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Abstract

The anisotropy of the magnetic susceptibility (AMS) in mudrocks has been widely
used to study orogenic belts due to their sensitivity to strain, while paleomagnetism
remains the most effective method to quantify vertical axis rotations (VARSs) result-
ing from the accommodation of along-strike variations in shortening. However,
AMS can be also eventually used as a passive marker to detect VARs and the inte-
gration of both techniques offers a powerful approach to understand the tectonic
evolution of fold-and-thrusts-belts. In this work, a combined AMS and paleomag-
netic study along a stratigraphic section of continental rocks from the Campodarbe
Formation in the Jaca-Pamplona Basin, southern Pyrenees, was carried out. This
stratigraphic section (Martes section) records the tectonic evolution of this part of
the basin from Priabonian to Rupelian times. The magnetic fabrics show the imprint
of early stages of deformation, characterized by dominantly oblate ellipsoids and
WNW-ESE horizontal magnetic lineations (axes of maximum magnetic susceptibil-
ity k,.¢), parallel to bedding and the main regional structures. In the lower part of
the section, k,,, axes trend around 290°, gradually rotating to 270° towards the top.
The AMS is interpreted as locked under the imprint of the layer parallel shortening
(LPS) associated to the activity of the basement thrusts in the northern Jaca-Pam-
plona Basin. On the other hand, paleomagnetic data indicate clockwise VARs of 6°
to 12° in the lower part of the section, and a counterclockwise rotation of 7° to 14°
in the upper part. These differential rotations could result from lateral changes in the
Biniés basement thrust or the Jaca thrust system that were active during Oligocene
times. Both techniques record a net rotation of ca. 25° between the lower and upper
part of the section, which support the interpretation that early-locked AMS behaves
as a passive marker and validates its use for detecting and quantifying VARs.
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1 Introduction

The anisotropy of the magnetic susceptibility (AMS) in mudrocks has made timely
contributions to the study of orogenic regions and foreland basins due to its sensitiv-
ity to detect the preferred orientation of phyllosilicates in relation to strain in com-
pressive settings (Tarling and Hrouda, 1993; Borradaile and Jackson, 2004, 2010).
This is particularly evident in the case of weakly deformed mudrocks that display
no mesoscopic-scale evidence of strain. The study of their magnetic fabrics has fur-
nished our understanding of the external portions of orogens and neighbouring fore-
land basins that, by virtue of their low deformation degree, would have remained
otherwise understudied and poorly integrated in their wider tectonic contexts (Gra-
ham, 1954; Nye, 1957; Hrouda, 1982; Tarling and Hrouda, 1993; Borradaile and
Henry, 1997; Borradaile, 2001; Borradaile and Jackson, 2004, 2010; Parés, 2004,
2015). The ability of magnetic fabrics to record deformation at low stress conditions
emerges from the relationship that exists between the magnetic and the crystallo-
graphic anisotropy axes of the phyllosilicates (Martin-Hernandez and Hirt, 2003),
and their subsequent evolution upon deformation (Parés et al., 1999; Parés, 2004,
2015; Soto et al., 2009; Larrasoaiia et al., 2011). Magnetic susceptibility is an intrin-
sic property of the matter that relates the orientation, sign and intensity of the mag-
netization of a substance acquired under an external magnetic field and the strength
of that field, for a given temperature (Nye, 1957; Tarling and Hrouda, 1993). The
AMS, a second rank tensor, is represented by an ellipsoid that changes in orienta-
tion and shape according to the registered stress, being a sensitive marker for study-
ing the evolution of fold-and-thrust systems and foreland basins (Hrouda and Janék,
1976; Hrouda, 1979; Hrouda and Kahan, 1991; Borradaile and Henry, 1997; Parés,
2004, 2015; Pueyo-Anchuela, et al., 2011). According to most Authors, sediments in
foreland domains record an initial sedimentary fabric enhanced by compaction. This
fabric displays an oblate ellipsoid that is parallel to bedding, with no preferential
arrangement of the maximum susceptibility k,,, axes within the bedding plane in
response to the random settling of phyllosilicates under the typical low-energy con-
ditions that characterize the deposition of marls (the so-called Type I fabric of Parés,
2015). Increased stress conditions force phyllosilicates to undergo an initial, subtle
rotation or minor deformation (e.g., crenulation or kinking) around a horizontal axis
perpendicular to the direction of layer-parallel shortening (LPS) (Ho et al., 1995).
In this context, the magnetic foliation remains parallel to bedding but a clustered
magnetic lineation begins to develop perpendicularly to the LPS direction (Type Ila
fabric of Parés, 2015). As deformation increases, the orientation of k,,,, enhances its
clustering perpendicular to the shortening direction, marking the intersection linea-
tion between bedding and an emerging slaty cleavage. Meanwhile, axes of the inter-
mediate (k;,) and minimum (k,;,) susceptibility form a girdle due to the superposi-
tion of cleavage planes on bedding, both contributing to the magnetic fabric. This
configuration results in a prolate to triaxial ellipsoid, characteristic of a Type IIb fab-
ric (Parés, 2015). Eventually, magnetic foliation becomes parallel to well-developed
cleavage once sufficient deformation has been attained, leading to the development
of an oblate ellipsoid corresponding to a Type III fabric (Parés, 2015).
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The sensitivity of magnetic fabrics to detect the earlier deformation stages in
mudrocks is such that they have been used, in addition to detect the earliest signs of
deformation themselves, to inform on other important aspects of the tectonic evolu-
tion of orogens and foreland basins. Thus, magnetic fabrics have been used to detect
blind thrusts in areas where the stratigraphic homogeneity of the mudrocks has pre-
vented the identification and delineation of such relevant structures at a cartographic
scale (Hirt et al., 2004; Boiron et al., 2020; Gracia-Puzo et al., 2021; Menzer et al.,
2024; Sierra-Campos et al., 2025a). In these cases, the magnetic fabrics have been
shown to reflect the evolution from Type I to Type Ila and Type IIb ellipsoids as the
mudrocks get closer to thrust zones that had been previously overlooked (Hirt et al.,
2004; Boiron et al., 2020; Gracia-Puzo et al., 2021; Menzer et al., 2024; Sierra-
Campos et al., 2025a), with the implications it has for the accurate reconstruction of
the geometry and kinematics of thrust systems.

Besides paleomagnetism, considered the most widely used technique to unravel
and quantify vertical axis rotations (VARs) undergone in fold-and-thrust belts (e.g.,
Norris and Black, 1961; McCaig and McClelland, 1992; Allerton, 1998; Pueyo
et al., 2016; and references therein), magnetic fabrics have also been shown to pro-
vide accurate estimates of VARs due to the passive behaviour that magnetic ellip-
soids attain after they are locked in and subsequent faulting takes up the deformation
(Sagnotti et al., 1998; Cifelli et al., 2004; Weaver et al., 2004; Pueyo-Anchuela et al.,
2012).

In this work, we present the results of a combined AMS and paleomagnetic study
carried out on weakly deformed mudrocks of the continental Campodarbe Forma-
tion that crop out in the central sector of the Jaca-Pamplona Basin (southern Pyr-
enees, NE Spain). The importance of this area lies in the fact that it is located within
the region where clockwise VARs documented in the eastern part of the basin
(Pueyo-Anchuela et al., 2012; Mochales et al., 2012; Rodriguez-Pint6 et al., 2016;
Pueyo et al., 2022) dampen towards the west (Larrasoadia et al., 2003; Oliva-Urcia
et al., 2012; Pueyo-Anchuela et al., 2012) in response to the changing geometry and
kinematics of the South Pyrenean Frontal Thrust (Muifioz et al., 2025; Toro, 2025).
Since the studied mudrocks have been collected along a 2667 m-thick section that
ranges from the Late Eocene to the Early Oligocene (Hogan and Burbank, 1996;
Oliva-Urcia et al., 2019; Anastasio et al., 2020), our results provide important con-
straints not only on the spatial distribution of VARs, but also on their timing within
the context of the kinematic evolution of this part of the Central-Western Pyrenees.

2 Geological Setting

The Pyrenees are an asymmetric and doubly verging orogen that resulted from
the collision between the Iberian and the European plates from the Late Creta-
ceous to the Early Miocene (Choukroune, 1992; Muiioz, 1992, 2002; Pedrera
et al., 2023 and references therein). The Pyrenees are divided into three main
domains, from north to south, the North Pyrenean, the Axial and the South Pyr-
enean zones, being the later limited to the south by the South Pyrenean Frontal
Thrust over the Ebro foreland basin (Fig. 1). A number of studies based on legacy
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Fig.1 a) Geological map of the Pyrenees with the location of the study area (modified from Teixell,
1996). b) Geological map of the southwestern Pyrenees with the main structures and the study area.
The red rectangle is shown in detail in Fig. 2. Ec: Eaux-Chaudes thrust; Ga: Gavarnie thrust; Ot: Oturia
thrust; Ja: Jaca thrust; I11: I116n thrust; Le: Leyre thrust; Ye: Yebra de Basa anticline; At: Atarés anticline;
Bo: Boltaiia anticline

exploration seismic sections from the Jaca-Pamplona Basin, in the western part
of the South Pyrenean Zone (SPZ), have identified a complex setting with rele-
vant along-strike variations affecting both basement and cover structures (Camara
and Klimowitz, 1985; Labaume et al., 2016; Labaume and Teixell, 2018; Toro
et al., 2021; Mufioz et al., 2025). Regarding basement geometries, early studies
(Labaume et al., 1985; Teixell, 1996) provided a simplified geometry and inter-
preted three main, south-directed basement thrusts across the area, from north
to south, the Lakora-Eaux-Chaudes, Gavarnie and Guarga thrusts (Teixell, 1998;
Millan et al., 2000; Teixell et al., 2016). However, a number of additional base-
ment structures have been interpreted recently from the review of seismic sec-
tions (Labaume and Teixell, 2018; Mufioz et al., 2025; Toro, 2025) that empha-
size the existence of oblique basement thrust and a regionally non-cylindrical
basement structure beneath the Jaca-Pamplona Basin. For the central Jaca-Pam-
plona Basin, these studies identify and trace the Biniés thrust, characterized by a
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kilometric-scale, NE-SW-trending hangingwall ramp (see location in Fig. 2). In
the hangingwall of Biniés, the Gavarnie thrust is imaged in seismic profiles as a
complex thrust system (i.e., the Gavarnie basement thrust system) that deforms
the basement beneath the southern Axial Zone and the northern Jaca-Pamplona
Basin. In the footwall of Biniés, the Guarga thrust (Labaume and Teixell, 2018)
ends laterally and is westwards relayed by multiple basement thrusts displaying
moderate displacements (the Jaca thrust system in Mufoz et al., 2025). These
basement structures connect to cover structures along multiple frictional décolle-
ments and a main viscous-type décollement represented by the Late and Middle
Triassic evaporites of the Keuper and Muschelkalk units (Labaume et al., 1985;
Teixell, 1996; Izquierdo-Llavall et al., 2013; Mufioz et al., 2025). The area is
bounded by three main outcropping and Triassic-detached structures: the Santo
Domingo anticline to the south and the Leyre and Illén thrust systems to the
north (Millan, 1996). The Ill6n thrust connects towards the east with the folds
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Fig.2 Geological map of the studied area (modified from Robador Moreno et al., 2024a,b; Government
of Navarre, 2024) with the main structures and the discretized sites (labelled red dots). Results obtained
for the sites in the red rectangle are shown in Fig. 8. BS: Berdin section (Sierra-Campos et al., 2025a);
MT: megabreccias interbedded within the Hecho Group turbidites; dashed curve: cutoff of the Biniés
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of the Foz of Biniés area whereas the Leyre structure can be followed to the east
along the Berdin and Atarés anticlines (Fig. 2).

The along-strike differences in the magnitude of the displacement associated to
the different basement and cover units explains the occurrence of a distinct pattern
of vertical axes rotation (VAR) identified within the Jaca-Pamplona Basin from a
recent review of paleomagnetic data (Pedrera et al., 2023 and references therein).
The maximum VAR magnitudes are found at the boundary between the Jaca-Pam-
plona Basin and the South Pyrenean Central Unit (SPCU) to the east (Fig. la),
where the systematic clockwise rotations of 35°-50° reported in the Ainsa oblique
zone attest to a more important shortening undergone along the SPCU (Mochales
et al., 2012, 2016; Muifioz et al., 2013; Rodriguez-Pint6 et al., 2016). Westwards,
a fairly constant CW rotation of 20°-25° is reported within the eastern and central
sectors of the Jaca-Pamplona Basin and in the External Sierras front in response to
a progressive, linear decrease in the amount of shortening experienced by the basin
(Pueyo-Anchuela et al., 2012; Pueyo et al., 2021, 2025). The westernmost part of the
basin (west of Leyre-Illon ranges; Fig. 2) displays no significant VAR (Larrasoafia
et al., 2003; Oliva-Urcia et al., 2012; Sierra-Campos et al., 2025b).

The sedimentary evolution of the Jaca-Pamplona Basin has been intimately linked
to its southward displacement atop of the underlying basement and cover structures
developed during the building of the Pyrenean orogen. Its sedimentary infill begins
in the Lutetian with the deep marine turbidites of the Hecho Group, which were fed
from the emerging areas in the east (Dreyer et al., 1999; Garcés et al., 2020). As
deformation migrated to the south with the activity of the Gavarnie thrust system
and its shortening transference to the Oturia and Jaca cover thrusts during Bartonian
and Priabonian times, the westward progradation of the sedimentary system contin-
ued with the prodeltaic marls of the Larrés, Sabifianigo-Urroz and Pamplona forma-
tions and the deltaic facies of Belsué-Atarés and Guendulain formations (Puigdefé-
bregas, 1975; Montes, 2009; Labaume et al., 2016; Oliva-Urcia et al., 2019). During
the Priabonian (~36 Ma), sedimentation of continental rocks commenced due to the
disconnection of the basin from the Atlantic Ocean, probably caused by a sea level
fall and a tectonic uplift produced by the Gavarnie thrust system (Costa et al., 2010;
Sierra-Campos et al., 2025a). Finally, during the deposition of the upper part of the
Campodarbe Formation and the deposition of the Uncastillo Formation in the Ebro
Basin in the south (Rupelian-Aquitanian times) (Millan et al., 1995, 2000), the basin
was transported southward as a piggyback basin atop the Guarga basement thrust
to the east and the Biniés thrust and the Jaca thrusts system across the study area
(Muiioz et al., 2025).

Our study area is located in the central part of the Jaca-Pamplona Basin, to the SE
of the I116n and Leyre thrusts. The area approximately coincides with the transition
between the eastern and western sectors of the basin displaying significant clock-
wise (20°-25°) and non-significant VARs, respectively. We collected our samples
along the so-called Martes section, where a thick sequence of Priabonian-Rupelian
continental sediments (~3000 m) from the Campodarbe Formation crop out. This
sedimentary sequence has been magnetostratigraphically dated to the south, in the
Salinas and Luesia-Fuencalderas sections (Hogan and Burbank, 1996; Oliva-Urcia
et al., 2019respectively). Sampling sites are located in the northern limb of the Bailo
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syncline (northern sector of the Guarga synclinorium; Figs. 1 and 2), in the hanging-
wall of the Biniés basement thrust and the foreland of the Gavarnie basement thrust
system.

3 Methods

The Martes section was sampled in the hills near the localities of Martes and Bagiiés,
in the NW part of the Huesca and Zaragoza provinces (base: 42°33'55.33"N,
0°53'33.74"W; top: 42°31'35.32"N, 0°56'45.78"W). This section is a continuation
of the Berdin section located further north, where the magnetic fabrics of a 2000 m
thick marine succession in the area have been recently reported (Sierra-Campos
et al., 2025a). The Martes section is composed of continental rocks, mostly mud-
stones and siltstones, with frequent intercalations of fine- and coarse-grained sand-
stones, that belong to the Campodarbe Formation (Fig. 2). Two to three oriented
paleomagnetic samples were collected at 169 stratigraphic positions evenly distrib-
uted along the 2667 m thick section, focusing on the mudstones and siltstones. The
samples were drilled using a portable electrical power drill cooled by water and the
sampled cores were oriented in situ with a magnetic compass adapted in a core-
orienting fixture. The cores were cut into standard paleomagnetic specimens in the
Magnetic Fabrics Laboratory at the University of Zaragoza (Geotransfer Research
Group). In total, the AMS of 249 specimens was measured using a KLY-5A Kap-
pabridge (AGICO, Czech Republic) with an applied field of 400 A m™' and a fre-
quency of 1220 Hz. Statistics of Jelinek (1978) was applied by means of the Anisoft
6.1.02 software (Chadima et al., 2024) allowing for estimation of the average ori-
entation of the AMS axes. The AMS ellipsoid is defined by the three main axes of
the susceptibility matrix (k. > k;,, > k,,;,)» Where k. defines the magnetic lineation
and k,,;, represents the pole of the magnetic foliation (Hrouda, 1982). Scalar param-
eters derived from the ellipsoid axis were also estimated; the mean susceptibility
(k,,), the corrected degree of anisotropy (P’) and the shape parameter (7), defined as
(Jelinek, 1981):
Kppax + Kins + & Ky

max int min / i max
k,, = i pl o po = (1)

" 3 k

‘min

it T2 T 2Ink;,, — Ink,,,,,. — Ink,,;,
N T T T Ik, —Ink,

To characterize the magnetic properties of the sampled material, the tempera-
ture dependence of the magnetic susceptibility was evaluated using the KLY-3 and
CS-3 devices (AGICO, Czech Republic) at the Magnetic Fabrics Laboratory of the
University of Zaragoza and interpreted with the Cureval 8 software (Chadima and
Hrouda, 2012). The percentage of paramagnetic behavior was calculated from room
temperature to 250 °C using the method developed by Hrouda et al. (1997), which is
incorporated into the Cureval 8 software.
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Stepwise demagnetization and measurement of the natural remanent magnetization
(NRM) was conducted in the Paleomagnetic Laboratory of the Geo3BCN (CCiTUB-
GEO3BCN-CSIC) in Barcelona. One specimen per site was thermally demagnetized
using a furnace with separated heating and cooling chambers (ASC TD48EU, ASC
Scientific). A superconducting rock magnetometer (2G Enterprises) with a noise level
of <7x10° A m™ was used to measure the NRM from room temperature to 680°C,
with at least thirteen steps of 50°C to 10°C heating increments. Low-field magnetic
susceptibility was also monitored to detect the neoformation of magnetic minerals upon
heating using a KLY-2 Kappabridge (AGICO, Czech Republic). The VPD software
(Ramoén et al., 2017) was used to calculate the paleomagnetic direction of the character-
istic remanent magnetization (ChRM) by principal component analyses (PCA, Kirsch-
vink, 1980), after visual inspection and manual selection of steps from the orthogonal
demagnetization plots (Zijderveld, 1967).

Since the data come from a succession studied also for magnetostratigraphic pur-
poses, a discretization routine was implemented to determine the evolution of VARs
along the section as previously done in other Pyrenean sections (Mochales et al.,
2012). To do so, the mean paleomagnetic directions of successive 400 m thick inter-
vals (MRs-1 to MRs-7) were calculated averaging all the available paleomagnetic
directions after applying the following quality criteria 1) only ChRMs directions with
maximum angular deviation (MAD) angles < 17° were used; ii) only subsequent vir-
tual geomagnetic poles (VGP) with latitude>30° and <-30° were considered, iii)
finally, south directions with positive inclinations (and the contrary) were ruled out
from further calculations. Reverse ChRM directions were converted into their antipo-
dal directions and all the data were processed in the lower stereographic hemisphere.
The Stereonet software (Allmendinger et al., 2013) was used to apply standard Fisher
(1953) statistics. Geographic coordinates, bedding attitude and NRM were also aver-
aged out. To calculate VARs, paleomagnetic declinations were compared with the rel-
evant (Eocene—Oligocene) Iberian reference direction compiled by Pedrera et al. (2023)
(number of samles n=119; declination D=2.3°; inclination /=42.8°; 95% confidence
interval ags=2.2°; Fisher’s (1953) concentration parameter k =38.1; and the resultant
length R=0.9740), and associated uncertainties in VARs derived from the ays of the
paleomagnetic directions were assessed by AD = a5 /cosl (Demarest, 1983).

The magnetic fabric results have been also discretized following a similar proce-
dure, that is, averaging the relevant scalar (k,,, P’ and T) and directional (k,,,, direc-
tion) data along the same 400 m thick intervals. Average k,,, P’ and T data have
been calculated along with their respective standard deviations o, whereas average
k... directions and associated errors have been calculated using statistics of Jelinek
(1978) as included in the Chadima et al. (2024) software.

4 Results
4.1 Magnetic Fabrics

The mean susceptibility (k,,) of the Martes dataset ranges between 32.4 x 107 and
237.5% 1075, with a mean value of 110.9x 107 (Fig. 3a) and 6 =35.4x 107° These
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values are typical for magnetic fabrics of mudrocks dominated by paramagnetic
minerals (e.g., Tarling and Hrouda, 1993). They are consistent with those reported
for the same rocks in the area by Pueyo-Anchuela et al. (2013), who confirmed
the dominant paramagnetic character of these rocks on the basis of detailed rock
magnetic analyses (90% in average). Our own rock magnetic results (e.g., thermo-
magnetic curves, Fig. 3c), show a hyperbolic decay of magnetic susceptibility from
room temperature up to~ 400°C, which also indicates a dominant paramagnetic
behaviour (Fig. 3c). Besides, the thermomagnetic runs also show sharp decays at
580 °C related to the presence of magnetite. Above this temperature and reaching up
680 °C, the remaining susceptibility experiences a final decay that indicates variable
amounts of hematite. Thermomagnetic runs are not reversible, and cooling curves
show a big increase of susceptibility at around 520-550°C related to the neoforma-
tion of magnetite upon heating (Fig. 3c).

The orientations of the axes of the magnetic fabrics in the Martes section are
shown before and after bedding correction (Fig. 4). The k,,,, axes present low incli-
nations with a general WNW-ESE direction both before (Fig. 4a) and after bedding
correction (Fig. 4b), which is broadly parallel to the bedding strike and the regional
structural trend. The direction of the k,,, axes after bedding correction slightly
changes as a function of the stratigraphic position of the samples: k,,,, directions in
the lower part of the section show values of around 290° (when plotted to the west)
that shift, albeit gradually and displaying some variability, to a more E-W directed
trend (e.g., 270°) towards the top of the section (Fig. 5d). Concerning the k,,;, axes,
they display a slight girdle perpendicular to the average k,,,, before bedding correc-
tion (Fig. 4a), and cluster vertical after the variable bedding of the different strata
(Fig. 4d) is corrected (Fig. 4b).

The different parameters of the AMS vary throughout the stratigraphic log (Fig. 5),
the mean susceptibility (k,,) shows a decreasing trend upwards the section. Thus, mean
susceptibility is slightly higher in the first 400 m of the section (average of 134.2x 1076),
relatively constant in the middle part of the section down to~1600 m (average of
113.1x107%), and progressively decreases towards the top of the succession (average of
78.5x1079), after displaying a prominent peak (~200x 107) around 1670 m (Fig. Sa).
The corrected degree of anisotropy (P') is overall higher (up to 1.2) in the first 400 m
of the section and in the interval around 1670 m, and lower (typically < 1.1) within the
rest of the section (Figs. 4c and 5b). The shape parameter (7) shows the predominance
of oblate ellipsoids (average values of 0.5), although triaxial (7 = 0) and prolate (7<0)
ellipsoids are frequent throughout the section, especially in the lower and upper thirds
of the sequence (Figs. 4c and 5c). The three parameters (k,,, P’ and 7) exhibit a slight
correlation (Fig. 4c), with P'>1.05 typically corresponding to samples that have high
k,, and oblate ellipsoids with 7> 0.5.

4.2 Paleomagnetism
The NRM intensity of the studied samples ranges from 118.78x107 to

4964.72x10° A m™!, with an average of 1044.95x10° A m™ and o
=798.36x 10-° A m™" (Fig. 3b). After stepwise demagnetization of the NRM, three

@ Springer



8 Page 10 of 26 Studia Geophysica et Geodaetica (2026) 70:8

a ko, n =249
)80 o

701
60 1
50

401

Count

301
207
107

0 25 50 75 100125150175 200225250
x108
c) MR0O01
300
250
2001 'Y
o ]
= 150
X ]
¢ 100

50

>

O Frrrrrer e e e
0 100 200 300 400 500 600 700 800
Temperature [°C ]

MRO097
3505

300

2507 ,Y
© 3
© 2001

- 3
X150
100
503

>

0 Frrerirere e e S ——e
0 100 200 300 400 500 600 700 800
Temperature [°C ]

b) NRM, n = 167
50

40 1

30 1

20 1

10 1

0
0.0051.01520253.0354.0455.0
x1073 A/m

64%

0 100 200 300 400 500 600 700 800
Temperature [°C ]

80%

il

0 e e
0 100 200 300 400 500 600 700 800
Temperature [°C ]

Fig.3 Histogram of a) the mean magnetic susceptibility (k,,) and b) natural remanent magnetization
(NRM); ¢) temperature dependence of bulk magnetic susceptibility k of two representative samples.
Hyperbolic paramagnetic fitting of the heating curve (Hrouda et al., 1997) and the resulting percentage of
the paramagnetic fraction is shown on the right hand side

components can be isolated in most of the samples. A low temperature compo-
nent demagnetized between 100-150°C and 250-300°C, with northern directions
and positive inclinations before bedding correction, is interpreted as a present-day
field overprint and will not be further considered. Above 540-570°C and up to
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(P"), with color-coded mean susceptibility; d) equal area projection of bedding planes and poles (black
dots) and mean bedding pole (blank circle) with ay5 confidence angle (grey circle)

650-680°C, a paleomagnetic component likely carried by hematite is identified in
most of the studied samples (Fig. 6b—d). This paleomagnetic component displays
either northerly directions with positive inclinations or southerly directions with
negative inclinations after bedding correction. It is consistent with a primary mag-
netization, according to the fold tests conducted in the area by previous authors
(Oliva-Urcia et al., 2012, 2019; Pueyo-Anchuela et al., 2012; Anastasio et al., 2020;
Pueyo et al., 2022), and is considered in this work as the ChRM. From the 167
demagnetized samples, the ChRM has been isolated and calculated in 163 samples;
once the quality filters have been applied, 100 directions (~60% of the samples)
remain for the calculation of average discretized paleomagnetic directions. Besides,
from 250-300°C to 500-570°C, an additional component likely carried by magnet-
ite is identified in 137 samples (Fig. 6a), typically displaying southerly directions
and negative inclinations after bedding correction. Our working hypothesis is that
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Fig.5 Anisotropy of magnetic susceptibility results of the Martes section plotted as a function of strati-
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susceptibility k,; b) corrected degree of anisotropy P'; ¢) shape parameter 7; and d) declination D of the
maximum susceptibility axes k,,,, after bedding correction (shown along its westward projection)

this component might represent a secondary magnetization acquired before folding
by pedogenetic processes, and will not be considered further.

5 Discussion

5.1 Significance of the magnetic fabrics of the Campodarbe Formation

The mudrocks from the Campodarbe Formation studied here share all the charac-
teristics, both in terms of scalar parameters and in the directional properties of the
ellipsoids, of those classically attributed to Type Ila magnetic fabrics (Parés, 2015).
Thus, they show the clear imprint of the first stages of compressive deformation
over-imposed on an initial sedimentary fabric. In this early deformation stage, the
phyllosilicates that constitute most of the bulk of the rock matrix become rotated in
response to early LPS, and the fabrics behave as passive markers upon later defor-
mation (Sagnotti et al., 1998; Parés et al., 1999; Parés, 2004, 2015; Cifelli et al.,
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2004; Weaver et al., 2004; Larrasoafia et al., 2004, 2011; Soto et al., 2009; Pueyo-
Anchuela et al., 2012, 2013; Pocovi et al., 2014; Sierra-Campos et al., 2025a).
Given the Priabonian-Rupelian age of the studied rocks and their geological con-
text (Hogan and Burbank, 1996; Oliva-Urcia et al., 2019), we interpret that the tec-
tonic magnetic fabrics were locked in under the imprint of the LPS in the foreland
of the basement thrust system deforming the northern Jaca-Pamplona Basin (which
includes the Gavarnie thrust system). In this context, it is tempting to interpret the
variability observed in the scalar parameters of the studied rocks along the Martes
section (Fig. 5) in terms of variable intensities of LPS. Yet, the slight correlation
observed between k,,, and the evolution of P’ and T along the section, with overall
larger values in the lowermost 400 m of the succession (Fig. 5), suggest that at least
part of this variability might be driven by changes in the relative fraction between
phyllosilicate grains and the carbonate and/or the ferromagnetic s.1. content.
Regardless, what is most remarkable about the AMS of the studied rocks is the
evolution of the discretized, average k,,, directions as a function of the stratigraphic
(and hence temporal) position of the samples. As previously described, these k,,,
directions shift from values of~290° in the lower part of the succession (e.g.,
35.8 Ma) to~270° towards its upper part (33.4 Ma, numerical ages following Hogan
and Burbank, 1996; Oliva-Urcia et al., 2019) (Table 1, Figs. 7, 8 and 9b). Although
the errors associated to these average values are large and comparable in magnitude
to the directional variation they record (~20°, Jelinek, 1978, ~ 15°-25°), the system-
atic shift observed in the orientation of the discretized k,,,, directions suggests that
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they might record either a change in the direction of LPS or the rotational kinematics
of the studied succession. The paleomagnetic results obtained for the same succes-
sion are paramount to discern between these two possibilities, since they enable to
independently quantify the VARs undergone by the studied rocks. Thus, the angular
deviation observed between the average declination of the discretized paleomagnetic
results and the Eocene reference direction for the area (Pedrera et al., 2023) points
to variable VAR magnitudes along the succession (Table 2 and Fig. 8), with VARs
of around+ 6° and+ 12° (clockwise) in the lower part of the section and VARs of
—7° and —14° (counterclockwise) towards its top (Fig. 9a). As it happens with the
orientation of the magnetic ellipsoids, the errors associated to the mean paleomag-
netic directions (AD) are large (20°-30°) and comparable in magnitude to the vari-
ability of the rotation they record (Table 2). Yet, paleomagnetic directions show a
systematic change along the section that involves a differential rotation of nearly 30°
from its base to its top (Fig. 9a). Noticeably, the differential rotation recorded by
the paleomagnetic data is entirely consistent with the differential rotation that can
be inferred from the declination of the k,, in magnetic ellipsoids (Fig. 9b), so that
they display a clear linear correlation when plotted against each other (Fig. 9c). This
correlation supports the idea that magnetic fabrics of Type Ila behave as passive
markers upon subsequent deformation, and validate their use to quantify VARs as
has been demonstrated in previous studies (Sagnotti et al., 1998; Cifelli et al., 2004;
Weaver et al., 2004; Pueyo Anchuela et al., 2012. Although the correlation found
between the orientation of the magnetic ellipsoids and the paleomagnetic results
seems clear and robust (Fig. 9¢), it is important to note that the errors associated to
both data sets preclude the delineation of statistically significant rotations (Tables 1
and 2, Fig. 9a,b). Based on these observations we interpret that our results from
the Martes section are at the edge of the resolution of the AMS and paleomagnetic
results. Still, we think that they can be used to provide useful insights into the kin-
ematics of the study area, as we discuss in the following section.

Table 1 Anisotropy of magnetic susceptibility data of the Martes section; k,: mean susceptibility;
P': corrected degree of anisotropy; T: shape parameter. All these parameters are with its standard devia-
tion. D: declination of the k,,,, axes; ays: 95% confidence angle of k,,,,; N: Number of measured samples;
Age: age of the site (Hogan and Burbank, 1996; Oliva-Urcia et al., 2019); Rot.: rotation of the k,,,,, axes
with respect to the MRs-7

Interval Site k,, D[] ays P T N  Age[Ma] Rot
[m] (x107)

0-400 MRs-1  134.2+31.5 2835 324 1.065+0.049  0.537+0267 84 358 10.90
400-800 MRs-2  106.3+27.1 287.1 18.8 1.042+0.056 0.322+0.441 46 354 14.50
800-1200 MRs-3  119.2+34.1 291.0 128 1.072+0.107 0.466+0.267 19 349 18.40
1200-1600  MRs-4  107.0+18.8 2779 11.2 1.028+0.009  0.355+0.259 20 34.6 5.30
1600-2000 MRs-5  116.3+38.06 2765 14.1 1.050+0.079 0277+0.416 24 342 3.90
2000-2400  MRs-6 76.4+18.5 2714 227 1.018+0.008 0.184+0.299 29 33.7 -1.20
2400-2700  MRs-7 75.5+17.6 272.6 13.1 1.015+0.005 0.280+0.333 27 334 0.00
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Fig.7 Equal area projection after bedding correction of the magnetic fabrics of the studied sections (left
plot of each pair) in comparison with the paleomagnetic directions (right plot of each pair)

5.2 Implications for unravelling the kinematics of the South Pyrenean Zone

The central part of the Jaca-Pamplona Basin, located south of the Leire thrust, rep-
resents a transition area where the clockwise VARs documented in the eastern part
of the basin (Pueyo-Anchuela et al., 2012; Mochales et al., 2012; Rodriguez-Pint6
et al., 2016; Pueyo et al., 2022) dampen towards the west (Larrasoafia et al., 2003;
Oliva-Urcia et al., 2012; Sierra-Campos et al., 2025b; see compilation in Pedrera
et al., 2023). In spite of the large dispersion inherent to our dataset and the fact
that the reported rotations are not statistically significant, the average AMS and
paleomagnetic results from the Martes section record a strikingly consistent, dif-
ferential rotation of about 30° between its upper and its lower part. This variation
along the profile can be interpreted as resulting from; i) an areal distinction between
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a north-eastern, clockwise-rotated portion of the section (MRs-1 to MRs-3) and
a south-western, anticlockwise-rotated portion of the section (MRs-4 to MRs-7) or
ii) a progressive rotation recorded through time. Data quality and scattering preclude
discerning between these two options, but additional constraints from the regional
paleomagnetic and structural knowledge can help discerning between them. In the
first scenario, the studied area should be divided by a transition or transfer zone
separating the two regional-scale rotation domains. The Martes section is located
just 5-10 km north of the Santo Domingo anticline, which represents a detach-
ment fold cored by a thick unit of Late-Middle Triassic evaporites (i.e., the Keuper
evaporites). The shortening accommodated by this structure decreases westwards
with the anticline ending laterally along a pericline that crops out to the south of
the sampled sequence (Fig. 8) (Pueyo et al., 2021, 2025). The lateral termination
of the anticline overlaps a transition between a negative gravity anomaly in the east
and a positive one in the west which indicates a significant westward thinning of
the Late-Middle Triassic evaporites representing the main décollement in the area
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(Calvin et al., 2018; Pueyo et al., 2025). Besides, the lateral termination of the Tri-
assic-cored anticline aligns northwards with the prominent NE-SW-trending base-
ment anticline hangingwall of the Biniés thrust (Muifioz et al., 2025). They together
define a diffuse, oblique zone where basement thrusts in the footwall of Biniés (Jaca
thrust system) end laterally (Fig. 8), this supporting the notion that the study area
could represent the pining point of the VAR undergone by the eastern part of the
Jaca-Pamplona Basin (as interpreted for the Santo Domingo pericline further south;
Oliva-Urcia et al., 2012; Pueyo-Anchuela et al., 2012; Calvin et al., 2018). In this
context, clockwise rotations in the lower part of the Martes section could result
from differential shortening in the Biniés basement thrust, this localizing in the area
where its hangingwall cutoff changes strike and becomes oblique. Additionally, the
lateral termination across the area of a basement thrust from the Jaca thrust system
(footwall of Biniés) can also provoke clockwise rotations in its hangingwall (where
sites MRs-1 to MRs-3 are located; Fig. 8) which could concur with rotations derived
from the thickness decrease of Late-Middle Triassic evaporites to the west of the
Santo Domingo anticline. The Biniés basement thrust and the Jaca thrust system
were active during Oligocene—Miocene times (Muiioz et al., 2025), which implies
that related rotations should also have an Oligocene—Miocene age, having occurred
after deposition of the mudrocks from the Martes section.

In the second hypothesized scenario (i.e., progressive rotation through time),
given the age of the sampled sequence, the combination of our AMS and paleomag-
netic results suggest that clockwise rotations occurred from~36 Ma (Middle Pria-
bonian, Table 2) and were completed at 34.6 Ma (Late Priabonian, Table 2), largely
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before deposition of the top units in the Martes section, which are earliest Rupe-
lian according to the magnetostratigraphic results provided for Hogan and Burbank
(1996) and Oliva-Urcia et al. (2019). This is consistent with the geological infer-
ences made on the age of the VAR undergone by oblique folds in the eastern part of
the Jaca-Pamplona basin (Pueyo et al., 2002, 2022; Mochales et al., 2012; Mufioz
et al., 2013; Rodriguez-Pint6 et al., 2016). However, a Priabonian rotation age is
grossly inconsistent with the Oligocene, clockwise rotations recorded by remagnet-
ized components in the Internal Sierras and the northern and central part of the Jaca-
Pamplona Basin (Oliva-Urcia and Pueyo, 2007; Izquierdo-Llavall et al., 2015; Pueyo
et al., 2024). These rotations in remagnetized components generally range between
10° and 20°, with values that are in the range of those defined in the lower part of
the Martes (this work) and Berdiin sections (see location in Fig. 2; Sierra-Campos
et al., 2025b). If clockwise rotations are considered as Priabonian in age, they should
take place coevally to thrusting along the Gavarnie thrust system, to the north of the
study area. Around 20 km to the east of the Martes section, the Gavarnie basement
thrust system is interpreted to be disconnected from the thrust front at the External
Sierras (to the south of the study area) (Mufoz et al., 2025). This results from the
lack of Late-Middle Triassic evaporites beneath the northern Jaca-Pamplona Basin
and provides a structural configuration at Priabonian times where the N-S transfer of
shortening gradients and rotations from the Gavarnie thrust system to the study area
was locked.

In addition to these tectonic inferences made on the basis of our AMS and paleo-
magnetic results, our paleomagnetic results alone provide additional constraints to
quantify rotations in the studied part of the South Pyrenean Zone (SPZ). Thus, pale-
omagnetic results point to a clockwise VAR of around 6° and 12°in the lower part
of the section and a counterclockwise VAR of 7° and 14° in its upper part (Fig. 9a).
Although the errors associated to these rotations are comparable with the magnitude
of the rotations themselves, it is remarkable that such variable VARs can be only
reconciled with the progressive clockwise rotation hypothesis if a later (Oligocene)
counterclockwise rotation of 7°-14° is considered. Such a later counterclockwise
rotation can be associated with Oligocene thrusting along the Serrablo or Biniés
basement thrusts or the Jaca basement thrust system (following the nomenclature
in Mufioz et al., 2025). Conversely to the Gavarnie thrust system, these basement
structures connect to Late-Middle Triassic evaporites around 20 km to the east of the
Martes section and transferred the shortening to the thrust front at the External Sier-
ras from Early Oligocene times (Mufioz et al., 2025). Although the interpretation of
magnetic data requires a careful integration with structural constraints, the results
presented in this work further validate the combined use of AMS and paleomagnetic
results to unravel the kinematics of thrust units in orogenic belts. In the study case,
the integration of magnetic results within the regional geology framework could
favour the hypothesis of the spatial over the temporal variability of the studied rota-
tions. However, we should be cautious and wait for the outcome of ongoing stud-
ies on the tectonic evolution of the area (Izquierdo-Llavall et al., unpublished data)
before one of the two hypotheses presented here can be confidently favoured.
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6 Conclusions

A combined AMS and paleomagnetic study along a stratigraphic section composed
by the continental materials of the Campodarbe Formation (Priabonian-Rupelian
times) in the Jaca-Pamplona Basin, southern Pyrenees, was carried out. This study
allows us to gain insights on the tectonic evolution of the central part of this basin.
The AMS reflects the imprint of the first stages of compressive deformation for it
was locked-in under the effects of the LPS during the early diagenesis, in the fore-
land of the basement thrust system deforming the northern Jaca-Pamplona Basin.
The AMS shows a dominance of oblate ellipsoids and the k. axes display an over-
all WNW-ESE direction, within the bedding plane and parallel to the main struc-
tures in the area. Those magnetic fabrics are classified as Type Ila and show k,,,,,
directions around 290° in the lower part of the section, that change progressively
towards the top of the section to a direction around 270°. Paleomagnetically-derived
VARs registered in the lower part of the section show a clockwise rotation of about
6° to 12° whereas the upper part of the section records a counterclockwise rotation
of around 7° to 14°. Both AMS and paleomagnetism register a differential rotation
of about 25° along the section, where the AMS behave as passive marker of the
deformation and supports the use of AMS to quantify VARs occurred after magnetic
fabrics are locked in.

The along-section change in VARs are analysed under two different hypotheses
that consider either a spatial versus temporal change in the rotations. These differ-
ential rotations could result from lateral changes in the Biniés basement thrust or
the Jaca thrust system that were active during Oligocene times (i.e., later than the
depositional age of the Martes section) or, alternatively, be related to the spatial dis-
tribution of the studied sites with respect to the main structures present in the area.
In any case, our contribution highlights the extraordinary sensitivity that magnetic
fabrics have to pinpoint tectonic processes, spurring the relevance they have, and
will continue to have, on furnishing our understanding of the tectonic evolution of
fold-and-thrust-belts and foreland basins.

7 Supplementary Data

Supplementary data, containing the AMS data, including the raw data, are available
at: https://doi.org/10.5281/zenodo.16811474.
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