
1. Introduction
Aeromagnetic data are a valuable source of geological information. Regional datasets have been common-
ly used to (1) establish the depth to the Curie Point and hence the thermal structure of large areas (An-
dres et al., 2018; Lawal & Nwankwo, 2017; Salem et al., 2014), (2) to unravel the basement structure and 
depth (Ali et al., 2017; Baptiste et al., 2016; Bascou et al., 2013), (3) to map mineral deposits (Dufréchou 
et al., 2015) and fractures (Grauch et al., 2001), (iv) to establish relationships with certain types of miner-
alizations (Sant'Ovaia et al., 2013, pp. 33–39), (v) to contribute to the knowledge of crustal structure and 
evolution (Calvín et al., 2014; Pedreira et al., 2007), etc. As a rule of thumb, the minimum wavelength of 
aeromagnetic anomalies coincides with the altitude of acquisition. Thus, large regional-scale maps usually 
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magnetic analyses, natural remanent magnetization, anisotropy of the magnetic susceptibility, X-ray 
diffraction, and stable isotopes geochemistry carried out on the source rocks of this anomaly. Results 
suggest that magnetization responds to the increase in oxygen fugacity underwent by rocks affected by late 
Variscan (330-300 Ma) extensional tectonics. Extensional detachments were the pathways that allowed the 
entrance of fluids that led to syntectonic crystallization of magnetite and hematite in metasediments and 
inhomogeneous S-Type granitoids derived from their partial melting. Accordingly, magnetization is not 
linked to lithologies, but to extensional structures developed in the late Carboniferous/earliest Permian, 
during the Kiaman reverse superchron. Systematic reverse magnetic remanence exhibited by hematite-
bearing samples confirms the age of the magnetization and adds complexity to the interpretation of the 
anomaly. Understanding the EGMA contributes to the interpretation of other anomalies existing in the 
CIA, also located on thermal domes. The observed extension-related magnetization probably affected most 
of the NW Iberian Massif, thus hindering the study of previous tectonics by paleomagnetic techniques. 
This work aims to provide new hints to interpret magnetic anomalies located in extensional tectonic 
contexts worldwide.

Plain Language Summary This paper presents a further step in the understanding of the 
Eastern Galicia Magnetic Anomaly (Iberian Massif), the biggest and most studied magnetic anomaly in 
Spain. Understanding the source and age of magnetization of this anomaly is key to understand the age of 
the Central Iberian Arc as it allows (1) to infer the origin of other anomalies found in the internal zone of 
the Central Iberian Arc and (2) shed more light on the age of the arc itself. Previous papers on this matter 
are: Ayarza et al. (2007) and Martínez Catalán et al. (2018), https://doi.org/10.1029/2017tc004887. Both 
represent the evolution on the investigations carried out in this area after the papers by Aller et al. (1994), 
https://doi.org/10.1016/0040-1951(94)90255-0 and that of de Poulpiquet (2012). The MS submitted now 
includes new AMS, rock magnetism, NRM, field work, and geochemistry studies of the area and proves 
the role that late Variscan orogenic extension has played in magnetization.
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lack the resolution to carry out detailed interpretations of the source of the anomaly. Furthermore, the 
diagnostic potential of these datasets decreases if the source of the magnetic anomaly is not identified. In 
these cases, resulting models are a trade-off between the unknown magnetic susceptibility and magnetic re-
manence, and the size and depth of magnetic bodies, leading to multiple and poorly constrained solutions.

The aeromagnetic map of the Iberian Peninsula (Figure 1, Socias & Mezcua, 2002) is based on datasets 
acquired in 1986–1987 in Spain (Ardizone et al., 1989) and between 1979 and 1981 in Portugal (Miranda 
et al., 1989). It features a number of high amplitude anomalies that, in the western part of Iberia, present 
also long wavelengths partly resulting from the altitude of acquisition (3,000 m), but also indicative of the 
presence of deep sources. These anomalies often coincide with Variscan thermal domes, i.e., prominent 
structures where high-grade metamorphic rocks and granitoids occur at relatively high crustal levels. Thus, 
the latter may be key features in the interpretation of the anomalies and in understanding the tectonic evo-
lution of the Iberian Massif.

One of such features is the Eastern Galicia Magnetic Anomaly (EGMA; Aller et al., 1994). This anomaly 
coincides with the Lugo-Sanabria Dome, a late Variscan (330-300 Ma) extensional structure that straddles 
the boundary between the West Asturian-Leonese Zone and Central Iberian Zone (Figure 1). In the N, both 
zones are separated by an important extensional feature, the W-dipping, normal Viveiro Fault, which shows 
high offsets that put into contact Precambrian rocks to the E with Silurian and Ordovician metasediments 
and metavolcanics to the W. The EGMA is also one of the most conspicuous anomalies of the Central Ibe-
rian Arc (CIA), an orocline that has been partly defined by the curvature of the magnetic anomalies in its 
external part (Aerden, 2004; Martínez Catalán, 2011, 2012). However, the most important anomalies occur 
at the core of the arc (Figure 1b): the EGMA, the Tormes Dome Magnetic Anomaly (TDMA), the Central 
System Magnetic Anomaly (CSMA), and its prolongation to Porto in Portugal along the Porto-Viseu-Guarda 
Magnetic Anomaly (PVGMA).

Interpretations of the EGMA have somehow followed the evolution of the understanding of the Lugo-San-
abria Dome. Primarily this structure was viewed as an antiformal stack resulting from the first stages of 
Variscan compression (Pérez-Estaún et al., 1991) Accordingly, Aller et al. (1994) explained the EGMA as the 
result of the emplacement of dense basic and ultrabasic rocks at high crustal levels due to Variscan thrust-
ing. However, this interpretation lacked the constraints provided by outcropping magnetic rocks, and failed 
to explain the low Bouguer gravity anomaly of the area. Later on, the reinterpretation of the Lugo-Sanabria 
Dome in the light of evidences of extensional tectonics (Arenas & Martínez Catalán, 2003; Martínez Catalán 
et al., 2003) led to models were the EGMA resulted from magnetite-rich migmatites and heterogeneous 
granites outcropping in the Xistral Tectonic Window, at the core of the Lugo Dome, and formed during the 
late Variscan extensional event (Ayarza & Martínez Catalán, 2007). These models were backed up by ca. 
1,000 in situ measurements of magnetic susceptibility of rocks and by its gravity response, which fitted the 
observed Bouguer gravity anomaly. Later models (de Poulpiquet, 2012) considered the EGMA as a result of 
mixed sources, with a shallow contribution of granitic composition and a deeper mafic one that controlled 
its long wavelength. Lastly, high-resolution magnetic mapping of the EGMA in its northern part, the Xistral 
Tectonic Window, has led to models where extensional detachments affecting metasediments, migmatites, 
and inhomogeneous granites are the key to magnetization (Martínez Catalán et al., 2018).

Regardless of the number of interpretations, the EGMA and the rest of the magnetic anomalies defining the 
CIA are not fully understood. Despite these anomalies being geographically related with thermal domes, 
magnetic rocks have only been identified in the northern part of the EGMA, where the Xistral Tectonic 
Window allows access to deep parts of the crust, thus providing insights to the geometry and effects of ex-
tensional structures. But even in this case, magnetic remanence has been undersampled as lithologies with 
high Königsberger ratios (Qn) where initially ignored. In this area, Anisotropy of the Magnetic Susceptibili-
ty (AMS) studies have been only devoted to nonmagnetic, synorogenic, and late-orogenic granites and have 
been mostly related to intrusion patterns (Aranguren et al, 1991, 2003; Aranguren & Tubia, 1994). Finally, 
no detailed rock magnetic analyses exist for any of the CIA anomalies.

In this paper, we present a detailed analysis of the magnetic properties of the rocks that, according to Ayarza 
and Martínez Catalán (2007) and Martínez Catalán et al. (2018) are the source of the EGMA. These rocks 
are characterized by, at least, two diachronous populations of magnetic minerals that exhibit high magnetic 
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susceptibilities and intense magnetic remanence, a very high AMS factor, and high δ18O ratios. These char-
acteristics further help to understand the origin of the EGMA and set the basis for the next generation of 
models. Also, this paper briefly analyzes the rest of the anomalies of the CIA, providing a hypothesis for 
the lack of magnetic outcrops and the mechanisms that may have led to magnetization. Finally, we empha-
size the complexity inherent to the interpretation of magnetic anomalies. Often, they are not thoroughly 
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Figure 1. (a) Map of the the Iberian Massif showing its zonation and the location of the EGMA. IAA: Ibero-Armorican 
Arc. CIA: Central Iberian Arc. The rectangle delimits the area of the Lugo-Sanabria Dome. (b) Aeromagnetic map of 
the Iberian Peninsula (data from Ardizone et al., 1989; Miranda et al., 1989; Socias & Mezcua, 2002). Rectangles define 
the main magnetic anomalies of the CIA, namely EGMA, Eastern Galicia Magnetic Anomaly; TDMA, Tormes Dome 
Magnetic Anomaly; CSMA, Central System Magnetic Anomaly; PVGMA, Porto-Viseu-Guarda Magnetic Anomaly.

(b)

(a)
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investigated, and studies that allowed to relate them with known outcropping lithologies and structures are 
missing.

2. Geological and Geophysical Setting
The Central Iberian Arc (CIA, Figure 1) is an oroclinal structure located in the central part of Iberia. It was 
defined on the basis of the geometry of Variscan folds and by its curved and conspicuous magnetic signa-
ture (Martínez Catalán, 2011, 2012; Martínez Catalán et al., 2015). It is contiguous to the Ibero-Armorican 
Arc and has an opposite curvature. Both arcs are not coeval, and structural crosscutting relationships show 
that the Central Iberian Arc is older (Martínez Catalán, 2012). The CIA is mainly developed in the Central 
Iberian Zone (CIZ), although its core is occupied by the Galicia-Trás-Os-Montes Zone (GTMZ) the most 
internal part of the Iberian Variscides. The latter is characterized by a stack of allochthonous terranes pre-
served as a klippen (Figure 1a), and represent the suture of a Variscan (Devono-Carboniferous) collision. 
The existence of the CIA has been the key to understand the anomalous width of the CIZ and has opened 
the debate to new interpretations on the evolution of the European Variscides. For an historical review see 
Martínez Catalán et al. (2015).

The study area, the Lugo-Sanabria Dome, lies in the boundary between the West Asturian-Leonese Zone 
(WALZ) and the Central Iberian Zone (CIZ) of the Iberian Massif, which represents the largest outcrop of 
the Variscan basement in the Iberian Peninsula (Figure 1a). The tectonic evolution of these two internal 
zones is characterized by three compressional phases (C1, C2, and C3) and two extensional stages (E1 and 
E2). Although these tectonic episodes partly overlap, they are diachronous and a deformation sequence can 
be established (Alcock et al., 2015; Dallmeyer et al., 1997; Martínez Catalán et al., 2014): C1 (360-335 Ma) 
is the response to the initial plate convergence and is characterized by E-vergent recumbent folds and S1 
schistosity. The progression of the collision developed a second compressional phase, C2 (345-320  Ma), 
characterized by reverse ductile shear zones and thrust faults that cut and displace the C1 folds. A second 
mylonitic schistosity, S2, accompanies this deformation. The main structure of this phase is the Mondoñedo 
Nappe basal thrust (Figure 2c). Crustal thickening due to shortening triggered heating, and after several 
million years of thermal relaxation, gravitational collapse produced the first extensional episode, E1 (330-
315 Ma). Gneiss domes started to form together with normal faults, conjugated E-dipping and W-dipping 
extensional detachments and SE1 schistosity. Then, oblique plate convergence occurred with a strong com-
ponent of dextral transcurrence, resulting in a C3 deformation phase (315-305 Ma) of strike-slip ductile 
shear zones and associated upright folds with an axial planar S3 crenulation or slate cleavage (Díez Fernán-
dez & Pereira, 2017; Gutiérrez-Alonso et al., 2015; Iglesias Ponce de León & Choukroune, 1980). Crustal 
thickening continued in the external Cantabrian Zone (CZ) between 325 and 300 Ma while the internal 
zones had not been fully re-equilibrated (Merino-Tomé et al., 2009; Pérez-Estaún et al., 1991). This resulted 
in a second extensional event, E2 (310-295 Ma), which locally developed a SE2 foliation. New extensional 
detachments and gneiss domes formed. Among them, the Viveiro normal extensional detachment and fault 
and the Lugo-Sanabria Dome are some of the most important features (Figure 2). The extensional tectonics 
episodes also triggered the formation and emplacement of a wide range of granites in other areas of the 
CIZ like northern Portugal, the Tormes Dome, and the Central System. Finally, late Variscan NW-SE and 
NE-SW faulting puts an end to the Variscan deformation in the internal Iberian Massif. Alpine tectonics 
played an important role in reactivating Variscan faults in the Central System (de Vicente et al., 1996; Vegas 
et al., 1990), but its effect was limited in the rest of the CIZ.

Accompanying these deformation phases, three metamorphic events are identified (Arenas & Martínez 
Catalán, 2003): M1 is a regional Barrovian event characterized by the development of chlorite, biotite, gar-
net, staurolite, and kyanite during C1 and C2. M2 is a high temperature/low pressure (HT/LP) event that 
represents the thermal peak reached after C2 and heralding E1 and later extension. During M2, silliman-
ite-orthoclase conditions were met, resulting in widespread migmatization and crustal melting. This meta-
morphism was contemporaneous with E1, C3, and E2. M3 represents a retrograde metamorphism associat-
ed with late stages of C2, E1, and E2 structures as well as with C3 ductile shearing.

The stratigraphic sequence of the WALZ spans from the Neoproterozoic terrigenous Vilalba Series to Lower 
Devonian metasediments. The Vilalba series is composed of more than 3,000 m of slates and metagreywackes 
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which evolved to paragneisses, migmatites, and inhomogeneous granites in the autochthon of the Mon-
doñedo Nappe cropping out in the Xistral Tectonic Window (Figure 2a). Unconformably above them, the 
Paleozoic features up to 8,000 m of platform facies slates, sandstones and carbonates ranging from the early 
Cambrian to the Lower Devonian without significant discontinuities. In the adjacent CIZ to the W, the se-
quence is similar but includes an important event of Lower Ordovician felsic volcanism, the Ollo de Sapo 
Fm. (Díez Montes et al., 2010; Parga Pondal et al., 1964).

The Lugo-Sanabria Dome is a N-S antiformal structure, slightly concave to the E, developed essentially 
during the E2 event. Previously, the basal thrust of the Mondoñedo Nappe was reactivated as, or cut across 
by an extensional structure, and at least an important extensional detachment developed in the relative 
autochthon: the Lower Extensional Detachment (Figure 2c). These structures can be studied in the Xistral 
Tectonic Window. They were formed prior to doming and might be attributed to E1, while the Viveiro Fault 
and associated 2–3 km wide shear zone is coeval with, and contributed to the dome development during E2. 
The age of the early extensional deformation (E1) is constrained at ca. 313 Ma by deformation of a synkin-
ematic granite (Fernández-Suárez et al., 2000). The dome and the Viveiro Fault overprints deformation in 
this and other somewhat older granitoids, and are not precisely dated. However, Ar-Ar ages around 300 Ma 
in schists of the Lugo Dome probably reflect resetting or cooling, and are a reference for the age of the dome 
(Dallmeyer et al., 1997).
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Figure 2. (a) Geological map of the Xistral Tectonic Window with the location of the samples used for this study (same color code as in Figure 1). (b) 
Aeromagnetic map of the EGMA with the magnetic susceptibilities measured in the field (103 × (SI)). (c) Cross section A-A′ of Figure 2a continued to the SE to 
show the whole structure of the Mondoñedo Nappe. EGMA, Eastern Galicia Magnetic Anomaly.
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Detachments developed during E1 and E2 eased the intrusion of partial melts and probably the circula-
tion of various fluids. The Viveiro Fault continues another 90 km to the S of the Xistral Tectonic Window 
bounding the western limb of the Lugo Dome. Then it is replaced by the Chandoiro Fault, which features 
an equivalent structural relationship with the Sanabria Dome (Díez Montes et al., 2010). No magnetic rocks 
have been found to the S of the Xistral Tectonic Window, but the continuation of the EGMA there suggests 
that the early detachments and magnetic rocks continue at depth to the S (Martínez Catalán et al., 2018).

The EGMA overlaps the Lugo-Sanabria Dome (Figure 2b). This anomaly is the largest in size and the sec-
ond in amplitude in Spain. It reaches maxima of 190 nT in the aeromagetic dataset (Ardizone et al., 1989) 
and a total amplitude of ∼1,100 nT in the ground-based dataset (Martínez Catalán et al., 2018). This anom-
aly was first described and studied by Aller et al.  (1994). These authors interpreted it as the result of a 
middle-lower crustal body of highly magnetic mafic or ultramafic rocks emplaced by the so-called eastern 
Galicia thrust at upper crustal levels. In addition, the northernmost part of the anomaly was attributed to 
ultramafic rocks intruded during the Variscan orogeny cropping out near the Viveiro Fault. This model was 
supported by the existence of high velocity rocks modeled from wide angle seismic reflection and refraction 
data (Córdoba et al., 1987) in the Lugo Dome. However, it failed to explain the gravity signature in the area, 
which is characterized by lower values in the Lugo Dome and higher values to the W of the Viveiro Fault 
(Ayarza & Martínez Catalán, 2007).

This model was later revisited considering the interpretation of the Lugo Dome as an extensional dome 
instead of an antiformal stack (Martínez Catalán et al., 2003). The identification of highly magnetic mig-
matites and inhomogeneous granites in the Xistral Tectonic Window (Ayarza & Martínez Catalán, 2007) 
opened the door to a new model where a lens-shaped body of felsic rocks was the source of the anomaly. 
Although this body cropped out in the above-mentioned tectonic window, in the northern part of the Lugo 
Dome, it was interpreted to reach midcrustal depths. The magnetic susceptibility attributed to these rocks 
reached κ = 0.03 (SI), and was in accordance with measured in situ values. The main identified magnetic 
mineral was multidomain (MD) magnetite (size up to 1 cm) but alterations of the latter to hematite where 
also reported. However, this model also failed to include the effect of possible magnetic remanence which 
would have changed the geometry and depth of magnetic bodies, did not provide an explanation for the 
origin of the observed heterogeneous magnetization and excluded anisotropy studies that could relate the 
anomaly with structures (Ayarza & Martínez Catalán, 2007).

A further step to understand the EGMA suggested that the magnetic anomaly of the South Armorican 
continental shelf is the continuation of the EGMA (de Poulpiquet, 2012), thus resulting in a 600 km long 
arcuate feature that is interpreted as the magnetic signature of the relics of a Cambro-Ordovician aborted 
rift. Again, the source of magnetism is primarily addressed to deep mafic rocks, although the anomaly needs 
the contribution of a shallower source that could correspond to the migmatites and inhomogeneous gran-
ites modeled by Ayarza and Martínez Catalán (2007). As in previous models, a detailed characterization of 
the source of the anomaly is missing and thus, the interpretation relies merely on the fit of the observed 
and modeled anomalies, without considerations about origin, age, and remanence of the magnetization.

Finally, the acquisition of detailed ground-based magnetic data has allowed to present the most detailed 
interpretation of the EGMA up to date (Martínez Catalán et  al.,  2018). These authors show that, when 
looked in detail, the EGMA magnetic maxima overlap extensional features, most importantly the Viveiro 
Fault extensional detachment. Their resulting models include preliminary results of magnetic remanence 
and their final interpretation indicates that the magnetization is not linked to a particular lithology but to 
extensional tectonics features.

No regional magnetic studies have been presented as yet of the TDMA, CSMA, and PVGMA. Although 
some paleomagnetic data exist (e.g., Palencia Ortas et al., 2006; Pastor-Galán et al., 2016) no inferences to 
the origin of the anomalies have been done. However, studies of the characteristics of the rocks that un-
derlie them indicate that, for the CSMA and the PVGMA, they are mostly granites belonging to the I-Type, 
although there are also S-Type granites (e.g., Sant'Ovaia et al., 2013; Villaseca et al., 2017). But most impor-
tantly, these studies indicate that these granites are, very seldom, magnetic. Only the Lavadores granite to 
the S of Porto and La Pedriza Batholith in the Central System show moderate to high magnetic suscepti-
bilities (κ = 0.001–0.04 (SI)) that, even though may result in local magnetic anomalies, cannot explain the 
maxima observed in the PVGMA and the CSMA, respectively.
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3. Characterization of the EGMA
During the last decade, several studies have been carried out at the Xistral Tectonic Window, where outcrop-
ping magnetic lithologies have been found and are thought to be the source of the EGMA. Detailed survey-
ing has included the acquisition of ground-based magnetic data and collection of samples for characteriza-
tion studies. The map resulting from land acquisition (Martínez Catalán et al., 2018) is shown in Figure 3, 
with the location and number of paleomagnetic sites in color coded labels according to their Königsberger 
ratios (Qn). Thorough tracking of the anomaly and later mapping showed that not only late Carboniferous 
migmatites and inhomogeneous granites where highly magnetic (Ayarza & Martínez Catalán, 2007), but 
Neoproterozoic and early Cambrian metasediments (quartzites, schists, and gneisses) were also found to be 
magnetic in some areas (Figures 4c and 4d). In fact, the latter sometimes appeared as enclaves in late, non-
magnetic granites (Figures 4a and 4b), raising the question about the origin of the magnetization.

According to the above, samples from 39 locations were picked (Figure 3). These include metasediments, in-
homogeneous syntectonic granites, migmatites, and late undeformed granites. A variable number of cores 
(between 4 and 10 depending on the degree of alteration and size of the outcrop) were taken at each site 
using a portable gas drill. Multiple studies were carried out in these samples in order to characterize their 
magnetic properties, including the natural remanent magnetization (NRM). The next sections include a 
description of the methods applied and their results.

3.1. Optical and Microprobe (MP) Identification of Minerals

The magnetic behavior of a rock is strongly controlled by its mineral content. The existence of minerals 
belonging to the titanomagnetite and titanohematite series is most commonly responsible of rock's magnet-
ic properties. Magnetic samples of the Xistral Tectonic Window have been studied by optical microscopy. 
Conflicting identifications were aided by additional studies undertaken by a JEOL-Superprobe JXA-8900M 
microprobe with five spectrometers from the ICTS-National Electronic Microscope Center (https://www.
cnme.es) at Complutense University of Madrid (Spain).

In the studied samples, magnetite and hematite are the most common magnetic minerals. In granites and 
migmatites, magnetite often presents exsolutions of ilmenite (Figures 5a and 5c) and, in some cases it is also 
altered to hematite (Figures 5b and 5c). Transformation of biotite to magnetite has also been observed (Fig-
ure 5d). Finally, unaltered hematite (Figure 5f), sometimes presenting exsolutions with rutile (Figure 5e), is 
found in samples with low magnetic susceptibility. These crystals have no apparent relation with magnetite. 
Grain size goes from a couple of cm, clearly identifiable at outcrop scale (e.g., in DL8, Figure 3), to μm. 
Grain shape varies from equigranular to elongated and subparallel to the stretching lineation.

3.2. Rock Magnetic Analyses

Different rock magnetic experiments have been carried out in the Paleomagnetic Laboratory of Universidad 
de Burgos in order to determinate the main ferromagnetic s.l. minerals. Isothermal remanent magnetiza-
tion (IRM) acquisition and backfield curves, hysteresis loops as well as induced magnetization thermomag-
netic curves have been measured by means of a variable field translation balance (MMVFTB, Magnetic 
Measurements).

The behavior of samples can be classified in between two end-members that we will describe as Type A 
and Type B (Figure 6). The Type A group of samples shows the contribution of only low or even medium 
coercivity minerals to the IRM, being saturated at fields lower than 300 mT (Figures 6a–6c). Their thermo-
magnetic curves present almost reversible cycles showing very sharp decays at about 575°C characteristic 
of the Curie temperature of Ti-free magnetite (Figures 6g–6i). Type B samples present a more complicated 
magnetic mineralogy. Its IRM acquisition pattern shows an inflexion at about 200 mT due to the saturation 
of a low coercivity phase (Figures 6d–6f). However, this phase coexists with others that are not saturated at 
the maximum applied field of 1 T. The induced magnetization thermomagnetic curves of this group show 
also sharp Curie points at temperatures typical of magnetite. Nevertheless, they also present falls at higher 
temperatures (above 600 °C), probably caused by low-Ti content titanohematite (Figures6j–6l). Hysteresis 
loops of Type A samples present narrow patterns with only one magnetic phase and very low coercivity of 
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Figure 3. (a) High-resolution magnetic map of the Xistral Tectonic Window. The location of the magnetic samples is 
also shown. Color coded labels indicate sites where Qn > 1. Observe how most of the latter samples lie to the NW of a 
pronounced minimum, thus indicating their influence in the anomaly (modified from Martínez Catalán et al., 2018). 
(b) Classification of samples according to their Qn. Groups with their precise Qn values are described in Table 1.
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less than 3 mT, characteristic of multidomain (MD) magnetite (Figures 6m–6o). However, Type B samples 
show wasp-waisted shape curves characteristic of rocks where different coercivity fractions coexist (Fig-
ures 6p–6r). Following the interpretation of the experiments described above, A-Type samples may repre-
sent MD magnetite whereas B-Type samples also show the presence of magnetite but with a contribution 
of hematite. Type A samples do not show any contribution of paramagnetic minerals, but Type B samples 
do. This might be due to the higher induced magnetization of Type A samples masking the presence of 
paramagnetic minerals, although different metamorphic evolutions for both types of samples cannot be 
ruled out.

Susceptibility thermomagnetic curves have also been obtained by means of a KLY4S Kappabridge (AGI-
CO) susceptometer with a CSL cryostat (−195 °C < Ta < 0 °C) and a CS3 furnace (710 °C > Ta > 25 °C). 
Figure 7 shows two of these examples obtained in B-Type samples. The low-temperature heating presents 
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Figure 4. Outcropping magnetic metasediments. (a) and (b) Enclaves of alternating schists and quartzites with high 
magnetic susceptibility in postkinematic, nonmagnetic granites. (c) Magnetic schist. (d) Folded magnetic quartzite. All 
samples are located at or near site DL25/MCPG108.
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a clear Verwey transition at −160 °C characteristic of pure magnetite (Verwey, 1939; Walz, 2002). The high 
temperature cycles are roughly reversible and define a pronounced decay of susceptibility around 580 °C 
confirming the dominance of magnetite. Another smoothed step can be observed at around 620 °C that 
could be caused by low-Ti content titanohematite, as it has been showed in the magnetization thermomag-
netic experiments. This experiment also indicates that the susceptibility is dominated by the ferromagnetic 
fraction since the hyperbolic decrease typical of paramagnetic minerals cannot be observed.

Figure 8 shows the Day plot (Day et al., 1977; Dunlop, 2002) for A-Type and B-Type samples together with 
the theoretical curves (Dunlop, 2002) for SD-MD and SP-SD magnetite mixtures. Type A samples are clus-
tered into the MD area whereas the rest (B-Type samples) show a heterogeneous distribution that can be 
related with the more complex magnetic mineralogy (presence of magnetite and hematite) rather than the 
grainsize of the former, since these curves are defined only for Ti-free magnetite (Dunlop, 2002). In fact, the 
samples with highest content of hematite as DL14 show outsider's points in the diagram.
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Figure 5. Optical microscope and microprobe images of magnetic minerals. (a) Magnetite with exsolved ilmenite. (b) 
Magnetite altered to hematite. (c) Magnetite with exsolved ilmenite and magnetite altered to hematite. (d) Alteration of 
biotite to magnetite. (e) Hematite with exolved rutile. (f) Pure hematite.
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Some standard samples have been thermally demagnetized after ap-
plying a composite three axis IRM, orthogonally induced at 2, 0.4, and 
0.14  T, respectively (Lowrie, 1990). The IRM has been applied with a 
pulse magnetizer M2T-1 (Ferronato), the thermal demagnetization using 
a TD48-DC (ASC) thermal demagnetizer and the magnetization has been 
measured by means of a JR5 spinner magnetometer (AGICO). Results 
of this experiment are illustrated in Figure 9. The low coercivity fraction 
(<140 mT) presents unblocking temperatures between 100 and 300 °C, 
and more moderately around and above 500 °C, pointing to the existence 
of minerals of the titanomagnetite series, but mainly in a not-stable state 
as shown by these low unblocking temperatures. In addition, there is a re-
markable medium-high coercivity fraction with drops at 620 and 670 °C 
indicating an important contribution of two phases of hematite or low-Ti 
hematite, coherent with the classification of these samples to the B-Type.

According to the above data, the ferromagnetic minerals observed on the 
rock magnetism experiments are dominated by two end-member behav-
iors: one with almost only Ti-free MD magnetite (Type A samples) and 
another one featuring magnetite with lesser amounts of Ti-low hematite 
(Type B samples).

3.3. Natural Remanent Magnetization (NRM)

A paleomagnetic study has been carried out on 39 paleomagnetic sites 
(ca. 200 cores) from the studied area. The natural remanent magnetiza-
tion (NRM) has been measured using a 2G-755 cryogenic magnetome-
ter at the Laboratory of Paleomagnetism of the Universidad de Burgos 
(Spain). The values of NRM are comprised between 0.1 × 10−3 A/m (DL-
18) and 5 A/m (DL-26). However, most of the studied sites have a coher-
ent and often strong NRM, showing an order of magnitude of 0.5 A/m. 
Table  1 and Figure  3b show the mean value of the NRM intensity for 
each paleomagnetic site, as well as the mean of susceptibility (κ). Param-
eter κ shows widespread values between 5 × 10−6 (SI) and 0.035 (SI) with 
a most common value ranging around 0.01 (SI). These values give rise 
to Königsberger ratios (Qn) that vary between 0.1 and 434, even though 

most samples have Qn values between 0.1 and 1. In Table 1 and Figure 3b, the parameters of NRM, the sus-
ceptibility and Qn are grouped by areas: Viveiró (in the center of the tectonic window, do not mistake with 
Viveiro, which lies in the coast ca. 20 km to the N), South Fault, East Ourol, Viveiro Fault, Rúa, North Fault, 
and Xove. Figure 3a includes color coded labels that allow to locate the high Qn samples in relation to the 
anomaly. Both parameters, NRM and κ, mostly show similar values for sites belonging to the same group, 
with the exception of (1) the East Ourol group that shows a heterogeneous behavior and (2) the very high 
Qn value sites, that belong to different groups (Figure 3b).

The NRM of all samples has been systematically demagnetized either thermally using a TD48-DC thermal 
demagnetizer or by alternating fields (AF) with a 2G magnetometer AF demagnetization unit. Figure 10 
shows orthogonal and intensity decay plots of representative samples. In each example both thermal and 
AF demagnetizations of twin specimens are shown for comparison. The behavior of the NRM demagneti-
zation can be grouped in three types.

Most samples can be assigned to Type 1 (Figures 10a and 10b) in which the NRM is composed of a single 
component with a high unblocking temperature spectrum between 580 and 680 °C. This component has 
high coercivity since it cannot be demagnetized applying AF with a peak field of 100 mT. This directional 
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Figure 7. (a) Susceptibility thermomagnetic curves at low and high 
temperatures of samples DL9 (migmatite) and DL12 (inhomogeneous 
granite) showing a clear Verwey transition characteristic of magnetite. An 
important susceptibility decrease is observed at 580 °C, indicating also the 
presence of magnetite. A more subtle one exists at 610–620 °C, indicating 
the existence of low-Ti content Titanohematite. Both samples belong to 
Type (b).

Figure 6. Isothermal Remanent Magnetization (IRM) acquisition curves and backfield (left, (a) to (f)), induced magnetization thermomagnetic curves (center, 
g to l) and hysteresis loops (right, m to r) for selected samples. These are divided in two groups featuring a different behavior that can be classified between two 
end-members: Type (a) presents low coercivity phases and Curie Temperatures (Tc) typical of magnetite. Type (b) presents the same magnetite phase coexisting 
with higher coercivity and higher Tc typical of hematite.
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component has been considered in this work as the characteristic rema-
nent magnetization (ChRM) and is unequivocally carried by hematite, 
also in agreement with the results of the rock magnetic experiments. The 
diagrams of the decay of NRM during thermal demagnetization allow us 
to observe two inflections at 620 and 680 °C suggesting that two popu-
lations of hematite grains are responsible for the ChRM, with different 
grain size (e.g., compare hematite size in Figures 5b and 5f) or different 
degree of Ti substitutions.

In a second group of samples (Type 2) two components can be distin-
guished (Figures  10c and 10d). First a high unblocking temperature 
component with the same magnetic properties as the ChRM observed 
in the Type 1, e.g. unblocking temperatures >580 °C and high coercivity. 
In addition, a low coercivity component is also observed with variable 
maximum unblocking temperatures (350 °C in Figure 10c or 580 °C in 
Figure 10d). Based on the paleomagnetic direction, this low-temperature 
component can be clearly identified with the low coercivity fraction that 

can be isolated by the AF cleaning (Figures 10c and 10d). This component is probably due to titanomagnet-
ite with different Ti content.

Finally, in some samples the high coercivity ChRM component is absent (Type 3). The complete NRM can 
be demagnetized by applying an AF with a peak field lower than 100 mT (Figures 10e and 10f). According-
ly, a unique low coercivity component exists and presents, as in Type 2, variable unblocking temperatures 
ranging between 350 and 580 °C (Figures 10e and 10f).

In summary, the NRM of most samples (Types 1 and 2) presents a very stable paleomagnetic component 
with consistent directions carried by two populations of hematite and which has been considered the ChRM 
in the subsequent interpretation. The site mean directions of this component have been plotted in Figure 11 

and listed in Table 1. The ChRM component presents systematically re-
versed polarity (Figure 11a) and consistent directions in each area (Fig-
ure 11b). The mean declinations (D) vary from 132° to 202°, most of them 
around 160°. Inclinations (I) are usually low, generally from −18° to 
−41.5°, except to the N where they increase to about −60°. In Figure 11b, 
the most stable NRM directions (Table  1) are plotted in stereographic 
projection by groups and located in the magnetic map together with the 
position of the paleomagnetic Permian pole (270 Ma, Torsvik et al., 2012).

The low coercivity and low unblocking temperature components ob-
served in groups Type 2 and 3 present directions with broadly normal 
polarity. However, they show widespread directions that do not allow a 
solid interpretation. As it will be discussed later, these scattered low co-
ercivity components are probably viscous magnetizations carried by MD 
magnetite which has been observed in the rock magnetic experiments.

3.4. X-Ray Diffraction Analysis and Results

Mineralogical characterization of some samples (DL2-D, DL7-A, DL7-C, 
DL8-D, DL11-A, DL11-D, DL12-C, DL12-D, and DL13-E) was carried out 
by X-ray diffraction (XRD) using a SIEMENS D-500 diffractometer with 
Cu Kα and a graphite monochromator, at a scanning speed of 0.05°2θ/1s. 
The XRD studies were carried out in powdered samples (scanned from 
2° to 65°2θ). In addition, a powdered concentrate of magnetic minerals 
extracted from DL8-D has also been studied. This sample has been labe-
led as DL8. In this case, the scanning speed was 0.05°2θ/3s to be able to 
obtain enough intensity of the peaks in a sample that is enriched in very 
radiation-absorbent minerals.
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Figure 8. Day Plot of Type A (samples with mainly MD magnetite) 
and Type B (presence of a high coercivity and high Curie temperature 
ferromagnetic phase) samples. Theoretical curves (Dunlop, 2002) for SD-
MD and SP-SD magnetite mixtures are also included. MD, multidomain.

Figure 9. Thermal demagnetization of a composite three axis IRM (2 T, 
0.4 T, and 0.14 T, respectively) over two representative samples (Type B 
DL9-D and DL6-B). Unblocking temperatures on the high and medium 
coercivity phase indicates the presence of hematite. Lower unblocking 
temperatures on the medium and low coercivity phase indicates the 
presence of magnetite.
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Sites by groups N Lithology

ChRM 
Declination 

(º)

ChRM 
Inclination 

(º) k
α95 
(º)

NRM 
(A/m × 10−3)

k 
(S.I. × 10−3) Qn

Viveiró

DL11 Migmatite  – – – – 3,000 6 12.5

DL36 Paragneiss – – – – 30 7 0.10714286

DL37 5 Granite 145.6 −41.5 196 6 300 35 0.21428571

DL38 8 Granite 150.8 −23.8 18 14 1,000 0.15 166.666667

DL39 Granite – – – – 20 5 0.1

South Fault

DL04 3 Granite 184 −19 167 10 560

DL10 2 Migmatite 171 −20 – – 1,000 19 1.31578947

DL101 5 Migmatite 171 −21 37 13 1,500 10 3.75

DL29 6 Migmatite 152 −48 24 14 300 14 0.53571429

DL10 + DL101 7 Migmatite 167 −19 39 10

East Ourol

DL24 Granite – – – – 1 0.24 0.10416667

DL25 3 Quarcite 160 −29 69 15 600 6.5 2.30769231

DL26 5 Granite 164 −22 51 11 5,000 0.6 208.333333

DL27 Granite – – – – 20 2.4 0.20833333

DL28 Granite – – – – 0.3 0.003 2.5

Viveiro Fault

DL18 Granite – – – – 0.1 0.015 0.16666667

DL23 Granite – – – – 0.08

DL30 4 Quarcite 179 −70 94 9 200 0.005 1000

DL31 Quarcite – – – – 1 0.007 3.57142857

DL32 Quarcite – – – – 0.8 0.06 0.33333333

DL33 4 Schist 145 −18 9 33 0.3 0.09 0.08333333

DL34 4 Schist 150 −32 6 40 100 7 0.35714286

DL35 5 Paragneiss 139 −26 60 10 1,000 12 2.08333333

RÚA

DL07 7 Granite 144 −49 49 9 130 10 0.325

DL12 4 Granite  189 −48 47 14 100 4.6 0.54347826

DL13 4 Granite 187 −62 689 4 300 13 0.57692308

DL16 4 Granite 164 −61 330 5 800 0.046 434.782609

DL19 5 Granite 143 −64 71 9 200 11 0.45454545

DL21 Paragneiss – – – – 0.5 0.07 0.17857143

DL22 2 Paragneiss 152 −51 260 8 150 7 0.53571429

North Fault

DL15 6 Granite 134 −32 345 4 100 16 0.15625

DL17 7 Paragneiss 148 −26 49 9 70 5.8 0.30172414

Xove

DL01 Granite – – – –

DL02 Granite – – – –

Table 1 
List of Paleomagnetic Sites Used in the Present Study.
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The mineralogical compositions of the raw samples are very similar. The main minerals are quartz and feld-
spars, and a minor proportion of micas can also be identified. There are small differences regarding feldspar 
content: Ca-plagioclase is the only feldspar in sample DL2-D. In the other samples, Ca-plagioclase appears 
together with K-feldspar but the plagioclase is more abundant in DL12-C, DL12-D, and DL13-E samples, 
while K-feldspar is more abundant in samples DL8-D and DL11-D. In the other three samples (DL7-A, 
DL7-C, and DL11-A) the proportion of Ca-plagioclase and K-feldspar is similar. As magnetic minerals are 
in low proportion and they are very absorbent of X-radiation, they cannot be identified in the raw powdered 
samples. However, after concentration of these minerals in DL8 sample different Fe-rich components can 
be identified. The XRD pattern of DL8 sample (Figure 12) shows mainly magnetite, in addition to hematite 
and ilmenite. A small proportion of remaining quartz, mica, and K-feldspar are also identified.

3.5. Anisotropy of the Magnetic Susceptibility (AMS)

In areas with heterogeneous deformation, the study of AMS helps to understand tectonics and, sometimes, 
the age and origin of magnetization. All 39 sites (about 200 samples) collected in the Xistral Tectonic Win-
dow have been analyzed using this technique. Samples include metasediments, syntectonic granites with 
varying degrees of deformation, post-tectonic granites and migmatites. Among samples, analyses have been 
made on leucosomes, melanosomes and fine and coarse-grained specimens. Results are presented in Fig-
ures 13 and 14.

None of the late Variscan granites (two sampled sites) provide coherent AMS results so they are excluded 
from the discussion. The rest of sites show ellipsoid orientations that are grouped by areas of coherent and 
similar anisotropy. To the W of the study area, samples are divided in four groups: VF1, VF2, VF3, and VF4. 
These groups include rocks that are in the western part of the Lugo Dome, where foliation is generally 
west-dipping, and were under the influence of the Viveiro shear zone. There, AMS results show a N-S to 
NNE-SSW planar magnetic foliation dipping to the W around 20–45°. These values are coincident with 
those of the structures associated to the Viveiro Fault, i.e., the SE2 schistosity and previous fabrics reorient-
ed in its shear zone. To the SE of the study area, AMS results show a planar foliation striking ∼ N40°E and 
dipping to the SE, in accordance with schistosity SE1 values found in the Viveiró area (group VO). Finally, 
in the NE part of the study area, an ill-defined AMS depicting a subhorizontal planar anisotropy reflects SE1 
values in the hinge zone of the dome (groups NE1, and NE2).

In general, bulk susceptibility is very high, and is in agreement with that observed in the field, reaching 
κ = 0.054 (SI). Also, the anisotropy degree is anomalously high, getting to P = 2.405 in migmatite sam-
ples close to the Viveiro Fault (DL101, Figure 14). Relationships between bulk anisotropy (P) and shape of 
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Table 1 
Continued

Sites by groups N Lithology

ChRM 
Declination 

(º)

ChRM 
Inclination 

(º) k
α95 
(º)

NRM 
(A/m × 10−3)

k 
(S.I. × 10−3) Qn

DL03 4 Granite 132 −61 17 23 700

DL05 3 Granite 202 −76 16 32 80 4.8 0.41666667

DL06 2 Granite 168 −52 26 24 250 7.6 0.82236842

DL08 3 Granite 163 −59 47 18 200 13 0.38461538

DL09 3 Granite 142 −55 43 19 700 6.9 2.53623188

DL14 4 Granite 187 −70 74 11 400 9 1.11111111

DL20 Granite – – – – 4 0.8 0.125

Classification is geographical and based on those presenting strong NRM and homogeneous behavior. Mean site 
directions of the ChRM declination: (D), inclination (I), Fisher precision parameter (k) and confidence limit 95%. Site 
mean values of other magnetic parameters: magnetic susceptibility (κ) and Königsberger ratio (Qn). The lithologies are 
also specified for each sample. Granites are always inhomogeneous, i.e., syntectonic.
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the ellipsoid (T) and between P and mean magnetic susceptibility (κm) for different groups of samples are 
shown in Figure 14. The anisotropy ellipsoid is dominantly oblate in most samples, mainly in those near the 
Viveiro Fault (VF1, VF2, and VF3) with T usually positive and reaching 0.96. Also, a direct relationship has 
been observed between κm and P, pointing to the existence of magnetite as possible source of the anisotropy.
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Figure 10. Orthogonal plots of NRM, alternating field (AF) and thermal demagnetization in geographical coordinates of three types of representative samples. 
Intensity decay plots for thermal demagnetization are also shown. Solid/open circles in orthogonal plots represent the projections of vector endpoints onto 
the horizontal/vertical and N-S planes. Type 1 is characterized by an unique high temperature/high coercivity component (ChRM) carried by hematite. Type 2 
presents two components: a low coercivity/low-temperature component and the same high coercivity/higher temperature component of Type 1. Type 3 exhibits 
only an important low coercivity/low-temperature component being the hematite component observed in Types 1 and 2 absent. In each example both thermal 
and AF demagnetizations correspond to two twin specimens from the same core. NRM, natural remanent magnetization; ChRM, characteristic remanent 
magnetization.

Figure 11. (a) Equal area projections showing the site mean directions of the ChRM component (see text) and the 
expected paleomagnetic direction for the Permian (red star) in NW Iberia coordinates (270 Ma, Dec = 143º, Inc = −20º, 
Torsvik et al., 2012). (b) Equal area projections of site mean directions grouped by regions and overlapping the absolute 
magnetic anomaly map of the Xistral Tectonic Window. Averages of mean site directions for each group are listed in 
Table 3. High inclinations shown for the Xove and Rúa Groups are probably the result of late or post-Variscan block 
tilting. ChRM, characteristic remanent magnetization.
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3.6. Geochemical Characterization

Stable isotopes may be used to constrain the source material of granites and thus, to discern its character 
(e.g., Recio et al., 1992, and references therein). This is particularly interesting in the EGMA, where synk-
inematic igneous rocks appear to be heterogeneously magnetic whereas younger undeformed granites are 
not.

Oxygen and hydrogen isotope data have been determined for specific samples at the Servicio General de 
Análisis de Isótopos Estables (University of Salamanca, Spain). Oxygen isotope ratios were determined by 
laser fluorination (Clayton & Mayeda, 1963), employing a Synrad 25W CO2 laser (Sharp, 1990) and ClF3 as 
reagent (e.g., Borthwick & Harmon, 1982). Isotope ratios were measured on a VG-Isotech SIRA-II dual-inlet 
mass spectrometer. D/H ratios were determined on a second SIRA-II mass spectrometer, on H2 gas obtained 
by reduction over hot depleted-U of the water released by induction heating of samples. To this end, a 
vacuum line (Bigeleisen et al., 1952) was used, following the procedures described by Godfrey (1962), with 
modifications (Jenkin et al., 1992). Samples were loaded into degassed platinum crucibles that were placed 
into quartz reaction tubes and heated under vacuum to 125 °C overnight to remove any adsorbed H2O. The 
yield of evolved gas was measured manometrically, and the value was used to determine the amount of 
structural water contained in the rock or mineral.

Internal and international reference standards (NBS-28, NBS-30) were run to check accuracy and precision. 
Results are reported in δ18O and δD notation relative to the V-SMOW (Vienna Standard Mean Ocean Water) 
standard, using a δ18O value of 9.6‰ for NBS-28 [quartz] and δD = −66.7‰ for NBS-30 [biotite] for the 
mass spectrometer calibration. Long-term reproducibility for repeated determination of reference samples 
was better than ±0.2‰ (1σ) for both δ18O and δD.
18O/16O ratios have been measured in 22 samples from 10 cores, two of them being early Cambrian schists, 
one magnetic (MCPG108, schists in Figures  2, 3, and 4c) and the other one not magnetic (MCPG85 in 
Figures 2 and 3). The rest of the samples are inhomogeneous granites and migmatites identified as highly 
magnetic (i.e., magnetite carriers) except for a weakly magnetic sample where hematite has been optically 
identified (DL26). In all cases analyses have been done in whole rock (WR) but in a few samples individual 
minerals have been analyzed too. Results are presented in Table 2.

AYARZA ET AL.

10.1029/2020TC006120

18 of 30

Figure 12. X-ray diffraction pattern of the magnetic fraction of sample DL8. Ms, muscovite; Mag, magnetite; Hem, hematite; Q, Quartz; Ilm, ilmenite.
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Values attained indicate that δ18O is above 11.2‰ for inhomogeneous granites (WR), between 13.1‰ and 
15‰ (WR) for migmatite samples, above 11.3‰ for nonmagnetic schists (WR and Ms) and 8.5–11.1‰ for 
magnetic ones. Magnetite from samples MCPG108 and DL8-D has δ18O of 8.8‰ and 9.45‰ respectively. 
Hematite in DL26, the only sample where it could be isolated and measured, exhibits δ18O = 11.2‰. Biotite 
in this sample has high values of δ18O reaching 12.1–12.5‰ as does muscovite, with δ18O = 13.8–13.9‰. 
Contrasting values are found for equivalent magnetic and nonmagnetic schists. The data suggest that the 
magnetization process undergone by these metasediments implies a marked decrease in δ18O that affects all 
minerals and the whole rock (Table 2).

δ18O values are very high in migmatites, indicating that they are derived from sediments. Inhomogene-
ous granites also feature high 18O/16O relationships indicating that they are S-Type granites (Chappell & 
White, 1974; Taylor & Sheppard, 2018). However, S-Type granites should belong to the Ilmenite-series (Ishi-
hara, 1977), i.e., should be nonmagnetic. Contrarily, in the Xistral Tectonic Window these granites show, 
in places, high contents of magnetite, raising the question about its origin. Metasediments also show en-
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Figure 13. Equal area projection of in situ principal axis of the AMS grouped by similar behavior. VF1, VF2, VF3, and 
VF4 are located along the Viveiro Fault shear zone and show a planar magnetic anisotropy roughly parallel to the fault. 
VO represents a group close to the locality of Viveiró, where detachments show a low dip to the SE, as does the AMS. 
NE1 and NE2 are located to the NE of the study area. They show low AMS inclinations, coherent with a position close 
to the hinge zone of the Lugo Dome. Samples in each group are listed in Figure 14. Blue square: K1; Green triangle: K2: 
Purple circle: K3. Girdles defined by K1 and K2 indicate planar anisotropy whose attitude coincides with that of the 
main extensional detachments.
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Figure 14. P-T diagrams for the more representative groups of samples studied by AMS. P, bulk anisotropy; T, shape 
of the ellipsoid; κm, magnetic susceptibility. Samples in each group are listed. AMS, Anisotropy of the Magnetic 
Susceptibility.
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richment in the heavy oxygen isotope, as corresponds to rocks that have 
evolved in low-temperature conditions.

4. Interpretation of the EGMA
4.1. Origin of the EGMA: Induced Magnetization

Magnetic anomalies usually indicate the existence of rocks with high 
content of magnetite, the most magnetic mineral. However, NRM in ig-
neous rocks is often triggered by hematite, which can have a stable single 
domain (SSD) behavior up to greater grain size than magnetite, further 
performing stable and strong remanence when being intergrowth with 
rutile (Robinson et al., 2002).

Optical and microprobe identification of magnetic minerals of our sam-
ples shows the existence of three types of magnetite and two types of 
hematite. Magnetite appears as regular crystals with ilmenite exsolutions 
(Figures 5a and 5c), altered to hematite (Figures 5b and 5c) and related 
to biotite, as a byproduct of its alteration or metamorphic evolution (Fig-
ure 5d). Hematite appears as result of the alteration of magnetite (Fig-
ures 5b and 5c) and as quite fresh crystals (Figure 5f), sometimes with 
exsolutions of rutile (Figure 5e).

Minerals presenting exsolutions seem to have an igneous origin, crys-
talizing slowly from a magmatic fluid. However, alteration of biotite to 
magnetite might be part of the metamorphic evolution of rocks prior 
to melting whereas that of magnetite to hematite could result from the 
interaction with an oxidizing agent. Further studies on the evolution of 
the magnetic minerals of these rocks are out of the scope of this paper. 
But the Fe-rich minerals relationships shown here seem to evidence a 
complex metamorphic evolution that led to a varied suite of magnetic 
minerals.

Rock magnetic studies have identified two end-member behaviors that 
allow us to classify the samples in two groups of magnetic rocks (Fig-
ure  6): A group (Type A) shows high amounts of mostly MD magnet-

ite, whereas a second group (B-Type) exhibits a high coercivity fraction in ferromagnetic minerals (larger 
amounts of hematite) together with low coercivity fractions (lesser quantities of magnetite). IRM analyses 
show that samples identified as Type A need weaker magnetic fields to reach complete saturation (general-
ly <200 mT), and show Tc = 576–587 °C, indicating that they are mostly magnetite bearing rocks. Contrari-
ly, Type B samples need stronger magnetic fields (>300 mT) to reach saturation. These samples show Curie 
temperatures typical of magnetite (576-587 °C) in the thermomagnetic experiments, and a second drop at 
Tc = 580–620 °C that indicates the presence of Ti hematite.

Hysteresis loops (Figures 6g–6i) also allow us to classify samples in Types A and B. Type A cores includes the 
majority of samples, showing lower coercivity phases with characteristics compatible with MD magnetite 
(Figure 6). Contrarily, Type B features wasp-waisted curves (e.g., DL14 in Figure 6q) typical of mixtures of 
ferromagnetic grains with high and low coercivity compatible with the coexistence of magnetite and he-
matite as it has been observed in IRM studies. The contribution of paramagnetic minerals (biotite) in these 
samples, contrast with its scarce presence in Type A cores. This could be a manifestation of the metamor-
phic origin of magnetite after biotite, a process that might not affect hematite.

The Mrs/Mr and Bcr/Bc ratios as observed in a Day plot (Figure 8) suggest that most of the mentioned 
magnetite is in MD state, thus explaining the high values of κ in in situ and laboratory measurements. Ther-
momagnetic κT curves (Figure 7) acquired at low and high temperatures also confirm that high magnetic 
susceptibilities in these rocks are mostly the result of the amount of magnetite, although again, a small con-
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Sample Phase δ18OVSMOW Lithology

MCPG-108 Mag 8.8–9.1 Magnetic schist

MCPG-108 Bt 8.5–8.8 Magnetic schist

MCPG-108 Ms 11.1 Magnetic schist

MCPG-108 WR 10.5–11.1 Magnetic schist

DL26 Hem 11.2 Inhomogeneous granite

DL26 Bt 12.1–12.5 Inhomogeneous granite

DL26 Ms 13.8–13.9 Inhomogeneous granite

DL26 WR 13.6–13.7 Inhomogeneous granite

DL2-D WR 11.6–11.7 Inhomogeneous granite

DL7-A WR 12.5 Inhomogeneous granite

DL7-C5 WR 11.8–12.2 Inhomogeneous granite

DL8-D Mag 9.3–9.4 Inhomogeneous granite

DL8-D WR 11.8 Inhomogeneous granite

DL10 WR 13.1 Migmatite

DL11-A WR 14.0 Migmatite

DL11-C WR 15.0 Migmatite

DL11-D WR 14.9 Migmatite

DL12 WR 11.7–12.1 Inhomogeneous granite

DL13 WR 11.5–11.8 Inhomogeneous granite

MCPG-85 Bt 11.3 Nonmagnetic schist

MCPG-85 Ms 13.7–13.9 Nonmagnetic schist

MCPG-85 WR 13.0–13.3 Nonmagnetic schist

Mag, Magnetite; Hem, Hematite; Bt, Biotite; Ms, Moscovite; WR, Whole 
rock. The column to the right specifies the lithology.

Table 2 
Isotopic Oxygen Ratio (18O/16O) Expressed as δ18OSMOW in ‰



Tectonics

tribution comes from low-Ti hematite. The identification of the Verwey 
transition, characteristic of pure magnetite further supports these results.

Last but not least, thermal demagnetization of a composite three axis 
IRM also shows the presence of low-Ti hematite in high and medium co-
ercivity phases and magnetite and minerals of the titanomagnetite series 
in medium and low coercivity phases (Figure 9). Similar results are found 
by XRD (Figure 12) where magnetite and hematite appear to be the only 
magnetic minerals.

The demagnetization of the NRM shows, apparently, contrasting re-
sults to those obtained by rock magnetic analyses, and allow us to divide 
samples in three groups (Figure 10). Type 1 includes rocks where NRM 
responds solely to a unique directional component (ChRM) carried by 
hematite (maximum unblocking temperatures > 610 °C and no demag-
netization at fields of up to 100 mT). In this case, Type 1 is by far the 
largest group. Among these samples (Figures 10a and 10b), most of them 
are classified as Type B in rock magnetic studies (e.g., DL9 and DL14; 

Figures 6e, 6f, 6k, 6r, 6q, and 6l), i.e., hematite-bearing rocks. Also, NRM studies identify a second group of 
samples, namely Type 2, featuring the coexistence of the hematite ChRM component and other component 
with low coercivity and intermediate unblocking temperatures typical of magnetite or titanomagnetite (e.g., 
DL22 and DL29 in Figures 10c and 10d) These samples are also classified as Type B. In a third group (Type 
3) the NRM is dominated only by the mentioned low coercivity component carried by magnetite or titano-
magnetite (e.g., DL11-A and DL2-C in Figures 10e and 10f) compatible with Type A rock magnetic behavior 
(Figures 6c, 6i, and 6o).

Both rock magnetic and NRM analyses show that magnetite and hematite are the main magnetic minerals 
in the rocks that are the source of the EGMA. However, results from both techniques apparently differ. 
Magnetite is the main mineral producing induced magnetization and the most outstanding in the first type 
of analyses whereas hematite is the responsible of most of the NRM and ChRM.

Nevertheless, the complete framework of paleomagnetic and rock magnetic analyses developed in this work 
is consistent with the interpretation of the coexistence of both populations of ferromagnétic s.l. minerals: 
(1) paleomagnetic stable hematite grains and (2) coarse-grained of magnetite in MD state. MD magnetite 
grains have a relatively low magnetic moment being less effective to contribute to the NRM. However, they 
have an extremely high induced magnetization enhancing the magnetic signal in susceptibility, hysteresis 
or thermomagnetic experiments. In addition, the high fields applied in the IRM experiments also enhance 
the contribution of MD magnetite grains, since the magnetic energy is enough to generate irreversible dis-
placement of domain walls (Dunlop & Özdemir, 1997). All these effects can mask the signal of hematite 
which is undoubtedly present in most of these rocks as follows from the paleomagnetic results. Converse-
ly, hematite, mostly when exsolved with rutile, is known to be an important contributor to remanence 
(Robinson et al., 2002). The wide variety of forms in which magnetite and hematite are found fosters the 
contrasting response of these magnetic rocks to different experiments. Finally, small differences in concen-
tration of these two populations can explain the variability in rock magnetic experiments results between 
the end-members Type A and B, as well as in the NRM structure (Types 1, 2, and 3).

4.2. Characterization of the Natural Remanent Magnetization and its Contribution to the 
EGMA

Contrarily to what most authors have assumed in their magnetic models (e.g., Aller et al., 1994; Ayarza & 
Martínez Catalán, 2007; de Poulpiquet, 2012), the rocks that produce the EGMA feature a conspicuous re-
manence that has to be considered. Martínez Catalán et al. (2018) took into account preliminary results of 
the remanence studies presented here and included in the EGMA models a reverse polarity remanence of 
J = 0.267 A/m, D = 156°, and I = −28°. These data are an average of the measured values, although rema-
nence is actually undersampled and very heterogeneous.

AYARZA ET AL.

10.1029/2020TC006120

22 of 30

Group N D (°) I (°) K α95 (°)

Viveiró 3 148 −33 18 29

South Fault 3 169 −25 15 33

East Ourol 2 162 −26 – –

Viveiro Fault 4 153 −37 10 30

Rúa 5 163 −56 51 11

North Fault 2 141 −29 – –

Xove G 6 166 −63 33 12

Symbols as in Table 1.

Table 3 
Average of Mean Site ChRM Directions Calculated by Groups (see Table 1) 
for the Magnetic Remanence Measured in the Studied Samples of the 
Xistral Tectonic Window
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In the EGMA, the strongest NRM is carried by hematite (Type 1 in paleomagnetic studies, up to 1.5 A/m 
in DL101, 5 A/m in DL26, Table 1). Samples with very high Qn ratios have been identified (DL16, DL26, 
and DL38 in Table 1 and Figure 3b) and seem to be in relation with the location of inverse polarity parts of 
the EGMA (Figure 3a). But unfortunately, these types of rocks were not the goal of our surveying and were 
largely ignored, as in occasions, they performed very low κ values (κ = 0.0046–0.0006 (SI)) and were con-
sidered nonmagnetic. Accordingly, more detailed studies of remanence have to be carried out and probably 
different values of remanence need to be included in the models depending on the modeled sections.

Figure 3 shows that the high-resolution magnetic anomaly of the Xistral Tectonic Window systematically 
has minima to the SE of the maxima thus implying the existence of a strong remanence of reverse polarity. 
Figure 11 shows the equal area projection of mean site directions of the ChRM. D and I values are shown in 
Table 1 by groups and Table 3 presents the average for each group. Results are coherent for most samples, 
indicating that the observed inverse polarity supports a Kiaman reverse superchron remanent magnetiza-
tion (Langereis & Krijgsman, 2008) when I is low, in agreement with the position of this part of Iberia at that 
time. However, to the N, the Rúa and the Xove groups show a remanence with similar D, but a considerably 
higher I, up to −62.5° (Table 3), somehow hindering this interpretation.

The Kiaman superchron embraces from the Pennsylvanian to the late Permian, more particularly between 
318-312 and 262-251 Ma (Cottrell et al., 2008; Gradstein et al., 2004). The northern parts of the WALZ and 
the CIZ underwent compression from 360 to 305 Ma. Simultaneously, extension took place along two phas-
es, E1 and E2, that covered a time span from 330 Ma to less than 300 Ma (Martínez Catalán et al., 2014). 
The Lugo-Sanabria Dome was going through a second stage of extension (E2) at 310-295 Ma, which implied 
generalized crustal melting and development of gneiss domes and extensional detachments at the begin-
ning of the Kiaman superchron. Consistent D and I values observed in hematite-bearing samples carrying 
the ChRM in most of the Xistral Tectonic Window are coherent with a magnetization acquired during this 
reverse superchron. However, the mean inclination in most of the window, −28° (with southward declina-
tion), is high for a paleolatitude of ca. −6°S for this part of NW Iberia at 300 Ma (Pastor-Galán et al., 2016; 
Stampfli & Kozur, 2006; Weil et al., 2010; Stampfli & Kozur, 2006). A part of the inclination can be attributed 
to rotation during the opening of the Bay of Biscay during the Cretaceous. Higher inclinations close to the 
coast may result from complex block tilting of S dipping NW-SE faults defining a graben architecture in the 
northern part of the Lugo Dome, closer to the rift and where larger rotations can be expected.

Hematite is the mineral carrying the strongest ChRM reverse polarity. Figure 5 shows two types of hematite. 
The thermal demagnetization of NRM (Figures 10a–10c) and the rock magnetic studies (Figure 9a) also 
allows to distinguish between both types, showing maximum unblocking temperatures of 620 and 680 °C. 
One of these two types of hematite comes from the alteration of magnetite. The second type, unaltered and 
featuring exsolutions with rutile, seems to have a different origin. We suggest that during the first stage of 
extension (E1), MD magnetite crystallized. Ongoing extension implied an increase in the oxygen fugacity, 
producing more MD magnetite but mostly an alteration of magnetite to hematite and also the crystallization 
of new hematite. This latter process took place during E2, i.e., during the Kiaman superchron. Accordingly, 
MD magnetite developed during E1 is probably the most important contributor in the magnetic anomalies 
in the internal part of the CIA, thus picturing its curved geometry. Contrarily, E2 hematite is responsible for 
its remanence, which hinders the paleomagnetic investigations of pre-E2 events.

4.3. Structural Significance of the Magnetization

Magnetic lithologies in the Xistral Tectonic Window vary from schists and quartzites to migmatites and 
inhomogeneous granites. The structural analysis of these high-grade rocks is complex as their evolution is 
multiphase. One or more tectonic foliations exist in metasediments and in some synkinematic granitoids, 
but in most of the latter, including migmatites and inhomogeneous granitoids, the rocks appear to be un-
deformed although locally, traces of old foliations can be preserved. These are commonly discontinuous 
and often irregularly folded, and contrasting characteristics are often found between the leucosome and 
melanosome in diatexites and anatexites. Thus, AMS studies can help to unravel the deformation history of 
these high-T magnetic rocks.
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AMS results (Figures 13 and 14) show that in the EGMA, AMS is very high. The direct relationship between 
AMS and κ (groups VF1-4, and NE1 in Figure 14) and the thermomagnetic κT curves (Figure 7) show that 
magnetite is the main carrier not only of the magnetic susceptibility but also of the magnetic anisotropy. 
The T parameter, also known as the shape factor (Jelinek, 1981) shows that this anisotropy is mostly planar 
close to the Viveiro Fault, and variably linear to planar to the E.

Figure 13 shows the AMS results overlapped to the high-resolution absolute magnetic anomaly of the Xistral 
Tectonics Window. The magnetic anisotropy mimics the foliation generated during the extensional stages, 
E1 and E2. It is particularly striking the high degree of anisotropy found to the W of the study area, which is 
in relation to the Viveiro Fault and its associated ductile extensional detachment, characterized by a strong 
SE2. Magnetic susceptibilities and the anomaly intensity are also higher in this area. Altogether, these data 
suggest that the Viveiro Fault, an E2 tectonic feature played a very important role in the development of the 
EGMA induced and remanent magnetization.

AMS results are less clear at the center and NE of the Xistral Tectonic Window but seem to be equally 
coherent with extensional deformation. In this area, two extensional detachments have been identified: 
the Lower Extensional Detachment and the Mondoñedo Nappe Basal Thrust, which was reactivated as an 
extensional detachment (Figure 2c). Both display a horizontal to shallow E-dipping fabric in the central and 
NE parts of the study area, where the VO, NE1 and NE2 groups were sampled. Accordingly, extensional 
detachments belonging to phases E1 and E2 seem to play again a decisive role in the origin of the magnetic 
anomalies.

In this regard, Martínez Catalán et al. (2018) already suggested that the origin of the EGMA was related 
with the extensional tectonics characteristic of the late stages of Variscan evolution in the present N Iberian 
Massif. These authors used the high-resolution map of the absolute magnetic anomaly of Figure 3 to carry 
out 2-D models showing that the anomaly could be mimicked by means of magnetic blocks parallel to ex-
tensional detachments, being the one associated to the Viveiro Fault the most important in terms of induced 
and remanent magnetization. This indicates that different rock types are magnetic when affected by an 
extensional detachment whereas they lack magnetic minerals when they are not, thus further supporting 
the key role of extensional tectonics in magnetization.

4.4. Geochemical Constraints on the Origin of Magnetization

Magnetic inhomogeneous granites and migmatites from the Xistral Tectonic Window present WR values 
of δ18O = 11.5–15‰ (Table 2). Enrichment in the heavier oxygen isotope shows that fractionation has oc-
curred during low-temperature processes, such as subaerial weathering, and let us classify these granitoids 
as S-Type (Chappell & White, 1974; Taylor & Sheppard, 2018). According to Ishihara (1977), S-Type grani-
toids should belong to the ilmenite-series and ought to be nonmagnetic, as the high content in C-rich and 
S-rich minerals of the parent rock decreases oxygen fugacity thus leading to reduce conditions that prevent 
the formation of magnetite.

Classification of granites as Type-S and Type-I has been frequently challenged as some geochemical studies 
have shown that most granites, even those cited as typical examples of S-Type, show evidence for a mixture 
of mantle and upper crustal sources (Hopkinson et al., 2017 and references therein). However, it is clear 
that many of the granitoids of the Xistral Tectonic Window have a sedimentary/upper crustal source. Highly 
magnetic diatexites, where sedimentary layering can still be observed crop out parallel to the Viveiro Fault, 
and anatexites with abundant metasedimentary schlieren occur at the deep parts of the structure in the 
center of the window. Thus, it is striking to observe widespread development of magnetite in granitoids 
with such a clear sedimentary signature.

Several authors propose that occurrence of magnetite or ilmenite in granites is not only controlled by the 
oxygen fugacity of its source, but by magmatic differentiation and late magmatic processes (e.g., Pichavant 
et al., 1996; Villaseca et al., 2017). In fact, changes in the redox state of magmas have been attributed to in-
teraction with external sources, like meteoric waters or the proximity to any other oxygen-rich atmosphere 
(Best, 2003). Magnetite bearing S-Type granites are scarce, but do exist. Some authors (e.g., Guo & Wil-
son, 2012) have describe magnetic S-Type granites in a context where metasomatic fluids and decompres-
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sion melting triggered by tectonics has played a key role in the change 
of the redox state of the magmas and the subsequent crystallization of 
magnetite.

Likewise, crustal melting in the NW of the Iberian Peninsula responds to 
the late stages of Variscan evolution, when crustal thickening led to melt-
ing, gravitational collapse and extension. Fluid circulation was probably 
significant along the extensional detachments, and probably contributed 
to change the redox conditions derived from the parent rock composition, 
leading to an increase in oxygen fugacity that controlled the crystalliza-
tion of magnetite and hematite. This is supported by several facts ob-
served in the study area: (1) magnetite occurrence in granitoids and meta-
sediments is highly heterogeneous, ranging from nonmagnetic far from 
detachments to highly magnetic in the proximity of these structures; (2) 
AMS studies have demonstrated that magnetite developed a strong aniso-
tropy parallel to the foliation in detachment zones; and (3) the high-reso-
lution absolute magnetic anomaly of the Xistral Tectonic Window shows 
magnetic maxima along detachment zones, the most important of which 
occurs at the Viveiro Fault extensional shear zone.

Furthermore, δ18O values measured in muscovite, biotite, and magnet-
ite (when present) for magnetic and not magnetic schists (MCPG108 
and MCPG95; Table 2) have been plotted in an effort to see if they are 
in equilibrium and to constrain the temperature at which these phases 
crystallized. Constants needed for these calculations have been extracted 
from http://www2.ggl.ulaval.ca/cgi-bin/isotope/generisotope.cgi (Beau-
doin & Therrien, 2009). Results, shown in Figure 15, demonstrate that 
muscovite and biotite are in equilibrium, being the Ta at which they have 
equilibrated the cross point of their respective curves (∼350 K). However, 
magnetite is not in equilibrium. As sample MCPG108 was collected in a 
detachment zone, probably the formation of magnetite was controlled by 
the entrance of an oxygen-rich source along this structure.

In order to constraint the characteristics of this O-rich source, values of 
δD have been measured for the same samples (Table 4) and WR values 
are plotted versus δ18O. Results are shown in Figure 16. The isotopic evo-
lution from nonmagnetic to magnetic metasediments draws a straight 

line that points out toward the SMOW (Standard Mean Ocean Water) and/or low latitude meteoric waters, 
indicating that magnetization probably occurred as result of interaction with fluids of marine or meteor-
ic affinity. These might have entered the system along detachment zones. The fact that magnetic schists 
became enriched in the light oxygen isotope thus decreasing its δ18O signature (see Table 2) implies that 
this process took place at relatively high temperatures (above 275 °C). The spatial heterogeneity found in 
the magnetization indicates that the entrance of fluids was not pervasive, but channelized along pathways 
inside the detachments.

4.5. Implications for the Origin of Other Magnetic Anomalies in 
the Central Iberian Arc

The Central Iberian Arc (CIA) was defined partly on the basis of the cur-
vature delineated by magnetic anomalies in its internal part (Martínez 
Catalán, 2011). Most of these anomalies overlap thermal domes and ac-
cordingly, they might have an origin similar to the EGMA. The source 
of the other three outstanding anomalies (PVGMA, CSMA, and TDMA; 
Figure 1b) has not been thoroughly studied as yet. However, magnetic 
granites and/or magnetic high-grade metamorphic rocks are really scarce 
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Figure 15. δ18O variation of water in equilibrium with magnetite (red 
curve), muscovite (yellow curve), and biotite (blue curve) calculated 
using the geothermometry equation 103lnα(x-y) = A106 T−2 + B103 T−1 + c) 
Constants are: Biotite: A = 3.840; B = −8.760; C = 2.460 (Zheng, 1993), 
Muscovite: (a) 4.100; (b) −7.610; (c) 2.250 (Zheng, 1993), Magnetite: (a) 
3.020; (b) −12.000; (c) 3.310 (Zheng & Simon, 1991). Phases in equilibrium 
should result in curves crosscutting at the equilibrium temperature.

Sample δD(SMOW) % H2O

MCPG85 −80.1 2.3

MCPG108 −60.4 to -67.9 3.3

Table 4 
δD(SMOW) and % H2O Content on Nonmagnetic (MCPG85) and 
Stratigraphically Equivalent (MCPG108) Schists

http://www2.ggl.ulaval.ca/cgi-bin/isotope/generisotope.cgi
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in these three areas. The PVGMA is the most extense of the four anomalies here considered. However, 
only the Lavadores granite, in the W part of the anomaly is significantly magnetic (Sant'Ovaia et al., 2013), 
providing little contribution to the anomaly itself, whose maximum is in the central part of northern Por-
tugal. The CSMA is smaller and has less intensity than the PVGMA. Still, it is a conspicuous feature in the 
aeromagnetic map of the Iberian Peninsula, as it overlaps the Central System (Figure 1b), an area where 
Alpine tectonics has inverted Variscan faults (de Vicente et al., 2007; Vegas et al., 1990) exposing high-grade 
metasediments and orthogneisses, as well as late Variscan granitoids. However, the outcropping Central 
System lithologies are mostly nonmagnetic, and only some facies in La Pedriza batolith present moderate 
magnetic susceptibilities (Villaseca et al., 2017) that are largely insufficient to explain the anomaly. Lower 
crustal xenoliths and gabbros show higher magnetic susceptibilities but these do not abound, and likewise, 
cannot explain the anomaly either. Finally, the TDMA has been studied from a paleomagnetic point of view 
(Pastor-Galán et al., 2016) but magnetic susceptibility data has not been made available. However, prelimi-
nary surveying has demonstrated that the granitoids outcropping in this dome are not magnetic.

Portuguese Variscan granites and those of the Central System have been widely studied from a geochemical 
point of view (Martins et al., 2009; Recio et al., 1992; Villaseca et al., 1998). Even considering that the sub-
division between S and I-Type depends on the tectonic context in which granites are formed and should not 
be taken as an absolute classification (Villaseca et al., 2017), granites in these areas seem to belong to both 
groups. But contrarily to what is observed in the Lugo Dome, the few magnetic granites identified in these 
locations (Lavadores in Portugal and La Pedriza in the Central System) belong to the I-Type.

These data reveal that in the CIA, magnetization is not associated with a particular type of granite, as con-
sidered from a geochemical point of view. But still, anomalies overlap thermal domes. We conclude that, 
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Figure 16. Representation of δD y δ18O values for whole rock (WR) in the context of the values for aqueous fluids of geological interest. MCPG85 is a 
nonmagnetic schist. MCPG108, is a stratigraphically equivalent magnetic schist outcropping at a detachment zone.
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as in the EGMA, the DTMA, CSMA, and PVGMA might be controlled by tectonics and not so much by 
lithologies. Extensional detachments probably exist in all these thermal domes, buried at depth as in the 
Sanabria Dome or hidden by the massive intrusion of late-orogenic, undeformed granites. If these anom-
alies, all located in the NW Iberian Massif, also imply the existence of a Kiaman remagnetization, the age 
of the closure of the CIA or even its existence, cannot be established by paleomagnetic techniques alone 
(Pastor-Galán et al., 2020), as magnetic remanence is probably syn-to-post arc.

No tectonic window as that of Xistral exists or has been identified in the rest of the magnetic anomalies, 
thus hindering structural studies of deep rocks in those areas. One has to keep in mind that even though the 
source of the EGMA crops out in the Xistral Tectonic Window, the anomaly continues some 150 km to the 
S. Out of the tectonic window, no magnetic rocks have been found along the EGMA. Nevertheless, the fact 
that the anomaly continues and performs high amplitudes (Figure 1b) indicates that detachments still exist 
and deepen to the S as does the dome. The radially averaged power spectrum calculated from the aeromag-
netic signature of the whole EGMA finds magnetic sources as deep as 12 km (Martínez Catalán et al., 2018), 
indicating that buried contributions to the anomaly do exist.

5. Conclusions
The Eastern Galicia Magnetic Anomaly (EGMA) is a natural laboratory to study the origin of aeromagnetic 
anomalies. The existence of the Xistral Tectonic Window, to the N of the Lugo-Sanabria Dome, onto which 
the EGMA overlaps, has allowed us to carry out detailed structural studies and a high-resolution surveying 
of this anomaly, as it provides large outcrops of its magnetic source rocks. These studies conclude that the 
EGMA features an important induced magnetization but also a conspicuous magnetic remanence that had 
not been deduced from the aeromagnetic map, but it is clearly identified when high-resolution ground mag-
netic data are obtained and source rocks are analyzed. Paleomagnetic analyses indicate that remanence, 
consistently of reverse polarity, was probably acquired during the Kiaman reverse superchron, simulta-
neously to late-orogenic melting and extension affecting the NW of the Iberian Massif. High inclinations 
found to the N of the anomaly might be due to Mesozoic block tilting of late Variscan faults.

The source of the induced magnetization seems to be mostly multidomain magnetite, which appears in 
three forms: in grains with exsolved ilmenite, in single crystals but altered to hematite and as result of 
alteration of biotite. The source of the remanent magnetization is mostly hematite, which appears in two 
contexts: as a byproduct of the alteration of magnetite and exsolved with rutile.

Anisotropy of the Magnetic Susceptibility Studies, detailed ground magnetic mapping and geochemical 
results indicate that magnetization (induced and NRM) was produced in metasediments, migmatites and 
inhomogeneous granites derived from them, only when affected by extensional detachments. As magnetic 
inhomogeneous granites belong to the S-Type, i.e., supposedly the nonmagnetic type, we suggest that the 
evolution of the magma in an extensional context modified the redox conditions of the melt, increasing the 
oxygen fugacity and allowing the crystallization of magnetite and even hematite. Stable isotopes results 
indicate that fluids of meteoric or marine affinity might have entered the system along these detachment 
zones and fostered the magnetization of the rock.

A similar origin is proposed for the rest of the magnetic anomalies found in the internal part of the Central 
Iberian Arc. These also overlap thermal domes but contrarily to the EGMA, no outcropping magnetic rocks 
have been identified so far. We propose that detachments developed during extension and melting exist at 
depth, as they probably do at the EGMA along the southern part of the Lugo-Sanabria Dome, and these are 
the source of the magnetic anomalies. A similar late Carboniferous-Permian (Kiaman) remagnetization 
might also exist thus erasing previous paleomagnetic indicators.

This interpretation might be key to understand worldwide magnetic anomalies located in extensional tec-
tonic contexts. In addition, our work implies a warning on the complexity inherent to the understanding of 
aeromagnetic anomalies. Construction of reliable models needs to be aided by detailed ground surveying 
(magnetic and structural), paleomagnetic studies and petrological constraints. This paper represents an ad-
ditional step on the knowledge of the EGMA and the other magnetic anomalies of the Central Iberian Arc 
and manifests the important role that extensional tectonics may play in mineralization.
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