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Abstract On the basis of an analysis of structural surface
data in addition to previously available and new mag-
netotelluric data, it was possible to reconstruct the evolu-
tion of Bicorb-Quesa Diapir. This was initiated as a
reactive diapir in relation to a basement fault. The reactive
diapir was rejuvenated by a thin-skinned compression
during the Paleogene and rose during an extensional early-
middle Miocene phase. Later, in the middle Miocene, the
diapir was squeezed and then, in the late Miocene, was
extensionally reactivated. The current reconstruction
allows us to analyse a diapir affected by a thin-skinned
contractional deformation located on top of a pre-existing
basement fault. Our study highlights the role played by the
geometric relationship between the propagation direction
of the cover deformation and the basement fault.

Keywords Salt diapir - Rejuvenation - Contraction -
Extension - Basement fault - Betics

Introduction

The influence of basement extension on an overburden
detached above an evaporitic layer is well known (Nalpas
and Brun 1993; Jackson and Vendeville 1994; Vendeville
et al. 1995; Withjack and Callaway 2000; Dooley et al.
2003, 2005), as is the inversion of a basement fault with the
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same configuration (Letouzey et al. 1995; Krzywiec 2004;
Ferrer et al. 2012). Similarly, the effect of compression on
a thin-skinned overburden (Coward and Stewart 1995; Sans
and Koyi 2001) and the effect of a thin-skinned contraction
on a previously existing diapir (Vendeville and Nilsen
1995; Roca et al. 2006; Callot et al. 2007; Dooley et al.
2009) have been documented. However, no studies have
yet dealt with the structure produced by a contractive thin-
skinned deformation above a pre-existing basement fault.
Addressing this gap is one of the goals of this study, and
the Bicorb-Quesa Diapir has proved an excellent structure
for this purpose because it is located above an N-dipping
basement fault (Rubinat et al. 2010) and between two thin-
skinned foldbelts.

The Bicorb-Quesa Diapir is a well-studied diapir with a
long deformation history. It was initiated with the forma-
tion of a drape fold and a subsequent reactive diapir above
the basement fault. Thereafter, during the latest stages of
the south Iberian Chain contractional deformation, the
reactive diapir was rejuvenated (in the present paper).
Later, the rejuvenated diapir rose during an early-middle
Miocene extensional phase and was squeezed during the
north propagation of the Betic contractional deformation
(Roca et al. 1996, 2006). Finally, it was reactivated by
means of a Late Miocene extension (Roca et al. 1996,
2006). As a result of this evolution, it constitutes an
example of a salt diapir formed over a basement fault that
was (1) rejuvenated when a contractional thin-skinned
deformation propagated toward the hanging-wall block of
the basement fault and (2) reactivated by cover deforma-
tions propagating in the opposite direction on the footwall
block of the basement fault.

This polyphase deformation of the Bicorb-Quesa Diapir
and of one of the other salt diapirs present in the eastern
Prebetics foldbelt has been recognized for a long time and
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has been used to propose different models of diapir reac-
tivation during later extension, shortening and strike-slip
deformations (De Ruig 1992, 1995; Roca et al. 1996,
2006). However, these earlier studies did not take into
account the pre-Cenozoic structure of the area and the
underlying basement structure. Thus, although geophysical
data indicate the presence of basement faults beneath
several salt diapirs (Carbé 1982; Castaiio and Carb6 1995;
Rubinat et al. 2010), basement faulting was not taken into
consideration. Only a purely thin-skinned extensional
model was used to analyse the kinematic evolution of the
diapirs.

In the present paper, we seek to improve our under-
standing of the relationships between the basement, salt
diapir and overburden structures in the Bicorb-Quesa diapir
area in an effort to shed light on the role played by a pre-
existing basement fault in diapir evolution. On the basis of
this analysis, a new kinematic scenario is proposed, high-
lighting the role played by previous basement faults in the

initiation and reactivation of salt diapirs driven by a thin-
skinned contractional deformation.

Geological setting and a summary of the structural
evolution

The Bicorb-Quesa Diapir is located in the northeastern
zone of the Prebetics (Fig. 1), which belongs to the most
external part of the NNW-oriented foreland fold-and-thrust
belt of the Betic Chain (Blumenthal 1927; Vera 1983). The
Prebetics crop out widely at the eastern end of the chain
where it consists of a para-autochthonous Jurassic to
Miocene carbonate cover detached from an Iberian base-
ment made up of Lower Triassic detrital rock and Vari-
scan-deformed rock of the Paleozoic (Vera 1983). This
autochthonous Iberian basement dips a few degrees to the
southeast and is cut by high-angle extensional faults in the
basement (Carbd 1982; Castafio and Carbo 1995; Rubinat
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Fig. 1 Geological map of the eastern Prebetic Zone and adjoining
southeastern part of the Iberian Chain (SE Spain). Note the different
age and opposite sense of the deformation propagation in the Iberian
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Fig. 2 Regional cross section depicting the main structural features
of the Prebetic and Iberian Chain foreland fold-and-thrust belts (see
location in Fig. 1). Note that N-dipping extensional fault basement

et al. 2010; ter Borgh et al. 2011). In contrast, above the
detachment level (Middle-to-Upper Triassic evaporites),
the Jurassic to Cenozoic (Miocene) cover is much more
deformed with box-fold anticlines, steep dipping faults and
salt diapirs cored by Triassic evaporites (Figs. 1, 2). The
trend of these structures is predominantly ENE-WSW
although other orientations are also present (De Ruig 1992;
Roca et al. 2006; ter Borgh et al. 2011).

In this deformed cover, contractional deformation is
predominant and decreases significantly toward the north-
northwest. This results in a tapered geometry in cross
section that thins north-northwestwards (Fig. 2). Recording
the decrease in contractional deformation, three structural
domains have been distinguished in the eastern Prebetics:
the Internal Prebetics, the External Prebetics and the
Valencian Domain (Fig. 1). (For details, interested readers
can see Garcia-Rodrigo 1960; Azéma et al. 1979; Garcia-
Hernandez et al. 1980; De Ruig 1992; Roca et al. 2006.)

The overall structure of the eastern Prebetics reveals a
complex deformation history. During the Jurassic, it was
characterized by the opening of the Tethys passive margin
and it was affected by salt diapirism probably driven by
gravitational failure in the internal area (Martinez del Olmo
1999). Later, an early to middle Miocene extensional
phase, which was related to the opening of the Valencia
trough, generated a graben system (De Ruig 1992; San-
tisteban et al. 1994; Roca et al. 1996; Martinez del Olmo
1999; Roca et al. 2006) and led to the triggering and
development of diapirs along the graben axes (Roca et al.
2006).

Over this pre-existing structure, the building of the Betic
Chain resulted in the development of a thin-skinned fold-
belt detached on the Middle-to-Upper Triassic salt layer,
which, propagating to the northwest, led to the squeezing
of the diapirs and the formation of complex contractional
structures that linked them (Callot et al. 2007), the inver-
sion of pre-existing faults, and to displacement to the north

__— Fault 0 4km
Main Iberian Chain
detachment level
Main Betic detachment level

Basement rocks

|:| Variscan basement

faults control the location both of salt diapirs of and thrust fronts
(modified from Roca et al. 2006)

above the evaporites of the Prebetics (Roca et al. 2006).
After this contractional deformation, the entire structure
was affected by a younger late Miocene extension episode
that generated the extensional reactivation of some pre-
existing overburden faults and diapirs (Ott d’Estevou et al.
1988; De Ruig 1995; Roca et al. 1996).

To complete this geological setting of the Bicorb-Quesa
Diapir emplacement, it should be noted that the northern
boundary of the eastern Prebetics (the northern edge of the
Valencian Domain) coincides with the southwest frontal
thrust of the Iberian Chain (Fig. 1). The Iberian Chain is an
intraplate doubly vergent fold-and-thrust belt located in the
central and eastern parts of the Iberian Peninsula (Fig. 1). It
formed from the tectonic inversion of Late Permian-Early
Cretaceous basins during the Paleogene-early Miocene
times (Alvaro et al. 1979; Guimera and Alvaro 1990) and,
consequently, before the main contractional deformation of
the eastern Prebetics. North of the study area, the Iberian
Chain, consists of a system of SW-verging thrusts and
folds, which was detached in the Middle-Upper Triassic
evaporites and also pierced by salt diapirs (Moissenet
1985; Guimera et al. 2004). The southwest front of this
system is located 15 km north of the Bicorb-Quesa Diapir
and consists of a SW-verging thrust detached at the Middle-
Upper Triassic evaporites (Fig. 2).

Stratigraphy

The Variscan basement is composed of Paleozoic sand-
stones, shales and quartzites that were metamorphosed
and deformed between the Late Devonian and the Late
Carboniferous Variscan orogeny (Bartrina et al. 1990;
Martinez-Poyatos et al. 2004). Above the Variscan basement,
the Permian to Lower Triassic sediments are mainly made up
of synrift continental siliciclastic rocks that were deposited
during the early stages of the extensional opening of the
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Fig. 3 Stratigraphic chart of the study area with the map and cross
sections colour legend used for each differentiated unit, as well as the
corresponding resistivity interval (modified from Rubinat et al. 2010)

Tethys Sea (Fig. 3) (Arche and Lodpez-Goémez 1996;
Sopeiia and Sanchez-Moya 2004).

The Middle-to-Upper Triassic in the eastern Iberian
plate is constituted by layered evaporite sequences with
platform carbonates and fine-grained detrital interbeds. In
the study area, it particularly consists of a thin basal
evaporite layer (Rot facies), a 50-200 m thick succession
of Middle Triassic carbonates (Fig. 3) (Muschelkalk facies;
Suarez Alba 2007) and a 600-700 m thick succession of
continental evaporites and fine clastics that are Upper
Triassic in age (Keuper facies) (Bartrina et al. 1990; De
Torres and Séanchez 1990). In this upper succession, salt is
abundant and, on the basis of the predominant lithology,
three stratigraphic units have been distinguished (Orti
1974; Orti and Salvany 1990): a Lower Evaporite Unit,
formed by thick salt-layered sequences with thin interbeds
of grey gypsiferous marls, sandstones and carbonates; a red
Mid-Detrital Unit, composed of sandstones and mudstones;
and an Upper Evaporite Unit, formed by salt, gypsum and
red gypsiferous mudstones (Fig. 3).

@ Springer

On top of the ductile-deformed Middle-Upper Triassic,
there is a 1500-1700 m thick overburden made up of
a Jurassic-Cretaceous carbonate-dominated sequence
(Meléndez 1979; Rios et al. 1980; Garcia et al. 1981;
Lanaja 1987). This overburden is unconformably overlain
by Cenozoic terrigenous successions that crop out in the
half-grabens (Fig. 3). Although some marine upper Oligocene
to lowermost Miocene deposits are present locally, most of
these Cenozoic successions are early-middle to late Miocene
in age and were deposited in both alluvial and lacustrine
environments (Santisteban et al. 1989; Anadon et al. 1998,
2000; Fig. 3).

The Bicorb-Quesa Diapir

The Bicorb-Quesa Diapir is an ENE-elongated salt diapir
located in the central part of the Valencian Domain
(Fig. 1). It is about 12 km long and widens progressively
eastwards up to nearly 2 km in width at the eastern end of
the diapir (Fig. 4). At that point, the Bicorb-Quesa Diapir
joins the Navarrés Diapir, which spreads 15 km southwards
following a NNW trend (Fig. 1). To the west, the Bicorb-
Quesa Diapir termination coincides with the junction of the
NW-trending Sacaras Half-graben and the ENE-trending
Juanera Half-graben (Fig. 5). These two half-grabens are in
lateral continuity with the Bicorb and Quesa Half-grabens
flanking the diapir and are also filled with Miocene
deposits (Fig. 5).

The 3D structure of this diapir and the surrounding
overburden and underlying basement have been analysed
by means of detailed geological mapping (Fig. 4), the
construction of a series of cross sections and the acquisition
of two new magnetotelluric profiles (Fig. 6). Before
describing this 3D structure, the main features and results
of the new magnetotelluric survey are presented.

Bicorb-Quesa magnetotelluric data

The magnetotelluric (MT) method is a natural source
electromagnetic (EM) technique that allows us to charac-
terize the electrical conductivity distribution of the sub-
surface by simultaneously measuring the time variation of
the electric and magnetic fields on the Earth’s surface. The
penetration of the electromagnetic field is a function of the
electrical conductivity of the Earth (o) and the frequency of
the signal (f). The fundamentals of the method have been
extensively presented by Vozoff (1991) and Simpson and
Bahr (2005).

The use of the magnetotelluric technique to determine
the deep structure of the study area is not new. Rubinat
et al. (2010) performed a 2D magnetotelluric model of the
Bicorb-Quesa diapir that revealed its main features at depth
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as well as those of the adjoining overburden and underlying
basement. To create a more complete image of the sub-
surface structure, we carried out two new magnetotelluric
profiles across the western part of the study area where the
Bicorb-Quesa Diapir does not crop out (Fig. 4). These new
models (I-I' and II-1I' of Fig. 6) are based on the record of
26 new measuring stations (sites) using broadband ADU-
06 MT stations from Metronix (Fig. 5). The sampling
frequency ranged between 4096 and 2 Hz. To determine
the direction of the geological structures (strike) and the TE
and TM modes, we applied the McNeice-Jones (McNeice
and Jones 2001) multi-site, multi-frequency MT tensor
decomposition based on Groom and Bailey (1989).

As in Rubinat et al. (2010), the analysis of the dimen-
sionality shows a regional 2D response within the range of
0.001-1 s, with some local distortion. The geoelectric
strike direction of these predominant 2D structures is close
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to N138° for model I-I' and N63° for the model II-IT,
which are perpendicular to the main outcropping geologi-
cal structures.

In addition, the inversion of the acquired data in these
new models points to significant resistivity contrasts in the
bedrock, which, when combined with the geological cross
sections obtained from field data, establishes a good cor-
relation between resistivity and lithology (Fig. 3). In this
correlation, the highest resistivity values fit in with dry
evaporites (salt and anhydrites), basement metamorphic
rocks, volcanic rocks and dolostones, the medium resis-
tivity values correspond to limestones, and the lowest
values fit in with mudstones, sandstones and wet evaporites
(gypsum and wet salt) (Fig. 3). As a result, the MT models
provide a lithostratigraphic image that substantially helps
us to better understand the structure of the Bicorb-Quesa
Diapir and surrounding areas, supplying information that
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cannot be derived from the surface geology. The data allow
us to recognize changes in Mesozoic stratigraphic thick-
ness, determine the geometry of the basement top and
decipher the motion and migration of the salt inside the
diapiric rocks. In this regard, the Bicorb-Quesa MT models
(Fig. 6) show the following:

1. The existence of an N-dipping extensional basement
fault beneath the Bicorb-Quesa Diapir that was active
during the sedimentation of both Permian-Lower
Triassic and Upper Jurassic-Cretaceous successions
(Rubinat et al. 2010).

2. The diapiric accumulation of Upper Triassic dry salt in
the core of the Bicorb-Quesa Diapir (Rubinat et al.
2010) and a salt accumulation in the uplifted footwall
of the main extensional faults, bounding the Juanera
and Sécaras Half-grabens forming reactive diapirs
(Vendeville and Jackson 1992).

3. The presence of an almost flat basement in the profiles
that do not cross the diapir.

The Bicorb-Quesa structure

The structure of the Bicorb-Quesa area is strongly condi-
tioned by the presence of a ductile and diapiric Middle-
Upper Triassic level. This evaporite-detrital level decou-
ples the deformation, resulting in a completely different
structural style in the subsalt basement (thick-skinned) and
supra-salt cover (thin-skinned) deformations (Nalpas and
Brun 1993; Vendeville et al. 1995; Withjack and Callaway
2000; Dooley et al. 2005). The main features of these three
different structural levels (subsalt basement, Middle-Upper
Triassic detachment level and Jurassic to Miocene over-
burden) are detailed below.

Basement structure

Their resistivity signature (Fig. 6) and the available
gravimetrics (Carb6 1980) indicate that the Variscan base-
ment is cut by an ENE-trending fault below the outcropping
Bicorb-Quesa Diapir. This fault, the Bicorb-Quesa Fault,
sinks the NNW fault block with a vertical throw that decreases
progressively westwards from about 1000 metres in the
magnetotelluric profile until it disappears close to the western
end of the present-day outcropping diapir (Rubinat et al.
2010). West of this location (Fig. 6), beneath the Juanera and
Sacaras Half-grabens, the top of the Variscan basement
appears nearly horizontal with a depth similar to the one
observed in the SSE block of the Bicorb-Quesa Fault
(900-1,000 m below sea level). The presence of a 100 m
vertical throw and south dipping fault below the Carroig Fault
can be observed (Fig. 6 Model II-1T').

Above the Variscan basement top, the thickness and
structure of the overlying Permian-Lower Triassic succes-
sions cannot be directly obtained from the available data.
Both magnetotelluric and gravimetric data do not have
enough resolution to distinguish these successions from the
overlying Middle-Upper Triassic diapiric level. However,
comparing the thickness of the “Triassic” conductor with
the regional Middle-Upper Triassic thickness (about
600-800 m; Lanaja 1987; Bartrina et al. 1990), we can
infer that it is relatively thick (400-500 m) in the hanging-
wall of the Bicorb-Quesa Fault and very thin (<200 m) in
the remaining areas. Such changes in thickness suggest a
contemporaneous extensional motion of the Bicorb-Quesa
basement fault similar to the motion described in other
N- and E-trending basement faults of the Iberian Chain
(Arche and Lopez-Gomez 1996; Arche et al. 2007).

Middle-Upper Triassic structure

The upper evaporite sequence constitutes the main
décollement and source layer for diapirs in the eastern
Iberian plate (Moissenet 1985; Guimera and Alvaro 1990;
De Ruig 1992; Martinez del Olmo 1999). However, as
regards diapirism, it should be noted that it seems to be
triggered mainly by the salt flow of the thick salt-layered
sequences of the Lower Evaporite Unit (Fig. 3). In fact,
although all the Middle-Upper Triassic units are present in
the Bicorb-Quesa Diapir outcrop, surface mapping (Fig. 4)
clearly shows that the dry salt coring the diapir correlates at
the surface with the intensely folded and sheared sequences
of the lower part of the Keuper facies (K1) as usually
occurs in diapirs (Dooley et al. 2009).

The Bicorb-Quesa Diapir disappears progressively to
the west and has a width of about 1 km except close to the
junction of the Bicorb-Quesa and Navarrés Diapirs, where
it attains a width of 2 km (Fig. 4). According to the mag-
netotelluric data (Rubinat et al. 2010), the cross-sectional
shape of the salt wall is asymmetric, with the northern edge
nearly vertical and the southern one dipping up to 50° to
the south (Fig. 6). The internal structure of the salt wall is
very complex with variably oriented folds, shear zones and
faults that record a complex deformational history. How-
ever, the presence of a thrust with Muschelkalk materials
above the diapir (Fig. 4) leads us to deduce that this
structure occurred during a compressive stage prior to the
placement of the diapir.

Outside the Bicorb-Quesa Diapir, the thickness of the
Middle-Upper Triassic is rather constant below the over-
burden horizontal platforms but not beneath the half-gra-
bens. Here, the Middle-Upper Triassic is much thinner
beneath the hanging-wall blocks of the extensional faults
but thicker in the footwall of the major half-graben
bounding faults. This thickening is prominent along the
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Fig. 7 West to East serial geological cross sections through the study
area (see Fig. 5 for location) showing the decoupling of the
deformation above and below the Middle-Upper Triassic evaporites.

faults bounding the Bicorb, Juanera and Sacaras Half-grabens
(the Cazuma, Carroig and Solana Faults) where the Middle-
Upper Triassic is up to 700 m thick (Fig. 7). In contrast, the
thinning of the Middle-Upper Triassic beneath the half-gra-
bens is especially conspicuous close to the Bicorb-Quesa
diapir (the Bicorb, Quesa and western part of the Juanera
Half-grabens) where this level seems to disappear completely.
The origin of these changes in thickness should be attributed
to the migration of the Keuper salt, which withdrew from
under the thicker overburden areas to the areas where the
overburden was thinner (in the Bicorb-Quesa Diapir and
beneath the extensional faults creating reactive diapirs)
(Vendeville and Jackson 1992; Nilsen et al. 1995). This fits in
with the magnetotelluric data that show the presence of high
resistive bodies (dry salt) in the Bicorb-Quesa Diapir and
beneath the main half-graben bounding faults (Fig. 6).

Overburden structure
Northern segment (Sdcaras Half-graben)

The Séacaras Half-graben system is located northwest of the
western end of the Bicorb-Quesa Diapir (Fig. 4). It is a
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half-graben that developed from the extensional motion of
the SW-dipping Solana Fault and tilts 10-35° toward the
NE of its hanging-wall overburden block (cross section
AA’ in Fig. 7). As in the other major extensional faults
cutting the overburden (the Cazuma and Carroig Faults),
this hanging-wall block is deformed close to the fault by a
syncline whose geometry indicates that the overburden
faulting was preceded by the growth of extensional fault-
propagation folds. On the other side of the fault, which is
the footwall block, the overburden is flexed up with a
tilting that increases with the fault displacement (Fig. 7
cross section AA’). This flexure, which is also present in all
major overburden-cutting faults, is ascribed to the inflation
of Middle-Upper Triassic salt in the reactive diapirs that
developed in the fault footwalls. The flexion also produces
the bending of the overlying fault surface.

Western segment (Juanera Half-graben)

The Juanera Half-graben (Fig. 4) is bounded on the
northwest by a SE-dipping extensional fault. This fault, the
Carroig Fault, connects with the western end of the Bicorb-
Quesa Diapir and depicts a dip slip which increases
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eastwards up to 900-1,000 m close to this connection
(cross sections CC' and DD’ in Fig. 7). The horizontal
arrangement of the Variscan basement top in the mag-
netotelluric I-I' profile (Fig. 6) shows that the Carroig fault
is also rooted in the ductile Middle-Upper Triassic layer.
However, the higher elevation of the subhorizontal over-
burden in the Muelas de Cortes platform with respect to the
overburden located south of the Juanera Half-graben (cross
sections CC’ and DD’ in Fig. 7) and the profile II-II' in
Fig. 6 suggests that its location is controlled by the motion
of an underlying buried basement fault.

The age of the Carroig Fault motion and of the Juanera
Half-graben should be placed between the early-middle
Miocene and the post-early-middle Miocene period. This is
constrained by the presence of early to middle Miocene
continental deposits in the hanging-wall fault block adja-
cent to the fault. These deposits are cut by the Carroig Fault
and the related antithetic faults, whereas the underlying
overburden is folded by the precursor extensional fault-
propagation fold (syncline) (cross sections BB’ to DD’ in
Fig. 7).

Earlier than this extensional deformation, no other
Alpine deformations have been observed in the area, except
close to the Bicorb-Quesa Diapir, where the unconformable
arrangement of the lower-middle Miocene deposits over
different Upper Cretaceous units (Fig. 4) points to the
development of an ENE-trending Paleogene to earliest
Miocene anticline. This anticline, which is located in the
western prolongation of the Bicorb-Quesa Diapir, plunges
westwards and disappears beneath the Juanera Half-graben
infill (Fig. 5).

Eastern segment (Bicorb and Quesa Half-grabens)

The geological map (Fig. 4) and the cross sections EE’ to
HH' in Fig. 7 clearly show that the overburden structure in
this rift segment is much more complex. In outline, it
corresponds to two opposite-verging half-grabens (the
Bicorb and Quesa Half-grabens) flanking a central anticline
pierced by the Bicorb-Quesa Diapir.

The southeastern half-graben (the Quesa Half-graben)
could be considered as the eastern extension of the Juanera
Half-graben (Figs. 4, 5). The structural polarity of faulting
and tilting is different in the two half-grabens. Unlike the
Juanera Half-graben, the overburden here is mainly tilted to
the southeast and the main bounding extensional fault is
not located in the northwestern margin but in the south-
eastern one. This main extensional fault (Los Charcos
Fault) dips northwestwards and connects westwards with
the main antithetic fault of the Carroig Fault (the Benefetal
Fault). The Los Charcos Fault increases its vertical throw
to the east from 350 to 900 m (cross sections DD’ to HH'
in Fig. 7) while the footwall southeast tilting intensifies.

However, in the hanging-wall, the overburden is tilted to
the southeast and compartmentalized by many NW-dipping
extensional faults, among which is the eastern prolongation
of the Benefetal Fault. This overburden, as in the Juanera
Half-graben, is also unconformably overlain by Miocene
successions. In the Quesa Half-graben, it is possible to
distinguish two extensional events. The latter event
involves all the Miocene materials, whereas the former
involves the Lower-Middle Miocene (dated by Ruiz-San-
chez and Santisteban 2004) (Fig. 4 and cross section FF' in
Fig. 7).

On the northern side of the Bicorb-Quesa Diapir, the
Bicorb Half-graben consists of a NW-tilted block bounded
northwards by SE-dipping extensional faults (cross sec-
tions DD’ to HH' in Fig. 7). The main fault is the ENE-
trending Cazuma Fault, which shows a dip slip of about
1000-1300 m, and is the highest of the half-graben main
faults in the study area. Its large dip slip produces salt
unloading below the fault and the rise of a reactive diapir,
which folds the materials located above (Vendeville and
Jackson 1992). In the footwall, north of the Cazuma Fault,
there are minor faults parallel to the main one. These minor
faults are less folded and present less displacement (Fig. 7
cross sections FF' and GG’). The Cazuma hanging-wall is
NW-tilted and presents some minor extensional faults. On
top of the Mesozoic materials, the Miocene sediments are
disposed discordantly (Fig. 4 and 7 cross sections EE’ to
HH'). The lower-middle Miocene sediments are coeval
with the extension of Cazuma Fault and with the hanging-
wall faults, while the footwall faults are coeval with the
upper Miocene sediments (Roca et al. 1996).

The serial cross sections in Fig. 7 clearly show that both
the Mesozoic and the early-middle Miocene successions of
the Bicorb and Quesa Half-grabens are bent up close to the
Bicorb-Quesa Diapir. This bending-up is not symmetrical
along the two diapir edges. It is much more pronounced
along the northern diapir edge where the lower-middle
Miocene appears vertical or even overturned. Along this
edge, growth-strata geometries date the bending-up as
middle Miocene, which is more or less coeval with the
emplacement of the Picos de la Olla low-angle thrust (Roca
et al. 1996). This NW-directed thrust, which is cut by the
diapir, affects the lower-middle Miocene deposits but not
the younger ones (Figs. 4, 7 cross section GG').

Before the development of these early-middle Miocene
structures, the subcrop map in Fig. 8 clearly shows the
presence of a pre-early-middle Miocene ENE-trending
anticline in the present-day location of the Bicorb-Quesa
Diapir that had been partially or totally eroded before the
sedimentation of the Miocene deposits. This anticline,
which is pierced by the Bicorb-Quesa Diapir, depicts a
south-verging fold and has its hinge locally preserved on
the southeastern flank of the diapir (Punta Arnés and

@ Springer



Int J Earth Sci (Geol Rundsch) (2013) 102:25-41

7
00° 50" W

007 50 W ;

39°06'N 00°46 W

00° 4{6' w Maastrichtian-
Santonian
Coniacian-
Cenomanian
I:’ Lower Cretaceous
E Jurassic

__' : Present-day
_— - outcropping diapir
RQuesa

Uncorformity

Aludey

oy —
-

Fig. 8 Subcrop map of the Miocene showing the pre-diapiric structure of the study area

Burriquet Alt; Fig. 4). The Jurassic-Cretaceous successions
folded by this anticline are thinner than in the rest of the
study area and are cut by pre-Miocene faults (Fig. 7 cross
sections EE' to HH'). These faults, in the forelimb
(=northwestern part of the Quesa Half-graben), are high-
angle SE-directed reverse faults formed during or after the
anticline development. In contrast, in the backlimb
(=southeastern part of the Bicorb Half-graben), they are,
apparently, NW-directed reverse faults that are over-rota-
ted faults and that, after unfolding the bent-up lower-
middle Miocene deposits, became NW-dipping extensional
faults. The age of the formation of these faults is probably
assigned to the Mesozoic according to the models of Nal-
pas and Brun (1993), Vendeville et al. (1995), Withjack
and Callaway (2000), Dooley et al. (2003). These models
have the same configuration as our study area (basement,
salt layer and overburden), and they show the formation of
normal faults above the basement fault as well as the
thinning of the overburden.

Bicorb-Quesa Diapir evolution

The comparative analysis of the overburden, Middle-Upper
Triassic and Variscan basement structure shows that the
Bicorb-Quesa Diapir developed above a NNW-dipping
extensional basement fault with a complex deformational
history that includes both contractional and extensional
diapir reactivations. This story begins with the formation of
a drape fold above the basement fault, which plays an
essential role in the subsequent development of the area
structure.

Specifically, our structural observations, combined with
the tectono-sedimentary information provided by the
Miocene deposits (Roca et al. 1996; Anadon et al. 1998),
allow us to establish that the present-day structure of the
Bicorb-Quesa Diapir is the result of a complex Alpine
evolution with six major deformational stages. The first
three stages are linked to the Mesozoic extensional opening
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of the Tethys Sea and the other three to the development of
the Iberian and Betic thrust-and-fold belts (Fig. 9).

Permian-Early Triassic rift stage

This is the first Alpine deformational stage observed in the
study area, and it corresponds to the extensional stage in
which the NNW-dipping Bicorb-Quesa basement fault was
formed. The extensional motion of this fault during the
Permian-Early Triassic period is evidenced by the varia-
tions in thickness of the pre-Jurassic successions which,
according to the magnetotelluric data, are much thicker in
its hanging-wall (1100 m) than in its footwall (600 m). The
parallel extensional basement fault depicted in Fig. 2
beneath the Xuquer Diapir probably also formed during
this rifting stage.

Late Jurassic-early Cretaceous synrift stage

Although most of the extensional motion of the Bicorb-
Quesa Fault occurred during the Permian-Early Triassic
period, variations in thickness of the Mesozoic overburden
indicate that this fault also moved extensionally during the
sedimentation of the Upper Jurassic-Lower Cretaceous
successions. However, this motion, which was much
smaller, produced the monoclinal drape folding of the
overburden over the basement extensional fault, with
salt accommodating the difference in geometry (Fig. 9).
The extension of this folded overburden probably led to
the formation of the extensional fault recognized on the
northern flank of the present-day Bicorb-Quesa Diapir.
This motion could have generated other extensional faults
on the northern flank, but they cannot be identified given
that they were rejuvenated in later events. These exten-
sional faults, which developed at the upper hinge of the
monoclinal drape fold, would contribute to the formation of
an incipient reactive diapir (a salt roller) with salt provided
by both the hanging-wall and the footwall (Burliga et al.
2012).
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The extensional motion of the Bicorb-Quesa Fault and the
related overburden deformation ended before the start of
the Upper Cretaceous. The Cenomanian and Turonian
successions are affected only by a slight thinning in the
footwall of the active extensional fault that developed at
the upper hinge of the previously formed monoclinal drape
fold. The Cenomanian-Turonian materials go from the
regular thickness of 200-80 m in this area (Fig. 7 cross
section EE’ to HH'). Formed in an extensional regional
postrift setting (Salas and Casas 1993; Salas et al. 2001),

this thinning is interpreted as being driven by a still-
working migration of the Middle-Upper Triassic salt
because of the overburden load differences (Ge et al.
1997).

Paleogene contractional stage

Between the Senonian (Upper Cretaceous) and the early
Miocene, the previous thinning area (the reactive diapir)
becomes an S-verging anticline with fairly vertical limbs
and a positive relief of between 200 and 400 m over the
region (Fig. 9 and cross section EE' to FF' in Fig. 7). This
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anticline is well recorded in the lower-middle Miocene
subcrop map (Fig. 8). It is detached on the Middle-Upper
Triassic evaporite layers and had its southern limb cut by
S-directed reverse faults. The fold shape, the relief and the
presence of the reverse fault rule out the possibility that it
was formed by extension, while the lack of active diapirism
enables us to conclude that the fold is formed by rejuve-
nation. These rejuvenation folds are well known in thick-
skinned deformations in a contractive event (Letouzey
et al. 1995; Krzywiec 2004; Ferrer et al. 2012). Moreover,
not far from the study area stands the Iberian Chain
(Paleogene and earliest Miocene) (Fig. 1). In these nearby
areas, the Iberian Chain is formed by a thrust-and-fold
system detached above Middle-Upper Triassic salts that
propagated southeastwards through time. As shown in the
cross section in Fig. 2, the location of the deformational
front of this part of the Iberian Chain is controlled by
the presence of pre-existing basement faults (in this case,
the Xuquer basement fault), which cut and displaced the
Middle-Upper Triassic detachment level. In this regional
scenario, the Paleogene anticline that developed in the
Bicorb-Quesa area can be attributed to a further propaga-
tion of the Iberian Chain deformation above the Middle-
Upper Triassic level of the footwall block of Xuquer
basement fault. Further propagation was hampered by the
Bicorb-Quesa Fault, which displaced the detachment level,
resulting in the formation of a new frontal fold above this
sticking point.

Early-middle Miocene diapiric stage

The Bicorb-Quesa Diapir became active and rose to the
crest of this anticline just before or at the start of the
sedimentation of the lower-middle Miocene detrital
deposits. This is evidenced by the petrological composi-
tion of the deposits (Roca et al. 1996). The origin of this
precursor Bicorb-Quesa Diapir has been explained by the
denudation of extensional faulting caused by the opening
of the Valencia Trough (Roca et al. 1996, 2006). How-
ever, the diapir rise also seems related to the erosion of
the anticline rejuvenated during the Paleogene contrac-
tional stage, which was significantly eroded before the
deposition of the lower-middle Miocene sequences
(Fig. 9). The growth of the Bicorb-Quesa Diapir during
the early-middle Miocene entailed salt evacuation on the
hanging-wall block of the Bicorb-Quesa Fault and, to a
lesser extent, in the other diapir areas. This resulted in the
sinking of the overlying overburden, which was exten-
sionally faulted and unconformably overlain by relatively
thick lower-middle Miocene detrital successions. Coeval
with this process, the Bicorb and the incipient Quesa and
Juanera Half-grabens were formed as salt evacuation
basins.
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Middle Miocene contractional stage

During the Middle Miocene development of the Prebetic
folds and thrusts, the pre-existing Bicorb-Quesa Diapir was
shortened producing, first, the squeezing of the diapir as
indicated in the sedimentary record by a significant rise of
evaporitic material (Roca et al. 1996). Then, once the
diapir was welded, a contractional deformation occurred in
the surrounding overburden and lower-middle Miocene
syndiapir rocks (Roca et al. 1996, 2006; Fig. 9). This
contractional deformation was focused on the pre-existing
diapir because of its weakness, and it consisted of a major
NNW-verging anticline cut on its forelimb by the NNW-
directed Picos de la Olla low-angle thrust. This contractive
event could be responsible for the thrust observed inside
the present-day diapir. As in the Paleogene contractional
stage, the Middle Miocene contractional deformation did
not affect the basement since it was detached from the
Middle-Upper Triassic evaporites. However, the deforma-
tion during this shortening phase propagated northwards in
the footwall of the Bicorb-Quesa basement fault (Fig. 9).
This different configuration hampers the propagation of
Prebetic thin-skinned contractional deformation north of
the Bicorb-Quesa basement fault because the detachment
level was down-dropped to the north of the fault.

Late Miocene extensional diapir reactivation stage

This is the last Alpine deformational stage distinguished in
the study area. It corresponds to a regional extensional
stage in which the Jurassic-Cretaceous subhorizontal plat-
form of the Valencian Domain was extended by means of
the formation of several sets of extensional faults detached
in the Middle-Upper Triassic evaporites (De Ruig 1992,
Roca et al. 1996; Fig. 9). In the study area, this extensional
overburden deformation produced the extensional reacti-
vation of the squeezed Bicorb-Quesa Diapir and the
development, at its western prolongation, of a major SE-
dipping extensional fault (the Carroig Fault) (Roca et al.
1996, 2006).

The role of pre-existing basement faults in the initiation
and reactivation of salt diapirs

The reconstruction of the evolution of the Bicorb-Quesa
Diapir indicates a complex salt diapir that evolved from a
contractional and extensional thin-skinned deformation of
an overburden located on top of a pre-existing extensional
basement fault. A thin-skinned deformation produced the
rejuvenation of a previous reactive diapir, the growth of the
Bicorb-Quesa Diapir, the squeezing of the diapir and the
reactivation of the diapir.
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In each of these stages, cover deformation and diapirism
appear strongly influenced by the propagation direction of
the deformation above the detachment level, which was
previously flexed or truncated on top of the pre-existing
basement fault. This propagation, in the compressive
stages, was directed toward the basement fault. In the
Paleogene contractional stage, it occurred in the hanging-
wall, whereas in the middle Miocene, it occurred in the
footwall. Below we discuss the role played by the pre-
existing basement faults in the thin-skinned contractional
initiation and reactivation of salt diapirs, focusing on the
influence of the propagation direction of the cover
deformation.

Contractional diapir initiation

Before addressing contractional deformation, it should be
noted that the structural style of overburden and salt-layer
deformation above a growing extensional basement fault is
strongly dependent on the degree of decoupling between
supra- and subsalt deformation (Withjack and Callaway
2000). Thus, if the deformation is coupled, then the defor-
mation style is transferred through the detachment level

Fig. 10 Summary diagram of (a)

Initial Basement

(Fig. 10). By contrast, if the deformation is decoupled,
structural styles above and below the salt can be quite different
and may result in an overburden drape folding above a base-
ment extensional fault (Jackson and Vendeville 1994). Since
the overburden section must extend as much as the basement,
this drape folding is accompanied by extensional faulting on
the upper hinge of the monoclinal drape fold. This is the area
where reactive diapirs can initiate (Fig. 10). Also in this
decoupled scenario, salt-layer thickness is not constant but
changes laterally, accommodating the difference between the
supra- and subsalt geometries. As regards this major salt
mobility, the salt layer (potential future detachment level of
later thin-skinned deformations) usually has lateral continuity
above the basement fault, which does not occur in the coupled
scenario, where it is simply cut and displaced by the fault
(Fig. 10).

Shortening of these different thick-skinned salt tectonic
structures would promote the growth of different contrac-
tional structures (mainly folds) which, in some cases, can
enhance diapirism as a result of their erosion and/or frac-
ture weakening (Fig. 10). The diapir initiation in these
structures would not only depend on the amount of over-
burden denudation but also on the fold shape and
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kinematics. This initiation also depends of the follow-
ing factors: thickness and mechanical behaviour of the
overburden, deformation rates, amount of deformation,
thickness of the salt, the pre-existing overburden, salt
configuration, etc. Consequently, the possibility of devel-
oping contractional-driven diapirism over a pre-existing
basement fault will be different if the contractional defor-
mation is developed over a previously coupled or decou-
pled overburden. The resulting structure will also depend
on whether the overburden thin-skinned contractional
deformation propagates on top of the hanging-wall or on
top of the footwall of the basement fault.

We focus on three possible scenarios: (1) a coupled salt
layer, (2) a decoupled salt layer with the footwall and
hanging-wall salt layer that is disconnected and (3) a
decoupled salt layer that is connected (Fig. 10a). Thus, if
we consider that the salt layer acts as a detachment level,
the contractional deformation can be propagated toward the
pre-existing extensional basement fault over its hanging-
wall or over its footwall (Fig. 10a).

In the case of a salt-disconnected/hanging-wall propa-
gation, the basement fault acts as a barrier for the prop-
agation of the contractional overburden deformation,
leading to the development of buttressing structures
(mainly detachment folds and backthrusts) or basement
short cuts. In this setting, the salt-cored structures that
developed from contractional structures have a thick
overburden and, therefore, are not very suitable for being
pierced by salt. The only exception might be the tight
buttress anticlines that can be formed against the fault
plane (Fig. 10a). These anticlines present better condi-
tions for developing a salt diapir since they tend to be
taller and have an initial small overburden/salt thickness
ratio (see above for more information on a decoupled
extensional deformation over a basement extensional
fault). Furthermore, if a basement short cut develops,
these anticlines could also be significantly uplifted above
the regional level, favouring a deep erosion to an even
greater extent.

In the case of a salt-connected/hanging-wall propaga-
tion, the overburden contractional deformation can propa-
gate toward the basement fault footwall above the inherited
flat-ramp-flat geometry of the upper part of the salt layer.
This detachment geometry leads to the development of a
detachment fold on the concave-downward detachment
bend, and also to the squeezing of the salt located on the
basement fault surface. The salt is expelled upwards toward
the generated detachment fold. Note that all these con-
tractional structures develop at or very close to the location
of the hinge of the overburden monoclinal drape fold that
formed during the older extensional motion of the under-
lying basement fault. Therefore, contractional anticlines
develop at the place where the overburden is thinner and
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where the salt layer is thicker (Fig. 10a). As a result, the
formation of diapirs by erosion and salt breakthrough is
relatively easy here. An example of this kind of contrac-
tional-driven diapir would be the one that developed during
the Paleogene-Lower Miocene over the Bicorb-Quesa
basement fault.

In the case of a footwall propagation, the contractional
deformation would be blocked at the top of the basement
fault. The detachment fault would be interrupted by the
fault in a salt-disconnected scenario or by the monocline
limb of the drag fold in a salt-connected scenario. This
would give rise to the formation of a thrust front or
detachment anticline at the top of the basement footwall
cut-off of the pre-existing extensional fault (Fig. 10a). As
in the previous case, these contractional structures would
be developed at or very close to the hinge of the over-
burden monoclinal drape fold that formed during the older
extensional motion of the underlying basement fault.
Consequently, they would also constitute a suitable loca-
tion for the generation of salt diapirs by overburden
denudation. The Betic Front at the Xdaquer River (Fig. 2)
provides an example of this kind of situation.

Contractional diapir reactivation and/or squeezing

The propagation direction of an overburden contractional
deformation also plays a major role in the contractional
reactivation and/or squeezing of a salt diapir developed
over an extensional basement fault. Both the geometrical
features and the evolutionary trends of shortened diapirs
will be rather different depending on whether the con-
tractional deformation propagates toward the diapir over
the hanging-wall or over the footwall of the basement fault
(Fig. 10b).

Indeed, if contractional deformation propagates above
the salt layer lying over the hanging-wall block, the entire
pre-existing diapir narrows, forcing a large volume of salt
to flow upwards. This results in an acceleration of the
extrusion of diapiric materials or, in the case of a buried
diapir, in its rejuvenation. With increased shortening, the
diapirs close along secondary welds or generated “Q-tip”
structures (Rowan and Vendeville 2006; Dooley et al.
2009). Folds and thrusts form at the squeezed diapir limb
with a predominant vergence that will depend on the
basement fault dip. Note that this evolution is only valid if
the overburden contractional deformation can propagate up
to the salt diapir location above a continuous detachment
salt layer (see discussion on the propagation of overburden
deformation above a basement fault in the previous sec-
tion). In the other cases, diapir reactivation will be more
difficult and complex (e.g. diapirs developed over the
basement fault but disconnected from the source layer by a
primary weld), or it may never occur (diapirs developed
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over the basement footwall block in a pre-contractional
configuration in which the detachment salt layer has a high-
angle dip above the basement fault).

In the case where contractional overburden deformation
has propagated on the basement footwall block, all pre-
existing salt diapirs can be easily reactivated, provided that
primary welds were formed on their flanks (Fig. 10b). The
pattern of the contractional reactivation in pre-existing
diapirs is similar to the pattern described in the previous
scenario with the exception of diapirs that developed over
the basement fault surface. In these scenarios, not all the
diapir is shortened but only part of the feeding stem located
above the detachment level of the regional footwall of the
basement fault. Moreover, the postdiapir welding thrusts
and folds in these diapirs show a preference for vergence
toward the foreland, with the development of forethrusts in
the diapir forelimb (Fig. 10). It is interesting to note that
the preservation of the lower part of the feeding stems in
these diapirs can favour later diapir reactivation, even
where the upper part of the diapir was completely welded.
An example of this kind of later reactivation is the Bicorb-
Quesa Diapir, which was contractionally welded during the
middle Miocene and reactivated during the late Miocene by
extensional thinning of the overburden above the welded
stem or feeder.

Conclusions

Detailed analysis of structural surface data in addition to
available and new magnetotelluric data enabled us not only
to recognize the structure and Alpine evolution of the
Bicorb-Quesa Diapir but also to propose a new model for
contractional diapir initiation and reactivation over a pre-
existing extensional basement fault.

In the study area, the geometric analysis of the available
data indicates that the Alpine structure of the Bicorb-Quesa
area is strongly conditioned by the presence of a ductile
and diapiric Middle-Upper Triassic level. The evaporite-
detrital level decouples the deformation of the Iberian
basement from the one affecting the Jurassic to Miocene
overburden. This leads to a structural style of deformation
of the basement (thick-skinned) and overburden (thin-
skinned) that is completely different from the structural
style especially during Cenozoic times, when contractional
and extensional deformations only affected the overburden.

The Bicorb-Quesa Diapir is a salt wall formed above an
NNW-dipping extensional basement fault with a complex
deformational history that includes both contractional and
extensional diapir reactivations. The extensional basement
fault formed during Permian-Early Triassic times and still
slightly active up to the beginning of the Late Cretaceous
produced the development of a monoclinal drape fold in

the Jurassic-Cretaceous overburden as well as the forma-
tion of a reactive diapir on the hinge of the drape fold.
After the Late Cretaceous, the Jurassic-Cretaceous over-
burden was affected by thin-skinned contraction related to
the formation of the Iberian Chain and Betics. These
deformations led to the polyphase development of the
Bicorb-Quesa Diapir because of the erosion of a Paleogene
rejuvenated reactive diapir on top of the basement fault,
and because of the early Miocene extension. This diapir
was contractionally deformed during the middle Miocene
and extensionally reactivated during the late Miocene.

The role played by pre-existing basement faults in thin-
skinned contractional initiation and reactivation of salt
diapirs was analysed using the information provided from
this reconstruction. This analysis highlights the role played
by the geometric relationship between the propagation
direction of the cover deformation and the dip direction of
the basement fault. In this regard, it shows that (1) the
propagation of an overburden contractional deformation
over a basement footwall block results in the development
of detachment folds on top of the basement fault which,
with a thin cover, are propitious for the formation of a salt
diapir by erosion, and (2) the propagation of an overburden
contractional deformation over the basement hanging-wall
block is not very favourable to the formation of salt diapirs
since it generally induces the generation of buttressing
structures that involve a thicker hanging-wall sequence that
resists piercement. This general working model, however,
is not without its exceptions. The main exception is
attributed to the presence of a thick salt layer beneath the
monocline drape fold. A thick salt layer, when squeezed by
a hanging-wall compressive deformation, can displace salt
to the footwall block and pump up the reactive diapir,
allowing the diapir to grow.

As for diapir reactivation, when a contractional deformation
propagates toward a pre-existing diapir over the hanging-wall,
it will result in the entire narrowing of pre-existing diapirs over
the basement fault but not in the entire narrowing of the ones
located over the basement footwall block. By contrast, a foot-
wall propagation of the contractional deformation will generate
the entire narrowing of all pre-existing diapirs over the footwall
block, but only a portion of the diapirs formed over the base-
ment fault. Specifically, in these diapirs, the lower part of the
stems remains almost undeformed, creating a situation very
propitious for a subsequent diapir reactivation even if the upper
part of the diapir is completely welded.
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