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Abstract

Magnetic and crystallographic fabric studies were performed in mylonitic granulites from a km-wide strike-slip
shear zone in the Ribeira Belt (southeastern Brazil). In these mylonites, a strong compositional layering underlines the
tectonic foliation and the elongation of titanohematite, amphibole and orthopyroxene crystals defines a mineral
stretching lineation. Magnetic fabric deduced from anisotropy of magnetic susceptibility (AMS) measurements and
tectonic fabric compare favorably. Rock-magnetic studies show that both paramagnetic and ferromagnetic minerals
can be carriers of AMS. The anisotropy of isothermal remanent magnetization, which is due to the shape-preferred
orientation of magnetite grains, is coaxial with AMS. Lattice-preferred orientation (LPO) measurements using the
electron backscattered diffraction technique show that orthopyroxene, amphibole, biotite and titanohematite have a
strong LPO tightly related to the tectonic fabric. Among these four minerals, titanohematite is the only mineral
present in relatively large proportions (> 1.5%) in all studied samples. Titanohematite LPO is characterized by a
strong concentration of (0001) poles (c-axes) sub-perpendicular to the foliation and by a distribution of the poles of
the (2110) and (1010) prism planes within the foliation with a maximum close to the lineation. This characteristic LPO
is interpreted as resulting from dislocation creep during the mylonitization. Magnetic fabrics and titanohematite LPO
fit well: the axis of minimum susceptibility is aligned with the c-axis maximum and the axis of maximum susceptibility
coincides with the maximum concentration of poles of the prism planes. Titanohematite LPO may provide a valuable
constraint for the kinematic interpretation of the magnetic fabrics. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Measurement of anisotropy of magnetic suscep-
tibility (AMS) is a non-destructive and relatively
fast technique that allows the retrieval of the mag-

Fax: +33-467-143603. tic fabric of ks, It i idel ted that th

E-mail addresses: bascou@dstu.univ-montp2.fr (J. Bascou), netic ta rlc. Of rocxs. 1t 15 widely accep © a €
irene@usp.br (M.I.B. Raposo), vauchez@dstu.univ-montp2.fr AMS fabric usually gorrelates We.ll with the flow
(A. Vauchez), megydios@usp.br (M. Egydio-Silva). fabric developed during magmatic or solid-state

* Corresponding author. Tel.: +33-467-143602;

0012-821X/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII: S0012-821X(02)00475-2



78 J. Bascou et al. | Earth and Planetary Science Letters 198 (2002) 77-92

deformation (e.g., [1-3]). Magnetic fabric mea-
surement is then regarded as a reliable method
to constrain the kinematics of flow in rocks in
which the tectonic structures are difficult to see.
However, the AMS fabric may be complex as it
results from the combination of all rock-forming
mineral contributions. Progress has recently been
made in the understanding of the source of mag-
netic anisotropy through the determination of the
anisotropy of remanent magnetization (ARM)
fabric in rocks (e.g., [4,5]). ARM is based on the
measurement of artificial remanent magnetization
[6,7] and makes it possible to isolate the contribu-
tion of ferromagnetic minerals to the total mag-
netic anisotropy.

Strain-induced lattice-preferred  orientation
(LPO) of minerals in deformed rocks is commonly
used to constrain the mechanical behavior of min-
erals and to study the kinematics of deformation
(e.g., [8,9]). The relationships between crystallo-
graphic and magnetic preferred orientations have
been investigated by various authors (e.g., [10-
13]). However, these investigations have been fo-
cused on silicate phases. Few studies deal with
iron oxides, although they are often the dominant
source of susceptibility. LPOs of hematite ores
from the Quadrilatero Ferrifero (Brazil) have
been measured by Hrouda et al. [14] using optical
and X-ray goniometry techniques, and by Brok-
meier [15] and Will et al. [16] using neutron dif-
fraction technique. AMS measurements have been
recently performed by Siemes et al. [17] on sam-
ples from the same area. These studies together
show that both the concentration of c-axes of
hematite and the minimum axis of magnetic sus-
ceptibility are close to the pole of the tectonic
foliation. However, in the case of polyphase speci-
mens, X-ray and neutron diffraction techniques
are limited and extremely time-consuming (see
[18] for discussion). Recent developments of the
electron backscattered diffraction (EBSD) tech-
nique in the domain of earth sciences (e.g., [19])
allow the measurement of mineral LPOs in poly-
phase samples with grain size =1 um, even for
opaque and low-symmetry minerals.

Kinematic studies in high-grade metamorphic
terranes are of primary importance because they
may allow tectonic processes active in the middle

and lower crust to be recognized. However, due to
pervasive recrystallization and annealing in these
rocks, lineations and foliations are often difficult
to observe and measure. Magnetic anisotropy
studies in granulitic terranes may circumvent
this difficulty. Thus, the relationships between
magnetic fabrics and LPO of rock-forming min-
erals must be understood in order to constrain the
tectonic signature of magnetic fabrics of high-tem-
perature rocks.

To better constrain these relationships we
have:(1) determined the anisotropies of magnetic
susceptibility and of remanent magnetization for
samples from five sites within a granulitic shear
zone; (2) measured the LPOs of the major silicate
and iron oxide phases in these mylonites; (3) com-
pared the magnetic fabric, LPOs, and finite-strain
axes of these tectonites.

2. Geological setting and petrology of samples

The Ribeira belt [20] stretches over more than
1000 km along the southeastern coast of Brazil
(Fig. 1). This belt is regarded as resulting from
the convergence between the Sdo Francisco and
Congo cratons at the end of the Gondwana as-
sembly [21]. In the central part of the Ribeira belt,
the deformation results from a continuous tecton-
ic evolution during which two main regimes have
successively prevailed (e.g., [22]): early thrusting
and nappe emplacement toward the Sdo Francis-
co craton, i.e., toward the continent, followed by
development of dextral transcurrent faults under
slightly retrogressive conditions (from 807-877°C
at 0.6-0.7 GPa, to 734-743°C at 0.5 GPa [23]).
This orogenic event remobilized 2.2 Gyr old
gneissic terranes [24]. The peak of metamorphism
was dated at 575+20 Ma [25,26]. Synkinematic
P-T conditions decrease progressively southwest-
ward, from granulitic to upper greenschist facies
in the southernmost part of the Ribeira belt.
Metamorphic and tectonic evidence agrees with
a transpressional deformation. Finite-element
modeling [22] suggests that the initiation of the
shear zones and the NE-SW variation in erosion
level may have been induced by the indentation of
the SE termination of the Sdo Francisco craton.
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Fig. 1. Schematic geologic map of the Além Paraiba-Padua shear zone showing the location of the studied samples. (1) Polycy-
clic basement; (2) granulites and charnockites (Juiz de Fora complex); (3) enderbites; (4) gneisses and migmatites (Paraiba do sul

complex); (5) syntectonic granites; (6) marbles (Italva group).

The samples used in this study have been col-
lected in the Padua shear zone (Fig. 1), which
belongs to a larger transcurrent shear zone system
(the Além Paraiba—Padua Shear System) devel-
oped in the central domain of the Ribeira belt
[27]. In the Padua shear zone, mylonitic zones
several kilometers wide display a pervasive folia-
tion (NO40E-70SE) characterized by a composi-
tional layering and a sub-horizontal mineral
stretching lineation marked by elongated crystals
or mineral aggregates (orthopyroxene, amphibole,
feldspar, titanohematite) and boudinage. Asym-
metric boudins and mantled feldspar porphyro-
clasts indicate a dextral sense of shear. Five rep-
resentative sites characterized by a penetrative
deformation at the macroscopic scale have been
selected. Four mylonite samples (RB609A,
RB538, RB607A, and RB540) display a clear lin-
eation and one (RB614), collected 6 km away
from others, comes from a mylonitic zone where
no clear lineation was observed macroscopically.
The mineralogy of the studied samples consists
mainly of quartz, plagioclase (Any to Any),
K-feldspar, biotite, and orthopyroxene and/or

amphibole in variable proportions. The micro-
structure is characterized by alternating, almost
monomineralic layers of rectangular quartz crys-
tals or equidimensional recrystallized feldspar
grains. The fine-grained (down to 120 um) feld-
spar-rich layers contain deformed plagioclase and
K-feldspar porphyroclasts (up to 300 um).

All samples include opaque minerals in propor-
tion ranging from 2% (RB614) to 9.5% (RB609A).
Reflected-light observations and quantitative
analyses using scanning electron microscope
(SEM) connected to an X-ray energy dispersive
spectrometer (EDS) indicate that the opaque min-
erals mostly belong to the hematite—ilmenite solid
solution. The complete hematite-ilmenite solid so-
lution is conventionally known as titanohematite
(xFeTiO3-(1—x)aFe,03) in the rock magnetism
literature. The studied samples contain mainly
Ti-rich titanohematite close to the ilmenite end-
member. The grains either are relatively homoge-
neous, with thin exsolution lamellae, or display
wide lens-shaped exsolutions of Ti-poor titanohe-
matite (ilmeno-hematite or hemoilmenite). Tita-
nohematite grains are strongly elongated parallel
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Fig. 2. Photomicrographs showing typical elongated titanohematite grains (Ti-Hem). (a) Typical microstructure of mylonites with
polycrystalline quartz ribbons, recrystallized feldspar and elongated titanohematite grains; partially crossed nicols. (b) Titanohe-
matite grains showing thin exsolution lamellae. (c) Ti-rich titanohematite grain without lamellae. (d) Titanohematite showing
wide exsolution lenses of Ti-poor titanohematite. Sulfides are represented by pyrite (Py) and sphalerite (Sp). Thin sections parallel

to the xz structural plane; b-d in reflected light.

to the lineation (Fig. 2); their width is on average
50-100 um and their length is variable (up to
1 mm). Sample RB538 presents the more elon-
gated titanohematite grains with shape ratio >7.
Some samples also contain micrometric inclusions
and/or thin exsolutions of magnetite. Sulfides, es-
pecially pyrite (the most abundant), chalcopyrite,
sphalerite and a minor amount of pyrrhotite are
also present. They generally replace the Ti-Fe ox-
ides and do not display any shape-preferred ori-
entation.

3. Magnetic measurements
3.1. Magnetic mineralogy and rock magnetism

To determine the magnetic minerals responsible

for the magnetic anisotropy in the studied sites,
several rock-magnetic experiments were carried
out: (a) thermomagnetic curve determinations,
(b) coercivity spectra from both anhysteretic rem-
anence and alternating field (AF) demagnetiza-
tion, (c) thermal demagnetization, (d) isothermal
remanent magnetization (IRM) acquisition, and
(e) hysteresis measurements.

Thermomagnetic curves were obtained in bulk
rock from at least two specimens from each site.
The experiments were performed by measuring
the susceptibility changes with temperature under
Ar atmosphere conditions using Kappabridge in-
struments (KLY-CS3 and KLY-CS3L, Agico,
Czech Republic). In addition, we obtained ther-
momagnetic curves on concentrated ferromag-
netic mineral separates from the specimens from
three sites (Fig. 3A). All ferromagnetic mineral
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Fig. 3. (A) Representative thermomagnetic curves on ferro-
magnetic mineral concentrate from specimens RB607. (B)
Normalized intensity of magnetization curves versus AF ob-
tained during the AF tumbling demagnetization process. (C)
Normalized intensity of magnetization curves versus tempera-
ture obtained during the thermal demagnetization process.
(D) Examples of isothermal remanent acquisition curves.

concentrations exhibit K-T curves with a Hopkin-
son peak and a sharp decrease in susceptibility. A
well-defined pick was observed around —150°C
that probably indicates the Verwey transition,
characteristic of almost pure magnetite. The
high-T susceptibility experiments show a steep de-
crease in the intensity of susceptibility at temper-
atures near 580°C and around 320°C (Fig. 3A),
which indicate (titano)magnetite and pyrrhotite,
respectively. It is worth noting that pyrrhotite
was observed thermomagnetically only in speci-
mens from site RB607 among the analyzed sites.

Coercivity spectra were determined by subject-
ing samples to stepwise AF demagnetization in a
Molspin tumbling demagnetizer (Molspin, New-
castle-upon-Tyne, UK) by fields up to 100 mT.
Some samples were demagnetized by fields up to
170 mT using a automated three-axis AF demag-
netizer coupled to the cryogenic magnetometer.
The samples were also subjected to stepwise ther-
mal demagnetization using a non-inductive
Schonstedt thermal demagnetizer. The coercivity
spectra determined from both anhysteretic rema-
nence [28], and AF demagnetization (Fig. 3B)

show that the analyzed samples have both low
(<30 mT) and high coercivity. The thermal de-
magnetization (Fig. 3C) shows blocking temper-
atures in ranges of 300-350°C, 450-590°C and
600-670°C. These blocking temperatures are co-
herent with a mixture of pyrrhotites (sample
RB607), (titano)magnetite and titanohematite,
and suggest a similar contribution of both (tita-
no)magnetite and titanohematite to remanence
and AMS. IRM experiments carried out using a
pulse magnetometer (MMPM9, Magnetic Mea-
surements) show that the samples reached their
complete saturation around 1-1.2 T (Fig. 3D).
Saturation in such high fields indicates the pres-
ence of titanohematite, as suggested by coercivity
and blocking temperature spectra.

Hysteresis measurements at room temperature
were performed on at least three samples per site
using a vibrating sample magnetometer (VSM-
Nuvo, Molspin, Newcastle-upon-Tyne, UK) in
fields up to 1 T. Some typical hysteresis curves
are reported in Fig. 4. The curves are symmetrical
in all cases. For the majority of the samples, the
shape of the hysteresis curve reveals that ferro-
magnetic grains carry most of the bulk suscepti-
bility. However, they also show that there is a
significant contribution of the paramagnetic min-
erals to the bulk susceptibility as shown by the
high-field part of the hysteresis (RB607, RB609,
and RB614). Even though it cannot be excluded
that the high-field part of the hysteresis is due to
the ferromagnetic titanohematite instead of para-
magnetic minerals since samples reach the satura-
tion in fields >1 T (Fig. 3D) which is higher than
maximum VSM applied field (1 T).

3.2. Anisotropy of low-field magnetic susceptibility
(AMS) and magnetic fabrics

AMS is the tensor which relates the intensity of
the applied field (H) to the acquired magnetiza-
tion (M) of a material through the equation:
M; = K;;H;, where K; is a symmetrical second-
rank tensor referred to as the susceptibility
tensor [1]. The susceptibility tensor is expressed
by its principal eigenvalues (susceptibility mag-
nitudes) and eigenvectors (their orientations),
Kiax = Kiny = Kiin representing the maximum, in-
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Fig. 4. Hysteresis loops for the specimens from analyzed sites. J = magnetization and H = applied field.

termediate, and minimum axes of susceptibility,

where  Fams = Kint/ Kiin

and Lawvs = Kmax/Kint)

respectively. AMS describes the variation of mag-
netic susceptibility with direction within a materi-
al, and represents the contributions of all rock-
forming minerals (i.e., dia-, para- and ferromag-
netic). The Kp.x axis represents the magnetic lin-
eation while K, is the pole of the magnetic foli-
ation (the plane containing Kp,x and Kj,; axes).
AMS measurements were performed on 2.5X
2.2 cm cylindrical specimens, cut from the ori-
ented cores drilled with a gas-powered portable
drill in the sampling sites. At least three specimens
from each core were cut. A total of 60 specimens
were measured using the KLY-3S Kappabridge
(Agico, Czech Republic). AMS data are presented
in Table 1. The mean magnetic susceptibility, ex-
pressed by Ky = (KmaxtKing+Kmin)/3 in SI units,
is generally higher than 10~* SI with an average
of 10.68 X 1073, The anisotropy degree, given by
Pams = Kmax/Kin, 18 high (1.510 = Pays = 5.543).
There is no clear relationship between K, and
Pams (Table 1). Jelinek’s [29] parameter Tawms
(Tams = (InFams—InLawms)/(InFams+InLams)

shows that the magnetic susceptibility ellipsoids
are oblate (Tams >0, Table 1 and Fig. 5).

The mean AMS eigenvectors (Kpmax, Kin and
K.in) and the 95% confidence cone for cach site
were calculated using the bootstrap method of
Constable and Tauxe [30]. For each site, these
eigenvectors are generally well grouped with low
values for the 95% confidence cones. The AMS
analysis at the site scale defines the fabrics shown
in Fig. 6A. Since both para- and ferromagnetic
minerals are present, the AMS is due to a combi-
nation of the preferred crystallographic orienta-
tions of titanohematite and paramagnetic matrix
minerals, and to the shape anisotropy of magne-
tite grains.

3.3. ARM and ARM fabrics

ARM was determined through isothermal rem-
anent magnetization (AIRM; see [6,7] for a re-
view). AIRM measurements were performed us-
ing a pulse magnetometer. The procedure involves

Table 1
AMS data
Site u.c K Mean AMS parameters

(1073 SI) Lams Fawms Pams Tams
RB538 12 21.52 1.402 3.955 5.543 0.604
RB540 11 10.70 1.174 1.325 1.557 0.270
RB607 12 3.46 1.118 1.342 1.510 0.450
RB609 14 14.52 1.156 1.342 1.551 0.332
RB614 11 3.18 1.058 1.711 1.810 0.811
Means 10.68 1.182 1.935 2.394 0.493

u.c. =number of specimens measured. The mean susceptibility Ki,, the lineation Lays, the foliation Fayms and Jelinek’s parameter

Tams are defined in the text.
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tion. After the measurement and before IRM ac-
quisition in other positions, the specimen must be
demagnetized to eliminate the previously imposed
magnetization. Six different measurement posi-
tions were used since this scheme has proved to
be sufficient to calculate the IRM tensors in this
study. Before AIRM analysis, samples were de-
magnetized by AF tumbling at 100 mT to estab-
lish the base level. For AIRM determinations the
IRM was acquired applying a magnetic field of 20
mT, which was further removed by an AF tum-
bling demagnetization field of 30 mT (see [28] for
discussion). This procedure was repeated for the
other positions and the AIRM tensor was calcu-

N
Fig. 6. Magnetic fabrics determined (A) from anisotropy of
low-field magnetic susceptibility (AMS) and (B) from aniso-
tropy of isothermal remanent magnetization (AIRM). Squar-
es=maximum susceptibility and remanence (Kpm.x, AIR-
Mpax), triangles =intermediate susceptibility and remanence
(Kint» AIRMjy,) and circles = minimum susceptibility and rem-
anence (Kuyin, AIRMp,). Dashed line ellipses=95% confi-
dence ellipses. Equal-area, lower hemisphere projections, in
the geographical horizontal plane.
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lated by the least-squares method, which showed
root-mean-squares < 5%.

As usually observed [6], the anisotropy degree
(Parrm = AIRM ;< /AIRM ;)  1s  more pro-
nounced than P determined from AMS (Fig. 5).
RB538 has the strongest magnetic anisotropy.
This site is characterized by a very strong Pams
value (Pams=5.543) and an extreme P value
(ParrM = 17.841). The ellipsoid shapes are oblate
(0.393 = TaA;rm =0.767) in agreement with AMS
results (Fig. 5).

The eigenvectors  (AIRMyx > AIRMj, >
AIRM,,;,) are usually well grouped except for
RB540 in which only one eigenvector (AIRM,)
has been defined (Fig. 6B). The statistical evalua-
tion followed the bootstrap method [30] originally
developed for AMS studies. AIRM has a distinct
advantage over AMS because its fabric is exclu-
sively given by the ferromagnetic minerals. Since
titanohematite has a high coercivity (> 100 mT),
AIRM only measures the contribution of magne-
tite. Therefore eigenvectors of the AIRM tensors
(Fig. 6B) indicate the shape-preferred orientation
of the magnetite grains. The measured AIRM
fabrics are coaxial with AMS fabrics.

4. Crystallographic fabric
4.1. LPO determination

LPOs were measured using a scanning electron
microscope JEOL JSM 5600 through indexation
of EBSD [31,32]. Kikuchi bands, which compose
the diffraction patterns, are generated by the in-
teraction of a vertical incident electron beam with
a planar crystal surface. We used 10 cm? ultra-
polished thin sections, tilted at 70° from horizon-
tal. A phosphor screen collects the backscattered
electrons and gives a photonic image of the EBSD
pattern. A low-light, high-resolution digital cam-
era records this photonic image that is then pro-
cessed and indexed using the CHANNEL+ soft-
ware (HKL technology). At each point of
measurement, the Euler angles (¢l, ¢, ¢2) charac-
terizing the orientation of the crystal lattice are
determined with a precision better than 1° [33].

Automatic orientation mapping was not possi-

(1010) (0001)

= DM =12.79

= DM =3.49 = DM =3.65

Fig. 7. Hemalite LPO of typical iron ores from the Quadrila-
tero Ferrifero. Automatic EBSD measurement with a 200
um step. Analyzed thin section cut parallel to the xz struc-
tural plane. Crystallographic orientations projected on equal-
area, lower hemisphere in the x,y,z structural frame. Folia-
tion (xy plane, full line) is vertical E-W and the lineation (x)
is horizontal in the foliation plane. Contours by 1% area for
(2110) and (1010) poles, and at 2, 4, 6% etc. by 1% area for
(0001) poles. N =number of measurements and DM = maxi-
mum density.

ble due to the large contrast in mean atomic num-
ber between silicate and oxide phases, and to the
large variety of mineralogical phases that com-
pose these rocks. Thus lattice orientation of sili-
cate and oxide phases was measured grain-per-
grain on the whole surface of the thin sections.
We first tested the influence of compositional var-
iations in the hematite—ilmenite series on the in-
dexation of diffraction patterns. The indexation of
titanohematite using a set of the 75 strongest re-
flection bands calculated using either the ‘hema-
tite structure’ (space group = R3c) or the ordered
‘ilmenite structure’ (space group = R3) yields sim-
ilar results.

In order to validate this approach, we have
measured the LPO of an intensely deformed
hematite ore from the Quadrilatero Ferrifero in
Minas Gerais (Brazil) that is characterized by a
typical lepidoblastic microtexture [34]. For this
specific sample, the hematite LPO has been mea-
sured using the EBSD automatic measurement
procedure. The LPO (Fig. 7) is characterized by
the c-axes strongly concentrated close to the nor-
mal to the foliation, and by the poles of prism
planes (2110) and (1010) concentrated close to
the lineation. This LPO presents a good agree-
ment with those obtained on hematite ores of
the Quadrilatero Ferrifero using texture goniom-
etry and, for the c-axis, using reflected-light mi-
croscopy [14-16].
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Fig. 8. Typical LPO in mylonites from the Além Paraiba—Pa-
dua shear system. (a) Biotite, sample RB614. (b) Orthopyrox-
ene, sample RB607A. (c) Amphibole, sample 609A. EBSD
measurements. Contours at 1, 3, 5% for a and at 1, 2, 3%
for b and c by 1% area. Projection and labels as in Fig. 7.

4.2. Results

Microstructures and LPOs of the main silicates
in mylonites outcropping in the Além Paraiba-
Padua shear system are described in detail in
[27] and are interpreted as resulting from high-
temperature deformation and extensive annealing.
Except for the quartz LPO that shows a complex
distribution likely due to post-kinematic anneal-
ing, the LPO of silicates is tightly correlated with
the tectonic fabric (x-, y- and z-axes). The LPO of
plagioclase is characterized by [100] axes parallel
to the y-axis and (010) poles normal to the folia-
tion, and some samples display a submaximum
(010) close to the lineation X [35]. The LPO of
biotite (Fig. 8a) is characterized by the c-axes par-
allel to the z-axis. The LPO of orthopyroxene and

amphibole (Fig. 8b,c) shows (100) poles concen-
trated close to z, [010] axes close to y, and [001]
axes close to x.

Among the Fe-Ti oxides, deformed titanohe-
matite is largely dominant. Magnetite is difficult
to observe in reflected light since it appears in
micro-domains (a few um in size), included in
elongated titanohematite grains. The number of
diffraction patterns indexed as magnetite (spinel
structure) in micro-domains varies from sample
to sample but is generally lower than 90 among
a total larger than 900 crystals (silicates and iron
oxides) indexed. LPO of magnetite determined
from these diffraction patterns is very weak; mag-
netite is almost randomly oriented. Fig. 9 shows
the strongest magnetite LPO measured. The [100]
axis is characterized by numerous concentrations
distributed on the whole hemisphere, and the
maximum density (DM =3.04) is located at ca.
40° of the lineation. The [111] and [110] axes are
almost randomly oriented. In contrast, titanohe-
matite displays a strong LPO characterized by
(0001) poles (c-axes) concentrated normal to the
foliation. The poles of the prism planes (2110)
and (1010) tend to form a girdle parallel to the
foliation, which contains a maximum close to the
lineation (Fig. 10a,b). Fig. 10c shows a represen-
tative inverse pole figure calculated for sample
RB607A. The pole of the foliation (z) is strongly
concentrated parallel to the c-axis and the linea-
tion is scattered in the basal plane with weak
maximum close to the poles of the prism planes.
This LPO of titanohematite is typical of basal slip
in trigonal minerals (such as quartz for instance).
Similar LPO patterns have been described for il-
menite in a gabbroic shear zone by Agar and
Lloyd [36] and are interpreted as resulting from

[100] [111] [110]

= DM =3.0

= DM =2.52

= DM =2.34

Fig. 9. Magnetite LPO of sample RB538. Contours at 1, 1.5,
2% by 1% area. Projection and labels as in Fig. 7.
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(1010) (0001)

= DM =3.17 = DM =6.36

b (2110) (0001)

= DM =2.04

= DM =3.57

lineation (X)

foliation (Z)
N =348 = N =348

= DM =2.08 = DM =2.98

Fig. 10. Titanohematite LPO. (a,b) Pole figures for samples
RB609A (a) and RB607A (b). Contours at 1, 1.5, 2, 2.5, 3%
etc. by 1% area for (2110), (1010) poles, and at 1, 2, 3% etc.
by 1% area for (0001) poles for a. Contours at 1, 1.5, 2, 2.5,
3% etc. by 1% area for b. Projection and labels as in Fig. 7.
(c) Inverse pole figures for sample RB607A showing the pro-
jection of lineation (x) and the pole of the foliation (z) in
the crystallographic reference frame (upper-hemisphere pro-
jection). Contours at 0.2, 0.4, 0.6% etc. by 1% area for the
lineation and at 1, 1.5, 2, 2.5, 3% etc. by 1% area for the fo-
liation. A reference plot showing the poles of crystallographic
planes is displayed on the left.

dislocation creep. Dislocation glide on the basal
plane, followed by grain boundary migration and
anisotropic grain growth, was invoked to explain
the development of the strong hematite LPO (e.g.,
Fig. 7) in naturally deformed hematite from the
Quadrilatero Ferrifero [37]. Experimental defor-
mation of fine-grained hematite [38] shows that
strain accommodation through dislocation glide
on (0001) increases for temperatures above
700°C. Basal slip was also observed during high-
temperature experimental deformation of syn-

thetic corundum [39]. At low temperature, micro-
fracturing, twinning on r{1011} and (0001), and
prismatic slip {a} (m) from 200°C, are the main
deformation mechanisms [40,41].

In conclusion, since titanohematite grains are
elongated parallel to the macroscopic lineation
and its measured LPO displays a simple and con-
sistent correlation with the tectonic fabric, we sug-
gest that titanohematite LPO results from dislo-
cation creep during high-temperature plastic
deformation. The good correlation of the titano-
hematite LPO with the LPO of the main silicate
minerals (orthopyroxene, amphibole and plagio-
clase) strengthens this interpretation.

5. Comparison between magnetic and
crystallographic fabric

To allow comparison, magnetic, crystallo-
graphic and tectonic fabrics for all samples have
been plotted in geographic coordinates (Fig. 11).
To compare the LPOs with the principal mean
susceptibility axes, the eigenvalues and eigenvec-
tors of the normalized orientation tensors [42]
were calculated from LPOs. The best axis is given
by the eigenvector of the largest eigenvalue, and
the pole to the best plane by the smallest one. In
addition, the fabric strength is expressed by the
dimensionless texture index J [43], which ranges
between 1 (random LPO) and infinity (single crys-
tal). In our calculations, the J index has an upper
bound of ca. 250 due to truncation at degree 22 of
the spherical harmonic series expansion.

As already stated, AMS represents the sum of
the para-, dia- and ferromagnetic contributions.
Ferromagnetism is mainly carried by iron oxides
(mostly Ti-poor titanohematite and magnetite).
Magnetite has a very high susceptibility (>2 SI)
and a very low magnetocrystalline anisotropy [3];
its AMS is controlled dominantly by the grain
shape (e.g., [44,45]). In the studied samples, tita-
nohematite shows compositional variations.
SEM-EDS analyses show that most grains are
Ti-rich titanohematite close to the ilmenite end-
member with exsolutions of Ti-poor titanohema-
lite close to the hematite end-member. The mean
susceptibility reported for hematite ranges be-
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tween 2X 1073 and 8 X 1072 SI [34]. Hematite has
a very high intrinsic crystallographic magnetic
anisotropy with the direction of maximum suscep-
tibility in the basal plane and the direction of
minimum susceptibility along the c-axis; its aniso-
tropy degree (P) is frequently greater than 100
[46]. Paramagnetic minerals are mostly repre-
sented by Ti-rich titanohematite orthopyroxene,
amphibole and biotite; their AMS is due to their
magnetocrystalline anisotropy (e.g., [7]). EBSD
measurements show that orthopyroxene, amphi-
bole, biotite and titanohematite have a strong
LPO tightly correlated with the tectonic fabric.
Among these minerals, titanohematite is the
only ubiquitous mineral and its volume fraction
is relatively large (>1.5%). We have therefore
focused on the comparison between the LPO of
titanohematite and the magnetic fabric.

The minimum susceptibility axis (Kpi,) of the
ASM fabric, the best c-axis of titanohematite
(Fig. 11), and the pole of the macroscopic folia-
tion plane (p in Fig. 11) are close to each other.
The maximum concentrations of (2110) and
(1010) poles in the well-lineated samples
RB609A, RB538, RB607A and RB540, although
relatively weak, lie close to the maximum suscep-
tibility axis (Kpax). The best axis (E1, Fig. 11) of
(2110) and (1010) prism planes and K.y are al-
most parallel to the lineation (I in Fig. 11). These
relationships between Ky, Kine and Kp.x and the
LPO of titanohematite are consistent with rela-
tionships given by Uyeda et al. [46] for the hema-
tite and ilmenite-hematite single crystal (i.e.,
(Kmax> King)uthe basal plane, and Kp,i[0001]).
For RB614, which displays no clear lineation
although the foliation is well-marked, [0001] is
strongly concentrated normal to the foliation,
and the (2110) and (1010) poles are scattered in
the foliation plane. Fig. 6A shows that the axes of
minimum susceptibility defined for RB614 are
strongly concentrated parallel to the best c-axis
and close to the pole of the macroscopic foliation
plane (Fig. 11), whereas the axes of both inter-
mediate and maximum susceptibility tend to
form a girdle within the foliation plane. For sam-
ple RB614, AIRM fabric (Fig. 6B) shows a con-
centration of the axes of maximum remanence
that contrasts with the dispersion of the maxi-

mum susceptibility axes (Fig. 6A). AIRM was
not measured for all specimens for which AMS
was measured (5 and 11 specimens, respectively)
and this may impede any detailed comparison. In
addition, the axes [001] of amphibole (~7 vol%)
tend to be scattered in the foliation plane (Fig. 12)
and present a clear maximum of concentration
parallel to the density maximum of (2110) poles
of titanohematite (Fig. 11). The maximum con-
centration of amphibole [001] axes might repre-
sent a faint mineral lineation; it is noteworthy
that it is located at ca. 50° of both Kp.x (Fig.
12) and the concentration of the axes of maxi-
mum remanence which is associated to the
shape-preferred orientation of magnetite.

In the lineated mylonites, clustered axes of min-
imum, intermediate and maximum susceptibility
correlate well with the strain-induced LPO of ti-
tanohematite. K,;, 1s close to the maximum con-
centration of c-axes and located close to the pole
of the macroscopic foliation plane, and Ky.x is
close to the maximum concentration of prism
planes pole and sub-parallel to the lineation. In
RB614, characterized by a strong macroscopic fo-
liation, the AMS fabric symmetry reflects an axial
symmetry around the c-axes of titanohematite.
Therefore, in all the studied samples, the correla-
tion between AMS fabrics and titanohematite
LPO confirms that titanohematite contributes
largely to the observed magnetic foliation and/or
lineation.

6. Kinematic analysis and fabric strengths

In all but RB614 mylonite samples (Fig. 11),
the magnetic lineation (Kp,x) and the maximum
concentration of poles to (2110) and (1010) are
slightly oblique with respect to the macroscopic
stretching lineation (x). Such an obliquity between
the finite strain axes and the LPO is usually re-
garded as a potential shear sense indicator (e.g.,
[8]). The obliquity suggests a dextral sense of
shear, for example RB609A, RB538 and
RB607A, coherent with macroscopic kinematic
indicators observed in the Padua shear zone
[27,35]. An unexpected sinistral shear sense is sug-
gested for RB540, sampled 5 km away from the
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(2110) (0001)
N N

RB609A
254, J=3.25

N=

RB538
N=226, J=3.48

RB607A
348, J=2.19

N=

RB540
N=530, J=2.74

RB614
N=185, J=6.13

4

m DM=3.59 m DM=8.81

Crystallographic fabric symbols ~ Magnetic fabric symbols Structural data
MEI - best axis OK1 - maximum susceptibility foliation
AE2 AK?2 - intermediate susceptibility ~ ep foliation pole
®E3 - best pole OK3 - minimum susceptibility el lineation

Fig. 11. Titanohematite LPOs from all samples plotted in the geographic reference frame. The mean eigenvectors (Kyax, Kine and
Kpnin), and ihe tecto_nic foliation and lineation are also plotted. Equal-area projections. Contours at 1, 1.5, 2, 2.5, 3% etc. by 1%
area for (2110), (1010) poles, and at 1, 2, 3% etc. by 1% area for (0001) poles. N, DM as in Fig. 7; J=fabric strength.
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[001]

u DM=5.27

uDM=6.49

Fig. 12. Amphibole LPO of sample RB614 plotted in the
geographic reference frame, equal-area projections. Contours
at 1, 2, 3% etc. by 1% area. The mean eigenvectors (Kpax,
Kine and Kpi,) are also plotted. p=pole of the tectonic folia-
tion; N, DM as in Fig. 7.

other mylonitic samples. Moreover, the obliquity
of the magnetic fabric relative to the structural
axes also suggests a sinistral shear. This consis-
tency strengthens the link between the AMS fab-
ric and the LPO of titanohematite.

To compare the magnetic and crystallographic
fabric strengths, we have adopted the approach
used by Yaouancq and MacLeod [13]. For each
crystallographic axis, the eigenvalues S1=S2
= S§3 are calculated from the mean orientation
matrix normalized by the number of measure-
ments for each sample. The mean crystallographic
fabric parameters Lypo (strength of the titanohe-
matite lineation) and Fypo (strength of the titano-
hematite foliation) are given by Lipo = S1/S2 for
(2110), and Fipo = S1/S2 for (0001). The strength
of the titanohematite fabric ellipsoid axes R1, R2
and R3 is computed from the Lipo and Fipo
parameters using Frpo=R2/R3, Lipo=RI1/R2
and R1+R2+R3=1. Finally, R1, R2 and R3 are

used to calculate Jelinek’s shape factor:
Tiro =[In(R2/R3)—In(R1/R2)]/[In(R2/R3)+In(R1/
R2)] and the anisotropy degree Prpo= RI1/R3
(Table 2). Sample RB607A has the weakest LPO
of [0001] axes characterized by the lowest J index
(2.19). Variations in fabric strengths between
lineated mylonites (Fig. 11) may reflect variations
in strain intensity across the shear zone. Sample
RB607A also displays the less anisotropic crystal-
lographic fabric of titanohematite (Pprpo=1.71)
and the lowest magnetic anisotropy (Pams=
1.51; Table 1). However, the anisotropy parame-
ters PLpo and Pays do not show any systematic
correlation. This points to other contributions to
AMS than titanohematite LPO alone. For in-
stance, the very high degree of magnetic anisotro-
py (Pams =5.54) of sample RB538 may be due to
the combination of the titanohematite LPO with
the shape-preferred orientation of magnetite. This
inference is supported by the strong fabric (Fig.
10) of titanohematite, the high mean susceptibility
(Km =21.52%x1073 SI) and the strong AIRM fab-
ric of this sample (Parm > 10).

Jelinek’s parameter 7ipo calculated from the
titanohematite LPO ranges between 0.24 and
0.94 (Table 2). These positive values correlate
with the strong concentration of the [0001] axes.
The susceptibility ellipsoid and the crystallo-
graphic ellipsoid of all samples present an oblate
character (Tams and Tipo > 0), but Tams (Table
1) and Tipo (Table 2) values do not show any
systematic correlation. However, the strongly ob-
late character of both the susceptibility ellipsoid
(Tams =0.81) and crystallographic ellipsoid of ti-
tanohematite (7Lpo =0.94) in sample RB614 is in

Table 2
Fabric parameters from titanohematite LPOs
Sample Lipo FLPO PLPO TLpo ElllpSOld axes

R1 R2 R3
RB538 1.33 1.59 2.14 0.24 0.45 0.34 0.21
RB540 1.17 1.96 2.15 0.62 0.43 0.37 0.20
RB607A 1.18 1.55 1.71 0.53 0.41 0.35 0.24
RB609A 1.17 1.96 2.15 0.62 0.43 0.37 0.20
RB614 1.05 5.00 4.60 0.94 0.46 0.44 0.10

Lipo (strength of the titanohematite lineation), Fipo (strength of the titanohematite foliation), Jelinek’s shape parameter 71po

and the anisotropy degree Pppo are defined in the text.
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agreement with the sub-planar arrangements of
Knax and K, in Fig. 6, the well-developed folia-
tion and the lack of visible stretching lineation.

7. Conclusion

Mylonitic fabric in the high-temperature Padua
shear zone is marked by a strong compositional
layering that underlines the foliation, and by tita-
nohematite, amphibole and/or orthopyroxene
elongated parallel to the macroscopic lineation.

Magnetic foliation and lineation determined
from AMS measurements tend to parallel the
macroscopic foliation and lineation observed in
the field and in hand specimens. Magnetic studies
reveal that both para- and ferromagnetic minerals
contribute to the AMS. Ti-rich titanohematite (il-
menite), orthopyroxene, amphibole and biotite in
variable proportions represent the paramagnetic
minerals. Ferromagnetic minerals are mainly
iron oxides (Ti-poor titanohematite, magnetite
with subordinated pyrrhotite in RB607). The
AIRM fabric, due to the shape-preferred orienta-
tion of magnetite grains, is coaxial with the AMS
fabric.

LPO data show that orthopyroxene, amphi-
bole, biotite and titanohematite have a strong
LPO tightly correlated with the tectonic fabric.
Among these minerals, titanohematite is the
only mineral present in relatively large propor-
tions (> 1.5%) in all studied granulitic mylonites.
The LPO of titanohematite is characterized by the
preferential orientation of (0001) poles sub-per-
pendicular to the foliation and by the poles of
the prism planes in the foliation plane, which de-
fine a girdle containing a maximum concentration
close to the lineation in the lineated mylonites.
This characteristic LPO likely results from plastic
deformation of titanohematite through slip on
(0001) planes.

For the studied mylonites, a good correlation is
observed between the AMS ellipsoid axes and the
LPOs of titanohematite: the axis of minimum sus-
ceptibility (Kyi,) is close to the maximum con-
centration of c-axes, and the axis of maximum
susceptibility (Kp,x) is close to the maximum con-

centration of poles of the prism planes. These
clear relationships between the AMS axes and
the strain-induced LPO of titanohematite provide
a strong constraint on the tectonic significance of
the measured magnetic fabric. On the other hand,
no clear correlation has been established between
the intensity of AMS and the fabric strength cal-
culated from the LPO of titanohematite. This lack
of correlation highlights that the magnitude and
shape of the finite strain ellipsoid cannot be eval-
uated from AMS measurements when various
minerals contribute to the magnetic susceptibility.

In non-mylonitic granulites, it is frequently im-
possible to measure the tectonic fabric. AMS
measurement allows fast and reliable mapping of
the magnetic foliation and lineation. Since under
high-temperature conditions, titanohematite de-
velops a clear LPO through dislocation creep,
measurement of its LPO provides a strong con-
straint on the magnetic properties of tectonites
and the deformation they have undergone. Tita-
nohematite LPO therefore represents a reliable
guide for tectonic interpretation of AMS measure-
ments.
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