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Abstract

Integration of structural, stratigraphic and paleomagnetic data from the N-S trending
structures of the Ainsa Oblique Zone reveals the kinematics of the major thrust salient in the
central Pyrenees. These structures experienced clockwise vertical-axis rotations that vary
from 70° in the east (Mediano anticline) to 55° in the west (Boltafia anticline). Clockwise
vertical-axis rotations of 60° to 45° occurred from early Lutetian to late Bartonian when the
folds and thrusts of the Ainsa Oblique Zone developed. This vertical-axis rotation stage
resulted from a difference of about 50 km in the amount of displacement on the Gavarnie
thrust, and an accompanying change in structural style at crustal scale from the central to the
western Pyrenees, related to the NE-SW trending pinch out of Triassic evaporites at its basal
detachment. A second rotation event of at least 10° took place since Priabonian as a result of
a greater displacement of the Serres Marginals thrust sheet with respect to the Gavarnie thrust
sheet above the Upper Eocene-Oligocene salts. The deduced kinematics demonstrates that the
orogenic curvature of the central Pyrenees is a progressive curvature resulting from divergent
thrust transport direction. Layer-parallel shortening mesostructures and kilometer-scale folds
also developed by a progressive curvature related to divergent shortening directions during
vertical-axis rotation. Rotation space problems were solved by along-strike extension which
triggered the formation of transverse extensional faults and diapirs at the outer arcs of

structural bends.
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1. Introduction

Curved fold and thrust belts in map view are common features in orogenic systems [Macedo
and Marshak, 1999; Marshak, 2004]. Their interpretation has concentrated the attention of
many researchers in the last decades, mostly after the application of paleomagnetic
techniques to unravel vertical-axis rotations and decipher the displacement fields [Schwartz
and Van der Voo, 1984; Allerton, 1998; Sussman and Weil, 2004; Soto et al., 2006; Weil et
al., 2010].

Curved orogens or fold and thrust systems have been classified into primary, progressive and
secondary according to the timing between thrusting and rotation and the presence or absence
of vertical-axis rotation [Weil and Sussman, 2004; Weil et al., 2010].

Primary arcuate fold and thrust systems formed originally with a curved geometry with no
vertical-axis rotation. They normally result from the inversion of a previous irregular fault or
basin geometry. At the other end of the spectrum, secondary curved systems or oroclines are
formed by the bending of initially linear structures about a vertical-axis [Marshak, 2004].
Secondary curves caused by bending are characterized by vertical-axis rotations that post-
date the initiation of thrusting with a gradation of rotation directions and magnitudes around
the salient and dependent on a second stage of deformation. Secondary curves caused by
shearing are characterized by localized vertical-axis rotations adjacent to the shear zones with
possible rotations in the adjacent foreland. Vertical-axis rotations occur during or after
thrusting depending on the timing of the shear zone development and their magnitude
decreases abruptly away from the shear zone. In progressive curved systems structures, the
strike of structures changes progressively during deformation, and can form by divergent
thrust transport trajectories or by parallel slip showing an along-strike displacement gradient

during thrusting [Elliot, 1976]. In such cases rotation and thrusting occur simultaneously
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[Weil et al., 2010].

The southern Pyrenees show numerous oblique and transversal structures (Figure 1) that have
been interpreted as a result of primary, progressive or secondary curves. In order to explain
the observed curvature and the oblique structures, practically all the possible models have
been proposed: primary curvature inherited from the geometry of Mesozoic basins [Vergés,
1993; Larrasoafa et al., 2003], primary oblique structures developed by along-strike
mechanical contrasts in the detachment level [Storti et al., 2007; Vidal et al., 2009], primary
to progressive curvature triggered by thickness differences of the inverted basins with no
significant vertical-axis rotations [Soto et al., 2002], progressive curvature formed by lateral
gradients of thrust displacement with constant transport direction [Sussman et al., 2004], and
secondary curvatures due to superimposed folding [Garrido-Megias, 1973; Megias, 1982],
among others.

Each of these models predicts different kinematic histories that can be compared with
structural and paleomagnetic data. Distribution and magnitude of vertical-axis rotations are
normally determined by paleomagnetic studies, which provide the most robust data to
distinguish between the different types of orogenic curvature [Soto et al., 2006; Weil et al.,
2010]. Nevertheless, due to the common protracted deformation history found in most
orogens, caution is needed to accurately interpret paleomagnetic data, and the timing of the
magnetization with respect the structural evolution should be considered.

A better understanding of the kinematic evolution and processes that produce fold and thrust
curved patterns can be achieved by integrating internal deformation data with paleomagnetic
studies [Hindle and Burkhard, 1999; Yonkee and Weil, 2010a; Weil et al., 2010].

A significant amount of paleomagnetic studies have been published in the Central Pyrenees
aiming not only to date the well-preserved synorogenic successions but also to decipher

vertical-axis rotations. The combination of magnetostratigraphic [Bentham and Burbank,
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1996; Hogan and Burbank, 1996; Beamud et al., 2003; Oms et al., 2003; Mochales, et al.,
2012a; Rodriguez-Pinto et al., 2012; Rodriguez-Pint6 et al., 2013] and magnetotectonic
studies [Dinarés-Turell, 1992; Pueyo, 2000; Pueyo et al., 2002, 2003a, 2004; Mochales et al.,
2012b] has revealed the existence of significant vertical-axis rotations as well as their
chronology and relationships with the main structures.

Clockwise vertical-axis rotations have been documented by several paleomagnetic studies in
the south western-central Pyrenean area, including not only the study area (Ainsa basin) but
also the structures located westward in the Sierras Exteriores (Figure 2) [Dinarés-Turell,
1992; Pueyo, 2000; Pueyo et al., 2002, 2004; Fernandez-Bellon, 2004; Rodriguez-Pint0 et
al., 2013; Mochales et al., 2012b; Oliva-Urcia et al., 2012a; Ramon et al., 2012]. Such
clockwise rotations explain the occurrence of N-S to NW-SE structures that are oblique to the
main WNW-ESE Pyrenean trend that characterizes the southern Central Pyrenees. Vertical-
axis rotations account for progressive or secondary curvature and have been explained by
differential displacement of the South Pyrenean thrust sheets [Soto et al., 2006; Oliva-Urcia
and Pueyo, 2007a].

The oblique structures of the South Central Pyrenees have also been the focus for studies of
internal strain [Holl and Anastasio, 1995a] and mesostructural analysis [Holl and Anastasio,
1995b; Tavani et al., 2006, 2012], which together with recent studies on anisotropy of
magnetic susceptibility (AMS) [Oliva-Urcia et al., 2009; Mochales et al., 2010] add further
constraints in the understanding of the kinematic evolution of these structures.

The structures in the Ainsa basin define the most prominent fold and thrust curvature in the
Central Pyrenees (Figure 1). It is an excellent location to study kinematics of orogenic
curvature because of: i) the quality of exposures, ii) the access to different structural levels
due to a late structural tilting, iii) the time constraints yielded by the unique preservation of

growth strata, and iv) the available subsurface data (exploration wells and seismic sections).
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However, despite the amount of studies done in the area dealing with different disciplines
there is not yet a comprehensive model that honors all the available sedimentological,
structural and paleomagnetic data. The study presented here builds on previous published
works as well as on the work done in the area of the Ainsa basin by the authors in the last two
decades on: sedimentology of the different involved sedimentary systems [Arbués et al.,
2011], 3D structural reconstruction of the entire basin [Fernandez-Bellon, 2004; Fernandez et
al., 2004, 2012], tectono-sedimentary relationships [Mufioz et al., 1994, 1998; Poblet et al.,
1998], mesostructural analysis [Tavani et al., 2006, 2012] and paleomagnetic studies
[Dinarés-Turell, 1992; Beamud et al., 2003; Fernandez-Bellon, 2004]. By integrating these
studies we reduce the limitations of the interpretations based on individual data sets. In this
paper we bring new paleomagnetic and structural data and present a new model for the
kinematics of the entire Ainsa fold and thrust oblique zone. Our work pretends to gain insight
into a better understanding of the three dimensional kinematic evolution and processes that
produce orogenic curvature.

The study area has the additional interest of the interaction between slope to deltaic
sedimentary systems and the evolving structural topography from a deep-water to an
emergent fold and thrust belt. This extraordinary tectono-sedimentary variety and the outcrop
quality make that area a superb natural laboratory. The Ainsa basin is well known among the
geological community for the sedimentary models of turbidite systems and their related
fluvio-deltaic and carbonate platform systems [Mutti et al., 1988]. However, little is known
yet about the kinematic 3D evolution of the structures that developed during the
sedimentation of the Ainsa basin infill. This is fundamental for the proper understanding of
the facies arrangement and internal architecture of the Ainsa basin slope and deltaic
sediments which are a reference among sedimentologists for turbidite facies models and field

analogues for exploration and production purposes [e.g., Falivene et al., 2010]. Results of our
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work add new constraints for the understanding of the sedimentary pathways and sedimentary

dispersal-of the slope systems of the Ainsa basin.

2. Geological Setting

The Pyrenean orogen formed as the result of the collision between the Iberian and European
plates from Late Cretaceous to Miocene times [Roest and Srivastava, 1991; Mufioz, 2002;
Rosenbaum et al., 2002]. It is an asymmetric doubly vergent orogenic wedge that resulted
from the subduction of the Iberian lithospheric mantle and lower crust under the European
plate, and the thrusting of upper crustal rocks to the north and south (Figure 1) [Mufioz,
1992]. Shortening along the central sector totals approximately 150 km (147 km according to
Mufioz [1992]; 165 km according to Beaumont et al. [2000]) with a transport direction to the
south [Vergés, 1993; Rosenbaumet al., 2002]. The Pyrenees, with a regional WNW-ESE
trend, consist of a central duplex of south-directed Variscan basement thrust sheets (referred
to as the Axial Zone) which are flanked to north and south by oppositely vergent fold and
thrust belts and associated foreland basins (Figure 1). The southern fold and thrust belt is
formed by a set of imbricate thrust sheets of Mesozoic and Tertiary cover rocks that
developed from Late Cretaceous to Oligocene times in a piggy-back sequence over the
autochthonous rocks of the Ebro foreland basin [Séguret, 1972; Garrido-Megias, 1973;
Cémara and Klimowitz, 1985; Mufioz, 1992]. Syntectonic Eocene-Oligocene sedimentation
and burial of the frontal thrust sheets promoted synchronous thrusting of the south-Pyrenean
thrust wedge. As a result, previously developed thrusts were locally reactivated as out-of-
sequence thrusts [Mufioz et al., 1997; Mufioz, 2002].

Three major cover thrust sheets constitute the southern fold and thrust belt. From north to
south (and in order of emplacement) these thrust sheets are (Figures 1 and 2): the Cotiella-

Baixols thrust sheet developed during the Late Cretaceous, the Pefia Montafiesa-Montsec
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thrust sheet formed during the Paleocene-late Ypresian and the Sierras Exteriores-Serres
Marginals thrust sheet developed during Lutetian-Oligocene times. Southward displacement
on the cover thrust sheets is fed by basement thrusts in the Axial Zone [Séguret, 1972;
Camara and Klimowitz, 1985]. In the case of the Sierras Exteriores-Serres Marginals,
displacement is mainly accounted for by the Gavarnie, Bielsa and Guarga basement thrusts
that moved mostly diachronously and in succession [Séguret, 1972; Camara and Klimowitz,
1985; Martinez-Pefia and Casas-Sainz, 2003]. The Gavarnie thrust started to develop during
early Lutetian times (the age of the onset of folding in its hangingwall, Séguret [1972];
Fernandez et al. [2012]), feeding displacement along the Sierras Exteriores thrust in its
leading edge in what Labaume et al. [1985] called the Gavarnie Nappe (referred to as the
Gavarnie-or Gavarnie-Sierras Exteriores thrust sheet in this article). Displacement continued
until it was tilted, folded, and passively transported southwards from Late Eocene times by
the Guarga and related basement thrusts (Figure 1) in what Labaume et al. [1985] called the
Gavarnie Detachment Unit (referred to as the Sierras Exteriores thrust in this article). The
Late Eocene-Oligocene age of the Guarga thrust is demonstrated by the relationships between
the basement cut-off line in its hangingwall and the Guarga synclinorium [Fernandez et al.,
2012] and the age of the growth strata preserved in its core [Puigdefabregas, 1975;
Fernandez-Bellon, 2004]. Motion on deep post-Gavarnie thrust sheets was responsible for the
Late Eocene-Oligocene structures observed in the Jaca basin and Sierras Exteriores
[Labaume et al., 1985; Teixell, 1996] which have been erroneously used to date motion on
the Gavarnie thrust.

The main thrust sheets of the south central Pyrenees described above were considered to form
a major structural unit referred to as the South Pyrenean Central Unit [Séguret, 1972] (Figure
1)..The western boundary of this unit was interpreted to correspond to the N-S trending folds

of the Ainsa area studied in this paper. However, there was no consensus among geologists
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on the location or nature of such boundary. Some authors considered it was located in the
Mediano-anticline [Séguret, 1972] while others placed it further west, along the Boltafia
anticline [Soto et al., 2002] (Figure 1). Detailed 3D reconstruction of the area integrating
surface and seismic data [Fernandez-Bellon, 2004; Fernéndez et al., 2004, 2012] revealed
that these folds are part of the Gavarnie-Sierras Exteriores thrust sheet, which represents the
westward continuation of the Serres Marginals thrust sheet. The absence of any major lateral
structure between the Sierras Exteriores and Serres Marginals thrust sheets means that the
South Pyrenean Central Unit as defined by Séguret [1972] is not a structural unit; in
consequence, referring to the oblique Ainsa folds as its western limit is not applicable.
Nonetheless, a major structural change does occur between the central and the west-central
southern-Pyrenees. In the central Pyrenees, east of the studied area, the basement thrust sheets
form an antiformal stack with a significant structural relief [Mufioz, 1992]. Southward, the
Mesozoic cover sequence is detached along the Triassic evaporites to form the Boixols,
Montsec-and Serres Marginals thrust sheets (Figure 1, section 1). In the Axial Zone, Triassic
evaporites also decouple Mesozoic units from the antiformally stacked basement units. On
the contrary, in the west-central Pyrenees there are no Triassic evaporites between Upper
Cretaceous and Paleozoic rocks along the Axial Zone. As a result, the Mesozoic and
Paleogene cover is coupled to the basement and basement thrust sheets are mostly imbricated,
instead of piled one on top of the other, constituting an imbricate hinterland dipping duplex
[Camara and Klimowitz, 1985; Labaume et al., 1985; Teixell, 1996, 1998]. The change in
thrusting geometry in turn leads to a more distributed structural relief in the west-central
Pyrenees. As basement thrust sheets are located further south in the west-central than in the
central Pyrenees, the cover thrust sheets are widely exhumed in the west. Thus, the western
lateral equivalents of the Pefia Montafiesa-Montsec and Cotiella-Baixols thrusts have been

uplifted and eroded, whereas the lower Gavarnie-Sierras Exteriores thrust sheet occupies a
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wide area (Figure 1), only disrupted along its northern edge by a minor fold and thrust system
(Larra-Monte Perdido, Figure 3) in the footwall of the eroded Pefia Montafesa thrust. As a
consequence of the changes in thrust geometry and imbrication, the basement thrust sheets
along the Axial Zone plunge westward and the structural relief decreases in the same
direction (Figure 1, sections 1 and 2). The change in structural relief is not sharp and occurs
across a wide area that coincides with the extent of the N-S trending structures of the studied
area. The significance of these changes in the geometry of the Axial Zone and cover thrust
sheets, as well as their structural expression, will be discussed herein.

Major thrusts and related folds and cleavage of the Ainsa basin in the Gavarnie thrust sheet
display a regional curvature from WNW trends in the northwestern part to N trends in the
central part of the Ainsa basin [Choukroune and Séguret, 1973] to define what is referred to
in this paper as the Ainsa Oblique Zone (Figures 1 and 2). The transition from this zone to the
WNW Pyrenean trends of the Tremp-Graus piggy-back basin and Serres Marginals eastward

is concealed by synorogenic sediments and overprinted by salt structures (Figures 2 and 3).

3. Stratigraphy and Structure of the Study Area

The most conspicuous structural feature of the Ainsa basin is a system of kilometer-scale N-S
trending folds in the footwall of the Cotiella and Pefia Montafiesa-Montsec thrust sheets
(Figures 1, 2 and 3), referred to as the Sobrarbe fold system [Fernandez-Bellon, 2004;
Fernandez et al., 2012]. These folds are detachment to fault-propagation folds, which
detached into the Triassic evaporites and deform the Upper Cretaceous-Paleogene
stratigraphic succession of the Gavarnie thrust sheet. In addition to the Sobrarbe fold system,
the sediments of the Ainsa basin are deformed in its proximal area, adjacent to the Pefia
Montafiesa-Montsec thrust sheet, by a deep-water fold and thrust system which has been

named La Fueba thrust system [Fernandez-Bellon, 2004; Fernandez et al., 2012]. All these
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structures display curvature in map-view over a range of scales.

3.1. Tectonostratigraphic Units

The oldest rocks outcropping north of the study area are Devonian and Carboniferous shales,
sandstones and limestones which constitute the Variscan basement of the Gavarnie thrust
sheet [Rios et al., 1982a]. Unconformably above, Triassic sediments are irregularly
distributed. Upper Triassic Keuper shales, evaporites and salts are truncated westward below
the unconformity at the bottom of the Upper Cretaceous limestones, defining a NNE-SSW
trending edge (Figure 2). Such sediment distribution controlled the structural evolution of the
area as will be discussed later. In the study area, lower Triassic red beds (Buntsandstein
facies) are only observed in the footwall of the Gavarnie thrust sheet, unconformably
overlying the post-Variscan granites [Rios et al., 1982a].

Unconformably above the Triassic reds beds, evaporites and salt, or directly on top of the
Variscan basement rocks, the stratigraphic succession of the study area consists of the
following main tectonostratigraphic units (Figure 4):

1) Upper Cretaceous limestones, marls and calcarenites; 2) Paleocene carbonates and clastic
sediments; 3) the Lower Eocene Alveolina Limestone and a succession of marls and
limestones above; 4) Lower Eocene (Cuisian) Alveolina and Nummulitid limestones (Santa
Marina Fm.) which are the lateral equivalent of the lower part of the Ainsa slope complex
(San Vicente Fm. 1); 5) Middle Eocene platform limestones (Guara Fm.) and the lateral
equivalent upper part of the Ainsa slope complex (San Vicente Fm. 2); 6) Middle-Upper
Eocene deltaic (Sobrarbe Fm.) to continental sediments (Escanilla Fm.); and 7) Oligocene-
Miocene continental deposits.

The Upper Cretaceous succession of the Gavarnie thrust sheet consists of two

tectonostratigraphic subunits. The lower one is made up by upper Cenomanian-lower
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Santonian limestones (“Calcaires des Canyons”) [Fournier, 1905] that represent the post-rift
succession on the margin of the Lower Cretaceous rift, which was located to the NE of the
studied area. They thin from a few hundreds of meters in the northwest, where they
unconformably overlay the basement rocks of the Gavarnie thrust sheet, to few tens of meters
in the south, on top of the Triassic evaporites (as evidenced by the borehole Surpirenaica-1
[Lanaja and Navarro, 1987] and the outcropping core of the Mediano anticline [Garrido-
Megias, 1973]). Next to the rift margin they reach a thickness up to 5 km in the Cotiella
thrust sheet [Garcia-Senz, 2002; McClay et al., 2004]. Above, the younger upper Santonian-
Maastrichtian subunit developed in a foreland basin setting during the inversion of the
Cotiella-Boixols thrust sheet [Garcia-Senz, 2002]. Thickness of these Upper Cretaceous
synorogenic sediments varies from up to 3 km in the Montsec thrust sheet, to 500-700 m in
the Gavarnie thrust sheet, or few tens of meters in the most frontal thrusts sheets of the
Sierras Exteriores.

Upper Cretaceous rocks are overlain by 100 to 400 m of Paleocene shallow water limestones
and dolomites which grade in the SE corner of the studied area (Mediano anticline) into a
succession of red beds and fresh water limestones (Garumnian facies). This transition is also
observed in the Montsec thrust sheet east of the Esera valley [Baceta et al., 2004; Robador,
2008] (Figure 2). The lower llerdian is represented in the Ainsa basin area by the Alveolina
Limestone [Mey et al., 1968]. This formation represents a widespread transgressive episode
event in the south Pyrenean foreland basin. Its thickness ranges from 70 to 150 m and
coincides with the end of a relatively quiescent period which started in Paleocene times.
Above, a succession of marls and limestones completes the lower Eocene series (Millaris,
Metils and Yeba Fms.) [Van Lunsen, 1970; Barnolas and Gil-Pefia, 2001; Mochales et al.,
2012a] (Figure 4).

The Ainsa slope complex is as much as a 4 km thick succession of primarily mudstones with

© 2013 American Geophysical Union. All rights reserved.



several encased turbidite systems, each one being a few hundreds of meters thick [Arbués et
al., 2007]. These sediments, described as the San Vicente Formation [Van Lunsen, 1970; De
Federico, 1981], are the main infill of the well-known Ainsa basin and represent the proximal
slope facies of the deeper water siliciclatic complexes in the Jaca basin, located westward
(Hecho Group), [Mutti et al., 1972].

The Lower Eocene part of the Ainsa slope complex developed in the footwall of the Pefia
Montafiesa-Monsec thrust sheet in a foredeep setting (Figures 2, 4, 5 and 6). Sedimentation
occurred synchronously with the La Fueba deep-water fold and thrust system in the footwall
of the Pefia Montafiesa-Montsec thrust as its hangingwall was displaced southward [Mufioz et
al., 1994]. The slope sediments were primarily fed from a fluvio-deltaic complex located in
the east, on top of the Montsec thrust sheet (the Montafiana Group of the Graus-Tremp piggy-
back basin) [Nijman and Nio, 1975]. Southward, the turbiditic trough of the Ainsa basin was
bounded by a carbonate platform (Santa Marina Fm.) [Barnolas et al., 1991]. This platform
retreated-in front of the Pefia Montafiesa-Montsec thrust sheet as the thrust sheet moved
southward. Slope sediments onlap the back-stepped margin of the platform and incorporate
resedimented carbonates triggered by the tilting of the platform [Arbués et al., 2011].

At Middle Eocene times deformation progressed into the footwall of the Pefia Montafiesa
thrust sheet. As a result, the Gavarnie thrust sheet developed and the floor of the Ainsa basin
was deformed by the Sobrarbe fold system (Figures 5 and 6). The Ainsa basin changed from
a foredeep to a piggy-back basin and its infill developed a shallowing-upward sequence. The
upper parts of the slope complex and its carbonate and deltaic equivalents as well as the
fluvio-deltaic complex above (Sobrarbe deltaic system and Escanilla Fm.) [Dreyer et al.,
1999] were sedimented during fold growth [Poblet et al., 1998]. Westward, the fluvial red
beds of the Escanilla Fm. grade laterally into the deltaic sandstones of the Sobrarbe delta,

which in turn are the lateral equivalent of the upper part of the slope sediments of the San
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Vicente Fm. (Figure 4).

The youngest marine sediments in the studied area correspond with the Buil Nummulitic
banks at the bottom of the Escanilla Fm. [Mateu-Vicens et al., 2012]. Above, fluvial
sediments of the Escanilla Fm. are Bartonian to Priabonian in age [Bentham, 1992; Bentham
etal., 1992; Mochales et al., 2012a]. The middle to upper part of the Escanilla Fm. is
equivalent to the Campodarbe Group [Puigdefabregas, 1975], which lies unconformably on
top of the Middle Eocene limestones on the western limb of the Boltafia anticline (Figure 2).
The Escanilla Fm. and older formations are unconformably overlain by the Oligocene-
Miocene continental sediments, which extensively cover the southern part of the studied area
[Puigdefabregas, 1975; Luzdn, 2005] (Figure 3). These sediments consist of conglomerates at
the northern margin of the basin passing southwards into sandstones and mudstones. They

were deposited synchronously with the frontal thrust structures [Luzon, 2005].

3.2. The-Sobrarbe fold system

The Sobrarbe fold system consists of four major N-S trending anticlines, which from east to
west are: the Mediano, Olsén, Afiisclo and Boltafia anticlines. Between them synclines occur,
the most prominent of which is the Buil syncline (Figures 2, and 3). These folds have been
described by many authors due to the high obliquity of their trends with respect the main E-
W to ESE-WNW Pyrenean structural trend [Séguret, 1972; Garrido-Megias, 1973;
Puigdefabregas, 1975; Multti et al., 1988; Martinez Pefia, 1991; Soto and Casas, 2001; Soto
et al., 2002]. Fernandez et al. [2012] have recently described in detail the 3D geometry of
these folds based on the integration of surface and subsurface data, following a fully 3D
reconstruction approach [Fernandez et al., 2004].

The Mediano anticline is a 20 km long detachment fold cored by Triassic evaporites. Its

structure and along-strike evolution were described by Poblet et al. [1998]. In its southern
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sector it displays eastward vergence (Figure 6) and a northward plunge of about 10°. It is
bound to the south by the faults bounding the Clamosa Triassic salt dome [Teixell and
Barnolas, 1995]. To the north, the Mediano anticline changes to a NW-SE trend before
terminating below the turbidites of the Ainsa basin (Figures 2 and 3). The Mediano anticline
has been considered as an oblique structure related to the Montsec thrust [Farrell et al., 1987,
Martinez-Pefia, 1991; Bentham and Burbank, 1996] or as a structure belonging to the
Montsec thrust sheet [Soto et al., 2002; Mochales et al., 2012b]. However, the Mediano
anticline is younger than the Montsec thrust. Growth geometries clearly demonstrate that the
Mediano anticline developed during the Middle Eocene, from early Lutetian to Bartonian
times [Poblet et al., 1998], whereas the Montsec thrust and its northern continuation into the
Atiart thrust are unconformably overlain by late Ypresian sediments [Soler and Garrido-
Megias, 1970; Garrido-Megias, 1973; Mufioz et al., 1994]. Age constraints, surface and
subsurface data and stratigraphic differences demonstrate the Mediano anticline is part of the
Gavarnie thrust sheet in the footwall of the Pefia Montafiesa-Montsec thrust sheet
[Fernandez-Bellon, 2004; Fernandez et al., 2012], (Figure 6).

West of the Mediano anticline, the Olson anticline has no evident expression at surface, as it
is located below the Buil syncline (Figures 3 and 6). However, it has been imaged by seismic
data and drilled by the Surpirenaica-1 well [Lanaja and Navarro, 1987]. The Olson anticline
is 10 kmlong and has an associated westward directed thrust in its central part (Figure 6).
Seismic sections show growth geometries of the Middle Eocene slope to deltaic sediments
located below the fluvial sediments cropping out in the core of the Buil syncline. Thus, it
developed synchronously with the Mediano anticline, although it stopped growing earlier.
The Afisclo anticline is the fold with the deepest level of exhumation in the study area, along
with the Mediano anticline, and as a result the Upper Cretaceous limestones crop out in its

core (Figure 5). It occupies the same structural position east of the Boltafia anticline as the
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Olson anticline. However, careful analysis of seismic profiles along with detailed structural
analysis of the Afiisclo anticline, reveal that the Olson anticline dies out to the north, under
the Buil syncline, and so does the Afiisclo anticline to the south (Figure 3). These folds are
not connected as previously suggested by Soto and Casas [2001] [Fernandez et al., 2012].
The Afisclo anticline is a fault-propagation fold in its central part characterized by a vertical
to steeply overturned frontal limb (Figure 5). The fold axis plunges southward at about 10°
increasing up to 25° in its southernmost termination where the fold opens progressively and
changes to a detachment anticline [Tavani et al., 2006]. This transition coincides with a
sharp change of the dip of the forelimb from vertical to moderately dipping to the SW, and
with a change of the fold axis trend from N-S to NW-SE (Figure 3). See Tavani et al. [2006]
for a detailed description of the Afiisclo anticline and its related mesostructures. Growth
strata are only preserved over the fold’s southern termination. There, the oldest evident
synfolding sediments are the lower Lutetian turbidites of the Ainsa system [Arbués et al.,
2007]. Thus, the Afiisclo anticline grew synchronously with the Mediano anticline. However,
and based on the 3D reconstruction of distinct surfaces of the Ainsa basin, an initial
development of the Afisclo anticline during the sedimentation of the upper part of the Gerbé-
Banaston turbidite system (Figure 4) cannot be ruled out [Fernandez et al., 2012].

The Boltafia anticline is the most prominent anticline of the Sobrarbe system (Figures 2 and
3). It has been traditionally considered the boundary between the Jaca and Ainsa basins as it
marks an outcrop discontinuity of the lower and middle Eocene slope sediments [Mutti et al.,
1988]. This fold is related to the propagation of the westward verging Boltafia blind thrust
(Figures 5 and 6). The Boltafa anticline is over 25 km long and presents a very constant N-S
trend with practically no plunge. However, at its northern termination it changes to a NW-SE
trend where the anticline opens and splits into a system of smaller NW-SE trending folds

(Figures 2 and 3). These folds are located in the hangingwall of a thrust splay of the Gavarnie
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thrust that represents the continuation of the Boltafia thrust (Figure 2) [Fernandez et al.,
2012]. This thrust system is located below the Monte Perdido thrust system and does not
branch with it [Millan et al., 2006], contrary to its interpretation as the floor and frontal thrust
of the Monte Perdido fold and thrust system [Séguret, 1972; Lacroix et al., 2011]. Toward the
south, the Boltafa anticline ends south of the study area where it is relayed by the Balces
anticline [Millan, 1996] (Figures 2 and 3). This anticline shows a prominent curved axial
surface, describing an arc of about 45° (southwestwards convex) in map view [Rodriguez-
Pint6 et al., 2013] (Figure 2).

The age of growth of the Boltafia anticline is constrained by the geometry and
sedimentological characteristics of the syntectonic sediments. In the western forelimb of the
Boltana anticline, along the Ara River valley, a thick succession from the lower Eocene slope
sediments of the San Vicente Fm. to the upper Eocene continental deposits of the
Campodarbe Group shows an apparently continuous growth wedge geometry in map view
(Figure 7). Such map pattern was initially considered to reflect the growth of the anticline
[Puigdefabregas, 1975]. However, detailed mapping of this area reveals an unconformity in
the Lutetian slope succession which separates the growth strata from the pre-folding
sediments (Figure 7). Below this unconformity, the lower Lutetian beds of turbidites and
marls unconformably overlie and onlap the Lower Eocene platform beds of the Santa Marina
Fm. The intersection lines between the slope and the platform beds (onlap lines) are
subvertical to steeply plunging to the north and are subparallel to the northern edge of the
Eocene foreland platform and to the strike of the gravitational collapse surfaces described by
Barnolas and Teixell [1994] that truncate the underlying platform (Figure 7b). This
relationship indicates that sediments below the unconformity were deposited on a northwards
tilted carbonate platform (Santa Marina Fm.) and that fanning of beds records the tilting of

the foreland platform. On the contrary, above the unconformity, the onlap lines of the middle
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Lutetian to Bartonian growth strata are moderately dipping to the south (Figure 7b) and
subparallel to the fold axis, as can be expected for growth strata. Paloecurrent directions in
the pre—unconformity slope sediments on both limbs of the Boltafia anticline are at present
directed to the NW (when unfolded) and would be parallel or slightly oblique to the onlap
lines, but at a high angle to the axis of the Boltafia anticline. These sedimentological and
structural data confirm that lower Lutetian slope sediments deposited before the onset of
growth of the Boltafia anticline. Conversely, paleocurrent directions of the middle Lutetian
turbidites at the bottom of the growth sequence are subparallel to the axis of the anticline. In
the eastern backlimb of the Boltafa anticline, where the moderate dip of bedding hampers the
discrimination of the growth strata, a change of the turbidite paleoflow directions from NW-
SE (oblique to and across the fold) during the sedimentation of the upper Y presian-lower
Lutetian turbidite systems of the Ainsa basin (Gerbé-Banaston, Ainsa, Morillo and Sieste), to
N-S (parallel to the fold) during deposition of middle Eocene systems (Gabardilla, Guaso),
has also been observed [Arbués et al., 2011]. Correlation of the Gabardilla system with the
magnetostratigraphic succession of Mochales et al. [2012a] yields an age of approximately
42.5 Ma for this system. In conjunction with the above described geometrical features of the
growth strata, unconformities, paleocurrent directions and recent magnetostratigraphic data,
onset of growth of the Boltafia anticline can be dated as middle Lutetian. This age is also
consistent with the middle Lutetian folding event described in the western limb of the Balces
anticline, based on the unconformity observed in the Lutetian Guara limestones (Figure 4)
[Millan et al., 2000; Barnolas and Gil-Pefia, 2001]. The end of formation of the Boltafia
anticline took place before the deposition of the lower part of the Campodarbe Fm. during
early Priabonian times [Puigdefabregas, 1975; Montes, 1992; Barnolas and Gil-Pefia, 2001].
This age attribution challenges the role of the anticline as a paleogeographical barrier during

the deposition of the upper Ypresian to middle Lutetian San Vicente Fm. as previously
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suggested [Puigdefabregas, 1975; Multti et al., 1985, 1988].

3.3. The La Fueba Thrust System

Thrusts and related folds of the La Fueba thrust system are located east of the Mediano
anticline, in the footwall of the Pefia Montafiesa-Montsec thrust sheet. The La Fueba system,
also called Arro system by some authors [Barnolas et al., 1991; Martinez-Pefia, 1991; Casas
et al., 2002], consists of a set of NW-SE to N-S trending structures, verging toward the SW
and parallel to the main Pefia Montafiesa-Montsec thrust to which they are connected
(Figures 2, 3, 5, 6 and 8) [Mufioz et al., 1994]. The structure of this system has been
described by many authors [Nijman and Nio, 1975; Mutti et al., 1988; Barnolas et al., 1991;
Martinez-Pefia, 1991; Travé et al., 1997, 1998; Barnolas and Gil-Pefia, 2001; Casas et al.,
2002; Fernandez et al., 2012], the most prominent structures being the L’ Atiart and Los
Molinos thrusts and their related hangingwall anticlines and footwall synclines (Figure 8).
The L’ Atiart thrust is the most relevant structure of this system with several kilometers of
displacement as it is the oblique ramp connecting the Montsec and Pefia Montafiesa thrusts
[Soler and Garrido-Megias, 1970; Nijman and Nio, 1975; Farrell et al., 1987; Fernandez et
al;, 2012]. The other thrusts scarcely accumulate 2 km of total displacement [Barnolas et al.,
1991].

Thrusts and related folds of the La Fueba system show a change of trend from NW-SE in the
north to N-S in the south, similar to that of the Mediano anticline (Figure 8). The same
change of trend along the structural bend is also observed in the mesostructures related with
the thrusts. Thrusts in the La Fueba system have fault zones that are meter-thick shear zones
characterized by strongly foliated sediments and an S-C-C’-type shear fabric [Travé et al.,
1997; Lacroix et al., 2011]. In the NW area, where thrusts and folds have a NW-SE trend,

shear planes mostly strike parallel to the trend of the main thrusts and most of the striations
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on the calcite veins located along the shear planes are dip-slip (diagram 1 in Figure 8). As the
strike of thrusts changes, the amount of trend or pitch dispersal of shear planes and striations
increases and is proportional to the deviation of thrust strike from the regional WNW-ESE
trend (compare data of the L’ Atiart thrust along the bend from NW to SE; diagrams 1, 2 and
3 of Figure 8): striations indicate almost pure dip-slip motion in NW-SE striking thrusts, but
range from dip-slip to strike-slip for N-S trending thrusts, always transporting the
hangingwall or eastern block to the SW. Often, more than one generation of striations with
different pitch is superimposed in the same shear calcite veins. Chronological criteria
between them are rare, but when visible, strike-slip striations (dextral) are younger than the
reverse dip-slip ones, as also suggested by Travé et al. [1997, 1998]. In general, shear zones
and related striations show a more complicated pattern in the portions where thrusts trend N-
S, suggesting fault reactivation in addition to rotation. This is particularly evident along the
Los Molinos thrust (diagrams 4 and 5 in Figure 8). Moreover, in the structurally shallower
parts-of the thrusts, conjugate shears and minor thrusts and backthrusts coexist resulting in
more complicated diagrams (diagram 5 in Figure 8).

The age of the La Fueba thrust system is constrained by the preserved syntectonic sediments.
It developed mostly during the late Ypresian (Cuisian) when deep-water emergent thrusts
controlled the transition from the deltaic sediments in the hangingwall to the slope
sedimentary systems of the Ainsa basin in the footwall (Figures 4 and 6). Thrusts mostly
developed in a piggy-back sequence. Each major thrust has a related major unconformity or
truncation surface, which developed by gravitational extensional collapse or successive
gravitational failures of the rising hangingwall [Mufioz et al., 1994]. The most significant and
preserved pairs of surfaces are the L’ Atiart thrust-L’ Atiart truncation surface and Los
Molinos thrust-Charo-Lascorz truncation surface (Figure 8) [Soler and Garrido, 1970; Mutti

et al., 1988; Mufioz et al., 1994]. The first one is early-middle Cuisian in age and the second
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one is latest Cuisian (Figure 4). Unconformities have also been slightly deformed, either
during the displacement on the lower and younger thrusts of the La Fueba system or during
subsequent reactivation of the main thrust planes.

Structures of the la Fueba thrust system have the same structural position and probably the
same age as (or slightly older than) the Monte Perdido thrust and related folds, which deform
the Cretaceous to Paleogene succession of the Gavarnie thrust sheet (Figures 2 and 3). The
frontal part of the Monte Perdido fold and thrust system deforms the Cuisian turbidites in the
footwall of the La Pefia Montafiesa thrust sheet at its westernmost outcrop in the Castillo

Mayor klippe (Figure 3).

3.4. Mesascopic Structures: Cleavage, Fracture, Fault and Vein Networks

The Gavarnie thrust sheet in the Ainsa fold and thrust oblique zone displays systematic suites
of mesoscopic structures that accommodated internal strain, including spaced cleavage,
fracture and vein networks, minor folds, and minor faults [Holl and Anastasio, 1995a; Tavani
et al., 2006, 2012].

A regional pressure solution cleavage is observed in the Mesozoic-Paleogene sediments at the
northern exposures of the Gavarnie thrust sheet of the study area [Choukroune and Séguret,
1973]. Cleavage is axial planar to regional and mesoscale folds, and parallels the strike of the
fold and thrust structures of the Gavarnie thrust sheet. As a result, attitude of the cleavage
planes shows the same map pattern as the above described thrusts and folds, and emphasizes
the change of the structural trend from WNW-ESE to N-S at the NW corner of the Ainsa
Obligue Zone (Figures 2 and 3). The cleavage intensity decreases southward to form a
cleavage front as described by many authors [Séguret, 1972; Choukroune, 1976; Holl and
Anastasio, 1995a; Oliva-Urcia et al., 2008]. However, such cleavage front is not a sharp

feature, as the occurrence of the cleavage depends also on the mechanical stratigraphy and
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the structural position with respect to the folds affecting the Gavarnie thrust sheet [Holl and
Anastasio, 1995a; Tavani et al., 2006]. Cleavage changes from pervasively distributed in the
northern areas to more localized in higher structural levels to the south. This transition is
obvious in the Boltafia, and Afisclo anticlines. Thus, in the northern part of these folds,
where they trend NW-SE, cleavage is pervasive and penetrative all around the fold,
regardless of both anticlines being open. Southward, where the folds change their trend to N-
S into the oblique zone and they become significantly tighter, cleavage is more localized and
mainly restricted to the vertical to overturned forelimb [Tavani et al., 2006]. Such internal
strain gradient also occurs in an E-W direction. Thus, in the forelimb of the Afiisclo anticline,
at the central part, pressure-solution cleavage is closely spaced, and locally, up to 3 different
sets of cleavage planes are observed (normal, oblique and parallel to bedding) [Tavani et al.,
2006]. In the same transect (Figure 5), the forelimb of the Boltafia anticline only shows a
family of spaced layer normal pressure-solution cleavage at high angles to bedding [Tavani et
al., 2012]. The Mediano anticline is located southward of the cleavage front as well as is the
southern part of the Boltafia anticline [Holl and Anastasio, 1995b].

Pressure-solution cleavage is parallel to the fold axis, remaining subperpendicular to bedding
in fold limbs and hinge zones, and evenly spaced throughout. Such bedding/cleavage
relationships are only overprinted by selective cleavage infilling in the vertical to overturned
forelimb- of fault-related folds. These angular and spacing relationships indicate that pressure-
solution cleavage formed before and at the initial stages of deformation by layer parallel
shortening and was subsequently tilted along with bedding during large-scale folding and
thrusting. Locally, it continued to develop during fold tightening [Tavani et al., 2006]. Layer
parallel shortening directions give the orientation of finite and instantaneous shortening axes.
These directions are roughly perpendicular to the structural trend around the Ainsa Oblique

Zone and are consistent with the shortening directions inferred from mechanically twinned
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calcite grains and minor faults [Holl and Anastasio, 1995b]. Holl and Anastasio [1995a]
estimated that the amount of layer parallel shortening increases from < 5%, 2 km forward of
the cleavage front, to ~ 30% 7 km hindward of the cleavage front, and then remains constant
further hindward.

Fracture and veins show a systematic symmetry with respect to large-scale folds. The most
common fracture and vein systems are those parallel (longitudinal) and perpendicular
(transversal) to the fold axis. Transversal joints and veins are the predominant fracture system
in the Afisclo anticline [Tavani et al., 2006]. In the Boltafia anticline, apart from the
transversal joints and veins, the main fracture system corresponds to longitudinal extensional
faults. These faults were the result of E-W stretching, parallel to the shortening direction, and
developed before and synchronously with folding [Tavani et al., 2012]. Extensional fracture
assemblages predominate in the central and southern parts of the Boltafa anticline. In these
areas the major mesoscale record of the E-W oriented layer parallel shortening, perpendicular
to the fold trend, is provided by AMS data [Mochales et al., 2010] as the mesostructural
pattern only rarely includes contractional structures. Changes of both direction and shape of
the AMS ellipsoid record the increasing amount of deformation from the southern parts of the
Ainsa Oblique Zone to the northern parts where cleavage is well developed [Dinarés-Turell
and Parés, 1992; Parés and Dinares-Turell,1993].

In'the northern parts of the Boltafa anticline, conjugated strike-slip faults, tilted along with
bedding during folding, are part of the contractional assemblage together with pressure-
solution cleavage [Tavani et al., 2012]. In the Afisclo anticline tilted strike-slip faults have
also been observed [Tavani et al., 2006].

Field observations of mutually cross-cutting relationships between the main pressure-solution
cleavage set, strike-slip and extensional faults and joints/veins support the interpretation that

they developed coevally.
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3.5. Macroscopic Structures: Extensional Faults

The youngest structures observed in the Ainsa Oblique Zone correspond to NE-SW trending
extensional faults described as the Balupor-San Marzial fault system by Fernandez-Bellon
(2004). They have a variable trend from N-S to E-W (Figures 2 and 3). Among them the most
prominent one is the San Marzial fault which has a curvilinear map pattern and a throw of
about 1 km [Rios et al., 1982a, b]. It cuts the Cotiella-Pefia Montafiesa thrust sheets and the
Gavarnie thrust sheet below, but it does not displace the Gavarnie thrust (Figure 3).
Extensional faults of this system obliquely truncate the Boltafia and Afiisclo anticlines and
are associated with extensive Triassic outcrops along the NW of the Cotiella thrust sheet. In
cross-section they appear as extensional collapse features of the anticlines as they partially
reactivate their related thrusts at depth (Figure 5). These extensional faults control along-
strike changes in the geometry of the Boltafia and Afiisclo anticlines, suggesting some
synchronicity with fold growth [Fernandez et al., 2012], and are known to be active at least
until Priabonian times as they offset sediments of the late Eocene Campodarbe Group (Figure
7).

The extensional faults that define the southern boundary of the Mediano anticline (Clamosa
faults), [Teixell and Barnolas, 1995] are similar in nature to the Balupor-San Marzial system
in that they both are interpreted to be contained entirely within the Gavarnie thrust sheet, they
are active at least until the Oligocene (as evidenced by their cutting relationships with
sediments of that age), they cross-cut the entirety of a major anticline (the Mediano anticline),
and are related to major outcrops of Triassic shales and evaporites (Figure 3). Furthermore,
the Balupor-San Marzial and the Clamosa faults are located where the N-S trend of the Ainsa
oblique structures swings to a NW-SE trend to the north (Balupor-San Marzial) and to the
south (Clamosa). These coincidences are strong indications for a common origin for both

systems of extensional faults.
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4. Paleomagnetism in the Ainsa Basin

4.1. Previous paleomagnetic studies

Several paleomagnetic studies have revealed important clockwise (CW) vertical-axis
rotations in the sediments of the Ainsa Basin [Dinares-Turell, 1992; Fernandez-Bellon, 2004;
Mochales, 2011; Mochales et al., 2012a, b]. Dinarés-Turell [1992] reported significant
vertical-axis rotations (up to 60°) in the Ilerdian and Cuisian platform sediments in the
Boltafia and Mediano anticlines. This rotation decreases to 40° in the middle Lutetian
sediments of the Sobrarbe Fm. Mochales et al. [2012b], in a detailed study of the vertical-axis
rotations experienced by the Boltafia anticline combined with the magnetostratigraphy of a
complete succession of the Ainsa basin [Mochales et al., 2012a], reported a CW rotation
which decreases from 52° in the Lower Eocene sediments of the core of the anticline to a few
degrees in the Upper Eocene sediments in its eastern limb. Upper Lutetian sediments sampled
in a magnetostratigraphic study by Bentham [1992] in the western limb of the Mediano
anticline revealed around 30° of CW rotation. This regional CW rotation pattern is in
concurrence with the up to 40° of CW rotation documented by Pueyo et al. [1997], Pueyo
[2000] and Pueyo et al. [2002, 2003a] in Bartonian to Chattian materials west of the Ainsa
basin, along the south Pyrenean thrust front of the Sierras Exteriores (Figure 2). Data from
the magnetostratigraphic studies by Hogan [1993] in younger sediments of the Jaca basin and
by Pueyo [2000], Oms et al. [2003] and Pueyo et al. [2003b] along the Jaca-Boltafa transect
show around 30° of CW rotations. However, vertical-axis rotations measured east of the
Ainsa Basin in Eocene sediments of the Tremp-Graus basin are mostly smaller than 20°
[Dinares-Turell, 1992; Dinareés et al., 1992; Beamud et al., 2003] (Figure 2). This fact,
combined with evidence of counterclockwise (CCW) vertical-axis rotation on the eastern
oblique thrust zone of the Montsec unit [Dinarés-Turell, 1992; Dinares et al., 1992, Sussman

et al., 2004] led Dinares et al. [1992], Mufioz [1992] and Vergés [1993] to consider that
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deformation in the central part of the Montsec thrust occurred by plane strain, validating the
restoration of the ECORS-Pyrenees cross-section [Beaumont et al., 2000].

A recent compilation of paleomagnetic data in Permian-Triassic red beds of the central-
western Pyrenees has reported no significant vertical-axis rotation of the sites located in the
footwall of the Gavarnie thrust sheet in the study area [Oliva-Urcia et al., 2012b]. The same
authors describe a slight CW vertical-axis rotation of 8°-10° for the Upper Cretaceous
paleomagnetic component in the Sierras Interiores (Gavarnie thrust sheet west of the study
area) and an average CW vertical-axis rotation of 14° for the remagnetized component in the
Cretaceous and Paleogene rocks of the Monte Perdido thrust system (Figure 2) [Oliva-Urcia
and Pueyo, 2007b; Oliva-Urcia et al., 2012b].

Regardless the significant amount of available paleomagnetic data [Lépez et al., 2008] all
these paleomagnetic studies have yielded varying interpretations. Some of the inconsistencies
between interpretations arise from the irregular density of sampling and the natural scattering

of data, but also derive from the lack of integration with structural and stratigraphic data.

4.2. Paleomagnetic sampling and laboratory procedures

Our study has focused on complementing previous paleomagnetic works in the Ainsa basin.
Sampling was designed to optimize the distribution of sites in previously non-sampled
structures like the Mediano anticline and to delineate rotation patterns along the strike of
folds and across their associated growth sediments.

36 sites were sampled in order to characterize the distribution of vertical-axis rotations within
the Ainsa fold and thrust oblique zone (Figure 3). Sampling was carried out by gathering
between 8 and 11 cores per site. To average the Earth’s magnetic field, cores were sampled
along 5 to 10 m of stratigraphic profile. Samples were obtained with a portable gasoline

power drill and were oriented in situ with a compass mounted on an orienting device with
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inclinometer. Sampling focused on limestones, marls, marly limestones and fine-grained
sandstones from middle Ilerdian to upper Lutetian stratigraphic units. Analyses were carried
out in the Paleomagnetic Laboratory of Barcelona (CCiTUB-CSIC). They consisted of
stepwise thermal demagnetization with demagnetizers TSD-1 (Schonstedt) and MMTD-80
(Magnetic Measurements) at steps of 20° and 30° up to 500°C. Stepwise alternating field
demagnetization was also conducted with a GSD-5 (Schonstedt) up to 100 mT with no
apparent improvement in the quality of the demagnetization trajectories. Subsequent
measurement of the Natural Remanent Magnetization (NRM) after each demagnetization step
was carried out in superconducting rock magnetometers (SRM755R by 2G Enterprises and
GM400 by Cryogenic Consultants). Intensity of initial NRM of samples is in the range 9-10
to 3-10°-A/m. Demagnetization diagrams of representative samples are represented in Figure
9a. In most of the samples a low temperature component is observed, which remains stable
up to 250-300° C or 15 mT and which is mainly parallel to the present day magnetic field in
geographic (in situ) coordinates. This component will not be taken into account for further
calculations. The characteristic component of each sample was calculated by best-fit method
after visual inspection of the demagnetization diagrams using the Paldir software developed
by the Utrecht Paleomagnetic Laboratory. This component is generally well-defined between
300 and 400°C or 15 and 50 mT, pointing to (titano)magnetite as the main remanence carrier.
However, this is most probably not the only magnetic carrier. Rock magnetism analyses in
previous studies have revealed the presence of iron-sulphides and high coercivity minerals
together with magnetite in the limestones of the Boltafia, Yeba and Metils Fms. and in the
Alveolina Limestone [Mochales et al., 2012a]. The calculated characteristic components of
each site were corrected for bedding dip with two different approaches (Table 1). The
directions for sites far from the more prominent folds were corrected by rotating bedding to

horizontal along the bedding strike line. On the other hand, directions measured on the
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Boltafia, Afiisclo and Mediano anticlines were restored by taking the fold geometry into
account. The dense dip data set recorded in the area, with up to 5000 readings of bedding
attitudes, were used to calculate the geometric elements of the main folds or parts of major
folds for each site or group of sites. Rotation of the measured magnetic declinations were
performed taking into account the fold axis of the best cylindrical fit geometry as well as the
best conical fit in some of the folds in order to avoid spurious rotation results [Pueyo et al.,
2003a]. Rotations were done using a code written for the Orient program by H. Charlesworth
[Charlesworth et al., 1989]. This procedure only yielded significantly different results for the
Mediano anticline, for which directions were restored according to the conical geometry of
the fold (Table 1).

Mean directions were calculated for each site from the single characteristic components
(Figure 9b and Table 1) and then compared with the reference Eocene direction for stable
Iberia [Taberner et al., 1999] to obtain a measure of the vertical-axis rotation at each site with
its associated uncertainty [Demarest, 1983]. The reference direction was recalculated for the
Ainsa coordinates with the via pole conversion method [Noel and Batt, 1990] getting a

direction of 004/52.

5. Results of Paleomagnetic Data

5.1. Stability of the magnetization

In‘order to verify the primary character of magnetization, fold tests [McFadden, 1990] and
direction/correction tilt tests [Enkin, 2003] were performed on the Boltafia (sites 16, 17, 18,
19, 20, 21 and 22), Afiisclo (sites 30, 31, 34 and 35) and Mediano anticlines (sites 3, 4, 5, 7,
8,9 and 10) and on an outcrop-scale anticline in the footwall of the Almuzaras thrust, south
of El Pueyo de Araguas (site 15) (Figures 3, 8 and 10). Positive fold and direction/correction

tilt tests with a statistical best grouping around 100% of unfolding were obtained in site 15
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and in the Boltafia and Mediano anticlines, pointing to a pre-folding origin of the
magnetization, as previously documented by numerous studies in the region [Mochales et al.,
2012a,b; Rodriguez-Pinto et al., 2012]. Although in these positive fold tests paleomagnetic
directions group after bedding correction, some scatter in trends remains. This dispersion
obeys both inherent different qualities of the paleomagnetic signal and the syntectonic
character of the sediments, with younger materials recording less amount of rotation, as
evidenced in the Mediano anticline. In the forelimb of the Afiisclo anticline both negative
fold and direction/correction tests were obtained with a best-fit at 5% of unfolding and a
greater dispersion for tectonic-corrected (100% unfolding) magnetic vectors. Furthermore,
tectonic-carrected directions from sites 31 and 35 indicate CCW rotations that would
contradict the regional CW rotation pattern. The fold test is not significant for sites 30 and 34
as both sites show very small differences between in situ and tectonically corrected directions
due to the low dip of bedding. However, the structural position of site 34 within the cleavage
domain and the fact that sites 31 and 35 within the same fold yield a negative fold test lead us
to interpret site 34 as remagnetized. Unfortunately, there are no arguments to establish the
primary or secondary origin of magnetization of site 30. Therefore, sites 31, 34 and 35 (and
maybe 30) are assumed to have been remagnetized after bed tilting but prior to the end of the
regional rotation, and record a minimum value of rotation in this sector. Their
remagnetization is interpreted to be related to their location in the more deformed forelimb of
the Afiisclo anticline where cleavage is well developed.

In the northern sector of the study area, sites 23, 24, 25 and 26 are placed within a cleavage
domain marked by the presence of a penetrative pressure-solution cleavage visible at outcrop
scale (Figure 3). As previously said, Triassic, Cretaceous and Eocene rocks within this
domain are affected by a generalized reversed polarity remagnetization event [Oliva-Urcia

and Pueyo, 2007; Oliva-Urcia et al., 2008; Oliva-Urcia et al., 2012a] (red arrows in Figure
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2). It should be noted that two components have been identified in site 23 (Figure 9a, Table
1): a “high temperature” component defined between 390 and 430 °C yielding normal
polarity and assumed to represent a primary magnetization, and an “intermediate
temperature” component defined between 280 and 390 °C which always exhibits reversed
polarity and which we interpret to be linked to the pressure-solution remagnetization event
reported by Oliva-Urcia et al. [2008]. Similarly, its neighboring site 26 also exhibits two
components, including a reversed polarity intermediate temperature component defined
between 250 and 350 °C, although less well defined than in site 23. It is worth noticing that
the NRM intensity of these sites is strikingly high (in the range of 2-8-10° A/m). Sites 24
and 25 only reveal one characteristic component of reversed polarity, for which primary or
secondary origin is difficult to test as no fold test can be performed due to the constant and
low dip of bedding. However, the high intensity of the NRM in these sites (in the range of 3-
4.10"° A/m), the constantly reversed polarity of the characteristic component, the low
inclination of their tectonic corrected ChRMs and their structural position within the cleavage
domain make these sites as suspect of being remagnetized during the pressure-solution
remagnetization event. Furthermore, they record a remagnetized direction in continuation
with the area described by Oliva-Urcia and Pueyo [2007] and Oliva-Urcia et al. [2008].
Southwards, sites 27, 32 and 36 are also located within the cleavage domain and exhibit high
intensity NRM’s and anomalously low inclinations. However, these sites yield normal
polarity contradicting the observed reversed polarity for the remagnetized component [Oliva-
Urcia et al., 2008]. Far from the cleavage domain, in the footwall of the Pefia Montafiesa
thrust sheet, site 2 also shows an anomalously low inclination and an unrotated mean

direction, which make it suspicious of being remagnetized.
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5.2. Vertical-axis rotations in the Ainsa fold and thrust oblique zone

Restored values of the mean magnetic declinations in the 36 sites studied in this work (Table
1) together with the published paleomagnetic data (Table S1 in supplementary material)
display systematic variations around the Ainsa Oblique Zone (Figures 3 and 11). Practically
all the samples record a clockwise vertical-axis rotation. Barring remagnetized sites, mean
values range from ~ 80 ° CW rotation (sites 3 and 7, lower Lutetian materials near the
Mediano anticline) to ~ 20 °CW (primary component of site 23, middle Ilerdian (early
Ypresian) materials cropping out at the northern edge of the Afiisclo anticline) (Table 1).
Plotted on a map these values reveal a clear pattern in the magnitude of vertical-axis rotation
through space and time (Figure 11).

Sites eastward of the studied area, in the central parts of the Montsec and Béixols thrust
sheets do not record any significant rotation, consistently with paleomagnetic data located
further east [Dinarés-Turell, 1992; Beamud et al., 2003] (Figure 11). An axial surface of
rotation can be defined east of the study area (Figure 11), delineating the boundary between
the non-rotated areas of the south central Pyrenees and the areas of the Montsec and Gavarnie
thrust sheets that have experienced CW vertical-axis rotation. This axial surface coincides
with the eastern edge of the circular bend connecting the N-S trending structures of the Ainsa
Obligue Zone and the western edge of the Montsec thrust sheet with the E-W to WNW-ESE
structural trend further east (Figure 11). The intersection between this eastern axial surface
and the thrust front of Serres Marginals—Sierras Exteriores is characterized by a thrust
reentrant (Figure 11).

From the eastern axial surface, the amount of clockwise rotation increases westward toward
the central part of the studied area, where structures predominantly trend N-S, both in the
hangingwall of the Pefia Montafiesa-Montsec thrust sheet and in the Ainsa Basin. In this area,

data presented in this study (Figure 3) and previous work (Figure 2) reveal rotations between
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~ 252 and 80° CW (Figure 11). West of the Ainsa Oblique Zone, where structures trend
WNW-ESE, clockwise vertical-axis rotations decrease to an average value of 10° to slightly
higher values (Figure 11). According to Dinarés-Turell [1992]; Bentham [1992] and Pueyo
[2000] a regional background rotational base value of 15°-20° can be assumed for the
Gavarnie-Sierras Exteriores thrust sheet, recorded in the youngest sediments sampled, in the
Escanilla and Campodarbe Fms. [Pueyo, 2000; Bentham, 1992; Mochales et al., 2012b].
Therefore, in the N-S trending structures of the Ainsa Oblique Zone, the differential vertical-
axis rotation values recorded by the Eocene sediments with respect to the Gavarnie-Sierras
Exteriores regional value are in the order of 10°-70° (Figure 11).

Vertical-axis rotations have been recorded all along the Sierras Exteriores structures [Oliva-
Urcia etal., 2012a; Ramon et al., 2012; Pueyo-Anchuela et al., 2012]. Further west, in the
western Pyrenees, no significant vertical-axis rotations have been recorded by paleomagnetic
data [Larrasoafa et al., 2003], defining a western limit for vertical-axis rotation.

CW vertical-axis rotation can be further constrained to the hangingwall of the Gavarnie thrust
and the older thrust sheets transported piggy-back in its hangingwall. Paleomagnetic data
recorded in the north of the study area as well as westward, along the northern Mesozoic and
Paleogene rocks of the Gavarnie thrust sheet (Sierras Interiores) [Oliva-Urcia and Pueyo,
2007b; Oliva-Urcia et al., 2012b] indicate that the Triassic red beds in the footwall of the
Gavarnie thrust sheet, north of the Cotiella thrust sheet, have not experienced any significant
vertical-axis rotation (Figure 2) [Oliva-Urcia et al., 2012b]. This is further confirmed by the
absence of any major structural bend or curvature in the lower, younger basement-involved
thrust sheets below the Gavarnie thrust north of the Ainsa Oblique Zone (Figure 2).

The amount of CW vertical-axis rotation depends also on the age of the sampled sediments.
The highest values of rotation have been recorded by the Lower Eocene sediments and these

values generally decrease with age (Figure 11). Mediano anticline is the area where the
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relationship between age and amount of rotation can be established best (Figures 6 and 12a).
If data from the present study are combined with data by Dinarés-Turell [1992] and Bentham
[1992], data cover sediments from llerdian to upper Lutetian age over a relatively small area
within which there are no major faults, making it reasonable to assume that there are no local
factors interfering with regional rotation. It can be observed that rotations between 58° and
80° are recorded in sediments of Ilerdian and Cuisian age, and in one sample of lower
Lutetian age (site 3). The magnitude of rotation then decreases progressively through
Lutetian times to reach minimum values of rotation during the upper Lutetian to Bartonian
(15° to 35°) (Figures 3, 6, 11 and 12a).

This pattern of decreasing rotation with age is also observed across the Boltafa anticline
along the Ara River. Sites in the pre-folding sequence of Cuisian age (sites 18, 19 and D21,
Figures 7 and 12b) and lower Lutetian age (sites 17, 20, 21 and 22, Figures 3, 7 and 12b)
present CW rotations ranging from 50 to 70°, whereas younger upper Lutetian sediments
located above the unconformity at the bottom of the synfolding package present less rotation,
although still significant (site 16 and sites from Pueyo [2000]) (Figures 7 and 12b).
Considering the sites of our study and the sites recently published by Mochales et al. [2012b],
an average CW vertical-axis rotation of ~ 55° can be estimated for the pre-folding sediments
in this transect of the Boltafia anticline (Figure 12b). Unpublished data by Mochales [2011] in
the middle Lutetian-Bartonian growth sediments on the western limb of the Boltafia anticline,
in the area of the map in Figure 7, confirm the decrease of the rotation with age in the
synfolding sediments, and therefore the synchronicity between folding and vertical-axis
rotation. If we plot together our data with the data set from Mochales et al. [2012b],
including data for the southern edge of the Boltafia anticline, a linear fit with an almost
constant CW vertical-axis rotation of about 50° is obtained for the older sediments cropping

out in the core of the Boltafia anticline (Ypresian-lower Lutetian) (Figure 12c). Most
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significantly, a change in the rotational pattern is observed at about 42.5 Ma: the age of the
oldest sediments above the unconformity on the western limb of the Boltafia anticline, and
therefore the interpreted onset of fold growth. Younger sediments show a decrease in the
amount of vertical-axis rotation with time from middle Lutetian to Priabonian times (Figure
12¢, d).

Apart from the regional E-W gradient of the vertical-axis rotation across the N-S trending
structures of the Ainsa Oblique Zone, and differences with the age of the sampled sediments,
a north-south gradient is observed in map-view along the N-S trending folds. This gradient
stands out very clearly along the Boltaiia and Afisclo anticlines (Figures 3 and 11). Highest
rotation values are located in the central part of the Boltafia anticline and in the southern
termination of the Afisclo anticline (Figure 11). These values decrease progressively
northward, regardless of the continuation of the folds northward with a near-constant N-S
trend. Such a decrease of the rotation angle is the result of the superposition of two effects.
The most evident one is the remagnetization of internally deformed areas near the northern
terminations of the Afiisclo and Boltafia anticlines, north of the cleavage front [Oliva-Urcia
and Pueyo, 2007; Oliva-Urcia et al., 2008]. However, a true gradient in the amount of
vertical-axis rotation along strike is also observed when taking account the primary
component of sites 23 and 26. This rotational gradient can be explained by the lateral
propagation of folds during syn-rotational folding, and a related migration of the pin-point of
vertical-axis rotation during fold growth and rotation (Figure 13).

The La Fueba fold and thrust structures and the Pefia Montafiesa thrust sheet show a
significant CW vertical-axis rotation with values higher than 35° and up to 80°, with the
exception of site 2, which has been probably remagnetized as discussed before, or reveals the
effect of local deformation (Figure 11). In the area where thrusts and folds of the La Fueba

system trend NW-SE the declination is roughly perpendicular to the thrust trend and parallel
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to the main and earlier striations along the shear planes (Figures 3, 8 and 11). Further south
where thrusts bend to a more N-S trend, the amount of vertical-axis rotation also increases
(site 1). Conversely, further north, in the Cinca valley where the structural trend is also N-S,
as indicated by the orientation of cleavage, the amount of vertical-axis rotation decreases to
values of 30° (sites 27, 32, 36 from this study and D15, D16, D17 and D18 from Dinarés-
Turell, 1992). This reveals a rotation gradient in a N-S direction that is similar to what is
observed further west in the Afisclo and Boltafa anticlines related to the northward

migration of the rotational pin-point (Figure 13).

5.3. Paleomagnetic directions vs. structural trend

A strike test has been performed in order to evaluate changes in the paleomagnetic data with
respect to the structural trend (Figure 14 and Table S2 in supplementary material) [Schwartz
and Van der Voo, 1983; Eldredge et al.,1985; Lowrie and Hirt, 1986; Yonkee and Weil,
2010b]. Application of this test is not straightforward in the study area, regardless the
significant amount of available paleomagnetic data and the pronounced change of strike of
the Ainsa Oblique Zone structures with respect the regional Pyrenean structural trend (Figure
11). Difficulty of the application of the strike test is due to the syntectonic nature of most of
the sampled sediments, the remagnetization of the sites located in the most deformed northern
areas and the longitudinal growth of structures during the vertical-axis rotation (Figure 13).
Strike tests were designed to be applied in pre-tectonic rocks on long, linear, continuous
mountain belts [Schwartz and Van der Voo, 1983; Lowrie and Hirt, 1986]. In the study area
evaluation of the tectonic curvature by the strike test requires a filtering of the sites.
Accordingly, we have only used non-remagnetized sites in pre-folding sediments located near
the.core of the structures. In addition, we have rejected the sites that yield paleomagnetic

directions with high dispersion (ags>15°) or anomalous inclination (Table S2).
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The structural trend for each plotted site has been calculated from the analysis of bedding
(about 5000 dip measurements in the study area) and fold trace data. For the sites located
eastwards of the study area the structural trend has been estimated from structural map
patterns of the main structures at kilometric-scale areas. In this way, we have reduced to a
minimum the dispersion of individual strike values of bedding and averaged out local noise.
The strike test on filtered data of the study area including areas further east (where structures
show a regional Pyrenean WNW-ESE trend) yielded a slope of the regression line of 0.46 and
a t-test for the significance of the slope of 5.514 (red line in Figure 14). This value is higher
than the t for the null hypothesis at 95% of probability (2.045) and therefore the obtained
slope is significant. If sites from the Boltafia anticline are removed from the analysis because
of its younger age (grey line in Figure 14), the slope of the strike-test for the sites along the
older and inner structures of the Gavarnie thrust sheet increases to 0.58 with a t-test value of
5.69. In this case, the slope of the regression line is also significant as the t for the null
hypothesis at 95% probability is smaller (2.080) than the obtained t-test value. Finally, if sites
suspicious of remagnetization in these inner structures are also removed in the strike test
(black line in Figure 14) both the slope and the t-test values increase to 0.649 and 6.927,
respectively. This regression is also significant as t is bigger than the t for the null hypothesis
at 95% probability (2.093).

All these values indicate that the studied thrust salient is a progressive arc with about 50%
secondary curvature related to vertical-axis rotation. For the older structures of the Gavarnie

thrust sheet, secondary curvature would represent up to 65%.

6. Discussion: structural evolution and kinematics

From all.the above described structural features and the paleomagnetic data it follows that

there is an obvious relationship between the N-S trend of structures in the Ainsa basin and the
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CW vertical-axis rotations recorded by the measured paleomagnetic directions. The N-S trend
is a.consequence of CW rotation of the entire Ainsa Oblique Zone, synchronous to the growth
of the folds, indicating that the curvature is progressive in origin. However, determining the
precise Kinematics and origins of this vertical-axis rotation is not possible without integrating
paleomagnetic data with structural, sedimentologic and orogen-scale constraints.

The importance of integrating other types of data when interpreting paleomagnetic data in
this area stems from the fact that the magnitude of the vertical-axis rotation is not constant
over the Ainsa Oblique Zone regardless the constant strike of the structures (as indicated by
the significant dispersion of data in the strike test plot, Figure 14). The vertical-axis rotation
depends on many factors such as the position of sites relative to structures, the age of the
sampled-sediments, superposition of secondary magnetization during deformation, and local
deformation by minor structures, among others. In addition to these different factors,
paleomagnetic data may show significant error bars. As a consequence, when interpreting the
paleomagnetic data of the area, significant different interpretations may arise with the same
data set if the combination of the aforementioned factors is not borne in mind. Most
importantly, the integration of the stratigraphic and structural data with the paleomagnetic
data in this study has reduced uncertainties of the interpretation of the paleomagnetic data and
constrained the proposed structural evolution for the Ainsa Oblique Zone. Analysis of
paleomagnetic data and statistical tests or regressions to fit the distribution of data should be
conditioned by geological constraints, as previously discussed for the strike test. Otherwise,
the conclusions obtained may contradict geological field observations or regional scale

constraints, and consequently, have no validity.

6.1. Age and magnitude of the vertical-axis rotation

Two distinct CW vertical-axis rotation events can be defined in the study area: the first one

© 2013 American Geophysical Union. All rights reserved.



during early Lutetian to Priabonian times, and the second one of Priabonian to Oligocene age.
The older vertical-axis rotation event (early Lutetian to Priabonian) is restricted to the
Gavarnie thrust sheet and older thrust sheets in its hangingwall that were passively rotated
(e.g. Montsec, Boixols). Vertical-axis rotation occurred during the emplacement of the
Gavarnie-Sierras Exteriores thrust sheet (Middle to Late Eocene) and the development of the
folds and thrusts of the Ainsa Oblique Zone. This synchronicity is documented by the
rotation of the Mediano and Boltafia anticlines during growth. Both anticlines record
significant CW vertical-axis rotation in their pre-growth strata (50°-70°) and progressively
less rotation in their syn-growth strata. In the case of the Mediano anticline, whose growth
starts during the early Lutetian [Poblet et al., 1998; Fernandez et al., 2012], the decrease in
the amount of rotation can be observed from 47.5 Ma (the age of the unconformity marking
initial fold growth, Poblet et al., [1998]) onwards (Figure 12a). Syn-folding rotation of the
Mediano anticline continued at a decreasing rate at least into the Priabonian (Figure 12a). A
similar relationship between folding and vertical-axis rotation is observed for the Boltafia
anticline. Growth of this anticline starts at approximately 42.5 Ma (as discussed above). This
age threshold corresponds to a change in the magnitude of CW vertical-axis rotation when
analyzing data along a single transect across the Boltafia anticline (to reduce the potential
impact of lateral gradients in vertical-axis rotation, Figure 12b). This age coincides with the
inflection point in the magnitudes of vertical-axis rotation documented by Mochales et al.
[2012b] at ~ 42 Ma. Vertical-axis rotation during the growth of the Boltafia anticline is
interpreted to have been relatively constant in rate, although it might have decreased with
time as-in the case of the Mediano anticline (Figures 12b, c).

This interpretation counters that by Mochales et al. [2012b], who propose the existence of a
pre-folding CW rotation of 15° and an acceleration of vertical-axis rotation after 42 Ma

(Figure 12d), based on the analysis of averaged data from different locations along the trend
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of the Boltafia anticline. However, given the significant lateral variations in vertical-axis
rotation recorded in the study area, a more conservative approach to analysis is required. As
way of illustration, if data from the Boltafia anticline presented in this paper are added to the
data by Mochales et al. [2012b], the pre-folding rotation is no longer evident due to the
greater scatter of data (which is due to the variations in vertical-axis rotation of the anticline
along strike and evidenced by a lack of correlation between age and rotation magnitude)
(Figure 12c). Furthermore, the acceleration in the rate of vertical-axis rotation documented by
these authors is strongly conditioned by two facts. Firstly, their analysis is based on treating
data from long before the onset of fold growth (more than 13 Ma prior to onset of fold
growth) and data synchronous with fold growth together, without allowing for the possibility
of a change in the kinematics of vertical-axis rotation prior to and synchronous with folding.
Secondly, they incorporate in their analysis the two youngest samples, dated as 35 Ma, that
yield a near zero vertical-axis rotation (compare Figures 12c, d). However, sites sampled
nearby by Bentham [1992] in sediments of the same age, although less robust than some of
the data by Mochales et al. [2012b], yield CW vertical-axis rotations of ~ 20° +/- 10°, that are
consistent with the existence of a second (Priabonian-Oligocene) regional CW vertical-axis
rotational event already solidly documented by multiple authors [Bentham, 1992; Pueyo,
2000; Oliva-Urcia and Pueyo, 2007b; Oliva-Urcia et al., 2012b], and discussed below.
Synchronous with growth and rotation of the Sobrarbe folds, the previously developed La
Fueba thrusts to the northeast were reactivated as oblique to dextral strike-slip faults as they
were passively rotated as indicated by the spread in and superposition of fault kinematic
indicators (Figure 8).

During this first event of rotation, the process of vertical-axis rotation continued to progress
westward beyond the Boltafia anticline to the structures of the Sierras Exteriores [Millan et

al., 2000]. Pueyo et al. [1997] suggested a diachronous end of the vertical-axis rotation along
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the Sierras Exteriores from early Priabonian (Arguis area) to Late Oligocene at their western
edge; overlapping temporally with the second rotation event and making them difficult to
distinguish.

At the last stages of this first rotational event (late Lutetian-Bartonian) a secondary magnetic
component developed in the most deformed and internal areas affected by penetrative
cleavage. The limited amount of rotation affecting this secondary component indicates it is
mostly posterior to the main rotation event in the Gavarnie thrust sheet. Oliva-Urcia and
Pueyo [2007] suggested that the age of the remagnetized secondary component is younger
than basement tilting in the hangingwall of the Gavarnie thrust, but synchronous to cleavage
development. In addition, these authors attributed the average 14° CW vertical-axis rotation
of this secondary component as well as the 8° CW rotation of the primary component in
Upper Cretaceous sediments to a moderate rotation related to a gradient in shortening during
the emplacement of the Guarga thrust sheet. The age of cleavage formation and
remagnetization is consistent with the late stages of growth and CW vertical-axis rotation of
the Afiisclo anticline, its related cleavage and remagnetization of the forelimb where cleavage
infilling occurred, as will be further discussed in the next subsection.

The second and younger CW vertical-axis rotation event, Priabonian-Oligocene in age, is
responsible for the rotation of the remagnetized components. This event is related to the
underthrusting of the Guarga basement unit below the northern parts of the Ainsa and Jaca
basins (Figures 1 and 15a) and the southward-directed transportation of the previously
deformed Mesozoic and Paleogene sediments of the Gavarnie-Sierras Exteriores thrust sheet
[Martinez-Pefia and Casas-Sainz, 2003; Fernandez et al., 2012]. It affected a broader area
than the previous one, including all the Sierras Exteriores (Figure 12). In this work an
average of 10° has been attributed to this rotation event, taking into account not only

paleomagnetic data of the internal areas [Oliva-Urcia and Pueyo, 2007b; Oliva-Urcia et al.,
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2012b], but also the CW vertical-axis rotation experienced by the younger sediments in the
Sierras Exteriores and the sites located westward of the eastern axial surface of rotation
(Figure 11).

This second CW rotation event was enhanced by further southward displacement of the south
Pyrenean thrust sheets in its central realm (Boixols, Montsec and Serres Marginals) on top of
the Lower Priabonian-Oligocene (?) salts of the Ebro basin. This is accompanied by a change
in the structural configuration from a footwall flat along the Lower Priabonian evaporites
under the Serres Marginals thrust sheet in the east [Teixell and Mufioz, 2000], to a footwall
ramp cutting the equivalent age clastics under the Sierras Exteriores in the west [Millan et al.,
2006; Pueyo et al., 2004]. The overall result is a change in the structural trend of the Sierras
Exteriores and eastern Jaca basin toward a more NW-SE trend (Figures 1 and 2).

Rotation during this second event was synchronous with the CCW vertical-axis rotation of
about 20° reported in the NE-SW trending oblique zone at the eastern edge of the central
Pyrenees.[Sussman et al., 2004].

Once the space/time relationships between the oblique structures of the Gavarnie thrust sheet
and the CW vertical-axis rotations have been established, a cause-effect relationship can be
assumed between them (as also indicated by the strike test of paleomagnetic data in the pre-
folding sediments, Figure 14). It can be interpreted that the onset of the vertical-axis rotation
was related to the onset of the contractional deformation in the Gavarnie thrust sheet. This
onset was not synchronous and migrated from NE to SW. The oldest structures are the
Mediano and Afisclo anticlines that started to develop at early Lutetian times (or even at late
Cuisian times) as clearly revealed by the preserved growth sediments [Poblet et al., 1998;
Fernandez et al., 2012]. Onset of folding was coeval with the onset of vertical-axis rotation
as demonstrated by paleomagnetic data (Figures 6, 7 and 12). Deformation migrated to the

SW to form the Boltafia anticline at middle Lutetian times, as did the onset of vertical-axis
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rotation (Figures 7 and 12). An average total CW vertical-axis rotation of 45° to 55° occurred
during the development of the Boltafia and Mediano anticlines, once we subtract the younger

Priabonian-Oligocene post-folding rotation of at least 10°.

6.2. Mesostructures development and remagnetization

Structures related to layer-parallel shortening such as cleavage and fracture systems
developed since the earlier stages of folding in the Ainsa Oblique Zone. These
mesostructures, together with older structures in the La Fueba and Monte Perdido fold and
thrust systems, experienced CW vertical-axis rotation as they developed. They preserved the
parallelism relative to fold axes because the local shortening direction remained
perpendicular to the fold axes during CW vertical-axis rotation due to divergent slip
trajectories (that can be accounted for with a progressive curvature model).

Regional pressure solution cleavage and fracture systems developed during the deformation
of the Gavarnie thrust sheet and consequently during the CW vertical-axis rotation that
formed the Ainsa Oblique Zone. The development of the pervasive regional cleavage has
been interpreted to occur in the Gavarnie thrust sheet at temperatures higher than 190°C and
up to 240°C, based on illite cristallinity data [Holl and Anastasio, 1995] and oxygen isotope
and fluid inclusion microthermometry analysis of veins related with the displacement of
coeval thrusts [Lacroix et al., 2011]. Such temperature requires a significant burial of the
youngest deformed lower Eocene turbidites, which can be estimated for a given geothermal
gradient. Calculated paleogeothermal gradients in the area vary from 15°C/km [Holl and
Anastasio, 1995b] to 34°C/km [Lacroix et al., 2011] giving a range of burial at the cleavage
front between 12 and 6 km, respectively. Such burial cannot be explained only by sediment
burial of the synorogenic sediments. Burial resulted from thrust sheet stacking of the Monte

Perdido thrust sheets and, mostly, the Cotiella-Pefia Montafiesa thrust sheets (with
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stratigraphy more than 5 km thick) above. Basement-involved lower and younger thrusts
(Bielsa and Guarga thrusts among others, Late Eocene-Miocene in age) were responsible for
the subsequent tilting and exhumation of the Cotiella, Pefia Montafiesa and Gavarnie thrust
sheets in the northern part of the studied area, and as a consequence they decreased tectonic
burial as they developed (Figure 2). The southern tip of such tilt by basement underthrusting
corresponds with the cut-off line of the Paleozoic basement in the hangingwall of the Guarga
thrust sheet, which runs parallel to and near the trace of the Guarga synclinorium (Figures 2
and 15a) [Fernandez et al., 2012].

Cleavage started to develop in the footwall of the Pefia Montafiesa and Cotiella thrust sheets
at late Ypresian to early Lutetian times when the La Fueba and Monte Perdido fold system
formed. Cleavage is pervasive in the Monte Perdido system as it developed under the Pefia
Montafiesa thrust sheet (present outcrops are located northward of the Castillo Mayor klippe,
under the now eroded western prolongation of the Pefia Montafiesa thrust, Figure 2). In the
La Fueba system, cleavage is restricted to the areas near the axial surface of the fault-related
folds at hectometric to regional scale. Cleavage continued its development during the middle
Lutetian to Late Eocene times when the Gavarnie thrust was active and the Sobrarbe fold
system developed in its hangingwall.

According to Tavani et al. [2006] a regional and delocalized spaced pressure solution
cleavage developed in the Upper Cretaceous-Lower Eocene sediments since the early stages
of folding by layer-parallel shortening and continued developing during a late localized
deformation stage by selective infilling of solution cleavage in the forelimb and in the near
foreland. Cleavage in the Afisclo anticline developed about 1-2 km below the synorogenic
topographic surface as growth sequences of the turbidites of the Ainsa basin are well
preserved (Figure 4). The location and age of these sediments constrain not only the burial

depth, but also the timing of fold growth and cleavage development as previously described.
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A pervasive remagnetization characterized by a high intensity reverse magnetic component
has been-observed in the rocks deformed by regional cleavage [Oliva and Pueyo, 2007,
Oliva-Urcia et al., 2008, 2009, 2012b] and in the samples collected in the northern areas,
where pressure solution cleavage is well developed (generally over 20% of shortening). The
presumed mechanism for explaining this remagnetization is the liberation and reorientation of
the magnetic carrying minerals in the cleavage domains as solution progressed during
cleavage intensification [Evans and Elmore, 2006; Oliva-Urcia et al., 2008; Elmore et al.,
2012]. According to Oliva-Urcia et al. [2008], remagnetization is post-folding and post-
tilting of the basement in the Gavarnie thrust sheet, as suggested by the fold tests and the
amount of vertical-axis rotations observed with respect to other non-remagnetized sites.
Nevertheless, folding and basement tilting in the hangingwall of the Gavarnie thrust sheet can
be perfectly synchronous. Cleavage developed from the earliest stages of folding, and
remagnetization must have been synchronous to the development of axial plane cleavage, if
we accept the proposed mechanism. Consequently, remagnetization probably occurred at the
last stages of folding, once a threshold in the amount of strain was achieved to permit the
reorientation of minerals in the cleavage domains. Our data supports this idea as the sites
sampled in the forelimb of the northern part of the Afisclo anticline are remagnetized but yet
they show a moderate CW vertical-axis rotation (21°-25°). These moderate angles of rotation
would record the last stages of rotation of the Afisclo anticline after cleavage developed
significantly in the forelimb. Remagnetization might also be a somewhat diachronous event;
if it was synchronous with cleavage intensification at the last stages of folding and CW
rotation in the Ainsa Oblique Zone it would have occurred as deformation progressed west
and south through time.

During the middle Lutetian-early Bartonian time interval, which is the most probable age of

cleavage intensification in the Gavarnie thrust sheet, reversal polarities are predominant. This

© 2013 American Geophysical Union. All rights reserved.



could explain the observed reverse polarity in the remagnetized sampled sites. On the other
hand, the.moderate values of CW vertical-axis rotation of the normal polarity sites 27, 32 and
36 and the high intensity of the NRM, together with their location in the highly cleavaged
area trending N-S east of the Afiisclo anticline suggest that they were affected by
remagnetization at the last stages of CW vertical-axis rotation. The normal polarity of the
magnetization would fit with a remagnetization related with a cleavage that developed
progressively during Middle and Late Eocene times in the Gavarnie thrust sheet and the CW
vertical-axis rotation at its eastern part. Further work should be conducted in the area to
confirm these ideas. Finally, the moderate CW rotation of the remagnetized component in the
Sierras Interiores during the second Late Eocene-Oligocene CW vertical-axis rotation event

would be-also consistent with a Mid- to Late Eocene age for the remagnetization.

6.3. Restoration and structural evolution

The structures of the Ainsa Oblique Zone have been restored in map view, taking into
account paleomagnetic data as well as structural and sedimentological data (Figure 15). For
simplification the Ainsa Oblique Zone and surrounding areas have been split into regions
with an average CW vertical-axis rotation as recorded by pre-folding strata.

A first step of restoration consisted in the removal of the second and youngest (Priabonian-
Oligocene) regional CW rotation of 10° west of the defined eastern axial surface (Figure 15a).
Although it may represent a minimum value, a slightly higher value of rotation would not
change the paleogeographic reconstructions or the derived conclusions significantly. The
displacement gradient along the south-directed Pyrenean thrust required for this rotation is of
22 km. The axis of rotation related to this shortening gradient has been located in the western
edge of the Sierras Exteriores as suggested by Pueyo et al. [2004] and Ramén et al. [2012]. It

is located along strike of the frontal thrust 50 km west of the edge of the map in Figure 15a.
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Once the younger regional Priabonian-Oligocene vertical-axis rotation has been restored, the
resultant-map shows a systematic variation of the mean magnetic declinations around the
curved structural trends of the Ainsa Oblique Zone and western Montsec thrust sheet (Figure
15a). In the map of Figure 15a only the amount of vertical-axis rotation that occurred
between middle Lutetian (43 Ma) and late Bartonian-early Priabonian (38-37 Ma) has been
annotated. This represents the period of time during which all the structures of the Ainsa
Oblique Zone were active. In the northern bend, CW vertical-axis rotation increases as
structures change their trend from E-W (090-100 azimuth) to N-S (170 azimuth). In the
central part of the Ainsa Oblique Zone, where structures trend 170N, rotation was maximum
(45° CW) during that period of time. CW vertical-axis rotation then decreases again in the
southern-bend as structures change towards E-W trends. This rotational pattern, combined
with the lack of significant rotation in adjacent areas, indicates that vertical-axis rotations
were associated with large-scale thrusting in the salient, as also expressed by the strike plot
(Figure 14).

A restored map at middle Lutetian times (42 Ma) illustrates the geometry and position of the
main structures of the Gavarnie thrust sheet during the early stages of deformation (Figure
15b). Sobrarbe folds have been restored taking into account the shortening calculated in the
E-W cross-sections (Figures 5 and 6) and the 3D restoration based on the 3D structural
reconstruction made by Fernandez et al. [2012]. Total displacement of the thrusts related
with the Sobrarbe folds totals about 5 km [Fernandez et al., 2012]. However, total shortening
is greater as shortening taken up by folding needs to be added. In the southern section, across
the Mediano anticline (Figure 6), a shortening of 7.5 km has been calculated. At middle
Lutetian times, the onset of growth of the Boltafia anticline controlled the dispersal of the
turbidite systems in the Ainsa basin which were fed from fluvio-deltaic systems in the east.

The Boltafia anticline grew as an oblique structure at the thrust front of the Gavarnie thrust
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sheet. The Boltafia anticline developed parallel to the Mediano anticline which had by then
already experienced a CW vertical-axis rotation of about 15°. Forward of the thrust front, the
carbonate platform experienced extensional deformation by flexure of the foreland [Barnolas
and Teixell, 1994; Tavani et al., 2012]. The tip of the Boltafia anticline propagated
northwestward into the western termination of the Keuper sediments as deformation
progressed during Lutetian and Bartonian times, and CW vertical-axis rotation increased.
The restored map at early Lutetian times depicts the original position of the earliest structures
of the Gavarnie thrust sheet once the Pefia Montafiesa-Montsec thrust sheet was already
emplaced (Figure 15c). The Montsec thrust was connected with its western continuation
(Pefia Montafiesa thrust) along a slightly oblique, long ramp, showing a primary curvature.
The buried oblique ramp determined the transition between the fluvio-deltaic systems
deposited on top of the Graus-Tremp piggy-back basin and the slope systems of the Ainsa
basin. The growing Mediano and Afisclo anticlines controlled sedimentation of slope
turbidites of the Ainsa basin. Nevertheless, they were connected with their deeper equivalents

of the Jaca basin as there were no transversal structural barriers (Figure 15c).

6.4. Origin of curvature and the influence of detachments

Timing and spatial relations of paleomagnetic data with respect to the trend of the structures
indicate that curvature developed during thrusting and folding within the Ainsa Oblique
Zone, which eliminates models of primary curvatures and secondary oroclines. Moreover, the
fact that the Sobrarbe folds constitute a coherent structural unit at the eastern part of the
Gavarnie thrust sheet, rules out previous interpretations that consider any of the major folds
of the Sobrarbe system (e.g. Mediano or Boltafia anticlines) as related to main oblique ramps
[Camara and Klimowitz, 1985; Multti et al., 1988; Anastasio and Holl, 2001; among others].

Layer parallel shortening directions can be derived from axis-parallel pressure solution
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cleavage (Figures 2 and 3) [Holl and Anastasio, 1995a, b; Tavani et al., 2006], fault
assemblages, twinned calcite grains and AMS. The maximum shortening direction is
subperpendicular to the structural trend around the Ainsa Oblique Zone and westward,
defining a radial pattern [Parés and Dinarés-Turell, 1993; Holl and Anastasio, 1995b; Tavani
et al., 2006; Mochales et al., 2010]. These observations rule out progressive curved models
with parallel thrust slip. Moreover, parallel thrust slip models require a significant distributed
longitudinal stretching to account for the observed vertical-axis rotations, whereas the amount
of extension parallel to the Afiisclo and Boltafia anticlines has been quantified as less as 0.5%
[Tavani et al., 2006, 2012]. This leaves only progressive curvature models that combine
divergent emplacement and differential shortening [Yonkee and Weil, 2010b] as the kinematic
model that suitably accounts for the obliquity and curvature of the Ainsa Oblique Zone and
the related major thrust salient of the south-central Pyrenees.

Notwithstanding, primary curvature would have had a moderate contribution to the final
geometry. of the thrust salient (Figures 15¢ and 16).

Furthermore, a divergent emplacement model with curved slip trajectories and progressive
westward migration of deformation explains that with a decreasing amount of vertical-axis
rotation westward, the trend of the folds is still parallel, and consequently, the amount of
obliquity of the folds increases also westward. The increase of obliquity westward from the
Mediano anticline to the Boltafia anticline, and further west toward the N-S folds of the
Sierras Exteriores, is illustrated by the strike test (Figure 14). The slope of the regression for
the sites located in the inner salient of the Gavarnie thrust sheet (including La Fueba fold and
thrust system and the Mediano anticline) increases if the northernmost, possibly remagnetized
sites are removed (Figure 14). On the contrary, if the sites along the younger Boltafia
anticline are included the slope decreases, demonstrating a higher primary contribution of the

curvature toward the external parts of the Gavarnie thrust sheet. Finally, a progressive model

© 2013 American Geophysical Union. All rights reserved.



of curvature with divergent thrust trajectories explains the observed strain pattern in the
Sobrarbe anticlines. Divergent thrust slip requires longitudinal extension at the structural
bends (Figures 13 and 15a). The Balupor-San Marzial faults are the result of such extension
in the northern bend. They were synchronous with the vertical-axis rotation and folding. The
location of these extensional faults was controlled by the western limit of the Keuper
evaporites, which in turn also controlled the position of the structural bend. In the southern
bend the transverse extensional faults and the salt diapirs (e.g. Clamosa) record strike-parallel
extension during vertical-axis rotation (Figure 15). The amount of extension, of
approximately 12 km, as estimated by the width of the diapirs, is consistent with the
calculated thrust displacement and thrust trajectories (Figure 15a). Diapirs were enhanced in
the southern bend by a thicker salt layer, whereas in the northern bend the reduced thickness
of Keuper sediments inhibited the development of salt structures. The edge of the Keuper
sediments not only controlled the location of the northern bend of the Ainsa Oblique Zone
and the extensional faults, but also a change of the structural style from local to regional
scale. The high amplitude Afisclo and Boltafa anticlines, cored by Keuper salts, are replaced
along the northern bend by a belt of smaller folds and a widespread pressure solution
cleavage (Figures 2 and 11).

At aregional scale, the presence of the Triassic detachment level at the bottom of the
Mesozoic stratigraphic succession favored the antiformal stack geometry of the basement-
involved thrust sheets of the central Pyrenees [Beaumont et al., 2000], and its absence to the
west is responsible for the change in geometry of the thrust system to form an imbricate stack

(Figure 1).

6.5.. Thrust displacement and displacement gradient

A significant thrust displacement gradient is necessary to explain the paleomagnetic and
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structural data in the Ainsa Oblique Zone. A displacement gradient of 44.5 km has been
calculated between 48 Ma and 37 Ma to develop the structures of the Ainsa Oblique Zone
and the coeval CW vertical-axis rotation (Figure 16). If we add to this a known minimum
displacement of 5 km for the Gavarnie thrust west of the Ainsa Oblique Zone [Teixell, 1996]
a total minimum thrust displacement of 49.5 km for the Serres Marginals thrust system
during the early Lutetian-late Bartonian time span is obtained. This displacement is probably
greater as shortening related with the Gavarnie thrust and related folds is also greater. The
estimated 44.5 km of differential shortening during this interval (9 Ma) occurred by further
southward displacement of the Serres Marginals thrust sheet on top of the Keuper salts with
respect to its western equivalent (Gavarnie-Sierras Exteriores thrust sheet) west of the Ainsa
Oblique Zone, where the Triassic evaporites are absent. The previously emplaced Montsec-
Pefia Montafiesa and Boixols-Cotiella thrust sheets were transported piggy-back and bent to
form a prominent thrust salient synchronously with the development and CW vertical-axis
rotation of the Ainsa Oblique Zone at the eastern part of the Gavarnie thrust sheet (Figures
14,15 and 16).

During this time there is no record of a symmetric CCW vertical-axis rotation event at the
eastern edge of the central Pyrenean thrust salient (the so called South Pyrenean Central Unit,
Figure 1). There, the Triassic salts continue eastward at the bottom of the Mesozoic
succession and the age of CCW vertical-axis rotation is younger [Sussman et al., 2004] and
coeval with the second Late Eocene-Oligocene rotation event. This CCW vertical-axis
rotation event post-dates fold growth of the Ainsa Oblique Zone and is related with
differential displacement of the sole thrust system on top of the Priabonian-Lower Oligocene
salts and their lateral equivalent sediments. These observations, along with the sinchronicity
of vertical-axis rotation and post-Montsec fold growth, rule out the interpretations that link

the obliquity of the Sobrarbe fold system to the emplacement of the Montsec-Pefia
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Montafiesa thrust sheet [Séguret, 1972; Farrell et al., 1987; Bentham et al., 1992; Soto et al.,
2002; Mochales et al., 2012b].

A minimum differential displacement of 22 km has been estimated to account for the
youngest (Priabonian-Oligocene) CW vertical-axis rotation. This displacement and the
related gradient were produced by the Priabonian salt basin configuration and its associated
lateral strength variations. This rotation resulted into a wider and lower amplitude thrust
salient (the rotation pin points were located about 250 km apart, beyond the studied area), and
was superimposed on the previous curved folds and thrusts of the Ainsa Oblique Zone
(Figure 16).

Taking into consideration both rotational events, a total differential displacement of 66.5 km
across the Ainsa Oblique Zone is required to explain the structural, sedimentologic and
paleomagnetic data. A possible explanation for this differential displacement gradient is the
difference in total shortening along the Pyrenean orogeny, as is expected from the work by
Teixell [1998] and Beaumont et al. [2000], who estimated shortening to be of 80 km west of
the Ainsa Oblique Zone and 165 km east of the Ainsa Oblique Zone respectively (Figure 1).
The calculated 71.5 km of total displacement on the Serres Marginals thrust sheet is also
consistent with the estimated thrust displacements by Beaumont et al. [2000] along the
ECORS cross-section for the Middle Eocene-Oligocene interval.

If the difference in shortening is related to the underthrusting of basement units, basement
stacking in the central Pyrenees could provide the excess mass necessary to compensate the
deficit caused by vertical-axis rotation. Alternatively, as the rotation was controlled by the
distribution of the detachment horizons in the cover succession (Triassic and Priabonian
salts), the displacement gradient could be compensated by an increase of thrust displacement

in the Axial Zone and northern Pyrenees west of the Ainsa Oblique Zone.
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7. Conclusions

Integration of structural, sedimentological and paleomagnetic data reveals a systematic
relationship between the structures of the Ainsa Oblique Zone, their temporal evolution, the
strain history and vertical-axis rotation and remagnetization. The kinematic model that best
matches all the observed data is that of a curved fold and thrust belt developed by progressive
curvature with a divergent thrust transport direction.

This kinematic evolution resulted from along-strike differential shortening localized by the
distribution of the weak evaporite horizons at the bottom of the detached Mesozoic and
Paleogene successions during two main rotational events. During the main event, Middle
Eocene in age (Lutetian to Priabonian), the fold and thrusts of the Ainsa Oblique Zone, at the
eastern part of the Gavarnie thrust sheet, developed synchronously with up to 60° of CW
vertical-axis rotation in response to an estimated 44.5 km of differential displacement along
the orogen. The second rotation event, Late Eocene-Oligocene in age, added a further 10° of
CW vertical-axis rotation associated to a displacement gradient of 22 km. A total differential
thrust displacement of 66.5 km across the entire Ainsa Oblique Zone has been estimated to
account for the observed structural pattern and the CW vertical-axis rotation of the restored
mean magnetic declinations (Figure 16). Folding and vertical-axis rotation in the Ainsa
Oblique Zone was also accompanied by the formation of mesostructures (cleavage and
fractures). Intense layer-parallel shortening related to cleaveage (over 20%) led to the
remagnetization of the internal areas of the Gavarnie thrust sheet during its emplacement and
synchronous with the CW vertical-axis rotation of the Sobrarbe folds.

Space problems related to the regional CW vertical-axis rotations were compensated by the
formation of the Balupor and San Marzial extensional faults in the northern bend and
transverse extensional faults and diapirs in the southern bend where Triassic salts were

significantly thicker (Figure 16). In addition, oblique to strike-slip displacements reactivated
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previously developed thrusts during the CW vertical-axis rotation.

Among the different analyzed factors the most significant mechanism controlling the
kinematic evolution of the Ainsa Oblique Zone is the distribution and strength variations of
the Triassic sediments at the basal detachment. They not only controlled the location and the
structural pattern of the curved structures, but also determined a change in the structural style
at a crustal-scale of the Pyrenean thrust system at both sides of the Ainsa Oblique Zone. This
study also illustrates the changing synorogenic topography of a foreland basin setting
associated with a progressive curved contractional system and the power of the understanding
of its kinematics to unravel the dispersal patterns of the sedimentary systems.

Finally, this study emphasizes the importance of integrating sedimentological, structural and
paleomagnetic data to understand the kinematics of curved contractional systems. It also
highlights that statistical analysis of paleomagnetic data has to be constrained by structural
and stratigraphic data in order to avoid conclusions that contradict geological field

observations and regional constraints.
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Figure 1. Location of the study area. Structural sketch showing the main structural units of
the central Pyrenees and the major anticlines of the Ainsa Oblique Zone at the western
boundary of the major thrust salient in the central Pyrenees. Crustal cross-sections at both
sides of the Ainsa Oblique Zone illustrate changes of the structural style along strike. ECORS
section from Mufioz [1992] and the Arzacq section modified from Teixell [1998]. AOZ:
Ainsa Oblique Zone, A: Afiisclo Anticline, B: Boltafia Anticline, M: Mediano Anticline, C:
Cotiella, PM: Pefia Montafiesa, SCU: South Pyrenean Central Unit, Bx: Bdixols, SM: Serres

Marginals.
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Figure 2. Structural map of the Ainsa Oblique Zone and surrounding areas. Location of the
paleomagnetic sites with mean values of rotation from previous studies (B: Bentham [1992];
BE: Beamud et al. [2003]; D: Dinares-Turell [1992]; H: Hogan [1993]; MO: Mochales et al.
[2012b]; OU: Oliva-Urcia and Pueyo [2007]; P: Pueyo et al. [2003a]; RP: Rodriguez-Pint0 et
al. [2013]). Cones represent awgs Values of the paleomagnetic directions. Red sites correspond
to remagnetized sites from Oliva-Urcia [2004]. See location in Figure 1 and data in Table S1
of supplementary material. Red square indicates the position of the study area represented in

Figure 3.
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Figure 3. Paleomagnetic sites and vertical-axis rotations within the study area. See location
in Figure 2. Cones represent the declination error obtained from ags/cosl. The map legend is
the same as in Figure 2. Red lines indicate the location of the cross-sections presented in

Figures 5 and 6. f: fault, f&t: fold and thrust system, ant: anticline, s: sincline
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Figure 4. Chronostratigraphic diagram showing the main stratigraphic units of the Gavarnie

thrust sheet and surroundings. Lithostratigraphic units: Es, Escanilla; Bu, Buil; So, Sobrarbe;

Gu, Guara; Gr, Grustan; Pa, Pano; Cp, Capella; Pr, Perarrta; Cm, Campanué; Cst, Castissent;
SM, Santa Marina, Cg, Castigaleu; Ro, Roda; Yb, Yeba; Ri, Riguala, Me, Metils; Mi,

Millaris; Al, Alveolina limestone. SV1-2: San Vicente Formation. Turbidite systems: gu,

Guaso; og, O Grao; ga, Gabardilla; ¢, Coscojuela; fo, Formigales; s, Sieste; m, Morillo; a,

Ainsa; gb, Gerbe-Banaston; ar, Arro; f, Fosado. Horizons: O, Olson; EL, Escanilla limestone;
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SB, Santa Barbara; SP, San Pedro; SL, San Lino; M, Morillo limestone; A, Ascaso; LP, La
Puebla. Thrust sheets: C, Cotiella; M, Montsec; PM, Pefia Montafiesa; B & G, Bielsa and

Guarga; LF, La Fueba thrust system.Unconformities: AT, L’Atiart; CL, Charo-Lascorz.

Litho- and chronostratigraphic information compiled from: Bentham et al. [1992], Bentham
and Burbank [1996], Barnolas and Gil-Pefia [2001], L6pez-Blanco et al. [2003], Mochales et
al. [2012a], Rodriguez-Pintd et al. [2012], Serra-Kiel et al. [1994]. Eocene time scale from
Gradstein et al. [2004]. SBZ biozones calibration to the time scale integrates data from Costa

et al. [2013] and Rodriguez-Pint¢ et al. [2012].

© 2013 American Geophysical Union. All rights reserved.



x=253000  Boltafia anticline Afiisclo anticline W-E x=278000
y=4712000 y=4712000

4 / p Pefia Montafiesa  Cotiella
4 thrust sheet thrust sheet
3 A/' /L'/ /

La Fueba Atiart
thrust system  thrustz

Bielsa and Guarga thrust sheets

N-S Cotiella thrust sheet Pefia Montafiesa thrust sheet
o 2267m

Cam-Maa

chmMe?

i _A A thrust . .
———- unconformity lithological 34, paleomagnetic ./ Vertical Axis

Afiisclo anticline B | ienIg fault Gontact site Rotation

Figure 5. A. Cross-section of the northern part of the Ainsa Oblique Zone, across the Boltafia
and Afiisclo anticlines in the Gavarnie thrust sheet and the Pefia Montafiesa and Cotiella
thrust sheets. Lithostratigraphic units like in figure 4. B. Photograph of the Afiisclo anticline.

C. Photograph and structural sketch of the Pefia Montafiesa and Cotiella thrust sheets.
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390 °C of reversed polarity and a high temperature component of normal polarity, defined
between 390 and 430 °C. B) Stereographic projection of the mean directions and obtained ogs
at site level before (BBC) and after (ABC) bedding correction. Projections are on upper (grey

color, dashed lines) and lower hemisphere (black color, solid lines).
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Figure 10. Results of the fold tests [McFadden, 1990] and the direction-correction tilt tests
[Enkin, 2003] performed in the study area. Tests have been done in the Boltafia (sites 16 to
22), Afiisclo (sites 30-31 and 34-35) and Mediano (sites 3 to 5 and 7 to 10) anticlines and in
site 15, an outcrop scale anticline in the hangingwall of the Almuzaras thrust south of El
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hemisphere.
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Figure 12. Rotation vs. time plots for the Mediano (a) and the Boltafia anticlines (b to d). (a)
Data for the Mediano anticline from this study and from Bentham [1992] as cited in
Mochales et al. [2012b]. Blue line within the amount of rotation represents the mean
rotational angle for the data before the growth of the structure at 47.5 Ma. After 47.5 Ma the
data follow a decreasing exponential function. (b) Data from this and previous studies along
the Ara River transect (sites located in Figure 7). Blue line within the amount of rotation
represents the mean rotational angle for the data before the growth of the structure at 42.5
Ma, the light blue band represents a +/- 10° envelope. (c) Data from this work and from
previous-studies fit by linear regressions before and after 42.5 Ma. Sites marked as outliers in

(d) have been removed in this plot, as well as site CAS5 from Mochales et al. [2012Db]. (d)
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Data from Mochales et al. [2012b] with logarithmic and linear regression adjustments. Red
line represents the logarithmic adjustment published in Mochales et al. [2012b]. Blue line
represents a new linear regression for data before the growth of the anticline at 42.5 Ma.
Green line represents the linear regression for data within the growth strata. Sites marked as

outliers.in the figure have not been included to calculate the regression lines.
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Figure 13. Schematic diagram showing the different stages of the evolution of the main fault-
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Table 1 = Geographic, stratigraphic, structural and paleomagnetic information of the studied
sites. (1) UTM coordinates, (2) Stratigraphic age, (3) Structure: anticline or syncline name
and fold axis trend and plunge (if determined), (4) bedding attitudes for the different sites in
dip direction/dip, (5) N: number of samples considered per site, (6) tectonic corrections
applied — cyl: cylindrical fold geometry considered, bc: bedding correction, con: conical fold
geometry considered, corr3 represents the correction taken into account in this study, (7) Fold
Test scale, O: outcrop, S: structure. Declination error calculated as ags/cosl. The net rotation
(B) has been obtained after comparison of the mean directions at the site level with the
Eocene reference direction for stable Iberia from Taberner et al. [1999] relocated to the study
area coordinates according to the via pole conversion method. Confidence values for the

calculated rotations obtained after Demarest [1983].

Location Stratigraphy Structure Bedding
@) @ ©) Q)
Site Long Lat Stratigraphic Age Structure Trend/plunge | dip dir/dip
1 (MM1) | 271670 | 4695020 Middle Cuisian 003/18
2HM1) | 274350 | 4698290 Middle Cuisian 090/32
3 (FM1). | 272800 | 4690350 Lower Lutetian Mediano anticline 138/21
4 (FM2) | 273030 | 4690520 Lower Lutetian Mediano anticline 003/05
5(FM3) | 273040 | 4690520 Lower Lutetian Mediano anticline 185/11
6 (FM4) | 277560 | 4689660 Lower - Middle Lutetian 355/15
7(YM1) | 270700 | 4689190 Upper llerdian Mediano anticline 278/42
8 (YM2) | 272400 | 4690650 Upper llerdian Mediano anticline 080/34
9 (SM1) | 267530 | 4688130 Middle Lutetian Mediano anticline 264/12
10 (PM1) | 269100 | 4687090 Middle Lutetian Mediano anticline 248/14
11 (EM1) | 268630 | 4684920 Upper Lutetian Mediano anticline 186/09
12 (AP1) | 266540 | 4698290 Middle Cuisian Mediano anticline 234/15
13 (AP2) | 267580 | 4705000 Middle Cuisian 061/20
14 (OAl) | 272090 | 4705040 Lower - Middle Cuisian 193/11
15 (BA1) | 266600 | 4701670 |Upper Cuisian - Lower Lutetian 213/27
16 (AB) | 251535 | 4704356 Lower Lutetian Boltaia anticline 185/0 171/82
17 (IB) 253031 | 4705874 Lower Lutetian Boltafia anticline 185/0 258/85
18 (YB) | 254488 | 4706261 Upper llerdian Boltafia anticline 185/0 269/54
19 (BB). | 257560 | 4705951 Upper Cuisian Boltafia anticline 185/0 121/31
20 (CB) | 258408 | 4701832 Lower Lutetian Buil syncline 185/0 159/69
21 (SB) 260560 | 4700852 Lower Lutetian Buil syncline 185/0 222/12
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22 (GB) | 260682 | 4700467 Lower Lutetian Buil syncline 185/0 203/19

23 (AN1) | 255461 | 4717875 Middle Ilerdian 095/45

23 (AN1)~| 255461 | 4717875 Middle llerdian 095/45

24 (AN2) | 261380 | 4720904 Lower llerdian Afiisclo anticline 155/06 006/79

25(AN3) | 264261 | 4719592 Lower llerdian Afiisclo anticline 155/06 144/05

26 (AN4) | 255359 | 4717714 Middle Ilerdian 040/05

27 (BL1) | 264043 | 4713214 Upper llerdian Adfiisclo anticline 175/10 068/33

28(BL2) | 255208 | 4710255 Upper llerdian Boltafia anticline 185/0 274/83

29 (BL3) | 255847 | 4710475 Upper llerdian Boltafia anticline 185/0 092/17

30 (BL4) | 260898 | 4710445 Middle llerdian Adfiisclo anticline 185/20 200/20

31 (BL5) | 259503 | 4712061 Middle Ilerdian Afisclo anticline 175/10 081/90

32 (BL6) | 267643 | 4710863 Upper llerdian 146/04

33 (BL7) | 256609 | 4711485 Upper llerdian Boltafia anticline 185/0 110/26

34 (BL10) | 258686 | 4713538 Upper llerdian Afiisclo anticline 175/10 090/10

35 (BL11) | 259195 | 4712972 Middle Ilerdian Adfiisclo anticline 175/10 080/84

36 (BL12) | 268580 | 4710575 Upper llerdian 030/20

Magnetic Components
In situ (geograph. coord.) Bed. Corr.

©) (6)

N D&I,(bbc) a95 K corrl | D(abc) | corr2 | D(abc) | corr3 D&I (abc) a%s | K Dec_err
8 | 233 |/| -61.7 | 5.2 | 1138 cyl 2379 |/| 437 | 5 | 109 6.92
70 1749 |/| -24 | 6.2 | 948 cyl 189.2 bc 199 con | 1934 |/| -23 6 | 115 6.52
7| 445 |/| 654 | 126 | 238 cyl 84.4 bc 86.7 con 83.6 |/| 58.8 8 24 15.44
7 | -325|/| 44 7.8 | 60.2 cyl 346 |/] 40 8 60 10.44
8 | 51.7 |/ 40 56 | 97.8 cyl 59.6 bc 53.2 con 59.4 |/| 46.5 6 98 8.72
8] 396 |/| 578 | 7.8 | 515 cyl 26.9 |/] 46.2 8 52 11.56
10| 89.9 |/| 183 | 89 | 384 cyl 82.2 |/] 60 6 56 12.00
8 | 111 |/| 768 | 12 | 224 cyl 609 |/] 494 | 11 | 29 16.90
6 | 301 |/| 315 | 152 | 203 cyl 23.1 bc 18.9 con 234 |/] 38 15 | 20 19.04
7] 462 |/| 414 | 9.6 | 407 cyl 39.7 bc 34.1 con 40 |/| 542 | 12 | 28 20.51
7.1.216.1 (/[ -34.1 | 126 | 238 cyl 219.9 bc 218.5 con | 2198 |/| 418 | 13 | 24 17.44
6 | 2386 |/| -40.1 | 115 | 349 cyl 240.2 bc 238.1 con | 239.9 |/| -55 12 | 35 20.92
7 | 207.6.|/| -53.8 | 10.7 | 747 cyl 2172 |/| -36.4 | 13 | 52 16.15
5 | 285.8/|/| -50.2 | 17.3 | 205 cyl 223.2 |/| -55 18 | 19 31.38
12| 46 |/| 287 | 234 | 44 cyl 52.8 bc 43.1 con 51.9 |/| 54.8 9 27 15.61
8.1 203 |/ 22 75 | 55.1 cyl 209 |/| -44 | 73 | 578 10.15
6| 249 |/| -43 |169 | 166 cyl 250 |/| -40 | 176|154 22.98
8 | 241 |/| 10 |224 7 cyl 235 |/| -35 | 222 | 7.2 27.10
6. 208 /| -55 |10.6| 408 cyl 241 |/| -46 | 125 29.8 17.99
7| 202 |/| -46 | 94 | 423 cyl 236 |/| -60 | 95 | 416 19.00
71069 |/| 40 22 9.5 cyl 075 |/| 48 23 | 94 34.37
9| 063 |/ 42 9.3 | 315 cyl 074 |/| 52 10 | 27.3 16.24
8 | 336 |/| 43 6.4 | 75.1 bc 24 |/| 45 6 76 8.49
8 | 142 |/| -4 |125| 20.6 bc 155 |/| -31 12 | 24 14.00
4 | 182 |/| -36 10 26 bc 181 |/| -29 10 | 26 11.43
12| 204 /| -17 7 37 bc 205 |/| -16 7 37 7.28
11| 021 |/| 33 6 60 bc 021 |/| 28 6 60 6.80
10| 024 |/| 39 3 276 bc 034 |/| 12 3 | 219 3.07
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3| 057 |/] 58 24 27 bc 073 |/l 19 24 27 25.38
6 | 196 |/| -26 6 132 bc 203 |/| -20 6 131 6.39
9 |221+|/| -23 8 48 bc 225 |/| -40 8 45 10.44
11| 204 |/| -26 5 85 bc 139 |/| -30 5 73 5.77
111 033 |/| 30 2 582 bc 036 |/| 33 2 504 2.38
7198 |l| -27 10 42 bc 211 |/] -25 10 42 11.03
8 | 220 |/| -45 16 14 bc 227 |/] -38 20 15 25.38
114 201 |/| -16 17 12 bc 146 |/| -26 9 33 10.01
11| 027 |/| 36 5 104 bc 029 |/| 16 5 100 5.20
. . b Net rotation
Magnetic Stability and Age —
Reference direction
(7) 004/53
Fold Test | % unfold | Stability | (Taberner et al, 1999)
54+/-10.3
9 +/-10
S 85.82 pre 79+/-17.2
S 85.82 pre 31+/-12.9
S 85.82 pre 55+/-11.6
23+/-13.9
S 85.82 pre 78+/-14.2
S 85.82 pre 57+/-18.5
S 85.82 pre 19+/-20.5
S 85.82 pre 36+/-21.9
36+/-19
56+/-22.3
33+/-17.9
39+/-32.3
(@) 97.26 pre 48+/-17.4
S 120.54 pre 25+/-12.4
S 120.54 pre 66+/-24.7
S 120.54 pre 51+/-27.9
S 120.54 pre 57+/-20.2
S 120.54 pre 52+/-21.4
S 120.54 pre 71+/-35.2
S 120.54 pre 70+/-17.9
20+/-11.4
post ?
-3+/-13.7
21+/-10.5
17+4/-10.2
post? 30+/-8.2
69+/-26.5
19+/-9.9
S 5.61 post? 41+/-12.9
S 5.61 post 20+/-9.6 (minimum)
S post? 32+/-8
27+/-13.4
S 5.61 post? 43+/-26.5
S 5.61 post 18 (minimum)+/-12.6
post? 25+/-9.2
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