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Abstract: The anisotropy of a rock is intimately related to the development of shape-preferred
orientations (SPOs) and crystallographic-preferred orientations (CPOs). Quantifying the three-
dimensional (3D) CPOs and SPOs in natural rocks is therefore critical for understanding the pro-
cesses underlying the development of anisotropy. In this work, we present a CPO study of six
amphibolite samples from the western Southern Alps (Italy) that have been characterized pre-
viously. Quantitative texture analyses using neutron diffraction data provided 3D CPOs for amphi-
bole and plagioclase and were used to calculate seismic properties. We describe the relations
between mesoscopic foliation and lineation, crystallographic fabrics and seismic anisotropies
for lower—middle crust amphibolites. Based on these relations and in the context of lower—
middle crust within fossil extensional margin, we suggest that seismic profiles should display
large-scale geological features commonly present in extensional tectonics, such as folds and
shear zones, rather than flat-lying structures. Moreover, from the integration of CPOs with geologi-
cal data, we observe that samples from the Strona Ceneri boundary are characterized by a granulite
to amphibolite facies transition while those from the Scisti dei Laghi only record the amphibolite
facies evolution, supporting the idea of two independent tectono-metamorphic units pre-dating the

amphibolite re-equilibration.

During large-scale geodynamic processes, the litho-
sphere responds to tectonic movement and related
directional stresses. This response may vary from
mega- to microscopic scales and produces unique
structures and anisotropy at all scales. Anisotropy
is commonly produced by the rearrangement of the
shapes of grains (shape-preferred orientation or
SPO) and the crystallographic-preferred orienta-
tion (CPO) based on the pressure and temperature
conditions during deformation (Babuska and Cara

1991; Tommasi et al. 2001; Ji and Xia 2002;
Karato 2008; Liang ef al. 2008). Quantifying the
three-dimensional (3D) CPOs in natural rocks is
crucial to understanding the processes underlying
the development of anisotropy. Observed seismic
anisotropy is controlled by the properties of rocks
and is often used to make inferences on the large-
scale behaviour of the Earth’s crust and mantle.
In the last two decades, several studies have
shown the first-order influence of CPO on seismic
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properties and the importance of describing quanti-
tatively the CPO of rock-forming minerals in crustal
and mantle rocks (e.g. Mainprice et al. 1993; Rabbel
and Mooney 1996; Tatham et al. 2008; Lloyd
et al. 2011b).

Quantitative CPO studies are typically perfor-
med using electron backscatter diffraction (EBSD)
and U-stage, commonly devoted to the study of
grain-scale processes with a very local approach in
two dimensions, or using a statistical approach by
X-ray and neutron diffraction, in the latter cases
studying larger volumes (up to 1 cm?®). In the first
approach, EBSD is the most advanced and widely
used technique. It is capable of linking CPO and
SPO at the granular scale and it is spatially resolved,
but 3D reconstruction of the microstructure can
be lengthy and is often not practical. The second
approach, which is less commonly used for geolo-
gical samples, is devoted to quantitative texture
analyses of rocks and other anisotropic materials.

In this study, we present CPO data obtained
by neutron diffraction. This approach allows us
to investigate relatively large volumes of rocks
(c. 1 em?®), comparable in size to those investigated
by experimental seismic velocity measurements
(Kern et al. 1996, 2009; Kitamura 2006).

In particular, we applied this approach to six
amphibolite samples from the continental crust
(Serie dei Laghi and Ivrea Verbano units) of the
Southern Alps that have been studied by Barberini
et al. (2007). Although the seismic velocities of
all samples were measured using the pulse transmis-
sion technique (Birch 1960, 1961), two samples
were studied using the U-stage technique to obtain
the CPO.

To quantify the CPO for all of the samples in
3D and compare the results with measured seismic
velocities, we used CPO analyses from neutron dif-
fraction data, applying the maximum Entropy-Wil-
liams—Imhof—Matthies— Vinel approach (EWIMV;
Matthies and Vinel 1982; Sakata et al. 1993) to
solve the orientation distribution function (ODF)
from CPO measured on large (c. 1 cm®) samples at
the high-flux neutron source of the Institut Laue
Langevin (ILL; Grenoble, France).

The CPO data are constrained by microstruc-
tural analysis using a petrographic microscope.
Macroscopically, our amphibolite rocks have
millimetre-thick foliation defined by mineral layer-
ing (amphibole and plagioclase-rich layers) and
the preferred orientation of amphibole. Amphi-
bole-rich layers are characterized by foliated/
lineated-to-massive fabrics with relicts of garnet
and pyroxene, whereas plagioclase is organized in
elongated aggregates.

The CPO analysis results are used to calculate
seismic properties, which have also been compu-
ted with a thermodynamic approach, using bulk

chemical compositions (Connolly and Kerrick
2002; Connolly 2005). The CPOs, seismic proper-
ties calculated using CPO measurements, bulk che-
mical composition and experimental laboratory
measurements (Barberini et al. 2007) are discussed
in terms of geodynamic processes in an extensional
regime recorded in fossil continental crust (Serie
dei Laghi and Ivrea Verbano zone, Southern Alps).

Geological setting and sample description

The samples were collected in the western Southern
Alps (Italy; see Barberini et al. 2007, fig. 1). The
Southern Alps are interpreted as a portion of the
Permo-Triassic passive margin with the African plate
(Muttoni et al. 2003). The basement rocks record
pre-Mesozoic metamorphic and magmatic imprints
(Peressini et al. 2007) followed by a Permo-Meso-
zoic high-temperature imprint, which is likely
related to extensional geodynamics leading to the
opening of the Tethys Ocean (Spalla and Marotta
2007).

The samples were collected in the Southern
Alpine domain of the Western Alps (Fig. 1), in the
Serie dei Laghi and Ivrea Verbano units (Boriani
et al. 1990c). The Serie dei Laghi consists of two
units: an upper unit (Strona Ceneri) composed of
meta-siliciclastic sediments and a lower unit (Scisti
dei Laghi) that mainly consists of medium-grade
schists. In the Strona Ceneri Border Zone, which
defines the boundary between the two units, banded
amphibolites are associated with paragneisses,
quartz schist and garnet—staurolite-bearing mica-
schist. Minor lenses of garnet-bearing amphibolite
or retrogressed eclogite, metagabbro, pyroxenite
and spinel peridotite are also present. Pressure and
temperature estimates from amphibolites suggest
that they experienced amphibolite facies meta-
morphism at 7 = 600 °C and P &~ 6—8 kbar (Giobbi
Mancini et al. 2003). Northwest of the Serie dei
Laghi is the Ivrea Verbano zone which is domi-
nated by a thick unit of variably migmatized meta-
pelitic schists, known locally as the Kinzigite
Formation which forms a layer that varies in thick-
ness from few hundred metres to ¢. 3—4 km trend-
ing SW-NE. In the north-western part of the Ivrea
Verbano zone, high-grade metapelites are inter-
layered with bands of 1-200-m-thick amphibolite
and ultramafic rocks. The southern part of the
Ivrea Verbano zone is dominated by an intrusive
layered mafic complex (‘Mafic Formation’ e.g. Riv-
alenti et al. 1981; Zingg 1983; Quick et al. 1994)
that is c¢. 1I0km wide and extends along-strike
(NE) for nearly 40 km. The estimated conditions
of the Permian metamorphic stage are P of 4.5—
8 kbar and T of 650-850 °C (Henk et al. 1997,
Vavra et al. 1999).
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Fig. 1. Geologic map of the western Southern Alps (redrawn after Barberini ef al. 2007). Sample location is also shown.
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MODAL COMPOSITION (XRPD)
VA23(VA25| VA26 |VA27|VA28(VA29
AMP| 57 | 53 | 48 | 45 | 66 | 70
PL | 21 |38 )| 44 | 40 | 20 | 16
QTZ| 1
BT 5
CHL| 10
GRT
CPX
oPQ| 1 1 1
SPH 4

ALT| 10 | 3 3 1 8 4

Amp=amphibole; Pl=plagioclase; Chl=chlorite;
Bt=bictite; Qtz=quartz; Grt=garnet; Cpx=clinopyroxene;
Sph=titanite; Opg=opaque minerals; Alt=alteration
minerals (indistinguishable).
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Sample descriptions

The samples were collected in three distinct areas
of the Southern Alps and are characterized by dif-
ferences in mineralogy and fabric. The samples
of the first group (VA23 and VAZ2S5, inner part of
the Strona Ceneri zone, Fig. 1) are plagioclase +
amphibole lineated-foliated (LF)-tectonites (tecto-
nites description after Turner and Weiss 1963). The
samples of the second group (VA26 and VA27)
differ in terms of fabric and mineralogy because
garnet occurs or is replaced by aggregates of plagio-
clase, which controls the fabric. The third group
of samples (VA28 and VA29) is similar to the
second but differs in terms of the fabric, which is
much weaker. Samples VA26, VA27, VA28 and
VA29 were collected near the boundary between
Strona Ceneri and Ivrea Verbano (Fig. 1).

Cubes of ¢. 1 x 1 x 1 cm (the same cubes used
for neutron texture analyses; see the following
paragraph) were analysed using X-ray computed
tomography (CT). CT analyses were carried out in
two ways: using standard X-ray laboratory equip-
ment at the Department of Earth and Environmen-
tal Sciences, University of Milano-Bicocca, Milan,
Italy (see Castellanza er al. 2008 for further details)
and using synchrotron X-ray micro-tomography
(SR-CT) at the SYRMEP beamline of the Elettra-
Sincrotrone Trieste laboratory in Basovizza (Tri-
este), Italy (for further details see Baker et al. 2012;
Zucali et al. 2014).

For both types of analyses, the tomography slices
were combined using image analysis software
(Voltolini et al. 2011). After appropriate filtering
and thresholding, 3D reconstructions of the sam-
ples were obtained (Fig. 2a, b). Good results were
obtained for samples VA23, VA25, VA26 and
VA27, whereas the images for samples VA28 and
VA29 were not satisfactory; this is likely because
within the sample volume analysed, the density con-
trast between the minerals and the crystal size are
poorly suited to producing CT images of good
quality (it was impossible to discriminate every
mineral phase from the others).

In the following sections we describe in detail
the microstructure of our samples as observed using
the petrographic microscope and CT scans.

VA23 + VA25

These samples are characterized by their simple and
typical amphibole + plagioclase association; they
both contain a penetrative planar fabric marked by
the SPO of amphibole (Fig. 2a) and plagioclase
occurs either as bands or lenses, displaying only
localized SPO. Well-defined mineral layering oc-
curs only in VA25 (Fig. 2a); plagioclase is locally
substituted by thin aggregates of white mica which
does not display SPO. The 3D tomographic images
describe the planar fabric in VA25, which is asso-
ciated with a mineral lineation marked by the SPO
of amphibole grains. A similar mineral lineation is
also visible in VA23, where amphibole SPO con-
trols the development of the foliation planes.

VA26 + VA27

These samples have weak preferred orientations in
the form of foliations or lineations. In VA26, the
planar fabric is defined by amphibole aggregates
(Fig. 2a) and isolated plagioclase aggregates in flat-
tened lenses. The longest axis is parallel to the min-
eral lineation, which is best defined by the SPO of
polycrystalline amphibole aggregates or the local-
ized SPO of amphibole grains. In VA27, garnet
occurs in isolated grains or porphyroblasts or is
wrapped by the dominant foliation, which is marked
by the SPO of amphibole or elongate amphibole
aggregates. Plagioclase may occur as a corona
around garnet porphyroblasts or as rounded lenses
(Fig. 2a). Garnet and plagioclase fabrics are parti-
cularly well represented in the false-colour tomo-
graphic image, where the light-blue coronas of
plagioclase occur around red garnet grains (Fig. 2a).
The described microstructural relations suggest
that garnet occurs as a relict of an older mineral
association, likely representing the granulite facies

Fig. 2. (a) Microstructures of the studied samples. Left column: optical microphotographs under plane-polarized light.
Right column: 3D reconstructions obtained from 2D X-ray CT scans. VA23 and VA25 show Amp and Pl associated
in a penetrative planar fabric defined by Amp SPO, which is also very well described by 3D CT reconstruction.
VA26 and VA27 also show planar fabric marked by Amp SPO. Plagioclase crystals are arranged in flattened lenses with
the longest axis parallel to the mineral lineation defined by amphibole-preferred orientation. In addition, within
VA27 garnet occurs as isolated grains, porphyroblasts wrapped by the dominant foliation. Plagioclase may occur as
corona around garnet porphyroblasts or as rounded lenses, as well outlined by 3D CT reconstruction.

(b) Microstructures of the studied samples, optical microphotographs under plane-polarized light. VA28 and VA29 are
mainly characterized by alternate massive amphibole-rich layers and plagioclase-rich lenses. Plagioclase is replaced by
thin aggregates of epidote and albite, amphibole is partly preserved, and chlorite and green-amphibole substitute
hornblende grains. These mineralogical variations justify the poorer-quality of the CT images for these samples, not
reported here. The table shows modal composition (vol%) of samples, determined with Rietveld method on X-ray

powder diffraction data (after Barberini et al. 2007).
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metamorphic stage that pre-dates the amphibolite
facies stage.

VA28 + VA29

These samples are mainly characterized by alter-
nating massive amphibole-rich layers and plagio-
clase-rich lenses. The amphibole SPO also marks
a mineral lineation (X axis) within the amphibole-
rich layers, whereas few plagioclase grains display
an aspect ratio >1 with the long axis parallel
to the lineation. Garnet porphyroblasts also occur
(VA29) or are partially to completely replaced
by fine aggregates of epidote and plagioclase
(Fig. 2b). Similarly to VA26 and VA27, the micro-
structural features allow us to reconstruct an older
granulite facies stage, predating the amphibolite
facies metamorphism characterized by amphibole +
plagioclase mineral paragenesis.

Neutron diffraction texture analysis (CPO)

Quantitative texture analysis using neutron dif-
fraction allows for the investigation of volumes of
rock of the order 1 ecm® in a relatively short time
(few hours) due to the high-penetration power of
neutrons in matter and the high flux available at
the nuclear reactor at the ILL (Zucali et al. 2002,
2010, 2012; Tartarotti et al. 2011). The lattice
planes of the rock-forming minerals analysed are
investigated in sample space and represented as
pole figures (Fig. 3). Pole figures represent the
directional distributions of the lattice plane normal
(hkl) relative to the sample coordinates (e.g. meso-
scopic foliation and lineation). Pole figures use
equal-area projections of the orientation sphere and
display pole densities in multiples of a random dis-
tribution (mrd) (Wenk 2006). Quantitative CPO
analysis is represented as pole figures (hereafter
referred to as PF, where the mesoscopic tectonic
fabrics are reported as X, Y and Z directions (Fig.
3). The X direction is parallel to the mesoscopic
mineral lineation, while the XY plane is the foliation
plane. The quality of the refinement and the ODF
calculation is assessed by reliability values (R in
Table 1). Quantitative analysis of diffraction data
has been carried out using Maud software (Lutterotti
et al. 1999), and data are represented using the
Beartex software package (Wenk et al. 1998).

We present the results from the D19 diffract-
ometer at the ILL (Fig. 3), where monochromatic
radiation is used with a Cu (111) monochromator
with a wavelength A of 1.46 A, a flux of ~10" n
em 25! (where n = neutrons) and a maximum
beam size of 10 x 10 mm?. The intensities are
measured by rotating the sample around two axes
(¢ and x) with a texture goniometer (Fig. 3) and

a step interval of 5°. A position-sensitive detec-
tor (http://www.ill.eu/instruments-support/) with
an angular range of 120 x 30° is used to acquire
simultaneously diffracting lattice planes at different
Bragg angles.

In the PFs presented (Fig. 4), the foliation plane
trace (XY plane) is the horizontal diameter. Accord-
ing to the crystal symmetry, the PFs may or may not
represent the direct crystallographic axes; in the
presented cases, only poles to the (010) planes of
amphibole actually correspond to [010] axes. For
all other PFs, the represented directions correspond
to the direction normal to the labelled planes, that is
[hk1]* reciprocal directions.

Below we describe in detail the CPO of our
samples as obtained from neutron diffraction texture
analyses.

VA23 + VA25

In these samples, amphibole is characterized by
similar distributions of the main crystallographic
planes. In particular, the (100) poles describe a
cluster distribution at an angle of ¢. 35-45° to the
X lineation direction and to the XY foliation plane.
Conversely, the (010) and (001) poles describe
the girdle distributions, particularly (001), which
describes a girdle containing Y, with a maximum
at an angle of <<30° to the Y axis.

Plagioclase CPOs are defined by weak (100)
poles distributed along girdles at low angles to the
foliation plane, whereas the (010) and (001) poles
produce small circles with a rotation axis broadly
distributed at 45° to the X axis within the XY plane.

VA26 + VA27

As these samples do not have well-defined macro-
scopic foliation, the mesoscopic fabric orientations
are less reliable. The samples were placed under
the neutron beam with reference to the weak SPO
visible to the naked eye. With this limitation in
mind, the (001) poles of amphibole in VA26 are
clustered close (<10°) to the X mineral lineation
direction, whereas the (100) and (010) poles describe
girdle distributions with weak secondary maxima
that are parallel to the YZ plane and at an angle of
30° to the Z direction. In VA27, the amphibole
(001) poles display a similar distribution as for
VA26 but with a rotation of ¢. 30° with respect to
Y. The (010) and (100) poles also have correspond-
ing relations. Plagioclase does not have a strong
preferred orientation and is regarded as having a
random crystallographic orientation distribution in
VA26, with a maximum value is 1.09 mrd where a
random distribution would be one. In particular,
VA26 has a ring-like distribution around Y, but this
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Fig. 3. (a) Geometry of the D19 beamline at Institut Laue-Langevin, Grenoble, France. (b) Mesoscopic fabric reference. (¢) Standard lattice preferred orientation of amphibole and
plagioclase single crystals.
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Table 1. Refinement and ODF calculation reliability factors

Global factors

Single phase factors

Sample GoF Rw Ry Mineral phase F? Rw Ry
VA23 1.08 22.01 17.28 AMP 1.72 44 34
PL 1.47 15 10
VA25 1.06 18.92 14.4 AMP 3.16 44 26
PL 1.07 27 16
VA26 1.02 11.55 8.68 AMP 23 17 13
PL 1.04 18 14
VA27 1.01 19.11 14.91 AMP 1.31 25.1 20.33
PL 1.15 20.98 18.15
VA28 1.27 19.86 15.09 AMP 221 31 26
VA29 0.83 13.26 10.21 AMP 1.13 25.53 18.81
Mineral Space group a b c alpha beta beta
Amphibole C2/m 9.8 18.07 5.27 90 105.14
Albite P-1 8.14 12.79 7.15 94.33 116.57 87.65

For each sample both global factors and factors for each mineral phase used within the calculations are listed. GoF: goodness of fit; Ry:
intensity-weighted factor; F2: texture strength in mrd?; Ry: R-Bragg factor.

distribution is related to noise during the data acqui-
sition and processing.

In VA27, the (100) poles define clusters at 30—0°
to Z in the XZ plane and close to Y. The (001) poles
plot from 45° to 0° to X in the XZ plane.

VA28 + VA29

In VA28, amphibole displays a well-defined (001)
maximum in the X direction, whereas the (100)
poles are dispersed along a girdle within the YZ
plane with maxima at approximately 45° to Y. The
(010) poles display composite girdle distributions,
with one close to the XZ plane and one parallel to
the YZ plane.

In VA29, amphibole is characterized by a less-
pronounced CPO. In particular, the (010) poles
are nearly randomly distributed whereas the (100)
poles describe a cluster at 45° to X within the XZ
plane and the (001) poles describe a girdle in a
plane perpendicular to the XZ plane and at 45° to
X, but perpendicular to the cluster of (100) poles.
In both VA28 and VA29, the CPO of plagioclase
is close to random as indicated by distribution den-
sities below 1.10 mrd (Fig. 4). In VA29 however,
the CPO of plagioclase is characterized by two
small circles of (010) and (001) poles that are char-
acterized by a rotation axis c. 20° to Z in the XZ
plane. As previously described for VA26, nearly
random distributions suffer from noise during data
acquisition, which results in a preferred orientation
that wrongly suggests a rotation around Y.

Among the studied samples, only the CPOs of
VA28 and VA29 have been previously described
(determined with the U-stage technique, Barberini

et al. 2007). According to Outlaw et al. (2000)
and Barberini er al. (2007), [001] of amphibole
lies parallel to X (VA28) or may define an angle,
commonly <20° to X (VA29), whereas (100)
defines a girdle around (001).

We obtained similar distributions for sam-
ples VA26 and VA28. For the other samples
where only the new data are available, amphibole
CPOs display similar orientations. Table 1 lists the
reliability factors and texture strength factors for
the samples and minerals investigated. The two
methods produce different results for VA29, which
is likely related to the large grain size of this
sample and resulting statistics. Due to the large
grain size, the number of grains measured by the
U-stage is relatively low, resulting in a statistically
unreliable preferred orientation. As shown by the
reliability factors in Table 1, the number of crystal-
lites measured by diffraction is also small, but
higher and more reliable than measurements car-
ried out using the U-stage. Low reliability factors
in both techniques may have yielded significantly
different CPOs in some cases. We have been able
to measure plagioclase CPOs for all six samples
with varied results.

VA23 and VA25 are characterized by similar
CPOs, in agreement with the described CPOs for
deformed plagioclase (e.g. Ji and Mainprice 1990;
Shigematsu and Tanaka 1999; Passchier and
Trouw 2005; Barreiro and Catalan 2012). VA26
and VA28 display a random distribution for all
the crystallographic planes, whereas VA27 and
VA29 are characterized by weak textures that
differ from VA23 and VA2S5, suggesting different
deformation mechanisms and active slip systems.
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Microstructural observations may be used to dis- plagioclase crystals occur in rounded aggregates
cuss such differences; VA23 and VA25 display closely related to garnet porphyroblasts or micro-
plagioclase layers whereas in the other samples domains. The static recrystallization of plagioclase
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Fig. 4. Recalculated pole figures of the main crystallographic planes for amphibole and plagioclase, obtained
from quantitative analysis of neutron diffraction data: (a) VA23 and VAZ2S; (b) VA26 and VA27; and (c) VA28
and VA29.
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Fig. 4. Continued.

in samples VA26, VA27, VA28 and VA29 may Seismic properties

explain the absence of CPOs, whereas weak CPOs

might have developed in domains where defor- In crustal rocks, seismic anisotropy may be caused
mation occurred after plagioclase crystallization. by composition, mineralogy, CPO and SPO (Lloyd
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Fig. 4. Continued.

et al. 2011a). The petrofabric-derived seismic pro-
perties have been shown to match natural sam-
ples very well (e.g. Christensen 1984; Mainprice
and Nicolas 1989; Siegesmund et al. 1989; Ji and
Xia 2002).

In this section, we describe the seismic aniso-
tropy of our samples as obtained using two different
approaches. The first approach uses CPO data that
are quantitatively expressed by the orientation dis-
tribution function (ODF) of rock-forming minerals


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 1,2014

M. ZUCALI ET AL.

to average the single-crystal stiffness tensors. The
theory, procedures and successful applications to
natural rocks have been reported over the last two
decades (e.g. Christensen 1984; Mainprice 1990;
Lloyd et al. 2011a; Mainprice et al. 2011). In the
second approach, seismic velocities are computed
using the thermodynamic function G (molar Gibbs
free energy). Within a given pressure and tem-
perature interval and a rock system of interest, G
is minimized to establish the stable mineral phases,
their amounts and chemical compositions (see Con-
nolly 2005 for details). The Perple_X software
package (Connolly and Kerrick 2002; Connolly
2005) allows the stability fields and related seismic
velocities to be calculated. The software requires
the system (chemical) composition as molar units
or weight fractions (percentage) as input.

This approach greatly differs from the approach
that uses the crystallographic preferred orientations
of rock-forming minerals (Mainprice 1990; Main-
price et al. 1993; Christensen and Mooney 1995;
Ismail and Mainprice 1998). In the latter approach,
the elastic properties of the polycrystal is averaged
and weighted with the use of the distribution func-
tions (ODF) for each mineral, whereas the thermo-
dynamic approach assumes an isotropic material
and does not consider the preferred orientation of
minerals.

For stiffness tensors and densities, which are
required in the first approach, we used those repor-
ted by Barberini et al. (2007). To average with
respect to the ODF, we used the approach of Hill
(1952). We used the Beartex software package
(Wenk et al. 1998) to calculate the seismic veloci-
ties from the ODF, and the ODF input was calcu-
lated using the Maud software (Lutterotti et al.
1999) and neutron diffraction data.

As a reference, we calculated V,, for a simpli-
fied amphibolite consisting of a single crystal of
amphibole and one of plagioclase (70% and 30%
in volume, respectively). In this approximation, the
elastic tensors used for the calculation are those of

Amphibole

4 804
7.78
7.44
b 7.15

5579

6616

da 6.953
612

V,, anisotropy = 27

Fig. 5. 3D P-wave velocity (in km s~

Plagioclase

6.5

659

625
5.93

5618

5.327
5.052

a7

V, anisotropy = 36

the corresponding single crystals. Figure 5 displays
the calculated V,, in km s ! expected for single
crystals of amphibole and plagioclase and for the
modelled rock, which is obtained by averaging the
contributions of single crystals of amphibole and
plagioclase based on their relative volumes. The
crystallographic axes are also shown for the V,
plots of amphibole and plagioclase, which allows
the relations between lattice orientation and V/, ani-
sotropy to be defined. Accordingly, the maximum
V, occurs parallel to the amphibole c-axis and
plagioclase c- and b-axes, as has been shown in pre-
vious work (e.g. Siegesmund et al. 1989; Kitamura
2006; Barberini et al. 2007; Tatham et al. 2008).

In most samples, the highest V,, is in the plane
of the foliation (XY) or at a relatively low angle
to it (Fig. 6a, b). The orientation of the highest V,
is often close to the X direction (VA26, VA27,
VA28), with some exceptions (VA23, VA25,
VA29) where the maximum V,, are within the XY
foliation plane but parallel to the Y direction.
When the higher V,, describe a girdle (VA23,
VA25, VA29), it is commonly at 45° between the
XY and YZ planes. VA26 has a girdle at 45°
between the XY and XZ planes. Conversely, in
VA27 and VA28, the higher V|, describe clusters
at 20° to X within the XZ plane (VA27) or parallel
to X (VA28) The averaged V), are in the range
6.2-7.0km s ' and Vs anlsotropy 1.97-3.18%.

Comparing the CPO pole figures with the V,
poles indicates that the directions normal to the
(001) planes are the most important in the defini-
tion of the V,, anisotropy of amphiboles and of the
rocks themselves. The plagioclase CPO is com-
monly very low and does not influence the overall
V;, of the rock.

For the Perple_X calculations, the model system
has been simplified to CaO-FeO-MgO-Al203-
Si02-H20 (CFMASH) (Fig. 7). For solid solutions,
we chose those of Dale et al. (2000) for amphibole,
Newton et al. (1980) and Holland and Powell
(1998) for garnet and that of White et al. (2001)

70% amp + 30% pl

773
T41
m
6.82
6.54
6.273
6.016
5.77

V, anisotropy = 30

") for amphibole and plagioclase single crystals and for a hypothetic whole rock

(amphibole 70% and plagioclase 30%). Crystallographic axes are shown for amphibole and plagioclase.
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Fig. 6. (a, b) P-wave velocities distribution (in km s~ calculated from CPO data. V), are presented separately for
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for granitic melt. Figure 7 presents the weight
fractions (percentage) for each oxide used in the cal-
culations and the V, interval calculated in the
pressure and temperature box, as inferred from the
literature (see geological setting section).

VA23 - (wt%)

Ca0=8.23, Fe0=10.62
Mg0=6.89, AI203=14.67
H20=1.80

SiO2=sat.

7.4-7.6 km s

VA26 - (wt%)
Ca0=11.42, Fe0=10.00
MgO=7.25, Al203=14.71
H20=0.90

SiO2=sat.

700 800 900 1000 1100
T(K)

0=8.00
82, Al203=14.95

900 1100
T(K)

Figure 8 and Table 2 synthesize the V), values
from the different methods used. In Figure 8, these
data are also plotted with respect to the expected
V, range for a variety of amphibolite rocks from
the middle—lower crust, as reported in the literature

VA25 - (wt%)

Ca0=8.72, FeO=11.00
MgO=5.53, Al203=14.14
H20=1.10

SiO2=sat.

7.3-78kms!

700 80O 900 1000 1100

VA27 - (wt%)

Ca0=1049, Fe0O=14.5, Mg0=6.37
Al203=13.97

H20=

SiO2=sat.

P(kbar)

74-76kms!

900
T(K)

Fig. 7. V,, wave velocities distribution in the P—T field as calculated using Perple_X in the CFMASH model
systems. Chemical compositions are calculated averaging chemical spot analyses with the modal amount of every
mineral phase, in weight percentage (wt%); V,, intervals refers to the minimum and maximum values calculated by
thermodynamic modelling; contour lines represents equal V}, lines.
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Fig. 8. Graphical comparison of V,, data as obtained using various approaches described in the text. U-stage data
and measured V), are from Barberini et al. (2007) while literature velocities are from Siegesmund et al. (1989),
Christensen & Mooney (1995), Kitamura (2006) and Tatham et al. (2008).

(Siegesmund et al. 1989; Christensen and Mooney
1995; Kitamura 2006; Tatham er al. 2008). This
comparison highlights several aspects that deserve
to be discussed in further detail.

The mean V,, calculated from the thermodyna-
mic modelling are higher in VA23, VA25, VA26
and VA27, and they are similar for VA28 and
VA29. No maximum or minimum values were cal-
culated because the thermodynamic modelling
does not consider any preferred orientations. In
Figure 8, the values from the thermodynamic mod-
elling are plotted with respect to the maximum and
minimum V;, for reference. The U-stage-derived
values agree for VA28 for all methods, but are
higher in VA29. Similarly, the distribution of V,
derived from neutron data (Fig. 6b) in VA28 and
VA29 resemble the distribution shown by Barberini
et al. (2007). In particular, the higher-velocity girdle
distribution in Figure 6b and in Barberini et al.
(2007) differs by a rotation of 90° around Z. This
rotation may be due to the poorly developed foli-
ation/lineation in this sample. In general, the

measured and neutron-derived V,, values are in
good agreement for most samples, with discrepan-
cies of <0.5 km s~ '. There is good agreement
among all types of data for VA28, even for aniso-
tropy which commonly displays larger differences
between calculated and measured orientation data.
VA26 also are in good agreement, particularly in
the minimum and mean seismic velocities.

Discussion

Typically, the structures of passive margins are
studied and described in terms of volumes of high
or low velocities and densities based on informa-
tion from deep seismic investigations coupled with
gravimetric data (Contrucci et al. 2004). These stud-
ies have the largest impact on petroleum research
along passive margins, particularly where exten-
sional tectonics has created large basins that are
now covered by salt deposits and are likely sites
for large reservoirs (Lentini et al. 2010).
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Table 2. Comparison of V,, wave velocities (km s~ 1) data obtained from ultrasonic analysis, neutron diffraction analysis and U-stage CPO (Barberini et al. 2007).

Vp measured

V) calculated from LPO-neutron

Vp calculated from LPO-U-stage

X z Mean Anisotropy Max Min Mean Anisotropy Max Min Mean Anisotropy

(kms™ 1) (kms™ 1 (kms™ 1) (%) (kms™ Y  (kms") (kms ) (%) (kms™ )  (kms ") (kmshH (%)
VA23 6.92 5.96 6.44 14.91 6.58 6.47 6.53 1.69 n.a. n.a. n.a. n.a.
VA25 6.83 5.97 6.40 13.44 6.70 6.49 6.60 3.18 n.a. n.a. n.a. n.a.
VA26 6.80 6.17 6.49 9.71 6.42 6.24 6.33 2.84 n.a. n.a. n.a. n.a.
VA27 6.26 5.82 6.04 7.28 6.68 6.53 6.61 2.27 n.a. n.a. n.a. n.a.
VA28 7.03 6.76 6.90 3.92 7.16 6.82 6.99 4.86 7.18 6.72 6.95 6.62
VA29 7.27 6.58 6.93 9.96 6.65 6.52 6.59 1.97 7.26 6.92 7.09 4.80
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Most of the published seismic profiles display a
transition between oceanic and continental crust
through an ocean—continent transition, occasionally
called an OCT, which is characterized by anoma-
lous high-velocity/high-density layer(s) (Hirsch
et al. 2009). The V,, of ‘normal’ continental crust
varies between 5 and 8 km s~ ', generally increasing
with depth, following a seismic stratigraphy typi-
cal of the continental crust (e.g. Christensen and
Mooney 1995). Anomalous bodies in the ocean—
continent transition zones may have a V, above
6.7 kms™! (e.g. Blaich ez al. 2011).

Studies of the lithostratigraphy and structural
setting of fossil passive margins have shown that
large- to small-scale folding that may be associated
with the development of new fabrics is common
(e.g. Bertotti et al. 1993; Spalla et al. 2000). Conse-
quently, the distribution of lithotypes (i.e. bulk com-
position) is not linearly related to depth, such that
mafic rocks (higher density) are more abundant in
the lower crust whereas felsic rocks (lower density)
are more common in the upper and intermediate
crust (e.g. Christensen and Mooney 1995; Rudnick
and Fountain 1995; Rudnick and Gao 2003).

The Southern Alps are commonly interpreted to
be a portion of a Permo-Mesozoic passive margin of
the African plate (Boriani et al. 1990a, b, c; Handy
et al. 1999), and they are an ideal example for dis-
cussing the influence of rock anisotropy on the prop-
erties (e.g. seismic) of the rock (e.g. Rutter et al.
1999). The western sector of the Southern Alps is
composed of continental crust rocks, from felsic to
intermediate in composition, plus the Ivrea Body,
a large mafic to ultramafic body (Bigi et al. 1990).
This lithological association is commonly viewed
as an outcropping section of the intermediate—
lower crust transition (Boriani ef al. 1990b; Rutter
et al. 2007), tilted to between 20 and 60° during
Triassic and Jurassic time and along the Insubric
Line during the Alpine orogenesis (Boriani et al.
1990b; Barboza and Bergantz 2000).

The structural and petrological evolution and
large-scale tectonics of this section have been
studied as part of lithospheric-scale seismic investi-
gations (Handy 1987; Boriani e al. 1990c; Rutter
et al. 1999; Khazanehdari ef al. 2000). The large
heterogeneities in lithotype and the variety of
scales (metres to kilometres) of folding and intru-
sive structures that characterize this fossil conti-
nental margin of the Southern Alps result in one of
the most complex distribution of seismic wave
velocities observed globally (Rutter et al. 1999;
Lloyd et al. 2011b).

Modern studies of the distribution and behaviour
of seismic velocities in crustal rocks have demon-
strated how rock fabrics and folding may be exploi-
ted (e.g. using shear-wave splitting), which may
vary due to foliation and CPO regardless of the

bulk composition (Rutter et al. 1999; Ji and Long
2006; Tatham et al. 2008; Lloyd et al. 2011a). As
shown for passive margins globally and the South-
ern Alps in particular, foliations and CPO have
been pervasively folded during and after syn-rifting
tectonics (e.g. Alpine tectonics in the Southern
Alps; Burlini and Fountain 1993).

The megascopic structural framework should
be considered when defining the seismic model for
interpretation. Burlini (1994) demonstrated seismic
anisotropy recorded by 5-10-km-thick metapelitic
layers, leading to shear-wave splitting times of up
to 1.2s. This anisotropy is strongly controlled
by the CPOs and SPOs of sillimanite and biotite
in high-grade melt-bearing metapelites (kinzigite)
(Burlini 1994), associated with the amphibolites
studied here.

We have confirmed that the seismic anisotropy
is closely related to the CPO of amphibole in amphi-
bolites (Siegesmund et al. 1989; Meissner et al.
2006; Tatham et al. 2008). In particular, the main
mesoscopic and microscopic fabrics, which are gen-
erally characterized by alternating mineral layers,
do not always correspond to the directions of the
crystallographic anisotropy. This observation is
due to the CPO of amphibole, which may be at an
angle to the planar or linear fabrics that are well
defined at the outcrop scale in hand samples and
in seismic tomography. The SPO and CPO of pla-
gioclase, which are the secondary rock-forming
mineral in amphibolites, do not significantly affect
the spatial distribution of anisotropy however;
this remains controlled by the CPO of amphibole.
This observation is in accordance with the ‘recipe’
approach by Azpiroz and Lloyd (2010); however,
the SPO and CPO of plagioclase do contribute to
lowering the average velocity (Tatham et al. 2008).

As shown by Lloyd er al. (2011a, b), shear-wave
splitting and anisotropy may indicate changes in the
orientations of rocks with depth. Because the shear-
wave splitting of amphibolites is controlled by the
CPO of amphibole, the reconstructed directions
for these samples do not coincide with mesoscopic
foliations or compositional layering; instead, they
coincide with amphibole CPO fabrics. In our work
the foliation plane (XY) and the CPO of amphibole
may display orthorhombic symmetry (e.g. VA26
in Fig. 4b and VA28 in Fig. 4c), but they also differ
by up to 20-30° (VA23 and VA25 in Fig. 4a, VA27
in Fig. 4b and VA29 in Fig. 4c), developing a mono-
clinic symmetry.

The deep 3D architecture of the western South-
ern Alps sector is characterized by large-scale
folds that refold the rock boundaries, producing
complex patterns of mutually folded layers and
lenses of compositionally different rocks (Bigi
et al. 1990). Within these crustal-scale lenses or
layers the fabrics are equally complex, recording


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 1,2014

M. ZUCALI ET AL.

multiple stages of superimposed deformation (Bur-
lini 1994) which led to the development of various
generations of foliations and lineations that cross-
cut the main lithological boundaries. Several zones
of strain localization are also recorded at differ-
ent scales (Handy et al. 1999; Rutter et al. 2007),
which developed under different metamorphic con-
ditions and at different times during the tectono-
metamorphic evolution of the area and were
refolded locally during later stages (Khazanehdari
et al. 2000). The ultramafic Ivrea Body occupies
the south-westernmost part of the sector, adjacent
to the Insubric Line, whereas kilometre-scale
Permian granitic bodies localize in the eastern part
of the sector (Fig. 1). The Ivrea Body is also intern-
ally characterized by well-developed fabrics
and CPOs (Quick et al. 1995), whereas the intru-
sive granitic bodies are mainly isotropic. All these
observations, together with metamorphic and
magmatic age data of the western Southern Alps
(Peressini et al. 2007; Luvizotto and Zack 2009;
Mazzucchelli et al. 2010; Wolff et al. 2012),
describe Ivrea Zone as constituted by rock units
with contrasting tectono-metamorphic evolutions.
This questions its interpretation as a vertical sec-
tion through the lower crust, particularly in light
of similar discussions on the settings of central
portions of the Southern Alps (Spalla er al. 2005,
2010). In fact, Late Carboniferous—Early Permian
granulite facies metamorphism and related defor-
mation have been reported (Barboza and Bergantz
2000; Peressini et al. 2007) for the Ivrea Verbano
rocks. Similarly, samples VA26, VA27, VA28 and
VA29 collected near or within this unit are charac-
terized by garnet relicts that pre-date the growth of
the amphibolite facies paragenesis (plagioclase +
amphibole). The CPOs of these samples also reflect
this evolution; plagioclase is characterized by an
absence or weakness of preferred orientations,
whereas amphibole displays similar CPOs to the
sample from the Scisti dei Laghi/Strona Ceneri
(VA23, VA25). The absence of CPO in plagioclase
is interpreted as linked to the origin of plagioclase,
which replaces garnet during the decompression
from granulite (eclogite?) to amphibolite conditions
as confirmed by microstructural and tomographic
image analysis (Fig. 2a, b) and thermobarometric
estimates from the literature (Giobbi Mancini et al.
2003). Conversely, in VA23 and VA25 plagioclase
CPO records the deformation associated with the
amphibolite facies imprint, developing preferred
orientation characteristic of plastic deformation
at amphibolite facies conditions (see Passchier and
Trouw 2005).

The combination of structural, metamorphic
and petrochronological data, now constrained by
CPO analysis, strongly suggest that we should
interpret the evolution of western Southern Alps

crust as an active extensional margin since Late
Carboniferous—Early Permian time that accommo-
dated the opening of the Alpine Tethys (Stampfli
and Borel 2002; Handy et al. 2010). The Ivrea
Verbano granulite imprint was likely related to the
onset of the asthenosphere uplift that culminated
with the intrusion of the Mafic Body (Barboza and
Bergantz 2000). The amphibolite facies imprint
occurred as the Ivrea Verbano zone reached inter-
mediate crustal levels and came into contact with
the Scisti dei Laghi, through the Cossato-Mer-
gozzo-Brissago shear zone (Boriani er al. 1990q;
Boriani and Burlini 1995).

All these observations present us with a sce-
nario that must be considered when interpreting
the seismic data for a section of continental crust,
although the general assumption is that exten-
sional tectonics result in relatively simple large-
scale structures. Firstly, the lithological /chemical
variations in the crust are not necessarily simply
related to depth, but they are uniquely controlled
by the folding and deformational history of the
pre-existing lithostratigraphy. Secondly, the macro-
and microscopic fabrics have been repeatedly fol-
ded and locally replaced by new fabrics. Thirdly,
the crystallographic fabrics may have orthorhom-
bic to monoclinic symmetry with respect to the
shape fabric (i.e. foliations and lineations), lead-
ing to more complicated relations between seismic
anisotropy, crystallographic fabrics and mesoscopic
(shape) fabrics.

Conclusions

To quantify the contribution of crystallographic
fabric to the bulk seismic properties of rocks, we
have analysed amphibolites from the western South-
ern Alps which are considered an example of fossil
lower crust of the African side of the Tethys passive
margin.

The results demonstrate that the contribution of
CPO is of primary importance if we want to recon-
struct fully the tectono-metamorphic evolution of
the Southern Alps continental rocks. CPOs may
give us clues about the past evolution of the area,
which may be successfully used to show the con-
trasting geological history of adjacent areas.

Neutron diffraction CPO analysis results in a
more reliable and accurate definition of the ODF
for amphibole in 3D and enables the reconstruc-
tion of the plagioclase CPO, which was arbitrarily
considered random by Barberini et al. (2007) for
samples VA28 and VA29.

The combination of these new data with those
published for pelitic rocks in the same area (Burlini
and Fountain 1993), together with crustal-scale
structures from this portion of the Southern Alps,
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emphasizes the importance of introducing structural
data, such as crystallographic fabrics, into seismic
models when reconstructing the structure of conti-
nental crust, as suggested by Lloyd et al. (2011a, b).
Future studies should integrate quantitative data
from shape fabrics, for example from phase-contrast
synchrotron X-ray microtomography (e.g. Baker
etal. 2012; Zucali et al. 2014), into the computation
of seismic properties, which will likely produce a
more refined model relating the mesoscopic fab-
rics, microscopic preferred orientations and lattice
anisotropies to the large-scale seismic response.
Hopefully, this model will be capable of reprodu-
cing structures of various scales, including folds,
which are largely preserved in fossil continental crust
and represent major structures developed during
dominant geodynamic processes such as rifting.

The manuscript was greatly improved by the detailed com-
ments of two anonymous reviewers DC and LL warmly
thank the Conseil Régional de Basse-Normandie and the
FEDER for the two-years financial of the Chair of Excel-
lence of LL at CRISMAT. MZ thanks Geoprob Project
PRIN2012 for financing.
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