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M. NEBOT

1.1 ABSTRACT

The Maestrat basin was one of the most subsident basins of the Mesozoic Iberian Rift system, which
experienced two main rifting events: Late Permian-Late Triassic and Late Jurassic-Early Cretaceous.
The Maestrat Basin developed during the second rifting event, by a listric normal fault system which
divided it into sub-basins. It was inverted during the Cenozoic Alpine orogeny generating the Linking
Zone between the NW-SE-trending Iberian Chain, and the NE-SW-trending Catalan Coastal Chain. During
the inversion, the E-W-trending, N-verging Portalrubio-Vandellds fold-and-thrust belt developed along
its northern margin, detached in the Triassic evaporites, while southwards it also involved the Variscan
Basement. The study area is located in the northern margin of the Maestrat Basin, in the central part of
the Portalrubio-Vandellos fold-and-thrust belt, including the transition from thin (N) to thick-skinned
(S) areas. The main objectives of the present thesis are to characterize the structures developed during
the Mesozoic extension and during the Cenozoic contraction, and the influence of the former on the
latter, as well as to characterize the transition from thin to thick- skinned style of deformation areas.
Finally it aims to propose a kinematic evolutionary model for the northern margin of the basin and a
reconstruction of the Maestrat Basement Thrust geometry. This study is based on the interpretation of

subsurface data-2D seismic and exploration wells-and new field data.

Regarding the Mesozoic structure, during the first stage of extensional activity (Late Permian-Late
Triassic) a high angle normal fault system developed, which fragmented the Variscan Basement into
a system of horsts, grabens and half-grabens. Those faults were active during the deposition of the
Buntsandstein facies and lasted until the lower part of the Middle Muschelkalk facies was deposited, filling
the system of horsts and grabens and generating depositional thickness variations of this evaporitic unit.
The fault system was overstepped by the upper part of the Middle Muschelkalk, indicating a decrease in
the extensional activity, which lasted until the carbonates of the Upper Muschelkalk facies was deposited,
as it has a nearly constant thickness in all the basin. During the Keuper facies deposition, the extensional
activity of some normal faults in the acoustic or sub-salt basement resumed, triggering the Middle
Muschelkalk salt flow, which developed salt anticlines and welds, increasing the thickness variations
of this facies. The age of the salt flow is deduced from the Keuper facies reflectors lapping on the folded
Upper Muschelkalk above the salt accumulations. Growth-strata above some Upper Muschelkalk forced
folds are also recognized, developed above some reactivated normal faults in the acoustic basement. The

different load exerted by the Keuper facies could have also enhanced the salt flow.

During the second stage of extensional activity (Late Jurassic-Early Cretaceous) a segmented system of
listric normal faults, connected by relay ramps developed bounding the different sub-basins, as suggested
by the distribution of the Lower Cretaceous rocks and the extensional structures in the study area, which
display varying orientations. The Maestrat basin filling, broadly becomes thinner towards the north,
towards the northern boundary of the basin. However, the geometry of the Lower Cretaceous syn-rift
filling of the Salzedella sub-basin -the most extensive sub-basin within the Maestrat basin- resembles
a wide wedge that thickens progressively towards the North, from 350m to 1100m, to the hanging wall

of the S-dipping main normal faults. Major extension occurred during the Barremian, as units of this age
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display bigger thickness variations, while the Aptian units show more constant thicknesses.

During the Cenozoic Alpine orogeny, the Maestrat basin was inverted, and the broadly E-W-trending,
N-verging Maestrat Basement Thrust developed, traversing the entire basin, as a result of the inversion
of the Mesozoic normal fault system in its segment across the acoustic basement. A wide uplifted
area —about 40km-wide in the N-S direction- can be observed in the hinterland of the Linking Zone,
which contains subhorizontal and slightly deformed Upper Cretaceous and locally Cenozoic rocks, with
topographic elevations from 1400 to 2000m. In the study area, this uplifted area is limited to the North
by the E-W-trending, N-verging Calders monocline, whose limb is about 13km wide in its central part,
dips about 52N, and generates a vertical tectonic step of 800-1200m. This monocline is interpreted as
a fault-bend fold; therefore, a flat-ramp-flat geometry is assumed in depth for the Maestrat Basement
Thrust. The northern synformal hinge of the Calders monocline broadly coincides with the transition

from a thick-skinned style of deformation to the S, to a thin-skinned style to the N.

The low-dip of the Calders monocline tilted limb, together with the vast extension of the uplifted
area suggest a very low-dip for the basement ramp, rooted in the upper crust. It contains a low-dip
ramp (~9°) extended southwards more than 40km, attaining a depth of 7.5km below the sea level. As
this thrust reached the Mesozoic cover to the foreland, it propagated across the Middle Muschelkalk
evaporitic detachment, generating a nearly horizontal short-cut thrust which transported the supra-salt
cover, and the normal fault segments within it, for c. 12km towards the NNE. The displacement of the
basement in the hanging-wall of the low-dip basement ramp generated the 40km-wide uplifted area,
while the superficial shortening was accumulated in the northern margin of the basin -which contains

the thinnest Mesozoic cover- developing the Portalrubio-Vandellos fold-and-thrust belt.

The structure in the Portalrubio-Vandellos fold-and-thrust belt displays, in the study area, a salient
geometry, convex to the foreland, to the NNE sense of transport, whose formation is attributed to different
factors: a thick Middle Muschelkalk evaporitic detachment that terminates laterally to the W, a basement
high (Montalban anticline) that interacted with the propagation of the E-W-trending thrust front west of

the study area, and the inheritance of the orientation of preexisting Mesozoic normal faults.
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1.2 RESUM

La Conca del Maestrat va ser una de les més subsidents del Sistema de Rift Ibéric Mesozoic, el qual
va experimentar dos episodis de rift principals: el primer durant el Permia superior-Triasic i el segon
durant el Jurassic superior-Cretaci inferior. La conca del Maestrat es va formar durant el segon episodi
de rift, per un sistema de falles normals listriques que la van dividir en sub-conques. Es va invertir durant
I'Orogenia Alpina Cenozoica, formant la Zona d’Enllag¢ entre la Serralada Iberica, d’orientacié6 NW-SE, i
la Cadena Costanera Catalana, d’orientacié NE-SW. Durant la inversio6 es va formar, en el marge nord de
la conca, el cintur6 de plecs i encavalcaments de Portalrubio-Vandellos, d’orientacié predominant E-W i
vergencia cap al N, desenganxat a les evaporites Triasiques, pero que cap al S passa a involucrar el socol

Varisc.

La zona d’estudi es situa al marge nord de la Conca del Maestrat, a la part central del cinturé de plecs
i encavalcaments de Portalrubio-Vandellos, i inclou la zona de transit d'un estil de deformacié de pell
fina (N) a un de pell gruixuda (S). Els principals objectius d’aquesta tesi son caracteritzar les estructures
formades durant |'extensié Mesozoica i durant la contraccié Cenozoica, i la influencia de les primeres en
la formacio de les darreres, aixi com caracteritzar com es produeix el transit d'una zona amb deformaci6
de pell fina a una de pell gruixuda. Finalment, pretén proposar un model d’evoluci6 cinematica del marge
nord de la conca i una reconstruccié de la geometria de 'Encavalcament de Socol del Maestrat. Aquest
estudi esta basat en la interpretacié de dades de subsol (sismica 2D i sondeigs d’exploracio) i dades

noves de camp.

Pel que fa a I'estructura Mesozoica, durant la primera etapa de rift (Permia superior-Triasic superior)
es va formar un sistema de falles normals d’alt angle que va fragmentar el socol Varisc en un sistema de
horsts, grabens i semi-grabens. Aquestes falles foren actives durant el deposit de la facies Buntsandstein,
fins que es va dipositar la part inferior de la facies Muschelkalk mitja, reomplint el sistema de horst i
grabens i donant lloc a diferéncies de gruix deposicionals en aquesta unitat evaporitica. La part alta
del Muschelkalk mitja va sobrepassar i cobrir el sistema de falles, indicant una disminucid de 'activitat
extensiva, que va durar fins que es van dipositar els carbonats de la facies Muschelkalk superior, que
presenta un gruix quasi constant a tota la conca. Mentre es dipositava la facies Keuper es va reactivar
'activitat extensiva d’algunes falles normals del socol acustic o infra-sali, desencadenant el flux de
la sal del Muschelkalk mitja, que va formar anticlinals de sal i welds, incrementant les diferéncies de
gruix d’aquesta facies. L'edat del flux de sal es dedueix a partir dels reflectors sismics del Keuper, que es
disposen en onlap a sobre del Muschelkalk superior plegat sobre les acumulacions de sal. Alguns ventalls
de capes també es poden reconéixer sobre plecs forgats del Muschelkalk superior a sobre d’algunes falles
normals reactivades en el sdcol acustic. La carrega diferencial exercida pel Keuper hauria incrementat o

afavorit el flux de sal.

Durant el segon episodi de rift (Jurassic superior- Cretaci inferior) es va formar un sistema de falles
normals listriques segmentades i connectades per rampes de relleu, que separaven les diferents sub-

conques, tal i com suggereix la distribucié de les roques del Cretaci inferior i de les estructures extensives
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en la zona d’estudi, que presenten diverses orientacions. El rebliment de la conca del Maestrat a grans
trets s’aprima cap al Nord, cap al marge de la conca. Tot i aix0, el Cretaci inferior de la sub-conca de la
Selzedella - 1a més extensa de la conca del Maestrat - presenta una geometria de tascé que s’engruixeix
progressivament cap al Nord, de 350m a 1100m, cap al bloc superior del sistema de falles normals
inclinades cap al S. Durant el Barremia, I'activitat extensiva va ser major que durant I'Aptia, ja que les
unitats barremianes presenten variacions de gruix més acusades, mentre que les aptianes presenten

gruixos més constants.

Durant l'orogénia alpina cenozoica, la conca del Maestrat es va invertir. La inversié del sistema de
falles normals Mesozoiques, en el seu segment a través del socol acustic, va generar 'Encavalcament de
Socol del Maestrat, d’orientacié aproximadament E-W i vergencia cap al N, que travessa tota la conca.
Al rerepais de la Zona d’Enllag es pot observar una extensa zona elevada, d'uns 40km d’amplada en
direccié N-S, que conté roques del Cretaci superior i del Cenozoic poc deformades i sub-horitzontals,
que es situen a cotes entre 1400 i 2000m. A la zona d’estudi, aquesta zona elevada esta limitada al nord
pel Monoclinal de Calders, d’orientaci6é E-W i vergéncia cap al N, que té un flanc basculat cap al N uns
52 amb una amplada maxima d’'uns 13km a la part central, i que genera un esglaé tectonic vertical de
800-1200m. Aquest monoclinal s’interpreta com un plec d’adaptacié, a partir del qual se’'n dedueix
una geometria de repla-rampa-repla per a 'Encavalcament de Sdcol del Maestrat. La xarnera sinforme
septentrional del Monoclinal de Calders coincideix a grans trets amb el pas d’un estil de deformacio6 de

pell gruixuda al Sud, a un estil de deformaci6 de pell fina al Nord.

El baix angle del flanc inclinat del Monoclinal de Calders, i la gran extensié de la zona aixecada
suggereixen un baix angle per a’encavalcament basal en el socol, que estaria arrelat a I'escor¢a superior.
Aquest encavalcament tindria una rampa de baix angle (~92), que es propagaria més de 40km cap al
S, arribant a una profunditat d’'uns 7.5km sota el nivell del mar. Quan aquest encavalcament va arribar
a la cobertora Mesozoica cap a I'avant-pais, es va propagar a través del nivell de desenganxament del
Muschelkalk mitja sali, generant un short-cut quasi horitzontal que va transportar la cobertora supra-
salina i els segments de les falles normals a través d’aquesta uns 12km cap al NNE. El desplagament
del socol en el bloc superior de la rampa de baix-angle va generar I'extensa zona aixecada, d’'uns 40km
d’amplada, mentre que I'escur¢ament en superficie es va acumular a la zona externa de la conca, situada
al N, que conté la cobertora Mesozoica més prima, formant el cinturé de plecs i encavalcament de

Portalrubio-Vandellos.

L'estructura del cinturé de plecs i encavalcament de Portalrubio-Vandellds presenta, ala zona d’estudi,
una geometria arquejada, convexa cap a l'avantpais, cap al NNE, en el sentit del transport. La formaci6
d’aquesta geometria es pot atribuir a diversos factors: a la presencia d'un nivell de desenganxament sali
(Muschelkalk mitja) que acaba lateralment, cap a I'Oest; a un alt de basament (Anticlinal de Montalban)
que hauria interactuat amb la propagacié cap al Nord del front d’encavalcaments d’orientaci6 E-O, a

I'oest de la zona estudiada, i per ultim a I'heréncia de l'orientaci6 de les falles normals Mesozoiques.
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1.3 RESUMEN

La Cuenca del Maestrat fue una de las mas subsidentes del Sistema de Rift Ibérico mesozoico, el
cual experiment6 dos episodios de rift principales: el primero durante el Pérmico superior-Triasico y
el segundo durante el Jurasico superior-Cretacico inferior. La Cuenca del Maestrat se formo6 durante el
segundo episodio de rift, por un sistema de fallas normales listricas que la dividieron en sub-cuencas. Se
invirti6 durante la Orogenia Alpina cenozoica, formando la Zona de Enlace entre la Cadena Ibérica, de
orientaciéon NW-SE, y la Cadena Costera Catalana, de orientacién NE-SW. Durante la inversion, se formoé
en el margen norte de la cuenca el cinturén de pliegues y cabalgamientos de Portalrubio-Vandellos, de
orientacion predominante E-W y vergencia hacia el N, despegado en las evaporitas tridsicas, que hacia el

S pasa a involucrar el zdcalo varisco.

La zona de estudio se sitia en el margen norte de la cuenca del Maestrat, en la parte central del
cinturdn de pliegues y cabalgamientos de Portalrubio-Vandellos, e incluye la zona de transito de un estilo
de deformacidn de piel fina (N) a piel gruesa (S). Los principales objetivos de esta tesis son caracterizar
las estructuras formadas durante la extensién mesozoica y durante la contraccién cenozoica, y la
influencia de las primeras en la formacién de las segundas, asi como caracterizar cémo se produce el
transito de una zona con deformacion de piel fina a una de piel gruesa. Finalmente, se pretende proponer
un modelo de evolucion cinematica del margen norte de la cuenca y una reconstruccion de la geometria
del Cabalgamiento de Zo6calo del Maestrat. Este estudio esta basado en la interpretacion de datos de

subsuelo (sismica 2D y sondeos de exploracidn) y de nuevos datos de campo.

En cuanto a la estructura Mesozoica, durante la primera etapa de rift (Pérmico superior-Triasico
superior) se formo un sistema de fallas normales de alto angulo que fragmentaron el zécalo varisco
en un sistema de horsts, grabens y semi-grabens. Estas fallas fueron activas durante el depdsito de la
facies Buntsandstein, hasta que se deposit6 la parte inferior de la facies Muschelkalk medio, rellenando
el sistema de horsts y grabens, y dando lugar a diferencias de espesor deposicionales en esta unidad
evaporitica. La parte superior de la facies Muschelkalk medio sobrepasé y cubri6 el sistema de fallas,
indicando una disminucidén de la actividad extensiva, que dur6 hasta que se depositaron los carbonatos
de la facies Muschelkalk superior, que presentan una potencia casi constante en toda la cuenca. Mientras
se depositaba la facies Keuper, se reactivé la actividad extensiva de algunas fallas normales en el z6calo
acustico o infra-salino, desencadenando el flujo de la sal del Muschelkalk medio, que form¢ anticlinales
de sal y welds, incrementando las diferencias de espesor de esta facies. La edad del flujo de sal se deduce
a partir de los reflectores sismicos del Keuper, que se disponen en onlap sobre el Muschelkalk superior
plegado sobre las acumulaciones de sal. Algunos abanicos de capas también pueden reconocerse sobre
pliegues forzados del Muschelkalk superior sobre algunas fallas normales reactivadas en el zdcalo

acustico. La carga diferencial ejercida por el Keuper habria incrementado o favorecido el flujo de sal.

Durante el segundo episodio de rift (Jurasico superior-Cretacico inferior) se formé un sistema de
fallas normales listricas segmentadas y conectadas por rampas de relevo, que separaban las diferentes

sub-cuencas, tal y como sugiere la distribucién de las rocas del Cretacico inferior y de las estructuras
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extensivas en la zona de estudio, que presentan diversas orientaciones. El relleno de la cuenca del
Maestrat, a grandes rasgos se adelgaza hacia el norte, hacia el margen de la cuenca. Aun asf, el Cretacico
inferior de la sub-cuenca de la Salzedella - la méas extensa de la cuenca del Maestrat - presenta una
geometria de cufia que se engrosa progresivamente hacia el norte, de 350m a 1100m, hacia el bloque
superior del sistema de fallas normales inclinadas hacia el S. Durante el Barremiense la actividad
extensiva fue mayor que durante el Aptiense, ya que las unidades barremienses presentan variaciones

de espesor mas acentuadas, mientras que las aptienses presentan espesores mas constantes.

Durante la Orogenia Alpina cenozoica la cuenca del Maestrat se invirtid. La inversion del sistema de
fallas normales mesozoicas, en su segmento a través del z6calo acustico, gener6 el Cabalgamiento de
Zocalo del Maestrat, de orientacién aproximadamente E-W y vergencia hacia el N, que atraviesa toda la
cuenca. En el postpais de la Zona de Enlace se puede observar una extensa zona elevada, de unos 40km
de anchura en direccién N-S, que contiene rocas del Cretacico superior y del Cenozoico podo deformadas
y sub-horizontales, que se sitiian en cotas entre 1400 y 2000m. En la zona de estudio, esta zona elevada
estd limitada al norte por el Monoclinal de Calders, de orientacion E-W y vergencia hacia el N, que tiene
un flanco inclinado hacia el N unos 52, con una anchura maxima de unos 13km en su parte central, y que
genera un escalon tectonico vertical de 800-1200m. Este monoclinal se interpreta como un pliegue de
adaptacién, a partir del que se deduce una geometria de rellano-rampa-rellano del Cabalgamiento de
Zocalo del Maestrat. La charnela sinforme septentrional del Monoclinal de Calders coincide, a grandes
rasgos, con el paso de un estilo de deformacion de piel gruesa al Sur, a un estilo de deformacién de piel

fina al Norte.

El bajo angulo del flanco inclinado del Monoclinal de Calders, y la gran extensidn de la zona levantada
sugieren un bajo angulo para el cabalgamiento basal en el zdcalo, que estaria enraizado en la corteza
superior. Este cabalgamiento tendria una rampa de bajo dngulo (~92), que se propagaria mas de 40km
hacia el S, alcanzando una profundidad de unos 7,5km bajo el nivel del mar. Cuando este cabalgamiento
lleg6 ala cobertera mesozoica hacia el antepais, se propagd a través del nivel de despegue del Muschelkalk
medio salino, generando un short-cut casi horizontal, que transportoé la cobertera supra-salina y los
segmentos de las fallas normales a través de ésta unos 12km hacia el NNE. El desplazamiento del zécalo
en el bloque superior de larampa de bajo angulo generd la extensa zona elevada, de unos 40km de ancho,
mientras que el acortamiento en superficie se acumulé en la zona externa de la cuenca, situada al N, que
contiene la cobertera mesozoica mas delgada, formando el cinturén de pliegues y cabalgamientos de

Portalrubio-Vandellos.

La estructura del cinturén de pliegues y cabalgamientos de Portalrubio-Vandellos presenta, en la
zona de estudio, una geometria arqueada, convexa hacia el antepais, hacia el NNE, en el sentido del
transporte. La formacién de esta geometria se puede atribuir a varios factores: a la presencia de un
nivel de despegue salino (Muschelkalk medio) que termina lateralmente, hacia el Oeste; a un alto de
basamento (Anticlinal de Montalban) que habria interactuado con la propagacion hacia el norte del
frente de cabalgamientos E-W, al oeste de la zona estudiada, y por ultimo a la herencia de la orientacion

de las fallas normales mesozoicas.
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2.1 MOTIVATIONS AND MAIN OBJECTIVES OF THE THESIS

This thesis studies the eastern part of the Iberian Chain, which is an intraplate thrust-belt owing to
the Cenozoic contractional inversion of the Mesozoic Iberian Rift System (ALVARO et al.,, 1979; SALAS
et al,, 2001). More specifically it focuses on the northern central part of the Linking Zone between
the Iberian Chain and the Catalan Coastal Chain. The Linking Zone is the result of the inversion of the

northern margin of the Maestrat Basin, one of the most subsident basins of the Iberian Rift System.
The main structural features of this area are:

(1) A N-verging fold-and-thrust belt developed in the northern part of the Linking Zone, detached
in the Middle Muschelkalk. Its trend is roughly E-W, although it also contains structures with other
orientations. Towards the south, a tectonic vertical step is observed, which is interpreted as the superficial
expression of a basement thrust, thus the thrust-sheet involved the Variscan Basement. This transition
area is known as the Turmell Fault Zone (SALAS and GUIMERA, 1996), which extends throughout the

Maestrat Basin, from E to W.

(2) A wide tectonically elevated area developed to the hinterland, in the Variscan Basement involved
area. It is of about 35km in the N-S direction per 50km in the E-W direction, with topographic elevations
from 1400 to 2000m. This elevated area contains subhorizontal and slightly deformed Upper Cretaceous
and locally Cenozoic rocks, the youngest pre-contractional rocks (GUIMERA et al., 2010). Itis a tectonically
and topographically elevated area that has been only slightly eroded, coinciding with a thickened crust

revealed by a large and negative Bouguer anomaly (SALAS and CASAS, 1993; GUIMERA et al,, 2016).

(3) Aregional detachment in the Middle Muschelkalk has been recognized, which differentiated two
structural packages, the sub-salt basement and the supra-salt cover (GUIMERA and ALVARO, 1990). This
evaporitic unit also experienced some salt tectonics (BARTRINA and HERNANDEZ, 1990).

This thesis aims to propose a kinematic evolutionary model for the frontal fold-and-thrust belt, and
to reconstruct the geometry of the sole thrust which generated the tectonic vertical step observed, and
is able to maintain the tectonically elevated area for about 40km southwards. It also aims to understand
how the transition from thin-skinned to thick-skinned styles of deformation occurs. To achieve these
objectives, a reconstruction of the extensional structures developed during the Mesozoic rift, and the
contractional structures developed during the Cenozoic is needed, in order to understand the influence

of the former structures on the latter ones.
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2.2 THESIS ORGANIZATION

The present thesis has been elaborated as a compendium of articles, which are shown in the Appendix

I. The complete references of these articles are the following:

-NEBOT, M. and GUIMERA, J. 2016a. Structure of an inverted basin from subsurface and field data:
the Late Jurassic-Early Cretaceous Maestrat basin (Iberian Chain). Geologica Acta, 14 (2), 155-177, doi:
10.1344/GeologicaActa2016.14.2.5

-NEBOT, M. and GUIMERA, J. 2016b. Kinematic evolution of a fold-and-thrust belt developed during
basin inversion: the Mesozoic Maestrat basin, E Iberian Chain. Geological Magazine, published online:

October 2016, doi:10.1017/5S001675681600090X

The first article (NEBOT and GUIMERA, 2016a), focuses on the southern part of the study area, and
it is based on field data and the subsurface data obtained in the Maestrat basin during the 1970s and
1980s. It presents a reconstruction of the Mesozoic extensional and Cenozoic contractional structure
of the area, and reconstructs the transition from thin to thick-skinned areas. A new macrostructure is
described in this paper: the Calders monocline, which produces a tectonic vertical step which can be
recognized throughout the Maestrat basin. This structure reveals that the Turmell Fault Zone concept

(SALAS and GUIMERA, 1996) is more complex than it has been described previously, so it reviews it.

The interpretation of the seismic profiles network also permitted to reconstruct the stratigraphy and
structure of the Triassic rifting event in the substratum of the Maestrat basin, which is not possible to
perform from field data, as these units do not crop out in the studied area. Some salt tectonic structures
were observed in the evaporites of the Middle Muschelkalk facies, which could be studied from the
subsurface data. The relationship between the extensional structure in the sub-salt basement and in the
supra-salt cover, with the differently oriented structures developed during the Cenozoic contraction is

also analyzed in this paper.

The second article (NEBOT and GUIMERA, 2016b) focuses on the northern part of the study area,
the northern fold-and-thrust belt, where no subsurface data is available. It describes the structure of the
fold-and-thrust belt and tries to figure out the Mesozoic extensional structure, whose Cenozoic inversion
developed the present contractional structures. It also gives a horizontal shortening value for the fold-
and-thrust belt. Finally, this paper presents a kinematic evolution model for the northern margin of the
Maestrat basin, combining the interpretation of the basement involved hinterland done in the first article,
with the interpretation of the structure, the transport direction, and the shortening value obtained in the

second paper for the northern fold-and-thrust belt.

To sum up, as a whole these papers present a reconstruction of the Triassic extensional structure in
the substratum of the Maestrat basin in the area with subsurface data available, and an interpretation
of the salt tectonic structures observed in the Middle Muschelkalk evaporites. It also presents a

reconstruction of the main extensional structures of the Maestrat basin, developed during the Late
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Jurassic-Early Cretaceous rifting event, and a reconstruction of the main sub-basins in which it has been
divided, which differ slightly of those previously defined. These papers also present a reconstruction of
the contractional structures developed during the Cenozoic inversion of the Maestrat basin, and try to
figure out their relationship with the previous extensional structures. Finally, it proposes a kinematic
evolutionary model for the northern margin of the Maestrat basin, based on the structures recognized,

the cross-sections and the shortening values obtained.

This memory presents a global summary of the results, the discussion and the conclusions presented
in these articles, as well as additional unpublished results and discussion. In the introductory chapter,
the geological setting, the stratigraphy and the main structural background of the studied area have been

expanded in comparison with the articles.

Additionally, two extended abstracts presented to the IX Congreso Geoldgico de Esparia (2016) are
shown in the Appendix II.
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2.3 GEOGRAPHICAL SETTING OF THE STUDIED AREA

The studied area is located in the eastern part of the Iberian Peninsula, more specifically it is located
in the eastern part of the Teruel province, including the northwestern part of the Castell6 province (Fig.
2.1). Itapproximately covers the area comprised between the villages of Calanda (North) to Mosqueruela
(South), and from Morella (East) to Villarluengo (West). Most of the Iberian Chain topography exceeds
1000m while several places reach more than 2000m (GUIMERA et al., 2010). The highest location in the

studied area, and in the Linking Zone, is the Mount Pefiarroya with 2028m above the sea level (m asl).
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Figure 2.1. (a) Detailed map showing the location of the study area. (b) Location of the study area in the
Iberian Peninsula. The main structural units are differentiated (CCC-Catalan Coastal Chain). The Iberian Chain
is shown, and also the location of its Late Jurassic-Early Cretaceous extensional basins: Ma-Maestrat basin,
Cm-Cameros basin, Co-Columbretes basin, Si-South Iberian basin (Modified from SALAS et al.,, 2001).
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2.4 GEOLOGICAL SETTING OF THE STUDIED AREA

The study area is located in the E-W-trending, N-verging Linking Zone between the NW-SE-trending
Iberian Chain and the NE-SW-trending Catalan Coastal Chain (Fig. 2.1b), which is the result of the
Cenozoic inversion of the Late Jurassic-Early Cretaceous Maestrat Basin, which was one of the most

subsident basins of the Mesozoic Iberian Rift System (GUIMERA, 1988; SALAS et al., 2001).
2.4.1 The Iberian Rift System

The Iberian Rift System developed during the Mesozoic and experienced two major rifting events,
during the Late Permian-Late Triassic and the Late Oxfordian-Late Albian. Both of them were followed
by episodes of lower extensional activity, during the Early-Middle Jurassic and the Late Albian-

Maastrichtian) (Fig. 2.2, ALVARO, 1987; SALAS and CASAS, 1993; SALAS et al., 2001, 2010).

First rifting event: Late Permian-Late Triassic.- An intraplate rift system developed within the central
and eastern Iberian plate during this period, the NE-SW-trending Catalonia-Valencia and Prebetic
basins, the E-W-trending Pyrenean-Cantabrian basins and the NW-SE-trending Iberian rift system
(ALVARO etal, 1979; SALAS and CASAS, 1993, SALAS et al., 2010), producing the collapse of the Variscan
orogeny (VISSERS, 1992; VISSERS and MEIJER, 2012a). This rifting event was related to the westward
propagation of the Tethys rift system and the southward propagation of the Arctic-North Atlantic rift
system (ZIEGLER, 1988; SALAS and CASAS, 1993; SALAS et al., 2001).

The Iberian Rift System was bounded by high-angle normal faults, and sediments ranging from
continental siliciclastics (Buntsandstein) to marine carbonates (Muschelkalk) where deposited (SALAS
et al,, 2001) unconformably overlying the Variscan Basement (discontinuity D1). In the study area, a
more complex extensional history can be deduced for this extensional period, from the interpretation of
the seismic profiles available. As it will be explained later, a period of low extensional activity occurred
while the upper part of the Middle Muschelkalk facies and the Upper Muschelkalk facies were being
deposited.

First post-rift event: Early Jurassic-base of the Late Jurassic.- During this period the evolution of the
basin was controlled by a period of relative tectonic quiescence and thermal subsidence, during which
shallow marine carbonate platforms developed, overlaying the previous extensional structures (SALAS
et al, 2001, 2010). However, some extension is needed during this event (AURELL et al., 1992), as in
some areas, an angular unconformity (D2) developed between the Jurassic and the tilted Triassic rocks
(GUIMERA, 1988; AURELL et al., 1992; ROCA and GUIMERA, 1992; SAN ROMAN and AURELL, 1992;
ROCA et al., 1994; CAMPOS et al.,, 1996). In some places the Jurassic directly overlies the Buntsandstein
rocks, as in the Desert de les Palmes area, located north of Castell6 (Fig. 2.3a) (GUIMERA, 1988; ROCA

etal,, 1994). Some thickness variations in the Lower Lias are also observed, as it will be explained later.

Second rifting event: Late Jurassic- Early Cretaceous.- During this extensional period, the carbonate

platform was fragmented and the Iberian basin was divided into several basins (Fig. 2.1b, Cameros,
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Maestrat, Columbretes and South Iberian basins), separated by thresholds. In the Maestrat basin, one of
the most subsident basins of the rift system (SALAS and GUIMERA 1996; SALAS et al. 2001), the extension
started at the Late Oxfordian and lasted until the Middle Albian (SALAS et al., 2005). This rifting event
coincides with the gradual opening of the North Atlantic basin and the opening of the Bay of Biscay rift
system, which, during the Aptian, separated Iberia from the Eurasian plate (SALAS et al., 2001). Within
the Maestrat basin, a system of listric normal faults developed, which divided it into several sub-basins
(Fig. 2.3), having their detachment located in the basement and in the Triassic evaporites. This rifting
cycle was interrupted by a short period of decelerated subsidence and erosion occurred during the Late
Berriasian-Hauterivian (SALAS et al. 2001), which is reflected in the sedimentary filling of the basin as a
regional unconformity (D3, Fig. 2.4) Therefore, this extensional event can also be divided into two rifting
events, the Late Jurassic and the Early Cretaceous ones, separated by the Late Berriasian-Hauterivian

post-rift event (SALAS et al., submitted).

Second post-rift event: Late Cretaceous (Late Albian-Maastrichtian).- During this period Iberia was
separated from the Eurasian plate and the evolution of the basin was mainly controlled by thermal
subsidence and the most important sea level rise occurred during the Mesozoic (HAQ et al., 1988;
HARDENBOLetal.,, 1998; SALAS etal,, 2001). Fluvial sediments were deposited (Utrillas Fms., Late Albian)
unconformably overlaying the previous sin-rift units, above the intra-Albian regional unconformity
developed at the end of the preceding rifting event (D4, Fig. 2.4). A sea level transgression occurred at
the Cenomanian-Turonian, and a large carbonate platform developed connecting the Tethys with the

Atlantic (Fig. 2.2; SALAS et al,, 2001, 2005).
2.4.2 The Maestrat Basin

The Maestrat Basin was bounded by normal fault systems of listric geometry. The one that bounded
the basin towards the north was roughly E-W-trending and S-dipping, while its southwestern boundary
was composed of NW-SE-trending normal faults, dipping both towards the NE and the SW (Fig. 2.3a). The
rollover fold in the hanging wall of both normal fault systems generated two sub-basins, the Salzedella
sub-basin to the North and the Penyagolosa sub-basin to the south, separated by the Vistabella threshold
(Fig. 2.3b). The Maestrat basin, with a Mesozoic sequence up to 5800 m thick (SALAS et al., 2001) was
an asymmetric basin, as its depocenter was located in its northern side -in the hanging wall of the Xert
normal fault, located in the Salzedella sub-basin- as a result of the larger displacement of the northern

fault system, in comparison with the southern one (SALAS et al. 2005).

The Turmell Fault zone was defined by SALAS and GUIMERA (1996) as one of the most important
extensional faults within the Maestrat basin, which controlled the sedimentation during the Late
Jurassic-Early Cretaceous rifting event. This ESE-WNW-trending, S-dipping normal fault zone, involving
the Variscan Basement, produced the northward tilting of its hanging wall, separating the Salzedella and
the Galve sub-basins, located in its subsident hanging wall, from the Morella and the Aliaga sub-basins,
in its footwall. The last ones were separated from the former ones by the threshold generated by the

uplifted footwall of the fault zone.

16



M. NEBOT

LATE JURASSIC & P\j
EARLY CRETACEOQUS Maestrat
EARLY TRIASSIC ﬂ/ cuf}l .
<L g
[
)
w —
e T8
et T
)
&
AT
MIDDLE TRIASSIC ,\J E LATE CRETACEOUS
e -
: _ =
L Y W 5
c )
- a
_ywl OLIGOCENE
LATE TRIASSIC MIOCENE
W EARLY & MIDDLE
O]
< JURASSIC
7
o | E Sandstone A Basaltic volcanism
= Marine ssse
| E I = carbonates *#i Molasse
8 E=3 Evaporites A Shain Faiis
| & |

Figure 2.2. Schematic evolution of the Iberian Rift System. From SALAS et al. (2001), after ALVARO etal. (1979).
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Figure 2.3. (a) Schematic structural map of the Maestrat basin, developed during the Late Jurassic-Early
Cretaceous rifting event. It was divided into several sub-basins: Ol= Oliete sub-basin, Al=Aliaga sub-basin,
Mo= Morella sub-basin, Pe= Perell6 sub-basin, Ga= Galve sub-basin, Sa=Salzedella sub-basin and Pg=
Penyagolosa sub-basin. Wells: 1= Mirambell-1, 2= Bovalar-1 and Bovalar-2, 3= Maestrazgo-2, 4= Salzedella-1,
5= Maestrazgo-1. The location of maps in Fig. 2.1 and 2.17 is shown. (b) Schematic section of the Maestrat
basin. Modified from SALAS et al. (submitted).

2.4.3 Stratigraphy

The materials found in the study area, both the rocks filling the Late Jurassic-Early Cretaceous
Maestrat basin and in its substratum, are divided in four supersequences which are bounded by regional
unconformities (Fig. 2.4, D1-D5): the Upper Permian-Triassic, the Jurassic, the Lower Cretaceous and the
Upper Cretaceous, deposited during the different rift and post-rift events occurred in the Iberian Rift

System (SALAS and CASAS, 1993).
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Figure 2.4. Generalized stratigraphic sequence of the Eastern Salzedella sub-basin. Modified from NEBOT and
GUIMERA (2016a,b), after SALAS (1987), SALAS et al. (2001), AURELL et al. (1992) for the Lias, and BOVER-
ARNAL et al. (2015) for the Barremian-Aptian boundary. Thickness values are based on the exploration wells
(Fig. 2.5, MARTINEZ-ABAD, 1991) and from the stratigraphic sections in Fig. 3.5.
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r Permian-Triassic (First riftin n

The Triassic deposited in the substratum of the Late Jurassic-Early Cretaceous Maestrat Basin is
represented in Germanic facies. The lowermost units (Buntsandstein and Lower Muschelkalk) are only
known by the exploration wells (LANAJA, 1987; MARTINEZ-ABAD, 1991), as they only crop out in some

punctual locations of the Maestrat basin.

Buntsandstein facies (RAMOS, 1979; LOPEZ-GOMEZ and ARCHE, 1992) Late Permian-Anisian. This
facies only crops out in the study area in the Montalban anticline. It is constituted by red to ochre clays
and sandstones, deposited in a continental fluvial environment. The thickness of the Buntsandstein
facies varies from 70 and 170m in the exploration wells (Fig. 2.5) available in the study area (LANAJA,
1987; MARTINEZ-ABAD, 1991). An hiatus is found in the Permian-Triassic boundary, which represents
nearly 10M.y. of non-deposition or erosion (BOURQUIN et al., 2007).

Lower Muschelkalk facies (LOPEZ-GOMEZ and ARCHE, 1992) Anisian. It is composed by an alternation
of limestones and dolostones, although the latter are predominant. It includes some intercalations of
clays. It represents the first transgression of the Tethys, when marine sediments prograded towards
the west and covered the basin for the first time, as it consists of intertidal an d shallow shelf deposits
(L()PEZ-G()MEZ etal, 1993, 1998). The Lower Muschelkalk in the Maestrat basin attains thicknesses of
between 0 and 210m (Fig. 2.5, MARTINEZ-ABAD, 1991).

Middle Muschelkalk facies (LOPEZ-GOMEZ and ARCHE, 1992) Anisian-Ladinian. It is formed by an
alternation of halite, anhydrite and clay, with some intercalations of grey marls at its base. It has a distal
alluvial-sabkha origin (LOPEZ-GOMEZ et al., 1993, 1998). The exploration wells (Fig. 2.5, MARTINEZ-
ABAD, 1991) and the seismic profiles show that its thickness can vary between nearly Om to more than

1000m in the salt accumulations.

Upper Muschelkalk facies (LOPEZ-GOMEZ and ARCHE, 1992) Ladinian. This facies is composed of an
alternation of limestones and dolostones with some intercalations of clays deposited in intertidal and
shallow platforms (LOPEZ-GOMEZ et al., 1993, 1998). It presents a nearly constant thickness of about
130m in all the study area and in the Maestrat basin (MARTINEZ-ABAD, 1991).

Keuper facies (ORTI, 1974, VARGAS et al., 2009) Carnian-Norian. It is formed by marls and red clays
that contain gypsum of shallow marine origin, and sandstones of fluvial to coastal origin (Fig.2.6a). It
can also contain intercalations of limestones and dolostones. Its thickness varies from 30 to 280m in the

study area (MARTINEZ-ABAD, 1991).

Imén Fm. - (GOY et al,, 1976; GOY and YEBENES, 1977) Norian-Rhaetian. This formation is composed
of tabular dolostones (Fig. 2.6b) that represent shallowing sequences. It is a transgressive unit that was

deposited in intertidal and shallow platforms. It has a nearly constant thickness of about 30m.
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Figure 2.5. Exploration-wells interpretation and correlation. Modified from SALAS (unpublished), after
MARTINEZ-ABAD (1991).
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Figure 2.6. (a) Keuper facies gypsum, (b) Imén Fm. Dolomites (c) Cortes de Tajufia carbonatic breccias (d)

Cuevas Labradas oolithic grainstone.

Early-Middle Jurassic (First post-rift event)

The Jurassic rocks of the Iberian Chain are mostly composed of marine limestones and marls, with

only some lacustrine intercalations at the end of the Jurassic sequence (Piirbeck facies).

Lécera Fm. or “Anhydrite zone” (CASTILLO HERRADOR, 1974; GOMEZ and GOY, 1998) Rhaetian-
Hettangian. It is an aggradational unit composed of evaporites (massive and laminated gypsum) with
limestone and dolostone intercalations. It is equivalent in age to the breccias of the Cortes de Tajufia Fm.
This unit does not crop out in the study area, where the Cortes de Tajufia Fm directly overlies the Imén

Fm. but it appears in the exploration wells (Fig. 2.5).

Cortes de Tajuiia Fm. (GOY et al, 1976) Hettangian. This Formation is composed of crystalline
dolostones and angular dolomitic breccias (Fig. 3.6¢). Occasionally it contains limestones and carneols.
The boundary between both facies, the crystalline and the breccia, is usually irregular. These are massive
or poorly layered and unconformably overlie the previous units. It would have been deposited in a tidal

flat, in a hypersaline environment or sabkha.
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Cuevas Labradas Fm. (GOY et al., 1976) Late Sinemurian- Pliensbachian. It is contituted by shallowing
sequences composed by alower marly subtidal unit, followed by oolithic grainstone (Fig. 3.6d) with cross
bedding, and by an upper unit of limestones and dolostones. It was deposited in a carbonate platform in

shallow peritidal to subtidal environment (GOMEZ and GOY, 2004).

Ablanquejo Group (GOY et al., 1976) Late Pliensbachian-Toarcian. It is composed of three formations,
which are, from base to top: Cerro del Pez Fm., Barahona Fm. and Turmiel Fm (Fig. 2.7). The three

formations are mostly marly, with some intercalations of calcarenites thatindicate marine transgressions.

Summing up, the Lias can be divided into a calcareous lower one (Cortes de Tajufia and Cuevas
Labradas fms.) with thicknesses between 135 and 585m, and a marly upper one (Ablanquejo Group),

whose thickness varies less, from 54m to 105m (Fig. 2.5; MARTINEZ-ABAD, 1991).

Chelva Fm. (GOMEZ and GOY, 1979 ) Toarcian-Oxfordian. This formation is composed of a calcarenite

with brachiopods and belemnites. At its base it has a ferruginous or phosphate oolith (Fig. 2.7a). It was

deposited in a carbonatic platform ramp environment. Its thickness varies from 40 to 90m in the studied
area, although it reaches 184 m more to the west, in the Maestrazgo-1 well (Fig. 2.5; MARTINEZ-ABAD,
1991).

Figure 2.7. (a) contact between Chelva Fm (left) and Turmiel Fm. (right). (b) Contact between Turmiel Fm. (left)
and Barahona Fm. (right). (c) Contact between Barahona Fm (left) and Cerro del Pez Fm. (right). Outcrops in la
Ginebrosa thrust sheet (See Fig. 2.17 for location).

latova Fm. (G()MEZ, 1979; GINER, 1980; CANEROT, et al,, 1984) Middle Oxfordian. It is composed
of micritic and bioclastic limestones with abundant sponge fragments. It also contains ammonites,
belemnites and abundant foraminifera. A ferruginous oolith developed at its base, which corresponds
to a condensed level representing the Callovian to Oxfordian transition. It was deposited in a shallow

carbonate platform rich in sponges.

The [atova Fm. is the last post-rift unit of the Early to Middle Jurassic post-rift event, having a nearly
constant thickness of about 25m (Fig. 2.5; MARTINEZ-ABAD, 1991). The Late Jurassic-Early Cretaceous

rifting event started with the deposition of the Polpis Fm. carbonates.
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Figure 2.8. (a) Tabular limestones of the Polpis Formation, (b) Lower Kimmeridgian Ataxioceratin Ardescia

ammonites (Polpis Fm.), (c) Algal lamination of the Pleta Formation, (d) Collecting strike-and-dip data in the

Bovalar formation.

Late Oxfordian-Middle Albian (Second rifti :

Polpis Fm. (SALAS, 1987) Early Kimmeridgian. It is formed by tabular limestones (mudstone), with
decimetricstratification, thickening upwards (Fig. 2.8a). Only some bioclastaccumulations, brachiopodes,
echinoderms, ammonites (Fig. 2.8b) and locally sponge spicules can be recognized. It presents a very
homogeneous facies and extends regionally. Its thickness varies from 50m in the Ginebrosa anticline, in
the northern external part of the basin (SALAS, 1989), to 200 m in the Mirambell-1 well and to nearly
900m in the Maestrazgo-1 well, located in the depocenter of the basin (Fig. 2.5; MARTINEZ-ABAD, 1991).

This formation was deposited in a wide low dip carbonate platform ramp.

Mas dAscla Fm. (SALAS, 1987) Late Kimmeridgian-Early Tithonian. This formation is composed of
clayey and silty mudstones, well laminated and with intercalations of marls rich in organic matter. It has
scarce fossil content. Its thickness varies from 32 to 110m in the exploration wells (Fig. 2.5; MARTINEZ-
ABAD, 1991), and up to 300m in the basin depocenter (SALAS, 1989). It was deposited in the distal part

of a carbonate platform.
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Bovalar Fm. (SALAS, 1987) Late Kimmeridgian-Berriassian. It is composed of an alternance of
wackestones-grainstones with decimetric to metric stratification, which display shallowing-upwards
sequences. Its upper part is more micritic and marly. It is oolitic, and can contain corals and Nerineids.
It can reach thicknesses of 925m (SALAS, 1989). The calcarenitic layers correspond to high energy

marginal bars while the micritic ones correspond to lagoon facies.

Pleta Fm. (SALAS, 1987) Late Kimmeridgian-Berriassian. Grey mudstone and dolomicrites with
decametric to centimetric stratification, thinning upwards, and cryptoalgal lamination (Fig. 2.8c). It was

deposited in a carbonate tidal flat.

The Bovalar and the Pleta formations appear intercalated and pass laterally and vertically one to each
other (Fig. 2.8d) (SALAS, 1989).

The Barremian (Lower Cretaceous) units appear directly overlying the Jurassic. The Berriassian to
Hauterivian units were not deposited or were eroded in the study area, as a hiatus of this age exist. These
units are only present in the Maestrat basin depocenter, located in the Salzedella sub-basin (SALAS,

1987), east of the studied area.

The Barremian and Aptian formations can be divided into two units, the continental (Weald facies)
and the marine (Urgon facies). The continental ones (Weald facies) include the Camarillas, Cantaperdius
and Mirambell formations (Early Barremian). These units pass laterally one to each other, and all of
them pass vertically and laterally to the Artoles Formation, which constitutes the transition to the
marine units. The marine units (Urgon facies) are composed of the Artoles, Morella and Xert fms. (Upper
Barremian) and the Forcall, Villarroya de los Pinares and Benassal fms. (Aptian) (BOVER-ARNAL et al,,
2016). Continental sediments were also deposited at the end of the Lower Cretaceous, represented by

the Escucha and the Utrillas formations.

Camarillas Fm. (CANEROT, 1974; SALAS, 1987) Early Barremian. Its base contains red to brown
sandstones with clay and limestone intercalations which in the middle of the series contain charophytes.
The lower part is composed of red lutites with intercalations of sandstone bodies, usually channeled

with cross bedding. In was deposited in a fluvial environment with tidal influence in its upper part.

Cantaperdius Fm. (SALAS, 1987) Early Barremian. It is composed of an alternation of mudstone and
wackestone limestones with charophytes, vertical bioturbation, nodulose marls and lutites, displaying
flooding sequences (Fig. 2.9a). This formation was deposited in a lacustrine environment with events of

subaereal exposure.

Mirambell Fm. (CANEROT etal., 1982) Early Barremian.Itis composed of two sequences which contain,
from bottom to top, a first level of quartzitic sandstones and conglomerates with cross bedding, a level
of green marls more or less sandy with intercalartions of marly limestones or sandstones (Fig. 2.9b),
and a last level of beige sandy to coquina limestones with benthonic or dasycladaceans foraminifera. It
reaches 60m thick in the surroundings of Mirambell and Forcall and about 100m in the surroundings of

Ladrufian. It was deposited in a lacustrine environment.
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Figure 2.9. (a) Nodulose carbonate with bioturbation perpendicular to bedding from the Cantaperdius Fm. (b)

Marls of the Mirambell Fm. (c) Rich in ostrids marls from the Artoles Fm. (d) Cross-bedding in the Xert Fm.

Artoles Fm. (SALAS, 1987) Barremian. It is composed of an alternation of marls and limestones, with
sandy limestones and some limestones levels containing a huge ammount of ostreids (Fig. 2.9c). It reaches
about 750m thick in the basin depocenter (BOVER-ARNAL et al., 2016). This formation developed in a

shallow carbonate platform, containing facies from lagoon to marginal bars and more distal facies.

Morella Fm. (CANEROT et al., 1982) Late Barremian. This formation if constituted by red lutites and
clays with intercalations of channeled sandstone bodies that can contain cross bedding (SALAS, 1987).
It includes some intercalations of bioclastic limestones and vertebrate remains. It reaches a maximum

thickness of 80m. This formation was deposited in a deltaic environment controlled by tides.

Xert Fm. (CANEROT et al,, 1982; SALAS, 1987) Late Barremian. Alternation of limestones, beige
to brown marls and marine sandstones with cross-bedding (Fig. 2.9d). Limestones are distributed in
decimetric to centimetric bars that display a thickening-upward sequence. The limestone bars are sandy
atthe bottom and bioclastic at the top of the formation. It is characterized by the presence of Palorbitolina
lenticularis, the abundance of echinoderms, benthonic foraminifera and calcareous algae. Its thickness
varies approximately between 60 and nearly 180m. It was deposited in an internal carbonate platform

with orbitolinid-rich sandy bars.
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Figure 2.10. (a) Toucasia in the Viallarroya Fm. (b) Rudists and corals in the Benassal Fm.

Forcall Fm. (CANEROT et al., 1982; SALAS, 1987) Late Barremian-Early Aptian. Three members can
be differentiated in Forcall, two are composed of marls, and are separated by the third member com-
posed of metric bars of beige bioclastic limestones. The lowest marly member contains abundant fossil
fauna (Plicatula, Palorbitolina lenticularis, molluscs, ammonites, corals, brachiopods...). The upper marly
member is more argillaceous and homogeneous. The limestone bar of the intermediate member disap-
pears eastwards. It reaches its maximum thickness, more than 100m in the surroundings of Morella,

decreasing laterally in all directions. This formation was deposited in an open carbonate platform.

Villarroya de los Pinares Fm. (CANEROT et al., 1982; SALAS, 1987) Early Aptian. This formation is
composed of grey to beige bioclastic, oolitic and micritic limestones, with intercalations of marls and
marly limestones. Some layers are nodulose. It is characterized by the presence of Toucasia (Fig. 2.10a).
It also contains Orbitolina lenticularis, corals, bivalves, echinoderms... A hardground is found in its top.
Its thickness varies widely, from 50m in its type section, in the surroundings of Villarroya de los Pinares,
to 300 (CANEROT, 1974) or 500m (SALAS, 1987) in the Orpesa sub-basin (Fig. 2.3) It was deposited in a

carbonate platform with bars.

Benassal Fm. (CANEROT et al., 1982; SALAS, 1987) Late Aptian-Early Albian. It is constituted by up to
three T-R sequences formed at their base by marls with ammonites and brachiopods, and a level of grey
limestones with decimetric to metric stratification with some micritic and calcarenitic intercalations. It
contains rudists, corals, echinoderms, bivalves, Orbitolina Texana and Parva...(Fig. 2.10b) Its thickness
also varies widely, from 80-200m to nearly 1500m in the Orpesa sub-basin (BOVER-ARNAL et al., 2009;
MARTIN-MARTIN et al., 2013). It was deposited in an internal carbonate platform.

Escucha Fm. (AGUILAR et al,, 1971; CERVERA et al,, 1976; QUEROL et al., 1992; SALAS, 1987) Early-
middle Albian. It has been divided into three members: i) the Barriada Mb. which is composed of an
alternation of lutitic and marly layers with intercalations of lignite and some sandstone and sandy
bioclastic limestone bodies, ii) the Regachuelo Mb. composed of carbonatic and silty clays and thin

intercalations of sandstones that can contain a huge concentration of lignite at the base (Fig. 2.11a), and
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iii) De la Orden Mb. composed of channeled bodies of sandstone. Its thickness can vary between 100 and
260m (PARDO, 1974 ). This formation was deposited in a deltaic plane environment, controlled by the

fluvial action.
Late Albian-Maastrichtian n -rift even

The deposition of the Utrillas Fm. represents the beginning of the post-rift event during the end
of the Early Cretaceous, which extended during the Late Cretaceous. Its expansive nature makes it to

unconformably overlie the previous syn-rift units.

Utrillas Fm. (AGUILAR et al., 1971; SALAS, 1987) Late Albian. It is composed of white to purple poorly
cemented and compacted micaceous to quartzitic sand. It displays cross-bedding (Fig. 2.11b) and can
contain intercalations of lutites and kaolinite. Some intercalations of carbonatic lutites, carbonatic
sandstone and brown calcarenite with bioturbations appear towards the top of this formation. Its global

thickness varies between 15-185m (PARDO, 1974). It was deposited in a fluvial environment.

Mosqueruela Fm. (CANEROT et al., 1982) Late Albian-Cenomanian. It is composed of three members,
each one formed by a positive lithosequence, containing marls and sandstones at the base and limestones
at the top (Fig. 2.12a). Its global thickness varies between 180-200m. The limestones have metric to

centimetric stratification. This formation was deposited in a shallow marine environment.

Barranco de los Degollados Fm. (CANEROT et al,, 1982; GIL et al.,, 2004) Late Cenomanian-Middle
Turonian. It is composed of white dolostones (Fig. 2.12b), finely crystallized and in small banks, followed
by grey to beige more massive dolostones. Its thickness is about 40m. It was deposited in a shallow

marine environment.

Figure 2.11. (a) Escucha Fm. quarry, which was exploited to obtain coal, concentrated in the black layers. (b)

Cross-beding in the Utrillas sandstones.
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Organos de Montoro Fm. (CANEROT et al., 1982) Coniacian. It is formed of white and grey limestones
in thin layers alternating with marls. It contains miliolids, lacasina, rudists, rhodoliths, bioturbation and
some vegetal rests. Its thickness was estimated in 80m in the type section, although it can vary from 0 to

200m. This formation was also deposited in a shallow marine environment.

Caiiadilla_and Fortanete fms. (CANEROT et al, 1982) Santonian-Campanian-Maastrichtian. Both
formations are composed of an alternation of marls and limestones with black intraclasts (Fig. 2.12c)
and nodulose levels that indicate that they were deposited in a shallow marine to coastal (Cafnadilla Fm.)
to lacustrine and palustrine (Fortanete Fm.) environments. The Cafiadilla Fm. is a bit more massive and
grey than the Fortanete Fm., which is more marly and white. Their thickness of the Cafiadilla Fm. is of
about 50m in the outcrops in the area of Villarluengo-Fortanete-Mosqueruela, while the Fortenete Fm is

about 30m thick.

The thickness of the Upper Cretaceous package is difficult to stablish in all its outcrops, as its top

hardly ever crops out, as it was eroded, or thrusted, or it is covered by Cenozoic rocks.

Figure 2.12. (a) Mosqueruela Fm. above the Utrillas and the Escucha fms (in the left part of the image, below the

house). (b) White dolostones of the Barranco de los Degollados Fm. (c) Intraclasts in the Cafiadilla-Fortanete

formations.
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Nnozoi

The Cenozoic rocks are composed mostly of conglomerates, sandstones and lutites, with some
intercalations of continental limestones and gypsum. These detrital sediments were deposited in a
continental environment, in alluvial fans attached to the emergent reliefs that registered the Cenozoic
contraction. The carbonates were deposited in lacustrine environments, generated in the more distal

parts.
2.4.4 Cenozoic Contraction: basin inversion

Since the Santonian (83Ma) and during the Cenozoic, Iberia and Europe converged (Fig. 2.2),
(ZIEGLER, 1988; ROEST & SRIVASTAVA, 1991; OLIVET, 1996; ROSENBAUM et al,, 2002). During this
period the Mesozoic basins were inverted and the Mesozoic extensional structures were reactivated
as contractional structures (ALVARO et al, 1979; SALAS et al,, 2001). The timing and the amount of
inversion was different depending on their location in the Pyrenees, the Iberian Chain or the Betics.
In the Iberian Chain, contraction began in the Late Eocene (SALAS et al,, 2001), although in the Late
Cretaceous some activity is deduced, as a transition from marine limestones (Organos de Montoro Fm.)
to lacustrine continental rocks (Cafiadilla and Fortanete Fms.) occurs, related to an eustatic fall in the
Campanian (HAQ et al., 1988). The Cenozoic contraction lasted until the Late Oligocene-Early Miocene
in the eastern part of the Iberian Chain (GONZALEZ et al., 1998).

The Iberian Chain: The Iberian Chain is an intraplate, double vergent thrust-belt, resulting from the
Cenozoic contractional inversion of the Mesozoic Iberian Rift System. The Iberian Chain, the Linking
Zone and the Catalan Coastal Chain should be considered as a whole, as they experienced a very similar
extensional and contractional evolution (Fig. 2.2, 2.13; GUIMERA, 2004). The elevated topography of the
Iberian Chain -over 1000m asl in most of their extension-, and a large and negative Bouguer anomaly
below it (reaching-110mGal, SALAS and CASAS, 1993; GUIMERA etal,, 20 16), indicate a crustal thickening
of at least 6km, which is the result of the Cenozoic contraction (GUIMERA et al., 2010). The velocity-
depth model obtained from a NE-SW refraction/wide-angle reflection seismic transect is consistent with
the Bouguer gravity anomaly (SEILLE et al,, 2015, MANCILLA and DIAZ, 2015; GUIMERA et al,, 2016).
This velocity-depth model indicates that the crustal thickness reaches values of 40km (GUIMERA et al.,
2010) or between 32 to 44km (GUIMERA et al., 2016), and becomes thinner towards the NE (30km thick
below the Iberian Chain-Ebro basin boundary) and towards the SW (Tajo Basin). This data combined
with magnetotelluric and gravity data showed that this crustal thickening is concentrated in the upper
crust (SEILLE et al,, 2015), which is in agreement with GUIMERA and ALVARO (1990), who interpreted
that the contractional faults only involved the upper crust and suggested a detachment level at a depth of
7-11km. The uplifting of the Iberian Chain, which generated the present day elevated topography is the

result of the crustal thickening resulting from the Cenozoic contraction event.

The estimated shortening in the western part of the Iberian Chain is 41km (18.9%) (GUIMERA,
2013), in which the Cameros basin fault accumulates most of the horizontal displacement (20-30km

after CASAS-SAINZ, 1993; and 25-30km after GUIMERA, 2013) of the total shortening. In the eastern
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part of the Iberian Chain shortening is of about 37km (13.9%) (GUIMERA, 2013), in which about 15km
correspond to the Portalrubio-Vandellos fold-and-thrust belt (GUIMERA, 2004).
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Figure 2.13. Simplified geological map of the NW-SE-trending Iberian Chain, the NE-SW-trending Catalan
Coastal Chain and the E-W-trending Linking Zone located between them. DP-Desert de les Palmes. Its location
in the Iberian Peninsula and is shown. Modified from GUIMERA et al. (2004, 2013)
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Figure 2.14. Schematic structural cross-section of the southeastern part of the Iberian Chain. See location in
Fig. 2.13. The location of the studied area is highlighted with a box. Obtained from SALAS et al. (2001).

31



2. INTRODUCTION

|:| PLIOCENO Y CUATERNARIO — ~— FALLA 25 km
C ~—~_,._ CABALGAMIENTO )
= AT amon -
15 o .

CENOZOICO —E—i SINCUNAL s 0 "Q?”%
[:] T4 ——._ CONTACTO
. 0
[ ] surAsicoy creTAcicO _

o

[ ] rwisico

[ zocaomercinico

L SANTMATEL
DEL MAFSTRAT

[ cenozoic " Lw Cretacecus || Triassic (b)
[ 1 Up. Cretaceous [0 Jurassic [ variscan Basement

Figure 2.15. (a) Geological map of the Portalrubio-Vandellos fold-and-thrust belt. 1- Utrillas or Muela de
Montalban thrust. 2- Herbers thrust. Modified from GUIMERA (2004). (b)Regional cross-section across the
northern part of the Iberian Chain. Modified from GUIMERA (2013).

The Linking Zone: The Linking Zone is the result of the contractional inversion of the Late Jurassic-
Early Cretaceous Maestrat basin. In the northern margin of the Linking Zone, the E-W-trending, N-verging
Portalrubio-Vandellos fold-and-thrust belt developed (GUIMERA, 1988), previously referenced by
CANEROT (1974) as the Portalrubio-Beceite fold-and-thrust belt, (Fig. 2.14, 2.15) detached in the
Triassic evaporites (Middle Muschelkalk and locally the Keuper facies). The main orientation in this
fold-and-thrust belt is roughly E-W, which is the predominant orientation of structures in the Linking
Zone, although structures experience two virgations in which structures take a NE-SW trend (Fig. 2.15a),
interpreted as the result of NE-SW left-lateral wrench faults in the Variscan Basement (SIMON, 1981;
GUIMERA, 1988).

Southwards, towards the hinterland, the sole thrust of this fold-and-thrust system, involved the
Variscan Basement (Fig. 2.14). The transition from thin to thick-skinned areas occurs in the Turmell
Fault Zone (SALAS and GUIMERA, 1996), whose Cenozoic inversion would had generated the tectonic
vertical step observed by GONZALEZ et al. (1994) and GUIMERA and SALAS (1996) between the uplifted
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hanging-wall and the downthrown footwall of the fault zone, indicating that it was rooted in the Variscan
Basement. The amount of inversion of this fault zone varies laterally. In the western sector, which
separates the Galve and the Aliaga sub-basins, the normal fault is inverted, although in the easternmost
segment, the extensional structure is conserved (SALAS and GUIMERA, 1996). South of the Turmell fault
zone, the amount of internal deformation of the Mesozoic cover decreases and an almost flat-lying area
is observed (CANEROT, 1974; SIMON, 1982; GUIMERA, 1988), which corresponds to the topographically

and tectonically elevated area above the basement involved area.

Inside the northern fold-and-thrust belt some synclinal cores represent relative geographic
depressions that were filed with Cenozoic sediments (GONZALEZ, 1989). The syn-tectonic nature of
these sediments permitted the dating of the Cenozoic contraction in the Linking Zone, which started

during the Late Eocene and lasted until the Late Oligocene-Early Miocene (SALAS et al,, 2001).

GUIMERA and ALVARO (1990) proposed a kinematic evolutionary model for the Iberian Chain in the
eastern Iberian Peninsula, and a NNE- transport for the Linking Zone (Fig. 2.16). In this model, the cover
structures are parallel to basement convergent wrench-faults, which are left-lateral, NE-SW-trending
faults in the Catalan Coastal Chain and right-lateral, NW-SE-trending faults in the Iberian Chain. The
deduced synchronism between structures of the different orientations, including the E-W-trending
predominant structural trend in the Linking Zone, led them to interpret a roughly N-S shortening

orientation.

1- Catalan Coastal Chain

2- Cameros Basin

3- Almazan Basin

4- Aragonaise Branch (Iberian Chain)
5- Linking Zone

6- Castillian Branch (Iberian Chain)
7- Sierra de Altomira

8- Loranca Basin

9- Sierra de Guadarrama

10- Flat lying beds of La Mancha
11-Tajo Basin

Figure 2.16. Kinematic model proposed by GUIMERA and ALVARO (1990) for the Iberian Chain. Black arrows
indicate the sense of displacement of the Mesozoic cover, while white arrows indicate the sense of displacement
of thrusts of the Pyrenees (Paleogene) and the Betic Chain (Early-Middle Miocene). Modified from GUIMERA
and ALVARO (1990)
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2.4.5 Neogene extension

Finally, during the Neogene, another extensional event occurred in the eastern side of Iberia, related
with the rifting event that that originated the Valencia trough and coastal rifts (ALVARO et al., 1979;
SIMON, 1982), during the Late Oligocene-Early Miocene. Extensional faults developed, trending NE-SW
to NNE-SSW, and were superimposed to the contractional structures in the eastern part of the Pyrenees,

the Catalan Coastal Chain and the easternmost part of the Iberain Chain (VEGAS et al., 1979).

2.5 DETAILED OBJECTIVES OF THE THESIS

As previously explained, this thesis studies the northern margin of the Maestrat basin in order to
reconstruct its Mesozoic extensional structure, its influence on the subsequent Cenozoic contractional

structure and its kinematic evolution. More specifically the objectives of this thesis are the following:
1.- Characterization of the Mesozoic extensional structure:

- Characterization of the Triassic structure and stratigraphy in the substratum of the Maestrat basin,
taking advantage of the seismic profiles network and the exploration wells available in the southern part

of the study area.

- Differentiation of the main sedimentary domains of the Late Jurassic-Early Cretaceous Maestrat

basin and identification of the structures bounding them.
2.- Characterization of the Cenozoic contractional structure:

- Characterization of the structure of the transition between the thin-skinned and the thick-skinned

areas, which coincides at the surface with a roughly E-W-trending vertical tectonic step.

- To establish the influence of the extensional structures on the contractional ones developed during

the Cenozoic.

3.- Identification of the role of the Triassic evaporitic layers during the extension and the contraction,

and characterization of the salt structures observed in the evaporites of the Middle Muschelkalk facies.

4.- To propose a kinematic evolution model for the northern margin of the Maestrat basin and the

Portalrubio-Vandellos fold-and-thrust belt, developed during its Cenozoic inversion.

- Estimation of the transport direction and the amount of shortening of the inverted northern margin

of the Maestrat Basin, which includes the Portalrubio-Vandellos fold-and-thrust belt.

- Reconstruction of the geometry of the basement fault, whose inversion generated the tectonic
vertical step and the maintained tectonic relief observed, and subsequently, revision of the Turmell Fault

Zone concept (SALAS and GUIMERA, 1996; GONZALEZ and GUIMERA, 1997).
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2.6 METHODOLOGY

2.6.1 Data

Subsurface data: The seismic data comprises 29 2D seismic reflection profiles obtained in 1973 by
Auxini, in 1979 by Campsa and in 1987-88 by Shell in the Maestrat Basin (Fig. 2.17). Four oil exploration
wells were used to constrain the seismic interpretation and the construction of the cross-sections:
Mirambell-1, drilled by Auxini in 1974; Maestrazgo-2, by Campsa in 1981; and Bovalar-1 and Bovalar-2,
drilled in 1963 by Coparex. Some of the subsurface data were collected from the Instituto Geolédgico y
Minero de Espafia (SIGECO) and from the Archivo Técnico de Hidrocarburos web databases. The other
seismic profiles were scanned from printed copies. Exploration wells interpretations from LANAJA

(1987) and MARTINEZ-ABAD (1991) (Fig. 2.5) were considered.

Field data: More than 1900 strike-and-dip data were collected in the field; while another 1200
strike-and-dip data were obtained after drawing the geological contacts on the ortho-images and the
3D topographic contour lines in a georeferenced environment (Microstation), using in-house macros
developed by FERNANDEZ (2004). The 3D visualization, using Global Mapper, of the ortho-images
draped on the Digital Terrain Model and their comparison with data collected in the field allowed us to

monitor the quality of the in-room dip data.

Previous geological maps: Previous geological maps were considered for elaborating the geological
map (Fig. 2.17) (ALMELA et al, 1975; ALMERA et al.,, 1982; CANEROT & LEYVA, 1972; CANEROT &
PIGNATELLI, 1972, 1977; CANEROT et al., 1977; ESNAOLA & CANEROT, 1972; GARCIA DE DOMINGO
& LOPEZ OLMEDO, 1982; GAUTIER, 1978, 1979; GAUTIER and BARNOLAS, 1979; GONZALEZ, 1989;
MARIN & DUVAL, 1976; MARIN et al., 1974; MARTIN etal., 1972; NAVARRO-VAZQUEZ et al., 1972; TRELL
etal, 1979).

2.6.2 Methods

Seismic interpretation: Seismic profile images were converted to seg-y files using the IMAGE2SEGY
Matlab® application (FARRAN, 2008) and interpreted using the KINGDOM SUITE® software in a
georeferenced environment. The seismic interpretation was constrained with the Mirambell-1 well tops,
previously converted to two-way-time (TWT) with the velocities obtained from its sonic-log (At), which
was digitalized from a scanned copy. The seismic interpretation was later converted to depth in meters
using the same velocities obtained from the Mirambell-1 sonic-log. The techniques used for depth to
time conversion and vice versa, follow the methodology described by MENCOS (2010). A correction
factor was applied to the sonic-log (At + 10%) in order to improve the fitting between the sonic log and
the seismic profiles (MENCOS, 2010). The velocities obtained for the different packages defined were 1)
Replacement velocity: 3250m/s, 2) Cretaceous: 4985m/s, 3) Jurassic and Imén Fm.: 5043m/s, 4) Keuper
and Upper Muschelkalk: 3491m/s, 5) Middle Muschelkalk: 5441m/s.
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Cross-sections construction: Nine cross-sections were constructed, normal to the different orientations
of faults and axial fold planes observed in the study area, in order to better characterize the geometry
of the differently oriented structures. Two of them contain the roughly NNE-SSW deduced displacement
direction of the linking zone (GUIMERA and ALVARO, 1990), so after their restoration a shortening value
was obtained. The other sections do not contain the transport direction, and so are not restorable, but
they were unfolded using the flexural slip unfolding algorithm and the Upper Cretaceous base as a datum,
in order to approximately display the geometry of the syn-rift units. Cross-sections are based on field
data, and in the southern part of the study area they are also based in wells, and seismic interpretation
converted to depth. Cross-section construction -using the Kink method- as well as unfolding —using the
flexural-slip unfolding algorithm- were done both with Move software and manually with Microstation

software. Area conservation was assumed for the evaporitic units.

Anidealized cross-section of the entire northern margin of the basin was also elaborated by combining
different cross-section segments, which allowed us to reconstruct, with the Move software, the geometry

of the basement fault that better fits the generation of the elevated area during the Cenozoic inversion.

Geologic surfaces construction: Two geological surfaces, the depth to the base of the Jurassic and the
depth to the top of the acoustic basement, and an isopach map showing the vertical thickness of the
Middle Muschelkalk evaporitic facies were constructed with Gocad, based on the seismic interpretation
converted to depth, the cross-sections and the well-tops of the exploration wells. The contours were later

manually modified to better fit the structural trends and geometries, using the Microstation software.
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Figure 2.17. Geological map of the studied area. A. Area covered in the first paper (NEBOT and GUIMERA,
2016a). B. Area covered in the second paper (NEBOT and GUIMERA, 2016b). The location of the seismic

profiles network and the location of the exploration wells is shown.
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The structure resulting from the rifting and post-rifting events in the Late Jurassic-Early Cretaceous
Maestrat basin, and in its substratum, was characterized using field data and the subsurface data
available in the southern part of the study area (Fig. 3.1), as well as the structure resulting from the

Cenozoic contractional inversion of the northern margin of the Maestrat basin.
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Figure 3.1. Location of the interpreted seismic profiles network and of the exploration-wells. The location of

the sub-surface data available is also shown in Fig. 2.17.
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3.1 DESCRIPTION OF THE SEISMIC FACIES OBSERVED IN THE SEISMIC PROFILES

Four seismic facies were differentiated in the Triassic rocks (Fig. 3.2): (1) the Acoustic Basement
(Bs) includes the Lower Muschelkalk, the Buntsandstein and the Variscan Basement, although these
units cannot be differentiated in the seismic profiles, as the entire package displays a chaotic seismic
facies. The top of the Acoustic Basement is characterized by a couple of seismic reflectors of almost
constant thickness. (2) The Middle Muschelkalk (TrM2) is characterized by nearly transparent seismic
facies. Above it, (3) the Upper Muschelkalk (TrM3) is composed of three parallel seismic reflectors of
near-constant thickness. Finally, (4) the Keuper (TrK) is also a nearly transparent unit although it locally

contains some parallel reflectors.

The top of the Keuper facies, and base of the Jurassic package, is reflected in the seismic as a couple
of continuous and parallel reflectors of constant thickness (Fig. 3.2). The uppermost Triassic Imén Fm.
should be located below the Jurassic but it is too thin (about 30 m) to be recognized in the seismic pro-
files. The Jurassic (]) package presents at its base a nearly transparent facies, with some discontinuous
reflectors, which is probably the seismic response to the massive dolomitic breccia of the Cortes de Taju-
fia Fm, and locally, to its equivalent in age Lécera Fm. or “Anhidrite Zone” (Fig. 2.4), as some anhydrite is

observed at the base of the Jurassic in some exploration wells (Fig. 2.5, Mirambell-1 and Maestrazgo-1).
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Figure 3.2. Seismic facies and horizons interpreted in the seismic profiles, and their correlation to the
stratigraphy of the studied area. The seismic-line shown is a segment of the northern part of the seismic
profile CT88-15 (Fig. 3.21a).
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The Upper Lias and Dogger units have almost transparent facies with some quite continuous reflectors,
while the Malm unit is characterized locally by continuous parallel seismic reflectors. The Jurassic units
were not differentiated in the seismic profiles interpretation as their limits are not continuous in all
profiles, and their seismic facies vary laterally. The Cretaceous (K) is characterized by continuous parallel

seismic reflectors, but with higher wavelength than those observed in the Malm (Fig. 3.2).

3.2 TRIASSIC STRUCTURE IN THE SUBSTRATUM OF THE MAESTRAT BASIN

The Triassic rocks only crop out in the study area in some specific places: in the Calanda anticline
core, which is formed by the Keuper facies and two outcrops of Upper Muschelkalk limestones (ANA-
DON and ALBERT, 1973); in the Ejulve area, and in other anticline cores located in the northwestern
part of the study area. This scarcity of outcrops makes it difficult to study the Triassic rifting event in the
substratum of the Maestrat basin based on field-work. However, the seismic profiles network and the
exploration wells available in the southern part of the study area allowed the study of the stratigraphy

and structure of the Triassic rocks.
3.2.1 Description of the Triassic structure

The acoustic basement is fragmented by a system of high-angle normal faults, mainly oriented NW-SE
to WNW-ESE, and some N-S. These faults have lengths between 2 and 7km, with dip-slips up to 500m,
and define a system of horsts, grabens and half-grabens (Fig. 3.3). Two NW-SE-trending basement highs
were recognized. The Monchén basement high is the western one, located below the Muela de Monchén.
It is a horst bounded by NW-SE-trending normal faults. More to the east, the Iglesuela basement high is
found, bounded to the south by NW-SE-trending, SW-dipping normal faults, while its northern boundary
progressively deepens towards the north (Fig. 3.3d).

Immediately above the acoustic basement, the Middle Muschelkalk facies display very variable
thicknesses, as it is shown in the isopach map for this unit (Fig. 3.3e). Analyzing the isopach map
together with the depth to the acoustic basement top contour map (Fig. 3.3d), it can be observed that the
Middle Muschelkalk minor thicknesses coincide with acoustic basement elevated areas, while the major
Middle Muschelkalk thicknesses coincide with depressed areas of the acoustic basement. Although
the evaporites of the Middle Muschelkalk facies are able to flow, their distribution, which adapts to the
acoustic basement structure, indicates that at least the lower part of the Middle Muschelkalk facies
was deposited during the extension, as previously suggested by BARTRINA and HERNANDEZ (1990).
Furthermore, some fan-shaped reflectors are interpreted in the hanging wall of a normal fault, which is
part of the NW-SE-trending, SW-dipping system of half-grabens developed in the northeastern part of
the seismic survey, in the surroundings of Morella (Fig. 3.3c), which indicates that at least the lower part

of the Middle Muschelkalk is syn-extension.

Conversely, the upper part of the Middle Muschelkalk surpasses and covers this structure. The non-
deformed Upper Muschelkalk (of nearly constant thickness), the Keuper and the Jurassic lie nearly flat

above it in some parts of the area covered by the seismic network (Fig. 3.3b), indicating that the thick-
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ness variations of the lower part of the Middle Muschelkalk facies are depositional, and that they did not

vary after their deposition, except for the salt tectonic event registered later.
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Figure 3.3. (a, b) Details of seismic profiles CT88-18 and CT88-11 and their interpretation, showing transversal
sections of the Monchén and Iglesuela basement highs, respectively. (c¢) Seismic profile CT87-05 and its
interpretation. See Figure 3.2 for legend. (d) Contour map of the depth to the top of the acoustic basement,
i.e. base of the Middle Muschelkalk evaporitic unit (in m below the sea level). (e¢) Contour map of the Middle
Muschelkalk vertical thickness (in m). See Figure 3.1 for location. The location of A, B and C is shown in D and
E. UTM projection (zone 30, coordinates in km), ED50 datum. Modified from NEBOT and GUIMERA (2016a).
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3.2.2 Salt-related structures

The seismic profiles revealed some salt anticlines and welds in the Middle Muschelkalk evaporitic
facies, which indicate that some salt flow occurred. The most significant structure is the NW-SE-trending
Monchén salt anticline, located north of the Monchén basement high, in the hanging wall of the N-dip-
ping normal fault that bounds it to the north (Figs. 3.3a, d-e; 3.4b,c). The Upper Muschelkalk is folded
above these salt structures in the Middle Muschelkalk evaporites, and the Keuper facies reflectors are
found to lap on the folded Upper Muschelkalk carbonates, on both limbs of the Monchén salt anticline.
Towards the SE, a forced fold appears in the northern limb of the Monchén salt anticline, coinciding with
a normal fault in the acoustic basement (Fig. 3.4c). It involves the folded Upper Muschelkalk above the
salt accumulation, while the Keuper reflectors display growth-strata above the downthrown limb of the
forced fold (Fig. 3.4c). Above the Muela de Monchén basement high, a salt weld is also observed in the
seismic profiles (Fig. 3.4.a), which could be the result of the salt flow towards the Monchén salt anticline,
located north of it (Fig. 3.3e). This salt structure is observed in the seismic profiles (Fig. 3.3a) and is also
confirmed by the Mirambell-1 well (Figs. 2.5, 3.3a), which crossed more than 625m of Middle Musche-
lkalk facies, while the average thickness of the Middle Muschelkalk in the area covered by the seismic

network is of about 400 m (Fig. 3.3e).
3.2.3 Interpretation of the salt structures

The onlap and growth-strata geometries observed in the Keuper reflectors above the Upper
Muschelkalk folded by the salt accumulations, indicate that the Middle Muschelkalk salt flow occurred
during the deposition of the Keuper facies (Late Triassic). The forced folds in the Upper Muschelkalk
above some normal faults in the acoustic basement indicate that some extension occurred after the
Upper Muschelkalk deposition, and during the Keuper deposition, as deduced form the growth strata
described. The extension during the Late Triassic could have triggered the Middle Muschelkalk salt to
flow, while the differential load exerted by the Keuper facies, which was deposited adapting to the folded
Upper Muschelkalk, could have enhanced it.

Other elongated salt accumulations developed in some anticline cores (Fig. 3.3e), as the Bovalar an-
ticline, the Tarayuela or the Cafiada de Benatanduz anticlines. These salt-cored anticlines formed during
the Cenozoic contraction, when the supra-salt cover was folded detached in the Middle Muschelkalk

evaporites.
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Figure 3.4. Seismic profiles (a) CT88-20, (b) CT88-16 and (c) CT88-17 and their interpretation. (a) A salt
weld is observed over the Monchén basement high. The Middle Muschelkalk thickness variations are thus
displayed. (b) The Monchén salt anticline developed N of the Monchén basement high is shown, being the
Keuper reflectors onlapping the folded Upper Muschelkalk. (c) A drape fold of the Upper Muschelkalk forced by
the resumed extensional activity of high-angle normal faults in the acoustic basement during the Late Triassic
is shown. Some growth-strata in the Keuper reflectors are deduced, indicating that it was deposited during the
extension. See location in Figure 3.1, and Figure 3.2 for legend. Modified from NEBOT and GUIMERA (2016a).
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3.3 JURASSIC EXTENSIONAL STRUCTURE

The Jurassic thicknesses are difficult to stablish, as its base only crops out in the northwestern part of
the area, in the surroundings of Ejulve, and in few other places, as in the frontal thrust-sheets of Calanda
(Fig. 2.17). However, the exploration wells and the field data available, show some thickness variations

and unconformities within the Jurassic.

The thickness variations affect both the syn-rift Malm and the Lias-Dogger package, commonly at-
tributed to the Triassic post-rift. The entire Jurassic broadly thickens towards the south, basinwards,
from about 400 m in the northern external zone of the basin (Fig. 3.5. Ejulve, Bnco. Degollados or Bnco.
Redondo series) to 1122 m in the Mirambell-1 well (Figs 2.5, 3.5).

In the field, some thickness variations in the Malm units and the Dogger-Lias package can be obser-
ved. As an example, in the Cabezo Gordo section (Fig. 3.5) the Malm units have a minimum thickness of
240m, being the Dogger-Lias units of about 370m. This 610m of Jurassic thickness contrasts with the
1122m of Jurassic found in the Mirambell-1 well, containing Malm units 430m-thick and Dogger-Lias
units of 692m (Fig. 3.5a). After analyzing the exploration-wells located in the southern half of the study
area, MARTINEZ-ABAD (1991) stablished that the greatest thickness variations occur in the Lower Lias
units (Cortes de Tajufia and Cuevas Labradas Fms.), from about 135m in the Bovalar-1 and Bovalar-2
wells, to 585m in the Mirambell-1 well towards the NW, having the Anhydrite zone at its base (Fig. 2.5).
The other Lias units (Ablanquejo Group) and the Chelva Formation (Dogger) show gentle thickness va-
riations, of only about 50m in the area covered by the exploration wells (Fig. 2.5). The Iatova Fm. (Lower
Malm), which is considered as the last post-rift unit (SALAS, 1987 ), has a nearly constant thickness of
about 25m (Fig. 2.5).

An unconformity is observed within the Jurassic units. In some Jurassic outcrops located in the
northernmost part of the fold-and-thrust belt, in the northern external zone of the basin, the Ablanquejo
Group, the Chelva and the [atova formations are not present, and the Polpis Fm. (Kimmeridgian) directly
overlies the Cuevas Labradas Fm. (Pliensbachian). Therefore, the Upper Lias, the Dogger and the Lower
Malm units are missing, and where these units are present in the study area, they are thinner than in
the surrounding areas, as in the Maestrazgo-1 well (Fig. 2.5). Consequently, those units were eroded
or were not deposited in the northern external zone of the basin, probably related to a decrease of the

extensional activity during the Lower and Middle Jurassic post-rift.

Regarding the Malm units - except for the Iatova Fm.- they broadly become thinner towards the W,
from about 650m in the Bovalar-1 well to 407m in the Mirambell-1 well (Figs. 2.5, 3.5), and mainly to the
N, to about 150m in the Barranco del Redondo thrust sheet (Fig. 3.5). Also to be considered is the thick-
ness variatio n between the area covered by the seismic profiles and the exploration wells, with values
between 650 and 400 m thick, and the adjacent area of Albarracin, where the same Malm units are about

250-270 m thick (HERNANDEZ, 1985).
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3.4 LOWER CRETACEOUS EXTENSIONAL STRUCTURE

Figure 3.5 shows the distribution of thicknesses of the Lower Cretaceous. It can be observed that
thickness variations occur mainly in the Barremian units, while the Aptian units have more constant
thicknesses. Attending to the thickness distribution of the Lower Cretaceous units, some of the faults ob-
served at surface should have been extensional faults during the Mesozoic. Some of them were partially
inverted during the Cenozoic contraction, while others remain as normal faults. From the internal zone

to the northern external zone of the basin, the main normal faults are:

Xert fault: This E-W-trending, S-dipping, listric normal fault (Figs. 2.3, 2.17) was not inverted during
the Cenozoic contraction, at least its segment within the Mesozoic cover. Its hanging wall contains more
than 2.5km of Lower Cretaceous rocks, displaying rollover geometry (SALAS et al., 1995), which co-
rrespond to the depocenter of the Maestrat basin. In its foot wall the Lower Cretaceous units are about

1000m thick (SALAS, 1987).

Villarluengo fault: It is an E-W-trending, S-dipping normal fault, not inverted during the Cenozoic con-
traction. This fault puts in contact the Lower Cretaceous rocks, in its hanging wall, with the Jurassic rocks
in its footwall. The Escucha Fm. (Albian) overlies this structure indicating that the extensional activity of

the fault terminated before its deposition (Fig. 3.7a).

Bordén fault: The Bordon fault is a NE-SW-trending, SE-dipping normal fault which separates a series
of Barremian and Aptian units up to 1040m thick (more than 800m of Barremian and more than 200 m
of Aptian rocks) in its hanging wall (Fig. 3.5, Bordén anticline series), from a series of about 525m of the
same units in its footwall (Fig. 3.5, Ladrufian series). A series of 150-200m of Barremian rocks are found
in a Cenozoic-cored syncline in the footwall of the Bordoén fault, attached to the fault. These thicknesses
distribution makes clear that the Borddn fault was active during the Lower Cretaceous extensional event.
The Bordén fault ends up towards the east as the series of Jaganta, to the N, and Bordén anticline East, to

the S, are very similar, both of them of about 800-900 m thick (Fig. 3.5).

Ortells fault: This ESE-WNW-trending, S-dipping fault (Fig. 3.5) separates series of Lower Cretaceous
rocks of about 1100m in its hanging wall from others of about 800m in its footwall, of which about 750m
in its hanging wall and about 570m in its footwall correspond to the Barremian units. This normal fault
was partially inverted in its westernmost and easternmost segments, but in its central part it was only

deformed by folding (Guimera, pers. Comm .).

Garrocha fault: It is an ENE-WSW-trending, S-dipping fault which separates series of Barremian and
Aptian units of about 160-170 m thick (Higueral and Raspador series, Fig. 3.5) in its hanging wall, from

a series of about 30 m of the same units in its footwall (Carrascal series, Fig. 3.5).

Castellote-Herbers fault: This is the most external and the longest normal fault recognized in the study
area, included in the Montalban-Herbers-Llaberia fault zone described by SALAS and GUIMERA (1996).

This fault varies its trend along-strike. In the surroundings of Castellote and Jaganta, the Castellote-Her-
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bers takes an ESE-WNW trend, and separates a series of Barremian and Aptian units up to 800 m thick
in its hanging wall, south of the fault, from a series of 0 to 300 m in its footwall, north of the fault (Fig.
3.5). Towards the west this normal fault takes a NE-SW-trend and ends up south of Cuevas de Cafiart.
Conversely, towards the east it takes a NW-SE-trend and it is supposed to continue below the Cenozoic

basin of Aiguaviva, up to linking with the Herbers fault, northeast of Herbers (Fig. 2.17).

Normal faults system north of the Castellote fault: Some minor normal faults can be deduced in the
footwall of the Castellote and the Garrocha normal faults (Fig. 3.5). These are mostly ENE-WSW to NE-
SW-trending, S-dipping normal faults with throws of tens to few hundreds of meters. Most of them are lo-
cated in the Lower Cretaceous outcrop in the surroundings of Seno, North of Castellote. They controlled
the sedimentation of the small Lower Cretaceous outcrops located in the external part of the Maestrat

basin.

Some blind normal faults have also been deduced below the (non-deformed) Upper Cretaceous and
Cenozoic post-rift rocks, which are located in the relay zones between some of the described normal

faults, and are oriented N-S, perpendicular to the other normal faults:

Carrascosa fault: This NNE-SSW-trending, E-dipping normal fault has been deduced below the Upper
Cretaceous and Cenozoic outcrop of Muela Carrascosa, as more than 1000 m of Barremian and Aptian
units can be measured below the eastern boundary of this outcrop (Fig. 3.5, Bordén anticline series),
while in its western side only 165m of the Lower Cretaceous units are found (Fig. 3.5, Muela Carrascosa
series). A normal fault was interpreted to explain this sharp thickness variation in a distance of about
2km below non-deformed post-rift rocks. This normal fault is located in the relay zone between the Bor-

don and the Villarluengo normal faults, so it can be considered a breached relay ramp.

Ladruiidn fault: In the relay zone between the Castellote-Herbers and the Garrocha normal faults,
another NNE-SSW-trending, E-dipping normal fault can be interpreted below the Upper Cretaceous and
the Cenozoic outcrop located west of Ladrufian. A series of more than 500m of Barremian and Aptian
units is found in the surroundings of Ladrufian (Fig. 3.5, Ladrufidn series) in the hanging wall of the fault,
while to the west, only about 30m of Aptian rocks are found in its footwall (Fig. 3.5, Carrascal series). The
eastern boundary of the Upper Cretaceous outcrop dips towards the West (Fig. 3.8 ) suggesting a partial

inversion of a nearly N-S-trending, E-dipping blind normal fault.

Tarayuela fault: The Tarayuela normal fault has been interpreted in the southwestern boundary of
the Salzedella sub-basin, coinciding with the southern limb of the Tarayuela anticline, parallel to the fold
trend (Fig. 3.5a). It would be a NW-SE-trending, N-dipping normal fault that towards the west, takes a
NNE-SSW-trend as the Tarayuela anticline changes its trend along-strike. It separates series of 380m
and 350m of Barremian and Aptian rocks in its hanging wall (Fig. 3.5,Tarayuela anticline and Mirambell
anticline W series), from 150 and 180m in its footwall (Figs. 3.5, Cafiada de Benatanduz-Villarluengo

road series, 2.5,Maestrazgo-2 well).
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Figure 3.5. (a) Map showing the main tectonostratigraphic domains recognized and the structures bounding
them, and also the stratigraphic sections of the studied area. The normal faults interpreted for the Barremian
and Aptian period are shown. The stratigraphic sections were obtained from new field data (*) and were
combined with sections obtained by SALAS (1987) (*#), and with sub-surface data (***) (exploration wells
(MARTINEZ-ABAD, 1991), and seismic data converted to depth by (NEBOT and GUIMERA, 2016)). (b, c)
Simplified correlation of the Barremian and Aptian units in some stratigraphic sections in directions roughly
perpendicular (b) and parallel (c) to the geological structures. The datum is the base of the Escucha Fm. (top
of the Aptian), as this formation developed small sub-basins different from the Barremian-Aptian ones. For

towns’ legend see Fig. 2.17.
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Figure. 3.6. Main tectonostratographic domains differentiated in the study area for the Lower Cretaceous syn-

rift period. The location of the geological map in Fig. 3.5 is shown, as well as that of photographs in Fig. 3.7.
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3.4.1 Main tectonostratigraphic domains defined by the Lower Cretaceous units

The thicknesses distribution of the Lower Cretaceous rocks and the normal faults described, define
three tectonostratigraphic domains in the studied sector of the Maestrat basin, from South to North: the
Vistabella threshold, the Salzedella sub-basin —which contains the Ladrufian zone with intermediate

characteristics- and the northern external zone (Fig. 3.6).

Vistabella threshold: The Vistabella threshold (Figs. 2.3, 3.6), first recorded by CANEROT (1974), is an
elongated area with poor deposition and erosion of the Lower Cretaceous and the Jurassic, as it contains
only local remains of Lias and Dogger rocks, incomplete Upper Jurassic -locally overlying the Triassic
rocks- and reduced Lower Cretaceous series. In the Maestrazgo-2 well, located in the Vistabella thres-
hold, only 150 m of Aptian units were deposited, which overlay directly the Upper Jurassic Bovalar Fm.
(Fig. 2.5, MARTINEZ-ABAD, 1991). More to the east, the Aptian series becomes thinner, being 100m thick
in the surroundings of Vistabella (Fig. 2.17), overlying the Polpis Fm. (Lower Kimmeridgian), and in turn,
the Polpis Fm. overlies the Triassic rocks (CANEROT, 1974). It was an elevated area during the Mesozoic
rifting, produced by the rollover fold developed in the hanging wall of the Mesozoic normal fault system
(SALAS et al., 2005). It constitutes the southern and western boundaries of the Salzedella sub-basin, and
the northern boundary of the Penyagolosa sub-basin located south of it (Fig. 2.3, SALAS and GUIMERA,
1996).

Salzedella sub-basin: The Salzedella sub-basin was defined by SALAS and GUIMERA (1996) as the
widest sub-basin of the Maestrat basin, located in its eastern central part, bounded to the north by the
Turmell Fault Zone, and containing the depocenter of the Maestrat basin, located in the hanging-wall of
the Xert fault, containing more than 2.5km of Lower Cretaceous rocks (SALAS, 1987). The present work
proposes to modify its northern boundary in the studied sector, displacing it northwards, to the Castello-
te-Herbers normal fault and, in its northwestern part, to the Bordén, the Carrascosa and the Villarluengo
normal faults (Fig. 3.6), as all the northeastern part of the studied sector south of the Castellote fault
contains Lower Cretaceous series of about 1000m thick (Fig. 3.5, Jaganta, Bord6n, Mola de la Vila, Olocau
series), which become thinner towards the S and towards the W. Consequently, the Ortells and the Xert

faults are located within the Salzedella sub-basin.

The Barremian and Aptian filling of the Salzedella sub-basin broadly displays a wedge geometry,
thickening towards the N, from 350 m in the Tarayuela anticline to about 1000 m in the northeastern part
of the basin, controlled by the S-dipping normal faults with throws of hundreds of meters (Castellote,
Bordén, Ortells faults, etc), and a system of normal faults of metric throws found throughout the basin
(LIESA et al,, 2006; NEBOT and GUIMERA, 2016a) (Fig. 3.7).
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Figure 3.7. Mesozoic normal faults of metric throws found throughout the Salzedella sub-basin (a) Geologic

map of the Villarluengo normal fault. Minor synthetic and antithetic normal faults have been recognized in its
hanging wall. See location in Fig. 3.6. (b) Panoramic view of some normal faults mapped in (a), affecting the
Villarroya de los Pinares and the Benassal fms. (c) Antithetic normal faults in the hanging wall of the Tarayuela
normal fault, affecting the Aptian and the Barremian units. (d,e) Normal faults affecting the Barremian units.

See Fig. 3.6 for location, and Fig. 3.8 for units abbreviations.
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Ladruiidn zone: The Ladrufian zone (Fig. 3.8a) has been described here in, to refer to the area located
to the northwestern end of the Salzedella sub-basin, which is separated from the Salzedella sub-basin by
the Bordon, the Carrascosa and the Villarluengo normal faults, and is characterized by containing thin-
ner Lower Cretaceous series than the overall Salzedella sub-basins (Fig. 3.6). The Barremian and Aptian
rocks in the Ladrufian zone broadly thicken towards the NE, from the 60m measured in the Cabezo Gor-
do series to the nearly 800m measured in the Jaganta series (SALAS, 1987) (Fig. 3.5c). Towards the E the
Bord6n normal fault ends up, as the Barremian and Aptian units have similar thicknesses at both sides
of the fault (Fig. 3.5a). In this sector, the Ladruiidn zone merges with the Salzedella sub-basin (Fig. 3.6),
as it is observed in the cross-sections (Figs. 3.9, 3.10B-B’, C-C’, E-E").

An angular unconformity is observed at both sides of the Ladrufidn zone, as the post-rift units (Upper
Cretaceous and the Utrillas Fm , although the last may be missing locally.) unconformably overly diffe-
rent terms of the syn-rift Lower Cretaceous units (Fig. 3.8). The tilted Lower Cretaceous syn-rift units
describe a N-S-trending anticline located parallel to the Ladrufidn normal fault, in its hanging wall, deve-
loped before the post-rift units were deposited, probably as a transverse fold in the relay zone between

the Castellote and the Garrocha normal faults (Fig. 3.8a).

Northern external zone: This zone comprises the area located in the footwall of the Castellote-Her-
bers, the Ladrunan and the Garrocha normal faults, where the Lower Cretaceous and the Jurassic sedi-
mentation was poor or absent, or where erosion occurred. In most of the external zone, no Barremian
nor Aptian units are found, so the Escucha Fm. directly overlies the Jurassic or older units, except specific
Lower Cretaceous outcrops as the one located in the surroundings of Seno, north of Castellote (Fig. 3.5),
which is the largest one, and where up to 300m of these units can be measured. The Lower Cretaceous
units appear again more to the east. North of Aiguaviva, the Barremian and Aptian units reach locally
600m of thickness (Fig. 3.5).

In the external zone, the Escucha Fm. is characterized by an erosive base and by significant thickness
variations. It unconformably overlies the older units, from the Aptian to the Keuper (Upper Triassic) in
short distances. This indicates that the Escucha Fm. was deposited during extension (QUEROL, 1992),
but the structures and the sub-basins developed during this period are different to those that controlled
the sedimentation of the Barremian and the Aptian units, as it can be observed in the Villarluengo normal
fault, which is overlaid by the Escucha Fm. (Fig. 3.7a), or as shown in the restored cross-sections (Figs.

3.10,3.12).

3.5 LATE ALBIAN - UPPER CRETACEOUS POST-RIFT STRUCTURE

During this period the Utrillas Fm. was deposited covering the intra-Albian unconformity above
the Lower Cretaceous, Jurassic, Triassic and even the Paleozoic rocks, throughout the Maestrat basin.
The fluvial siliciclastic rocks of the Utrillas formation were followed by the upper Cretaceous carbonate
platforms. Gentle extensional activity along the major basin-bounding normal faults have been described,

with syndepositional displacements of up to 500m (SALAS et al,, 2001).
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Figure 3.8. (a) Detailed geological map of the Ladrufidn zone, and sketch showing the simplified structure of
the Ladrufidn zone. It is bounded to the north by normal faults which relay laterally (Castellote and Garrocha
faults).In the relay zone a breached relay ramp was interpreted (the Ladrufidn fault). AN-S-trending transversal
anticline also developed in the relay zone (Ladrufian anticline). See location in Fig. 3.6. (b) Field panoramic
photograph of the el Higueral series in Fig. 3.5, with about 160m of Barremian and Aptian units. (c) Field
panoramic photograph of the angular unconformity developed in the Ladrufian zone, as the post-rift rocks
were deposited above the N-S-trending Ladruiidn anticline. (d) Field panoramic photograph of the Ladrufian
series in Fig. 3.5, containing more than 500m of Barremian and Aptian units, unconformably overlaid by the

post-rift rocks. A thick Escucha formation can be observed (LKE-U).
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3.6 CENOZOIC CONTRACTIONAL STRUCTURE

In order to study the Cenozoic contractional structure in the study area, nine cross-sections were
constructed. Five of these cross-sections are located across the northern fold-and-thrust belt structure,
two of them containing the deduced NNE-SSW transport orientation (Fig. 3.9D-D’, E-E’). The other four
sections are located in the southern slightly deformed area in the hinterland (Fig. 3.9F-F, G-G’, H-H’, I-I').
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Figure 3.9. Geologic map of the study area showing the traces of the cross-sections constructed. (UTM projec-

tion (zone 30, coordinates in km), ED50 datum)
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Figure 3.10. Cross-sections A-A, B-B’ and C-C’. See location in Figure 3.9. These cross-sections do not contain

the transport direction and they are not restorable. However, they were unfolded using the flexural slip

unfolding algorithm in order to display an approximation to the Mesozoic extensional structure.
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Figure 3.11. (a) Panoramic view from the road between Tronchén and Villarluengo towns, at the foot of the

Muela Carrascosa. (b,c) Panoramic view of fault 9b from the west (b) and from the E (c). (d) Panoramic view
of the Ladrufian zone, the Castellote fault (folding the Upper Cretaceous post-rift rocks) and the Cuevas de

Cafart syncline, filled with Cenozoic rocks (Obtained from Google Earth®). See location in Fig. 3.10.
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D'and E-E' containing the NNE-SSW transport direction. See location in Figure

Figure 3.12. Cross-sections D-

3.9.
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CASTELLOTE

Figure 3.13. Panoramic view of the Castellote Fault Abbreviations: J= Jurassic, LKB= Barremian, LK-EU=
Escucha and Utrillas Formations, UK= Upper Cretaceous. The Castellote fault experienced extension during
the Lower Cretaceous (green) and contractional inversion during the Cenozoic (red). The Upper Cretaceous

rocks in the hanging wall of the fault (S) are vertical or even inverted. Image obtained from Google Earth®.

3.6.1 Inversion structures

Some of the extensional faults developed during the Mesozoic rifting event were reactivated as
contractional faults during the Cenozoic, inverting the Mesozoic sub-basins. However, as it is recognized
in the field, and shown in the cross-sections, the normal faults were only partially inverted, being their
extensional displacements not totally recovered. In some cases the post-rift was cut by the resulting
thrust, with dip-slips of few meters, as the Castellote fault in its ESE-WNW-trending segment (Fig. 3.13
and fault 8 in Fig. 3.12D-D’, E-E’) or the Borddn fault (fault 9 in Fig. 3.10B-B’). In other cases the partial
inversion of the normal fault only folded the Upper Cretaceous post-rift rocks, as the Garrocha fault
(fault 8b in Fig. 3.10A-A’), the Castellote fault in its NE-SW-trending segment (Fig. 3.11d, fault 8 in Fig.
3.10B-B’), the Ortells fault in its eastern part (fault 10 in Fig. 3.10C-C’, 3.12E-E’) or the Tarayuela fault
(Fig. 3.14F-F, G-G’, H-H").

New thrusts also formed, as the E-W-trending, N-verging Turmell thrust (Fig. 3.9) or the Villarluengo
thrust (Fig. 3.7a), as no thickness variations can be observed between both sides of them. However, these
thrusts developed in the footwall of two non-inverted Mesozoic normal faults, the Xert fault and the
Villarluengo fault, respectively. Therefore, these new thrusts could have developed as short-cut thrusts
resulting from the inversion of the lower segments of the normal faults, containing in their hanging walls
the upper, non-inverted segments of the Mesozoic normal faults. . In all these cases, the contractional
structures, generated as a result of the Cenozoic inversion, inherited the geometry and orientation of the

previous Mesozoic normal faults.
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In the hanging walls of these partially inverted normal faults, the different sub-basins experienced
some internal deformation. The Ladrufian zone was uplifted in response to the contractional displacement
in the hanging wall of its northern boundary faults, which are blind thrusts (Figs. 3.8a, 3.11d. A strongly
asymmetric, N-verging anticline developed in the hanging wall of the Castellote fault, parallel to it, with a
southern limb gentle dipping towards the S and a northern frontal limb nearly vertical or even inverted
(Figs. 3.8a, 3.10B-B’, 3.11d). To the southwestern part of the Ladrufidn zone, a N-verging anticline
developed, which inherited the trend of the Ladrufidn and the Garrocha normal faults (Fig. 3.8a). The
N-S-trending transverse anticline developed during the Lower Cretaceous extension in the hanging wall
of the Ladruidan fault, was probably reactivated during the Cenozoic contraction, propagating towards

the SW as a NE-SW-trending anticline.

The Salzedella sub-basin also experienced internal deformation. Its sedimentary filling was folded,
mainly in detachment folds and monoclines associated to basement thrusts. Also folds involving the
Acoustic Basement are observed in the seismic profiles, as it is the Mirambell anticline (Fig. 3.4b). Some
inverted faults are found within the Salzedella sub-basin. Its southern part was uplifted, generating a
wide, slightly deformed, elevated area which contains wide outcrops of Upper Cretaceous and local

remains of basal Cenozoic rocks, the youngest pre-contractional ones.

In the northern external zone some of thrusts seem to be the result of the inversion of Mesozoic
extensional faults which controlled the deposition of the Escucha Fm., as the fault 4c in cross section
B-B’ (Fig. 3.10) or even the Jurassic, as the fault 2 in cross-section D-D’ (Fig. 3.12). In these faults, the
extensional displacements were totally recovered. Besides the inversion structures, most thrusts in this

zone seem to be new thrusts developed during the Cenozoic contraction.
3.6.2 Structural domains

After the interpretation of the cross-sections and the geological map, the studied area can be divided
into three structural units: the frontal fold-and-thrust belt, an intermediate area and the southern slightly

deformed area (Fig. 3.15).
3.6.2.1 The northern fold-and-thrust belt

This area is characterized by structures with wavelengths of hundreds of meters to few kilometers
(Fig. 3.15) which are detached in the evaporites of the Middle Muschelkalk facies, and locally in the
Keuper facies. In the Calanda anticline, which is the most frontal structure of this fold-and-thrust belt,
two Upper Muschelkalk outcrops are found in its core (ANADON and ALBERT, 1973), indicating that it is
detached in the Middle Muschelkalk evaporites (Fig. 3.12D-D"). Locally, the thrust sheets also incorporate
some fragments of the Acoustic Basement (Figs. 3.10, 3.12).

This fold-and-thrust belt coincides with the northern external zone of the Maestrat basin, located
in the footwall of the Castellote-Herbers and the Garrocha normal faults, which is the area containing
the thinnest supra-salt cover. The structural trends of this belt display a salient geometry (in the

sense of MARSHAK, 2004), as they describe an arched geometry convex towards the N, to the sense of
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Figure 3.14. Cross-sections of the southern part of the study area. See location in Figure 3.9.
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displacement (Fig. 3.9). The eastern part of this salient is mostly covered by Cenozoic rocks, so this study
focused on the western and central parts of it (Fig. 3.16). Attending to this interpretation, the adjacent
areas of Ejulve-Aliaga, to the W, and Herbers, to the E (Fig. 3.9), could be associated with recesses, in
which superposition of structures with different orientations occurred [SIMON, 1980, 2004; GUIMERA,
1988).

3.6.2.2 The intermediate area

The northern boundary of this area is formed by the Castellote-Herbers and the Garrocha normal
faults. To the south it is bounded by the Morella syncline and the southern boundary of the Bordén
Cenozoic basin (Fig. 3.9), which, as it will be explained later, constitute the northern synformal hinge
of the Calders monocline (Fig. 3.15). This intermediate area is the southern part of the Portalrubio-
Vandellos fold-and-thrust belt. It contains folds of kilometric wavelengths, which are wider than folds in
the frontal fold-and-thrust belt. These folds are detached in the Middle Muschelkalk evaporites, although
some fragments of the Acoustic Basement were incorporated locally in the thrusts sheets (Figs. 3.10,

3.12). This area comprises the northern part of the Salzedella sub-basin, including the Ladruiian zone.

Along-strike structural variations

It is noted that structures in the studied sector of the Portalrubio-Vandellos fold-and-thrust belt -in
which the frontal fold-and-thrust belt and the intermediate areas have been differentiated- change their
trend along-strike (Castellote-Herbers fault, Figs. 3.9, 3.16), relay laterally (Castellote and Garrocha faults
or Bordén and Villarluengo faults, Figs. 3.5, 3.16), and also terminate laterally (Ortells fault towards the
W, thrust 3 towards the W, or the Bordén Fault towards the E, Fig. 3.16). In the relay zones of some faults
some oblique and transversal folds can be observed, as the N-S-trending folds observed west of Cuevas
de Cafiart, linking the NE-SW-trending faults 7 with 7b, and 7b with 8 (Fig. 3.16), or the NE-SW-trending
anticline located N of Castellote, linking the E-W-trending faults 5a and 5b (Fig. 3.16).

The major thrust-sheet displacement also varies laterally, as it is transferred from W to E towards the
foreland, to more external structures (Fig. 3.16). In cross-sections A-A’ and B-B’ (Fig. 3.10) the Molinos
thrust sheet (fault 4) is the structure that accumulates a major displacement, in section C-C’ (Fig. 3.10)
thrust 3 has the major displacement, while in sections D-D’ and E-E’ (Fig. 3.12) structures that concentrate
most displacement are the Ginebrosa and Calanda thrust sheets (faults 2 and 1). As previously described,
the amount of inversion of structures also varies along-strike, as well as their trend. The best example is
the Castellote fault, as the resulting thrust cut the post rift rocks in its ESE-WNW-trending segment while
it only folded the post-rift in its NE-SW-trending segment.

In the western part of the described salient, the NW-SE-trending structures of the Iberian Chain
converge with the NE-SW to ENE-WSW-trending structures of the frontal fold-and-thrust belt (Figs. 3.9,
3.16), and fold interferences occur . The best example in the study area is the Los Olmos fold, described by
SIMON (1980, 2004). It is a NW-SE-fold that has an ENE-WSW-trending anticline attached to its southern
termination, which deforms it. This anticline developed in the hanging-wall of an ENE-WSW-trending,

SE-verging back-thrust, which continues throughout the interference area (Fault 0, Fig. 3.16).
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Figure 3.15. Structural domains differentiated in the study area. UTM projection (zone 30, coordinates in km),
ED50 datum
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Figure 3.16. Structural and geological map of the frontal fold-and-thrust belt in the study area. The location of
cross-sections is shown. Main structures are numbered as in the cross-sections of Figs. 3.10, 3.12. See location

in Figure 3.9.
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3.6.2.3 The slightly deformed southern uplifted area

The southern part of the study area experienced low internal deformation. At surface it is
characterized, in its western part, in the surroundings of Fortanete-Mosqueruela, by a system of NW-
SE-trending large folds -some of them are longer than 10km- with wavelengths of about 5km (Fig. 3.9).
These folds are detached in the Middle Muschelkalk evaporitic facies, although some of them also involve
the Acoustic Basement, as the Mirambell anticline (Figs. 3.4b, 3.14F-F’). At their northwestern end,
some folds progressively change their orientation and become NNE-SSW-trending folds (Cuarto Pelado
syncline and Tarayuela anticline, Fig. 3.9). The Tarayuela anticline also becomes a W-verging monocline
in its N-S-trending segment, and generates a tectonic vertical step of about 450m, related to the inversion
of the Tarayuela fault. In the supra-salt cover, other NW-SE-trending, N-verging monoclines of different
scales are also observed, which can be attributed to thrusts in the Acoustic Basement, and some of them

could be associated to inverted Triassic normal faults (Figs. 3.9, 3.14).

This area contains the wide uplifted area that remains elevated for about 40km in the N-S-direction,
and contains a wide extension of Upper Cretaceous rocks (the Maestrat basin post-rift rocks) and some
remains of Cenozoic rocks, the last pre-contractional rocks, located above 1000m asl and wide extensions
even above 1500m asl, reaching locally 2000 m asl (GUIMERA et al., 2010). The uplifted area coincides
mostly with the Salzedella sub-basin and with the Vistabella threshold. In the study area, the uplifted area
is bounded to the north by the ESE-WNW-trending, N-verging Calders monocline (Fig. 3.15). A tectonic
step of 800 to 1200m can be deduced between units in the southern uplifted area and the downthrown
area located north of it. This step was interpreted as the area where the sole thrust of the northern fold-

and-thrust belt starts to involve the basement (GONZALEZ et al.,, 1998; GUIMERA and SALAS, 1996).

Cut off of the sub-salt/Acoustic Basement

As it has been explained previously, the sole thrust of the northern fold-and-thrust belt and the
intermediate area is detached in the Middle Muschelkalk evaporites. Southwards, to the hinterland, this
sole thrust also involves the Acoustic Basement, including the Variscan basement, below the slightly
deformed uplifted area and the Calders monocline (Fig. 3.9, 3.10, 3.11, 3.14), as it developed as the
contractional inversion of the Mesozoic normal fault system rooted in the basement (Fig. 2.3b). However,
in the northern thin-skinned sector, some fragments of the Acoustic Basement were incorporated to
some thrust sheets and transported to the north in the thrust system, mainly in the footwall of the main
normal faults (Fig. 3.17), as in the footwall of the Castellote, Ladrufidan and Garrocha normal faults. This
sub-salt basement fragment is bounded to the north by the normal fault 7b in the western part, and
by the fault 4 in the eastern part of the study area (Figs. 3.10, 3.12, 3.17). A fragment of the Acoustic
Basement is also found in the footwall of the western part of the Bordén fault (Fig. 3.17). As it is observed
in the cross-section A-A’ (Fig. 3.10), the entire western part of the Ladruiian zone was accompanied by
a fragment of the Acoustic Basement, in the footwall of the Carrascosa and the Villarluengo faults (Fig.
3.17). Another fragment of Acoustic Basement was incorporated in the hanging wall and footwall of the

Ortells normal fault.
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Figure 3.17. Simplified structural map displaying both the areas detached in the sub-salt or Acoustic Basement
(Lower Muschelkalk, Buntsandstein and Variscan Basement) and those detached in the Triassic evaporitic

units.

3.6.3 The Calders Monocline

The approximately E-W-trending, N-verging Calders monocline frontal tilted limb dips about 52N
and is about 13km wide in its central widest part. Laterally, it becomes narrower (Fig. 3.18). It is the
superficial structure of the tectonic step of 800-1200m, which in the study area can be measured between
the base of the post-rift units in its southern uplifted horizontal limb and the northern termination of its
tilted limb (Fig. 3.3c, 3.14F-F’, 3.19-21, NEBOT and GUIMERA, 2016). It is modified in its central part by

the N-S-trending box-fold Bovalar anticline, differentiating its eastern and western sectors (Fig. 3.18).
r re of th rn part of th lders monoclin

The eastern sector contains the widest part of the Calders monocline (Fig. 3.19), containing a tectonic
vertical step of about 0.3s (about 800m) (Fig. 3.3¢). In this sector, the northern synformal hinge of the
Calders monocline is constituted by the Morella syncline (Fig. 3.18). The southern antiformal hinge of the
monocline is located north of the Muixacre hill (Fig. 3.18), and changes its trend along-strike. It displays
two broadly E-W-trending segments, joined by broadly N-S-trending segments (Fig. 3.18). Towards the
E, its tilted limb narrows, as the Morella syncline and the antiformal southern hinge converge in the E-W-

trending, N-verging Turmell fault, which cuts across the Calders monocline tilted limb (Fig. 3.18). The
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Turmell fault terminates laterally, towards the W, and an E-W-trending, N-verging monocline is found

at surface above its westward termination, modifying the structure of the Calders monocline limb (Fig.
3.18).

Out-cropping thrust rooted
4= inthe Agﬁ[.s%c basement +—+ Anticine —eeen Cut-off Ac. basement/ supra-salt cover surface
----- Blind thrust +— Syncline [ | Ac. basement involved area (Piz + TrBunt + TrM1)
Norfret s 4L Monociine I Titted uplifted areal Calders monociine limb
—L_ Sense of tilting FEns Synformal flexion Uplifted area
|1 Cenozoic TTT Steeply-dipping sector [£.7] Flat uplifted area

Figure 3.18. Structural map showing the major structures of the area studied and the location of schematic

cross-sections (UTM projection (zone 30, coordinates in km), ED50 datum).
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Figure 3.19. The eastern part of the Calders monocline observed in the seismic profiles and in the field. (a)
Panoramic view of the Calders monocline from the Bovalar anticline. Castellfort, placed in the Artoles Fm.
(Barremian) and Morella, placed in the Forcall and Villarroya de los Pinares fms. (Aptian) are identified, as
well as their heights (in meters above the sea level). The tilting of the Lower Cretaceous rocks towards the
north in of the Calders monocline limb, from Castellfort to Morella, can be observed. (b, c) Seismic profiles
CT88-29 and CT87-02, across the eastern part of the Calders monocline limb. They traverse the monocline
with different orientations (d), which are oblique to the Calders monocline dip direction. (d) Simplified
geologic map for location of the seismic profiles shown, in the eastern part of the Calders monocline. See also

Figure 3.3c. See location in Figs. 2.17, 3.1.
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r re of th rn part of th Iders monoclin

The asymmetrical NW-SE-trending, N-verging Mirambell anticline is the western continuation of
the Calders monocline. Its southern limb gentle dips towards the south, while its frontal northern limb
is divided into two dips domains: the southern, wider one dips about 3-159N, and the steeply dipping
northern one dips between 25 and 70°N (Figs. 3.11a, 3.14F-F’, 3.18, 3.20a). Eastwards, the frontal limb of
the Mirambell anticline becomes wider and changes its trend to NE-SW, maintaining the two dip domains
(Figs. 3.18, 3.20Db). A tectonic vertical step is recognized between the base of the Upper Cretaceous below
the Cenozoic rocks of the Bordon Cenozoic basin, in the downthrown limb of this structure, and in the
southern uplifted limb. This step is of about 800m, or 0.3s in the seismic profiles (Figs. 3.20a, 3.14F-F’),
in the NW-SE-trending part, and of about 1000m (0.4s) in the NE-SW-trending side (Fig. 3.20b).

The steeply dipping northern limb of the Mirambell anticline ends in a synformal flexion parallel to
the Mirambell anticline frontal limb (Fig. 3.18), being beds nearly flat to the north, below the Bordén
Cenozoic basin (Fig. 3.20). This synformal flexion is the western continuation of the Morella syncline,
while the southern antiformal hinge of the monocline is located in the Mirambell anticline hinge (Fig.
3.18). Westwards, the Calders monocline narrows and finally disappears in the hanging wall of the E-W-
trending, S-dipping Villarluengo short-cut thrust (Fig. 3.19).

NE SW CT88-20 (Fig. 3.4a) £ Mirambell-1 (proj.) CT88:25 NE
- uela de Mo Sync. Mirambell anticline Bordén
Muela de | mx&_ Tronchén

| Cz. basin

e x B o
=T Cx

1 Cenozoic

@ Up. Cretaceous

[ Lw. Cretaceous

B Jurassic

— Superficial structures
16 Mirambell-1

2@® Bovalar-1 and 2

Figure 3.20. (a) Seismic profile CT88-18 and its interpretation. A vertical tectonic step of 0.3s (about 800m)
is deduced between the base of the Jurassic in the Muela Monchén syncline and below the Cenozoic Bordén
Basin. See Fig. 3.3a for a detail of the Keuper reflectors onlapping the folded Upper Muschelkalk. (b) Seismic
profile CT88-25 and its interpretation. The Calders monocline limb and its southern hinge are shown. A vertical

tectonic step of 0.4s (about 1000m) is measured comparing the base of the Jurassic. See Figure 3.2 for legend.
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Figure 3.21. (a) Seismic profile CT88-15 and its interpretation. The tilted limb of the Calders monocline and its
southern hinge -which is the transition from the tilted limb to the flat uplifted area south of it- are displayed.
Within the Calders monocline limb, the Bovalar monocline is superimposed. (b) Seismic profile CT88-12 and
its interpretation. The southern hinge of the Calders monocline is also observed, coinciding with the Bovalar
monocline. A vertical tectonic step of at least 0.5s (about 1200m) can be measured between the flat uplifted
area and the deepest parts of the tilted limb. (c) Contour map of the depth to the base of the Jurassic (in m
below the sea level). Some superficial folds are shown for reference, and the trend of the Calders monocline
hinges has been traced in a sketch. See Figure 3.2 for legend and figures 3.1 and 3.19 for location. UTM

projection (zone 30, coordinates in km), ED50 datum.
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r re within th lders monocline til limb: the Bovalar anticlin

In the central part of the Calders monocline, the N-S-trending Bovalar anticline modifies its structure
(Fig. 3.18). Two segments can be differentiated in this anticline: a northern NNW-SSE-trending, ENE-
verging monoclinal segment -between La Todolella and Cinctorres- and a southern NNW-SSE to N-S-
trending box-fold anticline (Figs. 3.18). The northern part of the monoclinal segment is located within
the frontal tilted limb of the Calders monocline (Fig. 3.21a), while the southern part of the monoclinal
segment coincides with the Calders monocline southern antiformal hinge (Fig. 3.21b). In this sector the
highest tectonic vertical step of the Calders monocline can be measured, which is of about 0.5 s (about
1200 m) (Fig. 3.21). Towards the S, the Bovalar monocline becomes a box-fold anticline, near Cinctorres,
having its western limb more elevated than the eastern one (Fig. 3.14H-H’, 3.3c). More to the south, in
the N-S-trending segment of the Bovalar anticline, the tectonic vertical step disappears, as both limbs
of the anticline are at the same elevation (Fig. 3.141-I"), being located in the southern slightly deformed

uplifted area (fig. 3.18).
Structure north of the Calders monocline

North of the Calders monocline, a synformal area is find partially filled with Cenozoic terrigenous
rocks (green dashed structure in Fig. 3.18). In the western part of the monocline, this synformal area
is constituted by the Bordén Cenozoic basin, a flat-lying Cenozoic basin, bounded to the south by the
Calders monocline northern synformal hinge. This Cenozoic basin terminates to the east, thrusted by
the Ortells fault. In the eastern part of the monocline, two anticlines modify the structure of the northern
synformal hinge of the Calders monocline, which become the Morella syncline. These structures are the
E-W-trending Ortells anticline, located in the hanging wall of the Ortells fault, and the NW-SE-trending
Morella anticline, also located in the hanging wall of a blind thrust. These thrusts relay laterally, as their
associated anticlines (Ortells and Morella anticlines) have in common the NE limb of the Morella syncline
(Fig. 3.18). The synformal structure located north of the Calders monocline (green dashed structure,
Fig. 3.18) is interrupted in this sector, north of the Ortells anticline, and continues in a more internal
position, north of the Morella anticline —containing a local remain of Cenozoic rocks- propagating to the
east in the footwall of the Turmell fault. Therefore it is a complex synformal area, composed of different

synclines that relay laterally.

The northern synformal hinge of the Calders monocline, constituted by the Morella syncline and
the synformal flexion in the southern boundary of the Bordén Cenozoic basin, represents the northern

boundary of the uplifted zone in the studied area.

Lateral continuation of th ni rtical n fth Iders monoclin

Towards the west, the Calders monocline terminates in the hanging wall of the Villarluengo thrust.
This E-W-trending thrust continues to the W as a bling thrust, appearing at surface as a N-verging
monocline for some kilometers more (Fig. 3.7a). More to the W, a tectonic vertical step of about 1.5km
is measured in the southern and western margins of the Aliaga Cenozoic Basin, between the base of

the Upper Cretaceous below the Cenozoic rocks of the Aliaga Cenozoic basin and south of it (Fig. 3.9,
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GONZALEZ and GUIMERA, 1993; GUIMERA and SALAS, 1996), which could be the lateral equivalent of
the tectonic vertical step observed in the studied area. The tectonic step of Aliaga has been interpreted
as a result of a basement thrust (GUIMERA and SALAS, 1996), which could be considered as the lateral
continuation of the Maestrat Basement Thrust (Fig. 3.15). Towards the east, the tectonic vertical step
also continues beyond the Calders monocline termination, as the hanging wall of the Turmell thrust (Fig.

3.15) is uplifted, resulting in a fault throw of about 800m (GUIMERA, 1988).

Summing up, in the study area the Calders monocline constitutes the northern boundary of the wide,
slightly deformed, uplifted area found in the hinterland of the Linking Zone. It is associated to a vertical
tectonic step of about 1200m - 0.5s in its central part. The Calders monocline narrows laterally and the
associated vertical step also decreases laterally, being to the E and W of about 800m - 0.3s. The Calders
monocline terminates laterally, but the tectonic vertical step is maintained to the E in the Turmell thrust
and to the W in the N-verging monocline found in the hanging wall of the Villarluengo thrust, and more
to the west in the southern margin of the Aliaga Cenozoic basin. The uplifted area also extends beyond
the study area, from the Turmell fault to the southern boundary of the Cenozoic Aliaga basin, containing,

to the south, the Peflarroya mountain (2028m asl).
3.6.4 Transport direction and estimated shortening

The transport direction was interpreted to be NNE-SSW, which is the vector normal to the main
trend of structures in the studied area, which is ESE-WNW, coinciding with the trend of the Calders
monocline, the Ortells fault, the Calanda anticline and the two thrusts south of it, the Castellote fault in
its northernmost segment (Fig. 3.9). West of the area studied it also coincides with the overall strike of
the Utrillas thrust. The sense of transport is towards the NNE. This transport direction is coincident with
the one proposed by GUIMERA and ALVARO (1990) for the Iberian Chain. It also coincides with the total
transport vector estimated by Simoén and Liesa (2011) for the Utrillas thrust, oriented to the NO32E, with

a displacement of 5.9km.

The shortening value was estimated after restoring the cross-sections D-D’ and E-E’ (Fig. 3.12), which
contain the deduced transport direction. The shortening value obtained from restoring the cross-section
E-E’is 10.5km, which is mostly concentrated in the northern fold-and-thrust belt. It has to be considered
that this is a minimum shortening value, as the cross-section was constructed in a conservative manner,
and the structures interpreted below the Cenozoic outcrops could accumulate additional shortening.
Furthermore, the deformation associated to mesostructures was not considered. The shortening value
obtained after restoring the cross-section D-D’ is 11.2km. This cross-section only traverses the northern
fold-and-thrust belt (Fig. 3.9). If the shortening in the N FAT belt is calculated, placing the pin line in the
Cenozoic rocks in the footwall of the Calanda thrust sheet, and the loose line in the Castellote fault, a
shortening value of 10.9km (40%) is obtained for the cross-section D-D' and a value of 9.1km (35%) for
the cross-section E-E' (Fig. 3.12). Assuming that shortening does not vary laterally in this ESE- WNW-
trending part of the N FAT belt, shortening obtained in both cross-sections for the N FAT belt should
be similar. However a difference of 1.8km of shortening is obtained, which was not recorded in cross-

section B-B' probably due to the Cenozoic rocks covering some of the Mesozoic outcrops. Consequently,
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cross-section B-B’ could accumulate 1.8km of additional shortening in the N FAT belt, reaching a total
shortening of 12.3km.

Considering the NNE-SSW transport direction and some segments of the cross-sections, an
idealized cross-section of the entire northern margin of the Maestrat basin was constructed, from the
Vistabella threshold to the Ebro foreland basin, and including the Penyagolosa sub-basin towards the
S (Fig. 3.22). This idealized cross-section was also unfolded in order to obtain an overall vision of the
extensional structure of the norther margin of the Maestrat basin. Based on this idealized-cross section,

a reconstruction of the geometry of the basement thrust that generated the slightly deformed uplifted
area in the hinterland was obtained (Fig. 3.23).

Slightly deformed area | Intermed. area |N frontal FAT belt

| Penyagolosa | Vistabella | Salzedella Sub-basin N external zone
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| Cenozoic || Upper Cretaceous [l Lower Cretaceous [ Jurassic

[ Triassic " | Acoustic Basement

Figure 3.22. Idealized section of the study area and the Penyagolosa sub-basin, obtained by combining cross
sections D-D', E-E' (Fig. 3.10) and an unpublished cross-section from GUIMERA. The interpreted evolution

of the area studied is shown. See location in Fig. 3.15. Abbreviations: MBT-Maestrat Basement Thrust, Or.F.-
Ortells Fault, Cs.F.-Castellote Fault, Ca.F.-Calanda Fault.
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3.6.5 The Maestrat Basement Thrust geometry

The Calders monocline is interpreted as a fault-bend fold, which is the surface expression of a ramp
to flat transition in a basement thrust, the Maestrat Basement Thrust (MBT, Figs. 3.22, 3.23). The low-dip
of the Calders monocline frontal tilted limb, along with the wide extension of the uplifted area generated

in the hinterland, suggest a low-angle dip for the Maestrat Basement Thrust ramp (Figs. 3.22a).

Taking into account the idealized section (Fig. 3.22), and the shortening values obtained for the
frontal fold-and-thrustbelt, a generalized interpretation of the geometry of the Maestrat basement thrust
was modelled in 2D with the Move software (Fig. 3.23). This fault geometry was tested by displacing
the restored horizons of the Salzedella sub-basin in the idealized cross-section, for 12km above the
hanging wall of this fault, using the fault-bend-fold algorithm. The geometry of the fault was modified
until obtaining a geometry in the supra-salt cover similar to that observed in the study area. The fault
geometry obtained is shown in Fig. 3.23b, which was also included in the idealized section in Fig. 3.22. It
has a low-dip ramp, with an approximately listric geometry, dipping about 99S in its shallowest part, and
flattening downwards until reaching a depth of about 7.5km below the sea level. It extends southwards
for more than 40km. Towards the north, the basement thrust ramp evolves into a very gentle south-

dipping flat (Fig. 3.23).

In the model (Fig. 3.23b), the displacement of the basement in the hanging wall of the fault, above its
low-dip ramp, generates an uplifted area of about 40km wide in the N-S-direction and a vertical tectonic
step of about 1200m. A fault-bend-fold develops in the transition from ramp to flat, which has a frontal

tilted limb about 12km wide and dips about 62N, which is very similar to the Calders monocline geometry.

The Calders monocline is wider in its central part and narrows laterally. For this reason it appears
wider in the idealized section, which traverses it nearly through its widest central part, than in the cross-

section E-E’, which traverses it more to the west, in a narrower part.

The inversion of the NW-SE-trending, NE-dipping Penyagolosa normal fault, which generated the
Penyagolosa sub-basin, also uplifted locally the Mesozoic cover and the basement (Fig. 3.23). These local

structures also help to maintain elevated this wide area towards the S.
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GEOMETRY OF THE MAESTRAT BASEMENT THRUST (MBT)
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Figure 3.23. (a) Idealized section of the Salzedella sub-basin at the end of the Mesozoic extension (end of
the Early Cretaceous). It is based on the generalized section in Fig. 3.22. (b) Forward modelling of section
(a) using the fault-bend-fold deformation algorithm with Move®. The resulting horizons are compared to the
corresponding horizons in the idealized section in Fig. 3.22 in order to test the geometry of the Maestrat
Basement Thrust. The Castellote normal fault (Cs. F.) was not inverted in this model. Its upper segment across
the supra-salt cover was only passively transported within the thrust system. (c¢) Conceptual model of the
interpreted geometry of the Maestrat Basement Thrust. The transition from ramp to flat explains the formation
of the Calders monocline fault-bend fold, and the low dip ramp explains the low dip of the monocline and the

maintained uplifted area generated in the hinterland.
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4.1 INTERPRETATION OF THE EXTENSIONAL STRUCTURE AND EVOLUTION OF
THE MESOZOIC MAESTRAT BASIN IN THE STUDIED SECTOR

The interpretation of the Mesozoic extensional structure and evolution in the studied sector of the
Maestrat basin is described below, which is based on the interpretation of the results described in

Chapters 3.2 to 3.5.
4.1.1 Triassic

Although units in the acoustic basement are not recognized in the seismic profiles, previous studies
(ALVARO et al., 1979; SALAS et al.,, 1997; BARTRINA and HERNANDEZ, 1990, SANCHEZ-MOYA, 1992)
suggest that the high-angle normal faults affecting the acoustic basement would have been active during
the deposition of the Buntsandstein facies (Late Permian-Anisian) until the deposition of the lower part
of the Middle Muschelkalk facies (BARTRINA and HERNANDEZ, 1990; NEBOT and GUIMERA, 2016a),
which displays great thickness variations (Fig. 4.1a). A period of lower extensional activity occurred
during the deposition of the upper part of the Middle Muschelkalk facies and the Upper Muschelkalk
carbonates (Ladinian), as they overlie the normal fault system, and the Upper Muschelkalk shows nearly

constant thickness (Fig. 2.5, 4.1b).

East of the study area, near the Mediterranean coast, in the Salzedella-1 and the Maestrazgo-1
exploration-wells, no Muschelkalk sediments are found (Fig. 4.2), and the Buntsandstein facies is
overlaid by the Keuper facies (Fig. 2.5, MARTINEZ-ABAD, 1991). More to the south, in the Desert de les
Palmes area, N of Castell6 (Fig. 4.2), there are only about 100m of Upper Muschelkalk carbonates, which
directly overly the Buntsandstein facies (ESCUDERO-MOZO et al., 2015; LOPEZ-GOMEZ et al., 2005). A
NE-SW-trending, NW-dipping, normal fault has been interpreted by MARTINEZ-ABAD (1991) and SALAS
(pers. Com.) separating this sector with no or poor deposition of the Muschelkalk facies in the footwall
of the fault, which can be associated to a basement high, from the area with a thick Middle Muschelkalk
sequence in its hanging wall (Fig. 4.2). This interpretation is supported by a magnetotelluric survey
(MARCUELLO et al,, 2006), which detected quite different responses in the Triassic and Paleozoic rocks
at both sides of the deduced fault.

The deposition of the upper part of the Middle Muschelkalk and the Upper Muschelkalk facies during
a low extensional period (Ladinian), is in accordance with the observations in the Desert de les Palmes
area, indicating that the Upper Muschelkalk carbonate platforms surpassed and covered the extensional
structures which affected the acoustic basement and the lower part of the Middle Muschelkalk. In the
northern part of the basement high, no Muschelkalk appears (Fig. 4.2), which could have been eroded or

never been deposited.

The extensional activity resumed during the Late Triassic (Carnian-Norian). Some high angle normal
faults in the acoustic basement were reactivated, but they did not propagate upwards across the Middle
Muschelkalk, as it is deduced from the forced folds observed in the Upper Muschelkalk above some
of these faults in the acoustic basement (Fig. 4.1c), and from the growth-strata in the Keuper seismic

reflectors above the downthrown bloc of one of the forced folds.
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Figure 4.1. Sketches showing the interpreted evolution of the extensional structure during the Late
Permian-Triassic, based on the seismic profiles interpreted and the exploration wells. (a) Deposition of the
Buntsandstein, the Lower Muschelkalk and the lower part of the Middle Muschelkalk facies during extensional
activity of high angle normal faults. (b) The extensional activity decreases and the upper part of the Middle
Muschelkalk and the Upper Muschelkalk are deposited overlying the extensional structure. (c) The extensional
activity resumes and some normal faults in the acoustic basement are reactivated, producing forced folds in
the Upper Muschelkalk facies and Middle Muschelkalk salt flow. The Keuper facies is deposited during the
extension, lapping on the folded Upper Muschelkalk and displaying growth strata above the forced folds.

In the study area, and in the southern Ebro Basin [BUTILLE, et al, 2012), some salt structures
developed in the Middle Muschelkalk evaporitic facies. Conversely, in other areas of the Iberian Peninsula,
the salt tectonics is associated to the Keuper facies (Prebetic (ORTI, 1973), Basque-Cantabrian Basin
(SERRANO and MARTINEZ DEL OLMO, 2004), Parentis Basin (FERRER et al,, 2012), Cotiella Basin-
Pyrenees (LOPEZ-MIR, 2015), etc.

In the seismic profiles some salt anticlines and welds are observed in the Middle Muschelkalk facies.
The Upper Muschelkalk is folded above them, while the Keuper reflectors onlap the folded Upper
Muschelkalk carbonates. Consequently, some Middle Muschelkalk salt flow occurred after the Upper
Muschelkalk deposition, probably triggered by the reactivation of the extensional structures during the
Keuper deposition. The differential load exerted by the Keuper, which was deposited adapting to the
geometry of the folded Upper Muschelkalk, could have enhanced the salt flow.
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Figure 4.2. The NNE-SSW-trending WNW-dipping normal fault is based on MARTINEZ-ABAD (1991), SALAS
(pers. Com.), MARCUELLO et al. (2006). The location of the exploration wells and the trace of their correlation
in Fig. 2.5 is shown. Wells: 1= Mirambell-1, 2= Maestrazgo-2, 3= Bovalar-1, 4= Salzedella-1, 5= Maestrazgo-1.
Ca Ant. = Calanda Anticline, Cs F, Castellote Fault, Mnt Ant.= Montalban Anticline, Ut F.= Utrillas Fault. The

western salt pinch-out is explained below, in Chapter 4.2.5. See Figs. 2.13, 4.7 for location reference.
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4.1.2 Jurassic

In order to figure out the Jurassic structure it would be necessary to study a wider area than the

present one, as the Jurassic sub-basins seem to be wider than the Lower Cretaceous ones.

The thickness variations observed in the Lower Lias units (Cortes de Tajufia and Cuevas Labradas
Fms.,, Fig. 2.5), are in agreement with the hypothesis that some extensional tectonics occurred during this
period (GINER, 1980; AURELL et al., 1992, SAN ROMAN and AURELL, 1992; ROCA et al,, 1994; CAMPOS
etal, 1996; BORDONABA and AURELL, 2001), commonly attributed to the post-rift of the Triassic rifting
event (SALAS et al,, 2001). AURELL et al (1992) described a rifting event during the Hettangian-Lower
Pliensbachian, controlled by listric normal faults, which could have generated the thickness variations
in the Lower Lias units. However, in other parts of the Iberian Chain the Cortes de Tajufia Fm. has also
been related to evaporite solution, collapse and breccia formation (MORILLO-VELARDE and MELENDEZ,
1979; BORDONABA and AURELL, 2002; ORTI and SALVANY, 2004; GOMEZ et al., 2007), which could also

explain part of the thickness variations of this unit.

The rifting event during the Lower Lias (AURELL et al., 1992) was separated from the Malm rifting
event by a lower extensional period occurred during the Upper Lias-Lower Malm, as units of this age
(Ablanquejo Group, Chelva Fm. and latova Fm.) show nearly constant thicknesses in the exploration-
wells (Fig. 2.5). Furthermore, in the area studied, these units are thinner than in the surrounding areas,
as in the Maestrazgo-1 exploration well (Fig. 2.5). In the northern external zone of the Maestrat basin,
north of the Castellote normal fault, the units of these ages are missing, being the second syn-rift Polpis

Fm. unconformably lying onto the Cuevas Labradas Fm.

Regarding the Malm units - except for the latova Fm.- their thickness variations seem to be
controlled by the same mechanisms that controlled the Lower Cretaceous deposition, as it also becomes
thinner towards the north, towards the basin margin. Big thickness variations of these units can also be
recognized by comparing the thicknesses in the area covered by the exploration-wells, 650-407m, in the
central part of the Salzedella sub-basin, with the thicknesses in the adjacent area of Albarracin, about
250-270m (HERNANDEZ, 1985), in which the Lower Cretaceous is absent or very thin (locally reaches
110m). This suggests that the boundaries of the basin during the Jurassic extension probably do not
coincide exactly with the Lower Cretaceous basin ones, and so a larger area should be considered in

order to better characterize the thickness variations of the Malm.

However, some of these thickness variations can be associated to the same faults that controlled
the Lower Cretaceous sedimentation. The Villarluengo normal fault, for example, separates 1122m of
Jurassic rocks in the Mirambell-1 well, in its hanging wall, south of the fault, from about 610m measured

in the Cabezo Gordo section, in its footwall, north of the fault (Fig. 3.5).
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4.1.3 Cretaceous

The interpreted distribution of the Lower Cretaceous sub-basins developed within the Maestrat ba-
sin, and the distribution of the structures bounding them, slightly differ from the one described by SALAS
and GUIMERA (1996). The present thesis proposes to differentiate the Ladrufin zone within the Sal-

zedella sub-basin, whose northern boundary is displaced northwards, to the Castellote Fault (Fig. 3.6).

In the study area the distribution of the Lower Cretaceous rocks and the extensional structures,
which display varying orientations, suggest a segmented system of normal faults, connected by relay

ramps, bounding the different sub-basins.

The Maestrat basin filling, broadly becomes thinner towards the north, towards the northern boun-
dary of the basin (Fig. 3.5b). However, as previously explained, the geometry of the Lower Cretaceous
syn-rift filling of the Salzedella sub-basin resembles a wide wedge that thickens towards the North, to the
hanging wall of the S-dipping main normal faults (Castellote and Bordén normal faults). The sedimen-
tary filling (Barremian and Aptian units) is also controlled by the minor normal faults system that can
be observed all around the basin (Fig. 3.6). This wedge geometry could be associated to a wide rollover,

influenced by minor normal faults, some of them antithetic to the main S-dipping normal faults.

The Ladruian zone thickens towards the NE, to the ESE-WNW-trending segment of the Castellote
normal fault. The overall NE tilting can also be associated to a rollover fold developed in the hanging wall

of the Castellote normal fault (Fig. 3.5c).

Although the Barremian and Aptian deposition was mostly controlled by the same extensional struc-
tures, the extension was more active during the Barremian than during the Aptian, as thickness varia-
tions of the Barremian units are bigger than the Aptian ones. Regarding the Escucha Formation, it was
deposited during a period of extension, although the extensional structures that controlled it do not co-
rrespond to the ones that controlled the deposition during the Barremian and Aptian sedimentation. The
Utrillas Fm. (Late Albian) and the Upper Cretaceous rocks covered the previous extensional structures,

as they were deposited during the Late Cretaceous post-rift event.

If the contractional deformation is restored, a N-S-trending gentle anticline is found in the central
part of the Ladrufian zone, modifying the rollover geometry (Fig. 3.5¢, 3.9B-B’). The angular unconfor-
mity observed at both sides of this anticline, in which the post-rift units unconformably overlie different
Lower Cretaceous units, indicates that this gentle anticline developed during the Early Cretaceous ex-
tension. It probably developed as a transverse fold above the relay zone between the Castellote and the
Garrocha normal faults, in the hanging wall of the Ladrufidn normal fault (breached relay ramp). This
anticline was reactivated during the Cenozoic contraction, while the Castellote, the Ladrufian and the

Garrocha normal faults were partially reactivated as reverse faults.

In map view, the Carrascosa and the Ladrufian breached relay ramps are aligned, coinciding with the
NNE-SSW-trending segment of the Tarayuela normal fault, which can be interpreted as a relay fault zone
(Fig. 3.5).
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Figure 4.3.- Generalized stratigraphic sequence of the Eastern Salzedella sub-basin, and tectonic events in the
study area. Modified from NEBOT and GUIMERA (2016), after SALAS (1987), SALAS et al. (2001), AURELL et
al. (1992) for the Lias, and BOVER-ARNAL et al. (2015) for the Barremian-Aptian boundary. Thickness values
are based on the exploration wells (Fig. 2.5, MARTINEZ-ABAD, 1991) and from the stratigraphic sections in

Fig. 3.5.
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4.2 INTERPRETATION OF THE CENOZOIC CONTRACTIONAL STRUCTURE AND
EVOLUTION IN THE NORTHERN MARGIN OF THE MAESTRAT BASIN

4.2.1 Relationship between the Cenozoic contractional structures and the previous Mesozoic

extensional ones

The Maestrat basin was controlled by a system of normal faults of multiple orientations. The normal
faults were not continuous and the different faults segments were connected by relay ramps, which
divided the basin into different sub-basins or zones, resulting in a heterogeneous sedimentary filling of
varying thicknesses. Although the syn-rift units broadly become thinner towards the north, towards the
basin margin, thicknesses of these units vary considerably, controlled by the normal fault system. As it
was explained in chapter 3.6.1, during the Cenozoic inversion of the basin some contractional structures
inherited the orientation of previous Mesozoic extensional structures, which resulted in the formation

of folds and thrusts with different orientations.

Furthermore, structures with the lowest wavelengths (the northern fold-and thrust belt) developed
in the northern external zone of the basin, as the syn-rift filling of the basin is the thinnest in this zone,
and so it is the entire supra-salt cover, facilitating the formation of tighter structures. As the syn-rift filling
becomes thicker towards the S, basinwards, the contractional structures developed become gentler, with

open folds and more separated thrusts.

The orientation of previous extensional structures with regard to the transport direction could have
influenced in their amount of inversion. Fault segments perpendicular to the transport direction show
greater amount of inversion than segments oriented oblique to it. The Castellote fault is a good example
as the amount of inversion varies along-strike, as well as its orientation. The inversion of this normal
fault cut the post-rift rocks in its ESE-WNW-trending segment, normal to the transport direction, while

in the NE-SW-trending segment the post-rift was only folded.

In the substratum of the Maestrat basin, the Middle Muschelkalk evaporitic facies also displayed
significant thickness variations, resulting from the distribution of horsts and grabens in the acoustic
basement, which also conditioned the development of some contractional structures, as the Bovalar

anticline.

The Bovalar box-fold anticline is an example of the influence of previous extensional structures
and of a thick evaporitic detachment level. This anticline coincides with a depressed basement block,
above which, a thick Middle Muschelkalk was deposited (Fig. 3.3), which could have facilitated the
development of a detachment anticline. However, the triggering factor could have been the Cenozoic
inversion of a NNW-SSE-trending Triassic normal fault in the acoustic basement, like those interpreted
in Figure 3.21b, as a tectonic vertical step can be deduced between both limbs of the Bovalar anticline
in its northern segment, so a basement thrust was interpreted below it. Moreover, the Bovalar anticline
becomes a N-verging monocline towards the NW. The thick Middle Muschelkalk evaporitic facies could

have facilitated the propagation of the Bovalar anticline southwards as a detachment fold, beyond the
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basement thrust termination.

As explained in chapter 3.2.3, in the study area other Cenozoic detachment folds are deduced, as there
are the Tarayuela or the Cafiada de Benatanduz anticlines, as the salt flew towards the lower-pressure

cores of the rising anticlines, which generated elongated Middle Muschelkalk accumulations (Fig. 3.3e).

The Monchén salt anticline, located north of the Monchén basement high, could have conditioned the
formation of the Mirambell anticline (Fig. 3.4, 3.20a). The Cenozoic NW-SE-trending Mirambell anticline
involves the acoustic basement and includes in its core the Monchén salt anticline (Fig. 4.5a). If the
Cenozoic anticline is unfolded, taking the base of the Jurassic as a datum (Fig. 4.4), the Upper Muschelkalk
still remains folded above the Middle Muschelkalk salt accumulation, indicating two folding periods in
the Mirambell anticline. The first one took place during the Late Triassic, as the Middle Muschelkalk
evaporitic facies flew towards the Monchén salt anticline, folding the Upper Muschelkalk. The second
one occurred during the Cenozoic, as the entire cover and the acoustic basement were folded coinciding
with the salt anticline, which together with the structures in the acoustic basement, probably triggered

and conditioned the location and the orientation of the Cenozoic fold (Fig. 4.5).
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Figure 4.4. (a) Seismic profile CT88-16 and its interpretation. (b) The same seismic profile restored to the end
of the Triassic. It has been unfolded using the base of the Jurassic as a datum. The geometry of the Monchén
salt anticline at the end of the Triassic is shown. The Keuper seismic reflectors become horizontal and lap on
the folded Upper Muschelkalk above the salt accumulation. During the Cenozoic contraction, the Mirambell
anticline, which involves the acoustic basement, developed including the Mirambell salt anticline in its core,

making the geometry of the salt anticline more pronounced.

4.2.2 Shortening in the northern margin of the Maestrat Basin

The shortening in the study area is mostly accumulated in the northern fold-and-thrust belt, which
also coincides with the zone with most intense internal deformation of the supra-salt cover. Towards
the hinterland, the internal deformation of thrust sheets decrease, and shortening is related to the
northwards displacement of the thrust sheets above the sole thrust, rather than to their internal

deformation (Fig. 3.22).
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The total shortening measured in the supra-salt Mesozoic cover (about 12km) must be found
somewhere in the acoustic basement. It could be distributed in several basement structures or
concentrated in a unique one. The presence of the tectonic vertical step, the wide uplifted area, and
especially, the 13km-wide Calders monocline fault-bend fold suggest a main basement thrust which
displaced the basement in its hanging wall for about 11-13km. The difference in the shortening value
obtained after the cross-sections (Fig. 3.12) and the one obtained from the geometry of the Calders
monocline —which is 13km wide in its central widest part- is due to the position of the regional cross-
section, which does not traverse the Calders monocline in its widest part; and to the fact that the regional
cross-section was constructed in a conservative manner, and could accumulate additional shortening. The
Calders monocline narrows laterally and eventually terminates, suggesting a differential displacement

between the central part and the lateral parts.
4. 2.3 Kinematic evolution

The normal fault system that bound the Salzedella sub-basin, and are also located within it, were
rooted in a sole listric normal fault in the acoustic basement (Fig. 3.22). During the Cenozoic contraction,
this normal fault was inverted in its segment within the acoustic basement, generating the low-dip
basement ramp of the Maestrat Basement thrust. The displacement of the basement above this ramp
generated the tectonic uplifted area found in the hinterland of the Linking Zone. As the resulting thrust
reached the Middle Muschelkalk evaporites, a short-cut developed along this level, generating a nearly
horizontal continuation for the basement ramp, with a very gentle dip towards the S. Consequently,
the normal fault segments within the supra-salt cover were not totally inverted, conversely they were
displaced northwards above the sole thrust flat, together with the supra-salt cover. A fault-bend fold
(Calders monocline) developed above the transition from the ramp to the flat of the Maestrat Basement
Thrust (Figs. 3.22, 3.23).

North of the ramp-to-flat transition, the sole thrust propagated within the Middle Muschelkalk
detachment, cutting the elevated parts of the acoustic basement in the footwalls of the main normal
faults that it encountered in its way to the foreland. This acoustic basement fragments were incorporated
to the thin-skinned thrust sheets and transported to the N within the thrust system (Fig. 3.17, 3.22).
The entire western part of the Ladrufidn zone incorporated a fragment of the acoustic basement, as
the syn-rift filling is thinner, and consequently the entire Mesozoic supra-salt cover is thinner in this
sector. Therefore, the sole thrust which in the eastern part of the basin propagated within the Middle
Muschelkalk evaporites, in the thinner western part encountered, at the same depth, the acoustic
basement in the footwall of the main normal faults (Carrascosa, Borddn or Ladrufidn normal faults),

which was cut and incorporated to the thrust sheet.

The sole thrust propagated towards the external zone of the Maestrat basin, within the Middle
Muschelkalk facies, shallowing progressively as the Mesozoic cover became thinner towards the basin
margin. Finally, the sole thrust emerged in the Calanda thrust sheet, which is the most external structure
developed in the northern external margin of the Maestrat basin, thrusting the Cenozoic rocks of the

Ebro foreland basin. However, more to the north, the isolated Variscan Basement outcrop of the Puig
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Moreno (Carboniferous) is found among the Cenozoic rocks of the Ebro foreland Basin (Fig. 2.13). This
outcrop was interpreted by SALAS et al. (2001) as the result of the uplifting of the basement in the
hanging wall of a frontal basement thrust rooted in the basal thrust system of the Maestrat basin (Fig.
2.14), which in this thesis was interpreted as the Maestrat Basement Thrust. The Puig Moreno thrust
sheetis interpreted to be the lateral continuation and eastwards termination of the Cameros thrust sheet

(Fig. 2.13), the most frontal thrust of the western Iberian Chain (GUIMERA et al., 2004).

As explained in chapter 3.6.5, the low-dip of the Calders monocline fault-bend fold suggests a low-
dip for the basement thrust ramp, which reaches a depth of 7.5km bsl, and extends for about 40km
towards the south, in order to generate the wide uplifted area observed. The geometry obtained for the
Maestrat Basement Thrust indicates that it was rooted in the upper crust, which is in agreement with the
interpretations of other authors, who have attributed the thickening of the crust below the Iberian Chain
to the upper crust (SEILLE et al,, 2015), related to basement thrusts that only involve the upper crust,
suggesting a detachment at a depth of 7-11km (GUIMERA and ALVARO, 1990).

The exact thickness of the Lower Muschelkalk and the Buntsandstein in not known, but after the
oil-wells it is known that the total thickness of these units can vary between 70 and 380m (Fig. 2.5,
MARTINEZ-ABAD, 1991). The Variscan Basement is clearly involved below the southern uplifted area and
below the Calders monocline (Fig. 3.17), located in the hanging wall of the Maestrat Basement Thrust,
as it nearly reaches 8km of depth (Fig. 3.22). However, the different fragments of the acoustic basement
incorporated in the structures located above the flat of the Maestrat Basement Thrust (Fig. 3.17), could
contain only the Lower Muschelkalk and the Buntsandstein facies, not necessarily including the Variscan
Basement. These fragments of the acoustic basement could have been detached in the Buntsandstein
evaporites (Rot facies), as it has been proposed in other structures of the Iberian Chain (ORTI, 1981;
GUIMERA, 1988).

4. 2. 3. 1 Palinspastic restoration

If the supra-salt Mesozoic cover is restored to its position previous to the Cenozoic basin inversion,
the traces at surface of the normal faults should be displaced southwards 12km (Fig. 4.5). After doing
the restoration, it is observed that the Bordén and the Ortells normal faults broadly coincide with the
deduced ramp (S) to flat (N) transition of the Maestrat Basement Thrust, as they become located about
7km north of the Calders monocline southern antiformal hinge (Fig. 4.5). If these traces at surface are
linked to the ramp of the Maestrat Basement Thrust in the acoustic basement, the resulting normal fault
surface within the supra-salt cover dips about 302S, which is similar to the dip obtained in the idealized

cross-section for the Ortells fault (Fig. 3.22).

This suggests that in the studied area, the Maestrat Basement Thrust can be the result of the Cenozoic
contractional inversion of the Bordén and the Ortells normal faults, at least in their segment within
the acoustic basement, which inherited the geometry and orientation of these normal faults. The other

normal faults of the Mesozoic normal fault system, were rooted in this basement fault (Fig. 3.22).

During the Cenozoic contraction, the normal faults located north of the Borddn and the Ortells faults,
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were cut by the nearly horizontal short-cut thrust propagated within the Middle Muschelkalk evaporites,
and their traces across the supra-salt cover were transported towards the basin margin within the thrust
system. The lower segments, across the sub-salt basement, of these normal faults should be found in the
footwall of the sole thrust and in a more internal position, as the Castellote fault in the idealized cross-

section (Fig. 3.22).
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Figure 4.5. (a) Simplified structural map of the Cenozoic structures developed after the Maestrat basin
inversion. Modified from NEBOt and GUIMERA (2016). (b)Palinspastic restoration of the normal faults within
the Maestrat basin at the end of the Mesozoic extension (end of the Early Cretaceous).

4.2.4 Salient geometry

As previously explained, in the study area structures of the fold-and-thrust belt display a salient
geometry —in the sense of Marshak (2004)- as their traces are convex to the N, to the sense of transport.
After the palinspastic restoration of the Mesozoic normal faults, their location and orientation also display
an arched geometry similar to the one observed in the Cenozoic fold-and-thrust belt, thus indicating that
this was at least partially inherited. This normal fault system was transported to the north within the
thrust system during the Cenozoic contractional inversion of the basin. Some differential displacements
also occurred, as suggested by the Calders monocline geometry. Transport was bigger in the central part
of the monocline, decreasing laterally, as the monocline narrows. Consequently, only gentle vertical axis

rotation of structures at both sides of the salient is necessary to obtain its present-day arched geometry.

Besides the orientation of the Mesozoic structures, inherited by the Cenozoic inversion ones, the
distribution of the Middle Muschelkalk evaporitic facies also influenced the salient geometry. The thick
evaporitic layer deposited in the study area produced the décollement between the sub-salt Acoustic
Basement and the supra-salt cover, and facilitated the displacement of the supra-salt cover towards

the N. However, the Middle Muschelkalk evaporitic facies terminates laterally, towards the W. In the
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Figure 4.6. Geologic map of the southeastern termination of the Montalban anticline. The Triassic and
Paleozoic rocks in the NW-SE-trending Montalban anticline are thrusted by the Cretaceous and Jurassic rocks
of the E-W-trending thrust front of the Linking Zone. It is based on CANEROT (1977), GUIMERA (1988) and
the ortho-images interpretation. See location in Figure 3.9.

Triassic outcrop west of La Zoma (Fig. 4.6), only 15-20m of Middle Muschelkalk facies can be recognized,
composed mostly of clays and marls. These rocks are located between atleast 100m of Lower Muschelkalk
dolostones and limestones, which are in contact with the Paleozoic rocks, and about 60-70m of dolomitic
limestones of the Upper Muschelkalk facies (CRESPO ZAMORANO et al., 1977). More to the west, these
three units cannot be differentiated, and a unique, mostly carbonatic, Muschelkalk package was mapped

by CANEROT (1977) overlying the Buntsandstein facies and covered by the Keuper facies (Fig. 4.6).

This lateral pinch-out of the Middle Muschelkalk evaporites (Fig. 4.2), the main detachment level in
the study area, complicated the displacement towards the north of the supra-salt cover in the area where
the Middle Muschelkalk salt terminates, favoring the differential displacement, as the sole thrust had
to jump to another detachment level - the Keuper- or to transmit the displacement to other structures

rooted in the Basement.

Furthermore, the NW-SE-trending Montalban anticline, which involves the Variscan basement,

started to develop before the emplacement of the E-W-trending fold-and-thrust belt in the Linking Zone,
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as it is reflected in the Cenozoic rocks of the Montalban basin, whose Cenozoic lower units are cut by the
southern limb of the NW-SE-trending Montalban anticline, which is unconformably overlaid by a younger
Cenozoic unit which, in its turn its thrusted by the E-W-trending, N-verging Utrillas thrust (Guimera,
1988; CASAS-SAINZ et al.,, 2000). In the eastern termination of the Montalban anticline, this relationship
is reflected in the Triassic and Paleozoic rocks of the anticline, which are thrusted by the Cretaceous
and Jurassic rocks of the Linking Zone (Fig. 4.6), indicating that folding and erosion in the Montalban
anticline occurred previously to the displacement of the E-W-trending thrust front (Guimera, 1988). The
Montalban anticline could have acted as a basement high (Fig. 4.7a) preventing the displacement of the
Mesozoic cover, and favoring, together with the salt pinch-out (Fig. 4.7b), the appearance of the Aliaga
recess (Fig. 4.7).

To the eastern part of the salient, east of Herbers, the Cenozoic contractional structures take a NE-
SW trend (Fig. 3.9), the same orientation of structures in the Catalan Coastal Chain (Fig. 2.13). In this
eastern part of the Portalrubio-Vandellos fold-and-thrust belt, the Mesozoic structures already had NE-
SW to N-S trends (Anadoén et al., 1979; Salas and Guimera, 1996) (Fig. 2.3). The Cenozoic contractional
structures probably inherited the NE-SW orientation of the Mesozoic extensional ones, producing the

Herbers recess (Fig. 4.7).

4.2.6 Role of the evaporites of the Middle Muschelkalk facies

During the Cenozoic contractional inversion of the basin, the décollement effect of the Middle
Muschelkalk evaporitic facies differentiated the style of deformation between the sub-salt or acoustic
basement, which was mainly faulted, and the supra-salt cover, which developed detachment folds, fault-

bend folds and thrusts, and adapted to the geometry of the basement structures.

The propagation of the sole thrust though this level below the northern Portalrubio-Vandellos fold-
and-thrust belt, in the northern half of the study area, conditioned the inversion pattern of the Mesozoic
extensional basins, which were mainly passively transported northwards and internally deformed, while
the faults bounding them were only slightly inverted. The same basin configuration with no evaporitic
detachment, and with the same amount of shortening, would have led to the total inversion of the basins
which would have experienced more erosion, being the basement probably cropping out. Therefore, the
thick evaporitic layer facilitated the generation of the northern fold-and-thrust belt. The lateral pinch-
out of the salt, together with the other factors explained before, produced the salient geometry of the
fold-and-thrust belt. The salt layer also controlled the formation of the Calders monocline, as it triggered
the development of the nearly horizontal short-cut thrust which is the continuation towards the N of the

Maestrat Basement Thrust ramp, generating its ramp- flat geometry.
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Figure 4.7. Map-view sketches illustrating possible processes leading to the formation of curved fold-thrusts
belts. (a) Interaction with basement highs in the foreland. New thrusts forming between the two highs
originate with curved traces. (b) Lateral pinch-out of a stratigraphic glide horizon. Thrusts propagate further
to the foreland over the weak salt horizon and originate with curved traces. Modified from MARSHAK and
SCOTT WILKERSON (2004). (c) Map-view showing the traces of principal structures (thrusts and folds) in
the studied fold-and-thrust belt, and mechanisms that produced the salient geometry. Abbreviations: Ca F.=
Calanda Fault, Cs F.= Castellote Fault, Ut F.= Utrillas Fault.

4.2.5 Orientation of structures

As previously explained, in the NW part of the studied area, the NW-SE-trending structures of the
Iberian Chain converge with the broadly E-W-trending structures of the Linking Zone, more specifically
with the NE-SW to ENE-WSW-trending structures in the western part of the salient (Fig. 3.16). In this
sector, and in other parts of the western termination of the Linking Zone, some interference of structures
occurs, as in the case of the NW-SE-tending Montalban anticline and the E-W-tending Utrillas thrust
sheet, which indicate that, predominantly, the NW-SE to N-S-trending structures of the Iberian Chain
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developed previously to the broadly E-W-structures of the Linking Zone (SIMON, 1980, 2004; GUIMERA,
1988), which can be attributed to the superposition of structures developed in successive deformation
events (SIMON, 2004). However, some examples also demonstrate the simultaneous formation of these
two sets of structures (GUIMERA, 1988), as some of them change their trend abruptly along-strike, which
can be explained as the inversion of a complex system of Mesozoic normal faults of different orientations
linked by relay ramps (Fig. 3.5) and by the heterogeneous distribution of the Middle Muschelkalk
facies evaporites, which, as previously explained, also conditioned the location and orientation of some

Cenozoic structures.

In the slightly deformed area located in the hinterland of the Linking Zone, and therefore south of
the broadly E-W-trending Portalrubio-Vandellds fold-and-thrust belt, a system of NW-SE-trending folds
developed, between Cantavieja and the Pefiarroya Mountain, having the same orientation that the
structures in the Iberian Chain (Fig. 3.9). One of these NW-SE-trending folds, the Camarillas syncline
(Fig. 3.9), is cut by E-W-trending thrusts, being other example of superposition of structures (GUIMERA,
1988). Hence, the NW-SE-trending structures of the Iberian Chain extend through the western part of
the Linking Zone, until Vistabella. The broadly E-W-trending fold-and-thrust belt developed afterwards,
superposed to this system of NW-SE trending structures. However, within the fold-and-thrust belt and
the Linking Zone, structures show very varying orientations as a result of the inheritance of orientations
of previous structures, and also as a result of the synchronic activity of the NW-SE Iberian structures,
the NE-SW structures of the Catalan Coastal Chain, and the E-W structures of the Linking Zone, during
a lapse of time, at least during most part of the Oligocene (GUIMERA, 1988). CASAS-SAINZ et al. (2000)
estimated that the NW-SE-trending Montalban anticline, and the E-W-trending Utrillas thrust sheet were
active during the same period, which dated mainly during the Late Eocene-Early Oligocene, although the

Montalban anticline started to develop earlier (CASAS-SAINZ et al., 2000; GONZALEZ, 1989).

4.3 THE STUDY AREA IN THE CONTEXT OF THE MAESTRAT BASIN

As previously explained, the Calders monocline narrows laterally and eventually terminates,
suggesting a differential displacement between the central part and the lateral parts. However, the
displacement of the basement thrust-sheet does not disappear at its lateral ends. It is transmitted to
other structures, as the Turmell fault or the Villarluengo short-cut thrust (Fig. 3.18), and the structures

located north of them.

The total shortening estimated for the Portalrubio-Vandellos fold-and-thrust belt in the study area
is of about 12km (NEBOT and GUIMERA, 2016b). In the Utrillas thrust sheet, west of the study area,
GONZALEZ and GUIMERA (1993) and SIMON and LIESA (2011) estimated a maximum shortening of
6-5.9km and CASAS-SAINZ et al. (2000) of 8km, which was transported broadly towards the NNE, during
the Late Eocene-Early Miocene (SIMON and LIESA, 2011). In the eastern NE-SW-trending part of the
fold-and-thrust belt GUIMERA (2004) estimated a total shortening of 12km (Fig.3.8F-F").

The tectonic vertical step continues beyond the lateral termination of the Calders monocline, to the E
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in the Turmell fault and to the W in the southern boundary of the Aliaga Cenozoic basin, suggesting that
the Maestrat Basement Thrust can be continued towards the E and W. In the studied area, GONZALEZ et
al. (1998) dated the formation of the tectonic relief associated to this basement thrust as Late Oligocene-
Early Miocene, south of the Bordén Cenozoic basin (Fig. 3.9). In the Aliaga sector, SIMON and LIESA
(2011) estimated the emplacement of the Cobatillas thrust, which produced the uplifting of the southern
margin of the Aliaga Cenozoic basin (Fig. 3.9), starting by the Oligocene- Miocene boundary, until the
Early Miocene. Therefore, the displacement of the Maestrat Basement Thrust occurred broadly at the

same time both in the study area and in the western area of Aliaga.

However, the lateral termination of the Calders monocline suggests that the geometry of the Maestrat
Basement Thrust changes laterally, and that the ramp to flat transition does not occur at both sides of
the monocline. The total shortening accumulated in the supra-salt cover in the areas east and west of
the Calders monocline cannot be explained by a unique basement structure, as it is done in the Calders

monocline transect.

In the study area the displacement of the structures located north of the Calders monocline have
been associated to the displacement of the Maestrat Basement Thrust, and therefore to the formation of
the tectonic relief south of the Bordén Cenozoic basin. Consequently, it can be assumed that shortening
in the study area started at least during the Late Oligocene. It could have started earlier, but the lack of
datations of the piggy-back Cenozoic basins in the study area does not allow us to know when exactly
contractional deformation started. In the area of Aliaga, the emplacement of the Utrillas thrust sheet
or Muela de Montalban thrust sheet (Figs. 2.15, 4.2) started earlier (GONZALEZ and GUIMERA, 1993;
SIMON and LIESA, 2011) during the Late Eocene-Early Miocene (SIMON and LIESA, 2011), which is
located in the footwall of the Maestrat Basement Thrust, North of it.

After the exposed data it can be assumed that shortening decreases towards the west from about
12km in the Calders monocline transect to about 6-8km in the Utrillas thrust transect. Although the NW-
SE-trending structures starting to develop first, regarding the E-W-tending structures of the Portalrubio-
Vandellos fold-and-thrust belt, shortening started in the area of Aliaga, with the displacement of the
Utrillas thrust during the Late Eocene, although it cannot be excluded that structures were also active in
the study area during this period. During the Late Oligocene, the Maestrat Basement Thrust started its
contractional displacement. In the study area it produced the tectonic relief to the hinterland, and the
emplacement of the northern fold-and-thrust belt towards the foreland. In the Aliaga sector it produced
the uplifting of the southern boundary of the Aliaga Cenozoic basin, owing to the inversion of the northern
boundary of the Galve sub-basin (Cobatillas thrust). The emplacement of all these structures terminated

during the Early Miocene (GONZALEZ et al., 1998; SIMON and LIESA, 2011).
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4.4 THE STUDY AREA IN THE CONTEXT OF THE IBERIAN CHAIN AND THE IBE-
RIAN PLATE

As previously explained, the Iberian Chain developed in an intraplate setting, in the eastern part of
the Iberian plate, bounded by active plate boundaries, the Eurasian-Iberian to the north and the Iberian-
Africa to the south, as a result of the convergence, generally in the N-S-direction, between the African,
the Iberian and the European plates. The small dimensions of the Iberian plate facilitated that the
tectonic activity in those boundaries was transmitted towards its interior, especially during the Cenozoic
contraction (CAPOTE et al., 2002). Furthermore, the Mesozoic rifting had previously extended, and
therefore weakened, the crust in the Iberian Rift system, which enhanced the capacity of this intraplate
setting to absorb the alpine contractional stress transmitted from the plate boundaries (De VICENTE et

al, 2004).

During the Late Cretaceous (Santonian, 83Ma)-Late Eocene a first stage of convergence occurred
between the Eurasian and the Iberian plates, during which, Iberia moved as a part of the African plate,
and the plate boundary was located in the Bay of Biscay, King’s though and N Spanish trough (SRIVASTAVA
et al,, 1990; ROEST and SRIVASTAVA, 1991). Since the Late Eocene to the Early Miocene, Iberia moved
as an independent plate (SRIVASTAVA et al,, 1990; ROEST and SRIVASTAVA, 1991). A second stage of
convergence occurred since the Late Oligocene to present, between the Iberian and the African plates.
During this stage the plate boundary was found in the Azores-Gibraltar fracture zone, and Iberia moved
as a part of the Eurasian plate (SRIVASTAVA et al., 1990; ROEST and SRIVASTAVa, 1991; ROCA et al,,
2004). Simultaneously, sea-floor spreading occurred from the Late Oligocene to present, which produced
the opening of the Gulf of Valencia-Gulf of Lyons and migration towards the E of the Balearic, Corsica and
Sardinia blocks (GUEGUEN et al., 1998).

In this tectonic context, the Pyrenean (Late Cretaceous-Late Oligocene, MOUTHEREAU et al.,, 2014),
the Iberian Chain (Late Eocene-early Miocene, SALAS et al., 2001; GONZALEZ et al., 1998) and the Betic
(Burdigalian-Late Miocene, VERA, 2001) contractional orogens developed, being genetically related.

GUIMERA et al., (2004) estimated a total shortening for the Iberian Chain between 38.6km to 66.6
km (26%) in a NE-SW transect across the entire NW part of the Iberian Chain (Fig. 4.8A-A"), based on
two possible interpretations of the Cameros thrust geometry at depth. Afterwards, GUIMERA (2013)
estimated a shortening of 41 km (18,9%) for the western part of the Iberian Chain (Fig. 4.8B-B’), through
the Cameros thrust sheet, and a shortening of 37 km (13,9%) for the eastern part of the Chain, based on
two regional cross-sections that traverse the Iberian Chain from the Ebro to the Tajo foreland basins (Fig.
4.8C-C’, D-D’). In the eastern sector, a shortening of 17 km (16,5%) have been estimated for the northern
half of the Iberian Chain, which coincides with the sector of the fold-and-thrust belt in the Linking Zone

studied in this thesis, although it covers a wider area, reaching the Teruel Cenozoic basin (Fig. 4.8D-D’).

The shortening value obtained in this thesis is 12-13km, which was measured in the eastern part of
the Iberian Chain, in the northern part of the Linking Zone, representing approximately one-third of the

length of the eastern part of the Iberian Chain, in the N-S direction (Fig. 4.8E-E"). It has to be considered,
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that the shortening in the Puig Moreno thrust-sheet was not estimated. However, this shortening value
resembles more to the approximately 37-41km estimated by GUIMERA (2013) and the minimum
shortening value of 39km obtained by GUIMERA et al. (2004), than to the maximum shortening value of
nearly 67km also estimated by GUIMERA et al. (2004). MOUTHEREAU et al. (2014), in their estimation
of the Iberian plate dynamics, also considered a shortening value of 40km for the Iberian Chain, rather
than 67km, as they considered this value more consistent with a midcrustal detachment and thick-skin

style of deformation characteristics described by DE VICENTE et al. (2007) for the Iberian Chain.

Shortening in the Pyrenees increases towards the E, from 75-114km (TEIXELL, 1998; TEIXELL et al.,
2016) to 125km (VERGES et al.,, 1995); with a maximum value of 147-165km in the central Pyrenees,
according to MUNOZ (1992) and BEAUMONT et al., (2000) respectively. Although the shortening value
in the Iberian Chain (37-41km) represents the 22-36% of the shortening in the Pyrenees (114-165 km,
TEIXELL et al,, 2016; BEAUMONT et al,, 2000), as suggested by GUIMERA et al (2004) and as it has been
done by MOUTHEREAU et al. (2014), the shortening in the Iberian Chain should be considered in any
future reconstruction of the kinematic evolution of the African and Eurasian plates during the Cenozoic

alpine contraction.

.Zaragoza

Puig Moren: &Y« | 'Barcelona

Guimera et al. (2004):
A(possib. 1)= 39km
A(possib. 2)= 67km
Guimera (2013):

B =41km
C+D=37km

This work:

E (Fig. 3.12)= 12km

N == Upper Cretace Triassic and
[ Neogene [ Uppe! SR . Lower and Mid. Jurassic

52 Paleogene Upper Jurassic and s Variscan Basement
Lower Cretaceous

[ Alpine belts [ Intracratonic belt
S A+t Syncline [77] Cenozoic basins (-] Hercynian belt
| Undeformed cover areas

Figure 4.8. Location of cross-sections constructed by different authors in order to calculate the Cenozoic

shortening in the intraplate Iberian Chain. The shortening values are shown.
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5. CONCLUSIONS

During the Late Permian-Late Triassic rifting, a system of high-angle normal faults developed in the
present-day acoustic basement of the Maestrat Basin. These faults define a system of horsts, grabens
and half-grabens, which were active during the deposition of the Buntsandstein, the Lower Muschelkalk
and the lower part of the Middle Muschelkalk facies (Late Permian-Anisian). As a result, depositional
thickness variations within the Middle Muschelkalk facies appeared. The extensional activity decreased
during the deposition of the upper part of the Middle Muschelkalk and the Upper Muschelkalk facies,

which has a nearly constant thickness in the entire Maestrat basin.

The seismic profiles show that the Middle Muschelkalk evaporitic facies experienced some salt
tectonics, as it performs salt anticlines and welds, which enhanced the depositional thickness variations
of this unit. The Middle Muschelkalk salt flow occurred during the Late Triassic (Carnian-Norian)
triggered by the resumed activity of some normal faults in the acoustic basement, while the Keuper
facies was being deposited. This is deduced after the Keuper seismic reflectors, which overlie and lap
on the folded Upper Muschelkalk facies above the salt accumulations. Some growth-strata can also
be recognized in the Keuper seismic reflectors above some reactivated normal faults in the acoustic
basement, which produced forced folds in the Upper Muschelkalk. The differential load exerted by the
Keuper facies, which was deposited adapted to the folded Upper Muschelkalk, could have enhanced
the Middle Muschelkalk salt flow. The last thickness variations within the Middle Muschelkalk were
generated during the Cenozoic contraction, as the Mesozoic salt structures were amplified and new salt-

cored detachment folds developed.

Although widely considered as the Triassic post-rift, some extension is needed during the Early Lias,
as thickness variations within the units of this age are identified after comparing their thicknesses in the
exploration wells, and in the field. During the Late Jurassic-Early Cretaceous rifting event, the Maestrat
Basin developed, and within it, the Salzedella sub-basin, bounded to the N by S-dipping normal faults
(Garrocha and Castellote normal faults). These faults separate Barremian and Aptian sequences of up
to 1100m in their hanging walls from sequences of 0 to 300m, and locally 600m, in their footwalls, in
the northern external zone of the basin. The Salzedella sub-basin contains in its northwestern end the
Ladruian zone, with intermediate thicknesses, separated from it by a system of normal faults (Borddn,
Carrascosa and Villarluengo normal faults), which terminates towards the E while the Ladrufian zone
merges with the Salzedella sub-basin. The interpreted normal faults, located in the margins of the basin
and also within it, define a complex system of faults with different orientations and connected by relay
ramps. Within the basin, minor normal faults of metric slips were also recognized, which probably
contributed to the progressively northward thickening of the Salzedella sub-basin, from 350 to 1100m

of Lower Cretaceous rocks.

During the Cenozoic contraction, the Maestrat basin was inverted by means of the inversion of the
South-dipping normal fault system that formed the basin, atleast in its lower segment within the acoustic
basement, generating the Maestrat Basement Thrust. A 40km-wide uplifted area developed in its raised

hanging wall, in the N-S direction. This uplifted area is bounded to the N by the E-W-trending, N-verging
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Calders monocline, which is interpreted as a fault-bend fold, indicating a flat-ramp-flat geometry of the
Maestrat basement thrust. The southern antiformal hinge of the Calders monocline is the superficial
expression of the transition from ramp to flat in the basement thrust. The northern synformal hinge of
the Calders monocline, located at the southern boundary of the Bordén Cenozoic Basin and in the Morella

syncline indicates the transition from a thick-skinned (S) to a thin-skinned (N) styles of deformation.

The frontal tilted limb of the Calders monocline dips about 52 towards the N and has a maximum
width of about 13km in its central part and narrows laterally, linking to the Turmell and the Villarluengo
basement thrusts. The low dip of the Calders monocline, and the vast extension of the uplifted hanging
wall of the Maestrat basement thrust suggest a very low-angle ramp for the basement thrust, rooted in
the upper crust. Modelling the previous data with the Move® software, a 9° dip for the deep ramp was
deduced, extending more than 40km southwards in the NNE-SSW orientation, and reaching a depth
of 7.5km bsl. As the sole thrust reached the Mesozoic cover to the foreland, it propagated through the
Middle Muschelkalk evaporitic unit, producing a nearly horizontal detachment, which spread to the N,

generating the ramp to flat transition of the Maestrat Basement Thrust.

The Portalrubio-Vandellos fold-and-thrust belt is the emergence of the Maestrat Basement Thrust,
which is the sole thrust of the Cenozoic contractional system. The shortening is estimated to be c.
12km, mostly concentrated at the surface in the northern margin of the thrust belt, being the tectonic
displacement towards the NNE. Most of the normal faults which bounded the Mesozoic basins were
passively transported to the NNE inside the hanging-wall of the Maestrat Basement Thrust, experiencing
lowinternal deformation. Some fragments of the acousticbasement (rocks below the Middle Muschelkalk)
were also included in the thin-skinned thrust sheets. The displacement of the basement above the low-
dip ramp of the Maestrat Basement Thrust generated the 40km-wide uplifted area in the hinterland of

the Linking Zone.

The palinspastic restoration of the supra-salt cover supports the idea that, in the study area, the
Maestrat Basement Thrust s the result of the inversion of the Mesozoic normal fault system in its segment
across the basement, and also that the Portalrubio-Vandellos frontal belt inherited the geometry and

orientation of the Mesozoic normal faults.

The structures in the northern fold-and-thrust belt display a salient geometry, convex to the foreland,
to the sense of transport (NNE). The salient geometry is interpreted to be originated by a combination
of factors. On the one hand, the northern fold-and-thrust belt is detached in a thick Middle Muschelkalk
evaporitic layer that terminates to the W, coinciding with the Aliaga recess. The Montalban anticline
could have acted as a basement high interacting with the displacement of the E-W-trending thrust front,
as it started to develop earlier. Finally, the contractional structures inherited the orientation of the
Mesozoic extensional faults, which in the NE-SW-trending eastern part of the fold-and-thrust belt could

be the origin of the Herbers recess.

Therefore, the Mesozoic extensional structures with different orientations, together with a

thick Middle Muschelkalk evaporitic unit, played an important role in the formation of the Cenozoic
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contractional structures, affecting their location and orientation, and the different deformation styles
between the acoustic basement and the supra-salt cover. The acoustic basement was mainly faulted

while the supra-salt cover was mainly folded and thrusted, adapting to the basement structures.

The location of the Iberian Chain in an intraplate setting within the Iberian plate, between two active
plate boundaries, and the shortening in the Iberian Chain, which represents about the 22-36% of the
shortening in the central Pyrenees, should be considered in any future reconstruction of the kinematic

evolution of the African and Eurasian plates during the Cenozoic Alpine contraction.
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| ABSTRACT |

The Maestrat Basin experienced two main rifting events: Late Permian-Late Triassic and Late Jurassic-Early
Cretaceous, and was inverted during the Cenozoic Alpine orogeny. During the inversion, an E-W-trending,
N-verging fold-and-thrust belt developed along its northern margin, detached in the Triassic evaporites, while
southwards it also involved the Variscan basement. A structural study of the transition between these two areas
is presented, using 2D seismic profiles, exploration wells and field data, to characterize its evolution during the
Mesozoic extension and the Cenozoic contraction.

The S-dipping Maestrat basement thrust traverses the Maestrat Basin from E to W; it is the result of the Cenozoic
inversion of the lower segment—within the acoustic basement—of the Mesozoic extensional fault system that
generated the Salzedella sub-basin. The syn-rift Lower Cretaceous rocks filling the Salzedella sub-basin thicken
progressively northwards, from 350m to 1100m. During the inversion, a wide uplifted area —40km wide in the
N-S direction— developed in the hanging wall of the Maestrat basement thrust. This uplifted area is limited to the
North by the E-W-trending Calders monocline, whose limb is about 13km wide in its central part, dips about 5°N,
and generates a vertical tectonic step of 800-1200m. We interpreted the Calders monocline as a fault-bend fold;
therefore, a flat-ramp-flat geometry is assumed in depth for the Maestrat basement thrust. The northern synformal
hinge of the Calders monocline coincides with the transition from thick-skinned to thin-skinned areas. The vast
uplifted area and the low-dip of the monocline suggest a very low-dip for the basement ramp, rooted in the upper
crust. The Calders monocline narrows and disappears laterally, in coincidence with the outcrop of the Maestrat
basement thrust.

The evaporitic Middle Muschelkalk detachment conditioned the structural style. Salt structures are also related to
it; they developed during the Late Triassic extension, as deduced from the Keuper seismic reflectors that onlap the
folded Upper Muschelkalk and form growth strata above some basement normal faults.

KEYWORDS | Basin inversion. Fault-hend fold. Vertical tectonic step. Low-dip ramp. Salt flow.

INTRODUCTION one of the most subsident basins of the Mesozoic Iberian
rift system during the Late Jurassic and Early Cretaceous.

The Iberian Chain, located in the eastern Iberian It contains up to 6.5km of Mesozoic sediments, among

Peninsula (Fig. 1), is a fold-and-thrust belt that developed
during the Cenozoic, due to the contractional inversion
of the Mesozoic Iberian rift system (Alvaro et al., 1979;
Guimera and Alva.ro, 1990; Salas et al., 2001). The
Maestrat Basin, located in the eastern Iberian Chain, was

which up to 4km correspond to Upper Jurassic and Lower
Cretaceous rocks (Fig. 2). It has been proposed that its
formation was related to a system of listric extensional
faults, some of them involving the Variscan basement.
These faults bounded the basin, and also divided it into
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FIGURE 1. Structural map of the Iberian Chain and its location in the northeastern Iberian Peninsula (Modified from Guimera, 2004, 2013).

sub-basins which contain different thicknesses of the
Mesozoic sedimentary fill (Salas and Guimera, 1996; Salas
etal.,2001).

An E-W-trending, N-verging, fold-and-thrust belt
developed along the northern boundary of the Maestrat
Basin as a result of the Cenozoic contraction (Guimera,
1988). This belt involved the Mesozoic cover in the
northern—foreland—areas, with detachment levels located
within the Triassic evaporitic units. Southwards, the thrust
system also involved the Variscan basement. The aim of
this paper is to characterize the structure of the transition
between the thin-skinned and the thick-skinned areas,
which coincides at the surface with an approximately
E-W-trending vertical tectonic step. The formation of
this tectonic relief has been associated with the Turmell
fault zone (Salas and Guimera, 1996; Gonzilez and
Guimera, 1997), a WNW-trending, S-dipping fault zone
resulting from the inversion of the Mesozoic extensional
fault system (Gonzdlez et al., 1994; Guimera and Salas,
1996). However, the Turmell fault zone does not match the
structures that we recognize in the present study, so it is
necessary to review this entire concept.

To this end, we studied the geometry and evolution
of the Mesozoic and Cenozoic structures by integration
of available subsurface data—2D seismic profiles and
exploration wells—and new field data. Our results show that
the wide uplifted area that developed during the Cenozoic
inversion of the Maestrat Basin is bounded to the N by an
E-W-trending monocline, the Calders monocline, which
generates a tectonic relief. We interpret this monocline as
a fault-bend fold developed in the hanging wall of a deep-
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basement thrust, the Maestrat basement thrust, as a result
of its flat-ramp-flat geometry. It becomes narrower laterally
and is linked to the direct outcrop of the Maestrat basement
thrust. In order to characterize the structure of the study
region, we present five cross-sections and a reconstruction
of specific geological surfaces as well as interpreted
seismic profiles. The role of the thick Middle Muschelkalk
evaporitic unit during extension and contraction is also
considered.

GEOLOGICAL SETTING

In the Iberian rift system, two major rifting cycles
(Late Permian to Late Triassic, and Late Oxfordian
to Late Albian) can be identified during the Mesozoic
extension. Both were followed by episodes of lower rifting
activity (Early and Middle Jurassic, and Late Albian to
Maastrichtian) (Fig. 3, Salas et al., 2001); although a more
complex evolution has been observed in the study area,
which is described below.

Mesozoic rifting

The Late Permian to Late Triassic rifting was related
to the westward propagation of the Tethys rift system and
the southward propagation of the Arctic-North Atlantic
rift system (Salas et al., 2001). An intraplate rift system
developed within the central and eastern Iberian plate
during this period, the Iberian rift system (Alvaro et al.,
1979), bounded by high-angle normal faults. Sediments
ranging from continental siliciclastics Upper Permian and
Buntsandstein to marine carbonates (Muschelkalk) where
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deposited (Salas et al., 2001) as well as different evaporite
units (Middle Muschelkalk and Keuper).

During the Early and Middle Jurassic post-rift period, a
system of shallow carbonate platforms developed, covering
the previously formed extensional structures. Angular
unconformities between the Jurassic and the tilted Triassic
rocks appear in several locations within the Maestrat Basin
(Guimera, 1988; Aurell et al., 1992; Roca and Guimera,
1992; San Roman and Aurell, 1992; Roca et al., 1994,
Campos et al., 1996).

The Late Oxfordian to Late Albian rifting is related
to the opening of the North Atlantic Basin and the Bay of
Biscay Basin, which separated Iberia from North America
and Europe (Salas et al., 2001; Salas et al., 2010). During
this rifting event, the carbonate platform system was
broken and the Iberian Basin was divided into several
separate basins. The Maestrat Basin (Fig. 2) is one of the
most subsident basins that developed during this period
(Salas and Guimera, 1996; Salas ef al., 2001). A system
of listric extensional faults developed, detached in the
Triassic evaporitic units or within the Variscan basement,
that divided the Maestrat Basin into different subsident
blocs (Fig. 2). During this rifting event, a period of more
moderate extensional activity occurred from the Late
Valanginian to Late Hauterivian (Neocomian) in which
thermal subsidence predominated (Salas and Casas, 1993;
Salas et al., 1995; Salas and Guimera, 1996; Salas et al.,
2001; Salas et al., 2010). Sediments of this age are lacking
or partially eroded in some places of the Maestrat Basin.

During the Late Albian to Maastrichtian post-rift
period, Iberia became separated from Europe and basin
evolution was controlled by thermal subsidence and a rise
in sea level (Salas et al., 2001). The fluvial sediments of
the Utrillas Formation (Late Albian to Cenomanian) were
deposited unconformably over the previously formed
extensional basins. During the Cenomanian to Turonian
marine transgression, carbonate platforms developed that
connected the Atlantic and the Tethys oceans. By the end of
the Cretaceous, the whole area of the Iberian rift system was
emerged and lacustrine sediments were deposited (Salas
et al., 2001) that may contain a few marine intercalations
(Gautier and Barnolas, 1979).

Maestrat Basin

The Maestrat Basin (Fig. 2) is bounded by two systems
of listric extensional faults. The northern system is
formed by WNW-trending, S-dipping listric normal faults
(including the Turmell fault zone), while the southwestern
system is oriented NW-SE and is mostly NE-dipping. The
double rollover geometry of the hanging walls of these
listric faults generated the Salzedella sub-basin to the N
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FIGURE 2. Simplified map of the Maestrat Basin during the Late Jurassic-
Early Cretaceous rifting event. The basin was divided into several sub-
basins: Ol= Oliete sub-basin, Al= Aliaga sub-basin, Mo= Morella sub-basin,
Pe= Perell6 sub-basin, Ga= Galve sub-basin, Sa= Salzedella sub-basin
and Pg= Penyagolosa sub-basin. Wells: 1= Mirambell-1, 2= Bovalar-1 and
Bovalar-2, 3= Maestrazgo-2, 4= Salzedella-1, 5= Maestrazgo-1. Modified
from Salas and Guimera (1996) and Salas et al. (2005).

and the Penyagolosa sub-basin to the S, separated by the
Vistabella threshold (Fig. 2) (Salas and Guimera, 1996;
Salas et al., 2005). The E-W-trending Turmell fault zone
is interpreted to be the main normal fault in the northern
side of the Maestrat Basin (Fig. 2). It separates the more
subsident inner part (Salzedella and Galve sub-basins) in
its hanging wall (S) from its outer part (Morella and Aliaga
sub-basins) in its footwall (N) (Salas and Guimera, 1996).

The Maestrat Basin succession (Fig. 3) is mainly
composed of shallow marine to lacustrine carbonates with
intercalations of continental siliciclastic sediments (Early
Aptian Morella Fm. and Early Albian to Cenomanian
Escucha and Utrillas fms.) and a few intercalations of
pelagic sediments. Valanginian-Hauterivian sediments are
not represented in the western Salzedella sub-basin (Fig. 3).

Cenozoic Alpine contraction

The contractional deformation, related to the Alpine
orogeny during which Iberia and Europe were again
connected, occurred in the Maestrat Basin during the Late
Eocene to Early Miocene (Gonzdlez, 1989). The inversion
of the Maestrat Basin gave rise to the linking zone
between the Iberian Chain and the Catalan Coastal Chain,
with NW-SE and NE-SW structural trends, respectively
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FIGURE 3. Tectonostratigraphic chart of the Maestrat Basin in the
surroundings of the Mirambell-1 well (W Salzedella sub-basin). The
different formations, their age and lithologies are shown. Abbreviations:
Ac= Acoustic; Fm= Formation; F=facies; Neo= Neocomian (Berriasian,
Valanginian and Hauterivian). The tectonic events described in the
study area and those described by Salas et al. (2001) for the whole
Iberian Basin, are indicated in the two right columns. Based on
Canérot et al. (1982), Salas (1987) and Bover-Arnal et al. (2016) for
the Barremian-Aptian boundary.

(Guimera, 1988; Salas et al., 2001). The Linking Zone is
characterized by approximately E-W-trending, N-verging
thrusts and folds, with a few areas where structures display
virgation, and NE-SW and NW-SE structures appear
(Guimera, 1988). A detachment level is located within the
Triassic evaporitic units in the North, and towards the S,
the thrust system also involved the Variscan basement in
the Turmell fault zone, (Gonzdlez and Guimera, 1997). A
roughly N-directed displacement direction was deduced
for the linking zone thrust sheets (Guimera and Alvaro,
1990). The Cenozoic inversion of the Turmell fault zone
raised its hanging wall, generating a wide elevated area
and a vertical tectonic step between the uplifted hanging
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wall and the footwall (Gonzdlez et al., 1994; Gonzdlez
and Guimera, 1997). The internal deformation in the cover
of this elevated area decreases towards the S (Guimera,
1988), and resulted in a zone characterized by large folds
(up to 25-30km along the trend) of long wavelengths
(about Skm).

The uplifted area extends beyond the study area.
It is nearly 40km wide in the NNE-SSW orientation,
and more than 90km long in the E-W orientation, from
the easternmost segment of the Turmell fault (Fig. 4) to
the southern boundary of the Cenozoic Aliaga Basin
(Gonzadlez and Guimera, 1993; Guimera and Salas, 1996).
In it, a topographically elevated area (1300 to 2000m
a.s.l.) containing Upper Cretaceous and Cenozoic rocks
—the youngest pre-contractional rocks— is still preserved
(Guimera et al., 2010).

The study area (Figs. 1; 2; 4) covers the western part of
the Salzedella sub-basin, the Turmell fault zone (as defined
by Salas and Guimera, 1996) and the southern part of the
fold-and-thrust belt North of the Turmell fault zone.

DATASET AND METHODOLOGY
Data

The seismic dataset (Fig. 5) comprises 29 2D seismic
reflection profiles obtained in 1973 by Auxini, in 1979 by
Campsa and in 1987-88 by Shell in the Maestrat Basin. Four
oil exploration wells were used to constrain the seismic
interpretation and the construction of the cross-sections:
Mirambell-1, drilled by Auxini in 1974; Maestrazgo-2,
by Campsa in 1981; and Bovalar-1 and Bovalar-2, drilled
in 1963 by Coparex. Some of the subsurface data were
collected from the Instituto Geoldgico y Minero de Espafia
(SIGECO) and from the Archivo Técnico de Hidrocarburos
web databases. The other seismic profiles were scanned
from printed copies.

More than 1000 strike-and-dip data were collected in the
field; while another 750 strike-and-dip data were obtained
after drawing the geological contacts on the ortho-images
and the 3D topographic contour lines in a georeferenced
environment (Microstation), using in-house macros
developed by Ferndndez (2004). The 3D visualization,
using Global Mapper, of the ortho-images draped on the
DTM and their comparison with data collected in the field
allowed us to monitor the quality of the in-room dip data.

Methods

Seismic profile images were converted to seg-y files
using the IMAGE2SEGY Matlab application (Farran,
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Ca= Cantavieja, Ci= Cinctorres, Fo= Fortanete, He= Herbés, Ig= La Iglesuela del

Cid, La= Ladrufian, Mi= Mirambell, Mo= Morella, Ms= Mosqueruela, Ol= Olocau del Rei, Or= Ortells, To= La Todolella, Tr= Tronchén, VI= Villarluengo,
Vt= Vistabella del Maestrat, Xe= Xert. Abbreviations: Ant.= anticline, Syn.= syncline, M.= monocline, F.= fault. The location of cross-sections in Figure 11

is shown. UTM projection (zone 30, coordinates in km), ED50 datum.

B) Lower hemisphere spheric equal-area projection of SO, showing the bedding

orientation at different sectors of the study area, corresponding to the chosen cross-section traces. n= number of data.

2008) and interpreted using the Kingdom Suite software
in a georeferenced environment. The seismic interpretation
was constrained with the Mirambell-1 well tops, previously
converted to two way time (TWT) with the velocities
obtained from its sonic-log (Replacement velocity:

Geologica Acta, 14(2), 155-179 (2016)
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3250m/s, Cretaceous: 4985m/s, Jurassic and Imén Fm.:
5043m/s, Keuper and Upper Muschelkalk: 3491m/s,
Middle Muschelkalk: 5441m/s). Seismic interpretation
was converted to depth in meters using the same velocities
obtained from the Mirambell-1 sonic-log.
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Five cross-sections were constructed, normal to the
different orientations of faults and axial fold planes observed
in the study area (Fig. 4), in order to better characterize the
geometry of the differently oriented structures.

Although the sections do not contain the roughly N-directed
deduced displacement of the linking zone (Guimera and Alvaro,
1990), and so are not restorable, they were unfolded using the
flexural slip unfolding algorithm and the Upper Cretaceous
base as a datum, in order to display the geometry of the syn-rift
units. Cross-sections are based on field data, wells, and seismic
interpretation converted to depth. Cross-section construction—
using the Kink method—as well as unfolding were done both
with Move and manually with Microstation software. Area
conservation was assumed for the evaporitic units.

Two geological surfaces, the depth to the base of the
Jurassic and the depth to the top of the acoustic basement,
and the vertical thickness of the Middle Muschelkalk
evaporitic unit were constructed with Gocad, based on
seismic interpretation converted to depth, cross-sections
and wells. The contours were later manually modified to
better fit the structural trends and geometries.

Geologica Acta, 14(2), 155-179 (2016)
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INTERPRETATION OF THE SEISMIC PROFILES

Six stratigraphic units were differentiated in the seismic
profiles (Fig. 6), attributed to the Cretaceous (K), Jurassic
(), Keuper (TrK), Upper Muschelkalk (TrM3), Middle
Muschelkalk (TrM2), and the acoustic basement (Bs)
(which includes the Lower Muschelkalk, Buntsandstein
and the Variscan basement). Their correspondence with the
seismic facies was established from the Mirambell-1 well
tops in TWT (s).

The top of the acoustic basement—top of the Lower
Muschelkalk carbonate unit and base of the Middle
Muschelkalk salt unit—is characterized by a couple of
seismic reflectors of near-constant thickness (Fig. 6). The
Upper Muschelkalk is characterized by three parallel
seismic reflectors that have an almost constant thickness
throughout the seismic profiles. This unit is located between
two transparent seismic facies that correspond to the Triassic
evaporitic units: the Middle Muschelkalk unit below
and the Keuper unit above. The latter unit has a variable
seismic facies, showing parallel reflectors in some places.
A couple of seismic reflectors of constant thickness are also
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present at the base of the Jurassic unit, which are mainly
parallel to the Upper Triassic Keuper reflectors, although,
as previously explained, an angular unconformity has been
recognized at the base of the Jurassic in other marginal
places of the basin. The Imén Fm. (Fig. 3) is located below
the Jurassic but it is too thin (about 30m) to be recognized in
the seismic profiles. Above this couple of seismic reflectors,
the Lower Jurassic is characterized by transparent seismic
facies, with some discontinuous parallel seismic reflectors.
That corresponds to the dolomitic breccias of the Cortes de
Tajufia Fm. (Hettangian) (Fig. 3). In the Mirambell-1 well,
about 100m of anhydrite intercalations were identified
at the base of the Jurassic. That may be related to the
“Anhydrite zone” or Lécera Fm. (Rhaetian-Hettangian age;
Castillo Herrador, 1974; Gémez and Goy, 1998) equivalent
in age to breccias of the Cortes de Tajuiia Fm. (Fig. 3).
This “Anhydrite zone” does not crop out in the study area.
At the surface, the Cortes de Tajuiia breccias overlie the
Imén Fm., without the presence of evaporites. The Upper
Lias and Dogger units have almost transparent facies with
some quite continuous reflectors, and the Malm unit is
characterized by continuous parallel seismic reflectors. The
Cretaceous is characterized by continuous parallel seismic
reflectors, but more separated than those of the Malm,
indicating higher wavelength.

MESOZOIC EXTENSIONAL STRUCTURE OF THE ACOUSTIC
BASEMENT AND RELATIONSHIP WITH THE TRIASSIC
DETACHMENT LEVEL

Different evaporitic units have been identified in the
study area: the Middle Muschelkalk and Keuper units, and,
locally, the Lower Jurassic Anhydrite zone or Lécera Fm.

(Fig. 3).

The Middle Muschelkalk is composed of halite
and anhydrite with lutite intercalations (Lanaja, 1987;
Martinez-Abad, 1991). It constitutes the main detachment
level, differentiating the structural deformation styles
between the acoustic basement and the supra-salt Mesozoic
cover. The interpretation of the seismic profiles allowed
us to characterize the structural style of deformation in
the basement, which is not always reflected in superficial
structures, and also revealed some salt-related structures
developed in the Middle Muschelkalk.

Structural style of the acoustic basement

Although the top of the acoustic basement—and base
of the Middle Muschelkalk evaporitic unit—is not always
easily recognized due to the quality of the seismic data,
the network of seismic profiles allowed us to reconstruct
this surface. We devised contour maps of the depth to the
top of the acoustic basement (Fig. 7D) and of the present
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FIGURE 6. Seismic facies and horizons interpreted in the seismic
profiles, and their correlation to the stratigraphy of the studied
area. The Imén Fm. (Upper Triassic) is included in the impedance
contrast at the base of the Jurassic, and is too thin (~30m) to be
differentiated. The seismic-line shown is a segment of the northern
part of the seismic profile CT88-15 (Fig. 8A).

vertical thickness of the Middle Muschelkalk evaporitic
unit (Fig. 7E). We took into account the fact that the
surface representing the top of the acoustic basement was
not restored to its Late Triassic stage. However, some
non-inverted Triassic structures could be identified in the
seismic profiles and permitted us to study the Triassic
extensional event.

The acoustic basement is affected by a set of high-
angle normal faults, developed during the Late Permian
to Late Triassic rifting event, which are mainly oriented
NW-SE to WNW-ESE, and some N-S (Fig. 7D, E). These
faults have lengths between 2 and 7km, and dip-slips up
to 500m, defining a system of horsts, grabens and half-
grabens. Two NW-SE-trending basement highs were
recognized. The western one (Monchén basement high,
located under the Muela de Monchén) is a horst bounded
by NW-SE normal faults (Fig. 7A, D). The eastern one
(Iglesuela basement high, located North of Iglesuela
del Cid village) is bounded to the S by a S-dipping
normal fault; whereas on the northern side, the basement
progressively deepens to the North and northeast (Fig.
7B, D). This could be a consequence of a SW-dipping
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normal fault located N of the basement high, like those
shown in Figure 8B.

Middle Muschelkalk thickness variations

North and east of the Iglesuela basement high, a
NW-SE strip with a thick Middle Muschelkalk salt unit
is identified, coinciding with the deeper basement. In
the eastern part of this strip, the N-S-trending Bovalar
detachment anticline developed, accumulating in its core
more than 1200m of Middle Muschelkalk salt, as found
in the Bovalar-2 well (Lanaja, 1987), located near the
anticline hinge (Fig. 7D, E).

North of the Monchén basement high, another NW-
SE strip of thickened Middle Muschelkalk evaporites is
present: the Monchén salt anticline. It developed in the
footwall of the normal fault that bounds the Monchén
basement high to the N (Figs. 7; 9). This salt accumulation
was pierced by the Mirambell-1 well, cutting through
more than 625m of Middle Muschelkalk salt. 2km south
of it, over the Monchén basement high, less than 100m of
Middle Muschelkalk were identified in the seismic lines
(Fig. 7A). It even disappears locally, as a salt weld is also
observed above this basement high (Figs. 7E; 9A).

In the NE of the area studied, beneath the Morella
syncline and anticline, some half-grabens can be observed
(Fig. 7C), generated by S-dipping and probably WNW-
ESE trending high-angle normal faults that displace the
acoustic basement (Fig. 7D, E). The Middle Muschelkalk
unit displays salt wedges thickening towards these faults
and some fan-shaped reflectors can be identified against
one of these faults (Fig. 7C highlighted in a box).

East of the area studied, near the Mediterranean coast,
the exploration wells (Fig. 2) reveal that no Muschelkalk
sediments are present. In the Salzadella-1 well, the
Buntsandstein facies (70-150m) are overlaid by only 30m
of Keuper clay and sandstone and in the Maestrazgo-1
well by about 250m of Keuper, composed mostly of
halite and clay (Martinez-Abad, 1991). Southwards, in
the Desert de les Palmes area, N of Castellé (Fig. 1),
the Upper Muschelkalk overlies the Buntsandstein
(Escudero-Mozo et al., 2015), and consists of about
100m of carbonate rocks, with no evaporites (Lopez-
Gomez et al., 2005).

Interpretation of the basin evolution during the Late
Permian-Triassic rifting event

Timing of the Triassic extensional faults

Although the different units that form the acoustic
basement cannot be distinguished in the seismic profiles,
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in accordance with Alvaro et al. (1979) and Salas et al.
(1997) the Triassic extensional faults involve the Late
Permian to Middle Muschelkalk evaporitic unit, at least its
lower part (Bartrina and Herndndez, 1990), which fills the
relief generated by the system of horsts, grabens and half-
grabens, while its upper part overlies all these structures.

Considering the flow capacity of the Middle
Muschelkalk evaporitic unit, it cannot be completely
ascertained whether normal faults were active or not during
its deposition. However, in view of the salt distribution,
at least the lower part of the Middle Muschelkalk was
deposited during extension, because the maximum
thicknesses of this unit coincide with the depressed blocks
of the acoustic basement, and the minimum thicknesses
with the acoustic basement highs. This structure is overlain
by the subhoritzontal supra-salt cover, indicating that no
changes occurred in the salt thickness after deposition (Fig.
7B). The fan-shaped reflectors towards one of the acoustic
basement faults previously reported (Fig. 7C highlighted
in a box) should also be taken into account; they indicate
that no salt motion occurred there, with the original salt
thickness being preserved. What seems clear is that the
Upper Muschelkalk carbonate platform was deposited in
a period of little extensional activity, as an almost constant
thickness of this unit is observed in the seismic profiles. It
is only affected by some faults that are not associated with
thickness variations in this unit (Fig. 9A, C).

The extensional activity of some normal faults resumed
during the Keuper deposition, as can be deduced from the
extensional drape fold that affects the Upper Muschelkalk
carbonate platform above the basement faults (Fig. 9C),
which does not involve the younger Mesozoic cover. The
Keuper seismic reflectors onlap these Upper Muschelkalk
folds (Fig. 9B, C). In profile CT88-17 (Fig. 9C), some
growth strata can be identified in the Keuper, over the
downthrown block of the basement fault, indicating
extensional activity of the basement faults while the
Keuper facies was being deposited.

Salt-related structures that developed during Triassic
extension

As mentioned above, Middle Muschelkalk thickness
variations are mainly syn-depositional; although,
we cannot definitively ascertain whether the entire
evaporitic unit was deposited during extension.
However, there is also evidence of salt flow that would
have enhanced these thickness variations in some areas,
as some salt-related structures can be observed in the
seismic profiles.

As opposed to what happens in other Iberian
locations, where salt tectonics is related to the Keuper
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evaporites —Prebetics (Orti, 1973), Basque-Cantabrian
Basin (Serrano and Martinez del Olmo, 2004), Parentis
Basin (Ferrer et al., 2012), Cotiella Basin-Pyrenees
(Lépez-Mir, 2015), etc.—in the current study area and
in the southern Ebro Basin (Butillé et al., 2012), the
Middle Muschelkalk evaporitic unit is the only salt unit
that experienced some salt flow, as previously indicated
by Bartrina and Herndndez (1990).

Keuper seismic reflectors onlapping the folded
Upper Muschelkalk were identified in the two limbs
of the Monchén salt anticline, located North of the
Monchén basement high (Figs. 9B, C; 10A). This
fold coincides with and is included in the Mirambell
anticline core, and affects the whole Mesozoic cover
and the basement. However, in the seismic profile
CT88-16 (Fig. 9B), the anticline folding the supra-salt
cover is tighter in the Upper Muschelkalk than in the
Jurassic, so that by flattening the base of the Jurassic,
the Keuper reflectors become subhorizontal, onlapping
the Upper Muschelkalk that remains folded. Therefore,
two folding phases occurred: the first during the
sedimentation of the Keuper and the second during the
Cenozoic contraction.

The interpreted Keuper growth strata over the Upper
Muschelkalk drape fold in the seismic profile CT88-17
(Fig. 9C) and the parallel Keuper reflectors onlapping
the salt-cored anticline (Monchén salt anticline) indicate
that the Upper Muschelkalk anticline developed by
migration of the Middle Muschelkalk salt towards its
core. This took place before and during deposition of the
Keuper, beneath an overburden of 130-160m of Upper
Muschelkalk carbonate rocks. The salt weld over the
Monchén basement high can be interpreted as the result
of sideways salt migration from above the basement
high, accumulating and generating the Monchén salt
anticline (Fig. 9).

The salt flow could have been triggered by the
resumed activity of the high-angle normal faults during
the Late Triassic, while the Keuper facies was being
deposited. This activity forced the development of
drape folds in the Upper Muschelkalk, observed in
CT&88-15 and CT88-17 seismic profiles (Figs. 8A, 9C).
The Keuper sediments were deposited filling the relief
that was being generated by the folding of the Upper
Muschelkalk. The differential load exerted by the
Keuper sediments could also have enhanced the Middle
Muschelkalk salt flow.

Conversely, in the southern Ebro Basin, while salt
structures also mainly consist of the Middle Muschelkalk
salt unit, they developed during the Early Cretaceous
rifting event (Butillé ef al., 2012).
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MESOZOIC EXTENSIONAL STRUCTURE DEVELOPED
DURING THE JURASSIC TO EARLY CRETACEOUS RIFTING
EVENT

The Maestrat Basin experienced a second rifting event
during the Late Jurassic and Early Cretaceous. We analyzed
this event to determine the configuration of the basin and
the extensional structures bounding it.

Jurassic
Jurassic thickness variations

Jurassic thickness variations are difficult to establish
in the seismic profiles, as the base of the syn-rift Malm
unit cannot be clearly identified. Field measurements of
the syn-rift Jurassic thicknesses are also scarce because its
base hardly crops out in the area studied. The interpretation
of the wells (located in Fig. 2) by Martinez-Abad (1991)
shows that the greatest thickness variations within the
Jurassic units are located in the Lower Lias units (Cortes de
Tajuiia and Cuevas Labradas Fms.). Although these units
are commonly interpreted as the post-rift of the Triassic
rifting, in the study area they vary from about 135m in the
Bovalar-1 and Bovalar-2 wells, to 300m in the Maestrazgo-2
well (towards the SW) and 585m in the Mirambell-1 well
(towards the NW, with the Anhydrite zone at its base).
The Ablanquejo Group (Upper Lias) and the Chelva
Fm. (Dogger) have gentle thickness variations. The first
thickens towards ENE, from 54m in the Maestrazgo-2 well
and 67m in the Mirambell-1 well, to 105m in the Bovalar-1
well. Conversely, the Chelva Fm. (Dogger) thickens gently
towards SSE, from 63m in the Mirambell-1 well to 93m
in the Bovalar-1 well and 116m in the Maestrazgo-2 well.
The Iatova Fm. (Lower Malm) presents a nearly constant
thickness (about 25m), while the other Malm units (Polpis-
Ascla and Bovalar-Pleta fms.) gently thicken towards ESE,
from 407m (Mirambell-1) to 490m (Maestrazgo-2) and to
more than 650m in the Bovalar anticline, (deduced from
combining the wells (Bovalar-1 and 2) and field data).

Interpretation of the basin evolution during the Jurassic

In view of the thickness variations, some extension is
needed during the Lias, which would be a consequence
of the Hettangian-Lower Pliensbachian rifting event
controlled by listric normal faults (Aurell et al., 1992; Roca
and Guimera, 1992; San Roman and Aurell, 1992; Roca et
al., 1994); although in other parts of the Iberian rift system
the Cortes de Tajufia Fm. has also been related to evaporite
solution, collapse and breccia formation (Yébenes, 1973;
Giner, 1980).

The Tatova Fm. (Lower Malm) is considered the last pre-

rift Malm (Salas et al., 2001). Regarding the other Malm units,
the major thickness variations are found when comparing the
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thicknesses in the study area from 407m to more than 650m,
with those in the adjacent area of Albarracin, about 250-
270m (Herndndez, 1985). Therefore, a larger area has to be
considered to characterize the major thickness variations for
the Malm, suggesting that the Jurassic boundaries of the basin
probably do not coincide with the Lower Cretaceous ones.

Lower Cretaceous

Lower Cretaceous thickness variations and extensional
structure

Lower Cretaceous thicknesses were obtained from
field data, cross-sections, wells, and from Salas (1987). As
previously explained, the Valanginian to Hauterivian rocks
are only present in the eastern part of the study area: E of
the Bovalar anticline and S of the Turmell fault, and mostly
S of the Xert fault. The Barremian and Aptian thickness
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distributions show the presence of different scale normal
faults. The major ones are the Villarluengo fault, Bordén
fault, Ortells fault and Xert fault (Figs. 2; 11D-D’).

The western normal fault is the Villarluengo fault
(Fig. 12): an E-W-trending, S-dipping non-inverted
Mesozoic normal fault, which brings Lower Cretaceous
rocks in its hanging wall into contact with Jurassic
rocks in its footwall. The Escucha Fm. (of Albian age)
overlies the fault, indicating that it was active before its
sedimentation.

The Bordén fault (Fig. 11D-D’), a NE-SW-trending,
SE-dipping normal fault, separates 1100m of Barremian
and Aptian rocks in its hanging wall (S) from about 365m
in its footwall (N), in the surroundings of Ladrufidn
village (Canérot, 1974), about 6km to the North. Just
North of the Bordén fault, about 150-200m of Barremian
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rocks can be measured in a Cenozoic-cored syncline
located in the footwall of the fault and attached to it.
This Barremian thickness is similar to that measured
in the Ladrufidn sequence (about 190m of Barremian
rocks), where the entire Aptian-Barremian succession is
preserved. Comparing these Barremian thicknesses (150-
200m) in the footwall of the fault with those measured
in the Borddn anticline (more than 600m), located in
the hanging wall of the fault, it can be ascertained that
these thickness variations are related to the Borddén
fault. Eastwards, the Paleogene alluvial rocks overlie
the Bordén fault (Fig. 4). The lowest Cenozoic units
are folded but not faulted. These folds are interpreted as
being produced by the eastern continuation of the Bordén
fault as a blind fault for about 7km. As no significant
differences in the Barremian and Aptian sequences can
be observed N and S of this blind fault segment, this
is interpreted to be a newly formed thrust in this area,
which grew during the Cenozoic contraction as a lateral
continuation of the inverted normal fault. The Upper
Cenozoic units unconformably overlie the folded Lower
Cenozoic units (Fig. 4).

Geologica Acta, 14(2), 155-179 (2016)
DOI: 10.1344/GeologicaActa2016.14.2.5

Towards the E, and located in a more internal position,
the E-W-trending, S-dipping Ortells fault separates
Barremian sequences of about 750m, in its hanging wall,
from sequences of 570m in its footwall.

East of the area studied, more than 2.5km of Lower
Cretaceous rocks are found in the downthrown hanging wall
of the Xert fault, which is the depocenter of the Salzedella
sub-basin, while in its footwall only about 1000m of Lower
Cretaceous can be measured (Salas, 1987). The Xert fault
(Fig. 4) is an E-W-trending, S-dipping normal fault of listric
geometry, as deduced from the rollover geometry preserved
in the Lower Aptian units in its hanging wall (Salas et al.,
1995). A listric normal fault has also been interpreted from
seismic profiles (Antolin-Tomds et al., 2007), which is
probably the eastern continuation of the Xert fault.

In the southern limb of the Tarayuela anticline, a normal
fault is deduced, the Tarayuela fault (Fig. 11), parallel to
the fold trend (Fig. 4). It separates sequences of 380 and
350m of Barremian and Aptian rocks in its hanging wall
(Tarayuela anticline—southwest of Cantavieja—and the
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western part of the Mirambell anticline), from 150 and
180m in its footwall (Maestrazgo-2 well and eastern limb
of the Cafiada de Benatanduz anticline) (Fig. 4).

The Lower Cretaceous sequence in the Maestrazgo-2
well is 350m thick, including 200m of the Escucha and
Utrillas fms. and 150m of the Upper Aptian formations
(Villarroya de los Pinares and Benassal) which directly
overlie the Bovalar Fm. (Malm) (Martinez-Abad, 1991).
These Lower Cretaceous sequences decrease towards
the SE and in the surroundings of Vistabella only 100m
of Aptian rocks and a few meters of Escucha and Utrillas
Fms. overlie the Polpis Fm. (Lower Kimmeridgian). In
turn, the Polpis Fm. directly overlies the Triassic rocks
(Canérot, 1974).

NW-SE-trending and mostly SW-dipping normal
faults of metric slips are observed in the Mirambell and
Tarayuela anticlines, affecting the Lower Cretaceous units.
In the hanging wall of the Villarluengo normal fault, E-W-
trending, S-dipping normal faults with metric slips are also
observed (Fig. 12). These minor faults were also observed
in other areas of the Maestrat Basin (in the Galve sub-basin;
Liesa et al., 2006) leading to the changes in thickness in the
Lower Cretaceous units.

Main tectonostratigraphic domains and interpretation of
basin evolution during the Lower Cretaceous rifting

Considering the thickness distribution of the Barremian
and Aptian rocks, the study area partially comprises two
of the principal paleogeographic units of the Maestrat
Basin: the western part of the Salzedella sub-basin and the
Vistabella threshold (Fig. 2).

i) Western Salzedella sub-basin. The Barremian and
Aptian units progressively thicken towards the N, from
the Tarayuela anticline (400m) to the Borddn anticline
(about 1100m) (Fig. 11). The normal faults with metric
slips probably lead to the northward thickening of the
Lower Cretaceous units in the western Salzedella sub-
basin. However, these faults were not considered during
construction of the cross-sections, as they cannot be
represented at that scale. Therefore, the Barremian and
Aptian units display a major scale wedge geometry when
the cross-sections are unfolded (Fig. 11). Sediments of
Valanginian to Hauterivian age could have been eroded or
never deposited W of the Bovalar anticline. The northern
boundary of the Salzedella sub-basin is composed of
different normal fault segments: the Villarluengo fault,
Bordén fault, Ortells fault and, located in a more internal
position, the Xert fault. In the southern margin of the
Salzedella sub-basin the Vistabella threshold is found;
which has been interpreted as the high block developed by
the rollover folding in the hanging wall of the Mesozoic
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extensional fault system that formed the Salzedella sub-
basin (Fig. 2) (Salas and Guimera, 1996; Salas et al.,
2005). A NW-SE-trending, NE-dipping normal fault was
deduced at this southern boundary (the Tarayuela fault),
slightly modifying the geometry of the rollover. To the E,
the Tarayuela fault ends and the geometry of the southern
margin of the basin is only determined by the rollover
geometry (Fig. 11E-E’).

ii) Vistabella threshold. It is located S and W of the
Salzedella sub-basin separating it from the Penyagolosa
and the Galve sub-basins (Fig. 2). It was an elevated area
containing only local remains of Lias and Dogger rocks,
incomplete Upper Jurassic —overlying the Triassic rocks—
and reduced Lower Cretaceous sequences. Therefore,
deposition was poor at the Vistabella threshold, while
some units were partially or totally eroded.

CENOZOIC CONTRACTIONAL STRUCTURE

As explained above, the inversion of the Maestrat Basin
generated a wide uplifted area as a result of the uplifting
of the hanging wall of the Maestrat basement thrust. In
the area studied, this uplifted area includes the Calders
monocline on its northern margin, which narrows laterally
and is modified in its central part by the N-S-trending
Bovalar anticline (Fig. 13).

Structure of the uplifted area south of the Calders monocline
hinge

In its eastern part, the uplifted area (Fig. 13) includes
a flat-lying region; while the western part is characterized
by a system of large folds that involve the supra-
salt cover—although some are rooted in the basement
(Mirambell anticline). They are more than 10km long
and have wavelengths of about 5km (Fig. 11). Their main
orientation is NW-SE (Fig. 4) and to the North some folds
progressively adopt a NNE-SSW trend (the Cuarto Pelado
syncline and Tarayuela anticline). The Tarayuela anticline
becomes a W-verging monocline in its NNE-SSW-trending
segment, which generates a vertical tectonic step of 450m
within the uplifted area, related to the inversion of the
Tarayuela basement fault (Figs. 8C; 13). The formation
of the S-verging Tarayuela anticline during the Cenozoic
contraction could also have been triggered by the inversion
of this normal fault, folding the Mesozoic cover without
cutting the Upper Cretaceous rocks (Fig. 11A-A’, B-B’,
C-C).

The Calders monocline

The Calders monocline hinge is located North of the
Muixacre Mountain in the area E of the Bovalar anticline,
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FIGURE 12. Detailed geological map of the Villarluengo normal fault
and its short-cut thrust, located to the N. See location in Figure 4.
Abreviations: Cz= Cenozoic, Ks= Upper Cretaceous, KiU= Utrillas
Fm. (Late Albian), KiE= Escucha Fm. (Early and Middle Albian),
KiA= Aptian, KiBJ= Barremian and Jurassic in Purbeck facies,
J= Jurassic. The Villarluengo normal fault puts in contact the
Lower Cretaceous units in the hanging wall with the Malm in the
footwall, indicating that it was active during the Late Jurassic-Early
Cretaceous rifting event. The Escucha Fm. covers the fault. Zone 30
UTM coordinates (km), datum ED50.

and south of Mirambell in the area W of the Bovalar
anticline (Fig. 13).

W of the Bovalar anticline, the asymmetric NW-SE-
trending Mirambell anticline is the continuation of the
Calders Monocline (Fig. 4), which is above a vertical
tectonic step of 800m — 0.3s (Figs. 10A; 11A-A’). Its
northward tilted limb is divided into two dip domains:
the southern, wider one (3-15N) and the steeply dipping
northern one (25-70N) (Figs. 4; 11A-A’; 13). The Mirambell
anticline frontal limb widens towards the E, and changes its
trend to NE-SW (Fig. 13) SW of Olocau, where it is also
divided into two dip domains. A vertical tectonic step of
0.4s (about 1000m) is measured in its limb (Fig. 10B).

Parallel to this frontal limb, there is the synformal
flexion that constitutes the southern boundary of the
Cenozoic Bordon Basin, trending NW-SE to NE-SW. This
synformal flexion is the eastern continuation of the Morella
syncline, mostly oriented WNW-ESE (Figs. 7; 8; 13). These
synformal structures are the northern synformal hinge of
the Calders monocline (Fig. 13), and also constitute the
northern limit of the uplifted area.

N of the Calders monocline a synformal area appears
(dashed synformal structures in Fig. 13), giving rise to
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the Cenozoic Bordén Basin. This is filled with flat-lying
terrigenous sediments (Gonzdlez, 1989), which onlap the
Upper Cretaceous rocks of its steeply dipping southern
boundary and are accordingly gently deformed with it.
This Cenozoic basin disappears towards the E, being thrust
by the Ortells fault, which is the southern boundary of the
Cenozoic basin in this eastern part. North of the Morella
anticline, this synformal area reappears —partially filled
with Cenozoic rocks— and continues towards the E in the
footwall of the Turmell fault.

In the eastern part of the Calders monocline, the
Ortells and Morella anticlines appear between the
northern synformal hinge of the monocline, and the
synformal area found N of it (dashed synformal structures
in Fig. 13). The NW-SE-trending Morella anticline and
E-W-trending Ortells anticline are located in the hanging
wall of S-dipping thrusts, with the fault associated with
the Ortells anticline cropping out in the inverted Ortells
fault (Figs. 4; 7C; 13). These structures relay laterally, as
they have in common the NE limb of the Morella syncline
(Figs. 4; 13).

Structures within the Calders monocline frontal limb

The Calders monocline frontal limb is modified in
its central part by the N-S-trending Bovalar anticline
(Figs. 4; 8). Two segments can be differentiated: a
northern NNW-SSE-trending, ENE-verging monoclinal
segment —between La Todolella and Cinctorres— and a
southern NNW-SSE to N-S-trending box-fold anticline
(Figs. 4; 13).

Seismic profile CT88-15 (Fig. 8A) shows the
Calders monocline hinge at the eastern continuation of
the Mirambell anticline, with the Bovalar monocline
located within the tilted limb of the Calders monocline.
Conversely, in seismic profile CT88-12 (Fig. 8B) the
Calders monocline hinge coincides with the Bovalar
monocline. Towards the S, the Bovalar monocline
evolves into a box-fold anticline, near Cinctorres, which
also has its western limb more elevated than the eastern
one (Figs. 7C; 11C-C”). South of the Bovalar-2 well, this
vertical tectonic step disappears and both limbs of the
anticline are at the same elevation (Fig. 11E-E’), located
within the flat uplifted limb of the Calders monocline
(Fig. 13).

The widest part of the Calders monocline limb is
located in its central part, where a vertical tectonic step
of 0.5s (about 1200m) was measured (Fig. 8). Towards
the E, this tilted limb becomes narrower, as the Morella
syncline and the monocline southern hinge converge;
and the E-W-trending, N-verging Turmell fault (the
direct outcrop of the Maestrat basement thrust) is found
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FIGURE 13. A) Structural map showing the major structures of the area studied and the location of schematic cross-sections (UTM projection (zone 30,
coordinates in km), ED50 datum). B) Schematic cross-sections showing the lateral evolution of the Calders monocline. 1-1': based on cross-section A-A’
(Fig. 11). 2-2": based on cross-section D-D’ (Fig. 11) and seismic profile CT88-25 (Fig. 10B). 3-3': modified after an unpublished cross-section from
Guimera. 4-4’: modified after cross-section XV in Guimera (1988). C) Idealized cross-section showing the geometry of the Maestrat basement thrust
deduced from the fold-bend fold (Calders monocline) observed at the surface.
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to the E (Fig. 13). Its hanging wall is uplifted, resulting
in a fault throw of about 800m. The Turmell fault cuts
across the Calders monocline limb, continuing as a blind
thrust for about 4km more, and at surface is an E-W-
trending, N-verging monocline.

Towards the W, the Calders monocline also narrows,
disappearing in the hanging wall of the E-W-trending,
S-dipping Villarluengo short-cut thrust (Figs. 12; 13).
This short-cut thrust continues towards the W as a
blind thrust, which is expressed at surface as an E-W-
trending, N-verging monocline (Fig. 13) that continues
up to the southern and western margins of the Aliaga
Cenozoic Basin (Gonzdlez and Guimera, 1993; Guimera
and Salas, 1996). Therefore, the Calders monocline
becomes narrower laterally while the associated vertical
tectonic step also decreases from 0.5s (about 1200m)
measured in its widest central part, towards the E and
W (0.3s: 800m).

DISCUSSION

Summing up, the inversion of the Salzedella sub-
basin generated a wide uplifted area (more than
3600km?), bounded to the North by a vertical tectonic
step of 800 to 1200m. This uplifted area is interpreted as
the result of the inversion of the lower segment (within
the acoustic basement) of the Mesozoic extensional
fault system that generated the Salzedella sub-basin.
This inverted fault is the Maestrat basement thrust,
which extends from the southern boundary of the Aliaga
Cenozoic Basin to the eastern limit of the Turmell fault.
The surface expression of the Maestrat basement thrust
is the Calders monocline in its central part. Towards
the E and W of the Calders monocline, the Turmell and
Villarluengo short-cut thrusts developed.

No Mesozoic thickness variations can be identified
between the hanging wall and footwall of the Turmell
fault, which is interpreted as a short-cut of the E-W-
trending, S-dipping Xert listric normal fault located
south of it (Fig. 13). The Xert fault, which has a
rollover geometry preserved in its hanging wall (Salas
and Guimera, 1996), was only inverted in its lower
segment within the acoustic basement; while in the
upper segment, the short-cut—Turmell fault—developed
(Fig. 13B, 4-4’). On the western side of the Calders
monocline, the Villarluengo short-cut thrust is the
result of the inversion of the Mesozoic Villarluengo
normal fault (Fig. 12) which, similarly to the Xert
fault, was also inverted in its lower segment. A short-
cut containing in its hanging wall the non-inverted
segment of the normal fault developed within its
footwall (Fig. 12).
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Interpretation of the Calders monocline

The Calders monocline is interpreted as a fault-
bend fold that developed as the rising hanging wall
adapted to the flat-ramp-flat geometry deduced for
the Maestrat basement thrust (Fig. 13C). The wide
extension of the uplifted area, which is maintained
elevated for about 40km towards the S, and the low-
angle dip (~5°) of the Calders monocline limb imply
that the Maestrat basement thrust ramp has a very
low-angle dip, and is rooted in the upper crust. This
interpretation is in holding with Seillé et al. (2015)
who suggested, after the interpretation of wide-angle
seismic, magnetotelluric (MT) and gravity data,
that the Cenozoic thickening in the Iberian Chain is
concentrated in the upper crust, thereby coinciding
with Guimera and Alvaro (1990).

Assuming this low-dip geometry for the Maestrat
basement thrust (Fig. 13C), the flat uplifted area
is located above the footwall ramp of the Maestrat
basement thrust, while the transition from ramp to
flat is reflected at surface by the southern hinge of
the Calders monocline. The monocline limb is above
the hanging wall ramp and the footwall flat, and its
width depends on the amount of displacement above
the footwall flat. Therefore, the different orientations
of the southern hinge of the Calders monocline show
the orientation changes of the Maestrat basement thrust
ramp, which is the result of the inversion of previous
Mesozoic extensional fault segments with the same
orientations.

Cut-off line of the acoustic basement in the hanging wall of
the Maestrat basement thrust

In the area located west of the Bovalar anticline, the
cut-off of the acoustic basement is located below the
synformal flexion that constitutes the southern boundary
of the Cenozoic Bordén Basin (Figs. 10; 11A-A’; 13).
East of the Bovalar anticline, the cut-off of the acoustic
basement coincides with the Morella syncline (Fig. 13).
In this area, the Ortells and Morella thrusts—rooted in
the Maestrat basement thrust-modified this synformal
frontal flexion. Further E, this cut-off line is located in
the hanging wall of the Turmell fault; while to the W, it is
located in the hanging wall of the Villarluengo short-cut
thrust.

Structures within the Calders monocline frontal limb: the
Bovalar anticline

The NNW-SSE-trending Bovalar monocline is

located within the Calders monocline limb, and
modifies its geometry. The formation of the Bovalar
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anticline and its northern monoclinal segment should be
related to a NW-SE-trending basement thrust, at least
in its northern part, where a vertical tectonic step is
observed between the limbs of the anticline (Figs. 7C;
11C-C’). The origin of this thrust could be related to the
inversion of previous Triassic normal faults. As shown
in Figure 8B, some NW-SE-trending, SW-dipping
Triassic normal faults where interpreted as bounding to
the NE the Middle Muschelkalk accumulation located
N of the Iglesuela basement high. Towards the S—below
the N-S-trending, southern segment of the Bovalar
anticline—this thrust probably terminates, as no vertical
tectonic step can be identified (Fig. I1E-E’). Conversely,
the superficial structure developed above it—the N-S-
trending box-fold anticline—continues southwards for
more than 8km as a salt-cored detachment fold. The
thick Middle Muschelkalk originally deposited in that
area (Fig. 7B, E) could have favored the development
of this salt-cored fold as a continuation of the northern
monocline, and its progression southwards beyond the
termination of the acoustic basement thrust.

The Bovalar monocline and the basement thrust
below it link to the NE-SW-trending steeply-
dipping domain of the Calders monocline limb in the
surroundings of Olocau. The seismic profiles also
show that a thrust rooted in the Maestrat basement
thrust cuts this steeply-dipping part of the monocline,
both in the NE-SW Olocau sector and in the NW-
SE Tronchén sector (Fig. 10), probably related to
the inversion of Mesozoic normal faults with those
orientations, making the steeply dipping domain more
pronounced.

Middle Muschelkalk detachment level and salt-related
structures developed during contraction

As mentioned above, the Middle Muschelkalk
evaporitic unit played an important role during the
Cenozoic contraction, by decoupling the acoustic
basement and the supra-salt cover. During contraction,
the basement was faulted while the supra-salt cover
was folded and thrust, and adapted to the geometry
of the basement structures. During the Cenozoic
contraction, the last changes in the distribution of
the Middle Muschelkalk salt resulted in its current
distribution, due to the folding of the supra-salt cover.
Previous salt structures were amplified (Monchén salt
anticline) while new box-fold, salt-cored, anticlines
developed (Bovalar, Tarayuela, and Cafiada de
Benatanduz anticlines; Figs. 4; 7E; 11). The Mesozoic
cover was folded, detached in the Middle Muschelkalk
evaporites, which flowed towards the lower-pressure
cores of the rising anticlines, developing elongated salt
accumulations (Fig. 7E).
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Orientation of structures

As described, the main orientation of the Cenozoic
contractional structures within the study area is mostly
WNW-ESE; although they can vary to E-W and to N-S.
Unlike other areas of the Maestrat Basin and the Iberian
Chain, where superposition of structures generated
in successive deformation events is clear —i.e., within
and North of the Aliaga Cenozoic Basin (Simén, 1980;
Guimera, 1988)—in the study area no superposition of this
kind is observed. For this reason, the differently oriented
structures are considered to be synchronous, resulting
from the inversion of a complex system of previous
Mesozoic extensional faults with different orientations,
which resulted in the formation of thrusts and folds which
change their orientation. The heterogeneous distribution
of the detachment level (Middle Muschelkalk), which
resulted from the distribution of horsts and grabens in
the acoustic basement, and influenced the development
of contractional structures, also has to be taken into
account.

CONCLUSIONS

During the Late Permian-Late Triassic rifting, a system
of high-angle normal faults developed in the present-day
acoustic basement. These faults define a system of horsts,
grabens and half-grabens, involving the Upper Permian
to the Middle Muschelkalk units, which were filled and
overlain by the Middle Muschelkalk evaporitic facies
deposited during the extension. As a result, depositional
thickness variations within the Middle Muschelkalk
appeared, which were enhanced by salt flow during the
Late Triassic due to the resumed activity of normal faults
in the basement. This is deduced from the growth strata
in the Keuper seismic reflectors, which onlap the Upper
Muschelkalk folds. The last thickness variations within the
Middle Muschelkalk were generated during the Cenozoic
contraction, as the Mesozoic salt structures were amplified
and new salt-cored detachment folds developed.

Although widely considered as the Triassic post-rift,
some extension is needed during the Early Lias, as thickness
variations of the units of this age are identified after
comparison of thicknesses in exploration wells. During the
Late Jurassic—Early Cretaceous rifting event, the Maestrat
Basin developed, and within it, the Salzedella sub-basin,
bounded to the N by the Villarluengo, Bordén, Ortells and
Xert faults. These faults separate the Barremian and Aptian
sequences of up to 1100-2500m in their hanging walls
from sequences of about 400m in their footwalls. Within
the basin, minor normal faults of metric slips probably
resulted in the progressively northward thickening of the
Salzedella sub-basin.
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During the Cenozoic contraction, the Salzedella
sub-basin was inverted. Its North-bounding normal
fault system was inverted, at least in its lower segment
within the acoustic basement (Maestrat basement
thrust). A wide uplifted area developed in its raised
hanging wall. This uplifted area is bounded to the N by
the E-W-trending, N-verging Calders monocline, which
is the surface expression of the Maestrat basement
thrust. Laterally, the Calders monocline terminates and
links to the outcropping Maestrat basement thrust in the
Turmell and Villarluengo thrusts, which are short-cuts
of the inverted Xert and Villarluengo Mesozoic normal
faults.

The Calders monocline is interpreted as a fault-
bend fold, indicating a flat-ramp-flat geometry of the
Maestrat basement thrust, with the southern hinge of
the Calders monocline being the superficial expression
of the transition from ramp to flat in the basement
thrust. The cut-off line of the acoustic basement in the
hanging wall of the Maestrat basement thrust coincides
with the northern synformal hinge of the Calders
monocline, located at the southern boundary of the
Bordén Cenozoic Basin and in the Morella syncline.
The frontal tilted limb of the Calders monocline has a
maximum width of about 13km and narrows laterally,
linking to direct outcrops of the Maestrat basement
thrust (Turmell and Villarluengo short-cut thrusts). In
these two areas, the cut-off line of the acoustic basement
is found in the hanging walls of the basement thrusts.
This cut-off line makes the transition from thick-skin
to thin-skin areas.

The monocline geometry is modified in its central
part by the N-S trending Bovalar anticline, originated by
the inversion of a previous Triassic normal fault and the
presence of a thick Middle Muschelkalk evaporitic unit
originally deposited in its hanging wall.

The uplifted hanging wall of the Maestrat basement
thrust remains elevated for about 40km to the S, and
the frontal limb of the Calders monocline dips about 5°
towards the N. These observations indicate that a very
low-angle ramp is needed for the Maestrat basement
thrust ramp, rooted in the upper crust.

Mesozoic extensional structures with different
orientations, together with a thick Middle Muschelkalk
evaporitic unit, played an important role in the formation
of the Cenozoic contractional structures, affecting their
location and orientation, and the different deformation
styles between the acoustic basement and the supra-
salt cover. The acoustic basement was mainly faulted
while the supra-salt cover was mainly folded and thrust,
adapting to the basement structures.
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Kinematic evolution of a fold-and-thrust belt developed during
basin inversion: the Mesozoic Maestrat basin, E Iberian Chain
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Abstract — The Maestrat basin was one of the most subsident basins of the Mesozoic Iberian Rift
system, developed by a normal fault system which divided it into sub-basins. Its Cenozoic inversion
generated the N-verging Portalrubio—\Vandellds fold-and-thrust belt in its northern margin, detached in
the Triassic evaporites. In the hinterland, a 40 km wide uplifted area, in the N-S direction, developed,
bounded to the N by the E-W-trending, N-verging Calders monocline. This monocline is interpreted
as a fault-bend fold over the ramp to flat transition of the E-W-trending, N-verging Maestrat Basement
Thrust, and also indicates the transition from a thick-skinned (S) to a thin-skinned (N) style of
deformation. This paper presents a kinematic evolutionary model for the northern margin of the basin
and a reconstruction of the Maestrat Basement Thrust geometry, generated by the inversion of the
Mesozoic normal fault system. It contains a low-dip ramp (9°) extended southwards more than 40 km,
attaining a depth of 7.5 km. As this thrust reached the Mesozoic cover to the foreland, it propagated
across the Middle Muschelkalk evaporitic detachment, generating a nearly horizontal thrust which
transported northwards the supra-salt cover, and the normal fault segments within it, for c. 11-13 km.
The displacement of the basement in the hanging-wall of the low-dip basement ramp generated the
40 km wide uplifted area, while the superficial shortening was accumulated in the northern margin
of the basin — which contains the thinnest Mesozoic cover — developing the Portalrubio—Vandellos
fold-and-thrust belt.

Keywords: basin inversion, low-dip ramp, tectonic relief, salient, fold-and-thrust belt.

1. Introduction is complex as, on the one hand, main structures show
varying orientations and, on the other hand, late to post-
tectonic Cenozoic outcrops cover some areas which
otherwise would be the most suitable for the regional
cross-section construction. Moreover, the thickness
of the Mesozoic cover is difficult to establish, as its
base hardly ever crops out and no subsurface data are
available. Nevertheless, new Lower Cretaceous strati-
graphic sections were also obtained from new field
data which, combined with previous stratigraphic data,
permitted the characterization of the syn-sedimentary
extensional structure during this period.

After these data, a palinspastic restoration of the
main structures during the Early Cretaceous is pro-
posed, as well as a reconstruction of the geometry of
the Maestrat Basement Thrust, more accurate than that
proposed by Nebot & Guimera (2016). Finally, this pa-
per presents a kinematic evolutionary model for the
N margin of the inverted Maestrat basin, which con-
stitutes a good example of a fold-and-thrust belt de-
veloped during basin inversion, presenting in its fore-
land a thin-skinned fold-and-thrust belt conditioned
by an evaporitic detachment level, while in its thick-
skinned hinterland generated the uplift of a wide area.

The Linking Zone resulted from the Cenozoic inver-
sion of the Mesozoic Maestrat basin, located between
the NW-SE-trending Iberian Chain and the NE-SW-
trending Catalan Coastal Chain (Guimera, 1984, 1988;
Fig. 1). Its northern part contains the Portalrubio—
Vandellos fold-and-thrust belt, broadly E-W-trending
and N-verging, while a wide tectonically elevated
area developed in its southern part (Guimera, 1988;
Guimera et al. 2010). Nebot & Guimera (2016) recog-
nized a new structure separating these two areas, the
decakilometric-scale Calders monocline (Figs 2, 3), in-
terpreting it as a fault-bend fold over ramp to flat geo-
metries of a deep-seated thrust (the Maestrat Basement
Thrust; Nebot & Guimera, 2016). The aim of this pa-
per is to provide new data to support the interpreta-
tions of Nebot & Guimera (2016) and to establish the
kinematic evolution of the fold-and-thrust belt. More
specifically, the objectives of this paper are (i) to esti-
mate the shortening of the fold-and-thrust belt, located
N of the Maestrat Basement Thrust ramp, and (ii) to
characterize the Mesozoic extensional structure whose
Cenozoic contractional inversion developed the belt.
With this purpose, two new cross-sections have
been constructed, containing the deduced transport
orientation. Determining the shortening in this area 2. Geological setting

The Iberian Chain developed during the Cenozoic
* Authors for correspondence: marinanebotmiralles@gmail.com Alpine orogeny, as a result of the contractional
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Figure 1. (Colour online) Simplified geological map of the Iberian Chain, and its location in the eastern Iberian Peninsula. Location
of the area studied (Fig. 2) is also shown. Modified from Nebot & Guimera (2016) after Guimera (2004).

inversion of the lberian Rift System (Alvaro, Capote
& Vegas, 1979; Salas et al. 2001; Guimera, Mas &
Alonso, 2004), which was active during the Mesozoic,
and experienced two main rifting events, during the
Late Permian — Late Triassic and during the Late
Oxfordian — Late Albian (Fig. 4; Salas et al. 2001),
followed by events of lower rifting activity (Early and
Middle Jurassic, and Late Albian to Maastrichtian).

The Maestrat basin was one of the most sub-
sident basins within the Iberian Rift System, de-
veloped during the Jurassic to Early Cretaceous rift-
ing event. Its sedimentary filling was dominated by
shallow marine to lacustrine carbonates, with intercal-
ations of continental siliciclastic sediments, and a few
intercalations of pelagic sediments (R. Salas, unpub.
Ph.D. thesis, Univ. Barcelona, 1987). Some evaporitic
layers are recognized in the Triassic: the Keuper and
the Middle Muschelkalk. The latter was the regional
detachment during the Cenozoic contraction, differen-
tiating two structural packages (Fig. 3): the supra-salt
cover (units above the Middle Muschelkalk) and the
sub-salt or acoustic basement (units below the Middle
Muschelkalk) (Nebot & Guimera, 2016).

The Cenozoic inversion of the northern margin of
the Maestrat basin generated the Portalrubio—Vandellos
fold-and-thrust belt (Guimera, 1988), in the northern
part of the Linking Zone (Fig. 3). In the study area,
this fold-and-thrust belt displays a salient (in the sense
of Marshak, 2004), as traces of thrusts and folds take
curved shapes convex to the N, in the sense of transport
(Fig. 3). Therefore the adjacent areas of Ejulve—Aliaga
and Herbers (Fig. 3) could be associated with recesses

containing superposition of structures with different
orientations (Simon, 1980; Guimera, 1988).

South of this fold-and-thrust belt, the E-W-trending
Calders monocline bounds to the north the tectonically
elevated area (Nebot & Guimera, 2016; Figs 2, 3). This
monocline has been interpreted as a fault-bend fold that
is the surface expression of the ramp—flat geometry
of the Maestrat Basement Thrust in the study area,
resulting from the Cenozoic inversion of the Mesozoic
extensional fault system of the Maestrat basin across
the basement (Nebot & Guimera, 2016). A vertical
tectonic step of 800-1200 m can be measured above
the Calders monocline (Fig. 3; Gonzélez, Guimera &
Luzon, 1998; Nebot & Guimera, 2016) whose tilted
limb dips c. 5° N and is 13 km wide in its central part,
narrowing laterally (Fig. 2).

3. Methodology

About 1200 new strike-and-dip data were obtained both
in the field and from 3D geological contacts drawn on
ortho-images and 3D topographic contour lines in a
georeferenced environment (Microstation®), using in-
house macros developed by O. Fernandez (unpub. Ph.D.
thesis, Univ. Barcelona, 2004). Based on these new
strike-and-dip data, new mapping after field work and
ortho-image interpretation, and also the previous geo-
logical maps (Canérot & Leyva, 1972; Canérot & Pig-
natelli, 1972, 1977; Esnaola & Canérot, 1972; Martin,
Leyva & Canérot, 1972; Navarro-Vazquez et al. 1972;
Marin et al. 1974; Almela et al. 1975; Marin & Duval,
1976; Canérot, Crespo-Zamorano & Navarro-Vazquez,
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(2016).

1977; Gautier, 1978, 1979; Gonzalez, 1989), two cross-
sections were constructed and restored, and a complete
geological map of the study area was made.

Cross-section constructions — based on the Kink
method — and their restoration using the flexural-slip
unfolding algorithm were performed with the Move®
software. An idealized cross-section of the entire N
margin of the basin was also elaborated by combining
different cross-section segments, which allowed us to
reconstruct, with the Move® software, the geometry
of the basement fault that fits the generation of the
elevated area during the Cenozoic inversion. The seis-
mic profiles and the exploration wells available S of
the study area (Lanaja, 1987; Nebot & Guimera, 2016)
were also considered, in order to estimate the structure
and the thicknesses of stratigraphic units which do not
crop out in the study area (Fig. 4).

4. Mesozoic extensional structure

Thicknesses of the syn-rift Lower Cretaceous filling
of the Maestrat basin (Fig. 5) were established from
field data, exploration wells and after R. Salas (un-
pub. Ph.D. thesis, Univ. Barcelona, 1987). Significant
thickness variations were found in the Barremian units,
while the Aptian units have a more constant thickness
(Fig. 5). After these variations, the Maestrat basin is
divided into two zones: (1) the northern external zone
(Salas & Guimera, 1996), containing a very thin or no
Lower Cretaceous rocks, and (2) the Salzedella sub-
basin (Salas & Guimera, 1996; Nebot & Guimera,
2016), which contains the Ladrufian zone with inter-
mediate characteristics (Fig. 5).

The Salzedella sub-basin is located in the hanging-
wall of the Castellote—Herbers and the Garrocha nor-
mal faults, while other Mesozoic faults are found
within it (Fig. 5a). The Ladrufian zone is located at the
NW end of the Salzedella sub-basin, separated by the

Bordon and the Villarluengo normal faults, and merges
towards the E with the Salzedella sub-basin (Fig. 5a). In
the northern external zone, the Barremian and Aptian
units are concentrated in the outcrops located N of Cas-
tellote (Figs 5a, 6A-A") and N of Aiguaviva (Figs 5a,
6B-B’). The distribution of the Lower Cretaceous rocks
and the varying orientation of structures suggest a seg-
mented system of normal faults connected by relay
ramps bounding the different zones (Fig. 5a).

The Jurassic broadly becomes thinner towards the
N (Nebot & Guimera, 2016), with major thickness
variations in the syn-rift Malm and in the Lower Lias
units (Figs 4, 5a). Regarding the Triassic, the lower
Triassic units are only known by sub-surface data in
the S part of the study area. To construct the cross-
sections in Figure 6, an average value of 500-400 m
was considered for the Middle Muschelkalk, esti-
mated after the analysis of the isopach map obtained by
Nebot & Guimera (2016). Towards the N the Middle
Muschelkalk becomes thinner, as wells in the Ebro
basin reveal an average thickness of 200 m (Lanaja,
1987).

5. Cenozoic contractional structure
5.a. Structural style variations

Three main structural domains were differentiated in
the study area (Fig. 7), based on the new field work
here presented and also the previous work of Guimera
(1988) and Nebot & Guimera (2016).

5.a.1. Southern slightly deformed area

This area contains the 40 km wide — in the N-S di-
rection — tectonically elevated area (Fig. 7), developed
in the hanging-wall of the Maestrat Basement Thrust,
and the Calders monocline, which bounds it to the N,
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therefore it is located over the transition from ramp
to flat of the Maestrat Basement Thrust (Nebot &
Guimera, 2016). Structures at the surface have kilomet-
ric wavelengths and are rooted mostly in the acoustic
basement, although detachment folds developed, rooted
in the Middle Muschelkalk evaporites (Guimera, 1988;
Nebot & Guimera, 2016).

5.a.2. Intermediate area

This area is characterized by folds of kilometric
wavelengths detached in the Middle Muschelkalk, al-
though some fragments of the acoustic basement are
also incorporated in the thrust sheets. It is bounded to
the N by the Castellote—Herbers Fault and to the S by
the Calders monocline synformal frontal hinge (Fig. 7).

5.a.3. Northern frontal fold-and-thrust belt (N FAT belt)

The northern part of the study area is characterized
by tight structures, with wavelengths of hundreds of
metres to a few kilometres. They are detached in the
Triassic units (Middle Muschelkalk and locally in the
Keuper), and in some cases also incorporate fragments
of the acoustic basement in the hanging-wall of the
thrust sheets (Figs 6, 7). This area coincides with the
northern external zone of the Maestrat basin, contain-
ing the thinnest supra-salt cover (Fig. 7). The Calanda
anticline, the northernmost structure of this fold-and-
thrust belt, is detached in the Middle Muschelkalk
(Fig. 6) as Upper Muschelkalk rocks crop out in its
core (Anadén & Albert, 1973).

In the most frontal part of the fold-and-thrust belt, the
major thrust-sheet displacement is transferred towards
the foreland from the W, where it is concentrated in
the Molinos thrust sheet (Fig. 2), to the E, accumulated
mostly in the Calanda thrust sheet (Fig. 6).

SW of the Calanda anticline, structures change their
trend from ESE-WNW and E-W to NE-SW, as they
display the salient geometry, convex to the N, previ-
ously described. In this area, the N FAT belt struc-
tures and the NW-SE-trending structures of the Iberian
Chain converge, producing fold interferences (Simén,
1980, 2004; Guimera, 1988) and a NE-SW-trending
back-thrust in the convergence area (Fig. 2).

5.b. Inversion structures

Some normal faults were partially inverted as thrusts,
which inherited their orientations, folding the Upper
Cretaceous post-rift in the Garrocha fault or the Ortells
fault in its eastern part (Figs 2, 6B—B’). In other cases,
the Upper Cretaceous post-rift was thrusted by the in-
verted fault, their slips being of only a few metres, and
the extensional slip being not recovered, as in the Bor-
doén fault (Fig. 2). These two cases are observed in the
Castellote fault, which changes the amount of inversion
along-strike, being minimum in its western NE-SW-
trending segment, where the Upper Cretaceous post-rift
is only folded (Fig. 2), and increasing to the E, where
the Upper Cretaceous is thrusted in its E-W-trending
segment (Fig. 6). Newly formed thrusts also appeared,
most of them in the N external zone.

5.c. Transport direction and estimated shortening

Most structures in the Linking Zone are ESE-WNW-
trending, parallel to the Calders monocline trace
(Fig. 7b), such as the Calanda anticline and the two
thrust sheets south of it, the Castellote fault in its north-
ernmost segment, the Ortells fault, or the overall strike
of the Utrillas fault (Fig. 2). Therefore, the transport
direction is assumed to be parallel to the vector normal
to these ESE-WNW-trending structures, and the sense
of transport to the foreland, hence to the NNE, which
coincides with the one proposed by Guimera & Alvaro
(1990) for the Iberian Chain.
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Figure 5. (Colour online) (a) Stratigraphic sections of the studied area, and the main tectonostratigraphic domains recognized and the
structures bounding them. The normal faults interpreted for the Barremian and Aptian period are shown. The stratigraphic sections
were obtained from new field data (*) and were combined with sections obtained by R. Salas (unpub. Ph.D. thesis, Univ. Barcelona,
1987) (**), and with sub-surface data (***) (exploration wells after Lanaja, 1987, and seismic data converted to depth by Nebot &
Guimera, 2016). (b, ¢) Simplified correlation of the Barremian and Aptian units in some stratigraphic sections in directions roughly
perpendicular (b) and parallel (c) to the geological structures. Different tectonostratigraphic domains and the structures bounding them
are depicted. The datum is the base of the Escucha Fm. (top of the Aptian), as this formation developed small sub-basins different from
the Barremian—Aptian ones.

Two cross-sections were constructed containing the shortening estimated by restoring the regional cross-
NNE-SSW transport direction: a regional cross-section section (Fig. 6B-B’) is of c¢. 10.5 km, which can be
that intersects the Calders monocline near its central considered a minimum value for the N margin of the
part (Fig. 6B—B’) and a more local one placed c. 7 km Maestrat basin, as cross-sections were constructed in
W of this regional cross-section (Fig. 6A-A"). The a conservative manner, not including the deformation
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and B-B'. See location in Figure 2. They contain the NNE-SSW transport direction.

Figure 6. (Colour online) Cross-sections A-A'
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associated with mesostructures, and also, the struc-
tures below the wide Cenozoic outcrops intersected
by this cross-section were simplified and could accu-
mulate additional shortening. The shortening obtained
for the cross-section A—A', which intersects mainly the
frontal fold-and-thrust belt, is 11.2 km. The shorten-
ing measured in the N FAT belt — placing the pin line
in the Cenozoic rocks in the footwall of the Calanda
thrust sheet, and the loose line in the Castellote fault
—is of 10.9 km (40 %) in the cross-section A-A' and
of 9.1 km (35 %) in the cross-section B-B’. Assuming
that shortening does not vary laterally in this ESE-
WNW-trending part of the N FAT belt, cross-section
B-B’ could accumulate c. 1.8 km of additional short-
ening in the N FAT belt, which was not recorded in
cross-section B—B' due to the Cenozoic rocks covering
some of the Mesozoic outcrops. Consequently, it could
reach a total shortening of 12.3 km (Fig. 6B-B’).

5.d. Geometry of the Maestrat Basement Thrust

To explain the wide uplifted area in the hinterland,
Nebot & Guimera (2016) proposed a very low-dip
ramp for the Maestrat Basement Thrust, deduced after
the geometry of the Calders monocline. The present
work presents a more accurate reconstruction that takes
into account the estimated shortening in the northern
margin of the Maestrat basin just presented. This re-
construction was modelled with the Move® software,
and was tested by displacing the restored horizons of
the Salzedella sub-basin in the idealized cross-section
(Fig. 7a), above the hanging wall of this fault, using the
fault-bend-fold algorithm, until obtaining a geometry
similar to that observed in the study area and until the
upper segments of the normal faults across the supra-
salt cover are placed in their present-day location. To
achieve this, a displacement of 12 km was needed, giv-
ing additional support to the shortening value estimated
after restoring the cross-sections.

The resulting fault (Fig. 7d) has a low-dip ramp, with
an approximately listric geometry, which dips c. 9° in its
shallowest part, flattening downwards, until reaching a
depth of 7.5 km below sea level, extending southwards
for more than 40 km. When the restored horizons of the
Salzedella sub-basin (Fig. 7d.i) are transported above
this fault for 12 km, a wide flat area is uplifted in its
hanging-wall, while a fault-bend fold, similar to the
Calders monocline, is generated above the transition
from ramp (S) to flat (N) of the fault, whose frontal
tilted limb is c. 12 km wide and dips c. 6° towards
the N. A vertical step of 1200 m is obtained between
horizons in the uplifted area and in the downthrown
area (Fig. 7d.ii).

6. Discussion
6.a. Shortening in the Maestrat basin northern margin

Shortening in the Mesozoic supra-salt cover concen-
trates mostly in the frontal fold-and-thrust belt, while

9

southwards, in the intermediate and southern areas, the
thrust sheets experienced low internal deformation by
folding and partial inversion of the Mesozoic normal
faults. In the sub-salt basement, shortening accumu-
lated in a more internal and lower position, where the
thrust sheet involves the basement (Fig. 7a).

The shortening obtained by restoring the regional
cross-section (c. 12 km; Fig. 7B-B’) is less than the
maximum 13 km estimated after analysing the geo-
metry of the Calders monocline (Nebot & Guimera,
2016). This difference may result from the fact that the
regional cross-section does not cross the widest part of
the Calders monocline, and also that the cross-sections
were constructed in a conservative manner, and could
accumulate more shortening.

Although the Calders monocline geometry suggests
a differential shortening, as it narrows laterally (Nebot
& Guimera, 2016), the thrust-sheet displacement does
not disappear at the lateral ends of the monocline, as
it is transmitted to other structures, indicating that the
geometry of the Maestrat Basement Thrust changes
laterally, out of the area studied.

6.b. Kinematic evolution

The Mesozoic extensional fault system was inverted in
its lower segment across the acoustic basement, gen-
erating the Maestrat Basement Thrust. As this thrust
reached the Mesozoic cover, rather than inverting the
normal fault segments across the supra-salt cover, a
nearly horizontal short-cut developed, propagating to
the N within the Middle Muschelkalk evaporites, pro-
ducing the deduced ramp-flat geometry (Fig. 7a).

It continued to the N, shallowing progressively as the
Mesozoic cover became thinner towards the N, cutting
across a fragment of the acoustic basement in the foot-
wall of the Castellote fault (Fig. 6), and in the footwall
of the main normal faults, incorporating the acous-
tic basement into the thrust sheets and transporting
it to the N within the thin-skinned fold-and-thrust belt
(Figs 6, 7). The sole thrust ends up in the Calanda thrust
sheet, expressed at the surface as the Calanda anticline
(Figs 6, 7a). As previously explained, wavelengths of
the contractional structures decrease to the N, asa result
of the thinning of the Mesozoic cover (Fig. 7a).

About 22 km N of the Calanda anticline, an isol-
ated outcrop of Paleozoic rocks is found among the
Cenozoic rocks of the Ebro foreland basin, the Puig
Moreno outcrop (Fig. 1). In order to explain it, Salas
et al. (2001) interpreted a more frontal basement thrust
which towards the S branches to the Maestrat Basement
Thrust.

The 12-13 km displacement of the basement above
the ramp of the Maestrat Basement Thrust uplifted the
40 km wide area, in the N-S direction, bounded to
the N by the Calders monocline, developed above the
transition from ramp to flat (Nebot & Guimera, 2016),
during the Late Oligocene — Early Miocene (Gonzalez,
Guimera & Luzén, 1998).The upper segments of the
Mesozoic normal faults across the supra-salt cover were

Downloaded from http:/www.cambridge.org/core. Ateneo de Manila University, on 04 Oct 2016 at 10:10:08, subject to the Cambridge Core terms of use, available at http:/www.cambridge.org/core/terms.
http://dx.doi.org/10.1017/5001675681600090X



10

passively transported to the N above the sole thrust flat,
experiencing low internal deformation, as this accumu-
lated in the northern external zone, which developed the
N FAT belt (Fig. 7).

The low angle of the Calders monocline fault-bend
fold, and the width of the uplifted area, implies a
low dip for the Maestrat Basement Thrust ramp (Ne-
bot & Guimera, 2016), which was estimated at c. 9°,
extending southwards for more than 40 km (Fig. 7).
The Variscan basement must be involved above this
ramp (Nebot & Guimera, 2016), as it reaches a depth
of c. 8km in the upper crust (Fig.7d). North of
it, the acoustic basement fragments incorporated in
the thin-skinned thrust system could contain only the
Lower Muschelkalk and the Buntsandstein, which vary
between 70 and 380 m thick in the exploration wells
(Lanaja, 1987), probably having their detachment level
at the Buntsandstein top evaporites (Rot facies), as has
been deduced in other structures of the Iberian Chain
(Orti, 1981; Guimera, 1988).

Restoring the Mesozoic supra-salt cover to the end of
the Early Cretaceous, the traces at the surface of the nor-
mal faults should be displaced southwards a minimum
of 12 km (Fig. 7c). The Borddn and Ortells faults be-
come located c. 6 km north of the southern antiformal
hinge of the Calders monocline, i.e. the Maestrat Base-
ment Thrust transition from ramp to flat (Fig. 7c). In
order to link these traces at the surface with the Maes-
trat Basement Thrust in the acoustic basement, the dip
of the normal fault surface across the supra-salt cover
should be of c. 30°, similar to that obtained in the
idealized cross-section for the Ortells fault (Fig. 7a).
This indicates that in the area studied, the Maestrat
Basement Thrust can be the result of the Cenozoic in-
version of the Borddn and the Ortells normal faults
(at least its western part), giving additional support to
the interpretation of Nebot & Guimera (2016) that the
Maestrat Basement Thrust was the result of the inver-
sion of the Mesozoic normal fault system. The Meso-
zoic normal faults located N of the Borddn and Ortells
faults were cut, during the Cenozoic contraction, by
the nearly horizontal short-cut developed within the
Middle Muschelkalk detachment, and were transpor-
ted northwards together with the supra-salt Mesozoic
cover. The lower segments of these faults across the
acoustic basement should be found in the footwall of
the sole thrust, in a more internal position, similarly to
the Castellote fault (Fig. 7a).

The orientation and position of the restored nor-
mal faults (Fig. 7¢) suggest that the present-day arched
geometry (salient) of the fold-and-thrust belt (Fig. 2)
was partially inherited, as the normal faults during
the Mesozoic broadly display an arched geometry
(Fig. 7c). During the Cenozoic contraction, this nor-
mal fault system was transported northwards within
the thrust system, with differential transport, major in
the central part, decreasing laterally. In this case, only
gentle vertical axis rotation of structures was needed
to develop the salient geometry displayed by the fold-
and-thrust belt.

M. NEBOT & J. GUIMERA

7. Conclusions

The Portalrubio—Vandellos fold-and-thrust belt is the
emergence of the Maestrat Basement Thrust, which
is the sole thrust of the Cenozoic contractional sys-
tem. The deep geometry of the latter was deduced
after the Calders Monocline, interpreted as a fault-bend
fold above a ramp to flat transition. The up-ramp dis-
placement of this basement thrust sheet generated a
40 km wide uplifted area, bounded to the N by the
Calders Monocline. Modelling the previous data with
the Move® software, a 9° dip for the deep ramp was
deduced, extending more than 40 km southwards in the
NNE-SSW orientation, and reaching a depth of 7.5 km.

The shortening is estimated to be c. 12 km, mostly
concentrated at the surface in the northern margin of the
thrust belt, being the tectonic displacement towards the
NNE. As the sole thrust reached the Mesozoic cover, it
propagated through the Middle Muschelkalk evaporitic
unit, producing a nearly horizontal detachment, which
spread to the N.

Most of the normal faults which bounded the Meso-
zoic basins were passively transported to the NNE in-
side the hanging-wall of the Maestrat Basement Thrust,
experiencing low internal deformation. Some frag-
ments of the acoustic basement (rocks below the Middle
Muschelkalk) were also included.

The palinspastic restoration of the supra-salt cover
supports the idea that, in the study area, the Maestrat
Basement Thrust is the result of the inversion of the
Mesozoic normal fault system in its segment across
the basement, and also that the Portalrubio—\Vandellos
frontal belt inherited the geometry and orientation of
the Mesozoic normal faults.
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APPENDIXII. A

La extension Triasica en el substrato de la Cuenca del Maestrat, y evidencias de tecténica
salina en las evaporitas en facies Muschelkalk medio (Cadena Ibérica Oriental).
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Laextension Triasica en € substrato dela Cuenca del Maestrat, y evidencias de
tectonica salina en las evaporitas en facies M uschelkalk medio (Cadena | bérica

Oriental)

Triassic extension in the Maestrat basin substratum, and evidences of Middle Muschekalk facies

salt tectonics (Eastern I berian Chain)

M. Nebot?, J. Guimera®

1 GEOMODELS Research Institute, Departament de Geodinamicai Geofisica, Facultat de Geologia, Universitat de Barcelona (UB), Marti i Franques

s/n, 08028 Barcelona, Spain. marinanebotmiralles@gmail.com, joan.guimera@ub.edu

Resumen: La Cuenca del Maestrat fue una de las mas subsidentes del sistema de rift Ibérico, desarrollado
durante el Mesozoico. Durante la primera etapa de extension (Pérmico Superior-Triasico Superior) se
desarrollé un sistema de fallas extensivas de alto angulo que compartimentaron el z6calo varisco en un
sistema de horsts, grabens y semigrabens. Estas fallas habrian sido activas durante el depdsito de lafacies
Buntsandstein, hasta depositarse los sedimentos en facies Muschelkalk medio, al menos su parte inferior,
gue rellena el sistema de horsts y grabens originando importantes diferencias de espesor en estafacies. La
parte alta de ésta, en cambio, rebasa y recubre los horsts, indicando una disminucion de la actividad
extensiva que dur6 hasta depositarse los carbonatos en facies Muschelkalk superior, de potencia casi
constante. Durante e depdsito de la facies Keuper se reactivaron algunas fallas de zécalo,
desencadenando migraciones de sal del Muschelkalk medio, que formé anticlinales de sal y welds,
aumentando las diferencias de potencia deposicionales de esta facies. La edad del flujo de sal se deduce a
partir de los reflectores del Keuper, que se disponen en onlap sobre el Muschelkalk superior plegado
sobre las acumulaciones de sal. Ademas, estos reflectores de la facies Keuper también forman abanicos de
capas sobre pliegues forzados del Muschelkalk superior sobre algunas fallas de z6cal o reactivadas.

Palabras clave: rifting, Triasico, evaporitas, tecténica salina

Abstract: The Maestrat Basin was one of the most subsident basins of the Mesozoic Iberian Rift System.
During the first stage of extensional activity (Late Permian-Late Triassic) a high angle normal fault
system developed, which fragmented the Variscan basement into a system of horsts, grabens and half-
grabens. Those faults were active during the deposition of the Buntsandstein facies and lasted until the
lower part of the Middle Muschelkalk facies was deposited, filling the system of horsts and grabens and
generating depositional thickness variations. The fault system was overstepped by the upper part of the
Middle Muschelkalk, indicating a decrease in the extensional activity that lasted until the carbonates of
the Upper Muschelkalk facies were deposited, as they present nearly constant thickness. During the
Keuper facies deposition, the extensional activity of some normal faults in the acoustic basement
resumed, triggering the Middle Muschelkalk salt flow, which developed salt anticlines and welds,
increasing the depositional thickness variations of this facies. The age of the salt flow is deduced from the
Keuper facies reflectors lapping on the folded Upper Muschelkalk above the salt accumulations. Growth-
strata above some Upper Muschelkalk forced folds are also recognized, developed above some
reactivated normal faults in the basement.

Key words: rifting, Triassic, evaporites, salt tectonics

INTRODUCCION

La zona de estudio se sitGia en la parte central de la
Cuenca mesozoica del Maestrat, localizada en €
extremo oriental de la Cadena Ibérica (Fig. 1). La
Cadena |bérica es €l resultado de la inversion del
sistema de rift Ibérico, que experimentd dos maximos
de actividad extensiva: Pérmico Superior-Tridsico y
Oxfordiense Superior-Albiense Superior (Salas et al.,

2010). La Cuenca del Maestrat, desarrollada durante el
segundo episodio extensivo, fue una de las mas
subsidentes de este sistema de rift. El hecho de que
algunos de los material es depositados durante el primer
episodio extensivo no afloren en gran parte de la
Cuenca del Maestrat ha hecho que la afectacion de este
episodio en el substrato de la cuenca no sea tan
conocida como la del segundo. El andlisis de los
perfiles sismicos obtenidos en los afios 70 y 80 del



Siglo XX, asi como de los sondeos disponibles (Fig. 1),
han permitido analizar con mayor precisiéon esta
primera etapa extensiva.

El objetivo de este trabgo es caracterizar mas
detalladamente la estratigrafia y la estructura de la
parte central de la Cuenca del Maestrat durante el
episodio de rifting del Pérmico Superior-Triasico, asi
como estudiar las variaciones de espesor y las
acumulaciones de evaporitas en facies Muschelkalk
medio previamente descritas por Bartrina y Hernandez
(1990) en la Cuenca del Maestrat. En esta zona, igual
que en la Cuenca del Ebro (Butillé et a., 2012) la
tectonica salina esta localizada en los materiales en
facies Muschelkalk medio, a diferencia de lo que
ocurre en la mayor parte de la Peninsula Ibérica, donde
las estructuras salinas se desarrollaron en las evaporitas
en facies Keuper.

[—"1 Cenozoico

[ Cretéacico Superior

[ Cretacico Inferior

I Jurasico

I Triasico y Paleozoico
[-==7] Contorno superficies Fig. 2
=1 Perfiles sismicos

@ Sondeos

—A Estructuras superficiales

FIGURA 1. A: Mapa de situacion de la zona de estudio, en la parte
central de la Cuenca del Maestrat. En gris, areas con zocalo
involucrado; en punteado, areas con solo la cobertera involucrada.
B: Mapa geoldgico smplificado de la zona de estudio y localizacion
de los perfiles sismicos y los sondeos analizados. Abreviaciones de
localidades: Bo-Borddn, Ca-Cantavigia, Ci-Cinctorres, Fo-
Fortanete, Ig-lglesuela del Cid, Mi-Mirambell, Mo-Morella, Ms-
Mosqueruela, OI-Olocau del Rey.

CONTEXTO GEOLOGICO

La extension tridsica estuvo relacionada con la
propagacion hacia €l oeste del sistema de rift del
Tethys y hacia € sur del sistema de rift Artico-
Atlantico norte. Mas tarde, durante e Oxfordiense
superior-Albiense superior, la apertura del Atlantico
norte y € Golfo de Vizcaya ocasiond un segundo
periodo de rift. Ambos episodios extensivos fueron

seguidos de episodios de menor actividad extensiva
durante el Hettangiense superior-Oxfordiense y €
Cretécico superior-Paleoceno (Salas et a., 2010).
Durante el Palebgeno, este sistema extensivo se
invirtio, relacionado con la orogenia Alpina.

El Triasico depositado en el substrato de la Cuenca
del Maestrat estd representado en facies germanica,
conteniendo varias intercalaciones de evaporitas, las
principales en las facies Muschelkalk medio y Keuper.
La facies Muschelkalk medio esta formada por halita,
anhidrita e intercalaciones de Iutita (Langja, 1987,
Martinez-Abad, 1991), y actué como despegue
principal durante la contraccion cenozoica (Nebot y
Guimerd, 2016), diferenciando dos paquetes
estructurales: la cobertera supra-saina, y el zocalo
infra-salino o acUstico, que incluye el Muschelkalk
inferior, el Buntsandstein y el zécalo varisco.
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FIGURA 2. A: Mapa de contornos de la profundidad del zécalo
acustico o base del Muschelkalk medio, en metros bajo e nivel del
mar (m.b.n.m.). B: Mapa deisopacas del Muschelkalk medio.

METODOLOGIA

Se han analizado 29 perfiles sismicos de reflexion
obtenidos entre 1973 y 1988 por Auxini, Campsa y
Shell, y 4 sondeos. Las imagenes de los perfiles
sismicos fueron convertidas a formato seg-y mediante



la aplicacion de Matlab IMAGE2SEGY (Farran, 2008)
y posteriormente interpretadas en un contexto
georreferenciado. La malla de perfiles sismicos
disponibles (Fig. 1) nos permitioé reconstruir un mapa
de contornos de la profundidad del z6calo aclstico
(Fig. 2A) asi como €l espesor vertical de la facies
Muschelkalk medio (Fig. 2B).

ESTRUCTURA EXTENSIVA

Tal y como se muestra en la Fig. 2A, € zécao
acustico esta fragmentado por fallas de alto angulo, que
forman un sistema de horsts, grabens y semigrabens.
En la zona se pueden identificar dos horsts con
orientacion NW-SE (Fig. 2A): €l ato de basamento de
Monchén, y el ato de basamento de la Iglesuela (Fig.
3), ambos limitados por fallas normales con la misma
orientacion (Nebot y Guimera, 2016). Al analizar los
perfiles sismicos se observan grandes cambios de
espesor de la facies Muschelkalk medio, tal y como se
muestra en el mapa de espesores de esta unidad. Si se
analizan junto con el mapa de contornos de la base de
esta unidad (Fig. 2A) se puede observar que los
espesores maximos de la facies Muschelkalk medio
coinciden con bloques hundidos del z6calo acustico,
mientras que los espesores minimos coinciden con
altos de basamento.

FIGURA 3. Perfil sismico CT88-11 y su interpretacion. Se muestran
los cambios de espesor deposicionales de la facies Muschelkalk
medio. Ver localizacion en la Fig. 1. Abreviaciones. K-Cretéacico, J-
Jurédsico, TrK-Keuper, TrM3-Muschelkalk superior, TrM2-
Muschelkalk medio, Bs-Z6calo acustico.

Considerando la capacidad para fluir de las
evaporitas de la facies Muschelkalk medio, no se puede
asegurar por completo que las fallas de basamento
fueran activas durante e deposito de esta, pero la
distribucion de espesores observada hace pensar que al
menos su parte inferior se deposité durante la
extension. Por el contrario, la parte alta de la facies
Muschelkalk medio rebasay recubre las estructuras de
z6calo, indicando una disminucion de la extension
durante su depédsito (Fig. 3). Pese a que las unidades
que forman el zécalo aclstico no se pueden distinguir
en los perfiles sismicos, los estudios previos (Alvaro et
a., 1979; Sdas et a., 1997; Bartrina y Hernandez,
1990) sugieren que las fallas que afectan el zo6calo

habrian sido activas durante € depdsito de la facies
Buntsandstein (Pérmico Superior-Tridsico Inferior),
hasta e depdsito de la parte baja de la facies
Muschelkalk medio (Triasico Medio). Esta estructura
esta cubierta por wuna cobertera supra-saina
indeformada (Fig. 3), que indica que los principales
cambios de espesor de la facies Muschelkalk medio
son deposicionales, y que no variaron después de su
depdsito, a excepcion del episodio de tectdnica salina
ocurrido con posterioridad. La potencia de los
carbonatos en facies Muschelkalk superior es
précticamente constante, 1o que implica la finalizacién
de la actividad de las fallas activas durante la
sedimentacion de las unidades anteriores.

FIGURA 4. A: Perfil sismico CT88-16 y su interpretacion. Se
muestra un anticlinal de sal de la facies Muschelkalk medio y los
reflectores del Keuper en onlap sobre el Muschelkalk superior
plegado por la acumulacion de sal. Pre-, sin-, y post-cinematico se
refieren al flujo de sal. B: Perfil sismico CT88-17 y su
interpretacion. Se muestra un pliegue forzado del Muschelkalk
superior sobre una falla de zocalo reactivada durante el depésito de
la facies Keuper, que forma un abanico de capas sobre el pliegue.
Ver localizacién en la Fig. 1.

DEFORMACION SALINA

Los perfiles sismicos sugieren que hubo migracién
de sa de la facies Muschelkalk medio ya que se



observan estructuras salinas relacionadas con esta
facies, como anticlinales de sal y welds (Fig. 4). Los
carbonatos en facies Muschelkalk superior se
encuentran plegados por las acumulaciones de sal,
mientras que los reflectores de la facies Keuper se
disponen en onlap sobre e Muschelkalk superior
plegado (Fig. 4A). También se pueden observar
abanicos de capas (Fig. 4B) en los reflectores de la
facies Keuper sobre pliegues forzados del Muschelkalk
superior, que sugieren la reactivacion de fallas
extensivas de zécalo durante el depdsito de la facies
Keuper. Esta reactivacion de la extension durante e
depdsito de la facies Keuper (Tridsico Superior) podria
ser la responsable de la migracion de sa de
Muschelkalk medio, que se habria potenciado por las
diferencias de carga gercidas por las variaciones
laterales de espesor de la facies Keuper, que se
depositd adaptandose al Muschelkalk superior plegado.
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FIGURA 5. Esquema tectonoestratigrafico del Triasico en la parte
central de la Cuenca del Maestrat.

CONCLUSIONES

Durante el episodio de rifting del Pérmico Superior-
Tridsico se fragmenté el basamento aclstico en un
sistema de horsts, grabens y semi-grabens limitados
por fallas normales de ato angulo que fueron activas
durante el depdsito de la facies Buntsandstein, hasta €l
depdsito de la parte inferior de la facies Muschelkalk
medio (Fig. 5). Esta Ultima presenta importantes
cambios de espesor deposicionales. La actividad
extensiva disminuy6 durante el depdsito de la parte
superior de la facies Muschelkalk medio y la facies
Muschelkalk superior, que presenta una potencia casi
constante en toda la cuenca del Maestrat. Los perfiles
sismicos muestran indicios de tectonica salina
afectando a la facies Muschelkalk medio, que forma
anticlinales de sal y welds, aumentando las diferencias
de potencia deposicional de ésta. Los reflectores de la
facies Keuper recubren y se disponen en onlap sobre €l
Muschelkalk superior plegado sobre las acumulaciones
de sal, pudiéndose diferenciar en algin caso abanicos
de capas en los reflectores del Keuper sobre fallas
normales en el zocalo aclstico. Esto indica que, tras
depositarse la facies Muschelkalk superior y durante €l
depdsito de la facies Keuper, se reactivaron algunas

fallas normales en el basamento acustico, provocando
los desplazamientos de la sal del Muschelkalk medio y
pliegues forzados en el Muschelkalk superior sobre
algunas fallas reactivadas.
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Inversion cenozoica de la Cuenca mesozoica del Maestrat: evolucion cinematica del cinturon
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| nver sidn cenozoica de la Cuenca mesozoica del Maestrat: evolucién cineméatica
del cinturon de plieguesy cabalgamientos desarrollado en su margen norte
(Cadena I bérica oriental).

Cenozoic inversion of the Mesozoic Maestrat Basin: kinematic evolution of the fold-and-thrust
belt developed in its northern margin (Eastern I berian Chain).

M. Nebot?, J. Guimera®

1 GEOMODELS Research Institute, Departament de Geodinamicai Geofisica, Facultat de Geologia, Universitat de Barcelona (UB), Marti i Franques
s/n, 08028 Barcelona, Spain. marinanebotmiralles@gmail.com, joan.guimera@ub.edu.

Resumen: La Cuenca del Maestrat fue una de las mas subsidentes del Sistema de Rift Ibérico durante el
Jurésico superior-Cretécico inferior. Se generé mediante un sistema de fallas extensivas que la dividian en
sub-cuencas. Este sistema se invirtié durante el Cenozoico, desarrollandose el Cabalgamiento de Zécalo
del Maestrat, que atraviesa la cuenca de E a W, con vergencia N, como resultado de la inversién de la
falla basal mesozoica en el zécalo. Al alcanzar |a cobertera mesozoica, este cabalgamiento se propagé por
el nivel de despegue del Muschelkalk medio, transportando la cobertera supra-salina, y los segmentos de
fallas normales a través de ésta, hacia el NNE, unos 11-13 km. El cabalgamiento resultante se deduce que
tiene una geometria de rampa-rellano, con una rampa de bajo angulo que alcanza una profundidad de
unos 8 km, enraizada en la corteza superior. El desplazamiento del zocalo en el bloque superior de esta
rampa generé una zona elevada de 40 km de ancho en direccion N-S, limitada a norte por € monoclinal
de Calders, que se interpreta como un pliegue de adaptacion al paso de rampa a rellano de lafalla en €
zécalo, y que marca también el transito de un estilo estructural de piel gruesa d S, a piel finaa N. El
acortamiento en superficie se acumulé en el margen norte de la cuenca, donde la cobertera es mas
delgada, formando el cinturén de pliegues y cabal gamientos de Portalrubio-Vandellos.

Palabras clave: Inversion tectonica, cinturdn de plieguesy cabalgamientos, relieve tecténico, rampade
bajo dngulo, Cadena I bérica.

Abstract: The Maestrat basin was one of the most subsident basins of the Iberian Rift system during the
Late Jurassic-Early Cretaceous, generated by a normal fault system which divided it into sub-basins. The
E-W-trending, N-verging Maestrat Basement Thrust developed during its Cenozoic inversion, traversing
the entire basin, as a result of the inversion of the Mesozoic fault system within the basement. As this
thrust reached the Mesozoic cover, it propagated across the Middle Muschelkalk detachment level,
transporting the supra-salt cover, and the normal fault segments within it, about 11-13 km towards the
North. The basement thrust is deduced to have a ramp-flat geometry, with a low dip ramp which reaches
8 km depth, rooted in the upper crust. The displacement of the basement in the hanging wall of this ramp
generated a 40 km-wide uplifted area, in the N-Sdirection, bounded to the N by the Calders monocline,
interpreted as a fault-bend-fold adapted to the ramp to flat transition in the basement thrust. It also
indicates the transition from a thick-skinned style of deformation in the S to a thin-skinned style to the N.
The superficial shortening accumulated in the northern margin of the basin, containing the thinnest
Mesozoic cover, developing the Portalrubio-Vandellos fold-and-thrust belt.

Key words. Basin inversion, fold-and-thrust belt, tectonic relief, low-dip ramp, Iberian Chain.

INTRODUCCION de Rift Ibérico durante el Jurésico superior-Cretécico
inferior, con espesores de hasta 6.5 km de la serie

La zona de estudio se sitlia en la Zona de Enlace mesozoica (Salas y Guimera, 1996). La inversiéon
(Guimera, 1988) entre la Cadena Ibérica, de contractiva cenozoica de la cuenca origind en su
orientacion NW-SE, y la Cadena Costera Catalana, de margen norte el cinturdn de pliegues y cabalgamientos
orientacion NE-SW (Fig. 1). Dichas cadenas son €l de Portarubio-Vandelldos (Guimera, 1988) de
resultado de la inversion cenozoica del Sistema de Rift orientacion aproximadamente E-W y vergencia N,
Ibérico desarrollado durante el Mesozoico. La Cuenca despegado a favor de las evaporitas del Triasico,

del Maestrat es una de las més subsidentes del sistema



mientras que hacia el sur también involucra el z6calo
varisco.

El objetivo de este trabgjo es estudiar € paso de un
estilo estructural de piel gruesa a piel fina, asi como
caracterizar las estructuras desarrolladas durante cada
episodio de deformacion, para finalmente establecer la
evolucion cinemética de la zona. Con este propdsito, se
han tenido en cuenta datos nuevos de superficie y los
datos de subsuelo disponibles, que constan de sondeos
y perfiles sismicos. El andlisis de estos datos ha
permitido proponer un modelo de evolucién cinematica
para el margen norte de la Cuenca del Maestrat.
También se ha podido hacer una reconstruccion de las
principales sub-cuencas en que se encontraba dividida
durante el Mesozoico y de las estructuras que las
limitaban, asi como de las estructuras contractivas
desarrolladas  durante e Cenozoico, pudiéndose
establecer larelacion entre ambas.

=1 Cenozoico 3

1 Cenozoico 2

1 Cenozoico 1

=1 Cretacico Superior

[ Cretécico Inferior

1 Jurasico (Malm)
Jurasico (Dogger-Lias)
== Tridsico y Pérmico Sup.
== Paleozoico

Perfiles sismicos

FIGURA 1. A: Mapa estructural esquematico de la Cadena Ibérica.
En gris, areas con zocalo involucrado; en punteado, areas con solo
la cobertera involucrada. B: Mapa geolégico de la zona de estudio,
situada en la Zona de Enlace entre la Cadena Costera Catalana y la
Cadena Ibérica.

CONTEXTO GEOLOGICO

El Sistema de Rift Ibérico se desarroll6 durante €l
Mesozoico y experimentd dos maximos de actividad
extensivas durante € Pérmico superior-Triasico,
relacionado con la propagacion hacia el oeste del
sistema de rift del Tethysy hacia el S del sistema de
rift Artico-Atlantico norte, y durante el Oxfordiense
superior-Albiense superior, relacionado con la apertura
del Atlantico norte y el Golfo de Vizcaya. Ambos
episodios extensivos fueron seguidos de episodios de
menor actividad extensiva durante el Hettangiense
superior-Oxfordiense y el Cretécico superior-Paleoceno

(Salas et al., 2001, 2010). Durante €l Paledgeno, este
sistema extensivo se invirtio, relacionado con la
Orogenia Alpina. La inversion de la Cuenca del
Maestrat dio lugar a la Zona de Enlace, de orientacion
mayoritariamente E-W, y a cinturén de pliegues y
cabalgamientos de Portalrubio-Vandellos en su parte
frontal que, en la zona estudiada, presenta una
geometria en arco convexo hacia e antepais. Este
cinturén de pliegues y cabal gamientos esta despegado a
favor de las evaporitas tridsicas (Muschelkalk medio,
mayoritariamente, y Keuper), aunque hacia el sur, €l
cabalgamiento basal pasa a involucrar el zocalo en una
franja E-W (Zona de Fala del Turmell, Salas y
Guimera, 1996) en la que se produce un escaldn
tectonico de entre 800 y 1200m (Gonzélez et al., 1998;
Nebot y Guimerd, 2016a).

EXTENSION MESOZOICA

Durante el Mam y el Cretécico inferior, la Cuenca
del Maestrat quedod dividida en diversas sub-cuencas
limitadas por fallas fundamentalmente normales. En la
zona estudiada, se pueden distinguir las sub-cuencas de
la Salzedella y de Ladrufian, limitadas por fallas
normales de diversas orientaciones conectadas por
rampas de relevo (Fig. 2A). El espesor de los
materiales sin-extensivos, en el conjunto del margen
norte de la cuenca disminuye hacia el N, aunque en
cada sub-cuenca aumenta de espesor hacia el N, hacia
las fallas normales inclinadas hacia el S que las limitan
(Fig. 2B). En la zona més externa de la cuenca, situada
al norte de la falla de Castellote, el Cretécico inferior
varia entre 0 y 300 m, donde se han interpretado fallas
normales que se relevan y que generan pequefias
cuencas de Cretacico inferior sinformes'y transversales
alasfallas.

ESTRUCTURA CONTRACTIVA CENOZOICA

La Zona de Enlace se puede dividir en tres grandes
sectores, atendiendo a estilo estructural observado
(Fig. 3B). El méas meridional esta poco deformado, y
contiene una extensa zona elevada de unos 40 km de
anchura en direccion N-S, donde predominan los
pliegues laxos de longitudes de onda kilométricas,
despegados mayoritariamente a favor del Muschelkalk
medio y agunos en e zbécalo infra-salino. La zona
levantada est4 limitada al norte por el Monoclinal de
Calders, de orientacion E-W, cuyo flanco frontal buza
unos 6° hacia el norte y tiene una anchura de unos 13
km en su parte central, estrechandose lateralmente
hasta conectar con dos falas de zo6cao. Este
monoclinal se ha explicado como un pliegue de flexién
de falla que se adapta a una geometria de rampa-rellano
de la falla de zécalo principal. En la parte centra o
intermedia, situada al norte del monoclinal de Calders,
las estructuras también tienen longitudes de onda
kilométricas, estando despegadas a favor del
Muschelkalk medio, aunque incorporan fragmentos del
z6calo infra-salino en las laminas de cabalgamiento. En



la parte frontal se desarroll6 el cinturdn de pliegues y
cabalgamientos de Portalrubio-Vandellos (Guimera,
1988), en que las estructuras son mas apretadas, con
longitudes de onda de centenares de metros a pocos
kilometros, estando despegado mayoritariamente en las
evaporitastriasicas (Fig. 3A).

La direccion de transporte (NNE-SSW) se ha
interpretado como perpendicular a la traza del
monoclinal de Calders (Fig. 3B) y el sentido hacia €l
antepais (hacia el NNE) coincidiendo con Guimera y
Alvaro (1990), y siendo perpendicular a la mayoria de
las estructuras en la franja central de la zona (Fig. 1).
Se ha construido un corte geoldgico del margen norte
de la Zona de Enlace paralelo a la direccion de
transporte tecténico (Fig. 3A). Este corte revela un
acortamiento minimo de unos 11 km, aungue teniendo
en cuenta la anchura del flanco frontal del Monoclinal
de Caders en su parte central méas extensa, el
acortamiento podria llegar a los 13 km. Los extensos
afloramientos cenozoicos tardi a postecténicos no
permitieron realizar un corte regional continuo,
coincidiendo con la parte mas ancha del monaoclinal.
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FIGURA 2. A: Columnas estratigréficas simplificadas de la zona de
estudio. B: Correlacion N-S de las columnas mas significativas. Se
muestra como a grandes rasgos €l relleno sin-extensvo del
Cretacico inferior se adelgaza hacia el N, donde se sitta el margen
de la cuenca, controlado por fallas normales que buzan hacia el Sy
quedividieron la cuenca del Maestrat en diferentes sub-cuencas.

EVOLUCION CINEMATICA

Durante la contraccion cenozoica se invirtio el
sistema de fallas normales mesozoicas que formé la

sub-cuenca de la Salzedella en su tramo a través del
zocalo, lo que generd el Cabalgamiento de Zécalo del
Maestrat (CZM), que atraviesa la Cuenca del Maestrat
en direccion E-W. Se trata de un cabalgamiento de bajo
angulo, que buza unos 9° hacia el S, alcanzando una
profundidad de unos 8 km, y que estaria enraizado en
la corteza superior, coincidiendo con Seillé et al.
(2015). Este cabalgamiento no se propagé a la
cobertera supra-salina, sino que desarroll6 un short-cut
sub-horizontal que se propagd hacia el N a través del
nivel de despegue del Muschelkalk medio,
transportando hacia el N la cobertera supra-salina unos
11-13 km. De este modo, los segmentos de las fallas
normales a través de la cobertera supra-salina no se
invirtieron por completo, sino que fueron transportados
hacia el norte en el blogue superior de esta falla basal.
El desplazamiento del z6calo sobre la rampa de bgjo
angulo del CZM, levanté un &rea de unos 40 km de
anchura en la direccion N-S, limitada a norte por el
Monoclinal de Calders, que es la manifestacion en
superficie del CZM, ya que su charnela S antiforme
(Fig. 3B) la interpretamos como la adaptacion de la
l&mina a paso de rampa arellano del CZM (Fig. 3A).
La charnela N sinforme, a grandes rasgos, marca €l
paso de un estilo estructural de piel gruesa, a S, a un
estilo estructural de piel final a N. Lalongitud de onda
de las estructuras contractivas disminuye hacia el norte,
hacia el margen de la cuenca, coincidiendo con un
adelgazamiento de la cobertera supra-salina. Esta fue
desplazada hacia el norte despegada en las evaporitas
del Muschelkalk medio, incorporando a blogue
superior de lafala basal algunos segmentos del z6calo
infra-salino, sobre todo en & bloque inferior de las
fallas normales principales (Fig. 3A), debido a los
cambios bruscos de espesor de la cobertera que éstas
generan (Nebot y Guimera, 2016b).

CONCLUSIONES

La inversion cenozoica de la cuenca extensiva
mesozoica del Maestrat generé el Cabalgamiento de
Zécalo del Maestrat, resultado de la inversion de la
falla basal que enraizaba el sistema de fallas normales
mesozoicas. El sector de la falla en e zocao infra-
salino se invirtio, mientras que a alcanzar ésta el nivel
de despegue del Muschelkalk medio se propagdé a
través de éste, transportando la cobertera supra-salina
unos 11 a 13 km hacia e norte. El acortamiento se
acumulé en superficie mayormente en la parte frontal
més externa de la cuenca, coincidiendo con una
cobertera mas delgada, donde se generé el cinturén de
pliegues y cabalgamientos de Portalrubio-Vandellos. El
desplazamiento del zécalo sobre la rampa del CZM
generd una amplia zona levantada de unos 40 km de
ancho, limitada a norte por e Monoclina de Calders,
que es un pliegue de adaptacion a paso de rampa a
rellano del CZM. El paso de un estilo estructural de
piel gruesaa Sapiel finaa N coincide con lacharnela
sinforme frontal del Monoclinal de Calders.
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FIGURA 3. A: Corte regional de la parte central del margen norte de la Cuenca del Maestrat. B: Principales estructuras contractivas desarrolladas
durante la inversién cenozoica de la cuenca. Diferenciacion en zonas segin el estilo estructural. EI segmento NNE-SSW de la traza del corte contiene
la direccion de transporte, deducida como perpendicular a la traza del Monoclinal de Calders. C: Restitucion palinspastica, antes de la contraccién
cenozoica, de las cuencas mesozoicas y las estructuras extensivas que las limitaban durante e Cretéacico inferior.
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