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Abstract: The magnetic susceptibility measured in an alternating field is made up of in-phase and
out-of-phase components. The in-phase Anisotropy of Magnetic Susceptibility (ipAMS) measures
the bulk response of all minerals in a sample; however, out-of-phase AMS (opAMS) is sensitive to
only select ferromagnetic minerals such as hematite, titanomagnetite, and ultrafine magnetite. The
opAMS can be harnessed as a tool for the direct determination of magnetic subfabrics defined by
ferromagnetic minerals. This work focuses on the following three Portuguese plutons: Lamas de Olo,
Lavadores-Madalena, and Santa Eulélia. The results show that the magnetic susceptibility is lower in
opAMS, the degree of magnetic anisotropy is much higher in the opAMS, and the ellipsoid shape
parameter has no significant differences. The ipAMS and opAMS tensors are, in general, coaxial,
which indicates that the standard AMS fabric is parallel to the subfabric of minerals such as hematite,
titanomagnetite, and ultrafine magnetite.

Keywords: anisotropy of out-of-phase magnetic susceptibility; anisotropy of in-phase magnetic
susceptibility; rock and mineral magnetism

1. Introduction

The Anisotropy of Magnetic Susceptibility (AMS), also referred to as the standard
AMS, represents the composition of minerals in a rock sample; if more than one rock fabric
is present, an intermediate AMS tensor may be recorded [1].

Several techniques were developed to isolate the magnetic subfabrics based on the
specific behavior and susceptibility of individual minerals in variable magnetic fields or at
variable temperatures. Authors such as Hrouda and Jelinek [2], Rochette et al. [3], Martin-
Hernandez and Hirt [4], Ferré et al. [5], Roman-Berdjiel et al. [6], Raposo and Gastal [7], and
Oliva-Urcia et al. [8], among others, used techniques to separate the magnetic subfabrics of
diamagnetic and paramagnetic minerals. On the other hand, other techniques can help in
separating the magnetic subfabrics of pyrrhotite/hematite from the paramagnetic mineral
subfabric (e.g., [5,9,10]).

Hrouda et al. [11-13] developed a method which utilized the anisotropy of out-of-
phase magnetic susceptibility for the direct determination of magnetic subfabrics, as well
as the magnetic granulometry of some minerals. This technique is based on the perception
that when measuring susceptibility in a low alternating magnetic field, the measured
specimen is usually magnetized by a weak field sinusoidally varying in time, and its
magnetic response is measured. The AMS measured in the alternating field can be divided
into two components: (i) one which is in-phase with the applied field, and (ii) another
which is out-of-phase with the applied field. In the component that is in-phase with the
applied field, the response occurs instantaneously and produces a zero-phase angle; this
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is typical of non-conductive diamagnetic, paramagnetic, and many ferromagnetic sensus
latus (s.l.) materials (e.g., multidomain magnetite). Conversely, in a component that is
out-of-phase, the magnetization is not in-phase with the applied field but lags behind the
field to produce a non-zero phase angle [11-14].

Rocks are usually composed of diamagnetic, paramagnetic, and ferromagnetic s.1.
minerals. Therefore, in anisotropic materials, such as rocks, the magnetic susceptibility
(k) is also anisotropic and can be subdivided into the following two components: (i) one
in-phase with the applied field (ipK;,), and (ii) the other out-of-phase (0pKj,). Accordingly,
the anisotropies of these components can be defined as in-phase magnetic anisotropy
(ipAMS) and out-of-phase anisotropy (opAMS) [12,14]. The ipAMS is the standard AMS
(e.g., [15,16]) whereas the measurement of the opAMS is more difficult and its technique
was only developed recently by Hrouda et al. [11-14].

Only some ferromagnetic viscous minerals exhibit an out-of-phase response; these
include hematite, titanomagnetite, and ultrafine grains of magnetite. There are three major
physical mechanisms that produce the opKy, [16]:

Viscous relaxation is typical of ultrafine magnetic particles, such as ultrafine grains
of magnetite that are between the blocked and unblocked states at a superparamagnetic
(SP)/stable single domain (SSD) boundary;

(i) Electrical eddy currents (induced by an AC field in conductive materials) are charac-
teristic of minerals that are at least moderately conductive electrically;

(i) Weak field hysteresis (non-linear and irreversible dependence of M on H) is typical
of minerals that show a wide hysteresis loop, such as titanomagnetite, pyrrhotite,
and hematite.

The presence of magnetite in Iberian granites has been described in several works, both
in Portugal and in Spain (e.g., [6,17-24]). Nevertheless, the occurrence of magnetite-type
granites [25] is rare and only the following five occurrences are known in Portugal: Peneda-
Gerés, Lamas de Olo, and Lavadores-Madalena plutons in the north [17,18]; Manteigas
granodiorite in the center [19]; and Santa Eulalia Plutonic Complex in south Portugal [20].

The purpose of this work is to enhance and complement previous studies [21] of
the magnetic subfabrics of three Portuguese magnetite-type plutons and to verify if min-
erals, such as magnetite and hematite, have the same orientation as the other minerals
present in these plutons. The plutons studied are Lamas de Olo, Lavadores-Madalena, and
Santa Eulalia.

2. Materials and Methods
2.1. Fundamentals of Out-of-Phase Magnetic Susceptibility

To measure the magnetic susceptibility in a low alternating magnetic field, the samples
are magnetized by a weak field sinusoidally varying in time (Equation (1)) (e.g., [13]):

H(t) = Hy cos(wt) 1)

where Hj represents amplitude, w is the angular frequency, and ¢ is time; the magnetic
response is represented by magnetization, M(t) (Equation (2)) (e.g., [13]).

M(t) = My cos|w(t — At)] = My cos(wt — 6) ()

where M is amplitude, Af represents the time lag, w is the angular frequency, and J refers
to the phase.

In such materials, the susceptibility is determined for the in-phase (ipKj;) and out-
of-phase (opKj;) components, and the phase angle J, which expresses the strength of the
opAMS response, was defined as (Equation (3)) (e.g., [13]):

®)



Minerals 2022, 12, 1376

30f12

2.2. Analytical Techniques and Calculated Parameters

For the present study, 22 mm long x 24 mm diameter cylindrical sub-samples (ca.
10 cm?) of three different Variscan granites were examined. The ipAMS and opAMS
were measured with the KLY5-A Kappabridge from AGICO, Inc., Brno, Czech Republic,
using a fully automated 3D rotator from the Magnetics, Minerals, Magma and Ore “M3Ore”
Laboratory at the University of St. Andrews in a low alternating field of 400 A/m at
1.22 kHz, at room temperature. The AMS ellipsoid for each sub-sample was calculated
from the magnetic susceptibility data obtained using Anisoft 4 [26]. The mean of all
the sub-specimens from each sample site was calculated with Anisoft 4 to determine the
site-averaged AMS ellipsoids.

The ipAMS and opAMS were determined simultaneously, and the calculus for the
computation of the opAMS is the same as that for the computation of the ipAMS. It should
be noted that the measurements were collected using the X, y, and z coordinate system.

The obtained data help to establish the magnetic susceptibility tensor, represented by
a triaxial ellipsoid. The intensities and orientations of the three axes, K; > K; > K3, and
the 95% confidence angles, E1, Ea3, and E3;, corresponding to these axes were calculated.
The ratios between the K axes” magnitudes provide several magnetic parameters [16,27],
such as:

(i) Mean susceptibility (Equation (4)):

Ki+Ky+K
Ky = === ()
(ii) Degree of magnetic anisotropy (Equation (5)):
P; = exp \/2[(n —n)?+(n, —n)? + (n3—n)?] (5)
] 1 2 3

(iii) Shape ellipsoid (Equation (6)):

where K; > Kj > K3 are principal susceptibilities, and n = (n; + ny + n3)/3, and ny, np, and
ng are their respective natural logarithms.

3. Geological Setting
3.1. Regional Context

The Iberian Variscan belt is a large, curved section of the European Variscan belt that
resulted from the collision between two supercontinents, the Laurussia and Gondwana,
during the Devonian and Carboniferous periods [28-30].

The Iberian Variscan belt is divided into the following geotectonic zones: the Cantabrian
Zone, the West Asturian Leonese Zone, the Central Iberian Zone (CIZ), the Ossa-Morena
Zone (OMZ), and the South Portuguese Zone [27]. This work focuses on the CIZ, and
OMZ [31].

3.2. Studied Plutons

The present study investigated the following three Portuguese Variscan composite
plutons (Figure 1): (i) the Lamas de Olo Pluton (LOP), (ii) the Lavadores-Madalena Pluton
(LMP), and (iii) the Santa Eulalia Plutonic Complex (SEPC).
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Figure 1. Location of the studied areas in the Iberian Peninsula, and a simplified geological map of
studied plutons (Lamas de Olo pluton, Lavadores-Madalena pluton, Santa Eulalia Plutonic Complex).
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All the plutons are post-kinematic, Late Carboniferous—-Early Permian in age and
have magnetite in their composition. The LOP and LMP are located in the Central-Iberian
Zone (CIZ), north and northwest of Portugal, respectively, and the SEPC outcrops in
the Ossa-Morena Zone (OMZ), southeast of Portugal, near the contact between CIZ and
OMZ [32].

The Lamas de Olo Pluton (LOP) is a post-tectonic body located in the northern part
of CIZ at the Iberian Variscan belt. The LOP is a composite pluton composed of distinct
granites that are similar in mineralogical composition but with different grain sizes, namely
the: (i) Lamas de Olo, (ii) Alto dos Cabegos, and (iii) Barragem granites. The main granite
is the Lamas de Olo, which is characterized by a medium-to coarse-grained porphyritic
granite. The Alto dos Cabecos is a fine- to medium-grained, porphyritic granite. The
younger granite that cuts the other two granites is Barragem, which outcrops in the center of
the pluton, near the dam; it is classified as leucocratic, fine- to medium-grained and slightly
porphyritic granite. LOP granites are mostly composed of quartz, plagioclase, K-feldspars,
and biotite. Muscovite I, muscovite II, zircon, sphene, allanite, fluorite, hematite, magnetite,
ilmenite, chlorite, rutile, apatite, goethite, epidote, and tourmaline are present as accessory
minerals [18,33-36]. Available geochronologic Pb/U data indicate an age of ca. 297 Ma for
the Lamas de Olo granite [35]. The magnetic susceptibility values show a heterogeneous
behavior across the pluton (21 uSI < K;; < 44,382 uSI). The Lamas de Olo granite shows a
higher variability in magnetic susceptibility values, and the Barragem granite has lower
magnetic susceptibility mean values (Figure 2). The K, data, combined with petrographic
and other magnetic mineralogy studies (e.g., thermomagnetic curves and the treatment
of isothermal remanence magnetization data by the cumulative log-Gaussian function),
suggest that the LOP is composed of magnetite-type granites but areas of magnetic- and
non-magnetic-behavior are also present [18,36,37]. Previous studies [18] show that the
LOP has a complex magnetic mineralogy, with both hematite and magnetite. However,
in the Alto dos Cabegos granite, most of the magnetite is altered into hematite (martite),
and in the Barragem granite, although magnetite is not observed under a microscope, it
was identified in minor amounts through the thermomagnetic curves and the isothermal
remanence magnetization curves [18].
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Figure 2. Relative frequency magnetic susceptibility histograms: (a) for all the studied granites; (b) for
the plutons; LOP: Lamas de Olo Pluton; SEPC: Santa Eulélia Plutonic Complex; LMP: Lavadores-
Madalena Pluton (total of measured samples = 1162).

The Lavadores-Madalena Pluton (LMP) is located in CIZ, in northwest Portugal (near
Porto). The LMP is dated ca. 298 Ma [38] and is composed of the following two granites:
(i) Lavadores, and (ii) Madalena. The Lavadores granite is a porphyritic, coarse-grained
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biotite granite and contains quartz, plagioclase, perthitic orthoclase and microcline, biotite,
magnetite, hematite, zircon, sphene, apatite, allanite, and amphibole [38]. The Madalena is a
porphyritic, medium- to coarse-grained biotite granite composed of quartz, orthoclase, pla-
gioclase, biotite, magnetite, hematite, zircon, apatite, muscovite, and chlorite [17]. Studies of
magnetic susceptibility and isothermal remnant magnetization of the Lavadores-Madalena
pluton demonstrate that it is a magnetite-type (Figure 2). The magnetic susceptibility values
are in the range of 7130 x 1076 SI < K, < 19,303 x 1070 SI[17,38]. Thermomagnetic curves
show the presence of magnetite/Ti-poor magnetite and hematite [18].

The Santa Eulalia Plutonic Complex (SEPC) is composed of the following two concen-
tric granites: (i) GO granite, and (ii) G1 granite. The external granite is GO and it consists
of a medium- to coarse-grained pink granite. This granite is mostly composed of quartz,
biotite, K-feldspar, and plagioclase, with minor amounts of magnetite, hematite, chlorite,
amphibole, allanite, and zircon. The central granite, named G1 granite, is a porphyritic,
gray, medium-grained, biotite granite. The mineral assemblage of G1 includes quartz,
biotite, plagioclase, microcline, muscovite, and cordierite; however, magnetite is not ob-
served [20,39]. The geochronology U-Pb zircon data defined comparable crystallization
ages of 301 + 0.9 Ma, and 302 + 2.9 Ma for the GO and G1 granites, respectively [39].
The magnetic susceptibility data demonstrate that GO and G1 granites have a different
magnetic behavior. GO is considered a magnetite-type granite, having K, values between
41.6 x 107° ST and 7343.7 x 107° SI, and G1 is an ilmenite-type granite, with lower K,
values, between 55.1 x 107® SI and 133.7 x 10~ SI [20] (Figure 2). The formation of GO
required oxidized conditions related to the interaction of mafic rocks with felsic magma.

Petrographic studies of these three plutons show the presence of martitization pro-
cesses that lead us to conclude that these plutons are magnetite-type granites, but oxidation
processes, partially or totally, alter the magnetite into hematite, explaining the lower values
in some areas [18,20,39].

4. Results and Discussion

The ipAMS and opAMS data for each sampling site for the Lamas de Olo (LOP),
Lavadores-Madalena (LMP), and Santa Eulalia (SEPC) plutons are determined (Tables 1 and 2,
and Figure 3).

Table 1. ipAMS data for studied granites (n—number of samples; the ipAMS measurements were
performed according to a specimen coordinate system).

ipAMS
Pluton Sampling Site n Km Km . )
(x10~?) (x10-6) Pj Tj K1 Dec K1 Inc K3 Dec K3Inc E12 E23 E31

LM 19 8 1.77 1765 1.06 0.16 133 43 229 6 42 27 10
LM 32 8 2.02 2018 1.07 —0.01 48 9 315 20 16 21 36
LOP LM 33 7 0.00 2 1.73 —0.23 103 69 236 15 39 29 12
LM 34 6 0.10 99 1.01 0.03 5 3 269 65 11 30 7
LM 39 8 0.08 83 1.01 0.00 189 22 73 47 35 40 19
LMP Lvi 8 16.20 16,200 1.16 0.38 106 69 318 18 42 16 17
Lv4 8 8.41 8410 1.31 0.46 12 30 265 27 72 11 29
SEPC ASM 076 9 1.85 1851 1.07 0.08 105 31 14 2 37 20 16

The opKjy, is much lower than the ipK;, (Figure 3a—) and the P; parameter is higher in
the opAMS measurements than in the ipAMS measurements (Figure 3a,d); there are also no
significant differences in the T; parameters (Figure 3b,d) due to them consisting of mostly
oblate ellipsoids. The phase angle is non-zero in all samples (Table 2; Figure 3c).
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Table 2. opAMS data for studied granites and phase angle (the opAMS measurements were per-
formed according to a specimen coordinate system).

opAMS
Pluton Sampling Site Km Km . . Phase (°)
(x10-%)  (x10-6) Pj Tj K1 Dec K1 Inc K3 Dec K3Inc E12 E23 E31
LM 19 0.0010 0.9501 1.59 0.27 140 76 235 1 21 53 12 0.03
LM 32 0.0014 1.4491 2.44 0.20 56 48 313 11 74 10 37 0.04
LOP LM 33 0.0017 1.7471 173 —-0.23 105 72 227 10 40 72 13 0.06
LM 34 0.0003 0.3340 136 —0.15 16 18 238 66 53 23 32 0.19
LM 39 0.0011 1.1353 1.40 0.03 61 42 302 28 6 54 6 0.79
LMP Lvi1 0.0481 48.0875 2.77 0.29 96 68 325 15 51 23 22 0.17
LV 4 0.0085 8.4950 524 0.50 60 66 267 22 45 31 10 0.06
SEPC ASM 076 0.0001 0.1157 3073  0.24 83 70 186 5 11 37 7 0.01
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Figure 3. (a) P; vs. Ky, plot; (b) Tj vs. Pj plot; (c) T; vs. Ky, plot; (d) Ky vs. phase angle (ipAMS—in-
phase AMS; opAMS—out-of-phase AMS); LOP—Lamas de Olo pluton; LMP—Lavadores-Madalena
pluton; SEPC—Santa Eulalia Plutonic Complex).
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An interpretation of the presence of the lower opK;; values, when compared with the
ipK;,; values, is that the lower opKj;, is due to only some minerals being present, which
indicates the susceptibility of viscous particles in the transition between superparamagnetic
(SP) and stable single domain (SSD) states. In contrast, the ipKy, is controlled not only
by these grains, but also by the multidomain (MD) grains, and by paramagnetic grains.
The frequency dependence of magnetic susceptibility (KfD%) was previously measured in
samples from the LOP [18], revealing the presence of superparamagnetic minerals in some
areas of the pluton.

The increase in P; in the opAMS is explained by the grain degree of the opAMS being
higher in the ultrafine magnetically viscous particles than the degree of the ipAMS in the
MD particles, and also by the possible effect of paramagnetic minerals in the ipAMS.

The T parameters are mostly oblate in both the ipAMS and opAMS, which can be inter-
preted as the main influence of hematite grain anisotropy and magnetite shape anisotropy.

Figures 4 and 5 show that the ip AMS and opAMS tensors are coaxial, except for one
site of the LOP (the site LM 39). This site has low ipK,; values (Table 1) which indicates
the presence of minor amounts of ferromagnetic minerals compared to the other sites.
The coaxial tensors reflect the fact that the standard ipAMS fabric is the same as the
subfabric of minerals such as hematite, titanomagnetite, and ultrafine magnetite. Even in
site LM 34, which has low ipK;, values, the tensors are coaxial, indicating the presence of
minerals such as hematite (after magnetite) but with the same orientation as the matrix.
The occurrence of martitization processes (partial and/or total oxidation of magnetite into
hematite) was described in previous works, namely in [18]. On the other hand, the LM
39 site has the K; and K3 orientated differently in the ip AMS and opAMS, suggesting the
presence of a ferromagnetic oxide, such as hematite, but with a different orientation to the
paramagnetic minerals.
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Figure 4. ipAMS and opAMS mean tensors for LOP sub-samples, according to specimen coordinate
system, and 95% confidence areas. Equal-area projection, lower hemisphere (the hollow symbols
represents the corresponding mean vectors).
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Figure 5. ipAMS and opAMS mean tensors for LMP and SEPC sub-samples, according to specimen
coordinate system, and 95% confidence areas. Equal-area projection, lower hemisphere (the hollow
symbols represents the corresponding mean vectors).

5. Conclusions

In conclusion, as the out-of-phase susceptibility is only non-zero in some minerals, the
opAMS of rocks containing these minerals can be used as a tool for the direct determination
of the magnetic subfabrics of these minerals. It should be noted that the opAMS indi-
cated similar conclusions to studies on anisotropy of anhysteretic remanent magnetization
(AARM) (e.g., [7]), as both are related to the presence of ferromagnetic minerals and their
magnetic properties (e.g., magnetite and titanomagnetite). However, the opAMS does not
require the permanent magnetization of samples and is measured simultaneously with
the ipAMS.

Our studies prove that in plutons composed of magnetite-type granites, where both
ferromagnetic and paramagnetic minerals are present, the magnetic fabric is, in most
cases, coaxial. The coaxiality proves that the magnetite and/or hematite subfabric tends
to have the same orientation as the other minerals in the matrix, namely the biotite. The
non-coaxiality verified in sample LM 39 may be due to several factors, such as the magnetic
susceptibility of this sample being very low, which leads to a greater inaccuracy of the
measurements; it should be noted that this technique works better on rocks with high
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magnetic susceptibilities. Nevertheless, the results obtained for these granites, even in
samples with lower magnetic susceptibility values, are satisfactory.
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