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[1] The Pamplona Fault in the Pyrenees is a major
transverse structure that has been classically
interpreted as a strike-slip fault. However, lack of
consensus concerning the sense of movement casts
doubt on its actual kinematics and, as a consequence,
its role in the Cenozoic evolution of the Pyrenees
remains controversial. In order to assess its kinematics,
we have conducted a paleomagnetic, structural, and
stratigraphic study focused on the Mesozoic and
Tertiary sedimentary rocks that outcrop around the
southern segment of the fault. Restoration of balanced
cross sections allows us to examine the present-day
spatial relationship of the sedimentary sequences on
both sides of the fault and to reconstruct the geometry
of the extensional basins formed during Mesozoic
rifting episodes in the Bay of Biscay and Pyrenean
domains. Paleomagnetic results indicate that no
significant tectonic rotations occurred around the
fault during Tertiary inversion of the Pyrenees. The
lack of tectonic rotations and revaluation of previous
hypotheses argues against a strike-slip movement of
the fault. We propose a new model in which the
Pamplona Fault is treated as a large-scale “hanging
wall drop” fault whose kinematics was determined by
variations in the geometry and thickness of Mesozoic
sequences on both sides of the fault. These variations
influenced the geometry of the thrust sheet developed
during Tertiary compression. We are unaware of any
other transverse fault that has been interpreted in this
fashion; thus the Pamplona Fault serves as a case study
for the evolution of transverse faults involved in basin
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1. Introduction

[2] Transverse faults that are oriented parallel or oblique
to the tectonic transport direction in mountain belts accom-
modate variations in the structural style and in along-strike
shortening or extension of the belts. While the study of
mountain belts has been mostly focused on cross sections
perpendicular to their trends [e.g., Butler, 1982; Boyer and
Elliot, 1982; Wernicke, 1985; Lister et al., 1986; McClay,
1992; Brun and Beslier, 1996], the role of transverse faults
in mountain belt formation is not yet fully understood.
Although 3-D structural, geophysical and analogue model-
ing data have provided new insights into the role of
transverse faults in collisional [e.g., Laubscher, 1985;
Mitra, 1988; McDougall and Kahn, 1990; Thomas, 1990;
Calassou et al., 1993] and extensional settings [e.g.,
Harding et al., 1985; Ebinger et al., 1987; McClay and
Khalil, 1998; Acocella et al., 1999], the geometry and
deformation mechanisms associated with transverse faults
during basin inversion is relatively unknown [see Cooper
and Williams, 1989; Buchanan and Buchanan, 1995].

[3] The Pyrenean mountain belt is a double-verging
orogen located at the boundary between the Iberian and
the European plates. From Late Cretaceous to Miocene
time, the oblique convergence, collision and subduction of
Iberia underneath Europe [Srivastava et al., 1990; Murioz,
1992; Pulgar et al., 1996] caused the end of sea-floor
spreading in the Bay of Biscay and the initiation of
compression along the northern Iberian margin, leading to
inversion of Mesozoic extensional basins and ultimately to
uplift of the Pyrenees [e.g., Muiioz, 1992; Choukroune,
1992]. In the central eastern part of the belt, the core of
the orogen is formed by Paleozoic rocks of the Axial Zone,
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Figure 1. Geological sketch map of the transition between the central eastern Pyrenees (CEP) and

western Pyrences (WP), with the location of the studied area. The main features used to infer the sinistral
displacement along the Pamplona Fault are shown in black, whereas those claiming a dextral
displacement are shaded. PF, Pamplona Fault; NPF: North Pyrenean Fault; LF, Leiza Fault; SPBT: south
Pyrenean basal thrust; NPBT, north Pyrenean basal thrust; AFZ, Andia Fault Zone; RT, Roncesvalles
thrust; ART: Arberoue thrust; UF, Ulzama folds; AT, Aralar thrust; EP, Eocene platforms; SC, Sierra de

Cantabria; ES, external Sierras.

which are bounded to the north by the deep-seated North
Pyrenean Fault (NPF) [e.g., Debroas, 1990; Choukroune,
1992]. The North Pyrenean Zone, which is mainly consti-
tuted by Mesozoic rocks, overrides the Aquitaine foreland
basin to the north. South of the Paleozoic Axial Zone, the
South Pyrenean Zone constitutes the external part of the belt
that overrides the foreland basin located to the south (Ebro
basin). South vergent thrusts and folds appear both in the
Axial and in the South Pyrenean Zones, whereas north
vergent structures characterize the North Pyrenean Zone.
The western Pyrenees constitute the Basque-Cantabrian
basin. Although south vergent structures are also found in
this area, mostly along the southern margin overriding the
Ebro basin, north vergent folds and thrusts are the main
structural features in the central and northern areas of the
Basque-Cantabrian mountains. North vergent structures are
also predominant offshore in the Bay of Biscay [e.g., Soler et
al., 1981; Alvarez-Marron et al., 1997]. The earliest compres-
sional structures formed in the core of the central eastern
domain in the uppermost Cretaceous [Puigdefabregas et al.,

1992; Mursioz, 1992]. As deformation proceeded, thrust
systems propagated toward the foreland and former foreland
basins became progressively involved in the deformation
front as piggyback basins [Puigdefabregas et al., 1992;
Murioz, 1992]. The external zones of the Pyrenean orogen
developed in a “thin-skinned” fashion, where the upper
Triassic plastic levels (Keuper facies) acted as a main detach-
ment horizon in the North and South Pyrenean Zones and also
in the Basque-Cantabrian mountains [e.g., Mu7ioz, 1992].
[4] The Pamplona Fault (PF) is a major NNE-SSW
trending transverse structure that delineates the boundary
between the central eastern and the western Pyrenees
[Murioz et al., 1983] (Figure 1). The PF has undergone a
complex tectonic evolution since the Late Paleozoic [Rat,
1988; Martinez-Torres, 1989; Turner, 1996; Faci et al.,
1997]. The PF is a Late-Variscan structure that behaved as
an extensional transfer fault during the Mesozoic and was
subsequently involved in the Tertiary compression respon-
sible for the uplift of the Pyrenean belt. The kinematics of
the PF during Tertiary compression is not well understood.
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Some interpretations suggest a sinistral displacement
[Engeser and Schwentke, 1986; Rat, 1988; Frouté, 1988;
Faci et al., 1997], although there are also interpretations
supporting dextral [Miiller and Roger, 1977; Turner, 1996;
Payros, 1997] and even combined [Martinez-Torres, 1989]
movements. The tectonic complexity of the area and the
scarcity of detailed structural and geophysical data have
prevented the understanding of the relationship and kine-
matics of the PF and associated structures, leading to
contradictory interpretations about its role in what is a key
location for understanding the Pyrenean orogen.

[5] In this paper, we present a combined paleomagnetic,
structural and stratigraphic study of the external units of the
Pyrenees in the transition between its central eastern and
western domains, where the PF is located. Paleomagnetic
data provide a test for the different hypotheses concerning
the kinematics of the PF during the Tertiary. Structural and
stratigraphic data have been used to examine the present-
day spatial relationship of the sedimentary sequences on
both sides of the fault and to reconstruct the original
geometry of the Mesozoic extensional basins. We propose
a new model for the PF that explains the overall data in
terms of a basin inversion mechanism.

2. Pamplona Fault

[6] The PF (also named the Estella-Dax or Estella fault)
can be traced for more than 120 km by a NNE-SSW
alignment of Triassic salt diapirs [Brinkmann and Logters,
1967] (Figure 1). Along its northern segment, the PF runs
through the Paleozoic Basque massifs of Alduides and
Cinco Villas, which are Paleozoic basement units equivalent
to those in the Axial Zone [Rat, 1988; Turner, 1996;
Souriau and Pauchet, 1998]. At its southern termination,
the PF cuts along the Mesozoic and Tertiary cover units.
Although the fault is not clearly visible at the surface
because the cover is detached at the upper Triassic plastic
levels, it can be traced by a diffuse alignment of shallow
(5—10 km) earthquakes [Souriau and Pauchet, 1998] and
by the presence of upper Triassic salt diapirs and the so-
called Andia Fault Zone (AFZ) [Faci et al., 1997]. The
origin of the PF is related to the fracture network developed
within the European basement during the latest stages of the
Variscan (Late Carboniferous) orogeny [Mattauer, 1968;
Garcia-Mondéjar, 1996]. During the Mesozoic, mainly in
the lower Cretaceous, a sequence exceeding 10 km in
thickness was deposited in the western Pyrenees in connec-
tion with the opening of the Bay of Biscay as a subsidiary
branch of the North Atlantic rift [Garcia-Mondéjar, 1996].
In contrast, a sequence of less than 4000 m of Mesozoic
sediments was deposited around most of the central eastern
Pyrenees [Verges and Garcia-Senz, 2001]. The PF can
therefore be interpreted as a transfer fault that separated
two segments of the Pyrenean rift, the Pyrenean mountains
and the Bay of Biscay domain, where differences in the
amount and style of extension probably occurred. This
transfer fault might have represented the continuation in
the continental crust of a transform fracture of the Pyrenean
rift [see Engeser and Schwentke, 1986; Boillot and Malod,
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1988]. Although the PF may have undergone strike-slip
movement during the Mesozoic, no clear evidence support-
ing this possibility has been found to date [ Garcia-Mondéjar,
1996].

[7] Several interpretations have been proposed for the
role of the PF during the Pyrenean orogeny. The PF is
considered to cause the ~30 km of sinistral offset observed
between the NPF in the central eastern Pyrenees and its
prolongation into the western Pyrenees, the Leiza Fault (LF)
[e.g., Engeser and Schwentke, 1986; Rat, 1988; Faci et al.,
1997] (Figure 1). A sinistral offset has been also suggested
to explain the presence, in the southern part of the western
Pyrenees, of north vergent structures and thick lower
Cretaceous sequences typical from the North Pyrenean
Zone [Martinez-Torres, 1989]. Further evidence supporting
a sinistral displacement is the offset of the south Pyrenean
basal thrust observed at the southern tip of the PF [Froute,
1988]. In contrast, some authors have proposed that the PF
behaved as a dextral strike-slip fault to explain the curvature
of some structures located above the trace of the PF, e.g., the
Ulzama, Aralar and Arberoue structures [Miiller and Roger,
1977; Schoeffler, 1982; Martinez-Torres, 1989] (Figure 1).
The “Z-type” bending of Eocene facies across the southern
part of the PF has been interpreted by Payros [1997] as
additional evidence for dextral displacement. Moreover, the
relative position of the Cinco Villas and Alduides basement
units across the PF has been also considered to favor a
dextral movement across the fault [ Turner, 1996]. Martinez-
Torres [1989] integrated available kinematic data and pro-
posed that the PF accommodated different senses of
displacement at different times. Sinistral displacement
would have occurred during the Eocene in relation to
formation of north vergent structures west of the PF
[Martinez-Torres, 1989]. The PF would have later under-
gone dextral movement associated with the main Pyrenean
deformation event occurred in the area during Oligocene-
Miocene times [Murioz-Jiménez and Casas-Sainz, 1997].
This model has the appeal of linking directional movements
with different episodes of deformation. However, the vari-
ety of arguments used to establish the kinematics of the PF
at different stages during Tertiary compression and the
chronological inconsistencies between the different models
raise doubts about the overall set of kinematic interpreta-
tions. For example, the sinistral movement invoked by
Martinez-Torres [1989] in connection with the formation
of Eocene north vergent structures is incompatible with the
dextral displacement proposed by Payros [1997] at the same
time. Similarly, both Faci et al. [1997] and Turner [1996]
link the sinistral and dextral movements with the main
Oligocene-Miocene compression, respectively.

[8] The PF has been classically considered as a first-order
structural feature of the Pyrenean orogen, and has been
claimed to represent a classic example of a transverse
structure at the lateral termination of a mountain belt where
switches in subduction polarity (e.g., Iberia underneath
Europe in the central eastern Pyreness versus oceanic crust
of the Bay of Biscay underneath Iberia in the western
Pyrenees) have occurred [Turner, 1996]. It appears, how-
ever, that the kinematics of the PF need to be clarified
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before its role in the evolution of the Pyrenean orogen can
be properly assessed.

3. Structural Data

[9] In the studied area, the Jaca-Pamplona basin and the
Miranda-Urbasa syncline represent the central eastern and
western Pyrenees, respectively (Figure 2). The geometry of
these units is depicted in Figure 3 along two balanced cross
sections broadly perpendicular to the main structural trends
(see Figure 2 for location). The sections have been extended
farther south into the Ebro foreland basin to provide a
complete view of the deformation front. To construct the
sections, we used surface geological data available from
maps published by the Spanish Geological Survey [/nstituto
Geologico y Minero de Espaiia (IGME), 1977a, 1977b,
1978a, 1978b, 1978c, 1987a, 1987b, 1987c, 1987d, 1987¢,
1987f, 1987g], the synthesis of the geology of Navarra
[Faci et al., 1997], previous stratigraphic and structural
studies [Riba et al., 1983; Froute, 1988; Serrano and
Martinez del Olmo, 1989; Riba and Jurado, 1992; Casas-
Sainz et al., 1994; Payros, 1997; Cortés-Gracia and Casas-
Sainz, 1997; Murioz-Jiménez and Casas-Sainz, 1997], and
our own structural observations. Borehole data published by
IGMFE [1990] and seismic lines compiled by Serrano and
Martinez del Olmo [1989] and Musioz-Jiménez and Casas-
Sainz [1997] have been used to constrain the structure at
depth. The Mesozoic and Tertiary marine formations have
variable thickness, although their distribution and lateral
variations are well constrained due to the presence of
several boreholes. Continental Tertiary deposits also have
lateral variations in facies and thickness.

[10] The south Pyrenean basal thrust (SPBT) does not
emerge to the surface and thus its geometry cannot be
unambiguously established. However, the proposed cross
sections satisfy the available surface and subsurface data
and are consistent in terms of conservation of areas and bed
length. In the studied area, the Jaca-Pamplona basin and the
Miranda-Urbasa syncline constitute south vergent synclino-
ria that are detached at upper Triassic levels. These syncli-
noria have small, steep northern limbs and longer, either
subhorizontal (Figure 3a) or gently dipping southern flanks
(Figure 3b) that represent monoclinal flexures of the cul-
mination limbs associated with the frontal thrust system. A
total shortening of ~15.6 km can be estimated for the
Pamplona transect after restoration of the cross section back
to its condition prior to Tertiary compression (Figure 4).
Along the Pamplona transect, the Tafalla thrust and the
folds located in the central sector of the Ebro basin
(Arguedas and Falces anticlines) are detached in the middle
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Oligocene Falces Gypsum Formation [Casas-Sainz et al.,
1994] and accommodate a total shortening of about 8—9 km.
Development of such folds in the foreland requires that the
evaporites increase their thickness toward the center of
the Ebro basin, which is consistent with paleogeographical
data [Riba and Jurado, 1992]. Most of the tectonic dis-
placement along the SPBT appears to have been transferred
to the footwall at the level of the Falces Formation, with
subsidiary shortening being accommodated at the Puente la
Reina back thrust, which is rooted in the lowermost
Oligocene Puente la Reina Gypsum Formation [Faci et
al., 1997]. The geometry of the SPBT is controlled by the
presence of different detachment levels. After a hanging
wall flat in upper Triassic units and a hanging wall ramp in
Mesozoic and Tertiary marine sequences, it is detached in
the Puente la Reina Gypsum Formation. This formation
consists of marls and evaporites that give way to sandstones
and marls toward the south [Riba and Jurado, 1992]. This
stratigraphic variation probably caused a mechanical
impediment for the SPBT to proceed, which was then
forced to ramp up through the Tertiary stratigraphic section
until it reached the Falces Formation, where a third detach-
ment formed.

[11] Surface data suggest that similar structures could
also be present in the Urbasa transect (Figure 3b). We
interpret that the geometry of the SPBT is controlled by a
previous Mesozoic normal fault and by the arrangement of
the evaporitic units (e.g., upper Triassic, Puente la Reina
and Falces formations). As it is the case in the Pamplona
transect, the basal thrust climbs up through the Mesozoic-
upper Eocene deposits. The detachment continues over a
flat located in the Oligocene Puente la Reina Formation and
finally ramps through the continental deposits to reach the
Falces Formation, forming the upper flat. In the upper
ramp, the thrust places a hanging wall ramp in upper
Triassic strata over a footwall ramp in the Oligocene
deposits of the Puente la Reina Formation. This displace-
ment is transferred to the upper flat where it is taken up by
contractional structures detached over the evaporites of the
Falces Formation. Part of the shortening along the Urbasa
section is accommodated by the Barbarin thrust (~3 km of
horizontal shortening), which places a hanging wall ramp in
Cretaceous rocks over a footwall ramp in Tertiary conti-
nental deposits. This thrust may be considered as a hanging
wall shortcut whose location and attitude was controlled by
a previous Mesozoic extensional fault. To the north of the
Barbarin thrust, the structure is defined by two south
verging folds: the Gastiain anticline and the Miranda-
Urbasa syncline. The former has been interpreted as the
result of buttressing of an extensional structure that has not

Figure 2.

(opposite) Geological map of the studied area with the location of paleomagnetic sampling sites. Numbered

solid (open) circles indicate the positions of sites where reliable paleomagnetic data (no data) were obtained. Bold numbers
indicate the structural units into which the studied area has been divided: 1, Liédena anticline; 2, Lumbier (eastern Izaga)
syncline; 3, Izaga syncline; 4, Alaiz; 5, Pamplona synclinorium; 6, Afiezkar syncline; 7, Ibero syncline; 8, San Donato
syncline; 9, Goiii syncline; 10, Abarzuza block; 11, Urbasa syncline. AFZ, Andia Fault Zone; ED, Estella diapir; AD, Alloz
diapir; SD, Salinas de Oro diapir; TD, Arteta diapir; ND, Anoz diapir; ID, Iza diapir. The locations of the cross sections in

Figures 3 and 5 are also shown.
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Figure 4. Reconstruction of the Cretaceous extensional basins at the beginning of the Paleocene (prior
to development of Tertiary thrusting), based on restoration of the cross sections depicted in Figure 3.

experienced a significant amount of inversion during
Tertiary compression.

[12] On the basis of the above, we interpret that part of
the shortening measured in the Mesozoic and marine
Tertiary allochthonous cover rocks has been accommodated
in Oligocene-Miocene rocks by the Berrueza back thrust
(covered by Pliocene deposits) and by folding toward the
south. Most of the folding is represented by the western
prolongation of detachment folding depicted at the southern
tip of the Pamplona section. On the other hand, small
detachments within the Oligocene sequence might have
accommodated a small part of the displacement under the
Miranda de Arga syncline [Muiioz-Jiménez and Casas-
Sainz, 1997]. Total shortening of ~14.6 km can be estima-
ted for the SPBT along the Urbasa transect (Figure 4). This
value is similar to the estimated ~15.6 km of shortening for
the Pamplona transect and to the ~14 and ~15 km of
shortening reported in adjacent areas of the external Sierras
[see Millan et al., 2000] and Sierra de Cantabria [Martinez-
Torres, 1993] (see Figure 1 for location), respectively.
According to the cross sections showed in Figure 3 and
the syntectonic origin of the Tertiary continental sequences
[Murioz-Jiménez and Casas-Sainz, 1997], the main thrust-
ing episode along the Pamplona and Urbasa transects can be
dated between upper Oligocene and middle Miocene.

[13] From the reconstruction of the extensional basins at
the end of the Mesozoic (Figure 4) it is clear that the main
differences observed between the Urbasa and Pamplona
transects are related to the thickness of the Cretaceous

sediments. Jurassic rocks in both sections have a compara-
ble thickness of less than 500 m. Upper Triassic marls and
evaporites constitute the regional detachment level, and
therefore it is difficult to assess their original thickness.
The thickness of the Cretaceous sediments in the Urbasa
transect is more than twice that in the Pamplona cross
section. Lower Cretaceous and Cenomanian sediments are
less than 1300 m thick to the east of the PF, whereas they
reach more than 3500 m in thickness throughout most of the
Urbasa section. Upper Cretaceous sequences are also
thicker along the Urbasa section, although the difference
is not as dramatic as for the lower Cretaceous and Cen-
omanian. Moreover, the overall thickness of the Cretaceous
sediments diminishes progressively in both sections toward
the south. In the Sierra de Cantabria, about 30 km west of
the studied area, the Rioja-3 borehole was drilled in the
foreland just 2 km to the south of the SPBT [/[GME, 1990].
This hole did not cut Mesozoic sediments between the
continental Tertiary deposits and the Paleozoic basement,
which was reached at about 4600 m below sea level (mbsl).
The Astrain-1 borehole drilled in the Pamplona basin
stopped at 4400 mbsl in the marine Tertiary units of the
footwall of the SPBT. The fact that the maximum depth of
the Paleozoic basement in the area is estimated at somehow
less than 5000 mbsl [see Riba et al., 1983] indicates that the
Mesozoic sequences must be extremely thin, if present,
even close to the SPBT (see Figure 3). In order to explain
the contrast between kilometer-scale thicknesses of Creta-
ceous sediments in the hanging wall of the SPBT and their
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Figure 5. E-W cross sections across the Andia Fault Zone (see location in Figure 2).

disappearance just few km southward, in the footwall, we
conclude that the Cretaceous basins were limited by exten-
sional faults and that these extensional faults were reacti-
vated as thrusts planes during Tertiary compression. This
agrees with interpretations proposed for other segments of
the SPBT along the Basque-Cantabrian basin [Martinez-
Torres, 1993]. Some of these extensional faults, such as the
one interpreted south of the Gastiain anticline in the Urbasa
section to explain the striking variations observed in the
thickness of the lower Cretaceous and Cenomanian,
remained inactive during the Tertiary.

[14] The Andia Fault Zone (AFZ) is located between the
Pamplona and Urbasa transects and constitutes an area of
extraordinary fault density that has been considered as the
surface expression of the PF [Faci et al., 1997; Liesa,
2000]. The AFZ has an open-to-the-north fan geometry.
The main faults of the system have N to NE orientations and
steeply dip to the east. They acted as normal faults that
caused the sink of the Mesozoic and Tertiary rocks located
at the eastern side of the PF. The maximum vertical
displacement associated with individual faults within the
AFZ (~2000 m) is found at the southern part of the fault
system, where Eocene sediments are in contact with lower
Cretaceous rocks. The total vertical displacement dimin-
ishes progressively to the north until the faults eventually
disappear within a distance of about 20 km. A set of smaller
E-W fractures, with normal displacements, interconnects the
main faults of the system. Microstructural data indicate that

the same orientation and kinematic pattern is found at the
outcrop scale [Liesa, 2000]. The two E-W cross sections
showed in Figure 5 illustrate the geometry and the total
vertical displacement accommodated by the AFZ at two
positions along transport direction of the SPBT. The upper
Triassic salt diapirs located around the AFZ have been
active since the Mesozoic, especially during lower Creta-
ceous, Paleocene and Eocene times [e.g., Brinkmann and
Logters, 1967; Wiedmann, 1979; Faci et al., 1997]. Some of
the diapirs (Estella, Alloz, Anoz) have elongated shapes
parallel to the main adjacent compressive structures, while
others (Arteta, Salinas de Oro) have circular sections with
radial fractures. Some of these fractures are physically
connected to the main faults of the AFZ and affect Oligo-
cene and Miocene continental sequences, which indicates
that both the AFZ and the diapirs were active during the
main Oligocene-Miocene thrusting.

4. Paleomagnetism

[15] Paleomagnetic sites have been grouped in 11 struc-
tural units, which are located on both sides of the southern
segment of the PF and also around the trace of the fault
(e.g., within the AFZ). Micropaleontological data have
provided an age constraint for the Cretaceous sediments
[Faci et al., 1997] and the Eocene limestones [Payros,
1997; Faci et al., 1997] from which reliable paleomagnetic
results have been obtained. A Bartonian-Priabonian age has
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Figure 6. Paleomagnetic results from Santonian marls. (a, b, and c¢) Representative NRM
demagnetization diagrams from the Goifii syncline (all plots are for in situ coordinates). Solid (open)
symbols indicate projections onto the horizontal (vertical) plane. The lines represent linear fits to the
ChRMs. (d) Equal area projection of site mean directions from the Goili syncline, with associated a5 and
k, before and after tectonic correction. The mean value of the four sites is shown for comparison with the
upper Cretaceous reference direction. Solid (open) symbols represent lower (upper) hemisphere
projections. (e) IRM acquisition and thermal demagnetization results of a three-component IRM of
representative Santonian marl samples. M indicates the decay of remanence associated with magnetite.

been established for the Eocene marls according to micro-
paleontologic and magnetostratigraphic studies [Canudo et
al., 1988; Hogan and Burbank, 1996; Payros, 1997]. All
sampled lithologies post-date the Cretaceous rotation of
Iberia [see Van der Voo, 1993] and predate the main
Oligocene-Miocene Pyrenean compression. They can thus
be used to unravel the kinematic evolution of the different
structural units around the PF during the Pyrenean orogeny.
Older lithologies that crop out around the northern segment
of the PF were not considered to avoid overprints with
rotations that might have occurred during Cretaceous and/or
late Variscan times. We sampled 74 sites in several marine
formations ranging from upper Cretaceous to Eocene in age
(Figure 2). At every site, 8 to 15 standard oriented cores

(25.4 mm in diameter) were collected with a portable gas-
powered drill, spanning a stratigraphic section of up to 15 m.
Magnetic remanence measurements were made using a
GM400 three-axis cryogenic magnetometer at the IES
Jaume Almera (CSIC, Barcelona) and using 2G cryogenic
magnetometers at the Ludwig Maximilians University
(Munich, Germany) and at the University of Michigan
(Ann Arbor, USA). The noise level of these magnetometers
is less than 7 x 10~° A/m, which is much lower than the
magnetization of the measured samples. Between 9 and 15
samples per site were subjected to stepwise thermal demag-
netization of the natural remanent magnetization (NRM)
using Schonsted and ASC furnaces. This process involved
between 8 and 14 steps at intervals of 50°, 30°, and 20°C to
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Figure 7. Paleomagnetic results for Maastrichtian limestones. (a, b, and c) Representative NRM
demagnetization diagrams from the Urbasa syncline (all plots for in situ coordinates). (d) Positive
reversal test performed with the ChRMs from the Urbasa syncline. Here vy, is the angular difference
between normal and reversed mean directions, whereas <y, represents the critical value of the angle at
which the test is considered negative. All symbols are as in Figure 4. (e¢) IRM acquisition and thermal
demagnetization results of a three-component IRM of representative Maastrichtian limestone samples.
G and M indicate the decay of remanence associated with goethite and magnetite, respectively.

a maximum temperature of up to 600°C. Formation of new
magnetic phases at high temperatures often prevented the
complete demagnetization of the samples. However, charac-
teristic remanent magnetization (ChRM) directions with
linear paths directed toward the origin of the orthogonal plots
could be identified in most (~75%) of the samples (see
Figures 6—9). We used principal component analysis
[Kirschvink, 1980] and Fisher statistics [Fisher, 1953] to
calculate ChRM directions and site mean paleomagnetic

vectors, respectively. The combination of individual
ChRM directions with demagnetization circles [Bailey and
Halls, 1984] was also used, as described by McFadden
and McElhinny [1988], to compute mean directions for a
few sites from Eocene marls where the limited number of
linear vectors hampered the calculation of reliable site mean
directions (see Table 1). The plunge of folds (<13° except in
one case) was restored to the horizontal before applying
tilt correction. In the fold test, as applied here, the evolution
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Figure 8. Paleomagnetic results from Eocene limestones. (a and b) Stable NRM demagnetization
diagrams representative of site ABO1 (site 51 in Figure 2) (all plots for in situ coordinates).
(c) Representative example of unstable demagnetization plots for Eocene limestones of the Andia Fault
Zone. (d) Equal area projection of ChRM directions from site ABO1, before and after tectonic correction.
The site mean direction is more similar to the (reversed polarity) Eocene reference direction after
restoring the bedding to the horizontal position. All symbols are as in Figure 4. (¢) IRM acquisition and
thermal demagnetization results of a three-component IRM of representative Eocene limestone samples.
G and M indicate the decay of remanence associated with goethite and magnetite, respectively.
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Figure 9. Paleomagnetic results from Eocene marls. (a, b, ¢, and d) Representative NRM
demagnetization diagrams of samples with reliable linear trends directed toward the origin of the plots
(all plots for in situ coordinates). (¢) NRM demagnetization diagram of a representative sample having
unstable behavior above 300°C and a clear, well-developed demagnetization circle. (f) Representative
example of fold test (Liédena anticline). Mean directions before and after tectonic correction, together
with their associated statistical parameters, are compared with the Eocene reference direction. G is a
positive reversal test (Pamplona synclinorium) performed with the site mean ChRM directions of the
Eocene marls. Here v, is the angular difference between the normal and reversed mean directions,
whereas 7y, represents the critical value of the angle at which the test is considered negative. All symbols
are as in Figure 4.
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Table 1. Site Mean ChRM Directions and Statistical Parameters®

Tectonically
In Situ Statistics Corrected Statistics
Structural Unit Age Site n/N LF/DC Dec Inc Qo5 k Dec Inc Qs k
Jaca-Pamplona Basin
Liédena (1) Eocene 1 6/8 6/0 359 1 17.9 15 352 44 17.9 15
Liédena (1) Eocene 2 5/8 5/0 9 47 23.6 11.5 2 41 23.6 11.5
Liédena (1) Eocene 3 8/8 8/0 15 72 10.6 28.3 8 45 10.6 28.3
Liédena (1) Eocene 4 8/10 8/0 5 -26 39 203.4 4 59 3.9 203.4
Liédena (1) Eocene 5 10/10 10/0 358 72 4.5 114.2 13 60 4.5 114.2
Lumbier (2) Eocene 6 9/9 9/0 5 68 1.9 722.3 9 42 1.9 722.3
Lumbier (2) Eocene 7 8/8 8/0 355 81 4.5 151.3 0 49 4.5 151.3
Lumbier (2) Eocene 8 9/9 9/0 16 37 6.7 59.3 359 40 6.7 59.3
Lumbier (2) Eocene 9 8/8 8/0 16 36 33 289.7 359 47 33 289.7
Lumbier (2) Eocene 10 9/10 9/0 10 24 8.2 40.9 7 52 8.2 40.9
Izaga (3) Eocene 11 9/11 9/0 356 —43 4.7 121.5 357 60 4.7 121.5
Izaga (3) Eocene 12 8/8 8/0 13 -29 5.6 98.3 11 62 5.6 98.3
Izaga (3) Eocene 13 8/10 8/0 34 17 3.6 237.8 37 46 3.6 237.8
Izaga (3) Eocene 14 7/7 7/0 47 —21 5.8 109.4 52 64 5.8 109.4
I1zaga (3) Eocene 15 7/7 7/0 59 72 4.6 170.8 16 9 4.6 170.8
Izaga (3) Eocene 16 10/10 10/0 356 -23 10.3 22.8 352 44 10.3 22.8
Izaga (3) Eocene 17 10/10 10/0 28 19 3.8 163.8 10 48 3.8 163.8
Izaga (3) Eocene 18 9/10 9/0 15 25 6.5 63.6 4 50 6.5 63.6
Izaga (3) Eocene 19 9/9 9/0 12 24 19.4 8 9 55 194 8
Izaga (3) Eocene 20 8/9 8/0 14 —24 33 276.4 357 76 33 276.4
Izaga (3) Eocene 21 7/11 7/0 4 7 17.7 12.6 358 31 17.7 12.6
Alaiz (4) Eocene 22 7/7 7/0 282 83 16.6 14.2 344 56 16.6 14.2
Alaiz (4) Eocene 23 6/10 6/0 25 67 14.4 22.7 14 48 14.4 22.7
Alaiz (4) Eocene 24 10/10 10/0 305 84 8.7 32.1 355 45 8.7 32.1
Alaiz (4) Eocene 25 9/9 9/0 5 70 8.3 39.2 0 55 8.3 39.2
Alaiz (4) Eocene 26 7/7 7/0 5 48 6.5 86.5 8 42 6.5 86.5
Alaiz (4) Eocene 27 8/9 8/0 13 77 8.7 41.9 20 48 8.7 41.9
Alaiz (4) Eocene 28 10/10 10/0 110 84 9.8 25.1 17 48 9.8 25.1
Pamplona (5) Eocene 29 9/12 9/0 359 42 9 339 5 47 9 339
Pamplona (5) Eocene 30 10/10 0/10 189 —65 10.5 27 188 -70 10.5 27
Pamplona (5) Eocene 31 5/10 5/0 189 —51 12.5 38.4 173 —71 12.5 38.4
Pamplona (5) Eocene 32 6/8 5/5 202 —44 6.5 59.3 200 —34 6.5 59.3
Pamplona (5) Eocene 33 8/11 8/0 16 4 9.3 36.6 19 57 9.3 36.6
Pamplona (5) Eocene 34 11/11 0/11 167 —67 9.9 26.2 181 -59 9.9 26.2
Pamplona (5) Eocene 35 4/11 4/4 185 —10 7.3 63.2 168 -57 7.3 63.2
Pamplona (5) Eocene 36 711 7/0 23 37 13.6 20.6 15 61 13.6 20.6
Pamplona (5) Eocene 37 10/10 10/0 196 —51 4.5 113.8 196 —56 4.5 113.8
Pamplona (5) Eocene 38 7/14 0/7 184 —49 133 31.1 187 —58 133 31.1
Pamplona (5) Eocene 39 12/15 12/0 23 61 10.6 17.7 353 61 10.6 17.7
Pamplona (5) Eocene 40 9/13 9/0 206 -32 10.4 25.5 193 —41 10.4 255
Afiezkar (6) Eocene 41 9/11 0/9 188 —52 14.5 26.3 218 —53 14.5 26.3
Ibero (7) Eocene 42 10/13 0/10 181 -56 9.6 32.6 188 —48 9.6 32.6
Ibero (7) Eocene 43 6/13 6/0 6 -39 7.1 91.2 343 48 7.1 91.2
Ibero (7) Eocene 44 6/11 6/0 336 45 17.5 15.7 349 40 17.5 15.7
Andia Fault Zone
San Donato (8) Eocene 45 12/14 0/12 177 —52 7.1 45 189 -32 7.1 45
San Donato (8)
Goiii (9) Eocene 46 10/14 10/0 17 57 8.3 352 15 45 8.3 352
Goii (9) Santonian 47 11/11 11/0 3 —18 7.1 42 0 43 7.1 42
Goiii (9) Santonian 48 8/8 8/0 6 0 6.5 73.8 6 57 6.5 73.8
Goiii (9) Santonian 49 8/10 8/0 11 -19 53 111.2 8 47 5.3 111.2
Goiii (9) Santonian 50 7/9 7/0 3 —12 6.6 84.8 0 37 6.6 84.8
Abarzuza (10) Eocene 51 10/10 10/0 199 —45 3.5 196.9 195 —53 3.5 196.9
Miranda-Urbasa Syncline
Urbasa (11) Eocene 52 6/12 6/0 17 50 9 56.8 15 51 9 56.8
Urbasa (11) Maastrichtian 53 6/8 6/0 185 -29 4.4 231.1 193 —42 4.4 231.1
Urbasa (11) Maastrichtian 54 5/8 5/0 359 43 14.1 30.3 7 63 14.1 30.3
Urbasa (11) Maastrichtian 55 9/10 9/0 188 —33 4.1 155.5 202 —54 4.1 155.5
Urbasa (11) Maastrichtian 56 8/10 8/0 186 —34 5.8 99 189 —58 5.8 99

“Here n/N is the number of samples used in statistics/demagnetized; LF/DC is the number of linear fit/demagnetization circles used to calculate site mean
directions; Dec and Inc are the declination and inclination of the site mean directions; ags and k are the statistical parameters associated with the means.
Structural units are numbered according to Figure 2. Statistical parameters are identical in situ and after tectonic correction because bedding is constant at
the scale of each paleomagnetic site.
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Table 2. Rotation and Flattening for Different Structural Units Compared With Unit Mean Paleomagnetic Directions and the Expected
Reference Directions®

Mean Direction

Reference Direction

Structural Unit Age s/S Dec Inc Qs k Dec Inc Qos R+ Ar F+ Af
Jaca-Pamplona Basin
Liédena (1) Eocene 5/6 2 51 7.8 75 5 52 53 —-3+12 0+7
Lumbier (2) Eocene 5/5 3 46 5.9 170.7 5 52 53 —-2+9 —-6+6
Izaga (3) Eocene 10/11 10 55 10 243 5 52 53 +5+15 +3+9
Alaiz (4) Eocene 717 6 49 7.3 69.4 5 52 5.3 +1 £ 11 —3+7
Pamplona (5) Eocene 12/12 8 57 6.4 47.1 5 52 53 +3 + 11 +5+6
Afiezkar (6) Eocene 12 38 53 14.5 26.3 5 52 5.3 +33 £ 18° +1 + 11
Ibero (7) Eocene 3/3 355 53 25.8 23.9 5 52 53 —10 £ 35 +1 £ 20
Andia Fault Zone
San Donato (8) Eocene 1/3 9 32 7.1 45 5 52 53 +4+9 —20+6°
Goiii (9) Eocene 1/4 15 45 8.3 352 5 52 53 +10 £ 11 -7+7
Goiii (9) Upper Cretaceous 4/5 3 46 10.1 84 1 45 5.8 +2 £ 13 +1+£9
Abarzuza (10) Eocene 1/1 15 53 3.5 196.9 5 52 53 +10 + 8° +1£5
Miranda-Urbasa
Urbasa (11) Eocene 12 15 51 9 56.8 5 52 53 +10 £ 12 —1+7
Urbasa (11) Upper Cretaceous 4/5 13 54 11.1 69.8 1 45 5.8 +12 + 16 +9+ 10

“Here s/S is the number of sites used in the statistics/sites analyzed; R + Dr is the rotation recorded by the ChRM and its associated error calculated after
Demarest [1983] (positive and negative values indicate clockwise and counterclockwise rotations, respectively); F + Afindicates the flattening of the mean
inclinations and their associated errors calculated after Demarest [1983] (positive and negative values indicate higher and lower values when compared with

the reference direction, respectively).
b, .. .. .
Statistically significant differences.

of the precision parameter (k) is estimated during progres-
sive unfolding (k2) with respect to the initial value (k1)
[McElhinny, 1964]. The ratio of k2/kl is then compared
with the critical value at the 95% confidence level to
assess the statistical significance of the results. The rever-
sal test of McFadden and McElhinny [1990] was per-
formed when possible.

4.1. Upper Santonian

[16] The sampled upper Santonian marls and limestones
have NRM intensities below 0.1 mA/m. Two stable com-
ponents of magnetization can be distinguished in the ther-
mal demagnetization results from the upper Santonian marls
(Figure 6). A low temperature component unblocks below
300°C. This component has a present-day field direction
and thus has little geological relevance. Above 300°C, a
ChRM was successfully isolated for four of the studied
sites. The ChRM has northerly and shallow negative direc-
tions in geographic coordinates and northerly declinations
and downward inclinations after structural correction. The
absence of reversals and the similar bedding attitude of the
sampled sites do not allow for application of field tests.
However, we interpret that the ChRM in these rocks is a
primary magnetization and does not represent a secondary
overprint because (1) the normal polarity ChRM is consis-
tent with a magnetization acquired during the Cretaceous
Normal Polarity Superchron in the upper Santonian; (2) site
mean directions for in situ coordinates are different from
any other later magnetization (e.g., Cretaceous, Tertiary or
recent); and (3) site mean inclinations are indistinguishable
from the expected reference inclination after bedding cor-

rection, but not before such correction (Figure 6d) (Table 2).
Rock magnetic measurements indicate that magnetite is the
main magnetic carrier of the ChRM in the upper Santonian
marls (Figure 6e).

4.2. Upper Maastrichtian

[17] Upper Maastrichtian limestones (5 sites) and marls
(1 site) were sampled, of which four sites, all of them
limestones, provided reliable results (Figure 7). NRM
values are between 0.3 and 5 mA/m. The limestones are
characterized by a low temperature component that
unblocks below 200°C and carries variable portions of the
NRM intensity. This component is consistent with a pres-
ent-day field overprint. Above 200°C, a ChRM is clearly
defined up to 600°C (Figure 7a). Rock magnetic data
indicate that goethite and magnetite are the magnetic
carriers of the low temperature component and the ChRM,
respectively (Figure 7e). In some samples, the low temper-
ature component is weak or even absent, leading to weaker
intensities (0.3 to 1 mA/m) and nearly univectorial demag-
netization diagrams (Figure 7b). The ChRM in these rocks
has reversed polarity, but three samples from the highest
part of the sampled section have normal polarity (Figure 7c).
Together with reversed polarity directions lower in the
stratigraphic sequence, these normal polarity directions
provide a consistent match with the geomagnetic polarity
time scale in light of biostratigraphic data (top of chron 31r
and base of 31n). The origin of the ChRM cannot be
assessed by means of fold tests because all sites have
similar bedding attitudes. However, the presence of samples
with opposite polarities seems to exclude the possibility of a
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secondary origin. The test performed yields positive results
(Figure 7d) and suggests that the ChRM in the Maastrich-
tian limestones is a primary magnetization.

4.3. Eocene Limestones

[18] One out of the 7 sampled sites from Eocene lime-
stones has stable paleomagnetic behavior (Figure 8). The
NRM at this site (0.2 mA/m) consists of two stable
components. A low temperature magnetization is unblocked
below 200°C and carries the main fraction of the NRM.
This component is parallel to the present-day field in the
area. Above 300°C, a ChRM is identified (Figures 8a
and 8b). Rock magnetic data indicate that goethite and
magnetite are the magnetic carriers of the low temperature
component and the ChRM, respectively (Figure 8e). The
ChRM of the Eocene limestones was successfully isolated
at only one site, so no field tests constrain the age of the
remanence. At this site, the ChRM has reversed polarity for
in situ coordinates. After tilt correction, the inclination
steepens so that it is closer to the expected Eocene inclina-
tion (Figure 8d) (Table 2). Other Tertiary limestone for-
mations in the Pyrenees have been shown to record dual
polarity magnetizations that allowed retrieval of magneto-
stratigraphic data [Pascual et al., 1992; Pujalte et al., 1995].
These observations suggest that the ChRM in the Eocene
limestones is a primary direction.

4.4. Eocene Marls

[19] Thermal demagnetization of more than 500 samples
(55 sites) from Eocene marls indicates weak NRM intensi-
ties (between 0.1 to 0.6 mA/m). Two stable remanence
components are identified after removal of a magnetization
probably acquired during drilling or sample storage
(Figure 9). A low temperature component typically
unblocks below 300°C. It has normal polarity before
structural correction and is interpreted as a present-day field
overprint. A ChRM is defined above 250-300°C. This
component is not completely unblocked at 450°—-460°C
(Figures 9a and 9b), although in some cases the maximum
unblocking temperature is below 350°C (Figures 9¢ and 9d).
This observation and several rock-magnetic experiments
indicate that both magnetite and magnetic iron sulphides
(most likely pyrrhotite) contribute to the ChRM [Larrasoaria
et al., 2003a]. The ChRM has been successfully isolated in
about 65% of the analyzed samples and has both normal and
reversed polarities after structural correction. Reliable site
mean directions have been calculated for 47 out of the 55
studied sites. The incremental fold test has been performed
using ChRM directions from 6 structural units that include
43 sites. The best grouping of ChRM directions occurs
between 80% and 95% of unfolding. However, the grouping
is not significantly different than at 100% unfolding, which
indicates that the ChRM was essentially acquired prior to
folding (Figure 9f). The reversal test performed on the
ChRM site mean directions from the Pamplona syncline is
positive at the 95% confidence level (Figure 9g). Different
magnetostratigraphic studies focused on the Eocene marls of
the eastern sector of the Jaca-Pamplona basin have shown
that the polarity reversal pattern in the marls is consistent
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with available biostratigraphic data [Hogan and Burbank,
1996; Pueyo et al., 2002]. These observations indicate
that the ChRM in the Eocene marls represents a primary
magnetization.

5. Discussion

[20] The mean paleomagnetic direction for each structural
unit has been calculated by averaging the directions from
the different sites according to age. Mean directions have
been compared with the expected reference direction for the
area in order to determine the magnitude of vertical axis
rotations (R). The Eocene reference direction (D = 5°, 1 =
52°, aws = 5.3° k = 546) has been recalculated from the
Eocene Iberian paleopole of Taberner et al. [1999]. The
reference direction for the upper Cretaceous (D = 1°, [ =
45°, cgs = 5.8% k = 172.3) has been recalculated after
averaging the upper Cretaceous paleopoles available for
stable Iberia [see Van der Voo, 1993 and references therein].
Confidence limits for the rotations (Ar) have been calculated
following Demarest [1983]. Flattening of the inclination (F)
and its confidence limit (Af) [Demarest, 1983] have been
also calculated for every structural unit (Table 2). It is
noticeable that, with the exception of the San Donato
syncline, all of the mean inclinations are statistically indis-
tinguishable from the reference inclination. The pattern of
vertical axis rotations for the different structural units is
depicted in Figure 10a. The error limits on the paleomag-
netic directions usually span the reference direction and
therefore indicate the absence of significant vertical axis
rotations. The only two structural units where significant
rotations have been found correspond to a fault-bounded
unit (Abarzuza block) within the AFZ and a small, steeply
(26°) plunging fold (Afiezkar syncline) to the north of the
Iza diapir. The Afiezkar syncline records a large rotation of
+33 + 18° (+ denotes clockwise), whereas the Abarzuza has
shows a small rotation of +10 + 8°. The results for both
localities are based on one site only and might lack of
statistical significance. However, no-significant tectonic
rotations are reported for 9 out of 11 structural units studied,
which include 53 out of 56 sites where reliable paleomag-
netic results were obtained. These units are widespread
throughout the studied area. We therefore conclude that
vertical axis rotations on either side and across the PF did
not occur during the Tertiary. Tectonic rotations in thrust
belts are mainly driven by gradients in tectonic shortening
[Allerton, 1998]. The lack of rotations in the studied area is
compatible with the similar values of tectonic displacement
estimated along the Pamplona and Urbasa transects.

[21] A variety of different models for block rotations
associated with strike-slip faults have been proposed by
different authors. It is useful to consider simplified kine-
matic models (Figure 10b) in order to gain insight into the
complexities that strike-slip faults can develop [Twiss and
Moores, 1992]. Two models [McKenzie and Jackson, 1983;
Ron et al., 1984] predict the existence of generalized
tectonic rotations of the same sense as the slip in the shear
zone. The model proposed by Garfunkel [1989] also pre-
dicts generalized rotations, although they are in the opposite
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(shaded patterns as in Figure 4) and Urbasa transects (shaded colors), plotted along a common vertical

scale.

sense with respect to the main strike-slip movement. None
of these models can be applied to the PF because our data
indicate an absence of tectonic rotations associated with the
PF. The only model that satisfies our paleomagnetic results
is that proposed by Geissman et al. [1984], in which
tectonic displacement is accommodated by a set of parallel
faults involving no rotation. However, the model does not
account for the geometry and kinematics of the AFZ,
because faults in this system show no strike-slip, but mainly
dip-slip, displacements.

[22] One explanation for the lack of tectonic rotations in
the study area is that the Mesozoic-Tertiary cover is
detached from the basement at the upper Triassic plastic
levels, and therefore that the strike-slip movement of the
basement fault might not be transferred to the cover.
However, this possibility does not explain why most of
the arguments claiming for a strike-slip movement of the
PF are based on structural features observed in the cover
rocks (e.g., the Triassic salt diapirs and the AFZ). The
overall geological features of the area are still to be
explained.

[23] It is useful to recall the arguments that led to the
interpretation of the PF as a strike-slip fault. Concerning a
possible sinistral offset between the North Pyrenean and
Leiza Faults, it has to be demonstrated that these two faults
formed a single structure at the onset of the Tertiary
deformation before they can be used as a reliable marker
of strike-slip movements. Geophysical, stratigraphic, struc-
tural and paleomagnetic evidence [Peybernés and Souquet,
1984; Puigdefabregas and Souquet, 1986; Garcia-Mondéjar,
1996; Casas et al., 1997; Larrasoariia et al., 2003b] indicate

that the Iberian-European Mesozoic plate boundary can be
envisaged as an intricate set of pull-apart basins and
basement blocks bounded by several families of strike-slip
faults, which comprise a wide domain of deformation on
top of a thinned crust. Therefore there is no need for
continuity between the North Pyrenean and Leiza Faults
because they can be regarded individually as some of the
several faults accommodating deformation at the plate
boundary [Larrasoaiia et al., 2003b]. In fact, the North
Pyrenean Fault cannot be traced west of Arette (0°25'W)
[Hall and Johnson, 1986] and the arguments supporting its
westward continuation are unclear. The N-S offset of the
Moho reported by Gallart et al. [1981] west of Arette
reflects variations in the thickness of the crust in the Iberian
and European plates after the Pyrenean orogen [ECORS-
Pyrenees Team, 1988], but it does not necessarily have a
causal relationship with the position, or even the absence,
of a Mesozoic structure such as the NPF at the surface. On
the other hand, structural reconstructions indicate that
listric, normal faults, rather than a vertical structure such
as the NPF, were active west of Arette during the Mesozoic
[Teixell, 1996]. In addition, Souriau and Pauchet [1998]
suggested that the alignment of earthquakes west of Arette
could be related to the low-angle thrust that host the
Alduides massif, rather than to a vertical structure such as
the NPF. Further evidence claiming against the continuation
between the North Pyrenean and Leiza Faults come from
Cretaceous reconstructions of Iberia prior to opening of the
Bay of Biscay [Garcia-Mondéjar, 1996].

[24] On the other hand, offset of the south Pyrenean basal
thrust [Froute, 1988] cannot be considered as evidence for

Figure 10.

(opposite) (a) Geological sketch map of the studied area showing the mean declination of the ChRM for every

structural unit. The cones represent the confidence angle of the rotations. (b) Kinematic models of block rotations

associated with a left-lateral strike-slip fault.
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Figure 12. (a) Model of a “hanging wall drop fault” according to Elliott and Johnson [1980] and
(b) proposed model for the Pamplona Fault, in which the formation of hanging wall drop faults (Andia
Fault Zone) is conditioned by differences in cover thickness on both sides of the Pamplona Fault.

sinistral displacement along the PF because the SPBT does
not emerge to the surface. Other evidence for dextral
movement along the PF is also questionable. The curvature
of the Ulzama, Aralar and Arberoue structures (Figure 1b)
may not represent any kinematic feature. At the western
termination of the Labourd massif, curvature in the opposite
sense to that of the Arberoue structure is found. However,
no major structure such as the PF, with the opposite sense of
motion, has been identified there. Moreover, the trace of the
Roncesvalles thrust and some other Tertiary structures near
the Ulzama and Aralar structures are not curved across the
PF, raising further doubts about the validity of these
geometric features. An interpretation for dextral offset of
the Paleozoic basement [Turner, 1996] is faced with the
difficulty of determining the pre-Tertiary arrangement of
basement units at both sides of the PF, especially consider-
ing the complex Cretaceous paleogeography at the ancient
plate boundary. On the other hand, curvature of Eocene
facies belts across the PF [Payros, 1997] can be explained in
terms of variable progradation and retrogradation of the
sedimentary sequences on both sides of the PF (in order to
keep pace with differential tectonic loading in the internal
parts of the orogen), rather than to a real horizontal
displacement across the fault.

[25] Perhaps the strongest argument for rejecting hypoth-
eses of strike-slip movement of the PF during the Pyrenean
orogeny is the fact that Paleocene and Eocene marine
sediments located along the axis of the Jaca-Pamplona basin
form a continuous outcrop that can be traced toward the
west, in the Miranda-Urbasa syncline, across the trace of the
fault (see Figures 1 and 2). In view of the above evidence,

we suggest that a new model is necessary to explain the
kinematics of the PF.

6. A New Model for the Pamplona Fault

[26] The two key aspects for unraveling the Tertiary
kinematics of the PF are (1) to consider the control exerted
by the geometry of the Mesozoic extensional faults in the
thickness of the Cretaceous sedimentary sequences and
(2) the influence of such geometries and thicknesses in
the resulting configuration of the hanging wall of the SPBT
after the cover was inverted and transported toward the
south. Coupling between tectonics and stratigraphy is illus-
trated in Figure 11, where the two cross sections are plotted
against a common vertical scale. The vertical offset ob-
served at the base of the Tertiary sediments on both sides of
the PF results mainly from the differential uplift of the cover
when it was transported toward the south, although the
different position of the basal detachment on both sides of
the PF may also account for part of this offset.

[27] It has been proposed that, during piggy-back thrust-
ing, local duplex development may result in laterally
variable thicknesses between the roof and the floor thrusts
[Elliott and Johnson, 1980] (Figure 12a). This would cause
the formation of “hanging wall drop faults™ parallel to the
tectonic transport direction. Such faults differ from lateral
ramps in that they only have a dip-slip displacement, as they
do not accommodate differential thrust displacement but
only differential uplift caused by variable duplex thickness
[Elliott and Johnson, 1980]. The “hanging wall drop fault”
model can be applied to our study area with the only
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difference that variations in uplift on both sides of the PF
are mainly caused by changes in the stratigraphic thickness
rather than by different degrees of local duplex stacking
(Figures 12b and 13). This model satisfactorily explains the

overall structural, stratigraphic and paleomagnetic data
obtained in the studied area. The Mesozoic-Tertiary cover
was transported about ~15 km toward the south along the
SPBT. Lack of differential shortening associated with this
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displacement did not produce any vertical axis rotations
(as indicated by paleomagnetic data) or strike-slip dis-
placements along the PF (as indicated by structural obser-
vations). As the cover was transported over the footwall,
the PF behaved as a passive structure that was inactively
transported on the hanging wall of the SPBT and separated
units with similar tectonic displacements but with different
stratigraphic sequences. Variations in stratal thickness on
both sides of the PF resulted in differential uplift and led
to local extension, which was accommodated by the
hanging wall drop faults of the AFZ. These normal faults
have maximum vertical displacements toward the south
(Figure 13b), where the vertical offset occurred across the
PF during the Cretaceous extension is compensated by
differential uplift of the cover during the Tertiary inver-
sion. The vertical displacement accommodated by the AFZ
diminishes progressively to the north (Figure 13a), as
differential Tertiary uplift on both sides of the PF
decreases in the same direction and only compensates a
small fraction of the Cretaceous extension. Eventually, the
faults of the AFZ disappear in the area where the cover
rocks were not transported over the footwall ramp and
differential uplift did not occur (Figure 2).

[28] Well-known field examples of transverse zones that
accommodate tectonic inversion along segments of a thrust
and fold belt with different prethrusting sedimentary thick-
ness include the Segre Fault in the central eastern Pyrenees
[Verges, 1993], the Tiburon Ridge in the Barbados accre-
tionary complex, and the Caussols-Grasse Transverse Zone
in the French Alps [see Calassou et al., 1993]. However, the
PF differs from these cases in that variable prethrusting
sedimentary thicknesses are not accommodated by anasto-
mosed oblique ramps formed within the transverse zone, as
it occurs in the central eastern Pyrenees and the French Alps
[Calassou et al., 1993; Verges, 1993] and has been reported
in analogue modeling studies [Calassou et al., 1993].
Instead, such differences are accommodated by the forma-
tion of (extensional) hanging wall drop faults parallel to the
transport direction. We speculate that the differences be-
tween the PF and other field examples are related to the
importance of differential prethrusting sedimentary thick-
ness on both sides of the transverse fault and its orientation
with respect to the shortening direction.

7. Conclusions

[20] Paleomagnetic results obtained from Cretaceous and
Tertiary sedimentary rocks on both sides of the PF indicate
that no vertical axis rotations occurred around the fault
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during the Tertiary. Together with structural and stratigraphic
data, these results indicate that the PF did not behave as a
strike-slip fault, but as a transverse fault that separated
segments of the Pyrenean orogen with different tectonostra-
tigraphic evolution. During the Mesozoic, the PF behaved as
a transfer fault that separated two segments of the Pyrenean
rift where differences in the amount and/or style of extension
occurred. Tertiary compression took place parallel to previ-
ous extension, leading to inversion of the Mesozoic basins.
The presence of a detachment level and the striking varia-
tions in the Mesozoic sequences on both sides of the PF
controlled the kinematics of the fault, that behaved as a
hanging-wall drop fault according to the model shown in
Figures 12 and 13. The lack of vertical axis rotations and
variations of shortening accommodated on both sides of the
fault, together with the lack of strike-slip displacements and
the absence of associated deep-seated seismicity, suggests
that previous interpretations claiming a prominent role of the
PF in terms of Pyrenean deep-crustal structure have been
overstated.

[30] Although formation of hanging wall drop faults in
connection with differential prethrusting thickness have
been previously suggested by Boyer and Elliott [1982],
the Pamplona Fault is, to our knowledge, the first detailed
case of such a type of transverse structure reported in the
literature. Considering the importance of inherited structural
features in the formation and development of transverse
faults [e.g., Milani and Davison, 1988; Calassou et al.,
1993; Clemson et al., 1997; Moustafa, 1997; Acocella et al.,
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integrated paleomagnetic, structural and stratigraphic ap-
proach is necessary to assess the role and kinematics of
transverse faults during basin inversion processes.
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