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a b s t r a c t

Here we present a detailed study of the magnetic fabrics and subfabrics of remagnetized Upper Creta-
ceous limolites that crop out in the Internal Sierras (west central Pyrenees) affected by a penetrative
pressure-solution cleavage. The bulk magnetic fabrics of these rocks (RT-AMS) show variable orientations
that do not conform to what is typically reported for cleaved sedimentary rocks. In contrast, the para-
magnetic subfabrics (LT-AMS) show remarkably constant directional properties, so that their Kmax and
Kmin axes cluster parallel to the intersection lineation and to the poles to bedding, respectively. These
LT-AMS subfabrics indicate a preferred orientation of phyllosillicates that is consistent with a syn-
sedimentary (Late Cretaceous) period of NNE-oriented layer-parallel shortening. Noticeably, these
phyllosillicate subfabrics are not further altered by the subsequent formation of cleavage in the Late
Eocene–Early Oligocene. The ferrimagnetic subfabrics (AARM) also show remarkably constant orienta-
tion, so that their Kmax axes are strikingly parallel to the shortening direction in the area. We interpret
this preferred orientation of ferrimagnetic grains as being caused by subhorizontal shear associated to
cleavage formation, which is consistent with the age and mechanisms (authigenic growth and rotation of
pre-existing magnetite grains) proposed for the pervasive remagnetization that affects the studied rocks.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Magnetic fabrics have been long used to decipher the tectonic
evolution of fold and thrust belts during low-to-moderate defor-
mation conditions. In particular, the evolution of magnetic fabrics
from the external to the internal parts of orogenic belts, where
a transition from weakly deformed to heavily cleaved rocks is
typically observed, has been the focus of several studies (e.g. Bor-
radaile and Tarling, 1981, 1984; Kissel et al., 1986; Averbuch et al.,
1992; Parés and Dinarès-Turell, 1993; Sagnotti and Speranza, 1993;
Parés et al., 1999; Larrasoaña et al., 2004). According to these
studies, in the most external units of orogenic wedges, where
deformation is very weak and restricted to syn-sedimentary layer-
parallel shortening (LPS), tectonic deformation is able to overcome
the initial sedimentary fabric and to reorient phyllosilicate grains
according to the prevailing stress field. Thus, Kmax axes tend to align
perpendicular to the shortening direction whereas Kmin axes
dad de Zaragoza, Dpto. Geo-
, Spain. Tel.: þ34 976762127;

ll rights reserved.
remain parallel to the bedding plane. As deformation increases,
development of pencil structures and weak cleavage modify the
magnetic ellipsoid in such a way that Kmax axes become tightly
clustered parallel to fold axes and to the strike of thrust sheets, and
Kmin axes begin to develop a girdle parallel to the shortening
direction. When cleavage is well-developed in response to
increased deformation, the principal magnetic susceptibility
directions parallel the flattening plane of the finite-strain ellipsoid,
so that the Kmin axes become perpendicular to tectonic foliation and
the Kmax axes parallel the elongation direction, which usually is the
intersection of the bedding and cleavage planes (L1) (Singh et al.,
1975; Borradaile and Tarling, 1981; Kligfield et al., 1981; Hrouda,
1982; Borradaile, 1987; Aubourg et al., 1995; Borradaile and Henry,
1997; Parés et al., 1999; Aubourg et al., 2000; Parés and van der
Pluijm, 2002). Further deformation might result in the re-
alignment of Kmax axes producing an obliquity of Kmax respect to
the structural foliation (Rathore, 1985; Aranguren et al., 1996;
Borradaile et al., 1998), so that the angular deviation provides
a sense of shear. In some occasions, Kmax axes are found parallel to
the transport direction of thrust sheets, while Kmin axes remain
clustered perpendicular to foliation (Averbuch et al., 1992; Aubourg
et al., 1999).
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The anisotropy of magnetic susceptibility of rocks is typically
measured at room temperature (RT-AMS), so that it results from the
bulk contribution of all rock-forming minerals regardless of their
magnetic behavior (Hrouda, 1982; Kelso et al., 2002; Martı́n-
Hernández and Ferré, 2007). Since different minerals might form at
different times and under different conditions, and might respond
differently to tectonic deformation, separating their individual
subfabrics is important for unraveling the geological history of
rocks from its formation through their subsequent tectonic evolu-
tion (Borradaile and Henry, 1997; Aubourg et al., 1991, 2000; Robion
et al., 1999; Aubourg and Robion, 2002; Kelso et al., 2002; Martı́n-
Hernández and Ferré, 2007). Of particular importance in tectonic
studies has been the separation of complex RT-AMS fabrics into
meaningful paramagnetic and ferromagnetic subfabrics that have
contributed to disentangle the tectonic evolution of orogenic
wedges (Borradaile and Jackson, 2004).

Here we present the first detailed study of composite magnetic
fabrics of remagnetized Upper Cretaceous sedimentary rocks from
the Internal Sierras (Oliva-Urcia and Pueyo, 2007; Oliva-Urcia
et al., 2008), which crop out within a domain of pressure-solution
cleavage developed during the Tertiary compression in the
internal part of the west central Pyrenees (Choukroune, 1976).
Separation of the bulk magnetic fabrics into their paramagnetic
and ferrimagnetic subfabrics, which has been based on magnetic
methods and on mineralogical techniques, has made possible the
unraveling of complex RT-AMS fabrics that do not show a common
pattern with respect to tectonic elements. This, together with
structural and paleomagnetic data available for the studied area,
has enabled a more detailed determination of the deformational
history of the Internal Sierras in the context of the Pyrenean
orogeny.

2. Geological setting and sampling

The Pyrenean orogen is an asymmetric mountain belt formed
between the Eurasian and Iberian plates during Cretaceous to
Miocene times (Muñoz, 1992). The southern part of the west central
Pyrenees is characterized by a set of south verging, imbricated
thrust sheets that developed in a piggyback fashion as deformation
progressed towards the foreland (Teixell, 1996, 1998) (Fig. 1). The
northernmost of these units, the Lakora thrust, evolved from Late
Cretaceous (Santonian) to Middle Eocene (Bartonian) times
involving cover and basement rocks (Séguret, 1972; Labaume et al.,
1985; Teixell, 1992, 1996). Further to the south is the Larra-Monte
Perdido cover thrust system, which formed during Middle Eocene
(Lutetian–Bartonian) as a footwall splay of the Lakora basement
thrust (Labaume et al., 1985; Teixell, 1992, 1996, 1998). Further
deformation between the Late Eocene and the Early Oligocene
(Priabonian–Rupelian) caused the southward emplacement of the
underlying Gavarnie basement thrust sheet and resulted in an
episode of major folding and increased tectonic loading (Teixell,
1992, 1996). This led to formation of a pressure-solution cleavage
domain, with a fan-shaped geometry in the Axial Zone, the Internal
Sierras, and the northern part of the Jaca-Pamplona basin (Fig. 1)
(Choukroune, 1976). The temporal and geometrical relationships
between cleavage and folding suggest that the cleavage formed
during the latest stages of emplacement of the Gavarnie thrust
sheet, likely from Late Eocene onwards (Choukroune and Séguret,
1973; Choukroune, 1976; Labaume et al., 1985; Teixell, 1992; Holl
and Anastasio, 1995). Subsequent deformation active till the
earliest Miocene (Aquitanian) moved the Guarga thrust sheet to the
south, affecting the overlying thrust sheets, and exhumed the
internal portions of the orogen (Labaume et al., 1985; Teixell, 1992,
1996).

The studied area is located at the western part of the Internal
Sierras, a major topographic feature that bounds the Pyrenean Axial
Zone to the south (Fig. 1). The Internal Sierras are make up of
Mesozoic–Tertiary rocks, which are affected by the Larra-Monte
Perdido thrust system. This system has 3–5 km of displacement to
the south and a N200 (Séguret, 1972) or SW transport direction
(Teixell et al., 2000) in the studied sector of the Internal Sierras. We
have focused our sampling on Campanian to Maastrichtian limo-
lites from the Zuriza Marls and Marboré Sandstones formations,
that were deposited during the Upper Cretaceous in the Iberian
margin of the former Pyrenean rift (Séguret, 1972; Teixell, 1992;
Martı́n-Chivelet et al., 2002). These rocks display a slaty cleavage
with anastomosing cleavage planes that have a strong fissility (>10
for the Zuriza Marls Fm. in the scale of Durney and Kisch, 1994; see
Teixell et al., 2000) (Fig. 2). In the studied area, cleavage planes
strike E–ESE, dip moderately to the North, and often have a down
dip stretching lineation, which indicates that the cleavage has
a ductile behavior and has undergone shear deformation (Teixell
et al., 2000). Calculation of burial depths from balancing cross-
section indicates that the Upper Cretaceous rocks reached
a temperature of 200 �C (Teixell et al., 2000), which is consistent
with the 250 �C estimated from chemical analysis of fluid inclu-
sions in veins (Travé et al., 1997; McCaig et al., 2000) and the 300 �C
deduced from vitrinite reflectance data (Teixell et al., 2000). There
is evidence for an earlier layer-parallel shortening in the area
(Teixell et al., 2000).

Extensive paleomagnetic results from the Internal Sierras indi-
cate that limolites from the Zuriza and Marboré formations are
affected by a pervasive remagnetization that is carried by magne-
tite, has a systematic reverse polarity, and was acquired after
folding and after the emplacement of the Gavarnie basement thrust
(Oliva-Urcia and Pueyo, 2007; Oliva-Urcia et al., 2008). In many
cases (i.e. 30% of the studied sites), a primary prefolding magneti-
zation also carried by magnetite is preserved in these rocks. The
remagnetization has been related to the development of the
cleavage domain in the Internal Sierras during the latest Eocene
(Oliva-Urcia and Pueyo, 2007), which is consistent with the
Middle–Late Eocene age of the youngest sediments affected by
cleavage in the area (turbidites from the Hecho group; Labaume
et al., 1985; Teixell, 1996). The presumed mechanism for explaining
the remagnetization event is the liberation and reorientation of
previously existing magnetite grains during formation of pressure-
solution cleavage planes, although dissolution of pre-existing
magnetite grains and precipitation of new magnetic phases (Suk
et al., 1990, 1993; Housen et al., 1993a; Lewchuk et al., 2003; Zegers
et al., 2003; Evans and Elmore, 2006) cannot be excluded (Oliva-
Urcia et al., 2008).

We have collected nine sites from Upper Cretaceous belonging
to the Zuriza Marls Fm. (sites 4–8) and Marboré Sandstones Fm.
(sites 1–3 and 9), in the western sector of the Internal Sierras. At
every site, 10 standard paleomagnetic cores were drilled with
a portable, water-refrigerated drill machine. These sites were
selected because: (1) they are located in a very similar structural
setting, near the floor thrust of the Larra-Monte Perdido system and
affected by the pressure-solution cleavage; and (2) they display
different angular relationships between bedding and cleavage,
which might help to enhance any genetic link between magnetic
fabrics and deformation. Sites 1–3 come from an outcrop where an
excellent example of cleavage refraction is observed affecting the
limolites from the Marboré Sandstone Fm. Sites 5 and 6 were
drilled in the Zuriza Marls Fm. located in the northern limb of
a gentle, metric-scale hangingwall anticline. Sites 7 and 8, also
drilled in the Zuriza Marls Fm., are located in the northern limb of
a decametric anticline, and site 9, coming from an outcrop of the
Marboré Sandstones Fm., is located in the southern limb of the
same structure. Site 4 was drilled in limolites from the Zuriza Marls
Fm., in the only outcrop where a stretching lineation, subvertical in
attitude, has been found in the field.



Fig. 1. (a) Geological map of the west central Pyrenees, with location of the Zuriza and Aragón valleys. (b) Cross-section along the western part of the central Pyrenees (modified
from Teixell, 1996, 1998; Millán, 1996). SPZ and NPZ denote the South and North Pyrenean Zones, respectively.
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3. Methods

RT-AMS analyses, to which all minerals contribute, were per-
formed in the laboratory of magnetic fabrics of the University of
Zaragoza. Between 25 and 40 specimens per site were measured
using a KLY3 Kappabridge (AGICO). The AMS is a second-rank
tensor that can be graphically displayed by a three-axes ellipsoid
(Kmax> Kint> Kmin) with a given direction, shape and degree of
anisotropy. We have used the eigenvectors of the susceptibility axes
to determine the orientation of the magnetic ellipsoid. Their shapes
have been determined using the shape parameter T, whereas their
degree of anisotropy have been established using the corrected
anisotropy degree P0 (Jelı́nek, 1981). We have also used other
parameters, such as the magnetic lineation (L¼ Kmax/Kint) and
foliation (F¼ Kint/Kmin), to better characterize the magnetic ellip-
soids. In addition to these parameters, we have also used the bulk



Fig. 2. Field (left) and thin section (right) aspect of cleavage planes developed in the studied area.
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susceptibility Km¼ Kmaxþ Kintþ Kmin/3 to represent the mean value
of the integral of the directional susceptibilities over the whole
rock-specimen (Nagata, 1961).

Low-temperature AMS (LT-AMS) analyses were done in the
paleomagnetic laboratory of the University of Michigan. The LT-
AMS was analyzed in 3–6 samples per site using a SI2B suscepti-
bility meter with an internal coil frequency of 19.2 kHz (Sapphire
Instruments). Samples were immersed in liquid nitrogen (77 K for
30 min) before the magnetic susceptibility was measured along six
different axes. The magnetic susceptibility of paramagnetic
minerals (i.e. mainly phyllosilicates) is enhanced at low tempera-
tures following the Curie–Weiss law (see Parés and van der Pluijm,
2002 for more details), so that at nitrogen temperatures the Kmax

axes increase by a factor larger than the Kmin. This produces
a magnetic susceptibility intensity 3–5 times higher than at room
temperature (Parés and van der Pluijm, 2002), which mainly
reflects the subfabric associated to paramagnetic minerals.

In order to better determine the paramagnetic subfabric
residing in phyllosilicates, we have performed high-resolution
X-ray texture goniometry analyses (XTG, van der Pluijm et al., 1994)
to determine the crystallographic preferred orientation of phyllo-
silicates in very small regions (1 mm). We have used an Enraf-
Nonious CAD4 automated single-crystal diffractometer housed in
the EMAL laboratory at the University of Michigan, which is
equipped with a molybdenum source and allows measurement to
be taken in the transmission mode. The preferred orientation data
of the phyllosilicates were determined using the (001) basal plane
reflection (d:10 Å for mica and d:7 Å for chlorite). The normalized
intensity data are expressed in multiples of random distribution
(m.r.d., Wenk, 1985), which provide an indication on the alignment
of the phyllosilicate layers.

The Anisotropy of the Anhysteretic Remanence Magnetization
(AARM) was analyzed for 5–9 specimens per site using a SI-4 AF
demagnetizer (Sapphire Instruments). Samples were subjected to
an AF demagnetizing peak field of 100 mT while a 0.05 mT direct
field was applied in a window of 5–60 mT. The window was chosen
after partial Anhysteretic Remanent Magnetization measurements
(pARM), and corresponds to the window range containing the
highest pARM (Jackson et al., 1988). This procedure was performed
in nine different axes for every sample, measuring the remanent
magnetization for every position in a 2G-cryogenic magnetometer.
After each measurement, the sample was demagnetized along
three orthogonal directions with an AF peak field of 100 mT. The
computation of the AARM ellipsoid, which enables identification of
the ferrimagnetic subfabric, was done using the Magnetic Anisot-
ropy Analyses 3.1 (ARMA.exe; McCabe et al., 1985). The anisotropy
tensor was calculated by the least-squares method (Girdler, 1961).

We have also used mineralogical and rock magnetic techniques
in order to identify the paramagnetic and ferromagnetic minerals
present in the studied rocks. A scanning electron microscopy (SEM)
study of selected samples was conducted in order to examine the
composition of paramagnetic and ferromagnetic minerals and their
textural relationship with cleavage planes. Selected polished
samples were cut perpendicular to the cleavage plane and parallel
to its dip direction, and were coated with carbon. Backscattered
imaging and semiquantitative analyses of the mineral composition
have been obtained using two SEM/EDX systems in the EMAL
laboratory (SEM Hitachi S3200N; 20 kV, BSE detector, EDX anal-
yses) and the University of Cádiz (ESEM quanta FEI, 20 kV, BSE
detector, EDX analyses, Phoenix system). Due to their very low
concentrations, ferromagnetic minerals were better identified by
applying rock magnetic techniques, such as: (1) thermal demag-
netization of a composite IRM (Lowrie, 1990); (2) low-temperature
experiments (Weil and van der Voo, 2002); and (3) hysteresis loops
(Parry, 1982). The first type of experiments were performed on
standard paleomagnetic cores with a Walker electromagnet, an ASC
Scientific thermal demagnetizer, and a three-axis 2G Enterprises
cryogenic magnetometer housed at the paleomagnetic laboratory
of the University of Michigan. Low-temperature experiments and
hysteresis loops were performed on rock and rock-powder chips at
the Institute for Rock Magnetism (University of Minnesota, USA)
using a MPMS magnetometer (Quantum Design Ltd.), a Micro VS
Magnetometer (Princeton Instrument Corporation), and a Vibrating
Sample Magnetometer (Princeton I.C.).

4. Results

4.1. RT-AMS

Bulk susceptibility values (Km) range between 153 and 290
(10�6 SI) (Fig. 3a, Table 1), which is typical for rocks where the
paramagnetic minerals are the main contributors (Rochette, 1987),
although the Km value is not diagnostic of the RT-AMS carrier (Hirt
et al., 2004). The bulk susceptibility shows a relatively narrow
range for the corresponding corrected anisotropy degree values
(P0), which range between 1.01 and 1.09, regardless of lithology
(Fig. 3a and Table 1). The Kmax axes for all sites appear to be well
clustered (Fig. 4, Table 1 in supplementary material). It is noticeable
that the RT-AMS magnetic ellipsoids display distinctly different
directional properties although all sites are located in a very
homogeneous structural context. Thus, Kmin axes are perpendicular
to bedding in most sites (1 and 4–8), but they appear located away
from the pole to bedding in other cases (sites 2, 3, 9). The Kmax axes
are roughly parallel to the intersection lineation in sites (5, 6, 9),
but they are either perpendicular to it (sites 2–4) or at some
intermediate position (sites 1, 7, 8) (Fig. 4). Perhaps the most
remarkable fact is that none of the RT-AMS ellipsoids conform to
that typically observed in cleaved rocks, where Kmax and Kmin axes
appear clustered around the intersection lineation and the pole to
cleavage, respectively (Singh et al., 1975; Borradaile and Tarling,
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1981; Hrouda, 1982; Borradaile, 1987; Housen and van der Pluijm,
1991; Aubourg et al., 1995, 2000; Borradaile and Henry, 1997; Parés
et al., 1999; Parés and van der Pluijm, 2002). Actually, Kmin axes
cluster around the pole to cleavage only when this is parallel to
bedding (sites 4, 6), and cluster closer to the pole to bedding when
they are not parallel (sites 5, 7, 8). In the only site where stretching
lineations have been found, they are parallel to Kmax axes (site 4) as
expected (Fig. 4).

4.2. LT-AMS

Site-mean values of the magnetic susceptibility at low-
temperature range between 491 and 788 (10�6 SI), and tend to be
lower for limolites of the Marboré Sandstones Formation (Fig. 3b,
Table 1). The bulk susceptibility at low temperature is between 1.8
and 4 times larger than at room temperature. The ratio KLT/KRT is
a proxy for the content of paramagnetic grains, mostly phyllosili-
cates, in the studied rocks. This value is lower for sites 2 and 3 and
higher for sites 4 and 6, which indicates relatively lower and higher
concentration of phyllosilicates, respectively (Fig. 5a). With the
exception of sites 2 and 3, the phyllosilicate content is directly
related to the corrected anisotropy degree at room temperature
(Fig. 5b). With regard to the directional properties of the LT-AMS
ellipsoids, and regardless of the limited amount of data available, it is
remarkable that they show a much more homogeneous behavior
compared to the RT-AMS ellipsoids (Fig. 4). Thus, Kmax axes have
a W–NW orientation, broadly parallel to the intersection lineation,
in all cases except at site 4, where Kmax axes are perpendicular to the
intersection lineation and subparallel to the stretching lineation.
Similarly, Kmin axes are broadly perpendicular to bedding, but not to
cleavage, with the exception of site 9, where they appear to lie in an
intermediate position between the poles to bedding and cleavage
(Fig. 4). Noticeably, the LT-AMS ellipsoids partly conform the typical
orientation of the AMS ellipsoid observed in cleaved rocks, where
Kmax axes appear clustered around the intersection lineation
(Lamarche and Rochette, 1987; Borradaile and Tarling, 1981;
Hrouda, 1982; Borradaile, 1987; Housen and van der Pluijm, 1991;
Aubourg et al., 1995; Borradaile and Henry, 1997; Parés et al., 1999;



Table 1
Site-mean parameters characterizing the RT-AMS (upper panel), LT-AMS (middle panel), and AARM (lower panel).

Site Kmean (� 10�6) L F P0 T Kmax (D&I) Kint (D&I) Kmin (D&I)

RT-AMS
NAT1 182.39 1.011 1.034 1.048 0.526 220.09 310.05 71.80
NAT2 290.79 1.035 1.027 1.063 �0.151 30.09 280.66 125.22
NAT3 237.68 1.037 1.012 1.052 �0.508 33.05 297.43 129.46
NAT4 190.06 1.018 1.064 1.087 0.554 81.71 291.16 199.09
NAT5 229.93 1.008 1.021 1.031 0.438 291.14 197.19 56.67
NAT6 168.09 1.016 1.057 1.077 0.553 284.13 190.12 63.72
NAT7 233.19 1.014 1.021 1.036 0.188 59.21 321.18 196.62
NAT8 230.31 1.010 1.035 1.048 0.530 73.17 335.25 194.60
NAT9 153.74 1.009 1.008 1.018 �0.045 266.02 175.56 353.33

LT-AMS
NAT1 636.193 1.036 1.076 1.136 0.382 282.15 185.23 36.65
NAT2 524.866 1.034 1.059 1.092 0.221 327.12 229.29 80.64
NAT3 534.950 1.065 1.080 1.154 0.213 314.12 238.13 102.77
NAT4 779.090 1.036 1.160 1.192 0.478 101.47 302.41 203.10
NAT5 748.517 1.075 1.072 1.153 �0.056 304.02 214.28 37.63
NAT6 654.194 1.099 1.196 1.315 0.325 310.01 215.26 44.64
NAT7 662.854 1.041 1.070 1.103 0.252 308.18 45.21 184.60
NAT8 725.350 1.031 1.109 1.143 0.538 307.14 43.28 192.55
NAT9 491.408 1.062 1.028 1.092 �0.349 302.05 38.36 210.54

Site mA/m L F P T Kmax (D&I) Kint (D&I) Kmin (D&I)

AARM
NAT1 4.843 1.080 1.044 1.127 �0.271 25.04 295.17 129.78
NAT2 23.981 23.981 1.059 1.089 �0.304 37.13 235.75 320.08
NAT3 15.164 15.164 1.078 1.161 �0.311 28.03 300.24 07.76
NAT4 6.639 6.639 1.044 1.064 �0.361 67.81 225.06 317.04
NAT5 19.695 19.695 1.042 1.075 �0.127 196.26 5.64 105.03
NAT6 10.065 10.065 1.027 1.039 �0.423 217.29 119.09 6.65
NAT7 12.554 12.554 1.041 1.059 �0.406 53.20 144.06 252.67
NAT8 10.532 10.532 1.045 1.075 �0.319 74.14 342.04 248.77
NAT9 10.007 10.007 1.038 1.062 �0.303 212.22 70.64 307.09

Kmean and AARM: susceptibility and ARM intensity; L: magnetic lineation; F: magnetic foliation; P0: corrected anisotropy degree; P: anisotropy degree; T: shape factor; Kmax,
Kint, Kmin: direction and plunge of the maximum, intermediate and minimum susceptibility axes.
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Aubourg et al., 2000; Ferré and Améglio, 2000; Hirt et al., 2000;
Parés and van der Pluijm, 2002). On the contrary, the clustering of
Kmin around the bedding pole does not conform its typical orienta-
tion in cleaved rocks (Housen et al., 1993b; Parés et al., 1999).

4.3. AARM

The intensity of the AARM varies between ca. 5 and 24 mA/m
(Fig. 3c), and provides a proxy for the concentration of ferrimagnetic
grains, whose concentration seems to be independent on lithology.
In contrast to the predominant oblate shape of the RT-AMS and LT-
AMS ellipsoids, T values for the AARM indicate a dominant prolate
shape in all sites (Fig. 3c, Table 1). This prolate shape is typical for
magnetite grains with a grain size larger than that of single domain
particles (Borradaile et al., 1999; Aubourg et al., 2000), whereas
smaller particles show more isotropic and oblate shapes (Sun et al.,
1993). AARM ellipsoids display a remarkable homogeneity with
regard to their directional properties (Fig. 4). Thus, Kmax axes are
broadly perpendicular to the intersection lineation (L1) in all cases
except in site 8, where the angle between the site-mean Kmax and L1

is around 30�. Moreover, site-mean Kmax appear subhorizontal
along a NNE or SSW direction, but in the case of site 4, where it is
vertical. Kmin axes tend to lie either around the bedding pole (site 7)
or closer to the bedding pole than to the cleavage pole (sites 1, 8). In
other cases, Kmin form a girdle with Kint (sites 2, 3, 6 and 9) or appear
parallel to L1 (sites 4 and 5).

4.4. SEM observations

BSE images and XRD measurements of selected samples indicate
that limolites are make up of grains that range between 50 and
100 mm in size (Fig. 6). The most abundant detrital minerals are
quartz, calcite and phyllosilicates such as muscovite, chlorite and
intergrowths of chlorite-mica. Calcite, albite, barite, and pyrite have
been identified as the main authigenic minerals with variable
concentrations. The main accessory minerals are monacite, zircons,
apatite and Ti-oxides.

The phyllosilicates that are the main carriers of the LT-AMS are
basically micas and Interleaved Phyllosilicate Grains (IPG)
composed mainly by chorite/mica. IPG are the result of the stacking
of thin (angstroms to microns) layers of phyllosilicates on (001)
planes. The shape of the IPG in the studied samples varies from
undeformed and tabular, deformed and tabular, to fussiform
(Fig. 6b–e). The tabular shapes show rounded borders (Fig. 6c).
Some IPG consist of one core crystal composed by mica (mainly
muscovite), which can be up to 100 mm long, <20 mm thick, and is
surrounded by chlorite flakes (Fig. 6b). Other intergrowths show
shorter and more tabular or rhomboidal shapes composed by
a larger number of layers, and are around 50 mm long and 20 mm
thick (Fig. 6c and e). The IPG tend to lie parallel to bedding and
oblique to cleavage planes (Fig. 6c), although in some cases they
appear rotated or bent near cleavage planes (Fig. 6b, c and e). The
presence of needles and grains of Ti-oxide may indicate the alter-
ation of biotite or white mica rich in Ti (Veblen and Ferry, 1983)
(Fig. 6a and b). In some cases we have observed very long, euhedral
white mica crystals parallel to cleavage planes, which indicates
authigenic formation during deformation (Fig. 6d).

Opaque iron-bearing minerals include pyrite and iron oxides
(Fig. 6f–k). Whereas framboidal and euhedral pyrite is ubiquitous in
all the studied samples (Fig. 6f–h), iron oxides have been observed
only in two sites. At site 1, they appear as rounded masses of 5 mm
located near cleavage planes (Fig. 6i). At site 2, they appear
replacing either individual pyrite crystal in the outer part of pyrite
framboids or euhedral, isolated pyrite crystal (Fig. 6j and k).
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4.5. High-resolution X-ray texture goniometry

The strength of the phyllosilicate layers stacking changes from
site to site and also between the mica and chlorite crystals (Fig. 7).
Overall, the mica crystals have a stronger fabric than chlorite,
except for sites 4, 5 and 6, where m.r.d values for both minerals are
very similar (Fig. 7). The strongest fabric associated with micas
corresponds to site 4 (m.r.d.¼ 6.65), which shows exceptionally
long crystals along cleavage planes indicating an authigenic origin
linked to the formation of cleavage. The other sites show similarly
strong preferred orientations of the mica crystals, with m.r.d.
ranging between 2.9 and 3.8. The strongest fabric associated
with chlorite is also observed in site 4 (m.r.d.¼ 6.93), having the
other localities similarly strong preferred orientations of chlorite
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(m.r.d between 2.41 and 4.21). Overall, these values are similar to
that found in other mudstones affected by cleavage (Ho et al., 1994).

4.6. Rock magnetism

Thermal demagnetization of the composite IRM indicates that
magnetite is the main magnetic mineral in the studied samples
(Fig. 8a). The presence of magnetite is confirmed by a marked
Verwey transition observed at 120 K, which is present in most of
the studied samples (Fig. 8b). Partial ARM (pARM) curves are very
similar for all the studied samples (Fig. 8c), which indicates that
magnetite has a grain size in the range of 5 mm (Jackson et al., 1988).
Hysteresis loops, which are characterized by wasp-waited shapes,
fall within the trend described for remagnetized limestones
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(Channell and McCabe, 1994) in the Day diagram (Fig. 8d) (Day
et al., 1977), which is consistent with the presence of a pervasive
remagnetization (Oliva-Urcia and Pueyo, 2007; Oliva-Urcia et al.,
2008).
5. Discussion

5.1. Significance of the RT-AMS, LT-AMS and AARM

One of the most remarkable findings of our study is that, despite
of the homogeneous structural setting and lithology considered,
the RT-AMS ellipsoids do not show a homogeneous behavior.
Another remarkable finding is that none of the RT-AMS ellipsoids
conform to that typically observed in cleaved rocks. Thus Kmax and
Kmin axes do not simultaneously cluster around the intersection
lineation and the pole to cleavage, respectively, as it typically occurs
in sedimentary rocks affected by cleavage (Singh et al., 1975; Bor-
radaile and Tarling, 1981; Kligfield et al., 1981; Hrouda, 1982; Bor-
radaile, 1987; Housen and van der Pluijm, 1991; Aubourg et al.,
1995, 2000; Borradaile and Henry, 1997; Parés et al., 1999; Parés
and van der Pluijm, 2002). Actually, Kmin axes cluster around the
pole to cleavage only when this is parallel to bedding (sites 4, 6),
and cluster closer to the pole to bedding when they are not parallel
(sites 5, 7, 8).

Application of the LT-AMS and AARM techniques enables the
separation of these complex RT-AMS fabrics into mutually consis-
tent phyllosillicate and ferrimagnetic subfabrics that display
different directional properties. The studied sites can be divided
into two main groups depending on the directional properties of
their magnetic fabric and subfabrics. The first group (Type 1)
includes those sites (4–6) where the orientation of the RT-AMS
ellipsoid coincides with that of the LT-AMS but is different from
that of the AARM. For sites belonging to this group, Kmin axes of
both the RT-AMS and LT-AMS cluster perpendicular to the bedding
plane, but are often included within bedding in the case of the
AARM. For both the RT-AMS and LT-AMS, Kmax axes are parallel to
the intersection lineation but in site 4, where they are parallel to the
subvertical stretching lineation measured in the field. On the
contrary, Kmax axes of the AARM are perpendicular to the inter-
section lineation. Noticeably, Type 1 sites are characterized by the
highest chlorite m.r.d. values. The second group (Type 2) includes
those sites (1–3 and 7–9) where the orientation of the RT-AMS
ellipsoid broadly coincides with that of the AARM but is different
from that of the LT-AMS. Thus, Kmax axes of both the RT-AMS and
AARM are typically perpendicular to the intersection lineation,
whereas those of the LT-AMS are parallel to it. Moreover, the
orientation of the Kmin and Kint axes of the RT-AMS is often similar
to their orientation in the case of the AARM, but less so to the case
of the LT-AMS.

Based on these results, the similarity between the RT-AMS and
the LT-AMS in Type 1 sites suggests that the phyllosillicates
carrying the LT-AMS are also the main contributors to the RT-AMS.
This might be due to an overwhelming contribution of chlorite,
which reaches highest m.r.d. in Type 1 sites (Fig. 7). To the contrary,
the similarity between the RT-AMS and the AARM in Type 2 sites
suggests that the ferrimagnetic minerals carrying the AARM
dominate the RT-AMS. Somehow surprisingly, there seems to be no
link between this behavior and the concentration of ferrimagnetic
minerals, as indicated by the similar ARM intensities for both Type
1 and 2 sites (Table 1). In other cases, the balanced competition
between the AARM and LT-AMS ellipsoids might result in inter-
mediate directions of the RT-AMS observed in some cases (e.g. sites
7 and 8). Noticeably, the Kmean value of Type 1 and 2 sites is
remarkably similar and always less than 300�10�6 SI. These
results suggest that: (1) caution must be taken when assessing the
relative contribution of paramagnetic and magnetic minerals to the
RT-AMS based only on mean Kmean values (Hirt et al., 2004); and (2)
systematic separation of bulk magnetic fabrics into their para-
magnetic and ferrimagnetic subfabrics is likely to provide addi-
tional insights in magnetic fabric studies even when the
contribution of ferromagnetic grains is considered to be minor.
5.2. Tectonic and paleomagnetic implications

To the contrary of RT-AMS, and regardless of fabric type, LT-AMS
ellipsoids display a homogeneous behavior with respect to struc-
tural elements (Fig. 4). Thus, their Kmax axes cluster perpendicular
to the shortening direction, and their Kmin axes cluster around the
bedding pole. Noticeably, this pattern does not conform to that
typical observed for cleaved rocks, where Kmin axes cluster parallel
to the cleavage pole (Borradaile and Tarling, 1981; Hrouda, 1982;
Borradaile, 1987; Housen and van der Pluijm, 1991; Aubourg et al.,
1995, 2000; Borradaile and Henry, 1997; Parés et al., 1999; Parés
and van der Pluijm, 2002). Instead, the orientation of the LT-AMS
ellipsoids is identical to that typically found for weakly deformed
mudrocks affected by layer-parallel shortening (Kissel et al., 1986;
Aubourg et al., 1997; Parés et al., 1999; Parés and van der Pluijm,
2002; Larrasoaña et al., 2004). The magnetic fabric of such weakly
deformed mudrocks is blocked during the earliest diagenesis, when
the sediments are still unconsolidated, flat-lying, and the presence
of water allows particulate rotation by intergranular slip and
kinking (Parés et al., 1999; Larrasoaña et al., 2004). Under these
conditions, layer-parallel shortening is able to overcome the initial
sedimentary fabric (Fig. 9a) and to reorient phyllosilicate grains
under the prevailing stress field, so that their Kmax axes cluster
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perpendicular to the shortening direction while their Kmin axes
remain perpendicular to bedding (Kissel et al., 1986; Sagnotti and
Speranza, 1993; Parés et al., 1999; Parés and van der Pluijm, 2002,
2004; Larrasoaña et al., 2004). The LT-AMS ellipsoids described for
the studied rocks therefore suggest a period of layer-parallel
shortening in the area (Fig. 9b), which we identified as the one
postulated by Teixell et al. (2000). If so, it has to be simultaneous
with deposition of the studied sediments, and must therefore be
Campanian–Maastrichtian in age. Since the Lakora basement thrust
to the north was active since the Santonian, we propose that the
layer-parallel shortening detected by the LT-AMS fabrics is the
expression of the strain caused by the Lakora basement thrust in its
footwall.

SEM observations show that detrital IPG composed of chlorite/
mica appear occasionally rotated or bent near cleavage planes, and
also indicate that white mica crystals occasionally grew authi-
genically along cleavage planes (Fig. 6). Both of these processes are
compatible with a clustering of Kmax axes around the intersection
lineation, but are at odds with the clustering of Kmin axes around
the beding poles. These results suggest that the formation of
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cleavage, with its associated rotation of detrital IPG and formation
of authigenic white mica did not suffice to overcome the initial
phyllosilicate fabric that records the syn-sedimentary layer-parallel
shortening. We attribute this circumstance to the fact that the
volume of rock constituted by discrete cleavage planes must
represent a minor part of the total rock volume (Fig. 9.b).
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The AARM ellipsoids also display a homogeneous behavior with
respect to structural elements regardless of fabric type (Fig. 4).
Thus, their Kmax axes cluster perpendicular to the intersection
lineation, and lie along a NNE–SSW subhorizontal direction but in
the case of site 4, where the Kmax axes cluster subvertical parallel to
the stretching lineation measured on the foliation plane. This
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dominant NNE–SSW orientation strikingly coincides with the
transport direction measured on thrusts ramps (Teixell et al., 2000).
This suggests that the blocking of the AARM ellipsoids occurred
during a major period of subhorizontal shear deformation linked to
thrusting along the Larra-Monte Perdido thrust system. An alter-
native possibility is that the AARM ellipsoids were blocked during
subhorizontal shear associated to the formation of cleavage at the
latest stages of the emplacement of the Gavarnie thrust. The
occurrence of a pervasive remagnetization in the studied rocks,
which has been linked to formation of cleavage (Oliva-Urcia and
Pueyo, 2007; Oliva-Urcia et al., 2008), suggest that the second
possibility is more likely because it involves a modification of the
remanence properties that might account for the final configura-
tion of the AARM ellipsoids (Fig. 9c).

SEM observations have shown the occurrence of both authigenic
magnetite grains dispersed within the rock matrix and of detrital
magnetite grains located alongside cleavage planes (Fig. 6). This
confirms the proposed mechanism for the origin of the remagne-
tization, i.e. the liberation and reorientation of previously existing
magnetite grains during formation of pressure-solution cleavage
(Oliva-Urcia et al., 2008). It also indicates that precipitation of new
magnetic phases, which accounts for the wasp-waisted hysteresis
loops, might have played a significant role in the acquisition of the
remagnetization. Regardless the specific age of the AARM ellip-
soids, it appears that their blocking was significantly affected by
tectonic deformation, which might have important implications for
understanding the paleomagnetic significance of the
remagnetization.

6. Conclusions

The RT-AMS fabrics of the studied rocks show a heterogeneous
behavior despite the homogeneous lithology and structural setting
that characterize the studied sites. Their Kmax and Kmin axes do not
simultaneously cluster around the intersection lineation and the
pole to cleavage, respectively, as has been typically reported for
cleaved sedimentary rocks. The measurement of the low-temper-
ature magnetic susceptibility (LT-AMS) and the anisotropy of the
anhysteretic remanent magnetization (AARM) have enabled sepa-
ration of the bulk magnetic fabrics into their paramagnetic and
ferrimagnetic components, respectively. LT-AMS ellipsoids show
remarkably constant directional properties, with Kmax axes parallel
to the intersection lineation and Kmin axes parallel to the pole to
bedding. These ellipsoids, which result from the preferred orien-
tation of chlorite, mica and IPG grains, reflect a syn-sedimentary
(Late Cretaceous) period of layer-parallel shortening in response to
tectonic activity along the Lakora thrust located to the North of the
studied area. AARM ellipsoids also show remarkably constant
orientations, being their Kmax oriented along a subhorizontal NNE
direction that is strikingly coincident with the shortening direction
in the studied area. We interpret that the ferrimagnetic ellipsoids
respond to subhorizontal shear associated to cleavage formation in
the area, a process that did not further alter the paramagnetic
subfabrics. Our results reinforce the view that a proper under-
standing of the structural significance of complex RT-AMS ellip-
soids demands its separation into different subfabrics (i.e.
paramagnetic and ferrimagnetic), even in cases where the contri-
bution of ferrimagnetic grains might be considered minor.
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