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Abstract

Strong changes of magnetic properties (magnetic susceptibility and natural magnetic remanence) affecting large volumes
of rocks can be conditioned by a series of factors, including circulation of hydrothermal fluids or meteoric waters, often
favored by the primary porosity of the rock or pervasive fracturing. In the Late Carboniferous-Permian Cadi Basin, in the
Eastern Pyrenees, there are volcanic rocks that show a unique pattern of magnetic anomalies up to 200 nT in amplitude
revealing a heterogeneous distribution of their magnetic properties. To unravel the origin of these anomalies, we performed
a detailed study of the magnetic properties of the volcanic and volcaniclastic rocks, combined with magnetic surveying and
analysis of brittle structures. The results indicate that the origin of the strong variations in the magnetic properties is linked
to: (i) lithological changes within the volcanic series, and (ii) the inhomogeneous secondary precipitation of ferromagnetic
minerals. As a result of these secondary processes, magnetic fabrics do not reliably record either the volcanic paleoflow or
the deformation imprint. The mineralogical composition can be interpreted as the result of a strong hydrothermal alteration
that took place during early diagenetic stages, which was also responsible for the neoformation of magnetite crystals with
variable titanium content. Random fluid circulation during the Late-Variscan stage could be the origin of these strong vari-
ations in magnetic properties.
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Introduction

Magnetic properties of volcanic and volcaniclastic rocks
are intimately related to their geological history. Primary
reasons to account for wide ranges of magnetic properties
are the cooling history of rocks, their original chemical com-
position and the high-temperature oxidation of homogene-
ous titanomagnetite (O’Reilly 1984; Rosenbaum 1993; de
Wall et al. 2004). Secondary processes leading to changes
in magnetic properties are related to alteration, either by
hydrothermal fluids or meteoric waters (Dyment et al. 1997;
Ubangoh et al. 2005; Kristjansson and Jonsson 2007; Vahle
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et al. 2007; Hudson et al. 2008; Quesnel et al. 2008; Dietze
et al. 2011; Oliva-Urcia et al. 2011; McEnroe et al. 2022).
Serpentinization is a typical example of mineralogical altera-
tion that restricts itself to the ultrabasic end-members of the
composition spectrum (Maffione et al. 2014 and references
therein).

Intermediate and basic volcanic and volcaniclastic rocks
show distinct magnetic properties that have contributed to
make them an interesting target for magnetic studies in the
fields of magnetic surveying (Alva-Valdivia et al. 1996;
Blanco-Montenegro et al. 2007, 2008; Cassidy et al. 2007,
De Ritis et al. 2007; Lopez-Loera et al. 2010; Calvin et al.
2014; Fan et al. 2014), paleomagnetic analysis (related to
the natural remanent magnetization, Rodriguez-Trejo et al.
2023 and references therein) and/or the study of the Anisot-
ropy of Magnetic Susceptibility (AMS, Porreca et al. 2015;
Das and Mallik 2020; Martin et al. 2022). In these three
types of analyses, determination of the primary or second-
ary origin of magnetic minerals, or their possible changes
with time, is extremely important for interpreting magnetic
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data. For volcanic and volcaniclastic rocks, their sometimes-
complex mineralogical compositions can strongly influence
their magnetic properties (Ade-Hall et al. 1971; Vahle et al.
2007; Oliva-Urcia et al. 2011). These rocks usually con-
tain minerals that come from different sources, circulated
by water, resulting from volcanic flows, and have interacted
with hydrothermal fluids during their ascent to the Earth’s
surface through faults or fractures, or subsequently after
their emplacement/deposition (Ledésert et al. 2010; Pereira
et al. 2024). This interaction results in the alteration of the
original minerals to new ones that are stable under the new
conditions. The analysis of fractures, their geometry, and
relationship with alteration can be of utmost significance
in establishing fluid flow models and the origin of hydro-
thermal alteration because of their significant role in fluid
mobilization (Curewitz and Karson 1997).

In this study, we focus on a particular area of the Late
Carboniferous-Permian Cadi Basin, which is one of the most
important basins of this age in the southern Pyrenees. It
presents rocks with a strong variability of magnetic suscep-
tibility (from several tens to several thousands uSI units) in
a short space (changes at the meter scale). To decipher the
origin of this anomalous magnetic behavior, a multi-proxy
approach, using magnetic surveying, structural field data
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compilation, analysis of magnetic fabrics, and mineralogi-
cal determination by means of thin sections and field emis-
sion scanning electron microscopy (FESEM) were carried
out. The results can be of application to similar scenarios
in which porosity, fracturing, and/or fluid circulation play
significant roles in the magnetic properties of minerals and
rocks.

Geological setting

The Pyrenees are located at the northern boundary of the
Iberian Peninsula, extending from East to West above sea
level along ~400 km (Fig. 1a). This range is a doubly-ver-
gent orogen that represents the suture between the European
and Iberian plates (Mufoz 1992). The Pyrenees are tradi-
tionally subdivided (Mattauer 1968; Mattauer and Henry
1974; Choukroune 1992) into three zones oriented WNW-
ESE: the North-Pyrenean Zone, the South-Pyrenean Zone,
and the Axial Zone between them.

Most structures within the Axial Zone formed during the
Variscan Orogeny (Garcia-Sansegundo 1996) being from
the millimeter to the kilometer scale. The Axial Zone is
located at present in the innermost part of the Pyrenees and
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Fig. 1 Location of the study area. a Geological map of the Pyrenees
and location of the Cadi Basin; b detailed geological map of the Lletd
zone showing in blue shading the previously performed magnetic fab-

@ Springer

rics (AMS) study; the dashed line box shows the location of Fig. 2;
¢ geological map of the Cadi Basin simplified from Gisbert et al.
(2024) in which the Llet6 zone (shown in Fig. 1b) is squared in red
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is constituted by a large, continuous outcrop of pre-Variscan
rocks, whose age ranges from the Precambrian to the Early
Carboniferous. This pre-Variscan basement is overlain by a
relatively thin, post-Variscan Paleozoic cover, mainly com-
posed of detrital, volcanic, and volcaniclastic rocks ranging
in age from the Late Carboniferous to the Permian. Fault-
ing and basin formation during this stage had a significant
impact on the subsequent evolution of this area as large
crustal-scale faults are weakness zones that allow magma
to ascend during magmatically active periods (e.g., Simon-
Muzés et al. 2022). In subsequent stages, these weakness
zones localized extensional structures (Arthaud and Matte
1977; Antolin-Tomés et al. 2007; Aldega et al. 2019) and
often constituted sedimentary basin boundaries.

Between the Variscan and the Alpine main orogenic
stages, the Pyrenean area experimented extension and
strike-slip deformation contemporary to sedimentation.
Deposition was restricted to localized areas (intermontane
basins) during the Late Carboniferous, Permian and Early
Triassic, and more widespread during the Late Triassic,
Jurassic and Cretaceous. Subsequently, the South-Pyrenean
and North-Pyrenean Zones were structured during the Late
Cretaceous-Miocene Alpine Orogeny (Mufioz 1992; Teix-
ell 1998; Izquierdo-Llavall et al. 2014). During this stage,
the Pyrenean compression built the Axial Zone through: (i)
tectonic shortening, often re-activating previous structures
(Garcia-Sansegundo 1996), accompanied by the develop-
ment of tectonic foliation (Choukroune and Séguret 1973),
(i1) the verticalization of some of the Variscan thrusts, and
iii) the re-activation of former extensional detachments as
low-angle thrusts (Oliva-Urcia 2004; Millan Garrido et al.
2006; Marcén et al. 2018 and references therein).

The zone studied in this work is within the central part
of the Cadi Basin, located along the southern border of
the Axial Zone of the Eastern Pyrenees. At present, the
Cadi Basin defines the south-dipping limb of a large-scale
monocline that overlies the Paleozoic-cored, south-verging
Orri Alpine thrust unit. The Cadi Basin was formed dur-
ing Late Carboniferous-Permian times (Lopez-Gémez
et al. 2019; Saura et al. 2025) and its filling consists of an
up to 800 m thick series of Upper Carboniferous-Permian
(post-Variscan) volcanic and volcaniclastic products. Its fill-
ing comprises also conglomerates, sandstones, and shales
deposited in fluvial and alluvial fan environments with
interspersed lacustrine and ash levels that were generated
during several volcanic episodes. These deposits are over-
lain by Lower Triassic red beds (Gisbert 1981), followed
by an extensive sequence of dolostones, shales, and gyp-
sum whose age ranges from the Middle to Late Triassic.
The volcanic and sedimentary rocks of the Cadi Basin and
other Pyrenean contemporaneous basins were described by
Gisbert (1981). This author defined four Late Carbonifer-
ous-Permian units; (1) the Grey Unit (GU) located at the

base and lying unconformably onto the pre-Variscan base-
ment and composed by detrital, volcanic, and volcaniclastic
deposits, (2) the Transition Unit (TU) composed mainly by
detrital sediments within which volcanic and volcaniclastic
deposits are occasionally intercalated, (3) the Lower Red
Unit (LRU) formed by clay-stones, sandstones, and micro-
conglomerates with interspersed volcanic rocks, and (4) the
Upper Red Unit (URU) composed by detrital rocks and only
occasionally volcanic rocks. Within the studied area, these
four Late Carboniferous-Permian units outcrop.

The Cadi Basin was formed under a transtensional regime
in which N-S and E-W faults played a significant role (Gis-
bert 1981; Gisbert et al. 2024). The strong subsidence of
the basin has been interpreted both as the result of tectonic
activity (Gisbert 1981; Speksnijder 1985) and/or the col-
lapse of a volcanic caldera (Marti and Mitjavila 1987). The
hydrothermal activity that took place in the post-basinal
stage affected the volcanic rock filling, where a strong alter-
ation changed, partially or completely, their initial miner-
alogical composition although maintaining the shapes and
orientation of grains (Bixel 1984; Simén-Muzas et al. 2022).

In the Pyrenees, five episodes of magmatic activity are
distinguished during the Late-Variscan period (Bixel 1984):
(i) a Late Carboniferous (Stephanian) volcanism that pro-
duced dacites and rhyolites, followed by calc-alkaline
andesites; (ii) a Late Carboniferous (Stephanian-Autunian)
calc-alkaline hyperpotassic volcanism that resulted from the
assimilation of the potassium-rich metamorphic rocks by the
andesitic magma; (iii) a Permian volcanism that produced
peraluminous and peralkaline rhyolites contemporary with
the sedimentation of the red beds belonging to the Lower
Red Unit (LRU, Gisbert 1981; Gisbert et al. 2024); (iv) a
calc-alkaline volcanism (Autunian—Saxonian) generated dur-
ing the sedimentation of both the Lower Red Unit and the
overlying Upper Red Unit (LRU and URU, Gisbert et al.
2024); and (v) a basic alkaline volcanism (Saxonian-Thur-
ingian) produced during the Late Permian—Triassic.

Methodology

In this multi-proxy approach, we have combined different
techniques in the field and the laboratory. Particularly, the
combined use of magnetic surveying and the magnetic fabric
study has been useful for establishing a hypothesis about the
origin of changing magnetic properties of the studied rocks.
Hereby, we briefly describe the application of the techniques
used to carry out this work.

Magnetic surveying

Magnetic surveys were carried out considering both a lin-
ear and an areal distribution of data collection. The linear
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magnetic surveying was accomplished performing three
magnetic profiles, two of them in a NNW-SSE direction and
another one in a NNE-SSW direction (Fig. 2). These profiles
cut across the outcrops of volcanic rocks (whose bedding
shows intermediate dips to the south) and the underlying
(pre-Variscan basement) and overlying (Permian—Triassic
red beds) rocks. Two small areas (~ 24,000 m” and 5000 m?
respectively, marked with yellow rectangles in Fig. 2) were
selected to perform detailed areal magnetic surveys, with
closely spaced (average 2 m) magnetic profiles.

This was done to recognize the variations at different
scales (from a few meters to hundreds of meters) of the
Earth’s magnetic field, in their turn related to the magnetic
properties of rocks. This study was complemented by the
mapping of the magnetic susceptibility measured by means
of a hand-held KT-20 Terraplus susceptometer, on structural
surfaces (188 sites, with an average of 15 measurements
per site) parallel to bedding. This allowed to identify the
geometry (punctual or linear) of the magnetic anomalies
and their possible relationship with other structural features,
such as fractures and faults. The magnetic surveying fol-
lowed the same methodology and workflow used in other
classical magnetic surveying in geology and archaeology
(Everett 2013; Dentith and Mudge 2014; Witten et al. 2017;

Fig.2 Distribution of sampling, magnetic surveying transects, and
collection points for surface susceptibility values in the Lleté zone.
The dashed white line marks the boundary of the volcanic rocks.
White labels: magnetic fabric sites. Black squares: sampling points
from which the oriented thin sections were obtained. Yellow stars:
distribution of the samples that have undergone FESEM analysis. Red
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Burger et al. 2023). It was carried out using: (i) a static pro-
ton magnetometer (PMG-01, Gf instruments, Czech Repub-
lic) that measures the intensity of the total Earth’s magnetic
field (1 nT) at a fixed point on the ground (base), to control
its diurnal variation, and (ii) a mobile rover magnetometer
with Overhauser effect (GSM-19, Gemsys, Canada) with an
integrated GPS (0.01 nT precision, data acquisition every
0.5 s). Together with the Earth’s total magnetic field, we
measured the vertical magnetic gradient by means of a two-
sensor system (gradiometer) separated 0.5 m. Data from
the three magnetic profiles were projected onto straight
transects subparallel to the path performed with the mobile
magnetometer. Most projection lines are oblique to the strike
of bedding and are designed to not distort excessively the
original path (i.e., the distance of projection was reduced to
a minimum). To honor the shape of the magnetic anomalies
during the process of modeling, the topographic profile of
the magnetometer path was also projected.

Raw data obtained in the magnetic surveying were pro-
cessed by means of the GEMlink 5.4 software to apply diur-
nal correction (difference between the values obtained on the
fixed point on the ground and those with the mobile mag-
netometer). Data filtering consisted of eliminating values
corresponding to magnetic gradients higher than 15 nT/m
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(white lines). Magnetic areal surveying are marked with yellow rec-
tangles labeled I and II
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and magnetic anomalies that corresponded to anthropogenic
magnetic noise caused by bridges, pipes, hunting and/or traf-
fic signs. Data obtained with the hand-held susceptometer
(Fig. 2) allow to recognize the susceptibility variations along
the transects, essential for modeling the magnetic anomalies
with the GravMag software (Pedley et al. 1993).

In addition, the natural remanent magnetization (NRM)
from oriented hand samples and their stepwise alternating
field demagnetization was measured in a 2G cryogenic mag-
netometer combined with an alternating field (AF) demag-
netizer in the Paleomagnetism laboratory at the University of
Burgos (Spain) to help characterizing the magnetic behavior
of the studied rocks. Previous data of magnetic suscepti-
bility and remanence (Simdn-Muzas et al. 2023) were also
considered.

Fracture pattern and structural analyses

To investigate if magnetic anomalies are related to fractur-
ing pattern, we mapped the fractures and faults using aerial
color orthophotographs (IGN, Spain, year 2011) using the
QGIS software. In this way, we quantified the main fracture
directions, their lengths, and their geometrical relationships.
To complete the structural analysis, field measurements of
fracture and fault plane orientations (314 planes in total)
and slickenside striations on fault planes were taken with a
field compass. Measurements were double-checked with a
solar compass. Data were represented in lower hemisphere
stereoplots in Schmidt net by means of Stereonet v.11 soft-
ware (Allmendinger et al. 2012).

Rock sampling, magnetic fabric, and magnetic
susceptibility

Oriented cylindrical cores (14 sites) were obtained using a
gasoline drill cooled with water and extraction tools dur-
ing two sampling campaigns in the field. In addition, ori-
ented hand samples (15 sites) were also taken in the field.
To ensure the reliability of the results, we cut an average
of eight AMS standard specimens (2.1 cm-long, 2.5 cm-
diameter cylinders and/or 2 cm-edge cubes) per site, using a
radial saw made of non-magnetic steel. All the studied sites
and measurements were positioned with a GPS in the field.

Anisotropy of Magnetic Susceptibility (AMS) analysis at
room temperature (RT-AMS) was conducted at the Magnetic
Fabrics Laboratory of the University of Zaragoza (Spain)
using a Kappabridge KLY-3S (AGICO Inc., Czech Repub-
lic). The AMS is a technique that allows to determine the
spatial variation of the magnetic susceptibility (K), through
the application of a low intensity (~#300 A/m) magnetic field
in several directions to an oriented standard specimen (cyl-
inder or cube). The magnetic susceptibility of a rock depends

on the preferred orientation of its mineral particles and their
magnetic behavior (i.e., ferromagnetism, paramagnetism and
diamagnetism, Tarling and Hrouda 1993; Borradaile and
Jackson 2004). The magnetic susceptibility is a dimension-
less constant in the International System (S.1.) and its ani-
sotropy can be expressed mathematically as a second-order
tensor or geometrically as an ellipsoid (Nye 1957), whose
main axes K, > K, > K; are mutually perpendicular. The sca-
lar magnetic parameters (Jelinek 1981) used for its charac-
terization are as follows: (a) mean susceptibility (K,,)
expressed as K, =(K; + K, + K3)/3, (b) corrected anisotropy

degree (Pj’), expressed as Pj’ =exp
2 2 2
\/{2[(u1—um) + (12 = 1)+ (B3 = 1) ]} and c)
- (2}12—P1—I—13)
shape parameter (T) expressed as 7= ) where
27H3

u=In K, y,=In K,, us=In Ky and p, = (u; + pio + p3)/3.
The magnetic fabric data were processed with the SUSAR
software (AGICO Inc., Czech Republic) and the results were
processed and represented using the Anisoft 5.1.03 software
(Chadima and Jelinek 2019).

To better constrain the carriers of the magnetic fabric,
three types of experiments were carried out in representative
powdered samples (0.3-0.6 g per sample): (i) temperature-
dependent magnetic susceptibility curves (six samples),
(i1) hysteresis loops (four samples), and (iii) temperature-
dependent induced magnetization curves (two samples). The
selection of these samples was based on their bulk magnetic
susceptibility and location, to ensure that all zones and rock
varieties were represented. The analysis of the temperature-
dependent magnetic susceptibility curves (sites CL7, CL14,
MLL6, MLL7, LL2 and LL9) was done using the KLY-3S
Kappabridge combined with a CS-3 furnace (temperature
range 40-700 °C) in an argon atmosphere at the University
of Zaragoza. Data were processed with the software SUSTE
(AGICO Inc., Czech Republic) and the results were repre-
sented by means of the software Cureval 8 (Chadima and
Hrouda 2012). The hysteresis loops (sites CL8, ML9, D2
and MLL7) and the temperature-dependent induced mag-
netization curves (sites CL8 and MLL7) were performed in
a MPMS3 (Quantum Design) SQUID sensor magnetometer
system at the University of Zaragoza (Spain). The hysteresis
loops were performed at room temperature applying a pro-
gressively higher magnetic field up to 2 T and subsequently
decreasing it in the opposite direction. The temperature-
dependent induced magnetization curves are based on the
routine applied by Oliva-Urcia (2004). The samples were
given an IRM at a temperature of 5 K, allowed to warm in a
zero field (ZF) to 300 K while measuring the magnetic rema-
nence, then given an IRM at room temperature, and cooled
down to reach 5 K again in a zero field while measuring the
magnetic remanence.

@ Springer



964

International Journal of Earth Sciences (2025) 114:959-978

Petrofabric and microscopic characterization
of minerals

Mineral identification in oriented thin sections using an opti-
cal microscope and a field emission scanning electron micro-
scope (FESEM) was carried out to characterize the mineral
shape, size, and composition, paying special attention to the
possible ferromagnetic carriers. Sites ML6, CL8, ML9, LLS5,
LL7,D2, CL1, and CLL11 were selected to cover the entire
range of magnetic susceptibility and density values present
in the sampled rocks. The optical microscope was an Olym-
pus AX-70 with an Olympus DP28 camera. The FESEM
session was conducted with a Carl Zeiss MERLIN™ field
emission scanning electron microscope (0.8 nm resolution)
in three selected thin sections (D2, CL8 and ML9) at the
University of Zaragoza.

Density was measured in 386 specimens from 32 sites,
to construct the Henkel plot, logarithm of magnetic suscep-
tibility versus density of rock samples (Enkin et al. 2020).
The procedure included the measurement of dry weight and
subsequently the weight of the sample immersed in water.
The density of specimens was calculated according to Archi-
medes’ principle, p=dry weight/ weight immersed in water
when the sample is hanging from a string. The Koenigs-
berger ratio Q, was also calculated as the ratio of natural
remanent magnetization to induced magnetization in the
Earth’s field, Q=My/M;=NRM / k - Ho, where k is the
bulk susceptibility within the body and Ho is the ambient
field intensity.

Results
Magnetic surveying (linear and areal)

In magnetic profile 1 (Fig. 3a), the residual magnetic field
value (total value minus the magnetic field at the base sta-
tion) remains constant (anomalies with amplitude lower
than 5 nT) in the pre-Variscan basement (mainly Ordovi-
cian shales and sandstones). When approaching the vol-
canic outcrops from the North, a progressive decrease in
the magnetic field is observed (arrow in Fig. 3). Close to
the contact, negative values ranging from —20 to —85 nT are
reached. In contrast, positive magnetic anomalies with val-
ues up to 255 nT appear upon the volcanic and volcaniclas-
tic series. Data along the volcanic and volcaniclastic series
show abrupt highs and lows in the magnetic field describing
magnetic anomalies with wavelengths between 20 and 70 m
and amplitudes of 50 nT. Four strong magnetic anomalies
can be highlighted: three of them with amplitudes of 100
nT and the largest one with an amplitude of 255 nT. The last
440 m of the transect along the detrital Permian—Triassic

@ Springer

red beds show a constant value without significant magnetic
anomalies.

Analogously, profile 2 shows relatively homogeneous
magnetic field values in the detrital sediments of the pre-
Variscan basement, with small magnetic anomalies of 5
to 10 m in wavelength and 20 nT in amplitude. Magnetic
anomalies of 10 to 40 m in wavelength and 40 to 100 nT in
amplitude are observed in the segment of the profile cutting
across the Upper Carboniferous-Permian volcanic and vol-
caniclastic rocks (Fig. 3b).

Profile 3 shows magnetic anomalies in the volcanic/
volcaniclastic series with average wavelengths of 10 m,
although two of them reach 30 m in wavelength, with an
amplitude of 150 nT. This trend changes abruptly when the
transect cuts across the Permian—Triassic detrital red beds,
showing a constant magnetic field value (although higher
than in profile 1, Fig. 3b).

The magnetic susceptibility measurements taken along
profiles 1 and 3 (Fig. 3 a,b) show a stable background value
of around 200-107° S.I. in sedimentary rocks and a wide
range, between 300-107° and 4000-107° S.1. in the volcanic
rocks. These values were measured in sectors that partly
coincide with the magnetic anomalies (see Supplementary
material 1) inferred from the areal prospection (see Sup-
plementary Material 2). This fact indicates that the bodies
with high magnetic susceptibility that are responsible for the
long-wavelength magnetic anomalies (and therefore located
at depths ranging from several meters to hundreds of meters)
must also reach the surface. This is necessary to explain the
relationship between long-wavelength magnetic anomalies
with high amplitude and short-wavelength ones.

The NRM measurements (see Table 1) show a high con-
trast between sites, regardless of their position in the strati-
graphic succession. The highest value is 17 A/m and the
lowest 0.0026 A/m, with large variability between speci-
mens taken in the same sampling site. Abnormally high
NRM values are not always related to high magnetic sus-
ceptibility (K,,) values. In addition, the high Kéenigsberger
ratios (Q ratio) of the analyzed specimens (most of them
with values higher than one) indicate that the magnetic
remanence prevails over the magnetic susceptibility in 20
sites (see Table 1).

The modeling of the detected magnetic anomalies fits
well with the geometry interpreted according to the features
of surface geology (Supplementary material 1 and 3 and
Supplementary material: Table S1). The magnetic model
(Fig. 3) corresponds to a stratigraphic succession tilted
towards the south where (i) the pre-Variscan basement
presents homogeneous magnetic susceptibility values of
200-107° S.L; (ii) volcanic and volcaniclastic rocks constitute
layers with magnetic susceptibility ranging between 100 and
37,000-107°S.1, and (iii) the Permian—Triassic red beds pre-
sent magnetic susceptibilities between 400 and 600-107° S.1.
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Fig.3 Representation of the
modeling of the magnetic
anomalies obtained from the
processing of the results of the
magnetic surveying obtained
along 3 transects (see the posi-
tion of the transects in Fig. 2).
In the profiles, the residual
magnetic field value (Earth’s
magnetic field after applying
the diurnal correction, blue
line) and the modeled magnetic
field (red line) are represented.
The geological cross-section
that fits best with the magnetic
anomalies is shown below:

a stratigraphic succession

tilted towards the south where
volcanic bodies show variations
in K, and NRM values and an
intrusion (black color) at the
base of the volcanic rocks. The
Arabic numerals are the mod-
eled bodies in the stratigraphic
succession. To see their mag-
netic properties, see Supple-
mentary material: Table S1 that
shows magnetic susceptibility,
NRM, and Q ratio values con-
sidered to model the local mag-
netic anomaly. The histograms
below the cross-section indicate
the magnetic susceptibility (in
grey), measured by means of
the KT-20 Terraplus hand-held
susceptometer and the natural
remanent magnetization (NRM,
in red) obtained from sampling.
a Profile 1, b Profiles 2 and 3.
See text for a detailed explana-
tion
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Table 1 Summary of magnetic data: natural remanent magnetization
(NRM) and mean magnetic susceptibility (K) values and Q ratio
(Koenigsbergerratio) of representative specimens of the studied sites
to model the magnetic field anomaly

Specimen NRM (A/m) K, (10780 Q ratio
CL11-6 17.3 15,320.0 30.86
CL13-3 0.274 413.7 18.10
CL13-4 0.31 371.5 22.80
CL14-2 0.0729 806.2 247
CL14-7 0.0473 916.1 1.41
CL2-2 0.1 288.6 9.47
CL2-3 0.0729 280.1 7.11
CL8-6 0.37 728.4 13.88
CL8-7 0.625 1106.0 15.44
D2-7B 0.233 10,510.0 0.61
D2-8A 0.258 9927.0 0.71
D4-3B 0.168 4130.0 1.11
D4-5B 0.0626 685.5 2.50
D5-5A 0.136 744.0 4.99
D5-6B 0.297 1435.0 5.66
D7-3B 0.242 7952.0 0.83
D7-8B 0.278 10,760.0 0.71
LL2-3B 8.46 1477.0 156.51
LL2-5B 0.861 729.5 32.25
LL4-1C 0.598 9868.0 1.66
LL4-3B 0.0544 626.7 237
LL4-6B 0.00436 3442 0.35
LL4-7B 0.00262 304.1 0.24
LL9-2B 2.09 8508.0 6.71
LL9-4B 0.127 9458.0 0.37
MLL7-2 0.187 3751.0 1.36
MLL7-3 0.194 4653.0 1.14

The strong magnetic anomalies detected over the volcanic
and volcaniclastic rocks must be explained by the interac-
tion between the different sets of materials with a marked
contrast in their magnetic susceptibility and NRM values
within the same stratigraphic succession (Table 1 and Sup-
plementary material: Tables S1 and S2).

Fracture pattern and structural analysis

In the aerial orthophotograph, the fractures and faults are
observable despite the vegetation canopy growing on a
large portion of the study area (Fig. 2). This has permitted
to delineate the main fractures and faults and define two sets,
with NW-SE and NE-SW orientations (Fig. 4c,d).

At the outcrop scale, there are two main fracture sets, in
E-W and N-S directions (Fig. 4 a, b, e and Supplementary
material 4), and a conjugate fault system including NE-SW
and NW-SE sets (Fig. 4c,d). The interpretation of the fault
pattern mainly depends on its chronological relationship
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with the general tilting of the stratigraphic series. A limit-
ing factor has been the scarcity of movement indicators and
slickensides on the fault surfaces, necessary to infer the fault
kinematics. All in all, the orientation pattern of fault planes
and striae (Fig. 4b) is consistent with a strike-slip origin
(or re-activation) of most of the faults, with two conjugate
sets showing steep dips for the planes and shallow plunges
for the striations. The compression direction for the system
would be at the bisector of the acute angle between the two
sets of planes, approximately in a N-S direction (Fig. 4b).

Magnetic fabrics and magnetic properties

The mean value of magnetic susceptibility (K,,) in the sam-
pled sites is 1186.5-107° SI, ranging between 239-107° SI in
site CL7 and 17,260-107° SI in site D7 (Table 1 and Sup-
plementary material: Table S2, Supplementary material 8).
These values are significantly higher than the K, values
obtained in the surroundings where they range from 65-10~°
SI (site CC74) to 6784-107° (site CC44, see Simén-Muzés
et al. 2022). The corrected anisotropy degree (Pj) parameter
ranges from 1.005 to 1.086 (std. dev. between 0.001 and
0.022) in sites CL2 and LLS, respectively. The T parameter
ranges between -0.551 and 0.612 (std. dev. between 0.262
and 0.082) in sites CL10 and CL7, respectively (see Supple-
mentary material: Table S2 and Supplementary material 8).

The analysis of the magnetic fabrics (Supplementary
material 5 and 6) shows a strong variability in the orienta-
tion of the K| and K axes before and after the tectonic cor-
rection. In 17 sites studied in the Llet6 zone, the magnetic
foliation (plane perpendicular to K5 axes) is vertical after
tectonic correction, whereas the magnetic lineation (X)) is
either close to the vertical or shows an approximate E-W
horizontal trend. This pattern differs from the one obtained
in surrounding areas (Simon-Muzas et al. 2022), where Kj is
mostly perpendicular to bedding, although the orientations
of K, axes are partly coincident (horizontal E-W trend).
The vertical attitude of the magnetic foliation shows a rela-
tionship with the main structure of the Cadi Basin, that is
interpreted to be limited by major, non-outcropping, E-W
faults (Fig. 4c, d, see Sim6n-Muzas et al. 2022).

The analyzed specimens represented in the Henkel plot
(Fig. 5, Enkin et al. 2020) are located along the QFC-M mix-
ing line (blue line) between the granite and siliciclastic rock
types. The magnetite content of some specimens is around
0.3%, while the other large majority is distributed between
0.01 and 0.1%. This scattered distribution with respect to
the magnetite trend and the paramagnetic trend is attributed
to intensely mineralized and altered rocks. In addition, the
intrinsic variability of volcanic rocks, either because of their
various textural relationships or because they are not always
the result from equilibrium assemblages of well-crystallized
minerals, they show some dispersion in the Henkel plot
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Fig.4 Representation of structural and magnetic data in stereograms
(lower hemisphere, before and after tectonic correction) and projected
on an image of the study area. a Density diagrams of fracture poles
(2% contour intervals). b Faults (great circles) and striae (red dots) on
fault planes. ¢ Density diagrams of in situ K; and K; axes at specimen
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showing the analyzed fracture pattern of the Lletd zone in situ and
the orientation of the magnetic lineation and foliation (top image) and
after the tectonic correction (bottom image). The degree of correla-
tion between magnetic susceptibility and density value is also repre-
sented at site level
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Fig.5 Henkel plot from Enkin

et al. (2020) where the three-
component mineral mixing
curves are superimposed: QFC
(quartz, alkali feldspar, pla-
gioclase, and calcite), FM (fer- ‘\\
romagnesian minerals), and M 1 (\e
(magnetite). Sub-vertical lines = 'bq 3 ()
show the range of QFC volume Gabbro et
proportions f.rom 0to IOQ% in Di ﬁe / / 74 / / / / / 1 -.G__)‘
10% steps, with the remainder — c
of the rock being the sum of FM — Granodiorit [e))
and M. In the right axis, loga- —~ Porous 8 ©
rithmic steps of magnetite con- (d)p) -2— ) .G:ramﬁe O . 3 E
tent, M (volume proportions), ~ Valcanics V‘iga idasti o
are drawn as percentages for the c 0. st O 1 O\
sub-horizontal lines. For mag- (4Y) A - -
netite content M > 0.03%, these (O] O 03
lines are essentially horizontal, E o "]yf ! ] —_1T— 1 | 0_(-)1
meaning that magnetic suscep- e _3 — i — 1= 0.0003
tibility is directly proportional Nt ."" ? ‘ 0 oLLl
to magnetite content (Enkin l@)] 9 .. ' eta 20 oLL2
et al. 2020). The density data O ¢ WP 'ém i 40 6 o QF C
from 14 sites of the Llet6 zone Metad ntary 60 \ / 0 LL3
(at specimen level) were plotted Borous e LL4
and distributed in the left border iy 4_ Metavm ic 80 g“ oLL5
of the Henkel plot between the Sedimentary & & oLL6
siliciclastic and granodiorite o) =
domain. See in Supplementary (é 3 oLL7
material 9 density and K, val- Q Z oLi8
ues per specimen E oLLo
-5 W ecCL4
-
CL7
oCL8
CLI].
Q F C oCL14
-6 | | |

24

(Enkin et al. 2020). We must highlight that a considerable
part of the specimens fits in the mixing lines (gray lines) of
the rocks rich in K-feldspar.

All x-T curves are irreversible, pointing towards the trans-
formation of magnetic phases during heating. Four (LL2-6,
MLL6, MLL7 and LL9) out of the six investigated sam-
ples show an increase in K, above 120 °C and a decrease
between 300 and 400 °C. This phase probably reflects trans-
formation of hematite into magnetite (Mendes and Kontny
2024), the presence of unstable titanomaghemite or titano-
magnetite that transforms into magnetite (see Oliva-Urcia
et al. 2011) or different transition temperatures due to range
of magnetic grain sizes (Zhang et al. 2021). In addition, two
curves show a decay in the magnetic susceptibility at the
beginning of the curve, suggesting a paramagnetic behavior
(samples CL7 and CL14, Fig. 6). The cooling paths show
higher magnetic susceptibility values except in sites MLL7
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and MLL6. These curves show more reversibility than previ-
ous magnetic susceptibility-dependent temperature curves
carried out in the surrounding areas (Simén-Muzis et al.
2022). A decrease in the heating curve in sample CL14
around 150 °C may be related to goethite (goethite would
be the last weathering product of magnetite (Abrajevitch and
Kodama 2009). In three sites (LL9, CL7, and CL14), there is
a small decay at 670 °C pointing towards a small contribu-
tion of hematite. The strong magnetic signal of magnetite
with respect to the other ferromagnetic S./. minerals led us
to consider that magnetite (with variable proportions of Ti)
is the most prominent magnetic carrier taking into account
the susceptibility-dependent temperature curves and the hys-
teresis cycles (Fig. 6).

The presence of a limited paramagnetic contribu-
tion is corroborated in the uncorrected hysteresis loops
(Fig. 6), where a subtle positive slope is observed. After
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the paramagnetic correction, the absence of a wasp waist in
the hysteresis loops in samples CL8, ML9, and MLL7 (see
Fig. 6 b and Supplementary material 7) suggests a homo-
geneous grain size of a ferromagnetic mineral (Weil et al.
2002). In addition, the bulk coercive force (Hc) ranges in
the four analyzed samples between 0.014 and 0.08 T. The
temperature-dependent induced magnetization curves show
a subtle Verwey transition (120 K) of magnetite in three
(CL8, ML7, and D2) of the four studied samples. This fact
confirms the presence of magnetite, previously inferred in
the temperature-dependent magnetic susceptibility curves.
In summary, magnetic mineralogy experiments show that
titanomaghemite, magnetite, and minor contents of hema-
tite are present in the studied rocks, being the magnetite
and titanomaghemite the main carriers of the magnetic
susceptibility.

Although there are sites in which a positive to highly
positive correlation between the K, and the density value
(Figs. 4f, 5 and Supplementary material 3 and 9) can be
established, when comparing the whole data integrating the
different sites, no clear relationship could be established
between these parameters and the magnetic ellipsoid orien-
tation, shape, or distribution.

Petrofabric and microscopic characterization
of minerals

At the outcrop scale, the studied Upper Carboniferous—Per-
mian volcanic and volcaniclastic series presents grayish and
dark grayish colors, locally red in the most oxidized levels
or close to faults. Faults are often associated with dykes
approximately 10 cm thick and several meters long. These
dykes appear cutting the volcanic strata and lava flows. A
pervasive alteration does not preclude the identification of
up to 2 mm-sized phenocrysts in the lava flows. A volcanic
breccia, characterized by the presence of heterometric blocks
(from 4 to 30 cm), appears in the northern sector of the
study area.

In thin sections (Fig. 7), the volcanic rocks show a por-
phyritic and occasionally seriated porphyritic texture. The
phenocrysts are embedded in a cryptocrystalline aphanitic
matrix and show a clearly preferred arrangement originated
by the magma flow (Fig. 7, samples ML6, ML9, and CL1).
The phenocrysts are mainly plagioclase (albite) and ferro-
magnesian minerals such as augite (clinopyroxene), amphi-
bole, pyroxene, titanite, and occasionally biotite, which are
paramagnetic minerals since only pure feldspar of ideal
composition is diamagnetic (Biederman et al. 2016). Occa-
sionally there are feldspar and rarely quartz crystals isolated
within the matrix, rarely forming aggregates. Plagioclase
(albite) grains 0.1 to 1 mm in size are the most abundant

phenocrysts and present an idiomorph habit with polysyn-
thetic and frequently Carlsbad crystal twining. Within the
plagioclases and feldspar crystals, compositional zonation
and perthitic texture are present. The felsic minerals are
altered to sericite and carbonate. The phenocrysts of augite,
pyroxene, amphibole, titanite, and biotite present a grain size
around 500 pm and are pseudoautomorphic. They are less
commonly automorphic and completely or partially replaced
by illite or chlorite. The amphiboles that originally formed
part of these rocks are pseudomorphed by chlorite and their
original shape is still recognizable (Bixel 1984). The most
common accessory minerals are the opaque minerals that
are accumulated around the ferromagnesian phenocrysts,
isolated or in aggregates within the matrix or within the
phenocrysts. They show varying grain sizes forming aggre-
gates up to 225 pm. In sample CL1, iron oxides fill a 1.5 mm
vesicle and in sample CL8, an opacitic rim is recognizable
around the ferromagnesian minerals (Fig. 7). The FESEM
analysis indicates that, in these two cases, these opacitic
rims mainly contain Fe and do not present Ti (Fig. 8). For
that reason, we consider that, in most cases, it is probably
magnetite.

The textures of the Fe-Ti oxides observed in FESEM
analysis vary between (i) small particles less than 5 mm in
size in the background of the general view of the thin sec-
tions (Fig. 8a, top left),, (ii) symplectitic textures around sili-
cate minerals (titanite, pyroxene, CL8-1, Fig. 8c), (iii) skel-
etal grains (as in the zoom of thin-section CL8-1, Fig. 8 h),
and (iv) larger grains up to~300 mm with exsolution lamel-
lae (ML9-4, Fig. 8 a, b, e and g) or (v) larger grains clearly
altered, as in D2-5 sample, Fig. 8 d and f. Symplectites are
reaction microstructures characterized by fine-grained ver-
micular intergrowths of two or more minerals (Spruzeniece
et al. 2017). They usually are related to metamorphic rocks,
since they formed in the subsolidus at the interface of two
reactive phases (Pitra and de Waal 2001).

The titanite surrounded by Fe oxides can be the result of
two limiting reactions of the titanite, considering that Fe—Ti
oxides are primary (Kohn 2017):

3CaFeSi,Og4(clinopyroxene) + 3FeTiO;(ilmenite)
+ O, — — > 3CaTiSiOs(titanite) (1)
+ 2Fe;0,4(magnetite) + 3SiO,(quartz)

CaFeSi, Og4(clinopyroxene) + FeTiO;(ilmenite)

— — > CaTiSiOs(titanite) + Fe,SiO,(olivine) &)

Reaction (1) is inferred in sample CL8-1. High-tempera-
tures and low oxygen fugacity (fO2) stabilize ilmenite rather
than titanite, so with decreasing T or increasing fO2, titanite
may form via reactions like the previous ones (Kohn 2017).
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«Fig.6 Experiments to determine magnetic mineralogy. a Temper-
ature-dependent magnetic susceptibility curves (from 40 to 700 °C)
with the heating path in red and the cooling path in blue for the six
analyzed samples; insets show some details of the final part of the
heating curves. b Hysteresis loop for two selected samples, uncor-
rected and corrected according to the paramagnetic contribution.
Hysteresis loops present a remarkable paramagnetic contribution, and
the wasp waist is not observed, thus pointing towards a single fer-
romagnetic phase. ¢ Temperature-dependent induced magnetization
curves for two selected samples; red color: heating curve; blue color:
cooling curve. The Verwey transition for magnetite can be observed

The reaction of pyroxene with oxygen also provides mag-
netite and quartz (Frost and Lindsley 1991):

Initially, the crystallization of Fe—Ti oxides from the melt
and a subsequent alteration including magnetite symplectite
growth in silicate minerals (titanite, pyroxene) as reaction
rim textures result from decompression-induced breakdown
(Rutherford and Hill 1993; D'Mello et al. 2021). Alteration
of large oxy-exsolved titanomagnetite also occurs. The for-
mation of pyroxene bands within the Mg-rich pyroxene and
apatite is linked to the Fe—Ti oxides formation during the
magma crystallization in the primary stage. The thinner
lamellae of Fe-rich oxide observed in the Ti-rich oxide can
also be related to this early stage. Later the rest of Fe—Ti
oxides probably generated during a second event or in suc-
cessive subsequent events from the alteration of the previous

3FesSi,O¢(pyroxene) + O, — — > 2 Fe;04(magnetite) + 6 SiO,(quartz) 3)

Thus, the reactions in oxidizing environments of silicate
minerals such as pyroxene give as a result Fe oxides. How-
ever, the larger grains of Fe—Ti oxides (exsolved and not
exsolved) appear altered. In sample ML9, the Fe—Ti oxides
S.1. are present in exsolution lamellae sets (Fig. 8 a, e and g)
with different proportion of Ti next to altered augite (clino-
pyroxene) crystals. Large Fe—Ti-rich oxides up to ~500 pm
with shrinked cracks and altered to titanite stand out in sam-
ple D2 (Fig. 8 d).

Interestingly, the lamellae enriched in Fe (from
the Fe-Ti oxides) are altered to small flocks of illite
Ko.6-0.85(AL,Mg),(Si,Al),0,4(OH),, in the octahedral layer
Al> (Mg +Fe), (Morad and Adin Aldahan 1986) leaving the
lamellae enriched in Ti (gray colors) “unaltered” (in ML9,
Fig. 8b and e). This implies hydrothermal alteration that
produces the oxides enriched in titanium and depleted in iron
(the last product is rutile, TiO,). In other areas of the Cadi
Basin, illite-montmorillonite present fibrous textures and
preferentially replace volcanic glass of the matrix but also
phenocrystals such as feldspars or volcanic rock fragments
(Gisbert 1981). Therefore, thin section and FESEM analyses
indicate the presence of primary and secondary Fe—Ti oxides
within the studied rocks.

Discussion
Magnetic mineralogy and its origin

From the thin-section observations and the FESEM analysis,
we can tentatively propose a chronology of the formation
of the ferromagnetic minerals (Fig. 9) that are probably the
main carriers of the magnetic fabric and the source for mag-
netic anomalies.

Fe-Ti oxides by fluid—rock interactions: (i) neoformation
of titanite; (ii) neoformation of ilmenite within the apatite;
(iii) maghemitization, through low-temperature oxidation of
magnetite s.1., that lead to the generation of shrinkage cracks
where small relicts of the primary Fe—Ti oxides are still pre-
served with the secondary titanite. This secondary mineral
assemblage also includes the illite, chlorite, and quartz spots.

The FESEM analyses show that the opaque minerals are
iron oxides rich in titanium, a fact that supports the interpre-
tation that the secondary phase observed in the temperature-
dependent magnetic susceptibility curves with a lower Tc
than magnetite is probably titanomaghemite.

Magnetic properties variations in relation
with faulting and/or magma flow

The Upper Carboniferous—Permian volcanic and volcani-
clastic rocks cropping out in the study area exhibit higher
magnetic susceptibility (and stronger spatial variations) than
neighboring areas (studied by Sim6n-Muzas et al. 2022). On
a kilometric scale, the magnetic profiles confirm that the
rocks generating strong magnetic anomalies are the Upper
Carboniferous—Permian volcanic series. Neither the detrital
pre-Variscan basement nor the overlying Permian—Triassic
red beds seem to be responsible for significant magnetic
anomalies (Fig. 3). The mineralization or alteration pro-
cesses are also restricted to the volcanic rocks, but not homo-
geneously throughout the sequence (Fig. 3). After a thorough
study of the spatial variations of these anomalies, we can say
that alterations having a magnetic signature are not strictly
linked to the fracture/fault pattern (Supplementary material
2 and 4), as occurring in numerous examples worldwide
(Garven et al. 2001; Hayman and Karson 2007). Indeed,
the areal magnetic anomaly maps (Supplementary material
2) performed in detail in two small areas does not show a
straightforward relationship between the magnetic anomalies
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Fig.7 Thin sections of representative samples of the volcanic rocks,
where different features can be observed. PPL: parallel polarized
light. XPL: cross polarized light. For each photomicrograph, one half
corresponds to PPL and the other half to XPL. In ML6, the strong
orientation of large crystals of plagioclase, coincident with that of
the small ones, can be observed. Note also the distribution of opaque
minerals around the phenocrysts. The clear arrangement of the phe-
nocrystals within the matrix is also observable in ML9, where opaque
minerals surround the strongly altered ferromagnesian crystals. In
LL7, the distribution of opaque minerals is more irregular but they
maintain an orientation similar to that of the phenocrysts. In CLI,
there is also a clear orientation of crystals, that does not coincide
with the magnetic fabric (see Supplementary material 5 and 6). CL8

@ Springer
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shows a more irregular orientation of crystals of different size. Note
the abundance of opaque minerals in the matrix, that in this case cor-
responds with a vertical magnetic lineation. LL5 shows volcaniclastic
rocks in which lithic fragments can be clearly distinguished. A cer-
tain orientation can be observed in this case, but less clear than in
the purely volcanic materials. An intermediate case, D2 also shows
a clear phenocrysts orientation, that in this case corresponds to a pri-
mary magnetic fabric. Note that, in this sample, there is a lower pro-
portion of opaque minerals. CL11 shows a weak orientation of phe-
nocrysts that show in some cases the exsolution of opaque minerals,
both at the borders and center of grains. A vertical magnetic lineation
is present in this case. A pervasive alteration which specially affects
the matrix is observed in all the thin sections
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Fig.8 FESEM analysis realized in three selected thin sections and
different views of the Fe-Ti oxides textures. a Mineral assemblage
where Ti-Fe oxides in sample ML9 present lamellae sets that inter-
sect between them and they are arranged around the phenocrystals
of pyroxene. b Detail showing the unequal distribution of Fe and
Ti in the Fe-Ti oxide. ¢ Mineral assemblage where the symplectitic
texture at the edges of the pyroxenes and aggregates of apatite and
titanite within ilmenite is observed. Aggregates rich in Ti and Fe are
observed in the ferromagnesian minerals in CL8. d large Fe-rich Ti
oxides with shrinked cracks altered to titanite and bands without Mg
content in magnesium and ferric pyroxenes. Ti—Fe oxides are dis-

and the fault sets. Magnetic anomalies rather show strongly
localized punctual maxima not necessarily located at the
intersections between fractures or fault systems. This can
indicate that the origin of the magnetic anomalies is not
strictly controlled by the fracture/fault network. Instead, it

shrinkage cracks

tributed within the crystal in D2. e Detail of sample ML9 where the
lamellae set pattern can be observed. Exsolution lamellae and illite
between the sets and thinner lamellae of Fe-rich oxide observed in the
Ti-rich oxide. f Detail of Mg enrichments in the pyroxene phenocrys-
tal. g Ti—Fe oxides in sample ML9 present lamellae sets that intersect
between them. h Detail of sample CL8 where the lamellae set pat-
tern can be observed in an isolate crystal within the matrix. Abbrevia-
tions: Ap: apatite; Qz: quartz; Aug: augite; Tit: titanite; Px: pyroxene;
Ilt: illite; P1: plagioclase; PxMg: pyroxene rich in Mg; OxFeTi: Fe-Ti
oxide richer in Fe; OxTiFe: Ti—Fe oxide richer in Ti. K : mean mag-
netic susceptibility value at site level

seems that, even though the fault and/or fracture pattern may
have conditioned fluid flow or its accumulation (triggered
by hydrothermal activity), primary or secondary porosity,
changes in thermal conductivity, or the initial composition
of the rock (see, Lamur et al. 2017) could have been the
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Fig.9 Sketch that summarizes EARLY
the chronology of formation

of the main Fe-Ti oxides and

alterations. During early stage: High T
symplectic magnetite, Fe—Ti oxydation
oxides exsolution lamellae exsolution
and Fe-Ti oxide crystals up

to 100 pm. The formation of

pyroxene bands within the 1st OxFeTi
Mg-rich pyroxene are marked generation

in gray color. During alteration
processes, there was neoforma-

tion of titanite, ilmenite within *
the apatite and maghemitiza-

tion. The secondary mineral
assemblage also includes

illite, chlorite (seen under the A LTE R E D
microscope), and quartz spots.
The thinner lamellae of Fe-rich Hydrothermal

oxide observed in the Ti-rich fluid circulation /

oxide can be related to an

early stage. Abbreviations: Ap: -
apatite; Qz: quartz; Tit: titanite; 2nd OX'_:eT'
Px: pyroxene; Ilt: illite; OxFeTi: generation

Fe-Ti oxide; OxTi: Ti oxide;
OxFe: Fe oxide

main controls for these mineralogical changes. This scenario
is not uncommon in recent hydrothermal fields (Rissmann
et al. 2011).

The magnetic anomalies recorded in the studied units
point towards the presence of high magnetic susceptibility
bodies close to the surface (their lower boundary cannot
be determined from magnetic surveys because at 2040 m
below the surface, their influence in short-wavelength mag-
netic anomalies is negligible) and several centimeters to
several meters wide. The model that satisfies the magnetic
anomaly profile fits with the following scenario: volcanic
and volcaniclastic rocks interstratified within a detrital suc-
cession pervasively faulted, and secondary precipitation of
high magnetic susceptibility minerals (mainly magnetite)
only affecting some of the layers. This allows us to rule out
a younger (i.e., linked to the Mesozoic extension or Ceno-
zoic inversion) basin-scale fluid circulation that would affect
the entire volcanic and volcaniclastic sequence (and prob-
ably their sedimentary cover), distributed according to the
existing pattern of fractures and faults. This fact suggests
that the secondary Fe—Ti oxides generated during hydro-
thermal fluid interaction with the rocks, and responsible
for the abnormally high K, values, were generated during
early diagenetic stages but after the deposition and cool-
ing of the lava flows. The early remagnetization that can be
interpreted from the paleomagnetic study of the volcanic and
volcaniclastic rocks of the Cadi Basin (Simén-Muzas et al.
2023) could be associated with this diagenetic event. Vahle
et al. (2007) also observed that the secondary magnetite
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formed during hydrothermal fluid circulation in volcanic
rocks (basalts) leads to the increase of the K . In the pre-
sent study, the sample D2, that presents a K, of 8730-107°
S.L, is the one of the three FESEM analyzed samples where
maghemitization is pervasive, which indicates that this can
be one of the processes that increase the K,,,.

Therefore, we interpret that the strong contrast between
(i) layers affected by hydrothermal fluid circulation and
maghemitization that present secondary Fe-Ti oxides and
(i1) other volcanic layers that do not and present Fe-Ti
oxides, generates an interaction between the different mag-
netic properties that can give rise to the strong magnetic
anomalies observed in the magnetic surveys.

The magnetic susceptibility ellipsoid axes do not show a
clear relationship with structural or paleoflow markers (min-
eral orientation, bedding planes, faults or fractures, Fig. 4
and Supplementary material 5 and 6). On the other hand,
observation of polished and oriented thin sections indicates a
good alignment of phenocrysts within the matrix in accord-
ance with the results of AMS obtained in other areas of the
Cadi Basin (i.e., a main magmatic foliation concordant to
bedding and a WNW-ESE lineation parallel to the mag-
matic or sedimentary flow direction). Some of the magnetic
fabrics obtained preserved this preferred orientation of the
magnetic lineation. Nevertheless, the pervasive vertical atti-
tude of the magnetic foliation, showing an E-W direction,
is compatible with a dominant hydrothermal flow along the
major faults limiting the Cadi Basin to the north and south
(Gisbert et al. 2024).
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Comparison with other hydrothermal systems

The magnetic and mineralogical features found in the Lletd
zone indicate a complex hydrothermal system driven by
fluid circulation, more likely through diffuse porosity than
through localized fractures. In spite that the long, complex
history of these Late Carboniferous-Permian rocks (Meso-
zoic extension, and Cenozoic compression at the very least)
precludes their direct path of transformation to be followed,
some examples of more recent materials allow grasping
this transformation history. Nevertheless, the transforma-
tions generated during the hydrothermal processes do not
always increase susceptibility or remanence. For example,
Beske-Diehl and Li (1993), and Oliva-Urcia et al. (2011)
propose the destruction of some of the magnetic minerals
during the hydrothermal alteration because of re-distribution
of iron, which results in the formation of negative magnetic
anomalies (instead of the generalized positive ones found in
the Llet6 zone). The opposite effect can be found when high-
temperature oxidation is the dominant process (Vahle et al.
2007), as could be invoked in the case of the Lletd zone,
where some similar Fe-Ti oxides exsolutions can be found.
This kind of processes has also been interpreted as respon-
sible for the strong magnetic anomalies in certain recent
volcanic systems (Ligi et al. 2014; Cocchi et al. 2021). When
long-term evolution is considered, metamorphic retrogres-
sion can also be involved in the process way to the forma-
tion of magnetic minerals (such as magnetite) and therefore
to the enhancement of magnetic properties (Strada et al.
2006). Finally, in more complex environments, involving
deeper transformations and ore mineralizations, both pro-
cesses (increasing and decreasing magnetic susceptibility
and/or remanence) can coexist in the same area (see review
in Clark 2014; Riveros et al. 2014) as the result of fluid
flow and hydrothermal alteration. Alternating strata having
distinct physical properties, as often happens in volcano-
sedimentary environments, could favor these differences,
and eventually result in stratigraphy-dependent sequences
of magnetic anomalies as the ones found in this work.

Conclusion

The results obtained in the sequences of Late Carboniferous-
Permian volcanic and volcaniclastic rocks of the Cadi Basin
prove the complexity of AMS data and the heterogeneous
distribution of magnetic properties in this kind of rocks. A
combination of different factors, including the original com-
position and especially hydrothermal fluid circulation, are
involved. The methodology used to face this case study can
be applied to similar environments (considering both ancient
and recent volcanic rocks) to decipher the sequence of pro-
cesses involved. The multi-proxy approach carried out in this

work also indicates that the relationship between magnetic
properties (here including magnetic fabrics) and geological
structures is not always straightforward. The conclusions in
the studied case are the following:

1. The magnetic fabrics obtained in the studied area cannot
be directly associated with magma flow or the deforma-
tion history and are rather linked to particular mineral
transformations due to hydrothermal fluid circulation.
This is an important caveat when applying magnetic
techniques to define the fabric of volcanic rocks.

2. The heterogeneous magnetic properties of the volcanic
rocks are related to different degrees of hydrother-
mal alteration. Larger oxy-exsolved titanomagnetite
grains with ilmenite lamellae are strongly altered into
titanomaghemite and/or leucoxene (Brenner et al. 2024)
and illite. Dissolution and precipitation were favored by
the fluid circulation during early burial stages after the
emplacement of the volcanic rocks, or even to volcanic-
related hydrothermal fluids.

3. The strong magnetic anomalies registered in the mag-
netic surveying and the particular magnetic properties
of the rocks are not directly related with the fault and/or
fracture pattern typical of the Cadi Basin. This phenom-
enon is rather originated by the irregular distribution of
magnetite and Fe-Ti oxides within the different rock
layers.
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