initial northward asymmetry of 
the anticlinal ridge that is still observed in the present topographic relief. Part of the 
folding of the Cabrera anticline is sealed by the Messinian Yesares gypsum formation 
(5,96-5,67 Ma; Krijgsman et al., 2001). However, folding, strike-slip faulting and 
thrusting continued in the southern limb of the Polopos–Cabrera anticline producing 
synsedimentary unconformities and folds in early–middle Pleistocene alluvial 
sediments and strath-terraces (Harvey and Wells, 1987; Giaconia et al., 2012a). This 
tectonic activity produced a second fold hinge at the southern hillslope of the ridge and 
the present box-fold geometry of the Cabrera anticline (Booth-Rea et al., 2005) and 
activated deep dissection of the wider and longer southern drainage basins. At the same 
time stream deflections along the South Cabrera reverse and the South Gafarillos dextral 
faults occurred.

The S-shaped drainage network in the main drainage divide area (Fig. 12) testifies an 
anticlockwise rotation of the Sierra Cabrera in response to the recent activity of the 
Palomares strike-slip fault zone. Paleomagnetic data measured in the Vera basin attest 
the importance of Neogene rotations associated to segments of the Palomares fault 
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Fig. 12. Simplified sketch showing the S-shaped drainage network in the area around the main divide of 
the Sierra Cabrera antiform that testifies for the anticlock-wise rotation of the ridge in response to the 
Palomares fault zone activity. a) Simplified sketch of the drainage network; b) real drainage network of 
the Sierra Cabrera. The 1st order streams are shown in red and the rest in black.

zone (Calvo et al., 1997). During the Tortonian to Messinian sinistral displacement 
along the Palomares fault zone was accommodated along the North Cabrera and the 
North Gafarillos reverse faults. Meanwhile, we have not observed evidence of reverse 
displacement related to the Polopos fault zone in the southern hillslope during this 
time. During the early-middle Pleistocene faulting along the Polopos fault zone jumped 
from the North to the South Gafarillos faults that propagated eastwards forming the 
South Cabrera reverse fault. At this time the present pop-up structure of Sierra Cabrera 
developed between the North and the South Cabrera reverse faults in the constructional 
domain between the conjugate Polopos and Palomares strike-slip fault zones.
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8.7 Conclusions

The qualitative and quantitative geomorphic analyses conducted suggest that the main 
tectonic structures controlling the topographic relief and drainage network of the 
Sierra Cabrera and Polopos antiforms are both reverse and oblique-slip faults. These 
structures are the North and the South Cabrera reverse faults, the sinistral Palomares 
fault segments, at the eastern termination of the Cabrera ridge, and the dextral oblique-
slip South Gafarillos faults, which bound the southern slope of the Polopos antiform. 
All these faults have been active during the Quaternary. The topographic relief is 
very sensitive to variations in the tectonic regime of the faults that depends on their 
orientation relative to the present stress field. The reverse fault segments show a N50-
60ºE strike (e.g. The North and the South Cabrera reverse faults), perpendicular to the 
present NW–SE convergent stress regime (Fernández-Ibáñez et al., 2007), and have 
associated uplift rates larger than 0.5 m ky-1. Fault segments with a N20-30ºE strike 
show a sinistral oblique strike-slip regime that results in lower uplift rates, between 
0.05 and 0.5 m ky-1 (e.g. the Palomares fault segments). These last uplift rates are 
comparable to the ones obtained for the dextral conjugate N110ºE striking faults (e.g. 
the South Gafarillos fault). This observation is translatable to a larger scale in the 
southeastern Betics where uplift rates associated to strike-slip faults are in the range of 
0.1 to 0.05 m ky-1, for example, those related to the Palomares strike-slip fault segments 
(Booth-Rea et al., 2004a) or to the southern Carboneras fault segments (Bell et al., 
1997; Martín et al., 2003).

The transpressive or reverse regime related to the main faults bounding the southern and 
northern mountain fronts of the Sierra Cabrera inferred from the geomorphic analyses 
is supported by the present stress field in the area (Fernández-Ibáñez et al., 2007) and 
the GPS geodetic studies, which show that the displacement in the area is parallel to 
the NW–SE convergence between Africa and Eurasia and is accommodated close to the 
southeastern Betics coastline (Echeverria et al., 2011). The geomorphic data and the 
tectonic scenario depicted here highlight the occurrence in the Sierra Cabrera antiform 
of an active pop-up formed between the North and the South Cabrera reverse faults. The 
pop-up developed in a constrictional domain of the large-scale Polopos and Palomares 
conjugate strike-slip faults.

The shortening and important uplift observed in the Sierra Cabrera region contrasts 
with areas nearby where local extension has dominated during the Quaternary, for 
example in the Níjar basin to the south (Pedrera et al., 2006) or locally in the Vera 
basin to the north (Booth-Rea et al., 2004a; Stokes, 2008). These data, apparently 
contrasting, fit well considering that the Níjar basin is located in the extensional domain 
of the aforementioned large-scale conjugate strike-slip fault system. Extension in the 
Vera basin is related to small releasing bends of the Palomares fault zone (Booth-Rea 
et al., 2004a). Finally, the sinistral Carboneras fault segments that run with a N40ºE 
strike to the southeast of the Sierra Cabrera do not seem to contribute much to the uplift 
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observed in the mountain range as they produce relative uplift in the opposite, Cabo de 
Gata, fault block (Bell et al., 1997; Reicherter and Reiss, 2001; Martín et al., 2003), 
which probably remains fixed while the Carboneras fault zone works as transfer a fault 
of Quaternary extension in the Níjar basin.

This paper highlights that qualitative and quantitative geomorphic analyses, based on 
the study of the drainage network and on the use of several geomorphic indices, and 
its integration with the geological and structural field data can consistently constrain 
the fault- and fold-related control on topographic relief. Furthermore, this methodology 
permits to infer the Quaternary tectonic activity in those regions where useful geological 
markers, such as alluvial fan or fluvial terraces, are missing by erosion or where 
geochronological ages are not available yet. Finally, the use of geomorphic indices, 
in a semi-quantitative way, can give useful information about, the erosional stage of a 
landform, the erosion suffered by a region, and the uplift rates of fault-related mountain 
fronts and consequently an order of magnitude of the fault slip rates if field data such as 
fault-plane and slicken-line orientations are not available.
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Abstract: The Polopos E–W- to ESE–WNW-oriented dextral-reverse fault zone 
is formed by the North Alhamilla reverse fault and the North and South Gafarillos 
dextral faults. It is a conjugate fault system of the sinistral NNE–SSW Palomares 
fault zone, active from the latemost Tortonian (≈ 7 Ma) up to the late Pleistocene (≥ 
70 ky) in the southeastern Betics. The helicoidal geometry of the fault zone permits 
to shift SE-directed movement along the South Cabrera reverse fault to NW-directed 
shortening along the North Alhamilla reverse fault via vertical Gafarillos fault segments, 
in between. Since the Messinian, fault activity migrated southwards forming the 
South Gafarillos fault and displacing the active fault-related mountain-front from the 
north to the south of Sierra de Polopos; whilst recent activity of the North Alhamilla 
reverse fault migrated westwards. The Polopos fault zone determined the differential 
uplift between the Sierra Alhamilla and the Tabernas–Sorbas basin promoting the 
middle Pleistocene capture that occurred in the southern margin of the Sorbas basin. 
Continued tectonic uplift of the Sierra Alhamilla–Polopos and Cabrera anticlinoria and 
local subsidence associated to the Palomares fault zone in the Vera basin promoted the 
headward erosion of the Aguas river drainage that captured the Sorbas basin during the 
late Pleistocene.

Keywords: Strike-slip faults; Morpho-tectonics; Fault segmentation; Polopos fault 
zone; eastern Betics; Sierra Alhamilla.
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9.1 Introduction

Tectonic structures strongly control the morphology and evolution of topography and 
drainage at a given area (e.g. Jackson et al., 1996; Goldsworthy and Jackson, 2000; 
Booth-Rea et al., 2004a; Pérez-Peña et al., 2010; Giaconia et al., 2012a). In strike-
slip fault systems, as in the case of the Palomares fault zone in the eastern Betics, 
displacement along offset fault segments generates important topographic gradients 
with associated uplift and subsidence in antidilational and dilational jogs, respectively 
(Sibson, 1986), forming both uplifted ranges and sedimentary depocenters (Sylvester, 
1988; Booth-Rea et al., 2004a). In these fault systems, migration of activity by the 
creation of new fault segments determines topographic modifications and variations in 
the position of active sedimentary depocenters (e.g. Ollier, 1981; Walker and Jackson, 
2002; Booth-Rea et al., 2004a). Faulting related morphologic and sedimentary changes 
induce drainage adjustments, like fluvial captures, drainage deviation and dissection or 
aggradation associated to local-base level variations (Booth-Rea et al., 2004a). Thus, 
fluvial and alluvial systems should reflect the fault activity migration and mountain 
front evolution in time and space (e.g. Keller and Pinter, 2002).

Two different tectonic mechanisms have been proposed to explain the uplift in the 
Betics and Rif that drove the closure of the Atlantic–Mediterranean gateways producing 
the Messinian salinity crisis and ongoing uplift of the Betic–Rif margins since then. On 
one side, late Miocene edge delamination, slab tearing and associated asthenospheric 
upwelling beneath the Betics and Rif (Duggen et al., 2003, 2005; Booth-Rea et al., 
2007; García-Castellanos and Villasenor, 2011) and on the other side the development 
of late Miocene to present contractive structures in both the Betics and Rif (Weijermars 
et al., 1985; Krijgsman et al., 1999; Jolivet et al., 2006). Both these mechanisms have 
been proposed as exclusive, however, both could have contributed to uplift in the Betic–
Rif margins, the first producing large wave-length epeirogenic uplift of the margins 
and the second one contributing with localized uplift associated to local structures like 
folds and reverse faults or strike-slip restraining bends (e.g. Weijermars et al., 1985; 
Montenat and Ott d´Estevou, 1990; Booth-Rea et al., 2004a). A third mechanism 
responsible for the most important localized uplift recorded in the Betics, and probably 
also in the Rif, is core-complex type extension coeval with orthogonal shortening 
related to the ongoing convergence between Iberia and Africa. In this mechanism the 
unloading and uplift of the detachment footwalls is isostatically compensated by 
lower-middle crustal flow and folding creating important domal structures like the 
Sierra Nevada elongated dome in the Betics (Martínez-Martínez et al., 2002, 2004) or 
the Temsamane massif in the Rif (Negro et al., 2007; Booth-Rea et al., 2012b). Uplift 
associated to core-complex type extension in the Betics is probably responsible for 
differential elevation between sedimentary basins located in the footwall and hanging-
wall of the extensional system, respectively. For example, between the Guadix–Baza 
and Granada basins in the Central Betics (Pérez-Peña et al., 2010; Booth-Rea et al., 
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2012b) or between the Sorbas and Níjar–Almería basins in the southeastern Betics (Fig. 
1). These three mechanisms together with geomorphic processes like river captures and 
climatic changes have contributed to the present topography and drainage in the Betics 
(e.g. Harvey and Wells, 1987; Mather, 2000b).

Here we analyze the influence that a large dextral transpressive fault system (the 
Polopos fault zone) and associated folds (e.g. Sierra Alhamilla–Polopos and Cabrera 
anticlinoria) had in the evolution of topography and drainage in the Sorbas–Tabernas–
Vera and Níjar basins in the southeastern Betics (Fig. 1). Furthermore, we attempt to 
separate the influence of the differential regional uplift from the tectonic contribution to 
the evolution of topography and drainage within a context of differential uplift derived 
from previous extension and nearly simultaneous orthogonal shortening, later reworked 
by strike-slip and shortening tectonics. We choose the southeastern Betics because 
the drainage evolution of the Sorbas–Vera and Níjar basins since the late Pliocene is 
well known (Harvey and Wells, 1987; Harvey et al., 1995; Mather, 2000b; Mather et 
al., 2000; Maher et al., 2007) and dated since the early–middle Pleistocene (Candy 
et al., 2005). Furthermore, in these basins two capture events occurred in the middle 
and late Pleistocene reorganizing the drainage network and inducing an erosion-wave 
up the fluvial system (Harvey et al., 1995; Mather, 2000b; Maher et al., 2007). The 
stratigraphy and the ages of the strath fluvial terraces that mark the fluvial captures 
are sufficiently documented, but the role of tectonics in these captures is still weakly 
defined, having been related to epeiorogenic uplift and local tectonics in a general sense 
(Harvey and Wells, 1987; Mather, 2000b).

In order to define the kinematics, fault linkage and growth evolution of the Polopos 
fault zone, and its influence on topography and the drainage system, we present new 
structural data, fault segmentation mapping and cross-sections obtained with the aid of 
drill holes and electrical tomography. Furthermore, we calculate net and vertical fault 
slips and displacement rates and finally we invert the slip structural data in order to 
define the strain orientation along the fault system. We have integrated this structural 
data with fluvial terrace and alluvial fan mapping in order to determine the role of active 
tectonics on the fluvial captures and the mountain front migration related to the fault 
segmentation and growth.

9.2 Geological setting

The Betic Rif orogen resulted from the oblique collision between the Alborán domain 
and the South Iberian passive margin during the Miocene (e.g. Balanyá and García-
Dueñas, 1987; Martínez-Martínez and Azañón, 1997; Booth-Rea et al., 2005; Platt 
et al., 2006; Balanyá et al., 2007). The hinterland of this orogen underwent Miocene 
extensional tectonics, which markedly attenuated the previous metamorphic nappe 
stack (García-Dueñas et al., 1992; Martínez-Martínez and Azañón, 1997; Booth-Rea 
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et al., 2005). The ultimate result of this extension was the development of the Alborán 
and Algero–Balearic basins in the core of the Betic–Rif orogen and other internal 
Betic Neogene extensional basins. These basins developed coeval to thrusting in the 
external domains (García-Dueñas et al., 1992; Comas et al., 1999; Booth-Rea et al., 
2007). Some of these basins occur in synclines among E/W- to ENE/WSW-elongated 
antiformal ridges, where the metamorphic basement is exhumed at the footwall of 
folded Miocene extensional detachments (Fig. 1, García-Dueñas et al., 1992; Martínez-
Martínez and Azañón, 1997; Martínez-Martínez et al., 2002; Booth-Rea et al., 2004c; 
Martínez-Martínez et al., 2004).

The Sorbas–Tabernas–Vera and Níjar–Almeria basins are examples of these Neogene 
extensional basins, which showed marine continuity with the Alborán and Algero–
Balearic basins during the late Neogene (Braga et al., 2003). Although the Sorbas–
Tabernas–Vera and Níjar–Almeria basins are different drainage/sedimentary basin 
domains, in this paper we use this Neogene basins nomenclature in a geographic sense 
because they are located to the north and to the south of the main ridge in the area, 

Fig. 1. Geological sketch of the southeastern Betics highlighting the studied area after Giaconia et al. 
(2012b). PoFZ: Polopos Fault Zone.
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respectively (e.g. the Sierra Alhamilla–Polpos and Cabrera anticlinoria). Furthermore, 
they show a geographic continuity being located in different major fault blocks of the 
Polopos fault zone, as inferred in this work. The Sorbas–Tabernas–Vera basins crop 
out between the Sierra de Filabres to the north and the Sierra Alhamilla–Polopos and 
Cabrera ENE–WSW anticlinoria to the south; whilst the Níjar–Almeria basin crops out 
to the south of the Sierra Alhamilla–Polopos and Cabrera anticlinoria (Fig. 1).

The main tectonic processes driving topography and drainage evolution in the 
southeastern Betics have changed since the late Miocene. The earlier Tortonian 
sediments in the basins (11.6 to 8 Ma) record the denudation of the Nevado–Filabride 
complex (Völk, 1967; Johnson et al., 1997), the deepest metamorphic complex in the 
Betics. Core-complex type extension and coeval orthogonal shortening influenced the 
drainage by the development of large domal structures in the footwall and sedimentary 
basins in the hanging-wall during the Tortonian 11-8 Ma ago (Martínez-Martínez et 
al., 2002, 2004). During this time large delta systems fed from the Sierra de Filabres 
dome developed to the south and north of it in the Sorbas–Tabernas–Vera basins and 
the Almanzora basin (Fig. 1), respectively (Völk, 1966; Barragán, 1997; Booth-Rea, 
2001; Haughton, 2001). Moreover, since the latemost Tortonian until present continued 
NW–SE convergence between Africa and Iberia (Dewey et al., 1989; Rosenbaum et al., 
2002) led to the development of large NE–SW to NNE–SSW sinistral strike-slip faults 
like the Palomares, Terreros and Alhama de Murcia faults (Bousquet, 1979; Weijermars 
et al., 1985; Booth-Rea et al., 2004a) and the E–W to ENE–WSW conjugate Polopos 
fault zone (Fig. 1, Giaconia et al., 2012a). Furthermore, ongoing Africa–Iberia 
convergence led to the further growth of E–W and ENE–WSW folds. These structures 
configure the main topographic features and geologic grain in the southeastern Betics, 
together with the NE–SW Carboneras sinistral fault zone that has a more complex and 
older evolution (e.g. Keller et al., 1995; Scotney et al., 2000; Rutter et al., 2012).

Progressive unconformities in latemost Tortonian sediments of the Azagador member 
(8-7.24 Ma; Martín et al., 2003), belonging to the Turre formation (Völk, 1966), mark 
the initial growth of the Sierra Alhamilla–Polopos and Cabrera fold structures related 
to NW–SE convergence between Africa and Iberia (Alvado, 1986; Ott d´Estevou et al., 
1990; Booth-Rea et al., 2004a). Messinian reef carbonates of the overlying Cantera 
member (7.24-5.96 Ma, Völk, 1966; Sierro et al., 2001) seal the major part of the 
folding in the Sierra Alhamilla (Weijermars et al., 1985), although they themselves 
define an open fold. 

Before the occurrence of the Messinian salinity crisis (Hsü et al., 1973; 1977), open 
marine conditions prevailed in the then-connected Níjar and Sorbas–Tabernas–Vera 
basins (Abad member and the upper Abad lateral equivalent, the Cantera reef member). 
Since the late Messinian differential uplift induced the closure of the connection 
between the two basins (Braga et al., 2003; Booth-Rea et al., 2005). At this time the 
Messinian salinity crisis was occurring in both basins (Yesares formation, 5,96-5,67 
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Ma, Krijgsman et al., 2001), but at the final stage of the crisis, while Lago Mare facies 
sediments were still depositing in the Níjar basin (Feos formation, 5,67-5,33 Ma, 
Fortuin and Krijgsman, 2003), the Sorbas basin had emerged (Zorreras member). The 
Sorbas basin was briefly invaded again by a shallow marine sea (top level Zorreras 
member) during the early Pliocene after the restoration of open marine conditions in 
the western Mediterranean. The evapotitic and post-evaporitic Messinian units (Yesares 
and Feos formations, respectively) of these basins have been inferred to represent 
the final marine reflooding of the Western Mediterranean after the deep desiccation 
corresponding to the Messinian salinity crisis (Braga et al., 2006).

Final emersion of the Sorbas basin took place in the late Pliocene (Góchar formation) 
and has continued until present. In contrast, marine conditions persisted longer in the 
Níjar basin between the earlier Pliocene (Cuevas formation) and the beginning of 
the late Pliocene (Molata formation). Alluvial sediments from the base of the Góchar 
formation feed the late Pliocene (3.2 Ma, Aguirre, 1998) fan deltas of the Molata 
formation (Mather, 1993) southwards across the Sierra Alhamilla–Polopos and Cabrera 
anticlinoria. This transverse drainage incised into the anticlinorium by antecedence 
forming the Rambla de los Feos that drains the Sorbas–Tabernas basin into the Alias 
river since the early Pleistocene (Fig. 2, Harvey and Wells, 1987; Mather, 2000b; Maher 
et al., 2007).

The first river terrace (Terrace A), which marks the transition in the Sorbas and Níjar 
basins from continuous alluvial aggradation to repeated river incision and terrace 
development episodes, includes calcretes at the top of the strath-terraces with an age of 
304±26 ka that formed post abandonment of the terrace surfaces (Candy et al., 2005; 
Candy and Black, 2009), although, these authors interpret that it should be older than 
400 ka. Later terraces formed during the middle and late Pleistocene–Holocene (Terrace 
B, 207±11 ka, Terraces C, 77±4 ka; Terraces D, 12.8±1 ka to 8.7±0.5 ka; all of them 
dated by pedogenic calcrete formed after the deposition and abandonment of the terrace 
surface, Candy et al., 2005).

In the southern part of the Sorbas basin two regionally significant captures occurred, 
both were triggered by changes in regional gradients associated to sustained early 
Pliocene–Quaternary uplift in the region (Harvey and Wells, 1987), between 70 and 100 
± 20 m Ma-1 for the Sorbas basin since the early Pliocene (Braga et al., 2003) or 160 
m Ma-1 over the Plio/Pleistocene (Mather, 1993). The initial drainage was centripetal 
toward the Lobos axial system in the Sorbas basin center until the early Pleistocene 
(Mather, 2000b).

The first capture occurred in the middle Pleistocene re-routing 15% of the original 
Sorbas basin drainage into the Alias river drainage basin (Níjar basin) to the south 
through the Rambla de Lucainena (Fig. 2, Mather, 2000b, 2000a) . This capture isolated 
the northeastern mountain front area of Sierra Alhamilla from the Sorbas basin forming 
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the Rambla de Lucainena (capture site 1 in Fig. 2). The second capture occurred in the 
late Pleistocene (≈70 ky) re-routing 73% of the original Sorbas basin drainage into 
the Vera basin to the east. This capture disconnected the Rambla de los Feos from the 
Sorbas basin and expanding the area of the Aguas river drainage system (capture site 2 
in Fig. 2, Mather, 2000b; Maher et al., 2007).

9.3 Structure of the region

The Sorbas–Tabernas–Vera and Níjar–Almeria basins are separated by a large E–W 
trending ridge. This ridge is formed by the Sierra Alhamilla–Polopos and Sierra Cabrera 
en echelon anticlinoria (Fig. 2). The Sierra Alhamilla–Polopos anticlinorium is a double 
plunging fold showing a north-vergent asymmetric profile with a gentle south-dipping 
backlimb and a north steep-dipping forelimb (Platt et al., 1983). The fold nucleated on 
a strongly heterogeneous basement formed by extensional wedges and tilted blocks, 
which determined the double plunging of its hinge (Martínez-Martínez et al., 1997). 
The fold shows a progressive decrease in its amplitude to the east toward the Sierra de 
Polopos terminating against the Sierra Cabrera where it is offset toward the North by 
the Polopos fault zone (Fig. 2). The forelimb is cut by the North Alhamilla reverse fault 
that separates the metamorphic basement in its hanging-wall from overturned steeply 
dipping middle Miocene to Tortonian sediments of the Sorbas–Tabernas basin in the 
footwall (Fig. 2, Platt et al., 1983; Martínez-Martínez and Azañón, 1997). The North 
Alhamilla reverse fault forms great part of the northern mountain front of the ridge and 
locally cuts Pleistocene fan conglomerates related to it (Giaconia et al., 2012a). Toward 
the west the Alhamilla–Polopos anticlinorium terminates with a perianticlinal closure 
defined by Tortonian sediments in the Andarax river valley. The western termination of 
the fold and its southern limb are cut by a NW–SE normal fault system active during 
the Pliocene and Pleistocene that has strongly extended the western fold termination 
and the northern margin of the Níjar basin, defining the steepest mountain fronts at the 
south of Sierra Alhamilla (Fig. 1, Martínez-Díaz and Hernández-Enrile, 2004; Pedrera 
et al., 2006; Giaconia et al., 2012a). At the Sierra de Polopos both the northern and 
southern limbs of the anticlinorium are cut by slightly oblique N100-110ºE oriented 
transpressive dextral faults of the Polopos fault zone, the North and the South Gafarillos 
faults, respectively (Fig. 2, Giaconia et al., 2012a). These faults form the northern 
and southern mountain fronts of the Sierra de Polopos and the contacts between the 
metamorphic basement and the Neogene sediments of the Sorbas and Níjar basins, to 
the north and south, respectively.

Fig. 2. Structural map of the study area (see Fig. 1 for its location) where the main tectonic structures 
of the Sierra Cabrera are shown: The North Alhamilla reverse fault (NARF), the North and the South 
Gafarillos faults (NGF and SGF, respectively), the North and the South Cabrera reverse faults (NCRF 
and SCRF, respectively), and the Carboneras fault zone (CFZ). LANF: low-angle normal faults; HANF: 
high-angle normal fault. Faults and folds with Quaternary activity are shown in red, meanwhile those 
with a Miocene activity are in blue.
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The Sierra Cabrera has a box-fold geometry with two hinges to the north and south 
of the ridge where metamorphic basement rocks crop out (Booth-Rea et al., 2005; 
Giaconia et al., 2012b). Both the northern and southern fold limbs are cut by reverse 
faults and by the Carboneras strike-slip fault zone to the southeast (Fig. 2). Meanwhile, 
the eastern termination of the Sierra Cabrera anticlinorium is cut by segments of the 
Palomares strike-slip fault zone (Fig. 1, Weijermars, 1987; Coppier et al., 1990; Booth-
Rea et al., 2004a). Middle to late Miocene sediments of the Vera basin are overturned to 
the north of the fold forming the southern limb of a north-vergent asymmetric syncline 
(Booth-Rea et al., 2004a). The Palomares fault zone bounds the eastern margin of the 
Vera basin where it shows sinistral-normal displacement and normal displacement in 
releasing bends, which produced important subsidence during the Quaternary (Booth-
Rea et al., 2004a; Stokes, 2008).

9.4 The Polopos fault zone

The Polopos fault zone is a N100-120ºE transpressive-dextral fault system developed 
in response to late Tortonian to Quaternary NNW–SSE shortening. This fault zone is 
formed by three main fault segments, the North and South Gafarillos dextral strike-
slip faults, and the North Alhamilla reverse fault, to the east and the west, respectively 
(Figs. 1 and 2). This fault zone merges toward the East with the South Cabrera reverse 
fault along the Sierra Cabrera southern mountain front (Fig. 2, Giaconia et al., 2012b). 
The Polopos fault zone transfers southeast-directed oblique shortening along the South 
Cabrera reverse fault to northwest-directed shortening along the North Alhamilla 
reverse fault by the mean of dextral strike-slip South Gafarillos fault, in between. Thus, 
the fault zone shows helicoidal geometry, dipping toward the north and producing 
southeast-directed shortening to the east at the Sierra Cabrera southern mountain front 
and dipping toward the south with northwest-directed shortening at the Sierra Alhamilla 
northern mountain front.

The North Gafarillos fault at the western termination of Sierra Cabrera cuts the Sierra 
de Polopos with dextral kinematics and further west it turns toward a N80ºE trend, 
parallel to the northern limb of the Sierra Alhamilla–Polopos anticlinorium where it 
shows reverse kinematics and dips approximately 15º toward the south at the surface 
(Fig. 2). The reverse segment of the North Gafarillos fault is sealed by Messinian 
Cantera member reef carbonates toward the west (Ott d’Estevou and Montenant, 1990; 
Stapel et al., 1996; Huibregtse et al., 1998; Haughton, 2001; Jonk and Biermann, 
2002). However, both geomorphic analysis of the area and fault segmentation mapping 
show that the South Gafarillos fault and the North Alhamilla reverse fault have been 
active until the Holocene, affecting fluvial strath terraces, topography and the drainage 
network (Giaconia et al., 2012a). The total length of the active Polopos fault zone, 
combining the North Alhamilla and the South Gafarillos faults, reaches about 30 km. 
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The N100-120ºE Polopos fault zone represents the transpressive-dextral conjugate-fault 
of the N10ºE oblique-sinistral Palomares fault zone since it makes an angle of about 60º 
with respect to the latter and an angle of about 30º with respect the NNW–SSE-oriented 
shortening direction.

9.4.1 The North Alhamilla reverse fault

The North Alhamilla reverse fault cuts the northern limb of the Sierra Alhamilla 
anticlinorium for about 17 km forming the contact between the metamorphic basement 
and the Neogene sedimentary cover of the Sorbas–Tabernas basin (Figs. 2 and 3). 
Globally the fault strikes N80ºE and dips 30-50º S showing SSE-plunging slickenlines 
that indicate a NNW hanging-wall displacement (Figs. 4 and 5).

Segments of the fault zone are linked by NW–SE transfer faults that permit the forward 
propagation of the main thrust front, for example just to the west of Turrillas village 
(Figs. 3 and 6c). Thrusts, lateral ramps and folds are consistent with a NNW–SSE-
oriented sub-horizontal maximum principal stress (s1) and a sub-horizontal WSW–
ENE-oriented intermediate principal stress (s2), as shown by the direct fault inversion 
(obtained by DAISY3 software, Salvini et al., 1999) of the collected structural data in 
the study area (Fig. 5).

This reverse fault system cuts through Serravallian–Tortonian conglomerate and 
sandstone and Quaternary alluvial fans and paleo-landslides associated with the 
northern mountain front of the Sierra Alhamilla (Figs. 3, 4 and 6a, b, d, e, f and g). 
These Quaternary landforms and sediments have been correlated with strath terraces of 
the Tabernas–Sorbas basin dated with the U/Th geochronological method on pedogenic 
calcretes that usually culminate the terrace and fan surfaces (Harvey et al., 1995, 2003; 
Maher et al., 2007). The youngest alluvial fan unit, formed by sheet and channel gravels 
with pedogenic calcrete at the top, has been correlated, on the basis of the calcrete 
lithological characteristics (e.g. calcrete status and material source of the soil, Harvey 
et al., 2003), with strath terrace C in the center of the Sorbas basin that culminates 
with calcretes dated between 100 and 70 ky (late Pleistocene, Harvey and Wells, 1987; 
Candy et al., 2005, respectively). The older alluvial fan unit, formed by poorly-sorted 
clast-supported coarse- to very coarse- conglomerates and breccias of Nevado–Filabride 
origin, can be correlated according to Maher et al. (2007) with strath terrace A of the 
Sorbas basin, having a middle Pleistocene age (slightly older than 400 ky, Harvey and 
Wells, 1987; Mather, 2000b). Both alluvial fan units are cut and displaced by the North 
Alhamilla reverse fault, which was active after the late Pleistocene (70 ky) (Figs. 3, 4 
and 6, Giaconia et al., 2012a).

The Pleistocene paleo-topographic surface formed by the alluvial fans (equivalent to 
fluvial strath terrace A) and landslides has been displaced vertically approximately 100 
m by the North Alhamilla reverse fault (Giaconia et al., 2012a). We have estimated net 
displacements in several locations along the cross sections (Fig. 4) taking into account 
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Fig. 3. Geological map of the western part of the North Alhamilla reverse fault (see Fig. 2 for its 
location). The fault system is characterized by reverse kinematics affecting Neogene and Quaternary 
sediments and alluvial fans of the Sorbas–Tabernas basin. The middle Pleistocene alluvial fans are cut 
and vertically displaced by segments of the North Alhamilla reverse fault (see the cross sections in Fig. 
4).
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the alluvial-fan profile, its extrapolation to the fault plane (dipping southwards 30º) 
and the slickenlines (showing a pitch of 73º W). Net displacements range between 80 
and 125 m giving slip-rates 0.19 and 0.31 m ky-1, during the last 400 ky. These slip-
rate values are congruent with the ones previously obtained from geomorphic indices 
analysis that gave uplift rates between 0.05 and 0.5 m ky-1 (Giaconia et al., 2012a).

9.4.2 The South Gafarillos fault

The South Gafarillos fault cuts the southern mountain front of the Sierra de Polopos 
for about 13 km in the northern margin of the Níjar basin (Fig. 2). The fault zone is a 
highly segmented dextral strike-slip system that includes several parallel and oblique 
segments with N90ºE to N120ºE strike that splay toward the SE as they approximate 
the Carboneras sinistral strike-slip fault zone and South Cabrera reverse fault (Fig. 2). 
The main fault segment separates the metamorphic basement (Alpujarride marbles 
and Nevado–Filabride graphite schist) from late Tortonian to Messinian sediments 
(Azagador and Abad members of the Turre formation). The southern fault segments cut 
through the whole sedimentary infilling of the Níjar basin, up to the Quaternary alluvial 
silts and gravels and fluvial strath terraces (Figs. 7 and 8).

Fault segmentation mapping and structural data show that the South Gafrillos fault zone 
is characterized by a dextral oblique strike-slip regime with both reverse and normal 
component of net displacement (Figs. 7-10). The oblique strike-slip regime of these 
faults produces syncline and anticline structures usually associated with positive flower 
structures (eastern part of the Fig.7, cross-section A-A’ in Fig 8 and outcrops in Fig. 
10a and h) or restraining bends (see the western part of the Fig. 7, cross-section B-B’ 
in Fig. 8 and outcrops in Fig. 10d). Sinistral fault segments striking NE–SW to NNE–
SSW typically occur within the fault zone (Fig. 11). At least 6 parallel fault segments 
have been mapped in the area where the Rambla de los Feos incises through the Sierra 
de Polopos (Fig. 7) that separate differentially uplifted fault-blocks showing increasing 

Fig. 6. Photos of the most significant outcrops in the area of the North Alhamilla reverse fault. Ad: 
Alpujarride dolomite; Af: middle Pleistocene alluvial fan; Am: Alpujarride marbles; Ap; Alpujarride 
phyllite; Cg: Serravallian–Totonian conglomerates and sandstone; NF Gs: Nevado–Filabride graphite 
schists; NF Ml: early Pleistocene Nevado–Filabride basement land-slide; Sm Tr: Tortonian silty marls 
and turbidites. a) and b) North Alhamilla reverse fault segment that thrusts the metamorphic basement on 
the middle Pleistocene alluvial fan sediments (photo taken just at the start of the A-C cross section, see 
Figs. 3 and 4). c) Lateral ramp of the North Alhamilla main fault segment that thrusts the metamorphic 
basement on the Serravallian–Tortonian sediments, affecting also middle Pleistocene alluvial fan 
conglomerates (photo taken just to the west of the Turrillas village, see Fig. 3). d) Fold produced by the 
North Alhamilla reverse fault system (photo taken at the mountain-front mouth of the westernmost stream, 
see Fig. 3). e) View of the western part of the North Ahamilla reverse fault (just to the west of the cross 
sections, see Fig. 3) that thrusts metamorphic basement on the Serravallian–Tortonian sediments, whilst 
a northern branch cuts the middle Pleistocene alluvial fans. f) Middle Pleistocene alluvial fan sediments 
cut by a North Alhamilla reverse fault segment (photo taken in the westernmost part of the map of the 
northernmost reverse fault segment, see Fig. 3). g) View of the North Ahamilla reverse fault (just to the 
west of the Turrillas village, see Fig. 3) that thrusts metamorphic basement upon Serravallian–Tortonian 
sediments, whilst a northern splay cuts middle Pleistocene alluvial fans.
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uplift toward the North (cross section A-A’ in Fig. 8 and Fig. 10a). All of them show 
dextral-reverse kinematics, except the southernmost one that shows dextral-normal 
kinematics (Fig. 7, cross section A-A’ in Fig. 8 and Fig. 10c). This has lead to the 
development of a thick middle Pleistocene to Holocene sedimentary infilling (approx. 
50 m) between the two fault segments beneath the Rambla de los Feos, revealed by 
drilling (cross section A-A’ in Fig 8) and electric tomography (tomography line 2-2’ in 
Fig. 8).

We inverted the slickenlines and fault plane data (by the rotaxes method using 
DAISY3 software, Salvini et al., 1999) obtaining a NNW–SSE-oriented sub-horizontal 
maximum principal stress (s1) and a sub-horizontal WSW–ENE-oriented intermediate 
principal stress (s2). Pervasive dextral and sinistral faults and folds in the study area 
are congruent with this stress tensor orientation and highlight a dextral shear zone 
where dextral faults striking about N120ºE correspond with the main Y faults. Dextral 
faults striking about N140ºE and N100ºE correspond to Riedel 1 (R1) and P faults, 
respectively (Fig. 11). Meanwhile, sinistral faults striking about N190ºE and N230ºE 
correspond to Riedel 2 (R2) and X faults, respectively (Fig. 11, Davis et al., 2000; 
Faulkner et al., 2003).

Quaternary alluvial silts and gravel and fluvial strath terraces provide a useful time 
constraint for the South Gafarillos fault activity because they are stratigraphically 
correlated with the strath terraces of the Aguas and Feos river systems (Maher et al., 
2007) dated with U/Th geochronology on pedogenic calcretes (at the top of the strath 
terraces) in the Sorbas basin (Harvey and Wells, 1987; Mather, 2000b; Candy et al., 
2005). Strath terrace A with a typical coarse sediment assemblage was dated slightly 
older than 400 ky (middle Pleistocene, Harvey and Wells, 1987; Mather, 2000b), 
meanwhile strath terrace C includes calcretes dated between 70 and 100 ky (late 
Pleistocence, Harvey and Wells, 1987; Candy et al., 2005, respectively). Fault 
segmentation mapping (Fig. 7), cross-section A-A’ and the electric tomography (Fig. 
8) show that the southern South Gafarillos fault segments cut these two terraces (strath 
terrace A in Fig 10a and strath terrace C in Fig. 10h and f). Locally, strath terrace A 
shows internal progressive unconformities and soft-sediment deformation in outcrops 
with synformal geometry indicating a syn-tectonic stratigraphic architecture (Fig. 10a 
and b). Furthermore, Quaternary alluvial silts and gravels are clearly cut by a South 
Gafarillos fault segment and folded as shown in cross-section B-B’ (at 1500 m from 
the origin in Fig. 8) and at the outcrop in Fig. 10g. Finally, the South Gafarillos fault 
provides an example of stream deflection and deviation in the Rambla de los Feos 
congruent with N90-110ºE strike-slip faulting and collected structural data (eastern part 
of Fig. 7, Giaconia et al., 2012a). Since Quaternary sediments and Pleistocene fluvial 
strath terraces (terrace A, slightly older than 400 ky, and C, between 70 and 100 ky) 
are cut and folded within the South Gafarillos fault zone, which also controls stream 
development, it is most likely that the fault zone activity continued up to present-
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Fig. 9 .Structural map of the South Gafarillos fault (see Fig. 2 for its location) showing the structures 
and the structural stations. Stereonets of the data collected in the area show the occurence of dextral 
strike-slip faults with sub-horizontal slickenlines with both reverse and normal minor displacement, 
furthermore, sinitral strike-slip conjugate faults occur.
Fig. 10. Photos of the most significant outcrops in the area of the South Gafarillos fault system. Ad: 
Alpujarride dolomite; Am: Alpujarride marbles; At; Tortonian Azagador Mb.; Clc: Pleistocene calcretes; 
Fm: Messinina Feos Fm.; Gyp: Messinian gypsum; McCg: late Pliocene marine and continental 
conglomerates; Psc: early Pliocene platform siciclastic-carbonate; SgQt: Quaternary alluvial silt and 
gravel; Ta and Tc middle and late Pleistocene fluvial strath terraces, respectively. a) Dextral reverse-
oblique faults affecting Messinian Feos formation and Gypsum up to middle Pleistocene fluvial strath 
terrace and Pleistocene calcretes (photo taken along the Rambla de los Feos at the midpoint of the 
cross-section A-A’, see Fig. 7). b) Zoom of Figure a) showing the syn-tectonic stratigraphic architecture 
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with cumulative wedge-outs of middle Pleistocene fluvial strath terrace. c) Dextral-normal fault system 
affecting the Messinian Feos formation and the late Pleistocene fluvial strath terrace (photo taken to the 
right of the highway near the A’ point, see Fig. 7). d). Reverse fault in a restraining bend that thrusts 
Alpujarride dolomite on the Tortonian Azagador member (photo taken in the western part of the map, see 
Fig. 7). e) and f) faults affecting the late Pleistocene fluvial strath terrace (photo taken near the sharp 
closing of the meander of the Rambla de los Feos to the right of the highway, see eastern part of Fig. 7). 
g) Photo showing the Quaternary and late Pliocene sediments folded in a sinformal geometry and cut by 
the fault system (photo taken at the midpoint of cross-section B-B’, see Fig. 7). h) Dextral positive flower 
structures that uplift the Tortonian Azagador member thrusting it on the Messinian Feos formation (photo 
taken at the eastern part of the map to the right of the highway, see Fig. 7).
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day. The oldest activity of the fault zone is difficult to determine, however, part of the 
angular unconformity between the Messinian gypsum (Yesares formation) and the 
underlying Azagador and Abad members of the Turre formation could be related to the 
fault activity. In addition, seismites and soft sediment deformation in sandstones from 
the Feos formation (Fortuin and Dabrio, 2008) were recognized in the study area and 
can be easily related to the South Gafarillos fault activity. This evidence implies that 
the dextral South Gafarillos fault segments have been active at least since the Messinian 
until present.

We calculated net displacements taking into account the elevation differences 
across fault segments of sub-horizontal geological surfaces, as the Azagador and 
Cantera members and the late Pliocene sediments, the fault plane orientation and the 
slickenlines (plunging between 5º and 15º both east- and westwards) that represent 
the fault displacement vector. Net displacements range usually between 30 and 100 m 
giving slip-rates of about 0.01 m ky-1 after the Messinian (5.96 Ma), and about 0.04 
m ky-1 after the late Pliocene (3.2 Ma). Two net displacements differ strongly from the 
previous ones corresponding to 144 and 176 m in the western part of the map (Fig. 7 

Fig. 11. Structural map of the fault zone and the slickenlines data inversion, obtained by the rotaxes 
method using DAISY3 software (Salvini et al., 1999). The stress field obtained shows a NNW–SSE-
oriented sub-horizontal maximum principal stress (s1) and a sub-horizontal WSW–ENE-oriented 
intermediate principal stress (s2). Structural data highlights a dextral shear zone where the main dextral 
fault and Y faults strike about N120ºE, Riedel 1 (R1) and P dextral faults strike about N140ºE and 
N100ºE, respectively, meanwhile, Riedel 2 (R2) and X sinistral faults strike about N190ºE and N230ºE, 
respectively.
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and structural station 3 in Fig. 9) and at the Rambla de los Feos sharp meanders (Fig. 
7 and structural station 12 in Fig. 9), respectively. The corresponding slip rates are of 
0.02 m ky-1, after the Messinian (5.96 Ma), and 0.44 m ky-1, during the last 400 ky. The 
vertical displacements are 0.0025 m ky-1 after the late Pliocene and 0.06 m ky-1 during 
the last 400 ky. Meanwhile, the vertical uplift estimated for the late Pliocene (3.2 Ma, 
Aguirre 1998) is about 0.10 m ky-1 taking into account its present altitude of about 300 
m above the sea level and the sea level at that time (about 20 m below the present sea 
level, Miller et al., 2011).

9.5 Discussion

9.5.1 Fault linkage and growth

During the late Miocene the locus of dextral displacement occurred along the North 
Gafarillos fault segments that splayed into reverse fault segments to the north of the 
Sierra de Polopos (Fig. 2). Thus, the main mountain front in the Sierra de Polopos must 
have been in the northern limb of the Polopos anticlinorium until the early Messinian. 
The fault segments of the North Gafarillos fault and their associated mountain fronts 
were sealed by early Messinian temperate carbonates and by Messinian reefs in the 
northeastern Sierra Alhamilla and to the northwest of the Sierra de Polopos (Ott 
d’Estevou and Montenant, 1990; Stapel et al., 1996; Huibregtse et al., 1998; Haughton, 
2001; Jonk and Biermann, 2002). Since the Messinian, tectonic displacement in the area 
migrated southwards, as inferred by seismites in sandstones from the Feos formation 
(Fortuin and Dabrio, 2008), forming the presently active South Gafarillos fault zone 
to the south of the Sierra de Polopos that linked with eastern segments of the North 
Alhamilla reverse fault (Fig. 2). The fact that uplift related to the South Gafarillos fault 
segments increases toward the Sierra de Polopos to the north and that the youngest 
faulted sediments occur southwards (Fig. 7) suggests that deformation has propagated 
toward the south, away from the ridge by the creation of new fault segments during the 
Pleistocene. These fault segments produced syn-depositional deformation in middle to 
late Pleistocene alluvial fans and terraces. Furthermore, the associated mountain front 
remains active until present day, as inferred from the fault segmentation map, strath-
terrace ages cut by the fault system and morphotectonic analysis by Giaconia et al. 
(2012a). This process enlarged the Polopos fault zone westwards linking the South 
Gafarillos fault with the North Alhamilla reverse fault up to the present tipline of the 
latter fault, located approximately at meridian 2º20’W (Fig. 2).

9.5.2 Mountain front migration and drainage captures

The geo-structural dataset presented in this paper shows that fault segment growth and 
migration shifted uplift from the northern side of Sierra de Polopos during the latemost 
Tortonian to early Messinian along the North Gafarillos fault to the southern side of 
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the ridge during the latemost Messinian to late Pleistocene along the South Gafarillos 
fault. Furthermore, fault segment growth and migration propagated the Polopos fault 
zone linking the South Gafarillos fault westwards with the North Alhamilla reverse fault 
reactivating the previous fold-related mountain front to the north of Sierra Alhamilla 
(Fig. 2). 

During the Messinian to middle Pleistocene the mountain front shift controlled the 
development of new basins draining toward the south: the Feos drainage system across 
the Polopos ridge and the Lucainena one along the eastern termination of the Sierra 
Alhamilla, parallel to the South Gafarillos fault (Fig. 12a and b). In the Quaternary 
the first capture that affected the Sorbas basin occurred during the middle Pleistocene 
(>> 400 ky, although, poorly constrained by dating of calcretes at the top of  terrace 
A performed by Candy et al., 2005) just to the north of the eastern part of the Sierra 
Alhamilla northern mountain front, along the contact between Tortonian silty-marls (to 
the south) and late Tortonian to Messinian temperate carbonates and reefs (to the north, 
Figs. 2 and 12b), producing the Rambla de Lucainena valley (Mather, 2000b, 2000a). 
However, not only the erodibility contrast between these rocks favored the capture, but 
also another mechanism is needed. Differential uplift between ranges and Neogene to 
Quaternary basins played a key role at this time in the area. Indeed, Pliocene to recent 
regional uplift rates for the Sierra Alhamilla were calculated between 80 and 150 m 
Ma−1 by Weijermars et al. (1985), sufficiently higher than those of the Sorbas basin, 
between 70 and 100±20 m Ma−1 (Braga et al., 2003). However, the key data is the lower 
uplift rate of the Níjar basin, between 53 and 76±20 m Ma−1 (Braga et al., 2003), with 
respect to the Sorbas one (Figs. 2 and 12b). This lower uplift rate could be related to the 
Pliocene–Quaternary NW–SE- to NNW–SSE-striking high-angle normal-fault system 
with southwestward directed extension that affects the northern margin of the Níjar 
basin (Fig. 12b, Martínez-Martínez and Azañón, 1997; Martínez-Díaz and Hernández-
Enrile, 2004; Marín-Lechado et al., 2005; Pedrera et al., 2006; Sanz de Galdeano et 
al., 2010). This differential uplift between the Sorbas and Níjar basin together with the 
uplift produced at the southern limb of the Sierra de Polopos by the South Gafarillos 
fault segments favored headward erosion of the Lucainena drainage system parallel 
to the faults (Fig. 12b). This drainage system advanced trough the highly erodible 
Tortonian silty marls in the southern margin of the Sorbas basin, isolating the center 
of the basin from sediments of the Sierra Alhamilla. Propagation of the Lucainena 
drainage toward the center of the Sorbas basin was probably hindered by the presence 
of a strong erodibility contrast between Tortonian silty marls and latemost Tortonian 
Azagador temperate carbonates that dip toward the center of the basin (Figs. 2 and 12b). 
In this context the North Alhamilla reverse fault worked as a catalyzer of this process 
producing a positive relief just to the south of the Lucainena valley, causing a higher 
stream erosion-energy that favored its development and individualization.

The second capture suffered by the Sorbas basin occurred during the late Pleistocene 
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(100-70 ky) to the north of the Sierra de Polopos at the lithological contact between 
the Tortonian silty-marls, to the south, and late Tortonian to Messinian temperate 
carbonates and reefs, to the north (Figs. 2 and 12c, Mather, 2000b). Also in this case, 
the differential uplift rate between ranges and the Neogene basins played a critical 
role in the capture and in particular the difference between the Sorbas basin and the 
Sierra Alhamilla–Polopos and Cabrera anticlinoria (higher than 170 m Ma−1 for Sierra 
Cabrera, Weijermars et al., 1985). The tectonic uplift of the entire Sierra Alhamilla–
Cabrera anticlinorium promoted headward dissection of the Aguas river that advanced 
westwards as an axial valley capturing the Sorbas centripetal drainage and the Feos–
Aguas transverse drainage across the Sierra de Polopos (Figs. 2 and 12c). The westward 
advance of the Aguas river headward dissection is congruent with the decrease of fault 
displacement and vertical uplift along the North Alhamilla reverse fault toward its 
western tipline (Giaconia et al., 2012a). Furthermore, the Palomares fault zone played 

Fig. 12: Structural sketch of the southeastern Betics highlighting the evolution of the drainage systems 
and the fault-related mountain fronts (in red when active). Furthermore, capture sites (in yellow when 
active), the Tortonian marls–Messinian carbonate contact, the possible pre-capture Sorbas basin and the 
tectonic uplift and sinking related to the Polopos and the Palomares fault zones are shown.
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a key role on the late Pleistocene (100-70 ky) capture controlling the topography 
and drainage system of the Vera basin during the Quaternary (Fig. 12c). Indeed, the 
Palomares fault zone, having oblique sinistral-normal kinematics during the Pliocene–
Quaternary, produced the relative sinking and extension of the Vera basin in its western 
hanging-wall fault block (Booth-Rea et al., 2003a; 2004a; Stokes, 2008). The relative 
sinking of the Vera basin caused an increase of the stream erosion-energy in the head 
region of the Aguas river drainage promoting its headward dissection and westwards 
advance, and finally the late Pleistocene (100-70 ky) capture of the Sorbas and the 
Feos–Aguas transverse drainage (Fig. 12c). At the same time further westwards, the 
Andarax drainage system, in the Tabernas basin, captured the north and south of the 
Sorbas basin margins probably before the deposition of terrace A, as inferred by 
preserved sediment in the northern margin (Mather, 1991). However this incision wave 
did not hit the more central basin parts from the west due to greater distances that had to 
be covered.

9.5.3 Geomorphological evolution in response to different uplift mechanisms

The present geomorphologic features of the Betics are influenced by the summed 
effect of at least three different tectonic processes driving uplift since the late Neogene; 
asthenospheric upwelling, core-complex type extension with orthogonal shortening and 
later strike-slip and reverse faulting. The main difference among these three processes is 
the wave-length of their related uplift. Late Miocene asthenospheric upwelling produced 
large wave-length epeirogenic uplift in both the Betics and Rif, which caused the 
generalized dissection character of drainage systems since the Messinian until present 
(Braga et al., 2003; Duggen et al., 2003; Martín et al., 2003; García-Castellanos 
and Villasenor, 2011). Core-complex type extension and coeval orthogonal shortening 
resulted in the development of large E–W elongated dome structures that grew 
westwards, toward the direction of extension, between 12 and 6 Ma ago (Johnson et 
al., 1997; Martínez-Martínez et al., 2002, 2004; Vázquez et al., 2011). These elongated 
domes (e.g. Sierra de Filabres–Sierra Nevada) determined a centripetal drainage system 
away from its axial culmination toward the surrounding basins.

Late Miocene core-complex type extension in the studied region promoted the 
differential uplift between the Sierra de Filabres anticlinorium and the Tabernas–
Sorbas–Vera basin. This ridge emerged during the Serravallian (Braga et al., 2003) 
generating the global southward directed drainage system in that basin, until the later 
Tortonian. The presence of large boulders originated from the Sierra de Filabres in 
Tortonian deltaic sediments on the top of the Sierra Cabrera testify the inexistence of 
this topographical relief during the Tortonian. Further west toward the Sierra Alhamilla, 
the E–W sinistral Cantona strike-slip fault formed an uplifted submarine fault-block 
producing contained Tortonian turbidites in the Sorbas basin (Haughton, 2001). 
Both dextral and sinistral E–W strike-slip faults like the Cantona fault, active during 
the Tortonian, were probably transfer faults linking offset uplifting extensional loci 
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(Martínez-Martínez, 2006; Martínez-Martínez et al., 2006). Since folding nucleated in 
the uplifted footwalls of the extensional domes (Martínez-Martínez et al., 2002), this 
would explain the delay in the timing of folding between the Filabres and Alhamilla–
Cabrera elongated domes. Once the rolling-hinge produced by core-complex extension 
passed through the footwall of the elongated domes, extension ceased and the domes 
were further folded and cut by reverse and transcurrent faults. This occurred in the 
Alhamilla–Cabrera dome since the latemost Tortonian when progressive unconformities 
started to develop defining the northern fold limb in the Azagador member (Booth-Rea 
et al., 2004a). This folding generated a large E–W axial valley along the Tabernas–
Sorbas basins fed by a perpendicular drainage system across the fold limbs. Once the 
basins emerged in the Pliocene, the axial valleys flowed out of the system through the 
east and west terminations of the Alhamilla anticlinorium (Mather et al., 2002). Since 
then, transcurrent faulting and associated shortening structures have produced localized 
uplift controlling the Pleistocene drainage adjustment and river captures described 
above. 

9.6 Conclusions

The Polopos fault zone is a N100-120ºE dextral transpressive fault zone developed 
under Tortonian to Quaternary NNW–SSE shortening. The fault zone is conjugate to 
the coeval sinistral Palomares fault zone. This fault zone is formed by the North and 
South Gafarillos dextral-transpressive fault and the North Alhamilla reverse fault. 
Activity along the fault zone probably initiated in the latemost Tortonian (≈ 7 Ma) and 
continued up to the late Pleistocene (≥70 ky), at least. Deformation along this fault zone 
and the associated mountain fronts migrated southwestwards between the Messinian 
and Quaternary. The North Gafarillos fault was active until the Messinian, whilst the 
South Gafarillos fault and its westward continuation in the North Alhamilla reverse 
fault have been active since then and, at least, until the late Pleistocene affecting the 
topography, the drainage network and alluvial terrace deposition (of middle and late 
Pleistocene ages) along their length. The South Gafarillos and North Alhamilla reverse 
fault segments together produce a 30 km active mountain front connecting the Sorbas 
and Níjar basins (Fig. 2).

The reverse displacement along the North Alhamilla reverse fault and the dextral-
transpressive one along the South Gafarillos fault together with the southwestwards 
extension along Pliocene–Quaternary normal faults in the Níjar basin have determined 
the differential uplift between Sierra Alhamilla and the Sorbas and Níjar basins. This 
differential uplift in turn promoted the middle Pleistocene capture occurred in the 
southern margin of the Sorbas basin and the formation of the Rambla de Lucainena 
valley parallel to the Polopos fault zone (Fig. 12). Later, continued displacement along 
the Polopos fault zone and associated tectonic uplift of the Sierra Alhamilla–Polopos 
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and Cabrera anticlinoria, together with local subsidence associated to transtensional 
kinematics of the Palomares fault zone in the Vera basin, promoted the headward 
erosion of Aguas river drainage and its late Pleistocene capture of the Sorbas basin and 
Feos–Aguas transverse drainage (Fig. 12).

The present geomorphic setting in the Betics results from Neogene to present uplift 
that is controlled by three different tectonic processes; asthenospheric upwelling, 
core-complex type extension with orthogonal shortening and later strike-slip and 
reverse faulting. The first one determined a large wave-length epeirogenic uplift that 
caused the generalized dissection of drainage systems in Betics since the Messinian 
until present. Core-complex type extension and coeval orthogonal shortening caused 
smaller wave-length and more localized uplift determining elongated radial drainage 
systems associated with E–W extensional domes. Finally strike-slip and reverse faulting 
produced localized tectonic uplift related to fault segmentation, geometry, growth and 
linkage producing mountain front migration and fluvial captures.
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Abstract: Multichannel seismic reflection profiles show that the Palomares margin 
formed by volcanic accretion during middle to late Miocene opening of the Algero–
Balearic basin. The margin marks the transition between thinned continental crust 
intruded by arc volcanism and back-arc oceanic crust. Deformation produced during the 
later inversion of the margin and onshore is partitioned between ~N50ºE striking reverse 
faults and associated folds like the Sierra Cabrera and Abubacer anticlines, and N10-
20ºE sinistral strike-slip faults like the Palomares and Terreros faults. Parametric sub-
bottom profiles, borehole and recent onshore-offshore sediment deformation together 
with available GPS geodetic displacement data, earthquake focal mechanisms and 
bathymetry indicate that tectonic inversion of the Palomares margin is currently active. 
The Palomares margin shows a comparable structural pattern to the north Maghrebian 
margins where Africa–Eurasia plate convergence is accommodated by NE–SW reverse 
faults, NNW–SSE sinistral faults and WNW–ESE dextral ones. Contractive structures 
at this margin contribute to the general inversion of the western Mediterranean since 
approximately 7 Ma ago, coeval to inversion at the Algerian margin. Shortening at the 
Alborán ridge and Al–Idrisi faults occurred later, since 5 Ma, indicating a westward 
propagation of the compressional inversion of the western Mediterranean.

Keywords: Active tectonics, Tectonic inversion, Western Mediterranean, Multichannel 
seismic, Abubacer anticline, Palomares fault zone.
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10.1 Introduction

Continued NW–SE convergence between the African and European plates is 
leading to tectonic inversion of Oligocene to Miocene back-arc basins in the western 
Mediterranean Sea (Bourgois et al., 1992; Comas et al., 1992; Mauffret et al., 1992; 
Comas et al., 1999; Billi et al., 2011). Reverse and strike-slip faults related to this 
tectonic inversion develop in the onshore-offshore margins of these basins (Fig. 1, 
Bourgois et al., 1992; Mauffret, 2007; Kherroubi et al., 2009; Strzerzynski et al., 2010; 
Billi et al., 2011; Martínez-García et al., 2013). Inversion structures are found along 
the northern and southern margins of the Algero–Balearic to Alborán basins (Fig. 1). 
Reverse fault systems in the Algerian continental slope, the dextral Yusuf fault, and 
reverse faulting of the Alborán Ridge, are major active structures related to late Miocene 
to present-day inversion (Bourgois et al., 1992; Campos et al., 1992; Comas et al., 
1992, 1999; Déverchère et al., 2005; Domzig et al., 2006; Yelles et al., 2009; Billi et al., 
2011; Martínez-García et al., 2013).

The Palomares margin extends from thinned continental crust intruded by arc 
magmatism in the west to back-arc oceanic crust of the Algero–Balearic basin to the 
east (Fig. 2, Booth-Rea et al., 2007). The overall structure of the margin and individual 
geological elements, like the Abubacer volcanic ridge (offshore), the Carboneras fault 
zone and the Sierra Cabrera anticlinorium (onshore), strike N40-50ºE sub-perpendicular 
to the present NW–SE shortening stress field (Fig. 3). The present NW–SE shortening 
direction (about N140ºE) is confirmed by in situ strain measurement (from boreholes), 
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fault slicken-line inversion data, GPS geodetic displacement data, and focal mechanisms 
in the area that show transpressive and reverse kinematics for the associated faults (Fig. 
3, Fernández-Ibáñez et al., 2007; Khazaradze et al., 2008; Echeverria et al., 2011; 
Giaconia et al., 2013a). In contrast, the margin has been initially interpreted as formed 
by large tilted blocks developed during eastward extension (Mauffret et al., 1992), and 
later as a transpressive strike-slip structure related to the occurrence of sinistral fault 
zones on land (e.g Terreros, Palomares and Carboneras fault zones in Fig. 3) in the 
eastern Betics (Soto et al., 2000).

This incongruence between geodetic data and previous structural interpretations 
requires revision taking into consideration both onshore and offshore data. For this 
reason, we collected two multichannel seismic reflection lines across two contrasting 
areas of the Palomares margin. One line runs across the Abubacer volcanic ridge and 
is roughly parallel to the present maximum shortening direction. The second line is 
located in the transition to the East Alborán basin (Fig. 3). Simultaneously we acquired 
parametric sub-bottom profiles and swath-bathymetric data to analyze the most recent 
sedimentary/tectonic events and relate images of tectonic structures to seafloor relief. 

Fig. 2: Simplified geological map showing the tectonic domains of the Gibraltar Arc and the Alborán 
and Algero–Balearic basins (modified from, Comas et al., 1999; Booth-Rea et al., 2007; Martínez-García 
et al., 2013). Igneous geochemistry data acquired from El Bakkali et al. (1998), Coulon et al. (2002), 
Duggen et al. (2004a; 2005). Age of metamorphism: (a) Platt et al. (2005) and (b) Platt et al (2006). The 
new seismic profiles presented in this work (TM) are depicted as thick red lines whereas the pre-existing 
seismic profiles (ESCI) are as thick blue lines. Scientific drill sites (DSDP and ODP) and commercial 
wells in the Alborán Basin are also located. See Fig. 1 for its location.
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Fig. 3: Structural map where the main tectonic structures active during the Quaternary are shown: the 
Albox fault (AF), the Alhama de Murcia fault (AMF), the Carboneras fault zone (CFZ), the Palomares 
fault zone (PFZ) and the Polopos fault zone (PoFZ) (see Fig. 2 for location, Booth-Rea et al., 2004a, 
2004c; Masana et al., 2004; Marín-Lechado et al., 2005; Masana et al., 2005; Gràcia et al., 2006; 
Pedrera et al., 2006, 2009a; Sanz de Galdeano et al., 2010; Booth-Rea et al., 2012a; Giaconia et al., 
2012a, 2012b; Pedrera et al., 2012; Giaconia et al., 2013a). Furthermore, focal mechanisms, local 
stress tensor (both from focal mechanisms and fault slicken-line inversion data, Stich et al., 2003a; 
Fernández-Ibáñez et al., 2007; Giaconia et al., 2013a) and GPS geodetic data (Khazaradze et al., 2008; 
Echeverria et al., 2011) are shown. Topographic and bathymetric map (100 m grid) of the study area from 
digital grids released by SRTM-3, IEO bathymetry (Ballesteros et al., 2008; Muñoz et al., 2008), CSIC 
bathymetric dataset (Gràcia et al., 2012) and MEDIMAP multibeam compilation (MEDIMAP GROUP et 
al., 2008) at 90m grid-size.

The data were acquired on board the Spanish research vessel (R/V) Sarmiento de 
Gamboa in the frame of the European Science Foundation TopoEurope TOPOMED 
project (Gràcia et al., 2011) and processed at the Barcelona Center for Subsurface 
Imaging. Furthermore, in order to define the seismo-stratigraphy and calibrate their age 
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we performed a correlation between the two new profiles and the published ESCI-Alb-
2b and ESCI-2c profiles (Booth-Rea et al., 2007), that ties the two lines (Fig. 3). To 
compare offshore and onshore tectonic regimes and timing, we correlated the seismo-
stratigraphy units with the stratigraphic sequence of the Vera and Níjar Neogene basins 
as proposed by Booth-Rea et al. (2007). Finally, we compare the interpretation of 
seismic images with two onshore geological cross-sections that cross the Sierra Cabrera 
anticlinorium parallel to the seismic lines.

10.2 Geological setting

The Algero–Balearic basin represents the back-arc region of the Gibraltar Arc, an 
arched orogenic belt formed during the Miocene oblique collision between the 
Alborán domain and the Iberian and Maghrebian passive margins during westward 
roll-back or delamination of the Tethyan slab in a general context of NW–SE Africa–
Iberia convergence (Fig. 2 , e.g. Lonergan and White, 1997; Martínez-Martínez and 
Azañón, 1997; Faccenna et al., 2004; Platt et al., 2006; Balanyá et al., 2007; Booth-
Rea et al., 2007). The Alborán domain has traditionally been defined as formed by 
three poly-metamorphic terrains, the Malaguide, Alpujarride and Nevado–Filabride 
complexes in descending structural order (Fig. 2, Balanyá et al., 1997). Recent work, 
however, shows that the Nevado–Filabride complex is formed by basement rocks 
of subducted South Iberian margin (Booth-Rea et al., 2005; Platt et al., 2006; Booth-
Rea et al., 2007). Thus, following this later interpretation, the Alborán domain may be 
formed by Alpujarride and Malaguide complexes rocks, which represent the remnants 
of an earlier orogenic wedge that underwent crustal stacking and HP metamorphism 
(Goffé et al., 1989; Tubía and Gil Ibarguchi, 1991; Azañón et al., 1997; Booth-Rea et 
al., 2002) associated to Eocene continental collision (Lonergan, 1993) dated about 50 
Ma (Platt et al., 2005). In contrast, the Nevado–Filabride complex underwent a later 
HP metamorphism during the Lower to middle Miocene representing the Paleozoic 
basement of the south Iberian passive margin (Fig. 2, López Sánchez-Vizcaíno et al., 
2001; Platt et al., 2004; Booth-Rea et al., 2005; Platt et al., 2005; Booth-Rea et al., 
2007).

The collision of the Alborán domain with the African and Iberian continental margins 
occurred during the early to late Miocene after the subduction of the ‘‘Flysch Trough’’ 
basement formed by oceanic or very thin continental crust (Fig. 2, Durand-Delga et al., 
2000; Luján et al., 2006). Collision and tectonic inversion of both continental margins 
resulted in a fold-and-thrust belt formed mainly by the detached Mesozoic sedimentary 
covers of both margins that migrated progressively westwards (Platt et al., 1995; 
Crespo-Blanc and Campos, 2001; Luján et al., 2003; Platt et al., 2003; Luján et al., 
2006). During the middle to late Miocene, extension occurred in the hinterland of the 
collisional system along WSW-directed core-complex detachments that exhumed the 
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Nevado–Filabride complex (García-Dueñas and Martínez-Martínez, 1988; Galindo-
Zaldívar et al., 1989; Platt and Vissers, 1989; García-Dueñas et al., 1992; Martínez-
Martínez and Azañón, 1997). Between 16 and 8 Ma the Algero–Balearic basin spread in 
an E–W direction (Mauffret et al., 2004; Booth-Rea et al., 2007) creating new oceanic-
like crust (Pesquer et al., 2008).

More recent NW–SE convergence between Africa and Eurasia produced the tectonic 
inversion of the Betic–Rif internal zones and structures of the Alborán and Algero–
Balearic basins with the development of several large strike-slip and reverse faults since 
the late Miocene and active until the Plio–Quaternary or the present (Bousquet, 1979; 
Weijermars et al., 1985; de Larouzière et al., 1988; Montenat and Ott d´Estevou, 1990; 
Bourgois et al., 1992; Mauffret et al., 1992; Morel and Meghraoui, 1996; Booth-Rea et 
al., 2004a; Giaconia et al., 2013a; Martínez-García et al., 2013). Tectonic inversion at 
the Algero–Balearic basin along the Algerian margin possibly started about 5-7 Ma and 
has continued during Plio–Quaternary times at N-verging thrusts that consist laterally 
of several fault strands (Déverchère et al., 2005; Domzig et al., 2006; Mauffret, 2007; 
Kherroubi et al., 2009; Yelles et al., 2009; Strzerzynski et al., 2010).

10.3 Tectonics of the Palomares margin and the eastern Betics

The Palomares margin bounds the NW end of the Algero–Balearic basin with a NNE–
SSW main orientation. The continental margin is formed by thinned continental crust 
intruded by arc volcanism that transits to oceanic crust to the east (Comas et al., 
1997; Booth-Rea et al., 2007). Volcanic rocks sampled in basement highs in the East 
Alborán and Algero–Balearic basins belong both to the tholeiitic and calc-alkaline 
series with Serravallian to Messinian ages ranging between 12.1–8.7 Ma and 10.1–6.1 
Ma, respectively (Comas et al., 1997; Turner et al., 1999; Duggen et al., 2004a, 2005). 
The arc-type origin of these rocks is confirmed by sampled volcanic highs in the East 
Alborán basin (Yusuf and Mansour) and the Alborán ridge that are formed by Light 
Rare Earth Elements (REE) depleted rocks of the tholeiitic series, characteristic of 
immature oceanic arcs (Fig. 2, Duggen et al., 2004a; Gill et al., 2004). Furthermore, 
in the thicker crustal domains near the ESCI-Alb lines LREE-enriched calc-alkaline 
and shoshonitic rocks have been sampled bearing a continental crust contamination 
of subduction-related magma (Hoernle et al., 2003; Duggen et al., 2004a, 2005). The 
magmatic character of the East Alborán basin basement was interpreted in ESCI-Alb 
2b line (Fig. 2) that shows a seismic structure that resembles the structure of oceanic 
crust formed at intermediate- to fast-spreading mid-ocean ridges, although thicker, 
as expected in a volcanic arc environment (Booth-Rea et al., 2007). Further east, the 
eastern half of ESCI Alb 2c line (Fig. 2) shows a crustal thickness and structure similar 
to oceanic crust (Booth-Rea et al., 2007). The sediment onlaping the basement indicate 
a minimum age of 10–12 Ma for the oceanic crust, and 8-10 Ma in the magmatic-arc 
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influenced region (Fig. 2, Booth-Rea et al., 2007). The westernmost segment of line 
ESCI-Alb 2b (Fig. 2) may have imaged magmatically-modified thin continental crust, 
where arc magmatism could be ≈6 Ma (Duggen et al., 2004a),with magmatic accretion 
coeval to crustal extension (Booth-Rea et al., 2007).

Onshore, the central and eastern Betics underwent middle to late Miocene WSW-
directed extension that markedly attenuated the previous pile of staked metamorphic 
units of the Alborán domain (García-Dueñas et al., 1992; Martínez-Martínez and 
Azañón, 1997; Booth-Rea et al., 2005, 2007). This extension was heterogeneous in its 
style developing metamorphic core complexes, like the Sierra Nevada elongated dome, 
and tilted-block domains separated by ENE–WSW extensional transfer faults like the 
Alpujarras dextral fault (Martínez-Martínez et al., 2002; Martínez-Martínez, 2006; 
Martínez-Martínez et al., 2006).

The boundary between core complex domains onshore and extended region with 
magmatic additions in the East Alborán basin may correspond to extensional transfer 
faults like Carboneras sinistral fault along onshore segment of the Palomares 
margin (Rutter et al., 2012). The Carboneras fault zone has been active at least since 
Serravallian until recent. The Miocene activity of this fault was essentially strike-
slip (Bousquet, 1979; Montenat and Ott d´Estevou, 1990; Stapel et al., 1996; 
Huibregtse et al., 1998; Jonk and Biermann, 2002; Rutter et al., 2012). In contrast, 
the Plio–Quaternary activity is locally transpressional, as indicated by folding-related 
unconformities in the latemost Messinian to Pliocene sediments in the Sierra Cabrera 
(Bell et al., 1997; Reicherter and Reiss, 2001; Rutter et al., 2012). The adjacent region 
onshore and the Palomares margin underwent late Miocene to Quaternary inversion 
with thrusting, and strike-slip faulting with both dextral and sinistral kinematics 
(Montenat and Ott d´Estevou, 1990; Comas et al., 1999; Booth-Rea et al., 2004a). The 
main sinistral strike-slip faults in the eastern Betics are from north to south: the Alhama 
de Murcia, Terreros, Palomares, and Carboneras fault zones (Fig. 3, Montenat and 
Ott d´Estevou, 1990; Booth-Rea et al., 2004a; Masana et al., 2004; Stich et al., 2006; 
Moreno et al., 2008). The Palomares fault zone was pure sinistral during Tortonian–
Messinian times, and lengthened and widened eastwards evolving into a transtensional 
oblique-slip regime during the Plio–Quaternary (Booth-Rea et al., 2004a). Latemost 
Tortonian (8-7.24 Ma) progressive unconformities mark the initial growth of the 
main folds of Sierra Alhamilla–Polopos and Cabrera anticlinoria (Fig. 3). Dextral 
transpressive and reverse faults bounding Sierra Alhamilla–Polopos and Cabrera 
anticlinoria have a late Miocene–Quaternary age (Fig. 3, Giaconia et al., 2012b, 2012a). 
Field data and geomorphic analysis indicate that the dextral transpressive Polopos 
fault zone bounding the northern Alhamilla mountain front and both the northern and 
southern Polopos ones (Fig. 3) started in latemost Tortonian and remained active until 
late Pleistocene (Giaconia et al., 2012a, 2013a). Similar geomorphic analysis indicates 
recent reverse faults bounding the northern and southern mountain fronts of the Sierra 
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Cabrera anticlinorium (Fig. 3, Giaconia et al., 2012b, 2013a).

10.4 Methods

10.4.1 Data acquisition and processing

During the TOPOMED-GASSIS cruise, multichannel seismic (MCS) profiles, swath-
bathymetry and parametric echosounder profiles were acquired with R/V “Sarmiento 
de Gamboa” in September-October 2011 (Gràcia et al., 2011). The MCS data were 
acquired with a 50.15 l (3060 c.i.) air-gun source and a 5100 m-long active section 
Sentinel Sercel SEAL streamer with 408 active sections (12.5 m channel interval). 
The source array was composed by 8 G-GUN-II guns deployed at 7.5 m depth, in a 
single cluster. MCS data were recorded at 2 ms sample rate and 14 s two-way travel 
time (TWTT) record length. Air-gun shots were fired every 50 m distance providing a 
nominal maximum 56 common-mid-point (CMP) fold. We processed lines TM23 and 
TM24 using GLOBE Claritas software. Processing steps include shot and streamer 
geometry correction and 12.5 meter binning, velocity analysis every 100 CMP (625 
m), spherical divergence, predictive deconvolution, normal-move-out correction, 
parabolic Radon filter to attenuate multiple energy, stretching mute, inner mute to 
further attenuate multiple energy in near offsets, and stack. Post stack cosmetics 
used frequency-wavenumber (F/K) to attenuate remaining coherent noise and finite 
differences time migration using a smooth velocity model. Finally, the lines were depth 
converted using velocities extracted from a model of a wide-angle seismic velocity 
profile coincident with ESCI line (Leuchters et al., 2011). This depth conversion was 
done to balance the cross-section interpretation of the seismic lines. Swath-bathymetry 
was acquired with the hull mounted system ATLAS Hydrosweep DS echosounder, with 
a frequency between 14.5 to 16 kHz. The data were processed using CARIS software 
and integrated with existing data to produce digital terrain models of 50 m grid size. 
High-resolution narrow beam parametric sub-bottom profiler data were acquired using 
the ATLAS Parasound P.35. This system uses a primary frequency of 18-20 kHz, 
and a secondary frequency of 1.5 to 4 kHz. During the TOPOMED-GASSIS cruise a 
continuous wave single pulse was used, with frequencies of 4 kHz. The pulse length 
was 0.50 ms and pulse interval of 300 ms, with a maximum vertical resolution of 0.6 
ms. These data show detailed stratigraphic information of the uppermost few tens of 
meters of sub-seafloor structure.

10.4.2 Balanced cross section

The structural analysis to calculate the detachment depth of the fault propagation 
fold recognized in the TM24 line was carried out applying the excess-area graphical 
technique proposed by Epard and Groshong (1993). This method predicts the 
detachment depth of a fault propagation fold plotting a set of geological horizons in 
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an excess-area vs. depth diagram. The depth coordinates of this diagram are obtained 
by an arbitrary horizontal reference. Whilst, the excess-area coordinates are obtained 
calculating the area comprised between the folded geological horizon and the horizontal 
line that joins points of the geological horizons considered as undeformed/unfolded. 
This set of coordinates define a straight line with a slope that is the fault displacement 
meanwhile its intersection with the depth axis is the depth of the detachment with 
respect to the arbitrary horizontal reference.

10.5 Results

The main result obtained from the MCS lines and parametric sub-bottom profiles is 
the characterization of the shortening and transpressional structures of the Palomares 
margin. These structures strike NNE–SSW to NE–SW and are congruent with the 
present NW–SE shortening stress field indicated by in situ tensor strain data obtained 
from boreholes in the region (Fig. 4). Furthermore, these shortening structures are 
consistent with the timing of eastern Betic structures between latemost Tortonian–
Messinian to the Quaternary. Line TM24 shows a fault propagation fold affecting 
Neogene volcanic basement of the Abubacer ridge, in response to a SE-ward displacing 
thrust, and a major syncline at the back of the structure (Fig. 5). Furthermore, line 
TM24 and 23 shows that the crust thins progressively eastwards, to find oceanic crust 
of the Algero–Balearic basin without a major tectonic boundary marking the transition 
(Fig. 5). Finally, line TM23 shows that major Palomares-type strike-slip faults extend 
southwards of the Sierra Cabrera anticlinorium across the coast line (Fig. 5).

10.5.1 Seismic stratigraphy of the margin

We used the seimostratigraphy defined in ESCI-Alb seismic lines, which tie lines TM23 
TM24, and calibrated the sequence using the stratigraphy of Vera and Níjar basins 
proposed by Booth-Rea et al. (2007) (Fig. 6). This correlation defined lithoseismic units 
and their age. The comparison between offshore and onshore basins shed light on the 
tectonic regime and timing of deformation.

The sedimentary cover in profiles TM23 and TM24 thickens from slightly less than 1 
s TWTT (≈1 km) in the western part of the lines to 1.5-2 s TWTT (≈1.5-2.0 km) in 
the central and eastern part of the lines (Fig. 6). We use previously defined lithoseismic 
units (I to IV) in the East Alborán basin formed by late Miocene to Quaternary 
sediments that onlap Neogene (Serravallian–Tortonian) volcanic basement (Comas et 
al., 1992; Booth-Rea et al., 2007).

Unit I: The uppermost Pliocene to Quaternary unit has three sub-units (Ia, Ib and 
Ic) (Alvarez-Marrón, 1999). In lines TM23 and 24, Unit Ia+b has a continuous high-
frequency reflectivity and a maximum thickness of ~0.3 s TWTT (≈230m assuming 
a 1.55 km/s velocity) with good lateral continuity, except at basement highs (Figs. 5 
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Fig. 4: Ovalization analysis from boreholes indicating the active local stress tensor and its maximum 
shortening axis. 1: Borehole at 64 m depth showing a maximum shortening axis oriented about N130ºE. 
2: Borehole at 74 m depth showing a maximum shortening axis oriented about N150ºE. See inset for their 
location.

and 6). The base of subunit Ia+b appears erosive in the western part of line TM24, 
infilling channels, meanwhile to the east it evolves to a paraconformity defined mostly 
by one reflection. Subunit Ia+b is probably equivalent to continental late Pliocene and 
Quaternary conglomerates onshore in the Níjar and Vera basin (Booth-Rea et al., 2007). 
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Fig. 6: Synthetic stratigraphic column of the late Neogene sediments of the Níjar–Vera basins that 
were correlated with the lithoseismic units differentiated in seismic profile TM24, following the 
seismo-stratigraphic correlation proposed by Booth-Rea et al. (2007). Unit I Plio–Quaternary: Ia 
+b, Quaternary–late Pliocene; Ic, early Pliocene; Unit II: Messinian; IIa, late Messinian upper 
evaporite; IIb, Messinian lower evaporite; IIc, Messinian pre-evaporitic; Unit III: Tortonian; Unit IV: 
Serravallian?–Tortonian unit; Unit VB: volcanic basement.
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Subunit Ic reaches a maximum thickness of ~0.4 s TWTT (≈400 m assuming a 2.05 
km/s velocity) and is characterized mostly by low-reflectivity facies typically bounded 
by two more reflective lithoseismic units (Figs. 5 and 6). It onlaps the unit below at 
the west and rests paraconformable at the east. This unit onlaps the Messinian erosional 
unconformity infilling possible fluvial-erosion channel in the western part of line TM24 
(Figs. 5 and 6). Subunit Ic is probably equivalent to Pliocene Cuevas marls, deposited 
onshore at the Níjar and Vera basins between 5.3 and 3.2 Ma (Aguirre, 1998; Booth-Rea 
et al., 2007).

Unit II: This unit has three sub-units (IIa, IIb and IIc) deposited between latemost 
Tortonian and Messinian (Booth-Rea et al., 2007). Subunit IIa has been identified along 
the entire profile TM24 infilling synformal depressions with a maximum thickness 
of ~0.25 TWTT (≈300 m assuming a 2.4 km/s velocity). It shows high-amplitude 
reflections that onlap the Messinian erosive unconformity (Figs. 5 and 6). This subunit 
is probably equivalent to the Messinian Feos formation of the Níjar and Vera basins 
deposited during the Messinian salinity crisis between 5.6 and 5.3 Ma (Krijgsman et 
al., 2001; Fortuin and Krijgsman, 2003; Booth-Rea et al., 2007). Subunit IIb occurs 
only locally in the eastern part of line TM24 where it is characterized mostly by high-
amplitude continuous reflections overlying a high-amplitude reflection with negative 
polarity that indicates a decrease in seismic velocity in the underlying sedimentary unit 
(Figs. 5 and 6). This subunit is formed by evaporites deposited during the Messinian 
salinity crisis, bounded at the top by the M reflector, which is a local paraconformity 
above the evaporites and an erosive unconformity onlapped by subunits IIa or Ic 
westwards in most of the Alborán basin (Comas et al., 1999). Subunit IIb reaches 
a maximum thickness of ~0.25 TWWT (≈300 m assuming a 2.4 km/s velocity) and 
is equivalent to the Messinian Yesares formation onshore (5.96-5-6 Ma, Krijgsman 
et al., 2001) in the Níjar and Vera basins (Booth-Rea et al., 2007). Subunit IIc is 
characterized by discontinuous low-amplitude reflections in the eastern and central 
parts of line TM24 showing a decrease in seismic reflectivity compared to the overlying 
subunit IIb (Figs. 5 and 6). Toward the west in line TM24, subunit IIb shows different 
seismic facies characterized by higher reflectivity, probably related to a proximity to 
the sediment source and an increase in siliciclastic content. Furthermore, in this region 
subunit IIc appears onlapping the volcanic basement and infilling a syncline, showing 
discontinuous high-amplitude reflections that indicate its syn-tectonic deposit during 
fault propagation folding of the Neogene Abubacer volcanic ridge (Figs. 5 and 6). 
Reflections in subunit IIc are mostly parallel to those of the overlying unit, suggesting 
a paraconformity between both units in most of line TM24, except at the western 
end of line TM24 where continental facies of subunit IIb cut into or downlap subunit 
IIc. Subunit IIc reaches a maximum thickness of ~0.5 s TWTT (≈700 m assuming a 
2.9 km/s velocity) and is equivalent to the Turre formation that includes latemost 
Tortonian Azagador member temperate carbonates (8-7.4 Ma, Martín et al., 2003) and 
the Messinian Abad marls in the Níjar and Vera basins, deposited before the Messinian 
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salinity crisis (~7.4 to 5.96 Ma, Krijgsman et al., 2001).

Unit III: This unit is characterized by low-amplitude facies with maximum thickness of 
~0.25 s TWWT (≈350m assuming a 2.9 km/s velocity) in the central part of line TM24 
(Figs. 5 and 6). It is absent in the western part of the lines, and is probably equivalent to 
Tortonian Chozas formation marls and silts in the Níjar and Vera basins (~8.5-7.4 Ma, 
Rouchy et al., 1998; Rodríguez Fernández et al., 1999; Booth-Rea et al., 2007).

Unit IV: It is characterized by discontinuous high-amplitude reflections and onlaps the 
volcanic basement along most of line TM24, except in the west where it is missing (e.g. 
TM23 seismic line, Figs. 5 and 6). The unit reaches a maximum thickness of ~0.5 s 
TWTT (≈700 m assuming a 2.9 km/s velocity) and probably is equivalent to Tortonian 
volcano-sedimentary breccias (Brèche rouge) or early Tortonian calcarenites or 
calcirudites that crop out onshore in Cabo de Gata, south of Níjar basin (Montenat and 
Ott d´Estevou, 1990; Martín et al., 2003).

10.5.2 Shallow crustal structures and latemost Tortonian–Quaternary activity

Line TM24 shows a fault propagation fold affecting the volcanic basement that forms 
the Abubacer ridge (Fig. 7), where Neogene granodiorites have been dredged (Duggen 
et al., 2008). The fault propagation fold involves mainly the volcanic basement, 
marked by its bright folded top and internal structure imaged as low-amplitude 
continuous reflections that could be related to volcanic flows. The main thrust, referred 
to as Abubacer Fault has a SE-wards sense of displacement, folding and uplifting the 
northwestern hanging-wall fault block. Minor thrusts affect the Abubacer anticline, 
including a NW-displacing back-thrust to the west of it (Fig. 7). The reverse faulting, 
and associated folding, produces approximately 700 m of vertical displacement of the 
acoustic basement (Fig. 7).

Westwards, between the Abubacer anticline and the coastline, a syncline is filled by 
possibly latemost Tortonian to Messinian syn-tectonic sediments corresponding to the 
subunit IIc (Figs. 6 and 7). In the footwall of the Abubacer Fault another syncline occurs 
filled by Messinian syn-tectonic sediments (Unit II, Figs. 6 and 7). Another minor SE-
displacing thrust and associated fault propagation fold deforms the northwestern limb 
of this major syncline displacing the Neogene volcanic basement onto Unit IV (Fig. 7, 
Booth-Rea et al., 2007).

Line TM23 shows a positive strike-slip flower structure affecting the volcanic basement 
to the Quaternary sediments (Fig. 8). The southeastern fault block is uplifted and folded 
defining a transpressive strike-slip structure affecting a Plio–Quaternary depocenter 
(Fig. 8). Plio–Quaternary sediments appear syn-tectonic because they are folded and 
show growth geometry controlled by the transpressive structure. 

Along line TM24 the parametric sub-bottom profile images anticlines and synclines 
deforming Quaternary sediments. Anticlines occur both near the coast in the 
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Fig. 7: Blow-up of the time migrated TM24 seismic profile (a) and line-drawing interpretation (b). The 
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M1 Messinian post-evaporitic unit; M2 Messinian pre-evaporitic unit, T, Tortonian unit; VB, volcanic 
basement. Notice the thrusts and associated fault propagation fold affecting the volcanic basement.

northwestern part and at Abubacer ridge, on either side of the main syncline (Fig. 
9). Bathymetric data indicate a N40ºE strike for the anticlines and synclines of the 
Abubacer ridge and Plio–Quaternary sediments. The vertical displacement of the 
basement by reverse faulting and associated folding forms about 700 m relief at the 
seafloor (Fig. 9). The integration of MCS reflection lines, parametric sub-bottom 
profiles and bathymetric data shows a good congruence between structural and 
morphological features. The main submarine canyons dissecting the Palomares margin, 
the San José and Alias river are deviated by the fold and thrust system, trending slightly 
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Fig. 8: Blow-up of the time migrated profile TM23 (a) and line-drawing interpretation (b). The main 
features and lithoseismic units are located: Q, Quaternary–late Pliocene unit; P, Pliocene unit; M1 
Messinian post-evaporitic unit; M2 Messinian pre-evaporitic unit, T, Tortonian unit; VB, volcanic 
basement. Notice the positive strike-slip flower structure affecting the volcanic basement up to the 
Quaternary throughout the Tortonian–Messinian and Pliocene sediments.

oblique to the synclines and cutting transverse to the Abubacer anticline (Fig. 3).

Parametric sub-bottom images on line TM23 together with the bathymetry show 
subvertical faults with both reverse and normal displacement affecting Quaternary 
sediments and the seafloor (Fig. 10). These faults strike N10-20ºE and may represent 
the offshore extension of the Palomares fault system south of the Sierra Cabrera 
anticlinorium (Fig. 3).

10.5.3 Depth conversion: Geometry of the Abubacer Fault and related structures

The depth conversion of seismic line TM24 (Fig. 11a) was carried out using velocities 
obtained from wide-angle velocity modeling of a profile coincident with ESCI-Alb 2 
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line that crosses lines TM23 and TM24 (Leuchters et al., 2011). The depth conversion 
provides a more realistic geometry and dimensions (both depth and fault plane/strata 
dipping angles) of the main fault-propagation fold. Globally the main thrust and the 
minor ones are relatively low angle, dipping 20-40º and displacing the basement up to 1 
km (Fig. 11a).

Furthermore, the depth conversion allows constructing a balanced cross-section of 
the fault propagation fold (Fig. 11b). We applied the excess-area graphical technique 
proposed by Epard and Groshong (1993) to obtain the depth of the main detachment 
(see section 4). Using the balanced cross-section we have plotted a set of six geological 
horizons of the volcanic basement affected by the fault propagation fold in an excess-
area vs. depth diagram (Fig. 12). The six points define in the diagram a linear equation 
(y = a + b•x) that indicates a fault displacement of the entire fault system (except the 
southeastern thrust) of about 1.5 km and a detachment depth of about 10 km.

To constrain the rheological behavior of the rocks in the margin and obtain a depth 

Fig. 11: a) Depth conversion of the blow-up of MCS profile TM-24 with the main lithoseismic units. In 
light gray the Quaternary–late Pliocene unit; in dark gray the Pliocene unit; in orange the Messinian 
post-evaporitic unit; in yellow the Messinian pre-evaporitic unit, in red the Tortonian unit; in green the 
volcanic basement. b) Balanced cross-section from MCS profile TM-24 for the pre-kinematic volcanic 
basement. The depth of the basal detachment of the fault propagation fold was calculated with the excess-
area graphical technique proposed by Epard and Groshong (1993).
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range for the brittle-ductile transition we calculated the geotherm and several strength 
envelopes using heat flow data available in the region (Polyak et al., 1996; Soto et al., 
2008). To determine the frictional deviatoric stress we used the equation given by the 
modified Anderson theory:

szz-sxx =argz(1-l)        (1)

Where a is a numerical parameter depending on the type of faulting with values of 3.0, 
1.2, and 0.75 for thrust, strike-slip and normal faults, respectively; r, g, z and l are 
average density, gravity, depth and pore fluid factor (Ranalli, 1995). We used a a value 
of 3.0 according to the thrust faulting regime at the margin. To evaluate qualitatively 
the contribution of pore fluid pressure to frictional sliding, we used both hydrostatical 
and elevated pore pressures (l=0.4 and 0.8, respectively). For ductile flow we used the 
rheological model of dislocation creep proposed by Ranalli (1995):

(szz-sxx = (e/A)1/nexp(E/nRT)        (2)

Where e is the strain rate, A, n and E are Dorn parameter, stress exponent and creep 
activation energy, respectively. We used a common strain rate (2.5 *10-14) and several 
creep parameter sets (A, n, E) to account for a broad range of rock resistances. We 
calculated strength envelopes for weak rheologies like wet granite and granite, and 
stronger materials like plagioclase (An75) and quartz diorite, using creep parameters 

Fig. 12: Excess-area vs. depth diagram plotting six geological horizons from the balanced cross-section 
of the pre-kinematic volcanic basement of seismic profile TM24 (Fig. 11). The geological horizons define 
in the diagram a linear equation (y = a + b•x) that indicates a fault displacement of the entire fault 
system (except the southeastern thrust) of about 1.5 km (b = the line slope, with an error of ± 27.66 m) 
and a depth to the detachment of about 10 km (a = depth intercept of the line, with an error of ± 128.04 
m).



174 Latemost Miocene to present tectonic inversion of the Palomares margin

Fig. 13: Strength envelopes for a granodiorite mineralogical composition (the intermediate strength 
envelop between those of a granite and a plagioclase (An75)) for the volcanic basement of the Palomares 
margin (rocks sampled in the Abubacer ridge, Duggen et al., 2008) indicates a brittle-ductile transition at 
a depth between 6.5 km and 12.5 km and at a temperature between 225-375ºC. The frictional deviatoric 
stress was obtained using the equation given by the modified Anderson theory (szz-sxx =argz(1-l)) 
(Ranalli, 1995) with both hydrostatical and elevated pore pressures (l=0.4 and 0.8, respectively). The 
ductile rheological behavior of the rocks was obtained using the rheological model of dislocation creep 
and creep parameters proposed by (Ranalli, 1995). The geotherm was obtained using heat flow data by 
Polyak et al.(1996) and Soto et al. (2008).

proposed by Ranalli (1995) (Fig. 13). Using a granodiorite mineralogical composition 
(with an amount greater than 20% of quartz by volume where at least the 65% of 
feldspar is plagioclase, in the QAPF diagram) for the volcanic basement of the margin 
(like rocks sampled in the Abubacer ridge by Duggen et al., 2008) we can adopt a 
strength envelop intermediate between those of a granite and a plagioclase (An75). The 
strength envelope indicates that currently the brittle-ductile transition is at a depth range 
of 6.5-12.5 km and a temperature range of 225-375ºC (Fig. 13).

10.6 Discussion

10.6.1 Synthesis of the structures observed at the Palomares Margin

The MCS lines show the lack of a typical fault-block structure across the continent to 
ocean transition of the East Alborán basin to the Algero–Balearic basin at the Palomares 
margin. The data indicate that the crustal transition is formed by thinned continental 
crust that has been intruded pervasively by magma during the middle–late Miocene 
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extension affecting the region as seen in the Cabo de Gata region onshore (e.g. Turner 
et al., 1999; Duggen et al., 2008). The integrated interpretation of the MCS images, 
parametric sub-bottom profiles, and bathymetric data, indicates that the Palomares 
margin was affected by subsequent transpressive deformation that has produced 
inversion of the northern margin of the Algero–Balearic basin from late Tortonian 
until present-day. The structures that characterize this margin are a set of thrusts with a 
global SE-ward sense of displacement and related fault propagation folds (e.g. Abubacer 
anticline, Fig. 7). Other structures are transpressive strike-slip faults and associated 
positive flower structures (Fig. 8) that may indicate that the Palomares fault system 
continues southwards offshore (Figs. 3 and 10). Both pure shortening and transpressive 
strike-slip faults affect the volcanic basement and entire Tortonian to Plio–Quaternary 
sediment cover. Thrusts and folds strike N40ºE, whilst strike-slip faults strike N10ºE 
(Figs. 3, 9 and 10).

Pure shortening structures at the Palomares margin probably started in latemost 
Tortonian to Messinian (≈8-7 Ma), inferred from the syn-tectonic deposit of subunit 
IIc on the back of the fault propagation fold (Fig. 7). These shortening structures are 
presently active since they fold Plio–Quaternary sediments and produce pronounced 
seafloor relief that deflects submarine canyons (e.g. Alias River and San José submarine 
canyons, Fig. 3). Furthermore, a Mw 3.8 earthquake (30th/06/2005, Instituto Geográfico 
Nacional http://www.ign.es) produced a thrust focal mechanism at 11 ± 0.3km depth, 
about 50 km away from the coast (Fig. 3, Fernández-Ibáñez et al., 2007). The depth 
of this earthquake corresponds nearly to the detachment depth of the Abubacer ridge. 
According to our estimations the detachment occurs at the brittle-ductile transition. 
Timing of transpressive strike-slip structures imaged on line TM23 seems to be 
considerably younger, probably starting in the Pliocene and controlling Plio–Quaternary 
sedimentation. In contrast, Tortonian sediments, although disrupted by the fault, appear 
laterally continuous in thickness (Fig. 8). Sinistral focal mechanisms in the region and 
folded Quaternary sediments, indicate that transpressive faulting and related folding are 
currently active (Figs. 3 and 10, Stich et al., 2006; Fernández-Ibáñez et al., 2007).

10.6.2 Integration of onshore-offshore structural data

The Sierra Cabrera pop-up anticlinorium and sinistral Palomares and Terreros fault 
systems in the eastern Betics are structures similar to those mapped at the Palomares 
margin offshore (Fig. 3). Similarly to the Abubacer anticline, the Sierra Cabrera 
anticlinorium is bounded by north and south dipping reverse faults, all striking N40-
50ºE, perpendicularly to present-day shortening stress field (Figs. 14 and 15). These 
structures affect the metamorphic and volcanic basement, and the Tortonian to 
early Pliocene sediments (Fig. 14 and 15). The initial growth of the Sierra Cabrera 
anticlinorium is shown by progressive unconformities in the latemost Tortonian 
Azagador member, corresponding to the base of subunit IIc (Booth-Rea et al., 2007). 
The Quaternary activity of the North and South Cabrera reverse faults is indicated by 
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geomorphic analysis (Giaconia et al., 2012b).

The Palomares sinistral fault zone striking N10ºE is parallel to transpressive faults of 
the Palomares margin offshore (e.g. positive flower structure imaged on line TM23) 
that initiated their activity during the latemost Tortonian. The transpressive structures 
of the Palomares margin offshore possibly represent the Plio–Quaternary southward 
propagation of the Palomares fault system. 

Both onshore and offshore structures at the Palomares margin offshore fit an oblique 
convergence model, where NW–SE shortening deforms a NNE–SSW margin. This 
stress field generates NE–SW thrusts, anticlines and/or synclines (e.g. the N40-50ºE 
striking Abubacer anticline and Sierra Cabrera anticlinorium), NNE–SSW sinistral 
strike-slip faults (e.g. Nº 10 E striking Palomares and Terreros fault zones), WNW–ESE 
dextral strike-slip faults (e.g. the N110-120ºE Polopos fault zone) and NW–SE normal 
faults (e.g. the N140ºE Plio–Pleistocene high-angle normal fault system in the Níjar 
basin north of the Carboneras fault zone or the NW–SE Baza, Guadix and Granada 
basin faults Fig. 16, Azañón et al., 2004b; Fernández-Ibánez et al., 2010; Sanz de 
Galdeano et al., 2012).

During oblique convergence, shortening is mainly absorbed by en-echelon thrusts and 
folds connected by strike-slip faults that partition the deformation, as described in 
other more evolved systems like the Zagros thrust-fold belt (Vernant and Chery, 2006; 
Malekzade et al., 2007). The Palomares and Terreros sinistral fault system transfer 
shortening at Sierra Almenara and Lomo de Bas to the north, to Sierra Cabrera to the 
south (Figs. 3 and 16). Whilst, the dextral Polopos fault zone transfers shortening 
at the Sierra Alhamilla to the west, to the Sierra Cabrera at the east (Figs. 3 and 16, 
Giaconia et al., 2012a, 2012b, 2013a). The GPS measured displacement vector at the 
Sierra Cabrera anticlinorium is significantly larger than measurements to the north, 
indicating that the reverse faults that bound the anticlinorium are absorbing an important 
amount of Africa–Iberia convergence in the region (Fig. 3). Similarly, further east the 
GPS displacement vectors decrease stepwise toward the north after the main active 
shortening structures, namely, the Lomo de Bas and Sierra Almenara reverse faults, 
and the Alhama de Murcia sinistral-reverse fault. The sinistral Palomares fault system 
partitions the deformation between the above shortening structures, having a smaller 
displacement vector that is oriented NNE-wards, congruent to the kinematics of the 
fault zone. Offshore, a large portion of the Africa–Iberia convergence is absorbed by a 
N40ºE thrust system and associated folds, and transfer occurs locally by sinistral strike-
slip Palomares type faults.

Fig. 14: Geological map of the Sierra Cabrera anticlinorium and surrounding Neogene sedimentary 
basins: the Vera and the Níjar basins, to the north and to the south, respectively. Furthermore, two cross-
sections subparallel to seismic line TM24 and to the main shortening direction in the region are located 
(Fig15).
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10.6.3 Neogene inversion of the western Mediterranean

Pure shortening and transpressive structures in the Palomares margin are consistent 
with structures mapped onshore in the southeastern Betics, and offshore in the Algerian 
margin, both in tectonic regime and timing. After middle–late Miocene E–W back-arc 
extension that generated the Algero–Balearic basin (16-8 Ma, Mauffret et al., 2004), 
inversion of the Algerian margin occurred during the late Miocene (about 5-7 Ma) and 
has continued to present time (Déverchère et al., 2005; Domzig et al., 2006; Mauffret, 
2007; Billi et al., 2011). The tectonic inversion reactivated S-verging thrusts onshore 
the Algerian margin (Fig. 16) and produced new N-verging thrusts near the continent 
to ocean transition (Déverchère et al., 2005; Domzig et al., 2006; Mauffret, 2007; 
Kherroubi et al., 2009; Yelles et al., 2009; Strzerzynski et al., 2010). These structures 
cut and fold the basement and late Tortonian–Messinian sediments, and Plio–Quaternary 
sediments are tilted and show fold-onlapping growth strata indicating the recent 
activity (Déverchère et al., 2005; Domzig et al., 2006; Kherroubi et al., 2009; Billi et 
al., 2011). The present activity is indicated by historical and instrumentally recorded 
thrust-mechanism earthquakes and GPS geodetic displacement data (Mauffret, 2007; 
Serpelloni et al., 2007; Strzerzynski et al., 2010).

The Yusuf, Alborán ridge and Al–Idrisi faults in the East Alborán basin are structures 
kinematically equivalent to those of the Palomares margin. Although in this case, the 
origin or compressional inversion of these structures seems younger, after the Messinian 
(5.33 – 4,57 Ma, Martínez-García et al., 2013). Indeed, the N105ºE Yusuf dextral fault 
that merges westwards with the N60ºE Alborán ridge reverse fault (Fig. 16) cuts and 
folds the Plio–Quaternary sediments (e.g. the Yusuf and Alborán Ridge anticlines and 
the Yusuf Basin syncline). This fault system is cut by the N25ºE Al–Idrisi sinistral fault 
toward the west that also shows Plio–Quaternary growth strata (Fig. 16, Martínez-
García et al., 2013). Thus, the present tectonic inversion of the western Mediterranean 
started about 7 Ma in the Palomares and Algerian margins and migrated westward 
toward the Moroccan margin by the development of the Alborán ridge and Al–Idrisi 
fault system about 5 Ma ago. Such a space-time evolution of the western Mediterranean 
inversion indicates the development of a new transpressional plate boundary along 
the southern margin of the Algero–Balearic and Alborán basins that is propagating 
westwards in response to the ongoing Eurasia–Africa plate convergence. The tipline 
of this newly developing plate boundary occurs along the Tofiño bank at the southern 
margin of the West Alborán basin.

10.7 Conclusions

The Palomares margin strikes NNE–SSW, with a direction oblique to the present 
NW–SE shortening stress field. Seismic reflection images indicate that middle to late 
Miocene extension in the region was accomplished mostly by magmatic accretion. 
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The Palomares margin has been subsequently inverted by the development of N40ºE 
reverse faults and folds and N10ºE sinistral strike-slip faults that crop out both onshore 
and offshore. These structures are the Abubacer and Cabrera antiformal ridge and 
associated reverse faults together with segments of the Palomares sinistral fault system. 
The Abubacer reverse fault shows a planar geometry until its detachment at the brittle 
ductile transition at approximately 10 km depth and accommodates up to 1.5 km 
displacement. The tectonic structure and fault kinematics onshore and offshore of the 
Palomares margin are consistent with the NW–SE present stress field. The structures 
fit in an oblique convergence model where NW–SE shortening is partitioned between 
en-echelon reverse faults and associated folds, and strike-slip faults along a NNE–SSW 
margin. The strike-slip faults transfer deformation between shortening structures where 
most convergence is absorbed.

Tectonic inversion of the Palomares margin initiated during the latemost Tortonian to 
Messinian, coeval to structures observed onshore and along the Algerian margin and 
continues up to present day. The copressional inversion of the western Mediterranean is 
developing a new transpressive plate boundary at the southern margins of the Algero–
Balearic and Alborán basins. This plate boundary has propagated westwards from the 
Algerian margin approximately 7 Ma ago to the Alborán Ridge about 5 Ma ago, ending 
along the Tofiño bank at the southern margin of the Western Alborán basin.

Acknowledgements: The seismic data were obtained in the frame of the CGL2008-
03474-E European Science Fundation TopoEurope TOPOMED Project. The authors 
were supported by research projects CGL2011-29920, CSD2006-00041 TOPOIBERIA 
CONSOLIDER-INGENIO2010, CTM2007-66179-C02-01/MAR, CGL2011-
30005-C02-02 SHAKE, and the CTM2011-30400-C02-01 HADES Project from the 
Spanish Ministry of Science and Innovation. We also acknowledge funding from the 
MICINN through the “Ramon y Cajal” program (R. Bartolome). Our grateful thanks 
to the captain, crew, and UTM-CSIC technical staff onboard the R/V Sarmiento de 
Gamboa, during the TOPOMED-GASSIS cruise.
Fig. 16: Main tectonic structures associated to the late Miocene (post-latemost Messinian) to present-
day compressional tectonic inversion in the East Alborán and Algero–Balearic basins, both onshore and 
offshore, from recompilation of fault traces and kinematic data (Martínez-Díaz et al., 2002; Booth-Rea et 
al., 2004a, 2004c; Masana et al., 2004; Booth-Rea et al., 2005; Marín-Lechado et al., 2005; Masana et 
al., 2005; Domzig et al., 2006; Gràcia et al., 2006; Pedrera et al., 2006; Moreno et al., 2008; Pedrera et 
al., 2009a; Sanz de Galdeano et al., 2010; Gràcia et al., 2011; Alfaro et al., 2012; Pedrera et al., 2012; 
Perea et al., 2012; Sanz de Galdeano et al., 2012; Giaconia et al., 2013a; Maillard and Mauffret, 2013; 
Martínez-García et al., 2013). AbF, Abubacer fault; AlF, Al–Idrisi fault; AMF, Alhama de Murcia fault; 
ARF, Alborán Ridge fault, BFS, Baza basin fault system, BSFZ, Bajo Segura fault zone; CFZ, Carboneras 
fault zone; GrFS, Granada basin fault system, GuFS; Guadix basin fault system; PFZ, Palomaers 
fault zone; PoFZ, Polopos fault zone; TFZ; Terreros fault zone; YF, Yusuf fault. The set of structures is 
consistent with the NW–SE present stress field (see inset in the figure) and fits in an oblique convergence 
model where such a NW–SE trending shortening affects to the NNE–SSW oriented Palomares margin.
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11.0 Conclusions

11.1 Heterogeneous extension and the role of transfer faults in the development of 
the southeastern Betic basins (SE Spain)

The Sorbas basin underwent important normal faulting during the Serravallian to 
Tortonian producing two extensional-related sedimentary depocenters in the region. The 
older North Cabrera depocenter is strongly compartmented by segments of the north–
Cabrera dextral transfer fault zone and by normal faults with both NE and SW transport 
that were active between the Serravallian and the Tortonian (approx. 13.8 to 9 Ma). A 
normal-fault listric fan with SW-directed extension that rooted in a detachment within 
the Nevado–Filabride complex formed the Gacía depocenter between approximately 9 
and 7.5 Ma. This system tilted the previous Nevado-Filabride/Alpujarride detachment, 
produced a westward migration of SW-directed extension and the abandonment of the 
north-Cabrera dextral fault zone.

Extension in the Gacía depocenter was coeval and probably linked with sinistral 
displacement along the Carboneras fault to the south, producing a strongly 
heterogeneous extensional system with short normal frontal ramps linked by long 
dextral and sinistral transfer faults. Westward directed heterogeneous extension in the 
region resulted in different styles of extension, producing tilted-block domains and 
metamorphic core-complexes to the north of the Carboneras sinistral transfer fault 
and magmatic accretion upon previously thinned continental crust to the south of the 
fault. Serravallian to latemost Tortonian extension probably occurred in a transtensional 
setting above a lithospheric transform fault that permitted the westward propagation 
of the Thethyan oceanic slab beneath the Albóran basin producing edge delamination 
under the Betics.

11.2 Geomorphic response to large-scale Polopos and Palomares conjugate strike-
slip faults in the Sierra Alhamilla–Polopos and Cabrera anticlinoria

Tectonic structures at the Sierra Alamilla anticlinorium, as the North Alhamilla and 
Gafarillos faults, have been interpreted as inactive since the Messinian by previous 
authors. However, both qualitative and quantitative geomorphic analyses that we 
conducted in the Sierra Alhamilla indicate the occurrence of active tectonics during the 
Pleistocene and Holocene, and probably up to the present. These tectonic structures are 
the North Alhamilla Reverse Fault and the South Gafarillos Fault that together forms the 
post-Messinian active segments of the Polopos Fault Zone, as we named. Furthermore, 
a Pliocene–Quaternary high-angle normal fault system affects the entire southern slope 
of the Sierra Alhamilla and the Níjar–Almería basin.
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Structural field-based and morphometric GIS-based analyses carried out in the Sierra 
Alhamilla area show that dextral transpressive and reverse displacement along 
the Polopos fault zone conditioned the relief in its northern slope producing a set of 
fault-related geomorphic features congruent with the tectonic uplift of its hanging-
wall (e.g. rectilinear mountain fronts, deeply dissected basins and valleys, immature 
drainage basins, and “foot-rejuvenation” process). Similarly, the Pliocene–Quaternary 
high-angle normal fault system occurring in the Níjar basin conditioned the relief 
in the Sierra Alhamilla southern slope producing a set of fault-related geomorphic 
evidence congruent with the tectonic uplift of their footwall (e.g. rectilinear mountain 
fronts, deeply dissected basins and valleys, immature drainage basins, fault-related 
knickpoints). Geomorphic analyses carried out in the Sierra Cabrera and Polopos area 
indicate that the topographic relief and drainage network is controlled by both reverse 
and oblique-slip faults. These structures are the North and the South Cabrera reverse 
faults, the sinistral Palomares fault segments, at the eastern termination of the Cabrera 
ridge, and the dextral oblique-slip South Gafarillos faults, which bound the southern 
slope of the Polopos antiform. All these faults have been active during the Quaternary as 
inferred by the set of fault-related geomorphic features that they produced. The reverse 
fault segments (N50-60ºE North and the South Cabrera reverse faults) perpendicular to 
the present present maximum shortening axis have associated higher uplift rates than 
oblique strike-slip (N20ºE Palomares fault segments and the N110ºE dextral conjugate 
South Gafarillos fault). The geomorphic and tectonic dataset highlights the occurrence 
of an active pop-up formed between the North and the South Cabrera reverse faults in 
the Sierra Cabrera antiform. The pop-up developed in a constrictional domain of the 
large-scale Polopos and Palomares conjugate strike-slip faults. Meanwhile, extension 
in the Níjar basin perpendicular to the present stress regime occurs in the extensional 
domain of the large-scale conjugate strike-slip fault system, whilst extension in the Vera 
basin is related to small releasing bends of the Palomares fault zone.

11.3 Messinian to Pleistocene mountain-front migration and drainage captures 
related to the Polopos fault zone segment linkage and growth

The Polopos fault zone is a N100-120ºE dextral transpressive fault zone developed 
under Tortonian to Quaternary NW-SE shortening, mainly coeval to the conjugate 
sinistral Palomares fault zone. The fault zone is formed by the North and South 
Gafarillos dextral-transpressive fault and the North Alhamilla reverse fault. Faulting 
probably initiated in the latemost Tortonian (≈ 7 Ma) and continued up to the late 
Pleistocene (≥70 ky), at least. The fault zone affected the topography, the drainage 
network and alluvial terrace deposition (of middle and late Pleistocene ages). The North 
Alhamilla and the North Gafarillos faults (Gafarillos fault in bibliography) have been 
considered by previous authors as inactive since the Messinian. Our structural and 
mapping data indicate that the North Gafarillos fault was active until the Messinian, 



187Part III – Conclusions

whilst the South Gafarillos fault and its westward continuation, the North Alhamilla 
reverse fault, have been active since then and, at least, until the late Pleistocene. Thus, 
Deformation and fault-related mountain fronts migrated southwestwards between the 
Messinian and Quaternary.

The reverse to dextral-transpressive displacement along the Polopos fault zone and the 
southwestwards extension along Pliocene–Quaternary normal faults have determined 
the differential uplift between Sierra Alhamilla and the Sorbas and Níjar basins 
promoting the middle Pleistocene capture that occurred in the southern margin of the 
Sorbas basin. Later, the Sierra Alhamilla–Polopos and Cabrera anticlinoria tectonic 
uplift related to continued displacement along the fault zone, and local subsidence 
associated to transtensional kinematics of the Palomares fault zone in the Vera basin, 
promoted the late Pleistocene capture at the center of the Sorbas basin.

11.4 Neogene inversion of the Palomares margin and southeastern Betics (oblique 
convergence model)

The Palomares margin strikes NNE–SSW, with a direction oblique to the present NW–
SE shortening stress field. Seismic reflection images indicate that magmatic accretion 
accommodated most of the middle to late Miocene extension in the region. Later 
compressional inversion of the Palomares margin resulted in N40ºE reverse faults and 
folds and N10ºE sinistral strike-slip faults that crop out both onshore and offshore. 
These structures are consistent with the NW–SE present stress field and presently active 
as inferred by seafloor features (e.g. submarine canyon deflections and submarine fault 
escarpments) and focal mechanisms in the area. The major structures are the Abubacer 
and Cabrera antiformal ridge and associated reverse faults together with segments of the 
Palomares sinistral fault system (both onshore and offshore). The Abubacer reverse fault 
accommodates most of the inversion offshore (up to 1.5 km displacement) showing a 
planar geometry until its detachment at the brittle ductile transition at approximately 
10 km depth. The set of Palomares margin structures, both onshore and offshore, fit in 
an oblique convergence model where NW–SE shortening is partitioned between en-
echelon reverse faults and associated folds, and strike-slip faults along a NNE–SSW 
margin.

11.5 Neogene inversion of the western Mediterranean

Tectonic inversion of the Palomares margin initiated during the latemost Tortonian to 
Messinian and continues up to present day. Inversion structures of the margin are coeval 
to those observed along the Algerian margin. The late Miocene to present compressional 
inversion of the western Mediterranean is developing a new transpressive plate 
boundary at the southern margins of the Algero–Balearic and Alborán basins. This plate 
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boundary has propagated westwards from the Algerian margin approximately 7 Ma ago 
to the Alborán Ridge about 5 Ma ago, ending along the southern margin of the Western 
Alborán basin.







191Part III – Conclusiones

12.0 Conclusiones

12.1 Extensión heterogénea y la influencia de fallas de transferencia en la evolución 
de las cuencas de las Béticas surorientales

La Cuenca de Sorbas sufrió una importante extensión desde el Serravalliense hasta el 
Tortoniense que produjo dos depocentros sedimentarios relacionados en la región. El 
depocentro más antiguo, situado al norte de Sierra Cabrera, se encuentra fuertemente 
compartimentado por falla normales con dirección de transporte hacia el NE y el SO 
que fueron activas desde el Serravalliense hasta el Tortoniense (aprox. 13.8 - 9 Ma). Un 
sistema de fallas normales lístricas, con dirección de transporte hacia el SO y que se 
unen en un despegue dentro del complejo Nevado–Filabride, produjo el depocentro de 
Gacía aproximadamente entre 9 y 7.5 Ma. Este sistema basculó el despegue extensional 
previo entre los complejos Alpujarride y Nevado–Filabride y produjo la migración hacia 
el oeste de la extensión, así como el abandono de la falla dextrorsa del Norte de la Sierra 
Cabrera.

La extensión en el depocentro de Gacía fue coetánea y probablemente relacionada con 
el desplazamiento sinistrorso de la falla de Carboneras al sur, produciendo un sistema 
extensional fuertemente heterogéneo con rampas frontales normales conectadas 
por largas fallas “transfer” sinistrorsas y dextrorsas. El carácter heterogéneo de 
esta extensión produjo dominios con bloques basculados y exhumación de domos 
metamórficos al norte de la falla “transfer” sinistrorsa de Carboneras y acreción 
magmática sobre corteza continental adelgazada al sur de la falla. La extensión 
Serravalliense–tardo Tortoniense probablemente ocurrió en un contexto transtensivo 
sobre una falla litosférica transformante que permitió la propagación hacia el oeste 
del “slab” de la litosfera del Tetis debajo de la cuenca del Alborán facilitando la 
delaminación con una fuerte compontente lateral debajo de la rama norte de la 
Cordillera Bético-Rifeña.

12.2 Evidencias morfológicas de la actividad de las fallas de salto en dirección 
conjugadas de Palomares y Polopos en los anticlinares de Sierra Alhamilla-Polopos 
y Sierra Cabrera

Las estructuras entorno al anticlinal de Sierra Alhamilla y las fallas que lo limitan por 
el norte (fallas del norte de Alhamilla y Gafarillos) han sido consideradas por diversos 
autores como inactivas desde el Mesiniense. Sin embargo, el análisis morfo-estructural 
realizado en esta región revela una actividad cuaternaria que parece extenderse hasta 
la actualidad. En la parte norte de la Sierra Alhamilla, las fallas inversas activas han 
sido agrupadas bajo la denominación de la zona de falla de Polopos mientras que en 
el borde sur de esta Sierra, fallas normales de alto ángulo afectan a los depósitos Plio-
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cuaternarios de la cuenca de Níjar–Almería.

En este estudio se han recopilado abundantes datos estructurales que conjuntamente 
con los datos de carácter morfométrico (Smf, Vf, SLk, rejuvenecimiento y captura de la 
red de drenaje, etc), obtenidos mediante el procesado de datos del relieve a partir de un 
sistema de información geográfica, permiten confirmar el funcionamiento transpresivo 
dextro de la zona de falla de Polopos. La actividad de esta falla en el borde norte y las 
fallas normales de alto ángulo en el borde sur promueven el levantamiento de la Sierra 
Alhamilla durante el Plio-Pleistoceno. Del mismo modo, el análisis morfo-estructural 
realizado en el área de la Sierra de Cabrera y Polopos indica que la topografía y la red 
de drenaje están controladas por fallas transpresivas. Estas estructuras son: las fallas 
inversas de norte y sur de Sierra Cabrera, la falla sinistra de Palomares y las fallas 
dextrorsas del sur de Gafarillos que limitan la vertiente sur del antiforme de Polopos. 
Todas estas fallas han sido activas a lo largo del Cuaternario como puede inferirse a 
partir del análisis de diversos rasgos morfológicos. Los segmentos que funcionan 
como fallas inversas puras N50-60ºE (ubicados al norte y sur de la Sierra de Cabrera), 
poseen una orientación perpendicular a la posición actual de s1 e inducen mayores tasas 
de elevación en el bloque de techo que los que presentan una componente lateral en 
el movimiento (el segmento N20ºE de la falla de Palomares y su conjugada N110ºE 
dextra, la falla del sur de Gafarillos). Los datos morfo-estructurales indican la existencia 
de un “pop-up” activo inducido por el funcionamiento de las fallas inversas que la 
limitan la Sierra de Cabrera. Esta estructura se desarrolla en el dominio compresivo 
limitado por las fallas de salto en dirección conjugadas de Polopos y Palomares. La 
extensión en la cuenca de Níjar es congruente con la situación de esfuerzos regional 
ya que estaría en el dominio extensional de este sistema de fallas conjugadas de salto 
en dirección, mientras que la extensión en la cuenca de Vera está relacionada con 
“releasing bends” producidos por la zona de falla de Palomares.

12.3 Migración de frentes montañosos y capturas fluviales inducidas por la 
activación de diferentes segmentos de la falla de Polopos entre el Mesiniense y el 
Pleistoceno

La zona de falla de Polopos, con una orientación N100-120ºE y carácter dextro 
transpresivo, es conjugada de la zona de falla sinistra de Palomares. Ambos conjuntos 
de estructuras se forman acomodando el acortamiento regional NW–SE entre el 
Tortoniense y el Cuaternario. La zona de falla de Polopos está constituida por las 
fallas transpresivas dextrorsas Gafarillos norte y Gafarillos sur y por la falla inversa 
del Norte de la Sierra Alhamilla. Estas fallas se inician probablemente al final del 
Tortoniense (aprox. 7 Ma) y su actividad continúa, como mínimo, hasta el Pleistoceno 
Superior. La zona de falla condiciona la topografía actual, produce deflexiones en la red 
de drenaje y corta a las terrazas fluviales de edad Pleistoceno medio y superior. Estas 
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fallas habían sido consideradas inactivas desde el Mesiniense por autores precedentes. 
Los datos morfo-estructurales ponen de manifiesto que la falla Gafarillos norte solo 
fue activa hasta el Mesiniense, mientras la falla Gafarrillos sur y su continuación hacia 
el oeste, la falla inversa del norte de Sierra Alhamilla, son activas entre el Mesiniense 
y el Pleistoceno superior. De este modo, la deformación y los frentes montañosos 
ligados a la actividad de estas fallas migran hacian el suroeste entre el Mesiniense y el 
Cuaternario.

La captura fluvial de la vertiente meridional de la cuenca de Sorbas está inducida por 
un levantamiento diferencial, durante el Pleistoceno medio, de la Sierra Alhamilla con 
respecto a las cuencas que la limitan. El desplazamiento, de inverso a transpresivo 
dextro, en la zona de falla de Polopos en el norte de la Sierra Alhamilla y las fallas 
normales con extensión hacia el suroeste constituyen los límites tectónicos que facilitan 
este levantamiento relativo. La continuación de este proceso durante el cuaternario 
permite la migración de la actividad hacia el Este, produciendo una cinemática 
transtensiva en la zona de falla de Palomares en su borde con la cuenca de Vera. Estos 
procesos inducen la captura, durante el Pleistoceno superior, del interior de la cuenca de 
Sorbas.

12.4 Inversión neógena del margen de Palomares y del margen suroriental de la 
Cordillera Bética (modelo de convergencia oblicua)

El margen de Palomares tiene una orientación NNE–SSW que es oblicua a la dirección 
NW–SE de máximo acortamiento regional. Los perfiles sísmicos de reflexión muestran 
que la acreción magmática acomodó la mayor parte de la extensión del Mioceno 
medio y superior producida en este margen. A continuación, el margen de Palomares 
sufre una inversión tectónica que genera fallas inversas N40ºE, pliegues y fallas de 
salto en dirección con una orientación N10ºE que afloran tanto en la parte emergida 
como en la sumergida. Estas estructuras compresivas producen deflexiones en cañones 
submarinos y producen escarpes submarinos indicando que tienen un carácter activo, 
lo que es congruente con los mecanismos focales de terremotos recientes que a su vez 
coinciden con el elipsoide de esfuerzos actual (s1 con una orientación NW–SE). Las 
principales estructuras son las crestas antiformales de Abubacer y Cabrera y las fallas 
inversas asociadas junto con los segmentos del sistema de fallas sinistro de Palomares 
(tanto en tierra como en mar). La falla inversa de Abubacer acomoda la mayor parte de 
la inversión en la zona sumergida (hasta 1,5 km de desplazamiento). Esta falla muestra 
una geometría planar hasta que se anastomosa en un despegue horizontal en la zona 
de transición dúctil-frágil (aproximadamente a 10 km de profundidad). El conjunto 
de estructuras que afloran en el margen de Palomares, tanto en tierra como en mar, se 
ajustan bien con un modelo de convergencia oblicua en donde el acortamiento NW–SE 
se reparte entre fallas inversas “en-echelon” y sus pliegues asociados y fallas de salto 
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en dirección a lo largo del margen NNE–SSW.

12.5 Inversión Neógena del Mediterráneo Occidental

La inversión tectónica del margen de Palomares se inicia durante la transición 
Tortoniense–Mesiniense y continúa hasta nuestros días. Las estructuras de inversión 
de este margen son coetaneas con las observadas en el margen Argelino. La inversión 
compresiva que se produce en el Mediterráneo occidental a partir del final del Mioceno 
está produciendo un nuevo límite de placas transpresivo en los márgenes meridionales 
de las cuencas Algero–Balear y de Alborán. Este límite de placas se ha propagado hacia 
el oeste desde el margen Argelino. Este proceso se inicia hace aproximadamente 7 Ma y 
migra hacia la cresta de Alborán (hace aproximadamente 5 Ma) y finaliza en el margen 
meridional de la cuenca occidental de Alborán.
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Abstract 
Quaternary activity of folds and faults can be assessed by the analysis of drainage network and the evaluation of geomorphic 

indexes. These analyses are especially productive in semiarid areas where tectonic rates are low-to-moderate and Quaternary dat-
ing is limited. In this work, we have revisited the most relevant GIS-based methodologies used to assess tectonic activity by using 
morphometric analyses and we discuss the tectonic implications in two key areas of the central and eastern Betic Cordillera (Sierra 
Nevada and Sierra Alhamilla regions). In the Sierra Nevada area, the use of geomorphic indexes in the mountain range and in the 
neighboring Granada and Guadix-Baza basins suggests that all are part of the same SW-directed extensional system. The Granada 
basin (except in its NE border) subsided during the Late Pleistocene as it is located in the hanging wall of the extensional system. 
On the other hand, the Sierra Nevada mountain range, the NE border of the Granada basin and the Guadix-Baza basin are located in 
the active uplifted foot wall of the system. Thus, the higher fuvial incision rates in the Guadix-Baza basin can be directly correlated 
with the most recent uplift history of Sierra Nevada mountain range. In the Sierra Alhamilla region, a geomorphic study shows Late 
Pleistocene activity along the North Alhamilla Reverse Fault and the dextral transpressive South Gafarillos Fault, two segments of 
the Polopos Fault Zone, previously considered as an inactive fault. 

Keywords: Betic Cordillera, active tectonics, drainage networks, tectonic geomorphology 

Resumen 
La actividad cuaternaria de pliegues y fallas puede ser estimada mediante el análisis de las redes de drenaje y el cálculo de índi-

ces geomorfológicos. Este tipo de análisis es especialmente útil en zonas semiáridas con tasas de bajas y moderadas de actividad 
tectónica, y con escasas dataciones cuaternarias. En este trabajo hemos hecho una revisión de los principales trabajos que utilizan 
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metodologías desarrolladas con SIG para la evaluación de actividad tectónica por medio de análisis morfométricos y discutimos 
sus aportaciones en dos áreas claves de la Cordillera Bética central y este (Sierra Nevada y Sierra Alhamilla). En la región de Sierra 
Nevada, el cálculo de índices geomorfológicos tanto en la sierra como en las cuencas neógenas de Granada y Guadix-Baza pone de 
manifesto que los tres son parte del mismo sistema extensional. La cuenca de Granada (excepto su borde NE) está situada sobre el 
bloque de techo del sistema extensional y por tanto sometida a subsidencia, mientras que Sierra Nevada, la cuenca de Guadix-Baza 
y el borde NE de la propia cuenca de Granada están situados en el bloque de muro del sistema, sometido a un levantamiento activo. 
De este modo, las altas tasas de incisión registradas en la Cuenca de Guadix-Baza tienen una correlación directa con la historia más 
reciente del levantamiento de Sierra Nevada. En la región de Sierra Alhamilla, un estudio geomorfológico pone de manifesto la ac-
tivación en el Pleistoceno Superior de la falla inversa del borde norte de Sierra Alhamilla y del segmento sur de la falla transpresiva 
dextral de Gafarillos, ambos segmentos de la falla de Polopos, la cual había sido previamente considerada como inactiva. 

Palabras clave: Cordillera Bética, tectónica activa, redes de drenaje, geomorfología tectónica. 

1. Introduction 

Active tectonics is one of the fastest growing disci-
plines in Earth Sciences due to the recent development 
of new geochronological and geodetic tools which facili-
tate the acquisition of accurate rates (uplift rates, incision 
rates, erosion rates, slip rates on faults, etc.) at variable 
(103-106 years) time-scales (e.g., Schumm et al., 2000; 
Burbank and Anderson, 2001; Keller and Pinter, 2002; 
Bull, 2007; 2009). 

Tectonic geomorphology is a relatively new discipline 
within active tectonics. It provides valuable tools to as-
sess tectonic activity of structures with low-to-medium 
deformation rates, especially when there is a lack of Qua-
ternary dating. In the feld of tectonic geomorphology 
and landscape evolution, the use of Geographic Informa-
tion Systems (GIS) is relatively recent. The availability 
of Digital Elevation Models (DEM) has produced a revo-
lution in this feld. DEM have replaced old topographic 
maps, allowing for better and faster analysis of topo-
graphic parameters. One of the most important features 
of DEM is the possibility of extracting river networks 
with stream gradients and catchment areas. 

The analysis of drainage networks is a powerful tool 
to detect recent tectonic activity and uplift (e.g. Ouchi, 
1985; Clark et al., 2004) as river channels are very sensi-
tive to changes in the parameters that control their shape 
and gradient (e.g. Whipple and Tucker, 1999; Korup, 
2006). Rivers tend to develop equilibrium profles in rela-
tive short times (103-106 yr), and therefore, anomalies in 
the river network systems, once other factors as lithology 
or climate are discarded, are normally due to recent tec-
tonic activity. Therefore, geomorphic indexes based on 
river parameters as gradient, relief, properties of water-
sheds, etc., can provide relevant information of the Qua-
ternary activity of tectonic structures. The technologies 
that GIS provide to perform statistical analyses, as well 
as the great availability of high-precision DEM, have al-
lowed the advance in the feld of geomorphic indexes. 

Within this methodological framework it is possible to 
calculate effectively traditional geomorphic indexes as 
well as re-formulate them in order to achieve a better 
morphometric analyses. 

In this work we summarize some of these new GIS-
based methodologies that analyze drainage networks 
through the calculation of geomorphic indexes. We show 
that the application of such methodologies in areas of 
low-to-medium tectonic rates (0.1 – 2 mm/yr), as the cen-
tral and eastern Betic Cordillera, allow evaluating recent 
tectonic activity that otherwise would be imperceptible. 
We revisit some of the new geomorphic analyses carried 
out in two areas of the Betic Cordillera, namely the Sierra 
Nevada and the Sierra Alhamilla areas (Fig. 1). The frst 
area comprises the Sierra Nevada mountain range and 
the Granada and Guadix-Baza Neogene basins. The new 
morphometric analyses suggest that the present-day relief 
of this area is the result of the recent tectonic activity of 
an extensional system involving not only Sierra Nevada 
mountain range, but also the Granada and Guadix-Baza 
Neogene to Quaternary basins. In the Sierra Alhamilla 
area, the use of geomorphic indices allows estimating ac-
tive tectonic rates for Pleistocene structures. 

2. Summary of GIS-based methodologies for land-
scape analysis 

2.1. SLk index and SLk anomaly maps 

The original SL index was defned by Hack (1973) as: 

SL = (lH / lL) • L 

where SL is the stream length-gradient index in a par-
ticular channel reach, lH/lL is the channel slope, and 
L is the total channel length from the central point of 
the river reach where the SL is calculated to the highest 
point on the channel. The SL index highlights anomalies 
in river longitudinal profles, providing criteria to evalu-
ate and quantify these slope changes (Hack, 1973; Kel-
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Fig. 1.- General tectonic 
sketch of the central and 
eastern Betic Cordillera. 
The inset shows the loca-
tion within the Betic Cor-
dillera. (Gr. Basin stands 
for Granada basin; G-B. 
Basin stands for Guadix-
Baza basin). 

Fig. 1.- Esquema tectónico 
general de los sectores cen-
tral y oriental de la Cordi-
llera Bética. El recuadro 
muestra la localización res-
pecto de la Cordillera Béti-
ca. (Gr. Basin corresponde 
a Cuenca de Granada; G-B. 
Basin corresponde a Cuen-
ca de Guadix-Baza). 

ler and Pinter, 2002; Pérez-Peña et al., 2009a).The SL 
index is very sensitive to changes in channel slope. These 
changes are mainly due to lithologic, tectonic, or climatic 
factors. Perez-Peña et al. (2009a) proposed a re-defned 
SLk index, by using the graded river gradient (K) to nor-
malize the SL index. These authors also proposed a new 
GIS-based methodology to create SLk anomaly maps by 
using geostatistical kriging. This methodology has been 
used to evaluate the activity of tectonic structures (faults 
and folds) in some recent studies in the Betic Cordillera 
with good results (Pérez-Peña et al., 2009a; Pedrera et 
al., 2009; Giaconia et al., 2012). 

2.2. Hypsometry analysis through GIS 

The hypsometric curve represents the distribution of 
area and altitude within the selected basins (Strahler, 
1952). This curve is obtained by plotting the proportion 
of the total basin height (relative height) against the pro-
portion of total basin area (relative area) (Strahler, 1952; 
Keller and Pinter, 2002; Pérez-Peña et al., 2009b). The 
shape of the hypsometric curve is related to the degree 
of dissection of the basin (e.g. its erosional stage). The 
hypsometric integral (HI) is defned as the area below the 
hypsometric curve and it varies from 0 to 1. HI values of 
1 depict drainage basins in a youthful geomorphic stage 
and they are related with convex hypsometric curves, HI 
values near 0 are typical of mature basins reaching the 
peneplain stage and they relate with concave hypsometric 
curves. Perez-Peña et al. (2009c) proposed a GIS-based 

methodology for the analysis of the hypsometry by us-
ing local indices of spatial autocorrelation (LISA). They 
extracted the HI values for regular squares (not for drain-
age basins) and observed that the raw estimation of HI 
values did not present a clear view of grouped high or low 
values. However, when they applied Moran’s I autocor-
relation index and Gi* hot-spot statistical analysis (Mo-
ran, 1950; Ord and Getis, 1995), the HI values grouped 
in cluster of high and low values. They proved that the 
clusters were closely related with the activity of tectonic 
structures. 

2.3. Vf and Smf indexes 

Valley width to valley height ratio (Vf) (Bull and Mc-
Fadden, 1977) is a geomorphic index conceived to dis-
criminate between V-shaped valleys (Vf values close to 
0) and U-shaped fat-foored valleys (high Vf values). 
Deep V-shaped valleys are associated with linear ac-
tive incision, and related to areas subjected to active 
tectonics, while fat-foored valleys are characteristic of 
sectors with less river incision and low tectonic activ-
ity (e.g. Keller and Pinter, 2002). This index has been 
applied to evaluate the relative degree of tectonic ac-
tivity of several mountain fronts located in the eastern 
and central Betic Cordillera (Silva et al., 2003; García-
Tortosa et al., 2008; Pedrera et al., 2009; Pérez-Peña et 
al., 2010). 

Mountain-front sinuosity was defned by Bull (1977) as: 

= Lmf / LSmf s 
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where Smf is the mountain front sinuosity; Lmf is the 
length of the mountain front along the foot of the moun-
tain, i.e., the topographic break in the slope, and Ls is the 
length of the mountain front measured along a straight 
line. This index has been used to evaluate the relative 
tectonic activity along mountain fronts (Bull and Mc-
Fadden, 1977; Keller and Pinter, 2002; Silva et al., 2003; 
Bull, 2007; Pérez-Peña et al., 2010; Giaconia et al., 
2012). In active mountain fronts, uplift will prevail over 
erosional processes, yielding straight fronts with low 
values of Smf. Along less active fronts, erosional proc-
esses will generate irregular or sinuous fronts with high 
values of Smf. Some studies have proposed that values of 
the Smf index lower than 1.4 are indicative of tectonically 
active fronts (Silva et al., 2003). 

2.4. Erosion analysis through GIS 

GIS technologies offer exceptional tools to analyze 
the erosion processes within an area. Pérez-Peña et al. 
(2009d) proposed a methodology to reconstruct the mor-
phology of theGuadix-Baza basin prior to the entrench-
ment of the river network. The methodology proposed in 
their work consists of reconstructing the morphology of a 
glacis surface formed on top of the sedimentary sequence 
prior to river entrenchment. These authors used a raster 
Digital Elevation Model (DEM) with a 20-m resolution to 
isolate the pixels (cells) representing the glacis and to re-
construct its initial morphology. This reconstructed mod-
el was compared with the present-day morphology of the 
Guadix–Baza basin to estimate the volume of sediments 
eroded since the basin was captured by the Guadalquivir 
River system. With this methodology it is possible to ob-
tain not only the erosion rates for the sedimentary basin, 
but also a view of how erosion evolved in the basin since 
its capture (Pérez-Peña et al., 2009d). 

This methodology can be also applied to drainage ba-
sins in mountain ranges by interpolating the altitudes 
from present-day lateral divides of the basins (Menéndez 
et al., 2008). This surface is known as ridgeline surface 
and can be deemed as a theoretical pre-incision surface. 
Therefore, the altitude differences between this surface 
and the present-day relief can be deemed as a proxy of 
the erosion within the drainage basin (Menéndez et al., 
2008; Pérez-Peña et al., 2010). 

3. Geological and tectonic setting. 

3.1. The Sierra Nevada area 

The Sierra Nevada mountain range (Fig. 1) has been 
considered as an orogenic dome or core-complex struc-

ture (Martínez-Martínez et al., 2004) exhumed since the 
Late Miocene in an extensional tectonic regime. The 
Pliocene-Quaternary tectonic evolution of this range is 
responsible for the formation of a large-scale open an-
tiformal ridge coincident with the whole extent of the 
Sierra Nevada and coeval normal faulting. Some au-
thors have considered this antiformal ridge as related to 
a blind-thrust buried under the northern E–W oriented 
mountain front of the Sierra Nevada (Galindo-Zaldívar 
et al., 2003). Normal faulting in this model is related to 
NNW-SSE extension sub-perpendicular to the maximum 
Africa-Iberia present-day shortening. Nevertheless, oth-
er authors (Martínez-Martínez et al., 2006; Pérez-Peña 
et al., 2010) consider that the present-day topography 
of the Sierra Nevada is the consequence of the interfer-
ence of two orthogonal sets of Miocene-Pliocene large-
scale open folds trending roughly E–W and NNE–SSW. 
These authors interpreted the NNE-SSW fold, as well as 
the normal NW-SE faults of the western border of Sierra 
Nevada, as related to the westward migration of a rolling 
hinge behind the active extensional loci. These normal 
faults limit the Neogene-Quaternary Granada sedimenta-
ry basin, and they clearly indicate activity in Quaternary-
Holocene times (Calvache and Viseras, 1997; Alfaro 
et al., 2001). Some authors have proposed slip rates of 
0.6-0.8 mm/yr for these normal faults in the Quaternary 
(Sanz de Galdeano, 1996; Keller et al., 1996). However, 
recent studies have proposed higher slip rates for them 
(Reinhardt et al., 2007). These authors dated Quaternary 
sediments using radiometric methods and proposed that 
50 m of a fault-related base-level fall must have occurred 
in the last 21 ka. 

The Sierra Nevada is bounded west and northwards 
by two of the largest Neogene-Quaternary basins in the 
central Betic Cordillera, the Granada and Guadix-Baza 
basins respectively (Fig. 1). These two basins have quite 
similar sedimentary records (Rodríguez-Fernández et al., 
2012), and both changed in Quaternary times from an in-
ternal to an external drainage to the Atlantic Ocean via 
the Guadalquivir River (the biggest river in south Spain). 
Despite these similarities, the Quaternary geomorphic 
evolution and the present-day topography of the Guadix-
Baza and Granada basins are quite different. The differ-
ences are probably linked to the recent tectonics of the Si-
erra Nevada extensional dome. The Guadix-Baza basin’s 
present-day topography consists of a high plateau with a 
mean altitude of 1000 m, strongly dissected by the river 
network (Pérez-Peña et al., 2009d; García-Tortosa et al., 
2011) (Fig. 1). Its Late Quaternary evolution is mostly 
dominated by erosional processes that followed its cap-
ture by the Guadalquivir River (Azañón et al., 2005). In 
contrast, the Late Quaternary evolution of the Granada 
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basin is dominated by active normal faulting along its 
northeastern border, where the maximum relief is con-
centrated. The remainder of the basin has a mean altitude 
of ; 700 m, being scarcely incised by the fuvial network 
(Pérez-Peña et al., 2009d). 

3.2. The Sierra Alhamilla area 

The Neogene to Quaternary sedimentary basins in the 
southeastern Betic Cordillera, like the Sorbas-Tabernas 
and the Almería-Níjar basins, initiated as extensional 
sedimentary depocentres formed in the hinterland of 
the Gibraltar orogenic arc during the middle to late Mi-
ocene (García-Dueñas et al., 1992; Martínez-Martínez 
and Azañón, 1997; Comas et al., 1999; Booth-Rea et 
al., 2005; Booth-Rea et al., 2007). However, late Mi-
ocene to present convergence between Nubia and Iberia 
(Dewey et al., 1989; McClusky et al., 2003; Serpelloni 
et al., 2007) has resulted in tectonic inversion of the 
extensional basins and development of folds, reverse 
and strike-slip fault systems including dextral and sin-
istral faults (Weijermars et al., 1985; Montenat and Ott 
d’Estevou, 1990; Comas et al., 1999; Booth-Rea et al., 
2004). The most important sinistral strike-slip faults 
active during the latest Miocene and Quaternary are 
the Carboneras (Bell et al., 1997; Gràcia et al., 2006), 
the Alhama de Murcia (Martínez-Díaz, 2002; Masana 
et al., 2004), the Palomares (Bousquet, 1979; Booth-
Rea et al., 2004), and the Terreros sinistral fault-zones 
(Booth-Rea et al., 2004), all of them with NNE/SSW 
to NE/SW trends. Dextral faults conjugate to these are 
not as large and show a WNW/ESE orientation, like the 
Gafarillos fault zone (Fig. 1, Ott d’Estevou and Mon-
tenant, 1990; Stapel et al., 1996; Barragán, 1997; Hui-
bregtse et al., 1998; Jonk and Biermann, 2002). 

Most of the Pliocene and Quaternary sedimentary 
cover in the eastern basins of the Betic Cordillera is 
related to releasing jogs of strike-slip faults (e.g. Mon-
tenat and Ott d’Estevou, 1990) or in synclines between 
E/W to ENE/WSW–elongated antiformal ridges, where 
the metamorphic basement is bounded by folded exten-
sional detachments (Martínez-Martínez and Azañón, 
1997; Martínez-Martínez et al., 2002; Booth-Rea et al., 
2005). This basement is made up of several metamor-
phic complexes belonging to the Alboran domain, a ter-
rain that collided with the South Iberian and Maghre-
bian passive margins during the Miocene, forming the 
Gibraltar arc and the Betic and Rif cordilleras (Balanyá 
and García-Dueñas, 1987; Martínez-Martínez and Aza-
ñón, 1997; Platt et al., 2003; Booth-Rea et al., 2007). 
The Sierra Alhamilla anticlinorium is an example of 
these elongated antiformal ridges where metamorphic 

rocks crop out, surrounded by Miocene to Quaternary 
sediments of the Sorbas-Tabernas and Níjar-Almería 
basins (Fig. 1). Most of the deformation leading to the 
development of the Alhamilla anticlinorium occurred 
during the late Miocene, being sealed by Messinian 
carbonates (Weijermars et al., 1985). This, for exam-
ple, occurred with the Gafarillos dextral fault zone to 
the northeast of the Alhamilla anticlinorium (Fig. 1). 
Thus, most authors have considered that this dextral 
strike-slip system, conjugate to the NE-SW sinistral 
Cabrera and Palomares faults has been inactive since 
the Messinian (Ott d’Estevou and Montenant, 1990; 
Stapel et al., 1996; Huibregtse et al., 1998; Jonk and 
Biermann, 2002). Here we show how the use of geo-
morphic indexes in the Sierra Alhamilla anticlinorium 
area has unveiled the presence of active segments of 
both reverse and strike-slip faults that form the Polopos 
Fault Zone (PFZ) (Giaconia et al., 2012). 

The main late Miocene to Quaternary tectonic struc-
tures in the Sierra Alhamilla region are the transpressive 
dextral-reverse Polopos Fault Zone that includes the 
dextral Gafarillos fault segments to the east of the ridge 
and their continuation towards the west as the North 
Alhamilla reverse fault (NARF) in the northern limb of 
the Alhamilla anticlinorium (Ott d’Estevou and Monten-
ant, 1990; Stapel et al., 1996; Huibregtse et al., 1998; 
Jonk and Biermann, 2002). The southwestern side of the 
Alhamilla ridge, in the Almería-Níjar basin, Pliocene-
Quaternary high-angle normal faults occur with NW-SE 
to NNW-SSE strike (Fig. 1, Martínez-Martínez and Aza-
ñón, 1997; Marín-Lechado et al., 2005; Pedrera et al., 
2006; Sanz de Galdeano et al., 2010). 

4. New geomorphic analyses 

4.1. Morphotectonic analyses in a central Betic region: 
The Sierra Nevada area 

4.1.1. Geomorphic indexes in Sierra Nevada 

The fault-bounded mountain fronts of western Sierra 
Nevada have been studied through the Smf index (Fig. 
2). The values of this geomorphic index for western Si-
erra Nevada (Fig. 2) indicate active fronts, in which the 
tectonic activity prevails over the erosion forces (Mar-
tín-Rojas et al., 2001; El Hamdouni et al., 2008). Pérez-
Peña et al. (2010) also calculated the Smf index for the 
south and northern border of Sierra Nevada, combining 
their values with the Vf index. Their results indicate that 
the more recent uplift is concentrated along its western 
mountain front, where Smf and Vf present the lowest val-
ues (Fig. 2). The southern mountain front of Sierra Ne-
vada is characterized by low values of Smf and Vf, with 
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Fig. 2.- Digital elevation model (DEM) with the drainage network and the calculated geomorphic indexes in the Sierra Nevada mountain 
range. The arrows show the direction of basin asymmetry and the colors its magnitude (see Pérez-Peña et al., 2010 for further details). 
The western, southern, and northern mountain fronts are depicted. Smf values indicate that western and southern fronts are tectonically 
active whereas the northern front is inactive. Altitude differences between basin ridgeline-surfaces and present day topography show that 
the erosion is more prominent in the western part of the mountain range. The inset shows the differences between northern and southern 
hypsometric curves from the western sector of the Sierra Nevada. 

Fig. 2.- Modelo digital del terreno con la red de drenaje y los índices geomorfológicos calculados en Sierra Nevada. Las fechas indican 
el sentido de la asimetría de las subcuencas y los colores la magnitud (ver Pérez-Peña et al., 2010 para más detalles). Se representan los 
frentes montañosos occidental, meridional y septentrional. Los valores de Smf indican que los frentes meridional y occidental son tectó-
nicamente activos mientras que el frente norte es inactivo. Las diferencias entre la topografía actual y una superfcie extrapolada a partir 
de las trazas de las divisorias locales muestran que la erosión es más prominente en el sector occidental de Sierra Nevada. El recuadro 
muestra las diferencias entre las curvas hipsométricas del sector occidental de Sierra Nevada. 

Smf values increasing eastward. Nevertheless, the north-
ern mountain front, which corresponds to the contact be-
tween the Guadix-Baza basin and the northern limb of the 
E–W antiformal ridge, has the highest Smf and Vf values, 
thus suggesting low rates of tectonic activity, and thus 
pointing to an inactive northern fold limb during the Qua-
ternary (Fig. 2). 

In the same study, Perez-Peña et al. (2010) point that 
other geomorphic indicators, including hypsometric 
curves (Fig. 2), longitudinal/ridge-line river profles, 
and drainage patterns, depict N–S variations. They re-
late these N–S variations as due to the fact that the local 
base-level is ;1100 m in the northern mountain front of 
the Sierra Nevada and ;600 m in the southern front, i.e., 
the southern slope streams have more erosional power 
than the northern ones. These differences in base-level 
altitudes could be the response to a differential tectonic 
uplift of the northern mountain front with respect to the 

southern one. 
All the geomorphic indicators show that the western 

part of Sierra Nevada range is more active than the east-
ern part. Vazquez et al. (2011) showed, by using U/Th-He 
and Fission Tracks dating, a westward migration of the lo-
cus of extension in Sierra Nevada. Thus, the western sec-
tor of this range has been exhumed later than the eastern 
one. On the other hand, NE-SW open folds, outcropping 
in the western termination, are responsible of changes in 
the asymmetry of subbasins (Fig. 2, Pérez-Peña et al., 
2010), which is a clear evidence of Pleistocene activity 
of these folds. Analysis of erosion in the Sierra Nevada 
range, which can be approximated by means of the alti-
tude differences between ridgeline surfaces and present-
day topography, is also compatible with the aforemen-
tioned geomorphic results, showing the highest volume 
of erosion in the western sector (Fig. 2). 
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4.1.2. Geomorphic analyses in the Granada and 
Guadix-Baza basins 

Through the morphometric analysis of the drainage 
network of the Granada and Guadix-Baza basin it is pos-
sible to have a new view of the Quaternary evolution of 
both basins and, consequently, of their tectonic activity. 
In the Granada basin (Fig. 3), there is a lack of Quater-
nary ages, making it diffcult to evaluate the Quaternary 
activity of the active structures within the basin. Pérez-
Peña et al. (2009a) studied the SLk index in the NE 
border of the Granada basin, and they proposed that the 
NW-SE normal faults presented evidences of Quaternary 
activity (Figs. 3 and 4). Their SLk anomaly map (Fig. 4) 
showed several anomalies, some of them clearly related 
with the Quaternary activity of the NW-SE normal faults. 
In the SLk anomaly map presented by these authors, the 
anomalies 1, 5, 3, and 4 match with the aforementioned 
normal fault systems. Some of them have a lithological 
component, but anomaly 3 in fgure 4 presents high SLk 
values within the same materials in an area with docu-
mented present-day fault activity (Azañón et al., 2004). 

The hypsometry analysis in the Granada basin reveals 
also the same pattern; a NE border being uplifted by the 
activity of the NW-SE normal fault (Pérez-Peña et al., 
2009c) (Fig. 5). The use of LISA to the HI value distribu-
tion shows that the NE border of the Granada basin is af-
fected by differential uplift related with the NW-SE nor-
mal faults, thus having a different drainage pattern system 
than the rest of the basin (Pérez-Peña et al., 2009c). This 
drainage pattern, which presents deep incised V-shaped 
valleys, is similar to the Guadix-Baza drainage system. 

The Quaternary landscape evolution of the Guadix-
Baza Neogene basin is conditioned by erosional proc-

esses. Pérez-Peña et al. (2009d) studied the erosion rates 
within this basin to elucidate its Quaternary landscape 
evolution. The great differences in the erosion rates ob-
tained between the Guadix and Baza sub-basins are the 
consequence of three factors: the position of the capture 
point near the Guadix sub-basin, the greater area of the 
Baza sub-basin, and the Quaternary activity of the Baza 
fault, which affected the normal propagation of the ero-
sion wave eastwards (See Figure 6 in Pérez-Peña et al., 
2009d). The activity of the Baza fault (Alfaro et al., 2008; 
García-Tortosa et al., 2008, 2011) has been also corrobo-
rated by other authors through morphometric analyses. 
García-Tortosa et al. (2008) applied geomorphic indexes 
to the Baza fault and considered this fault as one of the 
most active faults of the Betic Cordillera. The activity of 
this N-S active normal fault contrasts with the absence 
of faults in the southern border of the basin. This border, 
despite being the limit with the Sierra Nevada mountain 
range, does not present signifcant tectonic activity in 
Quaternary times (Pérez-Peña et al., 2010). 

4.2. Morphotectonic analyses in an eastern Betic region: 
The Sierra Alhamilla area. 

4.2.1. Geomorphic response to the Polopos fault zone 

Fault segmentation and fuvial terrace mapping along 
the Polopos fault zone have shown that both its reverse 
and dextral strike-slip fault segments cut Pleistocene 
sediments (Giaconia et al., 2012). This Quaternary to 
present activity is refected by the geomorphic indexes 
study. The low Smf index values occurring in the Sierra 
Alhamilla northern front, especially eastwards, support 
the late Pleistocene activity of the North Alhamilla re-

Fig. 3.- Digital elevation model (DEM) 
of the NE border of the Granada ba-
sin. The higher river entrenchment 
can be observed in the footwall of 
the main NW-SE normal faults. 

Fig. 3.- Modelo digital del terreno del 
borde NE de la Cuenca de Granada. 
Los principales encajamientos de las 
partes altas de los cauces fuviales 
pueden observarse en el bloque de 
muro de las principales fallas nor-
males NW-SE. 
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verse fault (mountain fronts Nc, Nd and Ne in fgure 6, 
values are shown in table 1). Taking into account the in-
tegration between the Smf and the Vf indices proposed by 
Silva et al. (2003) and the absence of geological marker 
useful to determine slip-rates, we are able to assign an 
uplift-rate ranging between 0.5 and 0.05 m/ky for the 
southern hanging-wall block of this fault. In addition, the 
occurrence of the SLk anomaly 1 in fgure 7 confrms 
such uplift. 

The eastern part of the Sierra Alhamilla northern front 
shows low values of S and V (V in fgure 6, values are mf f f 
shown in table 1 and 2, respectively) that allow us to as-
sign an uplift rate higher than 0.5 m/ky for the southern 
hanging-wall block of the north Alhamilla reverse fault-
south Gafarillo fault (NARF-SGF) system. This uplift is 
supported also by the high SLk anomaly 2 and 3 in fgure 
7, which is located just to the south of this fault system, 
and by the southward basin asymmetries recognized here 
(Fig. 6). The occurrence of streams with convex longitu-
dinal profles and basins with convex and complex hyp-
sometric curves in the northern slope support the Qua-
ternary- to present-activity of this fault system (Fig. 7). 
The relative uplift of the southern block of the NARF-
SGF fault system changes local base-levels causing the 
occurrence of younger basins. In addition, in response to 
reverse displacement along this fault system, foot-reju-

Fig. 4.- SLk map for 
the NE border of the 
Granada basin. The 
main anomalies are 
highlighted and num-
bered. Modifed from 
Pérez-Peña et al. 
(2009c) 

Fig. 4.- Mapa de SLk 
del borde NE de la 
Cuenca de Granada. 
Se resaltan y numeran 
las principales ano-
malías. Modifcada 
de Pérez-Peña et al. 
(2009c) 

Fig. 5.- Getis-Ord*-statistic estimation for the HI value distribution 
in the NE border of the Granada basin. The fgure shows how the 
clusters of high values are related with the footwall of active normal 
faults. . Modifed from Pérez-Peña et al. (2009c) 

Fig. 5.- Estimación estadística Getis-Ord* para la distribución de va-
lores de la integral hipsométrica en el borde NE de la Cuenca de 
Granada. La fgura muestra cómo las agrupaciones con altos valores 
de IH están relacionadas con los bloques de muro de las fallas nor-
males. Modifcada de Pérez-Peña et al. (2009c) 
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Front Smf Front Smf 
Sa 1.20 W 1.06 
Sb 1.30 Na 1.47 
Sc 1.01 Nb 1.22 
Sd 1.70 Nc 1.44 
Se 1.14 Nd 1.40 
Sf 1.96 Ne 1.23 
Sg 1.01 Nf 1.10 
Sh 1.30 E 1.38 

Table 1.- Table reporting the Smf (mountain front sinuosity) values for 
each front shown in the map. 

Tabla 1.- Valores del Smf (sinuosidad del frente montañoso) para cada 
uno de los frentes que se muestran en el mapa. 

Stream Vf Stream Vf 
1 0.59 22 0.92 
3 0.25 23 1.22 
4 0.90 24 1.22 
7 0.87 27 1.22 
9 0.34 29 1.44 
11 0.14 30 1.44 
12 0.46 32 1.40 
13 0.78 33 1.10 
14 1.08 34 1.10 
17 0.84 35 1.10 
20 0.27 36 1.38 
21 0.22 37 1.23 

Table 2.- Table reporting the Vf (valley foor width-to-height ratio) 
values for each stream shown in the map. 

Tabla 2.- Valores del Vf (relación entre anchura-altura de los valles 
fuviales) para cada uno de los valles que se muestran en el mapa. 

venation processes should occur in basins above the fault 
trace, thus generating complex hypsometric curve shapes. 

4.2.2. Geomorphic response to the Pliocene-Quaternary 
high-angle normal faulting 

The low Smf and Vf values obtained for the Sierra Al-
hamilla southern front (Sa, Sc and Se in fgure 6, values 
are shown in table 1) support the recent to present activity 
of the NW-SE- to NNW-SSE-striking high-angle normal 
fault system that affects the southern slope of the ridge 
and the Almería-Níjar basin. The integration of these two 
indices allows us to assign an uplift rate to these faults 
higher than 0.5 m/ky. 

The Quaternary activity of this fault system is con-
frmed by the occurrence of basins with S-shaped, convex 
and complex hypsometric curve shapes at the southern 
slope (Fig. 6). In response to NE-SW normal displace-
ment, the relative uplift of southern slope sectors with 
respect to the sedimentary basin has changed the streams 
local base-level thus, producing younger drainage basins 
or head-rejuvenation processes that generate complex 

hypsometric curve shapes (Fig. 6). According to these 
observations, longitudinal stream profles in the southern 
slope locally show concave-convex profles with knick-
points and high SLk anomalies 4, 5 and 6 occur (Fig. 
7). An analogous scenario can be described for the east-
ern part of the Sierra Alhamilla southern slope where a 
Pliocene-Quaternary high-angle normal fault having a 
N-S strike and an eastwards normal displacement occurs. 
This fault producing a relative uplift of its western foot-
wall block causes the occurrence of low Smf and Vf values, 
basins with complex hypsometric curve and the high SLk 
anomaly 7 shown in fgure 7. 

5. Discussion 

5.1. New tectonic model for the Sierra Nevada area 

The geomorphic indexes for the Sierra Nevada suggest 
that the more recent uplift is concentrated along its west-
ern mountain front, where Smf and Vf present the low-
est values. Higher incision rates in this western sector 
can be due to tectonic uplift in the hanging wall of the 
NW-SE normal faults. These normal faults belong to the 
same system as the one in the NE border of the Granada 
basin. The N-S variations in the geomorphic indices are 
caused by the differences in the base level for the river 
incision that, in turn, are due to a differential uplift of 
both mountain fronts. The southern front of the Sierra 
Nevada has been interpreted as a transfer fault that links 
two areas of active extension (the Granada-Padul basins, 
and the western Sierra de Gador) (Fig. 8; Martínez-Mar-
tinez et al., 2006; Pérez-Peña et al., 2010). The northern 
mountain front of Sierra Nevada corresponds to an un-
conformity between the Neogene-Quaternary sedimen-
tary infll of the Guadix-Baza basin and the metamor-
phic rocks of Sierra Nevada. This mountain front and the 
Neogene Guadix-Baza basin are located in the foot wall 
of the mentioned system. 

The Quaternary landscape evolution of the Grana-
da and Guadix-Baza basins are very different, and are 
strongly conditioned by tectonics. The Granada basin 
has a mean altitude of 600 m, being scarcely incised by 
the fuvial network, except in the NE margins of the ba-
sin near the fault-bounded mountain front. The Guad-
ix-Baza basin has a mean altitude of 1000 m, with the 
fuvial network deeply incised (down to 200 m) into the 
Neogene-Quaternary infll. These topographic and geo-
morphic differences are probably due to the different 
tectonic location of the two basins: The Granada basin, 
except its NE border, is located in the hanging wall of the 
NW-SE extensional system bounding Sierra Nevada to 
the west, being thus subjected in a great extent to Quater-
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Fig. 6.- a) Drainage basin distribution map where the main drainage divides, streams, watersheds of main streams and drainage basins (clas-
sifed depending on their hypsometric curve shapes) and Quaternary active tectonics (after Martínez-Martínez et al., 1997) are shown. The 
following geomorphic indices are reported: the basin asymmetry factor, the mountain front sinuosity (Smf, together with the mountain front, 

, and its length measured along a straight line, LS), and fnally the valley foor width-to-height ratio (Vf). b) Complex hypsometric curvesLmf
associated with “rejuvenation” processes, at the foot or head of the streams. 

Fig. 6.- a) Distribución de la red de drenaje, subcuencas y principales cauces fuviales (clasifcados en función de la forma de su curva hipso-
métrica) y su relación con la tectónica activa cuaternaria en la Sierra Alhamilla (Martínez-Martínez et al., 1997). Se muestran los valores 
de los siguientes índices geomorfológicos: factor de asimetría de las subcuencas, sinuosidad de los frentes montañosos (Smf) y, fnalmente, 
la relación entre anchura y altura de los valles fuviales (Vf). b) Curvas hipsométricas complejas asociadas con los procesos de “rejuveneci-
miento" en los pies o cabeceras de los valles fuviales. 

nary subsidence. On the contrary, the Guadix-Baza basin al., 1996; Rodríguez-Fernández and Sanz de Galdeano, 
is located in the footwall of the above-mentioned exten- 2006), with the only difference of the normal faulting af-
sional system, being part together with Sierra Nevada fecting mainly to the Granada basin (Sanz de Galdeano 
of a single block affected by tectonic uplift during the et al., 2003; Azañón et al., 2004). Despite the fact that 
Quaternary (Fig. 8). the Granada and Guadix-Baza basins present a similar 

Traditional tectonic models of the Sierra Nevada area evolution from Tortonian to Middle-Pleistocene, their 
do not mention the important differences between the Quaternary landscape evolution is rather different. The 
eastern and western part of the range or between its activity of the NW-SE normal faults in the Granada ba-
northern and southern mountain fronts (Galindo-Zal- sin is not enough to explain the contrast in landscape, 
dívar et al., 2003). Some authors have proposed recent geomorphology, and drainage network incision respect 
models for this area (Martínez-Martínez et al., 2004, to the Guadix-Baza basin. However, the tectonic model, 
2006) explaining the mentioned differences within the based on Martínez-Martínez et al. (2006), is compat-
mountain range, but they still do not explain the signif- ible with the results obtained through the combination 
cant contrast between the landscapes of the Granada and of geomorphic analyses. They are part of the same ex-
Guadix-Baza basins. The evolution of these two basins tensional system causing extension in the Granada ba-
has traditionally considered very similar (Fernández et sin and the western part of Sierra de Gador. This exten-
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Fig. 7.- SLk map and main tectonic structures of Sierra Alhamilla: the North Alhamilla Reverse Fault (NARF) and the South Gafarillos Fault 
(SGF) after Martínez-Martínez et al.(1997). Active faults during the Quaternary are shown in red. 

Fig. 7.- Mapa SLk y principales estructuras tectónicas de la Sierra Alhamilla: la falla inversa del N de Alhamilla (NARF) y la falla del Sur de 
Gafarillos (SGF) según Martínez-Martínez et al. (1997). Se muestran en rojo las fallas con actividad cuaternaria. 

sional system, connected by a transfer zone to the south of the whole system including Sierra Nevada mountain 
of Sierra Nevada, and the active NE-SW active folding range and the Granada and Guadix-Baza Neogene ba-
in Sierra Nevada are compatible with the present-day sins. Uplift in the Sierra Nevada mountain range and the 
NW-SE trend in the regional compressional stress. This Guadix-Baza basin is a coetaneous process to the active 
model can help to elucidate the recent tectonic evolution extensional subsidence in the Granada basin. 

Fig. 8.- General sketch showing the tectonic confguration of the Sierra Nevada area. The uplifted block is located eastwards and it includes the 
Sierra Nevada mountain range, the Guadix-Baza basin and the NE border of the Granada basin. The Granada basin lies on the hanging wall of 
the extensional system, thus being affected by active sinking. 

Fig. 8.- Esquema general que muestra la confguración tectónica del área de Sierra Nevada. El bloque levantado se sitúa hacia el este e incluye 
a Sierra Nevada, la Cuenca de Guadix-Baza y el borde NE de la Cuenca de Granada. La Cuenca de Granada está en el bloque de techo de un 
sistema extensional activo que produce su subsidencia. 
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5.2. Morphometric contribution to the tectonic scenario 
in the Sierra Alhamilla 

The qualitative and quantitative geomorphic analy-
ses carried out in Sierra Alhamilla suggest that it has 
been tectonically active during the Pleistocene and the 
Holocene, and probably up to present-day. The tectonic 
structures that control the hillslope and drainage network 
of the Sierra Alhamilla and surrounding Neogene to 
Quaternary sedimentary basins are the Polopos fault sys-
tem and the NW-SE- to NNW-SSE-striking high-angle 
normal fault system, to the north and to the south of the 
ridge, respectively. In both cases the relative uplift of one 
of the two fault blocks (the foot-wall in the case of the 
normal faults and the hanging-wall in that of the reverse 
faults) induces a set of geomorphic responses. Typically 
they are: regular mountain fronts that show low values 
of Smf and Vf, highly asymmetric drainage basins that give 
information about tectonic tilting, streams with convex 
longitudinal profles and drainage basins with convex 
and complex hypsometric curves in response to head- or 
foot-rejuvenation processes, and fnally high Slk anoma-
lies near to the fault and on the uplifted fault block. 

6. Conclusion 

This work summarizes some of the new GIS-based 
methods for the landscape analysis recently used in 
two areas of the Betic Cordillera (central and eastern 
sectors). Through the application of such geomorphic 
analyses it is possible to understand tectonic activity and 
Quaternary landscape evolution, both necessary to es-
tablish coherent tectonic models. In the Betic Cordillera, 
the present-day landscape is mainly conditioned by the 
recent tectonic activity, and has to be considered as the 
key to estimate differential uplift, folding, subsidence 
and displacement rates. 

Through the application of new GIS-based method-
ologies for drainage network and landscape analysis it 
is possible to reach a better understanding of the recent 
tectonic activity. These morphometric analyses are espe-
cially valuable in areas of low-to-medium tectonic rates 
(0.1 - 2 mm/yr) with scarce chronological dating. In this 
work, on the basis of these morphometric analyses, new 
and more complete tectonic models have been proposed 
for Sierra Nevada and Sierra Alhamilla regions (central 
and eastern Betic Cordillera respectively). The evolu-
tion of Sierra Nevada mountain range is closely related 
with the landscape of the Granada and Guadix-Baza ba-
sins. The Granada basin is located in the hanging wall 
of a NW-SE directed extensional system, whereas the 
Guadix-Baza basin, the NE border of the Granada basin, 

and the Sierra Nevada mountain range are located in the 
footwall, thus being affected by active uplift in the Up-
per-Pleistocene. In the Sierra Alhamilla area, the use of 
geomorphic analyses allow estimating tectonic activity 
and infer tectonic rates for structures that were thought 
to be inactive in the Upper-Pleistocene. 
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Abstract
The most recent tectonic structures of the central-eastern Internal Zones of the Betic Cordillera (from 3.1ºW to 1.7ºW and to the 

south of 37.525ºN) include fault and folds developed from the Late Miocene onwards, which are related to N-S/NW-SE directed 
continental collision and moderate thickening of a crust that is relatively hot at depth. In this setting, E-W to WSW-ENE folds, 
with locally associated E-W transpressive right-lateral and reverse faults, favoured the emersion of the northern Alborán basin 
palaeomargin and the progressive intramontane basin disconnection. The NNE-SSW to NE-SW trending regional left-lateral Palo-
mares and Carboneras fault zones are dominant structures in the easternmost part of the cordillera. In addition, NW-SE to WNW-
ESE trending normal and oblique-slip normal faults are widespread. The collision is still active and continues to drive active folds 
and faults, some probably being the likely source of moderate-sized earthquakes. The Campo de Dalías and surrounding sectors, 
deformed by active ENE-WSW folds and NW-SE to WNW-ESE oblique-slip normal faults, are probably the sites with the largest 
��������������������������������������������������������������������������������������������������������������������������������
at fairly regular intervals, in 1804, 1910, and 1994. Toward the east, NW-SE trending normal faults extending from Almería to the 
Tabernas basin deform the Quaternary rocks with associated moderate seismicity (the 2002 Gergal Mw 4.7 earthquake, and possibly 
the 1894 Nacimiento earthquake, felt with intensity VII). In the Sorbas-Vera basin, the Palomares fault zone is also responsible for 
moderate-sized earthquakes (1518 Vera earthquake). In the Almanzora corridor, NW-SE to WNW-ESE trending Lúcar-Somontín 
faults also could be considered one of the possible source of moderate-magnitude seismicity (1932 Lúcar, Mw 4.8 earthquake felt 

ISSN (print): 1698-6180. ISSN (online): 1886-7995
www.ucm.es /info/estratig/journal.htm

Journal of Iberian Geology 38 (1) 2012: 191-208
http://dx.doi.org/10.5209/rev_JIGE.2012.v38.n1.39213



238

192 Pedrera et al. /  Journal of Iberian Geology 38 (1) 2012: 191-208

1. Introduction

The recent and active tectonic structures of the Betic 
Cordillera have attracted attention of Earth scientists 
since the 1970s (Andrieux et al., 1971; Biju Duval et 
al., 1977; Groupe de Recherche Neotectonique, 1977; 
Bousquet and Montenat, 1974; Bousquet and Phillip, 
1976; Bousquet, 1979), and since then, much geologi-
cal and geomorphological research has been focused on 
���������������������������������������������������������
responsible for the tectonic evolution of the orogen (e.g., 
Sanz de Galdeano, 1983; Ott d’Estevou and Montenat, 
1985; Sanz de Galdeano, 1990) and to estimate their seis-
mogenic potential (e.g., Sanz de Galdeano and López 
Casado, 1988; Sanz de Galdeano et al., 1995). While the 
location, geometry, and kinematics of the main structures 
are well established, the processes involved in their de-
velopment and the present-day activity of some of these 
structures are still under debate. It is widely accepted that 
compressional and extensional structures have deformed 
the Internal Zones of the Betic Cordillera since the Late 
Miocene. This region exhibits a variety of deformational 

styles, dominated by folds, right-lateral and normal faults 
in the central Betics (e.g., Galindo-Zaldívar et al., 2003), 
and by large left-lateral strike-slip faults in the eastern 
sector of the cordillera that also interact with folds and 
normal/normal-oblique faults (e.g., Martínez-Díaz, 2002; 
Masana et al., 2004; Booth-Rea et al., 2003; Pedrera et 
al., 2010a). The present study attempts to sketch a coher-
ent picture of these recent tectonic structures that deform 
the central-eastern (from the longitude 3.1ºW to 1.7ºW 
and to the south of 37.525ºN) Internal Zones of the Bet-
ic Cordillera (Fig. 1). Special attention is placed on the 
faults and folds that have been active during Quaternary 
times, which are potential sources of future earthquakes. 

2. Geological setting

The Betic Cordillera, together with the Rif, constitutes 
the westernmost part of the Alpine Mediterranean belt 
in the convergent Eurasian and African plate boundary 
(Fig. 1A). The Alpine evolution of the orogen is deter-
mined by the interaction between the two major plates 
and the intermediate placed Alborán Domain (Internal 

with intensity VIII). Toward the east, between Albox and Partaloa, several small reverse faults and associated compressive structures 
���������������������������������������������������������������������������������������������������������������������������������
Middle Pleistocene onwards, some of these reverse fault segments that deform the western Huércal-Overa basin could host the 1972 
NW Partaloa, mbLg 4.8 earthquake, felt with intensity VII.

Keywords: Active Tectonics; Earthquakes; Tectonic Evolution; Gibraltar Arc.

Resumen
Las estructuras tectónicas más recientes que deforman la parte centro-oriental de las Zonas Internas de Cordillera Bética (entre 

3.1º y 1.7ºO y al sur de 37.525ºN) son fallas y pliegues que comenzaron a formarse aproximadamente en el Mioceno superior en un 
contexto de colisión continental N-S/NO-SE y moderado engrosamiento cortical. En este marco tectónico, pliegues y fallas trans-
presivas dextras e inversas de direcciones E-O/OSO-ENE favorecieron la emersión del borde norte de la paleocuenca de Alborán 
y la progresiva desconexión de pequeñas cuencas intramontañosas. Además, comenzaron a formarse las grandes zonas de falla de 
Palomares y Carboneras, con direcciones NNE-SSO y NE-SO respectivamente y movimientos sinistros, que también han condi-
cionado la evolución de la Cordillera Bética oriental desde el Mioceno superior. Algunas fallas con salto normal/normal-oblicuo y 
trazas NO-SE/ONO-ESE también se han desarrollado ampliamente en toda la zona de estudio. La colisión, aún activa, permite que 
algunos pliegues y fallas continúen propagándose en la actualidad, eventualmente causando terremotos con magnitudes moderadas. 
El Campo de Dalías y los sectores adyacentes, deformados por pliegues activos de direcciones ENE-OSO y fallas NO-SE/ONO-
ESE normales-oblicuas, probablemente representan la zona con mayor concentración de terremotos importantes (Mw 5.0-6.5) con 
eventos recurrentes en 1804, 1910 y 1994. Al este del Campo de Dalías, una amplia zona de falla normal se extiende en dirección 
NO-SE desde Almería hasta la cuenca de Tabernas. Esta zona de falla muestra evidencias de funcionamiento durante el Cuaternario 
y tiene sismicidad moderada asociada a su terminación septentrional (el terremoto de Gergal en 2002 con Mw 4.7; y posiblemente 
el terremoto de Nacimiento en 1894 con intensidad VII). La zona de falla de Palomares es también responsable de terremotos mo-
derados en la Cuenca de Sorbas-Vera (terremoto de Vera en 1518). En la parte central del corredor del Almanzora, alguno de los 
segmentos de falla normal que se extienden entre Lúcar y Somontín podría ser responsable del terremoto de Lúcar, en 1932 (Mw 
4.8 e intensidad VIII). Al este, entre Albox y Partaloa, se han descrito fallas inversas y pliegues asociados que deforman sedimentos 
cuaternarios. Aunque algunas de estas estructuras muestran evidencias de funcionamiento lento y progresivo durante el Cuaternario, 
el terremoto de Partaloa en 1972 (mbLg 4.8 e intensidad VII) pudo ser causado por la actividad de cualquiera de estos segmentos de 
falla inversa que deforman la parte occidental de la cuenca de Huércal-Overa.

Palabras clave: Sismicidad, Tectónica Activa; Terremotos; Evolución Tectónica; Arco de Gibraltar.
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Zones of the Betic and Rif Cordillera) (e.g., Andrieux et 
al., 1971; Sanz de Galdeano, 1990). In a framework of 
continuous N-S to NW-SE convergence, subduction and 
subsequent collision, with the destruction of Mesozoic 
oceanic basins (e.g., Martín-Algarra, 1987) and slab roll-
back, reasonably explain the latest Oligocene to middle 
Miocene evolution of the Betic-Rif cordilleras and the 
development of the large Alborán basin (e.g., Lonergan 
and White, 1997). Therefore, during the early and middle 
Miocene the metamorphic rocks of the Alborán Domain 
were exhumed at the footwall of extensional brittle-duc-
tile detachments (Aldaya et al., 1984; Galindo-Zaldívar, 
1986; García-Dueñas and Martínez-Martínez, 1988; Ja-
baloy et al., 1993) and the Alborán basin was formed, 
������� ��� �������� ������������ ������� ����������� �� ������
arched sedimentary depocenter: theWest Alborán basin 
(Comas et al., 1992, 1999; Soto et al., 1996; Chalouan 
and Michard, 2004). Roughly since the late Miocene, the 
subduction shifted to N-S/NW-SE continental collision, 
the crust started to thicken, and the northern margin of 
the Alborán basin progressively emerged. Consequently, 
intramontane sedimentary basins gradually became iso-
lated from the original Alborán basin, some completely 
emerging (e.g., Braga et al., 2003). This continent colli-
sion is still active at a rate of 4-5 mm/yr (Argus et al., 
1989; DeMets et al., 1990, 1994) and continues driving 
the development of active folds and faults (e.g., Sanz de 
Galdeano et al., 1995; Galindo-Zaldívar et al., 2003). 
Therefore, current displacement of the Earth’s surface 
reveals the oblique convergence between the Iberian and 
African plates, showing a movement of the Eurasian pla-
te and the Betic Cordillera toward the SSW/SW with res-
pect to the African plate (Stich et al., 2006; Fadil et al., 

2006; Tahayt et al., 2008; Vernant et al., 2010), which is 
roughly in accordance with the present-day stress setting 
(e.g., Fernández-Ibáñez et al., 2007; Pedrera et al., 2011).

In the Betic Cordillera, the structures that formed since 
the late Miocene up to now have been classically desig-
nated as recent or neotectonic. These structures determi-
ne the spatial distribution of the uplifted areas subjected 
to erosion and the sedimentary basins. Below, we des-
cribe the recent and active structures that, from north to 
south, deform the Almanzora corridor and the Huércal-
Overa basin, the Alpujarran corridor and the Tabernas, 
Sorbas, and Vera basins, and the Campo de Dalías and the 
Almería-Níjar basin (Fig. 1B).

3. The Almanzora corridor and the 
Huércal-Overa basin

The Almanzora corridor and the Huércal-Overa basin 
are located between the Sierra de Los Filabres and Sierra 
de Las Estancias (Figs 1 and 2). Both basins are essen-
���������������������������������������������������������
������������������������������������������������������-
ring the late Tortonian. The marine-continental transition 
started in Messinian times. Continental sedimentation 
along rivers and alluvial fans together with erosion occu-
rred during the Pliocene and Quaternary.

3.1. Late Miocene tectonic structures 

Compressive and extensional structures deformed the 
late Miocene-Quaternary sediments of the Almanzora co-
rridor and the Huércal-Overa basin (Briend, 1981; Briend 
et al., 1990; Mora-Gluckstadt, 1993; Poisson et al., 1999; 
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despread distribution in the basins (Briend, 1981; Briend 
et al., 1990; Mora-Gluckstadt, 1993; Poisson et al., 1999; 
Augier, 2004; Augier et al., 2005; Meijninger and Vis-
sers, 2006; Pedrera et al., 2007; Pedrera et al., 2010a). 
Subvertical strike-slip dextral faults, E-W to ESE-WNW 
oriented, deformed the Tortonian sediments that crop 
out mainly in the southern Almanzora corridor boundary 
(Fig. 2; Poisson et al., 1999; Pedrera et al., 2007). 

3.2. Active tectonic structures 

The westernmost part of the Almanzora corridor is af-
fected by a set of NW-SE faults that deform up to the 
Quaternary glacis and constitute the western end of the 
corridor. These fault segments are related to the normal 
Baza fault (Alfaro et al., 2008; García-Tortosa et al., 
2008; Sanz de Galdeano et al., this volume), which ex-
tends more than 30 km along the Baza basin, showing a 
N-S to NW-SE variable strike, and dipping to the NE (Fig. 
1B). In the central part of the corridor, the Lúcar fault —
formed by a set of ENE-WSW oriented and 40º-75º south 
dipping normal faults— locally deforms the Quaternary 
sediments. Close to Somontín, the Quaternary sediments 
are deformed by a NW-SE oriented high-dipping fault 

Augier, 2004; Augier et al., 2005; Meijninger and Vis-
sers, 2006; Pedrera et al., 2007; Pedrera et al., 2010a). 
The study area was deformed by a succession of kilo-
metric scale folds with orientations ranging from E-W to 
ENE-WSW: the Sierra de Los Filabres and Sierra de Al-
magro antiforms, Almanzora corridor synform and Sierra 
de Las Estancias antiform (Booth-Rea et al., 2003, 2004; 
Pedrera et al., 2007, 2009b). The antiforms coincide with 
the ranges where the metamorphic rocks crop out, while 
the synforms correspond to the sedimentary basins. Fol-
ding started there with the Sierra de los Filabres antiform 
nucleation during Serravallian-early Tortonian, as revea-
led by the syntectonic angular unconformities founded in 
its northern limb (Pedrera et al., 2007). Large-scale folds 
continued growing and propagating to the north, forming 
the Almanzora corridor in the late Tortonian (Pedrera et 
al., 2007). Moreover, the sedimentary rocks have been 
deformed since late Tortonian by ENE-WSW minor folds 
(Pedrera et al., 2007; Pedrera et al., 2010a). To the east, 
these minor folds progressively change their trend from 
ENE-WSW to WNW-ESE (Pedrera et al., 2010a). In 
addition, the late Miocene sediments are quite deformed 
by several sets of faults. The most abundant set is formed 
by WNW-ESE to NW-SE normal faults that show a wi-
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Fig. 2.- Mapa geológico del Corredor del Almanzora y la Cuenca de Huércal-Overa que incluye las trazas de las estructuras tectónicas recientes 
������������������������������������������������������������������������
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stream. In addition, the role of the above-described active 
folds in the landscape evolution and drainage develop-
ment was characterized in the folded eastern Almanzora 
corridor and western Huércal-Overa basin (Pedrera et al., 
2009c).

����������������������������������������������������
the Sorbas-Vera basin

The Alpujarran corridor is an E-W elongated valley for-
med by a roughly synformal structure located between 
the Sierra Nevada to the north and the Sierras Lújar-
Contraviesa-Gádor to the south. Eastwards the corridor 
extends to the Tabernas basin, which continues into the 
Sorbas-Vera basin, between Sierra de Los Filabres to 
the north and Sierra Alhamilla and Sierra Cabrera to the 
������ ������� �� ���� ���� ������ ������� ���� ���������� ������
with lower Miocene to Quaternary deposits and constitu-
te a zone of crustal weakness where recent and active de-
formation structures are nucleated (Ott d’Estevou et al., 
1990; Rodríguez-Fernández, 1982). Researchers agree on 
the presence throughout this area of a main right-lateral 
fault zone (e.g., Sanz de Galdeano et al., 1985; Galin-
do-Zaldívar, 1986; Sanz de Galdeano, 1989; Jabaloy et 
al., 1992; Galindo-Zaldívar et al., 2003; Martínez-Díaz 
and Hernández-Enrile, 2004; Martínez-Martínez, 2006; 
Martínez-Martínez et al., 2006; Sanz de Galdeano et al., 
2010). However, controversy persists concerning the 
deep continuity of the structures, the relationships of the 
exposes faults with seismicity, the driving mechanisms, 
and in some cases the age of fault activity. On the other 
hand, there is a general consensus regarding the featu-
res of the major left-lateral Palomares fault zone (PFZ), 
which developed since the late Tortonian in the eastern 
part of the Sorbas-Vera basin (e.g., Bousquet and Phillip, 
1976; Bousquet, 1979; Montenat et al., 1987; Weijer-
mars, 1987; Ott d’Estevou et al., 1990; Silva et al., 1993; 
Booth-Rea et al., 2003). 

4.1. Miocene tectonic structures 

After the end of metamorphism in the Internal Zones, 
a set of top-to-the west low-angle normal faults thinned 
the crust and exhumed the Nevado-Filábride complex, 
up to the middle Miocene (e.g., Aldaya et al., 1984; 
Galindo Zaldívar, 1986; García-Dueñas and Martínez-
Martínez, 1988; Jabaloy et al., 1993). Afterwards, the 
crustal-thinning process shifted to crustal thickening 
and relief formation, when the Sierra Nevada and Sierra 
de los Filabres started to emerge (Braga et al., 2003) as 
large antiforms that folded the extensional detachments 

that generates a steep scarp. The fault surface shows 
horizontal striation with a left-lateral sense of motion 
overprinted on the normal striation. The eastern Alman-
zora corridor (Somontín-Partaloa sector) and the western 
Huércal-Overa basin are both deformed by widespread 
small-scale contractional tectonic structures, which in-
clude WNW-ESE trending dextral faults and ENE-WSW 
oriented open folds, fault-propagation folds, and reverse 
faults (Figs. 2 and 3A; Briend et al., 1990; Pedrera et al., 
2009a and 2009b). Using a geomorphological approach, 
García-Meléndez (2000) and García-Meléndez et al. 
(2004����������������������������������������������
fault zone with reverse-dextral kinematics that runs from 
the eastern Huércal-Overa basin as far as the Almanzora 
corridor to the west. The La Molata fault-propagation 
fold is one of the best-exposed outcrops (Fig. 2, Pedrera 
et al., 2009a. This fold and its related faults have propa-
gated progressively, as evidenced by the syn-tectonic ge-
ometry of the growth strata. Strain rates calculated across 
the structure give a constant ~0.007 mm/yr horizontal 
shortening and ~0.014 mm/yr vertical displacement from 
the mid-Pleistocene to the present (Pedrera et al., 2009a). 
The central and eastern part of the Huércal-Overa basin 
is deformed by ENE-WSW trending reverse faults with 
a splay geometry, belonging to the southern end of the 
Alhama de Murcia left-lateral transcurrent fault (AMF) 
(Martínez-Díaz et al., this volume). These faults deform 
the Quaternary alluvial fan deposits in the eastern Huér-
cal-Overa basin (Groupe de Recherche Néotectonique, 
1977; Briend, 1981) and have been recently characterized 
with geomorphological, structural, and paleoseismologic 
studies (García-Meléndez et al., 2003; Soler et al., 2003; 
Masana et al., 2005; Meijninger and Vissers, 2006; Or-
tuño et al., 2009). Thus, paleoseismologic studies near 
Goñar (Fig. 2) in the eastern Huércal-Overa basin, identi-
fy at least two paleoearthquakes associated with the AMF 
during the last 150 ka and estimate a minimum vertical 
slip rate of ~0.02 mm/yr in the southern fault termina-
tion since the Middle Pleistocene (Ortuño et al., 2009). 
In addition, a palaeoseismologic study in El Ruchete sec-
�����������������������������������������������������������
rates ranging from 0.01 to 0.4 mm/yr and two possible 
paleoearthquakes deposits associated with them (Masana 
et al., 2005). This reverse fault segment probably belongs 
to the horsetail reverse splay of the AMF (Fig. 2).

The drainage network of the Almanzora River, highly 
������������������������������������������������������������
the faults and folds since the Messinian (Stokes, 2008; 
Stokes and Mather, 2000, 2003; Pedrera et al., 2009c). 
The presence of normal faults condition small changes 
in the direction of the north Almanzora River tributary 
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Eastwards, E-W strike-slip faults segments are also 
well developed running along the southern part of the 
western Tabernas basin (Sanz de Galdeano et al., 2010) 
and the northern boundary of Sierra Alhamilla antiform, 
the so-called Lucainena fault (Sanz de Galdeano, 1989) 
(Fig. 4A, B). The Lucainena fault branches into two seg-
ments to the east (Sanz de Galdeano, 1989). The northern 
segment, which runs near Gafarillos village, changes it 
orientation from E-W to NW-SE and cross-cut upper Tor-
tonian sediments and the metamorphic rocks of the Sierra 
Cabrera (Sanz de Galdeano, 1989). This fault segment 
is usually called the Gafarillos fault (Stapel, 1996; Hui-the Gafarillos fault (Stapel, 1996; Hui-Gafarillos fault (Stapel, 1996; Hui-
bregtse et al., 1998; Jonk and Bierman, 2002) or North 
Gafarillos fault (Giaconia et al., 2012). The southern 

(Martínez-Martínez et al., 1995; Martínez-Martínez and 
Azañón, 1997; Galindo-Zaldívar et al., 2003; Pedrera et 
al., 2009b). The deformation also propagated southward 
since the late Tortonian with the development of E-W 
kilometre-sized folds (Weijermars, 1985) that determined 
the isolation of the Alpujarra-Tabernas-Sorbas corridor 
(Fig. 4). A major E-W right-lateral fault zone composed 
by subvertical fault segments runs within the corridor 
(Sanz de Galdeano et al., 1985), developing foliated cata-
clasites and fault-bound lenses (Sanz de Galdeano et al., 
1985). Faults segments with intermediate to low dips and 
oblique-slip including normal and reverse components 
have been also described, as in the Ugijar area (Fig. 4A; 
Galindo-Zaldívar, 1986). 

A B

C D

SSE                                                         NNW N                                       S

NNE                                     SSWW                                                         E

Fig. 3.- Field view of several active tectonic structures placed in the central-eastern Betic Cordillera. (A) ENE-WSW trending reverse fault 
and associated antiform that deform Quaternary conglomerates near Albox in the Huércal-Overa basin. (B) Laujar de Andarax normal 
fault: E-W oriented normal fault dipping toward the south affecting Quaternary sedimentary rocksin the northern Alpujarran corridor 
margin. (C) Rectilinear coast line that coincides with a fault segment of the left-lateral Palomares fault zone, which controls the eastern 
termination of the Sierra Cabrera. (D) Balanegra fault zone: NW-SE oriented normal fault segment that deforms Quaternary sediments 
in the western termination of the Sierra de Gádor, close to the village of Berja.

Fig. 3.- Ejemplos de algunas estructuras activas situadas en el área de estudio. (A) Falla inversa y pliegue asociado de direcciones ENE-
OSO que deforman conglomerados cuaternarios en las proximidades de Albox, en la Cuenca de Huércal-Overa. (B) Falla normal de 
Laujar de Andarax: segmento que afecta a sedimentos cuaternarios con dirección aproximada E-O y buzamiento hacia el Sur. (C) Tramo 
de costa rectilíneo asociado a un segmento de la Falla de Palomares que controla la terminación oriental de Sierra Cabrera. (D) Zona 
de falla de Balanegra: segmento de dirección NO-SE que deforma sedimentos cuaternarios en la terminación occidental de la Sierra de 
Gador, cerca de Berja.
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fault segment runs from Los Guardianes, near Polopos 
village, to the southern boundary of Sierra Cabrera anti-
form with an ENE-WSW trend, being called the Polopos 
fault (Keller et al., 1995) or the South Gafarillos fault 
(Fig. 4; Giaconia et al., 2012). 

The E-W right-lateral faults along the Alpujarras, the 
E-W oriented right-lateral faults of the southern Tabernas 
basin, and the dextral-reverse faults in the southern Sor-
bas basin have been traditionally interpreted as transpres-
sive faults developed under N/S to NNW/SSE compres-
sion (e.g., Sanz de Galdeano et al., 1985, 1989; Stapel, 
1996; Huibregtse et al., 1998; Jonk and Bierman, 2002). 
However, Martínez-Martínez (2006) and Martínez-Mar-
tínez et al. (2006) propose a different interpretation for 
the Alpujarra right-lateral faults. They consider this fault 
zone to be part of a WSW-directed extensional system 
connecting two normal fault systems that thinned the 
Betic hinterland since the middle Miocene to the present. 

In the absence of accurate, deep geophysical data, the 
deep continuity of the right-lateral faults has been con-
sidered to have a crustal (Sanz de Galdeano et al., 1985) 
or at least shallow crustal character (Martínez-Díaz and 
Hernández-Enrile, 2004; Martínez-Martínez et al., 2006), 
although Galindo-Zaldívar (1986) suggests that fault 
structures of the central Alpujarras corridor are restricted 
to the shallowest part of the crust. 

Toward the east, the Palomares fault zone (PFZ), which 
is formed by several N10ºE to N20ºE left-lateral fault 
segments, deforms the eastern sector of the Vera basin 
(Fig. 4C) (Bousquet and Phillip, 1976; Bousquet, 1979; 
Weijermars, 1987). The Miocene sediments of the Vera 
basin are involved within the fault zone. Therefore, two 
��������������������������������������������������������-
ments are linked to the movement of Arteal and Palomar-
es fault segments (Fig. 4C; Booth-Rea et al., 2003). Thus, 
the PFZ is considered a transcurrent deformation zone 

Fig. 4.- (A) Geological map of the Alpujarran corridor, (B) Tabernas/Sorbas basin, and (C) Vera basin showing traces of the recent (in grey) 
�����������������������������������������������������������������������������������

Fig. 4.- Mapa geológico del Corredor de las Alpujarras, (B) la Cuenca de Tabernas/Sorbas y (C) la Cuenca de Vera con las trazas de las estruc-
����������������������������������������������������������������������������������������������������������
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active during most of the Neogene and Quaternary (e.g., 
Montenat et al., 1987; Ott d’Estevou et al. 1990; Silva et 
al., 1993; Ruano et al., 2007). Both ends are character-
ized by a change in the fault segments direction, which 
acquire a splay geometry that may be consistent with the 
development of reverse faults and antiforms since upper 
Miocene (Sierra Cabrera and Sierra Almagrera).

4.2. Active tectonic structures 

The major dextral fault zone of the Alpujarra-Tabernas-
Sorbas basins may have continued its activity up to the 
Quaternary (Sanz de Galdeano et al., 1985; Martínez-
Díaz and Hernández-Enrile, 2004; Martínez-Martínez et 
al., 2006). Moreover, most of the dextral faults appear 
to be covered by the thin Plio-Quaternary sediments in 
the western Ugijar basin (Galindo-Zaldívar, 1986). East-
wards, the southern border of the Sorbas basin shows evi-
dence of recent dextral oblique-reverse faulting (Sanz de 
Galdeano, 1989; Martínez-Díaz and Hernández-Enrile, 
2004; Giaconia et al., 2012).

A clear evidence of Quaternary faulting is found in 
the eastern Alpujarran corridor, in the Laujar de Anda-
rax zone (García-Tortosa and Sanz de Galdeano, 2007). 
This consists of an E-W trending fault zone formed by 
southward-dipping normal faults segments affecting 
Quaternary deposits (Fig. 3B and 4A). Quaternary faults 
with related seismic activity are also found along a NW-
SE zone that stretches from Almería to the Tabernas ba-
sin and separates Sierra Alhamilla from Sierra de Gádor 
(Sanz de Galdeano et al., 2010). Seismicity is concentra-
ted in the basement at the north-western edge, near Ger-
gal, and this may correspond to the area of propagation 
of the fault zone. 

The dextral-reverse Polopos fault deforms the Mes-
sinian and locally Quaternary sedimentary rocks of the 
Níjar basin with (Sanz de Galdeano, 1989). A recent 
����������� ��������� �������� ����� ������� ���������� ��-
�������� ���� �������� ���� ����������� ��� ���� �����������-
milla antiform related to the Polopos fault and identify 
Quaternary contractional deformation associated to the 
Lucainena fault zone to the east of Marchante (the North 
Alhamilla Reverse Fault of Giaconia et al., 2012). 

The PFZ deforms Pleistocene conglomerates, close to 
Palomares village, developing an impressive fault-mi-
rror with subhorizontal striations (Bousquet and Phillip, 
1976). Pliocene-Quaternary sedimentary depocenters re-
veal that deformation along the PFZ fault zone migrated 
towards the eastern Arteal fault segment, which bounds 
the western mountain front of Sierra Almagrera (Booth-
Rea et al., 2003). In addition, the Quaternary activity of 

the PFZ favoured stream dissection, headward erosion of 
streams transverse to the active fault segments, and the 
asymmetry of the drainage network (Booth-Rea et al., 
2004; Stokes, 2008). The almost straight coastline from 
Palomares to Punta del Peñón is controlled by the PFZ 
(Figs. 3C and 4C), therefore the Late Pleistocene-Holo-
cene marine terraces are uplifted along the coast (Goy 
and Zazo, 1986). In addition, Pleistocene conglomerates 
located in the Punta del Peñón contain numerous peb-
bles striated under the left-lateral shear of the PFZ. At 
its southern end, the PFZ splays into a horsetail formed 
by ENE-WSW reverse faults (Fig. 3C and 4C). South-
dipping reverse faults form the north boundary of the 
Sierra Cabrera (Booth-Rea et al., 2004), locally affecting 
Quaternary sediments (Sanz de Galdeano, 1987), and 
north-dipping reverse faults constitute the southern edge 
of the Sierra (Keller et al., 1995).The CuaTeNeo (Cuanti-
��������������������������������������������������������
permanent network was installed in 1996 to quantify the 
deformation in the Eastern Betic Cordillera. The network 
consists of 15 monuments covering an area of 120x50 
km in Murcia and Almería (Colomina et al., 1998; Kha-
zaradze et al., 2007 and 2008). In the northern part of the 
GPS network, the stations placed westward of the AMF 
������������������������������������������������������
the stable part of the Eurasian plate. The GPS sites placed 
close to coast, eastward of the AMF and the PFZ, move 
1-1.5 mm/yr toward the NNW revealing a strain accumu-
lation (Echeverria et al., 2011; Frontera et al., 2011). 

5. The Campo de Dalías and the Almería-Níjar basin

The Campo de Dalías and the Almería-Níjar basin are 
located at the boundary between the Alborán Sea and the 
Betic Cordillera. In both basins, the Tortonian and Plio-
cene marine sedimentary rocks, which belonged to the 
Northern Alborán basin, have emerged in Quaternary ti-
mes (Fig. 5). 

5.1. Late Miocene tectonic structures 

The Carboneras fault zone (CFZ) is a major regional 
left-lateral fault that extends onshore along the Almería-
Níjar basin (Bousquet and Montenant 1974; Ott d’Estevou 
and Montenant; 1985, Keller et al., 1995; Scotney et al., 
2000; Faulkner et al., 2003) and continues offshore along 
the Almería Gulf in a NE-SW direction (Fig. 5; De La-
rouzière et al., 1988; Gràcia et al., 2006. The upper Mi-
ocene sediments, together with metamorphic and volcan-
ic basement rocks, crop out along the highly deformed 
CFZ (Bousquet and Montenant 1974; Rutter et al., 1986; 
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Van de Poel, 1991; Keller et al., 1995). The nucleation 
of the crustal-scale CFZ is closely linked to the Miocene 
�������������������������������������������������������
strength of the lithosphere (Pedrera et al., 2010b). North-
wards of the CFZ, the sedimentary rocks are widely de-
formed by folds with a hundreds of meters amplitude 
and consistently showing an ENE-WSW strike onshore 
and offshore (Figs. 4B and 5). These folds deformed the 
sediments before the Messinian generating a cartographic 
unconformity between the highly folded upper Tortonian 
rocks and the less deformed post-Messinian sediments 
(Weijermars et al., 1985). 

To the north, the highest reliefs in the area are linked to 
culminations on the hinge line of the Sierra Alhamilla and 
Sierra the Gádor antiforms, which have an ENE-WSW 
orientation, 10 km of maximum amplitude, and are 25 to 
30 km long respectively, and more than 1300 m high. The 
lower Tortonian-Serravallian conglomerates and the up-
per Tortonian sediments that surround the ranges are fold-
ed, revealing the fold geometry and the age of the defor-
mation. In the Sierra Alhamilla, the late Tortonian rocks 
dip 20º in the southern slopes, yet are vertical or even 
overturned on the northern slopes as a consequence of the 
northward fold vergence and the activity of the E-W ori-
ented high-angle reverse to right-lateral Lucainena fault 
zone (Weijermars et al., 1985; Sanz de Galdeano, 1989). 

The Níjar basin is intensely deformed by high-angle 
dipping normal faults since the Late Miocene (Martínez-
Díaz and Hernández-Enrile, 2004; Marín-Lechado et 
al., 2005; Pedrera et al., 2006; Sanz de Galdeano et al., 
2010). They have a consistent NNW-SSE to NW-SE 
strike. Although the normal faults have a widespread dis-
tribution, their presence predominates in western Níjar, 
extending toward the Tabernas basins and very locally to-
ward the Sorbas basin. The Níjar basin depocenter is as-
sociated with this NW-SE oriented normal fault activity. 
The maximum sedimentary thickness, established from 
gravity data, reaches more than 1 km in the western sec-
tor of the basin (Pedrera et al., 2006). The fault surfaces 
dip towards the SW and usually deform the Tortonian and 
Messinian sediments, showing variable geometries from 
listric to domino-like systems. To the south-eastern part 
of the Almería Níjar basin, NW-SE normal faults dipping 
mainly to the NE deform the Pliocene sediments, some-
times showing syn-sedimentary features (Marín-Lechado 
et al., 2005; Pedrera et al., 2006).

5.2. Active tectonic structures 

ENE-WSW open to gentle N-vergent folds affect the 
Pliocene and Quaternary sediments that extend along 
the continental shelf of the Almería Gulf, the Campo de 

Fig. 5.- Geological map of the Campo de Dalías and the Almería/Níjar Basin with the traces of the recent (in grey) and active (blue) tectonic 
�����������������������������������������������

Fig. 5.- Mapa geológico del Campo de Dalías y de la Cuenca de Almería/Níjar con las trazas de las estructuras tectónicas recientes (en gris) y 
activas (en azul). �����������������������������������������
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(Pedrera et al., 2012). Fault slip enhances toward the 
linkage sectors with an estimated long-term slip rate of 
0.07±0.03mm/yr since the Pleistocene (Fig. 5; Pedrera et 
al., 2012). The normal to normal-oblique faults continue 
toward the Alborán Sea, as deduced from NW-SE trend-
ing lineaments detected by bathymetric studies (Fig. 5; 
Gràcia et al., 2006). 

A non-permanent GPS network was installed in the 
Campo de Dalías to control the crustal deformation as-
sociated with active folds and faults. GPS measurements 
were made in 2006 and 2011, and the data are being proc-
�������������������� �������������������������������������
installed along the southern part of the Balanegra fault 
zone and measured in 2006, 2007, 2009, and 2010 to esti-
mate the short-term fault-slip rate (Marín-Lechado et al., 
2010). 

6. Seismicity and Earthquake Sources

The sector of the Betic Cordillera addressed in this pa-
per is affected by distributed seismicity of low to moder-
ate magnitude, which is limited to the upper crust (e.g., 
Stich et al., 2003, 2010; Fernández-Ibáñez and Soto, 
2008). Earthquakes larger than Mw 5 rarely occur (Table 
1). These major earthquakes can cautiously be associ-
ated with possible source faults, on the basis of damage 
descriptions in the cases of pre-instrumentally registered 
events and the estimated location and source analysis 
derived from the moment tensor solution in the case of 
the most recent earthquakes (Table 1). In the Campo de 
Dalías and surrounding sectors, large events occurred 
close to the village of Dalías (August 25, 1804, with felt 
intensity VIII-IX in the scale EMS-98 used throughout 
this paper, and Mw 6.4 macroseismic magnitude) and 
close to Adra, where a Mw 6.1 earthquake and Mw 5.5 
aftershock occurred on June 16, 1910. The source param-
eters of the main Adra shock was established after analys-
ing six analogue seismogram recordings (M0=1.50·10-18 

Nm, Mw=6.1, oblique strike-slip event at 16 km in depth; 
Stich et al., 2003). Recently, two related events occurred 
to the south of Berja (December 23, 1993, Mw 5.3, mbLg), 
and of Guardias Viejas (January 4, 1994, Mw 4.9). Both 
reveal strike-slip, slightly oblique fault plane solutions 
with a N120ºE oriented dextral nodal plane (Stich et al., 
2001), very similar to that found for the June 16, 1910 
Adra earthquake. Stich et al. (2001) analysed the com-
plete 1993-1994 seismic series and later seismicity in the 
area up to 1998, recognizing 39 multiplet clusters with 
N120-130ºE and N60-70ºE lineaments. These earth-
quakes could be assigned to the Balanegra fault zone 
(Marín-Lechado et al., 2005), which is formed by N120ºE 

Dalías (Marín-Lechado et al., 2006) and the Níjar basin 
(Fig. 5; Sanz de Galdeano, 1989; Huibregtse et al., 1998; 
Pedrera et al., 2006). These folds indicate the continuity 
of the contractional deformation after the major Messin-
ian unconformity. In addition, normal to normal-oblique 
faults deform alluvial sediments up to the Pliocene and 
the Quaternary, generating fault scarps. In the Almería-
Níjar basin, NNW-SSE to NW-SE normal faults are re-
sponsible for high slopes and sharp topography in the 
western part of the Sierra Alhamilla antiform and deform 
its southern limb. Therefore, from Gergal to Cabo de 
Gata, they control the Andarax valley geometry and the 
rectilinear coast line (e.g., Martínez-Díaz and Hernán-
dez-Enrile, 2004; Marín-Lechado et al., 2005; Pedrera et 
al., 2006; Sanz de Galdeano et al., 2010). From a geo-
morphological point of view, abrupt changes in the chan-
nels slope are probably associated to the activity of these 
normal faults (Giaconia, 2012).

Onshore recent tectonic activity of the CFZ is well ob-
served near Barranquete, in the SW sector, where N30º-
45ºE subvertical left-lateral fault surfaces deform Qua-
ternary sediments (e.g., Boorsma, 1992; Pedrera et al., 
2006). There, detailed geochronological and paleoseismic 
studies have been carried out (Moreno, 2011). Slip-rates, 
paleoseismologic, and seismic potential behaviour of the 
CFZ derived from onshore-offshore results have been re-
cently described in detail by Moreno (2011) . A GPS sta-
tion on the southern fault block is moving 1.5±0.7 mm/
yr toward the NNE with respect to northward stations. 
This can be interpreted as being mainly caused by the 
left-lateral strike slip motion along the CFZ (Khazaradze 
et al., 2010).

The Campo de Dalías is widely deformed by sub-
vertical oblique-slip faults that have directions between 
NW-SE and WNW-ESE and that have been active since 
the Pleistocene (Martínez-Díaz, 1998; Martínez-Díaz and 
Hernández-Enrile, 2004; Marín-Lechado et al., 2004, 
2005; Pedrera et al., 2012). The Balanegra fault zone ex-
tends from the western end of the Sierra de Gádor toward 
the Alborán Sea, controlling the western termination of 
the Sierra de Gádor antiform and the NW-SE oriented 
straight morphology of the coast line (Figs. 3D and 5; 
Martínez-Díaz and Hernández-Enrile, 2004; Marín-
Lechado et al., 2005 and 2010; Fernández-Ibáñez et al., 
2006). Other prominent fault is the WNW-ESE oriented 
Loma del Viento fault (Figs. 3D and 5), which deforms 
the central part of the Campo de Dalías with dextral-nor-
mal kinematics since Pleistocene (Marín-Lechado et al., 
2004; Martínez-Díaz and Hernández-Enrile, 2004; Pedr-
era et al., 2012). The Loma del Viento fault is formed by 
six onshore segments and some of them are hard-linked 
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Date Latitude
(N)

Longitude 
(W)

Intensity
(EMS-98 scale) Magnitude Location Possible source

01/01/1406 37.25 1.87 VII-VIII MS 5.01 Vera. Al Palomares Fault
01/11/1487 36.83 2.47 VIII MS 5.41 Almería NW-SE normal faults
09/11/1518 37.23 1.87 VIII-IX MS 6.01 Vera. Al Palomares Fault

22/09/1522 36.97 2.67 VIII-IX MW 6.52 W Alhama 
de Almería. Al Carboneras Fault; NW-SE normal faults

31/12/1658 36.83 2.47 VIII MS 5.41 Almería NW-SE normal faults
---/---/1686 36.85 2.95 VI-VII MS 4.51 Berja. Al Balanegra Fault Zone -western Gádor 
25/08/1804 36.77 2.83 VIII-IX MW 6.42 Dalías. Al Balanegra or Loma del Viento Fault
25/08/1804* 36.77 2.83 VII MS 4.71 Dalías. Al Balanegra or Loma del Viento Fault
29/08/1804* 36.77 2.83 VII MS 4.71 Dalías. Al Balanegra or Loma del Viento Fault

10/06/1863 37.37 1.93 VI-VII MS 4.51 Huércal-Overa Reverse faults Huércal Overa (South termination 
AMF)

11/06/1894 37.12 2.67 VII MS 4.71 Nacimiento. Al NW-SE normal faults 
13/05/1895 37.00 1.90 VI-VII MS 4.51 Carboneras. Al Palomares Fault

16/06/1910 36.67
 36.842

3.37
 3.002 VIII MW 6.13

MW 6.72 Adra. Al Balanegra Fault Zone

16/06/1910* 36.67 3.37 VII MW 5.53 Adra. Al Balanegra Fault Zone
22/04/1912 37.03 2.95 VII MS 4.71 Ocaña. Al

05/03/1932 37.42
 37.512

2.45
 2.452 VIII mD 4.8

MW 5.72 Lúcar. Al Lúcar-Somontín Faults

16/03/1972 37.42 2.24 VII mbLg 4.8 NW Partaloa. Al Reverse faults eastern Almanzora
13/09/1984 36.98 2.34 V mbLg 5.0 SE Tabernas. Al
23/12/1993 36.78 2.94 VII mbLg 5.0 S Berja Strike-slip, slightly oblique Balanegra Fault
04/01/1994* 36.57 2.82 VII mbLg 4.9 N Alborán Strike-slip slightly oblique Balanegra Fault

04/02/2002 37.09 2.53 V mbLg 5.1
MW 4.6 S Gergal. Al NW-SE normal faults.

* Foreshock; 
1 From maximum intensity, using the D’Amico et al. (1999) relationship; 2 Mezcua et al. (2004), using the procedure by Bakun and Wentworth (1997); 3 Stich et al. (2003a)

�����������������������������������������������������������������������������
Tabla 1.- Terremotos históricos e instrumentales en la zona de estudio.

to N160ºE trending oblique-slip segments. Instrumental 
seismicity is concentrated in the basement at the north-
western end of the fault zone, where the 2002 Gergal 
earthquake Mw 4.7 was located (Sanz de Galdeano et al., 
2010). In addition, the 1894 Nacimiento earthquake (VII) 
could be tentatively associated with these normal faults. 
The 1522 Almería earthquake (VIII-IX), for which the 
exact epicentre is unknown, has been associated with the 
offshore segment of the CFZ (Reicherter and Hübscher, 
2006). Vera was destroyed in 1518 (VIII-IX) by an earth-Vera was destroyed in 1518 (VIII-IX) by an earth-VIII-IX) by an earth-IX) by an earth- earth-
quake that could be hosted by the left-lateral Palomares 
fault (Bousquet, 1979; Weijermars, 1987). Toward the 
north, two moderate earthquakes were registered in the 
Almanzora corridor: the April 5, 1932 Lúcar earthquake 
(VIII, mD 4.8) and the April 16, 1972 NW Partaloa earth-
quake (VII, mbLg 4.8). The Lúcar earthquake could ten-
tatively be associated with the Lúcar and Somontín fault 
zone, which extends from the Almanzora basin towards 

the Sierra de la Estancias, crossing the village of Lúcar. 
The village of Partaloa is located above a sector deformed 
by active ENE-WSW reverse faults and associated folds 
(Pedrera et al., 2007, 2009a, 2009c).

7. Discussion and Conclusions

This work compiles the available information on the 
late Miocene to Quaternary faults and folds in the central-
eastern Internal Zones of the Betic Cordillera. Some of 
these features have probably been the source of modera-
te-sized earthquakes throughout history and therefore are 
potential sources of future earthquakes. 

7.1. Late Miocene geodynamic evolution

Regarding the evolution of the tectonic structures over 
time, folding started in the present position of the Sierra 
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Nevada and Sierra de Los Filabres during the Serrava-
llian-early Tortonian (Fig. 6). Therefore, stratigraphic 
and sedimentological studies indicate that a large E-W 
island started to emerge there at this time (Braga et al., 
2003). These large-scale antiforms underwent progressi-
ve lateral growth from east to west, folding the previous 
���������������������������������������������������������
exhumation of the Nevado-Filábride rocks. Fission-track 
analyses revealed that cooling to nearly surface tempera-
�������������������� ��� ����������������������������������
the mid-Serravallian (12 Ma) and later in Sierra Nevada, 
located to the west (9-8 Ma; Johnson et al. 1997). The 
erosion of these ranges supplied sediments to the nearby 
basins. Progressive unconformities found in the Serra-
vallian-lower Tortonian conglomerate formation located 
in the Almanzora corridor are coeval with the Sierra de 
Los Filabres antiform growth. Since the late Tortonian, 
folding continues and propagates northwards (Sierra de 
Las Estancias) and southwards (the Sierra de Gádor, the 
Sierra Alhamilla and the Sierra Cabrera). In addition, the 
Almanzora corridor, the Huércal-Overa basin, the Al-

pujarran corridor, and the Tabernas basin acquired their 
elongate shape. 

The origin of the E-W to ENE-WSW trending large-
scale open folds is still under debate. The folds have been 
interpreted as caused by isostatic rebound in response to 
extensional denudation along the regional extensional de-
tachments (e.g., Martínez-Martínez et al., 2002; Augier et 
al., 2005; Meigninger and Vissers, 2006). Alternatively, 
we consider them as contractional folds developed above 
upper-crustal detachments developed in a collisional 
framework (e.g., Weijermars et al., 1985; Montenat and 
Ott d’Estevou, 1990; Sanz de Galdeano and Vera, 1992; 
Martínez-Martínez et al., 1995; Galindo-Zaldívar et al., 
2003; Sanz de Galdeano and Alfaro, 2004; Pedrera et al., 
2009b). In any case, these folds contribute to the uplift 
of the northern boundary of the Alborán Basin gradually 
disconnecting the now emerged intramontane basins (Co-
mas et al., 1992, 1999) and inducing the development of 
the present-day relief (Fig. 6; Braga et al., 2003; Sanz 
de Galdeano and Alfaro, 2004. In addition, melts in the 
deep crust and middle to upper Miocene volcanism also 

Fig. 6.- Paleogeographic and tectonic evolution of the central-eastern Betic Cordillera from the Serravallian-lowermost Tortonian onward. 
Evolution of the emergent land reconstructed from the facies distributions in the Neogene basins (Braga et al., 2003). Note that the progres-
sive emergence of the sierras coincides with the traces of the antiforms.

����������������������������������������������������������������������������������������������������������������������������������������������-
������������������������������������������������������������������������������������������������������������������������������������������������
de Braga et al., 2003). Es preciso remarcar la coincidencia entre la posición de las sierras y la traza de las antiformas.
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conditioned the relief and the deformation mode (Duggen 
et al., 2008; Soto et al., 2008).

Coevally to large-scale open fold development, E-W 
transpressive right-lateral and reverse faults nucleated 
along the Alpujarra, the Tabernas, and the Sorbas basins 
while the NNE-SSW/NE-SW left-lateral Palomares and 
Carboneras fault zones occurred in the easternmost part 
of the cordillera (Fig. 6). Thus, the Polopos fault has been 
interpreted as a conjugate fault system to the Carboneras 
and Palomares left-lateral fault zones (Giaconia et al., 
2012). Coeval to the relief growth, NW-SE to E-W nor-
mal and oblique slip normal faults developed. 

During the Messinian, Pliocene and Quaternary, com-
pression contributed to the progression of the moderate 
crustal thickening and to the regional progressive emer-
����� ��� ���� ������� ������� ����� ���� ����� �������� ��� ����

drainage network of the endorheic basins. Active folds 
caused the emersion of the northern Alborán Sea (Marín-
Lechado et al., 2006). In addition, there was continued 
activity of some segments of the strike-slip faults. More-
over, normal and normal-oblique faults have remained 
active during the Quaternary to the present in this part of 
the cordillera.

7.2. Active Tectonics

The present study summarized the most prominent ac-
tive faults of the central-eastern Internal Zones of the Be-
tic Cordillera (from 3.1ºW to 1.7ºW and to the south of 
37.525ºN) providing detailed maps of the fault and fold 
traces (Fig. 7). The Campo de Dalías and surrounding 
sectors are probably the sites with the greatest concentra-
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Fig. 7.- Mapa sismotectónico del area de estudio con la traza de las principales estructuras tectónicas (recientes y activas) y la posición de la 
sismicidad MW����������������������������������������������������������������������������������������������������������������������
posición (no permanente) de los GPS pertenecientes a las redes CuaTeNeo y Campo de Dalías.
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tion of large earthquakes during the recent history. Mode-
rate-sized earthquakes (Mw 5.0 to 6.0-6.5) have occurred 
in this area at fairly regular intervals, in 1804, 1910, and 
1993 probably associated to the Balanegra fault zone ac-
tivity (Marín-Lechado et al., 2010). Despite the absence 
of clear historic earthquakes associated with the Loma 
del Viento fault, it is reasonable to consider it as a poten-
tial seismic fault (Pedrera et al., 2012). There, we have 
designed a multidisciplinary control of the potential ear-
thquakes sources. We have mapped the active faults and 
folds in detail. In addition, we performed a 3D geological 
model by incorporating borehole and geophysical data to 
establish the geometry of the tectonic structures. The sec-
tor is monitored with a non-permanent GPS network and 
���������������������������������������������������������
knowledge of these structures combined with geodetic 
measurements of tectonic-strain accumulation yield im-
proved models of nucleation, linkage, and propagation of 
active faults, as well as their seismic implications.

The NW-SE trending Quaternary faults extending from 
Almería to the Tabernas basin and separating Sierra Al-
hamilla from Sierra de Gádor have related seismicity 
(Fig. 7). These NW-SE normal faults have higher seismic 
potential than does the E-W dextral system (the 2002, 
Mw 4.7 Gergal earthquake and the 1894 Nacimiento ear-
thquake, VII). 

Toward the north in the Almanzora corridor, the Lúcar-
Somontín NW-SE to WNW-ESE trending Quaternary 
faults could also cautiously be considered as possible 
sources of moderate-magnitude seismicity (the April 5, 
1932 Lúcar mD 4.8 earthquake, VIII). Toward the east, 
between Albox and Partaloa, several small reverse faults 
and associated compressive structures deforming Qua-
���������������������������������������������������������
������������ ���� ������������ ���� ��������� ��������� ���
the one of these structures (La Molata structure, Pedrera 
et al., 2009a) suggests a slow and progressive deforma-
tion from middle Pleistocene onward. They do not show 
scarps or erosive deposits, such as clastic wedges, indica-
tive of abrupt deformation events related to earthquakes, 
suggesting that the La Molata structure is most likely 
connected with aseismic slip during Quaternary fault-
related fold growth. Nevertheless, some of these rever-
se fault segments could have associated moderate-sized 
events such as the April 16, 1972 NW Partaloa, mbLg 4.8 
earthquake (VII). Regarding the proximity between the 
villages Lúcar and Partaloa, further seismic studies of the 
main shock parameters are necessary to identify viable 
source structures.

The PFZ is very favourably oriented (N10-20ºE trend) 
�������������������������������������������������������������

strike-slip displacement. The angle between the fault 
strike and the maximum principal stress is around 30º. 
Therefore, this fault probably nucleates moderate-sized 
earthquakes (1518 Vera earthquake). Unlike the Paloma-
res fault, the CFZ is almost orthogonal to the present-
day maximum horizontal compressive stress. Although 
not very suitably oriented to act as a strike-slip fault, it 
could act as a high-angle reverse or reverse-oblique fault 
despite its sub-vertical geometry. Paleoseismic data, high 
��������������������������������������������������������
Quaternary activity of some fault segments (Reicherter 
and Hübscher, 2006; Moreno et al., 2009). The ongoing 
GPS results derived from the CuaTeNeo network will 
decisively contribute to understand the relationship bet-
ween the strain accumulation and seismic potential of the 
Carboneras and Palomares fault zones (Fig. 7).
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One of the most peculiar features of the arcuate Betic–Rif orogenic 
belt (western Mediterranean) is the occurrence of massive outcrops 
of subcontinental lithospheric mantle (i.e. the Ronda and Beni Bou-
sera peridotite massifs; Fig. 1a). Several contrasting models have 
been proposed to explain the exhumation of these massifs and its 
relationship to the geodynamic evolution of the western Mediter-
ranean, including the rollback of an eastward subducted oceanic 
lithosphere slab (Royden 1993; Lonergan & White 1997; Wortel & 
Spakman 2000; Gutscher et al. 2002; Spakman & Wortel 2004; 
Bokelmann & Maufroy 2007; Bokelmann et al. 2011), convective 
removal (Platt & Vissers 1989) or delamination (García-Dueñas 
et al. 1992; Seber et al. 1996; Calvert et al. 2000; Duggen et al. 
2003; Tubía et al. 2004) of overthickened continental lithospheric 
mantle, or transpressional emplacement during oblique plate con-
vergence (Mazzoli & Martín Algarra 2011). Most of these models 
agree that extension affected the orogenic wedge during the latest 
Oligocene to Early Miocene, explaining the majority of geological 
and geophysical observations in the area (Calvert et al. 2000), but 
only a few of them try to account for the presence of the Ronda 
Peridotite massif (the largest outcrop of subcontinental lithospheric 
mantle on Earth; c. 450 km2), which was exhumed from diamond 
facies (>140 km, Davies et al. 1993) and emplaced into middle crus-
tal HP–LT to LP–HT metamorphic units (e.g. Tubía & Cuevas 1986; 
Tubía 1994; Zeck 1997; Argles et al. 1999; Esteban et al. 2011).

The polybaric and polythermal history of the Ronda exhumation 
is preserved as a protracted record in different tectonometamorphic 
domains (Fig. 1b: garnet, spinel and plagioclase peridotite; e.g. 
Obata 1980; Van der Wal & Vissers 1996) of which plagioclase 
peridotite developed at the lowest pressure related to the latest 

evolutional stages of the massif. However, previous structural stud-
ies have not satisfactorily integrated the LP–HT structures of this 
domain into the evolution of the Betic–Rif chain and into the 
emplacement of the Ronda massif, because plagioclase peridotite 
has been interpreted as formed either by delamination-derived dia-
piric asthenospheric flow (Tubía 1994; Tubía et al. 2004) or by 
ductile extensional shear zones affecting partially molten litho-
sphere prior to its intracrustal emplacement (Van der Wal & Vissers 
1996).

The main issues we discuss include the understanding of (1) the 
transition from a kilometre-scale partially melted domain (repre-
sented by the Ronda recrystallization front; e.g. Van der Wal & 
Bodinier 1996; Lenoir et al. 2001; Soustelle et al. 2009) to the 
formation of late, ductile structures in the plagioclase peridotite 
domain (Van der Wal & Vissers 1996), and (2) the relation of this 
transition to the exhumation and crustal emplacement of the mas-
sif. Here we present new structural data from this transition indi-
cating massif-scale rotation of the compositional layering that 
evolved continuously from the spinel to the plagioclase facies and 
developed contemporaneously with the plagioclase tectonite folia-
tion, recording kilometre-scale folding of the shallow subconti-
nental lithospheric mantle. After restoring the clockwise 
vertical-axis rotation and the counterclockwise horizontal-axis 
tectonic tilting of the massif (García-Dueñas et al. 1992; 
Crespo-Blanc & Campos 2001; Villasante-Marcos et al. 2003), 
our detailed structural mapping shows that the fold formed before 
crustal emplacement of the Ronda Peridotite during southward 
thrusting in the backarc setting of the Alborán Domain (western 
Mediterranean basin).

Backarc basin inversion and subcontinental mantle emplacement in the crust: 
kilometre-scale folding and shearing at the base of the proto-Alborán lithospheric 

mantle (Betic Cordillera, southern Spain)

KáROLy HiDAS1*, GuiLLERMO BOOTH-REA1,2, CARLOS J. GARRiDO1, JOSé MiGuEL 
MARTínEZ-MARTínEZ1,2, JOSé ALBERTO PADRón-nAVARTA3,4, ZOLTán KOnC1, 

FLAViO GiACOniA1,2, ERWin FRETS1 & CLAuDiO MARCHESi1

1Instituto Andaluz de Ciencias de la Tierra, CSIC & UGR, Avenida de las Palmeras 4, 18100 Armilla (Granada), Spain
2Department of Geodynamics, University of Granada, Fuentenueva s/n, 18002 Granada, Spain

3Géosciences Montpellier, Université Montpellier-2 & CNRS, CC 60, Place E. Bataillon, 34095 Montpellier, France
4Research School of Earth Sciences, The Australian National University, Building 61, Mills Road, Canberra, 

ACT 0200, Australia
*Corresponding author (e-mail: karoly.hidas@csic.es)

Abstract: To constrain the latest evolutionary stages and mechanisms of exhumation and emplacement of 
subcontinental peridotites in the westernmost Mediterranean, we present here a detailed structural study of the 
transition from granular spinel peridotite to plagioclase tectonite in the western Ronda Peridotite (Betic Cor-
dillera, southern Spain). We show that the plagioclase tectonite foliation represents an axial surface particu-
larly well developed in the reverse limb of a downward facing moderately plunging and moderately inclined 
synform at the base of the Ronda massif. The fold limbs are cut by several mylonitic and ultramylonitic shear 
zones with top-to-the-SW sense of shear. After restoring the middle to late Miocene vertical-axis palaeomag-
netic rotation and the early Miocene tectonic tilting of the massif, these studied structures record southward-
directed kinematics. We propose a geodynamic model in which folding and shearing of an attenuated mantle 
lithosphere occurred by backarc basin inversion during late Oligocene (23–25 Ma) southward collision of 
the Alborán Domain with the palaeo-Maghrebian passive margin, leading to the intracrustal emplacement of 
peridotites in the earliest Miocene (21–23 Ma).
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Structure of the Ronda Peridotite massif

The Ronda massif is a coherent lithospheric mantle section zoned 
into several kilometre-scale petrological, geochemical and struc-
tural domains (Obata 1980; Van der Wal & Bodinier 1996; Van der 
Wal & Vissers 1996; Lenoir et al. 2001; Esteban et al. 2007; 
Precigout et al. 2007; Soustelle et al. 2009). Results of the exten-
sive earlier studies provide a basis to summarize the temporal and 
structural evolution of the domains from older to younger struc-
tures and from the top to the bottom of the massif (from nnW to 
SSE) as follows.

(1) The garnet–spinel (grt–sp) mylonite and spinel tectonite 
domains represent the vestiges of Proterozoic lithospheric 
mantle, with the grt–sp mylonites interpreted either as 
younger structures formed by high-pressure shearing of an 
older spinel tectonite domain (Van der Wal & Vissers 1996), 
or as formed coevally with spinel tectonites by increas-
ing strain localization and cooling at the top of the massif 
(Precigout et al. 2007; Garrido et al. 2011).

(2) The granular spinel peridotite domain is composed of 
coarse granular spinel peridotites formed by annealing of 
the spinel tectonites during thermal erosion and partial 
melting (>1250 °C, 1.5 GPa) above the upwelling astheno-
sphere, at the base of the extremely attenuated lithospheric 
section (Van der Wal & Bodinier 1996; Van der Wal & Vis-
sers 1996; Lenoir et al. 2001; Vauchez & Garrido 2001; 
Bodinier et al. 2008; Soustelle et al. 2009). The transition 
from the spinel tectonite to the granular spinel peridotite 
domain is a narrow (c. 200–400 m wide) and continuous 
(c. 20 km long) transitional zone referred to as the recrys-
tallization front, which is considered as a former isotherm 
overlying partially molten granular peridotites (Van der Wal 
& Bodinier 1996; Lenoir et al. 2001).

(3) The youngest, underlying plagioclase tectonite domain 
overprints the granular spinel peridotite domain and records 
the latest stages of evolution of the Ronda Peridotite under 
progressive cooling (800–900 °C) and decompression 
(0.5–0.7 GPa; Obata 1980).

Structure of the transition from granular spinel 
peridotite to plagioclase tectonite

Our study focuses on the westernmost Ronda Peridotite massif where 
granular spinel peridotite grades into plagioclase tectonite (Fig. 1b). 
We selected this area because the transition here is well exposed and 
unaffected by the late mantle imbrications overthrusting crustal 
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Fig. 1. (a) Simplified geological map (modified after Comas  
et al. 1999; Booth-Rea et al. 2007) with the main tectonic domains 
forming the Betic–Rif orogenic belt (see inset for location). The 
figure also highlights the Ronda Peridotite in southern Spain and Beni 
Bousera Peridotite in northern Morocco. The rectangle indicates the 
area shown in (b). (b) Simplified geological map and cross-section 
of the westernmost Alborán Domain in the Betic chain with the 
tectonometamorphic domains and internal structures of the western 
Ronda Peridotite (mapped by Darot 1973; Obata 1980; Van der Wal & 
Vissers 1996; Lenoir et al. 2001; Precigout et al. 2007; Soustelle et al. 
2009). The Ronda Peridotite is outlined in black. The A–A’ cross-section 
is modified after García-Dueñas et al. (1992) and Sánchez-Gómez et al. 
(2002), showing the appearance of the reconstructed fold (continuous 
black curves) in the southeastern part of the massif with fold axial-plane 
trace (dashed blue line; flat lying dashed line in printed version) and 
axial planar S2 tectonite foliation (dotted lines). SiM, South iberian 
margin. Study area is shown enlarged in Fig. 2.
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rocks. These imbricated structures were previously interpreted as 
crustal lenses deformed synchronously with the ductile deformation 
of the plagioclase tectonite domain (e.g. Van der Wal & Vissers 
1996) but more recent studies have shown that intercalation of 
peridotites among layers of crustal Blanca units is postkinematic to 
peridotite deformation and, in addition, is strongly modified by 
superimposed extensional faulting (Sánchez-Gómez et al. 2002).

The oldest structures in the western Ronda Peridotite occur in 
the garnet–spinel mylonite and the underlying spinel tectonite 
domains (Van der Wal & Vissers 1996; Precigout et al. 2007; 
Soustelle et al. 2009) as garnet pyroxenite compositional layering 
(S0) and high-temperature (high-T) ductile peridotite foliation (S1) 
with a nE–SW-trending stretching lineation (L1) defined by spinel 
aggregates and, in the garnet–spinel mylonite, by elongated 
orthopyroxene (Darot 1973; Balanyá et al. 1997; Precigout et al. 
2007; Soustelle et al. 2009). The S1 foliation is subparallel to the S0 
compositional layering and dips generally 70–80° to the WnW 
(Van der Wal & Vissers 1996; Soustelle et al. 2009; Fig. 1b). in the 
most intensely foliated spinel tectonites, the S0 compositional lay-
ering exhibits boudins and metre-scale isoclinal folds with axial 
planes parallel to the S1 foliation (Van der Wal & Vissers 1996; 
Garrido & Bodinier 1999). The S1 spinel tectonite foliation disap-
pears at the recrystallization front, which is interpreted as a perido-
tite solidus isotherm that annealed and melted the spinel tectonite 
domain giving way to underlying apparently undeformed granular 
spinel peridotite (Van der Wal & Bodinier 1996; Van der Wal & 
Vissers 1996; Lenoir et al. 2001). As a result of melting and decom-
pression the S0 compositional layering is represented by spinel 
pyroxenite in the granular spinel peridotite domain (Seiland Facies 
of Obata 1980) and by plagioclase–spinel pyroxenite in the plagio-
clase tectonite domain (Garrido & Bodinier 1999; Bodinier et al. 
2008). in the study area only these pyroxenites were considered as 
the markers of S0 compositional layering. in addition to S0, two 
newly developed structures characterize the lower part of the gran-
ular spinel peridotite and the plagioclase tectonite domains (study 
area, Fig. 2a): (1) a higher-temperature peridotite foliation S2 (here-
after referred as high-T structure); (2) a lower-temperature and/or 
higher strain (hereafter referred as low-T structure) mylonitic to 
ultramylonitic foliation (Sm) developed in shear zones that cut the 
high-T structures.

At the highest topographic levels of our study area (Fig. 2a), 
located immediately below the recrystallization front (see Fig. 1b), 
the S0 compositional layering is marked by spinel pyroxenite dip-
ping 70–80° to the nW, thus being subparallel to the garnet pyrox-
enite S0 of the overlying spinel tectonite domain (Fig. 1b; Van der 
Wal & Vissers 1996). Down-section, at the transition from the 
granular spinel peridotite to the plagioclase tectonite domain, the S0 
compositional layering rotates gradually clockwise, at the base of 
the massif having a dip of 40–60° to the EnE (Fig. 2a). The first 
occurrence of the new high-T S2 foliation is found close to the 
recrystallization front in the northwestern part of the study area 
(Fig. 2a), where plagioclase-free spinel lherzolite shows foliation 
dipping 60–80° to the north that crosscuts the spinel pyroxenite S0 
(Fig. 3a). Further to the SSE in the plagioclase tectonite domain the 
S2 foliation becomes increasingly penetrative in porphyroclastic 
lherzolite that shows plagioclase rims around spinel (Fig. 3b and e) 
and it is slightly weaker in more refractory peridotite that lacks 
plagioclase. in both cases the S2 foliation crosscuts S0 composi-
tional layering and former isoclinal folds (Fig. 3c), and shows a 
fairly uniform dip of 50–70° to the nnE (Fig. 2a) with stretching 
lineation (L2) trending nE–SW in the foliation plane (Fig. 2a inset).

The younger low-T structure in the study area is marked by the 
development of mylonitic to ultramylonitic microstructures in 
shear zones (Fig. 3d) with olivine grain sizes <200 µm (10–50 µm 

for ultramylonites; Fig. 3f). Although Van der Wal & Vissers 
(1996) interpreted the whole plagioclase tectonite domain as a 
shear zone, they reported only high-T ductile S2 structure in this 
domain and did not recognize the low-T ultramylonite bands. These 
shear zones first occur as thinner (<10 cm) and discontinuous bands 
at the base of the granular spinel peridotite domain and as much 
wider shear zones (up to 5–10 m width; Fig. 3d) in the plagioclase 
tectonite domain (Fig. 2a). in the eastern part of the study area, a 
thick ultramylonite shear zone (10 m wide; Fig. 3d) can be tracked 
westward for 2 km where it progressively narrows to less than 1 m 
(Fig. 2a). The strike of the low-T Sm mylonitic foliation is subparal-
lel to that of the high-T S2 foliation but it dips more gently, 30–50° 
to the nnE (Fig. 2a inset). Elongated orthopyroxene porphyro-
clasts and spinel denote a nE–SW-trending lineation Lm, subparal-
lel to the high-T L2 lineation of plagioclase tectonite (Fig. 2a inset). 
Microstructure of the low-T mylonites implies top-to-the-SW sense 
of shear (Fig. 3f) in accordance with the sigmoidal character of S2 
foliation in the shear zones (Fig. 3d inset).

Origin and significance of plagioclase tectonites

Our detailed mapping of the granular peridotite and the plagioclase 
tectonite domains clearly shows large-scale gradual rotation of the 
S0 compositional layering (Fig. 2a) that cannot be accounted for 
solely by shearing as suggested by Van der Wal & Vissers (1996). 
instead, the S0 compositional layering forms two limbs of a kilome-
tre-scale fold with a high-T axial-plane foliation (S2) (Fig. 2a inset), 
which is well developed in the reverse limb (Fig. 2a and b). The 
fold axial surface dips 50° to the north (average orientation of the 
S2 foliation) and the fold axis plunges c. 45° to the nE (intersection 
between the layering in both limbs and between the S2 foliation and 
the layering; Fig. 2a inset). This single fold has only two major 
limbs, which means that the fold asymmetry or fold vergence can-
not be reconstructed. However, cleavage vergence, defined here as 
the horizontal direction of the sense of acute angle towards which 
the S2 foliation needs to be rotated so that it becomes parallel to S0 
layering (see Bell 1981, and references therein), further clarifies 
internal fold geometry. As reported by Van der Wal & Vissers 
(1996) elsewhere in the plagioclase tectonite domain, we also 
observed in our study area a nW cleavage vergence to the north 
and a SE cleavage vergence to the SE (Fig. 2a and b). Local ver-
gence changes related to minor folds at a scale of 10–100 m are also 
present, of which the largest one is shown in the southeastern part 
of the study area (Fig. 2b). Because the Ronda Peridotite is a coher-
ent lithospheric mantle section (Obata 1980; Van der Wal & 
Vissers 1996) that is also continuous with its overlying crustal 
envelope (Tubía 1994; Balanyá et al. 1997; Argles et al. 1999; Platt 
et al. 2003), the polarity in the northern side of the massif is 
upwards. it follows that the kilometre-scale fold at the base of the 
mantle section is a non-cylindrical, moderately plunging, moder-
ately inclined, downward facing synform (i.e. anticline) (Fig. 2b). 
it should be noted that its fold axis is subparallel to the trace of the 
stretching L2 lineation in the S2 peridotite foliation plane (Fig. 2a 
inset) but this geometry is similar to that observed in large-scale 
folding of other orogenic peridotites, such as the central part of the 
Lanzo Peridotite Massif in the Alps (nicolas & Boudier 1975; 
Boudier 1978). in fact, the parallelism between fold axis and min-
eral lineation is a common feature in rocks deformed by folding 
associated with shearing (e.g. Bell 1978, and references therein), 
where the fold is formed initially by flattening but the increase of 
simple shear component progressively rotates the fold axis within 
its own axial plane until it lies parallel to lineation (compare a 
sheath fold). in the study area, high-T (S2–L2) and low-T (Sm–Lm) 
structures show a similar orientation (Fig. 2a inset), which 
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Fig. 2. (a) Structural map of the study area. White letters in black shaded circles refer to the location of outcrops shown in Figure 3. numbers beside the 
symbols of layering, high-T and low-T foliation indicate the dip values where, for example, 4 should be read as a 40° dip. inset in the bottom left corner 
shows lower hemisphere, equal angle (Wulff) stereographic projections of all field measurements as traces of planes and their poles for compositional 
layering (S0), high-T tectonite foliation (S2), and low-T shear zone foliation (Sm). in the second pole figure from the left (high-T S2), grey circles 
(pale circles in the printed version) are the poles of plagioclase-free foliation, whereas red circles (dark circles in the printed version) are the poles of 
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Sm, respectively). Diamond symbol in pole figures corresponds to the fold axis. n, number of data; Plag, plagioclase tectonite foliation; Spl, plagioclase-
free tectonite foliation. (b) interpretative map of the large-scale folding of the S0 compositional layering with the S2 axial plane foliation in the study 
area. The changes from nW to SE cleavage vergence in normal and reverse limbs of the fold that corresponds to the ‘north-vergent’ and ‘south-vergent’ 
domains of Van der Wal & Vissers (1996), interpreted by them as shear zones with opposite kinematics, should be noted. Also noteworthy is a small 
inversion in cleavage vergence in the southeastern part of the study area, which is interpreted as a minor fold developed on the reverse limb of the fold.
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indicates that they must record similar kinematics. Therefore, low-
T shear zones are interpreted to have formed synkinematically with 
the folding by increasing strain localization upon cooling at the 
brittle–ductile transition of peridotite (Boullier & Gueguen 1975).

Van der Wal & Vissers (1996) concluded that the high-T folia-
tion S2 in the plagioclase tectonite domain developed in two dia-
chronous kilometre-scale shear zones with opposite kinematics: an 
older ‘south-vergent’ shear zone, as wide as the entire plagioclase 
tectonite domain, with top-to-the-north sense of shear that was 

overprinted by a younger and narrower ‘north-vergent’ shear zone 
recording top-to-the-south sense of shear. At the borders of the 
oppositely directed shear zones, they observed minor folds (c. 100 
m length scale) with the high-T S2 foliation as axial plane (see Van 
der Wal & Vissers 1996, p. 36, fig. 11) that they suggested to form 
as shear folds owing to strain gradients preserved in the margins of 
shear zones with opposite kinematics. in contrast, our structural 
data show that the local change in cleavage vergence corresponds 
to changes from the normal to the reverse limbs of the large-scale 
fold (Fig. 2a and b) instead of two opposite shear senses in diachro-
nous shear zones. Small-scale folds described by Van der Wal & 
Vissers (1996) are explained here as minor folds developed on the 
normal limb of the kilometre-scale anticline. The presence of unde-
formed granular spinel peridotite lenses within foliated plagioclase 
tectonite, and the occurrence of crustal lenses of the underlying 
Blanca unit within the younger, north-vergent shear zones were 
claimed by Van der Wal & Vissers (1996) as further support for 
increasing strain localization and their relation with the emplace-
ment of the Ronda Peridotite. However, later studies have demon-
strated that these crustal lenses represent brittle imbrications of the 
plagioclase tectonite overthrusting crustal rocks, and that they are 
unrelated to the ductile high-T deformation of peridotite (Sánchez-
Gómez et al. 2002; Fig. 1b, cross-section). in our study area crustal 
lenses are not present in the SE-vergent domains, supporting that 
such crustal lenses are due to brittle tectonics (Sánchez-Gómez 
et al. 2002) unrelated to the processes that resulted in the ductile S2 
peridotite foliation. Alternative models for the origin of plagioclase 
tectonites are that they represent an upwelling asthenospheric man-
tle diapir at the base of a thinned continental lithosphere during 
mantle extrusion in a transform-fault context (Tubía 1994) or 
triggered by sublithospheric delamination (Tubía et al. 2004). 
However, mapping of structures related to 3D mantle diapirs below 
a fast palaeo-spreading ridge in the Oman ophiolite shows that dia-
pirs are composed of coarse-granular peridotite formed by high-
temperature deformation producing steep peridotite lineations and 
warped vertical foliation trajectories (Ceuleneer et al. 1988; 
nicolas & Boudier 1995; Jousselin et al. 1998). Formation of the 
Ronda plagioclase tectonites decoupled from their overlying peri-
dotite domains in high-temperature asthenospheric flow is further 
inconsistent with (1) the kilometre-scale folding of high-T struc-
tures from the spinel to the plagioclase lherzolite facies (Fig. 2a) 
indicating that the S0 compositional layering was folded upon cool-
ing and decompression in a coherent lithospheric mantle section, 
(2) subhorizontal lineations of the high-T plagioclase tectonite 
foliation with respect to the palaeo-horizontal recrystallization 
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Fig. 3. (a–d) Field views of the main structural features of the study  
area discussed in the text. Outcrop locations are shown in Figure 2.  
(a) Crosscutting relationship between high-T S2 tectonite foliation and 
S0 compositional layering observed in plagioclase-free spinel lherzolite 
indicating that large-scale folding initiated in the spinel lherzolite facies. 
(b) Crosscutting relationship between high-T S2 foliation and  
S0 compositional layering observed in plagioclase tectonite. (c) Metre-
scale unsheared isoclinal folding of the S0 compositional layering 
crosscut by high-T S2 plagioclase tectonite foliation indicating that 
isoclinal folds, similar to those observed in the overlying domains by 
Van der Wal & Vissers (1996) and Garrido & Bodinier (1999), formed 
earlier than the plagioclase tectonite foliation and are not related to 
the kilometre-scale folded structure studied here. (d) A 10 m wide 
shear zone developed in peridotite with low-T Sm shear zone foliation. 
inset shows sigmoidal character of high-T S2 foliation (white dashed 
line) between low-T ultramylonite bands (Sm). (e, f) Cross-polarized 
light photomicrographs of plagioclase tectonite (e) and mylonitic–
ultramylonitic shear zone (f). White arrows in (f) and inset of  
(d) indicate top-to-the-SW sense of shear in the low-T structures.
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front and the overlying spinel tectonite foliations that would repre-
sent the lithospheric domain, and (3) the presence of low-T shear 
zones showing similar structures to the high-T plagioclase tec-
tonites, which cannot occur in high-temperature asthenospheric 
flow. Diapiric models do not account for the geochemical signa-
tures of peridotites and pyroxenites in the different tectonic 
domains (Garrido & Bodinier 1999) and the similar Re–Os ages of 
the different domains indicating a provenance from the same sec-
tion of old subcontinental lithospheric mantle (Marchesi et al. 
2010).

Geodynamic implications

The Alpine history of the Ronda Peridotite is related to strong 
Oligocene (Balanyá et al. 1997; Argles et al. 1999) thinning of the 
Alpujárride–Maláguide Eocene (Platt et al. 2005) orogenic wedge 
(Alborán crustal domain). Marchesi et al. (2012) showed that late 
Oligocene intrusive mantle pyroxenites in the Ronda massif were 
in equilibrium with andesite-like melts and have a geochemical sig-
nature similar to neogene subduction-related lavas of the western 
and central Mediterranean. Rather than convective removal or 
delamination of a previously generated lithospheric root, these data 
support thinning of the Alborán Domain orogenic wedge and its 
convective thermal erosion induced by slab rollback in a backarc 
basin situated several hundred kilometres further east (south of the 
Balearic islands) during the Palaeogene (Fig. 4a; Lonergan & 
White 1997; Rosenbaum et al. 2002; Faccenna et al. 2004; Booth-
Rea et al. 2007; Garrido et al. 2011). in this setting, the 21–23 Ma 
intracrustal emplacement of the Ronda Peridotite (Priem et al. 
1979; Esteban et al. 2011) occurred after the collision with the 
Maghrebian passive margin (c. 23–25 Ma; Booth-Rea et al. 2005), 
providing a common origin for the peridotite bodies in the Betic–
Rif and in the Kabylian belt in Algeria (Caby et al. 2001; Bruguier 
et al. 2009). Lonergan (1993) also proposed initial south-directed 
migration of the Alborán Domain to explain the southward-directed 
thrusting of the Maláguide–Alpujárride nappe-stack after undoing 
palaeomagnetic rotations in the eastern Betics. During the early 
Miocene the system propagated westward, resulting in the oblique 
collision with the South iberian passive margin and the high- 
pressure metamorphism of the nevado–Filábride units between 15 
and 17 Ma (López Sánchez-Vizcaíno et al. 2001; Platt et al. 2006). 
All these time constraints are in agreement with the 25 ± 1 Ma 
Lu–Hf ages obtained for the formation of overlying garnet pyrox-
enites in the Beni Bousera massif, which is the counterpart to the 
Ronda Peridotite in northern Morocco (Blichert-Toft et al. 1999; 
Pearson & nowell 2004) as well as with the 19 ± 5 Ma u–Pb ages 
of crystallization of late granites that crosscut the Ronda Peridotite 
(Sánchez-Rodríguez & Gebauer 2000). Garrido et al. (2011) have 
proposed a similar scenario to account for the poly-metamorphic, 
tectonic and igneous history of the Ronda Peridotite. Those work-
ers considered that the Ronda grt–sp mylonite domain was formed 
in the Oligocene during decompression and cooling of garnet peri-
dotites from 2.4–2.7 GPa at 1020–1100 °C (c. 85 km) to 2 GPa at 
800–900 °C (c. 65 km) as a result of early exhumation and thinning 
of the Alborán Domain.

Structural and palaeomagnetic studies have shown that after its 
emplacement the Ronda Peridotite underwent important brittle tec-
tonic tilting (c. 50° anticlockwise rotation around a horizontal 
n70°E-directed axis with respect to its present-day position; 
García-Dueñas et al. 1992; Crespo-Blanc & Campos 2001) and 
vertical-axis c. 35° clockwise rotation (Villasante-Marcos et al. 
2003). To discuss the kinematic evolution of the Ronda Peridotite 
in a geodynamic framework one should consider these brittle 
rotations and restore the present-day structures to their original 

15
M

a30 Ma

25
M

a

AD

Rif

Tell

Apennines

AD

Pyrenees

Alps

200 km

Iberia

South Iberian

Passive Margin

Flysch
TroughBetics

Africa
Maghrebian

Passive Margin

N

(a)

(b) ca. 28-25 Ma

AD wedge

LM

AM

Backarc basin inversionS N

(2)

(c) 25-23 Maca.

AD wedge

LM

AM

Backarc extension

Slab rollback

S N

(1)

(1')

Fig. 5

NS -S L

grt-spl mylonite
and
spinel tectonite
(paleo-orientation)

0 1 1&

Plane: Pole:

Fig. 4. (a) Geodynamic reconstruction (modified after Booth-Rea et al. 
2007 and Marchesi et al. 2012) showing the tectonic scenario proposed 
for the westernmost Mediterranean for the Late Oligocene–Early 
Miocene. AD, Alborán Domain including Ronda Peridotite. (b) north–
south cross-section for the Late Oligocene backarc extension (modified 
after Garrido et al. 2011). in the figure, (1) denotes the formation of 
grt–spl mylonites owing to backarc extension and (1’) refers to partial 
melting at the base of the lithosphere induced by asthenospheric 
upwelling. (c) north–south cross-section for the Late Oligocene–Early 
Miocene backarc basin inversion that led to kilometre-scale folding 
indicated by (2) and shown in detail in Figure 5 (area outlined). Shading 
of the lithospheric mantle is the same as for Ronda Peridotite in Figure 
1b. AD wedge, Alborán crustal units; AM, asthenospheric mantle; LM, 
lithospheric mantle. Lower hemisphere, equal angle (Wulff) stereographic 
projection shows the palaeo-orientation of the S0 compositional layering 
and the S1 tectonite foliation (simplified to a single plane, as they are 
essentially parallel to each other) as a trace of plane and its pole, along 
with L1 mineral lineation as grey shaded density contours (contours from 
0.0 to 11.1) in the grt–sp mylonite and spinel tectonite domains of the 
Ronda Peridotite (Darot 1973; Van der Wal & Vissers 1996; Precigout et al.  
2007; Soustelle et al. 2009). The palaeo-orientation was approximated 
by undoing the late brittle rotations (tectonic tilting: García-Dueñas et al. 
1992; palaeomagnetic rotation: Villasante-Marcos et al. 2003).
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palaeo-orientation. Feinberg et al. (1996) and Villasante-Marcos 
et al. (2003) showed that the massif was already tilted when the 
palaeomagnetic rotation took place in the middle to late Miocene. 
Consequently, we restored first the younger palaeomagnetic rota-
tion and then the older tectonic tilting of the massif by rotating the 
structural data anticlockwise 35° around a vertical axis (Villasante-
Marcos et al. 2003) and then clockwise 50° around a horizontal 
n35°E axis, the latter one corresponding to the present-day n70°E 
horizontal axis (García-Dueñas et al. 1992; Crespo-Blanc & 
Campos 2001) corrected for the later palaeomagnetic rotation. The 
present-day WnW-dipping S0–S1 planar structures and nE–SW-
trending L1 lineation of the grt–sp mylonite and spinel tectonite 
domains (Fig. 1b) currently record top-to-the-north kinematics 
(Darot 1973; Balanyá 1991; Balanyá et al. 1993; Tubía 1994). 
undoing the late brittle rotations results in a palaeo-orientation of 
the S0–S1 planar structures dipping 25° to the west associated with 
a north–south-trending L1 lineation (Fig. 4b stereogram) and sub-
horizontal north-directed kinematics. This kinematics and the 
decompressive P–T path of the grt–sp mylonite (Garrido et al. 

2011) are consistent with late Palaeogene thinning of a thick sub-
continental lithospheric mantle in a backarc setting along an exten-
sional detachment (Fig. 4b). This early thinning and exhumation 
was followed in the Late Oligocene–Early Miocene by heating 
and melting of the base of the extremely attenuated subcontinental 
lithosphere under spinel peridotite facies conditions (c. 1.5 GPa; 
Lenoir et al. 2001).

Restoring the late brittle rotations for our structural data from the 
granular spinel peridotite and the younger plagioclase tectonite 
domains results in a subhorizontal, slightly inclined anticline with 
a fold axis plunging 5° to the nnW and a nE-dipping axial surface 
(Fig. 5 stereogram). Our study shows that the high-T S2 foliation 
already occurs in plagioclase-free spinel lherzolite (Fig. 3a) at the 
base of the granular spinel peridotites. The existence of the same 
high-T S2 foliation in the underlying plagioclase tectonite domain 
(Fig. 2a) implies that the axial plane foliation developed continu-
ously from the spinel to the plagioclase facies. These observations 
indicate that the fold started to form in the spinel lherzolite facies 
(Fig. 5a) in the deep, hottest part of the melted mantle domain 
below the recrystallization front (Fig. 2a), and developed a kilome-
tre-scale anticline during progressive cooling and decompression at 
the base of the massif in the plagioclase tectonite domain (Fig. 5b 
and c). Folding further developed along a low-angle basal thrust-
zone that continuously juxtaposed hot peridotite over colder meta-
morphic units during decompression (Fig. 5c). upon cooling near 
the brittle–ductile peridotite transition, low-T shear zones (Sm), 
synkinematic to the high-T S2 plagioclase tectonite foliation, devel-
oped in the reverse limb of the fold (Fig. 5c). This scenario resulted 
in a geometry where peridotites were conductively cooled from 
above and progressively cooled in the basal plagioclase tectonites 
with the hottest domain preserved in the centre of the massif. This 
above-and-below cooling would also account for the preservation 
of the metastable high-pressure grt–sp mylonites and the freezing 
of the melting recrystallization front in the core of the Ronda 
Peridotite massif (Fig. 5c). Furthermore, restoring the shear sense 
to its palaeo-orientation in the low-T structures, which are consid-
ered as formed synkinematically to folding, implies a top-to-the-
south kinematics for the latest stages of the ductile evolution of the 
Ronda Peridotite, which is opposite to the higher-pressure north-
ward-directed kinematics of the overlying grt–sp mylonite and spi-
nel tectonite domains (compare the stereograms in Figs 4b and 5a). 
This southward kinematics can be accounted for by an inversion 
from a backarc extension during slab rollback to a contractional 
basin during Late Oligocene–Early Miocene collision of the 
Alborán orogenic wedge with the Maghrebian passive margin 
(Fig. 4a and c). We propose that orogenic shortening and southward 
thrusting initiated a ductile fold recording the early Miocene intrac-
rustal emplacement of the Ronda Peridotite (Figs 4c and 5a–c).

Conclusions

The transition from the granular spinel peridotite to the plagioclase 
tectonite domain of the Ronda Peridotite records kilometre-scale 
folding and shearing at the base of the subcontinental lithospheric 
mantle section that initiated during decompression and cooling of 
the massif from spinel to plagioclase lherzolite facies. newly 
developed foliation in plagioclase lherzolite from the plagioclase 
tectonite domain represents the axial-plane foliation of an anticline. 
Synkinematic mylonitic–ultramylonitic shear zones were formed at 
the peridotite plastic–brittle transition mainly in the reverse limb of 
this fold. Palaeo-orientation of the present-day structures, inferred 
from restoring the Miocene tectonic tilting and vertical-axis clock-
wise palaeomagnetic rotation of the massif, indicates a subhorizon-
tal inclined anticline and a top-to-the-south sense of shear for the 
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synkinematic shear zones. This geometry and the reconstructed 
kinematics suggest an Early Miocene inversion in the Alborán 
backarc extension prior to the intracrustal emplacement of the 
Ronda Peridotite massif. We propose a geodynamic model in 
which folding and shearing of an attenuated mantle lithosphere 
occurred by backarc basin inversion during southward collision of 
the Alborán Domain with the palaeo-Maghrebian passive margin 
(23–25 Ma), leading to the intracrustal emplacement of peridotites 
in the earliest Miocene (21–23 Ma).
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