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ABSTRACT

This contribution investigates the petrologic evolution of a coesite-glaucophane-bearing eclogite belonging to the
Liguro-Piemont Lower unit of the Western Alps and explores the formation mechanisms of atoll garnets by
integrating petrographic, mineral-chemical, and thermodynamic analyses. The studied eclogite underwent a
complex metamorphic history associated with five distinct metamorphic stages: an early greenschist facies stage
(<400 °C, <0.6 GPa), two prograde high-pressure stages (early pre-Dp: 450-480 °C, 1.9-2.6 GPa; late pre-Dp:
420-510 °C, 2.3-2.9 GPa), a peak-pressure stage (syn-Dp: 480-580 °C, 2.8-2.9 GPa), and an exhumation
stage (post-Dp: 600-630 °C, 1.3-1.5 GPa). The coesite finding links the UHP localities already known northward
(Cignana) and southward (Monviso and Val di Susa) in the Liguro-Piemont Lower unit, corroborating the
coherence of metamorphic evolution across the Western Alps and filling the gap in the UHP (Ultra-High Pressure)
metamorphic record of this sector of the Liguro-Piemont Lower unit. Mineral inclusion patterns and micro-
structural features support the involvement of aqueous fluids during atoll garnet formation. Electrolytic fluid
modelling suggests a dilute aqueous fluid characterized by dissolved Si and Na, capable of selectively dissolving
garnet cores and precipitating secondary garnet and omphacite. The garnet fracturing and exposure of its core is
attributed to increasing fluid pressure induced by volume changes (up to 40 % increase of the inclusions’ vol-
ume) related to the breakdown of the lawsonite included in the garnet mantle and to the associated dehydration
reactions. These findings contribute to our understanding of fluid-mediated processes during rock exhumation
and highlight the role of aqueous fluids in metamorphic reactions and mineral replacement. Also, our results call
for further research to explore the link between atoll garnet formation, fluid-rock interactions, and deep paleo-
seismicity.

1. Introduction

subduction architectures and exhumation processes during different
stages of the tectonic cycle (see Brown, 2023 and references therein). An

Exhumed fragments of once subducted oceanic lithosphere provide a
window into the physical and chemical processes operating during
subduction at depths beyond direct observation (see Brown, 2023 and
references therein). Since direct access through deep drilling of
currently active subduction zones is limited to the few first kilometres,
the petrologic investigation of fossil fragments of oceanic lithosphere in
orogenic belts can provide critical geodynamic constraints on
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accurate understanding of the pressure-temperature (P-T) evolution of a
downgoing slab is also the cornerstone for any study aiming at investi-
gating chemical and petrologic processes occurring within a subducting
plate (e.g., Angiboust and Raimondo, 2022). Such knowledge can ulti-
mately also help the experimental and theoretical communities to
develop reliable models and simulations of subduction (e.g., van Keken
and Wilson, 2023). Moreover, an accurate estimate of the P-T-X

Received 13 July 2024; Received in revised form 18 January 2025; Accepted 29 January 2025

Available online 6 February 2025

0024-4937/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:andrea.maffeis@unimib.it
www.sciencedirect.com/science/journal/00244937
https://www.elsevier.com/locate/lithos
https://doi.org/10.1016/j.lithos.2025.107981
https://doi.org/10.1016/j.lithos.2025.107981
https://doi.org/10.1016/j.lithos.2025.107981
http://creativecommons.org/licenses/by/4.0/

A. Maffeis et al.

conditions allows us to unveil petrological, geochemical and rheological
processes (e.g., Frezzotti et al., 2011; Maffeis et al., 2024; Nerone et al.,
2024). This especially applies to studies dealing with the production and
evolution of subduction zone fluids and those related to ore-forming
elements of industrial and economic interest (e.g., C, S, Rare Earth El-
ements, Transition metals).

Understanding the link between microfabrics development and
metamorphic assemblages in deformed metamorphic rocks is crucial for
correlating successive deformation episodes with P-T conditions and
determining their relative timing. In addition, for minerals stable over a
wide range of P-T conditions, a detailed investigation of their textures
and chemical zoning can provide valuable insights into metamorphic
processes. Among several metamorphic minerals stable at high-pressure
(HP) conditions, garnet records P-T changes during its growth through
the preservation of chemical zoning of both major and trace elements
(see Kulhanek and Faryad, 2023 and references therein). Since each
compositional domain within garnet reflects a condition of thermody-
namic equilibrium with other rock-forming minerals at different stages
of the metamorphic and deformation history, garnet is exceptionally
useful for estimating the P-T evolution of metamorphic rocks. However,
any compositional modification of the zoning profile occurring after (or
during) garnet growth can lead to significant errors in the P-T estimate.

Torino
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Modification of the zoning profile can be due to several processes;
among these, resorption and recrystallization of garnet due to the
infiltration of internally or externally derived fluids can lead to element
exchange between the dissolving garnet and the matrix and to the
simultaneous growth of a new garnet generation (e.g., Bovay et al.,
2021; Faryad et al., 2010; Giuntoli et al., 2018; Manzotti et al., 2024).
The formation of atoll-shaped garnet is a possible result of such pro-
cesses (see Hartmeier et al., 2024; Kulhanek et al., 2021 and references
therein).

In the Western Alps, remnants of the subducted Liguro-Piemont
oceanic lithosphere (L-P; or Piemonte-Liguria domain) are exposed
along a 200 km-long and up to 50 km-wide nappe stack (see Agard,
2021; Agard and Handy, 2021). This sector of the Alpine chain is one of
the most iconic and best-preserved examples of a fossil subduction zone,
providing access to processes that acted from ~30 to ~90 km in depth
(see Agard, 2021 and references therein).

Recently, the overall L-P structure has been re-evaluated through a
compilation of metamorphic, structural, and lithostratigraphic data by
Herviou et al. (2022). They re-defined three distinct units characterized
by an almost continuous eastward increase in peak burial conditions
from the Liguro-Piemont Upper (LPU) to the Middle (LPM) and Lower
(LPL) units (Fig. 1a). These units followed a prograde cold metamorphic
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Fig. 1. a) Geological sketch map of the Western Alps with the distinction of the Liguro-Piemont Upper units (LPU; average peak at ~370 °C, 1.7 GPa), Middle units
(LPM; average peak at ~470 °C, 2.0 GPa) and Lower units (LPL; average peak at ~550 °C, 2.5 GPa), modified after Bigi et al. (1990). The black line close to Aosta
displays the Aosta-Ranzola fault. b) Simplified geological map of the Gran Paradiso Massif with the location of the study area, modified after Gasco and Gattiglio
(2011). For a more detailed map see Caso et al. (2021). ¢) Mesoscale view of the coesite-glaucophane-bearing eclogite: note the typical eclogite assemblage, made by
garnet (red), clinopyroxene (green) and Na-amphibole (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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gradient of ~7-8°C/km (assuming, for simplicity, P as lithostatic;
Agard, 2021). Despite their extensive and detailed compilation of P-T
conditions, Herviou et al. (2022) highlighted the lack of data in certain
areas, as well as the lack of statistically significant geographic coverage,
especially in the LPL. One of these gaps concerns the LPL rocks exposed
close to the contact with the southern Gran Paradiso Massif. Also, the
recent discovery of ultra-high pressure (UHP) evidence from the LPL
(Ghignone et al., 2023, 2024) raises questions on the homogeneity of the
subduction T/P gradient and of the metamorphic peak experienced by
the oceanic domains of the Western Alps.

This study aims to fill such a gap by investigating an exceptionally
preserved eclogitic coesite-glaucophane-bearing Fe-Ti metagabbro
sampled in the LPL at the southern contact with the Gran Paradiso
Massif (Fig. 1b, ¢). Furthermore, thanks to the peculiar characteristics of
the studied rock, the role of HP/UHP subduction-zone fluids in devel-
oping atoll garnet is also explored.

2. Geological setting

The Western Alps are the result of the east- to south-east-dipping,
slow (~1 cm/yr) subduction of the Valais and Ligurian-Piemont
oceans, interposed between the Adriatic and European continental
margins (e.g., Agard and Handy, 2021). In their axial sector, the Western
Alps consist of continental- and oceanic-derived rocks which reached
HP/UHP conditions during the Alpine subduction; remnants of sub-
ducted L-P oceanic lithosphere are now exposed structurally above the
eclogite-facies continental-derived Internal Crystalline Massifs (Fig. 1a;
i.e., Dora Maira, Gran Paradiso, Monte Rosa). Historically, the L-P
domain has been subdivided based on its lithostratigraphic features and
metamorphic evolution (Bearth, 1967). The lowermost units, directly
overlying the Internal Crystalline Massifs, are ascribed to the Zermatt-
Saas-like units or Lower/Internal Piemont Zone (LPZ/IPZ) and are
made of remnants of oceanic lithosphere with a minor metasedimentary
cover. On the other hand, the uppermost units are ascribed to the
Combin-like units (Bearth, 1967) or Upper/External Piemont Zone
(UPZ/EPZ) and are made mainly of metasedimentary rocks with scat-
tered lenses of oceanic lithosphere.

The LPZ/IPZ units experienced eclogite-facies peak Alpine meta-
morphism, with local UHP conditions (Frezzotti et al., 2011; Ghignone
et al., 2023, 2024; Reinecke, 1998), while UPZ/EPZ units registered
blueschist- to greenschist-facies metamorphic peak (e.g., Corno et al.,
2023; see Herviou et al., 2022 for a review). Recently, this traditional
subdivision of the L-P domain has been revised by Herviou et al. (2022),
who proposed a trimodal distribution of units with an almost continuous
increase in metamorphic conditions from the Upper units (LPU; average
peak at ~370 °C, 1.7 GPa) to the Middle units (LPM; average peak at
~470 °C, 2.0 GPa) and to the Lower units (LPL; average peak at
~550 °C, 2.5 GPa). The LPU and LPM units, metamorphosed under
blueschist-facies conditions, are dominated by sediments (>90 %) and
can thus be correlated with the UPZ/EPZ units. The LPL units, meta-
morphosed at eclogite-facies conditions, are instead much richer in
mafic-ultramafic rocks (>40 %). This work follows the L-P subdivision
and nomenclature of Herviou et al. (2022; see Fig. 1a).

The studied samples have been collected from the LPL of the middle
Ala Valley in the NW of Italy. This area has been historically investigated
for the exploitation of iron ore deposits in ultramafic-hosted magnetite
mineralization (Galliano et al., 2022 and references therein). A thorough
study of the lithostratigraphic and petrographic features of the LPL in
the Ala Valley was conducted by Leardi and Rossetti (1985) and refer-
ences therein, reporting the occurrence of a complete metamorphosed
oceanic sequence, from the serpentinised mantle to the metasedi-
mentary cover. Minimum P-T peak conditions of 1.3 GPa and
450-460 °C and retrograde P conditions of 0.8 + 0.3 GPa were con-
strained for this sequence (Sandrone et al., 1986). Notably, such a
blueschist- to epidote-amphibolite-facies evolution is not in agreement
with the metamorphic gradient of the belt. Nevertheless, this area
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comprises large portions of completely retrogressed meta-ophiolitic
rocks, interleaved with minor, well-preserved eclogitic rocks,
providing promising clues for refining the metamorphic conditions of
this area (De Togni et al., 2024; Sandrone et al., 1986). A renewed in-
terest in the area prompted fieldwork aimed at constraining the litho-
structural setting (Assanelli and Roda, 2023; Caso et al., 2021) and
the timing of magmatic accretion in the Ala Valley (De Togni et al.,
2024), as well as the litho-structural setting of the neighbouring Stura di
Viu Valley (De Togni et al., 2021).

The coesite-glaucophane-bearing eclogitic rock investigated in this
study comes from an LPL Fe-Ti meta-gabbro body embedded within
metabasite exposed above the village of Martassina, close to the contact
with the structurally lower Gran Paradiso Massif (Caso et al., 2021;
Leardi and Rossetti, 1985; Fig. 1b, c).

3. Methods
3.1. Rock and mineral chemistry

3.1.1. SEM-EDS analyses and maps

Petrographic identification of fine-grained minerals was performed
by 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 Turin (Italy). The experimental condi-
tions include the following: accelerating voltage 15kV, counting time
20s, process time 1, and a working distance of 10 mm. The energy-
dispersive X-ray spectrometer-acquired spectra were corrected and
calibrated both in energy and in intensity thanks to measurements
performed on cobalt standard introduced in the vacuum chamber with
the samples. The Microanalysis Suite Oxford INCA Energy 300, which
enables spectra visualisation and elements recognition, was employed. A
ZAF data reduction program was used for spectra quantification. The
resulting full quantitative analyses were performed (e.g., Bullock et al.,
2025), using natural oxides and silicates from Astimex Scientific
Limited, as standards. Quantitative mineral chemical analyses were
normalized through the software NORM (Ulmer, 1986, updated 2013).
Structural formulae have been calculated based on 12 oxygens for
garnet, 8 for albite, 6 for omphacite, 23 for amphibole, 11 for white
mica, and 12.5 for epidote. After calculating their stoichiometric FeoO3
content by NORM, amphiboles have been classified following IMA
guidelines (Hawthorne et al., 2012) as implemented by Locock (2014) in
an Excel spreadsheet. A statistical test regarding the reliability of EDS
analyses relative to fewer WDS analyses used for chemical map cali-
bration can be found in the Supplementary Material (Supplementary
Fig. 1).

X-ray maps of inclusion-bearing sulfides have been acquired using
the same SEM-EDS instrument, in order to measure the compositional
variability of the studied minerals at the local scale and to investigate
the relationships between compositional zoning and microstructures.
Operative conditions used for mapping were the following: 15kV
accelerating voltage, 5 nA probe current, 1 ps EDS process time, 2.5 pm
point step, and 1 ms dwell time. Representative mineral analyses are
provided in Table 2; the complete mineral composition dataset can be
found in Supplementary Table 1.

3.1.2. WDS analyses and maps

Electron probe micro-analyses were performed with the JEOL JXA
8200 electron probe micro-analyzer (EPMA) located at the Institute of
Geological Sciences of the University of Bern, Switzerland. The EPMA
session includes two steps: acquisition of X-ray compositional maps of
the whole thin section and measurement of point analyses for map
calibration. Spot analyses were acquired using a 1 pm electron beam
diameter, 15 keV accelerating voltage and 20 nA specimen current. X-
ray intensities were all obtained by WDS with 20 s counting time on peak
positions and 10 s counting time on each background position. The
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following natural and synthetic standards were used for the calibration:
almandine (SiO,, Al;03, and FeO), anorthite (CaO), orthoclase (K50),
albite (Nay0), forsterite (MgO), rutile (TiO2) and pyrolusite (MnO).

Analytical conditions were: 15 kV accelerating voltage, 100 nA
specimen current, 60 ms dwell time, and a step size (corresponding to
the pixel size in the final images) of 20 pm. Nine elements (Si, Ti, Al, Fe,
Mn, Mg, Na, Ca, and K) were measured at the specific wavelength in two
passes using five wavelength-dispersive spectrometers (WDS).

The JEOL JXA-8200 Superprobe EPMA hosted at the Department of
Earth Sciences “A. Desio”, University of Milan (Italy) was used to acquire
X-ray maps on selected garnet porphyroblasts. The operative conditions
of WDS maps of Mg, Si, Ca, Mn and Fe were: 15 kV accelerating voltage,
100 nA probe current, 6 pm step size, and 45 ms dwell time.

3.1.3. Bulk rock composition

The software XMapTools v4.1 (Lanari et al., 2014) was used for the
processing of the whole thin section map, including (i) classification, (ii)
production of mineral distribution maps, (iii) identification of compo-
sitional variation within these minerals and (iv) calculation of mineral
modes. Quantitative point analyses within the map area were used to
calibrate X-ray maps. Given the observed mineral zoning, the effective
(local) bulk rock composition was obtained through a mass-balance
calculation which combines mineral modes with the average mineral
compositions. The following strategy was applied: (i) the thin magnetite
rim developed around pyrite due to atmospheric oxidation was con-
verted into pyrite; (ii) albite and titanite filling the narrow late veins
cutting through the sample were excluded; (iii) apatite was excluded,
and (iv) the different growth stages of garnet, classified and quantified
by XMapTools, were fractionated. Therefore, three effective bulk com-
positions (EBC) for the entire thin section were calculated by fraction-
ating the different garnet domains: EBC I is the entire bulk rock
composition without garnet fractionation; EBC II fractionates the core of
the garnet, and EBC III accounts for garnet core and mantle fractionation
(Table 1). The fractionation process results, for example, in a relative
decrease in the amount of MnO and CaO and an increase in MgO in the
fractionated EBC II and EBC III. Representative mineral analyses are
provided in Table 2; the complete mineral composition dataset used for
bulk rock mass balance reconstruction can be found in Supplementary
Table 1.

Table 1

Effective bulk rock compositions (EBC) used for phase diagrams computation.
EBCI, Il and III are used for phase diagrams in Figs. 9-11. EBCI + H3O is used for
electrolytic fluid calculations reported in Fig. 13. The local bulk composition of
Grt + Lws pseudomorphs is used for the phase diagram in Fig. 14. Elemental
rather than element oxide components are generally preferred for electrolytic
fluid phase diagram calculations; however, element oxides have been used in
this case to simplify calculations, given the semi-qualitative nature of the cal-
culations and the fact that the fluid speciation (which is the point most impacted
by the choice of system components) is ignored.

EBCI EBCII EBC III EBCI Local bulk
+ H0 composition for Grt
+ Lws
pseudomorphs
SiOy 48.430 48.628 49.649 48.430 35.516
TiO2 3.525 3.253 3.775 3.525
AlyO3 7.584 7.272 6.200 7.584 13.492
FeOror 21.676 21.786 20.159 21.676 16.543
mol MnO 0.532 0.493 0.378 0.532 0.612
% MgO 7.697 7.926 8.729 7.697 1.419
CaO 4.774 4.599 4.130 4.774 9.606
NaO 4.183 4.377 5.093 4.183 0.978
H,0 3.150 21.251
Sy 0.739 0.773 0.899 0.739
Oy 0.859 0.892 0.988 0.859 0.583
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3.1.4. Raman spectroscopy

The Raman spectra of coesite inclusions in garnet were measured at
the University of Pavia with a Horiba LabRam HR Evolution spectrom-
eter (holographic gratings of 1800 grooves/mm) equipped with an
Olympus BX41 confocal microscope. The equipment was operated at
controlled temperature of 20 + 1 °C. Raman spectra were excited using
the 532 nm line of a solid-state (YAG) laser. The laser power on the
sample surface was approximately 1 to 2 mW and a laser spot of ~2 pm.
The spectrometer was calibrated to the Raman peak of silicon at 520.5
cm L. The collected spectra were baseline-corrected and normalized to
the acquisition time. Peak positions, full-width at half maximum
(FWHM), and integrated intensities were determined from fits with
pseudo-Voigt functions. Each Raman measurement was performed at the
inclusion centre. All Raman spectra were acquired with four repetitions
of 30 s.

3.1.5. LA-ICP-MS

The trace-element concentrations of rutile were determined by laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at
the Istituto di Geoscienze e Georisorse of the National Research Council
in Pavia, Italy. The instrument couples an Excimer Laser 193nm ArF
(GeoLas200 Microlas) with a Triple Quadrupole (8900 QQQ from Agi-
lent). The laser was operated at 10 Hz frequency. The signals of the
following 31 masses were acquired during the analytical runs: Mg,
271, 295i, 455c, 49Ti, 51V, 53Cr, 55Mn, 57Fe, >Co, ®°Ni, 53Cu, 6Zn, 8Rb,
88g; 89y 907 93Nb, %Mo, %Mo, 1188n, 121sh, 177Hf, 178Hf, 181 Ta, 181w,
182yy, 201yg 208pp, 232Th and 2%8U. Single sample analysis consisted of
1 min of background acquisition and 1 min of sample ablation. NIST-
SRM610 was used as an external standard, whereas Ti was adopted as
an internal standard for rutile. In each analytical run, the USGS refer-
ence samples BCR2, NIST612, R69, R13 (Rocholl et al., 1997) were
analyzed together with the unknowns for quality control. Precision and
accuracy are better than 10 %, for all standards analyzed. Data reduction
was performed with the Glitter software package (van Actherbergh,
2001). The analyses were performed both on separated rutile grains and
in situ using a laser beam of 50 pm in diameter.

3.2. Thermodynamic modelling

Compositional and isochemical phase diagrams were calculated for
EBC I, EBC II and EBC III in the 11-component MnNCFMAST-SOH
(MnO-Nay0-CaO-FeOyo—MgO-Al203-SiO2-TiO2-Sp-02-H20)  system
using Perple X 7.1.1 (Connolly, 2009). Due to the contemporaneous
presence of pyrite and Fe3'-bearing phases, for modelling purposes,
Feo03 was replaced by O3 as a system component. Initial O, bulk content
was derived from the stoichiometrically determined Fe,O3 from minero-
chemical data, and the corresponding Fe was added to FeO. Further
refinements of bulk O, were performed by thermodynamic T(P)-O»
modelling. For the calculations, the internally consistent thermody-
namic database for condensed phases of Holland and Powell (2011)
(ds622) and the equation of state for the binary fluid H,O-COy of
Holland and Powell (1998) have been adopted. For simplicity, fluid
saturation conditions have been assumed with a pure H,O fluid phase (i.
e., aH20 = 1). The following solution models were used: garnet, chlor-
itoid, chlorite, and ilmenite (White et al., 2014), clinopyroxene (Green
et al., 2007, modified as specified in Green et al., 2016), amphibole
(Green et al., 2016), feldspar (Fuhrman and Lindsley, 1988), ideal talc,
the non-ideal margarite-paragonite, pyrrhotite (Evans et al., 2010); an
ad hoc pumpellyite model and olivine and orthopyroxene (Holland
et al., 2018). Pure mineral phases are silica polymorphs, pyrite, rutile,
titanite, lawsonite, and anhydrite.

Electrolytic-fluid thermodynamic modelling, used for estimating the
solute-bearing fluid composition at HP conditions during atoll garnet
formation, was performed with the Lagged-Speciation algorithm
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Table 2
Representative mineral compositions from SEM-EDS. The complete dataset can be found in Supplementary Table 1. In amphibole analyses “A”, “B” and “C” stand for
the crystalline sites occupied by each cation.

#Analysis 425_GRT 426_GRT 1F_GRT_019 464_GRT 448 _GRT 1F_GRT_015 479_GRT 476_GRT 1F_GRT_074 029_GRT 1F_GRT_046

Gen. Grty ¢ Grty ¢ Grty ¢ Grtym Grtym Grtyym Grtyr Grtyr Grtjr Grtag Grtag
wt%

SiOy 36.96 37.08 37.90 36.71 37.16 37.64 36.60 36.95 37.13 37.65 37.88
TiOy 0.20 0.07 0.00 0.12 0.15 0.00 0.05 0.04 0.00 0.06 0.00
Al,O3 21.22 20.54 20.95 20.44 20.81 20.73 20.47 20.62 20.55 20.64 21.26
Cry03 0.00 0.10 0.00 0.03 0.01 0.00 0.02 0.02 0.00 0.00 0.00
Fe,03 0.62 1.13 1.21 1.18 0.79 0.75 1.36 0.88 1.43 0.03 0.18
FeO 31.57 31.16 32.74 32.49 32.75 32.74 33.90 34.63 35.35 33.16 35.17
MnO 1.32 1.70 1.00 0.48 0.40 0.68 0.93 0.74 0.93 3.38 1.92
MgO 2.40 2.09 1.80 2.53 213 2.19 3.14 2.85 2.54 2.28 2.83
CaO 5.62 6.08 6.52 5.09 5.94 5.99 2.62 2.93 2.80 3.46 2.44

Total 99.86 99.96 102.13 99.07 100.14 100.73 99.10 99.67 100.72 100.75 101.68

a.p.fu.

Si 2.97 2.98 2.99 2.98 2.98 3.00 2.97 2.99 2.98 3.02 3.00
Ti 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Al 2.01 1.95 1.95 1.95 1.97 1.95 1.96 1.96 1.95 1.95 1.99
Cr 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3t 0.04 0.07 0.07 0.07 0.05 0.05 0.08 0.05 0.09 0.00 0.01
Fe?t 212 2.10 2.16 2.20 2.20 2.18 2.30 2.34 2.38 2.22 2.33
Mn 0.09 0.12 0.07 0.03 0.03 0.05 0.06 0.05 0.06 0.23 0.13
Mg 0.29 0.25 0.21 0.31 0.25 0.26 0.38 0.34 0.30 0.27 0.33
Ca 0.48 0.52 0.55 0.44 0.51 0.51 0.23 0.25 0.24 0.30 0.21
Grs 0.14 0.14 0.15 0.11 0.14 0.15 0.03 0.06 0.04 0.10 0.06
Alm 0.71 0.70 0.72 0.74 0.74 0.73 0.77 0.78 0.80 0.74 0.78
Prp 0.10 0.08 0.07 0.10 0.09 0.09 0.13 0.12 0.10 0.09 0.11
Sps 0.03 0.04 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.08 0.04
And 0.02 0.03 0.04 0.04 0.02 0.02 0.04 0.03 0.04 0.00 0.01
Uva 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti-AlGrt 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

#Analysis 223 GLN 227 GLN 1F_GLN_269 175_GLN 312_GLN 507_GLN 508_GLN 304_GLN 510_GLN 318_GLN 1F_AMP_341

Gen Amp, Amp, Amp; Amp, Amp, Amp, Amps Amps Ampy, Amp, Amp,
Species Gln Gln Gln Gln Fgln Gln Fgln Foktp Foktp Wne Fwnc
wt%
Si0, 56.39 56.94 57.83 56.30 55.99 56.87 55.30 44.81 54.96 52.39 50.28
TiO, 0.01 0.00 0.00 0.12 0.03 0.00 0.04 0.48 0.00 0.12 0.07
Al,03 5.67 5.68 5.40 5.93 6.30 6.67 8.34 12.57 5.29 2.44 5.33
Cr,03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MnO 0.00 0.00 0.06 0.00 0.00 0.02 0.00 0.07 0.00 0.04 0.11
FeO 10.28 8.67 16.98 12.62 12.53 9.64 15.56 18.37 20.92 13.78 15.42
Fe,03 6.76 7.13 0.00 5.48 6.02 6.21 3.15 3.70 0.00 4.37 5.86
MgO 10.53 11.35 10.60 9.68 8.99 10.82 7.54 6.91 6.67 12.47 10.18
CaO 1.74 1.70 1.01 2.10 1.30 1.12 1.24 6.95 5.52 7.40 6.11
Na,0 6.24 6.47 6.65 6.26 6.69 6.79 6.86 5.22 5.83 3.27 4.31
K0 0.00 0.07 0.04 0.00 0.02 0.00 0.00 0.31 0.00 0.00 0.00
H,0" 2.12 2.13 2.12 2.12 2.11 2.14 2.10 2.02 2.06 2.03 2.03

F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

cl 0.00 0.03 0.02 0.00 0.01 0.04 0.00 0.02 0.02 0.00 0.00
O=F,Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Initial Tot. 99.74 100.16 98.59 100.61 100.00 100.31 100.13 101.42 101.27 98.31 99.70
Final Tot. 99.74 100.16 100.71 100.61 99.99 100.30 100.13 101.39 101.27 98.34 99.70
a.p.fu.

Si 7.97 7.97 8.17 7.96 7.96 7.95 7.89 6.64 7.99 7.75 7.43
Al 0.03 0.03 0.00 0.04 0.04 0.05 0.11 1.36 0.01 0.25 0.57
T @V 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe?+V) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti YW ¢ 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.05 0.00 0.01 0.01
AlVD ¢ 0.92 0.91 0.90 0.94 1.02 1.05 1.29 0.84 0.89 0.18 0.36
CcrcC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn®* C 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** C 0.72 0.75 0.00 0.58 0.64 0.65 0.34 0.41 0.00 0.49 0.65
Mn?* C 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe*t C 1.14 0.97 1.87 1.42 1.43 1.04 1.76 2.17 2.54 1.57 1.74
Mg C 2.22 2.37 2.23 2.04 1.91 2.26 1.60 1.53 1.45 2.75 2.24
Mn%" B 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01
Fe** B 0.07 0.05 0.14 0.07 0.06 0.08 0.10 0.11 0.00 0.13 0.17
Mg B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaB 0.26 0.26 0.15 0.32 0.20 0.17 0.19 1.10 0.86 1.17 0.97
Na B 1.66 1.70 1.70 1.61 1.74 1.75 1.71 0.78 1.14 0.69 0.85
CaA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na A 0.05 0.06 0.12 0.10 0.10 0.09 0.19 0.72 0.50 0.25 0.39

(continued on next page)
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#Analysis 223 GLN 227 _GLN 1F_GLN_269 175_GLN 312_GLN 507_GLN 508_GLN 304_GLN 510_GLN 318_GLN 1F_AMP_341
KA 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00
O (non-W) 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00
OH 2.00 1.99 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00
(0] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
#Analysis 1F_262 1F_CPX_ 314 124_OMP 461_OMP 1F_246 468_omp 647_OMP 432_OMP
Gen Cpxy Cpxy Cpxo Cpxo Cpxs Cpxs Cpx4 Cpx4
wt%
SiO, 52.29 52.15 54.67 54.18 54.40 54.67 54.65 55.05
TiO, 0.00 0.00 0.00 0.12 0.00 0.10 0.08 0.06
Al,O3 0.80 0.37 7.47 8.91 5.66 6.84 6.66 9.41
Cry03 0.03 0.00 0.10 0.07 0.01 0.19 0.01 0.04
Fe;03 18.57 17.90 9.93 9.82 14.44 14.78 14.20 12.65
FeO 9.40 5.61 4.25 3.61 3.22 3.01 3.05 2.64
MnO 0.31 0.00 0.09 0.03 0.09 0.00 0.03 0.00
MgO 3.28 4.90 5.13 4.70 4.78 4.39 4.49 3.58
CaO 7.84 10.95 9.12 8.22 8.51 7.07 7.63 6.08
Na,0 7.71 7.17 8.38 9.16 9.05 9.89 9.50 10.57
Total 100.24 99.05 99.23 98.82 100.16 100.94 100.31 100.11
a.p.fu.
Si 2.01 2.01 2.01 1.99 2.00 1.99 2.00 2.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.04 0.02 0.32 0.39 0.25 0.29 0.29 0.40
Cr 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Fe** 0.54 0.52 0.27 0.27 0.40 0.41 0.39 0.35
Fe?" 0.30 0.18 0.13 0.11 0.10 0.09 0.09 0.08
Mn 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.19 0.28 0.28 0.26 0.26 0.24 0.25 0.19
Ca 0.32 0.45 0.36 0.32 0.34 0.28 0.30 0.24
Na 0.58 0.54 0.60 0.65 0.65 0.70 0.67 0.74
Wo 0.16 0.23 0.18 0.16 0.17 0.14 0.15 0.12
En 0.10 0.14 0.14 0.13 0.13 0.12 0.12 0.10
Fs 0.15 0.09 0.07 0.06 0.05 0.05 0.05 0.04
Pxm 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Acm 0.55 0.52 0.28 0.27 0.40 0.41 0.39 0.35
Jd 0.04 0.02 0.33 0.38 0.25 0.29 0.28 0.40
CaTiAl,O6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

implemented in Perple X (Connolly and Galvez, 2018; Galvez et al.,
2015) using the internally consistent thermodynamic database for
condensed phases of Holland and Powell (2011) (ds622) and solute
species data from the DEW/HKF model of Sverjensky et al., 2014
(revised 2017). The properties of HoO, Hy, Oo, HS, and SO, were
described using the solvent reference state via the linear Generic Hybrid
Fluid model implemented in Perple_X (COH-Fluid; Connolly and Galvez,
2018). Electrolytic fluid calculations do not allow for fluid-saturated
conditions to be imposed; therefore, an appropriate amount of initial
fluid in the system composition must be fixed. Since atoll garnet for-
mation implies that the originally fractionated garnet core and mantle
become available for further reaction with the entire rock system, the
unfractionated EBC I with a fixed amount of H,O was used. The amount
of HyO was fixed at that present in the system at HP (e.g., Manzotti et al.,
2020), in correspondence to the last major dehydration reaction
encountered along the reconstructed P-T path (i.e., the Lws-out
reaction).

Post-entrapment modelling of lawsonite inclusions in garnet por-
phyroblasts was performed using a representative local bulk composi-
tion obtained by taking 1 mol of host garnet mantle and one mole of
lawsonite pseudomorphs (following the rationale first proposed by
Carvalho et al., 2020), now represented by paragonite and zoned
epidote. The proportion of paragonite and epidote was retrieved from
image analyses of BSE images. To properly reproduce the observed
microstructures and phase proportions, and since the lawsonite break-
down releases a substantial amount of fluid, we reintegrated in the local
bulk composition the amount of HyO present in the sub-system gar-
net-+lawsonite at the moment of lawsonite entrapment during garnet

growth. This was constrained by performing a preliminary calculation at
H,0 saturated conditions and then by selecting the H,O content at the
supposed lawsonite entrapment conditions (~470 °C, 2.4 GPa). The
local bulk composition obtained through this approach represents a sub-
system that followed its own metamorphic evolution once it was isolated
from the rest of the chemical system represented by the whole rock.
Isochemical phase diagram calculations were performed in the
MnNCFMAS-OH sub-system with a setup identical to the one used for
the other isochemical phase diagrams presented above. The changes in
modal amounts of each phase were computed relative to their volume
proportions at the supposed lawsonite entrapment conditions along the
reconstructed P-T path (i.e., ~470 °C - 2.4 GPa).

3.3. Sample petrography, microstructures and mineral chemistry

Thin sections were prepared parallel to the XZ plane of the corre-
sponding finite strain ellipsoid (i.e., parallel to the lineation and
perpendicular to the main foliation; see Caso et al., 2024 for a discussion
about the consequences of modelling using different planes). The
description of the structural elements and their orientations follows Caso
et al. (2021). To describe the structural architecture of the studied area
without bias from the previous investigations, the sequence of defor-
mation events and structural elements are numbered relative to the
principal deformation event (e.g., Dp, Dp-1), where the subscript “p”
denotes “principal” whereas “D” denotes “deformation”. Mineral ab-
breviations follow Warr (2021).
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3.4. Rock overview

The investigated coesite-glaucophane-bearing eclogite sample (GPS
coordinates: N45°19'02"-E7°14'39"; Fig. 1c) comes from a Fe-Ti meta-
gabbro boudin (~3 m long and 2 m wide) embedded in glaucophane-
rich metabasites (see Figs. 2 and 3 in Caso et al., 2021 for meso- and
micro-structures of metabasites).

At the mesoscale, the coesite-glaucophane-bearing eclogite displays
a spaced and discontinuous foliation with pluri-millimetre garnet and
glaucophane (Fig. 1c). To obtain a reliable petrographic
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characterization, six thin sections (GP21-1B, GP21-1C, GP21-1D, GP21-
1E, GP21-1F, GP21-1G) were obtained from the same hand specimen.
Sample GP21-1B and sample GP21-1F have been chosen for in situ
minero-chemical analyses since they display a well-preserved mineral
assemblage, and microstructures suitable to determine equilibrium P-T
conditions. The petrography, blastesis—deformation relationships and
mineral chemistry characterization of samples GP21-1B and GP21-1F
are shown in Figs. 2-7.

Both samples GP21-1B and GP21-1F are coarse-grained and are
characterized at the microscale by a banded structure made of
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Fig. 2. a) Plane polarised scan (PPL) of sample GP21-1B corresponding to the area mapped through the WDS. b) Mineral modal map of sample GP21-1B resulting
from processing the collected chemical maps with XMapTools (Lanari et al., 2014). The modal proportions of the processed map are reported below. Garnet is given
both as the total volume of garnet and as four distinct zoned domains (Grtc = core; Grty; = mantle; Grtg = rim; Grts,ny = secondary and neoblastic garnet).
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Fig. 3. a) PPL photomicrograph of the microdomain of section GP21-1F where some pre-HP relicts can be observed. b) Combined multi-elemental chemical map of
the zoned pyrite grain included at the centre of a garnet porphyroblast. Here small inclusions of chlorite, albite, garnet, epidote, allanite, and titanite can be observed.
For an additional example of zoned pyrite, see Supplementary Fig. 3a. ¢) Garnet strain shadows showing pre-kinematic relicts of albite, apatite, and deep-green
clinopyroxene overgrown by syn-Dp Cpxs and Amp;. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

alternating amphibole- and clinopyroxene-rich levels that wrap around
large garnet porphyroblasts (up to 1 cm in size; see Fig. 2a for section
GP21-1B). The mapped sample GP21-1B consists of garnet (33.2 vol%),
amphibole (31.4 vol%), clinopyroxene (22.4 vol%), apatite (5.2 vol%),
rutile (2.5 vol%), albite (1.9 vol%), ilmenite (1.0 vol%), quartz (0.8 vol
%), magnetite (0.7 vol%), epidote (0.4 vol%), pyrite (0.3 vol%), titanite
(0.2 vol%) and lamellae of paragonite (Fig. 2b). Three main multi-stage
blastesis-deformation events can be distinguished, i.e., a pre-Dp event (i.
e., earlier than the principal deformation event), in turn consisting of a
pre-HP stage and an HP pre-Dp stage, a syn-Dp event and a post-Dp event
(Fig. 4a), which will be further detailed in the following sections. The
early and late pre-Dp events and the Dp event develop a metamorphic
foliation. The mineral assemblage related to the Dp event is defined by
garnet + Na-amphibole + clinopyroxene + quartz + apatite + rutile +
pyrite.

The effective bulk rock composition (EBC I; Table 1) and the coarse-
grained nature of the sample suggest that the protolith was a Fe-Ti
gabbro with very high Fe concentrations (Supplementary Fig. 2),
among the highest ever reported for the Fe-Ti metagabbros outcropping

in the Western Alps.

3.5. Pre-Dp stages

3.5.1. Pre-HP stage

Sample GP21-1F shows relict evidence of a pre-HP event (Fig. 4a). As
shown in Fig. 3a and in Supplementary Fig. 3, such evidence can be
found (i) within two pyrite grains that acted as a tectonic capsule, the
first included at the centre of a garnet (Fig. 3b) and the second one
aligned along the main foliation, and (ii) within the strain shadows of
two garnet crystals (Fig. 3a, c), one of which is also the host of the first
pyrite grain (Fig. 3b). Both pyrites display a patchy and corroded
(embayed) core (Py;) characterized by multiple inclusions of albite
(Ab,), chlorite, titanite, epidote + allanite (grouped as Ep;), quartz and
clinopyroxene (Cpx;). Host pyrite contamination prevents us from
obtaining reliable quantitative compositions. The pyrite core is over-
grown by mostly inclusion-free euhedral pyrite (Pys; Fig. 3b; Supple-
mentary Fig. 3): rarely, Py, includes HP minerals like rutile,
glaucophane and omphacitic clinopyroxene (as defined below). Both are
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Fig. 4. a) Blastesis-deformation relations for the studied sample. b) Pyroxenes’ compositions plotted in the ternary diagram after Morimoto (1988); ¢) Compositional
diagram for amphiboles according to the classification of Leake et al. (1997); d) Triangular plot for garnet end-members allowing discrimination between primary

and secondary garnet.

pseudomorphosed by magnetite rims, likely due to atmospheric oxida-
tion and alteration. Garnet strain shadows host relicts of albite, apatite,
and deep-green twinned clinopyroxene. Albite has less than 2 % of
anorthitic component (Ab;; Supplementary Fig. 4a; Supplementary
Table 1), while clinopyroxene (Cpx;) is strongly depleted in Al and falls
in the aegirine-augite field close to the augite-aegirine join (Fig. 4b;
Table 2). Moreover, both Ab; and Cpx; are overgrown by randomly
oriented small pale-green omphacitic clinopyroxene (Fig. 3c) and acic-
ular deep-blue Fe-glaucophane that mark the Dp (i.e., Cpxs and Amp;,
respectively, see explanation below). Such microstructural observations,
coupled with the characteristic mineral associations, indicate that, in the
studied samples, some relict evidence of a pre-HP history escaped
complete re-equilibration.

3.5.2. Pre-Dp stage

The pre-Dp event foresees the blastesis of garnet cores and mantles
(Grtyc and Grtyyy, respectively; Fig. 4d, 5 and 6), thus defining an early
pre-Dp and a late pre-Dp stage. Both garnet core (Grt;c) and mantle
(Grtyy) are mostly almandine with average compositions of: (i) Grt;c =
AlmyGrs16PrpeSpssAndry; and (ii) Grtyy = AlmysGrsysPrpySpssAdrs
(Fig. 5a-d; Table 2). Chemical profiles and maps show that Grt;c is
characterized by a continuous decrease of XCa (0.25-0.16) and XMn

(0.08-0.02), counterbalanced by an increase of XFe (0.61-0.75),
whereas XMg is rather flat (0.05-0.10) (Fig. 5a-d; 6). Grtyy is charac-
terized by roughly flat chemical profiles of XCa (0.12-0.20), XMn
(0.01-0.05), XFe (0.72-0.79), and XMg (0.02-0.11) (Fig. 5a-d; 6). In
chemical maps, Fe and Mn reveal a patchy distribution (Fig. 5c, d). Both
Grt;c and Grtyy include apatite and rutile (Fig. 2b). Blue to deep green
amphibole (Ampinc) is included within Grt;¢ or Grtyy. However, this
amphibole shows evidence of chemical interaction with the host garnet
(Fig. 4c; Supplementary Table 1) and no reliable geothermobarometric
constraints could be derived from it. Grtyy; also shows mineral inclusions
defining concentric zoning. The inner Grtyy displays polymineralic in-
clusions of paragonite and epidote (up to 100-150 pm; Fig. 7a; Sup-
plementary Table 1). Epidote is zoned, with a zoisite core rimmed by a
clinozoisite mantle and a Fe-rich epidote rim (Fig. 7a; XZo decreasing
from 0.84 to 0.16; Supplementary Figure, 4b, 5b, 5c). These paragonite
+ epidote inclusions in garnet have been interpreted as pseudomorphs
after former lawsonite (e.g., Groppo and Castelli, 2010; Hamelin et al.,
2018; Manzotti et al., 2022). The outer Grtyy includes small pale-green
clinopyroxene (Cpxy; ranging from <90 pm up to 500 pm), locally
extending into the garnet rim (Grt;g; Supplementary Fig. 5b, c). These
clinopyroxene inclusions display compositions in the omphacite and
aegirine-augite fields (Fig. 4b) of Morimoto (1988), with XNa ranging
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Fig. 5. a-d) Relative concentration X-ray maps of Ca, Mg, Fe and Mn in garnet. ) Ca relative concentration in clinopyroxene and garnet showing how fractures across
Grtyc, Grtyyv and Grtyy are filled by intergrown Grtys and Cpxg. f) Classified map showing the distribution of clinopyroxene and amphibole within garnet. g) Back-
scattered image of a micro-site in the core of the same garnet reported in (a)-(d), showing the skeletal intergrowth of Cpx4 + Grtys replacing the former Grt;c.
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Fig. 6. a, ¢) XCa (left) and XMn (right) calibrated maps of two garnet porphyroblasts. b, d) Chemical profiles across the same garnet crystals reported in (a) and (c).

(c) and (d) refer to an atoll garnet porphyroblast.

between 0.60 and 0.68 (Table 2).

3.6. Dp stage

The Dp event is defined by the blastesis of garnet rims (Grt;g; Fig. 2b,
5, 6a, c) on previous garnet mantles. Garnet rims are mostly almandine
with an average composition Grtjg = Almy9GrsePrpioSpsaAndrs
(Table 2). Chemical profiles and maps reveal a sharp mantle-rim tran-
sition, defined by a decrease in XCa (0.15-0.06) and an increase in XMg
(0.07-0.13) and XFe (0.76-0.84; Fig. 6b, d). On the other hand, XMn
(0.01-0.04) describes a gentler and continuous increase from the mantle
to the rim. In the matrix, dark blue acicular amphibole (Ampy; Fig. 7b)
and small and elongated bright green clinopyroxene (Cpxs; Fig. 7c-f) are
aligned sub-parallel to each other. They envelop the garnet porphyro-
blasts and define, together with abundant apatite and rutile, the main Sp
foliation. Amp; is glaucophane to Fe-glaucophane with Nag between
1.52 and 1.89 a.p.f.u., AI"V between 0 and 0.25 a.p.f.u. and with XNa
ranging between 0.84 and 0.96 (Fig. 4c; Table 2). Amp; is also found
within garnet strain shadows and included within Grtjg. Cpxs is an
aegirine-augite (Fig. 4b; Table 2) according to the classification of
Morimoto (1988), similar to Cpxy but with slightly higher XNa values
(0.62-0.68). Locally, granoblastic quartz aggregates occur in the garnet
strain shadows, and pyrite (Pyy) occurs oriented along the Sp. Rutile
crystals are observed along the Sp and included within garnet por-
phyroblasts, amphibole, clinopyroxene and pyrite; they are character-
ized by ilmenite lamellae cross-cutting single rutile crystals.

Finally, whole section chemical mapping indicated the presence of
small and rare SiO; inclusions within the garnet rims (Grtjg; Fig. 8a).
Such inclusions (Fig. 8b, c¢) are 1-20 pm (Fig. 8b, c) sized mono-
crystalline grains surrounded by garnet (few tens of micrometers below
the section surface). They occur either in clusters (Fig. 8b) or as isolated
ones (Fig. 8c). Some inclusions exhibit well-developed facets, while

11

most of them show a more rounded shape and sometimes with re-entrant
angles (Fig. 8b, c). Raman microspectroscopic analyses (performed on a
100 pm thick section) identified such inclusions as coesite on the base of
their characteristic spectrum (Boyer et al., 1985). The Raman spectra of
coesite show the main vibrational mode at 523 cm™! (instead of 521
em™Y), the secondary bands are at 124, 150, 181, 206, 270, 325, 354,
426, 471, 791, 820, 843, 1038, 1148, 1168 cm ™ *. The intensity of the
peaks changes depending on the orientation of the inclusion measured
(Fig. 8d). Some peaks show a shift of a few cm ™. No quartz inclusions in
garnet were found. Rare inclusions of coesite display radial cracks in the
surrounding garnet.

3.7. Post-Dp stage

Chemical profiles and maps, together with microstructural obser-
vations, reveal the existence of a sharp and corroded (embayed)
boundary within garnet porphyroblasts, whose core has been put in
communication with the surrounding matrix by fracturing and
dismembering. This sharp boundary is also marked by peculiar skeletal
intergrowths between garnet and green clinopyroxene (Fig. 5e-g). These
microstructures suggest the presence of a second generation of garnet
replacing the early garnet cores (Grtic). This secondary garnet (Grtas)
differs from Grt;c for the sharp drop in XCa and increase in XFe
observable both in chemical maps (Fig. 5a-d, 6¢) and chemical profiles
(Fig. 6d). Additionally, small garnet neoblasts (Grtyy), chemically
identical to Grtag, are observed locally along the main foliation (Figs. 2b,
7f). Both Grtyg and Grtyy have an average composition of Grtas on =
Almy¢GrsgPrp1oSpssAdrs (i.e., XCa = 0.06-0.13, XMn = 0.04-0.12,
XMg = 0.05-0.12, XFe = 0.70-0.80; Table 2) and differ from Grt;y for
the general decrease in XFe, the increase in XMn and slightly higher XCa
values (Fig. 5b, 6d).

Randomly oriented prismatic and euhedral dark-blue amphibole
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Fig. 7. a) Back-scattered electron image (BSE) of polymineralic inclusions within Grt;y;, consisting of epidote (zoisite core, clinozoisite mantle and epidote rims) and
paragonite and interpreted as pseudomorphs after lawsonite. b) Sp foliation defined by the isorientation of Amp; and Cpxs, overgrown by Amp,. Rutile crystals along
the Sp are rimmed by ilmenite. ¢) Detail of Sp foliation marked by Cpxs and euhedral post-kinematic Amp, statically overgrowing the Sp mineral assemblage. A detail
of Amp, substituting Amp; is also visible (PPL). d, e) BSE images showing details of Amp3 and Amp, thin rims growing on Amp, blasts. f) Grtoy neoblasts growing on

the Sp foliation (PPL). g) Interstitial Ab, growing between Amps_4 blasts (BSE).

crystals (up to 3 mm in size) statically overgrow the main foliation
(Ampy; Fig. 7b-f). They include Cpxs, Amp;, and rutile. Amp, displays
glaucophane to Fe-glaucophane composition, with Nag between 1.46
and 1.86 a.p.f.u., Al'Y between 0 and 0.15 a.p.f.u. and with XNa ranging
between 0.81 and 0.96 (Table 2). Amp; and Amp; are therefore over-
lapped in composition (Fig. 4c). Two additional types of green amphi-
boles (Amp3 and Ampy4) occur as thin rims around both Amp; and Amp,
(Fig. 7d, e, g), showing a wide range of compositions. Amps is
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characterized by Nag between 1.79 and 0.73 a.p.f.u. and Al'Y between
0.04 and 1.42 a.p.f.u., and generally plots over a wide compositional
space (Fig. 4c), from the glaucophane to the katophorite field (Leake
etal., 1997). Ampy is characterized by Al values lower than 0.95 a.p.f.
u., and Nag between 0.26 and 1.74 a.p.f.u., hence plotting in the win-
chite and actinolite fields. Ampy4 describes two distinct chemical trends
depending on which amphibole they are growing from (i.e., Amp;/
Amp, vs. Amps) (Fig. 4¢). Small, interstitial albite grows among these
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last amphibole crystals (Aby; Fig. 7g). During this last event, rutile
crystals along the main foliation and those reached by fractures within
the host garnet are rimmed by ilmenite (Fig. 3c, 7b, g).

4. Geothermobarometry and thermodynamic modelling
4.1. Zr-in-rutile results

Rutile is observed in different microstructural positions, i.e., both
included in all garnet domains and along the Sp foliation together with
omphacite, glaucophane and apatite (Supplementary Fig. 5). The pres-
ence of quartz and zircon in the mineral assemblage assures that the
activity constraints on Si, Ti and Zr, required by the Zr-in-Rt ther-
mometer, are met (Kohn, 2020). After grinding, ca. 120 grains were
separated and mounted, and their core was exposed by polishing. Of
these, 15 were selected after careful inspection of the SEM and ablation
results, to avoid contamination by inclusions, ilmenite lamellae and
fractures. These analyses were supplementing 18 in situ analyses (per-
formed on a 100 pm thick section) performed on rutile both included in
garnet and along the Sp. Two groups have been distinguished based on
Zr concentrations: the first has Zr between 15 and 48 ppm and coincides
with rutile grains both along the main foliation (Sp) and those included
in garnet; the second, with just four analyses, has Zr between 153 and
251 ppm (Supplementary Table 1). For temperature estimation, the P-
sensitive formulation of Kohn (2020) has been used in the pressure
range 0-3.5 GPa, with a 0.5 GPa step; the results are reported in Sup-
plementary Table 1 and Fig. 9a. The median temperature of the first
group at 1.5 GPa is (with 20) 454 + 31 °C, while at 3.0 GPa is 507 +
34 °C. The second group records higher temperatures, at 1.5 GPa = 614
+ 30 °C and at 3.0 GPa = 679 + 32 °C.
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4.2. Estimating the bulk O,

Since the GP21-1B rock composition is characterized by the presence
of redox-sensitive sulfur and by a peculiarly high Fe content, the effec-
tive bulk Oy must be properly constrained. A T(P)-O, compositional
phase diagram has been therefore calculated along a T(P) gradient
defined by the equation that describes the Zr-in-Rt median temperature
values (dashed bold red line in Fig. 9a). EBC III and the compositions of
the syn-Dp minerals have been used as input data for the modelling. The
bulk O5 has been constrained based on the intersection of the compo-
sitional isopleths modelled for the syn-Dp assemblage (Fig. 9b). The
initial O, derived from the mass-balance calculations was corrected
accordingly (i.e., increased by ~23.4 %). The same correction was
applied to the other two effective EBCs.

4.3. P-T isochemical phase diagrams

Five isochemical phase diagrams have been calculated in different
P-T ranges using the three effective EBCs discussed above (Figs. 10, 11)
and reported in Table 1. All the phase diagrams are dominated by three-
to six-variant fields with a few seven-variant fields at HP conditions. The
phase diagram calculated with the unfractionated EBC I at low P-T
conditions (Fig. 10a) predicts that the mineral association found as
relicts in Py; cores (Ab; + Ep; + Chl + Cpx; + Qz + Ttn) is stable in a
positively sloped P-T region below ~0.6 GPa and between ~200 and ~
430 °C (delimited by the bold light green line in Fig. 10a). The garnet-in
phase boundary is observed only in the low P-T phase diagram in
Fig. 10a. Garnet is stable above ~350 °C and above 0.5-0.6 GPa at
blueschist-facies conditions, while at amphibolite-facies conditions is
stable above ~500 °C (Fig. 10a). Altogether these pieces of thermody-
namic evidence qualitatively constrain such an event at prehnite-
pumpellyite- to greenschist-facies conditions (pre-HP stage).

The unfractionated EBC I was used to model the growth of the garnet
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Fig. 11. a) Isochemical phase diagram for the post-Dp stage, contoured for the Grtps + Grtay, Cpxs4 and Amp, isopleths. Arrows on isopleth pairs define the
compositional ranges observed for each mineral phase, pointing toward the inside of the compositional range. b) Same phase diagram as in a (with just the phase field
boundaries for simplicity) where the Grt, Cpx and Amp isomodes (whose complete data computed in the P-T range of interest of this phase diagram are reported in
Supplementary Fig. 6a, b, c), together with the Zr-in-Rt temperatures and the compositional isopleths intersection indicate that the last P-T conditions of rock
equilibration are within the phase field Grt + Amp + Cpx + Py + Qz + Rt + Ilm + Pyh that is marked by the striped field.
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core (early pre-Dp stage), whereas the fractionated EBC II was used to
model the growth of the garnet mantle (late pre-Dp stage). The early pre-
Dp mineral assemblage (Grt;¢ + Lws = Amp + Chl + Rt + Py;y; Fig. 4a)
is modelled in a narrow P-T interval at ~450-480 °C, ~2.2-2.7 GPa
(Fig. 10b); a small amount of clinopyroxene (<5 vol%) is predicted to be
stable in this field, but it was not observed in the sample. The modelled
isopleths corresponding to the composition of Grt;c converge in this
field. The late pre-Dp mineral assemblage (Grtyy &= Lws + Amp + Cpxa
+ Rt + Py;; Fig. 4a) is modelled in a wide P-T interval between
~420-510 °C and ~ 2.3-3.0 GPa (Fig. 10c); quartz/coesite are predicted
to be stable in this field, although they were not observed in this shell of
the garnet (Grtyy); however, their predicted modal amount is very low.
Notably, the occurrence of lawsonite pseudomorphs in the inner Grtyy
but not in the outer Grt;y suggests that the Lws-out boundary was
crossed during the growth of Grtyy. The modelled isopleths corre-
sponding to the compositions of Grt;y and omphacitic clinopyroxene
(Cpxg) included in the outer Grtyy converge in the P-T range of
~420-510 °C and ~ 2.3-2.9 GPa.

The Dp stage was modelled using the fractionated EBC III. The
relatively large field corresponding to the observed syn-Dp assemblage
(Grtig + Amp; + Cpxs + Qz/Coe + Rt; Fig. 4a) is further constrained by
the intersection of the compositional isopleths modelled for garnet rim
(Grtigr), omphacitic clinopyroxene (Cpxs) and glaucophane (Amps).
These isopleths define a further increase in both temperature and
pressure up to ~490-580 °C, ~2.5-2.9 GPa (Fig. 10d). The occurrence
of coesite inclusions within the Grt;g domain indicates that a minimum
P of 2.75 GPa was reached by the studied rock.

Finally, the post-Dp stage was modelled using again the unfractio-
nated EBC I (Fig. 11). This choice is justified by the fact that Grt; was
pervasively fractured before the growth of Grtyg and Grtay; this process
exposed the Grt; core and mantle to the matrix, re-opening the system
and making them again available to participate in metamorphic re-
actions. The post-Dp mineral assemblage (Grtas;on + Ampy + Cpx4 +
Qz + Ilm + Rt + Py) is modelled in a relatively small P-T range at
~600-700 °C, ~1.3-1.6 GPa. Pyrrhotite is predicted to be stable at these
conditions, although it was not observed in the sample; however, its
predicted modal amount is very low. The compositional isopleths
modelled for Grtpg and Grtyy barely overlap in this field (XMg is espe-
cially poorly matching), whereas those of Cpx4 and Amp, converge in
this field at ~610-635 °C, ~1.3-1.4 GPa; Fig. 11a). The discrepancy
between the measured and modelled Grt, compositions suggests that the
EBC I used for the modelling does not perfectly reflect the true effective
bulk composition during Grty growth, i.e., that although the system was
re-opened through Grt; fracturing, Grt; did not participate as a whole to
the metamorphic reactions at this stage. As an additional qualitative
constraint, the modelled mineral isomodes of garnet, clinopyroxene and
amphibole are predicted to intersect within the post-Dp phase assem-
blage field (i.e., at ~615-640 °C and ~ 1.4 GPa; complete mineral
volume data reported in Supplementary Fig. 6a, b, c). Notably, the
second group of Zr-in-Rt temperatures (see above) suggests tempera-
tures of 614 + 30 °C at 1.5 GPa (Fig. 11b), overlapping with the P-T
conditions defined by the post-Dp assemblage.

5. Discussion
5.1. Metamorphic evolution

The preserved prograde to peak mineral assemblage allowed us to
reconstruct the poly-phasic metamorphic evolution of the studied
coesite-glaucophane-bearing eclogite.

5.1.1. Pre-Dp stages

The mineral assemblages and textures observed in thin section GP21-
1F provide valuable insights to reconstruct its early metamorphic his-
tory. The preservation of a low P-T mineral assemblage in strain
shadows (Fig. 3a, ¢) and in pyrite grains included within garnet cores
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(Fig. 3b) suggests that this assemblage may be a relict of an early
metamorphic (pre-HP) event (Fig. 4a). This is testified by the occurrence
of albite and jadeite-free aegirine-augitic clinopyroxene in garnet strain
shadows, both overgrown by omphacitic clinopyroxene (Cpxs) and Fe-
glaucophane (Amp;). The role of low-strain domains in preserving
mineral assemblages and compositions from re-equilibration at HP
conditions has been recently discussed by Chapman et al. (2019), who
observed that up to 32 % of an eclogitized metagabbro was constituted
by low-strain domains where primary magmatic mineral assemblage
and microstructures escaped HP metamorphism. The P-T conditions
modelled for this pre-HP stage (i.e., <400 °C, <0.6 GPa; Fig. 12a) are
compatible with a lower oceanic crust environment, as envisioned by
recent field and geochronologic data from De Togni et al. (2024), where
the protolith gabbro intrusion has been dated at ~150 Ma. The occur-
rence of chlorite and epidote suggests that a major hydration event
might have occurred at very low- to low temperature conditions (i.e.
from prehnite-pumpellyite to greenschist-facies conditions), providing
the HpO necessary to develop the observed hydrous HP mineral
assemblage during the following subduction. Furthermore, jadeite-free
aegirine-augitic clinopyroxene similar to that observed in the pre-Dp
stage has been reported from hydrothermally altered and oxidized
basic rocks of the oceanic crust metamorphosed at prehnite-pumpellyite
facies conditions (<250 °C, <0.6 GPa) at the onset of subduction
(Tsujimori and Liou, 2007 and references therein).

The early pre-Dp stage is the first record of HP metamorphism in the
studied rock; this has been constrained at ~450-480 °C, ~1.9-2.6 GPa,
in the lawsonite stability field. At such conditions, the growth of the
garnet core (Grt;c) is modelled to be mostly related to the chlorite
breakdown at T > 470 °C and P > 2.1 GPa (Fig. 12a; Supplementary
Fig. 5). The late pre-Dp stage, with the growth of the garnet mantle
(Grtyy), records the transition from lawsonite-blueschist facies condi-
tions to eclogite-facies conditions at ~420-510 °C and ~ 2.3-2.9 GPa.
Notably, the modelled breakdown of lawsonite seems to occur at tem-
peratures approximately 100-150 °C lower in the used Fe-rich and Ca-
poor effective bulk rock composition compared to more typical mafic
rock compositions (e.g., Tsujimori and Ernst, 2014). We suggest that the
low Ca activity and the high Fe activity of sample GP21 might have
restricted the stability field of Lws in favour of an enlarged stability field
of eclogitic Fe-rich garnet. The transition from blueschist- to eclogite-
facies is generally considered a major dehydration step for the down-
going plate. The results of the modelling predict that the lawsonite
breakdown might have been the last major dehydration event experi-
enced by the studied rock, as glaucophane is predicted to remain stable
up to 600-650 °C and > 3.0 GPa (and indeed, a high modal amount of
glaucophane does occur in the studied eclogite; Supplementary Fig. 6d).
This is in line with the conclusions of Manzotti et al. (2020), who showed
that in Fe-rich rocks, glaucophane stability is expanded at higher P-T
compared to Fe-poorer systems. Furthermore, an expanded glaucophane
stability field might also reflect an initially high water content (e.g.,
(Angiboust and Agard, 2010).

5.1.2. Dp stage

The Dp stage is defined by: (i) the growth of garnet rim (Grt;gr)
including coesite, and (ii) the main Sp foliation which is marked by dark
blue acicular amphibole (Amp;) and small and elongated bright-green
clinopyroxene (Cpxs; Fig. 3a). The P-T conditions recorded by this
assemblage lie between ~480-580 °C and ~ 2.75-2.9 GPa, (Fig. 12a).
The P-T conditions constrained for both the pre-Dp and Dp stages are
consistent with Zr-in-rutile estimated temperatures. The first group of
rutile grains returns median temperatures (with 26) of 454 + 31 °C at
1.5 GPa and 507 + 34 °C at 3.0 GPa (grey field in Supplementary
Fig. 6d). The excellent agreement between forward thermodynamic
modelling and conventional thermometry (e.g., Hernandez-Uribe et al.,
2024) confirms the reliability of these P-T constraints, especially of the
HP metamorphic peak.

Overall, the delineated prograde P-T path suggests that a substantial
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Fig. 12. a, b) Location, P-T estimates and paths of other mafic eclogites in or near the LPL compiled from the literature. Legend colour coding is valid for

both images.

P increase occurred during the pre-Dp stage, whereas a more pro-
nounced heating (AT ~ 80 °C) occurred at peak UHP conditions. This
might indicate that the studied rock may not have been thermally re-
equilibrated before peak pressure. Peak pressure conditions inferred
for the LPL in the Ala Valley (480-580 °C, ~2.75-2.9 GPa) point to a
remarkably higher peak pressure compared to those of Sandrone et al.
(1986), but are in excellent agreement with the revised estimates of
Herviou et al. (2022), who report a P-T peak of 500-580 °C, 2.2-2.8 GPa
for the LPL.

5.1.3. Post-Dp stage

The post-Dp stage encompasses several distinct events. The first is
represented by the fracturing and dismembering of garnet porphyro-
blasts and the dissolution of their cores, followed by the growth of a new
garnet generation (Grtyg), skeletally intergrown with omphacitic Cpx4 (i
e., atoll garnet formation, see below). This second event is also accom-
panied by the static blastesis of large euhedral glaucophane Amps
(Fig. 7b, c) and smaller garnet (Grtgy) neoblasts in the rock matrix
(Fig. 7f). Forward thermodynamic modelling, qualitatively supported by
Zr-in-Rt thermometry, allow constraining this post-Dp blastesis event at
around 600-630 °C, 1.3-1.5 GPa, during heating decompression, still at
eclogite-facies conditions (Fig. 12a; Supplementary Fig. 6d). This im-
plies that the fracturing and dissolution of garnet porphyroblasts should
also have occurred at eclogite-facies conditions. Notably, such P-T
conditions are close to the modelled Py-out reaction (Fig. 11b). This
observation could explain the observed pyrite zoning as due to the
consumption of Py; during heating decompression (i.e., crossing the
Pyh-in reaction up-T) followed by the growth of Pyy during cooling
decompression (i.e., crossing again the Pyh-in, reaction in the opposite
direction), and the concomitant inclusion of eclogite-facies minerals like
rutile, glaucophane, and omphacite. It is also worth noting that the P-T
conditions constrained for the post-Dp stage are similar to those re-
ported by Bovay et al. (2022) and Hartmeier et al. (2024) in the Zer-
matt—Saas zone (i.e., 560 & 30 °C and 1.6 & 0.2 GPa).
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Retrograde re-equilibration after this stage is only minor and testi-
fied by: (i) the static growth of two additional generations of green-
amphibole (Amps and Amp,4), rimming both Amp; and Amp,
(Fig. 7g), and ranging in composition from glaucophane to katophorite
(Amps) and from winchite to actinolite (Ampy) (Fig. 4c); (ii) the growth
of small albite (Aby) grains interstitial between these last amphibole
crystals; (iii) the growth of ilmenite at the rim of rutile.

5.2. P-T comparison in the LPL

The obtained prograde P-T path is characterized by a steep increase
in pressure (AP > 2.8 GPa) for a AT~200-250 °C, indicating rapid burial
with only minor thermal equilibration. This prograde evolution is
comparable to what was previously reported for tectonic units in the
same region in the Western Alps (Fig. 12a, b), e.g., Zermatt-Saas (e.g.,
Angiboust and Agard, 2010; Bovay et al., 2022; Groppo et al., 2009),
Savoy-Susa and Cottian Alps (e.g., Ghignone et al., 2020, 2024; Plunder
et al., 2012) and Monviso (e.g., Ghignone et al., 2023 and references
therein; Groppo and Castelli, 2010; Locatelli et al., 2018) and Rocciavre
(Herviou et al., 2025). Also, the peak pressure conditions registered by
the different eclogitic units of the Western Alps are identical (within the
uncertainties: 29-42 °C and + 0.2-0.3 GPa for mafic chemical systems
at HP conditions; Hernandez-Uribe et al., 2024) with the results ob-
tained in this work (500-580 °C and 2.5-2.9 GPa). This suggests that
subduction of the oceanic lithosphere to UHP conditions occurred with a
relatively coherent evolution in the whole Western Alps (see Agard,
2021 for a review). In the LPL, UHP peak conditions have been reported
so far for: (i) the Lago di Cignana UHP unit, wherein coesite was
discovered by Reinecke (1998) and the occurrence of microdiamonds
was reported by Frezzotti et al. (2011); (ii) a portion of the Zermatt-Saas
unit, wherein Luoni et al. (2018) reported UHP conditions in Ti-
chondrodite-bearing serpentinite and (iii) the Monviso and the Susa
units in which coesite was recently discovered (Ghignone et al., 2023,
2024). Our finding of coesite is the first in the LPL sector around the
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Gran Paradiso Massif which was the last sector around an Internal
Crystalline Massif still lacking a coesite finding marking peak UHP
conditions.

In the literature, the exhumation paths (i.e., after the peak-P) differ
in different sectors of the LPL (Fig. 12b). In our case study, we observe a
decompression coupled with a significant T increase from 500 to 550 °C
to 600-630 °C (i.e., AT = 50-130 °C). However, it is important to
highlight that the decompression heating constrained for this sector of
the LPL is not a common feature of the whole LPL. In most LPL units, in
fact, peak-P is followed by slight isothermal decompression, indicating
that the tectonic units followed a rapid exhumation after decoupling
from the descending slab (e.g., Rubatto and Hermann, 2001). Other
authors, instead, invoke p-shaped P-T paths (Bovay et al., 2022; yellow
arrow in Fig. 12b), whereas few predict a decompression heating similar
to our path. Several mechanisms could explain this trajectory, including:
(i) mantle delamination; (ii) multiple short-lived cycles of burial and
exhumation associated with orogen-scale transitions between short-
ening and extensional deformation; (iii) coupling during exhumation
between shallower, slightly cooler units and deeper, hotter units; and
(iv) asthenospheric upwelling linked to slab rollback or crustal exhu-
mation paired with slab breakoff. Further research is required to
determine the extent and the origin of this significant heating during
decompression and its tectonic implications, but it is outside of the scope
of this paper.

5.3. Atoll garnet formation

5.3.1. Grtjc dissolution and Grtyg precipitation

Multiple models for atoll garnet development have been proposed
throughout the years, depending on the metamorphic conditions and
lithologies. The main models include (e.g., Cao et al., 2018; Faryad et al.,
2010; Godet et al., 2022; Hartmeier et al., 2024; Kulhanek et al., 2021
and references therein): resorption and recrystallisation of garnet core,
simultaneous multiple nucleation and coalescence, rapid and short-term
poikiloblastic growth, matrix-dependent garnet growth, and fluid-
garnet interaction due to crack-assisted fluid infiltration within garnet
cores. In this case study, the following petrographic and mineral-
chemical data can be best explained by the last model. (i) The sharp
and corroded boundaries observed between the old garnet core (Grt;c)
and the new secondary garnet (Grtys; Fig. 5e) are most easily interpreted
as dissolution features, likely caused by the involvement of a fluid phase.
(ii) The fractures crosscutting Grtjc and Grtyyy, filled with intergrown
Cpxy4 and Grtag (Fig. 5Se-g), along with the associated Fe and Mg patchy
zoning in garnet (Fig. 5f, ), indicate the presence of channels through
the garnet porphyroblasts, where fluids interacted to dissolve the orig-
inal garnet and precipitate their dissolved load. (iii) The simultaneous
formation of static euhedral glaucophane Ampy in the rock matrix
(Fig. 7b, c), and occasionally alongside Cpxs4 and Grtag within atoll
garnet porphyroblasts (Fig. 5f), further suggests the presence of an
aqueous fluid phase during the atoll garnet formation. Mesostructural,
microstructural, and mineral-chemical evidence suggest an internal
origin for this fluid. (i) The studied eclogite-boudin is embedded within
similar metabasites retrogressed to glaucophane-rich schists. (ii) Evi-
dence of external fluid infiltration is minimal, limited to a late, thin
albite + titanite + green amphibole vein (i.e., greenschist-facies
assemblage) that cuts through the sample. Only locally, thin green
amphiboles rim Amp;, reflecting the chemical impact of this event. (iii)
The nearly identical compositions of syn-Dp Amp; and post-Dp Amps
(Fig. 4c), along with the absence of significant mineral-chemical
changes in rock-forming minerals, suggest that the composition of this
fluid was not significantly different from that of the fluid already in
equilibrium with the eclogite at peak conditions. For example, if the
infiltrating fluid would have been sourced from the surrounding ultra-
mafics or metasediments, we would expect an increase in Mg =+ Si, or Si,
Al, + K, respectively, in the main minerals and/or the post-kinematic
appearance of new minerals characterized by such elements. Taken
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together, this evidence supports the conclusion that the studied eclogitic
boudin remained a closed system during exhumation to at least
greenschist-facies conditions and that the fluid involved in the atoll
garnet formation was internally derived.

To test whether a fluid internally derived during exhumation could
explain the observed petrographic and mineral-chemical features, we
performed additional calculations to assess the fluid composition ex-
pected to promote atoll garnet formation. It is well known that at HP
conditions, HyO increases its solvent capability, resulting in complex
fluid compositions characterized by having all rock-forming elements
variably dissolved within the fluid (e.g., Maffeis et al., 2021; Sverjensky
et al., 2014). Following Manzotti et al. (2020), we fixed the amount of
water in the unfractionated EBC I to that present in the system after the
lawsonite breakdown at the metamorphic peak, because this was the last
major dehydration reaction crossed by the sample (see above). As
mentioned before, this choice is justified by the fact that Grt; was
pervasively fractured before the growth of Grtog and Grtyy; this process
exposed the Grt; core and mantle to the matrix, re-opening the system
and making them again available to participate in metamorphic re-
actions. With this bulk composition (see Table 1), we calculated the
solute-bearing fluid composition in equilibrium with the peak and early
decompression mineral assemblages using the lagged-speciation algo-
rithm implemented in Perple X (Connolly and Galvez, 2018; Galvez
et al.,, 2015). The calculation results are reported in Fig. 13. The
modelled fluid volume remains roughly constant at ~1.4 vol% along the
heating and decompression P-T path connecting the peak Dp stage to the
exhumation post-Dp stage (Fig. 13a). This value is in line with the
porosity observed both in natural HP eclogites and in HP experiments
(Angiboust and Raimondo, 2022 and references therein) and is repre-
sentative of the amount of fluid that can be preserved interstitially in a
rock system without being expelled. The modelled fluid is a rather dilute
aqueous fluid having between 0.8 and 1.3 mol% of total dissolved load.
Notably, the dissolved load, and thus the fluid solvent capability, in-
creases during rock exhumation (Fig. 13b). The solute load is dominated
by dissolved Si and Na (constituting 94 to 98 % of the dissolved load),
with total dissolved SiO; ranging between ~0.8 and ~ 1 mol% (from 84
to 80 % of the dissolved load; Fig. 13c) and the total dissolved NaO
ranges between 0.14 and 0.19 mol% (roughly 15 % of the dissolved load;
Fig. 13d). Therefore, we suggest that the atoll garnet formation was a
micro-scale mass-transfer process in which the Si-Na-aqueous fluid,
upon infiltration through cracks, selectively dissolved the garnet core
(Grty¢) which was in larger disequilibrium with the fluid than any other
garnet shell. Since the predicted solubility of Fe, Ca, Mg and Mn at
600-630 °C and 1.4-1.5 GPa is low, a Ca-poor garnet (Grtog) repreci-
pitated together with omphacitic Cpxy, thanks to the nutrients given by
the concomitantly dissolved Grt;c and by the external (relative to the
garnet core) Si and Na. As such, the following schematic type reaction
can be envisioned for the atoll garnet formation (accounting also for the
local Amp; found inside atoll garnet crystals):

Grty¢ + Fluidy, o, = Grtas + Cpxs = Amp,

Furthermore, chemical profiles across garnet show a slight increase
in Mn concentration from the crystal boundary toward the inner part of
the garnet rim. Such a feature might be explained by the predicted low
solubility of Mn within aqueous fluids (here modelled to be around 108
to 10~ mol% at 600-630 °C and 1.3-1.5 GPa). Such solubility might
have been sufficient to allow for Mn diffusion through the interstitial
fluid back into the Mn-poor Grtyg, for which the Mn partition coefficient
is expected to be much higher than for an aqueous fluid. At the same
time, outside the atoll garnet, the same fluid is expected to rehydrate the
rock matrix by reacting with the syn-Dp Cpxs to give the post-Dp Ampy:

Cpxs + Fluidy, o, = Amp,

Overall, these processes consume the pore fluids (see fluid saturation
surfaces right outside of the modelled P-T field for the post-Dp stage;
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Fig. 13. Modelled solute-bearing fluid volume (a) and composition (b-d) in equilibrium with the studied eclogite during the peak to early decompression stages, and

schematic sketch showing the fluid-mediated atoll garnet formation process.

Fig. 13) and effectively stop any further significant rock re-equilibration
during exhumation.

5.3.2. Garnet fracturing

While the modelling presented above can explain the atoll garnet
formation through fluid-mediated garnet dissolution and re-
precipitation, the mechanism of garnet fracturing which allowed the
interaction between garnet core and the pore fluid, remains to be dis-
cussed. Evidence of brittle deformation at the P-peak in the LPL has been
described by Angiboust et al. (2011) and Locatelli et al. (2018) in the
Monviso area, with the onset of brecciation at eclogite facies conditions.
Also, coeval brittle-ductile deformation was reported in many exhumed
eclogites from the LPL (e.g., at P < 1.8 GPa, see Ghignone et al., 2024).
Following these studies, we can speculate that fluid infiltration due to
microcracks in garnet may be related to differences in the fluid pressure
(differential pore fluid pressure) inside and outside the garnet grains. It
is known that metamorphic dehydration reactions transiently increase
pore fluid pressure and trigger brittle-ductile cyclicity. During HP
metamorphism and exhumation in subduction zones, significant volume
changes within garnet porphyroblasts can occur due to the polymorphic
transformation of minerals (e.g., coesite to quartz) or to dehydration
reactions of included hydrous minerals (e.g., lawsonite breakdown),
resulting in the development of microfractures (e.g., Bernaudin and
Gueydan, 2018). In this case study, the inner garnet mantle is populated
by paragonitetepidote polymineralic inclusions interpreted as
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pseudomorphs after former lawsonite (Fig. 7a; Supplementary Fig. 5b,
c). Since lawsonite breakdown is a major dehydration reaction, we
suggest that garnet fracturing might have been triggered by fluid
released through this process during exhumation (Okazaki and Hirth,
2016). To test this hypothesis, we have performed further modelling of a
representative inclusion-host system composed of minerals now forming
the pseudomorphs after lawsonite (paragonite + epidote) and results are
shown in Fig. 14a (see Methods for further details on the modelling
strategy). This modelling shows that the lawsonite (Lwsiyc) included in
garnet (Grtyost) is involved in two major dehydration pulses along the
inferred P-T path (Fig. 14b). The first one occurred soon after the
metamorphic peak (~550 °C, ~2.4 GPa; Fig. 14) and the second one
occurred halfway between the metamorphic peak and the post-Dp stage
(~575 °C, ~2.1 GPa; Fig. 14). Notably, the Lws-out reaction modelled
using the Grt + Lws local bulk composition is predicted to occur at a
much higher temperature (AT ~ 70-100 °C) than in the surrounding
rock, where it is predicted at anomalously low temperatures (i.e.,
~480 °C, ~2.4 GPa, Figs. 10 and 11) compared to the results of ex-
periments and modelling in typical mafic systems. The compositional
difference between the Grt + Lws sub-system and the whole rock system
is the key reason explaining the delayed breakdown of lawsonite
included in garnet during retrograde metamorphism. The volume of the
free fluid phase produced through these two stages of lawsonite break-
down increases from 2 vol% to 10 vol% and 13 vol%, respectively
(Fig. 14c). Moreover, the overall volume change of the lawsonite sites
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within garnet is modelled to increase substantially by ~40 % at the first
dehydration pulse (Fig. 14d). Occurring simultaneously in multiple
(possibly hundreds) sites within the garnet mantle, this micro-scale
process might have been able to generate enough tensile stress to
induce garnet fracturing. A similar mechanical change has also been
modelled for pseudomorphs after unbounded lawsonite porphyroblasts
in blueschist-facies rocks from Syros (Hamelin et al., 2018).

Cyclic coeval continuous and discontinuous deformation occurring
at HP conditions due to fluid pore pressure fluctuation may produce
contemporaneous cyclic brittle and ductile deformation and potentially
represent structures of paleo-seismicity, as episodic tremors and slow
slip events (ETS; summary in Platt et al., 2024). Following previous
results, we may speculate that slow slip was accommodated preferen-
tially by slip on weaker layers or the main foliation, whereas contem-
poraneously episodic pulses of aqueous fluids produced by the
destabilisation of hydrous minerals (like lawsonite) were responsible for
garnet fracturing during high pore-fluid pressure. Garnet was already
used as a metamorphic record of multiple seismic cycles during sub-
duction processes (e.g., Angiboust et al., 2024 and references therein).
Its rhythmic major element zoning is interpreted to be developed in
response to growth-dissolution cycles driven by pressure pulses (Viete
et al., 2018). Further studies are required to fully understand the po-
tential link between atoll garnet formation and deep paleo-seismicity.

6. Conclusions

This study presents data from a coesite-glaucophane-bearing eclogite
recording five different metamorphic stages, from before or at the onset
of subduction, to the metamorphic peak and back during exhumation.
Combining microstructural, minero-chemical and thermobarometric
data, we highlight:

e A low-temperature stage (from prehnite-pumpellyite to greenschist-
facies conditions; pre-HP) at <400 °C and < 0.6 GPa, recorded by
mineral inclusions preserved within the core of some pyrite grains
found within the core of garnet porphyroblasts, probably indicative
of a pre-subduction metamorphic stage within the Alpine Tethys
lower oceanic crust.

e An early prograde stage (early pre-Dp) at 450-480 °C, 1.9-2.6 GPa,
recorded by the growth of garnet cores.

e A late prograde stage (late pre-Dp) at 420-510 °C, 2.3-2.9 GPa,

recorded by the growth of garnet mantle and by its mineral inclusion

pattern consisting of lawsonite in the inner mantle and omphacite in
the outer mantle, testifying the transition from blueschist- to
eclogite-facies conditions.

The peak pressure stage (syn-Dp) at 480-580 °C, 2.75-2.9 GPa,

recorded by the growth of garnet rims including coesite and by the

development of glaucophane and omphacite along the main
schistosity.

e An exhumation stage (post-Dp) at 600-630 °C, 1.3-1.5 GPa recorded
by skeletally intergrown secondary garnet and omphacitic clino-
pyroxene developed within atoll garnet porphyroblasts and by
euhedral post-kinematic glaucophane.

Compared with the P-T estimates from the literature for the LPL, our
new data further corroborates the hypothesis that subduction of the
oceanic lithosphere occurred with a relatively coherent evolution in the
whole Western Alps, with a homogenous metamorphic HP-UHP peak at
500-580 °C, 2.5-2.8 GPa (Herviou et al., 2022). Our finding of coesite in
this sector of the Western Alps fills the gap in the UHP metamorphic
record of the LPL.

Moreover, we demonstrate that the characteristic atoll garnet
microstructure records a fluid-mediated garnet fracturing-dissolution-
reprecipitation event that occurred during rock exhumation at
eclogite-facies conditions. Electrolytic fluid modelling allowed us to
gain new insight into atoll garnet formation processes and to propose
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that a dilute aqueous fluid, with Si and Na as major dissolved rock-
forming elements, was involved in the dissolution of old, fractured
garnet cores and their replacement by an intergrowth of secondary
garnet and omphacite.
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