
Journal of Structural Geology 172 (2023) 104891

Available online 25 May 2023
0191-8141/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Dyke or pipe? Contributions of magnetic fabrics to the reconstruction of the 
geometry of an eroded subvolcanic body (Cadí basin, Pyrenees) 

Ana Simón-Muzás a,*, Antonio Casas-Sainz a, Ruth Soto b, Elisabet Beamud c, Josep Gisbert a 

a Departamento de Ciencias de la Tierra, Geotransfer-IUCA, Universidad de Zaragoza, 50009, Zaragoza, Spain 
b Instituto Geológico y Minero de España (IGME), CSIC, Unidad de Zaragoza, 50006, Zaragoza, Spain 
c Paleomagnetic Laboratory CCiTUB - Geosciences Barcelona (Geo3Bcn), CSIC, 08028, Barcelona, Spain   

A R T I C L E  I N F O   

Keywords: 
Magnetic fabrics 
Intrusive body 
Pyrenees 

A B S T R A C T   

The reconstruction of the geometry of igneous bodies in inverted basins is often a difficult task, because most of 
their volume can be either below or above the topographic surface. Indirect methods, such as the determination 
of their internal fabric can give clues to constrain geometrical reconstructions. The Sant Salvador intrusion, 
located in the Late Carboniferous-Permian Cadí basin (Central-Eastern Pyrenees), is a good example for testing 
the application of magnetic fabrics to shallow igneous bodies because of (i) its characteristics in terms of crystal 
composition/orientation, showing a homogeneous petrofabric controlled by plagioclase crystals 0.4 mm in size, 
(ii) its good, though partial, preservation, (iii) its position in the stratigraphical succession, between volcani
clastic sediments and unconformably overlying red beds, and (iv) the many unknown factors related to the 
intrusion, including the geometry of the body and its depth and the amount of erosion after intrusion. 
Furthermore, the Sant Salvador intrusion provides opportunity for checking the correspondence between the 
petrofabric and the magnetic fabrics when the magnetic carriers of susceptibility (with an average value of 
5217⋅10− 6 SI) are mainly ferromagnetic. In this case the main magnetic carriers are magnetite and also hematite, 
the latter resulting from oxidation processes at the paleosurface. The results of Anisotropy of Magnetic Sus
ceptibility show a bimodality in the K1 disposition after bedding restitution: vertical in the deeper areas of the 
intrusion and subhorizontal, E-W, in the uppermost stratigraphic positions with an intermediate necking zone in 
which transition from vertical to horizontal flow is interpreted to occur. Bands deflecting the mineral foliation at 
the micro scale have also a tectonic or thermal origin but do not seem to interfere with the magnetic ellipsoid 
axes. Columnar jointing is interpreted to be parallel to the long axis of the intrusion (and therefore to magma 
flow, and perpendicular to the paleosurface. All these features indicate that the Sant Salvador intrusion can be 
interpreted as a subvertical pipe feeding a sill that was eroded before the sedimentation of the overlying red beds.   

1. Introduction 

The formation and growth of igneous bodies represents a widespread 
process from deep to shallow crustal conditions (e.g., Gudmundsson, 
2012; Menand, 2011; Rivalta et al., 2015). However, the mechanisms 
controlling magma emplacement and the configuration of different body 
geometries are still a matter of debate, especially when dealing with 
intrusions at shallow crustal levels (Horsman et al., 2005). One of the 
factors playing a major role on this process is the depth of emplacement. 
At shallow depths, space making mechanisms are the primary controls 
(e.g. roof lifting, floor depression, stopping, e.g. Petraske et al., 1978; 
Hutton, 1988; Cruden et al., 2017), that can be inferred from the 

geometry of the body and the deformation of the host rock. However, in 
ancient records, the geometry of igneous bodies is not often easy to 
decipher because faulting, folding or erosion of the igneous and the host 
rocks can hinder their geometrical features. In these cases, other con
straints and techniques are necessary to indirectly obtain an approxi
mation to their shape. 

The magmatic fabric of igneous bodies is a good indicator of how 
magma was emplaced (e.g. Cañón-Tapia, 2004). In the same sense, it can 
give clues to the geometry of igneous intrusions when the shape of the 
body cannot be outlined, for being most of it either above or below the 
topographic surface. Although the relationship between geometry and 
magmatic fabric is not always straightforward, and other constraints are 
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also necessary, there are multiple works that show that there is a rela
tionship between these two elements, both for syn-tectonic and 
post-tectonic intrusions (see, e.g., Román-Berdiel et al., 1995; Leblanc 
et al., 1996, Gleizes et al., 1998; Aranguren et al., 2003; Sant’Ovaia 
et al., 2010; Nédélec and Bouchez, 2015). 

The analysis of the anisotropy of magnetic susceptibility (AMS) is a 
useful and rapid technique to assess the petrofabric of rocks (e.g., Jeli
nek 1981; Kligfield et al., 1983; Tarling and Hrouda 1993; Borradaile 
and Henry,1997). Applied to igneous rocks, the analysis of AMS con
stitutes a powerful tool to characterize(i) the primary magmatic flow, 
(ii) the location of preferential pathways for magma ascent of plutonic, 
volcanic and subvolcanic rocks, and/or (iii) the deformation undergone 
before the complete crystallization of plutonic rocks (e.g. Tarling and 
Hrouda, 1993; Bouchez, 1997; Bascou et al., 2005; Ort et al., 2015). 

The Sant Salvador intrusion in the Central Pyrenees provides an 
excellent setting for AMS application in order to reconstruct the shape of 
igneous bodies due to (i) its good, although very limited preservation, in 
terms of outcropping surface, (ii) its position in the stratigraphic series, 
(iii) its structural characteristics, cutting across a sedimentary succes
sion, and (iv) the existence of suitable outcrops showing parts of the 
body that were originally at different depths. In this work, the combi
nation of AMS, structural analysis and petrofabric studies contribute to 
characterize changes in the petrofabric of the Sant Salvador intrusion 
that can be related to differences in the magma flow pattern, and, ulti
mately, to its shape. Likewise, AMS interpretation together with the 
structural data (used to define the pattern of columnar jointing) provide 

constraints to estimate the geometry and orientation of the intrusive 
body. This work offers an example where the analysis of the AMS is used 
to provide insights in (i) the direction of flow of a shallow intrusive 
body, and (ii) its geometry, where previous studies based exclusively on 
facies analysis and cartography did not reach a conclusive outcome. 

2. Geological setting 

The Sant Salvador intrusion is located in the central part of the Cadí 
basin where it crops out along a NNW-SSE oriented (Fig. 1), 650 m-long 
ridge (Serrat dels Esquers). The outcrop is located at an elevation of 
1633 m, close to the Sant Salvador hermitage. It stands out in the 
landscape for its steep walls and the exposed, acute longitudinal crest. 

The Cadí basin, located in the central-eastern part of the Pyrenean 
range, is one of the Late Carboniferous-Permian basins of the Iberian 
Peninsula. It is situated in the southern edge of the Axial Zone and 
limited between the paracomformable Mesozoic units to the South and 
the unconformity over the Variscan basement to the South. Its formation 
has been interpreted as linked to an asymmetric graben (Saura and 
Teixell, 2006) filled with a variety of volcanic products (Simón-Muzás 
et al., 2022). At present, rocks cropping out in the Cadí basin (Fig. 1) are 
integrated in a south-dipping monocline interpreted as the southern 
limb of a basin-scale hangingwall anticline associated with the Alpine 
Orri thrust (Muñoz, 1992; Saura and Teixell, 2006). 

The Late Carboniferous-Permian rocks of the Cadí basin are sub
divided into four lithostratigraphic units according to Gisbert (1981). 

Fig. 1. A) Geological map of the Late Carboniferous- 
Permian basin, (modified from Gisbert, 1981); B) 
Detail of the location of the Sant Salvador intrusion 
(modified from Gisbert, 1981); C) Cross section of the 
Cadí basin. In purple, Sant Salvador intrusion and 
interpretation of its geometry and possible situation. 
A detailed location of collected samples sites is shown 
in Fig.6 and 7fig7. (For interpretation of the refer
ences to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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From older to younger: Grey Unit (GU), Transition Unit (TU), Lower Red 
Unit (LRU) and Upper Red Unit (URU). The sedimentary sequences in 
the GU and TU pass laterally to pyroclastic rocks with interbedded lavas 
that in the GU are andesitic and, in the TU, dacitic (Gisbert, 1981). In the 
LRU and URU, siltstones, sandstones and red conglomerates alternate 
with interbedded volcanic bodies. Bixel (1984), based on geochemical 
criteria, established 5 volcanic episodes, the first three occurred during 
the sedimentation of GU, TU and LRU respectively, and episodes IV and 
V are linked with the URU. In the Cadí basin, Episode IV is only repre
sented by the calc-alkaline andesites in the Sant Salvador intrusion. 
Based on facies analysis, cartography and geochemistry, previous au
thors interpreted that the Sant Salvador body intruded before the 
deposition of the URU, postdating the late Carboniferous-Permian an
desites, but it is never intercalated in the LRU and URU (Gisbert, 1981; 
Bixel, 1984). 

The Sant Salvador intrusion is relatively homogeneous and presents a 
trachytic aphyric grey texture, occasionally porphyric (less than 5% in 
volume, Bixel, 1984). Holocrystalline types are also recognizable in the 
“inner” part of the body (Lago et al., 2004). In its upper part, malachite 
mineralizations are common (Bixel, 1984) and edaphic alteration evi
dence its surface exposition before the deposition of the overlying 
succession. 

Noteworthy, in most of the Sant Salvador body, the original mineral 
assemblage is strongly altered, as shown by the replacement of ferro
magnesian silicates by chlorite and opaque minerals, and of plagioclase 
by sericite and carbonates. The geochemical study carried out by Lago 
et al. (2004), shows that plagioclase (almost pure albite, Ab>96) and 
clinopyroxenes, showing a wide compositional range, dominated the 
original assemblage. The IV episode, in which the Sant Salvador intru
sion is included (Bixel 1984; Lago et al., 2004), together with Episode V, 
shows rocks with higher values of Na2O + K2O respect to the previous 
episodes and a wide variation in the Nd-Sr isotopic compositions. This 
points to an abrupt change in the magma sources, from the crust 
(dominant in the three previous stages) to the lithospheric mantle, and 
also to the participation of enriched lithosphere and asthenosphere 
(possibly associated with a mantle plume) components in varying pro
portions. This compositional change reflects the evolution from the late 
Variscan transtensional tectonic regime to an extensional tectonic 
regime that induced mantle upwelling and decompression melting (Lago 
et al., 2004). 

The Sant Salvador intrusion is a key element for deciphering the 
relationships between sedimentation and magmatism in the Permo- 
Carboniferous basins, despite the discrepancies regarding its origin 
and disposition. It has been described as 1) an intrusive body emplaced 
along a N140 fracture and characterized by a massive texture (without a 
jointing pattern) in its edges with a columnar disjunction tilted towards 
the South in its inner part (synchronous with the Upper Red Unit or 
slightly postdating it, Gisbert 1981); and 2) as a dyke with a N160-170 
strike, and dipping 60-70◦W as a consequence of the Pyrenean 
compression; this dyke would be several tens of meters thick, and would 
show columnar jointing with axes parallel to its walls (Bixel, 1984). The 
work by Bixel (1984) recognizes a system of minor dykes, 10 m thick and 
oriented N010 to N030 and considers the main intrusion tilted 45◦

following an E-W horizontal axis during the Pyrenean compression. 
Gisbert (1981) and Bixel (1984) describe a sinistral displacement of the 
segments of the structure, caused by either N70 fractures (Gisbert, 1981) 
or E-W faults (Bixel, 1984). The aim of this paper is to shed light on the 
origin and orientation of the Sant Salvador intrusion by means of the 
study of its magnetic fabric and microstructural and image analyses. 
Understanding the relationship between the magnetic fabric, the pet
rofabric of the rock and columnar jointing, and their variations along the 
igneous body is not only useful to characterize the Sant Salvador 
intrusion but also for establishing the basis for the application of these 
techniques to similar examples in the geological record elsewhere. 

3. Methodology 

3.1. Sampling campaign and laboratory procedures 

A total of 20 sites, totaling 293 specimens, were sampled for the AMS 
and structural study. Sites are homogeneously distributed (average 
spacing between sites 50 m) in a NNW-SSE transect along the ridge of 
the intrusive body, depending on the accessibility of suitable outcrops 
(see Geological map in Fig. 1 and detailed sampling sites location in 
Figs. 6 and 7). 

Samples were obtained in the field with a gasoline-powered drill. Six 
to 10 cylindrical cores per site were obtained. Cores were oriented in situ 
with a magnetic or a solar compass and sampling localities were posi
tioned with a GPS. Oriented cores were cut to 2.1 cm-long, 2.5 cm- 
diameter standard cylinder specimens using a radial saw (non-magnetic 
steel) in the laboratory. Nine to 26 standard cylinder specimens were 
obtained in each sampling site. 

The AMS measurements, its analysis and the interpretation of the 
magnetic fabric results from the initial 12 sampling sites (SS1 to SS12), 
which were later complemented with a second sampling campaign be
tween sites SS3 and SS5. This resulted in eight new sampling sites (J1 to 
J8) to determine with higher accuracy the changes in the orientation of 
the magnetic ellipsoid axes. 

3.2. AMS 

Two types of analyses were conducted: 1) Anisotropy of Magnetic 
Susceptibility (AMS) measurements at room temperature (RT-AMS) for 
the 20 sites and 2) AMS at low temperature (LT-AMS) for 4 sites (J1, J8, 
SS8 and SS10These selected sites for LT-AMS are representative of 
different magnetic ellipsoids distributed in the lower, middle, upper and 
superficial zone of the intrusive body. 

The AMS analysis was performed at the Magnetic Fabrics Laboratory 
of the University of Zaragoza, Spain, using a Kappabridge KLY-3S 
(AGICO Inc, Czech Republic). AMS is a technique that allows to define 
the spatial variation of the magnetic susceptibility (k) by applying a low 
intensity magnetic field (300 A m− 1) in different orientations around a 
standard specimen. Magnetic susceptibility (k) is a dimensionless pro
portionality constant (in the S.I. system) that indicates the relationship 
between an applied magnetic field (H) and the induced magnetization 
(M) of a rock; M = k⋅H. AMS can be expressed mathematically as a 
second-rank symmetric tensor and geometrically as a magnetic ellipsoid 
with three orthogonal principal axes K1>K2>K3. The magnetic suscep
tibility value (k) is the summation of the contributions of all the mineral 
species present in the sample and it depends on their spatial orientation 
within the analyzed rock. These minerals can exhibit one of the mag
netic behaviors of matter: diamagnetic, paramagnetic or ferromagnetic 
s.l. 

The magnetic susceptibility ellipsoid was described in detail by Nye 
(1957) and it is mainly characterized by three parameters (Jelinek, 
1981): (1) the mean susceptibility (Km or Kmean), expressed as Km=

(K1+K2+K3)/3, (2) the corrected anisotropy degree (Pj) expressed as ln 
(Pj) = √2((ln(K1/K))2 + (ln(K2/K))2 + (ln(K3/K))2)1/2, and (3) the 
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; that allows to 
distinguish between oblate (s.l.) ellipsoids, triaxial ellipsoids and prolate 
(s.l.) ellipsoids. There are two relevant features related to the magnetic 
susceptibility ellipsoid: 1) the magnetic lineation, that is the cluster of 
the K1 axes and 2) the magnetic foliation, the plane whose pole is the set 
of K3 axes. 

The paramagnetic behavior 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). In the LT-AMS analysis, to isolate the para
magnetic subfabric from the total fabric, four sites (J1, J8, SS8 and SS10) 
distributed along the different zones of the intrusion and the four groups 
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of magnetic fabrics (six specimens per site, but only four in one case), 
were analyzed. A thermal insulation was integrated around the 
measuring coil to thermally protect the instrument from the cooled 
samples (~77 K). The low-temperature-AMS (LT-AMS) measurement 
routine includes an 1-h cooling of the samples at 77 K by immersion in 
liquid nitrogen and measurements in the 15 manual positions. Between 
each position, the analyzed specimen was immersed again 1 min in 
liquid nitrogen. 

The AMS results were processed and represented using: 1) the soft
ware SUSAR (AGICO Inc, Czech Republic) for the RT-AMS, 2) the soft
ware SUSAM (AGICO Inc, Czech Republic) for the LT-AMS and 3) the 
software Anisoft 5.1.03 (Chadima and Jelínek, 2019) for the represen
tation of all the AMS data. 

The data obtained from both RT- and LT- AMS analyses were cor
rected to the horizontal taking into account the Permian red beds 
orientation (dip direction/dip, 170/44). 

Density was measured for 237 specimens to investigate if there is a 
relationship between this property and the magnetic susceptibility or if 
there is a variation of density along the intrusion. For this purpose, for 
each specimen, dry weight and subsequently its weight immersed in 
water were measured. The density value of a standard specimen, was 
calculated according to Archimedes’ principle, ρ = dry weight/(dry 
weight-weight immersed in water). 

3.3. Rock magnetism 

To elucidate the magnetic mineralogy, four temperature-dependent 
susceptibility curves, six hysteresis loops and three Lowrie’s test or 
three-axis IRM demagnetization (Lowrie, 1990) were performed. 

The four temperature-dependent susceptibility curves were analyzed 
in the KLY-3S Kappabridge with a CS-3 furnace at the University of 
Zaragoza (Spain), using the software SUSTE (AGICO Inc., Czech Re
public). These analyses encompassed a range of temperature between 40 
and 700 ◦C performed in an argon atmosphere in order to avoid mineral 
oxidations during heating. Samples J2-5, J7-2, SS8-5 and SS1–5B were 
selected according to their susceptibility values (Km) as representative 
samples. These samples were powdered in an agate mortar (0.3–0.6 g 
per sample). Results were interpreted with the software Cureval 8 
(Chadima and Hrouda, 2012) taking into account: (1) correction of the 
free furnace (measure of the CS3 without the sample), and (2) the 
normalization of the susceptibility values to a standard-volume spec
imen (calculating the density and the mass of the powder). 

The hysteresis loops were performed in a QD (Quantum Design) 
MPMS XL (Magnetic Properties Measurement System) with a SQUID 
sensor magnetometer system at the University of Zaragoza (Spain) that 
allows to characterize the magnetic properties of a material. Samples 
SS2–4B, SS8–6B, SS10-6A, J1-2A, J3-3A and J7-2 were selected for 
having the highest susceptibility values (Km) of the studied sites. They 
were powdered in an agate mortar (0.2–0.3 g per sample) and were 
measured at 300 K with an applied magnetic field that oscillates be
tween 0 and 1 T. First in increasing field then in decreasing field up to a 
value 0 and later in the same way but with a negative value field. The 
hysteresis loops were analyzed by means of the HystLab software 
package (Paterson et al., 2018). A bulk measurement of each pulverized 
sample was made in the KLY-3S Kappabridge to check that the ferro
magnetic mineral content is representative. Powdered samples were 
introduced in a diamagnetic gelatin capsule. Measurements routine in
cludes a purgation of the sample, a calibration of the equipment and 
programming the points of measurement. 

The three-axis IRM demagnetization also known as Lowrie’s test or 
thermal demagnetization of the composite IRM (Lowrie, 1990) allows to 
identify the different mineralogical groups according to their coercivity 
value and the unblocking temperatures of magnetization by the induc
tion of three IRM, one for each axis of the sample, in a decreasing order: 
1.2 T (axis z), 0.3 T (axis y) and 0.1 T (axis x), respectively) and sub
jected to thermal demagnetization. The Lowrie’s test was carried out for 

samples SS2-1, J1-1 and SS8-8 and IRM’s were acquired with a IM10-30 
(ASC Scientific) and measured with a JR6A (AGICO) at the Paleomag
netic Laboratory CCiTUB-Geosciences Barcelona (Geo3Bcn) (Spain). 

3.4. Microstructural and image analyses 

The microstructural study in oriented thin sections allows to deter
mine the relationship between the orientation of the magnetic ellipsoid 
axes and the petrofabric of the rock (preferred mineral orientations or 
structures, mainly plagioclase). This study was done once the AMS data 
were analyzed and interpreted. It was carried out in five sites (J3, J6, 
SS2, SS8 and SS12) selected according to: 1) their position along the 
intrusive body axis, and 2) the orientation of the magnetic ellipsoid. 
Taking into account the magnetic fabric results, for each selected site, 
two mutually perpendicular thin sections were performed: 1) one of 
them contains the K1 and K3 axis of the magnetic ellipsoid and is 
perpendicular to the K2 axis, 2) the other thin section contains K2 and K3 
axis and it is perpendicular to the K1 axis. As proposed in previous works 
(Oliva-Urcia et al., 2012; Simón-Muzás et al., 2022, among others) 
magnetic fabrics analysis has revealed a very useful tool for guiding in 
the definition of the optimal cuts to be studied under the microscope. 

Due to the aphanitic texture of the rocks, that prevents the deter
mination of the texture in outcrop observations, mineral orientations 
were studied in 10 thin sections by means of the following routine: (1) 
inspection and manual measurement in an optical microscope under 
transmitted light and high-resolution image analysis from clean binary 
files (black color for the particles and white for the background) in order 
to analyze their shape and orientation by means of (2) ImageJ software 
(Schneider et al., 2012) that allows to obtain histograms of the angle of 
the long axis of a set of particles with respect to an horizontal line; and 3) 
Intercepts software (Launeau and Robin, 1996) that is based on counting 
the number of intercepted segments of a set of objects on the image by a 
set of parallel scan lines along a number of directions. From this, a rose 
diagram that shows the number of intersections in each direction is 
obtained allowing to determine the petrofabric. 

4. Results 

4.1. Field observations 

Although the contact with the URU is not well exposed due to the 
dense Scots pine forest that surrounds the intrusion, a reddish breccia, 
that is mainly composed by clasts from the preVariscan basement and 
the volcanic units underlying the Sant Salvador intrusion, covers the 
rubefacted uppermost rocks of the intrusion. The breccia is recognizable 
below the reddish polygenetic microconglomerates and sandstones from 
the URU (Fig. 2A). The top of the intrusive body is characterized by an 
edaphic profile with a rubefacted bedrock overlain by a regolith in 
conformity with the beds of the URU. The rocks from the Sant Salvador 
body are strongly fractured. The dominant set shows a NNW-SSE trend 
with dips between 45◦ to 90◦ towards the West (average attitude of the 
Sant Salvador intrusion). In the middle part, between sites SS6 and SS9, 
fracturing is arranged as a columnar jointing (Fig. 2B) in which the 
dominant set represents one of the long faces of the columnar jointing. 
The second joint family shows a NE-SW trend with dips between 30◦ and 
90◦ towards the NW. The third set, less represented, shows an E-W trend 
with dips between 40◦ and 50◦ towards the S, parallel to the bedding of 
the URU, and represents the bases of the prisms. The fourth set shows a 
NW-SE orientation dippin g about 50-70◦ towards de NE and also 
consistent with columnar fracturing. Weathering has originated the 
individualization of some of the prisms and rockfall, generating a rocky 
ground around the ridge. 

Taking into account the bedding data of the URU and the reddish 
breccia surface (N90 to N110 strike tilted 40◦ to 50◦ towards the South), 
the restored columnar jointing (intersection of planes, and therefore 
axes of columns) is oriented close to the vertical. The present-day 
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average orientation of the prisms from the columnar jointing is about 
355/45 (Fig. 2B). 

4.2. Magnetic mineralogy and rock magnetism 

All temperature-dependent susceptibility curves are irreversible (the 
heating and cooling curves present different paths), and they show a 
consistent decrease and increase in the susceptibility value at 580 ◦C in 
the heating and cooling run respectively. The heating curves (Fig. 3A) 
show an increase between 0 and 300 ◦C and a strong drop between 320 
and 380 ◦C. The abrupt drop in the heating curve at 580 ◦C suggest the 
presence of magnetite and the increase at the same temperature in the 
heating curve, points towards the neoformation of a ferromagnetic 
phase. This ferromagnetic neoformation generates the irreversibility of 
the curves. The increase and then the strong drop in susceptibility be
tween 0 and 380 ◦C in the heating curve indicates the presence of 

titanomagnetite/titanomaghemite with unstable intermediate phases 
having different Ti concentration (see Diarte-Blasco et al., 2020). Sam
ple SS1–5B, the site closest to the paleosol, presents a slight decay at 
670 ◦C close to the Néel temperature of hematite (670 ◦C) what indicates 
the presence of this mineral. Thus, the temperature-dependent magnetic 
susceptibility curves suggest the predominance of magnetite and tita
nomagnetite/titanomaghemite as ferromagnetic mineral in most sam
ples (i.e. sites with Km values higher than 600⋅10− 6 SI) and the 
predominance of hematite in site SS1 with a Km site mean below this 
value (Table 1). 

The hysteresis loops of the studied samples (Fig. 3B) show, in the raw 
data, (before slope correction) a paramagnetic contribution to the total 
magnetic behavior (SS2–4B, J7-2, SS10-6A). This paramagnetic contri
bution is less important in samples J3-3A, J1-2A, SS8–6B. In all the 
samples, the hysteresis loops are narrow and reach complete saturation 
before 1 T. This can be interpreted as resulting from the presence of low 

Fig. 2. A) Views of the reddish breccia (some clasts are outlined to highlight lithologies and sizes (left) and URU sedimentary red beds (right) in the contact with the 
intrusive body; B) Different views of the columnar jointing developed in the middle part of the Sant Salvador intrusion and stereoplot (lower hemisphere) of the joint 
sets in situ. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

A. Simón-Muzás et al.                                                                                                                                                                                                                         



Journal of Structural Geology 172 (2023) 104891

6

Fig. 3. A) Temperature-dependent susceptibility curves (40–700 ◦C) of heating (in red) and cooling (in blue) for the four analyzed curves, where the non-reversibility 
of curves can be observed; B) Representative hysteresis loops before and after paramagnetic slope correction. Values of Ms: magnetization saturation, Mrs: coercive 
force, Bc: coercivity of remanence obtained with HystLab software (Paterson et al., 2018); C) Lowrie’s test, IRM demagnetization along three axis X: 0.1 T, Y: 0.3 T 
and Z: 1.2 T. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Magnetic parameters (AMS) for the sampling sites in the Sant Salvador intrusion.  

Site N Km (10-6) e (10-6) K1 in situ Conf. Ang. K3 in situ Conf. Ang. Pj e T e 

SS1 10 592 396 088/14 12/07 182/15 12/08 1.027 0.008 0.365 0.267 
SS2 14 2695 490 258/08 13/04 348/04 05/04 1.037 0.005 0.728 0.1 
SS3 14 1897 893 078/21 14/05 170/04 06/04 1.041 0.002 0.564 0.084 
J8 12 2153 750 080/27 14/05 350/0 11/05 1.032 0.004 0.552 0.125 
J7 13 4738 1230 078/31 06/03 343/08 07/05 1.046 0.008 0.421 0.117 
J6 14 3891 2097 063/39 10/07 159/07 08/06 1.041 0.008 0.592 0.103 
J5 12 2621 577 060/45 07/03 157/07 04/03 1.035 0.003 0.44 0.058 
SS4 9 2056 1340 071/40 30/11 338/04 15/07 1.026 0.008 0.367 0.176 
J4 10 6653 3389 038/53 26/09 143/12 17/07 1.032 0.013 0.398 0.248 
J3 14 8319 3245 023/67 16/05 145/13 13/08 1.04 0.012 0.265 0.236 
J2 24 8864 4443 285/36 37/32 100/54 62/23 1.03 0.015 0.244 0.346 
J1 16 15870 2652 03/63 10/05 139/20 13/03 1.052 0.011 0.079 0.096 
SS5 11 14770 1906 02/53 11/02 134/27 06/02 1.053 0.007 0.219 0.228 
SS6 13 673 534 357/43 13/04 154/44 10/07 1.018 0.004 0.21 0.314 
SS7 13 10360 8 344/18 07/05 129/68 16/05 1.037 0.02 0.256 0.242 
SS8 26 10640 3846 336/38 17/07 128/48 19/05 1.035 0.009 − 0.058 0.262 
SS9 17 1053 625 320/8 29/22 078/73 29/17 1.013 0.01 0.051 0.335 
SS10 22 1218 931 287/37 17/08 130/51 09/08 1.014 0.005 0.475 0.28 
SS11 9 2448 2652 313/58 14/09 190/19 13/07 1.032 0.015 0.432 0.213 
SS12 19 2831 1998 319/42 14/08 181/39 12/06 1.036 0.016 0.289 0.179 

N: number of specimens; K1 and K3-mean (trend and plunge) of the magnetic lineation and of the pole to the magnetic 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. 
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coercivity ferromagnetic minerals such as magnetite, as also indicated 
by the three-axis IRM demagnetization. According to the basic hysteresis 
loop shapes that may help to identify the magnetic phase (Tauxe, 2008), 
superparamagnetic (samples J1-2A and J7-2) and pseudo-single domain 
(J3-3A. SS2–4B, SS8–6B and SS10-6A) magnetite may be present but 
multidomain magnetite (MD magnetite) cannot be discarded. 

According to the three-axis IRM demagnetization (Fig. 3C), samples 
show a certain amount of magnetization in the minimum and interme
diate axes (x and y axes) where 0.1 and 0.3 T were applied, respectively) 
and is minimum in the maximum field axis (z axis 1.2 T applied), 
pointing to an absence of high coercivity minerals in these samples. 
There is an abrupt decay in the magnetization value in the minimum and 
intermediate axes of the three analyzed samples at 250–300 ◦C, which 
can be related to the presence of titanomagnetite with a high content of 
Ti (around 40–50%). Finally, a slight decay is observed in the IRM 
curves at 580 ◦C which is the unblocking temperature of magnetite. The 
presence of multidomain magnetite is not discarded. 

4.3. Magnetic susceptibility and density values 

The mean value of the magnetic susceptibility (Km) is 5217⋅10− 6 SI, 
ranging between 592⋅10− 6 SI (site SS1) and 15870⋅10− 6 SI (site J1). The 
highest values of Km appear in the middle part of the intrusion except for 
site SS6 (Fig. 4A, see Table 1 for magnetic parameters data). Most sites 
display Km site mean values higher than 1000⋅10− 6 SI, also suggesting 
that the main carriers of the AMS are ferromagnetic minerals (see Knight 
and Walker 1988; Hargraves et al., 1991; Rochette et al., 1991). The 
contribution of diamagnetic (plagioclase and other feldspars) and 
paramagnetic grains (i.e. olivine, pyroxene, hornblende) to the total 
anisotropy can be considered low (as also inferred from LT-AMS 
measurements). 

The values of the Pj parameter range between 1.013 and 1.053. The 
lowest degree of anisotropy, Pj, is present in two adjacent sites (SS9 and 
SS10) located at the top of the lower part of the intrusive body (Fig. 4B). 
Regarding the shape of the magnetic susceptibility ellipsoids, most sites 
show an oblate magnetic fabric with values of T above 0.2, except site J1 
(T = 0.079). site SS8 (T = -0.058) andsite SS9 (T = 0.051), which show a 
neutral triaxial shape (Fig. 4C). The polar Pj-T plot shows a dominance 
of oblate magnetic fabrics at site level and at specimen level, with a low 
to medium degree of anisotropy (Fig. 5A and B). At site level, magnetic 
parameters show some correspondence between Pj and Km on one side 
and T and Km on the other. The Pj and T parameters decrease with 
increasing Km with a low correlation coefficient, Fig. 5 C, D), indicating 
that the higher the content in ferromagnetic carriers, the lower the 
oblateness of the ellipsoids. There is neither correlation between Km and 
Pj (Fig. 5 D) nor a relationship between the preferred orientation of the 
magnetic susceptibility ellipsoid axis and the magnetic parameters (Km, 
Pj and T). 

The density of the studied rocks (Fig. 4D) shows a maximum value of 
2.83 g/cm3 and a minimum value of 2.58 g/cm3, thus indicating a strong 
variability for similar rock types. At site level, density values compared 
with magnetic parameters (Pj, T and Km) do not show any relationship. 
However, when density values are represented along the sampling 
profile, they show a progressive increase towards the NNW (Fig. 4D). 
This means that there is a gradient of increasing density from the upper 
part toward the lower part of the intrusion. 

4.4. Magnetic fabrics 

The AMS results show a good clustering of the magnetic ellipsoid 
axes with the exception of site J2, that presents an anomalous magnetic 
ellipsoid with high degree of dispersion of its axes (Fig. 6). For that 
reason, this site has been excluded in further interpretations. 

After bedding restoration, the orientation of the magnetic ellipsoid 
axes is as exposed below. All positions are referred to the edaphic 
breccia located in the upper part of the intrusion: 

- In the lower part (sites SS12, SS11, SS10, SS9), the magnetic linea
tion (K1) progressively changes its orientation from the lowest site 
(SS13) to near the middle part (SS9) from a N258 to a N307 trend. 
The plunge changes from 67◦ to 43◦ towards the NNW.  

- In the middle part of the intrusion (sites SS8, SS7, SS6, SS5, J1, J3 
and J4), the magnetic lineation (K1) presents a vertical or subvertical 
orientation The inclination changes along the transect, between 85 
and 62◦. Site J3 marks the trend for the next group of magnetic 
fabrics of the upper part.  

- In the upper part (sites J4, SS4, J5 and J6), following the previous 
trend, the magnetic lineation (K1) presents an orientation that 
gradually changes to N109 –N100. The inclination changes pro
gressively between 59◦ to 33◦ towards the E.  

- In the uppermost part, close to the paleotopography (sites J7, J8, 
SS3, SS2 and SS1), the magnetic lineation (K1) presents an orienta
tion around N095 and finally becomes subhorizontal, following the 
previously described trend. 

Fig. 4. Mean value per site of the magnetic parameters of the magnetic sus
ceptibility ellipsoids throughout the sampling section in the Sant Salvador 
intrusion: A) mean susceptibility, B) corrected anisotropy degree (Pj), C) shape 
(T) and D) density (g/cm3). In black color studied sites along the ridge. 
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Considering the overall trend of the K1 axes, a gradual change on 
their orientation is observed from the bottom to the top of the body 
(according to the relative position in relation to the stratigraphic suc
cession), from 258 (intermediate to steep plunges) to 095 (sub
horizontal) along the position of the intrusive body in the stratigraphic 
succession. 

In this sense, four groups of magnetic fabrics can be distinguished 
according to the orientation of the magnetic lineation before and after 
bedding correction (Table 1 and Figs. 6, 7) along the four parts of the 
intrusive body with different position (i.e. depth after bedding restoring) 
in relation to the stratigraphic succession. 

Regarding LT-AMS results (Fig. 8), the Km-LT/Km-RT ratio per site 
ranges between 0.83 and 1.94, indicating the dominance of the ferro
magnetic behavior in the contribution of the magnetic fabrics. The 
paramagnetic contribution is small. In all the analyzed sites, the LT-AMS 
results show that the magnetic fabrics axes are clearly scattered, not 
improving the signal of RT-AMS. 

4.5. Microstructures and image analysis 

The main textural elements in the studied samples are tabular pla
gioclases arranged in a trachytic texture, which show an average grain 
size of 320 μm. These mineral grains are parallel, imbricate and/or ar
ranged in fans. In the studied samples they show a main preferred 
orientation except in sample SS12 where the alteration masks the orig
inal texture. When larger phenocrysts of plagioclase are present, small 
grains of plagioclases are reoriented around them. This phenomenon is 
also observed around a xenolith in thin section J6-9A (Fig. 9). Opaque 
minerals, that could correspond to ferromagnetic grains without a 
preferred orientation under the optical microscope, are also present. 

The preferred orientation of plagioclases, detected in the two 
mutually orthogonal thin sections, allows to determine the (magmatic) 
foliation plane and to establish the relationship between this plane and 
the magnetic susceptibility axes. In all sites, plagioclase orientations 
(long axes of grains in thin section) are close or within the α95 confi
dence angle of the K1 and K2 magnetic ellipsoid axes. By means of the 
image analysis software (ImageJ and Intercepts) a secondary plagioclase 
orientation in an intermediate position or close to the K3 axes was 

detected. In site SS12, which does not show a trachytic texture, the three 
techniques show that there is no preferred orientation of mineral grains. 
Besides, the eccentricity of the ellipse (Fig. 10) can help elucidate which 
of the two mutually thin sections approaches better the mineral linea
tion; eccentricity should be maximum when the cut is parallel to the 
mineral lineation and minimum when the cut is perpendicular to it, 
because in these samples the lineation is defined by the intersection of 
planar elements. However, in the studied examples, the differences are 
subtle, and results are not significant. The eccentricity is slightly higher 
in the section perpendicular to K2 for sites SS8, J6, and for sites J3 and 
SS2, it is higher in the section perpendicular to K1. In the same way, the 
long axes of the particles are longer in the section parallel to the K1 axis 
in sites J6, J3 and SS8 and in site SS2 this happens in the section parallel 
to the K2 axis. Neither of the two parameters gives significant results in 
site SS12 due to the negligible differences in these values. 

The presence of discrete bands defined by the disposition of certain 
plagioclase grains (Fig. 9), deflected with respect to the trend of the 
foliation, was recognized under the optical microscope, but not with the 
automated methods. Crystals are not broken or fractured, except for one 
thin section, that is not representative of most surfaces. In any case, the 
orientation of these bands, showing systematic sinistral and dextral 
shears, is bears no relationship with the magnetic ellipsoid axes. 

5. Interpretation and discussion 

5.1. Magnetic properties and magnetic carriers 

An important issue in magnetic fabrics is the characterization of the 
magnetic carriers of the AMS. In the Sant Salvador body, most samples 
show high Km values, suggesting that the main carriers to the AMS are 
ferromagnetic minerals (see Knight and Walker 1988; Hargraves et al., 
1991; Rochette et al., 1991). Among those, the temperature-dependent 
susceptibility curves indicate that probably magnetite, titanomagneti
te/titanomaghemite and locally in the uppermost part of the intrusion, 
hematite are the main contributors. The hysteresis loops corroborate the 
presence of a low coercivity ferromagnetic mineral (eg. magnetite) and 
the three-axis IRM points toward magnetite with a high content in Ti due 
to the abrupt decay of the magnetization at 250-300 ◦C. The presence of 

Fig. 5. A) Polar Pj-T plot (sampling sites means value). B) Polar Pj-T plots (data from specimens from each studied sites). C) Km-T diagram, D) Km-Pj diagram.  
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iron sulphides is discarded because their characteristic decay is not 
observed in the temperature-dependent susceptibility curves. In the 
superficial zone, reddening of the rocks is due to an oxidation process by 
the proximity of the overlying red beds (URU) and hematite is likely a 
product of a lateritization under tropical climate and not a mineral from 
the original composition of the rock. It should be noted that the 
contribution of plagioclase (i.e. diamagnetic mineral), the most abun
dant mineral observed in thin sections, to the total magnetic anisotropy, 
can be considered negligible. Therefore, given the abundance of 
plagioclase and the very high Km values, the magnetic properties could 
arise from ferromagnetic exclusions around and/or within the plagio
clase. This assumption, developed in depth in the next section, can be 
validated considering the parallelism between the foliation defined by 
the plagioclase orientations and the foliation plane of the magnetic 

ellipsoid which indicates that the ferromagnetic minerals are arranged 
with the same orientation as plagioclases. This explains why both the 
orientation of diamagnetic (plagioclase) and ferromagnetic (magnet
ite/titanomagnetite) minerals show the primary fabric of the rock, 
originated during the emplacement of the intrusion. 

In the present study a difference between magmatic and magnetic 
fabric as noted in other cases (e.g. Hoyer, 2015) is not observed, prob
ably because these differences are the result of a higher degree of 
rigid-body rotation due to the magma flow, preferentially in the elon
gate plagioclases instead of the fine-grained granular magnetite devel
oped upon a fine-grained trachytic texture (see, e.g. Budkewitsch and 
Robin (1994) and Hetényi et al. (2012)). The notable variations of the 
mean value of magnetic susceptibility, ranging between 592⋅10− 6 SI 
(site SS1) and 15870⋅10− 6 SI (site J1) may be due to small-scale 

Fig. 6. A) Situation of the Sant Salvador intrusion, B) In situ, AMS ellipsoids obtained for each sampling site with 95% confidence ellipses (Jelinek, 1981) in the Sant 
Salvador intrusion. 
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enrichment in ferromagnetic minerals in the different parts of the 
intrusive body during its emplacement. The clear gradient in density 
values points towards decreasing iron content upwards in the intrusion, 
despite the fact that an opposite trend is observed in the Km value at site 
level. In any case, the mean value of susceptibility in the Sant Salvador 
body is higher (5217⋅10-6 SI) than that of the rocks that surround it: 
sedimentary red beds (296.49⋅10-6 SI) from the LRU and URU and 
volcanic and volcaniclastic rocks from the GU and TU (926.84 ⋅10− 6 SI). 
This strong difference can be related to the different (mantellic) origin of 
the Sant Salvador intrusive body proposed by some authors (Lago et al., 
2004) in relation to older volcanic rocks of the area. 

5.2. Magnetic fabrics and petrofabric relationship 

The observations under the optical microscope and the magnetic 
fabrics results (oblate ellipsoids) point towards a planar-linear rock 
fabric defined by planar elements. The overall K3 axis data, after resti
tution, yield a magnetic foliation that dips steeply towards the SSE. In all 
the studied samples, this magnetic foliation is parallel or subparallel to 
the foliation plane defined by the preferred arrangement of the plagio
clases (Fig. 11). This indicates that, despite the fact that the petrofabric 
(the plagioclase microliths) does not directly condition the magnetic 
fabric, the ferromagnetic minerals that are the main magnetic carriers, 
are arranged consistently with the planes defined by the plagioclases as 
observed in other studies (Hargraves et al., 1991; Bascou et al., 2005). 

Fig. 7. A) Situation of the Sant Salvador intrusion, B) AMS ellipsoids obtained for each sampling site with 95% confidence ellipses (Jelinek, 1981) in the Sant 
Salvador intrusion after bedding restitution with bedding data from sedimentary Permian red beds. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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Another possibility is that ferromagnetic minerals are contained within 
the plagioclase grain and contribute to the magnetic fabric as has been 
observed in gabbronorites from the Bushveld layered intrusion (Fein
berg et al., 2006) although in that case, it could not be determined if 
AMS fabric was due to alignment of interstitial magnetites, or to the 
alignment of silicate minerals and the exsolved magnetite inclusions 
within them. In another case, it is observed that in columnar jointing in 
basalt where internal structures are observed and are related to melt 
migration parallel to the column axis; the long axes of titanomagnetite 
crystal are parallel to the long axis of the basalt column (Mattsson et al., 
2011). 

In addition, observations that indicate that both plagioclase and 

ferromagnetic minerals present the same orientation and spatial distri
bution confirms that either a) ferromagnetic minerals have crystallized 
during the same process during the ascent of the magma flow towards 
the surface; or alternatively that b) in a subsequent process, they have 
been formed in the interior, interstices or crystal boundaries reproduc
ing the orientation of the primary fabric. This last explanation has been 
also pointed out by Stacey (1960) in a dolerite sill, and experimentally 
tested by Hargraves et al. (1991), and also observed in a Quaternary lava 
flow by Bascou et al. (2005). Surface processes and rubefaction in the 
contact with the LRU or the sericitization of the plagioclases have not 
modified this magnetic fabric. 

In relation to the fracture pattern generating columnar jointing 
(Fig. 12), it is remarkable that both the foliation defined by plagioclase 
and the magnetic foliation are parallel to the ENE-WSW fracture set. 
This supports that the foliation defined by the plagioclases is expressed 
as surfaces of weakness in the rock, defining preferential fracture sur
faces. This behavior contrasts with most volcanic bodies, where joint 
geometry is directly conditioned by the geometry of the body and its 
walls (Hetényi et al., 2012; Hetényi and Milazzo, 2014), and in turn 
approaches those examples (Almqvist et al., 2012) in which jointing is 
closely related to the internal fabric of the rock. An alternative expla
nation would be the possibility of explaining the Sant Salvador intrusion 
as a tabular body parallel to bedding (in which case columnar jointing 
would be perpendicular to the body walls), but this geometry is difficult 
to conciliate with its internal fabric. In relation to the formation of 
columnar joints, it is observed that are developed in intrusive and 
extrusive volcanic rocks regardless their chemical composition or 
emplacement context. The formation of columnar joints only happens in 
an extremely rapidly cooling environment like in the fluid-saturated 
environments (Lamur et al., 2018). Previous studies (Lamur et al., 
2018 references there in) point out that the time scales for magma 
cooling only considering conduction are longer than considering the 
infiltration and circulation of external fluids in the process. Therefore, 
columnar joints are formed and propagate in solid state at 
moderate-high temperatures, in a purely elastic regime of the rocks were 
the circulation of external fluids accelerates the cooling of the magma 
and accentuates heat exchange (Lamur et al., 2018). 

Regarding the methodology used in the microstructural study, the 
thin section observations under the optical microscope show the best 
results for the determination of foliation plane of the rock (Fig. 11). The 
ImageJ and Intercepts softwares represent a good approximation of the 
preferred arrangement of minerals observed in the whole thin sections, 
but they also provide other directions that are not the result of a primary 

Fig. 8. A) Comparison between RT-AMS (white symbols) and LT-AMS (black symbols) for each sampling site. B) Ratio between the magnetic susceptibility at low and 
room temperature (LT/RT). 

Fig. 9. A) Petrological details (under polarized light): trachytic texture, pref
erent orientation of plagioclases, reorientation of plagioclases at the edges of a 
xenolith, bands deflected with respect to the present foliation (in white dashed 
line); B) Example of an image analysis processing. 
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preferential alignment of minerals but are rather artifacts resulting from 
by the interference caused by the deflection of the plagioclases by shear 
bands. These two processes resulting in primary and secondary orien
tations can only be distinguished by means of manual procedures. 
Therefore, in our case, the eccentricity of the ellipse and the orientation 
of long axes calculated by means of Intercepts and ImageJ softwares do 
not provide completely satisfying results. Qualitatively, it can be 
observed that in thin sections perpendicular to K1 axis, grains are not so 
well oriented than in sections containing K1 axis. This fact agrees with a 
planar-linear rock fabric, which explains the well-defined magnetic 
lineation despite being an oblate fabric. 

As noted in the Results section, the site J2 presents an anomalous 
magnetic fabric with a high degree of dispersion of its axes and for that 
reason, it was excluded of the study. The temperature-dependent sus
ceptibility curve does not show any magnetic contribution different 
from the rest of the sites. Neither does its position in the middle part of 
the intrusive body, nor does its magnetic ellipsoid parameters (Km, Pj 

and T) yield any information that clarifies the reasons for this anomalous 
magnetic fabric. The oriented thin section perpendicular to K2 and 
containing K1 and K3, carried out to study in detail the distribution of the 
components of the petrofabric, does not show any remarkable difference 
in mineral content or distribution. In this thin section the three methods 
applied in the microstructural analysis show that, except for the 
preferred orientation detected with Intercepts software, plagioclase tend 
to get close to the K1 axis. The orientation of K1 is clearly different from 
the rest of the sites in the middle part. This change may reflect a local 
change in magma flow direction by a local disturbance. 

The bands defined by the disposition of certain plagioclases that are 
deflected with respect to the foliation, seem to be generated by a late 
process during the cooling of the body, possibly at high temperature 
because no solid-state deformation seem to affect the plagioclase crys
tals. The existence of bands with different sense of shear also points to a 
tectonic origin under the regional or local stress field but they seem to be 
unrelated to the magnetic fabrics. 

Fig. 10. High-resolution image analysis results in two mutually perpendicular thin sections per site, according to the four types of magnetic fabrics by means of 1) 
software ImageJ: histograms of angle of the long axis of the particles respect to an horizontal line, and 2) software Intercepts: diagram of traverses (resultant ellipse) 
and directions (resultant rose diagram). 
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To conclude, the Sant Salvador intrusion is a special case with a 
magnetic fabric that clearly shows the flow direction, that is, parallel to 
the long axis of the preserved part of the intrusion. If we look at other 
examples in the literature, this relationship is not always so clear. These 
examples include magnetic lineation parallel to the magma flow of a 
single dike or a set of parallel dikes and the magnetic foliation broadly 
perpendicular to the subhorizontal layering, not representing the 
magma flow plane (Ferré et al., 2002). In the example described by 
Callot et al., (2001) the petrofabric of the plagioclases and the AMS 
results are also flow-related. They show a very good agreement between 
opaque preferred orientation and magnetic lineation, suggesting that 
the AMS signal is due either to a shape anisotropy of ferromagnetic 
grains mimicking the plagioclase, flow-related fabric or the alignment of 
grains. This fact is also observed by Diot et al., (2003) who observed 
magnetic subfabrics of the opaque minerals mimicking the primary 
petrofabric mainly defined by the shape-preferred orientation of the 
plagioclase and orthopyroxene crystals. In some of the above-cited ex
amples, the oblate fabrics are flow-related when the foliation plane is 
close to parallel to the (walls of the) intrusive body, and also if this 
foliation is imbricated relative to side walls (Rochette et al., 1992; Callot 
and Geoffroy, 2004). This last feature is not observed in the Sant 

Salvador body, probably because the studied outcrops correspond to the 
inner part of the intrusion. 

5.3. The Sant Salvador body: geometry, orientation and emplacement 

The main challenge for interpreting the Sant Salvador intrusive body 
is that its geometry and orientation remain unknown due to its partial 
exposure in the field, where most of the body has been eroded, and also 
because of the lack of available data at depth. The orientation of the 
columnar jointing can be an indicator, never a determining factor, of the 
direction of magma flow and therefore, of the orientation of the intru
sive body. Despite that, the magnetic fabric results, because of its close 
relationship with the petrofabric in this study, provide useful informa
tion that allows to constrain the spatial distribution of the intrusive body 
and to discard some previous hypotheses. 

The pattern observed in magnetic fabrics is a magnetic lineation that 
progressively changes from a subvertical E-plunging attitude in the 
lower part of the intrusion, to a vertical arrangement in its middle part 
and finally to a subhorizontal orientation towards the uppermost part. In 
this case, the magnetic lineation (K1 axes) represents the flow direction 
(Knight and Walker, 1988). 

Fig. 11. Comparison between magnetic fabric results and microstructural observation. The foliation defined by the arrangement of the microlithic plagioclases is 
parallel or subparallel to the magnetic foliation plane (it is perpendicular to the K3 axis). 
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The magnetic fabric indicates the unidirectionality of the magma 
flow and the absence of multiple feeders. This is also supported by the 
constant orientation of the magnetic and mineral foliation, defined by 
the plagioclase, in the lower and middle part of the body. This is 
consistent with magma ascent along a vertical pipe as suggested by 
Gisbert (1981) where the flow forces dispose the tabular faces of the 
plagioclases parallel or subparallel to the magma flow direction. In its 
uppermost part, the change towards a subhorizontal direction indicates 

a change in the flow kinematics, spreading laterally at a certain depth 
close to the surface because of the change in pressure conditions. Hor
izontal K1 orientations have been observed in other studies and are 
interpreted in dykes as local flow variations within a segment or at its 
tips (Wiegand et al., 2017) that may reflect a lateral propagation of one 
dyke segment towards an adjacent one. 

At this point, the field information available and the exposure con
ditions do not allow to determine with certainty the geometry of the 

Fig. 12. Comparison between the fracture pattern of the intrusive body and the magnetic fabric results, before and after bedding restitution.  

Fig. 13. Interpretation of stratigraphic sequence.  
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body from this level upwards. Nonetheless, the fact that there are not 
changes in its trachytic texture suggests that the magma remained at a 
certain depth below the surface. The constant orientation of the foliation 
and the structural data point towards Rochette et al. (1991, 1992) fabric 
type I. In this category, the averaged maximum and intermediate sus
ceptibility axes lie within the dyke plane and the minimum axis is 
normal to the flow plane. Even the anomalous magnetic fabric of site J2 
does not show a tendency different from the other magnetic fabric of the 
sampling profile. 

According to the magnetic fabrics obtained, in its eroded upper part 
the body probably had a sill geometry (horizontal K1 in the restored 
section). The poor exposure close to the contact of the intrusion of the 
reddish breccia and the reddish polygenetic microconglomerates and 
sandstones from the URU, do not allow to obtain conclusive data to 
characterize the deformation of the overlying beds due to the intrusion 
of the sill. Even so, the bedding data for the URU in this zone follow the 
regional trend of the red beds, which points to an erosional stage that 
could sweep away both the sill and a certain amount of materials of the 
URU overlying it (Fig. 13). The dimensions of the intrusive body are 
small regardless of its being a dike or a pipe. For these cases the magma 
flow is almost always laminar, it has defined direction for long distances 
and its cooling times are much shorter than in intrusive bodies of 
irregular form and large dimensions such as granites (Cañón-Tapia, 
2004). 

Interestingly, the flow direction in the uppermost part of the intru
sion, in the knickpoint between vertical and horizontal feeding, is E-W, 
that is the dominant direction obtained for most of the volcanic products 
during the Stephanian main eruption stage (responsible for volcani
clastic deposits and lava flows) in the Cadí basin (Martí Molist and 
Mitjavila, 1988; Simón-Muzás et al., 2022). This means that flow in the 
upper part (hypothetical sill) of the Sant Salvador body followed the 
general trend of the topographic features, responding to faults with 
Pyrenean direction. In this sense, the main WNW-ESE structures limiting 
the Cadí basin and controlling sedimentation during the Late Carbon
iferous and the Permian exerted a control on the expansion and flow of 
magma, that spread parallel to these faults. 

Regarding the tectonic context where the Sant Salvador intrusion 
was emplaced, several authors describe it (Gisbert, 1981; Bixel, 1984) as 
a subvertical, strike slip fault. It seems that the pre-existing structures 
influenced the orientation and the geometry of the Sant Salvador body. 
Besides, some authors consider sinistral displacements between 
different segments of the Sant Salvador intrusion caused by fractures 
striking N70 (Gisbert, 1981) or E-W faults (Bixel, 1984). However, the 
new data obtained in this study point to a very small (if existing) 
displacement on these fractures, that would be rather related to the 
columnar jointing of the intrusive body and not to a subsequent tectonic 
fracturing stage. The fact that the outcrop of the intrusion is restricted to 
the lower part of the stratigraphic sequence, the GU and the Palaeozoic 
basement, seems to be related to the E-W faults affecting these materials. 
Our interpretation (Fig. 1C) provides an explanation to this question: at 
present the intrusion only crops out in a restricted area due to the sub
sequent faulting and is probably cut at its base by the basal thrust of the 
Cadí thrust sheet. 

6. Conclusions 

Despite being a detailed study of a small intrusive body, the results of 
this work overpass the regional scale and have broader implications 
related with the faults at depth that allows the ascent of magma. This 
study is also exposed as an example of AMS in intrusive rocks and the 
relationships between columnar jointing and their internal fabric. 

The conclusions obtained in this study can be summarized as follows:  

- The main magnetic carriers of the AMS are ferrimagnetic minerals, 
magnetite/titanomagnetite whereas the contribution of plagioclase 
to the overall susceptibility is negligible. The high values of 

susceptibility respect to the rocks that surround the intrusion may be 
due to small-scale enrichment in ferromagnetic minerals during its 
emplacement. Preferred distribution of minerals along the feeding 
pipe is reflected in a density gradient, diminishing from bottom to 
top.  

- AMS results reflect the primary fabric of the rock, originated during 
the emplacement of the intrusion.  

- In all the studied samples the magnetic foliation is subparallel to the 
foliation plane defined by the preferred arrangement of the plagio
clases observed under the optical microscope. This indicates that, 
despite the fact that plagioclase crystals do not contribute to the 
magnetic fabric, the ferromagnetic fabric mimics the petrofabric. 
The ferromagnetic minerals have been formed during the emplace
ment of the magma or due to a later process but in the interstices or 
exolved in the plagioclase and with the same orientation as the pri
mary fabric.  

- The magmatic foliation defined by plagioclases and the magnetic 
foliation are parallel to the ENE-WSW jointing family set. The foli
ation defined by the plagioclases is a plane of weakness that favored 
the formation of one of the joint sets. 

- In an overall view, the magnetic fabrics corresponds with the fea
tures obtained from microstructural analysis. Manual procedures 
under the optical microscope represents for this case of study, the 
best tool to obtain the foliation plane instead of the automated image 
analysis.  

- The Sant Salvador body intruded by a unidirectional magma flow 
through a vertical pipe that in the uppermost part spread over as a 
sill. An important erosion precluded the preservation of previous 
materials covering the upper part of the intrusion. 
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