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The aim of this work is the application of the anisotropy ofmagnetic susceptibility (AMS) to the study of volcanic
materials from the Late Carboniferous-Permian Cadí basin (southern Pyrenees) in order to (i) explore the limits
of this technique in ancient volcanicmaterials that have undergone strong chemical alteration and a complex tec-
tonic evolution and (ii) provide new insights on thedeposition of volcanicmaterials in this tectonically controlled
sedimentary basin. To establish a comparisonwith the petrofabric of rocks, AMSwas complementedwith obser-
vations and orientation analyses at the outcrop scale, in oriented polished blocks and in thin sections under the
microscope. High resolution sampling (620 specimens from 56 sites located in five transects along a sequence
150 m thick) allowed to characterize the volcaniclastic and lava flow series. The AMS results show a fairly con-
stant average magnetic lineation oriented WNW-ESE (in situ and tilt-corrected) and two secondary maxima
(N-S to NE-SW in some areas). The magnetic mineralogy analyses indicate the contribution of paramagnetic
and ferromagnetic (magnetite, Tc 580 °C) phases to susceptibility. The magnetic fabric has a close relationship
with the spatial distribution and orientation of the mineral and grain components of the studied rocks, mainly
controlled by depositional processes, with a negligible contribution of the tectonic imprint. Therefore, the mag-
netic lineation (i.e. K1 axes) can be reliably used as a paleoflow indicator. Nevertheless, it was not possible to es-
tablish a clear correspondence between lithological andmagnetic fabric types. The results obtained indicate that
the AMS approach represents a powerful tool to infer the paleoflowpattern in ancient volcanic and volcaniclastic
rocks, even under a priori unfavourable conditions.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The Late Palaeozoic (Late Carboniferous and Permian), togetherwith
the Late Cretaceous, is one of the stages with stronger volcanic activity
at planetary scale. This activity concentrated in particular areas of
the Earth, where volcanic products were either linked to fissural
magmatism or volcanic cones (e.g. He et al., 2007; Jerram et al., 2016).
In the western part of the Late Palaeozoic Variscan orogen (Iberian
arc, Pastor-Galán et al., 2012, 2015, and references therein), Late
Carboniferous-Permian volcanic deposits are well preserved in some
parts of the Iberian Chain and the Pyrenees (Bixel and Lucas, 1983;
Calvín et al., 2014; Lago et al., 2004, 2005; Pereira et al., 2014; Van der
).

.V. This is an open access article und
Voo, 1969). In particular, the Pyrenean range preserves a good record,
exceptional outcrops and a variety of volcanic products (e.g. Gisbert,
1981; Martí, 1986). This volcanism has been linked to Late-Variscan
crustal- or lithospheric-scale faults (Aldega et al., 2019 and references
therein; Arthaud and Matte, 1977) and in some cases it could also rep-
resent the link between the Variscan and Cimmerian cycles (Druguet
et al., 2014; Pereira et al., 2014; Pereira et al., 2015). Volcanic products
were deposited in small, variably spaced intra-mountain basins (e.g.
Gisbert, 1981; Valero-Garcés, 1990) (Fig. 1A). These basins show a com-
plex tectonic evolution, whose analysis is difficult because depositional
features are frequently masked by the subsequent Pyrenean (Late Cre-
taceous to Cenozoic) compression. Furthermore, most of these basins
were inverted and/or transported southwards in the hangingwall of
basement thrust sheets (e.g. Izquierdo-Llavall et al., 2013b; Saura,
2004). Many geodynamic aspects remain poorly understood and are
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Fig. 1. A) Geological map of the Pyrenees and situation of the Carboniferous-Permian basins; the Cadí basin squared in red (Modified from Izquierdo-Llavall et al., 2013b). B) Geological
map digitized from Gisbert (1981). Red squares indicate position of the studied sections represented in C). C) Studied sections and position of sampling sites: 1) Argestués, 2) Cerc, 3) El
Ges, 4) Coll de Vanses and 5) Ansovell. In the legend: GU - Grey Unit. TU - Transition Unit. LRU - Lower Red Unit. URU – Upper Red Unit. J-P – Jurassic-Paleogene. N-Q – Neogene-
Quaternary. (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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nevertheless crucial to understand the geodynamic consequences of the
Pangea amalgamation and the Late Palaeozoic Pangea break-up during
the progressive fracturing of the Variscan chain.

The Cadí basin is one of the most remarkable Late Carboniferous-
Permian basins of the Pyrenean range because of its exceptional expo-
sures and the diversity of volcanic products (Fig. 1B). Lava flows and
volcaniclastic materials reflected a variety of temperatures and deposi-
tional conditions that occurred during their sedimentation (Gisbert,
1981; Martí, 1986). Classical structural techniques applied to lava
flows and volcaniclastic materials can help to decipher their flow pat-
terns and to locate the possible source areas (Bullock et al., 2018; Cas
et al., 2011; Coward, 1980; Schmincke, 1967; Smith, 2002; Waters,
1960). However, these techniques are time-consuming and difficult to
apply depending on theoutcrop conditions. Several decades ago, the ap-
plication of the analysis of the anisotropy of magnetic susceptibility
(AMS) to volcanic rocks emerged successfully (e.g. Cagnoli and
Tarling, 1997; Cañón-Tapia et al., 1995, 1996; Cañón-Tapia, 2004b;
Ellwood, 1978; Incoronato et al., 1983; Knight et al., 1986; MacDonald
et al., 2012; Ort et al., 2015; Paquereau-Lebti et al., 2008; Porreca et al.,
2

2003; Soriano et al., 2008; Urrutia-Fucugauchi et al., 1984). It represents
a fast, simple and verifiable technique that helps to decipher the internal
texture of lava flows and pyroclastic deposits and can therefore indicate
the flow directions and in some cases the flow sense at different scales
(e.g. Cañón-Tapia, 2004b). AMS application in volcanic and pyroclastic
rocks offers therefore a reliable, statistically sound determination of
magma source and the possibility of reconstructing the evolution of
the volcanic processes along time. However, it is important to take
into account the limitations of AMSderiving from the possible existence
of composite magnetic fabrics and/ormineral artifacts (Ort et al., 2015).

In this work we apply AMS and rock magnetism techniques as well
as classic structural and microstructural analyses to volcanic and pyro-
clastic materials of the Cadí basin, where flow directions are poorly
known. This studywill contribute to increase the knowledge of the geo-
dynamic constraints of this Late Palaeozoic basin, strongly controlled by
tectonics and volcanism. In fact, several hypotheses, favouring (i) a
volcanic-related origin with subordinate control by regional faults
(Martí and Mitjavila, 1987, 1988), or a purely tectonic control to sedi-
mentation and volcanic product deposition, either by (ii) strike-slip
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faults of Pyrenean direction associated to secondary, normal perpendic-
ular systems (Gisbert, 1981), or (iii) by normal faults defining grabens
parallel to the Pyrenean trend and alternation of transtension and
transpression (Speksnijder, 1985). Our approach can also give clues
for reconstructing the paleoflow pattern and the tectonic context in
equivalent Late Carboniferous-Permian basins at the scale of the south-
western European peri-Tethyan realm.

2. Geological setting

2.1. The Pyrenean range and the Variscan orogen

The Pyrenean range is a double vergence orogen located at the
northern boundary of the Iberian Peninsula. It extends in an E-W direc-
tion, from theMediterraneanSea to theAtlantic Ocean, and is integrated
in the Alpine Chain system (e.g. Muñoz, 2019 and references therein).
This range represents the suture between the European and Iberian
plates and was formed between the Late Cretaceous and the earliest
Miocene. The Pyrenean range is composed of a set of thrust units with
a dominant southern vergence in its southern side. It is traditionally
subdivided in three zones, defined byMattauer (1968): North Pyrenean
Zone, Axial Zone where the Palaeozoic basement crops out, and the
South Pyrenean Zone. The Pyrenean range is the result of two orogenies,
Variscan and Alpine, that occurred during the Palaeozoic and Cenozoic,
respectively, and twomain rift-postrift Late Palaeozoic-Mesozoic cycles
affecting the Variscan basement (e.g. Barnolas and Pujalte, 2004; Capote
et al., 2002). The Alpine orogeny lasted in the Pyrenees from the Late
Creataceous to the Miocene due to the convergence between the
European and Iberian plates (e.g. Muñoz, 1992).

The Variscan orogenic belt resulted from the collision between
Laurussia and Gondwana and formed the Late Palaeozoic Pangea super-
continent (e.g. Franke, 2000; Gutiérrez-Alonso et al., 2011; Murphy
et al., 2009). The Variscan evolution included, according to different au-
thors, the development of the Cantabrian orocline (Gutiérrez-Alonso
et al., 2011; Johnston et al., 2013), the Pangaea self-subduction
(Gutiérrez-Alonso et al., 2008) or the transient continental magmatic
arc developed in the Eurasian convergent plate margin above the
subducted Paleotethys oceanic plate related to the Cimmerian cycle
(Pereira et al., 2017). The late- to post-Variscan orogenic evolu-
tion was characterized by extension and thinning associated with
orogenic collapse (e.g. Burg et al., 1990; Faure et al., 2002). A dextral-
transtensional to extensional regime affected the Variscan belt during
the Late Carboniferous and Permian (e.g. Burg et al., 1994; Van Den
Driessche and Brun, 1989) except in some parts of the belt, where a con-
tractional deformation previous to the deposition of the Triassic basins
has been registered (Pereira and Gama, 2017). In the Pyrenees, this
stage is recorded by syn-tectonic sedimentary sequences deposited
from probably Kasimovian (Pereira et al., 2014) to Middle-Permian,
Wordian, (Mujal et al., 2016) in a set of small intra-mountain E-W elon-
gated basins. These basins show similar subsidence patterns (i.e. in
terms of the distribution of the depocenters and deposits), and have
been interpreted as graben or half-graben continental troughs (e.g.
Bixel and Lucas, 1983; Gisbert, 1981; Martí, 1986). This process was co-
evalwith an exceptional episode of intraplatemagmatismcharacterized
by the emplacement of thick volcanic and sub-volcanic bodies (some-
times hundreds of meters thick) (e.g. Gisbert, 1981; Lago et al., 2004;
Martí, 1986). Eruptions were coeval with chronological link between
deep-seated processes in magma chambers (i.e. granodiorites and
dacitic dykes located to the North of these basins in present day coordi-
nates) and they (i.e. rhyolitic ignimbrites and andesitic flows) has been
recently established (e.g. Pereira et al., 2014).

At present, most Pyrenean Late Carboniferous-Permian basins are
distributed along the southern edge of the Axial Zone, limited to the
South by Alpine thrusts that acted as normal or wrench faults during
the Late Carboniferous-Early Permian (Gisbert, 1981; Saura and
Teixell, 2006). They are aligned in a discontinuous WNW-ESE (i.e.
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Pyrenean trend) band at constant intervals of about 32–38 km
(Fig. 1A). A previous AMS analysis was carried out in the Castejón-
Laspaúles basin, located to the West of the Cadí basin, in equivalent
Late Carboniferous-Permian pyroclastic and andesitic rocks, obtaining
a NW-SE-trending flow pattern (Izquierdo-Llavall et al., 2013b). Bixel
and Lucas (1983) describe the existence of volcanic calderas and
dome structures in the eastearn sector of the Cadí basin (eastwards of
the studied area) that could control the magma ascent and the setting
of volcanic buildings.

2.2. Structure of the Cadí basin

The Cadí basin is a WNW-ESE basin, approximately 30 km long, lo-
cated in the Eastern Pyrenees (Fig. 1A). During the Alpine orogeny,
this basin was incorporated in the Orri unit (Muñoz, 1992; Saura and
Teixell, 2006), a basement south-vergent thrust sheet involving
Palaeozoic materials and an unconformable Triassic cover that forms
part of the antiformal stack of the Pyrenean Axial Zone (e.g. Muñoz,
1992). The Cadí basin is an example of intra-mountainous basin
where Late Carboniferous-Permian series are at present aligned along
an E-W continuous outcrop and reach thicknesses of several hundreds
of meters with a good preservation and exposure of the volcanic mate-
rials (Gisbert, 1981; Martí, 1986). The basin has been interpreted as an
asymmetric graben limited by extensional faults to the north and
south (Saura and Teixell, 2006), although none of its bounding faults
are exposed at present. The Late Carboniferous-Permian rocks of the
Cadí basin crop out along a south-dipping monocline (average dips be-
tween 30 and 65° S) interpreted as the southern limb of a basin-scale
anticline associated with the Alpine Orri thrust (Saura and Teixell,
2006). In a closer look, (between traverses 3 and 4, Fig. 1),
hectometer-scale WNW-ESE asymmetric folds can be also inferred
from the geological map (Gisbert, 1981). There are also other outcrops
(Cerc section, Fig. 1C), where Late Carboniferous-Permian rocks de-
scribe a syncline in the downthrown side of a Miocene normal fault
(Saura, 2004). This small graben is surrounded by Ordovician rocks
and is tightly folded with an ENE-WSW (N055E) axis. A pervasive set
of NW-SE faults with displacements between 10 and 100 m can be
also inferred from the cartographic distribution of outcrops (see also
Gisbert, 1981).

2.3. Stratigraphy

The stratigraphic subdivision of the Late Palaeozoic continental suc-
cessions in Iberia is still under discussion and, because of their continen-
tal origin, most of them lack precise dating (e.g. Gretter et al., 2015;
Lloret et al., 2018; Mey et al., 1968; Nagtegaal, 1969). Gretter et al.
(2015) have recently done a detailed sedimentological and stratigraph-
ical analysis of the Late Palaeozoic sequences cropping out in the Cadí
basin and adjacent basins in the context of the western peri-Tethyan
palaeogeography. In this work, we follow the stratigraphic subdivision
proposed by Gisbert (1981) of the Late Carboniferous-Permian rocks
in the Southern Pyrenees (Fig. 1B): Grey Unit, Transition Unit, Lower
Red Unit and Upper Red Unit. The Grey Unit (GU) lies unconformably
on the Variscan basementmaterials. This unit starts with breccias, sand-
stones, conglomerates, grey siltstones and layers of coal. This sedimen-
tary sequence passes laterally to volcano-sedimentary and pyroclastic
rockswith interbedded andesitic lavas. The Transition Unit (TU) is char-
acterized by conglomerates, sandstones and siltstones commonly con-
taining ostracods, charophytes and stromatolites (the latter linked to
ankeritic limestones) at its top. In this unit, sedimentary rocks present
frequent lateral changes to pyroclastic rocks with dacitic interbedded
lavas. The Lower RedUnit (LRU) ismainly composed by siltstones, sand-
stones, acid tuffs and red volcaniclastic microconglomerates. In the Cadí
basin these sedimentary rocks interfinger with ignimbrites and inter-
bedded banded rhyolites. Finally, the Upper Red Unit (URU) contains
red conglomerates, sandstones, siltstones with carbonate nodules and
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lacustrine deposits. These rocks are arranged in two sequences with in-
terbedded volcanic bodies at the bottom.

This work focuses exclusively on volcanic and volcaniclastic rocks
from the GU and TU of the Cadí basin. All the sampling sites are located
in the Grey Unit (GU), except (perhaps) for sites CC75 and CC74
(Argestués section) that possibly belong to the Transition Unit (TU) be-
cause a paleosolwas foundbelow their stratigraphic position. According
to Gisbert (1981), the GU deposited in a sedimentary environmentwith
small alluvial fans at the basin borders and small lakes developed be-
tween volcanic structures. The TU corresponds to fluvial (ephemeral
rivers) and lacustrine environments.

To identify the different lithological types in the volcaniclastic rocks,
White and Houghton's (2006) classification was followed. According to
this classification ignimbrites and a lahar (containing carbonized logs)
are included in pyroclastic deposits.

3. Methodology

Themethodology used includes field work and sampling planification
and execution (performed after careful analysis and re-elaboration
of existing geological maps by means of aerial images), laboratory
work (here including magnetic mineralogy analysis, AMS analyses and
thin section observations under the microscope), and interpretation
of the whole dataset, especially including stereoplot representations.
Special attention was paid to check if (1) there is a relationship of the
magnetic fabric with the defined lithological type or (2) a variable spa-
tial pattern that would be an indicator of a preferential direction of flow
or deformation.

3.1. Sampling

The sampling campaigns were designed to carry out five detailed
transects in N-S and NE-SW directions in the Cadí basin with a total of
56 sampling sites: Argestués (4 sites), Cerc (17 sites), El Ges (7 sites),
Coll de Vanses (13 sites) and Ansovell (15 sites) sections (see Fig. 1B,
C and Table 1 for location). The sampling products correspond to the
oldest Late Carboniferous-Permian rocks, i.e. the volcanic and
volcaniclastic rocks of the Grey and Transition Units. Three lithological
types were sampled; 1) autoclastic deposits (12 sites), 2) andesitic
lava flow (22 sites), and 3) pyroclastic deposits, here including ignim-
brites (22 sites).

The samples were directly obtained in the field as cylindrical cores
with gasoline and battery-powered drill machines cooled with water
(33 sites) or as oriented blocks taken with extraction tools (23 sites).
In the block sites, one to four blocks per site were taken and in the 33
drilled sites an average value of eight cores per site was obtained. A
higher number of samples (one to two samples per core) was obtained
to ensure the representativeness of the AMS results, as proposed in the
studies of other intrusive rocks (Pueyo et al., 2004). Sampling was con-
ditioned by the quality and the distribution of the outcrops. All samples
were oriented with a magnetic or a solar compass, and sampling locali-
ties were positioned with a GPS. Oriented cores and blocks were cut to
2.1 cm-long, 2.5 cm-diameter standard cylinder specimens and 2 cm-
edge standard cube specimens, respectively, using a radial saw and a di-
amonddrill bit (non-magnetic steel). Bedding or flowplanesweremea-
sured in most sampling sites. A total of 620 standard specimens
(averaging 11 specimens per site) were obtained.

3.2. Magnetic mineralogy

Four types of analyses were performed to determine the magnetic
mineralogy of sampled rocks: 1) temperature-dependent susceptibility
curves at room temperature and at low temperature (~77 K),
2) temperature-dependent inducedmagnetizationcurves,3) isothermal
remanent magnetization (IRM) and backfield acquisition curves and
4) hysteresis loops. These experiments were carried out to characterize
4

the main magnetic carriers of the AMS and their relative contribution
(i.e. ferromagnetic versus paramagnetic fraction).

Temperature-dependent susceptibility curves were carried out in
seven samples from different sites, except in one case (CC35), where
lithological variability required two curves. The selection criterion was
based on the magnetic fabric results (susceptibility value, k) obtained
with the AMS measurements. The KLY-3S Kappabridge combined with
a CS-3 furnace (temperature range 40–700 °C) and the software
SUSTE (AGICO Inc., Czech Republic) were used for this analysis. More-
over, two samples were selected to perform temperature-dependent
susceptibility curves at low temperatures (~77K)with the aim of ensur-
ing their main paramagnetic behaviour. For this purpose, the samples
were cooled in liquid nitrogen and analysed in the CS-L unit of the
KLY-3S Kappabridge using the software SUSTEL (AGICO Inc., Czech
Republic). The temperature-dependent susceptibilities curves were
represented using the software Cureval 8 (Chadima and Hrouda, 2012).

Temperature-dependent induced magnetization curves (up to
700 °C in constant field of 38 mT), isothermal remanent magnetization
(IRM) and backfield acquisition curves (progressively increasing fields
up to 1 T and then reverse fields of increasing intensity) and hysteresis
loops (at room temperature with a maximum applied field of 1 T) were
performed by means of a magnetic variable field translation balance
(MMAVFTB, Petersen Instruments) in the Paleomagnetism Laboratory
of the University of Burgos, Spain, on representative specimens of pyro-
clastic deposits, autoclastic deposits and lava flows (CC23–4A, CC35-2A
and CC61-9A, respectively) from three different traverses. The data
were processed using the software Analyzer 1.0 (Leonhardt, 2006).
3.3. Analysis of RT-AMS

Anisotropy of magnetic susceptibility (AMS)measurements at room
temperature (RT-AMS)were conducted at theMagnetic Fabrics Labora-
tory of the University of Zaragoza, Spain, using a Kappabridge KLY-3S
(AGICO Inc., Czech Republic). The AMS is a technique that defines the
spatial variation of magnetic susceptibility (k) by applying a low inten-
sity magnetic field in different orientations around a core or cubic spec-
imen. Magnetic susceptibility (k) of a rock is the relationship between
the applied magnetic field (H) and the induced magnetization (M),
M = k·H. Magnetic susceptibility (k) is dimensionless (in the Interna-
tional System) and it can be expressed as a second-rank symmetric
tensor and represented geometrically by an ellipsoid with three orthog-
onal principal axes K1 > K2 > K3 (see Tarling and Hrouda, 1993 for
further details). AMS, and therefore the magnetic ellipsoid orientation,
depends on the preferred orientation of the magnetic carriers within
the rock (i.e., ferromagnetic, paramagnetic and diamagnetic minerals,
Borradaile and Jackson, 2004). The magnetic susceptibility ellipsoid
was firstly defined by Nye (1957) and three parameters are typically
used for its characterization (Jelinek, 1981); (i) mean susceptibility
(Km or Kmean), expressed as Km= (K1+K2+K3)/3, (ii) corrected
anisotropy degree (Pj) expressed as ln(Pj) = √2((ln(K1/K))2 + (ln(K2/
K))2 + (ln(K3/K))2)1/2, and (iii) shape parameter (T) expressed as T=
2(μ2 − μ3)/(μ1 − μ3) −1 where μ1 = ln K1, μ2 = ln K2, μ3 = ln K3 y
μm = (μ1 + μ2 + μ3)/3. In this work we will consider the T = 0.2 and
T = −0.2 values as the boundaries between oblate (s.l.) ellipsoids,
triaxial ellipsoids and prolate (s.l.) ellipsoids, but in some cases where
the analysed sites present particular patterns of spatial distribution of
the principal axes, regardless of the T value, we take into account its ge-
ometry for the classification. This is shown later on (see Fig. 5) where
studied sites are also classified according to their lithological type. Be-
cause of the different volume of cylinders and cubes, a volume correc-
tion (1.37 ratio) was applied for the latter in the calculation of the
bulk susceptibility.

The susceptibility tensor was calculated, including statistical confi-
dence angles (e12, e13, e21, etc…), with the software SUSAR (AGICO
Inc., Czech Republic). The AMS values for all specimens from each site



Table 1
Magnetic parameters (AMS) for the sampling sites in the Cadí basin.

Site ETRS 89 UTM 31 N Lithology K1 in
situ

Conf.
Ang.

K3 in
situ

Conf.
Ang.

Km
(10–6)

e
(10–6)

Pj e T e Ellipsoid
type

S0 (Dip
direction)

Latitude
(X)

Longitude
(Y)

Cerc CC1 375,347.19 4,688,784.81 9 lava flow 180/40 12/5 86/04 16/10 289 55.57 1.011 0.004 −0.368 0.125 prolate 174/30
CC5 375,418.01 4,688,763.67 7 pyroclastic 202/46 1.6/0.9 053/40 6.6/0.4 1004 73.53 1.024 0.003 −0.372 0.152 prolate 174/30
CC6 375,427.19 4,688,761.06 9 autoclastic 149/49 56/7 332/42 22/06 404 128.9 1.008 0,003 −0.037 0.312 oblate 174/30
CC7 375,455.72 4,688,748.34 9 pyroclastic 279/31 9/4 174/23 20/3 365 46.54 1.007 0,002 0.155 0.271 triaxial 153/28
CC8 375,475.6 4,688,740.21 12 autoclastic 096/23 14/05 213/47 62/13 518 265.9 1.012 0.004 −0.287 0.405 prolate 153/28
CC10 375,489.3 4,688,731.75 8 pyroclastic 038/27 37/13 238/61 25/02 255 39.3 1.011 0.004 0.394 0.52 oblate 100/20
CC13 375,542.41 4,688,710.92 22 lava flow 254/21 30/9 027/61 15/9 262 32.71 1.007 0.002 0.063 0.448 oblate 205/36
CC14 375,586.03 4,688,726.58 13 pyroclastic 227/58 11/06 116/13 42/5 338 77.72 1.008 0.003 −0.092 0.220 prolate 194/42
CC15 375,638.34 4,688,730.21 10 lava flow 274/23 20/13 076/66 37/16 222 74.52 1.006 0.002 0.048 0.215 triaxial –
CC16 375,667.53 4,688,684.82 20 lava flow 331/41 16/09 186/43 12/09 485 109 1.01 0.008 0.188 0.360 oblate 050/36
CC18A 375,819.43 4,688,672.79 5 pyroclastic 228/86 52/23 111/02 24/12 705 608 1.022 0.011 0.295 0.449 oblate 300/45
CC18B 375,819.43 4,688,672.79 6 pyroclastic 291/13 15/07 188/46 11/03 267 50.57 1.014 0.004 0.48 0.262 oblate 300/45
CC19 375,937.86 4,688,524.63 8 lava flow 198/58 07/04 070/21 12/05 218 52.17 1.01 0.002 0.186 0.382 triaxial 300/45
CC20 375,997.7 4,688,488.47 6 pyroclastic 310/04 25/21 041/05 36/12 258 92.63 1.01 0.004 −0.123 0.342 triaxial 322/44
CC22 376,259.48 4,688,099.64 9 lava flow 185/37 07/03 339/50 08/04 3880 426.2 1.031 0.003 0.022 0.223 triaxial 165/33
CC23 376,324.71 4,688,023.29 16 pyroclastic 123/30 09/07 309/60 33/08 1335 700.5 1.017 0.009 −0.162 0.331 prolate 115/40
CC24 376,389.55 4,687,984.94 15 pyroclastic 101/56 27/15 220/18 49/15 328 146.5 1.013 0.007 0.139 0.471 triaxial 092/60

El Ges CC26 376,514.62 4,684,781.72 16 pyroclastic 309/04 24/14 161/86 35/21 218 56.92 1.013 0.004 0.146 0.490 oblate 330/30
CC34 376,492.95 4,684,501.86 11 pyroclastic 064/46 09/08 329/04 57/08 800 467.7 1.014 0.003 −0.542 0.139 prolate 170/72
CC35 376,501.7 4,684,483.38 19 autoclastic 094/05 29/08 185/11 12/08 329 58.62 1.01 0.002 0.323 0.285 oblate 180/90
CC36 376,508.86 4,684,464.26 13 pyroclastic 090/20 25/06 358/07 16/09 1053 488 1.02 0.008 −0.131 0.492 triaxial 180/80
CC37 376,508.25 4,684,448.06 18 lava flow 276/02 18/07 15/80 13/07 575 102 1.045 0.008 −0.329 0.178 prolate 180/90
CC38 376,496.13 4,684,438.83 8 autoclastic 090/08 16/10 192/57 27/07 1121 585 1.024 0.01 −0.177 0.297 triaxial 180/90
CC41 376,311.15 4,684,394.55 14 pyroclastic 285/4 14/8 15/09 31/12 1278 231 1.018 0.005 −0.021 0.264 triaxial 210/32

Ansovell CC42 383,130.08 4,684,809.1 19 lava flow 114/27 19/8 253/56 27/5 399 180.6 1.007 0.002 −0.147 0.381 triaxial 204/45
CC43 383,133.50 4,684,885.79 9 pyroclastic 266/15 7/4 115/73 27/4 441 53.62 1.008 0.001 −0.018 0.48 prolate –
CC44 383,106.44 4,684,973.54 9 lava flow 252/24 18/2 1/36 9/1 6784 2446 1.022 0.003 −0.31 0.201 prolate 210/48
CC45A 383,094.11 4,685,020.4 7 lava flow 318/02 12/7 225/58 39/4 699 60.47 1.022 0.009 −0.169 0.232 triaxial 190/65
CC45B 383,094.11 4,685,020.4 8 lava flow 99/38 4/0 194/07 8/2 374 29.53 1.005 0 0.017 0.038 triaxial 190/65
CC46 383,136.68 4,685,061.45 6 autoclastic 310/37 14/7 150/51 13/3 384 27.3 1.005 0.002 −0.171 0.353 triaxial 235/48
CC48 383,162.32 4,685,096.34 10 lava flow 101/33 22/8 288/56 24/4 1894 4920 1.016 0.002 0.145 0.429 triaxial –
CC49A 383,206.16 4,685,105.28 8 lava flow 101/55 4/1 265/34 58/4 938 115 1.014 0.003 −0.272 0.447 prolate 295/35
CC49B 383,206.16 4,685,105.28 8 lava flow 133/62 72/3 313/28 6/2 771 44.38 1.018 0.005 0.77 0.094 oblate 295/35
CC50 383,213.46 4,685,132.81 9 lava flow 98/47 22/10 269/43 22/9 325 52.53 1.008 0.002 0.036 0.175 triaxial 190/75
CC51 383,609.54 4,685,328.82 7 pyroclastic 005/32 59/38 108/19 52/37 2147 478.9 1.055 0.019 −0.194 0.285 triaxial 169/26
CC52 383,619.36 4,685,379.19 5 pyroclastic 158/61 19/08 057/06 33/07 4440 852.4 1.04 0.009 0.037 0.601 oblate 250/78
CC53 383,275.42 4,685,180.32 10 pyroclastic 273/20 4/2 180/8 13/3 338 30.28 1.004 0.001 −0.352 0.237 prolate 235/85
CC54 383,430.49 4,685,184.96 11 autoclastic 260/26 5/3 44/59 9/5 632 54.8 1.013 0.003 0.126 0.113 triaxial 270/78
CC55 383,585.93 4,685,282.34 11 autoclastic 14/32 12/4 109/9 10/4 386 128 1.009 0.001 0.039 0.226 triaxial 270/78

Coll de
Vanses

CC57 379,223.56 4,684,827.07 14 lava flow 240/23 16/09 051/67 20/08 501 284.8 1.026 0.01 −0.108 0.312 triaxial 160/52
CC58 379,291.87 4,684,834.9 10 autoclastic 182/34 29/08 346/55 28/11 3076 2630 1.023 0.009 −0.254 0.257 prolate 180/47
CC59 379,340.49 4,684,867.05 12 lava flow 058/13 31/10 172/61 33/10 525 98.78 1.034 0.01 0.169 0.527 triaxial 180/47
CC60 379,302.23 4,684,890.47 15 pyroclastic 272/02 15/08 175/70 10/08 1045 352.3 1.027 0.007 −0.08 0.311 triaxial 180/47
CC61 378,948.31 4,685,029.97 15 lava flow 092/24 06/03 347/30 06/03 322 28.43 1.011 0.001 −0.032 0.149 triaxial 160/60
CC62 378,913.47 4,685,079.55 22 autoclastic 135/59 18/13 022/13 72/14 1044 994.1 1.024 0.024 −0.051 0.412 prolate 160/55
CC63 378,893.05 4,685,129 7 autoclastic 274/06 09/05 180/31 31/04 1873 3196 1.014 0.006 0.084 0.368 triaxial –
CC64 378,831.97 4,685,172.6 11 lava flow 251/44 14/07 006/24 20/07 460 137.6 1.012 0.002 −0.246 0.406 prolate 130/86
CC65 378,793.6 4,685,237.35 8 autoclastic 102/08 21/04 010/17 26/05 563 175.9 1.012 0.007 0.257 0.518 oblate 180/65
CC66 378,843.03 4,685,278.37 11 lava flow 226/54 43/14 109/18 73/16 2025 2547 1.01 0.003 −0.312 0.305 prolate 205/54
CC67 378,852.14 4,685,323.97 9 lava flow 115/13 17/10 012/47 15/06 549 225 1.018 0.006 0.051 0.257 triaxial 177/42
CC68 378,885.43 4,685,379.93 13 lava flow 122/15 45/04 029/10 08/05 302 50.47 1.017 0.005 −0.084 0.345 oblate 183/63
CC69 378,899.21 4,685,437.78 6 autoclastic 055/12 19/08 146/05 10/04 1564 236 1.026 0.004 0.338 0.347 oblate 194/29

Argestués CC70 362,096.11 4,687,048.53 13 pyroclastic 288/04 26/03 25/57 04/02 181 8.68 1.015 0.005 0.727 0.727 oblate 207/38
CC71 362,073.35 4,687,035.42 9 pyroclastic 288/20 11/03 160/59 31/05 149 14.75 1.009 0.002 −0.191 0.356 triaxial 180/31
CC74 362,035.35 4,687,023.28 5 pyroclastic 124/09 17/09 234/65 60/12 65 3.57 1.007 0.005 0.07 0.25 triaxial 202/35
CC75 362,140.21 4,686,998.23 20 pyroclastic 070/24 09/06 306/52 10/06 202 21.71 1.015 0.004 0.419 0.247 oblate 200/45

N: number of specimens; Lithology: classification in lithological type; K1 and K3-mean (trend andplunge) of themagnetic lineation and of the pole to themagnetic foliation (Jelinek, 1977)
in situ; Conf Ang: major and minor semi-axes of the 95% confidence ellipse (Jelinek, 1977); Km: magnitude of mean magnetic susceptibility (10−6 S.I); Pj: corrected anisotropy degree
(Jelinek, 1981); T shape parameter (Jelinek, 1981); e: standard deviation; Ellipsoid type: magnetic susceptibility ellipsoid type; S0: bedding plane (dip direction/dip).
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were processed and represented using the software Anisoft 5.1.03
(Chadima and Jelínek, 2019).

3.4. Analysis of LT-AMS

The paramagnetic behaviour is exponentially enhanced at low tem-
peratures according to the Curie-Weiss law: Kp = C/T – θ; Kp is the
paramagnetic susceptibility, C is a constant and θ is the paramagnetic
Curie temperature (Tc) (see, e.g. Oliva-Urcia et al., 2009, 2011 and refer-
ences therein). To isolate the paramagnetic subfabric from the total
5

fabric, five sites from different transects (5 to 6 specimens per site),
were analysed at low temperature in the Kappabridge KLY–3S. A ther-
mal protection was integrated around the measuring coil to protect
the instrument from the cooled samples (~77 K) as in Issachar et al.,
2016. The low-temperature-AMS (LT-AMS) measurement routine
includes an 1-h cooling of the samples at 77 K by immersion in liquid ni-
trogen andmeasurements in the four positions required by the KLY–3S.
Between each position, the analysed specimen was immersed again
10 min in liquid nitrogen. A pure paramagnetic sample measured at
low temperature (77 K) must show an increase of its susceptibility of
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approximately 3.8 times with respect of its susceptibility at room tem-
perature (Ihmlé et al., 1989) but when ferromagnetic s. l. minerals are
present this ratio diminishes.

3.5. Image analysis and petrographic study

The purpose of these analyses is to compare the magnetic fabric re-
sults with the preferred mineral orientations and structures (rock fab-
ric). The petrographic study was carried out at three scales: mesoscale
analysis at outcrop scale, macroscopic study in oriented polished blocks
and finally microscopic analysis in oriented thin sections. The image
analysis of mineral grains was performed in five samples (sites CC05,
CC06, CC34, CC44, CC70). These samples were selected in order for the
three lithological types and the different transects studied to be repre-
sented. For each oriented block, 2D orientation analyses were per-
formed in thin sections (microstructural scale) and polished cuts
(mesostructural scale), in two perpendicularly oriented planes. Pre-
ferred textural orientations, or AMS results (when crystals or grains
were not visible) were used as a guide for tracing the perpendicular-
to-foliation, parallel to lineation plane and the perpendicular-to-
foliation, perpendicular-to-lineation plane. ImageJ software (Schneider
et al., 2012) was used to quantify the preferred shape orientations of
the different components (Fe-oxides, plagioclases, mafic minerals, py-
roxenes and amphiboles, and mineral agglomerates) defining the
petrofabric of the studied samples.

3.6. Microstructural study

A systematic microstructural analysis was performed to better con-
strain the contribution of the tectonic imprint to the overall measure
of AMS. A total of 56 thin sections, one for each site, were analysed
under the microscope. Thin section planes are perpendicular to the
magnetic foliation (i.e. they contain Kmin axes) and parallel to
the magnetic lineation (i.e. they contain Kmax axes). The orientation of
the thin sections was done according to the application of the classical
stereographic projection techniques in Structural Geology (see
Phillips, 1977).

To decipher the influence of the tectonic imprint in the studied
rocks, a qualitative classification of the thin sections (and hence the
sampling sites) was performed. This classification takes into account
the presence or absence of tectonic structures (e.g. tectonic foliation,
microfaults or crushed clasts), and the modification of the original ori-
entation of grains (primary fabrics) due to tectonic, secondary features.
Type A includes thin sections that do not show any tectonic overprint;
Type B groups thin sections that present localized, no-pervasive folia-
tions (e.g. rough cleavage defined by iron oxides); Type C includes
thin sections that show tectonic features such as fractured or shear
clasts or more pervasive foliation; finally, Type D corresponds to thin
sections with a strong tectonic imprint: penetrative foliations, mineral
grains reorientations associated with this foliation, microfaults and
sheared clasts. We have paid specific attention to differentiate those fo-
liations of primary origin (i.e. formed during the deposition of ignim-
brites), from the tectonic ones. Fortunately, orientation of regional
cleavage also helps in this task because in the southern border of the
Axial Zone of the Pyrenees shows a systematic northwards dip
(Izquierdo-Llavall et al., 2013a), opposite to the dip of primary foliation
or bedding in most sites.

4. Results

4.1. Rock magnetic characterization

Almost all temperature-dependent susceptibility curves show that
magnetic mineralogy consists of a mixture of paramagnetic and ferro-
magnetic phases (Fig. 2). The paramagnetic behaviour can be inferred
from the concave-hyperbolic shape at the beginning of the heating
6

curves (Curie-Weiss law, e.g. Parés and Van der Pluijm, 2002) (Fig. 2B,
C andD). FollowingHrouda, 1994, Hrouda et al., 1997method, the para-
magnetic contribution to the total susceptibility has been estimated
between 45% (sample CC26-2C) and 100% (samples CC35-IRM). In the
remaining five samples, the paramagnetic contribution is dominant,
ranging between 71% and 92%.

The ferromagnetic behaviour is pinpointed by the abrupt drop in the
heating curve between 580 °C and 600 °C (Fig. 2B, C and D) taking into
account that the Curie temperature of magnetite is 580 °C (this behav-
iour is not followed by sample CC35-4B). Furthermore, an abrupt in-
crease in susceptibility at 500 °C evidences the neoformation of
magnetite during heating in sample CC26-2C (Fig. 2B). Temperature-
dependent susceptibility curves are not reversible, and cooling paths
show susceptibilities one order of magnitude higher than heating
paths, confirming the formation of ferromagnetic phases during heating
(Fig. 2A).

In the temperature-dependent induced magnetization curves
(Fig. 3C), there is a drop in the magnetization value at 560 °C and
580 °C (Tc of magnetite) in samples CC61-9A and CC23–4A (much
more abrupt) respectively a second, weaker drop at 675 °C (Tc of hae-
matite) in samples CC23–4A and CC35-5B. If we pay attention to the ac-
quisition of isothermal remanent magnetization (IRM) and backfield
curves (Fig. 3A and B), in samples CC23–4A and CC61-9A, saturation is
not reached at 1 T and in sample CC35-5B, it is reached at 100 mT. The
hysteresis loops display a more linear trend in samples CC35-5B and
CC61-9A than in sample CC23–4A,which shows awasp-waisted hyster-
esis (Fig. 3D).

The mean value of Km for all sites is 926.84 × 10−6 SI, ranging be-
tween 6784 × 10−6 (site CC44, lava flow) and 65 × 10−6 SI (site CC74,
pyroclastic deposit). The mode value corresponds to 218 × 10−6 SI).
The autoclastic deposits are the only lithological type that do not show
Km values under 300 × 10−6 SI (Table 1). If we pay attention to Km
values for individual data specimens (see Fig. 6C) the mode is rather
low, 276.7 × 10−6 SI, although the values range between 44 × 10−6 SI
to 9060 × 10−6 SI. The Km average value is high even though the Km

mode value is low because the histogram is asymmetric towards the
highest values.

4.2. Magnetic fabrics: RT-AMS

Regarding the characterization of the magnetic ellipsoid, the
corrected anisotropy degree Pj is low in all sampled sites (Table 1),
with values typical of weakly deformed sediments (Pj < 1.1). The
mean value of Pj at the site level is 1.017, with a maximum value of
1.055 (site CC51) and a minimum of 1.004 (site CC53) (Table 1). The
parameter T shows triaxial magnetic ellipsoids for most sites (27
sites) despite the wide variability of values (Table 1, Fig. 4 and Fig. 5).
Km-Pj and Km-T diagrams show no correlation between Km, Pj or T, or
between these three parameters and the sampled lithology (Fig. 4).

A high variability of magnetic fabrics has been obtained indepen-
dently of the studied section and the stratigraphic position of sites
(Table 1). In order to interpret this variety, we have considered Pj and
T values (Fig. 6D) from individual specimens for each traverse. The
Argestués and El Ges transects show the highest Pj values (in all cases
lower than 1.05). In all the studied transects, most of the Pj values are
lower than 1.02. There is not a relationship between the lithological
type and the Pj and T parameters at sampling site level.

The lithological types do not present a characteristic magnetic fabric
type (Fig. 6A and 7). Most sites feature magnetic ellipsoids with a tight
clustering of K3 (Table 1) and 86% of sites show awell-definedmagnetic
lineation (confidence angle associated with K1, e12 < 30°). Sites with
poorly defined magnetic lineation correspond to lava flows and falling
pyroclasts (Table 1). In most sites magnetic lineation (K1) is located
within or close to the measured bedding plane and K3 axes are
clustered around the bedding pole, both considering site means
(Fig. 6B) or individual samples (Fig. 7). After bedding restoration, the
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maxima of K1 are subhorizontal and better grouped than in the non-
restored stereoplots in all locations, except for the Cerc and Ansovell
sections (Figs. 8 and 9). After bedding correction, the distribution of K1
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shows a dominantWNW-ESE direction in the Argestués, Coll de Vanses
and El Ges sections (Fig. 9). In the Cerc section, after bedding restitution,
K1 axes are distributed in two subhorizontal maxima, WNW-ESE and
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NNE-SSW, and K3 axes are subvertical. There are not differences in
orientation of K1 axes related to their stratigraphic position along the
transect (Fig. 9). In the Ansovell section, after bedding restitution, K1

axes show a high directional variability following two maxima around
the NW-SE direction and, again, there is not a defined pattern related
to their spatial position along the section (Fig. 9). If we consider the
whole dataset, an overall pattern showing a dominantWNW-ESE direc-
tion for K1 can be defined (Fig. 9).
4.3. Magnetic fabrics: LT-AMS

The LT-AMS was carried out in five representative sites (Fig. 10)
from different lithologies and orientations of the magnetic fabric at
room temperature. In the analysed samples, the Km-LT/Km-RT ratio
per site ranges between 2.64 and 1.20 indicating the influence of the
8

ferromagnetic behaviour (Fig. 10B). Nonetheless, sample CC07 (pyro-
clastic deposit) presents a behaviour close to the pure paramagnetic
one. In all the analysed sites, the LT-AMS results overlap the RT-AMS
magnetic fabric, and themagnetic parameters Pj and T do not show sig-
nificant differences (Fig. 10A).
4.4. Microstructural study

The detailed study in thin section of the rocks has allowed: 1) to
clearly define the relationship between the petrofabric and the mag-
netic fabric; 2) to identify the minerals responsible for the petrofabric;
and 3) to know the contribution of the tectonic imprint that could po-
tentially modify the original magnetic fabric. Identification of minerals
was based upon the habit of crystals, because all the rocks are intensely
altered: 1) plagioclases show a partial to total alteration to carbonate;
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Fig. 7. AMS ellipsoids obtained for each sampling site with 95% confidence ellipses (Jelinek, 1977). The projection of the bedding plane and its pole is represented. A) Argestués section.
B) Cerc section. D) Coll de Vanses section. E) Ansovell section.
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Fig. 7 (continued).
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Fig. 7 (continued).
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and 2) mafic minerals (amphiboles and pyroxenes) are abundant and
totally replaced by phyllosilicates (specially chlorite).

In the samples corresponding to lava flows, plagioclase crystals de-
fine themain fabric of the rock (Fig. 11 sample CC48). In some thin sec-
tions, the crystals show imbrication or different (even perpendicular)
preferred orientations. Furthermore, less abundant, mafic minerals are
also aligned with the plagioclases (Fig. 11 sample CC37). Many Fe-
oxides are present in the thin sections, distributed randomly and dis-
persed (Fig. 11 sample CC65) or surrounding the faces of themaficmin-
erals (Fig. 11 sample CC22). Thematrix of the samples usually presents a
recrystallization and a partial alteration to carbonate.

In the pyroclastic deposits, ignimbrites are abundant and are charac-
terized by a good orientation of grains, showing elongate, fine-grained
juvenile clasts aligned parallel to the flow foliation (Fig. 11 sample
CC53). The latter can be defined by concentration of opaque minerals,
probably resulting from the early alteration of these rocks.

According to the classification proposed (Fig. 11, see the classifica-
tion criteria in Subsection 3.6. Microstuctural study), 32 sampling sites
present an exclusively primary fabric (Type A), 16 sampling sites
present a petrofabric with localized, non-pervasive foliation or fracture
planes (Type B), seven sampling sites show a tectonic imprint (Type C),
that can locally modify the primary fabric, and produce a reorientation
of the minerals, and finally, only one sampling site shows a clear
tectonic fabric (Type D) with a penetrative foliation that cannot be
related to flow.

In thin sections of Type A (Fig. 11), the plagioclase and/ormaficmin-
erals arewell aligned. This can be seen, for example, in CC05 (pyroclastic
deposit), CC20 (ignimbrite), CC35 (autoclastic deposit), CC49B (lava
flow), and CC54 (autoclastic deposit). Even in cases of strong alteration,
the orientation of the petrofabric can be identified (e.g. CC14, lava flow).
In Type B, the primary fabric is not modified by tectonic features (e.g.
CC08, autoclastic deposit, CC52, pyroclastic deposit). Sites CC10 (pyro-
clastic deposit), and CC58 (autoclastic deposit) are examples of Type C
fabrics, where the primary orientation is not modified, in spite of show-
ing more secondary structures. Only one thin section shows a Type D
fabric with a penetrative foliation (CC60 pyroclastic deposit) with a tec-
tonic foliation that cannot be related with a flow foliation and shows a
tectonic imprint that probably developed under favorable lithological/
structural conditions.
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5. Discussion and interpretation

5.1. Magnetic properties and magnetic carriers

During the last thirty years it has been demonstrated that AMS is a
statistically robust method to characterize the fabrics of deposits of vol-
canic and volcaniclastic materials such as lava flows and pyroclastic de-
posits (e.g. Cañón-Tapia and Pinkerton, 2000; Le Pennec et al., 1998; Ort
et al., 2015; Porreca et al., 2003). The application of this technique to nu-
merous volcanic deposits around the world has highlighted that the
analysis of AMS should be usedwith cautionwhen determiningflowdi-
rections because of: (i) problems derived from magnetic mineralogy,
that must be carefully checked, (ii) the modification of primary fabrics
by subsequent tectonic processes, (iii) the dispersion in the distribution
of flow directions, showing interferences that can be compensated by
sampling a sufficient number of sites, (iv) the heterogeneity ofmagnetic
fabrics (shape of the ellipsoid at the sample and site scale, etc…) that
can be a drawback when interpreting their geometry. Measurements
of the magnetic fabrics of lavas and pyroclastic deposits have shown
that the characterization of the magnetic carriers to the AMS is needed,
especially in rocks yielding high Km (x 10−2), to avoid an incorrect
interpretation of magnetic lineations not related with flow (e.g.
Cañón-Tapia, 2004a and references therein; Ort et al., 2015; Pioli et al.,
2008; Trippanera et al., 2020). In this work, the mean value of
susceptibility for all sites is low when compared with other volcanic
rocks in the literature. Themode value obtained is 218 × 10−6 SI,mostly
fitting within the paramagnetic domain (Enkin et al., 2020). Conversely
to other examples of igneous rocks, Km values do not show a clear
relationship with the considered lithological types, what supports the
heterogeneous origin and mineralogical variety of the different
volcanic products, to which the diagenetic alteration, with probable
crystallization of new phases, is also added. The characterization of the
magnetic mineralogy from the thermomagnetic curves indicates that
the minerals that define the AMS of the studied rocks are a mixture of
phases providing paramagnetic and ferromagnetic (magnetite deter-
mined from its Tc of 580 °C and a veryminor contribution of haematite)
contributions. In any case, the paramagnetic contribution to susceptibil-
ity is high in all the lithologies (autoclastic deposits, pyroclastic deposits
and lava flows) and allows us to be confident about the matching



Fig. 8.Density diagrams (Kamb contours, 2% interval) ofmagnetic axes, data from individual specimens:A)K3 (Kmin) axes in situ. B)K1 (Kmax) axes in situ. C) Rose diagrams of K1 (Kmax)
axes in situ. (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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Fig. 9. Density diagrams (Kamb contours, 2% interval) of magnetic axes, data from individual specimens: A) K3 (Kmin) axes restored (tilt-corrected). B) K1 (Kmax) axes restored. C) Rose
diagrams of K1 (Kmax) axes restored (tilt-corrected). (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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between the mineral preferred orientation and the AMS data. Original
paramagnetic minerals (phenocrysts of plagioclase, amphiboles
and pyroxenes) are often replaced by other paramagnetic phases
such as phyllosilicates and a matrix also containing phyllosilicates).
Temperature-dependent susceptibility curves are irreversible (Fig. 2A)
evidencing the neoformation of new mineralogical phases (probably
magnetite) during heating. Since volcanic rocks are thermally stable,
this behaviour can reflect mineralogical alteration and creation of new
mineralogical phases after their generation and deposit. This is observed
in all lithological types: samples of pyroclastic deposit (CC10–3, CC14-
3B and CC26-2C), autoclastic deposit (CC35-4B and CC35-IRM) and
lava flow (CC16-2C and CC61-7B). The irreversibility of the curves is
also observed in the temperature-dependentmagnetization curves, sig-
nificant in the samples of autoclastic deposit and lava flow (CC35-5B
and CC61-9A, respectively) but negligible in the sample of pyroclastic
deposit (CC23–4A). Saturation at 100 mT in sample CC35-5B and the
no saturation at 1 T in samples CC23–4A and CC61-9A in the isothermal
remanent magnetization (IRM) and backfield curves indicates that
there are magnetic minerals with low and high coercivity, magnetite
and haematite, respectively, in the three analysed lithologies. The
wasp-waisted hysteresis can be also related to the presence of different
magnetic phases (CC23–4A, Fig. 3D) (Weil and Van der Voo, 2002 and
references therein), and the dominance of the paramagnetic contribu-
tion is shown by the linear trend of hysteresis loops (CC35-5B and
CC61-9A, Fig. 3D). As we have stated, the corrected anisotropy degree
Pj is low in all sampled sites, and the parameter T shows triaxial mag-
netic ellipsoids for most sites, even if we assume a very restricted
range for this category (Fig. 5). Km-Pj and Km-T diagrams show no
correlation between Km, Pj or T and the sampled lithology (Fig. 4)
indicating the neglectable influence of magnetic mineralogy in the
AMS. The LT-AMS results indicates the existence of two behaviours,
paramagnetic (samples with a significant increase in Km at low
temperature) and ferromagnetic (samples with a lower increase in Km

at low temperature). Remarkably, all the analysed samples show
15
similar orientations of AMS axes at room and low temperature, what
is a good indicator of the reliability of the results.

5.2. Magnetic fabrics and petrofabrics

To check the consistency of data and the relationship between
magnetic fabrics and petrofabrics (and also to detect possible magnetic
mineralogy artifacts), we compared AMS results with image and petro-
graphic analyses. Our final aim in this case is to verify the reliability of
AMS as a paleoflow indicator in the Cadí basin.

The results obtained show that in most samples there is a close rela-
tionship between the magnetic fabric and the mineral or grain orienta-
tions. In samples CC05 (Fig. 12A) and CC06 (Fig. 12B) a preferred
orientation of minerals, mainly plagioclase crystals, in two perpendicu-
lar sections, was recognized. This allows to define the plane of the pet-
rographic anisotropy (but not the dominant lineation, that can be
qualitatively defined as very close to the direction of one of the sections,
according to the shape of grains in the two perpendicular cuts). The
plane of the petrographic anisotropy contains the K1 and the K2

magnetic anisotropy axes and its pole is located close to K3 (Fig. 12A
and B, respectively). In sample CC05, the magnetic foliation is oblique
to the bedding plane measured in field but in sample CC06 both planes
are overlapped. In sample CC70 (Fig. 12E), image analysis precludes ob-
serving a preferred orientation of particles in any section but graded
bedding and alignment of the oxides that constitute the matrix are ob-
served in thin section. The plane defined by oxides, subparallel to the
bedding plane measured in the field (Fig. 12E), contains the K1 and
the K2 axes and its pole is close to K3. In sample CC34C, the preferred
orientation of mineral grains (mafic minerals) is observed only in one
section and shows a subhorizontal ENE-WSWdirection, slightly oblique
to the E-W trending K1 axes (Fig. 12C). Finally, sample CC44B shows
preferred orientation of plagioclase crystals, observed in polished and
thin sections, whose relationship with the magnetic fabric is not
straightforward. In any case it should be noted that K1 axes fall within



Fig. 11. Results from the microstructural study: classification of the sampling sites according to the contribution of the tectonic imprinting and details of thin sections.
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the bedding plane directly measured in the field and K3 is close to its
pole (Fig. 12D).

At outcrop scale, some structures, related to the flow of volcanic and
volcaniclastic materials, were recognized, namely oriented fossil tree
logs of metric size within a lahar and compositional changes parallel
to bedding. In the Argestués section a lahar deposit was described by
Gisbert (1981) as an unconsolidated pyroclastic, matrix-supported ma-
terial including carbonized and silicified logs. In this deposit, the mag-
netic fabric presents the maximum axes (K1) clearly clustered in a
WNW-ESE direction. This result shows that K1 is sub-parallel to the
paleocurrent inferred from the orientation of logs within the deposit,
N130E, carried out for the present work and slightly oblique to data ob-
tained in a previous work (Martí and Gisbert, 1983) (Fig. 13A and B, site
CC71) although the detailed interpretation of the outcrop is probably
not so straightforward, since the axes of logs are not perfectly contained
in the bedding plane, and one of the clusters could be perpendicular to
the flow direction.

In the southern zone of the Cerc section, a pyroclastic flow deposit
shows a primary compositional banding. In this case, maximum
axes (K1) are clearly clustered within the plane defined by the
compositional changes and minimum axes (K3) are well-grouped per-
pendicular to its plane. In other sites, where a compositional banding
was recognized (CC18, CC24 and CC64); maximum axes (K1) are
within or close to this plane but not as clearly as in site CC23 (Fig. 13C
and D).
Fig. 12. Image analysis and petrographic study. The following features are shown in each case:fi
present the preferred orientation of ellipses according to the angle between its long axis and
ellipsoid and the plane of anisotropy (qualitatively defined as very close to the direction of t
that sample CC34C does not correspond to site CC34 but to a sample specifically taken for this
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Therefore, considering these observations, and the consistency ob-
served between magnetic fabrics and flow directions from the system-
atic thin sections shown in Fig. 12, we can conclude that, for the
studied case, the magnetic lineation (i.e. K1 axes) can be used as a
paleoflow indicator.

5.3. Interpretation of paleoflow directions

Together with a detailed description of axes directions, magnetic
fabrics were compared according to the Pj and T parameters (Fig. 6). It
has not been possible to assign a clear correspondence between the
three lithological types and Pj and T values (Fig. 6A). In the same way,
our results do not permit to see significant AMS differences based on
the different site location across the Cadí basin. In other words, there
is a remarkable homogeneity in paleoflow directions both in the hori-
zontal (along strike) and in the vertical (during the time of accumula-
tion of volcanic materials (Fig. 9). Regarding our AMS results, the
number and location of volcanic foci are not easy to define. Moreover,
the existence of intrusive bodies along the basin axis supports the hy-
potheses of multiple, aligned vents (see, e.g. Le Corvec et al., 2013;
Toprak, 1998, see also discussion about this subject in the next subsec-
tion).

The interpretation of AMS data from volcanic and volcaniclastic
rocks is not straightforward and several aspects must been taken into
account according with previous studies (e.g. Cañón-Tapia, 2004a; Ort
tting particles to ellipses froma binary image bymeans of ImageJ software; histograms that
a horizontal reference line (measured anticlockwise); comparison between the magnetic
he studied sections). Samples: A) CC05 B) CC06; C) CC34C, D) CC44B and E) CC70. Note
analysis.
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et al., 2015). For instance, magnetic fabrics in pyroclastic deposits can
reflect changes in flow behaviour due to distance from the vent and
changes in velocity (Ort et al., 2015). Besides, in lava flows the degree
of anisotropy can vary according with the thermal and shearing history
of the rock (e.g. Cañón-Tapia and Pinkerton, 2000). Our AMS results
show a robust magnetic lineation oriented WNW-ESE (i.e. flow direc-
tion) both in situ and corrected (i.e. restoring data to the horizontal) co-
ordinates (Figs. 8, 9). In 15 sites containing 174 specimens, K3 axes are
not close to the vertical after bedding restitution (as expected for a
restored primary fabric), conversely to the 41 sites containing 446
specimens that show vertical K3. Those 15 sites do not show
differences related to mineral carriers and discrepancies between K3

axes and the poles to bedding could be caused by imprecise
measurements of bedding orientation, due to the characteristics of the
studied materials, fractures, their complexity and exposure conditions.
Nevertheless, the low variation between the orientations of the
magnetic lineation (K1 axes) in situ and restored is also due to the
similarity between the strike of bedding and the trend of the lineation.
This adds a plus to the reliability in the determination of the trend of
the magnetic lineation, that in this way does not rely on the precise
determination of bedding in each site. Another question to highlight is
that there is not a clear imbrication of K1 axes (they present a
subhorizontal position), as it happens in other examples of volcanic
flows (Dedzo et al., 2011; Hillhouse and Wells, 1991; Knight and
Walker, 1988; see also Herrero-Bervera et al., 2002). For that reason, it
was not possible to define the sense of flow from our data (see next
subsection for a discussion on this topic).

5.4. Regional implications for the Late Carboniferous-Permian Cadí basin

The formation of the supercontinent Pangea during the Late
Palaeozoic resulted from the collision between Laurussia, Gondwana
and also several peri-Gondwana microcontinents (e.g. Avalonia,
Armorica, Iberia; Elter et al., 2020; Gutiérrez-Alonso et al., 2008;
Padovano et al., 2014). The location of these peri-Gondwana
microcontinents between both plates and their irregular boundaries
have been postulated to generate coeval transpressional and
transtensional tectonics during collision with a complex pattern of
shear zones (Arthaud and Matte, 1977; Ballèvre et al., 2018; Dias
et al., 2017; Elter et al., 2020; Gutiérrez-Alonso et al., 2004, 2008;
Martínez Catalán, 2011; Neubauer and Handler, 2000; Padovano
et al., 2011, 2014). During the Late Carboniferous-Permian times,
this tectonic scenario in Western and Central Europe, characterized
by a major strike-slip component, led to the formation of more than
70 rift basins coeval with a widespread magmatic event involving
the extrusion of thick volcanic successions (McCann et al., 2006). In
Iberia, two important intracontinental strike-slip shear zones have
been identified: the sinistral antithetic Coimbra-Cordoba Shear Zone
whose motion occurred before the intrusion of c. 306–303Ma plutons
(Pereira et al., 2010; Pereira et al., 2017) and the dextral Pyrenees
Shear Zone (Arche and López-Gómez, 2005; Elter et al., 2020;
Gretter et al., 2015). Along the Pyrenean Axial Zone most evidences
indicate a general tectonic regime dominated by dextral transpression
(e.g. Ábalos et al., 2002; Antolín-Tomás et al., 2009; Druguet et al.,
2014; García-Sansegundo, 2004; Gleizes et al., 1998; Leblanc et al.,
1996; Román-Berdiel et al., 2004). However, the geodynamic evolu-
tion of the Late Palaeozoic-Early Mesozoic small fault-bounded basins
from northeastern Iberia is still controversial. One particular feature of
these basins is the emplacement of thick volcanic and volcaniclastic
rocks interbedded with Late Carboniferous-Permian sediments
reflecting a close relationship between tectonism, volcanism and clas-
tic sedimentation (e.g. Gisbert, 1981; Gretter et al., 2015; Lloret et al.,
2018; Martí, 1986). The flow pattern obtained from AMS in the volca-
nic and volcaniclastic rocks of the Cadí basin allows discussing the hy-
potheses proposed for the origin and evolution of this particular basin,
filled with a significant thickness of magma-derived deposits.
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In the Cadí basin there is a general agreement on the influence of
strike-slip faulting during the Late Carboniferous-Permian (Gisbert,
1981; Speksnijder, 1985; respectively), and both sinistral and dextral
displacements have been documented along its major E-W striking
faults. Gisbert (1981) underlined the significance of the E-W (N090-
085E) to WNW-ESE (N135–140E) and NE-SW (N035E) major fracture
systems present in the Late Carboniferous-Permian rocks, but poorly
represented in the upper Permian levels and pre-Late Carboniferous
Variscan basement. During the Late Carboniferous and Early Permian,
some of these fractures had a sinistral transcurrent displacement and
were subsequently re-activated during the Pyrenean compression
(Late Cretaceous-Miocene, Gisbert, 1981). Speksnijder (1985) proposed
that the Cadí basin would have been controlled by an E-W strike-slip
fault system with alternate stages of transtension and transpression.
This geodynamic scenario would be responsible for the generation of
normal faults and grabens and favoured (i) the magma ascent and
lava flow emplacement during transtension and (ii) the inversion of
normal faults, erosion and generation of unconformities at the basin
borders and their corresponding paraconformities at the basin center
during transpression. Major faults would reach the base of the crust
and the spreading of mainly andesitic lavas would occur through
them. A migration of the basin depocenter in space and time towards
the east can be inferred from observation of sediment thickness along
strike, together with eastward paleocurrent directions along the basin
axis (Speksnijder, 1985; Gretter et al., 2015).

Our AMS results provide a clear pattern for the main flow direction,
defined by K1 axes is WNW-ESE direction (in situ and tilt-corrected)
and two secondary N-S maxima (slightly NNE-SSW in Cerc section,
both in situ and restored) and NE-SW in El Ges, Coll de Vanses and
Ansovell sections. In this way, flow directions seem to keep a close rela-
tionship with the sets of syn-sedimentary faults described by Gisbert
(1981). The main flow direction oriented WNW-ESE is consistent with
the geometry of the Cadí basin, compartmented by subvertical fault
planes whereby the magma flow was channelized, principally through
faults showing N035 and N135–140 direction and not through the
main N085–090 set.

Unlike other contexts of inverted sedimentary basins where AMS
can be interpreted in terms of extension directions perpendicular to
master faults (see e.g. García-Lasanta et al., 2018 and references
therein), the results obtained in volcaniclastic rocks in the Cadí basin
rather seem to have a stronger imprint inherited from their depositional
history (i.e. the initial anisotropy of the petrofabric prevails over their
diagenetic/tectonic history). This supports an interpretation relating
paleoslopes and magnetic fabrics (e.g. Cañón-Tapia et al., 1996), that,
in their turn can be related to tectonic features.Within a basin bounded
by E-W to WNW-ESE normal faults, a different set of N-S striking nor-
mal faults would create a paleotopography stepped in an E-W direction
that would channelize the flow of volcaniclastic products.

Focusing on the origin of the volcanic materials, Martí and Mitjavila
(1987) established a model for the Cadí basin in which an initial strike-
slip regime gave way to a passive volcanic caldera mechanism. In early
stages, the geometry of this basinwas conditioned by the late fracturing
of the Variscan orogen and the output of magma took place through the
faults that delimited basin boundaries. Subsequently, basin subsidence
continued because of a progressive pressure loss of themagmatic cham-
ber due to initial eruptions, causing a chamber collapse and themassive
extrusion of magma. In this way, this collapse triggered the magma
transfer from the subsoil to the surface. Our data can fit with this
model, but the particular constancy in the prevailingflowdirection, par-
allel to the basin axis throughout its history, constrains the location of
magma chambers, either to (i) the (one or both) longitudinal ends of
the basin, out of the study area, where volcanic features are difficult to
find or (ii) vents aligned along the basin axis (see e.g. Toramaru,
1988), a hypothesis that integrates also the intrusive features described
by Bixel (1984). In this case, the faults perpendicular to the basin axis
would provide the large-scale landscape features necessary for the



Fig. 14. Interpretation of the Cadí basin during Late Carboniferous-Permian times. Red arrow indicates the direction of lava and volcaniclastic flow obtained from themagnetic study. Only
E-W outcrops remains, the rest is unknown (grey colour). Density diagrams (Kamb contours, 2% interval) of K1 (Kmax) axes tilt-corrected. (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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flowing of magma and deposition of pyroclasts along a preferred direc-
tion during the period of volcanic activity. For the first hypothesis (end-
of-basin foci), if we take into account the migration of the basin
depocentre in space and time towards the east (based on sediment
thickness variations along strike and paleocurrent directions along the
basin axis, Speksnijder, 1985), it seems reasonable (and due to the ab-
sence of other markers) to venture the position of the possible sources
of emission of the materials at the western margin of the Cadí basin
(Fig. 14). Nonetheless, Bixel (1984) describes the existence of volcanic
calderas and dome structures in the eastearn sector of the Cadí basin
(eastwards of the studied area). This occurrence, together with the fa-
cies transition and the lahar event, distal deposits in the westernmost
sector of the basin, rather point to a westwards-directed paleoslope
and paleoflow. This hypothesis is more consistent with volcanic fea-
tures, and can be also compatible with the higher subsidence and depo-
center location towards the East, since this movement could be
compensated by higher filling rates, controlled by magma ascent and
the setting of volcanic buildings (as shown by Bixel, 1984).

The comparison of results obtained in the Cadí basin in terms of pro-
viding the palaeoflowdirectionwith similar data fromother southwest-
ern peri-Tethyan, Late Carboniferous-Permian basins can only be done
with the Castejón-Laspaúles basin (Izquierdo-Llavall et al., 2013b),
where similar results were obtained. The application of this approach
in equivalent Late Carboniferous-Permian basins would contribute to
understand the interplay between tectonics and volcanism during this
stage and to definitively solve the problem of the location of source
areas for the Cadí (and other) volcanic basin.

6. Conclusions

Magnetic fabrics in the Cadí basin were acquired during the em-
placement and deposition of the volcaniclastic materials and lava
flows. The contribution of Cenozoic deformation (N-S compression) to
the original, primary fabric is negligible in most samples (as inferred
from observations of thin sections). The magnetic lineation (K1 axes)
shows a general trend parallel to the flow direction or within its plane
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(equivalent to the bedding plane), what supposes a remarkable
applicability of AMS analysis in other ancient deposits of this kind,
even if the originalmineralogy has been strongly altered, or if the basins
have undergone subsequent, compressional deformation stages.

A main WNW-ESE-trending flow pattern is inferred, together with
two secondary maxima oriented N-S to slightly NNE-SSW and NE-SW.
There are not indicators of the sense of flow, which can only be figured
out (from East to West) from regional considerations. Similarly, the
number and location of volcanic foci are not easy to define; the exis-
tence of (scarce) intrusive bodies or caldera-like structures along the
basin axis supports the hypotheses of multiple, aligned vents. The prin-
cipal WNW-ESE-trending flow pattern points to the N135–140E and
N035E sets of fractures as the most relevant in upwelling and distribu-
tion of magma within the Cadí basin. The characterization of the inter-
play between tectonism and volcanism in terms of inferring the main
paleoflow directions in the Cadí basin will help to improve our under-
standing of this particular stage registering the Late Palaeozoic Pangea
break-up during the progressive dismantling of the Variscan chain.
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