29/12/2019 e.Proofing

Query Details

1. Author names: Please confirm if the author names are presented accurately and in the correct
sequence (Spalla Maria Iole). Also, kindly confirm the details in the metadata are correct.

As indicated in the metadata and on the first page, for all the authors the Family Name are reversed with the Given

Name.

2. Roda et al. (2019) has been changed to Roda et al. (2019a, b) so that this citation matches the list.

The correct citation is Roda et al. (2019b)
3. Reference: Reference (Pognate et al (1980), Stuenitz (1989)) was mentioned in the manuscript;

however, this was not included in the reference list. As a rule, all mentioned references should be
present in the reference list. Please provide the reference details to be inserted in the reference list.

The references are:

Pognante, U., Compagnoni, R., Gosso, G. (1980): Micro- mesostructural relationships in the continental eclogitic rocks of the

Sesia-Lanzo zone (Italian Western Alps): a record of subduction cycle. Rend. Soc. Ital. Mineral. Petrol., 36, 169-186.

Stiinitz, H., 1989. Partitioning of metamorphism and deformation in the boundary region of the “Seconda Zona Diorito-

Kinzigitica”, Sesia Zone, Western Alps. Ph.D. Thesis ETH, Zuerich.

4. Please confirm the section headings are correctly identified.

Yes, they are correctly identified.

5. Author names: Please check and confirm the layout of table 2 and amend if necessary.

Yes, we confirm the layout of table 2.

3D reconstruction of fabric and
metamorphic domains in a slice of
continental crust involved in the Alpine
subduction system: the example of Mt.
Mucrone (Sesia—Lanzo Zone, Western
Alps)

1,2

Michele Zucali,

https://eproofing.springer.com/journals_v2/printpage.php?token=J2maBbgF7JviKKx9D_X-PdgomT50i_WMDDhe4nlE2WM 1/37


javascript:void(0)

29/12/2019 e.Proofing

I

Luca Corti,

Email: luca.corti@unimi.it

1

Francesco Delleant,

1

Davide Zanoni,

Maria Iole Spalla, 1

! Dipartimento di Scienze della Terra “Ardito Desio”, Universita degli Studi di
Milano, Via Mangiagalli 34, 20133 Milan, Italy

2 Department of Earth and Atmospheric Sciences, University of
Houston, Houston, TX, USA

Received: 9 May 2019 / Accepted: 14 December 2019

Abstract

Geological mapping, multiscale structural analysis, and estimations of the
degree of fabric evolution and of reaction progress allow the construction of a
3D quantitative model of structural and metamorphic gradients in a portion of
continental crust deeply involved in the Alpine subduction system and mainly
structured under eclogite-facies conditions before the continental collision.
The investigated and modelled rocks outcrop in the surroundings of Mt.
Mucrone, in the central Sesia—Lanzo Zone. The Geomodeller® software
allowed a quantitative 3D estimation of domains characterized by
homogeneous fabric evolution and metamorphic reaction progress (DFE and
DRP, respectively) for two of the seven structural and metamorphic imprints
detected in this area: the D2-eclogitic and D5-greenschist stages, which are
the most pervasive at km scale. Such a 3D modelling clarifies mutual
relationships between fabric and metamorphic gradients and indicates that: (i)
DFE and DRP are closely related regardless of the rock type; (i1) the syn-
deformational thermal regime can influence the degree of metamorphic
transformation, if DFE remains below the 60% threshold; (iii) the phase
transitions can not be properly implemented in quantitative geodynamic
modelling without considering the heterogeneity of reaction progress and
fabric evolution.
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Introduction

The relationship between deformation and metamorphism in basements has long
been studied (Turner and Weiss 1963; Park 1969; Hobbs et al. 1976), and it is
currently generally accepted that the single use of geometric criteria during
structural correlation turns out to be poorly reliable in order to shed light on
tectono-metamorphic evolution (Spalla et al. 2000), mainly due to deformation
partitioning commonly affecting crystalline basements (e.g. Myers 1970; Mork
1985). Similarly, reconstructions of metamorphic evolutions without structural
constrains are unconvincing, because strain partitioning may influence the
heterogeneous distribution of metamorphic assemblages and, moreover, it can
cause gaps in the metamorphic memory of rocks (Spalla et al. 2005; Pearce and
Wheeler 2010). These gaps are thought to be due to the catalysing effect of
deformation on the metamorphic reaction progress (e.g. Spalla et al. 2000, 2005;
Hobbs et al. 2010; Chapman et al. 2019) or to local instabilities due to diffusion
processes (e.g. Pearce and Wheeler 2010) or stress-driven reaction
heterogeneities (Schmalholz 2014; Taj¢manova et al. 2014; Zhong et al. 2017).
Detailed multiscale correlation among superposed fabric elements and
metamorphic assemblages is known to be of first-order importance to infer
relationship between fabric and metamorphic gradients (e.g. Williams 1985;
Stiinitz 1989; Lardeaux and Spalla 1990; Passchier et al. 1990; Johnson and
Vernon 1995; Spalla et al. 1999; Zucali et al. 2002; Spalla and Zucali 2004;
Gosso et al. 2010; Salvi et al. 2010; Hobbs et al. 2011; Delleani et al. 2012;
Gosso et al. 2015; Rebay et al. 2015; Cantu et al. 2016; Corti et al. 2017, 2018;
Delleani et al. 2018).

Indeed, syn-metamorphic finite strain gradients from domains that completely
escaped deformation (coronite) or that partially (tectonite) or pervasively
(mylonite) record deformation are common in adjacent rock volumes (e.g. Bell
and Rubenach 1983; Lardeaux and Spalla 1990; Bell and Hayward 1991; Spalla
and Zucali 2004; Salvi et al. 2010). In coronitic domains, metamorphic reactions
take place without the development of a new oriented fabric. In contrast, where
the strain is accumulated, tectonitic and mylonitic fabrics develop and the new
metamorphic assemblages define the new fabrics (Spalla et al. 2005; Salvi et al.
2010; Gosso et al. 2015). Heterogeneities accompanying fabric evolution also
characterize metamorphic reaction progress facilitating the reconstruction of

structural and metamorphic evolution back in time. The resulting distribution of
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the superposed fabrics elements and metamorphic assemblages allows the
evaluation of the percentage of the mechanically and chemically reacting volume
during the successive tectono-metamorphic re-equilibrations. The correlation
between degree of fabric evolution (DFE) and degree of metamorphic reaction
progress (DRP) of superposed tectono-metamorphic imprints can be used for
quantifying the size of rock volumes affected by such structural and
metamorphic heterogeneities in crustal portions implicated in convergent
dynamics (e.g. Salvi et al. 2010; Gosso et al. 2015). Estimates of the DFE and
DRP relationships in rock volumes reworked during successive structural and
metamorphic re-equilibrations show that the dominant tectono-metamorphic
imprint is related to the high degree of fabric evolution and metamorphic
reaction progress (e.g. in the Alps, Southalpine domain: Spalla et al. 2000;
Sesia—Lanzo Zone: Zucali et al. 2002; Delleani et al. 2012, 2013; Corti et al.
2017; Dent Blanche nappe: Roda and Zucali 2008; Baletti et al. 2012; Languard-
Tonale unit: Salvi et al. 2010; Roda et al. 2018b).

The Sesia—Lanzo Zone, and in particular the Monte Mucrone area, has long been
a training area for multiscale structural analysis and for studying in detail the
correlation between deformation and metamorphism, thanks to the remarkable
fabric and metamorphic partitioning from micro- to km scale (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; Corti et al. 2019). This area
offers the opportunity to investigate the relationships between DFE and DRP. 2D
representations of the fabric gradients and the metamorphic transformation have
already been performed (Zucali et al. 2002; Delleani et al. 2012). For these
reasons, this area can be an ideal place to develop a 3D model that allows a
quantitative evaluation of the interaction between the fabric evolution and the
metamorphic reaction progress.

In this contribution, we integrate geological mapping, multiscale structural
analysis, DFE and DRP estimations of Zucali et al. (2002) and Delleani et al.
(2012, 2013) with new original field data to construct a 3D quantitative DFE and
DRP models of the area between Mombarone, Mt. Mucrone, and Mt. Mars. HP-
LT metamorphic rocks derived from pre-Alpine continental protoliths arewere
poly-deformed when involved in the Alpine subduction—collision system, and
pre-Alpine igneous and HT metamorphic relicts are preserved in
heterogeneously deformed and eclogitized meta-granitoids and meta-pelites,
respectively. Multiscale structural analysis revealed seven groups of superposed
Alpine structures developed under eclogite-facies conditions (D1 to D3) during
subduction and successively under blueschist (D4) to greenschist-facies
conditions (D5 to D6) during the exhumation. D2 structures are dominant at the
regional scale and are characterized by isoclinal folding associated with a
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pervasive foliation. We synthesize the multiscale data, defining syn-D2 (HP-LT)
and syn-D5 (LP-LT) structural and metamorphic heterogeneities, on maps
showing the degree of fabric evolution and metamorphic reaction progress. We
apply the GeoModeller ® software that-altews-to build a 3D model, that allow
discriminating the percentage and spatial distribution of volumes, n-whiehitis
possible-to-diseriminate-the-velumes-characterized by different degrees of fabric

evolution and metamorphic reaction progress developed during D2 and D5

stages an e

o] distribution.
The 3D modelling allows a quantitative comparison between volumes preserving
textural and mineral relicts during incomplete accomplishment of structural
and/or metamorphic re-equilibrations, regardless of the possible influence of
fluids. Moreover, the proposed 3D model quantifies structural and metamorphic
evolutions in rock volumes that have-re-equilibrated—texturally and/or
mineralogically—several times through different structural levels, in which

evolving thermomechanical regimes drive the change of dominant active
deformation mechanisms.

Geological outline

The Sesia—Lanzo Zone (SLZ, Fig. 1) represents the widest portion of continental
crust in the Western Alps that underwent high-pressure (HP) metamorphism
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 et
al. 2014). This tectonic slice was the first demonstration of the concept of
continental subduction in the Alps (Dal Piaz 1971, 2001; Dal Piaz et al. 1972;
Hunziker 1974; Dal Piaz and Gosso 1984; Hunziker et al. 1992). The Alpine
metamorphic history of the SLZ comprises the record of a prograde blueschist-
facies imprint, overprinted by eclogite-facies imprint, and followed by
blueschist- and greenschist-facies re-equilibrations (e.g. Compagnoni and
Mafteo 1973; Compagnoni 1977; Gosso 1977; Reinsch 1979; Pognate et al.
1980; Lardeaux 1981; Lardeaux et al. 1982a, 1983; Spalla et al. 1983; Pognante
1989a; Venturini et al. 1994; Castelli and Rubatto 2002; Zucali et al. 2004;
Babist et al. 2006; Rebay and Messiga 2007; Zanoni 2010; Zucali and Spalla
2011; Giuntoli and Engi 2016; Giuntoli et al. 2018a; Roda et al. 2018a, 2649a;
b). Mineral ages ranging between 90 and 65 have been related to the Alpine
eclogite-facies peak (Oberhénsli et al. 1985; Duchéne et al. 1997; Rubatto et al.
1999; Cenki-Tok et al. 2011; Regis et al. 2014; Giuntoli et al. 2018b; Halama et
al. 2018). The very low T/P ratio characterizing this evolution assists the
preservation of the prograde Alpine structures and metamorphism as well as pre-
Alpine igneous and metamorphic relics in rocks with an Alpine polyphasic
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recrystallization. P—T conditions for the early Alpine HP imprints range between
500 and 625 °C and 1.3 and 2.5 GPa (see Roda et al. 2012 for a review of
available PT estimates). The external margin of the SLZ is bounded by
eclogitized ophiolitic relics of the Liguria—Piedmont Ocean, the
PiedmeontPiemonte Zone. The SLZ internal margin is a thick mylonitic belt (the
Canavese Line), separating it from the lower crustal rocks of the Southalpine
Ivrea Zone, which escaped the Alpine HP evolution (e.g. Bigi et al. 1990; Spalla
et al. 2010; Rebay et al. 2018; Balestro et al. 2019).

Fig. 1

Tectonic map of the Western Alps with the different metamorphic complexes of
the Sesia—Lanzo Zone. Black rectangle locates the studied area
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A pre-Alpine polyphasic metamorphic evolution, from granulite- to amphibolite-
and greenschist-facies conditions, is still preserved in marbles, meta-pelites,
meta-granitoids, and meta-basics (Compagnoni et al. 1977; Lardeaux et al.
1982b; Castelli 1991; Lardeaux and Spalla 1991; Rebay and Spalla 2001; Roda
et al. 2019a): the pre-Alpine T-climax has been constrained at 7= 730-830 °C
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and P=0.7-0.9 GPa (Lardeaux and Spalla 1991). Granulite- and amphibolite-
facies imprints have been interpreted as the result of an extension-related uplift
of a portion of the Variscan crust, occurred in Permian—Triassic times during the
lithospheric thinning leading to the Tethys opening (e.g. Lardeaux and Spalla
1991; Marotta et al. 2009; Roda et al. 2019a). This pre-Alpine tectono-
metamorphic evolution is preserved in the metamorphic complexes forming the
SLZ: 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, 1989b; Spalla et
al. 1991; Cantu et al. 2016; Roda et al. 2018a, 2019b). The IIDK, lying between
EMC and GMC, consists of kilometric lenses in which Alpine eclogitic
assemblages are not described, even if in the Vogna Valley the tectonic contact
underlying the margin between IIDK and EMC is marked by eclogite-facies
mylonites (Lardeaux 1981; Lardeaux et al. 1982b). On the other hand, eclogitic
parageneses are widely described both in EMC and GMC, even though the
GMC, which lies along the tectonic boundary with the PiedmentPiemonte Zone,
1s widely re-equilibrated under greenschist-facies conditions, whereas the EMC,
constituting the internal part of the SLZ, records the greenschist-facies re-
equilibration mainly along discrete shear zones and shows a dominant
metamorphic imprint under eclogite-facies conditions (e.g. Spalla et al. 1983;
Stuenitz 1989; Spalla et al. 1991; Giuntoli and Engi 2016; Cantu et al. 2016).

The EMC protoliths are high-grade paragneisses, granulites, amphibolites, and
minor marbles and quartzites, which are the country rocks of Permian granitoids
and gabbros (Compagnoni and Maffeo 1973; Callegari et al. 1976; Compagnoni
et al. 1977; Lardeaux 1981; Oberhaensli et al. 1985; Castelli 1987; Bussy et al.
1998; Cenki-Tok et al. 2011; Zucali 2011) and from which the Mt. Mucrone
body is the most renown. In this area, the deformation history of EMC comprises
four generations of Alpine folds, two of which are associated with the high-
pressure (HP) mineral assemblages and twe-generations-the other two consist of
shear zones synchronous with blue- and greenschist-facies re-equilibrations,
respectively (Hy 1984; Zucali et al. 2002; Delleani et al. 2012, 2013). According
to Zucali (2002), D1 and D2 groups of folds are generally associated with axial
plane foliations marked by Ph, + Pg, Na-Cpx, Grt, Rt, and Zo (mineral
abbreviations according to Whitney and Evans 2010); the same mineral
assemblage is stable during D3 folding. Consequently, D1, D2, and D3 represent
three recognizable increments during progressive deformation developed under
eclogite-facies conditions. D4 is accompanied by a widespread re-equilibration
under blueschist-facies conditions confined along metre-wide mylonitic shear
zones, which locally developed at the boundary between meta-granitoids and
country rocks. D5 mega-scale folds and D6 centimetre-thick mylonitic shear

zones and gentle folding, overprinting blueschist mylonites and the eclogitic
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foliations, are synchronous with the formation of the greenschist-facies
paragenesis Qtz, Ab, Wm, Ep, Ttn, and green-Amp.

Lithostratigraphy and mesostructures

The interpretative map reported in Fig. 2 shows the distribution of the main
lithotypes and structures in the area from the Mt. Mucrone, to the east, and
Mombarone—Mt. Mars ridge, to the west. Here, the main lithologic types are: (1)
meta-intrusives, comprising meta-granites, meta-quartzdiorites, and meta-
diorites; (2) meta-aplites; (3) eclogites and glaucophanites; (4) micaschists; (5)
gneisses; (6) marbles and quartzites; (7) zoisites; and (8) andesitic dykes. The
interpretative map in Fig. 2 and the 3D modelling have been built grouping
lithotypes with structural and lithostratigraphic affinities to increase readability
and modelling. Five groups have been defined: (1) micaschists; (2) gneisses; 3)
metabasites; (4) meta-intrusives; and (5) marbles and “quartzites” (Figs. 2 and 3;
Table 1). Mineral assemblages marking coronitic, tectonitic, and mylonitic
fabrics, which are developed during successive deformation stages (D1 to D6) in
the different lithologic groups, are summarized in Table 1. Below, a brief
description of each group is given; more details can be found in Zucali (2002),
Zucali et al. (2002), and Delleani et al. (2012, 2013).

Fig. 2
Petrostructural map with foliation and axial plane trajectories (S: foliation; AP:

fold axial plane), synthesized by Zucali (2002), Zucali et al. (2002), Delleani et al.
(2012), and Delleani et al. (2013) integrated with original field data
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Fig. 3

Idealized block diagram showing the heterogenous fabric evolution due to the
multiscale strain partitioning (modified after Lardeaux and Spalla 1990; Baletti et
al. 2012). In the loops, coronitic, tectonic, and mylonitic fabrics of the eclogitized
meta-granitoid surfacing at the base of NE slope of Mt. Mucrone
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Table 1
Summary of the structures developed in each rock type during pre-Alpine and Alpine
polyphase tectonic evolution
The degree of fabric evolution (C: coronite; T: tectonite; M: mylonite) and degree of
metamorphic reaction progress (DRP: percentage of syn-metamorphic minerals) have
been quantified for each deformation stage. The pressure—temperature estimated for
successive structural and metamorphic stages and the inferred P-T-d-t path are also
reported (modified after Zucali et al. 2002; Delleani et al. 2012)
Meta-1ntrusives
Protoliths consist of granitoids that occur as 10-m to -km-sized bodies, including
minor metre- to 30-m-sized granodioritic lenses. The meta-granitic complex
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(“grey-type” meta-granitoids and “green-type” meta-granitoids according to
Delleani et al. 2012, 2013) forms the upper part of Mt. Mucrone and Mt. Mars
and derives from Permian intrusive rocks (Oberhénsli et al. 1985; Bussy et al.
1998; Cenki-Tok et al. 2011), locally in primary contact with meta-sedimentary
country rocks (Compagnoni and Maffeo 1973; Hurford and Hunziker 1985;
Delleani et al. 2013) that preserve the pre-Alpine HT-LP metamorphic imprint
(Zucali et al. 2002).

Meta-granitoids comprise medium- to coarse-grained lithotypes, showing a well-
preserved isotropic and hypidiomorphic igneous texture, with igneous relics as
biotite, allanite, and K-feldspar, which are only partially replaced by Alpine
jadeite, garnet, zoisite, and phengite; meta-quartzdiorites consist of fine- to
medium-grained rocks, showing a dominant foliation marked by omphacite,
garnet, white mica, glaucophane, and clinozoisite. In the meta-intrusives, the
partitioning of Alpine deformation is responsible for the preservation of igneous
texture in low-strain volumes that are wrapped by finely foliated domains
(mylonitic textures) defined by dominant Alpine eclogite-facies assemblages.
Blueschist- and greenschist-facies assemblages are poorly developed, being
associated with localized deformation bands, shear zones, or large-scale
recumbent folds.

Zoisites layers may occur as 1- to 10-m-sized enclaves in meta-granitoids at Mt.
Mars and Mt. Mucrone; these rocks are characterized by garnet grains up to
10 cm in size associated with epidotes.

Metre- to 10-m-thick meta-aplite dikes show a well-developed foliation, marked
by the shape preferred orientation (SPO) of phengitic mica, quartz, feldspar, and
omphacite. The foliation and the lithological boundaries commonly are
parallelized with the D2 eclogitic foliation within micaschists, gneisses, and
large meta-intrusives bodies.

Micaschists

Coarse- to fine-grained micaschists show S2 pervasive foliation with millimetre-
scale spacing, marked by Qz + Omp + Gln + Grt and Wm-rich layers. They can
be characterized by mm- to cm-sized rootless folds, generally marked by Qz-rich
veins or layers. Omp and/or Gln SPO is common and generally lying parallel to
the most penetrative D2 eclogitic foliation.

Gneisses

Gneisses are structured as Qtz- and Grt-bearing layers alternating with more
mafic layers, primarily consisting of Omp, Grt, and Gln with minor Qtz and
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Wm; this layering marks the gneissic penetrative D2 eclogitic foliation. Metre-
thick layers of porphyric gneiss and coarse-grained Kfs crystals occur. In
agreement with the observations of adjacent areas (Compagnoni et al. 1977,
Zucali 2002), these rocks are interpreted as derived from pre-Alpine partially
melted paragneisses, named kinzigites (high-grade Bt + Grt + Kfs + Sil-bearing
gneisses) in the Alpine literature. Micaschists and gneisses may generally bear
metre-sized lenses or boudins of mafic rocks, such as eclogites and
glaucophanites, or, alternatively, marbles, quartzites, or meta-aplitic layers.

Metabasites (eclogites and glaucophanites)

Eclogites mainly consist of omphacite and garnet with minor glaucophane, white
mica, and carbonates. They locally display a foliation, commonly marked by the
SPO of omphacite. Eclogite boudins within micaschists or gneisses may have a
reaction rim rich in glaucophane and white mica. Glaucophanites may have a
spaced foliation marked by glaucophane, whereas omphacite is normally
randomly oriented.

Marbles and “quartzites”

Metre- to 10-m-thick marbles and quartzites occur in layers or boudins in
micaschists and gneisses. Pure and silicate-rich marbles (Pognante et al. 1980;
Castelli 1991; Zucali 2002) are characterized by penetrative foliation generally
marked by compositional layering in marbles and by mineral white mica SPO in
impure marbles. “Quartzites” eerrespend-toconsist of quartz-rich micaschists
and occur as few-metre-sized boudins characterized by the D2 dominant
foliation, generally marked by white mica, chloritoid, garnet, and kyanite
(Pognante et al. 1980; Zucali 2002; Gatta et al. 2009; Regis et al. 2014)
indicating eclogite-facies conditions (Zucali et al. 2002).

Structural and metamorphic evolution

Seven groups of structures were recognized (Table 1), from pre-Alpine to Alpine
in age, named as follows: D1 to D3 took place under eclogite-facies, D4 under
blueschist-facies, and D5—D6 under greenschist-facies conditions, respectively
(Zucali et al. 2002; Delleani et al. 2012, 2013). A pre-D1 foliation has also been
recognized in paragneisses and is marked by relicts of the pre-Alpine high-
temperature fabric (Zucali 2001).

D1 and D2 are the most pervasive fabrics developed under eclogite-facies
conditions, as testified by SPO of white mica, omphacite, and garnet +
glaucophane: S1 and S2 foliations developed in all lithotypes (Table 1; Fig. 2).
In meta-intrusives, S1 can be distinguished from S2 only in the Mt. Mucrone
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area, while in Mt. Mars a S1 + 2 composite fabric occurs (Fig. 2). D3 isoclinal
folding is locally associated with an S3 axial plane foliation, marked by
omphacite SPO only in micaschists and gneisses (Table 1; Fig. 2). In D4, m-
thick shear zones SPO of glaucophane, white mica, and clinozoisite mark the
new planar fabric S4 (Table 1). D5 and D6 are tight to open fold systems,
associated with white mica, chlorite, albite, and actinolite growth (Table 1). D6
consists of centimetre- to 10-cm-thick shear zones in which chlorite marks the
localized S6 foliation (Table 1).

3D reconstruction method

3D geological modelling in metamorphic basements has proved to be an
excellent tool for quantitative estimates of rock volumes that recorded different
fabric evolution and metamorphic transformation during a polyphase structural
and metamorphic history (Salvi et al. 2010). To verify the effectiveness of this
approach also in rocks forged in a subduction complex, we perform a
quantitative 3D representation of domains characterized by homogeneous degree
of fabric evolution (DFE) and degree of metamorphic reaction progress (DRP)
for D2 eclogite-facies and D5 greenschist-facies stages, associated with the most
pervasive tectono-metamorphic imprints at km scale in the area.

The contouring of domains that show homogeneous fabric development and
metamorphic transformation is facilitated by integrating meso- with micro-scale
structural analysis to estimate the DFE and DRP in volume percentage (Salvi et
al. 2010; Delleani et al. 2012; Gosso et al. 2015; Corti et al. 2017). During
incremental deformation related to a specific tectono-metamorphic stage, rock
volumes may escape deformation in coronitic domains or may be partially or
pervasively deformed in tectonitic and mylonitic domains (Fig. 3), respectively.
In the coronitic domains, metamorphic reactions take place without the
formation of a new oriented fabric. Where the strain is accumulated, tectonitic
and mylonitic fabric develop planar/linear tectonites or mylonites, marked by
metamorphic assemblages peculiar of PT conditions under which the strain is
accumulated (Bell and Rubenach 1983; Lardeaux and Spalla 1990; Passchier and
Trouw 2005). Microstructural analysis was performed on 175 thin sections,
strategically distributed throughout the area (= 52 km?). The DFE is estimated on
the basis of the amount of newly formed fabric compared to relic fabrics,
following the method of Salvi et al. (2010). The DFE is made explicit into three
groups: coronite (C) 0-20%; tectonite (T) 21-60%; and mylonite (M) > 60%
(Fig. 3; Table 1). The DPR reflects the modal proportion of mineral phases
produced by new mineral growth and recrystallization related to a specific
deformation phase, as inferred using the modal analysis at optical microscope.
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Three classes of DRP domains have been individuated: low (L) 0-20%; medium
(M) 21-60%; and high (H) > 60%.

The flowchart shown in Fig. 4 summarizes the main method steps combining
both field-based structural and petrographic analyses with software-based
modelling.

Fig. 4
Flowchart for the 3D model set-up

Integration of multiscale petro-structural
data organized into an ArcGIS database

Defining structural and metamorphic heterogeneities
of selected wectono-metamorphic stage

Estimation of
Degree of Reaction
Progress (DRP)

Estimation of
Degree of Fabric
Evolution (DFE)

Domains with different degree of Domains with different amount of
grain-scale reorganization (planar | | syn-kinematic mineral assemblages
fabric: 0-200%; 21-60%; 61-100%) (0-20%; 21-60%; 61-100%).

v

r_ZD Fabric and Mi.:’lamurphiin
L domain maps
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Form surface of Interpretative
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3D model

Quantitative volumetric estimates

Comparison of DFE-DRP
spatial distribution

2D interpolation
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The whole multiscale dataset was georeferenced and stored in a GIS
(Geographic Information System) database. The GIS environment allows rapid
data management, representation, querying, and manipulation to predispose the
multiscale structural and metamorphic dataset to 3D modelling by interfacing
GIS to the GeoModeller® software.

The topography shape file was acquired on the Geoportal of Piemonte Region
administration (http://www.geoportale.piemonte.it/cms/) and the digital
elevation model DEM20 on SINAnet (ISPRAmbiente website). The multiscale
DFE and DRP punctual data combined with the foliation trajectory map are the
starting point to constrain the area and the shape of the D2- and D5-related
homogenous fabric evolution and metamorphic transformation domains. The
results are synthetized in DFE and DRP thematic maps representing strain and
metamorphic gradients in categorized domains as outlined in Figs. 5 and 6. The
maps of fabric evolution and metamorphic transformation domains linked to
digital elevation model, together with eight interpretative cross sections,
foliation trajectory map, and orientation data of the structural elements are used
to constrain volumes during the 3D modelling with Geomodeller®.

Fig. 5

Domains of homogeneous degrees of fabric evolution and metamorphic reaction
progress reconstructed for D2 stage (inferred from Zucali 2002; Zucali et al. 2002;
Delleanti et al. 2012; Delleanti et al. 2013 integrated with original field data)

2D estimates of D2 tectono-metamorphic stage

A) Degree of Fabric Evolution B) Degree of Reaction Progress

Fig. 6
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Domains of homogeneous degrees of fabric evolution and metamorphic reaction
progress reconstructed for D5 stage (inferred from Zucali 2002; Zucali et al. 2002;
Delleanti et al. 2012; Delleani et al. 2013 integrated with original field data)

2D estimates of D5 tectono-metamorphic stage

A) Degree of Fabric Evolution B) Degree of Reaction Progress
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3D modelling

Geomodeller® is based on the surface potential-field method to build 3D
geological models using geological maps, DEM, and structural orientations as
data input (Chiles et al. 2004). Each geological interface is treated as an iso-
potential surface of a potential field defined in 3D space. The potential-field
interpolation is based on a co-kriging statistical analysis defining the correlation
between geological and structural data values as a function of the distances
between data points. These distances are calculated using a system of parametric
coordinates defined internally to the potential field (Lajaunie et al. 1997). The
software takes into account the iso-potential surfaces (i.e. geological interfaces)
and computes those distances through an implicit method based on a system of
potential-field functions (Calcagno et al. 2008). In detail, geological bodies are
modelled integrating the location of geological interfaces (iso-potential data),
used as spatial distribution parameters with their structural data orientation
(potential gradients), used as anisotropy shape parameters. The combination of
these functions allows a full spatial and volumetric description of shapes of
geological bodies (Guillen et al. 2011).

The 3D quantification of the relationships between the DFE and DRP during
polyphasic tectono-metamorphic evolution is obtained through the
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reconstruction of the boundaries between homogeneous domains using the
foliation trajectory map (Fig. 2) and several cross sections as structural guides.
The location precision of these boundaries varies between 5 and 50 m,
depending on the density of the input petro-structural data. Taking advantage of
the rapidity of the Geomodeller®™ elaborations, 3D modelling is performed for
D2 and D5 stages (i.e. for eclogite- and greenschist-facies main finite
structures). The first step consists in merging the digital elevation model with
the 2D maps of DFE and DRP, locating the cross sections and structural
orientation data to constrain the boundaries between homogeneous domains in
three dimensions (Fig. 4). The modelled volume of 61.54 km? is voxelized into a
regular and orthogonal 3D triangular mesh, and geological properties are
attributed to each cell. In the x—y—z directions the voxel dimension is 50—-50—

25 m and the entire volume is discretized in 3.534*¢e6 voxels. The consistency of
the 3D results has been verified by visual inspection, to check the geologically
coherent geometries and intersection relationships, plotting the modelled
surfaces on the 2D maps and cross sections in order to verify the model
reliability with respect to the input data. The model allows defining the size,
shape, and spatial relations of rock volumes showing homogeneous DFE and
DRP for the two selected tectono-metamorphic stages. Comparing the DFE and
DRP models for each analysed stage, it is possible to calculate the volumetric
misfit between the corresponding homogeneous DFE and DRP volumes.

Results

The degree of fabric evolution does not necessarily correspond to the degree of
metamorphic reaction progress during each tectono-metamorphic stage, as
qualitatively suggested by Zucali et al. (2002) and, quantitatively, by Salvi et al.
(2010). The DFE and DRP can evolve independently at different rates, but from
DFE above 60% the degree of mechanical and chemical transformation increases
at the same rate (Salvi et al. 2010). To investigate this heterogeneity at the km
scale, the DFE and DRP models are built separately. The 2D contouring of the
fabric and metamorphic gradient is performed for D2 (Fig. 5) and for D5 stages
(Fig. 6). As already pointed out, these maps of fabric and metamorphic domains
include also data from Zucali (2002), Zucali et al. (2002), and Delleani et al.
(2012, 2013), integrated with original structural and petrologic data.

The quantitative results of 3D modelling on syn-D2 and syn-DS5 structural and
metamorphic heterogeneities are compared in Fig. 7, where the volumetric
estimates for D2 fabric domains (coronitic domain: 5.83%; tectonitic domain:
8.51%; mylonitic domain: 85.66%) and for metamorphic domains (low-
transformation domain: 5.93%; medium-transformation domain: 11.13%; high-
transformation domain: 82.95%) are shown. Accordingly, Fig. 8 shows the D5
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volumes for the fabric domains (88.62% for the coronitic domain and 11.38% for
the tectonitic domain) and for the metamorphic domains (86.77% for the low-
transformation domain; 9.42% for the medium-transformation domain; and
3.81% for the high-transformation domain). In general, the dominant D2 stage is
characterized by the highest DFE values, and the tectonitic—mylonitic domains
correspond to the 94.17% of the modelled rock volume. The D2-related syn-
kinematic mineral assemblage reaches the DRP of 100% only above the 60%
DFE threshold. Regardless of the spatial distribution, the DFE-DRP relations are
proportional and the absolute volumetric misfit between the corresponding DFE-
DRP domains is lower than 4% for D2 and D5 (Figs. 7, 8). The comparison of
the tectono-metamorphic map (Fig. 2) with the DFE-DRP map (Figs. 5, 6) and
the 3D models (Figs. 7, 8) of the considered stages clearly shows that the
distribution of the high- and low-strain domains is not controlled by lithology, as
high-strain domains intersect lithological boundaries.

Fig. 7

3D models of DFE and DRP for the D2 stage. Volumetric estimation and misfit
between DFE and DRP domains are reported
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3D estimates of D2 tectono-metamorphic stage
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Fig. 8

3D models of DFE and DRP for the D5 stage. Volumetric estimation and misfit
between DFE and DRP domains are reported
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3D estimates of DS tectono-metamorphic stage
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During eclogite-facies metamorphism, high variation rate of the DFE and DRP
occurred. Large rock volumes totally escaped deformation and metamorphic re-
equilibration effects. In the Mars, meta-granitoids’ larger undeformed volumes
are preserved during D1 stage, contrary to the Mucrone meta-granitoids. This
fact influences the different D2 structural and metamorphic evolution: in the
Mars meta-granitoids the transition between mylonitic-DFE to coronitic-DFE
domains is sharp with narrow or absent tectonitic domains, whereas in Mucrone
meta-granitoids the transition from coronitic to mylonitic domains is gradual
(Fig. 7). The low- to medium-DRP domains show a spatial mismatch with
respect to the corresponding coronitic- to tectonitic-DFE domains, especially
along the Mars—Mombarone ridge and along the Elvo Valley, where the
transition from mylonitic- to coronitic domains is sharp. The DFE does not show

drastic changes for greenschist-facies stage, showing a gradual transition from
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coronitic- to tectonitic domains. The 60% DFE threshold is never reached for the
D5 stage, and the tectonitic fabric is developed with high-DRP accumulation.
The highest DFE and DRP volumes are localized in the southeastern part of the
3D model (Fig. 8).

Discussion

The analysis of diffuse textural and metamorphic heterogeneities in the studied
rock volume using 3D quantification of fabric and metamorphic gradients
developed during a polyphasic tectono-metamorphic evolution shows that only
~ 15% of the total rock volume was mechanically and chemically re-equilibrated
during the late stage developed under greenschist-facies condition (Fig. 8).
Around 5% of the total volume preserves structural and metamorphic imprints
related to the earlier stages (pre-D1 and D1 events) due to a poor mechanical
reactivation during the subsequent events. Moreover, the eclogitic dominant
tectono-metamorphic imprint shows the highest degree of fabric evolution and
reaction progress (Fig. 7). The syn-eclogite-facies mylonitic and high-
transformation domains (above the 60% DFE-DRP threshold) are about 85% of
the modelled volume. Both D2 and D5 (Figs. 7 and 8) display differences when
considering the DFE-DRP relations in terms of absolute volumetric estimation
and spatial distribution.

The structural pattern (i.e. orientation data, foliation trajectories map, and
intersection relationships) is used as a geometric constrain to interpolate the
point of DFE estimates in volumetric domains. Conversely, the reconstruction of
the boundaries of DRP domains can be attained through two different
approaches: (1) contouring using co-kriging algorithm and (2) structural control
on the co-kriging interpolation. To explain these two approaches, we performed
a 3D modelling focused exclusively on the Mucrone volume (Fig. 9) where the
highest concentration of points of D2-related DRP estimates is available (63
samples over 28.63 km?). Regardless of the structural pattern, the first approach
implies the contouring interpolation of the DRP point estimates through the co-
kriging algorithm (Fig. 9a). In detail, the georeferenced DRP values are used as
input data for the co-kriging statistical analysis in order to build the grid in 3D
space. With these points as internal standard, Geomodeller® is able to classify all
voxels as a function of the value distances between input data and thus
contouring such voxels in the three chosen ranges. Figure 9b shows the
reconstruction of those boundaries, using the orientation data, the intersection
relationships (Table 1), and the foliation trajectory map (Fig. 2) as a structural
discriminating tool. Integrating the foliation surfaces (iso-potential data) and
related structural data orientation (potential gradients), Geomodeller®
interpolates the DRP volumes using the co-kriging approach with the structural
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control. Figure 9 shows the volumetric misfit and the different geometries of the
DRP domains modelled with the two approaches. Since the multiscale analysis
shows that the metamorphism is strictly correlated with deformation, the
structural control on the DRP volume contouring is fundamental for the correct
interpolation and evaluation of DRP volume heterogeneities and in comparison
with the corresponding DFE estimates. In this view, the second approach turns
out to be more precise when analysing the DFE-DRP relationships. The 3D
reconstruction shows that DFE and DRP are strictly correlated. The localization
of the high-strain domains is not controlled by the lithological setting, because
high-strain domains intersect the lithological boundaries. The relationships
between DFE and DRP in different rock types suggest that differences in
original mineral assemblages and fabrics (i.e. pre-Alpine originally foliated or
isotropic) can exert an influence on the mechanical reworking and reaction
progress when DFE remains lower than 60%. These results strongly stress the
role of strain energy in catalysing metamorphic reactions (Hobbs et al. 2010,
2011). At low- and medium-strain conditions, originally isotropic meta-
granitoids achieved a lower degree of metamorphic reaction progress than the
originally foliated meta-pelites. At a high-strain condition, the deformational and
metamorphic effects proportionally increase, up to the total replacement of pre-
existing minerals, where new fabrics evolved up to the stage of a continuous
foliation, in agreement with previous qualitative and quantitative observations
(Zucali et al. 2002; Spalla et al. 2005; Roda and Zucali 2008; Salvi et al. 2010;
Delleani et al. 2012; Corti et al. 2017). These differences may be related to strain
softening that resulted from strain localization during successive deformation
stages, making the originally competent rocks softer by grain-size reduction
increasing the amount of reaction surfaces. Below the 60% DFE threshold, the
thermal regime can significantly influence the degree of metamorphic
transformation: for the same DFE, the metamorphic reaction progress is more
evolved under eclogite-facies conditions (estimated at 7= 520 + 45 °C) than
under greenschist-facies conditions (estimated at 7= 400 + 50 °C). This
quantitative estimation of the directly proportional variation in DFE and DRP
suggests that higher DFE promotes increase in rock densities under eclogite-
facies conditions, while under greenschist-facies conditions high DFE will
correspond to lower rock densities. Considering that density is one of the main
factors controlling subduction dynamics, it is possible to obtain from the 3D
modelling an evaluation of differences in densities consequent to incomplete
metamorphic re-equilibration detected in the different DFE. Using an average
density of 2.65 g/cm? for granitoids—gneiss and 3.10 g/cm? for eclogitized
continental crust (Schon 2011), the incomplete eclogitic re-equilibration in the
different DRP domains allows inferring a density that ranges between 2.81 and
3.06 g/cm’. This density is lower than 3.10 g/cm> expected for a fully
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eclogitized continental crust (Table 2), over the studied area. The resulting
difference up to 9% may be crucial to evaluate the potential influence that relict
domains have on the choice of the density values for numerical simulations of
subduction processes.

Fig. 9

Two different approaches discussed in the text for the DRP quantification and their
shape and volume differences in the Mt. Mucrone area. a DRP domains contoured
using co-kriging algorithm. b Structural control on the co-kriging interpolation

DRP domain interpolation

A) Co-kriging contour of point estimates

B) Structural control of co-krigrig esti

DRP differences
A(%) B(%) Misfit (1%)
2373 1463 9,10
@ %92 200 692
@ ©35 637 1602

Table 2

Synoptic summary of differences in DFE, DRP, and density estimation in the modelled
rock volume

Degree DFE DRP Density estimation
. 3 o 3 Min Max
Min Max km %o km Yo (g /cm3) (g /cm3)
0 20 359 583 364 592 265 2.74
21 60 523 851 685 1193 274 2.81 292 3.06
61 100  52.71 85.66 51.04 8295 2.83 3.10

Average density is 2.65 g/cm?® for granitoids-gneiss and 3.10 g/cm?® for eclogitized
continental crust (Schon 2011)
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Conclusions

Thanks to Geomodeller® software, a quantitative 3D estimation of domains
characterized by homogeneous DFE and DRP has been performed for the D2-
eclogitic and D5-greenschist stages, the two more pervasive tectono-
metamorphic stages affecting the study area at km scale. The 3D geological
model proves to be an excellent tool for the quantitative estimates of rock
volumes that recorded different degrees of fabric evolution and metamorphic
reaction progress during a polyphase tectono-metamorphic history, in this
portion of continental crust deeply involved in the Alpine subduction system.

The multiscale analysis shows that metamorphic transformations are strongly
controlled by deformation. Therefore, the structural control on the DRP
reconstruction is fundamental for the correct evaluation of DRP domains and in
comparison with the corresponding DFE volumes.

This analysis shows that the degree of metamorphic reaction progress is
controlled by bulk rock, mineral compositions, inherited textures, and degree of
fabric evolution. As a matter of fact, only 10% of the rock volume was
mechanically and chemically re-equilibrated during D5-greenschist stage.
Almost 5% of the volume preserves fabrics and mineral relics of pre-D1 and D1
events. The eclogitic D2 dominant tectono-metamorphic imprint shows the
highest degree of fabric evolution and of metamorphic reaction progress (up to
the 85% of the modelled volume). The DFE and DRP are strongly correlated,
regardless of the rock type. The comparison between models and geological
maps shows that the localization of the high-strain domains is transversal to the
lithological boundaries. The relationships between DFE and DRP in different
rock types suggest that differences in original mineral assemblages and fabrics
can exert an influence on the mechanical reworking and reaction progress,
especially when DFE is lower than 60%. At low- and medium-strain conditions
(coronitic and tectonitic fabrics), meta-granitoids had a lower degree of
metamorphic reaction progress than meta-pelites. On the contrary, at high-strain
conditions the deformation and metamorphic transformations developed at the
same rate up to the 100% of the considered volume, irrespective of the rock

type.

The thermal regime can exert an additional influence on the degree of
metamorphic transformation when the DFE remains below to the 60% threshold.
The metamorphic reaction progress is more efficient during D2 that took place at
T'=520=+45 °C, than during D5 at 7=400 + 50 °C, for the same DFE values.
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These results demonstrate that this approach is a powerful tool to unravel the
variation in size of rock volumes that share a common subduction—collision—
exhumation history, developed inhomogeneous structural and metamorphic
records: the results from this 3D approach can therefore be usefully applied to
improve the numerical modelling of geodynamic processes. Indeed, the
estimation of volumes preserving textural and mineral relicts after phase
transitions may shed light on the potential effects of incomplete metamorphic
transformations on the rheology of rock volumes during their paths through
different lithospheric depths along active margins: phase transitions cannot be
properly implemented in numerical modelling of geodynamic processes without
evaluating the heterogeneity of reaction progress and fabric evolution.
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