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A B S T R A C T   

We have carried out a detailed paleomagnetic study of volcanic rocks (18 sites) and red beds (10 sites) from the 
Late-Carboniferous-Permian series of the Cadí Basin (Eastern Pyrenees). The study provides reliable Late 
Carboniferous-Permian paleomagnetic directions, in an area where paleomagnetic studies are scarce. The main 
characteristic component in both rock types shows a SSE direction with a shallow inclination and a dominant 
reverse polarity. The magnetic carriers, both in the volcanic rocks and the red beds, are magnetite and hematite. 
The main component is interpreted as a primary magnetization of Permian age in the red beds; in the Late 
Carboniferous volcanic rocks, the main component likely represents primary magnetization or early remagne-
tization. These results are consistent with the poles for the Iberian plate during the Permian and indicate an 
absence of regional vertical axis rotations for the Orri nappe, in whose hanging wall the Cadí Basin was trans-
ported southwards during the Pyrenean orogeny.   

1. Introduction 

In spite of the difficulties in interpreting paleomagnetic directions in 
fold-and-thrust belts (Pueyo et al., 2016a), primary magnetizations can 
be used to unravel plate motions (Gong et al., 2008; Vissers and Meijer, 
2012) and thrust-related kinematics (McCaig and McClelland, 1992; 
Oliva-Urcia and Pueyo, 2007 and 2019). In Iberia, the occurrence of 
widespread remagnetizations can preclude the use of paleomagnetic 
directions with such objectives. Nevertheless, secondary magnetizations 
may help to infer the deformational history of thrust belts and to obtain 
valuable kinematic information (e.g., Villalaín et al., 2016; Soto et al., 
2008, 2011; Torres-López et al., 2018). In the Pyrenees there are three 
remagnetization events, dated as Permian (Pastor-Galán et al., 2021), 
Early Cretaceous (Larrasoaña et al., 2003; Garcés et al., 2016) and 
Eocene-Oligocene (Oliva-Urcia and Pueyo, 2007; Oliva-Urcia et al., 
2008, 2012; Izquierdo-Lavall et al., 2015; Izquierdo-Llavall et al., 2018). 
These remagnetization events erased the primary magnetization of the 
rocks located within internal units of the orogen. Nevertheless, the 
occurrence of secondary magnetizations or the co-existence of primary 
and secondary magnetizations have not precluded the extensive use of 

paleomagnetism for the determination of the kinematics of thrusts. The 
differences in displacement within a thrust sheet can be detected by 
means of vertical axis rotations inferred from paleomagnetic methods 
(Sussman et al., 2012; Pueyo et al., 2016a). In this sense, paleomagne-
tism has become an important complementary tool for defining basin- 
scale or crustal-scale cross-sections. 

In this work, we focus on the Late Carboniferous-Permian Cadí Basin, 
which is a sector of the Pyrenees for which paleomagnetic data are 
relatively scarce (Pueyo et al., 2016b and references therein). The study 
area is located at the southern margin of the Axial Zone in the Eastern 
Pyrenees (Fig. 1 A and B). The typical stratigraphic sequence in this area 
consists of volcanic, volcaniclastic, and continental sedimentary rocks 
that were deposited in small, variably-spaced intra-mountain basins. 
These basins have undergone significant transport in the hanging wall of 
one of the most important basement thrust sheets that define the Pyr-
enean orogen (e.g. Gisbert, 1981). 

Previous work in the area, by Van Dongen (1967), recognized an 
Early Permian paleomagnetic component (Dec 169.5◦ and Inc. − 3◦) in 
Carboniferous volcanic rocks. This vector was used to define an Early 
Permian pole (48.5◦ N, 163◦ W) for the Iberian plate. Based on these 
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results, Van Dongen (1967) inferred that the Iberian Peninsula was 
subjected to a post-Permian counter-clockwise rotation of 30◦. Pueyo 
et al. (2016b) recognized a primary magnetization component in the red 
beds from the easternmost part of the Cadí Basin, in the Castellar de 
n’Hug area (Fig. 1 C). This component shows a direction similar to the 
one obtained by Van Dongen (1967) for the volcanic rocks. Pueyo et al. 
(2016b) also isolated an intermediate-temperature reverse paleomag-
netic component, in the sedimentary rocks of this unit. A magneto-
stratigraphic study of the Permian red beds was performed by Mujal 
et al. (2017) in the western part of the Cadí Basin. However, a gener-
alized remagnetization precluded the application of magnetostrati-
graphic analysis. This scarcity of paleomagnetic data, and the 
uncertainty in the previous results, have motivated the present study, 

that aims: 1) to characterize the Permian remagnetization event recog-
nized in other zones of the Pyrenees (Pastor-Galán et al., 2021) and 2) to 
reconstruct the kinematics of the Alpine Orri thrust sheet (that has 
transported the Cadí Basin in its hanging wall). We finally compare our 
results with neighboring structures, where the existence of vertical axis 
rotations has been demonstrated (Izquierdo-Llavall et al., 2013). The 
possibility of comparing the results obtained in volcanic and volcani-
clastic deposits on one side and red beds on the other, can also provide 
interesting information on the origin of the paleomagnetic components. 

2. Geological setting 

The study area is located in the Cadí Basin, one of the Late 

Fig. 1. A) Geological map of the Iberian Peninsula; B) Geological map of the Pyrenees with the Carboniferous-Permian basins highlighted in maroon (modified from 
Izquierdo-Llavall et al., 2013); C) Simplified geological map of the Late-Carboniferous-Permian Cadí Basin and the studied areas: Argestués, Coll de Vanses, Ansovell 
and Castellar de n’Hug (modified from Gisbert, 1981); D) Synthetic stratigraphic log; E) Geological cross sections: I-I′) General view (simplified from Soto et al., 2022) 
and II-II’) Location of the Cadí Basin; views of the studied outcrops: F) Field photograph of an exposure of volcanic and volcaniclastic rocks (site CC60), G) 
Photograph showing the red beds (site CAD12). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Carboniferous-Permian basins located at the southern border of the 
Pyrenees (Fig. 1 A and B). The Cadí Basin (Fig.1 C and E) is a 30 km-long 
intra-mountain basin oriented in an approximately WNW-ESE direction. 
It has been interpreted as an asymmetric graben, which is limited by 
extensional faults to the north and south (Saura and Teixell, 2006). At 
present, its sedimentary infill forms a south-dipping monocline, which 
belongs to the southern limb of a basin-scale anticline associated with 
the Alpine, basement-involved, Orri thrust (Muñoz et al., 1986; Saura 
and Teixell, 2006). The structure of the Cadí Basin is the result of a 
positive tectonic inversion; it underwent two main rift-postrift Late 
Paleozoic-Mesozoic cycles that affected the Variscan basement (e.g. 
Barnolas and Pujalte, 2004). Subsequently, during the Pyrenean 
compression, the basin was subjected to shortening. The latter stage can 
be bracketed between the Early Eocene and the Late Oligocene (Vergés 
et al., 2002). During the Alpine orogeny, the Cadí Basin was incorpo-
rated into the south-verging Orri thrust sheet (Muñoz et al., 1986; 
Muñoz, 1992; Saura and Teixell, 2006), that contains rocks of Paleozoic 
and Triassic age (e.g. Muñoz, 1992). 

In the Cadí Basin, the following units can be distinguished (Fig. 1 D), 
according to the stratigraphic subdivision proposed by Gisbert (1981): 
Grey Unit, Transition Unit, Lower Red Unit and Upper Red Unit. The 
Grey Unit (GU) lies unconformably on the Variscan basement (Ordovi-
cian to Devonian rocks, Casas et al., 2012). It is composed of breccias, 
sandstones, conglomerates, grey siltstones and layers of coal. This 
sedimentary sequence passes laterally to volcaniclastic and pyroclastic 
rocks with interbedded andesitic lava flows (Fig. 1 F). The Transition 
unit (TU) is characterized by conglomerates, sandstones and siltstones. 
In this unit, sedimentary rocks show a lateral transition to pyroclastic 
rocks with interbedded dacitic lavas. The Lower Red Unit (LRU) is 
mainly composed of siltstones, sandstones, acidic tuffs and red volca-
niclastic microconglomerates. In the Cadí Basin, these lithologies 
interfinger with pyroclastic rocks that contain ignimbrites and inter-
bedded banded rhyolites. Finally, the Upper Red Unit (URU) contains 
red conglomerates, sandstones, and siltstones (Fig. 1 G) with carbonate 
nodules, and lacustrine deposits. These rocks are arranged in two se-
quences, with interbedded volcanic bodies at the bottom. Mafic minerals 
and plagioclases in the volcanic series are replaced by opaque minerals, 
chlorite, ferromagnesian silicates, carbonates and sericite (Gisbert, 
1981; Bixel, 1984). Radiometric dating of extrusive rocks of the GU in 
the Cadí Basin yielded Late Carboniferous ages, including 304.0 ± 1.5 
Ma (andesite) and 300.4 ± 1.4 Ma (ignimbrite) (Pereira et al., 2014). 

3. Methodology 

The 28 sites are distributed along N-S and NW-SE cross-sections (El 
Ges, Coll de Vanses and Ansovell transects) as well as in specific zones of 
the basin margins (Argestués and Castellar de n’Hug outcrops). A total of 
18 sampling sites (158 specimens) were taken in Late Carboniferous- 
Permian volcanic and volcaniclastic rocks (GU and TU), and 10 sites 
(77 specimens) in Permian red beds (sandstones and siltstones, LRU and 
URU). Sites were grouped according to their lithology: Carboniferous- 
Permian volcanic-volcaniclastic materials on one side and Permian 
terrigenous red beds on the other. Sampling was aimed to obtain data 
from different age intervals and to compare results obtained in rocks 
bearing different magnetic properties. 

We avoided sampling the northern area of the Cadi Basin where the 
main structures are smaller in size and Carboniferous-Permian rocks are 
found in isolated grabens. In addition, data for these zones have been 
made available from paleomagnetic data obtained by other authors 
(Fig. 1 C). A proper fold test could not be carried out because the 
stratigraphic sequence is arranged as a south-dipping, gentle monocline. 
The conglomerate tests performed for a lava breccia were not conclu-
sive, and consequently those results were not further considered (sites 
T08, T100, T102). 

The samples were taken directly in the field as standard paleomag-
netic cylindrical cores with a gasoline-powered drill machine (26 sites) 
or as oriented blocks taken with extraction tools (two sites: CAD18 and 
CAD19). In the laboratory, the oriented cores and blocks were cut to 
standard oriented specimens using a radial saw (non-magnetic steel). 
The average number of cores per site was nine, with a minimum of six at 
site CC35 and a maximum of 10 in several volcanic-rocks sites. 

Paleomagnetic analyses were conducted in two laboratories. Two 
pilot sites (CC35 and CC61) were demagnetized with a 2G cryogenic 
magnetometer with an alternating field (AF) demagnetizer in the 
Paleomagnetism laboratory at the University of Burgos (Spain). Two 
specimens from the two pilot sites were firstly demagnetized by an 
alternating field from 0 to 100 mT; however, magnetization was not 
fully removed after 100 mT (Fig. 2 A). For this reason, we discarded AF 
demagnetization (see supplementary material), and, instead, we applied 
thermal demagnetization (Th) to the remaining samples from room 
temperature up to 670 ◦C (16 steps) with a TD48-DC thermal demag-
netizer. The Th demagnetization of the other specimens was carried out 
in the Paleomagnetic Laboratory CCiTUB-Geosciences Barcelona (CSIC) 
(Spain) using the TD48EU (ASC Scientific) and TSD-1 (Schondstedt) 
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thermal demagnetizers, a JR-6 A spinner magnetometer (AGICO) and a 
superconducting rock magnetometer 755SRM (2G Enterprises). Mag-
netic susceptibility was measured after each demagnetization step with 
a KLY2 (Geofyzika Brno, now AGICO) in order to monitor the undesired 
creation of magnetic minerals during heating. No significant changes 
related to the neoformation of minerals were observed. The results of the 
progressive demagnetization were displayed on Zijderveld diagrams 
(Zijderveld, 1967) and the ChRM directions were analyzed using the 
software packages Remasoft 3.0 (Chadima and Hrouda, 2006) and VPD 
(Ramón et al., 2017). 

Lowrie’s (1990) tests, (i.e. thermal demagnetization after acquisition 
of isothermal remanent magnetization, IRM, along three orthogonal 
axes) were conducted for five specimens: three in volcanic rocks and two 
in sedimentary red beds. In the volcanic rocks, samples CC35-3B, CC61- 
8 A and CC63–5 were magnetized using a pulse magnetizer. The 
imparted fields were 2, 0.4 and 0.147 T along the Z, Y, and X axes, 
respectively. They were measured in the 2G cryogenic magnetometer 
and were progressively demagnetized by means of a TD48 thermal 
demagnetizer at the Laboratory of Paleomagnetism, University of Bur-
gos. For the sedimentary red beds, samples CAD12–8 and CAD15–10 
were magnetized with imparted fields of 1.2, 0.3 and 0.1 T along the Z, 
Y, and X axes, respectively, by means of a IM10–30 impulse magnetizer 
(ASC Scientific) and were measured with a JR6A spinner magnetometer 
(AGICO) at the Paleomagnetic Laboratory CCiTUB-Geosciences Barce-
lona (CSIC). 

We conducted temperature-dependent susceptibility experiments for 
15 samples from different sites using a KLY-3S Kappabridge combined 
with a CS-3 furnace (temperature range 40◦-700 ◦C) at the University of 
Zaragoza (Spain). These results were analyzed using the software SUSTE 
(AGICO Inc., Czech Republic). The selection criterion was based on 
previous AMS measurements (Simón-Muzás et al., 2022), by selecting 
the samples with representative K mean values for the two main li-
thologies: volcanic rocks and sedimentary red beds. The Cureval 8 
software (Chadima and Hrouda, 2012) was used for the correction of the 
background signal (a measure of the empty CS3), the normalization of 
the susceptibility values to a specimen of a standard volume, and for the 
interpretation of the results. 

The directional results for volcanic and volcaniclastic rocks and for 
Permian red beds are represented at the site level, the usual procedure 
for paleomagnetic data. For the quality control of the obtained paleo-
magnetic components, we used the criteria detailed below, defined ac-
cording to the α95 involved in the Fisherian distribution at the site/ 
locality level (Fisher, 1953). At the specimen level, we distinguished 
three categories taking into account the maximum angular deviation 
(MAD): 1 (MAD<10◦); 2 (10◦ < MAD<25◦); 3 (MAD>25◦). At the site 
level, we defined three categories considering the α95 confidence cone: 
good (α95 < 15◦), intermediate (15◦ < α95 < 25◦); and bad (α95 > 25◦). 
Sites showing α95 > 25◦, were discarded from further interpretation 
(Table 1 and Table 2). 

4. Results 

4.1. NRM and magnetic mineralogy 

The demagnetization of the natural remanent magnetization (NRM) 
of samples (Tables 1 and 2) at site level shows two slightly different 
behaviors depending on their lithology. The mean NRM intensities of the 
volcanic and volcaniclastic samples range between 5.92⋅10− 3 A/m and 
180⋅10− 3 A/m showing a mean value of 58⋅10− 3 A/m. The magnetic 
susceptibility of these sites ranges between 302⋅10− 6 S⋅I. and 2025⋅10− 6 

S.I. with a mean value of 703⋅10− 6 S.I. The Permian red beds show NRM 
intensities ranging between 1.65⋅10− 3 A/m and 16.4⋅10− 3 A/m, with a 
mean value of 7.59⋅10− 3 A/m, and magnetic susceptibility values be-
tween 177⋅10− 6 S.I and 380⋅10− 6 S.I. with a mean value of 256⋅10− 6 S.I. 
Results from the thermal demagnetization of the IRM applied to volcanic 
and volcaniclastic specimens from sites CC35, CC61, and CC63 (Fig. 3 A) Ta
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Table 2 
Paleomagnetic data at site level of the High (Ch) and Low (Cl) temperature components in red beds. Sampled section and name of the site; coordinates (longitude and latitude); N: number of samples used to calculate the 
mean from the total number; Nt: number of total standard samples; Unit: stratigraphic unit, Transition Unit (TU), Lower Red Unit (LRU), Upper Red Unit (URU); site-mean NRM value; Km: site-mean susceptibility value, 
Declination (Dec) and Inclination (Inc) before (BTC) and after (ATC) tectonic correction; α95 and k are the statistical parameters of a fisherian distribution; Quality: good: α95 < 15, intermediate: α95 = 15 to 25, bad (out of 
threshold): α95 > 25, D: declination error D = arcsin(sinα95 /cos[I]), S0: bedding plane (dip direction and dip).   

ETRS89 UTM zone31N EPSG: 25831 High temperature component (Ch)  

Site Longitude Latitude N Nt Unit NRM .(A/m) (⋅10− 3) Km 
(⋅10− 6) 

Dec BTC Inc 
BTC 

α95 Quality D k Dec 
ATC 

Inc 
ATC 

S0 
(D⋅D/Dip) 

El Ges CAD10 x 1.497620 42.28655 7 8 URU 4.96 176.6 350.8 12.4 14.4 good 15.1 18.63 354.6 17.8 104/15 
CAD11* 1.495580 42.28880 6 6 URU 1.65 181.6 178.9 42.5 38.5 bad 39.0 4.9 172.6 8.7 155/36 
CAD12* 1.490830 42.29010 8 8 URU 2.46 184.4 338.6 43.3 47.4 bad – 2.32 288.0 70.6 185/39 

CAD13 1.499850 42.30048 
5 8 

LRU 6.64 247.6 
144.8 54.1 8.4 good 8.8 83.28 170.8 17.8 

202/48 8⋆ 8 159.3 68.5 17.8 intermediate – 10.68 186.1 25.0 
Ansovell CAD14 1.579020 42.30607 8 8 LRU 14.5 313.5 93.5 58.5 21.6 intermediate 30.8 7.53 158.6 44.0 202/48 

Coll de Vanses CAD15◦ 1.547750 42.30281 8 8 LRU 6.18 229.3 5.1 41.2 12 good 43.4 31.55 352.8 72.4 193/32 
CAD17 1.540530 42.30491 6 8 LRU 16.4 380 117.0 60.6 10.6 good 12.5 28.03 149.1 31.6 180/40 

Castellar de n’Hug 
CAD18 2.033060 42.28189 7 7 LRU 6.05 337.7 174.3 35.3 10 good 11.0 37.18 173.9 − 24.6 170/60 
CAD19 2.033557 42.28392 8 8 URU 13 – 166.9 45.2 5 good 5.0 123.92 177.2 − 7.2 200/58 
CAD20 2.026621 42.28017 8 8 URU 4.1 – 75 40.4 3.2 good 3.3 303.39 120.3 15.5 172/74     

Low temperature component (Cl)  

Site Longitude Latitude N Nt Unit NRM .(A/m) (⋅10− 3) Km 
(⋅10− 6) 

Dec BTC Inc 
BTC 

α95 Quality k Dec 
ATC 

Inc 
ATC 

S0 
(D⋅D/Dip) 

El Ges CAD10 1.497620 42.28655 7 8 URU 4.96 176.6 335.8 27 9.6 good 34.5 343.3 34.5 104/15 
CAD11* 1.495580 42.28880 6 6 URU 1.65 181.6 21.3 21.1 71.6 bad 2.63 40.3 42 155/36 
CAD12* 1.490830 42.29010 6 6 URU 2.46 184.4 6.2 28.6 28.3 bad 4.79 7.8 67.6 202/48 
CAD13* 1.499850 42.30048 5 8 LRU 6.64 247.6 32.3 16.1 71.5 bad 1.56 44 62.6 202/48 

Ansovell CAD14 1.579020 42.30607 8 8 LRU 14.5 313.5 359.8 29 12.9 good 22.76 320.7 67.9 202/48 

Coll de Vanses 
CAD15 1.547750 42.30281 8 8 LRU 6.18 229.3 331.7 24.0 23.6 intermediate 6.45 314.3 45.1 193/32 

CAD17 1.540530 42.30491 
7 8 

LRU 16.4 380 
5.1 28.2 9.2 good 44.35 12.1 67.8 

180/40 8⋆ 8 357.1 31.1 19.5 intermediate 9.01 352.3 71.0 

Castellar de n’Hug 
CAD18* 2.033060 42.28189 7 – LRU – – – – – – – – – – 
CAD19* 2.033557 42.28392 8 – URU – – – – – – – – – – 
CAD20* 2.026621 42.28017 8 – URU – – – – – – – – – – 

* discarded sites: α95 > 25 out of threshold or paleomagnetic component cannot be defined. ⋆ raw data. xtransposed site (in the table mean direction without transposition, in stereoplot mean direction transposed). ◦ 5/8 
specimens are remagnetized with the recent Earth’s magnetic field 
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show that high coercivity minerals (2 T along the Z axis) such as he-
matite dominate in samples CC35 and CC63. Conversely, intermediate 
coercivity minerals (0.4 T, along the Y axis) are the main carriers for 
sample CC61. Sample CC63–5 showed a drop of magnetization at 
200 ◦C, pointing toward the presence of an intermediate phase, probably 
goethite. The thermal demagnetization of the IRM applied to the red bed 
specimens (Fig. 3 B) from sites CAD12 and CAD15, shows that high 
coercivity minerals with high unblocking temperatures dominate (1.2 T 
along the Z axis). This is found in samples CC35, CC63, CAD12 and 
CAD15, and allows us to discard goethite and to consider hematite as the 
main carrier of the magnetization, instead. The presence of magnetite 
coexisting with the dominant hematite is also noticeable for both li-
thologies (site examples CC35, CC61, CAD12 and CAD15) where the soft 
coercivity component displays significant intensities that drop just 
below 600 ◦C. 

Temperature-dependent susceptibility curves (Fig. 4, see also sup-
plementary material) in volcanic and volcaniclastic rocks are irrevers-
ible. The heating curves present a concave hyperbolic shape at their 
beginning, indicating a paramagnetic contribution, a decay at 580 ◦C 
indicating the presence of magnetite (Tc 580 ◦C) and a final decay 
around 650–700 ◦C also indicating the presence of hematite. In the 
continental sedimentary rocks (red beds), susceptibility curves are 

almost reversible except for CAD10, CAD12, CAD14 and CAD18 where a 
magnetite phase is neoformed, as shown in the cooling curve. The 
heating curves show a small decay between 100 and 200 ◦C. This in-
dicates the presence of a paramagnetic contribution, with an abrupt 
decay above 650 ◦C, and provides evidence for the presence of hematite. 
There are also slight, though noticeable decays below 600 ◦C, which 
point toward the presence of magnetite. In sample CAD13–1 the increase 
of susceptibility is associated with a broad Hopkinson’s peak. 

Diagrams of the normalized intensity of NRM versus temperature of 
the high temperature magnetic component (Fig. 5) in volcanic and 
volcaniclastic rocks show an abrupt decay at 580 ◦C for specimens 
CC40–1 and CC42b-6. For specimens CC36-4 A, and CC60-5 A, a slight 
decay at this temperature occurs before an abrupt decay close to 700 ◦C. 
In sedimentary rocks (red beds) the abrupt decay is above 610 ◦C, but a 
small decay is also noticeable around 580 ◦C for specimen CAD10–5. 

4.2. Demagnetization behavior and paleomagnetic components 

We separated the sampling sites into two groups depending on their 
lithological type. The identified components span the following tem-
perature intervals: 
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Fig. 3. A) Three-axis IRM thermal demagnetization in A) volcanic and volcaniclastic, and B) red beds specimens. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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- Volcanic-volcaniclastic rocks: the low temperature component pre-
sents a maximum unblocking temperature of 300 ◦C (Fig. 5). The 
high temperature paleomagnetic component presents an unblocking 
temperature from 480 ◦C, although it occasionally starts at 350 ◦C. 
This component is defined up to a maximum value that normally 
reaches 570–600 ◦C, although in some specimens it extends to 
650–670 ◦C.  

- Sedimentary red beds: the low temperature paleomagnetic component 
is defined between 100 and 200 ◦C and 300–350 ◦C, although in 
some specimens it reaches up to 400–450 ◦C. The high temperature 
paleomagnetic component for the red beds presents an unblocking 
temperature between a minimum value in the range of 350–450 ◦C 
and a maximum value that extends up to 650 ◦C (Fig. 5). This interval 
is similar to the one defined for the volcaniclastic rocks. 

Diagrams of the normalized intensity of NRM versus temperature 
show a complete decay at 630 to 670 ◦C, both in the volcanic rocks and 
in the sedimentary red beds, although for some specimens of volcanic 
rocks this decay occurs at 570 to 580 ◦C (Fig. 5). 

According to these temperature intervals, the high temperature 
characteristic paleomagnetic components obtained for the different 
analyzed transects are as follows (Fig. 5):  

- Argestués outcrop (sites CC70 and CC75, volcaniclastic rocks): the 
paleomagnetic directions during stepwise thermal demagnetization 
are randomly distributed for all the specimens and paleomagnetic 
components cannot be isolated (Fig. 2 B).  

- El Ges transect (sites CC34, CC36, CC37 and CC40 for the volcanic 
sequence and CAD10, CAD11, CAD12, CAD13 for the red beds). For 
the volcaniclastic rocks, the paleomagnetic signal in each specimen is 
good and gives well-defined directions, except for sites CC34, CC36 
and CC37. The mean values at site level (Table 1) display a high 
degree of scattering (α95 > 50◦) and the obtained paleomagnetic 
component was discarded. Site CC40 shows a good clustering (α95 =

7.5◦). In the red beds, the paleomagnetic signal for each specimen is 
good to intermediate and gives well-defined directions, except for 
sites CAD11 and CAD12. The mean values at site level display a 
remarkable degree of scattering (α95 > 30◦) and were also discarded. 
For sites CAD10 and CAD13, the mean values for the sampling sites 
show good quality (α95 of 14.4◦ and 8.4◦, respectively) (Table 2).  

- Coll de Vanses transect (sites CC60, CC61, CC62, CC63, CC65, CC66, 
CC67 and CC68 in the volcanic sequence and CAD15 and CAD17 in 

the red beds). For the volcaniclastic sites, the individual paleomag-
netic directions at site level and the site average are of good quality 
and are well-clustered (α95 between 3.1◦ and 16.3◦). The red beds 
sites present a good paleomagnetic signal and their degree of 
dispersion is similar to the one observed in El Ges (α95 = 12◦ and 
10.6◦, respectively). Nevertheless, the mean direction at site CAD15 
suggests a recent remagnetization under the (normal) present-day 
Earth’s magnetic field and has been excluded from further consid-
eration (Table 2). 

- Ansovell transect (sites CC42, CC54 and CC55 in volcaniclastic ma-
terials and CAD14 in red beds). These sites show a good paleomag-
netic signal quality for each specimen and good grouping at the site 
level, both for the volcaniclastic sequence (α95 between 1.5◦ and 
3.4◦). and for the red beds (α95 = 21.6◦ for site CAD14). Site CC54 
displays a paleomagnetic direction that has not been observed in any 
of the other studied sites or in previous studies carried out in the area 
(Fig. 6).  

• -Castellar de n’Hug outcrop (CAD18, CAD19 and CAD20 sites, in red 
beds). These sites show a well-defined paleomagnetic component 
with clusterings that show α95 values from 3.2◦ to 10◦. 

A low temperature paleomagnetic component was recognized 1) in 
the volcanic and volcaniclastic rocks except at sites CC61 and CC63, and 
2) in the red beds (Fig. 7), except for those located in the Castellar de 
n’Hug zone. Sites CAD10, CAD14, CAD15 and CAD17 are the only sites 
considered (α95 between 9.6

◦

and 23.6
◦

, Fig. 7). 
Only two sites (CC62 and CAD17) present anomalous directions that 

were therefore excluded from the group statistics and the mean paleo-
magnetic component calculation. These individual specimens were 
rejected because they present a random orientation with respect to the 
rest of the specimens of the site, which, conversely, were clearly grouped 
(in Tables 1 and 2 we show the effect of rejection of anomalous data on 
the mean direction and associated confidence cone). At three sampling 
sites no component could be defined for any of the specimens (CC35, 
CC70 and CC75). 

5. Interpretation and Discussion 

5.1. Paleomagnetic directions and age of magnetization 

The low-temperature component in volcanic and volcaniclastic rocks 
is probably a viscous component and corresponds to the recent or 
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this article.) 
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current magnetic field direction for in situ coordinates. The low- 
temperature component in the red beds appears well-grouped and 
shows normal polarity. It does not reach the expected recent magnetic 
field orientation, either in situ or after total restoration, but the path 
from one direction to the other parallels the paleomagnetic reference for 
the Eocene-Oligocene interval (Fig. 7). Because of that, we interpreted 
this low-temperature component as a syn-tectonic secondary direction 
probably acquired during the Cenozoic (Early Eocene-Oligocene). It was 
during that period (50 to 20 Ma approximately), that the Pyrenean 
compression showed its maximum intensity (Vergés et al., 2002). This 
low-temperature paleomagnetic component was only detected in the 
central zone of the Cadí Basin (sites CAD10, CAD11, CAD12, CAD13, 
CAD14, CAD15 and CAD17) and not in its easternmost part (Castellar de 
n’Hug area, sites CAD18, CAD19 and CAD20). 

The high temperature paleomagnetic component was isolated both 
in the volcanic-volcaniclastic rocks of Carboniferous age and in the 
Permian red beds (Fig. 8). 

For the volcanic-volcaniclastic rocks, sites CC34, CC36 and CC37 
present an important internal degree of scattering and site CC54 displays 
an anomalous paleomagnetic direction that has not been observed at any 
of the other studied sites or in previous studies carried out in the area, 
hence they were not further considered (Table 1). 

Considering all the directions at the site level (Fig. 9), the resulting 
mean paleomagnetic direction has a declination of 154.8◦ and an 
inclination of − 0.3◦ after bedding correction (N = 11, R = 10.44, k =
17.78 and α95 = 11.1◦) in the volcanic and volcaniclastic rocks. In the 
continental sedimentary rocks (red beds), the resulting mean paleo-
magnetic direction shows a declination of 160.8◦ and an inclination of 

Fig. 5. Orthogonal NRM thermal demagnetization diagrams of representative specimens from the Carboniferous volcanic and volcaniclastic rocks (CC36-4a, CC40–1 
A, CC42b-6 and CC60-5 A) and Permian red beds (CAD10–5, CAD13–1, CAD14–10, CAD17–3 and CAD18-2 A). Vertical projection in white and horizontal projection 
in black; N upward and E to the right. Normalized intensity of the NRM (M/Mmax) versus temperature diagrams are also shown. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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13.6◦ after the bedding correction (N = 7, R = 6.12, k = 6.78 and α95 =

23.6◦). 
The high temperature components isolated in the volcanic- 

volcaniclastic rocks (Carboniferous-Permian age) and the red beds 
(Permian age) are similar both in declination and inclination, and are 
indistinguishable from a statistical point of view. Individual sites show a 
dominant reverse polarity, and very low inclinations (Figs. 8 and 9). 
After tectonic correction, the resulting paleomagnetic directions in the 
two sampled lithologies coincide with the Permian reference direction 
for the Pyrenees (D = 166, I = -9, Oliva-Urcia et al., 2012) (Fig. 9). The 
main magnetic carriers of the magnetization in both lithologies are 
magnetite and hematite as observed in the results of the 3-axis IRM and 
the susceptibility-temperature curves. In the first experiment, the pres-
ence of a high coercivity mineral, which points toward the presence of 
hematite in both lithologies, is clearly visible. In the susceptibility- 
temperature curves the decay for hematite is not visible, probably 
because magnetite has an intrinsic susceptibility of at least 103–104 

times higher than hematite, while the multiplying factor for saturation 
remanence is only 50. 

In any case, the dominant reverse component shows a very low 
inclination after tectonic correction which is compatible with the 

primary reverse polarity magnetization retrieved for the Permian red 
beds. The high-temperature component of the volcanic rocks could also 
be primary in origin, but the similarity of the orientation of the paleo-
magnetic vectors in relation to the red beds, in spite of their older age, 
points to a secondary origin of this magnetization. If the remagnetiza-
tion is chemical in origin, as may be suggested by the strong, early 
alteration of minerals in the volcanic series (Bixel, 1984), it should have 
occurred before the deposition of the overlying red beds. The chemical 
origin for this (probable) remagnetization is also reinforced by the non- 
reversibility of the susceptibility-temperature curves. This non- 
reversibility indicates that these minerals are not thermally stable and 
did not undergo high temperatures since their formation. Alternatively, 
fluid circulation at the end of the rifting stage could have involved only 
the lower part of the sequence (i.e., volcanic and volcaniclastic rocks), 
whose permeability was enhanced by pervasive fracturing related to 
extensional tectonics. Conversely, the clayey levels within the red bed 
units could have worked as a thermal and chemical seal for the ascent of 
magnetite- and hematite-bearing fluids (see, e.g. Johnson et al., 1995; 
Eichhubl et al., 2009; Nemkin et al., 2016; Skurtveit et al., 2018; Zhang 
et al., 2020). 

Fig. 6. High temperature paleomagnetic component and α95 confidence cone for each site in both lithologies (volcanic rocks and red beds) in the studied zones of the 
Cadí Basin, in situ and after tectonic correction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 7. Paleomagnetic results of the low temperature component at site level: A) in situ (Dec. = 347.9, Inc. = 27.8) and B) after tectonic correction (Dec. = 355.1, Inc. 
= 55.9). The Cenozoic reference (Late Eocene-Early Oligocene) calculated from sediments of stable Iberia is Dec. = 005, Inc. = 47, α95 = 2, k = 16 (Oliva-Urcia and 
Pueyo, 2007). 
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5.2. Implications for the kinematics of basement thrust sheets 

The Pyrenees represent one of the areas in the world with a higher 
number of paleomagnetic studies both for tectonic and magnetostrati-
graphic objectives (San Miguel et al., 2010). In spite of that, the Late 
Carboniferous-Permian Cadí Basin, located in the Eastern Pyrenees, has 
been the focus of very few previous works, some of which showing 
contradictory results. The paleomagnetic directions in the Permian 

volcanic rocks (Van Dongen, 1967) were related to an Early Permian 
primary magnetization that shows a deviation attributed to a post- 
Permian counterclockwise rotation of the Iberian plate. In the Permian 
red beds, Pueyo et al. (2016b) isolated a primary magnetization showing 
a direction similar to the results obtained by Van Dongen (1967). Those 
authors also isolated an intermediate-temperature reverse paleomag-
netic component for these sites. Conversely, a generalized remagneti-
zation in the Permian red beds was proposed by Mujal et al. (2017). 

Fig. 8. A) Map view of the Cadí Basin (Modified from Gisbert, 1981) with the previous paleomagnetic data and the high temperature components. The α95 con-
fidence cone isolated in the present study in the studied zones is also shown. A) Argestués area, B) El Ges, Coll de Vanses and Ansovell areas, and C) Castellar de 
n’Hug areas; all diagrams after tectonic correction. See Tables 1 and 2 for the declination error. D. Sites T08, T100 and T102 are the discarded conglomerate tests. 

Fig. 9. Stereoplots showing the Permian reference in the Pyrenees (Oliva-Urcia et al., 2012), the predicted Permian and Carboniferous directions (after Koymans 
et al., 2016) using paleomagnetic directions from Iberia (Torsvik et al., 2012) and the high temperature paleomagnetic component in volcanic-volcaniclastic rocks 
and red beds from this study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Close to the study area, Gil-Peña et al. (2006) sampled Ordovician rocks 
below the Stephanian unconformity and obtained a secondary paleo-
magnetic magnetization, probably related to a remagnetization event 
linked to the formation of the Late Carboniferous-Permian Cadí Basin. 
These results fit better with the early remagnetization hypothesis vs. 
primary magnetization in the volcaniclastic rocks, as indicated in the 
previous point, although it cannot be considered as definitive, either. 

Paleomagnetic studies have also been done in equivalent volcani-
clastic rocks that belong to a contemporaneous basin located to the west, 
the Late Carboniferous-Permian Castejón-Las Paules Basin (Izquierdo- 
Llavall et al., 2013, 2018). These authors found a primary paleomag-
netic magnetization both in the volcanic rocks and in the overlying 
Triassic red beds. Vertical axis rotations in that basin are linked to the 
upper Alpine thrust units (downward facing structures included in the 
Nogueres Zone; e.g., Séguret, 1972; Saura and Teixell, 2006), whereas 
the lower ones (equivalent to the Orri thrust unit) are not rotated. 

In our study, the coincidence of the paleomagnetic directions with 
the Permian reference indicates the absence of vertical axis rotations for 
the Cadí Basin, and hence for the Orri basement thrust sheet. This 
confirms a strong lateral continuity of basement-involved Pyrenean 
thrust units. In fact, the Castejón-Las Paules Basin was incorporated 
during the Alpine orogeny in the antiformal stack of the Axial Zone in 
the same way as the Cadí Basin. Moreover, the absence of significant 
vertical-axis rotations in the Orri thrust sheet is also supported by the 
paleomagnetic directions of a low temperature component that post-
dates structures associated with the Pyrenean compression (Eocene- 
Oligocene). In the same sense, the fact that the high temperature 
component direction (Ch) after bedding correction is close to the ex-
pected Permian reference, indicates a pre-folding acquisition of the 
remagnetization (before the Alpine period and the tilting of the whole 
stratigraphic succession). 

6. Conclusions 

The paleomagnetic analysis of volcanic, volcanoclastic rocks and red 
beds of Late Carboniferous and Permian ages from the Eastern Pyrenees 
allows us to conclude the following:  

- There are not significant differences between the high temperature 
paleomagnetic directions obtained in the red beds and the ones ob-
tained in volcanic and volcaniclastic rocks. This suggests either a 
primary acquisition with little or no change throughout time, or a 
remagnetization for the volcanic series co-existing with (i) a primary 
magnetization for the red beds or, alternatively (ii) an early Permian 
remagnetization just after their deposition, always consistent with 
the poles for the Iberian plate at this stage.  

- The high temperature component direction is close to the expected 
Permian reference after bedding correction and therefore it predates 
the folding of beds. This implies a Cenozoic compressional origin for 
folding, which excludes tilting associated with previous rifting 
processes.  

- The coincidence of the obtained paleomagnetic directions with the 
Permian reference indicates the absence of vertical axis rotations for 
the Cadí Basin, and hence for the Orri basement thrust sheet. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.tecto.2023.230148. 
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