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Abstract

Metamorphic reactions are commonly driven to completion within shear

zones thanks to fluid circulation, making the re-equilibration of the mineral

assemblage one of the dominant processes. Despite the important role of H2O

in such processes, forward thermodynamic modelling calculations commonly

assume either H2O-saturated conditions or only fluid loss during prograde evo-

lution to peak conditions. These assumptions influence the understanding of

shear zones during the retrograde evolution. Here, we investigate the P–T–
MH2O retrograde evolution of the Mt. Bracco Shear Zone (MBSZ), an Alpine

ductile tectonic contact which marks the boundary between two HP units in

the Dora-Maira Massif (Western Alps, Italy). After the eclogite-facies peak

(at 500–520�C and 1.8–2.2 GPa), the subsequent mylonitic event is constrained

at amphibolite-facies conditions, continuing its evolution at decreasing pres-

sure and temperature during rock exhumation, from �590�C, 1.0 GPa down to

�520�C, 0.7 GPa. The P/T–MH2O forward modelling highlights different

behaviour for the two analysed samples. After reaching a minimum H2O con-

tent at the transition from eclogite- to amphibolite-facies conditions, a signifi-

cant fluid gain is modelled for only one of the two analysed samples just

before the mylonitic event. The MBSZ then evolves towards H2O-

undersaturated conditions. This work thus underlines the necessity of investi-

gating the H2O evolution within shear zones, as the H2O content is susceptible

to change through the P–T path, due to dehydration reactions or fluid infiltra-

tion events. Furthermore, lithological heterogeneities influence possible differ-

ent fluid circulation regimes in shear zones, resulting in externally or

internally derived fluid gain.
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1 | INTRODUCTION

During the orogenic evolution of collisional chains, shear
zones accommodate displacement by localizing deforma-
tion across all scales (e.g., Carosi et al., 2020; Holyoke &
Tullis, 2006; Mancktelow, 2006; Petroccia et al., 2022).
Shear zones progressively reduce the mineral grain size
due to protracted strain localization (Brodie &
Rutter, 1987; De Bresser et al., 2001) and require the pres-
ence of weakening mechanisms (Gerbi et al., 2010;
Giuntoli et al., 2020; Goncalves et al., 2016; Gueydan
et al., 2014; Simonetti et al., 2021; Steffen et al., 2001). In
a positive feedback loop, fine-grained reaction products
related to reaction weakening could make shear zones
preferential pathways for fluid transfer through Earth’s
crust (Beach, 1980; Fyfe et al., 1978; Getsinger
et al., 2013; Jamtveit et al., 2008; Menegon et al., 2015).
The preferential fluid flow during the early stage of duc-
tile deformation induces metamorphic reactions, further
localizing strain (Beach, 1980). The relationship between
deformation and metamorphism is thus considered as
related to the access of fluids and fluid/rock interactions
(e.g., Finch et al., 2016; Goncalves et al., 2012; Luisier
et al., 2023; Oliot et al., 2014; Rubie, 1986). The combina-
tion of these processes inherently makes such discontinu-
ities a place where metamorphic reactions are more
easily driven to completion, boosting the overprinting of
pre-existing features (Beach, 1980; Connolly, 1997;
Etheridge et al., 1983; Jamtveit et al., 2008; Rubie, 1986;
Wheeler, 2014).

Since complete re-equilibration during deformation
aided by fluid presence is considered the dominant petro-
logical process in shear zones, H2O-saturated conditions
(i.e., the presence of a free fluid phase inducing fluid-
present metamorphism; e.g., Fyfe et al., 1978;
Thompson, 1983) are usually assumed in forward ther-
modynamic modelling calculations. High fluid/rock
ratios have been reported in retrograde shear zones
(e.g., Etheridge et al., 1983; McCaig et al., 1990). How-
ever, rocks commonly experience fluid loss during
increasing temperatures, which should hamper retro-
grade reactions and preserve the prograde assemblage
(e.g., Fyfe et al., 1978; Rubie, 1986; Tenczer et al., 2006).
This implies that the H2O content modelled at peak P–T
conditions would not change during cooling (i.e., the sys-
tem should remain closed during exhumation;
e.g., Guiraud et al., 2001; Manzotti et al., 2022). From
this, when investigating the metamorphic evolution of
shear zones, the assessment of H2O content and its evolu-
tion may lead to important considerations (Ceccato
et al., 2020; Connolly, 1997; Diener et al., 2016; Nerone
et al., 2023; Pennacchioni & Cesare, 1997; Spruzeniece &
Piazolo, 2015; Tursi, 2022; Tursi et al., 2020, 2021;

Yardley et al., 2014). Retrograde shearing can in fact be
sustained under a variety of fluid regimes, from fluid-
absent (Pennacchioni & Cesare, 1997; Tenczer
et al., 2006) to fluid-present (Ceccato et al., 2020; Diener
et al., 2016; Etheridge et al., 1983; McCaig et al., 1990).
The H2O regime is susceptible to change through time,
especially during metamorphism, due to dehydration
reactions or fluid infiltration events (Luisier et al., 2023;
Thompson, 1983). Additionally, it is still unclear whether
and how different regimes can affect the same shear zone
during its history.

To assess this aim, the Mt. Bracco Shear Zone (MBSZ;
Avigad et al., 2003) located in the Dora-Maira Massif
(DMM, Western Alps) has been investigated through a
thermodynamic modelling approach. The MBSZ marks
the boundary between two major units, the monometa-
morphic Sanfront-Pinerolo Unit and the polymeta-
morphic Dora-Maira Basement Complex (Avigad
et al., 2003; Michard et al., 1993). Even though several
studies in the DMM attempt to constrain the deformation
and timing experienced by the different units
(e.g., Bonnet et al., 2022; Michard et al., 1993; Vaughan-
Hammon et al., 2022; Wheeler, 1991 and references
therein), the syn-exhumation metamorphic stages remain
only locally constrained (e.g., the Brossasco-Isasca Unit,
see Ferrando et al., 2017 for a review).

This work thus proposes (i) a P–T estimation for the
evolution of mylonitic rocks between HP continental
units of the DMM and (ii) the necessity of investigating
the H2O evolution within shear zones (i.e., fluid-absent
or fluid-present metamorphism; Thompson, 1983), as
considering a fixed H2O amount in the thermodynamic
modelling may be not representative (e.g., Tursi, 2022).
The MBSZ is an example of fluid content variations
within a shear zone evolution, highlighting how no univ-
ocal assumption may be accurate, as well as suggesting a
partly internally derived flux.

2 | REGIONAL SETTING

The Western Alps formed as a result of subduction and
collision between different paleogeographic domains:
(i) the European paleomargin; (ii) the Briançonnais
microcontinent; (iii) the Piemonte-Liguria Ocean; and
(iv) the Adria microplate (Angrand & Mouthereau, 2021;
Beltrando et al., 2010; Schmid & Kissling, 2000). The
Dora-Maira Massif (Figure 1a), one of the Internal
Crystalline Massifs, belonging to the distal part of the
Briançonnais paleomargin (Ballèvre et al., 2020; Gasco
et al., 2013; Sandrone et al., 1993; Schmid et al., 2017), is
described as a nappe-stack made by three major units
(Argand, 1934; Chopin et al., 1991; Michard, 1967;
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Michard et al., 1993). Moving upward, they are: (i) the
Sanfront-Pinerolo Unit (SPU; Avigad et al., 2003); (ii) the
Dora-Maira Basement Complex (Michard et al., 1993)
and (iii) the Dronero Unit (DU; Michard et al., 2022).
After structural mapping, several authors (e.g., Chopin
et al., 1991; Compagnoni et al., 2012; Henry et al., 1993;
Manzotti et al., 2022; Michard et al., 2022; Vialon, 1966)
divided the Dora-Maira Basement Complex into minor
(sub-)units (Table S1). From the structurally lower to the
higher, around the investigated area they are (Figure 1b;
see Michard et al., 2022 for review): (i) the Brossasco-
Isasca Unit (BIU); (ii) the Rocca Solei Unit (RSU);
(iii) the Ricordone Unit (RU). The monocyclic SPU has
been classically associated with a blueschist-facies

metamorphic peak (Borghi et al., 1985; Vialon, 1966),
while the overlying polycyclic units of the Dora-Maira
Basement Complex (Nosenzo et al., 2022, 2023) reached
eclogite-facies with different P–T conditions (see Table S1
for more detail). Ductile tectonic contacts separate these
units (Avigad, 1992; Henry et al., 1993).

The investigated shear zone, i.e., the MBSZ
(Figure 1b), marks the boundary between the structur-
ally lower SPU (Avigad et al., 2003; Chopin et al., 1991;
Groppo et al., 2019) and the structurally upper RU
(Henry, 1990; Michard et al., 1995). The SPU is the dee-
pest tectonic unit of the Cottian Alps (Argand, 1911) and
occurs in a similar structural position to the Money Unit
belonging to the Gran Paradiso Massif (Compagnoni

F I GURE 1 (a) Central-Southern Western Alps simplified tectonic map highlighting the Dora-Maira Massif and surrounding areas,

modified after Ballèvre et al. (2020); (b) simplified structural map of the southern Dora-Maira Massif in the Po Valley based on Vialon

(1966); Crema et al. (1971); Henry (1990); Sandrone et al. (1993); Compagnoni et al. (2012); Piana et al. (2017), modified after Michard et al.

(2022). The main tectonic contacts are displayed with thick black lines.

NERONE ET AL. 173
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et al., 1974; Le Bayon & Ballèvre, 2006; Manzotti
et al., 2016). It is made up of a metasedimentary
sequence which includes meta-arkose, metaconglome-
rates (Mertz & Siddans, 1985; Manzotti et al., 2015;
Petroccia & Iaccarino, 2021) and graphitic schists,
considered the metamorphic HP equivalent of the
Upper Carboniferous sequences cropping out in the
Zone Houillèr (Ballèvre et al., 2020; Franchi &
Novarese, 1895; Manzotti et al., 2016; Merlo &
Malaroda, 1990; Vialon, 1966). The SPU is intruded by
orthogneiss, supposedly derived from Permian granodio-
rite (Bussy & Cadoppi, 1996). Relicts of presumed
Permo-Triassic cover, such as quartzites (Bargiolina,
Cavallo & Dino, 2019; Dino et al., 2021) and marbles,
are present (Michard, 1967). The structurally higher RU
(Figure 1b), similarly to the other Dora-Maira Basement
Complex eclogitic (sub-)units, is made up of polycyclic
micaschists, gneiss, amphibolites and monocyclic orthog-
neiss (Sandrone et al., 1993).

Recently, Groppo et al. (2019) constrained the pro-
grade to peak metamorphic conditions of the aforemen-
tioned units, suggesting similar burial mechanisms.
Chopin et al. (1991) estimated metamorphic peak
conditions near �500�C and 0.8–1.0 GPa for the SPU.
According to Avigad et al. (2003), the same unit reached
garnet-blueschist-facies conditions (�500�C, 1.2–
1.6 GPa), whereas Groppo et al. (2019) estimated “cold”
eclogite-facies conditions (500–520�C, 2.1–2.4 GPa).
Recent data from Bonnet et al. (2022) provide SPU Zr-
in-rutile peak temperatures of �513 ± 20�C (assuming
pressures of 2.2 GPa). Values of �500–600�C and 0.6–
0.7 GPa were estimated by Avigad et al. (2003) for the
SPU retrograde path. The RU, instead, reached quartz-
eclogite-facies conditions (Henry, 1990), �1.5 GPa and
500–550�C (Chopin et al., 1991). Slightly lower peak tem-
peratures (448 ± 20 and 433 ± 34�C, with assumed pres-
sures of 2.2 GPa) were obtained by Bonnet et al. (2022),
who also dated the metamorphic peak at 40 ± 6.2 My for
the RU. Data obtained from Zr-in-rutile thermometry on
garnet-micaschist show temperatures of �531 ± 22, 559
± 18 and 509 ± 24�C (assuming a pressure of 0.6 GPa for
the first two estimates and a pressure of 0.3 GPa for the
last one) for the RU retrogression (Bonnet et al., 2022).
The decompression of the DMM was associated with a
retrograde path with moderate cooling followed by a re-
heating stage, constrained at 500–550�C and �0.5 GPa by
garnet–biotite geothermometer and garnet–plagioclase–
biotite–quartz geobarometer (Borghi et al., 1985, 1996;
Sandrone & Borghi, 1992). Similar conditions have been
highlighted for retrogression by Avigad et al. (2003). This
metamorphic stage is characterized by the growth of a
new generation of garnet and oligoclase rim around
albite (Borghi et al., 1985, 1996).

3 | ANALYTICAL METHODS

Field and mesoscale observations have been performed
along an E–W-oriented transect following the natural Po
Valley from Envie to Ostana towns (Figure 1b). A non-
numerical progression for the description of structural
elements has been used (e.g., Sp, Sp-1). Abbreviations
are: (S) for syn-metamorphic surfaces or axial plane folia-
tion and (D) for the deformation phases. The suffix “p”
denotes “principal”. Microstructural analyses were per-
formed on oriented thin sections cut parallel to the object
lineation and perpendicular to the main foliation
(approximating the XZ plane of the finite strain ellip-
soid). Mineral abbreviations are after Warr (2021), except
for Wm, which stands for white mica. Foliations, kine-
matic indicators and mylonites have been classified
according to Passchier and Trouw (2005). Quartz micro-
structures, indicative of dynamic recrystallization, are
defined according to Stipp et al. (2002, 2010) and Law
(2014).

3.1 | Mineral chemical analysis

Petrographic identification of fine-grained minerals was
performed with a Scanning Electron Microscope (SEM)
JEOL JSM-IT300LV, equipped with an energy-dispersive
spectrometer (EDS) Energy 200 System and an SSD
X-Act3 detector (Oxford Inca Energy), hosted at the
Department of Earth Sciences, University of Torino
(Italy). Mineral compositions and compositional maps
were obtained with an Electron Microprobe Analyzer
(EMPA) JEOL 8200 Super Probe equipped with five
wavelength-dispersive spectrometers (WDS) hosted at the
Department of Earth Sciences “A. Desio”, University of
Milano (Italy). Analytical conditions for mineral point
analyses were 15 KeV accelerating voltage and 5 nA spec-
imen current. For the acquisition of the maps, a 100 nA
specimen current was used, with 30 ms of dwell time
(De Andrade et al., 2006) and a pixel size of 7 μm for the
BAR-4B sample and 40 ms and 30 μm for the BAR-8 sam-
ple. The X-ray maps of representative areas of the thin
sections were processed using the program XMapTools
v.4 (Lanari et al., 2014) to extract the effective bulk com-
position needed for the subsequent thermodynamic
study. The X-ray maps were calibrated with mineral com-
position point analyses as internal standards for analyti-
cal standardization. Quantitative mineral chemical
analyses were recalculated through the software NORM
(Ulmer, 1986) to obtain chemical proportions of the rock-
forming phases. Structural formulae have been calculated
based on 12 oxygens for garnet, 11 for white mica, 14 for
chloritoid, 8 for plagioclase, 12.5 for epidote, 11 for biotite
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and 28 for chlorite. Fe3+ content has been calculated
from stoichiometry and charge balance, while FeOtot

accounts for FeO and Fe2O3. XMg is defined as Mg/(Mg
+ Fe2+) for most minerals, while for garnet XMg is
Mg/(Mg + Fe2++Ca + Mn), and XCa, XFe and XMn are
determined accordingly. XAn of plagioclase is defined as
An/(An+Ab+Or), while XZo of epidote is defined
as Zo/(Zo + Ep + Pmt). The collected mineral chemical
analysis datasets of both samples are reported in
Tables S2 and S3.

3.2 | Thermodynamic modelling

Isochemical phase diagrams to reconstruct the P–T his-
tory of the MBSZ mylonites were calculated in the
10-component MnNKCFMASHT (MnO–Na2O–K2O–
CaO–FeOtot–MgO–Al2O3–SiO2–H2O–TiO2) system with
saturated H2O using Perple_X 6.9.1 (Connolly, 2005,
2009). Fe2O3 was neglected in our calculations for sample
BAR-4B, as in a graphite-bearing metapelite with no
magnetite nor haematite, it will be present in minor
amounts in the white mica and epidote (Forshaw &
Pattison, 2021), thus not participating with a significant
role in modelled metamorphic reactions. Due to the pres-
ence of epidote in sample BAR-8, the influence of Fe2O3

has been investigated through the calculation of a P–X
(Fe2O3) phase diagram at fixed T. This phase diagram has
been calculated by adding epidote to the bulk rock com-
position, in the same pressure range of the P–T phase dia-
grams and in an X (Fe2O3) range, calculated as Fe2O3/
FeOtot, of 0–0.25. The reference T (i.e., 550�C) has been
taken from the average of the range proposed by Avigad
et al. (2003). Two P–T isochemical phase diagrams have
been computed in the range of 400–650�C and 0.5–
2.5 GPa for sample BAR-4B considering the garnet core
+mantle fractionation in the effective bulk composition
extracted with XMapTools. Only one P–T isochemical
phase diagram was calculated for sample BAR-8, as gar-
net is rather homogeneous. Local bulk compositions were
generated from the oxide weight-percentage maps by
averaging pixels with a density correction (Lanari &
Engi, 2017). For the calculations, the internally consistent
thermodynamic database for condensed phases of
Holland and Powell (2011) (ds62) and the equation of
state for the binary fluid H2O–CO2 of Holland and Powell
(1998) have been adopted. Fluid saturation conditions
have been assumed with a pure H2O fluid phase
(i.e., aH2O = 1). The following solution models were
used: garnet, chloritoid, staurolite, chlorite, white mica,
biotite and ilmenite (White et al., 2014), clinopyroxene
(Green et al., 2007), amphibole (Green et al., 2016), feld-
spar (Fuhrman & Lindsley, 1988) and in the P–X (Fe2O3)

phase diagram also epidote (Holland & Powell, 2011).
The variation in H2O content, hereby MH2O (i.e., the
structural H2O in the minerals plus the H2O in the fluid,
if present, in wt%; Powell et al., 2005), has been investi-
gated through P/T–MH2O phase diagrams. These are cal-
culated along the reconstructed P–T path (see Table S4
for P/T gradients) in an MH2O range of 2.5–4 wt% for
BAR-4B and 0.3–1.1 wt% for BAR-8, spanning from fluid
undersaturation to fluid saturation for the investigated
bulk compositions.

4 | MESO- AND
MICROSTRUCTURAL FEATURES OF
THE MBSZ

The Mt. Bracco Shear Zone (MBSZ; Avigad et al., 2003) is
defined by a N-S trending mylonitic zone (Figure 1b),
involving both the structurally lower SPU and the higher
RU (Figure 2). The mylonitic deformation increases both
from the RU and the SPU toward the MBSZ (Figure 2).
West of the MBSZ, deformed but non-mylonitic gneiss
and micaschist of the RU unit are present (Figure 2). Gra-
phitic schist, fine-grained meta conglomerate and meta-
arkose belonging to the SPU crop out on the eastern side
of the shear zone. An Sp-1 foliation has been detected in
correspondence with the Fp fold hinge, far from the MBSZ
(Figure 2). However, due to the strong transposition
related to the subsequent phase (Dp), it is challenging to
identify fold systems and foliations associated with the
Dp-1. Fp folds are tight to the isoclinal. These folds deform
and transpose the older Sp-1 foliation making an Sp
parallel or sub-parallel to the relative fold axial planes and
to the boundary of the MBSZ, representing the main
foliation at the outcrop scale. The strike of the Sp foliation
is relatively constant, ranging from N-S to NW-SE, dipping
mainly towards W-SW, with local variations. The
occurrence of the kinematic indicators increases toward
the centre of the MBSZ and the mylonitic foliation
becomes more pervasive (Figure 2). Thus, approaching
the centre of the MBSZ, considering the differences in
rheological behaviour between lithologies, the shear-
related deformation increases (Figure 2) and contempora-
neously, folds become tighter and rare. In gneissic
mylonites, the foliation is an anastomosing disjunctive
foliation (Passchier & Trouw, 2005) formed by alternating
coarse-grained layers of deformed quartz-feldspar and thin
mica-rich layers. In the mylonitic schists, a variation from
a disjunctive foliation with sub-parallel foliation domains
to a continuous schistosity is observable. White mica,
chlorite and rare biotite generally mark the main foliation
(Sp; Figure 2). The Sp foliation wraps around garnet and
plagioclase, showing a sporadic internal foliation (Sp-1)

NERONE ET AL. 175
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that varies from discordant to concordant with the exter-
nal one. Microstructural relations suggest that both garnet
and plagioclase could be pre- to syn-tectonic with respect
to the Dp event. Kinematic indicators (e.g., S-C and S-C0

fabric, mica-fish and quartz oblique foliation; Figure 2),
both at meso- and micro-scale, indicate a top-to-the W
sense of shear, with local variations toward SW and
NW. Quartz shows flattened grains with undulose extinc-
tion surrounded by new grains, suggesting a main sub-
grain rotation recrystallization mechanism (SRR) with
minor effects related to grain boundary migration (GBM).

The chosen samples (BAR-4B and BAR-8; GPS
coordinates 44�42011.96“N – 7�18’16.66”E, 44�41053.
12“N – 7�18’6.33”E, respectively) are mylonites belong-
ing to the shear-deformed SPU located within the east-
ern sector of the MBSZ. After carefully investigating
more than 40 thin sections, these 2 samples were
selected as the most representative of the shear defor-
mation related to the MBSZ and one of them shows a
mineral assemblage (e.g., multistage garnet, chloritoid,
biotite) helpful for the estimation of the HP conditions
(BAR-4B).

F I GURE 2 Deformation

features of RU, SPU and the MBSZ

affecting both units. Meso- and

micro-scale evidence of the increase

in kinematic indicators (e.g., rotated

porphyroblasts, S-C0 fabric, mica-

fish) going toward the MBSZ from

both units.

176 NERONE ET AL.
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5 | PETROGRAPHY,
MICROSTRUCTURES AND
MINERAL CHEMISTRY

Samples BAR-4B and BAR-8 (see Figure 1b for location)
are garnet-plagioclase-bearing rocks with a marked mylo-
nitic fabric (Figure 3a,b).

Sample BAR-4B is a micaschist, while sample BAR-8
is a quartz-rich gneiss. Following the bulk chemical clas-
sification SandClass3 of Herron (1988), sample BAR-4B
protolith was a shale, not far from the Worldwide Aver-
age Pelite (Forshaw & Pattison, 2023), while sample
BAR-8 protolith was a lith-arenite (Figure S1). In both
samples, the main foliation (Sp) is defined by the
preferred orientation of mm-thick layers of white mica,
chlorite, minor biotite and ilmenite alternated with
quartz-rich layers, which are thicker in BAR-8

(Figure 3b). BAR-4B contains mm-sized plagioclase and
garnet porphyroblasts, whereas BAR-8 shows pluri-mm
plagioclase porphyroblasts and sub-mm garnet crystals.
Quartz mainly shows evidence of SRR with local GBM
and is lately affected by local bulging (BLG). Plagioclase
porphyroblasts are partially wrapped and locally in conti-
nuity with the Sp (Figure 4a,b). Garnet grains are mainly
found along the Sp (Figure 4c), but BAR-4B shows
garnet also included in plagioclase porphyroblasts
(Figure 4d) and/or partially wrapped by the Sp. A relict
Sp-1 foliation made by white mica, quartz and rutile can
sometimes be recognized as internal foliation in plagio-
clase porphyroblasts, discordant with respect to the Sp
(Figure 4a,d). White mica, rutile and chloritoid, as well
as biotite, are locally observed in different microchemical
domains of garnet porphyroblasts, but only in sample
BAR-4B (Figure 4e,f). BAR-8 also contains epidote,

F I GURE 3 Thin section scans of

the analysed samples (a) BAR-4B and

(b) BAR-8, showing a well-developed

mylonitic fabric (half left is PPL: plane-

polarized light; half right is XPL:

crossed-polarized light). The

microprobe-mapped areas have been

highlighted in both samples with yellow

boxes.
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wrapped by the main foliation and characterized by an
allanitic core, and a few relict light blue amphibole grains
(Figure 4g). Chlorite defines the Sp in both samples,
substituting biotite and garnet (Figure 4h,i), but also
grows statically on the Sp together with white mica
(Figure 4c).

Figures 5 and 6 display the mineral distribution maps
obtained from the classification of X-ray maps and com-
positional evidence for samples BAR-4B and BAR-8,
respectively. The mapped and analysed portion of
BAR-4B (see Figure 3a for the X-ray map location) is
characterized by (Figure 5a): white mica (43 vol%), quartz
(20 vol%), chlorite (17 vol%), plagioclase (15 vol%), garnet

(4 vol%), with rutile, ilmenite and apatite as the main
accessory minerals (� 1 vol% in total). The mapped and
analysed portion of BAR-8 (see Figure 3b for the X-ray
map location) is characterized by (Figure 6a): quartz
(65 vol%), plagioclase (16 vol%), white mica (10 vol%),
chlorite (6 vol%), garnet (1 vol%), epidote (1 vol%), with
rutile, ilmenite and apatite as the main accessory min-
erals (� 1 vol% in total). The full dataset of mineral
chemical analysis for the main phases is reported in
Tables S2–S3, whereas Tables 1 and 2 present a selection
of representative chemical analyses for the two samples.
The chemical spot analyses (Tables S2 and S3), integrated
with the minimum and maximum groups obtained from

F I GURE 4 (a) Plagioclase porphyroblasts showing an internal foliation Sp-1 discordant with respect to the external Sp, mainly marked

by white mica (sample BAR-4B; XPL); (b) plagioclase porphyroblast showing an internal foliation mainly defined by white mica and sub-

mm garnet in continuity with the external Sp (sample BAR-8; XPL); (c) small garnet grains along the main foliation Sp and late chlorite

statically growing on the Sp (sample BAR-8; PPL); (d) garnet and white mica included within plagioclase (sample BAR-4B; BSE: back-

scattered electron image); (e) chloritoid and rutile inclusions within garnet (sample BAR-4B; BSE); (f) biotite included in garnet (sample

BAR-4B; BSE); (g) epidote and relict amphibole grains wrapped by the Sp foliation (sample BAR-8; PPL); (h) C0 plane highlighted by biotite

and subsequently substituted by chlorite (sample BAR-8; PPL); (i) fractured garnet porphyroblast replaced by chlorite (sample BAR-4B;

BSE).
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the calibrated X-ray maps were used to define the compo-
sitional range of the different phases. See Supplementary
Information S1 for the phase relation summary where
pre- to post-Dp stages have been defined by microstruc-
tural relations and chemistry. Inferred blastesis-
deformation relationships are summarized in Figure 7.

Garnet porphyroblasts show a well-developed chemi-
cal zoning in BAR-4B (Figure 5b) that defines a core
(GrtC), a mantle (GrtM) and a rim (GrtR). Garnet is char-
acterized by (Figures 5b and S2): (i) an increase in Ca
content from the core (XCa = 0.14–0.19) to the mantle
(XCa = 0.17–0.22), which decreases to the inner rim then

F I GURE 5 (a) Classified X-ray map of a selected microdomain of sample BAR-4B showing the distribution and abundance of the

mineralogical phases; (b) X-ray compositional maps of Mn and ca content in garnet, as well as ca content in plagioclase, displaying the

chemical variation in garnet shells; (c) XAn map of plagioclase porphyroblasts, showing oligoclase rims around albite; (d) Si (a.p.f.u.) content

map of white mica highlighting its compositional variation with the high-Si content white mica generally in the core of lepidoblasts.
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increases to the outer rim from XCa = 0.09 to XCa = 0.20,
(ii) a decrease of Mn from core (XMn = 0.05–0.14) to the
mantle (XMn = 0.02–0.03) with a slight increase in
the rim (XMn = 0.03–0.06), (iii) a decrease of Mg from
core (XMg = 0.05–0.07) to mantle (XMg = 0.05–0.06) and
a slight increase in the rim, progressively decreasing from
XMg = 0.09 to XMg = 0.03 and (iv) a roughly flat core and
mantle Fe (XFe = 0.60–0.75) content that then shows a
sharp increase in the inner rim but progressively
decreases from XFe = 0.89 to XFe = 0.65. GrtC and GrtM
include chloritoid, with XMg = 0.13–0.14, high-Si white
mica and rutile (Figure 4e), while GrtR includes biotite
(Figure 4f). GrtR is in equilibrium with both albite and

oligoclase (Figure 5b). The chemical variation of garnet,
coupled with the presence of different inclusions, high-
lights a multistage development of garnet porphyroblasts.
In sample BAR-8, garnet is quite homogeneous in com-
position, as no internal zoning can be recognized due to
its small size: (i) its Ca content ranges from XCa = 0.07 to
XCa = 0.20; (ii) its Mn content is low (XMn = 0.01–0.07),
(iii) its Mg content ranges from XMg = 0.06 to XMg = 0.15
and (iv) its Fe content ranges from XFe = 0.65 to
XFe = 0.83.

Plagioclase porphyroblasts show a broad pure albite
core (XAn = 0.01–0.04) and a thin oligoclase rim
(XAn = 0.19–0.23 for sample BAR-4B and XAn = 0.16–

F I GURE 6 (a) Classified X-ray map of a selected microdomain of sample BAR-8 showing the distribution and abundance of the

mineralogical phases; (b) XAn map of plagioclase porphyroblasts, showing oligoclase rims around albite; (c) Si (a.p.f.u.) content map of white

mica highlighting its compositional variation with the high-Si content white mica generally in the core of lepidoblasts.
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0.29 for sample BAR8; Figures 5c and 6b). Albite is
mainly characterized by an internal foliation, both discor-
dant (Sp-1, also including garnet; Figure 4a,d) and con-
cordant with the external Sp (Figure 4b). Thus, albite
could be interpreted as pre- to syn-tectonic with respect
to the main deformational event (Dp). Locally, sheared
albite crystals are recognizable. Oligoclase rims are
instead developed as strain shadows (Figures 5c and 6b),
indicating a syn-tectonic growth with respect to the Sp.

White mica is compositionally variable with
Si = 3.08–3.45 a.p.f.u. (atoms per formula unit;

Figure 5d) for BAR-4B and Si = 3.10–3.50 a.p.f.u. for
BAR-8 (Figure 6c). A first high-Si content white mica
group (Si = 3.25–3.45 a.p.f.u. for BAR-4B and Si = 3.27–
3.50 a.p.f.u. for BAR-8) usually defines the Sp-1 in albite
and is also present in the core of white mica lepidoblasts
along the Sp. A low-Si content white mica group
(Si = 3.08–3.13 a.p.f.u. for BAR-4B and Si = 3.10–3.22 a.
p.f.u. for BAR-8) overgrows the previous one and defines
the Sp together with biotite, chlorite and ilmenite.

Epidote grains found in sample BAR-8 show XZo

ranging from 0.44 to 0.59. Biotite is included in the GrtR

TAB L E 1 Representative chemical analyses for sample BAR-4B.

Garnet

Chloritoid

Plagioclase White mica

Biotite ChloriteCore Mantle Rim Ab Pl Phe Ms

SiO2 38.00 38.19 37.88 24.77 68.74 62.77 50.94 46.60 36.78 25.74

TiO2 0.09 0.06 0.09 0.09 0.00 0.00 0.12 0.03 1.49 0.06

Al2O3 21.50 21.74 21.48 41.46 20.12 24.20 27.41 34.93 20.45 22.51

Cr2O3 0.02 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.09 0.04

FeOtot 32.48 32.85 36.48 25.49 0.07 0.11 2.83 2.23 21.52 29.49

MnO 2.92 1.25 1.72 0.13 0.04 0.00 0.01 0.00 0.23 0.21

MgO 1.41 1.12 1.27 2.21 0.00 0.01 2.89 0.74 6.46 11.86

CaO 5.66 7.01 3.95 0.08 0.36 4.94 0.01 0.10 0.08 0.17

Na2O 0.10 0.09 0.00 0.01 11.92 9.25 0.30 0.72 0.15 0.03

K2O 0.00 0.00 0.01 0.02 0.08 0.09 10.23 8.31 9.32 0.22

Total 102.19 102.31 102.90 94.30 101.34 101.38 94.74 93.66 96.57 90.33

O 12.00 12.00 12.00 14.00 8.00 8.00 11.00 11.00 11.00 28.00

Si 3.00 3.00 2.99 2.01 2.96 2.74 3.42 3.12 2.86 5.40

Ti 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.09 0.01

Al 2.00 2.01 2.00 3.97 1.02 1.24 2.17 2.76 1.88 5.56

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01

Fe3+ 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe2+ 2.13 2.16 2.40 1.73 0.00 0.00 0.16 0.13 1.40 5.17

Mn 0.20 0.08 0.12 0.01 0.00 0.00 0.00 0.00 0.01 0.04

Mg 0.17 0.13 0.15 0.27 0.00 0.00 0.29 0.07 0.75 3.71

Ca 0.48 0.59 0.33 0.01 0.02 0.23 0.00 0.01 0.01 0.04

Na 0.02 0.01 0.00 0.00 1.00 0.78 0.04 0.09 0.02 0.01

K 0.00 0.00 0.00 0.00 0.00 0.00 0.88 0.71 0.93 0.06

H 0.00 0.00 0.00 4.00 0.00 0.00 2.00 2.00 2.00 16.00

Σcations 8.00 8.00 8.00 8.00 5.00 5.00 6.95 6.90 7.96 20.00

XMg (Fe
2+) 0.13 0.65 0.37 0.35 0.42

XMg 0.06 0.04 0.05

XCa 0.16 0.20 0.11

XMn 0.07 0.03 0.04

XFe 0.71 0.73 0.80

XAn 0.02 0.23
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of BAR-4B (Figure 4f) and also grows in its strain
shadows, defining the Sp. Biotite is also locally recogniz-
able along the main foliation, particularly in BAR-8
(Figure 4h). Few preserved crystals show a relatively
homogeneous composition, with XMg = 0.34–0.35, in
sample BAR-4B, and XMg = 0.46–0.54, in sample BAR-8.
Chlorite defines the Sp and also grows statically on the
Sp, extensively replacing both garnet and biotite
(Figure 4h,i). Chlorite displays a composition of
XMg = 0.31–0.50 for sample BAR-4B and XMg = 0.25–0.53

for sample BAR-8. The rare relict amphibole grains are
hornblende, following the classification scheme of
Hawthorne et al. (2012).

6 | THERMODYNAMIC
MODELLING

Thermodynamic forward modelling allows the estimation
of the P–T conditions of rock equilibration by combining

TAB L E 2 Representative chemical analyses for sample BAR-8.

Garnet Epidote

Plagioclase White mica

Biotite ChloriteAb Pl Phe Ms

SiO2 38.19 39.08 69.06 62.45 50.53 46.66 37.80 27.98

TiO2 0.08 0.15 0.00 0.02 0.45 0.13 1.13 0.04

Al2O3 22.04 28.14 19.25 23.04 27.47 33.12 18.08 22.45

Cr2O3 0.00 0.05 0.00 0.04 0.00 0.04 0.00 0.05

FeOtot 34.85 7.10 0.08 0.21 2.77 2.61 17.22 28.08

MnO 1.33 0.04 0.00 0.00 0.00 0.01 0.08 0.20

MgO 3.21 0.04 0.02 0.01 2.90 0.99 11.48 9.96

CaO 3.37 23.54 0.10 5.19 0.01 0.02 0.07 0.14

Na2O 0.09 0.00 11.51 8.72 0.59 1.25 0.15 0.02

K2O 0.01 0.01 0.06 0.09 10.03 9.18 8.73 0.09

Total 103.17 98.15 100.08 99.77 94.75 94.01 94.74 89.01

O 12.00 12.50 8.00 8.00 11.00 11.00 11.00 28.00

Si 2.96 3.01 3.02 2.78 3.39 3.15 2.89 6.00

Ti 0.00 0.01 0.00 0.00 0.02 0.01 0.07 0.01

Al 2.02 2.55 0.99 1.21 2.17 2.64 1.63 5.67

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

Fe3+ 0.06 0.46 0.00 0.00 0.00 0.00 0.00 0.00

Fe2+ 2.20 0.00 0.00 0.01 0.16 0.15 1.10 5.03

Mn 0.09 0.00 0.00 0.00 0.00 0.00 0.01 0.04

Mg 0.37 0.00 0.00 0.00 0.29 0.10 1.31 3.18

Ca 0.28 1.94 0.00 0.25 0.00 0.00 0.01 0.03

Na 0.01 0.00 0.98 0.75 0.08 0.16 0.02 0.01

K 0.00 0.00 0.00 0.00 0.86 0.79 0.85 0.02

H 0.00 1.00 0.00 0.00 2.00 2.00 2.00 16.00

Σcations 8.00 7.98 5.00 5.00 6.97 7.00 7.88 20.00

XMg (Fe
2+) 0.65 0.40 0.54 0.39

XMg 0.13

XCa 0.10

XMn 0.03

XFe 0.75

XAn 0.01 0.25
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the mineral composition of one or more coexisting
mineral phases. In sample BAR-4B, garnet shows a
chemically defined core, mantle and rim. As GrtC and
GrtM include only relict phases, the chemical resolution
of both garnet and inclusions may not be sufficient to
discriminate two events, thus thermodynamic modelling
has been conducted grouping GrtC and GrtM, corre-
sponding to the pre-Dp stage. Therefore, calculations
with two effective bulk compositions have been per-
formed to account for garnet core+mantle (GrtC+M)
fractionation (Bulk I and Bulk II, Table 3). For sample

BAR-8, an explorative P–X (Fe2O3) phase diagram at
fixed T has been calculated (Figure S3) to test if epidote
needs to be included in the bulk rock composition. The
obtained phase diagram predicts amphibole in the whole
P range, whereas BAR-8 only shows a few relicts. Addi-
tionally, white mica is predicted only at about
P > 0.9 GPa. This is not in agreement with the petro-
graphic observation. Epidote is nevertheless predicted at
P > 1.0 GPa. Therefore, in the bulk composition (Table 3)
used for P–T estimations of BAR-8, epidote has been
fractionated.

6.1 | P–T estimates

Despite the difference in the bulk rock compositions
(i.e., two investigated samples, i.e., BAR-4B and BAR-8,
and fractionation for BAR-4B), the calculated P–T isoche-
mical phase diagrams (Figures 8 and 9) show very similar
topologies, dominated by three- and four-variant fields,
with minor two- and five-variant fields. Elongated nar-
row fields at 1–1.2 GPa mark the boundary between sta-
ble chloritoid and amphibole at higher pressures and
albite and chlorite at lower pressures. At �550–600�C for
P < 1.3 GPa, the staurolite-in reaction is predicted,
mainly consuming chlorite, whereas, at higher pressure,
kyanite replaces chloritoid. Garnet is stable in most of
the P–T space in all phase diagrams, but its phase-in
curve shifts toward higher temperatures in the fraction-
ated phase diagrams of sample BAR-4B. The biotite-in
reaction is both T- and P-dependent, but no biotite can
be found stable at P > 1.4 GPa. Rutile is the main stable
accessory Ti-phase, which is substituted by ilmenite only
at T > 480�C and P < 0.7–0.8 GPa.

For sample BAR-4B, calculations with Bulk I show
that the association of garnet core+mantle, chloritoid,
high-Si white mica and rutile is stable at HP conditions.
Glaucophane is predicted at these conditions, whereas
only a few re-equilibrated grains of hornblende have
been found. Compositional isopleths, corresponding to
the measured composition of GrtC+M (XMg, XCa, XFe)
coupled with XMg of chloritoid and Si a.p.f.u. of white
mica, have been used to constrain the first set of P–T con-
ditions (i.e., pre-Dp; Figure 8a). Considering the maxi-
mum overlap among the isopleths used, the first
recognized stage (pre-Dp) of BAR-4B evolution can be
narrowed at 500–520�C and 1.8–2.2 GPa (Figure 8b).

For sample BAR-4B, calculations with Bulk II show
garnet rim associated with the development of the Sp,
being in equilibrium with low-Si content white mica,
chlorite, biotite and rutile/ilmenite. As previously
described, GrtR is in equilibrium with plagioclase, from
pure albite to oligoclase (Supplementary Information S1,

F I GURE 7 Blastesis-deformation relationship diagram of the

two analysed samples.

TAB L E 3 Bulk compositions of the modelled samples. Bulk I

and Bulk II account for garnet core+mantle (GrtC+M)

fractionation for sample BAR-4B.

Bulk (wt%)

BAR-4B

BAR-8Bulk I Bulk II

SiO2 55.74 56.70 80.00

TiO2 1.00 1.04 0.71

Al2O3 21.20 21.18 7.90

FeOtot 9.45 8.38 2.61

MnO 0.25 0.17 0.06

MgO 2.66 2.71 0.83

CaO 0.52 0.30 0.49

Na2O 2.05 2.12 1.50

K2O 4.29 4.46 1.29

Total 97.16 97.06 95.38
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Figure 7). The considered compositional isopleths are
then XMg, XCa, XFe, XMn of GrtR, Si a.p.f.u. of white mica,
XMg of biotite, XMg of chlorite and XAn of plagioclase
(Figure 9a). When overlapping the mineral compositional
ranges, the Dp stage can be constrained at 520–560�C,
0.6–0.9 GPa (Figure 9b). The evolution of the chemical
zoning of GrtR (i.e., increasing Ca and Mn and decreas-
ing Fe and Mg), the progressive increase in Ca content in
plagioclase and biotite chloritization are in agreement
with the development of the Dp during decreasing T and
P (Figure 9b). The albite predicted in the oligoclase field
is within model uncertainties.

Sample BAR-8 shows similar phase relation evidence
to BAR-4B, with, however, only one recorded growth
stage of garnet, which is rather homogeneous and with a
composition comparable to that of the GrtR in sample
BAR-4B. Garnet growth has been associated with the
development of the Sp, being in equilibrium with both
low-Si content white mica, chlorite, biotite and rutile/
ilmenite. As GrtR of BAR-4B, garnet in BAR-8 is in equi-
librium with plagioclase, from pure albite to oligoclase
(Supplementary Information S1, Figure 7). The plotted
compositional isopleths are XMg, XCa, XFe, XMn of garnet,
Si a.p.f.u. of low-Si white mica, XMg of biotite, XMg of
chlorite and XAn of plagioclase (Figure 9c). When over-
lapping the mineral compositional ranges, the Dp stage
can be constrained at 530–590�C, 0.8–1.0 GPa
(Figure 9d). The progressive increase in Ca content in
plagioclase, together with chlorite substituting biotite, is
in agreement with the development of the Dp during
decreasing T and P (Figure 9d).

6.2 | H2O content

Since shear zones are major fluid pathways within oro-
genic wedges, P/T–MH2O phase diagrams have been cal-
culated to investigate the influence of H2O content
variation on the stability of the different stages of the
studied samples. Due to the recognized multistage meta-
morphic history of sample BAR-4B, two P/T–MH2O
phase diagrams have been calculated along two different
P–T paths using Bulk II (a-a’ and b”-b’ segments in
Figure 10a; see Table S4 for P–T path equations). This
has been done for consistency with previously calculated
geobarometric data and to be able to use measured min-
eral compositions to constrain the amount of H2O pre-
sent in the system during rock re-equilibration. Similarly,
for sample BAR-8, two P/T–MH2O phase diagrams have
been calculated along two different P–T paths (c-c’ and
b-b” segments in Figure 10a; see Table S4 for P–T path
equations). Given (i) the proximity in the field of the two
samples and (ii) the similarities in the latest P–T condi-
tions of rock equilibrations (i.e., Dp stage for both sam-
ples), the P–T path descending from HP conditions for
BAR-8 is hinged in the pre-Dp stage of sample BAR-4B.
It has been evaluated only below 1.5 GPa. The considered
compositional isopleths are the same used to define each
growth stage in Figures 8 and 9.

For sample BAR-4B, along the entire decompressive
path, the fluid saturation surface shows a complex shape,
with both decreasing and increasing H2O content. During
decompression with an increase in temperature from the
pre-Dp stage to the Dp stage (Figure 10b), H2O saturation

F I GURE 8 (a) P–T isochemical phase diagram calculated with Bulk I of sample BAR-4B, where XMg, XCa and XFe of GrtC+GrtM, XMg

of chloritoid and Si a.p.f.u. in white mica have been plotted; (b) overlap of the used compositional isopleths, which maximum is highlighted

by the white polyline (pre-Dp stage).
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first decreases from �3.25 wt% reaching a minimum of
�3.00 wt% at �540�C and 1.2 GPa. Progressively, chlorite
and albite start to form and substitute amphibole
and chloritoid, suddenly shifting the H2O saturation
value upward, reaching a maximum of �3.50 wt%
(i.e., a � 0.50 wt% increase) at �545�C and 1.1 GPa
(Figure 10b). In correspondence with the P–T conditions
of the upper end of the Dp stage, garnet, biotite, white
mica and chlorite compositions constrain fluid-saturated
conditions for the system. However, when looking at the
same compositional space through a different P–T path
(i.e., within the Dp stage, Figure 10c), H2O undersatura-
tion conditions are required. The lower end of the Dp
stage is in a phase field composed of Qz + Grt + Wm

+ Chl + Bt + Pl + Ilm + Ab confirming that the stage
encompasses both rutile + ilmenite and ilmenite only
fields plus the plagioclase-in reaction. This reproduces
the dominance of ilmenite along the Sp and the late
growth of oligoclase rims. Such conditions occur at
�520–530�C and �0.7–0.8 GPa and at clearly H2O-
undersaturated conditions, down to �3.25 wt% (P/T–
MH2O highlighted by the dashed yellow arrow in
Figure 10c). At these P–T conditions, the fluid saturation
boundary requires >3.5 wt% H2O.

Regarding sample BAR-8, the fluid saturation surface
in the investigated P–T range starts at �0.90 wt% at
�540�C, 1.5 GPa. From here, the progressive destabiliza-
tion of chloritoid and zoisite results in a lowering of the

F I GURE 9 (a) P–T isochemical phase diagram calculated with Bulk II of sample BAR-4B, where XMg, XCa, XFe and XMn of GrtR, XMg of

biotite, XAn of plagioclase, XMg of chlorite and Si a.p.f.u. in white mica have been plotted; (b) overlap of the used compositional isopleths,

which maximum is highlighted by the white polylines (Dp stage); (c) P–T isochemical phase diagram calculated for sample BAR-8, where

XMg, XCa, XFe and XMn of garnet, XMg of biotite, XAn of plagioclase, XMg of chlorite and Si a.p.f.u. in white mica have been plotted; (d) overlap

of the used compositional isopleths, which maximum is highlighted by the white polyline (Dp stage).
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H2O saturation surface that reaches a minimum of
0.65 wt% at �560�C–1.2 GPa (Figure 10d). Then, the fluid
saturation surface requires a slight increase in the system
H2O necessary for the stabilization of chlorite and biotite
(up to 0.70 wt%, Figure 10d). However, the mineral com-
positions of the Dp stage define a large P/T–MH2O field
(marked by a dashed and dotted vertical white line;
Figure 10d,e) that allows for H2O to both remain at the

minimum of 0.65 wt% which was reached at �560�C–
1.20 GPa or at saturation (the dashed yellow line
highlighting the possible P/T–MH2O evolution paths,
Figure 10d,e). The first case would not require further
H2O to be re-added to the rock. The appearance of stau-
rolite at strongly H2O-undersaturated conditions marks
the lower boundary for the degree of the Dpb stage H2O
undersaturation (i.e., MH2O > 0.5 wt%; Figure 10e).

F I GURE 1 0 (a) P–T diagram showing the P/T gradient segments used to calculate the P/T–MH2O phase diagrams; (b–e) P/T–MH2O

phase diagrams where the thick light blue line represents the H2O saturation surface, whereas the coloured fields represent the

compositional range of the phases (see Figures 8 and 9). Changing MH2O means changing the bulk H2O content in the rock. For garnet, the

intersection between all its compositional isopleths has directly been reported. The final intersection among all the mineral isopleths is

highlighted by the white dashed lines. The isopleth intersections in (d) and (e) allow for both saturated and undersaturated H2O conditions.
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7 | DISCUSSION

7.1 | P–T path and MBSZ evolution

A multidisciplinary approach (meso- and micro-
structural analysis, chemical composition of coexisting
phases and thermodynamic modelling) on the mylonitic
zone separating the SPU from the RU, i.e., the Mt. Bracco
Shear Zone (MBSZ; Avigad et al., 2003) was used to
reconstruct its P–T evolution. The studied mylonitic sam-
ples (BAR-4B and BAR-8), both belonging to the SPU,
highlight the presence of different P–T stages acquired
during the tectono-metamorphic evolution of the MBSZ
footwall.

The pre-Dp (Figure 11), recorded only in BAR-4B, is
only preserved as chloritoid, high-Si white mica and
rutile inclusions in the compositionally defined garnet
core. The pre-Dp event can be constrained at 500–520�C
and 1.8–2.2 GPa. In the southern part of the DMM, close
to our investigated area, P–T prograde and peak estima-
tions for the SPU were obtained by Groppo et al. (2019)
with methodologies analogous to this study, returning
values �500–520�C, 2.0–2.2 GPa (Figure 11). Previous
authors constrained the SPU at lower P–T peak condi-
tions (Avigad et al., 2003; Chopin et al., 1991), particu-
larly considering the baric estimations, but not using a
forward modelling approach (Figure 11). Recent
investigations on rutile (Bonnet et al., 2022) returned Zr-
in-rutile peak temperatures of 513 ± 20�C when assum-
ing a pressure of 2.2 GPa for the same unit. Thus, pre-Dp
conditions recorded in our sample are consistent with the
SPU peak estimations of Groppo et al. (2019) and Bonnet
et al. (2022), placing the peak P–T conditions recorded by
the MBSZ within eclogite-facies conditions (Figure 11).
The pre-Dp event could be linked to the HP event of
Bonnet et al. (2022), constrained at 32.7 ± 2.2 My by
U–Pb rutile geochronology.

The Dp event, recorded in both samples, corresponds
to the development of the mylonitic Sp foliation linked to
the MBSZ activity, associated with low-Si content white
mica, biotite, chlorite, garnet (GrtR of sample BAR-4B
and whole garnet for sample BAR-8), plagioclase and
rutile/ilmenite. The Dp has been constrained at 520–
560�C, 0.6–0.9 GPa for sample BAR-4B and at 530–590�C,
0.8–1.0 GPa for sample BAR-8 (Figure 9). Since the Sp
has been defined as a composite foliation, the progressive
chlorite substitution on biotite, together with the blastesis
of syn-kinematic oligoclase represents the continuum of
the metamorphic evolution of the Dp toward both
decreasing pressure and temperature within the MBSZ.
The Dp event related to the MBSZ activity can be overall
constrained at �520–590�C, 0.7–1.0 GPa, developing
toward decreasing pressure and temperature (Figure 11).

From the pre-Dp to the Dp event, as recorded by sam-
ple BAR-4B, a decompressive evolution coupled with an
increase in temperature is detectable. In both samples,
garnet growth during decompression is supported by the
modelled modes (Figures 12 and 13a,b), which particu-
larly increase at the albite-in reaction. During the retro-
grade path associated with the continuum of the Dp
stage, garnet modes decrease when modelled at H2O-
saturated conditions. However, when considering a fixed
H2O amount (i.e., at H2O-undersaturated conditions:
3.22 wt% for BAR-4B, taken at pre-Dp P–T conditions
and the minimum H2O reached by BAR-8), the garnet
modes remain constant (dashed pink line in Figure 12).
The Dp P–T conditions show several similarities with the
retrogressive stage recognized by different authors in
the whole DMM, at 500–550�C and �0.5 GPa (i.e., at
amphibolite-facies conditions; Borghi et al., 1985;
Sandrone & Borghi, 1992). More specifically to the
Mt. Bracco area, early P–T estimates by Chopin et al.
(1991) for the SPU near the MBSZ, reported similar pres-
sures but at slightly colder conditions (480–540�C, 0.7–
1.1 GPa; Figure 11), while the first results on mylonitic
samples near our investigated area come from Avigad
et al. (2003), whose retrograde P–T estimations can be
correlated with our Dp mylonitic event at relatively simi-
lar T and slightly lower P (i.e., �500–600�C, 0.6–0.7 GPa;
Figure 11). The differences in the P–T estimations for the
mylonitic event with respect to Avigad et al. (2003) may
result from several sources, namely (i) regional-scale dif-
ferences in peak pressure and temperature across MBSZ,
(ii) different rocks recording different segments of a com-
mon P–T path, (iii) differences linked to calculation
methods. A discussion of these points is outside the scope
of this paper.

The post-Dp event is marked by post-kinematic
blastesis of chlorite and white mica, as well as extensive
chloritization of biotite and garnet. No P–T constraints
of this stage were possible due to the lack of chemical
variation of chlorite and white mica. However, taking
into account our retrogressive P–T path, we can corre-
late the post-Dp event to the dominant greenschist-
facies ductile fabric observed in the same unit by
Chopin et al. (1991).

As summarized in Figure 11, the polyphase P–T
evolution of the investigated mylonites coming from the
footwall of the MBSZ (i.e., belonging to the SPU) agrees
with Groppo et al. (2019) and Bonnet et al. (2022),
coupled with a similar mylonitic event of Avigad et al.
(2003). The mylonitic foliation Sp, parallel to the
tectonic unit boundary (MBSZ), started to develop at
amphibolite-facies conditions and subsequently
continued to evolve under decreasing pressure and
temperature.
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7.2 | H2O evolution along the MBSZ P–T
path

Our study also highlights a complex succession of H2O
loss and gain during the retrograde path and shear zone
development and evolution, allowing us to model the
dynamic fluid regime that could have affected
the MBSZ.

In sample BAR-4B, between the pre-Dp and the Dp
stages, thermodynamic modelling predicts a protracted,
but limited, initial fluid loss during the transition from
eclogite-facies to amphibolite-facies conditions, which
then is followed by relevant fluid gain at �540�C and
�1.2 GPa (Figure 10b). During the protracted fluid loss,
the only significant dehydration reaction encountered by
the system is the lawsonite breakdown, after which chlor-
itoid progressively destabilizes over a wide P–T range.
The position of the H2O saturation surface reaches, at its
minimum, an H2O content that is even lower than what
is reached at the metamorphic peak (pre-Dp stage).

Assuming H2O-saturated conditions, chlorite becomes
stable in the mineral assemblage at �540�C, 1.2 GPa. At
slightly lower pressure, thermodynamic modelling pre-
dicts the final amphibole and chloritoid breakdown, lead-
ing to strong production of albite, chlorite and minor
garnet (Figure 13a), requiring an increase of at least
�0.50 wt% of H2O. Assuming that H2O saturation condi-
tions have been maintained during the eclogite- to
amphibolite-facies transition, phyllosilicates increase
from �39 vol% to �54 vol% (Figure 13a). Indeed, the
strong re-equilibration of the mineral assemblage and
obliteration of most, if not all, prograde to peak evidence
proves that fluid-present conditions were attained. The
chlorite compositional range (see the dark-green field in
Figure 10b) supports that the bulk of the observed chlo-
rite crystals formed during this H2O ingress into the
system.

At the same time, BAR-8 experiences a more pro-
nounced H2O loss due to the destabilization of zoisite,
amphibole and chloritoid, with the latter being

F I GURE 1 1 Comparison among literature P–T conditions estimated for the SPU and the RU and our inferred P–T for the MBSZ

combining the two investigated samples on the left side. Cut-out of Figure 1b (see the legend in the original image) on the right side, where

the known position of the samples used by previous authors to reconstruct the metamorphic evolution on the units of our interest is

reported. Lws EC: lawsonite eclogite-facies; Ep EC: epidote eclogite-facies; BS: blueschist-facies; Amp EC: amphibole eclogite-facies; Ep AM:

epidote amphibolite-facies; HP GR: high-pressure granulite-facies; GS: greenschist-facies; AM: amphibolite-facies; GR: granulite-facies; facies

limits are after Liou and Zhang (2002).
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substituted by chlorite at �560�C, 1.2 GPa (Figures 10d
and 13b). At these conditions, the H2O content of the sys-
tem reaches a minimum. The compositional isopleths for
the Dp stage allow for both saturated and undersaturated
H2O conditions. The already low proportion of phyllosili-
cates (11 vol%) is only marginally increased during exhu-
mation from eclogite-facies to amphibolite-facies
conditions (Figure 13b). Noticeably, the modelled modes
of all phases are consistent for both H2O-saturated and
-undersaturated conditions (Figure 13b).

Overall, as shown in Figure 14, the H2O content
evolution of samples BAR-4B and BAR-8 shows a simi-
lar decrease, with both reaching their H2O minimum at

the eclogite- to amphibolite-facies transition. However,
as BAR-4B requires (at �1.2–1.3 GPa) relevant H2O
addition, BAR-8 (at �1.2 GPa) does not require further
H2O addition to stabilize the observed mineralogy and
their composition. In fact, according to experiments, the
minimum amount of H2O necessary to qualify a system
as “hydrous” is very low (Milke et al., 2013). Thus, even
a small increase in H2O is sufficient to trigger metamor-
phic reactions under geologically realistic timescales.
Additionally, with constant confining pressure an
increasing H2O content causes a decrease in the mate-
rial strength (Griggs, 1967; Gueydan et al., 2014), possi-
bly determining the shear zone development. Due to

F I GURE 1 2 Modal variation of garnet in the P–T space calculated at H2O-saturated conditions for both BAR-4B and BAR-8 samples at

the top. At �1.2 GPa, garnet modes abruptly increase. In the lower part, garnet modes were calculated along the P/T paths of the two

samples at saturated and undersaturated H2O conditions for both BAR-4B and BAR-8 samples. At H2O-saturated conditions, garnet modes

increase from the pre-Dp to the Dp stage and decrease during the Dp evolution towards decreasing P and T. When modelling at fixed

(undersaturated) H2O content, garnet vol% (dashed pink line) remains constant from higher to lower pressure and temperature.
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the spatial proximities of the samples, it can be postu-
lated that at least part of the H2O required by lithotypes
like BAR-4B, in addition to possible external fluid (rela-
tive to the developing shear zone as a whole), might be
in part internally derived by other portions of the shear
zone constituted by BAR-8-like lithotypes (Figure 15).

Continuing along the exhumation path, during the
Dp stage the drastic change in the exhumation P–T path

and its record in the mineral compositions leads to the
attainment of strongly H2O-undersaturated conditions in
both samples (Figure 10). Such change in H2O behaviour
does not lead to changes in the estimated P–T conditions
of rock equilibration derived from classical P–T
isochemical phase diagrams (Figures 8 and 9). However,
it suggests that the MBSZ evolved during cooling in an
H2O-undersaturated closed system. The kinetics of meta-
morphic reactions under these conditions are expected to
be very slow, limiting the reaction product formation
(Proyer, 2003; Ceccato et al., 2020; Nerone et al., 2023).
Thus, this can explain the incomplete re-equilibration
observed across the Dp stage, despite intensive
deformation.

Finally, after having shown how sample BAR-4B
records a complex history of fluid loss and gain, starting
from H2O saturation conditions, followed by late H2O-
undersaturated conditions, we demonstrated that the
final H2O content is higher than at the eclogitic meta-
morphic peak. However, thermodynamic modelling stud-
ies commonly consider rocks undergoing only fluid loss
during increasing temperature, which would hamper ret-
rograde reactions and preserve the prograde assemblage
(Rubie, 1986; Tenczer et al., 2006). This implies that the
H2O content modelled at peak P–T conditions would not
change during cooling (e.g., Guiraud et al., 2001;
Manzotti et al., 2022). Thus, one common modelling
assumption is to keep the H2O left at the metamorphic
peak in the bulk rock composition and use that fixed

F I GURE 1 3 Modal variation of phases along the retrograde P–T path from 1.5 GPa down to 1 GPa for (a) BAR-4B and (b) BAR-8. Solid

lines are calculated along the H2O saturation surface, while the dashed lines in (b) are calculated at undersaturated and fixed H2O content

along the dashed and dotted straight line in Figure 10d,e. Dashed black lines are reactions while the shaded light blue fields in (a) and the

stripped field in (b) represent an addition of H2O to the system, as shown in Figure 14.

F I GURE 1 4 Change in H2O amount modelled at saturation

(solid lines), along the same retrograde P–T paths of Figure 13, in

both BAR-4B and BAR-8 samples. The fixed (undersaturated) H2O

content for BAR-8 is taken from Figure 10d,e. The main reactions

that modify the H2O content in the system are reported.
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value to model retrograde phase relations (e.g., Guiraud
et al., 2001; Manzotti et al., 2022). To test this scenario,
we calculated an additional isochemical phase diagram
for BAR-4B with Bulk II and the peak H2O content of
3.13 wt%. For this specific case study, however, this
resulted in a petrologic model that is less consistent with
the observed mineralogical assemblage and the corre-
sponding mineral compositions (Figure S4). In particular,
the Dp stage would fall in the H2O-undersaturated part
of the diagram. Consequently, staurolite is predicted to
be stable in a wider P–T space, affecting the biotite com-
positional range, which is at conditions not consistent
with the observed assemblage. The compositional range
of plagioclase also falls in the staurolite stability field,
whereas no staurolite has been recognized in our sam-
ples. For these reasons, in the case of the MBSZ, keeping
a fixed H2O content does not allow for a reliable recon-
struction of the MBSZ P–T path.

7.3 | Implication for fluid circulation in
shear zones

Fluids in the Earth’s crust move preferentially through
shear zones and commonly promote deformation induc-
ing a grain size reduction, which, in turn, further

facilitates mineral reactions (Beach, 1980; Brodie &
Rutter, 1987; De Bresser et al., 2001; Fyfe et al., 1978;
Getsinger et al., 2013; Jamtveit et al., 2008; Menegon
et al., 2015). For this reason, shear zones have been
generally regarded to be evolving at H2O-saturated
conditions (e.g., Etheridge et al., 1983; Guiraud
et al., 2001; McCaig et al., 1990; Rubie, 1986; Tursi
et al., 2018). However, transient fluid regimes from
H2O-undersaturated to H2O-saturated conditions have
also been observed (e.g., Ceccato et al., 2020; Diener
et al., 2016; Tursi, 2022). Ductile shear zones may be
enhanced by fluid presence but also may redistribute
fluid, allowing the attainment of transient conditions
thanks to deformation-driven fluid channelling
(e.g., Ceccato et al., 2020, 2021; Connolly, 1997; Nerone
et al., 2023; Thompson, 1983; Tursi et al., 2021;
Tursi, 2022). The overall evolution of the MBSZ is, in fact,
affected by such changing conditions (Figure 15). The
investigated samples highlight how the preservation of
HP relicts can be different in function of their involve-
ment within the shear zone and ultimately in their H2O
evolution. The H2O behaviour of the two samples can be
directly linked to the different protolith, which ultimately
controls the availability of hydrate phases. Due to these
considerations, when reconstructing the metamorphic
evolution of ductile shear zones, assessing the H2O con-
tent in the studied samples might be helpful when using
thermodynamic modelling in order to validate the chosen
assumptions (i.e., fluid-absent conditions during the ret-
rograde P–T path vs. fluid saturation during the overall
P–T evolution). As such, the MBSZ well displays how
fluid content variations may be complex within shear
zones (Figure 15).

8 | CONCLUSIONS

In this work, our microstructural, chemical and forward
thermodynamic modelling study supports the following
conclusions:

• The MBSZ, located at the boundary between HP units
of the Dora Maira Massif in the Western Alps, separat-
ing the polymetamorphic and the monometamorphic
complexes, displays a polyphase evolution. It records
relict eclogite-facies conditions and a main composite
mylonitic event during exhumation at amphibolite-
facies conditions;

• The P/T–MH2O forward modelling highlights differ-
ent behaviour for the two analysed samples. After
reaching a minimum in the H2O content at the tran-
sition from eclogite- to amphibolite-facies conditions,
a significant fluid gain is predicted for only one

F I GURE 1 5 Conceptual model of the P–T evolution and the

associated fluid regimes that aided the development of the MBSZ

during exhumation from eclogite- to amphibolite-facies conditions.

A small sketch displaying the internally and externally derived H2O

budget along the first exhumation path is provided.
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sample, just before the mylonitic event, while the
other experiences fluid loss. During the further evolu-
tion toward lower P–T conditions, the MBSZ evolves
under H2O-undersaturated conditions in a closed
system;

• This difference in behaviour suggests that the fluid
evolution within shear zones could result from both
externally and internally derived fluid flux and that
different fluid circulation regimes may be present in
different portions of a shear zone.

Overall, a complex evolution of gain and loss of fluid
within the MBSZ better explains the observed microstruc-
tures and mineral composition, highlighting how assum-
ing a fixed H2O content for shear zones can result in
mismatches between observations and models. It is there-
fore best practice to test for each case study, which is the
best modelling approach that will lead to the best repro-
duction of the natural evidence.
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in the Supporting Information section at the end of this
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Figure S1: Bulk chemical classification SandClass3 of
Herron (1988), where sample BAR-4B protolith plots in
the shale field, not far from the Worldwide Average Pelite
(Forshaw & Pattison, 2023), while sample BAR-8 proto-
lith plots in the lith-arenite field.
Figure S2: Garnet chemical variation and zoning profile
highlighting the different shells, i.e., core, mantle
and rim.
Figure S3: Explorative P–X (Fe2O3) phase diagram at
fixed T for sample BAR-8 to test if epidote needs to be
included in the bulk rock composition.
Figure S4: Isochemical phase diagram for BAR-4B with
Bulk II to test if a fixed H2O content, i.e., 3.13 wt% from
peak P–T conditions, can be considered to model the ret-
rograde phase relations.
Supplementary Information S1: Phase relation sum-
mary combining microstructural observation and chemi-
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