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[1] Paleomagnetic data from the Internal Sierras
unravel the kinematic relationship between basement
(Guarga, Gavarnie, Bielsa) and cover thrusts (Larra-
Monte Perdido). The new data come from an area of
100 km along strike and 5—15 km across strike of the
southwestern Pyrenees. The area covers a variety of
structural positions that range from cover to basement
thrusts. From 84 sites located in Upper Cretaceous,
two meaningful magnetic components are found:
(1) the higher-temperature C component (unblocks at
575°C) presents two polarities, is prefolding, has a
mean declination and inclination (D/I) of 010/44
(avgs = 8, k = 15), and is considered primary; and
(2) the intermediate B component (unblocks between
250°C and 450°C) has a mean D/I of 198/-43 (cws =
4, k = 18) and has always reverse polarity and
postfolding. The nine sites located in the Eocene
flysch, south of the Upper Cretaceous, show the same
postfolding component (B). The acquisition of this
intermediate component alludes to a widespread,
tectonic-related remagnetization event affecting the
Internal Sierras. This event must be younger than the
folding of the flysch deposits (middle-upper Eocene).
The tilting induced by the basement thrust (Gavarnie,
Bielsa) in the axial zone does not alter the inclination
of the B, so that the sediments acquire the B
component later than Priabonian (emplacement age
of the Gavarnie thrust). The B component is rotated
clockwise with respect to the Tertiary reference. This
means that the rotation takes place after the
remagnetization event. The position of the C
component before the rotation of the B component is
negligibly rotated (D/I of 002/44; a5 = 7, k = 94) with
respect to the Cretaceous reference; therefore the B
component records the last and only rotational event in
the region. The rotation is related to the latest
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basement deformation (Guarga thrust) during upper
Oligocene times, and it reflects the regional shortening
gradient in the southwestern Pyrenees. The emplace-
ment of the Larra-Monte Perdido cover thrust system
that took place prior to basement thrusts mentioned
above did not undergo any significant rotation.
Citation: Oliva-Urcia, B., and E. L. Pueyo (2007), Rotational
basement kinematics deduced from remagnetized cover rocks

(Internal Sierras, southwestern Pyrenees), Tectonics, 26, TC4014,
doi:10.1029/2006TC001955.

1. Introduction

[2] To understand the construction of continental colli-
sion orogens in compression tectonic regimes, it is essential
to know how the orogenic wedge develops not only in terms
of the sequence of thrusts but also taking into account the
vertical axis rotations (VARs). The timing and magnitude of
displacement of thrusts together with the timing and mag-
nitude of VARs will constrain the tectonic evolution of the
orogen. Understanding the interactions between cover and
basement thrust systems that are separated by detachment
levels is a difficult task, especially in orogens where the
deeper portions are not well exposed or the upper portions
have been eroded. Classic structural techniques (mapping,
cross section balancing, cleavage analysis, etc.) alone do not
sufficiently unravel the age and magnitude of deformation
sequences and the coupling between cover and basement
systems. However, when such techniques are integrated
with paleomagnetic analysis, which at this time is the only
reliable way to characterize VARs, many parameters such as
along strike shortening gradient, are possible to identify.
This integration of data allows reliable restoration of finite
deformation to a predeformational stage. In particular, the
shortening gradient obtained from balanced cross sections is
key to understanding three-dimensional deformation pat-
terns (including mechanisms of lateral transference) in an
orogen. Besides the determination of VARs, to establish the
time of acquisition of different magnetic components allows
distinguishing different episodes during the rising history of
an orogen. Secondary components provide valuable informa-
tion, especially when remagnetization processes have partial-
ly overprinted the original magnetization since they represent
snapshots of the deformation history of the orogen.

[3] The Pyrenean orogen has been the subject of system-
atic paleomagnetic studies for the last three decades in both
basement blocks and cover systems. The salient that con-
forms the South Pyrenean Central Unit (SPCU, sector A in
Figure la), shows no significant rotations in its frontal

1 of 22



TC4014 OLIVA-URCIA AND PUEYO: PALEOMAGNETISM AND BASEMENT KINEMATICS TC4014

[ Teriary
] Mesozoic

[]jl‘_:;]w,.csiv and

assic

Vielln

Choukroune and Seguret, 1973
D Oligocene-Miocene
D Paleocene-Eocene ( Fold axis
- Upper Cretaceous-Garumn ~a_  Thrusts
|:] Lower Cretaceous . ™~ Cleavage front
O
L ]

- Permian and Triassic
D Paleozoic
D Granitoids

New paleomagnetic sites from this work N

Previous paleomagnetic sites

I¢
0 10 20 30 40 S0km
e ——

a

Ebro basin SPZ Axial Zone NPZ
External Sierras
Internal Sierras N

LAKORA
== £ Licq Fault

Jaca-Pamplona Basin

Anso-Arzacq section

% Jurassic. NPZ
. Triassic (+Permian)
D Paleozoic basament

20 km

e n} Upper Oligocene-Miocene (molasse), SPZ |:| Middle-Upper Eocene (marine molasse), ppcr Cretaceous a: Carbonate platform. SPZ
. —==1 Pall -Middle Boce b conglomerates { Aptian-Upper Cret.)
2] Upper Eocene-Oligocene (molasse). SPZ [7] {megabeds within titbichtes)
[E Lower Cretaceous (carbonates). NPZ

Ebro basin SPCU Axial Zone NPZ

COTIELLA

NPFZ N
L Cotiella-Neste Aure Section

2 . g Lo Triassic (Keuper)
Oligocene-Miocene [ Marine Eocene _] Cretaceous basins n Permian Trassic (Bunt.)
m Continental Eocene (detritic) == pal Cretaceous platforms IZl Igenous rocks
[:u_\l-'- eocene
c ~=.] Continental Eocene {gypsum) T [E] Jurassic I:] Paleozoic basament

Figure 1

2 of 22



TC4014

portions [Dinares, 1992; Dinares et al., 1992; Pascual,
1992; Meigs et al., 1996; Meigs and Burbank, 1997,
Beamud et al., 2003, 2004], but remarkable rotations are
found in oblique structures: counterclockwise rotations in
the eastern side of the SPCU and higher magnitudes of
clockwise rotations (up to 80°) in the western side of the
SPCU (sector B in Figure 1a) related to distributed short-
ening [Keller et al., 1994; Dinares-Turell and Garcia-Senz,
2000; Sussman et al., 2004; Dinarés, 1992; Murioz et al.,
2003; Ferndndez et al., 2003; Ferndndez, 2004]. West of
the SPCU, a variable degree of clockwise rotation (50°—25°
[Hogan and Burbank, 1996; Pueyo et al., 2002, 2003a,
2003b, 2004]) is associated with the imbrication of the basal
thrust system, which gave rise to the External Sierras (ES)
and the piggyback movement of the Jaca-Pamplona basin
(sector C in Figure la). These rotations are, somehow,
expectable if we take into account the differences of
orogenic shortening detected by cross section balancing
between the SPCU and the western portion of the External
Sierras [Martinez-Peiia and Casas-Sainz, 2003; Teixell,
1996, 1998]. In contrast, no rotation has been determined
in the western sector of the Jaca-Pamplona Basin (sector D
in Figure 1a) [Larrasoana et al., 2003a; Almar et al., 2004].
Most of this large data set shows well-proved primary
directions; however, a prefolding remagnetization compo-
nent has been found in specific areas as in the Organya
basin [Dinarés-Turell and Garcia-Senz, 2000; Gong et al.
2005] (Figure la, northwest corner of A sector) and in the
Cotiella massif [Garcés et al., 2003, 2005] in the Upper
Cretaceous limestones in relation to diagenetic processes
(E sector in Figure la). Synfolding and prefolding remag-
netizations have been described in the Permian-Triassic
materials [Van der Voo and Boessenkol, 1973; Schott and
Peres, 1988; Bates, 1989; McClelland and McCaig, 1989;
Larrasoaria et al., 2003b].

[4] The ES are the southernmost expression of the
movement of the South Pyrenean Sole Thrust (Guarga
thrust). In the ES local rotations have been documented in
relation to the emplacement of the Guarga basement thrust
and its progressive transfer of shortening to the west
[Hogan, 1993; Millan, 1996; Pueyo, 2000]. The Internal
Sierras (IS) are situated around 50 km to the north of the ES.
The IS are in the southwestern Pyrenees between the axial
zone to the north and the Jaca-Pamplona turbidic basin to
the south. The rocks that outcrop in the IS are Mesozoic-
Tertiary sediments (F sector in Figure la). These materials
are affected by both the older, uppermost cover thrusts
(Larra-Monte Perdido system) and the younger, underlying
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basement thrusts (Gavarnie, Millares, Bielsa and Guarga
thrusts). The main goals of this paper are to characterize the
rotation pattern in the IS and to unravel the kinematic
evolution of coupling between cover and basement thrust
systems in the southwestern Pyreneces by means of paleo-
magnetic analysis. Along with the interplay of the thrusts
systems, the shortening evolution and its relation to the
deformation of the basement is also addressed.

2. Geological Setting

[5] The Pyrenees are an excellent geological example of
a double vergent mountain belt because of the relative
simplicity of the orogen, the availability of synorogenic
materials, the outstanding exposures and the degree of
preservation that make possible the acquisition of surface
data. In addition, the development and interpretation of deep
seismic profiles (ECORS Pyrenees, west Pyrenees, Bay of
Biscay and the Estudios Sismicos de la Corteza Iberica
Norte’s in the Cantabric margin) and their integration with
surface data have significantly progressed the understanding
of the structural evolution of this mountain belt, first across
strike with the balanced cross sections, and second along
strike, comparing the shortening transfer looking at the time
and evolution of structures within the different cross sec-
tions [e.g., ECORS Pyrenees Team, 1988; Choukroune,
1992; Murioz, 1992; Teixell, 1998; Fitzgerald et al., 1999;
Beaumont et al., 2000; Vacher and Soriau, 2001; Vergés
and Garcia-Senz, 2001; Vergés et al., 2002; Martinez-Peria
and Casas-Sainz, 2003].

[6] In the southwestern part of this Mountain Range, the
Internal Sierras represent a fairly linear topographic feature
of abrupt terrain, with elevation differences of more than
1700 m and altitudes up to 3355 m (Monte Perdido). The
rocks that characterize the IS include limestones, marls,
calcarenites and turbiditic sediments of Mesozoic-Tertiary
age. The position of these sediments varies along strike; that
is, in the western side of the studied area, these rocks lie
unconformably over the basement, but more to the east,
they are detached over Paleozoic or Triassic evaporites
further east, in the Bielsa region [Rios et al., 1982a;
1982b, 1987a, 1987b; Martinez-Peria and Casas-Sainz,
2003] (Figure 1a).

2.1. Stratigraphy of the IS

[7] The studied Mesozoic-Tertiary rocks comprise Upper
Cretaceous and Eocene sediments. The Upper Cretaceous
shows two main depositional sequences. The older sequence

Figure 1.

(a) Geological map of the Pyrenees [see Choukroune and Séguret, 1973]. Paleomagnetic sampling areas have

been also located. A, South Pyrenean Central Unit (SPCU); B, oblique structures in the western side of the SPCU; C,
External Sierras (ES) and Jaca-Pamplona piggyback basin (JPB); D, western area of the Jaca-Pamplona Basin; E, Cotiella
Unit; F, Internal Sierras (IS). Lines 1b and lc are the cross sections below. (b) Ans6-Arzacq section in the western part of
the IS from Teixell [1992, 1996] and Teixell and Garcia-Sansegundo [1995], modified in the southern part following an
alternative interpretation by Millan [1996]. (c) Cotiella-Neste Aure section from Martinez-Peria and Casas-Sainz [2003]. In
the cross sections, the name of the thrusts are indicated by capital letters, the structural zones are indicated by italics. SPZ,
South Pyrenean Zone; NPZ, North Pyrenean Zone; NPFZ, North Pyrenean Zone; SPCU, South Pyrenean Central Unit; SM,

Serres Marginals.
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is represented by 150 m of limestones and carbonatic sedi-
ments (Calcaires des Cafions) deposited during the 10 Ma
transgressive cycle in the Cenomanian [Martin-Chivelet et
al., 2002]. The younger sequence is represented by an
average of 600 m of silicic-carbonate platform sediments
(Zuriza and Marboré formations in Campanian-Maastrich-
tian times) deposited during convergence. The compression
dominated during middle Santonian, although is during the
Campanian when the marine sediments record the maximum
extension [Martin-Chivelet et al., 2002, and references
therein]. Scarce paleomagnetic data from other locations of
Iberia indicate that the sedimentation in the Upper Creta-
ceous took place after the rotation with respect to Europe
(Cenomanian at latest is when the rotation finished [Judrez et
al., 1998]). Paleocene and lower Eocene deposits are repre-
sented by carbonatic platform sediments (limestones and
dolomites) and marls, which show younger sedimentation
age toward the south. The Eocene is represented by the
turbidites from the Hecho Group [Mutti et al., 1972] in the
Jaca-Pamplona basin. The turbidites are composed by
Bouma [1964] cycles (calcarenites and marls of decimeter
scale) and up to 13 alternating megabreccia units (as thick as
40 m). The turbidites overlie the Paleocene platform depos-
its, showing about 4.5 km thickness. The age of the turbi-
dites expands from Ilerdian to Lutetian times [Labaume et
al., 1983; Canudo and Molina, 1988; Barnolas and Teixell,
1994; Mutti et al., 2003; Payros et al., 2006]. Paleomagnetic
Tertiary references in Iberia do not show any significant
difference with respect to European poles neither to the
present north magnetic pole.

2.2. Structural Features in the IS

[8] The main structural characteristic of the IS is the
Larra-Monte Perdido cover thrust system [Souquet, 1967,
Seguret, 1972]. This thrust system is characterized by series
of subhorizontal detachment horizons. The horizons have
displacements between 3 and 5 km in a southward direction,
and they have associated propagation folds [4lonso and
Teixell, 1992]. The detachments affect the cover of Upper
Cretaceous—Eocene sequence. In the west of the studied
area, the imbricate thrust system merges in a floor
detachment level which is connected to the Lakora
basement thrust to the north of the axial zone [Labaume
et al., 1985; Teixell, 1992, 1996]. A foreland breaking
sequence of basement thrusts affects this cover thrust
system later. The sequence of basement thrusts differs
from east to west in the studied area. In the west and
from north to south they include the Gavarnie and Guarga
thrusts [Labaume et al., 1985; Teixell, 1992, 1996; Teixell
and Garcia-Sansegundo, 1995]. In the east the Gavarnie,
Millares, Bielsa, and Guarga thrusts build the foreland
breaking sequence [Martinez-Peiia and Casas-Sainz, 2003;
Casas et al., 2003] (Figures 1b and 1c). In general, defor-
mation progresses from east to west [7eixell, 1992, 1996;
Millan et al., 2000; Martinez-Peria and Casas-Sainz, 2003,
and references therein].

[9] South of the IS, several pulses of deformation have
been recorded in the turbiditic basin [Labaume et al., 1985;
Barnolas and Teixell, 1994; Payros et al., 1999]. The
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deformation has been classically grouped in two phases.
The first phase (middle-upper Eocene) coincides with the
movement of the Larra-Monte Perdido thrust system
[Séguret, 1972; Teixell, 1992]. The second one is related
to the emplacement of the Gavarnie basement thrust (upper
Eocene—lower Oligocene [Labaume et al., 1985; Teixell,
1992; Holl and Anastasio, 1995]). The second phase
generated south verging mesoscale folds and a penetrative
and widespread cleavage domain [Labaume et al., 1985;
Teixell, 1992; Holl and Anastasio, 1995].

[t0] The cleavage domain is a fan-shaped planar fabric
region with a general E-W trending. The region affected by
this planar fabric in the southwestern Pyrenees centers in the
axial zone and affects the IS and the northern part of the
Jaca-Pamplona turbiditic basin [Choukroune and Séguret,
1973; Choukroune, 1976]. The strain rate in the cleavage
domain increases from the southern front in the Jaca-
Pamplona turbiditic basin to the north in the axial zone
[Choukroune, 1976; Holl and Anastasio, 1995]. The depth
of cleavage domain development depends basically on
sedimentary and tectonic loads together with temperature
and tectonic gradients [Maxwell, 1962; Mattauer, 1976;
Price and Cosgrove, 1990]. The mechanism of cleavage
development in the studied area is pressure solution [Holl
and Anastasio, 1995]. The mineralogy and composition of
the rocks control the temperature of the development of
pressure solution cleavage. For limestones the temperature
is around 170°C [Groshong et al., 1984], and for siliciclas-
tic rocks it is 300°C [Kerrich and Allison, 1979; Elliot,
1973, 1976]. The temperature of the materials where the
cleavage domain develops in the southwestern Pyrenees has
been calculated to be around 200°-250°C from chemical
analysis in fluid inclusions in veins [Travé et al., 1997;
McCaig et al., 2000]. The overburden on top of these
cleaved rocks is calculated to be around 4—7 km [Grant
et al., 1990; Trave et al., 1997; Teixell et al., 2000; McCaig
et al., 2000]. The impurities present in limestones favor the
development of pressure solution cleavage planes [Marshak
and Terry, 1985]. We consider the cleavage domain because
all sites in this study fall within this region with a distinct
planar fabric.

3. Sampling and Laboratory Procedures

[11] Using aportable, water-refrigerated drill, we collected
samples in 93 paleomagnetic sites. In each site between 10
and 12 standard cores were drilled within 5-20 m of
stratigraphic section. At 10 sites with particularly difficult
access, oriented blocks were collected. Bedding and cleavage
orientation were also recorded.

[12] The sampling sites were concentrated in Upper
Cretaceous deposits except for nine sites drilled in the
Eocene turbidites deposits (eight of them in four metric-
scale folds). The sites are distributed along the strike of the
IS extending 100 km in length and 5 to 15 km in width in
map view (Figure la, sector F). The sites are located in
different thrusts sheets with diverse bedding attitudes. The
majority of sites in the Upper Cretaceous rocks could not be
sampled in outcrop-scale folds as in the flysch deposits.
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Figure 2. (right) IRM acquisition curves and (left) back-
field experiments. (a) Representative curves of the Calcaires
des Cafions (type 1, see text for details) where saturation is
not reached, indicating the presence of a “hard” ferromag-
netic mineral (goethite, hematite). (b) Representative curves
of the top of the Upper Cretaceous (tail-6b) and Eocene
rocks (ele9-7b) (type 2). Saturation is reached around 200 mT
indicating the presence of a “‘soft” coercivity mineral
(magnetite probably). Y axis, normalized remanent magne-
tization; X axis, applied field (in mT).

However bedding attitude differences allow the fold test
application. Structural observations confirm the absence of
plunging structures.

[13] Magnetic mineralogy experiments have been carried
out in order to characterize the magnetic carriers, in terms of
nature and grain size, within the sedimentary rocks of the
Internal Sierras. The rock magnetism analyses comprise (1)
acquisition curves of isothermal remanent magnetization
(IRM) [Dunlop, 1972] where the maximum applied field
is 1.45 T, and (2) stepwise thermal demagnetization of
composite IRM, where three different magnetic fields (hard
1.45; medium 0.4, and soft 0.12 T) are applied in three
different and perpendicular axis prior to thermal demagne-
tization of the sample [Lowrie, 1990]. Both types of experi-
ments were performed in the Gams Paleomagnetic
Laboratory (Leoben University, Austria) using a Walker
electromagnet (1.45 T) and a 2-G pulse magnetizer (2.5 T)
on standard specimens. Low temperature experiments and
hysteresis loops were conducted at the Institute for Rock
Magnetism (University of Minnesota) using a Magnetic
Properties Measurement System (MPMS) magnetometer
(Quantum Design Ltd.) for low-temperature experiments,
and a Micro VS Magnetometer (Princeton Instrument Cor-
poration) on powder chips of 250—300 mg and a Vibrating
Sample Magnetometer (Princeton Instrument Corp.) on
standard specimens for hysteresis loops.
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[14] Demagnetization procedures were performed at the
Gams Paleomagnetic Laboratory and at the Institut de
Ciencies de la Terra “Jaume Almera” CSIC-Universitat
de Barcelona, Spain. Magnetization measurements during
stepwise thermal demagnetization (every 50° to 25°C at
MMTD and Schonsted TSD-1 ovens) were obtained with a
2-G and GM-400 cryogenic magnetometers. Susceptibility
was monitored during the demagnetization in both labora-
tories to control the evolution of magnetic mineralogy.

[15] Characteristic remanent magnetization (ChRM)
directions for each sample was computed using the principal
component analysis (PCA) routine [Kirschvink, 1980] pro-
vided by the Paldir software package (Utrecht Paleomag-
netic Laboratory). Alternative calculations on site level
include using demagnetization circles [Bailey and Halls,
1978] and the stacking routine [Scheepers and Zijderveld,
1992; Pueyo et al., 2007]. Site means were obtained using
Fisher [1953] statistics by means of the Stereonet 6.0 and 6-
1.3.3 software (R. Allmendinger, Software: Stereonet 6.0,
academic version, 1995). Fold tests were conducting using
the IAPD-32 program (T. Torsvik et al., Software IAPD-32,
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Figure 3. Intensity decay of the stepwise thermal

demagnetization of composite IRM: application of 1.45 T,
04 T, and 0.12 T in three different orthogonal axis
following by thermal demagnetization [Lowrie, 1990].
The intensity decay in each axis is measured and
represented separately. (a) Representative curves of the
lower part of Upper Cretaceous with a “hard” ferromag-
netic mineral (hematite, from the temperature decay) and a
“medium” coercivity mineral (sulfides, due to intensity
decay at around 300°-330°C). (b) Curves for the top of the
Upper Cretaceous and Eocene, where no “hard” ferromag-
netic mineral is present but some sulfides (“intermediate”
axis decays before 350°C) and magnetite (“soft” axis
decays at around 580°C) are present. Y axis, normalized
remanent magnetization; X axis, temperature.
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Figure 4. Low-temperature curves. (a) SEEPHECO treatment. First low-temperature saturation
isothermal remanent magnetization (LTSIRM) of 2.5 T at 20 K is given, followed by heating in a
zero field environment with measurement every 5 K up to 300 K; with saturation isothermal remanent
magnetization (SIRM) of 2.5 T at 300 K and finally cooling the sample in zero field environment down to
20 K, measuring every 5 K. The curves show the Verwey transition in all rock types (Mg). Pyrrhotite
(Py), hematite (Hm) (Morin transition is not clear), and goethite (Goeth) (the remanence in the heating
curve increases; Curie temperature is 120°C) can be also present. (b) FCZFC treatment. Cool the sample
from 300 K to 10 K within an applied field of 2.5 T (field cooling); heat and measure every 5 K (FC
curve). Then, cool the sample in a zero field environment (zero field cooling) and finally heat and
measure every 5 K. The difference in remanence between the two curves above 50 K can be characteristic
of goethite. The fast loss in remanence before the 50 K in the FC and ZFC curves can indicate the
presence of SP grains. Py, transition for pyrrhotite (30—35 K); Mg, Verwey transition for magnetite

(120 K); Hm, Morin transition for hematite (285 K).

1996), which follows criteria from McElhinny [1964] and
software from McFadden [1990].

4. Paleomagnetic Data
4.1. Magnetic Mineralogy

[16] Samples from the lower part of the Upper Cretaceous
(the carbonate platform) show a different ferromagnetic
content than the samples from the upper part of the Upper
Cretaceous and Eocene (the carbonate-siliciclastic platform
and the turbidites). The difference between these two groups
in the ferromagnetic content is shown by the IRM and
composite IRM analysis. The group 1 (the carbonate plat-
form of the Calcaires des Cafions) is generally less homo-
geneous, and the IRM curves are not saturated but they
show an important contribution of low-coercivity carrier to
the NRM. This contribution is revealed by the back-field

values less than —200 mT in 14 of the 19 analyzed speci-
mens (Figure 2a). On the other hand, group 2 shows a more
homogeneous magnetic content with a predominance of
low-medium coercivity carriers, denoted by the quick
saturation of the IRM acquisition curve and by the low
values of the coercivity force. The saturation is reached at
about 150-250 mT, and the coercivity force in the back-
field analysis (Hcr) are below —100 mT in more than 85%
of the studied cases) (Figure 2b).

[17] Stepwise thermal demagnetization of composite
IRM [Lowrie, 1990] also reflects the two groups of rocks
in terms of ferromagnetic content. Group 1 shows the
contribution of hard coercivity carriers that unblock either
below 700°C or 150°C. The first unblocking temperature is
typical from hematite (found in 85% of the samples) and the
second ones from goethite (in around 25% of the samples).
In some specimens it is possible to see a decay in the
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Figure 5. (top) Hysteresis loops from chips and (bottom) standard specimens. The smaller diagrams are
the uncorrected loops. Wasp-waisted loops can be observed.
intensity of the medium axis at 300°-350°C indicating the
presence of sulfides. In addition, the decay of the soft axis
between 500°C and 600°C suggests the presence of mag- 15
netite (Figure 3a). Group 2 shows a dominance of low- and 1sp
medium-coercivity carriers, the unblocking temperature is
always under 600°C, and the IRM is dominated by the soft - PSD—
axis (60—90% of the IRM), which altogether indicate the - d
presence of magnetite. The decay of the intermediate axis &
around 300°-350°C indicates the presence of sulfides as in % 0.1 4 a
group 1 (Figure 3b). Although the presence of hard coer- = ] .
civity minerals (hematite and goethite) is detected by the
IRM and composite IRM analysis, it is important to note 7
that the thermal cleaning of the NRM of all specimens ] .t b
shows unblocking temperatures <600°C, indicating that 0.01 MD
hematite is not an important remanent magnetization carrier. ' C S Y
.1 1 10 100
[18] Low-temperature analyses indicate the presence of
Hcer/He

magnetite, since the Verwey transition (at around 120 K
[Verwey and Haayman, 1941]) has been recognized in 45
out of 60 experiments (from microchips and powder sam-
ples). In five samples, the Morin transition for hematite is
observed (at around 260 K [Liebermann and Banerjee,
1971]). The sudden decrease in the intensity of the cooling
curve below 40 K strongly suggests the pyrrhotite transition
in 29 samples (the transition for pyrrhotite occurs at 30—
34 K [Rochette et al., 1990]). The increase of the intensity
in the cooling curve after the saturation isothermal remanent

Figure 6. Day diagram. Line a, North American remag-
netized limestones [Jackson, 1990]; line b, SD and MD
mixture (Parry, 1982); line ¢, remagnetized limestones
[Channell and McCabe, 1994] and remagnetized limestones
from Organya basin [Dinarées-Turell and Garcia-Senz,
2000]; line d, unremagnetized limestones from Channell
and McCabe [1994] and Dinarés-Turell and Garcia-Senz
[2000].

7 of 22



OLIVA-URCIA AND PUEYO: PALEOMAGNETISM AND BASEMENT KINEMATICS TC4014

TC4014
asn3-11a (38)  Calcaires des Cafions isel-5a (19) Calcaires des Cafions ara5-8a (13) Calcaires des Cafions
up/N NO TC 5500 250° up/W NO TC up/N NO TC
1
) %0 250°
C 430° =
/e 20° =
5 ID
o 5500 )
S 5100 200 300 460 500 600 400
T (°C)
150° W !
NRM= 1.017 mA/m - R
1 s /
. = /|
= o2 2
s 0 100 200 300 400 500 600
ID T ¢C)
0+
0 100 200 300 400 500 600 _
T (°C) NRM=4.48 mA/m NRM= 2.005 mA/m
afiil-12a (57)  Marboré Sandstones Fm. | afii2b-1b (58) Marboré Sandstones Fm. | agul-5b (17) Marboré Sands. Fm.
up/W NO TC up/W NO TC NRM=5.433 mA/m
550° 250° ]
N up/WNO TC
V
- 580° $
580°
o 550°
150° 550 Lo
1
) NRM= 1.346 mA/m 2 1500 as0°
2 S ID
=
0l 0
0 100 200 300 400 500 600 0100 200 300 400 500 600 0100200 300 400 300 600
T (°C) T (°C) T (°C)
arg5-7a (5)  Marboré Sandstones Fm. | ara7-9a (15) Marboré Sandstones Fm. acul-9a (25) wW NO;S
- Marboré Sands. Fm.
wp/WNoTC | NRM=1281 mA/m up/W NO TC o
580° 2500 300°
> 50"
X o 00° ’
R ‘ 580° 150°
" NRM=2.488 mA/m ! NRM=3.079 mA/m
p =
= =
0+ 442 ol 0 o
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500600
T (°C) T (°C) T (°C) 20°
tor2-3a (10) Zuriza Marls Fm. ipl-la (21) Zuriza Marls Fm. ele5-6a (80) Hecho Group
up/W NO TC 200°  yp/W,NO TC up/W NO TC
’_
550°
430°
1 150°
NRM= 1.521 mA/m NRM=0.918 mA/m
NRM= 1.325 mA/m é »
= -
04 Wik 0
0 100 200 300 400 500 600 0 T o0 00 300 260 300 600 0 100 200 300 200 500 00
T (°C) ° T (°C)

Figure 7

8 of 22



TC4014

magnetization suggests the presence of goethite (see
Figure 4 for more details).

[19] Hysteresis analyses were done in 100 chips and
30 standard specimens. The loops show a wasp-waisted
shape, which is considered a signature of remagnetized
carbonates [Jackson, 1990; McCabe and Channell, 1994;
Channell and McCabe, 1994] (Figure 5). The Day diagram
[Day et al., 1977], constructed from parameters taken from
the hysteresis loops and the back field, shows a distribution
of the samples between the remagnetized carbonates in
North America [Jackson, 1990] and the mixture of single-
domain (SD) and multidomain (MD) grains [Parry, 1982]
(Figure 6).

[20] Finally, the comparison of the high field susceptibil-
ity (measured with MPMS) in about 20 hysteresis loops
with the low field susceptibility, measured in sister samples
in a Kappabridge KLY-2, suggests that the paramagnetic
contribution range between 55% and 65%, which implies a
relatively high ferromagnetic contribution in some of the
samples.

4.2. Components

[21] In terms of paleomagnetic behavior, despite the
difference in the ferromagnetic mineral content, a common
description of the magnetic components can be used for the
whole data set due to the stable signal. Three distinctive
paleomagnetic components have been identified:

[22] 1. For the low-temperature component, unblocking
always occurs below 250°C. In most cases this viscous
component is either very similar to the present geomagnetic
field or randomly distributed such that it has not been
considered (Figure 7).

[23] 2. For the intermediate component, unblocking gen-
erally occurs between 250°C and 450°C. This component
sometimes persists up to 500°—-525°C. This component is
widespread (it is defined in 85% of the analyzed sites) and
always presents reverse polarity respect to the considered
Tertiary reference (Foldout 1, Figure 8, and Table 1a).

[24] 3. For the high-temperature component, unblocking
occurs between 450°C and 575°C. This direction has been
clearly recognized in 30% of the sites. The Eocene turbi-
dites do not show this component The C component dis-
plays two antipodal polarities when tilt corrected (Foldout 1,
Figure 8, and Table 1b).

4.3. Stability

[25] The B component shows a remarkably constant
orientation (geographic coordinate system). To confirm this
apparent postfolding age, the McElhinny [1964] and
McFadden [1990] fold test have been carried out for the

OLIVA-URCIA AND PUEYO: PALEOMAGNETISM AND BASEMENT KINEMATICS
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whole data set. Three regional groups are presented in
Table 2 together with the total mean for all sites.

[26] The fold test has been preformed with sites where
g5 < 15. The fold test is always negative (postfolding). This
result in combination with the occurrence of only one polarity
indicates that the B component represents a widespread and
postfolding remagnetization (Figure 8a and Table 2).

[27] On the contrary, the C component shows two polar-
ities and exhibits a large scatter in geographic coordinates.
The fold test confirms the prefolding character of this
component (Figure 8b and Table 2). This, together with the
appearance of two pseudoantipodal polarities (Figure 8c),
points to a primary magnetization acquired during Creta-
ceous times.

4.4. Paleomagnetic References

[28] To quantify the amount of VARs, the Upper Creta-
ceous and Eocene-Oligocene reference directions have been
considered for a common reference point centered in the
studied area at 42°41'N, 00°00" (Gavarnie valley). The
Upper Cretaceous reference has a declination and inclina-
tion (D/I) of 002/44 (cgs = 7 and k = 94) from data
compiled by Van der Voo [1993] from Storetvedt et al.
[1987], Van der Voo and Zijderveld [1971], Van der Voo
[1969], and Storetvedt et al. [1990]. The data correspond to
Campanian-Maastriachtian stable Iberia sites in Portugal.

[20] The Bartonian-Rupelian reference (upper Eocene—
lower Oligocene) is D/I of 005/47 (cws = 2 and k = 16),
calculated from sectors Vic-3 and Vic-2 from Taberner et al.
[1999] and from the sectors of Barbera [1999] from sedi-
ments of stable Iberia, in the NE part of the Pyrenean
foreland (Ebro basin).

5. Discussion
5.1. Magnitude of the Rotation

[30] The paleomagnetic mean for each site of the B and C
components is represented in Foldout 1 (see also Tables la
and 1b) together with the Upper Cretaceous and Eocene-
Oligocene references. It is observed a general trend of
clockwise rotation of the B component, whereas the rotation
of component C is slightly lower.

[31] As a first approximation in looking at VARs in the
area, the means of B and C components are represented
(Figure 9). The mean of the B component shows a clock-
wise rotation of +13° (D/I of 018/43; a5 = 4; k = 18). This
mean rotation is statistically distinguishable from the Ter-
tiary reference (D/I of 005/47; ags = 2 and k = 16).
Furthermore, the C component shows a similar magnitude
of rotation: +8° (D/I of 010/44; ciys = 8 and k = 15) but in

Figure 7. Paleomagnetic results from the stepwise thermal demagnetization cleaning in situ, in orthogonal and
stereographic plots. Diagrams of different lithologies from the Internal Sierras are represented. The magnetic intensity
decay (ID) is also shown during the stepwise demagnetization. B and C components are highlighted in gray in the
orthogonal diagrams. In the orthogonal diagrams, black (white) circles are projected on the horizontal (vertical) plane. Up/N,
north is up; No TC, no tectonic correction. In equal-area projection, black (white) circles are projected on the lower (upper)

hemisphere.
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Figure 8. (a) McElhinny fold test for the B component in Upper Cretaceous and Eocene rocks. Equal-
area projection is before (BTC) and after (ATC) tectonic correction. In both cases, the McElhinny test is
significant and negative. (b) McElhinny fold test for the C component in Upper Cretaceous rocks. Equal-
area projection is before and after tectonic correction. The test is significant and positive. (c) Both

polarites of the C component in Upper Cretaceous rocks.
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Table 1a. Paleomagnetic Data of B Component®
“In situ” (BTC) ATC
Site Number Latitude Longitude Site n/N D 1 o5 k So Stike So Dip D 1
Calcaires des Canions (Cenomanian-Santonian)
11 42° 46’ 34”8 N 0°32'28".6 W CAN-1 - - - - - 127 378 - -
12 42° 46’ 38" N 0°32'19".8 W CAN-2 4/7 205 -29 27 9 120 58S 155 -85
13 42° 44 10”4 N 0°31'20"4 W ARA-5 14/14 189 —43 6 44 114 208 181 —62
14 42° 44 26" .4 0°31'10".5 W ARA-6 14/16 206 -57 7 35 160 398 128 —64
19 42°45' 1”6 N 0°2823"2 W ISE-1 6/9 191 —45 6 100 155 8S 184 =50
20 42°45' 11”2 N 0° 28’ 54” W ISE-2 7/8 184 —60 13 18 130 208 145 =72
24 42° 43" 56" N 0°26 6" W PIE-6 5/7 234 —18 38 4 38 15W 229 -22
28 42° 42" 44" 2 N 0°25" 44" W PIE-5 10/10 229 —40 10 20 100 13S 238 -50
30 42°42' 23”8 N 0°23 51”8 W PIE-3 10/10 189 -57 9 30 87 45S 330 -76
31 42° 4141”8 N 0°22'47"2 W PIE-2 7/8 190 —53 8 48 100 26S 189 =79
32 42°41"19"4 N 0°21'32"4 W PIE-1 4/7 234 -31 30 8 100 208 246 —44
34 42°40' 774 N 0°19" 14”9 W ELE-1 7/13 193 —40 8 56 88 598 309 —74
36 42°41' 21" N 0° 15 55" W ASN-1 6/8 191 —29 10 42 74 458 226 —63
37 42°41' 20" N 0° 15 57”7 W ASN-2 5/8 220 —43 7 24 125 328 229 =75
38 42° 41" 16" N 0°15'23"5 W ASN-3 9/10 207 -32 10 23 96 458 256 =71
39 42°41"8"2 N 0°14 28”5 W TEN-1 10/10 202 —28 10 24 96 40S 219 —64
41 42°41' 16”2 N 0° 14’ 54”9 W TEN-3 5/10 225 —53 10 47 74 65S 302 —37
42 42°41"16"2 N 0°9'27".8 W OTA-1 3/5 253 -33 44 6 80 558 285 -23
43 42° 41" 24”2 N 0°8 48”7 W OTA-2 6/8 155 -39 21 10 82 448 105 —75
44 42°41' 19”4 N 0°11'8"3 W OTA-3 4/6 255 —53 26 10 103 398 311 —53
45 42° 41" 1476 N 0°11'9".4 W OTA-4 5/7 228 —54 19 12 80 85S 201 14
46 42° 4140”2 N 0°7 45"8 W OTA-5 10/10 219 —19 10 22 125 30N 219 11
47 42°41' 43" 4 N 0°7 41”4 W OTA-6 7/10 207 —34 13 19 118 68N(i) 32 -33
48 42° 41" 45" N 0°743".6 W OTA-7 9/10 209 —26 10 24 116 30N(i) 23 —4
49 42° 41" 45" 2 0°6 14" W BUIJ-2 - - - - - 80 508 - -
50 42°42' 25" N 0°3 18".8 W TOU-1 6/8 200 -35 29 5 65 73N 194 22
51 42°42'20"2 N 0°2' 12" W TOU-2 5/8 195 —-36 8 69 84 74S 315 —63
52 42°42' 15”4 N 0°3'39" W TOU-3 - - - - - 54 578 - -
55 42° 44" 48”3 N 0°0 4"4E GAV-1 3/5 200 -33 18 31 140 35N 205 -2
56 42° 46/ 52" 8 N 0°0 38”5 E GAV-2 9/10 190 —53 10 25 120 60N 201 3
70 42° 40 27”4 N 0°6' 36”8 E PIN-1 5/6 168 —51 31 6 134 36S 116 -57
71 42° 39 53" N 0°728"7E PIN-2 - - - - - 100 40S - -
72 42° 38" 40" N 0°10° 6”6 E PIN-3 - - - - - 122 418 - -
73 42°39' 37" N 0°9'51".1E PIN-4 - - - - - 2 10E - -
74 42° 40" 57" N 0°8 10" E CHI-1 - - - - - 130 27N - -
75 42°36' 12”8 N 0° 14" 46" 8 E CIN-1 3/5 189 -59 15 45 114 258 150 —81
77 42°34' 57" N 0°19' 35" E QIN-1 5/7 218 —29 17 20 125 25W 206  —50
Zuriza Marls (Santonian-Maastrichtian)
9 42°46' 15”2 N 0°33'2"7W TOR-1 6/8 202 —34 15 13 110 508 217 —84
10 42°46' 10”4 N 0°33 6" W TOR-2 6/9 211 —47 28 5 110 22N 208 -25
21 42° 43" 49" 8 N 0°28 23”2 W IP-1 9/10 199 —45 9 27 125 43S 131 —78
22 42° 43" 45" N 0°28 42" W IP-2 10/10 193 -31 7 45 114 5S 192 -36
28 42° 42" 44”2 N 0°25" 44" W PIE-5 10/10 229 —40 10 20 100 13S 238 -50
105 42°48 1”6 N 0°48 15”5 W ZUR-3 8/9 204 -59 4 172 100 208 225 =71
107 42° 47" 8" 8 N 0°36' 24" W MG-1 5/5 227 -3 27 7 107 89S 291 —60
108 42° 47" 20" N 0°36'32"2 W MG-2 10/10 197 -32 8 36 114 60S 94 —84
Marboré Sandstones Formation (Maastrichtian)

1 42°47 0"8 N 0°36'55".6 W ARG-1 8/9 193 —48 12 19 85 18N 189 =30
2 42°47' N 0° 377 W ARG-2 6/8 186 —52 12 26 105 208 177 -72
3 42° 46' 38" N 0°36' 56".6 W ARG-3 8/10 190 —-36 16 11 80 248 202 —58
4 42° 46/ 52”2 N 0°36' 22" W ARG-4 9/10 216 -50 12 21 40 12N 103 —48
5 42° 46" 44”8 N 0°36" 18" W ARG-5 6/9 208 —52 12 27 50 18N 190 —43
6 42°47 15”6 N 0°37 25" W ARG-6 8/10 205 —44 12 20 155 25W 179 —-59
7 42° 46’ 55”2 N 0°37 10".6 W ARG-7 10/10 194 —49 8 32 140 18S 175 —62
8 42° 46’ 50”.6 N 0°37" 15" W ARG-8 8/9 217 —43 10 26 115 258 229 —67
15 42°43'35"2 N 0°30'56"2 W ARA-7 7/9 189 -33 15 13 147 10W 184 -39
16 42°42' 20”2 N 0°31'36"9 W ARA-8 4/9 205 —48 19 18 110 258 227 -76
17 42° 43" 25" 8 N 0°32'27".6 W AGU-1 6/8 191 -29 7 63 40 15W 185 -21
18 42°43' 22”6 N 0°32' 16".6 W AGU-2 9/10 196 -29 7 48 10 26W 182 -29
111 42°42' 57”6 N 0°32" W ARA-1 5/5 191 —28 23 5 12 16N 187 —15
112 42°43' 20" 7N 0°31"44"6 W ARA-2 10/10 191 —34 6 61 46 138 189 —41
23 42°42' 40”2 N 0°2837".6 W COL-1 5/9 229 —37 32 5 104 13N 225 26
25 42°42' 4”8 N 0°25 6".6 W ACU-1 9/10 223 -59 12 21 88 78S 333 -32
26 42°42' 12”8 N 0°25 6".6 W ACU-2 10/10 212 —62 6 54 88 4N 208 —58
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Table 1a. (continued)
“In situ” (BTC) ATC

Site Number Latitude Longitude Site n/N D 1 Qs k So Stike So Dip D 1
27 42°42' 27”2 N 0°25 6".6 W ACU-3 10/10 175 —22 7 46 120 258 165 —42
29 42° 40 48”6 N 0°21'56".6 W PIE-4 4/6 206 —34 45 4 3 358 220 —16
33 42°41"9"8 N 0°22' 10”5 W TEL-1 - - - - - 150 248 - -
35 42° 39 56" N 0°19'9".4 W ELE-2 6/8 199 —41 26 7 150 63S 117 —54
40 42° 40" 58”4 N 0° 14" 6".6 W TEN-2 3/5 175 —24 41 7 90 578 151 —80
53 42° 42" 10".6 N 0°1'43"4 W TOU-4 3/6 160 —41 11 84 80 89N(i) 0 -39
54 42° 41" 59”8 N 0°1'47"8 W TAI-1 9/10 179 —43 6 58 70 558 294 =72
57 42°38 12"2 N 0°3 24" 6 E ANI-1 9/10 196 —43 6 70 9 10E 205 —41
58 42°38 1272 N 0°3 29" E ANI-2 - - - - - 9 10E - -
59 42°39'53"6 N 0°4' 19”8 E ANI-3 - - - - - 75 6S - -
60 42°39'36".8 N 0°4'35"2 E ANI-4f] 5/9 190 -23 19 14 122 408 171 —66
61 42°39' 36”8 N 0°4'35"2E AN~I-412 5/7 144 -36 12 32 130 208 129 —38
62 42°39" 16" N 0°4" 13”2 E ANI-5 6/8 161 —48 40 3 127 27N 178 -30
63 42°39' 8" N 0°4 11" E ANI-6 8/10 186 -38 13 17 100 128 185 —60
64 42°39' 2" N 0°4 7"6E ANI-7 14/20 179 -6l 6 49 98 478 23 =72
65 42° 38 54”4 N 0°4'5"4E ANI-8 9/10 168 —16 10 - 104 18S 164 —34
66 42° 38" 54”4 N 0°4' 0"E ANI-9 - - - - - 120 18S - -
67 42° 38 46”4 N 0°4' 0" E ANI-10 9/10 166 —52 15 - 108 3S 142 —62
68 42° 41" 28”8 N 0°2'22"E MAR-1 4/8 164 —36 20 17 100 108 160 —45
69 42° 41" 16" N 0°2' 41”8 E MAR-2 7/10 178 —42 10 25 124 17S 165 —55
76 42°35' 20" N 0°13' 53”6 E CIN-2 3/5 164 —43 33 10 88 38S 126 =77
78 42° 34" 44" N 0° 18 26”4 W QIN-2 8/10 153 —67 9 35 10 45W 121 -29

Hecho Group (Eocene)

79 42°39 29" 7N 0°19" 14”5 W ELE-4 5/8 216 —22 22 10 68 298 230 —34
80 42°39' 29”4 N 0°19 14”5 W ELE-5 8/11 209 —40 13 16 104 84S 352 —53
81 42°37' 58”4 N 0°19'36"5 W ELE-6 8/10 225 -32 19 8 77 86N(i) 295 —24
82 42°37 58" 4 N 0°19'36"5 W ELE-7 7/9 205 —24 15 15 153 20N 208 -8
83 42° 35 48" N 0°18' 8”5 W ELE-8 5/8 200 -27 24 9 65 358 223 —48
84 42° 35 48" N 0°18 8”5 W ELE-9 - - - - - 108 64N(1) - -
85 42°34' 31”2 N 0°17'35"5 W ELE-10 5/7 180 -53 18 16 60 158 196 —65
86 42°33' 29" N 0°21'4"5 W ELE-11 - - - - - 110 65N(i) - -
87 42°33'29" N 0°21"4"5 W ELE-12 - - - - - 14 13E - -

“Latitude; longitude; n/N, number of samples over the total per site; D, declination; I, inclination; a5 and k, statistical parameters associated with the
means; So, bed (strike and dip); (i), overturned; BTC, before tectonic correction; and ATC, after tectonic correction.

this case, is not statistically distinguishable from the Creta-
ceous reference (D/I of 002/44; ags = 7; k = 94).

[32] Because of the fact that the B component shows a
distinguishable clockwise rotation respect to the Tertiary
reference and in addition to that, the B component is present
in almost all sites, we focus on the rotation of the B
component in six different sectors along the IS. Every
regional sector will provide a rotation value for a segment
of the IS (Figure 10 and Table 3). It can be seeing that a
more homogeneous rotation is documented in the western
part (sectors 1 to 3), ranging from +11° to +16°. The
clockwise rotation reaches its maximum with +26° in sector
4. Toward the east, sector 5 shows few sites that carry the
secondary component, so the errors of the mean direction
are slightly higher. Notice that the anticlockwise rotation
found in sector 5 is out of the regional trend of clockwise
rotations but is also not significant; there is an overlapping
of sector 5 mean and the reference direction confidence
cone. Finally, sector 6 outlines the results from the Eocene
deposits in the Jaca-Pamplona turbiditic basin. The rotation
in the turbiditic basin also shows a clockwise rotation of
+22° that follows the regional trend found in the Internal
Sierras.

[33] This clockwise rotation registered in an E-W trend-
ing and fairly straight structural zone accounts for the
differential shortening along strike that is deduced from
balanced cross sections [Choukroune and ECORS Team,
1990; Muroz, 1992; Martinez-Peria and Casas-Sainz,
2003]. The higher shortening value in the southwestern
Pyrenees is recorded to the east in the Cotiella-Neste Aure
section with 88 km [Martinez-Pefia and Casas-Sainz,
2003], whereas the lower value with 26 km is recorded to
the west (Anso-Arzacq section by Teixell [1992]). Since
rotations (/) and differential shortening (AS) are mathe-
matically related, we can use this function to calculate the
expected rotation value from the shortening differences in
the boundaries of the studied area: AS = Sc¢; — Sc, =2 D
sin (3/2) and then 3 = 2 arcsin (AS/2D) [Pueyo et al., 2004;
A. Sussman et al., The impact of vertical-axis rotations on
shortening estimates, submitted to Journal of Structural
Geology, 2007, hereinafter referred to as Sussman et al.,
submitted manuscript, 2007], where Sc1 is the shortening in
the west, the Sc2 is the shortening in the east, D is the
distance between the two sections (100 km), and 3 is the
rotation value. The expected rotation in the IS is 3 = +11°,
which is the same order of magnitude that we obtain with
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Table 1b. Paleomagnetic Data of the C Component®
“In Situ” BTC ATC
Site Number Site Name n/N D 1 s k So Strike So Dip D 1
Calcaires des Carnons
13 ARA-5 6/9 25 31 7 13 114 20S 25 51
30 PIE-3 26/55 14 43 6 21 87 458 84 77
34 ELE-1 6/13 355 -1 7 74 88 598 352 58
38 ASN-3 9/10 189 24 11 19 96 45S 189 —26
41 TEN-3 5/9 339 -15 8 71 74 65S 336 50
43 OTA-2 20/45 350 45 9 14 82 44S 301 88
47 OTA-6 16/23 207 46 11 13 118 68N (i) 206 —66
70 PIN-1 13/20 37 32 11 14 134 36S 29 67
Zuriza Marls Formation
10 TOR-2 17/25 18 22 5 41 110 22N 18 0
21 1P-1 7/10 19 28 12 25 125 43S 355 67
108 MG-2 10/10 189 18 10 25 114 60S 185 —40
Marboré Sandstones Formation

4 ARG-4 8/12 23 34 9 63 40 12N 16 30
6 ARG-6 8/10 352 28 15 13 155 25W 338 32
7 ARG-7 13/15 18 26 7 21 140 18S 11 41
8 ARG-8 21/26 17 39 5 46 115 258 11 64
15 ARA-7 9/10 13 28 9 34 147 10W 8 35
16 ARA-8 9/9 17 24 10 24 110 25S 16 49
17 AGU-1 33/36 32 47 5 24 40 15W 17 43
18 AGU-2 9/10 21 34 7 56 10 26W 3 35
23 COL-1 8/10 359 19 8 45 104 13N 360 7
25 ACU-1 10/10 356 —38 6 64 88 78S 356 40
26 ACU-2 8/10 1 42 7 51 88 4N 1 38
29 PIE-4 16/30 10 63 7 29 3 35S 54 44
35 ELE-2 16/45 358 -20 7 27 150 63S 2 14
40 TEN-2 12/30 165 22 12 13 90 578 164 -33
54 TAI-1 14/25 19 43 16 6 70 55S 98 59
62 ANI-5 28/54 9 59 5 31 127 27N 20 34
65 ANI-8 16/24 10 32 9 18 104 18S 8 50
69 MAR-2 1124 13 24 9 23 124 17S 9 40
111 ARA-1 10/10 36 43 9 44 62 16N 25 35
112 ARA-2 10/10 22 26 6 61 46 13S 21 33
113 GAL-1 8/10 188 15 17 19 94 46S 189 -31

“Legend as in Table la.

the paleomagnetic analysis from the mean of the B compo-
nent (+13°). The expected value of the rotation is also close
to the value of the statistically insignificant rotation of the
mean of the C component (+8°). The calculation of the
rotation allows correcting the effect of out-of-plane move-
ment within cross sections, which causes errors on the
traditional shortening estimation [Pueyo et al., 2004;
Oliva-Urcia and Pueyo, 2005; Sussman et al., submitted
manuscript, 2007].

[34] Higher rotation values have been found in the
External Sierras and the Jaca-Pamplona Basin [Pueyo,
2000; Pueyo et al., 2002, 2003a, 2003b] and in the Ainsa
Basin, which is situated to the west of the SPCU [Ferndndez
et al., 2003; Ferndndez, 2004; Murioz et al., 2003]. How-
ever these values are partially related to the development of
certain large-scale oblique structures (Boltafia anticline) that
accommodate strong local gradients of shortening. In any
case, the value detected in the IS as well as in the frontal
portions of the ES can be related to the orogenic-scale

gradient of shortening detected in the southwestern Pyre-
nees by cross section balancing although the causal origin
remains unclear.

[35] In order to clarify the relationship between the
rotation of both components (B and C), we focus now on
the sites where both the remagnetization and the primary
component have been isolated (around 30% of the total data
set). The rotation registered by the B component in each site
is subtracted from the declination of the C component of the
same site, so that we can calculate the orientation of the C
component before the rotation of the B component takes
place, or in other words, at the time the B component is
blocked within the rocks. Besides, this operation may
help to find some clues about the age of the rotation of
the remagnetization component. As shown in Figure 11,
the position of the mean of the C component prior to the
rotation of B component and at the time of the remagnetiza-
tion (D/I of 001/49; ags = 10; k = 8), is statistically
indistinguishable from the Upper Cretaceous reference (D/I
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<t§ Eocene-Oligocene reference: 005, 47
(s 2, k: 16)

o Upper Cretaceous reference: 002, 44
(oes: 7, k: 94)

@ B component: 018, 43 (ows: 4, k: 18)
’ C component: 010, 44 (ows: 8, k: 15)

Figure 9. Lower hemisphere stereograph with mean
values of Upper Cretaceous and Eocene rocks of B and C
components.

of 002/44, ags = 7; k = 94). Therefore there is neither
previous nor statistically significant rotational event in this
area of the Pyrenees before the rotation registered by the B
component takes place. The dating of the remagnetization
component is of key importance to assign a date to the
rotation event in the Pyrenees, as it will be shown later.

5.2. Coupling Between Cover and Basement Thrusts

[36] The structure in the western part of the studied area
allows characterizing the relationship between cover and
basement thrust systems. In the west of the IS between the
Aragon-Subordan river and the Gallego river (see Foldout 1
for location), two groups of sites are split. In that sector, the
cover of the Upper Cretaceous rocks unconformably over-
lies the Paleozoic of the axial zone, but higher in the section
the Upper Cretaceous rocks are also affected by the Larra-
Monte Perdido thrust system. The two groups of sites are as
follows: (1) The first group is located in the sediments
overlain the Paleozoic rocks, which implies that the materi-
als are affected by the Gavarnie and the Guarga basement
thrusts. (2) The second group gathers sites higher in the
section, affected by both the basement thrusts mentioned
above and also the previous cover thrusts (the Larra-Monte
Perdido imbricated thrust system).

[37] The results show that the B component is indistin-
guishable between group 1 and group 2 (Figure 12). The
group of sites from the overlain cover of Paleozoic base-
ment rocks (group 1) shows a mean of D/I; of 203/-46 (a5
=7, k= 24) from 18 sites, while the second group reveals a
mean of D/I, of 199/—45 (ags = 5, k = 62) from 15 sites.
The first and interesting deduction we obtain from the
overlapping of the paleomagnetic directions of the two
groups is that the cover thrust system (Larra-Monte Per-
dido) does not produce any significant rotation in the area.
Secondly, the B component is clearly affected by a clock-
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wise rotation (between +14 and +18) with respect to the
Tertiary reference.

5.3. Other Timing Considerations About the
Remagnetization Event

[38] On one hand, the younger sediments with the B
component are the Eocene turbidites. Because the B com-
ponent is postfolding, this implies that the remagnetization
event takes place after the folding of those materials. The
folding of the turbidites occurs sometime between the
middle and upper Eocene, when the Larra-Monte Perdido,
Gavarnie, and Bielsa thrust sheets deform the flysch depos-
its [Labaume et al. 1985; Teixell, 1992, 1996; Martinez-
Peria and Casas-Sainz, 2003]. On the other hand, the
comparison of the inclination of the B component respect
to the inclination of the Tertiary reference will give more
information about the timing of the remagnetization. The B
component is not affected by the tilting of the basement
thrusts that incline the Mesozoic-Tertiary cover near the
axial zone. This suggests that the B component is acquired
after the first stages of the movement of the Gavarnie (in the
western part) and the Bielsa (in the eastern part) thrusts.
This is represented in Figure 13, where a geological cross
section from the western part shows also the mean of the B
component in each thrust sheet. The inclination of the B
component in each thrusts sheet is similar to the Tertiary
reference in spite of the tilting found in Upper Cretaceous
rocks affected by the Gavarnie thrust. Therefore the remag-
netization is postbasement stacking and hence gives highly
kinematic information: the rotation of the B component is
also younger than the stacking basement thrust sheets
(Bielsa and Gavarnie).

[39] Apart from that, the reverse polarity found in all sites
for the B component indicates that the remagnetization
event blocks the component during, most probably, a sole
reverse polarity chron which are not longer that 4 Ma in
Cretaceous-Tertiary times.

5.4. Remagnetization

[40] It is known that different causes can produce remag-
netizations in carbonates, but due to the geological character-
istics of the Internal Sierras, the following remagnetization
mechanism did not take place in the studied area: (1)
thermoremanent magnetization (TRM) because the IS have
never been affected by a high metamorphic event, as in the
northern side of the axial zone [A/baréde and Vitrac-
Michard, 1978; Mattauer, 1985; Montigny et al., 1986],
and lower metamorphic grade temperatures would have
needed hundreds of millions of years to reset the previous
magnetic carriers present in the sediments (following
Pullaiah et al. [1975]), (2) chemical remanent magnetiza-
tion (CRM) attributed to burial diagenesis or organic mater
maturation, because it would produce a prefolding remag-
netization component and neither account for the different
types of rocks nor for the different tectonosedimentary
settings and their geochemical evolution that occur in the
IS, and (3) CRM (and partial TRM) due to orogenic fluids.
Orogenic fluids are not taking into account because chem-
ical studies in fluids inclusions in the region [Travé et al.,
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Rotation of the B component
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“—  Thrusts and folds r 20 X 0

Equal Area

* Eocene-Oligocene reference: 005, 47

(ows: 2, k: 16)

-

{I B component in the 6 sectors

Figure 10. Map view and stereographic projection of the mean rotation of the B component in each
sector with the cones showing the aws. The Tertiary reference is also plotted in the lower hemisphere.
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Table 3. Data for Each of the Six Regional Sectors®
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In Situ BTC Corrected ATC
Sector n/N CR Minimum A\ D 1 Qs k D 1 Qs k Aboslute v Ref (005, 47) q/b
Sierra Bernera 12/14  2.22 102 201 —47 5 75 194 —63 12 14 +21 +16
Sierra Aisa and 9/12 2.32 104 196  —42 9 30 186  —51 19 7 +16 +11
River Aragon
Sierra Collarada and 11718 2.12 98 201 —-52 9 26 228 =72 19 7 +21 +16
Sierra Partacua
Sierra Tendenera and 10/15 2.61 38 211 —31 9 34 255 —54 37 3 +31 +26
Valley Otal
Tourretes Valley and 7/20 1.99 15 170  —45 13 18 236 —57 97 2 —-10 —15
Aiisclo Valley and
MAR sites in Lago
Helado de Marboré
Flysch 6/9 2.69 30 207 34 14 20 243 =51 42 4 +27 +22

“Definitions are n/N, number of samples per site; CR, critical ratio; A, angle between bedding planes; D, declination; 1, inclination; cvws and k, statistical
parameters associated with the “Fisherian” means; and ~, the rotation (both absolute and referring to the Eocene-Oligocene reference).

®Paleomagnetic reference for rotations in Tertiary (Eocene-Oligocene).

1997; McCaig et al., 2000] suggest large difference in the
chemistry of the brines running through the major thrusts in
the southwestern Pyrenees. In that case, different ferromag-
netic minerals would be expected. Besides, the dominant
flow might be conducted by thrusts planes and it may not
affect the whole sequence of sediments, as it has been
previously pointed out [Elmore et al., 2001] so a widespread
remagnetization would not be the case, as it occurs in the
Internal Sierras.

[41] Looking at the distribution of remagnetized and
nonremagnetized sites, and the location of the cleavage
domain; it is remarkable that all sites with a postfolding
remagnetization are in the pressure solution cleavage do-
main. Because of this fact, we suggest that the remagneti-
zation event in the Internal Sierras takes place during the
alpine evolution of the mountain range when the main
regional cleavage domain develops. That means there is
not only a spatial relationship between the cleavage domain
and the remagnetization but also a link in time and origin.
The proposed mechanism is as follows: during the devel-
opment of the pressure solution type of cleavage, the
carbonatic matrix dissolves, and the ferrimagnetic minerals,
which are part of the non soluble fraction, are left behind
and reorient with the new magnetic field in the cleavage
planes [Oliva-Urcia, 2003]. With the available data we
cannot discard that neocrystallization of magnetite related
to the pressure solution cleavage can take place, as it has
been suggested for remagnetization events in weakly de-
formed mud rocks [Housen et al., 1993] and limestones
[Lewchuk et al., 2003; Evans and Elmore, 2006]. Besides,
the low-temperature analyses (Figure 5) may indicate the
presence of SP magnetite grains [Xu et al., 1998; Katz et al.,
1998], although they can also indicate the presence of
goethite (see Weil and Van der Voo [2002] after Ozdemir
and Dunlop [2000]). The presence of SP grains would
indicate a chemical remagnetization origin. Analysis and
observations using scanning electron microscopy (SEM)

will provide some light on this specific subject, which is
beyond the scope of the paper.

[42] In order to discuss the age of the cleavage domain
we address some constrains to the development of pressure
solution type of cleavage in the area:

[43] It is suggested from chemical analysis in fluid
inclusions and from structural analysis that the overburden
on top of the volume of rocks that develops the cleavage
planes in the studied area is about 4—7 km. To reach such

356,49 °
Ows: 11

k:9

Upper Cretaceous mean
befare the rotation of B

m Upper Cretaceous 883’744
reference k: 94

Figure 11. C component at the moment of the remagne-
tization: dec C (in each site) minus rotation of B (in the
correspondent site). The error cone of the new distribution
of the C component at this time overlaps with the cone of
the Upper Cretaceous reference.
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Equal Arca

12@ B component

m Eocene-Oligocene reference:
005, 47 (ows: 2, k: 16)

Figure 12. Equal-area projection in lower hemisphere.
The B component (dots) of both groups is indistinguishable
but is clearly different from the Eocene reference.

pile of sediments on top of the turbiditic basin, younger
sediments of Bartonian-Rupelian age will deposit. The
sediments comprise platform, transitional and continental
environments related to the filling of the foreland basin
during the tectonic compression. Therefore the age of the
deposition of these sediments and the beginning of their
exhumation constrain the time when the cleavage develops.
In other words, the beginning of the exhumation and
erosion of the sedimentary pile restricts the developing
age of the regional cleavage domain. The early start of
the exhumation takes place when Guarga thrust sheet
emplaces in the west side, so that the cleavage development
cannot be later than the base of the Chattian (Oligocene).
Therefore we propose that the development of the wide-

SSW

210, -49,0=9

195, -49,0=7
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spread remagnetization event may occur at around 30 Ma
ago (Rupelian), and possibly during the chron C12R, which
is the longest reversal polarity chron (around 2 Ma accord-
ing to Cande and Kent [1995]).

6. Conclusions

[44] The paleomagnetic data presented here allow us to
distinguish two stable magnetization components in the
Upper Cretaceous sediments: (1) the intermediate compo-
nent (B) that unblocks between 300°C and 450°C, is always
reverse and postfolding, and shows a total mean rotation of
+13° and (2) the C component with higher unblocking
temperature (between 500°C and 580°C) that has two
polarities, is prefolding and shows a total mean rotation of
+8°, although is not statistically significant. The turbiditic
deposits also show the presence of the same B component
and in two samples the C component was described. The
main carrier of the magnetization is magnetite (shown by
the unblocking temperatures and the Verwey transition in
low-temperature curves). Small contributions of hard coer-
civity ferromagnetic minerals (goethite, hematite) can be
present too.

[45] The kinematics deductions derived from both com-
ponents are the followings: There is not differential rotation
between the cover and the basement thrust systems in the
area during the first stage of the evolution of the orogen
(following Storti et al. [2000]). Besides, there are not
significant rotations before the acquisition of the remagne-
tization component. On the contrary, the second evolution
stage of the orogen (emplacement of Guarga basement
thrust) produces a moderate clockwise rotation in the
internal parts of the chain (Internal Sierras) of around
+13° regarding the mean of the B component. This rotation

El Eocene turbidites

NNE ﬁ Platform limestones (Paleocene)
Marboré Sandstone Fm. (Maastrichtian)
|:| Zuriza Marls (Uppermost Santonianse-Maastrichtian)

ﬁ "Calcaires des Canyons" (Cenomanian-Santonian)

Permian
|I| Hercinian palezoic

B component (BTC)

Figure 13. Sierra Bernera cross section [from Teixell, 1992] in the western part of the drilled area. The
vectors indicate the mean of the B component in each thrust sheet (three to five sites were used to

calculate the mean in each thrust sheet).

19 of 22



TC4014

affects both the cover (Larra-Monte Perdido thrust) and
the basement (Gavarnie, Milares, Bielsa) thrusts systems.
The rotation accounts for the differential shortening along
the strike at orogenic scale (southwestern Pyrenees) as can
be deduced from balanced cross sections [7eixell, 1998;
Martinez-Pefia and Casas-Sainz, 2003]. In the external
parts of the orogen (External Sierras or in the Ainsa Basin)
the rotation associated with the latest basement thrust
emplacement (Guarga) shows similar results but can be
higher (up to +45° or more) in some local structures (Pico
del Aguila or Boltafia anticlines in the ES [Pueyo, 2000;
Ferndndez, 2004]).

[46] Our data together with previous paleomagnetic data
suggest the spatial and causal relationship of the remagne-
tization component with the main cleavage development in
the Internal Sierras. The remagnetization event occurs later
than the folding of the Flysch sediments (middle-upper
Eocene), which are the younger rocks showing the presence
of this postfolding component. The age of the remagnetiza-
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tion is also constrained by the inclination of the B compo-
nent, which shows that is not affected by the stacking of the
basement thrusts (Gavarnie, Bielsa), so it is also later than
the beginning of the emplacement of those basement thrusts
(later than Priabonian—upper Eocene).
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