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If amphibole is a major constituent in a rock, its magnetic fabric can be largely controlled by the crystallographic
preferred orientation of amphibole. This study describes the (para)magnetic anisotropy in two amphibolites,
both containing ca. 70% hornblende with rather strong crystallographic preferred orientation. Both amphibolites
display a significant and well-defined anisotropy of magnetic susceptibility, with the minimum susceptibility
approximately normal to foliation. However, in one amphibolite, the maximum susceptibility is parallel to the
lineation, whereas in the other it is not. This seemingly inconsistent observation can be explained by the intrinsic
susceptibility anisotropy of single crystals of hornblende, and their texture in the rocks. Numerical models show
how the principal susceptibility axes relate to macroscopic foliation and lineation for point and fiber textures.
This study underlines the potential of using magnetic anisotropy to obtain information about mineral fabrics in
mafic rocks. At the same time, it highlights the necessity for taking into account single crystal properties of the
mineral(s) responsible for the anisotropy and their crystallographic preferred orientation when interpreting

magnetic fabrics.

1. Introduction

Mineral fabrics can provide important information about the geo-
logical and geodynamic processes that a rock has experienced over its
history, such as flow, deformation or recrystallization in a stress field.
The mineral fabric is a complex property of a rock, which involves
crystallographic preferred orientation (CPO), shape preferred orienta-
tion (SPO), and spatial distribution of various minerals, defects, or
other fabric indicators. Macroscopic foliation and lineation are defined
by the (shape) preferred orientation and alignment of platy and elon-
gated minerals, respectively. Textures, here used synonymously to CPO,
can be quantified by techniques such as electron backscatter diffraction
(EBSD), X-ray texture goniometry, or neutron diffraction.

Many physical properties of minerals, e.g. elastic, thermal, or
magnetic properties of single crystals, are intrinsically anisotropic.
Therefore, the anisotropy of physical properties of a rock is linked to the
CPO and/or SPO of its constituent minerals, and thus provides an in-
direct measure of mineral fabrics. Texture, in turn, can be used to infer
the geodynamic context of the rock. The attraction in using physical
properties as an indirect measure of texture is that they are faster than
direct texture determination, and can be performed on larger samples
that are more representative of heterogeneous materials (Engler and
Randle, 2009; Ullemeyer et al., 2000). The relationship between

anisotropy of tensorial properties and texture has long been established
(e.g. Bunge, 1969, 1982; Ji and Mainprice, 1989; Mainprice and
Nicolas, 1989; Seront et al., 1993). Mathematical models allow to
compute the anisotropy of elastic or other physical properties of a rock
based on its texture (Mainprice, 1990; Mainprice and Humbert, 1994;
Mainprice et al., 2011; Wenk et al., 1998). These models have been
used to (1) model elastic or thermal tensors and compare them to
measured anisotropy, or (2) to predict or extrapolate seismic anisotropy
when it was not directly measured (Brownlee et al.,, 2011, 2013;
Feinberg et al., 2006; Lloyd et al., 2011; Tommasi et al., 2001). Even
though the same approach can be applied to magnetic fabrics, the
newest studies comparing rock texture with magnetic and seismic an-
isotropies show texture-derived models only for seismic, but not for
magnetic anisotropy (e.g. Gaudreau et al., 2017; Punturo et al., 2017).

Anisotropy of magnetic susceptibility (AMS), specifically the degree
of anisotropy and orientation of principal susceptibility axes, is com-
monly used as a qualitative indicator for mineral fabrics (e.g. Borradaile
and Henry, 1997; Borradaile and Jackson, 2010; Hrouda, 1982; Martin-
Hernéndez et al., 2004; Owens and Bamford, 1976; Tarling and Hrouda,
1993, and references therein). The maximum susceptibility (k; or
magnetic lineation) is typically parallel to lineation, and the minimum
susceptibility (ks, or pole to magnetic foliation) normal to the foliation
plane (Balsley and Buddington, 1960). Numerous studies report that the
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degree of magnetic anisotropy increases with progressive deformation
(e.g. Cogné and Perroud, 1988; Graham, 1966; Hirt et al., 1988;
Kligfield et al., 1977; Kneen, 1976; Rathore, 1979; Wood et al., 1976).
However, these empirical relationships are further influenced by mi-
neralogy (Borradaile and Henry, 1997; Owens, 1974). It was also con-
firmed that AMS, when carried by a single mineral, reflects the CPO of
that same mineral (Chadima et al., 2004; Hirt et al., 1995; Hrouda
et al.,, 1985; Hrouda et al., 1997; Hrouda and Schulmann, 1990;
Kligfield et al., 1983; Liineburg et al., 1999; Owens and Rutter, 1978;
Siegesmund et al., 1995). For rocks with more complex fabrics, and
several minerals potentially contributing to AMS, EBSD has been used
to determine which minerals carry the AMS (e.g. Bascou et al., 2002,
2013; Boiron et al., 2013; Cavalcante et al., 2013; Chadima et al., 2009;
Craddock and McKiernan, 2007; Kruckenberg et al., 2010; Oliva-Urcia
et al., 2012; Viegas et al., 2013; Zak et al., 2008). Results from these
investigations illustrate that prior to interpreting magnetic fabrics, it is
important to (1) determine which mineral carries the AMS, and (2)
know the single-crystal AMS of this mineral and its variation with
chemical composition. Advanced measurement techniques that isolate
individual components of the AMS (e.g. Martin-Hernandez and Ferré,
2007), combined with knowledge about the single crystal properties,
now allow for a more precise, quantitative interpretation of magnetic
fabrics, similar to what is already being done in seismic anisotropy
studies.

One further challenge in interpreting magnetic fabrics is observed in
amphibole-bearing rocks, where magnetic lineation is an unreliable
proxy for the macroscopic lineation. Amphiboles occur in a wide range
of igneous and metamorphic rocks, and possess a long prismatic habit
as well as crystal plastic anisotropy, so they often adopt a CPO during
deformation or flow. Together with phyllosilicates, amphiboles are
among the most important carriers of (para)magnetic fabrics in various
igneous and metamorphic rock types (Borradaile et al, 1993;
Schulmann and Jezek, 2011; Zak et al., 2008). Although the maximum
susceptibility (k;) in amphibole-bearing rocks can reflect the macro-
scopic lineation, Borradaile et al. (1993) observed some ‘anomalous
fabrics’; rocks in which k; lies in the foliation plane, but perpendicular
to the macroscopic lineation. Similarly, amphibolites in the Mgre-
Trendelag Fault Zone, Central Norway, show maximum susceptibility
axes deviating up to 50° from the structural lineation (Biedermann,
2010).

Early studies on the intrinsic AMS of amphibole single crystals re-
ported differing and partly conflicting results, which were attributed to
the presence of ferromagnetic inclusions (Borradaile et al., 1987; Finke,
1909; Lagroix and Borradaile, 2000; Parry, 1971; Wagner et al., 1981).
Recently, Biedermann et al. (2015a) characterized the isolated para-
magnetic AMS in amphibole minerals of well-defined composition. In
hornblende and actinolite, they found that the paramagnetic maximum
principal susceptibility is parallel to [010], the intermediate principal
susceptibility parallel to [001], and the minimum susceptibility normal
to the (100) plane, and that the AMS ellipsoid has a highly oblate shape.
The ferromagnetic contribution or the low-field AMS of the same
samples did not show this consistent relationship between magnetic
anisotropy and crystal lattice directions. The fact that the macroscopic
lineation is defined by the long axis of needle-shaped or prismatic mi-
nerals, which does not coincide with the maximum susceptibility di-
rection for amphiboles, calls for a thorough assessment of the link be-
tween amphibole CPO and magnetic fabric.

In this study, we examine the magnetic and mineral fabrics of am-
phibolites from two localities, and predict by model calculations how
the magnetic fabric varies for different amphibole textures. The am-
phibolites from both localities are similar in composition, containing ca.
70% hornblende, and fabric strength, with hornblende defining the
fabric. Still, they display fundamentally different relationships between
their maximum susceptibility and lineation, i.e., parallel and oblique.
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Table 1
Modal composition of each sample (volume percentages, as determined by EBSD).

Sample Hornblende Plagioclase Quartz Other (< 1% unless specified)
GRTA1 67 31 2 Garnet, magnetite

GRTA2 71 27 2 Garnet, magnetite

Fb3 80 12 8 Biotite, epidote, magnetite

Fcl 72 19 5 Pyroxene (3%), biotite, epidote,

magnetite

This contribution focuses on how the details of the CPO define the
magnetic anisotropy, without intention of interpreting the AMS fabric
any further in a structural or regional context. Numerical simulations
with model CPOs help predict how different magnetic fabrics can arise
for a variety of hornblende textures. Understanding how the type of
amphibole texture affects the magnetic fabric is important to facilitate
future interpretations of AMS in amphibole-bearing rocks.

2. Material and methods
2.1. Sample description

The samples investigated in this study are from two groups of am-
phibolites. The first group, which is from a garnet amphibolite in the
Ivrea Zone, Northern Italy (GRTA1, GRTA2), has its maximum para-
magnetic susceptibility parallel to the macroscopic lineation, whereas
the second group from Mgre-Trgndelag Fault Complex (Fb3, Fcl) in
Central Norway has the maximum susceptibility deviating by up to 50°
to mineral lineation (Biedermann, 2010; Biedermann et al., 2015b). All
samples contain mainly hornblende, and additionally quartz and pla-
gioclase (Table 1, Fig. 1). Quartz and plagioclase are weakly magnetic
compared to hornblende. Their presence lowers the rock's mean sus-
ceptibility as well as the degree of anisotropy, however, their effect on
the orientation of principal susceptibility directions can be neglected.
Magnetite occurs as a trace mineral. For this reason, high-field methods
were used to separate the paramagnetic hornblende contribution,

Foliation

Fig. 1. Thin section photographs (above) and EBSD-derived phase maps (below) of
GRTA1 and Fb3. Color codes for phase maps: hornblende — black; plagioclase — dark grey;
quartz - light grey; not indexed — white. Diameter 1.5 cm for GRTA1, and 2.5 cm for Fb3.
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which is the main interest for this study, from the total magnetic ani-
sotropy. EBSD and magnetic analyses were performed on two core
samples from each locality. The EBSD scans were acquired on a surface
cut normal to the long axes of the same cores used for magnetic mea-
surements.

2.2. Mineral fabric

Macroscopic fabrics were observed in the field and in block samples
before cores were drilled. They are defined by the preferred alignment
of hornblende minerals, as well as the orientation of quartz and plagi-
oclase bands or lenses.

Electron backscatter diffraction (EBSD) on well-polished core sur-
faces was applied to determine the CPO of amphibole, plagioclase and
quartz. Prior to measurements, the sides of each core were covered with
silver paint to reduce charging, but no coating was applied to the
analyzed surface. EBSD patterns and energy dispersive X-ray spectro-
scopy (EDS) counts of specific elements were mapped simultaneously
with an EOscan Tescan Vega-3 scanning electron microscope (SEM)
(Tescan, Brno CZ), equipped with a Pegasus EBSD and EDS system (OIM
(Orientation Imaging Microscopy) version 6.2) by Ametek-Edax
(Mahway, NJ, USA). The SEM was operated with a beam current of
3-5nA and 20 kV acceleration voltage. During data acquisition, only
one high-symmetry phase was indexed to avoid any loss of speed. All
relevant mineral phases were indexed during post-processing using the
Chi-Scan routine of OIM Data Collection, applying user-defined win-
dows for EDS counts to assign the individual minerals. Orientation
density functions and pole figures were calculated using the Matlab
toolbox MTex (mtex-toolbox.github.io, Hielscher and Schaeben, 2008;
Bachmann et al., 2010; Mainprice et al., 2011).

2.3. Magnetic fabric

The magnetic fabric was characterized by the isolated paramagnetic
component from high-field AMS measurements on a torque magnet-
ometer (Martin-Hernandez and Hirt, 2001). The paramagnetic compo-
nent was isolated in order to remove any contribution of magnetite to
the AMS fabric. Magnetite with its strong susceptibility could dominate
the magnetic properties, even though it only contributes < 1% to the
rock's composition and may record a different fabric than the major
constituents of the rock. Torque measurements were performed in three
mutually perpendicular planes, rotating the sample at 30° increments in
six fields between 1.0 and 1.5 T on a home-built torsion magnetometer
(Bergmiiller et al., 1994). Torque can be measured at room temperature
or at 77 K, by submersing and measuring the sample in a cryostat filled
with liquid nitrogen (Schmidt et al., 2007). At low temperature, the
paramagnetic signal is enhanced, because the paramagnetic suscept-
ibility increases with decreasing temperature.

Magnetic susceptibility is described by a second-rank symmetric
tensor k. Torque measurements are particularly accurate because sus-
ceptibility differences are measured instead of absolute values. They
define the deviatoric susceptibility tensor, i.e. k — Kpneanl3, Where I3 is the
3 x 3 unit matrix. The eigenvalues of the tensor k, k; = ky = k3 or
ki — Kmean = ko — kmean = k3 — Kmean, are referred to as maximum, in-
termediate and minimum principal susceptibility, and the corresponding
eigen vectors define the direction of each principal susceptibility axis.
Kmean = %(kl + k; + k3) is the mean susceptibility. Numerous parameters
exist to quantify the degree and shape of the anisotropy. In this study,
k’, describing the deviation of the AMS ellipsoid from a sphere with
radius Kmean, Will be wused to describe the anisotropy degree
k"= \/[(kl = Kmean)* + (2 = kmean)* + (ks = kmean)?1/3  (Jelinek, 1984),
and the shape of the AMS ellipsoid is quantified by U =
(2kz — k1 — k3)/(k; — k) (Jelinek, 1981). k’ increases with increasing
anisotropy, and U varies from —1 for rotationally symmetric prolate
ellipsoids to + 1 for rotationally symmetric oblate ones; U = O refers to
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neutral shape. Note that k’ is defined for both full and deviatoric tensors,
and particularly suited to describe the contribution of a specific com-
ponent to the whole-rock anisotropy.

2.4. Numerical modeling

The paramagnetic anisotropy in a rock depends on (1) the single
crystal magnetic anisotropy of relevant minerals, i.e. amphiboles in this
study, (2) the modal composition (volume percentage) of those relevant
minerals, and (3) the orientation distribution of the mineral(s) (Fig. 2).
Because magnetic susceptibility and AMS are properties of the grain
volume, and not the grain boundaries, as for instance in the case of
electrical conductivity, it is possible to compute theoretical predictions
of the whole-rock AMS based on these three factors (Biedermann et al.,
2015b; Mainprice et al., 2011; Mainprice and Humbert, 1994). Other
components, such as shape or distribution anisotropy, are important in
strongly ferromagnetic minerals, e.g. magnetite, but these do not con-
tribute to the paramagnetic anisotropy. In this study, whole-rock AMS
will be characterized by Hill average tensors (Hill, 1952) as computed
by MTex. Due to their low mean susceptibility and k’ (Biedermann
et al., 2016; Voigt and Kinoshita, 1907), neither quartz nor plagioclase
affect the principal susceptibility directions. Therefore, input para-
meters for directional models are the single crystal AMS of hornblende,
as well as the CPO of amphibole, determined from EBSD data. The
mean susceptibility, as well as the values of k;, k, and k3, and k’ on the
other hand, are influenced the low-susceptibility, low-anisotropy mi-
nerals, and thus depend on the modal composition. Because these mi-
nerals can have weakly diamagnetic to weakly paramagnetic suscept-
ibilities, their cumulated effect is modeled by adding an isotropic phase
with Kpegn = 1%107° m3/kg and given modal percentage to the pre-
dicted hornblende susceptibility tensor. Both the orientation of the
principal axes, and the degree and shape of the modeled AMS were then
compared to the measured paramagnetic AMS.

An average hornblende tensor was computed from six representative
single crystal AMS datasets as reported by Biedermann et al. (2015a). In a
first step, full paramagnetic susceptibility tensors were computed from the
deviatoric tensor and an independent estimate of mean susceptibility. The
latter was determined by (1) low-field measurements, (2) high-field slopes
of hysteresis loops, or (3) computations based on the chemical composi-
tion. To give each dataset equal weight, all six tensors were then nor-
malized by their mean susceptibility, and an average normalized tensor
was calculated. This was multiplied by the average of the mean suscept-
ibilities, resulting in the following magnetic susceptibility tensor for

k11 klZ k13
k12 k22 k23
k13 k23 k33

Single crystal AMS \
Susceptibility tensor for

each mineral phase

1.88

Magnetic anisotropy of rocks
Models in comparison to
high-field AMS measurements

CPO of each mineral
Orientation maps from EBSD
(electron backscatter diffraction)

Fig. 2. Schematic overview of parameters influencing the magnetic anisotropy in a rock.
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hornblende at room temperature, in a crystal coordinate system with
m3
a* = (100) // X, b = [010] // Y, c = [001] // Z (all entries in 10_7E):

1.779 0 0 1946 O 0 -0.167 0 0
0 2044 O 0 1946 0 |+ 0 0.098 0
0 0 1946 0 0  0.068

0 0 2.014
deviatoric tensor

full tensor Kmean

3. Results
3.1. Crystallographic preferred orientation (CPO)

The amphibolite samples from both locations show a clear macro-
scopic fabric, defined by grain shape and compositional banding

(100)

67 % hornblende

GRTA1

lvrea Zone

71 % hornblende

GRTA2

80 % hornblende

Fb3

Mgre-Trgndelag Fault Zone

72 % hornblende

Fc1

[010]

Do
3dos
T
T@we
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(Fig. 1). The macroscopic fabrics are characterized by a strong lineation
in the Ivrea Zone samples, and a well-defined foliation in combination
with a weaker lineation in the samples from the Mgre-Trgndelag Fault
Zone. The latter is evident by the dispersion of long axes of the horn-
blende crystals. Fig. 3 shows the pole figures of the (100), [010], and
[001] crystallographic poles, respectively, for each sample. Hornblende
shows a clear CPO in all samples, with a preferred alignment of [001]
axes along the lineation, and of (100) poles normal to the foliation
plane. A major difference between the samples is the spread in the
distribution of each crystallographic axis: In the garnet amphibolite
from the Ivrea Zone, the [001] axes form a point distribution close to
the lineation, whereas (100) and [010] spread along a girdle normal to
that [001]-maximum. In the amphibolite from the Mgre-Trgndelag
Fault Zone, on the contrary, the crystallographic (100) direction tends

[001]

0

Fig. 3. Upper hemisphere stereoplots showing pole figures of three perpendicular crystallographic axes. Equal color scale showing multiples of uniform distribution (m.u.d). Samples are
oriented corresponding to their macroscopic foliation and lineation (lineation pointing horizontally, and foliation perpendicular to projection plane).
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Table 2

Tectonophysics 722 (2018) 566-576

Principal paramagnetic axes, degree and shape of the AMS. Upper hemisphere, foliation-lineation coordinate system: Declination = 0/180, inclination = 0 corresponds to the pole to

foliation; declination = 90/270, inclination = 0 to the lineations.

Sample Temperature % para k1-Kmean D, I Kokmean D, I, k3-Kmean D3 Iz U k

GRTA1 RT 92 £ 8 9.40E — 09 270.1 8.7 4.08E — 09 100.0 81.2 —1.35E—08 0.3 1.5 0.54 9.79E — 09
GRTA1 77 K 9 * 4 7.74E — 08 91.7 8.3 4.41E - 08 269.3 81.7 —1.21E-07 1.7 0.3 0.66 8.67E — 08
GRTA2 RT 84 + 17 1.00E — 08 270.2 14.4 3.71E - 09 101.0 75.3 —1.37E—08 0.8 2.6 0.47 1.00E — 08
GRTA2 77 K 95 + 41 7.17E — 08 271.1 11 4.24E — 08 148.8 87.9 —1.14E-07 1.2 1.8 0.68 8.15E — 08
Fb3 RT 97 + 16 1.93E - 08 277.9 44.7 1.04E — 08 65.8 40.6 — 2.96E — 08 170.7 16.6 0.64 2.13E - 08
Fb3 77 K 97 + 29 1.68E — 07 278.7 47.7 9.73E — 08 66.4 37.6 — 2.65E — 07 169.7 16.6 0.67 1.90E — 07
Fcl RT 97 + 40 1.58E — 08 255.1 35.2 6.45E — 09 54.9 53.0 —2.23E—08 158.1 9.8 0.51 1.62E — 08
Fcl 77 K 96 + 32 1.49E — 07 256.6 36.6 5.34E — 08 53.7 51.1 —2.02E - 07 158.1 11.3 0.46 1.48E — 07

towards a point distribution, and [010] and [001] are more spread
along a great circle normal to this direction. These observations agree
with the macroscopic fabric, and the maxima of (100) poles and [001]
directions are close to the pole to macroscopic foliation, and the mac-
roscopic lineation, respectively.

3.2. Magnetic anisotropy

Table 2 provides an overview of the paramagnetic anisotropy of
each sample at room temperature and at 77 K. Principal susceptibility
directions are similar at room temperature and 77 K (Fig. 4). All sam-
ples have their minimum susceptibility approximately normal to the
foliation plane. The orientation of the maximum susceptibility depends
on the geologic setting. Both samples from the Ivrea Zone possess a
maximum susceptibility sub-parallel to lineation, i.e. an angle of < 14°
between lineation and maximum susceptibility. In contrast, in the

GRTA1

Ivrea Zone

Fb3

Mgre-Trendelag Fault Zone

samples from the Mgre Trgndelag Fault Complex none of the principal
susceptibility axes is parallel to the lineation. Both the intermediate and
maximum susceptibilities lie approximately in the foliation plane, but
there is an angle of 38°~49° between the maximum susceptibility and
lineation. At room temperature, k’ varies between 9.8 % 10~ ° m®/kg
and 22107 8%m%kg, and at 77K it is higher, ranging from
8.2 %107 ®m>/kg to 1.9 % 10~ 7 m®/kg. All samples have an AMS el-
lipsoid with oblate shape. U varies from 0.47 to 0.64 at room tem-
perature, and 0.46 to 0.68 at 77 K. Comparing k’ at both temperatures
reveals that it increases by a factor of ca. 8-9 upon cooling to 77 K.

3.3. Modeled magnetic fabric

The AMS ellipsoid modeled from the hornblende texture has prin-
cipal susceptibility axes that agree well with the orientation of the
measured principal axes (Fig. 4). The modeled minimum susceptibility

GRTA2

O
(J

2.00

1.95

1.90

1.85

2.00

Fig. 4. Upper hemisphere stereoplots showing a comparison between the modeled (color coded, in 10~ 7 m®/kg, white symbols indicate eigenvector directions) and measured para-
magnetic AMS (black symbols; square maximum, triangle intermediate and circle minimum susceptibility) at both room temperature and 77 K. Same sample reference as in Fig. 3.
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Table 3

Tectonophysics 722 (2018) 566-576

Parameters of modeled AMS for pure hornblende composition (top) and a mixture of 70% hornblende (measured CPO) with 30% plagioclase (uniform CPO, thus effectively isotropic).

Hornblende only

Sample Kimean K1-kmean Ko-kmean Ks-kmean k u
GRTA1 1.94E — 07 5.32E — 09 1.21E - 09 —6.54E — 09 4.92E — 09 0.31
GRTA2 1.94E — 07 5.69E — 09 7.57E—-10 —6.44E — 09 4.98E — 09 0.19
Fb3 1.94E — 07 6.42E — 09 4.78E — 09 —1.12E - 08 7.95E — 09 0.81
Fcl 1.94E - 07 5.70E - 09 2.65E - 09 —8.35E - 09 6.03E — 09 0.57
70% hornblende + 30% isotropic phase

Sample Kimean K1-kmean Ko-kmean K3-kmean k u
GRTA1 1.36E — 07 3.73E - 09 8.49E — 10 —4.58E — 09 3.44E — 09 0.31
GRTA2 1.36E — 07 3.98E - 09 5.30E-10 —4.51E - 09 3.49E - 09 0.19
Fb3 1.36E — 07 4.50E - 09 3.35E -09 —7.85E - 09 5.57E - 09 0.81
Fcl 1.36E — 07 3.99E — 09 1.85E — 09 —5.85E — 09 4.22E - 09 0.57

is found to lie approximately normal to the foliation plane. The angle
between the modeled and measured minimum susceptibility axes at RT
is between 12° and 15° in the samples from the Ivrea Zone, and between
11° and 25° for the Mgre Trgndelag Fault Zone amphibolites. For the
maximum principal susceptibility, the angle between modeled and
measured principal directions is ca 8° for the Ivrea Zone samples and
about 11° for the Mgre Trgndelag samples. The modeled k” shows values
between 510~ °m>/kg and 810~ °m>/kg (hornblende only), or
310~ °m?/kg and 6 « 10~ ° m®/kg (70% hornblende, 30% isotropic
phase), which is lower than the measured degree of anisotropy. Mod-
eled AMS shapes are oblate, consistent with measurements, but also
show a larger variation between 0.19 and 0.31 for GRTA samples, and
0.57-0.81 for F samples (Table 3).

4. Discussion
4.1. Relationship between paramagnetic AMS and amphibole texture

The orientation of the paramagnetic fabric of all four amphibolite
samples can be adequately modeled based on the hornblende CPO and
an averaged single crystal tensor for hornblende. The modeled k’ is
about a factor of two lower than the measured k’. For the samples from
the Mgre-Trgndelag Fault Complex, other minerals that are present in
small amounts (pyroxene, biotite), may add to the measured aniso-
tropy. It should also be noted, however, that the modeled AMS assumes
an average hornblende tensor instead of one for the exact composition
of the minerals in these rocks. This is important, because the anisotropy
parameter k’ increases with iron content (Biedermann et al., 2015a).

Of particular interest for this study is a comparison of AMS and
mineral fabric. The minimum susceptibility axis is approximately
normal to the foliation plane in all samples. The maximum suscept-
ibility axis is sub-parallel to the lineation (angular deviation between 1°
and 14°) in the amphibolites from the Ivrea Zone. However, in am-
phibolites from the Mgre-Trgndelag Fault Complex, the magnetic and
mineral lineations have significantly different orientations, deviating
38° to 49°. Thus, even though: (1) samples from both locations have
similar modal compositions; (2) the magnetic fabrics can be well
modeled from the hornblende CPO; and (3) the hornblende CPOs follow
consistent trends with respect to the mineral fabric defined by foliation
and lineation, the principal axes of the AMS ellipsoids and mineral
fabrics are co-axial in the Ivrea Zone samples, but not in the Mgre-
Trgndelag Fault Complex samples. This apparent discrepancy can be
explained by the orientation of the maximum susceptibility axis in
hornblende single crystals, which is parallel to [010], rather than [001]
that defines the lineation. The latter corresponds to the direction of
intermediate principal susceptibility in amphibole single crystals. The
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maximum principal susceptibility, which is parallel to the [010] axis, is
only slightly larger than the intermediate susceptibility, whereas the
minimum susceptibility, normal to (100), is significantly smaller than
both (Biedermann et al., 2015a). Therefore, if all the amphibole [001]-
axes are preferentially aligned with the lineation, the orientation of the
magnetic fabric depends on the distribution of the other crystal-
lographic axes. For this reason, it cannot be expected that the maximum
susceptibility is always parallel to lineation in rocks whose AMS is
dominated by amphiboles. Instead, the rock texture, namely whether
the crystallographic axes follow point or girdle distributions, has a
major influence (Fig. 5).

4.2. Effects of texture type on magnetic fabrics: Synthetic models

The effect of girdle versus point distributions of the crystallographic
axes on magnetic fabrics was further investigated using numerical si-
mulations with model textures. Model textures were created for and
between the following three end-members using different shape para-
meters of the Bingham distribution of quaternions (Kunze and
Schaeben, 2005): (1) point distribution of all axes, (2) a-fiber (i.e. point
distribution of (100) and girdle distributions of [010] and [001]), and
(3) c-fiber texture (i.e. point distribution of [001] and girdle distribu-
tions of (100) and [010]). The dispersion of axes in the Bingham dis-
tribution, i.e. the degree of alignment, is characterized by the A para-
meter, where higher A\ indicates stronger concentration. Modeled
principal susceptibilities and magnetic fabrics for these textures, with
nearly perfect alignment as well as texture strength similar to the
samples in this study, are shown in Fig. 6. Fig. 7 illustrates the variation
of AMS principal axes, anisotropy degree k’ and shape U as a function of
texture type and texture strength. In addition to the Bingham parameter
A, Fig. 7 also shows the corresponding variation of the texture index J
(e.g. Bunge, 1969, 1982; Mainprice et al., 2015), which is more com-
monly used to describe the texture strength. Mineral and magnetic
lineations are parallel for model textures close to the c-fiber end-
member, independent of texture strength. For model textures close to
point distribution or between point distribution and a-fiber textures, the
magnetic anisotropy possesses oblate shape with the magnetic lineation
perpendicular to the fabric lineation, still within the foliation plane. For
end-member a-fiber textures, the magnetic lineation is undefined
within the foliation plane. The transition between these two situations —
k; parallel or normal to lineation — becomes closer to the c-fiber end-
member for increasing texture strength. It is evident that c-fiber tex-
tures create weaker anisotropy than point distributions or a-fiber tex-
tures. The anisotropy arising from a point distribution is highest, in the
extreme case of perfect crystal alignment reaching that of a single
crystal. Because of the oblate shape of hornblende single crystal AMS,
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Fig. 5. Single crystal magnetic anisotropy in hornblende crystals (data from Biedermann et al., 2015a), and expected magnetic fabrics in rocks of different textures. Susceptibility values
given in 10”7 m®/kg. The three model rocks correspond to lineation-dominated (left), strong lineation and strong foliation (middle) and foliation-dominated (right) textures.

the difference in k’ between point distribution and a-fiber textures is
small.

4.3. Implications for using amphibole AMS as fabric indicator

Whereas our model textures represent idealized textures which are
symmetric with respect to macroscopic foliation and lineation, rock
textures are more complicated and generally possess asymmetries.
Because the orientation distributions in rocks are less ideal than in the
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models, k; may also be oblique to the structural lineation rather than
perpendicular if a rock's texture is close to point distribution or a-fiber.
This indicates that the k; direction is not always a reliable proxy for
lineation direction in rocks whose AMS is dominantly carried by am-
phiboles. Namely, maximum susceptibility reliably indicates macro-
scopic lineation only in rocks displaying c-fiber textures. In rocks with
point distributions or a-fiber textures, the direction indicated by max-
imum susceptibility will be oblique or perpendicular to the macroscopic
lineation. Based on this result, and provided that hornblende
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contributes significantly to the AMS in the hornblende granitic rocks
that were investigated by Balsley and Buddington (1960), we would
postulate that amphibole in these rocks contains quite some contribu-
tion of a c-fiber texture. Interestingly, AMS will correctly indicate
lineation directions for a larger range of c-fiber-like textures for weak
fabric strengths. Moreover, the strength of magnetic lineation (L = k;/
ko) is not a good indicator of how well amphiboles define the macro-
scopic lineation. For each texture strength there will be one distinct
texture type as combination of c-fiber and point distributions resulting
in k; = k,, where the magnetic lineation is not defined (i.e., U = 1).
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a-fiber

For stronger textures, k; = k, results for model textures that are more
strongly dominated by c-fiber distributions, which relate to lineation-
dominated fabrics. Therefore, the shape of the magnetic anisotropy
does not unambiguously correlate with texture type: Whereas prolate
AMS ellipsoids indicate c-fiber or lineation dominated textures, oblate
ellipsoids may correspond to any of the following textures: (1) inter-
mediate between c-fiber and point distribution; (2) point distributions;
(3) a-fiber textures; or (4) intermediate between a-fiber and point dis-
tribution. The degree of anisotropy generally increases with texture
strength for any given texture type. However, it is also strongly affected
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by texture type, as c-fiber textures display lower degrees of anisotropy
than point distributions or a-fiber textures with similar texture strength.
The simulations further suggest that if the AMS of a rock is controlled
by hornblende, and the maximum susceptibility is parallel to lineation,
the rock has predominantly a c-fiber texture. On the other hand, if the
maximum susceptibility is normal to lineation and within the foliation
plane, any textures between point distributions and a-fiber textures are
possible. The transition between these end-members is gradual. This
model may explain the ‘anomalous’ fabrics as reported by Borradaile
et al. (1993), as well as the deviation between macroscopic lineation
and k; described by Biedermann (2010).

Various amphibole fabrics have been observed in nature (Sander,
1930; Schmidt, 1928). Commonly, the long axes of the amphiboles, i.e.
[001], define the lineation in a rock, and either (110> axes or (100)
poles are perpendicular to the foliation, or the [010] axes form a great
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circle normal to the lineation (Gapais and Brun, 1981; Mainprice and
Nicolas, 1989; Rousell, 1981; Schwerdtner, 1964; Shelley, 1994).
Gapais and Brun (1981) measured SPO of grains in amphibolites and
found a broad spread in fabrics between planar and linear types. Strong
point maxima of [001] axes and girdle distributions of (100) and [010]
with sub-maxima, similar to the c-fiber model textures, have been re-
ported by Schwerdtner (1964) in banded hornblende gneiss, and by
Rousell (1981) in amphibolite facies massive and gneissic rocks. Two
blueschist facies cherts, which were measured by Shelley (1994), dis-
play point distributions for [001], and the [010] axes are distributed
along a great circle normal to this direction in one sample, and grouped
in one point for the other sample, similar to our c-fiber and point dis-
tribution models. Diaz Aspiroz et al. (2007) investigated metabasites
and show various amphibole textures; two resemble the c-fiber textures,
two are point distributions, and three samples had a texture similar to
the a-fiber texture. They related the different CPOs to differences in
deformation mechanisms, which depend on temperature, presence of
fluid, or the relative strength of different phases in a rock. Leiss et al.
(2002) determined textures of amphibolite and quartz amphibolite and
found point distributions in one quartz amphibolite sample, and pat-
terns resembling a-fiber textures in three samples. They explain the
different textures with variations in the strain regime. An experimental
shear deformation study shows either point distributions of all three
axes, or a-fiber-like textures depending on the differential stress and
temperature during the experiment (Ko and Jung, 2015). Therefore, all
three model texture types, and their magnetic fabrics, are relevant in
natural geological materials. Results from these models can thus assist
in the geologic or geodynamic interpretation of corresponding amphi-
bole-carried magnetic fabrics.

5. Conclusion

The relationship between amphibole CPO and the magnetic fabric
carried by amphiboles has been investigated based on EBSD-derived
CPO data and isolated paramagnetic fabrics in amphibolites, and by
numerical simulations of model textures. This study suggests that, si-
milar to CPO-based modeling of seismic or thermal anisotropy, the
paramagnetic fabrics in rocks whose AMS is dominated by amphibole
can be reliably modeled from single crystal magnetic properties and
CPO of hornblende.

Mineral and magnetic fabrics in amphibolites from two locations
have been compared. In samples from the Ivrea Zone, which display
textures dominated by lineation, the mineral and magnetic lineations
are aligned parallel. Samples from the Mgre-Trgndelag Fault Complex,
whose textures are foliation-dominated, show that the maximum sus-
ceptibility axis is tilted far away from the macroscopic lineation di-
rection. Modeling demonstrates that the principal directions of the
modeled AMS reflect those of the observed paramagnetic AMS, which is
thus correlated to the hornblende texture. Bearing in mind that these
models do not provide a direct interpretation of the geodynamic pro-
cesses leading to the mineral fabric, they allow for a better under-
standing of the relationship between mineral and magnetic fabric in
amphibole-bearing rocks.

Simulated magnetic fabrics from model textures reveal that mineral
and magnetic lineations are parallel for the idealized c-fiber end-
member textures, but that the magnetic lineation will be perpendicular
to the lineation and within the foliation plane for point distributions or
a-fiber end-member textures, as well as intermediate textures. Based on
these results, it is possible to predict how magnetic and mineral fabrics
compare for a variety of texture types and texture strengths, and how
the relationship between k; and macroscopic lineation may be used for
a first estimate of dominant texture type in a sample. Note that rock
textures are more complicated than these idealized models.
Nevertheless, the models are helpful in explaining observed magnetic
fabrics in amphibole-bearing rocks. In particular, the results shown here
may explain why so-called ‘anomalous’ magnetic fabrics, i.e. k; not
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parallel to macroscopic lineation, are observed in some amphibolites,
but ‘normal’ magnetic fabrics in others.

This study shows how model simulations can help in understanding
the relationship between magnetic anisotropy and rock texture, and
how the orientation of magnetic lineation with respect to the mineral
lineation can provide additional information about the mineral fabric.
It also explains the conflicting results from earlier studies, and illus-
trates that understanding the interplay between single crystal aniso-
tropy and mineral texture defining a rock's magnetic fabric is extremely
important and prerequisite for any subsequent geodynamic interpreta-
tion. This study suggests that combining CPO measurements and nu-
merical simulations based on single crystal properties provides a solid
basis for interpreting complex magnetic fabrics.
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