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Abstract

:

In this paper, we have synthesized the information derived from more than 20 papers and PhD theses on the anisotropy of the magnetic susceptibility (AMS) of 19 Variscan granite plutons, spanning the period between 320 Ma and 296 Ma. The AMS data are obtained from 876 sampling sites with more than 7080 AMS measurements and a re-interpretation is proposed. The studied granites exhibit a magnetic susceptibility (Km) ranging from 30 to 10,436 × 10−6 SI units. Most granites typically exhibit Km values below 1000 × 10−6 SI, indicative of paramagnetic behavior. Biotite serves as the main carrier of iron (Fe), emphasizing the reduced conditions prevalent during the formation of granite melts in the Variscan orogeny. The AMS fabrics of the studied granite plutons record the magma strain, expressing the chronologic evolution of the stress field during the orogeny. This chronologic approach highlights the magmatic events between around 330 and 315 Ma, occurring in an extensional regime, in which the Borralha pluton is an example of a suite that recorded this extensional AMS fabric. Plutons with ages between 315 and 305 Ma show AMS fabrics, pointing out their emplacement in a compressional tectonic regime related to the Variscan collision. The plutons, younger than 305 Ma, record AMS fabrics indicating that the tectonic setting for emplacement changes from a wrench regime to an extensional one at the end of the collision stage. This is evident as there is a chronological overlap between the granites that exhibit AMS fabrics indicating extension and the ones that have AMS fabrics indicating a wrench regime.
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1. Introduction and Objectives


Anisotropy of magnetic susceptibility (AMS) studies on granites, conducted extensively in recent decades (e.g., [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15]), provide new insights into the study of granitic bodies. A broad spectrum of applications exists, spanning from the utilization of magnetic susceptibility (Km) for mapping granite facies and correlating their susceptibility with geochemical features (e.g., [5]), to kinematic applications such as interpreting the emplacement mechanisms through the analysis of magnetic fabric (e.g., [12]). Furthermore, additional applications of the magnetic susceptibility of granites can be ascertained, as follows: as an indicator of metallogenic potential (e.g., [9,13]); as an indicator of hydrothermal alteration (e.g., [15]); or as a way of assessing magnetic mineralogy (e.g., [13]).



In the Iberian Peninsula, AMS studies have been extensively conducted on Variscan granites in both Portugal and Spain (e.g., [14,15,16,17,18,19]), but few data syntheses have been carried out so far (e.g., [10]).



The aim of this work is to summarize the AMS studies that have been carried out on Portuguese Variscan granites. These data were obtained over the last 20 years in the Anisotropy of Magnetic Susceptibility Laboratory of the Earth Sciences Institute of the University of Porto and were published as several articles and doctoral theses.



Nineteen Variscan granitic plutons located in Central and Northern Portugal, in the Central Iberian Zone (CIZ) and Galicia-Trás-os-Montes Zone (GTMZ) [20], with suitable AMS data available spanning the period between 320 Ma and 296 Ma were considered. The objectives of this work are as follows:




	
To understand the geologic significance of magnetic susceptibility data, considering the presence of biotite and/or muscovite, along with the magnetic behavior of these granites. This includes examining the paramagnetic and/or ferromagnetic (s.l.) mineralogy and establishing correlations with the redox conditions during magma genesis.



	
To correlate magnetic anisotropy fabrics with macro- and microstructures observable in the granites and to interpret them in the context of the emplacement of these granites during the Variscan orogeny.



	
To map the magnetic fabric of plutons with different ages within the Variscan orogen and to investigate the magma strain history recorded by these granites.



	
Finally, to analyze the timing of the pluton’s emplacement with relation to the Variscan orogeny, identifying the transitions between regional stress fields during the evolution of the orogen.









2. Anisotropy of Magnetic Susceptibility (AMS)


2.1. Theorethical Framework and Applications


When a mineral (or a rock) is exposed to a magnetic field, H, it acquires an induced magnetization, M. The induced magnetization and the magnetic field are directly related through the magnetic susceptibility, Km, which is expressed by the following mathematical expression:


  M = K m · H  



(1)







If the material is isotropic, the magnetic susceptibility is a scalar; if the material is anisotropic, the magnetic susceptibility is represented, as follows, by a symmetrical second order tensor of the form:


  M i = K i j · H j ( i , j = 1 , 2 , 3 )  



(2)




where Mi represents the magnetization in the i direction and Hj represents the magnetic field in the j direction. Given that M and H are expressed in amperes per meter (A/m), Km per volume is dimensionless (in the units of the International System, SI) (e.g., [4,21]). The magnetic susceptibility tensor is represented by a triaxial ellipsoid, whose three main orthogonal axes define the main magnetic directions (Figure 1). The Km values obtained along the main directions are the main susceptibilities, known as maximum (Kmax = K1), intermediate (Kint = K2), and minimum (Kmin = K3) susceptibilities [22].



The Km of a rock results from the contribution of the magnetic susceptibilities of all the constituent minerals of the material under study, which can be (i) diamagnetic (e.g., quartz and feldspars), (ii) paramagnetic (e.g., biotite), (iii) antiferromagnetic (e.g., goethite), and (iv) ferromagnetic (s.l.), which includes ferromagnetic (s.s., e.g., iron), weak ferromagnetic (e.g., hematite), and ferrimagnetic (e.g., magnetite) [24,25].



In strongly magnetic rocks, with a Km higher than 5 × 10−3 SI, the effect of mafic silicates is negligible and the rock susceptibility is effectively controlled by magnetite only. In weakly magnetic rocks, with a Km lower than 5 × 10−4 SI, the content of ferromagnetic minerals is often so low that the susceptibility is effectively controlled by mafic silicates. In rocks with a Km between 5 × 10−4 and 5 × 10−3 SI, the AMS, in general, is controlled by both ferromagnetic and paramagnetic minerals [26].



The AMS is the magnetic anisotropy concerning the variation in the direction of the induced magnetization and, therefore, the dependence of the susceptibility in the direction along which it is being measured. At the scale of the mineral grain, the AMS is controlled by the crystallographic system and crystal orientation. AMS is also often influenced by the shape of the mineral grain, which overrides crystallographic control [24]. In general, the magmatic or tectonic fabrics in granites at the mesoscopic scale are planar and are marked by the preferential alignment of tabular or sheet-like minerals, such as micas and feldspars. This mineralogical fabric is often parallel to a planar magnetic fabric, the magnetic foliation, perpendicular to the Kmin direction of the AMS ellipsoid. Linear mineral fabrics are marked by the alignment of elongated or needle-like crystals, such as amphibole, and are parallel to the Kmax direction of the AMS ellipsoid, the magnetic lineation.




2.2. AMS Methods


To carry out AMS studies, it is necessary to collect oriented and regularly distributed samples of the granite under study. The methodology of AMS studies (e.g., [4]) is based on selecting a sampling site at each vertex of a kilometric quadrangular grid (which is not always possible due to factors such as the absence of outcrops, scarcity of in situ exposures, or excessive weathering). Sampling is carried out using a portable coring drill, whose sampler consists of a non-magnetic tube that ends in a diamond-bit crown. The sampler is cooled and lubricated using pressurized water using a manual external pump. At each sampling site, before gathering the ~25 mm diameter core samples, their orientation is determined using a compass and a non-magnetic orientator. The recorded values include the strike of the vertical plane containing the core axis and the plunge of the core axis. Oriented arrows, representing the trend and the direction of the core plunge, are marked on each core sample (Figure 2). From each site, several samples are collected to ensure that in the lab, after being cut to a height of ~22 mm, we are left with six to eight samples to ensure statistical reliability (e.g., [4]). The exact dimensions (the diameter and height) of each sample are then used to calculate its volume, which is used to determine the magnetic susceptibility (per unit of volume). Finally, magnetic susceptibility measurements are carried out using a Kappabridge susceptibility balance from Agico (Brno, Czech Republic). The data presented here were obtained in the KLY-4S model, which measures the AMS of a spinning specimen fixed in the rotator, with the software SUFAR that combines the measurements in three perpendicular planes plus one bulk value to create a complete magnetic susceptibility tensor (www.agico.com, accessed on 15 December 2023).




2.3. AMS Parameters


Measurements performed using the Kappabridge allow us to define the intensity and direction of the three principal axes, K1 ≥ K2 ≥ K3, of the AMS ellipsoid of each sample. Means of the tensor axes corresponding to the n samples measured at a site are K1 ≥ K2 ≥ K3 and are obtained using the ANISOFT 4.2 program package (www.agico.com, accessed on 15 December 2023).



The mean susceptibility value, Km, is calculated using the following equation:


  K m =   K 1 + K 2 + K 3   3    



(3)







The degree of magnetic anisotropy (P%) is calculated using the following equation:


  P   %   =     K 1   K 3   − 1   × 100  



(4)







The mean direction and confidence angles of the axes K1 and K3, in terms of azimuth and plunge, were calculated using directional statistics based on the Bingham distribution. For each site, magnetic lineation, parallel to the direction of K1, and magnetic foliation, which is represented by the plane perpendicular to K3, are defined.





3. Iberian Variscan Belt


The pre-Mesozoic terrains in SW Europe have ages ranging from the Proterozoic to the Upper Carboniferous. These terrains, deformed and metamorphosed, are often intruded by Variscan granites characterized by significant geochemical and textural variability. Together, these geological features characterize the Variscan belt that extends from the south of Iberia to the northeast of Bohemia [27,28,29,30].



The Variscan belt was shaped by the convergence and collision between the supercontinents Laurussia and Gondwana, after the closure of the Rheic Ocean.



The westernmost part of this belt corresponds to the Iberian Variscan Belt (IBV), which is subdivided into six palaeogeographic zones as follows, each having specific tectonic, geologic, metamorphic, and stratigraphic characteristics [20,31,32]: (i) the Cantabrian Zone, (ii) the West Asturian-Leonese Zone, (iii) the Galicia-Trás-os-Montes Zone (GTMZ), (iv) the Central Iberian Zone (CIZ), (v) the Ossa-Morena Zone (OMZ), and (vi) the South Portuguese Zone.



Currently, two distinct models are in discussion to explain the tectonic evolution of the IVB and its corresponding magmatism. One model points out the existence of a single orocline, the Cantabrian orocline, defining a C-shape, continental-scale single bend [33,34,35]. In the second model, two oroclines are considered, as follows: a clear northern curvature, namely the Cantabrian Arc (or Cantabrian orocline) [36] and an opposite slightly defined southern curvature, named as the Central Iberian Arc (or Central Iberian Orocline) [37,38,39]. In this model, the Cantabrian and the Central Iberian arcs define an S-shaped orogenic belt [40,41,42,43,44,45].



Regardless of the model under consideration, three main compression ductile deformation phases, namely C1, C2, and C3, have been identified in NW Iberia within the GTMZ and CIZ regions [46,47,48,49].



C1 and C2 are responsible for the intense Variscan crustal growth. C3, the last Variscan compression, produced vertical folds with a sub-horizontal axis, as well as both subvertical dextral and sinistral strike–slip shear zones.



Hildenbrand et al. [49], based on new K–Ar and 40Ar/39Ar age data combined with previous U–Pb age data from Portuguese granites besides the three main phases of compression (C1, C2, and C3), propose an additional two extensional events (E1 and E2), under given metamorphic conditions and concomitant igneous events (I1 to I3), being considered responsible for the main structures presently observed in the NW Iberia (e.g., [49,50]).




4. Variscan Magmatism


In NW Iberia, large volumes of mafic to felsic magmas were generated and emplaced into Neoproterozoic to Paleozoic metasedimentary and metaigneous sequences. The C3 ductile phase is commonly employed as the reference for classifying the granitic rocks from Central and Northern Portugal, with the ones younger than 305 Ma being considered as post-collisional [51,52,53,54,55,56].



Grounded in their geologic, petrographic, and geochemical characteristics, granite bodies have been divided into two main groups (e.g., [51,57,58,59]). The first group consists of two-mica peraluminous granites, resulting from the mesocrustal anatexis of pelitic metasediments with magmatic andalusite, sillimanite, zircon, monazite, and apatite, with frequent metasedimentary enclaves, whose origin at the mid-crustal level is related to orogenic metamorphism. The granites belonging to this group are considered as S-type, according to the classification of Chappell and White [60], are mainly syn-C3, and are usually emplaced in the nucleus of regional C3 folds. The second group consists of biotite-rich granites frequently having mafic magmatic enclaves, representing the products of complex lower-crustal melting with a possible mixture with mantle-derived magmas, and have their emplacement mainly controlled by NW–SE to ENE–WSW shear zones or by late-Variscan tectonic structures (e.g., [52,61,62]).



Considering the relation between the Variscan magmatism and tectonics, the granites from the CIZ and GTMZ can be subdivided into two main groups, as follows: one group related to the I2 event comprising granites crystallized between 330 Ma and 305 Ma, and another group related to the I3 event, corresponding to the granites that crystallized after 305 Ma [49].



The I2 magmatic event includes biotite granites related to the first extension (E1) (ca. 330–315 Ma) controlled by NW–SE to ENE–WSW deep crustal shear zones, and also two-mica granites crystallized between 315 and 305 Ma, usually emplaced in the core of regional C3 folds. The I3 magmatic event includes biotite granites and their differentiated facies, crystallized after 305 Ma, that are mostly isotropic (no macroscopic ductile foliation or lineation), and have their emplacement during/after the final collapse of the Variscan orogeny (E2) [49].




5. AMS Data Integration


5.1. Studied Granite Plutons


Nineteen Variscan granite plutons, with appropriate available AMS data obtained from 876 sites (6–9 samples per site), spanning the period between 320 Ma and 296 Ma, were evaluated (Figure 3, Table 1). According to the classification of Ferreira et al. [51], revised in Hildebrand et al. [49], these granites are (i) pre-collisional: Borralha pluton; (ii) syn-collisional: S. Mamede, Vila Real-Gralheira, and Porto plutons; and (iii) post-collisional: Castelo Branco, Vieira do Minho, Freixo de Numão, Serra da Estrela (Seia and Covilhã facies), Caria-Vila da Ponte, Valpaços, Capinha, Castro Daire, Lamas de Olo, Vila Pouca de Aguiar, Águas Frias-Chaves, Lavadores-Madalena, Esmolfe-Matança, Penedos, and Monção.



The ages and summary textural description of each granite are shown in Table 1.




5.2. Variability of Magnetic Susceptibility


A statistical synthesis of the AMS parameters is presented in Table 2. For each pluton, the arithmetic means of the values of Km and P% of each site and their standard deviation were calculated. To determine the magnetic lineation and magnetic foliation of each pluton, mean directions and confidence angles were computed using directional statistics based on the Bingham distribution. The studied Variscan granites exhibit a bulk magnetic susceptibility ranging from 30.4 × 10−6 to 10,436.1 × 10−6 SI units. In the absence of magnetite, a granite is said to be paramagnetic if its Km value is typically <400 × 10−6 SI (e.g., [26,84]) and its Km is directly correlated with the rock’s iron content, according to the Curie–Weiss law [85]. The presence of magnetite, with Km values two orders of magnitude higher for the same amount of iron content compared to paramagnetic minerals, imparts elevated susceptibilities to ferromagnetic granites. Ishihara [86] earlier recognized the bimodal distribution of K values in granites, attributable to the presence or absence of magnetite. In the studied granites, the distribution of magnetic susceptibility values by classes (Table 2 and Figure 4) shows that most granites have a Km lower than 400 × 10−6 SI, showing a paramagnetic behavior, with biotite being the main Fe carrier.



When the mean magnetic susceptibility (Km) for each pluton is analyzed, we observe that the class with the highest relative frequency of magnetic susceptibility (32%) is the one ranging between 71 × 10−6 and 90 × 10−6 SI, which corresponds to the granites of S. Mamede, Castro Daire, Castelo Branco, Vila da Ponte, Caria-Vila da Ponte, Capinha, and Águas Frias-Chaves (Figure 4). This class is followed by the one ranging from 51 × 10−6 to 70 × 10−6 SI (21%), corresponding to the granites of Borralha, Porto, Vila Real-Gralheira, Valpaços, Esmolfe-Matança, and Penedos. The class ranging from 91 to 110 × 10−6 SI has 5% of frequency corresponding to Serra da Estrela granites. The classes ranging between 111 × 10−6 and 130 × 10−6 SI and between 151 × 10−6 and 1000 × 10−6 SI correspond to Freixo de Numão and Vila Pouca de Aguiar plutons and to Vieira do Minho and Monção plutons, with 16% and 5% frequencies, respectively. In paramagnetic granites, magnetic susceptibility is a useful parameter to distinguish facies in composites massifs, where different facies with variable biotite contents are present, as are the cases of the plutons of Vila Pouca de Aguiar, Águas Frias-Chaves, Serra da Estrela (Seia and Covilhã), Castro Daire, Valpaços, and Castelo Branco.



The class with Km > 1000 × 10−6 SI corresponds to ferromagnetic granites, which are scarce and are only represented by the Lamas de Olo pluton and the Lavadores-Madalena pluton (Figure 4).



The Lamas de Olo pluton is a composite pluton made up of a main granite facies (Lamas de Olo) with essentially ferromagnetic behavior, indicative of the presence of magnetite, and two other paramagnetic facies (Alto dos Cabeços and Barragem) with a magnetic susceptibility lower than 1000 × 10−6 SI [13]. In the ferromagnetic facies, Cruz et al. [13] pointed out that magnetite was partially altered to hematite (martitization), leading to a decrease in the magnetic susceptibility values (Figure 5b,c).



The Lavadores-Madalena pluton is composed of Lavadores and Madalena granites, being richer in Lavadores magnetite than Madalena granite, with a magnetic susceptibility mean for both granites of 10,436 × 10−6 SI [80,81].



Confirmation of the existence of ferrimagnetic iron oxide in the Lavadores-Madalena and Lamas de Olo plutons was achieved through Isothermal Remanent Magnetization curves. Additionally, the presence of magnetite was identified in both plutons using reflected light microscopy (Figure 5).




5.3. Magnetic Anisotropy, Field Observations, and Microstructures


Magnetic anisotropy (P%) can be used as a “marker” for the deformation experienced by granite mushes during their crustal emplacement and further cooling. Magnetic anisotropy, recorded using mineral fabrics, can thus be correlated with finite deformation.



In the Variscan granites studied, the magnetic anisotropy ranges between 1.3% and 5.9% (Lavadores-Madalena and Lamas de Olo pluton are not included) and decreases when granites change from being syn-collisional, ages ranging between 320 and 305 Ma, (P = 4.7%) to being post-collisional, ages < 305 Ma (P = 2.9%) (Table 2).



In paramagnetic granites (i.e., where magnetite is absent), magnetic anisotropy is essentially due to iron-rich silicate minerals with a strong crystalline anisotropy, such as biotite. For the plutons where magnetite is present (Lavadores-Madalena and Lamas de Olo plutons), magnetic anisotropy is strongly influenced by the shape anisotropy of the magnetite grains, which is responsible for the high average P% values (18.4% in Lavadores-Madalena pluton and 5.1% in Lamas de Olo plutons). For those ferromagnetic granites, even though a noticeable tectonic deformation may be absent, they exhibit notably higher average P% values.



The magnetic anisotropy of paramagnetic granites can be related to the field observation of the granite fabric at the outcrop scale. Granites that are anisotropic in the field, with a visible orientation of biotite and/or K-feldspars, always have magnetic anisotropies higher than 3%, while granites with anisotropies lower than 2% are isotropic in field observations (Figure 6).



In addition to the evaluation of magnetic anisotropy, microstructures in granitic rocks must be examined in detail to reconstruct the emplacement process. Microstructures in granitic rocks, mainly in quartz and biotite grains, can be magmatic or low-to-high-temperature solid-state formed.



Magmatic-to-submagmatic microstructures are characterized by a rare undulatory extinction in quartz, scarce subgrain boundaries in quartz, and, eventually, folded or kinked biotites. High-to-medium-temperature solid-state deformation microstructures are characterized by polygonal-shaped quartz subgrains, recrystallized quartz grains, kinked biotites, and, eventually, bands of quartz surrounded by mica flakes.



Figure 7 shows some of the microstructures present in the paramagnetic granites studied, highlighting the different degrees of magmatic and post-magmatic deformation which can be related to magnetic anisotropy.



Plutons such as the Porto pluton and some samples of the Castro Daire pluton show low-temperature solid-state deformation microstructures (recrystallization of quartz into small grains and an incipient gneissic structure) and have magnetic anisotropy values between 5% and 6% (Figure 7a,b). Plutons like the Castelo Branco and the Vila Real-Gralheira plutons display magmatic-to-high-temperature solid-state deformation microstructures (e.g., kinked biotites and chess-board quartz extinction) and present magnetic anisotropy values around 3 to 5% (Figure 7c,d). Finally, plutons with a deformation hardly visible to the naked eye, such as the Vila Pouca de Aguiar pluton, display a magnetic anisotropy value around 1.5% and exhibit almost ubiquitous magmatic-to-submagmatic microstructures (undeformed biotite, no/rare undulatory extinction, and no subgrains in quartz) (Figure 7e,f).



In the ferromagnetic granites, a high magnetic anisotropy value is not directly related to the intensity of strain that the magma experienced. Instead, it is attributed to the high shape anisotropy of magnetite. The Lavadores-Madalena and Lamas de Olo plutons often present rough alignments of magnetite co-existing with magmatic-to-submagmatic microstructures.




5.4. Magnetic Fabric and Magmatic Strain


The AMS fabric axes tend to be parallel to those of the finite strain undergone by the magma, provided that the strain path is simple [7,87]. Thus, the AMS axes are related to the strain field present during the final stages of magma crystallization [88]. This strain generates the AMS fabric, where the magnetic lineation (K1) coincides with the maximum extension direction (e1), and the magnetic foliation is perpendicular to the maximum shortening direction (e3) [89,90]. Magnetic foliations and lineations approximate the flattening plane and the stretching axis of the finite strain ellipsoid.



The AMS fabric can be a result of (1) the magmatic flow during emplacement, including stress applied by the ascending magma column on the melt (e.g., [91,92,93]); (2) regional tectonic stress during emplacement and crystallization (e.g., [94,95,96]); or (3) a combination of both (e.g., [97]). During emplacement, the intrusion may record multiple fabrics, which can be progressively replaced [88] or overprinted [97] when the stress conditions change. When the melt finally approaches the solidus, it is the youngest fabric that is registered.



The set of granitic intrusions whose genesis is related to an orogenic process, such as the Variscan granitic plutons studied, will register several AMS fabrics as the result of the strain that affected the plutons, expressing the evolution of the stress field during the orogeny.



The extensive homogeneity of the AMS fabrics within plutons has been consistently confirmed in various studies, particularly through the examination of foliation and magnetic lineation maps, especially in the context of paramagnetic granites (e.g., [84] and references therein). Olivier et al. [98] demonstrated that granites exhibit a remarkably consistent fabric, observable from the scale of the individual samples to that of an entire pluton. The structural consistency observed in granites indicates that the magma reservoirs, as they intrude the crust, undergo a uniform deformation process before crystallization, as demonstrated by previous research (e.g., [84]).



The magnetic fabric within the studied plutons also displays a notable uniformity. However, it is evident that the magnetic foliation consistently exhibits a clearer definition compared to the magnetic lineation, as indicated by the confidence angle values of K1 and K3, presented in Table 2. This difference may be attributed to the fact that, in most plutons, magnetic foliation results from the planar distribution of biotite cleavage planes. Regarding lineation, it tends to exhibit variations depending on its relative position within the pluton, with, for instance, a tendency to be more vertical in the root zone.



Except for the S. Mamede, Penedos, and Freixo de Numão plutons, the fabric’s uniformity permits the use of the mean values of lineation and magnetic foliation as being representative of the entire pluton.



Burton-Johnson et al. [89,90] considered that when the AMS fabrics record magmatic tectonic strain, the strain axes (the maximum extension direction, e1, the intermediate, e2, and the minimum, e3) relate to the tectonic stress axes that affect the granitic magma (the maximum compression direction, σ1, the intermediate, σ2, and the minimum, σ3) (Figure 8).



Burton-Johnson et al. [89] compared the AMS axes with the tectonic deformation axes for various plutons worldwide in both compressional and extensional regimes, showing that during high tectonic compression, sub-horizontal tectonic compression is the dominant stress (σ1) and the subvertical lithostatic compression is the weakest stress (σ3). Thus, under coaxial pure shear, the foliation pole (e3 and K3) is sub-horizontal (parallel to σ1) and the lineation direction (e1 and K1; parallel to σ3) is subvertical. On the other hand, during extension, subvertical lithostatic compression is σ1, and the direction of crustal extension is σ3. In this case, K3 (e3) is subvertical and K1 (e1) is sub-horizontal, in the direction of extension.



These authors considered an intermediate tectonic pure shear regime reflecting moderate tectonic compression, as follows: if the tectonic compression σ1 is sub-horizontal and the subvertical lithostatic compression is σ2, then both K1 and K3 are sub-horizontal.



Applying these insights, the K1 (Kmax) and K3 (Kmin) fabric data were analyzed for each of the plutons studied, considering the relationship between the magnetic lineation and the pole (normal) of the magnetic foliation and the directions of minimum and maximum compressive stress, respectively (Figure 9). In the case of S. Mamede, Penedos, and Freixo de Numão plutons, this analysis was not carried out because the axes of the AMS ellipsoid were too scattered to perform the statistical determination of the K1, K2, and K3 means. Figure 9 shows the K1 and K3 stereoplots for each granite pluton, their orientation description, the summarized description of the AMS lineation and foliation, and the emplacement tectonic setting interpretation.



Based on the synthesis presented in Figure 9, we can hypothesize that the studied plutons were emplaced in the following three tectonic regimes:




	(i)

	
Plutons emplaced during high compression (pure shear)









In this case, the high degree of tectonic compression, σ1, is sub-horizontal and the subvertical compression is σ3. The foliation pole (e3 and K3) is sub-horizontal (parallel to σ1), the magnetic foliation is subvertical, and the magnetic lineation direction (e1 and K1; parallel to σ3) is subvertical. These are the cases of Porto (311 ± 7 Ma), Vila Real-Gralheira (311 ± 1 Ma), and Castelo Branco pluton (310 ± 1 Ma), where the magnetic foliations are vertical, with a general NW–SE trend; the magnetic lineations are subvertical; and the shortening direction is horizontal, with a NE–SW direction.



	(ii)

	
Plutons emplaced during moderate compression level (pure shear)







In this case, the tectonic compression σ1 is sub-horizontal with σ2, subvertical, and both K1 and K3 are sub-horizontal, and the magnetic foliation is subvertical. These are the cases of the Vieira do Minho (310 ± 2 Ma to 307 ± 3.5 Ma), Serra da Estrela (Seia and Covilhã) (304.1 ± 2.9 Ma), Castro Daire (294.1 ± 3.5 Ma), and Lamas de Olo plutons (297.19 ± 0.73 Ma). These suites have vertical magnetic foliations, NNW–SSE trending due to a ENE–WSW to E–W horizontal compression.



	(iii)

	
Plutons emplaced during extension (pure shear)







In this case, σ1 is subvertical and the direction of the crustal extension is σ3. The foliation pole defined by e3 (K3) is subvertical, the magnetic foliation is horizontal, and e1 (K1) is sub-horizontal in the direction of extension. These are the cases of the Borralha, Caria-Vila da Ponte, Valpaços, Capinha, Vila Pouca de Aguiar, Águas Frias-Chaves, Esmolfe-Matança, and Monção plutons. In the Borralha (320 Ma), Caria-Vila da Ponte (301.2 ± 1.2 Ma), Valpaços (305 ± 17 Ma), Capinha (301 ± 3 Ma), Vila Pouca de Aguiar (297 ± 14 Ma), Águas Frias-Chaves (299 ± 3 Ma), Esmolfe-Matança (298 ± 11 to 298 ± 13 Ma), and Monção plutons (296± 3 Ma), the magnetic foliations are horizontal/sub-horizontal and the main tectonic compression is vertical. The magnetic lineations are horizontal/sub-horizontal. The magmatic stretching (K1 direction) is NW–SE in the Borralha, Caria-Vila da Ponte, Valpaços, Vila Pouca de Aguiar, Águas Frias-Chaves, and Esmolfe-Matança plutons. It trends in the NE–SW and E–W directions in the Capinha and Monção plutons, respectively.



The Lavadores-Madalena pluton is discussed separately as it has two granitic facies, Lavadores and Madalena, with different magnetic fabrics (Figure 9). The foliation pole (K3) is sub-horizontal, the magnetic foliation is WNW–ESE, subvertical, and the magnetic lineation direction (K1) is subvertical. Thus, σ1 is sub-horizontal and the subvertical compression is σ3. In Madalena facies, both K1 and K3 are sub-horizontal and the magnetic foliation is E–W subvertical, indicating that σ1 is sub-horizontal and that lithostatic compression, σ2, is vertical.





6. Understanding the Magmatic History of the Iberian Variscan: AMS Contribution


6.1. Pluton Classification Using Tectonic Emplacement Settings


The tectonic settings established for the plutons’ emplacement were correlated to the estimated ages for the granitic plutons (Figure 10). In this approach, the Lavadores-Madalena pluton was not considered and is discussed separately.



This chronologic analysis enables the identification of a magmatic event within the time frame of 330–315 Ma, occurring in an extensional regime (E1). The Borralha pluton serves as an illustrative example, recording an extensional AMS fabric and is, therefore, considered a syn-E1 granite.



However, most of the plutons studied are related to magmatic events that occurred during Variscan collision (C3), in a compressional tectonic regime between 315 and 305 Ma and are, therefore, considered as syn-C3 granites.



The plutons emplaced during this age interval (namely, Porto, Vila Real-Gralheira, and Castelo Branco) record vertical NW–SE magnetic foliations and vertical lineations, indicating an horizontal NE–SW high tectonic compression (Figure 10). It is worth mentioning that these plutons display clear macroscopic and microscopic fabric.



The plutons younger than 305 Ma were emplaced in tectonic settings changing from a moderately compressive regime to an extensional one. Serra da Estrela, Vieira do Minho, Castro Daire, and Lamas de Olo are examples of plutons emplaced during an ENE–WSW horizontal compression in the late stages of collision. The magnetic foliations of these plutons recorded an emplacement controlled by regional late-C3, NNW–SSE strike–slip faults in a wrench regime.



With the end of the collision, the tectonic setting evolved to an extensional regime (E2), during which the Caria-Vila da Ponte, Valpaços, Capinha, Vila Pouca de Aguiar, Águas Frias-Chaves, Esmolfe-Matança, and Monção plutons were emplaced (Figure 10). Thus, this set of granites is considered as syn-E2 granites.



Concerning the Lavadores-Madalena pluton, with an age of 298 ± 11 Ma, the emplacement took place in a more complex tectonic setting. In the Lavadores facies, K1 is vertical (σ3 vertical) and in the Madalena facies, K1 is horizontal. However, the samples of Lavadores facies were collected over a very small area [80] when compared with the ones from the Madalena facies, in which the samples cover a larger exposure of the pluton [81]. The authors of [79] interpret the location where the samples of Lavadores facies were collected as the feeding zone of the pluton supporting the subvertical lineations. In the Madalena facies, σ2 is vertical, compatible with an emplacement in a strike–slip fault. Sant’Ovaia et al. [81] interpreted the magnetic fabric of the Lavadores-Madalena pluton as being acquired in a magmatic state controlled by fractures associated with the main regional structure, i.e., the Porto–Tomar shear zone (represented in Figure 1).




6.2. Magnetic Susceptibility and Magnetic Anisotropy Geologic Meaning


The assessment of Variscan granites, particularly in terms of biotite and/or muscovite content (biotite-rich vs. two-mica granites), holds significant importance as it can be linked to the nature of mineralization associated with these granites. In the CIZ, Sn-W mineralizations are commonly linked to paramagnetic, peraluminous two-mica granites. Conversely, W-Mo mineralizations tend to occur in association with biotite granites containing magnetite (e.g., [99,100]). Thus, the distinction between these types of granites is crucial, with Km playing a key role in identifying them.



Sant’Ovaia and Noronha [101] established a classification for Variscan granites based on their magnetic susceptibility (Km) and magnetic anisotropy. The authors considered a Km value of 70 × 10−6 SI as the boundary between granites with muscovite content equal or higher than biotite and granites with biotite higher than muscovite. The integration of additional AMS data makes it possible to refine this boundary. The relation between Km and P% is presented in Figure 11. Considering the biotite vs. muscovite contribution of the studied granites (Table 1), the two-mica (muscovite > biotite) granites have magnetic susceptibility values ranging between 30 × 10−6 and 70 × 10−6 SI, which are lower than the values displayed by the biotite-rich facies (biotite > muscovite), with magnetic susceptibility values higher than 110 × 10−6 SI. The composite plutons, with both facies, have magnetic susceptibility values ranging between 70 × 10−6 and 110 × 10−6 SI.



The syn-C3 plutons have a Km ranging from 49 × 10−6 to 72 × 10−6 SI (Figure 11) and include granites containing biotite and primary muscovite The variation in the relative amounts of biotite and muscovite within the plutons contributes to the dispersion of Km values, reflecting its compositional differences. The emplacement of these plutons during the C3 phase is reflected in the range of magnetic anisotropies between 3.6 and 5.9%.



Late stage-C3 plutons with Km values between 83 × 10−6 and 162 × 10−6 SI are represented by composite plutons having biotite granite facies with calcium plagioclase with different degrees of deuteric alteration. Such post-magmatic alterations produce a decrease in Fe, mainly due to biotite alteration and crystallization of secondary muscovite, implying a decrease in Km values. The emplacement of these plutons in moderate compression settings is reflected in their magnetic anisotropy ranging between 3.4 and 4.2% (Figure 11).



Syn-E2 plutons are also mainly represented by biotite granites with calcium plagioclase with Km values between 57 × 10−6 and 117 × 10−6 SI and a magnetic anisotropy always lower than 3.3% (Figure 11).



Both late-C3 and syn-E2 granites represent the products of complex lower crustal melting with possible mixture with mantle-derived magmas [49].



As was already discussed, magnetic susceptibility values can give information about magnetic mineralogy, namely the presence/absence of magnetite, which is very important to understand the magma redox conditions.



The significance of the paramagnetic or ferromagnetic (s.l.) behavior of granites was the basis of the classification of Ishihara [86]. This author recognized that the magnetite-series granitoids were relatively oxidized, whereas the ilmenite-series granitoids were relatively reduced, and that both types were associated with distinctive ore deposits. These two series are the result of reactions that remove magnetite (or inhibit its formation) during the crystallization of granitic rocks. Two main processes can control the stability of magnetite in granitic rocks, (1) reduction by combustion of carbon during the melting of metasedimentary rocks [86]; or (2) in reduced rocks, consumption by reactions with the Fe–Mg-bearing silicates [102,103]. Even so, the occurrence of magnetite or ilmenite in granites is primarily controlled by the oxidation state of the source material, but also by the differentiation degree of the granite melt [104].



The dominant paramagnetic behavior of the granite plutons evaluated in this work indicates the significance of biotite as the main ferromagnesian mineral. This trait highlights the reduced conditions involved in granite melt formation during the Variscan orogeny, suggesting a dominant graphite-bearing (i.e., reducing) source for these crustal derived collisional magmas [104].





7. Conclusions


This study consolidates data gathered from over 20 papers and PhD theses on the anisotropy of magnetic susceptibility of 19 granitic bodies, covering the time frame from 320 Ma to 296 Ma. The AMS data are derived from 876 sampling sites, including more than 7080 AMS measurements and, throughout the text, a reassessment is suggested.



The standardized magnetic information, namely magnetic susceptibility, magnetic anisotropy, and the AMS fabric, enabled the initial objectives to be achieved, and the following conclusions can be drawn:




	
The Variscan studied granites exhibit a magnetic susceptibility ranging from 30.4 × 10−6 to 10,436.1 × 10−6 SI units. The distribution of magnetic susceptibility values by classes shows that granites mostly have Km values lower than 1000 × 10−6 SI, showing a paramagnetic behavior, with the biotite being the main Fe carrier. The two-mica (muscovite > biotite) granites show magnetic susceptibility values ranging between 30 × 10−6 SI and 70 × 10−6 SI, which are lower than the values displayed by the biotite-rich facies (biotite > muscovite), with magnetic susceptibility values higher than 110 × 10−6 SI. The composite plutons, with both facies, have magnetic susceptibility values ranging between 70 × 10−6 SI and 110 × 10−6 SI.



	
The dominant paramagnetic behavior of the granite plutons studied in this work reflects the presence of biotite as the more important ferromagnesian phase. This feature indicates the reduced conditions involved in the granite melt formation during the Variscan orogeny, suggesting a dominant graphite-bearing (i.e., reducing) source for these collisional magmas. The Lavadores-Madalena pluton, among the granites studied, is the only example of a truly Variscan magnetite-type granite, suggesting a deep magma origin and the presence of melt-oxidized conditions, controlled by the source region.



	
Magnetic anisotropy fabrics are related to structures observed in the granites at different scales. Granites that are anisotropic in the field, with a visible orientation of biotite and/or K-feldspars and have magnetic anisotropies > 3%, while granites with anisotropies < 2%, are isotropic, based on field observations. Syn to late-C3 granites show essentially high-to-medium-temperature solid-state deformation microstructures with magmatic-to-submagmatic microstructures being less commonly observed. The magnetic anisotropy in these granites exceeds 3.3%. Syn-E2 granites display almost ubiquitous magmatic-to-submagmatic microstructures and a magnetic anisotropy < 3.3%.



	
The studied set of granitic intrusions shows AMS fabrics that record the stress affecting the granites, expressing the chronologic evolution of the stress status during the orogeny. This chronologic approach highlights the magmatic events occurring between around 330 Ma and 315 Ma, attending an extensional regime. The Borralha pluton serves as an example of a suite that recorded an extensional AMS fabric and is, therefore, considered a syn-E1 granite. Plutons with ages between 315 Ma and 305 Ma show AMS fabrics defining their emplacement in a compressional tectonic regime related to the Variscan collision and can, therefore, be considered as syn-C3 granites. Plutons younger than 305 Ma record AMS fabrics indicating a tectonic setting changing from a wrench regime (late-C3 granites) to an extensional one (syn-E2 granites), at the end of the collision stage. The tectonic wrench and the extensional regimes show some chronological overlap, because plutons of similar ages show AMS fabrics recording extension and moderate compression tectonic settings.
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Figure 1. Schematic representation of the ASM triaxial ellipsoid. The magnetic foliation plane represents the plane perpendicular to K3 and the magnetic lineation axis represents the lineation parallel to K1. K1 = Kmax, K2 = Kint, and K3 = Kmin (adapted from Siegesmund [23]). 
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Figure 2. Oriented samples for the AMS procedure. (a) AMS sampling equipment. (b) Drilling with portable equipment. (c,d) Measuring the orientation of the core in situ (trend and plunge). (e) Oriented sample and sub-samples. (f) Using the trend and plunge of the core axis, the AMS ellipsoid is calculated back to the geographical frame. 
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Figure 3. Simplified geologic map of Northern and Central Portugal with the plutons/granites studied (adapted from Ferreira et al. [51]). PTSZ–Porto–Tomar shear zone; MLSZ—Malpica–Lamego shear zone; JPCSZ—Juzbado–Penalva do Castelo shear zone; LRSZ—Laza–Rebordelo shear zone; PRVF—Penacova–Régua-Verín fault; MVBF—Manteigas–Vilariça–Bragança fault. CZ—Cantabrian zone, WALZ—West Asturian-Leonese, GTMZ—Galícia-Trás-os-Montes Zone, CIZ—Central Iberian Zone, OMZ—Ossa-Morena Zone; SPZ—South Portuguese Zone. 1. Borralha; 2. Porto; 3. São Mamede; 4. Vila Real—Gralheira; 5. Castelo Branco; 6. Vieira do Minho; 7. Freixo de Numão; 8. Serra da Estrela (Seia and Covilhã fácies); 9. Caria—Vila da Ponte; 10. Valpaços; 11. Capinha; 12. Castro Daire; 13. Lamas de Olo; 14. Vila Pouca de Aguiar; 15. Águas Frias-Chaves; 16. Lavadores—Madalena; 17. Esmolfe—Matança; 18. Penedos; 19. Monção. 
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Figure 4. Frequency histogram of mean magnetic susceptibility values for the granites analyzed. 
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Figure 5. (a) Isothermal Remanent Magnetization acquisition curve obtained for Lavadores granite showing the saturation at 300 mT, indicating the presence of magnetite. (b,c) Reflected light microscopy images showing magnetite (Mg) and hematite (Hem) in the and Lamas de Olo pluton. 
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Figure 6. Outcrop scale photos of selected granites. (a) Caria-Vila da Ponte pluton, P = 1.8%; (b) Freixo de Numão pluton, P = 2.6%; and (c) Valpaços pluton; P = 3.1%. The dashed line marks the orientation of the feldspars or biotites measured in the field. 
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Figure 7. Typical microstructures of selected granites: (a) Porto pluton, P = 5.9%; (b) Castro Daire pluton, P = 5.9%; (c) Vila Real-Gralheira pluton, P = 3.6%; (d) Castelo Branco pluton P = 4.6%; (e) Vila Pouca de Aguiar pluton, P = 1.4%; and (f) Vila Pouca de Aguiar pluton, P = 1.0%. All photomicrographs are under crossed polars, scale bar correspond to 500 µm. 
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Figure 8. Under coaxial, non-rotational shear, the minimum extension direction (e3) is parallel to K3 and to the direction of maximum compressive stress, σ1, whilst the maximum extension (e1) will be parallel to K1 and to the direction of minimum compressive stress, σ3 (adapted from Burton-Johnson et al. [89,90]). 
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Figure 9. Synthesis of magnetic lineation (K1) and pole to magnetic foliation (K3) stereos for the plutons considered. Schmidt, lower hemisphere projections, Kamb contours. Color gradient—blue to red—representing density of points per area. The references for the ages of the plutons are given in Table 1. The number of sites for each pluton is given in Table 2. 
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Figure 10. Comparison between the pluton AMS fabrics according to their ages and tectonic emplacement regimes. In the AMS stereos: red square, Kmax; green triangle, Kint; and blue circle, Kmin. 
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Figure 11. Relationship between the Km and P% parameters for the studied paramagnetic Variscan granites (Sant’Ovaia and Noronha [101], modified). Lavadores-Madalena, Lamas de Olo, Freixo de Numão, Penedos, and S.Mamede were not included. 
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Table 1. Summary of the main characteristics of the granites studied. All the ages presented are SHRIMP U-Pb ages obtained from zircons or monazites, except for those marked with *, indicating an approximate age assigned based on field relations, geochemical characteristics, and the age of other similar granites.
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Pluton

	
Granites

	
Age (Ma)

	
Mineralogy/Texture

	
References






	
Borralha

	
Borralha

	
320 *

	
Medium-to-coarse-grained porphyritic biotite granite

	
[63,64]




	
S. Mamede

	
S. Mamede

	
310 *

	
Medium-grained two-mica granite

	
[19]




	
Vila Verde

	
Medium-to-coarse-grained two-mica granite




	
Vila Real-Gralheira

	
Vila Real

	
311 ± 1

	
Medium-to-coarse-grained two-mica granite

	
[9,65]




	
Minheu-Lagoa

	
Medium-grained porphyritic two-mica granite




	
Gralheira

	
Medium-to-coarse-grained two-mica granite




	
Porto

	
Porto

	
311 ± 7

	
Medium-grained porphyritic two-mica granite

	
[9,66]




	
Castelo Branco

	
Alcains

	
310 ± 1

	
Porphyritic two-mica granite

	
[9,67]




	
Castelo Branco

	
Coarse-grained porphyritic monzogranite




	
Vieira do Minho

	
Vieira do Minho

	
310 ± 2

	
Coarse-grained porphyritic monzogranite

	
[68]




	
Moreira de Rei

	
307 ± 3.5

	
Medium-grained porphyritic monzogranite




	
Freixo de Numão

	
Freixo de Numão

	
306 ± 2

	
Medium-to-coarse-grained porphyritic two-mica granite

	
[64,69,70]




	
Frei Tomé

	
Fine-grained two-mica granite




	
Serra da Estrela

	
Seia

	
304.1 ± 2.9

	
Coarse-grained porphyritic biotite granites

	
[71,72]




	
Covilhã




	
Caria-Vila da Ponte

	
Caria

	
301.2 ± 1.2

	
Medium-grained porphyritic biotite granite

	
[12,73]




	
Vila da Ponte

	
Medium-to-coarse-grained porphyritic biotite granite




	
Valpaços

	
Valpaços

	
305 ± 17

	
Medium-to-coarse-grained porphyritic muscovite-biotite granite

	
[70,74]




	
Lagoas

	
Fine-grained muscovite granite




	
Capinha

	
Capinha

	
301 ± 3

	
Medium-grained two-mica porphyritic granite

	
[64,75]




	
Castro de Aire

	
Calde

	
294.1 ± 3.5

	
Coarse-grained porphyritic biotite granites

	
[72,76]




	
Alva

	
Fine-grained two-mica granite




	
Lamas de Olo

	
Lamas de Olo

	
297.19 ± 0.73

	
Medium-to-coarse-grained porphyritic biotite granite

	
[13,18,77,78]




	
Alto dos Cabeços

	
Medium-to-fine-grained porphyritic biotite granite




	
Barragem

	
Fine-to-medium-grained biotite porphyritic leucogranite




	
Vila Pouca de Aguiar

	
Pedras Salgadas

	
297 ± 14

	
Medium-to-fine-grained porphyritic biotite granite

	
[5,79]




	
Vila Pouca de Aguiar

	
298 ± 9.1

	
Medium-to-coarse-grained porphyritic monzogranite




	
Águas Frias-Chaves

	
Águas Frias

	
299 ± 3

	
Coarse-grained porphyritic biotite granite

	
[5]




	
Sto. António de Monforte

	
Medium-grained two-mica granite




	
Lavadores-Madalena

	
Madalena

	
298 ± 11

	
Medium-to-coarse-grained porphyritic biotite granite

	
[80,81]




	
Lavadores

	
Medium-grained porphyritic biotite granite




	
Esmolfe-Matança

	
Esmolfe-Matança

	
298 ± 11 to

298 ± 13

	
Medium-grained porphyritic biotite granite

	
[77,82]




	
Penedos

	
Penedos

	
298 *

	
Medium-grained leucogranite with garnet

	
[34,63,82]




	
Monção

	
Monção

	
296 ± 3

	
Coarse-grained porphyritic biotite granite

	
[83]











 





Table 2. Scalar (Km, P%) and vectorial (K1 and K3) parameters with an indication of the average magnetic foliation and lineation; n—number of sampling sites,     x  ¯   —mean value,   σ  —standard deviation, d—declination, i—inclination, 95% c.a.—95% confidence angles, n.a.—not available. References given in Table 1.
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Km

(×10−6 SI)

     x  ¯    

	
Km

(×10−6 SI)

   σ   

	
P%

     x  ¯    

	
P%

   σ   

	
K1d

	
K1i

	
K1 95%

c.a.

	
Magnetic

Lineation

	
K3d

	
K3i

	
K3 95%

c.a.

	
Magnetic

Foliation






	
Borralha (n = 7)

	

	
53.9

	
25.8

	
4.4

	
1.8

	
101

	
5

	
5

	
5°/N101°

	
242

	
69

	
3

	
N152°, 21°NE




	
S. Mamede (n = 8)

	

	
84.2

	
35.4

	
4.7

	
1.12

	
338

	
13

	
23

	
13°/N338°

	
16

	
27

	
9

	
N106°, 63°SW




	
Vila Real-Gralheira

(n = 20)

	

	
57.2

	
1.5

	
3.6

	
0.5

	
224

	
78

	
10

	
78°/N224°

	
38

	
12

	
4

	
N128°, 78°SW




	
Porto (n = 6)

	

	
48.7

	
3.9

	
5.9

	
4.9

	
128

	
79

	
n.a

	
79°/N128°

	
13

	
6

	
n.a

	
N103°, 84°SW




	
Castelo Branco

(n = 84)

	

	
71.6

	
28.4

	
4.6

	
2.0

	
137

	
56

	
25

	
56°/N137°

	
51

	
2

	
11

	
N141°, 88°SW




	
Vieira do Minho

(n = 13)

	

	
161.6

	
37.8

	
4.2

	
0.9

	
147

	
1

	
20

	
1°/N147°

	
61

	
27

	
13

	
N151°, 63°SW




	
Freixo de Numão

(n = 40)

	

	
123.9

	
23.8

	
2.6

	
2.0

	
112

	
36

	
n.a.

	
36°/N112°

	
12

	
37

	
n.a.

	
N102°, 53°SW




	
Serra da Estrela

(Seia and Covilhã)

(n = 201)

	

	
107.0

	
47.5

	
4.1

	
1.1

	
173

	
33

	
43

	
33°/N173°

	
267

	
17

	
18

	
N177°, 73°NE




	
Caria-Vila da Ponte

(n = 80)

	

	
76.0

	
15.9

	
1.8

	
0.5

	
340

	
10

	
15

	
10°/N340°

	
110

	
62

	
11

	
N20°, 28°NW




	
Valpaços (n = 34)

	

	
56.7

	
10.1

	
3.1

	
0.8

	
110

	
4

	
11

	
4°/N110°

	
5

	
63

	
5

	
N95°, 27°S




	
Capinha (n = 30)

	

	
73.4

	
12.3

	
2.0

	
1.3

	
208

	
8

	
10

	
8°/N208°

	
319

	
87

	
3

	
N59°, 3°SE




	
Castro Daire (n = 105)

	

	
83.0

	
2.9

	
3.4

	
0.9

	
354

	
22

	
46

	
22°/N354°

	
253

	
12

	
19

	
N163°, 78°NE




	
Lamas de Olo (n = 48)

	

	
1719.0

	
6350.6

	
5.1

	
2.4

	
169

	
28

	
30

	
28°/N169°

	
258

	
2

	
14

	
N168°, 88°NE




	
Vila Pouca de Aguiar (n = 105)

	

	
117.2

	
40.7

	
1.3

	
0.6

	
359

	
1

	
14

	
1°/N359°

	
129

	
83

	
11

	
N39°, 7°NW




	
Águas Frias-Chaves (n = 13)

	

	
78.1

	
22.9

	
2.1

	
1.3

	
296

	
7

	
15

	
7°/N296°

	
181

	
80

	
6

	
N91°, 10°N




	
Lavadores-Madalena

(n = 14)

	
Lavadores

	
10,436.1

	
2983.6

	
18.4

	
4.9

	
219

	
78

	
12

	
78°/N219°

	
17

	
12

	
9

	
N107°, 78°SW




	
Madalena

	
98

	
8

	
11

	
8°/N98°

	
4

	
16

	
8

	
N94°, 74°SW




	
Esmolfe-Matança

(n = 59)

	

	
64.4

	
10.3

	
3.2

	
3.7

	
330

	
6

	
8

	
6°/N330°

	
110

	
87

	
3

	
N20°, 3°NW




	
Penedos (n = 6)

	

	
30.4

	
7.0

	
1.9

	
2.0

	
352

	
44

	
13

	
4°/N352°

	
62

	
36

	
6

	
N152°, 51°SW




	
Monção (n = 3)

	

	
117.4

	
34.3

	
1.4

	
1.5

	
260

	
12

	
n.a

	
12°/N3260°

	
153

	
57

	
n.a

	
N63°, 33°NW
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