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A B S T R A C T

Magnetic fabrics are used as strain markers since they reflect the orientation-distribution of grains in a rock. In 
this work we analyzed, from the point of view of anisotropy of magnetic susceptibility (at low-temperature and 
room temperature), Devonian (29 sites) and Ordovician-Silurian (3 sites) sedimentary rocks in the Pyrenean 
Axial Zone, totalling 611 samples. The main target is to determine the strain in relation to the Variscan (poly
phased) and Alpine orogenies in limestones and shales. The magnetic information also derives from thermo
magnetic curves, acquisition of the isothermal remanent magnetization (IRM) and coercivity of the remanence 
analyses, together with hysteresis loops and stepwise thermal demagnetization of induced IRM in 3 axes tech
niques. The analyses of magnetic properties were complemented with optical microscopy observations and 
calcimetries. In two of the sample areas (Sen and Llisat valleys), the minimum axes of the magnetic susceptibility 
ellipsoid (kmin axes) are mostly perpendicular to bedding whereas in the other two (Zinqueta valley and near 
Posets peak area), a more developed tectonic fabric is found: the kmin axes are not completely perpendicular to 
bedding, and the magnetic susceptibility ellipsoid relates to the foliation plane. Different minerals carry a 
concordant magnetic fabric with pyrrhotite, magnetite (ferromagnetic s.l.) and phyllosilicates (paramagnetic), 
and little influence of calcite grains (diamagnetic). The magnetic fabric is interpreted to form at the early stages 
of the Variscan deformation, prior to the dextral transpression synchronous with granite emplacement that 
characterizes the late stages of the Variscan Orogeny. However, contact metamorphism and associated fluid 
circulation can enhance or obliterate the primary magnetic fabric.

1. Introduction

The analyses of magnetic fabrics are performed to decipher defor
mation in rocks. The anisotropy of the magnetic susceptibility (AMS) is a 
technique that has been used in all types of rocks since the discovery of 
the anisotropic behavior of the magnetic susceptibility (Graham, 1966), 
and it is of particular interest in sedimentary rocks from structural set
tings where the ductile component of deformation is cryptic (Parés, 
2015). It is a method used in order to better understand the relationship 
between the magnetic signal of the anisotropy of the magnetic suscep
tibility (AMS) or magnetic fabric, and the tectonic imprint on folded 
rocks since it allows obtaining the orientation-distribution of grains 
(Mamtani and Sengupta, 2010; Hrouda and Chadima, 2020)). Therefore, 
AMS is found to be a sensitive indicator to describe the strain patterns at 

orogen-scale, particularly in areas with a modest degree of deformation 
(Pocoví-Juan et al., 2014). However, the superposition of different 
deformation events or the presence of different magnetic carriers can 
complicate a straightforward correlation. As pointed in Evans et al. 
(2003) and references therein, “All susceptibility fabrics are really 
composite fabrics”. These authors refer to the term used by Housen et al. 
(1993) and consider magnetic fabrics as the result of the overprinting of 
i) a primary depositional magnetic fabric, ii) a diagenetic or compac
tional magnetic fabric and iii) a tectonic fabric (layer-parallel shortening 
prior to folding) (Evans et al., 2003).

In particular, the use of magnetic fabrics is discouraged as a strain 
gauge when composite magnetic fabrics are found (Debacker et al., 
2004). However, composite magnetic fabrics potentially develop in, for 
example, tectonically inverted basins. They are pursued in order to 
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disentangle the extensional direction at the time of formation of the 
basin and subsequent compressional deformation (García-Lasanta et al., 
2018).

For the magnetic fabric to be understood when applied to deformed 
sedimentary rocks, it is a standard procedure to establish a relative 
dating with respect to the position of bedding. This allows to constrain 
the deformational history of the region. For the magnetic fabric, the 
orientation of the magnetic susceptibility ellipsoid axes has been 
described to evolve from (i) the “sedimentary type” of magnetic fabric, 
where the minimum (kmin) axes are perpendicular to the bedding plane 
and the intermediate (kint) and the maximum (kmax) axes are scattered 
on the bedding plane, when no arrangement of particles due to paleo
currents is present at the time of sedimentation to (ii) a “tectonic type” 
magnetic fabric, with changes in the orientation of the magnetic 

lineation (clustering of the kmax axes) and foliation (plane perpendicular 
to the clustered kmin axes) (i.e., Parés et al., 1999). The scalar parameters 
of the ellipsoid such as the shape or the anisotropy of the magnetic 
susceptibility ellipsoid (AMS) also change (Boiron et al., 2020). The 
tectonic type fabric has also gradients (Parés et al., 1999). However, in 
compressional and extensional settings giving rise to foreland and 
extensional basins, a “tectonic type” will be the first magnetic fabric 
developed within the syntectonic sediments with the clustered magnetic 
lineation oriented perpendicular to compression or parallel to extension, 
respectively (García-Lasanta et al., 2018; Soto et al., 2022 and references 
therein, Fig. 1). This “tectonic type” occurs at the time of deposition of 
sediments under a specific tectonic framework. However, the most 
evolved magnetic fabric in foreland basins are found closer to the 
fold-and-thrust belt edifices, related to the tectonic foliation (cleavage) 

Fig. 1. a) to d) Stereoplot of magnetic fabric (kmax axes in blue, kint axes in green, and kmin axes in pink) and its variation from sedimentary, syntectonic and to 
tectonic fabrics (layer parallel shortening and folded with tectonic foliation). The tectonic fabric can be divided in “early” (less deformed, layer parallel shortening) 
and later, more deformed folded rocks with tectonic foliation plane developed. Bedding plane is horizontal in all cases. e) and f) Magnetic fabric in Variscan folds 
with two phases of deformation (D1 with developed tectonic foliation S1 and D2 with developed tectonic foliation S2), in e) deduced apparent parallelism of 
deformational phases, f) deduced non parallelism of deformational phases (Oliva-Urcia et al., 2018). Variation of the shape (T) and corrected anisotropy degree (Pj) 
of the magnetic susceptibility ellipsoid (AMS) is shown for those particular sites. They follow the model by Parés et al. (1999). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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plane, with kmin axes clustered on the pole to the cleavage plane, and 
kmax and kint axes distributed within the cleavage plane after the 
inversion of the basin takes place. Therefore, depending on the rela
tionship of the principal magnetic anisotropy directions and the prin
cipal directions of structural features (for example bedding or tectonic 
foliation), the term “normal” magnetic fabric is used when the magnetic 
lineation (kmax axes) is parallel to a structural lineation and the mini
mum axes (kmin) cluster perpendicularly to a structural foliation (i.e., 
bedding plane, tectonic foliation). The term “inverse” magnetic fabric is 
used when the maximum and minimum anisotropy axes are inverted 
relative to the normal fabric (Chadima et al., 2006). Other authors have 
definedsubtypes of inverse fabric (structural and magnetocrystalline) 
(Černý et al., 2020) but we will consider the relationship of the axes 
respect to the structural features solely. The term “inverse” fabric was 
described in rocks containing minerals with an inverse relationship 
between magnetic axes and shape and/or crystallographic axes (Roch
ette, 1988). The term “intermediate” fabric originated in models mixing 
normal and inverse fabric end-members but the axes still relate to the 
structural features (Chadima et al., 2006 and references therein). 
Finally, the term “anomalous” magnetic fabric will refer to a magnetic 
fabric with random distribution of magnetic axes respect to structural 
features (bedding or tectonic foliation) (Chadima et al., 2006 and ref
erences therein). Therefore, composite magnetic fabrics is a term that 
will describes the magnetic fabric developed during deformation, and it 
includes the magnetic fabrics that could show the orientation of the 
magnetic axes in unusual positions with respect to structural data 
(“anomalous” fabric). Composite fabrics can be “normal”, “inverse” or 
“intermediate” fabrics, if the AMS axes relate to the structural features. 
(Averbuch et al., 1992; Chadima et al., 2006; Debacker et al., 2004; 
Graham, 1966; Jackson et al., 1989; Kissel et al., 1986; Oliva-Urcia et al., 
2018; Parés et al., 1999; Pocoví-Juan et al., 2014; Soto et al., 2022 and 
references therein). The evolution model of magnetic fabrics in foreland 
basins was described by Parés et al. (1999), for extensional basins by 
Mattei et al. (1997) and for inverted sedimentary basins by García-La
santa et al. (2018) and references therein.

In folds, generally, the tectonic magnetic fabric orients with the kmax 
axes parallel to the fold axis hinge provided that shortening is perpen
dicular to the fold axis, whereas the orientation of kmin axes may vary 
depending on the strain degree and the folding mechanism, i.e., devel
opment of cleavage, layer-parallel shortening, flexural flow, longitudi
nal straining and flattening. However, the magnetic fabric information is 
used to decipher the strain in a folded region when the kmax axes are not 
parallel to the fold axis, as for example in the Zagros belt where the kmax 
axes remain oriented according to a first stage of layer parallel short
ening that is later folded in two stages (Aubourg et al., 2010). Magnetic 
fabric also records the tangential-longitudinal deformation in fold 
hinges and the flexural flow inferred for the fold limbs in syntectonic 
folds in the Pyrenees (Pueyo-Morer et al., 1997). It also has been used as 
complementary tool to decipher fold interference patterns in meta
morphic rocks (Sayab et al., 2017), to distinguish tectonic phases 
(Raposo et al., 2014) or to describe the variation of the composite fabrics 
in multilayered folded systems where the tectonic inversion is stronger 
towards the orogen (Pueyo-Anchuela et al., 2010). The combination of 
magnetic fabrics with other magnetic (i.e., low temperature AMS, 
AARM), structural and petrographical analyses (i.e., paleostress ana
lyses, quantification of deformation, calcite twinning, X-ray tomography 
…) helps disentangle the folding evolution at macro- and microscales 
(Mamtani and Sengupta, 2010; Sayab et al., 2017; Anastasio et al., 
2016).

In addition, magnetic mineralogy can also affect the type of magnetic 
fabric, as it has been recognized in the folded marine platform rocks and 
the foreland basin rocks of the Pyrenees where paramagnetic fabric 
(mostly carried by phyllosilicates) and ferromagnetic fabric (mostly 
carried by magnetite, known by AARM) occur (Pueyo-Anchuela et al., 
2010). For example, in limestones, the content of calcite can also have 
consequences for the results of magnetic fabric, since depending on the 

content of Fe and Mn in the calcite structure, crystals can change their 
magnetic behavior from diamagnetic to paramagnetic and they can also 
contain ferromagnetic inclusions (Schmidt et al., 2006).

In this work we present the magnetic fabric (AMS) and rock 
magnetism obtained in Paleozoic folded rocks (mostly Devonian car
bonates and to less extent detrital Ordovician-Silurian rocks) from the 
Axial Zone of the Pyrenees. These folds formed during the Variscan 
Orogeny, for which different deformational phases have been described, 
and later, they were subsequently deformed by the Alpine Orogeny. In 
this scenario, the purposes of this work are (i) to discern and charac
terize the strain and ultimately, to contribute to the better understand
ing of the Variscan Orogeny in this sector of the Pyrenees and (ii) to 
check the limits of application of AMS in moderately deformed rocks 
having different lithologies.

2. Geological setting and sampling

The Pyrenean mountain range is described as a doubly vergent 
asymmetric orogen divided in five E-W trending structural zones: 
Northern Pyrenean Zone, Axial Zone, Southern Pyrenean Zone and the 
two foreland basins (Aquitanian and Ebro basins to the North and South 
respectively). This asymmetric orogen was formed by the Iberia-Europe 
convergence during Late Cretaceous-Miocene times. The Northern and 
Southern Zones are constituted by Mesozoic and Cenozoic deformed 
rocks whereas in the Axial Zone the Paleozoic basement crops out, 
forming the back-bone of the Range (Mattauer, 1968). The structure of 
the Axial Zone developed during the Alpine orogeny has been described 
as an antiformal stack (Muñoz, 1992) or imbricated thrust system with a 
dominant south vergence (Teixell, 1996; Martínez-Peña and 
Casas-Sainz, 2003) Fig. 2.

The general structure of the Axial Zone is mainly the result of poly
phased Variscan deformation and to a lower extent, of Alpine defor
mation, whose influence, from the point of view of deformation, was 
more significant in the western Axial Zone (Choukroune and Séguret, 
1973). Traditionally, two structural domains due to the Variscan 
structuring are described in the central and eastern part of the Axial 
Zone: infrastructure and suprastructure (Carreras and Capella, 1994; De 
Sitter and Zwart, 1960; Zwart, 1963). The infrastructure is characterized 
by a subhorizontal foliation developed under medium to high meta
morphic grade, and the suprastructure is characterized by subvertical 
folds with associated axial planar foliation with very low to low meta
morphic grade. The origin and geodynamic context of both structural 
units are still under debate. Nonetheless, the deformation and meta
morphic grade increase from west to east in the Axial Zone. The intru
sion of magmatic rocks occurred at the final stage of the Variscan 
Orogeny (late Carboniferous). The high-temperature processes in this 
Axial Zone of the Pyrenees, related to partial melting, gneiss dome for
mation and pluton emplacement occurred over a very short period, of 
the order of 5 Ma, at ~304 Ma (Denèle et al., 2014).

The Variscan structure in the studied area is located at the “inter
mediate” deformation zone, being affected a main deformation phase 
(D2) which coincides with (or postdate) granitoid emplacement (Gleizes 
et al., 1998). A prior D1 phase with fold and thrust development co
incides with low-to-very-low grade (or absent) metamorphism (Carreras 
and Druget, 2014). These authors suggest that the granitoid emplace
ment, synchronous with the main deformational phase D2 in the internal 
more deformed zone, is post-tectonic in the intermediate zone, which is 
located towards the W of the Axial Zone. This idea contrasts with pre
vious magnetic fabric studies in the granitoids of the central and western 
part of the Axial Zone, since they suggest a granitoid emplacement 
during dextral transpression related to the late Variscan deformation 
(Bouchez, 1997; Gleizes et al., 1998; Román-Berdiel et al., 2004, 2006).

Other authors, comparing the Axial Zone structures with the Alpine 
structures 60 km to the west of the study area (Anayet basin, Fig. 2a), 
found that the Variscan deformation created large scale recumbent folds 
vergent towards the west and with axial planar cleavage that were 
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subsequently deformed by an Alpine phase, giving Ramsay type 2 fold 
interference patterns of kilometric scale (Matte, 2002; Rodrí
guez-Méndez et al., 2013). In the Posets area, the fold interference 

pattern is described as type 3 but due to different phases of the Variscan 
Orogeny (Esteban et al., 2021). In any case, the main features observed 
in the studied area are recumbent folds vergent to the South associated 

Fig. 2. a) Geological map of the Pyrenees (AB: Anayet basin), rectangle marks the study area (shown in b), b) geological map of the studied area, with the cross 
section of Fig. 3, the sampling locations (red dots) and the blue star that marks the Posets peak (just to the left of “Posets granite”). c) Simplified geological map of the 
Paleozoic orogenic belts at the end of Variscan convergence, sutures i) Rheic, ii) Iapetus-Tornquist. Green: Variscan belt, Dark purple: mostly Avalonian domain, 
Pink: mostly Caledonian-Acadian belts, modified from (Martínez-Catalán et al. (2009). Geology based on: IGME geologic maps, MAGNA series, map sheets numbers 
147, 179 and 212. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. a) General cross-section (simplified from Román-Berdiel et al., 2006), no vertical exaggeration. On top, the sampling zones projected (acronyms). 3. b) 
Simplified stratigraphic column with lithostratigraphic Lower Devonian formations (Mey, 1967) and position of the sampling sites. The information of the estimated 
thickness is from IGME geological maps (179, Bielsa).
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to foliation in the southern part: Sen and Llisat valleys, south of the 
Millares granite, and vertical folds and interference fold patterns 
(Grasemann et al., 2004) in the northern sector on Silurian and Devo
nian rocks (Posets area).

2.1. Stratigraphy

Most sites (29 out of 32) were sampled in Lower-Middle Devonian 
rocks and the other three sites were sampled in Ordovician-Silurian 
rocks (Fig. 3b). The Lower-Middle Devonian in the studied area is 
characterized by a succession of marine deposits from a shallow plat
form environment (García-Sansegundo, 1992), that show variations in 
thickness due to deformation. The different lithologies of the Devonian 
rocks were arranged in facies groups by Zwart (1979). The studied area 
is located in the “Sierra Negra” subarea, with a carbonatic part at the 
bottom and a silty part at the top that include, from bottom to top the 
Rueda, Castanesa, Fonchanina and Manyanet formationss 

(Lower-Middle Devonian) and the Vilaller Formation (Middle Devonian, 
Mey, 1967). The Ordovician-Silurian rocks in the studied area are 
mainly graptolitic black shales (and limestones in the upper part) 
(Zwart, 1979) that locally crop out close to thrust planes or at the hinge 
of anticlines.

2.2. Site location and geological structure

The recumbent kilometric folds with axial planar cleavage (namely 
S1) were sampled in the Llisat and Sen valleys, SE and SW of the Millares 
granite, respectively. These large scale folds can be clearly seen in 
orthophotographs, or for example in Google Earth. A total of 16 Devo
nian sites were sampled South of the Millares granite: 11 sites in the 
Llisat valley (acronym LI) and five sites in the Sen valley (acronym SE) 
plus one site in Silurian rocks in the Sen valley (SE-3). These two valleys, 
Llisat with N-S orientation and Sen with a NE-SW orientation are less 
than 3 km apart (Fig. 4a). The intersection lineation (L1) between the 

Fig. 4. a) Simplified geological map with ellipses marking the different sampling areas (Paleozoic rocks in brown, granites in pink, Triassic in blue and Cretaceous in 
green). Bedding (So) and cleavage data (S1) in stereographic projection (lower hemisphere) with the intersection lineation in b) Llisat and Sen valleys, c) Zinqueta 
valley area with field pictures oriented SE-NW, the ellipses mark human figures for scale, bedding/tectonic foliation is well observed, d) Posets peak area. The 
simplified geological cross-sections of these four areas are presented together with the magnetic fabric results in Figs. 10–13. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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tectonic foliation (S1) and bedding (S0) in those sites has a NE orien
tation (N020E to N026E) plunging 30-38◦ N. Planes of S1 are subparallel 
to the S0 and can be interpreted as axial planar cleavage related to the 
recumbent folds (Fig. 4b).

In the Zinqueta valley, NW of the Millares granite and W of the Posets 
granite, three sites were sampled in Devonian rocks, and two sites in 
Ordovician-Silurian rocks. Here, a South-dipping, E-W tectonic foliation 
is well developed, and upright folds with South vergence are seen in 
outcrops close to the sampling sites (Fig. 4c). Near the Posets peak, eight 
sites were sampled in Devonian rocks, four sites (PL-6 to PL-9) just to the 
south of the thrust of Silurian over Devonian rocks and north of the 
Millares granite and four samples were collected in small scale folds to 
the west of the Posets granite (Fig. 4). The intersection lineation has 
different orientations and steeper plunge than in the previously 
described sites. The tectonic foliation is almost vertical with a NE-SW 
strike (Fig. 4d). Cleavage refraction due to lithological differences is 

observed in these outcrops (Fig. 5).
Contact metamorphism has a clear influence in a few sites: in the 

Llisat valley (LI-1), the Sen valley (SE-5) and North of the Millares 
granite (PL-6 and PL-7) where garnets (near PO) and andalusite crystals 
can be observed with the naked eye (in PL-6 and PL-7). The microscope 
observations confirm the presence of andalusite in some samples. Ten
sion gashes perpendicular to bedding and with an E− orientation can 
also be observed in some outcrops.

2.3. Sampling strategy

A total of 47 oriented hand samples distributed in 32 sites were taken 
in two protected areas after permits were issued, in the Sobrarbe Pir
ineos UNESCO Global Geopark (European Geopark Network) and in the 
Posets-Maladeta Natural Park (Aragón Government, INAGA). This 
sampling method was selected to avoid noise, possible fumes and oil 

Fig. 5. Field pictures of folds a, d and e) to the S and SW of the Posets peak (north of Millares granite) and different zooming in b) PL-9 and c) PL-8 with cleavage 
refraction. In d) the location of f) and g) is shown and a basic dyke that cuts across the Variscan folds (visible on the center-left).
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pollution of the drill machine. In addition, hand samples were taken at 
out of sight places to avoid visual contamination (as suggested by the 
GeoPark managers in the “sampling etiquette leaflet” https://www.geo 
parquepirineos.com/descargas/folleto_geoconservacion_cientifico_r.pdf
).

From the hand samples, 611 standard specimens were cut in cubes of 
~8 cm3 that are distributed as follows: 202 specimens correspond to 
four folds in the Zinqueta and Posets areas, 210 specimens correspond to 
six folds in the LIisat valley and 199 specimens correspond to three folds 
in the Sen valley, see Figs. 2–5.

3. Methodology

The anisotropy of the magnetic susceptibility (AMS) was analyzed at 
room temperature at the Laboratory of Magnetic Fabrics of the Uni
versity of Zaragoza (Geotransfer Group-IUCA, Spain). The AMS is a 
second rank tensor represented by an ellipsoid with three axes (kmax ≥

kint ≥ kmin). The measurements in the KLY3 (AGICO Inc.) at 875 Hz 
frequency and 300 A/m field intensity, provide scalar values related to 
the AMS: bulk magnetic susceptibility (Km), the average of the ratio 
between induced magnetization (M) and applied magnetic field (H) of 
the samples in one site, the shape parameter T (values from 1 to 0 are 
oblate ellipsoids and from 0 to − 1 are prolate ellipsoids) and the cor
rected anisotropy degree (Pj) as defined by Jelinek (1981). The orien
tation of the axes is analyzed for the geological interpretation of the 
strain, since it reflects the orientation-distribution of all minerals: 
diamagnetic, paramagnetic and ferromagnetic s.l. (Borradaile and 
Jackson, 2004). The magnetic foliation plane is perpendicular to the 
kmin axes, whereas the magnetic lineation is the orientation of kmax axes 
when certain degree of clustering is defined. The anisotropy data soft
ware Anisoft (Chadima et al., 2020), was used to obtain the scalar and 
directional magnetic fabric data.

In addition, selected samples from four sites were cooled down to 77 
K (liquid nitrogen) to measure the low temperature AMS (LT-AMS). 
These measurements enhance the paramagnetic susceptibility and allow 
separating the magnetic signal of the AMS at room temperature from the 
paramagnetic signal. In a paramagnetic mineral, if magnetic in
teractions are neglected, the magnetic susceptibility follows the Curie- 
Weiss law: Kp = C/(T – q); where Kp is the mass susceptibility which 
increases with decreasing temperature (T), for a paramagnetic mineral. 
C is a constant (Curie constant) and q is the paramagnetic Curie tem
perature. Plots of the inverse susceptibility (1/K) versus temperature 
give the q (Parés and van der Pluijm, 2014 and references therein). In a 
perfect paramagnetic material the magnetic susceptibility at low tem
perature will be 3.8 times higher than at room temperature (Parés and 
van der Pluijm, 2002a and references therein). The analyses of the AMS 
at low temperature are particularly useful in separating fabrics when the 
paramagnetic phyllosilicates are present (Parés and van der Pluijm, 
2014) but this technique also gives good results in chalk rocks with less 
than 5 % of paramagnetic minerals (Issachar et al., 2016). In this work, 
we follow a similar procedure to cool down the samples by immersing 
them in liquid nitrogen as in Lüneburg et al. (1999).

Thermomagnetic curves were analyzed in selected samples: i) the 
temperature dependence of magnetic susceptibility was measured in 12 
samples using the KLY3-CS (AGICO Inc.) at the University of Zaragoza 
and ii) the temperature dependence of the induced magnetization was 
measured in two samples using the variable field translation balance or 
Curie balance, (MMAVFTB, Petersen Instruments) at the Paleomagnetic 
Laboratory of the University of Burgos. Other rock magnetic analyses as 
the Isothermal Remanent acquisition curve (IRM), the coercivity of the 
remanence (back field) and hysteresis loops were measured using the 
same Curie balance (MMAVFTB, Petersen Instruments). The accompa
nying software Analyzer is used for visualization of results. All these 
analyses help to constrain the magnetic carriers present in the samples. 
These analyses are performed on powdered samples weighting 0.3–0.5 
g.

The decay of the remanence during heating and after isothermal 
remanence magnetization at 1.9, 0.4 and 0.12 T along three perpen
dicular axes (Lowrie, 1990) were also performed at the University of 
Burgos in standard samples ~8 cm3 in volume.

Thin sections of 11 samples were cut in two different directions, 
perpendicular and parallel to the magnetic lineation for optical micro
scope observations, using a LV 100 POL Nikon microscope (IGME Zar
agoza – CSIC) and a KERN microscope and camera (ODC832) visualized 
through the MicroscopeVIS software (University of Zaragoza).

In order to obtain the content of calcium carbonate, calcimetries of 
19 samples were performed using a Geoservices calcimeter (University 
of Zaragoza). The volume of CO2 expelled by the sample (1 g powdered 
to 100 μm) after the reaction with 5 ml of HCl (5 M) in a closed 1 atm 
chamber is measured. The comparison with the CO2 expelled by a 
standard sample gives the relative carbonate content of the sample.

4. Results

4.1. Rock magnetic analyses and calcimetries

In general, the heating curve differs greatly from the cooling run, i.e., 
they are not reversible, indicating transformation of the mineralogy 
during heating (Fig. 6). The paramagnetic behavior, which in the ther
momagnetic curves of the temperature dependent magnetic suscepti
bility (KLY3-CS AGICO instrument) is shown by a hyperbolic decay at 
the beginning of the heating curve (from ~40 to 200 ◦C), appears only in 
five samples (LI-7, Fig. 6c; PO-4B, Fig. 6h; PO-2, Fig, 6i; PL-5, Fig. 6k; PL- 
1A, Fig. 6l). In all but one sample (SE-5, Fig. 6f) an increase of the 
magnetic susceptibility in the cooling curve occurs. This increase ap
pears around the Curie temperature of magnetite (580 ◦C) (Collinson, 
1983). The hyperbolic decay allows to calculate the ferromagne
tic/paramagnetic behavior between 40 and 200 ◦C using Cureval 8.0 
software (Chadima and Hrouda, 2009a). Values range from 67 % of 
ferromagnetic behavior in PO-4B to 8 % in PL-1A, PL-5 and LI-7.

In some samples (eight out of 12) the heating curve reveals the 
presence of a ferrimagnetic iron sulphide with an increase of the mag
netic susceptibility from 240 ◦C - 270 ◦C onwards, reaching a peak (two 
samples show very clearly Hopkinson peaks, in LI-0 and SE-5, Fig. 6 a 
and f), with maximum values that occur at 264 ◦C in PL-1A to 318 ◦C in 
SE-5 (Fig. 6 l and f). These Curie temperatures (~325 ◦C) are typical of 
pyrrhotite 4C-type. Pyrrhotite 4C-type has a Curie temperature between 
310 ◦C and 325 ◦C (Schwarz and Vaughan, 1972; Kontny et al., 2000, 
and references therein). This magnetic phase becomes cryptic or dis
appears after heating since it is seen as a small rise or not seen at all on 
the cooling curve. The magnetic susceptibility of the heating curve in the 
samples containing pyrrhotite decreases afterwards and increases again 
until the final decay, close to the Curie temperature of magnetite 
(~580 ◦C) (see Fig. 6). The cooling curve indicates the presence of 
magnetite, with a Curie temperature slightly higher than the one seen in 
the heating curve. Magnetite is generated during heating and it may 
have not been present before. The samples without pyrrhotite, show an 
increase of the magnetic susceptibility in the heating curve after 
350–400 ◦C, with a final decay close to the Curie temperature of 
magnetite, indicating that a new magnetic phase was generated, except 
in LI-10, that shows a lower Curie temperature (Fig. 6d).

The thermal demagnetization of the remanence after applying the 
three-axes isothermal remanent magnetization (IRM) at 1.9, 0.4 and 
0.12 T to a standard sample, shows a clear predominance of soft and 
intermediate coercivity minerals (the axes saturated at 0.12 T and/or at 
0.4 T dominate the remanence) decaying at around 300 ◦C, which is 
typical of pyrrhotite (Lowrie, 1990), Fig. 6. The sample LI1-13 is an 
exception since magnetite is also present: a low coercivity mineral 
decaying at ~580 ◦C. In SE7 a mineral with strong coercivity is also 
present. It is probably hematite since the decay of the remanence ap
pears at ~680 ◦C (Fig. 6m). The content of calcium carbonate is null in 
nine samples (out of 19), located in the Zinqueta valley and South of the 
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Fig. 6. a) to l) Temperature dependence of magnetic susceptibility. Red and blue curves are heating and cooling curves, respectively. Numbers are temperatures in 
oC, indicating with a red arrow the highest temperature on the rise of the magnetic susceptibility and in red without arrow the Curie temperature. Black numbers with 
percentage are CaCO3 content obtained from calcimetries (see table in supplementary material for the results of the 19 samples). m) Decay of the remanence in each 
of the three axes during thermal demagnetization after applying at room temperature the three-component IRM. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)
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Posets peak area plus two samples in the Llisat valley. In the Sen valley 
two samples show values lower than 40 % but the rest have values 
higher than 81 %. In five samples the presence of dolomite is suspected 
(S supplementary material).

The analyses in the Curie balance (MMAVFTB, Petersen Instruments) 
of the samples from the Llisat valley show the variability in the marbled 
limestones (LI-1) closest to the Millares granite with respect to the 
nearest site LI-0, where the latter shows stronger saturation 

magnetization (Ms) and coercivity of the remanence values (backfield, 
BF), which is compatible with the presence of an intermediate coercivity 
mineral such as an iron sulphide like pyrrhotite in LI-0 and a “soft” 
ferromagnetic mineral (low coercivity) such as magnetite in LI-1 
(Collinson, 1983). The hysteresis loop of LI-0 with a clear 
wasp-waisted shape is probably related to the presence of different 
mineralogies or different grain sizes (Roberts et al., 1995). The presence 
of two magnetic phases can also be inferred from the thermomagnetic 

Fig. 7. Results of rock magnetism in the Curie balance. a) Acquisition of the Isothermal Remanent Magnetization (IRM) is on the right, and coercivity of the 
remanence (Back Field) on the left for each sample of sites LI-0 and LI-1. The value of IRM at − 0.3 T is also shown (for subsequent use in the calculation of S-ratio). b) 
Hysteresis loops (corrected and uncorrected). c) Temperature dependent induced magnetization (heating path in red, cooling path in blue). For LI-1 several samples 
are presented; the colored arrows located on top of the curve refer to and are paired for the heating-cooling runs in the same sample. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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curves (k – T, in Fig. 6 and induced magnetization-T, in Fig. 7c), with a 
larger induced magnetization, related to pyrrhotite, in LI-0 than in LI-1. 
Some variability within the marbled limestones of LI-1 appears in the 
induced magnetization/temperature curves, but in all samples the 
presence of pyrrhotite and magnetite seems plausible, from the obser
vation of the two-step decay in the heating curves (red) at ~360 ◦C and 
~580 ◦C, respectively using (Moskowitz (1981) method in the Analyzer 
software, Fig. 7c right).

4.2. Magnetic fabric

4.2.1. Values of the scalar parameters: km, T, pj
The averaged bulk magnetic susceptibility (Km) per site varies from 

13700 E− 6 SI in the marbled LI-1 site to − 30.3 E− 6 SI in LI-6 (Table 2) 
(see Table 1). Susceptibility values are below 500 E− 6 (SI) for 30 out of 
the 35 sampled sites (Fig. 8a). The highest values are related to sites 
close to the granitic bodies where contact metamorphism is probably 
more intense due to hydrothermal fluids. The corrected anisotropy de
gree (Pj) shows very high values (>2) only in three sites: PL-7, SE-7(D) 
and LI-6 but these sites have Km close to zero. Therefore, the magnetic 
parameters of the ellipsoid are meaningless in terms of magnetic fabric 

(Hrouda, 2004). There are 11 sites in total with Pj averaged values 
higher than 1.4 (some of them with high standard deviations). Most of 
them come from the Devonian limestones of the Sen valley (enlargement 
of Fig. 8b, on the right), with slightly oblate magnetic susceptibility 
ellipsoids (T parameter between ~0.3 and ~0.1). In general, there is a 
predominance of oblate shapes (T parameter >0) with only two sites 
showing prolate shapes, PL-8 and PL-5 (1<T < 0). The average value of 
this parameter T varies between 0.878 (SE-3, Silurian) and − 0.334 
(PL-8, Devonian).

At low temperatures there is an increase of the magnetic suscepti
bility for SE-3 and PL-1, becoming closer to 3.8 times (3.3 and 3.6 
respectively) the magnetic susceptibility at room temperature, indi
cating the predominance of paramagnetic minerals. Conversely, in LI- 
0 and LI-1 there is a very low, 1.2 and 1.1 respectively, increase of 
susceptibility, indicating that ferromagnetic carriers of the magnetic 
susceptibility ellipsoid (AMS) predominate (Fig. 9a–c). The shape 
parameter slightly increases at low temperature except for SE-3, where 
the average value changes from 0.901 (at RT) to 0.757 (at LT). However, 
the corrected anisotropy degree increases at low temperatures in LI-0, 
LI-1 and SE-3 (Fig. 9d and e). In paramagnetic carriers, particularly in 
sheet iron-silicates, an increase of kmax axes values has been described 

Table 1 
Location of samples. Name, coordinates (geographic coordinates, WGS84 datum), bedding plane (So) with orientation expressed according to the Right Hand Rule 
(RHR), cleavage plane (S1). Age according to the geological map, lithology and name of Formation. Grey background for sites with more than one hand sample.

Sector SITE Latitude (N) Longitude 
(E)

So RHR (overturned when 
dip>90◦)

S1 RHR Age Lithology/Fm

Llisat valley LI0 42.6060 0.40511 050, 118 230, 54 Devonian Slate/Castanesa
LI1 42.60792 0.40482 065, 140 245, 40 Devonian Marbled limestone
LI2 42.60416 0.40435 300, 20 – Devonian Limestone/Fonchanina
LI3 42.60067 0.40725 090, 158 – Devonian Limestone/Castanesa
LI4 (A + B) 42.647805 0.50688 002, 23 – Devonian Grey limestone/ 

Fonchanina
LI5 (A + B) 42.59486 0.40585 020,36 260,44 Devonian Grey limestone/Castanesa
LI6 42.59343 0.40708 196, 155 349, 20 Devonian Limestone/Castanesa
LI7r 42.59121 0.40897 230, 20 323, 24 Devonian Limestone/Rueda
LI8 (A + B) 42.5868 0.40883 080, 135 250, 37 Devonian Silt/Manyanet
LI9r 42.58059 0.40819 150,05 ​ Devonian Limestone/Castanesa
LI10 42.59379 0.40747 114, 140 300, 38 Devonian Limestone/Castanesa

Sen valley SE1 42.60733 0.37226 285, 35 265, 50 Devonian Limestone/Rueda
SE2 42.60796 0.37351 215, 29 173, 36 Devonian Limestone/Castanesa
SE3 42.60653 0.37092 290, 22 300, 22 Silurian Black shales/slates
SE4 (A + B) 42.61645 0.38621 164, 140 313, 34 Devonian Limestone/Castanesa
SE5 42.61645 0.38621 346, 25 336, 35 Devonian Limestone/Castanesa
SE6 (A + B) 42.61369 0.38196 094, 160 287, 18 Devonian Limestone/Castanesa
SE6C 42.61369 0.38196 274, 10 287, 18 Devonian Limestone/Castanesa
SE7C-hinge 42.60847 0.37376 280, 05 237, 25 Devonian Limestone/Castanesa
SE7 (A + B +
D)

42.60847 0.37376 118, 153 323, 37 Devonian Limestone/Castanesa

Zinqueta valley PL1A 42.67783 0.40165 330.17 100, 65 Devonian Shaly limestone/Rueda
PL2A 42.6780 0.40576 200,50 102.62 Devonian Shaly limestone/Rueda
PL3 (A + B) 42.67586 0.540496 274, 100 075,40 Devonian Grey limestone/Rueda
PL4 42.66945 0.39981 355,65 355,65 Ordovician- 

Silurian
Shale

PL5 42.66186 0.3884 010,30 258, 58 Ordovician- 
Silurian

Silt

Near Posets 
peak

PL6 (A + B) 42.6417 0.41246 277, 42 – Devonian Slate/Rueda-Castanesa
PL7 42.6492 0.40841 291, 36 291, 36 Devonian Limestone/Rueda- 

Castanesa
PL8 42.64051 0.41571 013,58 230,81 Devonian Limestone/Rueda- 

Castanesa
PL9 (A + B) 42.64051 0.41571 290, 59 280, 88/334, 

68
Devonian Limestone/Rueda- 

Castanesa
PO1 42.63624 0.44384 022, 62 330, 85 Devonian Limestone/Rueda- 

Castanesa
PO2 42.63624 0.44384 025, 75 330, 85 Devonian Limestone/Rueda- 

Castanesa
PO3 42.63624 0.44384 347, 81 332, 75 Devonian Limestone/Rueda- 

Castanesa
PO4B 42.63602 0.44357 060, 85 332, 75 Devonian Limestone/Rueda- 

Castanesa
PO4 (A + C) 42.63602 0.44357 006, 80 060, 85/ 

332,75
Devonian Limestone/Rueda- 

Castanesa
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Table 2 
Averaged values of Km, Pj, T and their standard deviation. n/N: number of considered samples/number of analyzed samples. Grey background for sites with more than 
one hand sample. Numbers in red in sites where parameters have no meaning in terms of magnetic fabrics and sites with confidence angles higher than 25◦ for kmax and 
kmin axes. Name and stratigraphic unit (or age) of the sites. Orientation of the three axes of the magnetic susceptibility ellipsoid (Dec/Inc: Declination/Inclination) and 
confidence angles in geographic coordinates. R is for Rueda Fm, Cast. and C are for Castanesa Fm, Fon. for Fonchanina Fm, Many for Manyanet Fm.

SITE n/N Km (SI) E− 6 Pj T Fm (or age) kmax kint kmin

Aver. St. Dev. Aver. St. 
Dev.

Aver. St. 
Dev.

Dec/Inc Conf. 
Angles

Dec/Inc Conf. 
Angles

Dec/Inc Conf. 
Angles

LI0 12/ 
12

1950 349 1.533 0.045 0.109 0.081 Castanesa 49.3/9 2/1.6 140.5/ 
7.2

2.2/1.6 268.3/ 
78.4

2.3/1.8

LI1 18/ 
18

13,730 7960 1.301 0.091 0.344 0.358 Castanesa 359/30 45.2/7 92/5 45.1/ 
11.8

191/60 12.6/7.6

LI2 16/ 
16

270 49.1 1.222 0.034 0.795 0.073 Fonchanina 55.3/6.4 15.2/3.9 325/2.3 15.2/2.6 215.3/ 
83.2

4.7/1.4

LI3 13/ 
13

193 16.7 1.211 0.038 0.682 0.070 Castanesa 10/21.2 7.2/2.2 278.2/ 
4.6

7.2/2.8 176.6/ 
68.3

3.3/1.5

LI4 (A + B) 21/ 
23

3.08 5.56 1.218 0.398 0.065 0.475 Fon. 42/14 15.1/3.5 139/24 15.1/3.8 285/62 4.2/3.1

LI5 (A + B) 30/ 
31

59.2 74.5 1.061 0.057 0.184 0.370 Cast. 61.8/ 
24.8

65.4/ 
24.5

320.5/ 
23

65.5/ 
20.9

193.1/ 
55

25.2/ 
21.1

LI6 15/ 
15

¡30.3 2.2 2.150 2.188 − 0.265 0.430 Castanesa 102.6/ 
0.7

32.4/2.5 12.4/ 
10.7

32.3/4.4 196.4/ 
79.2

5.4/3.5

LI7r 12/ 
12

279 28.4 1.300 0.005 0.829 0.026 Rueda 32/12 6.4/5 299/14 7.3/4.1 161/72 6.6/3.4

LI8 (A + B) 29/ 
29

225 149 1.424 0.296 0.638 0.152 Many. 55.6/ 
16.5

7.1/4.3 316.4/ 
28.5

5.4/3.4 171.9/ 
56.2

6.8/2.4

LI9r 14/ 
14

18.8 3.03 1.008 0.003 0.015 0.339 Castanesa 100/76 29.7/17 199/2 33.3/ 
15.8

289/14 23.6/17

LI10 12/ 
12

12.2 2.71 1.297 0.023 0.886 0.038 Castanesa 22/30 14.7/1.3 289/7 14.7/1.1 187/59 1.5/1.1

LI10B- 
hinge

15/ 
15

0.28 1.41 1.811 2.459 0.092 0.524 Castanesa 14/16 18.8/8.5 284/1 18.6/7.6 191/74 12/3.5

SE1 16/ 
17

39.5 25.8 1.276 0.139 0.485 0.316 Rueda 76.4/ 
18.1

11.9/3.9 337.2/ 
26.2

13.8/5.2 197/ 
57.3

9.4/3

SE2 18/ 
18

842 689 1.693 0.129 0.250 0.237 Castanesa 13.5/ 
47.3

8.4/7.4 269.6/ 
12.5

7.7/6.2 168.9/ 
40

8.3/6.4

SE3 17/ 
17

60.4 8.66 1.091 0.019 0.878 0.047 Silurian 47.6/ 
21.1

16.1/2.3 312.5/ 
13.1

16.1/2.2 192.8/ 
64.8

2.8/2.1

SE4 (A +
B)

30/ 
30

77.7 91 1.192 0.144 0.084 0.379 Cast. 31/24 13.4/6.6 128/14 14.4/ 
12.8

246/61 13.9/6.7

SE5 13/ 
13

1890 755 1.723 0.148 0.149 0.125 Castanesa 56/17 4.6/3.6 325/3 4.3/3.8 226/73 4.3/3.8

SE6 (A +
B)

29/ 
29

71.8 43.9 1.776 0.336 0.095 0.167 Cast. 305/4 9.6/3.6 36/19 6.4/3.7 203/71 9.6/5.2

SE6C 16/ 
16

108 102 1.647 0.412 0.209 0.331 Cast. 93/1 6.1/4.1 3/4 6.7/4.5 197/86 5.8/4.7

SE7C- 
hinge

10/ 
10

16.4 15.7 1.573 0.507 0.309 0.244 Cast. 34/1 23/7.5 304/7 25.6/ 
13.1

133/82 21.8/5.8

SE7 (A + B 
+ D)

49/ 
49

45 65 2.450 1.484 0.222 0.481 Cast. 45/1 35.1/4.8 315/18 35.2/ 
11.7

137/72 12.9/4.5

PL1A 10/ 
10

47 5.31 1.029 0.009 0.669 0.139 Rueda 82.7/ 
79.4

36.6/2.7 277.5/ 
10.3

36.9/3.5 187/2.7 8.3/2.3

PL2A 15/ 
15

59.1 6.06 1.101 0.012 0.596 0.094 Rueda 139.6/ 
52.5

10.8/3.4 277.6/ 
29.7

10.9/3.8 20/20.7 4.6/2.7

PL3 (A +
B)

29/ 
29

227 46.5 1.175 0.032 0.497 0.205 Rueda 99.7/9.9 3.9/2.7 201.4/ 
49.4

4.5/2.9 1.7/38.9 4.3/3.5

PL4 16/ 
16

39.9 9.27 1.161 0.019 0.321 0.038 Silurian 56.3/ 
42.7

1.6/1.3 288.4/ 
33.7

2.7/1.3 176.8/ 
28.8

2.7/1.5

PL5 17/ 
17

183 27.9 1.103 0.005 − 0.196 0.117 Silurian 79.3/ 
20.4

2/1.3 344.6/ 
12.2

3.3/1.6 225.7/ 
65.7

3.2/1.1

PL6 (A +
B)

25/ 
27

125 96.9 1.230 0.151 0.284 0.151 R or C 360/51 6.3/2 129/28 18.2/3.4 234/26 18.3/4.6

PL7 15/ 
15

7.07 4.09 3.535 3.563 0.581 0.427 R or C 61/32 7/2.9 315/24 6.9/3.7 1895/49 4.9/1.6

PL8 14/ 
14

445 151 1.096 0.068 − 0.334 0.219 R or C 69/46 6.7/3.8 327/11 7.2/5.8 227/42 6.8/4.6

PL9 (A +
B)

20/ 
22

901 835 1.300 0.129 0.105 0.085 R or C 55/29 5.2/2.9 322/4 5.2/4.7 225/61 4.8/2.9

PO1 11/ 
11

247 45.2 1.136 0.022 0.665 0.102 R or C 117/46 12.5/2.5 210/3 12.5/4 302/44 4.6/1.6

PO2 6/6 218 15.1 1.119 0.004 0.330 0.090 R or C 100/62 2.2/1.2 359/6 3.2/1.4 266/27 3.3/1.4
PO3 13/ 

13
247 67.1 1.081 0.028 0.577 0.148 R or C 25/74 5.5/2.5 158/11 5.1/3.8 250/11 4.4/3.4

PO4B 16/ 
16

191 20.6 1.008 0.007 0.144 0.410 R or C 117/64 9,8/4 335/21 9.8/6.1 239/15 7.1/2

PO4 (A +
C)

13/ 
13

167 22.3 1.010 0.012 0.255 0.419 R or C 36/80 19/13.7 161/6 51/15 252/8 51/17.5

B. Oliva-Urcia et al.                                                                                                                                                                                                                            Journal of Structural Geology 199 (2025) 105495 

11 



(Parés and van der Pluijm, 2002a), what explains the increase in Pj for 
SE-3.

4.2.2. Orientation of the magnetic susceptibility ellipsoid (AMS)
The magnetic lineation (clustering of kmax axes) is well defined in all 

but six sites (four in the Llisat valley, one in Sen valley and one in the 
Zinqueta valley). These sites are marked in Table 2 in red with their 
confidence angles when they are higher than 25o. In the Llisat and Sen 
valleys the sites with scattered kmax axes occur in the Castanesa Fm, and 
in the Zinqueta valley, in the Rueda Fm.

In the Llisat valley, bedding planes have low dips (≤~40◦) in both 
normal and overturned limbs. The tectonic foliation development 
associated to folding (axial planar cleavage) provides an intersection 
lineation (L1) maximum at 30, 020 (plunge and azimuth). The magnetic 
lineation considering all samples provides a maximum at 14, 046 
(plunge and azimuth) in geographic coordinates.

The magnetic lineation lies on the cleavage plane and close to the 
intersection lineation (Fig. 10). There are sites where the cleavage plane 
is at very low angle to the bedding plane (LI-1, LI-10); in other sites (LI-2, 
LI-3, LI-4) it is not possible to distinguish between them. Sites LI-6 and 
LI-9 show different orientation of the magnetic susceptibility ellipsoid 
axes: in LI-6 the kint axes are closer to the intersection lineation, whereas 
in LI-9 it is the kmax axis the one perpendicular to bedding/cleavage 
planes and the kmin axes are closer to the intersection lineation, although 
the axes of the site are strongly scattered; this would be a composite 
inverse fabric (kmax and kmin axes are interchanged). This site LI-9 also 
shows large quantities of calcium carbonate in the calcimetries (almost 
95 %), probably has low content of paramagnetic phase, and the 
ferromagnetic minerals provide a scattered fabric. Another site with 
large quantities of calcium carbonate is LI-10 (clustered axes). Therefore 

sites LI1, LI5, LI6 and LI9 show scattered magnetic axis, as indicated by 
the large confidence angles (see kmax axes, for example), marked in red 
in Table 2 (above 25◦). Some of these sites, such as LI6, LI9 and LI10 
show very high calcium carbonate content in the calcimetries (LI5 is not 
analyzed), which corresponds with very low average values of the Km 
(except LI1). At low temperature there is no change in the orientation of 
the axes for LI-0 but the opposite occurs in LI-1, where the kmin axes at 
low temperature are roughly switched with the kmax axes at room 
temperature (Fig. 10). These sites have very low content of para
magnetic minerals and the magnetic susceptibility barely increases at 
low temperature (Fig. 9).

In the Sen valley, the magnetic lineation (11, 049) and the magnetic 
foliation are similar to those obtained in the Llisat valley. The magnetic 
lineation fits better with the intersection lineation between bedding and 
cleavage planes in SE-1, SE-4, SE-5 and SE-6 although the orientation of 
the kint axes in SE-6 (38, 026) is closer to the intersection lineation for all 
sites (Fig. 11) (composite intermediate fabric). SE-7 shows a magnetic 
fabric neither related with bedding nor with cleavage planes whereas 
the kint axes of SE-2 are closer to the intersection lineation of the site. At 
low temperature, the magnetic axes overlap with the ones at room 
temperature (SE-3) in the Silurian rocks and are better clustered, Fig. 11.

The content of calcium carbonate is high in some sites (i.e., SE05 
has–88 %, and also in SE-1 and SE-7, Supplementary material). SE-5 and 
SE-7 show scattered axes in the AMS. However, as seen before, in SE-3 
and LI-0 sites, the low temperature analyses of the AMS indicates a 
better clustering of the axes at low temperature, suggesting that para
magnetic minerals develop a more grouped AMS ellipsoid than the 
whole rock, that is, ferromagnetic minerals would be more scattered, 
eventhough the paramagnetic content in LI-0 is very low.

In the Zinqueta valley and in sites near the Posets peak, folds show 

Fig. 8. Graphic representation of averaged values at every site and standard deviation of a) Km and Pj and b) T and Pj. Numbers in red correspond to sites where 
parameters are meaningless. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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steeper limbs (Figs. 12 and 13) and fold interference features. Cleavage 
planes in this area show a roughly constant orientation (E-W strike and 
southward dips). The magnetic lineation considering all samples pro
vides a maximum at 10, 090 in geographic coordinates (Fig. 12b). In PL- 
1 and PL-2, the kint axes are closer to the intersection lineations, but only 
in PL-2 the magnetic lineation lies on the cleavage plane at room tem
perature. At low temperature site PL-1 (the value of Km is closer to an 
increase of 3.8 times the value at room temperature, indicating high 
content of paramagnetic minerals), the magnetic lineation roughly 
clusters near the intersection lineation (composite normal magnetic 
fabric), whereas at room temperature the kint axes cluster near the 
intersection lineation (composite intermediate magnetic fabric). In any 
case, the kmin axes are in the same position at low and room temperature, 
horizontal near the 180◦ in azimuth, closer to the pole to the tectonic 
foliation. PL-3 and PL-2 sites clearly show the kmin axes clustered at the 
pole of the tectonic foliation (Fig. 12).

In the Posets peak area there are three maxima of the magnetic 
lineation, all with a NE orientation in geographic coordinates, the ab
solute maximum with lower plunge, close to the horizontal. Interest
ingly, in PO-1,2,3 the magnetic lineation lies on the bedding plane, in a 
subvertical position in geographic coordinates, and close to the inter
section lineation, as well as in PO-4. IN PO-4 some interchange of axes 
(mostly between kmax and kmin axes) occurs at room temperature. 
Furthermore, in PL-8, 9, the magnetic lineation overlaps the intersection 

lineation (Fig. 13). Cleavage in these sites (PL8-9) is axial planar to 
outcrop-scale folds but oblique to folds in PO-1. In PL-6 and PL-7, no 
cleavage was identified in the field and the magnetic lineation is here 
contained within the bedding planes, plunging moderately to the N-NE, 
is here contained within the bedding plane. The minimum axes are not 
clustered to the pole to the bedding (composite anomalous magnetic 
fabric).

4.3. Thin sections

The observations under the petrographic microscope (transmitted 
light) allow to determine that the main mineral components are calcite 
and phyllosilicates with opaque minerals as accessories (Fig. 14). Quartz 
is also present and all observed grains show undulose extinction in 
crossed polarizers. Large calcite crystals and andalusite are the main 
components in LI1 together with opaques. The typical appearance of the 
black shales of Silurian time of SE-3 is shown on the left of the thin 
section, with small grain size of calcite, phyllosilicates and opaques, but 
there are also large grains of calcite, as seen on the right of the thin 
section. In SE-6 calcite predominates with idiomorphic opaque grains.

In PL-2A large calcite crystals and quartz with undulose extinction 
appear. Preferred orientation of calcite crystals, phyllosilicates and 
opaque minerals consistent with bedding can be seen in SE-6, PO-1 and 
PO-3 with smaller grain sizes. Other preferred orientations (LI-8) can be 

Fig. 9. Values of the magnetic susceptibility at room (RT) and low(LT) temperature (a) and enlarged in (b) and (c). Values of Pj and T at room and low temperature in 
(d) and enlarged in (e). See table in the supplementary material.
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Fig. 10. Stereoplots of a) bedding and cleavage planes in the Llisat valley, b) density diagrams for the whole data set of the magnetic susceptibility ellipsoid axes 
(AMS) at room temperature; in blue: kmax axes, in red: kmin axes. c) AMS results in geographic coordinates (in situ) at room and low temperature (LT-LI 0 and LT-LI 1). 
d) Schematic cross-section of the location of the sampled sites. Symbols of AMS ellipsoids: squares: kmax axes, triangles: kint axes, circles: kmin axes. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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related to foliation or shear planes. In the sites nearest to the contact of 
the Millares granite, PL-5, PL-7 and LI-1 there are chiastolite crystals 
indicating contact metamorphism.

5. Discussion

5.1. Carriers of AMS

The combination of the analyses of the AMS performed at room and 
low temperature, and the classical rock magnetic analyses such as 

Fig. 11. Stereoplots of a) bedding and cleavage planes in the Sen valley, b) density diagrams for the whole data set of the magnetic susceptibility ellipsoid axes (AMS) 
at room temperature (in blue, kmax axes, in red, kmin axes). c) AMS results in geographic coordinates (in situ) at room and low temperature (LT-SE 3). d) Schematic 
cross-section of the location of the sampled sites. Symbols of AMS ellipsoids: squares: kmax axes, triangles: kint axes, circles: kmin axes. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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thermomagnetic curves, hysteresis loops, IRM and back field in selected 
samples suggest that ferromagnetic (s.l.) iron sulphides are an important 
component of the magnetic mineralogy of the samples (see Fig. 6 with k- 
T curves). This adds to the relatively high coercivity seen in the hys
teresis loops of LI-0 (with respect to LI-1) and the induced magnetization 
decay at temperatures lower than 400 ◦C (Fig. 7). This is corroborated by 
the lack of increase of the Km values at low temperature in LI-0 and LI-1 
(Fig. 10). In these samples, the orientation of the magnetic fabric (AMS) 
at low temperature coincides with AMS at room temperature in LI-0 and 
appears to be reverse in LI-1, where the kmin axes at LT are switched with 
the kmax axes at RT. Inverse fabrics were described at first as related to 
the presence of single domain magnetite and/or ferroan-carbonates 
(Rochette, 1988; Oliva-Urcia et al., 2024 and references therein). 

More recently, inverse fabric in dykes have been related to different 
emplacement phases under different tectonic directions and not to the 
presence of single domain magnetite grains (Raposo, 2017, 2020). 
Nonetheless, there are few samples where paramagnetic minerals 
(phyllosilicates) are the main carrier: PL-1, SE-3, PL-5 and LI-7 (calcu
lations after the hyperbolic decay in the k-T curves). In site PL-1 there is 
an interchange of kmax - kint axes from RT to LT AMS, but the kmax axes 
(magnetic lineation) at low temperature, tend to be closer to the inter
section lineation measured in the area, at low temperature the fabric is 
“normal” (follows the structural features), whereas at room temperature 
is an “inverse” fabric (kmax and kint are interchanged). In addition, the 
low Km values found in some sites can be related to the calcite content 
(calcite is diamagnetic with a negative Km).

Fig. 12. Stereoplots of a) bedding and cleavage planes in the Zinqueta valley, b) density diagrams for the whole data set of the magnetic susceptibility ellipsoid axes 
(AMS) at room temperature, in blue, kmax axes, in red, kmin axes. c) AMS results in geographic coordinates (in situ) at room and low temperature (PL-1). d) Schematic 
cross-section representing the location of samples, with a field picture representing the background of the slope for scale. Symbols of AMS ellipsoids: squares: kmax 
axes, triangles: kint axes, circles: kmin axes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Pyrrhotite is also present and has been also described as a remanence 
carrier in other Paleozoic rocks from the southern-central Pyrenean 
Axial Zone (Pastor-Galán et al., 2021) and northern Axial Zone 
(Izquierdo Llavall et al., 2020). In the southern-central Axial Zone, these 
rocks occupy structural positions which are analogous to the area 
sampled in this study. These authors suggest that the pyrrhotite-carried 
remanence is related to hydrothermal activity during the emplacement 
of the Late-Variscan granites. The emplacement of these granites has 
been determined to occur (Carreras and Druget, 2014), during 
Carboniferous times, about 300 Ma. Pastor-Galán et al. (2021) interpret 
the remagnetization carried by pyrrhotite as postfolding but pre-dating 
Alpine tilting and it shows equatorial inclinations which are in agree
ment with a Late Carboniferous age. These authors do not consider the 
possibility of neoformation of pyrrhotite in relation to burial, as pro
posed for clay-rich sedimentary basins (Aubourg et al., 2019). Other 
origins for iron-sulphides in basins are related to its neoformation in 
sulphidic and methanic sedimentary environments (Horng, 2018), since 

pyrrhotite is an iron sulphide solid solution that can have monoclinic 
structure (ferrimagnetic) or hexagonal structure (antiferromagnetic at 
room temperature). Recent investigations (Horng, 2018) suggest that 
magnetic properties can be used to distinguish authigenic sedimentary 
pyrrhotite in marine methane seepage environments from metamorphic 
pyrrhotite (and sedimentary greigite). One factor that allows dis
tinguishing between authigenic and metamorphic pyrrhotite is the 
S-ratio (-IRM- 0.3/Mrs): when it is close to 1 (between 0.96 and 1) it can 
be attributed to a metamorphic origin, and lower values (between 0.52 
and 0.78) can be considered as characteristic of sedimentary neoformed 
pyrrhotite (in nodules related to methane seepage, Horng, 2018). In our 
case, the available S-ratios for LI-0 and LI-1 are 0.96 and 0.89 respec
tively, closer to the metamorphic pyrrhotite values. Therefore, a sec
ondary pyrrhotite is suggested to be present in this area too.

From the magnetic point of view, pyrrhotite is extremely anisotropic 
with magnetite-like low-field susceptibility values within the basal plane 
and values typical of antiferromagnetic material along the 

Fig. 13. Stereoplots of a) density diagrams for the whole data set of the magnetic susceptibility ellipsoid axes (AMS) at room temperature, in blue: kmax axes, in red: 
kmin axes. b) AMS results in geographic coordinates (in situ) at room temperature. c) Sketch of the location of the sampled sites (PO samples are located to the East of 
the sketch). Symbols of AMS ellipsoids: squares: kmax axes, triangles: kint axes, circles: kmin axes. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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crystallographic c-axis perpendicular to the basal plane. The low-field 
susceptibility of pyrrhotite is dependent on the grain size (low field 
susceptibility decreases with decreasing grain size; Dekkers, 1988), and 
the field strength and frequency utilized for its determination. Magnetic 
fabric orientation and anisotropy parameters also vary with field 
strength (Martín-Hernández et al., 2008 and references therein). In 
addition to pyrrhotite and phyllosilicates, magnetite is also present in 
the samples analyzed here as the “Lowrie test” and the thermomagnetic 
curves determine its presence.

The low temperature analyses of the magnetic fabric confirm the 
dominance of a ferrimagnetic carrier in LI-0 and LI-1 and paramagnetic 
carriers (phyllosilicates) in SE-3 and PL-1. The calculations from the 
hyperbolic decay of the k-T curves suggest that in PL-5 and LI-7 para
magnetic minerals dominate the sample, whereas in PO-3 ferromagnetic 
s.l. minerals predominate. The orientation of the magnetic susceptibility 
ellipsoid (AMS) is discussed in the next section in relation to the 
deformation endured by the Devonian (and Silurian) rocks, taking into 
account the information about the magnetic carrier. It is interesting to 

note that andalusite can behave as ferrimagnetic-like mineral when Ge 
and Fe interchange cations (Kakimoto et al., 2021). Andalusite (its 
variation chiastolite) are found in PO and PL-5, PL-7, LI-1 sites, near the 
Millares granite (Fig. 14).

5.2. Development of the magnetic fabric

The development of the composite magnetic fabric in these sedi
mentary rocks that have been subjected to at least two main deformation 
events (Variscan and Alpine orogenies) and with different content of 
ferrimagnetic and paramagnetic minerals is better understood for a re
gion when sampling provides enough data and the data are taken 
together. As a first approximation, restoring bedding to the horizontal 
will indicate iwhether the magnetic susceptibility ellipsoid (AMS) is 
related to bedding (early deformational magnetic fabric) or to cleavage.

The Sen and Llistat valleys are less than 3 km apart and show 
recumbent kilometric folds (the same in the two valleys, or in equivalent 
positions) verging to the S-SE. The magnetic lineation defined by 

Fig. 14. Thin sections of selected samples showing the grain sizes, the petrofabric and the main composition of the analyzed rocks (chiastolite is a variety 
of andalusite).
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ferromagnetic and paramagnetic grains coincides and in both areas this 
magnetic lineation is similar: 046,14 and 049,11 respectively. This 
shallowly-plunging, NE-SW magnetic lineation (in geographic co
ordinates) follows the elongation direction which overlaps with the 
intersection lineation between the bedding and foliation planes, which is 
commonly found in pelitic rocks (Parés and Van Der Pluijm, 2002b) and 
also related to the early stages of compression (layer parallel short
ening), that is, the magnetic lineation is parallel to the strike of thrust 
and folds and therefore perpendicular to the shortening direction 
(García-Lasanta et al., 2014 and references therein).

In addition, after restoring bedding to the horizontal, the kmin axes 
are almost perpendicular to bedding (>65◦) and the kmax axes are 
located within the bedding plane for ~70 % of the samples. The 
grouping of the magnetic axes indicates a tectonic origin, and following 

classical models about the evolution and development of the magnetic 
fabric, this type of fabric is described as a tectonic fabric and considered 
related to a tectonic event. Since the kmax axes are clustered on the 
bedding plane and the kmin axes are clustered perpendicular to the 
bedding plane, they can be related to an early tectonic phase (Parés 
et al., 1999, and Fig. 15) although in these isoclinal folds, the bedding 
and tectonic foliation show little difference between them.

The formation of folds in the Variscan orogen has been described, for 
the western part of the Axial Zone (near the Anayet basin, shown in 
Fig. 2), as a superposition of, firstly, large tight, west verging, kilometric 
scale ~ N340◦E oriented recumbent folds, with axial planar cleavage, 
and secondly, asymmetric chevron folds with fold axis oriented 10, 
080◦. According to Rodríguez-Méndez et al. (2016), this second folding 
phase is related to the Alpine deformation and has been described as 

Fig. 15. Density stereoplots (lower hemisphere) of Kamb contours of kmax (left) and kmin (right) axes of the four areas after bedding correction. Rose diagrams of kmax 
axes are also plotted. Numbers indicate azimuth and inclination of the maxima obtained with the rose diagram.
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creating a dispersion in the fold and cleavage trends. In addition, near 
the Posets area, the granite (~300 Ma) intrudes the Silurian-Devonian 
rocks with a sharp contact concordant with bedding and the dominant 
tectonic foliation (S2) (Esteban et al., 2021). This foliation is 
axial-planar cleavage associated with tight, isoclinal south-verging folds 
in the southern part (Sen and Llisat areas) and upright folds next to the 
northern pluton contact. These authors describe the deformation process 
leading to interference patterns of type 3 (Esteban et al., 2021).

Our structural data (bedding and tectonic foliation measurements) 
reflect a superposition in the Zinqueta valley and Posets area, where N-S 
fold axes postdate the E-W trending folds since the tectonic foliation is 
perpendicular to the N-S folding. In these areas a later modification of 
the magnetic fabric is clear since the minimum axes are not perpen
dicular to bedding. In the Zinqueta valley the magnetic fabric are related 
to the tectonic foliation, since a significant cluster of kmin axes locates 
around the pole to the tectonic foliation planes (Fig. 15).

Previous authors (Carreras and Druget, 2014, among others) 
described for the Axial Zone, two deformational phases during the 
Variscan orogeny, a first one (D1) that is related to a fold and thrust belt 
with localized, weak cleavage, and with low to very low degree of 
metamorphism and a second one (D2), that is related to a fold and thrust 
belt with cleavage development in a very shallow structural level. In D2 
the metamorphism is restricted to aureolas around granitoids (in Este
ban et al. (2021), they describe a 1 km of aureola of contact meta
morphism around the Posets granite), which are late syn-tectonic 
plutons. Previous structural data and magnetic fabric studies of the 
Pyrenean granitoids have demonstrated that their emplacement was 
coeval with the main Variscan D2 transpressive event, and particularly, 
the Posets emplacement has been described as short-live event in the 
long D2 deformational phase (Esteban et al., 2021 and references 
therein). However, other studies based on structural data consider that 
pluton intrusion occurs after D2 (i.e., Maladeta granodiorite, to the east 
of the studied area) (García-Sansegundo, 1996; Poblet, 1991). There
fore, if in this area the Variscan D1 phase affects the rocks, the magnetic 
fabric developed during that Variscan D1 folding phase. The Variscan D2 
events and subsequent alterations/neoformations related to the contact 
metamorphism during granite emplacement, apparently mimic the prior 
D1 fabric or have superimposed a new magnetic fabric. These 
upper-crustal metasediments, have been characterized by a 
South-verging folds (phase 2 b that rework an early tectonic foliation 
(schistosity in Denèle et al., 2014)) and a stretching lineation associated 
with a top-to the SW shear sense. Locally, phase 2 b folds show E-W 
trending cleavage (Denèle et al., 2014).

The sites of Llisat and Sen valleys are barely tilted by the Alpine 
thrust sheets, because they are located along the hangingwall flat of the 
Bielsa thrust (see Fig. 3a), which explains the close to horizontal elon
gation lineation found. Interestingly, the NE-SW orientation of the 
magnetic lineation (once bedding is restored to the horizontal) found in 
our study follows the regional bulk stretching lineation interpreted 
during the emplacement of the Millares granite through a dextral 
wrench regime (E-W shear) along a NW-SE fracture, syntectonic with the 
late stages of the Variscan Orogeny (Román-Berdiel et al., 2006). Either 
there is a parallelism between the strain associated to the recumbent 
folds (D1) and the emplacement of the granites (D2), or the D2 fabric 
superimpose and obliterates fabric D1. We have not observed the 
regional Alpine tectonic foliation which should be expected to be 
E-W-striking and North-dipping (Choukroune and Séguret, 1973; 
Izquierdo-Llavall et al., 2013 among others).

South of the Posets peak (North of the Millares granite) a similar 
orientation of the magnetic lineation is observed once bedding is 
restored to the horizontal (NE-SW) but another secondary directional 
maximum is also present, almost perpendicular to the first one (SSE- 
NNW). A tectonic plane close to the vertical is seen in this area except for 
PL-6 and PL-7, and the intersection lineation has a strong plunge. 
Therefore, the magnetic fabric can be interpreted to have a tectonic 
origin, with some degree of interchange between axes since there are 

samples from PO-4B and PO-4C sites that show their kint axes perpen
dicular to bedding and kmax and kmin axes distributed within the bedding 
plane with strong scattering. This type of fabric probably developed 
during the Variscan D1 phase but some overlapping with other folding 
phases (Variscan D2 phase or Alpine deformation in relation to the ramp 
of Millares thrust, Fig. 3a) occurs. It is interpreted that any possible 
modification due to contact metamorphism or hydrothermal fluids 
during the emplacement of granite bodies (Posets and Millares granites) 
at ~300 Ma (age of Posets granite, Esteban et al., 2021) in D2 overlaps 
the “earliest deformation” fabric (D1) of most samples.

Finally, in the Zinqueta valley, the “earliest deformation” fabric is 
not clear, since the kmin axes do not overlap with the pole to the bedding 
plane although the kmax axes are located within it (Fig. 16). Particularly, 
there are two sites, PL1 and PL2, where the fabric can be considered as 
“tectonic” since the kmax axes are clustered on or near the tectonic 
foliation plane and the kmin axes are clustered at (or near) the pole to the 
bedding plane. Something similar occurs in site PL-3. This tectonic fabric 
represents an evolved stage of tectonic fabrics (Parés et al., 1999). In this 
area, folds are not recumbent but with an axial plane close to vertical, 
and a steeply south-dipping cleavage is found in most sites.

6. Conclusions

The magnetic study of ~600 standard samples of limestones, shales 
and slates distributed in four areas near the Posets and Millares massifs, 
in the Axial Zone of the Pyrenees, allows proposing their deformational 
evolution. The magnetic results provide criteria for differentiating two 
sectors: i) the Sen and Llisat areas, south of the Millares granite show an 
elongation direction related to the D1 Variscan folding phase, since the 
magnetic lineation follows the trend of fold axes and hence the inter
section lineation. The magnetic fabrics corresponding to this orientation 
seem to have been enhanced during the D2 Variscan phase due to granite 
emplacement and the hydrothermal fluids and contact metamorphism 
that affects the mineralogical content. During this stage, pyrrhotite and 
chiastolite formed. The elongation direction obtained from the magnetic 
fabric fits with the emplacement model for the Millares granite from 
previous investigations. This second tectonic phase is responsible for 
fold interference in the other sectors, South Posets and Zinqueta valley. 
The South Posets area presents a steeply-plunging magnetic lineation in 
geographic coordinates.

The magnetic mineralogy of these rocks is complex, since magnetite, 
pyrrhotite, paramagnetic and diamagnetic minerals have been detected, 
but the predominant ferromagnetic and paramagnetic fabrics seems to 
mimic each other for most sites.

These new results suggest the co-existence of two different magnetic 
fabric developments: (i) overlapping of the secondary fabric (second 
tectonic phase) onto the first one (magnetic fabric are “early tectonic” 
since the kmin axes are perpendicular to bedding) (Llisat and Sen areas), 
and (ii) obliteration/modification of the first tectonic fabric (kmin axes 
perpendicular or oblique to the tectonic foliation plane) by the second 
tectonic phase (Zinqueta and Posets areas).
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