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Metamorphic transformations and fabric evolution are the consequence of thermo-
dynamic processes, lasting from thousands to millions of years. Relative mineral
percentages, their grain size distribution, grain orientation, and grain boundary
geometries are first-order parameters for dynamic modeling of metamorphic processes.
To quantify these parameters, we propose a multidisciplinary approach integrating
X-ray computed microtomography (u-CT) with X-ray chemical mapping obtained from
an Electron MicroProbe Analyzer (EMPA). We used a metapelitic granulite sample
collected from the Alpine HP-LT metamorphic rocks of the Mt. Mucrone (Eclogitic
Micaschists Complex, Sesia-Lanzo Zone, Western Alps, lItaly). The heterogeneous
Alpine deformation and metamorphism allowed the preservation of pre-alpine structural
and mineralogical features developed under granulite-facies conditions. The inferred
granulitic mineral association is Grt + Bt + Sil + Pl + Qtz £ Ilm + Kfs &£ Wm. The
subsequent pervasive static eclogite-facies re-equilibration occurred during the alpine
evolution. The inferred alpine mineral association is Wm + Omp + Ky + Qtz + Grt
though local differences may occur, strongly controlled by chemistry of microdomains.
X-ray w-CT data extracted from centimeter-sized samples have been analyzed to
quantify the volumetric percentage and shape preferred orientation (SPO) for each
mineral phase. By combining tomographic phase separation with chemical variation and
microstructures (i.e., different grain-size classes for the same phase and morphology of
different pre-alpine microdomains) the pre-alpine mineralogical phases from the alpine
overprint have been distinguished and quantified. Moreover, the sample preserves 100%
of the pre-alpine granulite fabric, which surprisingly corresponds to less than 22% of the
corresponding pre-alpine metamorphic assemblages, while the alpine eclogitic static
assemblage corresponds to 78% though no new fabric is developed. This contribution
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demonstrates that the combined use of EMPA X-ray chemical mapping with the
X-ray w-CT shape analysis permits a dynamic approach to constrain the chemistry
of the mineral phases linked to the development of metamorphic-related static and

dynamic fabrics.

Keywords: X-ray microtomography, X-ray chemical maps, shape preferred orientation, granulite metamorphism,

pre-alpine fabrics, Sesia-Lanzo Zone

INTRODUCTION

The knowledge of crust and mantle dynamics is mostly based
on the study of fabric elements, metamorphic assemblages and
their relationships within the rock-volume, now exposed after the
subduction- and collision-related processes. The metamorphic
basements are usually affected by strong heterogeneities in
the degree of fabric and metamorphic evolution (Salvi et al.,
20105 Corti et al., 2017), mainly due to the strain partitioning
and consequent heterogeneous distribution of metamorphic
assemblages (e.g., Myers, 1970; Mork, 1985; Spalla and Zucali,
2004; Spalla et al., 2005; Pearce and Wheeler, 2010). Detailed
multiscale correlation between deformation and metamorphism
has been shown to be of primary importance to constrain the
relationships between fabric and metamorphism (e.g., Turner
and Weiss, 1963; Park, 1969; Hobbs et al., 1976, 2010; Williams,
1985; Lardeaux and Spalla, 1990; Passchier et al., 1990; Johnson
and Vernon, 1995; Spalla et al., 1999; Salvi et al., 2010; Gosso et al.,
2015; Corti et al., 2017).

Classical structural geology studies have been progressively
reinforced by a collection of quantitative data through texture
analysis (e.g., Zucali et al., 2014a; Frassi et al., 2017), synchrotron
X-ray computed microtomography (e.g., Zucali et al., 2014a) and
chemical mapping of superimposed structures in metamorphic
rocks (Lanari et al., 2014; Ortolano et al., 2014a; Visalli, 2017). In
this view, the quantitative analysis of the metamorphic textures
related to the superimposed fabrics allows the evaluation of
the mechanically and chemically reacting volume percentage,
during successive tectono-metamorphic stages. In particular,
the estimation of relative mineral percentages, their grain size
distribution, grain orientation, and grain boundary geometries
for each tectono-metamorphic stage are the first-order
parameters for dynamic modeling of metamorphic processes.

To quantitatively investigate the textural and chemical
heterogeneities ~ developing  during  deformation  and
metamorphism partitioning we propose a novel approach
integrating X-ray computed microtomography (u-CT) with
X-ray chemical mapping obtained from an Electron MicroProbe
Analyzer (EMPA). This procedure combines (1) the quantitative
calibration of the X-ray chemical map for selected microdomains
using the Q-XRMA (i.e., Quantitative X-Ray Map Analyzer)
statistical approach (Ortolano et al., 2018) to determine different
compositional regions within the rock and minerals associated
to the superposed metamorphic assemblages; (2) the high-
resolution thin section optical scanning to determine the mineral
grain-size distribution and perform the orientation analysis
using the Min-GSD (Mineral-Grain Size Distribution) method
(Visalli, 2017); and (3) the X-ray w-CT capability to resolve

the three-dimensional (3D) shape and spatial distribution of
minerals marking different fabrics in metamorphic rocks (e.g.,
Denison et al., 1997; Huddlestone-Holmes and Ketcham, 2010;
Voltolini et al., 2011; Baker et al,, 2012; Sayab et al., 2015;
Macente et al., 2017).

We applied this approach to a metapelitic granulite sample
(i.e, kinzigite gneiss) surfacing within the poly-deformed
metamorphic basements of the Mt. Mucrone, Eclogitic
Micaschists Complex, Sesia-Lanzo Zone, Western Alps (Hy,
1984; Koons et al., 1987; Ridley, 1989; Ildefonse et al., 1990; Zucali
et al., 2002; Babist et al., 2006; Cenki-Tok et al., 2011; Delleani
et al, 2013). The sample pervasively records the pre-alpine
granulite fabric, but the original pre-alpine granulite mineral
assemblages were extensively replaced by static eclogite facies
minerals, recording the alpine subduction-related evolution.

In this contribution, we show how to quantify the modal
percentage, the mineral chemical variation, the grain-size
distribution, the grain orientation, and the grain boundary
geometries of the mineral phases recording the metamorphic
evolution from pre-alpine granulitic- to the eclogitic-facies
conditions. This approach allows a detailed and reliable
discrimination of these parameters for the pre-alpine
and alpine stages.

MATERIALS AND METHODS

Geological Outline

The Sesia-Lanzo Zone, in the Western Alps (SLZ, Figures 1A,B),
is a portion of continental crust, which recorded high pressure
(HP) metamorphic conditions during the alpine subduction (e.g.,
Dal Piaz et al.,, 1972; Compagnoni et al., 1977; Pognante, 1991;
Babist et al.,, 2006; Meda et al.,, 2010; Roda et al., 2012; Regis
etal., 2014). Its alpine metamorphic history comprises a prograde
blueschist- to eclogite-facies stage followed by blueschist- and
greenschist-facies retrograde re-equilibrations (e.g., Compagnoni
and Maffeo, 1973; Compagnoni, 1977; Gosso, 1977; Lardeaux,
1981; Lardeaux et al., 1982a, 1983; Spalla et al., 1983; Pognante,
1989a; Castelli and Rubatto, 2002; Zucali et al., 2004; Rebay
and Messiga, 2007; Zanoni et al., 2008; Zucali and Spalla, 2011;
Giuntoli and Engi, 2016; Corti et al., 2018; Giuntoli et al., 2018a;
Roda et al.,, 2018a, 2019). The metamorphic evolution ended
at Oligocene with the intrusion of large intrusive bodies which
produced contact metamorphic aureole (Zanoni et al., 2008).
The alpine eclogite-facies peak has been dated between 90 and
65 Ma (Rubatto et al., 1999; Cenki-Tok et al., 2011; Regis et al,,
2014; Giuntoli et al., 2018b; Halama et al., 2018). The early-alpine
HP imprints range between 500-625°C and 1.3-2.5 GPa (see
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(D) P-T-d-t path modified after Zucali et al. (2002) and Delleani et al. (2013).

FIGURE 1 | (A) Tectonic outline of the major domain of the alpine chain. (B) Tectonic scheme of the Western Alps with the different metamorphic complexes of the
Sesia-Lanzo Zone. The studied area is located. (C) Rock-types and foliation trajectories around the Mt. Mucrone. The metapelitic granulite sample is located.
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Roda et al., 2012 for a review of P-T estimates). The eclogitized
ophiolitic relics of the Liguria-Piedmont Ocean, the Piedmont
Zone, bound the external margin of the SLZ, while the SLZ
internal margin is a thick mylonitic belt (the Canavese Line)
(Figure 1); the Canavese Line puts in contact the SLZ from
the lower crustal rocks of the Southalpine Ivrea Zone (e.g., Bigi
et al.,, 1990; Rebay et al., 2018; Balestro et al., 2019). The SLZ
is subdivided into four main units (Figure 1B): the Eclogitic
Micaschist Complex (EMC), the Gneiss Minuti Complex (GMC),
the II Dioritic-Kinzigitic Zone (IIDK) and the Rocca Canavese
Thrust Sheets (RCT) (e.g., Compagnoni et al., 1977; Pognante,
1989a,b; Spalla et al., 1991; Cantu et al., 2016; Roda et al,
2018a, 2019). Eclogitic parageneses are widely described both
in EMC and GMC with a strong difference in relative volume
affected by the retrograde greenschist re-equilibration. The GMC
is widely re-equilibrated under greenschist facies conditions,
while the EMC, constituting the internal part of the SLZ, records
the greenschist-facies re-equilibration along discrete shear zones
(Spalla et al., 1983, 1991; Stiinitz, 1989; Giuntoli and Engi, 2016).
The IIDK consists of kilometric lenses of paragneisses, marbles
and metabasites between EMC and GMC. The pre-alpine high-
temperature evolution is well preserved and the alpine eclogitic
assemblages are described only in the Vogna Valley, where the
tectonic contact between IIDK and EMC is marked by eclogitic
mylonites (Lardeaux, 1981; Lardeaux et al., 1982b).

The EMC protoliths, composed by high-grade paragneisses,
granulites, amphibolites and minor marbles and quartzites,
constitute the country rocks of the Permian granitoids and
gabbros (Compagnoni and Maffeo, 1973; Callegari et al., 1976;
Compagnoni et al., 1977; Lardeaux, 1981; Oberhinsli et al., 1985;
Castelli, 1987; Bussy et al., 1998; Cenki-Tok et al., 2011; Zucali,
2011; Corti et al., 2017); the Mt. Mucrone is one of these Permian
bodies and the most renown. The deformation history of EMC,
in the area of Mt. Mucrone and studied samples, comprises
four generations of alpine folds (Figure 1C), two of which are
associated with the HP mineral assemblages, and two generations
of shear zones synchronous with the blue- and greenschist-
facies re-equilibration, respectively (Hy, 1984; Zucali et al., 2002;
Delleani et al., 2012, 2013).

A pre-alpine polyphasic metamorphic evolution, from
granulite- to amphibolite-facies conditions, has been recognized
in marbles, metapelites, metagranitoids and metabasics of the
SLZ (Compagnoni et al., 1977; Lardeaux et al., 1982b; Castelli,
1991; Lardeaux and Spalla, 1991; Rebay and Spalla, 2001). This
pre-alpine stage, marked by biotite-, sillimanite-, garnet-rich
foliation in paragneiss (pre-D1 in Figure 1D), is found as
relict in paragneiss close to the Mt. Mucrone (i.e., metapelitic
granulite sample in Figure 1C). The pre-alpine stage has been
constrained at T' = 730-830°C P = 0.7-0.9 GPa for acid and
basic granulites surfacing in other localities of the SLZ (Lardeaux
and Spalla, 1991). Pre-D1 has been interpreted as the result of
an extension-related uplift of a portion of the Variscan crust;
this extensional tectonics is inferred to be of Permian-Triassic
time, during the lithospheric thinning leading to the Tethys
opening (e.g., Lardeaux and Spalla, 1991; Marotta et al., 2009;
Roda et al., 2018D).

Sample Description

The analyzed samples are pre-alpine granulite-facies
metapelites, characterized by gneissic fabric (i.e., kinzigite).
They were collected from the EMC, NW of the Lago del
Mucrone (Figure 1C, UTM32N - WGS84 417517.69 m E,
5053493.35 m N). They occur as lenses within the eclogitic
gneisses and micaschists, country rocks of the Permian Mt.
Mucrone metaintrusive body (Eclogitic Micaschists Complex,
Sesia-Lanzo Zone, Western Alps). The heterogeneous alpine
deformation and metamorphism allowed the preservation of
pre-alpine granulite-facies relicts in country rocks, preserving
a foliation (pre-S1 in Figure 1C) at meter-scale, wrapped by
the eclogite-facies S1 and S2 foliations (Figure 1C). The pre-
alpine fabrics are mostly defined by alternating microfilms and
microlithons, which are marked, respectively, by red-brown
biotite, elongated ex-sillimanite domain, ilmenite, rare white
mica and garnet porphyroblasts, K-feldspars, ex-plagioclase
domain, quartz, and decussate arcs of red-brown biotite
(Figure 2A). The pre-S1 foliation (Figure 2A) is characterized by
S-C-like geometry where the C planes, spaced by 2-3 mm, deflect
the S planes marked by biotite and ex-sillimanite domains,
the latter being characterized by diagnostic columnar shape
and transversal fractures (Figure 2D). Garnet porphyroclasts
are wrapped by the pre-S1 foliation; they are commonly
associated with biotite, quartz and white mica (Wml) inclusions
(Figures 2B,C). Ex-plagioclase domains are characterized by
thin-grained aggregates of white mica and/or a high-relief
mineral (omphacite) and may occur as elongated domain,
mainly parallel to the S-planes, locally wrapping porphyroblasts,
or as coronas of the garnet porphyroblasts (Figure 2B). Biotite
also marks the pre-S1 foliation; biotite is well preserved in
microfilm domains and displays (001) cleavage mainly parallel to
the foliation; its red-color at parallel nicols suggests a preserved
composition, probably related to the pre-alpine high-temperature
conditions (e.g., Hayama, 1959; Wu and Chen, 2015). Locally,
isolated grains of white mica co-exist with biotite, suggesting
also a pre-alpine age for the white mica (Wml in Figure 2E).
The pre-S1 pre-alpine fabric is pervasively replaced by static
eclogite facies mineral association, namely garnet, white mica,
omphacite, kyanite, and rutile. Alpine generation of garnet (GrtII
in Figure 2B) occurs as corona over garnet porphyroblasts (GrtI)
or biotite (Figure 2B) or as new grains (Figure 2). Alpine white
mica (WmlI, Figures 2C,E) defines thin-grained aggregates likely
replacing feldspar, biotite or white mica pre-alpine domains.
Omphacite (Ompl) fine-grained aggregates replace pre-alpine
plagioclase (Figure 2B); large individuals may also occur as in
Figure 2D. Kyanite occurs as fine-grained aggregates replacing
sillimanite in ex-sill domains (Figure 2D). The fine grain-size
made the recognition of optical characters sometimes hard. The
different alpine metamorphic assemblages or replacements seem
to be strongly controlled by the chemistry of microdomains.
Typical examples are kyanite and omphacite that preferentially
grow only in specific pre-alpine domains. This is also confirmed
by the comparison of the eclogitic assemblages of these rocks
with those of eclogitic micaschists where no kyanite occur,
likely due to the effect of chemical homogenization of the
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FIGURE 2 | (A) High-resolution optical scan of the entire thin section characterized by well-developed pre-S1 foliation, plane polarized light. (B) pre-alpine Grt
microdomains, plane polarized light. (C) pre-alpine Grt microdomains, crossed polars. (D) pre-alpine Sill and Pl microdomains, plane polarized light. (E) pre-alpine Sill
and Pl microdomains, crossed polars.
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alpine deformation. The inferred eclogitic mineral association
WmlII + Ompl £ Kyl + Qtz + GrtIl + Rt indicate T = 500-
600°C and P > 1.5-2.2 GPa conditions (Zucali et al., 2002) while
the pre-alpine granulitic stage is characterized by the mineral
assemblage Grtl + BtI 4 Silll + P1 + Qtz & IIm £ Kfs = Wml,
but no thermo-barometric estimates are available so far.

Methods

Chemical Imaging and Fabric Analysis

Three different image processing tools (i.e., GSD, Q-XRMA
and Min-GSD) developed at the Geoinformatics and Image
Analysis Lab of the Biological, Geological, and Environmental
Sciences Department at the University of Catania (Italy), have
been applied both at the scale of the entire thin section and
of the microdomain one. In this last case, two microdomains
(i.e., Cl, C2) have been selected as the best candidates to
execute the tools. These tools are based on various scripts and
functions adopted for images analysis, implemented within the
most common GIS software, which have been increasingly used
in solving various geoscientific issues (e.g., Li et al., 2010; DeVasto
etal., 2012; Pradhan, 2013; Ortolano et al., 2014a,b; Belfiore et al.,
2016; Fiannacca et al., 2017; Berrezueta et al., 2019).

The first tool adopted is the Grain Size Detector (GSD -
Visalli, 2017). Such tool permits the users to trace a map of
polygonal features representative of the grains composing the
rock, by processing high-resolution thin section optical scans.
In such a way, a database containing several data of grain sizes
and shapes (e.g., area, axial ratio, orientation with respect the
foliation and others) is obtained. With this aim, a 24 bit-depth
optical scan has been acquired with a resolution of 4800 dpi
via an Epson V750 dual lens system scanner. According to
Visalli (2017), the above scan resolution was selected as the best
setting for acquiring an image at high quality, reducing, at the
same time, the required hard drive space storage and image
processing time.

The analytical procedure of the tool is based on the sequential
application of four image-processing steps, within the GIS
environment: (i) the filtering step, to improve the quality
of the input scan, by emphasizing grains boundaries and
reducing noise; (ii) the image segmentation step, required to
distinguish, select and extract boundaries of different grains;
(iii) the vectorization step, needed to create polygon features
that trace the original grains of the thin section; and, finally,
(iv) the quantification step, useful to calculate grain sizes and
shape parameters.

The second tool applied is the Quantitative X-Ray Map
Analyzer (Q-XRMA - Ortolano et al.,, 2018). In this case, users
are able to classify rock-forming minerals starting from an array
of X-ray maps as well as to calibrate these maps for deriving pixel-
based chemical data and end-member fraction maps, by using a
sufficient number of spot chemical analyses as internal standards
(De Andrade et al., 2006). With this aim, major element X-ray
maps (i.e., Al, Ca, Cr, Fe, K, Mg, Mn, Na, Si, Ti) of the entire
thin section (c. 3820 mm) have been acquired using a JEOL
8200 electron microprobe equipped with five WDS spectrometers
located at the Department of Earth Science, University of Milan.

Operating conditions were 160 ms dwell time, 15 kV accelerating
voltage and a probe current of 100 nA. A spatial resolution
of about 60 pm in both x and y directions was used for
acquiring an image with a resolution of 360 x 610 pixels. X-ray
maps of the Cl and C2 microdomains were acquired with a
dwell time of 130 ms and pixel matrices of 650 x 700 and
600 x 770, where the pixel size was equaled to 4 and 5 pm,
respectively. Spot chemical analyses used as internal standards
to calibrate X-ray maps were performed using the JEOL 8200
EMPA. Operating conditions were: ~1 pwm beam spot, 15 kV
accelerating voltage, and 5 nA beam current. Natural minerals
and synthetic oxides were used as standards. Adopted mineral
abbreviations are from Siivola and Schmid (2007), whereas
mineral formulae were calculated according to Deer et al. (1992)
by the jJPTGUI software (Zucali, 2005). Representative mineral
analyses and structural formulae of garnet, biotite, pyroxene
and white mica are given as Supplementary Table S1. The
analytical procedure of the Q-XRMA tool is subdivided into
three different cycles: (i) the first cycle consists of various
stages implying a multivariate statistical data handling of the
X-ray maps, based on the sequential application of the Principal
Components Analysis (PCA) and the supervised Maximum
Likelihood Classification (MLC) (Ortolano et al., 2014b). As
a result, users can distinguish mineral phases constituting the
analyzed thin section/microdomain as well as extrapolate the
associated modal percentages; (ii) the second cycle comprises
two sub-procedure allowing to perform, on one hand, an in-
depth analysis of a selected phase identified during the first cycle
for detecting occurrences of sub-phases (e.g., mineral zoning)
and, on the other hand, to calibrate native X-ray maps through
a multiple linear regression algorithm. In this last case, the
element concentration values (expressed as atoms per formula
unit, a.p.f.u) can be predicted for each pixel representative
of a specific investigated mineral phase; (iii) the third cycle
permits users to manage the calibrated X-ray maps obtained
during the second cycle, for constructing maps of end-member
proportions as well as quantifying chemical variations within the
investigated phases.

The third tool adopted is the Mineral Grain Size Detector
(Min-GSD - Visalli, 2017). This tool allows users to merge
together the outputs of the GSD and Q-XRMA in order to
label each grain polygon feature with the appropriate mineral
name, as the GSD tool alone is not capable to make any
division between grains of the same/different minerals, unless the
user manually renames each polygon. The analytical procedure
requires the sequential application of three different steps:
(i) a preliminary manual georeferencing stage, in ArcGIS®
environment, between the GSD and Q-XRMA outputs. This is
in order to ensure a valid overlap between the two images; (ii)
a raster to point conversion of the Q-XRMA output, with the
aim to convert each classified pixel in a point feature storing
the datum of the mineral name; and finally, (iii) a spatial join
operation between the GSD output and the Q-XRMA point
converted image in order to attach the correct mineral name
to each polygon feature. In this view, the tool calculates the
highest frequency of the pixels having the same label enclosed
within a polygon.

Frontiers in Earth Science | www.frontiersin.org

December 2019 | Volume 7 | Article 327


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Corti et al.

3D Imaging of Metamorphic Transformations

X-Ray Computed Tomography
X-ray computed microtomography (u-CT) is a non-destructive
technique based on the 3D mapping of the X-ray attenuation
coefficient across the investigated sample (Baruchel et al., 2000).
Using X-ray p-CT based on a cone-beam geometry it is possible
to achieve a maximum spatial resolution close to the focal spot
size of the microfocus X-ray source. Moreover, it has been
demonstrated (Wilkins et al., 1996) that by using a tomographic
instrument based on a microfocus source, it is possible to take
advantage of phase-contrast effects at the edges of the different
features present within the sample volume (phase objects). This
could allow to improve the contrast and spatial resolution in
the images, obtaining sharper borders of the sample features
and detecting details smaller than the pixel size of the detector
(Mancini et al., 1998). Phase-contrast X-ray pu-CT measurements
based on synchrotron and microfocus X-ray sources applied in
the Earth science domain represent a powerful tool for the non-
destructive characterization of the internal microstructures and
the mineral phases separation thanks to their different density
and/or chemical composition (Polacci et al., 2010; Zandomeneghi
et al., 2010; Baker et al., 2012; Cnudde and Boone, 2013).
Through virtual slicing of the sample volume and applying image
processing and analysis 3D tools, it is possible to achieve a
quantitative shape preferred orientation (SPO) analysis by means
of the extraction of geometrical, morphological, and orientation
parameters (Voltolini et al., 2011; Zucali et al., 2014b).
Phase-contrast X-ray p-CT data have been acquired on
centimeter-sized samples at the TomoLab station at the Elettra
synchrotron facility in Basovizza (Trieste, Italy)'. This station is
equipped with a sealed microfocus source (Hamamatsu, Japan)
which guarantees a minimum focal spot size of 5 pm. For each
sample, a set of 2400 projections was acquired over a total
scan angle of 360°. A water-cooled, 12-bit, 4008 x 2672 pixels
CCD camera (Photonic Science, United Kingdom) was used
as detector applying a 2 x 2 binning to the pixels. Scanning
acquisition conditions were: Voltage = 130 kV, current = 61 pA,
filter = 1.5 mm of Al, exposure time per projection = 6.5 s,
source-to-sample distance = 220 mm and source-to-detector
distance = 311 mm. The reconstruction of the tomographic
slices was done using the commercial software COBRA (Exxim,
United States) with an isotropic voxel size of 17.7 pm. The
reconstructed slices were visualized by using the freeware Image]
(Schneider et al., 2012), while the 3D visualization, through
volume rendering procedure, was obtained by the Pergeos
software’. PerGeos software allows the mineral quantification
through user-friendly 3D visual imaging and mineral phases
segmentation by mapping gray value to specific colors. To reduce
imaging noise, the reconstructed p-CT data (Figure 3A) was pre-
filtered using variance weighted mean filter (Figure 3B; noise
variance = 400, radius = 2 pixels; Gonzalez and Woods, 2002).
Prior to the volume data processing, we crop out a sub-volume
(VOI: Volume of Interest) suitable for the analysis avoid the
dark background masking the slices with respect to the outer

'https://www.elettra.trieste.it/it/lightsources/labs-and- services/tomolab/tomolab.
html

Zhttps://www.thermofisher.com/electron-microscopy

region of the sample. The mineral phases are separated from each
other using 3D Marked-Watershed segmentation (MBW; Meyer
and Beucher, 1990). The algorithm is based on semi-automatic
thresholding, where the boundary between mineral is defined by
using the gradient function (i.e., the local deviation) as the gray-
values delimiters (Figures 3C,D). The material to be segmented
is marked using the manual Interactive Overlay Thresholding
function seeded with local maxima of distance map. During the
procedure it is possible to have areas with multiple adjacent
local maxima. This issue can be minimized taking only the
largest local maxima (Sayab et al., 2017). The MBW algorithm
then expand the seeded markers over the related mineral phases
(Figures 3E,F) using a landscape function which is defined by
the gradient volume (i.e., active contours algorithm). Once the
segmentation is achieved post-segmentation filtering was needed
to improve the edge preservation and to remove the background
voxels. The filtering was retained to a minimum level to preserve
the shape of the objects. In this view, we used the closing
procedure for avoid dark “unclassified” voxels (Sayab et al., 2016).
Thanks to this imaging analysis we separated seven mineral
phases: garnet, pyroxene, kyanite, quartz, micas, and opaque
minerals. The 3D grain size distribution and the SPO analysis
for each mineral phase have been calculated along with the entire
rock volume and for each XY plane thanks to the Separate Object
procedure using the Skeleton algorithm. Through the labeling
tool it is possible to extract the useful parameters, i.e., length,
width, volume, orientation angles, eigenvalue, and eigenvector,
for each object.

RESULTS

2D Chemical and Fabric Results

The first cycle of Q-XRMA allows the modal percentage of the
entire thin section (98.41% classified pixels) to be calculated.
The identified mineral phases are Qtz (43.04%), Cpx (23.45%),
Wm (12.35%), Bt (8.99%), Ky (6.61%), Op (Ilm) (1.64%), Pl
(1.38%), and Grt (0.95%) (Figure 3), which correspond to the
pre-alpine Bt, Qtz, Grt, Op, Pl, and alpine Qtz, Cpx, Wm, Ky,
Grt mineral associations.

Combining the mineral classification (Figure 4) with the
grain size distribution (i.e., GSD output) using the Min-GSD,
all grains were clustered as a function of each rock-forming
mineral (Figure 4A). The procedure can distinguish 35,138 Qtz-
grains, 32,030 Cpx-grains, 11,380 Wm-grains, 8,006 Ky-grains,
6,916 Bt-grains, 1,124 Op-grains, 731 Pl-grains, and 249 Grt-
grains. This technique allows the quantitative estimation of the
mineral orientation with respect to the pre-S1 foliation and the
calculation of the mineral shape parameters (e.g., grain-size,
width, length, and aspect-ratio; see Supplementary Table S1 for
details). The orientation analysis shows as the pre-alpine fabric
(i.e, pre-S1 foliation and S-C fabric) is the most preserved.
Although the alpine metamorphic mineral association is the
most diffused, the orientation analysis reveals that the forming-
minerals are still organized in the pre-alpine S-C-like geometry
(Figure 5). In particular, the Bt, Wm, Qtz, Ky, and Cpx grains
show two orientation clusters that can be correlated to the
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FIGURE 3 | Segmentation procedure. (A) Volume rendering of the original VOI obtained from the X-ray microtomography experiments. (B) Visual inspection of the
gray levels related to the mineral phases. The sub-volume used as a target for the segmentation is located (white rectangle). Visual inspection of the gray levels
related to the mineral phases within the (C) sub-volume and along (D) XZ plane. 3D Marked-Watershed segmentation procedure for the target (E) sub-volume and

along (F) XZ plane.
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FIGURE 4 | (A) High-resolution optical scan of entire thin section characterized by well-developed pre-S1 foliation, crossed polars. (B) X-Ray maps of entire thin
section (i.e., Al, Ca, Fe, K, Mg, Mn, Na, Si, and Ti). (C) Results of Q-XRMA first cycle classification and mineral modal percentage.
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S and C structures. The S-related includes 28-35% of grains
aligned at 2-13° with respect to the pre-S1. The C-related
comprising 20-23% of grains laying at 34-46° from the pre-S1
orientation. The microstructural knowledge about the different
microsites and about the variation in size and in shape of every
mineral species it is crucial to archive the processed mineral
grains to the alpine or pre-alpine metamorphic assemblage.
For example, Figure 5B shows the quantification of the Grt
generations (i.e., Grtl and GrtlI) in relation to their grainsize and
microstructural positions.

The microstructural analysis allows to assume the 0.1 mm?

as the area-threshold value between the pre-alpine and alpine
garnets and to estimate that only the 4.03% of the Grt grains
refers to the pre-alpine metamorphic assemblage. Furthermore,
the ArcGIS classification functions are useful to obtain 2D
maps of the Aspect Ratio (AsR) for the different mineralogical
species. The AsR visualization and estimation are shown
for the Qtz (Figure 5C) and Cpx (Figure 5D) grains. The
60.17% of Qtz grains are characterized by the AsR equals to
0.70 & 0.10 and the 60.80% of Cpx grains have an AsR of
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FIGURE 5 | (A) Results of Min-GSD and grains orientation with respect to pre-S1 foliation for each mineral phase. (B) Garnet grainsize map and grainsize vs.
perimeter plot. (C) Aspect Ratio map of Qtz and Length vs. Width plot for all Qtz grains. (D) Aspect Ratio map of Cpx and Length vs. Width plot for all Cpx grains.
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FIGURE 6 | (A) BSE image of pre-alpine Grt microdomain. (B) BSE image of pre-alpine Sill microdomain. (C) Results of Q-XRMA first cycle classification and mineral
modal percentage for pre-alpine Grt microdomain. (D) Results of Q-XRMA first cycle classification and mineral modal percentage for pre-alpine Sill microdomain.
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0.70 £ 0.10 denoting a low degree of alpine fabric evolution at
the grain-scale.

The mineral chemical variation of the pre-alpine and
alpine paragenesis are quantitatively explored in the Grtl
(C1; Figure 6A) and ex-Sill (C2; Figure 6B) microdomains
using the Q-XRMA software. The C1 forming-minerals and their
modal percentage (Figure 6C) are Grt (32.50%), Qtz (28.24%),
Wm (23.68%), Cpx (12.86%), Bt (2.18%), Ky (0.11%), Ap (0.05%),

and Ep (0.02%). The C2 classified minerals and their modal
abundance (Figure 6D) are Wm (32.31%); Grt (18.69%), Ky
(15.66%), Qtz (12.99%), Bt (9.09%), Cpx (8.71%), P1 (1.38%), Ap
(0.74%), and Rt (0.05%).

Garnet and clinopyroxene were selected due to their
chemical composition distribution and as target minerals
to highlight pre-alpine and alpine metamorphic evolution,
respectively. With the aim of highlighting the maximum
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range of compositional variability in the selected zoned
garnet porphyroblast and the garnet coronae, 35 spot
analyses (Supplementary Table S2) were acquired in both
the chosen microdomains.

For each calculated pixel, the stoichiometry is in agreement
with the structural formula of garnet [ie., X3Y2(ZO4)3].
In the same manner, X-Ray maps of clinopyroxene were
calibrated using 20 spot analyses (Supplementary Table S3)
of different grains to highlight and quantify mineral chemical
variations in relation to which pre-alpine microsite they replaced.
The sum of cations is coherent with the structural formula of
clinopyroxene (i.e., XYZ206).

Figure 7 shows the modal percentage of the Grt and Cpx sub-
phase within the C1 microdomain and their calibrated chemical
composition. The results of the calibration process for Grt
divalent cations (Figure 7A; i.e., Ca, Fe, Mg, and Mn) highlight
four distinct Grt sub-phases. The pre-alpine Grtl covers the 51%
of the Cl-garnets and it is characterized by high Fe content
(2.31 £0.04 a.p.f.u.), the higher Mn content (0.23 £ 0.03 a.p.f.u.),
Mg content of 0.37 £ 0.03 a.p.f.u., and the lowest Ca content
(0.10 £ 0.05 a.p.f.u.). The three-type of alpine Grt show a wider
chemical variability in depends on the microstructural location.
Higher Ca content (i.e., maximum value of 1.23 a.p.fu.) is
observed where GrtIl developed in contact with Cpx. Toward
the pre-alpine biotite, GrtIl is characterized by a continuous
decrease of Mn and Fe contents and a corresponding increase
of Mg and Ca contents. The GrtII grown in the pre-alpine Sill
microdomain increase their Mg and Fe contents up to 0.89 and
1.91 a.p.f.u., respectively.

This mineral chemical variability was probably caused by
differential diffusive exchange of the divalent cations in relation
with pre-alpine microdomains replaced. Cpx replacing pre-alpine
plagioclase microdomains (e.g., CpxI) displays two chemical
trends. Figure 7B shows these trends by the calibrated maps
of Ca, Fe, Mg, and Na, occupying the X and Y site in
CpxI. They show higher Na content (0.89 £ 0.07 a.p.fu.) in
CpxI grown with Qtz than Cpx grown close to pre-alpine
Grt porphyroblasts.

Figure 8 shows the modal percentage of the Grt and Cpx
sub-phase within the Cl1 microdomain and their calibrated
chemical composition. The calibrated elemental maps of the
Grt show a continuous Ca content enrichment and Mg and
Fe contents depletion from the pre-alpine Sill and Bt to the PI
microdomains (Figure 8A). In details, the Grt Ilc is characterized
by the highest Mg content (0.61 £ 0.13 a.p.f.u.) and the lowest
Ca content (0.05 + 0.03 a.p.f.u.). The Ca content reaches the
maximum values of 0.68 a.p.f.u. and minimum Fe content (i.e.,
1.86 a.p.f.u.) at the contact with the ex-Pl microdomains which
is replace by the Cpx and Qtz assemblage during the alpine
metamorphic evolution.

The results of the calibration process for Cpx (Figure 8B;
Ca, Fe, Mg, and Mn) highlight three sub-phases. Cpx Ia are
characterized by the higher Na content (0.91 £ 0.07 a.p.fu.)
than the Cpx Ib (0.68 £ 0.05 a.p.fu) and the Cpx Ic
(0.57 £+ 0.04 a.p.f.u.). The Fe content of 0.61 £ 0.02 a.p.fu,
the Ca content of 0.69 £ 0.06 a.p.f.u.,, and the absence of Mg
content distinguish the Cpx Ic, whereas the Mg enrichment up

to 0.28 a.p.f.u. discriminate the Cpx Ib. The third analytical cycle
of Q-XRMA allow to obtain for C1 microdomain (Figure 9A)
the end-member maps of Grt (Figure 9B; almandine, grossular,
pyrope, and spessartine) and the end-member maps of Cpx
(Figure 9C; diopside, hedenbergite, and jadeite) which were
also used to extract chemical profiles (Figure 9D) from the
calibrated outputs.

The Grtl is high in almandine content and low in the
other three endmembers ranging from Almg3;GrsoPrp11Spss
to Almy3GrssPrp;3Spsg. The Grt Ila is characterized by a
sharp discontinuity defined by a steep increase in grossular
content and simultaneous depletion in almandine content, clearly
visible in the compositional profile of Figure 9D. Toward
the ex-Pl microdomain, the Grt Ila compositions vary from
AlmseGrss PrpSps, to AlmsoGrssoPrpsSpss. The Grt IIb and
Grt IId consist in a continuous corona around Grt I and Bt
grains and they are generally characterized by gradual decrease
in Alm content and increase in Prp and in Grs contents,
respectively. Grt IIb developed toward Grt I and Bt grains
exhibiting an average composition of AlmsgGrsgPrp,4Spss.
Whereas, Grt IId growth between the Grt I and the pre-
alpine Sill microdomains shows an end-member composition
of Alms3Grs3oPrp1;Spss. The Grt Ilc is developed outside of
Grt I microdomain showing a gradual reduction of almandine
and grossular components and enrichment in Prp and Sps
contents toward pre-alpine Sill microdomain. The composition
ranging from Almy;Grs;Prp3pSpsz; to AlmyeGrsyPrpsSpsy;.
The clinopyroxene phase mostly consists in jadeite component
ranging from 50 to 96%. When Cpx is developed in contact
with garnet shows a Jd contents up to 78% with an average
value of 93%. Toward pre-alpine Sill microdomain, the Cpx is
characterized by low content in Jd and corresponding enrichment
in Hed and Di end-members up to 30 and 12%, respectively.

The end-member components variation for garnet and
clinopyroxene within the C2 microdomain (Figure 10A)
has been explored through the Q-XRMA third cycle. The
garnet component maps (Figure 10B) and chemical profile
(Figure 10D) highlight a gradual enrichment in grossular and
depletion in almandine and pyrope from Grt IIc (average
composition:  Alm7oGrsoPrpeSps;) to Grt IIb (average
composition: AlmeeGrsgPrpa3Spsa).

Grt I1d developed in contact with clinopyroxene and quartz
assemblage and it is characterized by a sharp discontinuity
defined by a steep increase in grossular and simultaneous
decrease in almandine and pyrope contents. The Grt IId
component composition varies from AlmgzGrs;gPrpisSps; to
Almg; Grsaa PrpisSpss.

The assemblage consists of clinopyroxene plus quartz
developed within the pre-alpine Pl-microdomains. Although
the clinopyroxene is generally high in jadeite composition, the
component maps (Figure 10C) show a composition variability
related to the distance from the pre-alpine biotite and alpine
garnet. Cpx Ia is characterized by a gradual increase of Jd
content from 82% at the core to 97% at the rim in contact with
Grt IId. Cpx Ib develop in contact with white-mica and it is
characterized by a Di content of 33%, whereas Cpx Ic shows a
sharp discontinuity defined by a steep increase of Hed up to 73%
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FIGURE 7 | Resullts of second cycle of Q-XRMA procedure for pre-alpine Grt microdomain. (A) Grt sub-phases classification and their modal percentage. Calibration
maps of Ca, Fe, Mg, and Mn contents in Grt. (B) Cpx sub-phases classification and their modal percentage. Calibration maps of Ca, Fe, Mg, and Na contents in Cpx.

Frontiers in Earth Science | www.frontiersin.org 13 December 2019 | Volume 7 | Article 327


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Corti et al.

3D Imaging of Metamorphic Transformations

i1 [ [B%)
Lird Tl o E%a)

Wm

ird Fle {915

a-a- i
—
10
e ks
e L |
;:nl"- . | r T H il a
B el L i
:F..-ﬁ-._;'—.,«-."' o ol -""fﬂf ey
e ] % i e o, P -
e el ~ sl R B e |
5 N o o T
- =5 - o P T
-.‘_-:.-' e = g “’t-.jﬂtsr.-‘ 'he-'-_'_:-_ g
st “5[' Ei-'v'g.ﬁ,_..:r._
T i = &
=) (Ol "lul.‘ i ‘L-.“:‘h;Ei;-_mll'q _ ALY
O Ky Ap Pl
Lpx ki K

~ ==

- ?f & T-wm

et 1]

IIIHI. Ini.'--:

L 1L T e
-1

0 ————erm P e TE ) pssam ) o
T o I (2% -I:-. i -I'_' | o K [ 4 Pl
! E W | £
O lodit) s FrS ‘ > i
Cpa [b Wm Gn B R

FIGURE 8 | Results of second cycle of Q-XRMA procedure for pre-alpine Sill microdomain. (A) Grt sub-phases classification and their modal percentage. Calibration
maps of Ca, Fe, Mg, and Mn contents in Grt. (B) Cpx sub-phases classification and their modal percentage. Calibration maps of Ca, Fe, Mg, and Na contents in Cpx.

and simultaneous depletion in Jd content (i.e., minimum value of
27%), clearly visible in the compositional profile of Figure 10D.

3D Fabric and Metamorphic Results

The X-ray p-CT data can be segmented into six components. The
brightest regions in the images have been attributed to opaque
and garnet, followed by the clinopyroxene-kyanite-micas (i.e.,
biotite and white mica) aggregates, and the darkest layers to
quartz. Figure 11A shows the volume rendering of the segmented
phases and the volumetric quantification of each phase processed
with the PerGeos software. The segmentation of the Qtz volume

(Figure 11B) allows to observe how the pre-alpine S-C-like
geometry is well-preserved and the pervasive mylonitic fabric
is overprinted by static alpine re-equilibration. By combining
mineral phase segmentation based on gray-scale threshold with
the characterization of microstructures (ie., different grain-
size classes for the same phase and morphology of different
pre-alpine microdomains) allowed to distinguish the pre-alpine
mineralogical phases from the alpine overprint and to quantify
their ratio (Supplementary Table S4). For instance, the volume
rendering of the specimen with 127,073 highlighted garnets
(Figure 11C) and the garnet grainsize analysis (Figure 11D)
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FIGURE 9 | (A) Results of third cycle of Q-XRMA for pre-alpine Grt microdomain and localization of chemical profiles. (B) Component maps for Grt (i.e., Alm,

almandine; Grs, grossular; Prp, pyrope; Sps, spessartine). (C) Component maps for Cpx (i.e., Di, diopside; Hed, hedenbergite; Jd, jadeite). (D) Component profiles
for Grt and Cpx.
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FIGURE 10 | (A) Results of third cycle of Q-XRMA for pre-alpine Sill microdomain and localization of chemical profiles. (B) Component maps for Grt (i.e., Alm,
almandine; Grs, grossular; Prp, pyrope; Sps, spessartine). (C) Component maps for Cpx (i.e., Di, diopside; Hed, hedenbergite; Jd, jadeite). (D) Component profiles
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clearly display two distinct classes (Supplementary Table S5).
The Grt I is characterized by a volume of 108 jum?® and a more
marked anhedral morphology than Grt II, as can be visualized
by high pseudo-grain surface (Figure 11D). Using this approach
for each segmented mineralogical phase permits to quantify
the volume of pre-alpine assemblage (Grt I + Wm I + Bt I)
and the alpine overprints. The volumetric analysis shows that

the pre-alpine-related phases represent 21.91% of the volume
(Figure 11A) and mostly consist in Bt I and Wm 1. The alpine-
related phases, comprising the 78.09% of the volume, involve Wm
II/Bt 1I (41.73%), Qtz (30.46%), Cpx (3.86%), Ky (2.04%), and
Grt II (0.01%).

The distribution patterns, and the SPO analysis for Qtz and
Cpx are shown in Figures 1, 12, and Supplementary Table S5.

Frontiers in Earth Science | www.frontiersin.org

December 2019 | Volume 7 | Article 327


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Corti et al.

3D Imaging of Metamorphic Transformations

107} Giarnet grainsize

FIGURE 11 | (A) Volume rendering of the segmented phases and the volumetric quantification of each phase. (B) Example of mineral segmentation (e.g., Qtz)
showing the preservation of pre-S1 fabric. (C) Garnet pseudo-grains are highlighted within the entire rock-volume. (D) Grainsize vs. surface of Grt pseudo-grains.
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3D grain-shape anisotropy and orientation were measured using
best-fit ellipsoids to Qtz and Cpx outer surfaces, from which the
mean radius was calculated based on a spherical geometry (i.e., X,
Y, and Z from longest to shortest axis). A total of 65,5361 quartz
and 92,0316 clinopyroxene were measured as enclosed within the
sample volume (Figures 12A,B) and are both characterized by
an aspect ratio (Z2/X) ranging from 0.15 to 1.00 (Figures 12C,D).
The distribution of Cpx and Qtz aspect ratios (Figures 13A,B)
has an average value of 0.52 £ 0.19 and 0.67 =+ 0.26, respectively,
persisting among all grain-size classes (Figures 12C,D).

Qtz and Cpx shapes can be summarized with a Flinn plot
(Figures 13C,E) and Zingg shape diagram (Figures 13D,F),
which suggest a weak planar-type fabric orientation of pseudo-
grains roughly distributed among blade-like shapes. Even though
the weak SPO and the blade-like shape arrangement of alpine
Cpx and Qtz pseudo-grains, the anisotropic aspect ratios may be
the results of pre-alpine high SPO inheritance. The SPO and the
volumetric measurements verified and quantified the observed
weak grain-shape anisotropy and high metamorphic overprint
during the alpine tectono-metamorphic evolution.
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DISCUSSION AND CONCLUSION

Micro-Scale and Kinetics Implications

The 3D visualization and analysis of fabrics and metamorphic
minerals achieved by the X-ray p-CT are well constrained
by the 2D micro-structural analysis. In fact, despite the
large gap between the two techniques in terms of number

of analyzed grains, the results are comparable as shown by
2D vs. 3D description of shape parameters (Figures 12, 13).
The reproducibility shown by the comparison of the shape
analysis results allowed us to improve mineral phases
identification, during the segmentation procedure, thanks
to the knowledge from the 2D analysis, where not only
shape parameters were known but also optical properties and
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mineral chemistry. Consequently, the quantitative chemical
information obtained by the Q-XRMA tool were extended to the
whole 3D volume.

Figures 11, 12 may also be used to quantitatively support
the pervasiveness of the pre-alpine fabrics (100% of the rock
fabric) within the investigated volume. Even though the pre-
alpine fabric is so well preserved the pre-alpine minerals
surprisingly correspond only to less than 22% (Figure 11A).
Pre-alpine minerals mostly consist of Grtl, BtI and WmI and
their compositions are known, and the P-T estimates might
be easily depicted and used as first-order input data for
dynamic numerical modeling for geodynamic reconstructions
(e.g., Roda et al., 2012).

Similar contrasting relations between degree of fabric
development and mineral associations have been described
for eclogitized rocks in the same area, where Permian
intrusive preserve their igneous fabrics, estimated as >90%
of the rock fabric (Zucali et al., 2002; Zucali, 2011), but the
mineral association related to the magmatic stage is almost
totally replaced by eclogite facies minerals, up to 80-90% of
the investigated portions (Koons, 1982; Zucali et al, 2002;
Corti et al., 2017).

In the investigated case, the alpine-related mineral phases,
comprising the 78.09% of the volume, involve WmII/BtII
(41.73%), Qtz (30.46%), Cpx (3.86%), Ky (2.04%), and GrtlI
(0.01%), and do not mark a new fabric, but statically replace
specific pre-alpine microdomains. The static replacement is
also quantitatively shown by the heterogeneous grain-size
distribution (Figures 11, 12), suggesting a dominant control
of the growth domain over dynamic recrystallization that
would have induced more pronounced shapes preferred
orientations (Bell and Hayward, 1991). For example, Grtll
grows as corona over Grtl, or Ky grows as aggregates
replacing  pre-alpine  Sill-microdomains. The volumetric
reconstruction of the shape and spatial distribution of
alpine-related phases clearly demonstrate that metamorphic
reactions may occur even in absence of deformation, and
in the virtual absence of fluid as chemical medium. This
was demonstrated by the unchanged bulk chemistry within
the selected microsites. As an example, Grtll increases its
Fe and Ca content in the ex-sillimanite domain and ex-
plagioclase domains, respectively. Similarly, the Ky phase
only occurs as pseudomorphic fine-grained aggregates in
ex-sill domains. In the same way, the symplectite textures
occurring in the ex-PI domains are defined by high Jd contents
(82-97%) Cpx, Ca-rich Grt (highest Grs component around
22%), and Qtz. All these features suggest that even at low
temperature conditions (nominally below 550°C) and in low-
strain domains the activation energy of many metamorphic
reactions, energetically less favored (e.g., sillimanite to kyanite
reaction), may be overstepped.

General Implications

A relative age of the two generations of minerals (ie., pre-
alpine and alpine) can be inferred, using their chemistry and
microstructural relationships. In fact, Grtll, Cpx and WmlI

mineral chemistry strongly overlap with those expected for
similar phases growth at eclogite-facies conditions (Zucali et al.,
2002; Zucali and Spalla, 2011), attributed to an age range
of 80-60 Ma (Cenki-Tok et al, 2011; Regis et al, 2014).
The chemistry of Grtl and BtI overlaps the compositions
known for similar rocks, as the Ivrea-Zone (e.g., Barboza
and Bergantz, 2000), the Serie di Valpelline and the Dent-
Blance Unit (Manzotti et al., 2012; Manzotti and Zucali,
2013), and other Austroalpine or Southalpine slices which they
preserve the pre-alpine (Permian) high-temperature imprint
(Roda et al., 2018¢).

The investigated 3D microstructures exhibit complex
overprinting relationships that are only partially reflected
by outcrop-scale structures. In particular, the Bt, Wm, Qtz,
Ky, and Cpx grains show two orientation clusters that can
be correlated to the S and C mylonitic structures. The
S-related structure includes 35% of grains aligned at 2-13°
with respect to the pre-S1. The C-related structure comprises
23% of grains laying at 34-46° from the pre-S1 orientation.
These S-C fabrics may be compared to pre-alpine features
described by previous authors at the map-scale (Zucali,
2002; Corti et al., 2017) and preserved in similar low-strain
volumes of the Sesia-Lanzo Zone. Still remains unclear how
those meter-scale domains might preserve such clean fabrics
even where no mechanical barriers have been described
at the map-scale.

In conclusion, similar to what described at km-
scale by 3D geological modeling (e.g., Salvi et al, 2010;
Zucali et al, in press), a volumetric quantification is
fundamental to improve our knowledge of the tectono-
metamorphic evolution of active margins (e.g., subduction
zone). In vparticular, the 3D reconstruction of grain
shape distribution through X-ray microtomography on
centimeters-sized samples allows to improve the knowledge
of the metamorphic texture development. Moreover, the
combined use of EMPA X-ray chemical mapping with the
X-ray W-CT technique can further permit to dynamically
constrain the chemistry of the mineral phases linked to the
metamorphic transformation.
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