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Bullets:

- Determination of the transition from thick-skinned to thin-skinned in the Burgalesa

Platform of the Basque-Pyrenees.

- New interpretation model for the Burgalesa Platform with thick-skinned tectonics at

the western boundary and thin-skinned tectonics at the eastern one.

- Thickness distribution of the Upper Triassic salt allowed the detachment of the

Mesozoic succession.

Keywords: Thick-skinned; Thin-skinned; Inversion Tectonics; Basque-Pyrenees;

Cantabrian Mountains; Burgalesa Platform.
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Abstract

Interpretation of seismic data at the margins of the Burgalesa Platform in the Basque-
Cantabrian Pyrenees has allowed proposition of a new structural model that combines
different modes of deformation during oblique tectonic inversion, conditioned by the
distribution of Triassic salts. Deformation was decoupled by the presence of the salt
horizon between basement-involved thrusts inverting formerly Triassic and Late
Jurassic-Early Cretaceous extensional faults and a detached thrust system involving the
Upper Triassic to Neogene sedimentary package. Such different styles of deformation
were not only stacked vertically above and below the salt, but most importantly, they
change from one to the other along strike across the transversal edges of the Triassic
salts. The Burgalesa Platform detached thrust system was confined between the
basement-involved structures of the Cantabrian Mountains westward and the NW tip of
the Iberian basement-involved structures (San Pedro) southward. This together with the
obliquity between the Pyrenean contractional shortening direction and the strike of the
previous extensional faults, mostly at the late stages of deformation, determined the
strike-slip reactivation of the basement-involved inverted faults and the lateral extrusion
of the Burgalesa Platform detached Mesozoic successions above the salt toward the SE
to form a prominent thrust salient oblique to the main Pyrenean trend. The proposed
model combines thick-skinned with thin-skinned structural styles during oblique
tectonic inversion and is consistent with the surface data, including the fracture system,

the available subsurface data and the mechanical stratigraphy.

1 Introduction

Structural style of orogenic systems depends on many factors such as crustal

rheology, inherited structure or distribution of weak horizons (Ellis et al., 1998;
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Beaumont et al., 2000; Bug and Greya, 2005; Butler et al., 2006; James and Huismans,
2012). Positive inversion tectonics, understood as the contractional reactivation of an
extensional fault, has been documented since the 1980’s in sedimentary basins using
seismic data (e.g. Badley et al., 1989; Chapman, 1989), field studies (e.g. Schroder,
1987; Butler, 1989) and analogical modelling (e.g. Koopman et al., 1987; McClay,
1989). During the inversion and with the progressive incorporation of the basin into the
fold and thrust belt, several geological features must be taken into account. Among
others: i) the position of inherited extensional faults causing weak points within the
crust and acting these as preferential deformational paths (e.g. Coward, 1994;
Holdsworth, 2004; Sepher and Cosgrove, 2005; Carrera et al., 2006; Mouthereau and
Lacombre, 2006, Amilibia et al., 2008, among others); ii) the rheology of materials and
the presence of weak layers promoting the partition of deformation and controlling the
evolution during inversion or the decoupling between the cover and the basement (e.g.
Davis and Engelder, 1985, Bassi G. 1995; Steward et al., 1997; Steward and Argent,
2000); iii) the variation in stratigraphic thickness or lateral changes in facies inside the
basins, due to differential subsidence, fault activity, salt mobilization or erosion
controlling the spacing and distribution of main faults as well as the position of lateral
structures and its propagation in space (e.g. Davis and Engelder 1985; Jaumé and Lillie,
1988; Calassou et al., 1993; Boyer, 1995; Mitra, 1997; Corrado et al., 1998; Macedo
and Marshak, 1999; Fischer and Jackson, 1999; Soto et al., 2002; Spratt et al., 2004;
Marshak, 2004; Pfiffner, 2006). All these parameters result in two different styles of
deformation during the evolution of the thrust belt. Thick-skinned tectonics, in which
the basement is involved such as the inner parts of some orogens like the Alps, the
Pyrenees or the Andes contrasting with the thin-skinned tectonics in which the cover is

detached from the basement such as the external parts of the Pyrenees or the Zagros
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among others. Additionally, some orogens present along-strike or along-time variation
in the style of deformation (Hill et al., 2002; Mazzoli et al., 2008).

These two styles of deformation are present in the Basque Pyrenees and the
Cantabrian Mountains of the Pyrenees. The first, with thin-skinned tectonics with the
Mesozoic cover detached from the basement at the Upper Triassic salt layer. The
second, with thick-skinned tectonics with the basement involved within the structures
(Mufioz, 1992, 2002; Alonso et al., 1996, Pulgar et al., 1999; Vergés et al., 2002;
Gallastegui, 2000; Roca et al., 2011). The Burgalesa Platform is the area where the
along-strike transition between the two styles occurs. Both thin-skinned and thick-
skinned tectonic models have been proposed in order to explain the evolution of the area
either with surface geology or subsurface data thus explaining the surface geology
(Hernaiz, 1994; Hernaiz et al., 1994; Malagon et al., 1994; Rodriguez-Cafas et al.,
1994; Serrano et al., 1994; Espina et al., 1996; Espina, 1997; Pulgar et al., 1999;
Gallastegui, 2000; Tavani et al., 2011; Quintana, 2012). The aim of this work is in one
hand, to integrate the surface and subsurface data with the observations and constraints
reported by other authors in order to propose a new evolution model for the Burgalesa
Platform. This model contains the transition between the two styles of deformation
present along-strike of the studied area. On the other hand, to better characterise the
configuration of the extensional basin that controlled the contractional deformation

during the Pyrenean Orogeny and the implication that it had.

2 Geological setting

The structural evolution of the doubly-vergent Pyrenean Orogen was controlled
by the inversion of Lower Cretaceous extensional basins (Beaumont et al., 2000;
Jammes et al., 2014). The extensional event related to the opening of the North Atlantic

and the Bay of Biscay during Late Jurassic-Early Cretaceous resulted in the
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development of intracontinental basins at the rift margins, the exhumation of continental
mantle at the last stages of rifting, and the spreading of oceanic crust at the western Bay
of Biscay ridge (Roca et al., 2011). This event allowed the local deposition of more than
10 km of syn-rift sediments overlying the Jurassic carbonates and the stretched and
thinned continental crust (e.g. Le Pichon and Sibuet, 1971; Montadert et al., 1979;
Garcia de Cortazar and Pujalte, 1982; Pujalte, 1982; Mathieu, 1986; Ziegler, 1987;
Garcia-Mondéjar et al., 1996; Bois et al., 1997; Pedreira et al., 2007; Ruiz, 2007; Ferrer
et al., 2008; Jammes et al., 2009, Roca et al., 2011). The convergence between the
Eurasian and the Iberian plates during Late Cretaceous-Cenozoic produced the
subduction of Iberia towards the north, with the subsequent inversion of the inherited
Mesozoic basins (e.g. Le Pichon and Sibuet, 1971; Muiioz, 1992, 2002; Alonso et al.,
1996; Vergés and Garcia-Senz, 2001). The along strike structural changes of the
Pyrenean orogen resulted from the inversion of a segmented rift system at the northern
Iberian margin (Roca et al., 2011). Thus, the Cantabrian Mountains, the Basque-
Pyrenees and the Pyrenees s.s. are distinct structural domains of the Pyrenean orogen
bounded by transfer faults inherited from the previous Early Cretaceous extensional

system (Fig. 1A).

The Cantabrian Mountains, at the western part of the Pyrenean orogen (Fig. 1A
and B), are constituted by Paleozoic rocks deformed during both the Variscan Orogeny
(Pérez-Estaln et al., 1991) and the Pyrenean Orogeny, as well as by the Permian,
Triassic and Late Jurassic-Early Cretaceous extensional events. Pyrenean contractional
deformation caused the reactivation of the Variscan faults and the tightening and
steepening of previously developed folds (Pérez-Estain et al., 1988; Alonso et al.,
1996; Pulgar et al., 1999; Alonso et al., 2009). Most of the contractional deformation

has been accommodated into the northern retro-wedge along the Cantabrian margin. In
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the southern part (pro-wedge) the thrust system involves the Variscan basement and
displaced the Cantabrian Mountains towards the south over the Duero foreland basin
(Alvarez-Marrén et al., 1996; Pulgar et al., 1997; Gallastegui, 2000; Gallastegui et al.,
2002; Pedreira, et al., 2003; Pedreira et al., 2007; Roca et al., 2011; Martin-Gonzélez
and Heredia, 2011, among others). The thrust front mostly corresponds to a fault
propagation fold with its related frontal thrust only outcropping in some areas (Fig. 1A

and B). As a result, the Duero basin shows a major syncline geometry.

Further east the Basque-Pyrenees (Fig. 1A and C) resulted from the inversion of
the W-E striking Upper Jurassic-Lower Cretaceous Basque-Cantabrian Basin during the
Pyrenean deformation. This is one of the basins that were developed at the southern
passive margin of the Bay of Biscay. The Basque-Pyrenees are displaced southward
more than 15 km over the Ebro Foreland Basin by means of a south-directed low-angle
thrust detached into the Upper Triassic evaporites (Martinez-Torres, 1993; Carola et al.,
2013). The frontal structure (Sierra de Cantabria Frontal Thrust) and associated folds
present a north-facing concave shape in map view where in the central parts they strike
almost W-E whereas, at the edges they progressively rotate to a more WSW-ENE and

NW-SE orientation in the east and west respectively (Fig. 1A).

In continuation with the Cantabrian Mountains and to the southwest of the
Basque Pyrenees there is a distinct structural domain known as Burgalesa Platform (Fig.
1A). It consists of a moderately deformed succession of Triassic to Upper Cretaceous
sediments with some preserved syn-tectonic Miocene continental rocks. The Burgalesa
Platform shows a thrust salient with a prominent bend at its eastern edge where

structures change the trend from WNW-ESE to NE-SW (Fig. 1A).
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There is not a consensus as far as the tectonic style and the structural evolution
of the Burgalesa Platform are concerned. Different structural models have been
proposed during the last decades, among them the most distinct ones are: i) low-angle
thin-skinned,; ii) low-angle thick-skinned, and iii) transpressive high-angle thick-skinned
(Fig. 1D). In the thin-skinned model, the Jurassic-Cretaceous succession is detached
from the Variscan basement into the Triassic evaporites and transported at least 10 km
southward (Hernaiz, 1994; Hernaiz et al., 1994; Malagon et al., 1994; Rodriguez-Cafas
et al., 1994; Serrano et al., 1994). The low-angle thick-skinned model is based on the
existence of a basement-involved low-angle thrust below the Mesozoic succession, in
continuation with the floor thrust of the thrust system deforming the Cantabrian
Mountains (Espina et al., 1996; Alonso et al., 1996; Espina, 1997; Pulgar et al., 1999;
Gallastegui, 2000; Alonso et al., 2007; Quintana, 2012). Finally, in the third model the
contractional structures are transpressive elements related with high-angle and deeply-
rooted right-lateral strike-slip faults, such as the Ubierna fault (Tavani et al., 2011). The
implication of this third model is that the Burgalesa Platform Domain would represent

an uplifted area of the deformed Duero foreland.

These contrasting models are based on different data sets, mostly from surface
geology, that at least partially support the proposed structural evolution for each model.
A question arises about which of these models is the most consistent with all the
available data in the area (surface and subsurface) and compatible with other
considerations such as the inherited structures, the mechanical stratigraphy of the rocks
involved or the kinematics of the area. This work brings together subsurface and surface
data in order to discuss a new model. Any proposed structural model would have to
consider the Late Jurassic-Early Cretaceous extensional faults that deformed the area as

well as the presence of a thick layer of Triassic salts as drilled by numerous wells.
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3 Tectonostratigraphic units of the Burgalesa Platform

The stratigraphic succession of the study area can be divided into several units,
which are associated to the different tectonics events that took place from Triassic to

Cenozoic times (Fig. 2).

The Paleozoic succession is made up of Ordovician quartzites and phyllites , Devonian
ferruginous sandstones, Carboniferous limestones and Permian clays. The Lower to
Middle Triassic sediments are constituted by conglomerates and sandstones of the
Buntsandstein facies and dolostones of the Muschelkalk facies, which are associated to
the rifting stage that produced the breakup of Pangea (Van Veen, 1965; Wagner et al.,
1971; Garcia-Mondéjar et al., 1986; Alonso, 1987). All the pre-Upper Triassic

succession is referred as basement throughout the paper.

Above, the Upper Triassic Keuper facies consists of salt, anhydrite, gypsum and shales
with sub-volcanic basic intrusions. This unit is the most important detachment level. Its
ability to flow under the right conditions is the responsible of its irregular distribution as
evidenced by the amount of diapirs present in the study area (i.e. Aguilar (Serrano and
Martinez del Olmo, 2004), Poza de la Sal (Hempel, 1967; Quinta et al., 2012), Salinas
del Rosio (Hernaiz and Solé, 2000), among others). This unit is widespread all along the
Pyrenees, although it is absent in significant areas (i.e. eastern Pyrenees, aragonese

western Pyrenees) as well as in the Cantabrian Mountains.

After the Triassic extensional event, a quiescence stage took place during the Jurassic.
This period of time is characterised by the development of a carbonate ramp, mainly
limestones and dolostones with interbedded evaporites at the lower parts of the unit.

Whereas, deep marine hemipelagic sediments with limestones, marls and shales
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characterise the upper portions of this unit (Pujalte et al., 1988; Robles et al., 1989,

2004; Quesada et al., 1991, 1993, 2005; Aurell et al., 2003).

The second and main extensional event is related to the opening of the North Atlantic
and the Bay of Biscay during the Late Jurassic to Early Cretaceous. The stratigraphic
record of this period in the Burgalesa Platform is characterised by fluvio-deltaic
siliciclastic sandstones that locally reach more than 4 km (Pujalte, 1981, 1982; Pujalte et
al., 1996, 2004; Hernandez et al., 1999). Forced folding of the Jurassic succession and

salt mobilization took place during this extensional event (Tavani et al., 2013).

The upper Albian-Upper Cretaceous succession is made up of conglomerates and
sandstones at the base and limestones and marls at the top post-dating the Early
Cretaceous extension. It is associated to a gradual deepening of the succession passing
from continental to marine environment during several transgressive events (Aguilar,

1971; Ramirez del Pozo, 1971; Portero, 1979).

The Cenozoic syn-orogenic sediments are mainly constituted by conglomerates,
sandstones and red clays. The pebbles and cobbles are mainly from the Upper
Cretaceous limestones and dolostones (Portero et al., 1979). This unit is restricted to the
border of the study area (i.e. Ebro and Duero foreland basins) and also in the Bureba

Sub-basin and Villarcayo syncline (Fig. 3).

4. Structure of The Burgalesa Platform

The internal structure of the Burgalesa Platform is dominated at surface by wide and
gentle folds with very shallow dips affecting the Upper Cretaceous limestones. Most of
the contractional structures are located between the thrust front and the Ubierna fault
where they define a narrow belt of folds and related thrusts (Folded Band, Fig. 3). North

of the Ubierna fault there is a structural continuity between the Cantabrian Mountains
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and the Burgalesa Platform at surface as evidenced by a continuous tilted panel towards
the ESE of Triassic to Upper Cretaceous rocks overlying the Variscan basement (Fig.
3). To the north, there is also an apparent structural continuity with the Basque
Pyrenees, although a series of anticlines and faults connect the structures in the Ebro
reservoir area with the Sierra de Cantabria Frontal Thrust, thus representing the northern
edge of the Burgalesa Platform (Fig. 3). The SE part of the Burgalesa Platform is
characterised by NE-SW trending folds (Hontomin flexure, Rojas), along which salt
structures occur (Poza de la Sal, Hontomin and Rojas domes). These folds developed
during the sedimentation of the Miocene fluvial deposits that finally covered them,
masking the relationships between the NE-SW structures, the Ebro Basin and the Sierra
de Cantabria frontal thrust. The upper and younger Miocene conglomerates define a re-
entrant in map view between the Sierra de Cantabria thrust front and the Burgalesa
Platform (Fig. 3). At surface the significance of such re-entrant cannot be deciphered,
mostly if it is only the result of the unconformable disposition of the Miocene
conglomerates over the NE-SW structures that would connect with the Sierra de
Cantabria thrust or if, alternatively, represents a structural re-entrant of the Ebro Basin
between the Basque Pyrenees and the Burgalesa Platform. The solution given to this
uncertainty has a strong impact on the structure and the deduced structural evolution of
the Burgalesa Platform and can only be resolved by subsurface data as will be discussed
later on. The Miocene syn- to post-tectonic sediments of the Duero Basin also mask the
frontal structure of the Burgalesa Platform and also the available subsurface data is

crucial for its proper understanding.

Here below the main structural features of the Burgalesa Platform and its relationships
with the surrounding units will be discussed in detail taken advantage of the available

seismic sections and well data acquired in the area for hydrocarbon exploration.
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4.1. Interpretation of the seismic and well data

A seismic profile across the Cantabrian Mountains thrust front, west of the Burgalesa
Platform, shows the thick-skinned structural style of this unit as well as its relationships
with the Duero foreland basin (Fig. 4). The floor of the Paleogene-Neogene Duero
Basin is characterised by a continuous and constant thickness succession of the upper
Albian-Upper Cretaceous post-rift sediments (sandstones of the Utrillas Fm. and
limestones) unconformably overlying the Paleozoic basement rocks (Gallastegui, 2000).
These sediments crop out at surface in the hangingwall of the frontal thrust with
subvertical to overturned northward steeply dipping beds structurally above the
Devonian rocks. The bedding attitude of the Cretaceous sediments in the hangingwall
together with the location of the south-dipping reflections of the equivalent succession
in the seismic section define the frontal syncline of a fault propagation fold and
demonstrate the reduced displacement of the frontal thrust in the subsurface. Moreover,
this thrust does not reach the surface as the younger syn-orogenic Neogene
conglomerates, adjacent to the thrust front, show a progressive unconformity above the
Paleogene vertical conglomerates that overlie the Upper Cretaceous limestones (Fig. 4).
Thrusts and related folds also affect the basement and the Upper Cretaceous sediments
in the Duero foreland basin. Their displacement caused growth geometries in the

younger Neogene clastic sediments (Fig. 4).

An E-W seismic profile across the eastward tilted panel of Triassic to Lower Cretaceous
stratigraphic units illustrates the transition between the eastern edge of the Cantabrian
Mountains and the Burgalesa Platform Domain (Fig. 5). In this section, the east-dipping
panel of continuous and strong reflections attributed to the Jurassic and to the Lower
Cretaceous terminates in a syncline. Below the Mesozoic tilted panel, a set of west-

dipping reflections has been imaged into the chaotic seismic facies of the basement
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between 3,5 and 2 TWT seconds (Fig. 5). It has been considered as a continuous
seismic event, which merges with the axial surface of the above described syncline at
the bottom of the Mesozoic succession, and interpreted as a thrust involving the
basement of the Cantabrian Mountains, climbing up section laterally into the Upper
Triassic evaporites of the Burgalesa Platform. This structure has the same structural
position as the frontal anticline of the Cantabrian Mountains in the hangingwall of the
floor thrust of the basement-involved thrust system, but differently with respect to the
Duero basin the thrust was not emergent as it detached into the Triassic salts. Thus, east
of the syncline, the Mesozoic succession of the Burgalesa Platform has been detached

above the basement.

Detachment of the Burgalesa Platform from the basement can also be deduced from the
interpretation of the seismic lines located further east. Two seismic lines across the
Huidobro anticline, at the northern edge of the Burgalesa Platform, reveal a significant
structural relief of the Jurassic succession above a continuous set of gently northward-
dipping reflectors interpreted as the top of the basement (Fig. 6). The identification of
the different packages of reflectors relies not only on their seismic facies, but also on the
data supplied by the Tejon Profundo-1 well in the S-84-110 seismic line (Fig. 6A). The
Tejon Profundo-1 well, drilled in the Huidobro anticline, encountered a repetition of the
Mesozoic succession at 1700 meters below the surface. In addition, the register shows a
thick salt succession (1200 m) underneath the lower Jurassic without reaching the
bottom of the Keuper at the end of the well (3800 m.b.s.). The most puzzling geometry
revealed by these seismic lines and the well is the mismatch of the positive structural
relief when comparing the top of the Jurassic succession and the bottom of the Upper
Cretaceous sediments. The amplitude of the anticline related to the back-thrust that

duplicated the Jurassic and Lower Cretaceous beds decreases significantly in the Upper
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Cretaceous succession. Moreover, there are no evidence of growth sediments into this
succession and, most importantly, these sediments where deposited before the onset of
the Pyrenean convergence. The Lower Cretaceous succession presents a thickening
towards the south being this succession almost twice thicker than the succession in the
Huidobro anticline where, in its turn, the Upper Triassic is significantly thicker. These

relationships reveal salt withdrawal and salt inflation (Fig. 6).

East of the Huidobro anticline, the northern edge of the Burgalesa Platform is
characterised by the NW-SE trending Villalta anticline (Fig. 3). An oblique seismic
section across it shows its structure at depth (Fig. 7). The Upper Triassic to Jurassic
succession of the NE limb of the anticline is involved into a hangingwall ramp above a
flat-lying thrust that would be the eastward continuation of the back-thrust imaged in
the Huidobro anticline by N-S trending seismic profiles (Figs. 6 and 7). The flat-lying
reflections in the footwall would be in continuation with the Lower Cretaceous to
Triassic succession drilled by the Tejon Profundo-1 well underneath the Huidobro back-
thrust. These sediments are involved in the Poza de la Sal antiform and the related salt
structure (Figs. 3 and 7). In the central sector of the seismic profile the shallower
Mesozoic-Cenozoic reflectors appear folded in contrast with the flat-lying reflectors
underneath at 2 TWT seconds. In the easternmost part, the Cenozoic and Upper
Cretaceous sediments of the foreland basin have been imaged by more than 2 TWT
seconds of strong, continuous and parallel reflections. They present similar signature
and seismic facies as shown by seismic profiles in the Duero Basin further to the west.
The lower reflections are characterised by an upper continuous and high amplitude set
of reflectors above a semitransparent unit and a lowermost unit of continuous
reflections lying above the acoustic basement. These 3 seismic units correspond to the

Upper Cretaceous succession of the Duero Basin, which has been drilled by numerous
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exploration wells (compare Figs. 9 and 4, Gallastegui, 2000). The Cenozoic sediments
progressively cover the allochtonous Mesozoic units towards the west, although the sole
thrust truncates the lower ones. West of the thrust front the reflectors corresponding to
the autochthonous Upper Cretaceous are difficult to follow westward underneath the
sole thrust. They are truncated at the western edge of the profile by a strong west-

dipping reflection that has been interpreted as a footwall ramp of the sole thrust.

The SE edge of the Burgalesa Platform corresponds to the NE-SW trending Rojas
anticline (Fig. 3). A seismic section across the northern continuation of the Rojas
anticline below the Miocene sediments shows a frontal thrust and a related anticline
similar to and in continuation with the frontal structure described in the previous
seismic section (Figs. 7 and 8). As a result, the geometry of the thrust front at the SE
edge of the Burgalesa Platform would show a significant thrust salient, concave to the
WNW, if the younger Miocene sediments would be removed. The seismic section of
Figure 8 shows the relationships between the Burgalesa Platform and the Ebro foreland
basin at its westernmost reentrant between the Burgalesa Platform and the Basque
Pyrenees (Fig. 3). In the eastern portion of the section, the foreland is imaged as a layer
cake succession of strong and continuous reflectors of the Cenozoic and Upper
Cretaceous sediments. The thrust truncates the lower part of the Cenozoic succession
and its related anticline shows growing relationships with the middle to upper part of
the Cenozoic foreland basin sediments corresponding to the Early to Middle Miocene.
The western part of the seismic section is dominated by a wedge of Lower Cretaceous
sediments sandwiched between lower subhorizontal reflectors, Jurassic in age, and an
upper east-dipping panel of Upper Cretaceous sediments. The Lower Cretaceous wedge

thins eastward and the reflectors onlap onto the Jurassic succession
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A seismic section located northeastward of the Burgalesa Platform and crossing the
Sierra de Cantabria Frontal Thrust shows the thin-skinned tectonic style of deformation
in this part of the orogen (Fig. 9). The Jurassic to Cenozoic succession has been
detached above the Upper Triassic salts and thrusted on top of the flat-lying Cretaceous
to Cenozoic sediments of the Ebro foreland basin in continuation with the foreland
described in previous seismic sections. The foreland is imaged as a layer cake parallel
succession at all directions as shown by the W-E and S-N sections in which no
deformation is visible. In this area, more than 1.5 seconds TWT thick succession of
strong and continuous reflections alternate with weak reflections attributed to the
Cenozoic foreland basin infill. Additionally in the Rioja 1 well, located towards the
south-east in the Ebro foreland basin, more than 3 km of Cenozoic succession was
testified (Lanaja, 1987). Below the Cenozoic, strong and continuous reflections
characteristic of the Upper Cretaceous seismic facies and the upper Albian overlie the
basement. In the hangingwall, the Lower Cretaceous succession experiences a
thickening towards the north. The northern part of the section is characterised by the
Villarcayo syncline filled with Cenozoic sediments and where the Trespaderne-1 well is

located.

4.2. Interpretation of the structure: integration of surface and subsurface data

Three south-north and one northwest-southeast cross-sections integrating the
surface geology and the subsurface data, allow to determine on one hand, the transition
between the two styles of deformation and on the other hand, the structural significance

of the Burgalesa Platform with respect to the Pyrenean Orogen (Fig. 10).

The westernmost S-N cross-section is characterised by basement involved structures,

outcropping in the northern sector, whereas, detached structures occur in the southern
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part (I-1' in figure 10). The transition between the two domains occurs southwards of the
Golobar fault where the depocenter of the syn-extensional sediments is located. South
of this transition, the syn-rift succession progressively thins contrasting with the
Triassic salts that thickens towards the Ubierna Fault. The wells drilled in the
hangingwall of this structure (i.e. Basconcillos-1 and Abar-1) testify both, a strongly
incomplete Jurassic succession and the duplication of the syn-rift sediments below the
Jurassic. The interpretation for this structure is that of a small back-thrust, rooted into
the Triassic salt layer cutting a previously developed extensional fault that produced the
partial omission of the Jurassic and the thickening of the Triassic salt. Southwards, in
the folded band, both the Jurassic and the syn-rift successions are reduced. The thrust
system climbs up southwards being this part of the Burgalesa Platform riding over the
Duero Foreland Basin and also over the north-directed and basement involved San

Pedro structure.

Similar to the previous one, the middle S-N cross-section shows the involvement of the
basement in the northern sector and the detachment of the Mesozoic in the southern one
(11-11" in figure 10). The transition between the two styles takes place northwards of the
Lower Cretaceous depocenter where the Cadialso-1 well drilled more than 3 km of syn-
rift sediments. The northern area is characterised by the presence of a salt wall in the
Ebro area in which the Cabafas-1 well testifies the omission of the Jurassic succession.
To the north, the surface geology allows to constrain the thrust that uplifts the Jurassic
succession outcropping westwards of the trace of the cross-section (Fig. 3). South of the
depocenter the syn-rift succession thins until it reaches the Ayoluengo salt-cored
structure, where the wells drilled a thickness of ca. 1000 meters of Lower Cretaceous
rocks. The southern sector of the Burgalesa Platform is characterised by the thrusting

over the Duero Foreland Basin and by a thinning of both, the Jurassic and syn-rift
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successions. The southernmost part of the cross-section is where the San Pedro wells

are located, constraining the presence of this structure at depth.

The easternmost S-N cross-section here presented shows the prolongation of the Ebro
reservoir salt wall at the northern sector (I11-111' in figure 10). In this area, the Navajo-1
well testifies a thin syn-rift succession directly overlying the Triassic salts, with the
omission of the Jurassic rocks. The well drilled more than 2000 meters of Triassic salts
and reached the top of the basement at 3900 meters below the surface (m.b.s.).
Contrasting with this, the adjacent Arco Iris-1 and Manzanedo-1 wells drilled all the
Cretaceous and the Jurassic successions. These data suggest that the Navajo antiform
resulted from the squeezing of a salt wall related with an Early Cretaceous extensional

fault in the hangingwall of a basement involved thrust.

In the Huidobro area, as stated before, the back-thrust duplicates the succession as
testified by both, the Tejon Profundo-1 well and the seismic line (Fig. 6). However, a
problem arises when comparing the amount of shortening observed in the pre-rift
Jurassic horizons and the one observed in the Upper Cretaceous beds (Fig. 10). Part of
this mismatch in the amount of shortening can be the result of the obliquity between the
cross-section and the thrust transport direction. Nevertheless, this would not explain the
observed difference. In addition, this would not also explain the differences in structural
relief between the deeper structural levels and the shallower ones (Fig. 6). Such
difference in the structural relief results into the unconformity at the bottom of the post-
rift upper Albian-Upper Cretaceous sediments and the erosional truncation geometry of
the syn-rift horizons below the unconformity, mostly visible in the southern limb of the
Huidobro anticline (see details in the seismic lines of Fig. 6). Differences in the
structural relief can be partially explained by salt inflation during rifting. The southern

limb of the salt body drilled by the Tején Profundo-1 well will be the locus of the back-
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thrust during the subsequent contractional deformation at Paleogen-Neogene times
(Hernaiz et al., 1994; Malagon et al., 1994). The other explanation for the observed
structural relationships, and mostly the unconformity observed at the bottom of the post-
rift succession, would be that part of the observed contractional deformation is pre
upper Albian, and thus linked with the extensional system as part of a toe system. The
Early Cretaceous extensional basins were transported to the N-NE and detached above
the Triassic salts. The structural relief created by salt structures during the extensional
deformation, such as salt walls and diapirs along the northern edge of the Burgalesa
Platform would have controlled the geometry and location of contractional structures in
the northern part of Burgalesa Platform. The possible existence of salt welds basinward
the salt structures would have enhanced the contractional reactivation of the flanks of
the salt structures facing the rift margin. The existence of Early Cretaceous
contractional features were already cited by Serrano et al. (1994), although not
documented, these contractional structures are commonly related with the distal parts of
extensional systems (Peel et al., 1995; Rowan et al., 1999; Rowan et al., 2004; Lacoste
et al., 2012; Cartwright et al., 2012, among others). Southwards, the thrust system
climbs up section and overrides the Duero Foreland Basin. In this part, a narrow

corridor between the Burgalesa Platform and the San Pedro Structure is present.

Finally, the NW-SE section illustrates the transition between thick-skinned and thin-
skinned styles of deformation in the NW-SE direction (IV-IV' in figure 10). In the
north-western part, the basement is involved in the thrust system and as a consequence
the Mesozoic sequence is uplifted and tilted towards the SE as described in figure 5. In
this portion, the Coto-1 well drilled a thin Triassic salt succession before the top of the
basement at ca. 3000 m.b.s. Eastward, the Mesozoic succession is detached into the

Triassic salts as stated before (Fig. 5). The hangingwall cutoff of the basement coincides



443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

with the depocentre of the syn-rift sediments, as does in sections | and Il, where Triassic
salts were thin, either depositionally or by welding during the salt withdrawal towards
the margins of the basins. The syn-rift succession thins above the inflated salt, reaching
less than 1000 meters in the Huidobro-2 well. From this sector to the Villalta-1 well, the
oblique to the transport view of the back-thrust is the main structural feature as
described in figure 7. In this section, the differences in the structural relief between the
Upper Cretaceous beds and the Jurassic ones in relation with the thrust that duplicates
the pre-rift succession, as well as the lack of evidence of a major back-thrust at surface,
reinforces the Early Cretaceous age for part of this structure. The south-eastern edge of
the Burgalesa Platform is characterised by the perpendicular view of the salt-cored

Rojas structure and the frontal thrust system climbing over the Ebro Foreland Basin.

Determining the main succession boundaries by integrating all the subsurface data
allows to characterise the distribution pattern of the main depocenters and thinned areas
(Fig. 11). The distribution of the Triassic salt layer has two main trends in the Burgalesa
Platform. On the one hand, the NE-SW orientation present in the Ayoluengo and Rojas
area where in this latter case a total thickness of 1400 meters was drilled by the well
Rojas NE-1. On the other hand, the WNW-ESE orientation present along the northern
block of the Ubierna Fault System, where the wells Abar-1 with 1000 meters, the Pino-
1 with 300 meters or the Montorio-1 with 450 meters of salt is present, and along the
Villalta anticline in where the Tején Profundo-1 well drilled more than 1200 meters of
Upper Triassic salts. All these thicknesses are minimum values because the wells did
not drilled the whole Upper Triassic reaching the succession located below. In contrast,
the Coto-1 well only drilled 100 meters of Triassic salts and reached the basement at
more than 4000 meters below the surface. In contraposition, the Lower Cretaceous

distribution can be summarised in an opposite manner of the Upper Triassic salt
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distribution. The thinned areas corresponds to the thickened salt areas such as the
northern block of the Ubierna fault in the Ayoluengo structure and in the Villalta areas.
The thickened syn-rift area is located to the NW where the salt accumulation is
minimum. Even though in this area the Lower Cretaceous is outcropping and the total
thickness cannot be precisely determined, a total thickness of almost 3000 meters is
registered by the Coto-1 well. The thinned south-eastern area is associated with the
boundary of the extensional basin during the Cretaceous as demonstrated by the seismic
line described in figure 8 where the syn-rift drastically reduces its thickness and also
how onlap onto the Jurassic. The onlap stated before, extends in a broad band almost
parallel to the Ubierna fault trace displaying a southwards direction of migration (Fig.
12A). The map view trace of the onlaps has a roughly WNW-ESE orientation with a
bend in the middle where it attains a more NW-SE orientation thus similar as the
Ubierna fault. A S-N seismic section crossing the southern limit of the Burgalesa
Platform shows a southern sector, in which thrusts deform the whole Mesozoic
successions and a northern sector where cover deformation is almost absent (Fig. 12B).
The southern area corresponds to the Folded Band located southwards of the Burgalesa
Platform and the seismic facies do not allow to interpret the Mesozoic successions.
Whereas, the northern area is characterised by north-dipping pre-rift panel, a
sedimentary wedge constituted by syn-rift successions and an almost horizontal post-rift
succession eroding the one located immediately below (Fig. 12B). Within the
sedimentary wedge, the sedimentary geometry observable onlaps both the pre-rift and
the syn-rift successions with a southwards direction of migration extending from the

northern limit of the seismic and ending close to the Ubierna fault.

5 Discussion
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The data and structural interpretations herein included demonstrate the strong
decoupling of the Mesozoic successions from the basement rocks located below the
Upper Triassic salts in the Burgalesa Platform and, in general, in the Basque Pyrenees.
Decoupling occurred during both the Late Jurassic-Early Cretaceous extensional
deformation and the subsequent tectonic inversion and fold and thrust development at

Paleogene-Neogene times.

The scarcity of extensional faults bounding the main depocenters of the syn-rift
sequences, the onlap geometries of the syn-rift beds onto the Jurassic carbonates lying
above the Triassic salts and all the observed salt structures that developed during the
extensional deformation suggest that salt decoupled deformation above and below. Of
particularly relevance are the contractional structures described in the northern part of
the Burgalesa Platform (Fig. 6). They involve a few kilometres of shortening and
demonstrate decoupling and a significant detachment of the cover of the Burgalesa

Platform to the N-NE during thin-skinned extensional deformation.

Extensional faults affecting the cover mostly emerged at the rift margins, at present
inverted along the thrust front southward the Ubierna fault system. These faults marked
a sharp transition in the stratigraphic record. Thus, at the rift shoulders, at present the
Duero and Ebro foreland basins, the Mesozoic pre-rift sequences are not preserved, the
syn-rift sediments were not deposited and the upper Albian post-rift sequences
unconformably overlie the basement rocks. This stratigraphy is constant in the foreland
all along the thrust front including in the Bureba re-entrant at the NE edge of the
Burgalesa Platform (Fig. 7 and 9). In the hangingwall of the marginal extensional
detachment a gap in the pre-rift Jurassic should be expected to account for the onlap
geometries in the Burgalesa Platform, as observed in the most frontal preserved thrust

imbricates. Such Jurassic gaps related with the extensional detachment have also been
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observed and described further east in the Basque Pyrenees and in the Bay of Biscay

(Jammes et al., 2009; Rowan, 2014).

The extensional faults affecting the Upper Triassic salts as well as the cover in the
Burgalesa Platform produced the migration of salt. The sedimentation of the syn-rift
successions accentuated the salt mobilisation (Vendeville and Jackson, 1992; Hudec and
Jackson, 2007, among others). At the end of the extensional deformation, the salt
thickness distribution pattern was characterised by two areas of major accumulation
surrounded by areas where the thickness of the salt layer was depleted and even welded
(Fig. 11). The WNW-ESE orientation was associated to inherited Late Permian-Triassic
extensional structures reactivated during the Late Jurassic-Early Cretaceous extensional
event and the NE-SW orientation associated to newly develop extensional faults
(Tavani and Mufioz, 2012 and Tavani et al., 2013). The Ubierna, Huidobro and Navajo
areas are characteristic of the first orientation whereas, the Rojas area at the easternmost
boundary is characteristic of the second orientation. As a consequence, this salt
distribution has a strong impact during the inversion of the basin. This characteristic is
well known and the configuration of the former basin, the mechanical stratigraphy and
the thickness and the spatial distribution of the ductile levels can determine differential
advance of the thrust system towards the foreland basin with respect to areas where this
level is absent or strongly reduced (Jaumé and Lille, Davis and Engelder, 1985;
Bahroudi and Koyi, 2003; Lujan et al., 2003; Sepehr et al., 06; Vidal et al., 2009;

among others).

Extensional faults thinning the basement below the Triassic salt should be expected to
occur northward the emergent marginal extensional fault system. The Ubierna fault and
related salt structure would be located above a basement-involved high-angle

extensional fault offsetting the base of the salt. However, the salt was thick enough to
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allow decoupling during northward-directed detachment and developed drape folds
above the basement step. A northward displacement of more than 10 km above the
extensional detachment is necessary to explain the width of the observed onlap
geometries north of the Ubierna structure as shown in figure 12. This would be also
consistent with the described syn-extensional contractional features northwards and the

distribution of the syn-rift depocenters.

The spatial and thickness distribution of the Triassic pre-rift salt was dependent on the
geometry of the Triassic extensional faults, which controlled the topography at the time
of evaporite deposition during the late to sag phase of the Triassic rifting. In the western
part of the Basque Pyrenees Triassic extensional faults (Ubierna, Golobar and Rumaceo
faults among others) were arranged in a left stepped way. Rely ramps connecting the
extensional faults were characterised by eastward dipping panels, some of them
probably breached as suggested by Espina (1997), and defined an approximately north

trending western edge of the Triassic salts.

Decoupling did not occur at the western edge of the Burgalesa Platform because of the
absence of the Upper Triassic salts, either by no deposition or by erosion during the
Late Jurassic-Early Cretaceous rifting. The western edge of the Triassic salts coincides
with the transition from the thin-skinned tectonic style of the frontal part of the Basque
Pyrenees and the Burgalesa Platform eastward to the thick-skinned tectonic style of the
Cantabrian Mountains westward. There, coupling of the basement and cover during the
Pyrenean deformation resulted in an increase of the structural relief and the eastward
plunge of the structures at the eastern termination of the Cantabrian Mountains (Alonso
et al., 1996; Espina, 1997; Tavani et al., 2013). Recent AFT and ZHe
thermochronological data by Fillon (2012) along a cross-section in the eastern part of

the Cantabrian Mountains yield a Late Eocene age for the onset of the exhumation of
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the basement involved during the inversion of the Cabuérniga and Rumaceo faults.
Exhumation continued southward into the hangingwall of the Golobar fault at
Oligocene times. A youngest Early Miocene exhumation age was acquired in the
basement rocks in the hangingwall at the western termination of the Ubierna fault once
uplift ended further north. Southward migration of basement exhumation is consistent
with a forward propagating thrust system involving both basement and cover rocks and
inverting the previously developed Triassic and Late Jurassic-Early Cretaceous
extensional faults (Alonso et al., 1996; Fillon, 2012). Moreover, the old exhumation
ages (Jurassic to Paleocene) recorded in Cretaceous and Stephanian rocks along the
thrust front (Fillon, 2012) demonstrate the limited amount of uplift and related
displacement of the frontal thrust in agreement with the fault-propagation fold model

suggested by Alonso et al. (1996).

As stated before, this N-S western boundary of the Burgalesa Platform has an eastward
plunge, for this reason, the map view allows to project the surface geology towards the
east and to extrapolate the subsurface geology downwards as shown by Tavani et al.
(2013). However, in the light of the surface and subsurface data provided in this work,
we must clarify that this down-plunge projection cannot be extrapolated eastward the
transition between the two styles of deformation. This is because more to the east the
Upper Triassic salt layer detaches the Mesozoic succession from the basement (Fig. 5).
This disharmony between the cover and the basement is denoted by the surface geology
in the area east of Aguilar where the cover structures are not reflected into the basement
and with the amount of contractional and salt structures aligned along this N-S
boundary such as the Aguilar, the Reinosa or the Pas structures from south to north
(Espina, 1997, Fig. 3). The only structure that partially truncates the décollement level

at the western Burgalesa Platform is the Golobar fault (Fig. 3). This would be in
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agreement with the right-lateral strike slip reactivation of the formerly inverted Golobar
extensional fault during the last stages of deformation (Tavani et al., 2011), coeval with
the progression of deformation into the basement below the Burgalesa Platform (Fig. 5
and 10). Uplift and exhumation of the hangingwall of the Golobar fault during tectonic
inversion occurred at Oligocene times (Fillon, 2012) and the right-lateral reactivation

with reduced uplift would be younger.

Integration of all the observations, constraints and data presented in this work together
with the data reported by several authors in the last years, requires a new model to
explain the structural evolution of the Burgalesa Platform. The proposed model is a
combination of thin-skinned and thick-skinned modes of deformation. Decoupling and
related thin-skinned structures have been controlled by the initial distribution of Triassic
salts. On the contrary, basement-involved structures have mostly determined by the
reactivation of extensional faults. Oblique inversion tectonics played also a significant
role. The increase of the obliquity between the strike of the faults and the shortening
direction as the Pyrenean deformation progressed would have favoured strike-slip
reactivation, both in the cover and in the basement, and lateral extrusion of the

Burgalesa Platform (Tavani et al., 2011; Quinta and Tavani, 2012).

The thick-skinned domain is characterised by the WNW-ESE to W-E basement-
involved thrust structures of the Cantabrian Mountains (Alonso et al., 1996;
Gallastegui, 2000; Tavani et al., 2013) and the Duero foreland basin (Fig. 4,
Gallastegui, 2000). In addition, in this area, Tavani et al. (2011) reported the
transpressive reactivation of outcropping faults (i.e. Ubierna, Golobar, Rumaceo). The
thin-skinned domain spans eastwards of the basement cutoff along most of the entire

Burgalesa Platform and also in the Basque-Pyrenees. This domain is characterised by
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the detachment and south-eastwards extrusion of the Burgalesa Platform as previously

pointed out by Rodriguez Cafias et al. (1994) and Tavani et al. (2011).

The moderate deformation of the Upper Cretaceous sediments, with predominant
subhorizontal beds at a roughly similar height, and the strong deformation along the
southern and eastern edges of the Burgalesa Platform (Folded Band and Rojas structure
respectively) are consistent with a fold and thrust belt detached on salt, being its edges
determined by the abrupt termination of the Triassic salts in the hangingwall of previous
extensional faults. The interpretation of the seismic data in the Bureba re-entrant of the
Ebro foreland basin at the northern edge of the Rojas structure is crucial for the thin-
skinned interpretation of the Burgalesa Platform (Fig. 3). The continuity of the seismic
stratigraphy of the Bureba re-entrant with the Ebro and Duero basins, the salient
geometry of the Rojas structure and the attitude of the different tectonostratigraphic
packages there demonstrate detachment and thrusting of the Mesozoic successions of
the Burgalesa Platform above the Duero-Ebro basins (Figs. 8 and 9). Thrust transport
direction would be to the SE as suggested by the geometry of the Rojas salient
(Rodriguez Canas et al., 1994). The geometry of the Bureba re-entrant prevents any
attempt to connect the NE-SW trending Rojas structure with the Sierra de Cantabria
frontal thrust with a continuous NE trend (Fig. 3) as it is done in many published
structural sketches of the area. Moreover, a NW-SE trending thrust connecting the Rojas
and Poza de la Sal is required to account for the stratigraphic differences between the
foreland and the Burgalesa Platform, as observed in seismic sections (Fig. 7 and Fig. 8).
The resulting geometry of the SE edge of the Burgalesa Platform can be hardly
explained by a thick-skinned structural style. It would require the tectonic inversion of
three different extensional faults: the Ubierna fault southward, the Rojas one eastward

and a northern SW dipping one. There are evidence for the first two, but not for the
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latter. In addition, inversion of such fault system involving the basement would require
vertical tectonics and piston-like deformation mode. This is not compatible with surface

data neither with the geometries observed in seismic lines.

The attitude of the autochthonous Upper Cretaceous top cutoff line, located in the
footwall of the sole thrust, gives an idea of the allochthony of the Burgalesa Platform.
To know the position of such line, the NW tip of the Bureba re-entrant (Figs. 3 and 9)
can be connected with the northernmost outcropping Upper Cretaceous folded
sediments of the Duero foreland basin that are located to the south of the eastern
Cantabrian Mountains basement rocks tip (Figs. 3 and 13). Such a line has an almost W-
E trend in continuation with the equivalent cutoff line in the footwall of the Sierra de
Cantabria frontal thrust (Fig. 13). The quality of the available seismic data does not

allow to fully constrain the position of this line at depth below the Burgalesa Platform.

As shown in many tectonic settings (i.e. contractional, extensional or strike-slip) when a
ductile level like salt or even shales is present the deformation is decoupled between the
basement and the cover (Jaumé and Lille, 1988; Peel et al., 1995; Coward and Stewart,
1995; Rowan et al., 1999; Withjack and Callaway, 2000; Durand-Riard et al., 2013;
among others). This fact would make difficult to explain that in the study area, where a
thick salt succession is present, the deformation was not decoupled across this layer thus

resulting in a thick-skinned deformation.

With the proposed model, the amount of overlap between the allochthonous Mesozoic
succession of the Burgalesa Platform and the autochthonous Mesozoic of the Ebro and
Duero Foreland increase towards the southeast. This is denoted in figure 13 where the
actual thrust front limit of the Burgalesa Platform and the limit of the Upper Cretaceous

Autochthonous Footwall Cutoff (UCAFC) are overlapped. As shown for the south-
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eastern part of the cross-section IV-1V' (Fig. 10) and at the seismic section (Fig. 7) the
amount of south-east displacement of the Burgalesa Platform with respect to the
autochthonous is almost 15 km being this value close to the right-lateral displacement
for the Ubierna Fault System pointed by Tavani et al. (2011). This south-east
displacement is also in agreement with the Upper Cretaceous fracture pattern of the

Burgalesa Platform (Quinta and Tavani, 2012).

This proposed model reflects the actual configuration of the studied area but it resulted
from the partitioning of deformation through time. For such reason, the evolution is
subdivided into three main stages each one characterised by a different kinematic of the
structures. During the early stages of deformation, the north-directed basement-involved
thrusts deforming the San Pedro structure were developed. At this time, the Burgalesa
Platform was southward displaced thus reactivating and inverting the former
extensional faults detaching the whole Mesozoic succession above the Upper Triassic
salts. At the end of this deformational period, the San Pedro structure resulted in a NW-
SE orientation in map view (Fig. 13). As deformation continued, the Burgalesa Platform
was displaced towards the south until it overrode the San Pedro structure (Fig. 3). At
this point, and may be because this latter structure acted as a backstop for the southward
displacement of the Burgalesa Platform, the WNW-ESE Ubierna fault was reactivated
in a right-lateral sense thus forcing the Burgalesa Platform to extrude towards the south-
east overriding the Ebro Foreland Basin. During the last stages of deformation, the
reactivation of basement structures deformed the Duero foreland and also the western
Burgalesa Platform. Regarding to the reactivation of the Golobar fault, it would be in
agreement with the deformation of the inner parts of the fold and thrust belt in order to
preserve the tapper (Davis et al., 1983; Dahlen, 1990; Boyer, 1995, among others). In

addition, the oblique inversion of basement structures located below the detached
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Mesozoic succession could be expected during the late stages of deformation as it

progressed south-eastwards.

Even though the similarities in structural style between the San Pedro structure and the
structures deforming the Duero foreland basin south of the Cantabrian Mountain front
they were disconnected and are related to different thrust belts during the Cenozoic
contractional stage. This asseveration is supported by the foreland deformation map
pattern and by the relative timing between the different structures of both sectors
partially constrained by the relative age of growth sediments and the exhumation ages
of the eastern Cantabrian Mountains. On the one hand, the NW-SE San Pedro structure
would be related to the Iberian Range. The north-directed basement-involved thrust of
the San Pedro structure and the decrease of deformation westwards of this structure
would be in agreement with the attribution of this structure as the westward
continuation of the northern wedge of the Iberian Range in which the same
characteristics are described (Alvaro et al., 1979; Guimera, 1984; Guimera et al., 1995;
Salas et al., 2001; Guimera et al., 2004). In addition, the obliquity between the NW-SE
San Pedro structure and the WNW-ESE Burgalesa Platform together with the relative
timing, being the San Pedro structure overrode by the Burgalesa Platform, also supports
the disconnection between the two structural units. On the other hand, the southern
deformation of the Cantabrian Mountain would be related to the Pyrenees instead of the
Iberian Range. The eastwards decrease of deformation of the W-E orientated south-
directed basement-involved structures described in the foreland together with the
relative timing between the structures and the thermochronological ages of the
Cantabrian Mountains are in agreement with the southward propagation of deformation

of the Pyrenees.

6 Conclusions
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The data presented in this study allowed to propose a new evolution model for
the Burgalesa Platform which fully match with all the surface, subsurface and
mechanical stratigraphic constraints. It supports the interpretation of the Burgalesa
Platform as a result of the interference between thick- and thin-skinned styles of
deformation, both in time and space, during the Cenozoic contractional stage. The
western part or the Burgalesa Platform, close to the Cantabrian Mountains, is
characterised by south-directed basement-involved structures whereas, the eastern part
is characterised by thrusts detached at the Upper Triassic salts overriding the foreland
basin. These differences are related to the distribution of the Upper Triassic salt layer,
resulted from the Triassic and Late Jurassic-Early Cretaceous extensional events, that
controlled the deformation during the Pyrenean Orogeny. The boundary that divides the
two styles of deformation connects the easternmost deformation of Cantabrian
Mountains in the Duero foreland basin with the western area of the Basque Pyrenees.
This boundary crosses the Burgalesa Platform between the Golobar and Ayoluengo

areas with a SW-NE orientation.

The confined location of the Burgalesa Platform with respect to the Cantabrian
Mountains and the San Pedro structure together with the obliquity between the strike of
extensional faults and the shortening direction of the Pyrenean Orogeny conditioned the
evolution of the Burgalesa Platform. During the early stages of deformation, the
southward displacement of the whole Basque-Cantabrian Pyrenees was coeval with the
northward-directed San Pedro structure. As deformation continued, the right-lateral
reactivation of the Ubierna Fault System, due to the backstop produced by the San
Pedro Structure, resulted in the more than 15 km of south-east lateral extrusion of the

Burgalesa Platform over the Ebro Foreland Basin. At the last stage of contraction
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reactivation of basement thrusts at the western sector deformed the Duero Foreland

Basin as well as the Burgalesa Platform.
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9 Figure caption

Figure 1. A) Elevation map of the W-E Pyrenean Orogen and surroundings with the
major domains labelled. STZ and PTZ corresponds to Santander and Pamplona Transfer
Zones respectively. B and C) S-N cross-sections of the Cantabrian Mountains and the
Basque-Pyrenees (Modified from Pulgar et al., 1999; Riba and Jurado, 1992). D)
Schematic S-N models purposed by different authors in order to explain the main
features and the deformation style of the Burgalesa Platform Domain and adjacent

areas.

Figure 2: Cronostratigraphic column of the study area with the main tectonic events that

took place. (Partially modified from Barnolas and Pujalte, 2004).

Figure 3: Geological map of the Burgalesa Platform and surroundings with the location
of the different seismic lines, wells and cross-sections shown in this work as well as the

foreland deformation interpreted from the seismic sections.

Figure 4: S-N seismic section of the Duero Foreland Basin and the eastern part of the
Cantabrian Mountains with thrusts affecting the Cenozoic succession as well as the

Mesozoic and the basement. See figure 3 for location.
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Figure 5: W-E seismic section showing the involvement of the basement in the western
sector of the Burgalesa Platform producing the plunge observable in the Mesozoic

succession at surface. See figure 3 for location.

Figure 6: S-N seismic sections located in the Huidobro area where the Tejon Profundo-1
well testifies a repetition of the Mesozoic succession and how this back-thrust is imaged
in the lines. Note how the structural relief decreases westwards. See figure 3 for

location.

Figure 7: W-E seismic section in the Villalta area showing the hangingwall cutoff of the
back-thrust present in this sector of the Burgalesa Platform. The deeper reflectors show
the transversal extensional fault delimiting the former Basque-Cantabrian Basin and
how during the inversion of the basin, the Mesozoic succession was south-eastwards
displaced favoured by the presence of the Upper Triassic salts acting as a detachment

level. See figure 3 for location.

Figure 8: Composed W-E and SW-NE seismic section in the Bureba sub-basin
reflecting the eastward thinning of the Lower Cretaceous succession related to the
extensional event that produced forced folding of the Jurassic units. The contractional
structure, displacing the Mesozoic succession towards the SE, is fossilised by the
Cenozoic sediments of the Bureba and the Ebro Foreland Basin. See figure 3 for

location.
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Figure 9: W-E seismic section of the Bureba re-entrant displaying flat-lying Mesozoic
and Cenozoic successions and S-N seismic section of the western part of the Basque-
Pyrenees with the Mesozoic and Cenozoic succession southward displaced by a thrust

detached at the Upper Triassic salt that overrides the Ebro Foreland Basin.

Figure 10: Cross-sections of the study area. Three in a S-N orientation and one in a

NW-SE with both, the main areas and wells labelled. See figure 3 for location.

Figure 11: Schematic map with the distribution of the salt thickened areas and the
location of the syn-rift depocenters and thinned parts and also the location of some of

the wells of the study area.

Figure 12: A) Geological map with the distribution of the onlap geometries observed in
the seismic sections. Red arrows indicate the direction of migration of the onlaps. B) S-
N seismic section crossing the Folded Band and the Burgalesa Platform highlighting the

onlaps.

Figure 13: Map of the study area and surrounding with the movement directions of each
area and also the main domains (i.e. Thick-skinned, Thin-skinned and Autochtonous)
described in the text and present in the area. UCAFC corresponds to Upper Cretaceous

Autochtonous Footwall Cutoff.
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