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A B S T R A C T   

Worldwide, Ultrahigh Pressure (UHP) oceanic units are rare and to date only three were recognized: Tianshan 
(China), and Lago di Cignana and Lago Superiore Unit (Western Alps, Italy). The UHP oceanic units represent the 
only geological object directly exhumed from mantle depth and they record fundamental information about 
processes occurring in the deepest portions of the subduction interface. 

In this work, we describe the occurrence of a new UHP oceanic unit within the Western Alps (mid Susa Valley, 
Internal Piedmont Zone). We here report the finding of a UHP index mineral, i.e., coesite and we provide a 
detailed study of garnet inclusions in metapelites and metabasites part of the meta-sedimentary cover of the 
meta-ophiolites cropping out in the mid Susa Valley. The samples were investigated via optical microscope, 
Raman spectroscopy, Elastic Geothermometry and classic thermometry (Zr-in-rutile) in order to constrain the P-T 
evolution of the area. 

The finding of a new UHP unit in the Internal Piedmont Zone, together with the already described Lago di 
Cignana and Lago Superiore units, points towards the possible existence of a UHP oceanic slice that reached a 
similar peak-P (i.e., the return point) along the same subduction gradient. This slice was then removed from the 
slab and dismembered during exhumation, and it is now exposed as coesite-bearing units juxtaposed with lower 
pressure eclogite-facies ophiolites. Moreover, the large occurrence of coesite along the entire Internal Piedmont 
Zone significantly increases the extension of the UHP oceanic units. Hence, the model of a localized non- 
lithostatic pressure is at the state of the art difficult to apply to the oceanic units of the Western Alps.   

1. Introduction 

The occurrence of UHP index minerals (i.e., coesite, microdiamond, 
majorite, moissanite overall, Chopin, 1984; Smith, 1984; Sobolev and 
Shatsky, 1990; Chopin, 2003; von Roermund et al., 2002) in tectono- 
metamorphic belts is of paramount importance to attest the depths 
attained during subduction of the continental and oceanic lithosphere 
(e.g., Kylander-Clark et al., 2012). In the four decades after the first 
findings of coesite in the Alps (Chopin, 1984) and Caledonides (Smith, 

1984), UHP minerals have been increasingly found in orogens of 
different age and location for a total of ~30 (see Gilotti, 2013 and ref
erences therein). Nevertheless, between these UHP units only three are 
made by oceanic lithosphere: (1) Western Tianshan (China; Zhang et al., 
2002), (2) Lago di Cignana Unit (Reinecke, 1991) and (3) Monviso, Lago 
Superiore Unit (Ghignone et al., 2023a); Lago di Cignana Unit and Lago 
Superiore Unit are both in the Internal Piedmont Zone of the Western 
Italian Alps (Fig. 1a; IPZ, Bearth, 1967; Dal Piaz et al., 2003). 

Meta-ophiolitic sutures represent the only direct access to a paleo- 
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subduction slab otherwise inaccessible. The studies of this geological 
object open a window into the deepest processes occurring inside a 
subduction zone. In this context, the Alpine meta-ophiolitic suture 
constitute a perfect case study as it is entirely preserved from Genova to 
Vienna. Coesite-bearing meta-ophiolites (Ghignone et al., 2023a; Rein
ecke, 1991) in the Western Alps yield the extraordinary opportunity to 
study deep processes of a plate interface (Agard, 2021). As stated above, 
UHP oceanic units are extremely rare: their formation and actual posi
tion in the Western Alps was explained by the following models: (i) 
lithostatic re-equilibration under regional-scale at roughly constant 
metamorphic conditions (see e.g., Agard, 2021 and references therein), 
(ii) mixing of different exotic blocks in a subduction channel (sensu 
Cloos and Shreve, 1988) (iii) localized non-lithostatic tectonic pressure 
(i.e., overpressure; Mancktelow, 1993; Tajčmanová et al., 2021). 

Although the interpretation of the Internal Piedmont Zone as a stack 
of coherent oceanic lithosphere slices is generally accepted (e.g., Angi
boust et al., 2009; Ghignone et al., 2021a; Agard, 2021;), the direct 
evidence of a coherent UHP zone is still missing. However, isolated UHP 
units such as the Lago di Cignana Unit, were often interpreted as the 
result of local non-lithostatic pressure variation, i.e., overpressure 
(Tajčmanová et al., 2021) due to their narrow lens-like shape, their 
limited size and the sharp pressure gap with surrounding units (Com
pagnoni and Rolfo, 2003). Nevertheless, the homogeneity of the 
gradient (T/P) among different localities suggests an orogen-scale 
mostly lithostatic pressure and excludes overpressure (Agard, 2021). 

Here we report the occurrence of coesite in the mid Susa Valley, 

Internal Piedmont Zone (Western Alps, Italy). In this area, micrometric 
coesite inclusions in garnet have been detected via μ-Raman spectros
copy; characterization of the coesite inclusions together with a detailed 
garnet inclusions study was performed to connect the stable mineral 
assemblage with each stage of garnet growth. Elastic geo
thermobarometry (quartz in garnet and zircon in garnet) and Zr-in-rutile 
geothermometry helped to constrain the peak-P metamorphic condi
tions and the P-T path recorded by these rocks. The results were 
compared with P-T estimates obtained with thermodynamic modelling 
(Ghignone et al., 2021a) and with the other two UHP oceanic units. Our 
new coesite finding in the Susa Valley points out that the former Alpine 
Tethys oceanic slab reached a similar depth along the same gradient. 
This suggests that a larger volume (respect to what was previously 
thought) of oceanic lithosphere was subducted at >100 km depth. UHP 
metamorphism was not localized to limited rock volumes as the result of 
tectonic overpressures; rather, the fossil Alpine plate interface was likely 
subject to orogeny-scale lithostatic pressure. 

2. Geological framework and Piedmont Zone outlines 

The Western Alps (Fig. 1a) consist of continental- and oceanic- 
derived units subducted to HP-UHP metamorphic conditions during 
the Alpine subduction event (Bousquet et al., 2008; Schmid et al., 2017). 
The most deformed units (oceanic and continental) together with those 
recording the higher peak equilibration pressure occur along the axial 
sector of the Alpine chain (e.g., Beltrando et al., 2010). The oceanic units 

Fig. 1. a) Simplified structural and metamorphic map of the Western Alps. Codes: BR = Briançonnais; DB = Dent Blanche; DM = Dora Maira; GP = Gran Paradiso; 
MM = Monviso Massif; MR = Monte Rosa; SA = Southern Alps; SL = Sesia-Lanzo; ZS = Zermatt-Saas, modified after Ballèvre et al. (2020); Ghignone et al. (2023a); 
De Togni et al. (2023). Interpreted crustal-scale sections in correspondence of the UHP meta-ophiolite units: b) Lago di Cignana Unit, c) Susa Valley, d) Lago 
Superiore Unit, modified after Schmid et al. (2017); Ballèvre et al. (2020). 
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represent subducted portions of the former Tethyan ocean (the so-called 
Piedmont Zone, Bearth, 1967) and crop out along the entire axial sector 
structurally above the eclogite-facies Europe-derived continental units 
(i.e., Dora Maira, Gran Paradiso, Monte Rosa; see e.g., Dal Piaz et al., 
2003). 

The Western Alps contain several UHP units of both continental and 
oceanic affinity. Those deriving from the European continental crust are 
the Brossasco-Isasca (Chopin, 1984; Xiong et al., 2021) and Chasteiran 
Units (Manzotti et al., 2022) of the Dora Maira Massif; the ones of 
oceanic affinity are the Lago di Cignana and the Lago Superiore Units 
(Reinecke, 1991; Ghignone et al., 2023a, respectively). 

The Piedmont Zone is classically divided in two subunits according 
to their different structural position, lithostratigraphy, deformation style 
and peak metamorphic conditions: (1) the blueschist-facies External 
Piedmont Zone (EPZ) above and the (2) eclogite-facies Internal Pied
mont Zone (IPZ) below (Bearth, 1967). The External Piedmont Zone (i. 
e., the Schistes Lustrés) records metamorphic peak in blueschist-facies 
conditions (e.g., Agard et al., 2001) and consists of a thick sequence of 
metasediments with embedded meta-ophiolite bodies. Differently, the 
Internal Piedmont Zone consists of meta-ophiolites (serpentinite, met
agabbro, metabasalt) with a thin metasedimentary cover (mainly 
calcschist and minor marble, micaschist, quartzite; Ghignone et al., 
2020a; De Togni et al., 2021 and references therein), re-equilibrated at 
(U)HP conditions and then overprinted in greenschist facies (see e.g., 
Bucher et al., 2005; Groppo et al., 2009, 2019). 

The peak P-T conditions estimated on the meta-ophiolites in the 
different sectors of the Internal Piedmont Zone yield roughly similar 
results. In the northern meta-ophiolites (i.e., the Zermatt-Saas Unit) 
were estimated P = 2.6–2.8 GPa and T = 540–600 ◦C (Angiboust et al., 
2009; Bucher et al., 2005; Groppo et al., 2009). In the southern meta- 
ophiolites (i.e., the Monviso Massif) were obtained instead P =
2.6–2.9 GPa and T = 530–550 ◦C (Angiboust et al., 2012; Gilio et al., 
2020). 

The Internal Piedmont Zone also hosts the UHP Lago di Cignana 
(Fig. 1b; LCU, P = 3.0–3.2 GPa, T = 590–600 ◦C; Reinecke, 1991; 
Groppo et al., 2009; Frezzotti et al., 2011) and Lago Superiore Units 
(Fig. 1d; LSU, P = 2.8–2.9 GPa, T = 500–520 ◦C; Ghignone et al., 2023a) 
in the south. 

The Susa Valley Unit, studied here, also belongs to the eclogitic In
ternal Piedmont Zone of the Western Alps (Figs. 1c, 2a) and crop out in 
the same structural position as the UHP oceanic units described above 
(Fig. 1a, b, d). It is sandwiched between the blueschist-facies meta- 
ophiolites of the External Piedmont Zone and the Dora-Maira under
neath (Gasco et al., 2011; Ghignone et al., 2020b and references therein) 
and is bounded to the E by a splay of the Insubric lineament (Lis-Trana 
deformation Zone, Balestro et al., 2009) and to the W by the Susa Shear 
Zone (SSZ), a first-order shear zone responsible for the coupling between 
the Internal and the External Piedmont Zones (Ghignone et al., 2020a, 
2020b). 

The Susa Valley is constituted by serpentinites and a few metagabbro 
bodies, overlain by metabasalts and metasedimentary rocks, mainly 
calcschist, garnet-micaschist, quartzite and impure marble (Ghignone 
et al., 2020a, 2020b). Alpine P-T metamorphic conditions of the Internal 
Piedmont Zone in this area were estimated to be P = 2.5–2.9 GPa, T =
460–510 ◦C, consistent with the possible occurrence of coesite 
(Ghignone et al., 2021a). 

3. Materials and methods 

3.1. Mineral analysis 

We used a microprobe JEOL JXA-8200 available at the University of 
Potsdam. The instrument is equipped with five wavelength dispersive 
spectrometers (WDS) to determine garnet major element composition 
and the concentration of Zr in rutile. Garnets were analyzed with an 
acceleration voltage of 15 kV, a current of 15 nA and a beam diameter of 

2 μm whereas garnets maps were performed with the same acceleration 
voltage but higher current (35 nA) and smaller beam diameter (1 μm). 
Due to the small size of the grains the analyses of Zr concentration in 
rutile were possible to perform only for one sample, VS15. The instru
ment was set with an acceleration voltage of 20 kV, a current of 100 nA 
and a beam diameter of 2 μm. The microprobe was calibrated using the 
rutile standard 61,568 from the University of Heidelberg that was also 
measured before and after the set of analyses on the sample. The 
detection limit determined for the analyses is 10 ppm of Zr and all the 
measurement ≤10 ppm were excluded. 

Representative WDS analyses of garnet are reported in Table S1. 

3.2. Raman analysis 

We measured the Raman spectra of coesite, quartz and zircon in
clusions in garnet with a HORIBA instrument, coupled with a Jobin Yvon 
HR800 spectrometer and a CCD detector (holographic gratings of 1800 
grooves/mm) equipped with an Olympus BX41 confocal microscope at 
controlled temperature of 20(±1) ◦C, at the University of Turin, Dept. of 
Earth Sciences. Raman spectra were excited using the 532 nm line of a 
solid state (YAG) laser. The spectrometer was calibrated to the Raman 
peak of silicon at 520.6 cm− 1. We used spectra of free crystals with the 
same composition as the inclusions as further calibration for the entire 
spectral range used in our investigation. The collected spectra were 
baseline-corrected for the continuum luminescence background, when 
necessary, temperature-reduced to account for the Bose-Einstein occu
pation factor and normalized to the acquisition time. Peak positions, full 
widths at half maximum (FWHMs), and integrated intensities were 
determined from fits with pseudo-Voigt functions. To reduce strain 
interference due to inclusion proximity to the sample surface, we pre
pared a section 120 μm-thick, and we only analyzed non-faceted, 
rounded and sub-rounded inclusions, isolated up to three times their 
radius, following the approach developed by Mazzucchelli et al. (2018) 
and Campomenosi et al. (2018). For each of the selected Raman bands 
we determined the shift (Δω) of the Raman band as the difference be
tween the Raman shift of the inclusion (ωi) from that of an unstrained 
reference crystal (ω0). As standards, we used free (unstrained) quartz 
and zircon (Mud Tank Hill, Australia) crystals, measured multiple times 
during each measurement session at ambient pressure and room tem
perature (0.1 MPa and 20 ◦C) to eliminate shifts in peak positions due to 
instrumental drift and/or minor changes in room temperature. The 
ω0 values were averaged and then subtracted from the ωi of the strained 
inclusions analyzed in between two consecutive standard measure
ments. For zircon inclusions, because of the possible misinterpretations 
due to effects of radiation damage we adopted the procedure described 
in Campomenosi et al. (2020). Therefore, we included in the analysis 
only inclusions with full widths at half-maximum (FWHM) for the 1014 
Raman band smaller than ωFWHM

1014 <5.0 cm− 1. The Δω values of each mode 
of zircon and quartz inclusions and unstrained standards are listed in the 
repository database. Finally, sets of Δω for each inclusion (modes ω128, 
ω206, and ω464 for quartz and modes ω342, ω438, ω969, ω1014 for zircon, as 
they are generally unaffected by overlap with modes of the host garnet) 
have been used to determine strain using the software stRAinMAN 
(Angel et al., 2019) by employing the Grüneisen tensors for quartz 
(Murri et al., 2018) and zircon (Stangarone et al., 2019). The entrap
ment isomeke for quartz and zircon were obtained from their inclusion 
pressures with the online app EntraPT (Mazzucchelli et al., 2021), using 
the available equations of state for garnet endmembers (Angel et al., 
2022), quartz (Angel et al., 2017) and zircon (Ehlers et al., 2022). The 
isomeke for pure garnet host endmembers were corrected for the mixed 
garnet composition using the approximation described in Angel et al. 
(2022) which assumes a linear dependency of the entrapment pressures 
of garnet endmembers. 
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Fig. 2. a) Simplified geological map of the study area, modified after Ghignone et al. (2020b), Gasco et al. (2011). Stars indicate the sampling localities. Field 
occurrences of the different Coe-bearing rocks of Susa Valley. VS17 (45◦ 8′43“N; 7◦ 4’50”E) Grt-micaschist: b) outcrop setting, showing folding between Grt- 
micaschist and impure marble (hammer as scale); c) detail of the rock texture, with bigger garnet porphyroblast indicated. VS6 (45◦8′52”N; 7◦5′34″E) Grt- 
metabasite: d) outcrop setting showing a sharp stratigraphic contact (overturned) between Grt-metabasite and calcschist; e) detail of the rock texture, with 
bigger garnet porphyroblast indicated. VS15 (45◦10′28”N; 7◦7′9″E) Grt-Cld mylonitic micaschist: f) outcrop setting, showing a pervasive mylonitic foliation (hammer 
as scale); g) detail of the rock texture (pen as scale), with bigger garnet porphyroblast indicated (mineral abbreviations after Warr, 2021). 
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4. Field occurrence 

The Internal Piedmont Zone in the mid-Susa Valley (locations in 
Fig. 2a) consists of a meta-ophiolitic basement with its metasedimentary 
cover. Here we focus on three specific lithotypes: garnet-micaschist 
(VS17), garnet-metabasite (VS6) and mylonitic garnet-chloritoid 
micaschist (VS15). Samples VS17 and VS6 are part of the thin portion 
of Internal Piedmont Zone pinned between the Dora-Maira at the bottom 
and the Susa-Shear Zone at the top (Fig. 2a). The structural setting of this 
sliver of meta-oceanic units is the result of at least four superposed 
ductile events, two of which (the most transpositive) formed by 

shearing-related isoclinal non-cylindrical folding, developed between 
the last subduction stages -including the one of the metamorphic peak- 
and the early exhumation steps (see details in Ghignone et al., 2020a, 
2021a). 

The Grt-micaschist VS17 outcrops as meter-thick layers of fine- to 
medium-grained (mm to few cm) quarzitic rocks alternating with 
carbonate-rich levels (Fig. 2b, c): it shows a well-developed mm-spaced 
foliation defined by alternating phyllosilicates- and quartz-rich levels. 
The Grt-metabasite VS6 crops out along a reverse fold limb geometri
cally above sample VS17 (Fig. 2a) within a 2–3 m thick sliver in contact 
with finer grained metabasites and calcschist (Fig. 2d). It is a medium- 

Fig. 3. Photomicrographs of the coe-bearing samples (Plane Polarized Light, PPL). VS17, Grt-micaschist: a) porphyroblastic texture of the sample, characterized by 
mm-sized garnet porphyroblast and quartz-mica-rich foliated matrix; b) strongly zoned garnet, whose textural zoning is defined by the large occurrence of inclusions 
in the core and less in the mantle; c) slightly zoned garnet, characterized by a low amount of inclusions. A weak decrease in its red colour from core to rim underline 
the chemical zoning. VS6, Grt-metabasite: d) porphyroblastic texture of the sample, characterized by mm-sized garnet relicts surrounded by a fine-grained matrix; e) 
relict garnet surrounded by chlorite and biotite. VS15, Grt-Cld mylonitic micaschist: f) porphyroblastic texture of the sample, characterized by mm-sized garnet 
porphyroblast and quartz-mica-chloritoid-rich mylonitic matrix; g) well-shaped and fractured garnet. (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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grained metabasic rock (Fig. 2d) with a cm-spaced foliation defined by 
oriented chlorite, green amphiboles and white mica wrapping cm-sized 
pre-kinematic garnet porphyroblasts (Fig. 2e). 

The mylonitic Grt-Cld micaschist VS15 is from the Susa Shear Zone 
(Fig. 2f) and has a pervasive mylonitic foliation that partly transposes 
previous rock textures. Here, the lithotype crops out in lens-shape one 
meter- to few meters-thick bodies embedded within the shear zone 
(Ghignone et al., 2020a, 2020b). The intense shear zone deformation 
strongly overprints the original rock features and the best preserved pre- 
mylonitic relics occur within pre-kinematic garnet porphyroblasts 
(Fig. 2g). 

5. Samples description 

5.1. General petrography 

5.1.1. Garnet-micaschist (VS17) 
Sample VS17 is a garnet micaschist characterized by a pervasive 

foliation defined by mm-spaced alternating quartz- and phyllosilicate- 
rich domains (Fig. 3a). Quartz is dominant in the sample and the HP 
assemblage consist of garnet, phengite, chloritoid, and minor rutile. The 
rock was re-equilibrated in greenschist facies conditions and also con
tains chlorite, albite, muscovite and minor epidote, titanite and biotite 
(see Ghignone et al., 2021a, 2021b for a detailed sample description). 

Garnet is wrapped by the foliation and shows core-to-rim chemical 
zoning. Two distinct garnet types are found based on their zoning pat
terns and on their occurrence in the rock: i) strongly zoned garnets 
exclusively concentrated in the quartz-rich levels (Figs. 3b, 4a), and ii) 
slightly zoned garnets concentrated instead in the mica-rich ones 
(Figs. 3c, 4b). 

Strongly zoned garnets display three growth-shells (core, mantle and 
rim) characterized by a strong core-to-rim chemical variation (Fig. 4e): a 
wide spessartine (Sps)-rich core (almandine (Alm)34–45, Sps48–68, gros
sular (Grs)4–6, pyrope (Prp)2–3), a Alm-richer mantle (Alm44–70, Sps11–48, 
Grs5–8, Prp3–7) and a thin rim characterized by a strong reduction in Sps 
coupled with an increase in Alm and Grs (Alm68–75, Sps3–11, Grs7–18, 
Prp3–7). 

Even the slightly zoned garnets exhibit three growth-shells (core, 
mantle and rim, Fig. 4f): homogeneous Alm-rich core (Alm81–84, Sps4–6, 
Grs3–6, Prp5–6), poorly developed mantle (Alm80–82, Sps3–4, Grs6–10, 
Prp5–6) and a tiny rim characterized by an increase in Grs at the expense 
of Alm content (Alm72–80, Sps4–5, Grs10–20, Prp4–6. 

5.1.2. Garnet-metabasite (VS6) 
The garnet-bearing metabasite VS6 is characterized by a weak foli

ation defined by isooriented phyllosilicates and tabular-shaped min
erals. The rock has a typical greenschist facies assemblage of chlorite, 
epidote, green amphibole, poikiloblastic albite and muscovite (Fig. 3d). 

Fig. 4. Chemical characterization of the garnets: X-Ray maps (Mn and Ca) of selected garnets in a) VS17, Grt7, b) VS17, Grt2, c) VS6, Grt1, d) VS15, Grt8. White lines 
show the orientation of the profile whereas the white scale bar is 200 μm in each picture. White arrows indicate the gulf-shape of the core zoning (VS17-Grt7). Red 
arrows indicate the Ca-rich rims growth around garnet fragments after their cracking (VS17-Grt7 and VS15-Grt8). Compositional profiles of the same selected 
garnets: e) VS17, Grt7, f) VS17, Grt2, g) VS6, Grt1, h) VS15, Grt8. C, M, R are: core, mantle and rim. (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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Rare relicts of a previous higher-pressure metamorphic assemblage 
include partly re-equilibrated garnet porphyroblasts (Fig. 3e), phengite 
and rutile. 

Centimetric garnet porphyroblasts (Figs. 3e, 4c) are enveloped in a 
greenschist facies foliation. They are strongly fractured and re- 
equilibrated in chlorite and biotite. Preserved garnet fragments are 
relatively fresh and with a near constant composition (Alm82–84, Sps2–4, 
Grs5–7, Prp8–10; Fig. 4g). 

5.1.3. Garnet-chloritoid mylonitic micaschist (VS15) 
Sample VS15 is a garnet-chloritoid micaschist characterized by a 

pervasive mylonitic foliation, which wraps mm-sized, fractured garnet 
porphyroblasts (Fig. 3f). The rock displays a well-preserved HP eclogite- 
facies assemblage characterized by garnet, phengite, chloritoid and 
rutile, and a LP greenschist facies assemblage with chlorite and 
muscovite (see Ghignone et al., 2021a, 2021b for a detailed sample 
description). 

Garnet shows a slight core-to-rim compositional zoning (Figs. 3g, 4d) 
consisting of an Alm and Sps-rich core (Alm61–64, Sps27–30, Grs4–6, 
Prp4–5), a mantle slightly poorer in Sps (Alm64–69, Sps18–28, Grs4–7, 
Prp4–5), and a Grs richer thin rim (Alm69–75, Sps14–18, Grs7–10, Prp3–4, 
Fig. 4h). 

5.2. Coesite inclusions in garnet 

Coesite occurs exclusively within garnet core in all samples, either as 
isolated pristine inclusions (Fig. 5a, b, c, d) or within polycrystalline 
quartz aggregates surrounded by radial cracks (Fig. 5e). Pristine coesite 
inclusions (10–40 μm) are completely embedded in garnet, without any 
evidence of re-equilibration, and show sub-rounded (Fig. 5c, d) to 
polyhedral morphology (Fig. 5a, b). The measured Raman spectra 
(Fig. 5f and Tables S2 and S3) show the typical vibrational modes of the 
phase (Boyer et al., 1985), but slightly shifted to the right due to the 
inclusion being pressurized (Fig. 5g). The main Raman band is located at 
523 cm− 1 (instead of 521 cm− 1, Boyer et al., 1985), and the secondary 
ones at 427, 271 and 180 cm− 1. 

Pseudomorphs after coesite consist of quartz with polycrystalline 
texture surrounded by radial cracks in garnet host starting from the 
inclusion corners and edges (Fig. 5e, h, e.g., Chopin, 1984). These cracks 
display the typical shape linked to the sharp volume increase of the 
transformation of coesite into quartz (Bose and Ganguly, 1995). Partly 
re-equilibrated inclusions preserve a core of coesite surrounded by 
polycrystalline quartz (Fig. 5e, h). In general, the inclusions with quartz 
pseudomorphs after coesite appear to be larger than pristine coesite 
inclusions (Fig. 5i, inclusion in Fig. 5h). 

5.3. Inclusions distribution in garnet 

In the previous section we reported the presence of coesite in garnet 
cores. Here we describe the distribution and mineralogy of the various 
other type of inclusions present in the different garnet shells to collect 
fundamental information on the metamorphic conditions of garnet 
growth (Table 1 and Fig. 6). Inclusions were identified via μ-Raman 
spectroscopy and microprobe. Both garnet types from sample VS17 
include SiO2 polymorphs, chloritoid, phengite, amorphous carbon, 
rutile, florencite (i.e., REE-rich Al-phosphate, Ghignone et al., 2023b) 
and zircon (Fig. 6a, b). Only in the core, garnets include coesite, para
gonite+epidote and albite+muscovite+paragonite±biotite aggregates, 
pseudomorphic after former lawsonite and jadeite, respectively (see 
Groppo et al., 2019). 

In sample VS6 garnets include ubiquitously pristine coesite, rutile, 
zircon, apatite, florencite, rare tourmaline, and paragonite+epidote 
pseudomorphs after lawsonite (Fig. 6c). 

In VS15 sample, garnet contains SiO2 polymorphs, chloritoid, 
phengite, amorphous carbon, rutile, zircon, florencite and minor xen
otime. As for VS17, coesite, paragonite+epidote pseudomorphs after 

lawsonite and albite+muscovite+paragonite±biotite pseudomorphs 
after jadeite occur only in garnet cores (Fig. 6d). Garnet mantles and 
rims of all samples are instead dominated by quartz occurring either as 
single crystals or as polycrystalline aggregates (Fig. 6). In VS17 and 
VS15, quartz occurs also in big patches (> 80 μm) and as filling of cracks 
(Fig. 6a, b, d). 

6. PT estimates of garnet growth 

6.1. Elastic geobarometry (EGB) 

The elastic barometry calibrations are based on the principle that the 
inclusion strain can be measured with Raman spectroscopy and then 
converted into inclusion pressure with the available elastic tensors 
(Wang et al., 2015 for quartz, Özkan et al., 1974 for Zircon). Knowledge 
of the inclusion pressure and the thermodynamic properties of host and 
inclusion (i.e., their equation of state, EoS) allows to calculate the iso
meke, a line in P-T space along which the change in volume of the pair 
remain constant (Angel et al., 2014). We applied EGB in the study area 
to test its reliability and compare the results with well-constrained P-T 
estimates obtained with thermodynamic and conventional 
thermobarometry. 

The results of Raman spectroscopy on quartz (sample VS15) and 
zircon (samples VS6, 15, 17) inclusions in garnet are shown in Fig. 7 and 
in the repository datafile (Supplementary Table S2). The inclusion strain 
is given with its 2σ confidence ellipse in Fig. 7. The strain of quartz in
clusions in near-hydrostatic, with very elongated 2σ confidence ellipse 
subparallel to the lines of equal Pinc (in black). The strain of zircon in
clusions ranges from near hydrostatic (sample VS6) to strongly aniso
tropic (samples VS15 and VS17). Nevertheless, all zircon inclusions plot 
along the same line of equal Pinc, within their 2σ uncertainties. 

In sample VS15, the inclusion pressure of quartz in garnet mantles 
and rims appears consistent within uncertainty. This allows to assume 
that all quartz inclusions within each growth zone were entrapped at the 
same P-T conditions (Fig. 7a, c). The inclusion pressures were therefore 
averaged (least-square weighted average) to obtain a representative 
quartz inclusion pressure for each growth zone (thick lines in Fig. 8a). 
The same is true for zircon inclusions, which show similar inclusion 
pressures within the same sample considering their uncertainties 
(Fig. 7b, d). We therefore obtained a representative zircon inclusion 
pressure for each of the three analyzed samples (thick lines in Fig. 8b). 

The average inclusion pressure (Pinc) of quartz inclusions from 
sample VS15 suggests the occurrence of two stages of garnet mantle 
growth: inner mantle (Pinc = 1.04 ± 0.07; 2σ error) and outer mantle 
(Pinc = 0.85 ± 0.05). Garnet inner mantles formed at around 2.3 ± 0.2 
GPa (T = 520 ◦C) and outer mantles formed at 1.9 ± 0.2 GPa (T =
520 ◦C). These estimates are consistent with results from Ghignone et al. 
(2021a). The average inclusion pressures of zircons from sample VS6 
and VS17 give consistent temperature estimates of about 550 ± 25 ◦C at 
1 GPa and 750 ± 25 ◦C at 3 GPa. Zircons from sample VS15 suggest 
slightly higher equilibration temperatures to 600 ± 25 ◦C at 1 GPa and 
800 ± 25 ◦C at 3 GPa. 

6.2. Zr-in-rutile geothermometry 

The Zr content in rutile included in garnet provides valuable infor
mation about the temperatures of entrapment. Rutile inclusions in 
garnet are widespread in all three samples. However, only in sample 
VS15 the inclusions have an area exposed to the sample surface wide 
enough to allow for unmixed analyses. In this sample rutile are included 
in every garnet shell, they are well-preserved and unaffected by the 
typical titanite re-equilibration observed in rutile crystals from the rock 
matrix. Zirconium content was measured with the microprobe and most 
of the crystals analyzed had a similar mean Zr content (~21 ppm). 
Temperatures were estimated using the pressure dependent Zr-in-rutile 
calibration proposed by Kohn (2020). The results are consistent within 
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Fig. 5. Close-up images in PPL of coesite (and other phases) inclusions in garnet from the studied samples. a) and b) pristine coesite inclusions showing polyhedral 
morphology. c) and d) pristine coesite inclusions showing sub-rounded shape. e) Coesite inclusion partly re-equilibrated in quartz along a fracture. f) Raman spectra 
of coesite and garnet from the three analyzed samples. Peaks marked with the value (cm− 1) are assigned to coesite, while peaks marked with asterisk are referred to 
garnet host. Garnet marked peaks values: 168, 216, 315, 328, 348, 371, 477, 500, 555, 630, 861, 914 and 1038 cm− 1. Please note that 326 and 1040 cm− 1 peaks are 
shared between garnet and coesite. g) Detail of the superposed coesite Raman spectra, showing peaks with a significant Raman shift. h) Coesite inclusion partly re- 
equilibrated in quartz. Please note the incipient radial cracks around the inclusion. j) Raman map of the inclusion in i), showing coesite (pale blu) surrounded by a 
thin rim of quartz (yellow). Note the thin radial cracks protruding from the inclusion into the host garnet Garnet (black) and rutile (orange) are also shown. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Mineral assemblage stable with the different garnet shell of each garnet type in the investigated 
samples (VS17, VS6, VS15). 

sample VS6
lithotype Grt-

metabasite
Grt main 
features

Unzoned

core mantle rim core mantle rim core
coesite - - - -
quartz - - - -

chloritoid - - - - - - -
rutile - - - - - - - -

lawsonite - - - -
jadeite - - -

phengite - - - - - - -
am. carbon - - - - - - -

zircon - - - - - - - -
florencite - - - - - - - -

apatite -
tourmaline -

xenotime -

VS17
Grt-micaschist Mylonitic

Strongly zoned Slightly zoned

mantle rim

- -
- -
- -

- -
- -
- -
- -

VS15
c Grt-Cld micaschist

Zoned

Fig. 6. Simplified drawing of garnets based on real zoning defined via X-Ray maps of each sample and their BSE image a), b) VS17 (both garnet compositional 
generations), c) VS6 and d) VS15, showing inclusion distribution within each different compositional shell. Larger inclusions cropping out from the section surface 
are coloured (see legend), while coloured dots represent inclusion detected via μ-Raman below the section surface. Bar scale in each picture is 200 μm. 
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uncertainties, providing an average temperature ranging from 420 ±
10 ◦C at 1.0 GPa - obtained using the equation for the α-quartz field- to 
502 ± 10 ◦C at 2.8 GPa - obtained instead using the equation for the 
coesite field (Fig. 8). Kohn (2020) calibration was chosen because it is 
pressure dependent and based on more solid data (experimental and 
natural samples) with respect to older calibrations. In addition, Kohn 
(2020) presents a wide discussion on the reliability of the different 
calibrations. 

7. Discussion 

7.1. Garnet growth and evolution 

In sample VS17, two garnet types were recognized based on colour, 
grain size and chemical composition (see Figs. 3 and 4). Both types are 
located in the same microstructural positions, i.e., both wrapped by the 
same foliation, and contain the same sets of inclusions distributed in 
same shells with coesite placed in the garnet core. Therefore, they can be 

interpreted as coeval and their chemical differences can be ascribed to 
primary local bulk variations of the protolith (see e.g., Lanari and Engi, 
2017). The compositional homogeneity of slightly zoned garnet may be 
the result of intra-crystalline diffusion which acted during subsequent 
re-equilibration of the rock. However, the low temperatures recorded by 
the rock and the existence of a generation of garnets exhibiting strong 
compositional zoning suggest that intra-crystalline diffusion is negli
gible during the growth and subsequent re-equilibration of the garnet 
(see e.g., Carlson, 2006). 

Both garnet types in VS17 show (i) an episode of resorption/repre
cipitation followed by (ii) an episode of brittle fracturing (white and red 
arrows, respectively, in Fig. 4a). Resorption occurred after the garnet 
core growth, testified by its gulf-shaped and lobed morphologies of the 
chemical zoning (see e.g., Rubatto et al., 2020; Fig. 4a), and sealed by 
the subsequent growth of garnet mantle. The brittle fracturing occurred 
after the garnet mantle growth, as suggested by zoned garnet fragments. 
After the fracturing, garnet rim partly seals the cracks that separate the 
garnet fragments (Fig. 4a). 

Fig. 7. (ε1 + ε2) vs ε3 plots showing residual strain estimated for each sample. Strains and inclusion pressures of quartz (a and c) and zircon (b and d) inclusions in 
garnet from samples VS15, VS6 and VS17. The symbol colour indicates the occurrence of such inclusions within VS15 garnet inner (in red; only quartz) and outer 
mantles (in orange; quartz and zircon), and zircons in garnet from sample VS6 (in grey) and VS17 (in blue). The strain diagrams (a and b) also include the lines of 
equal Pinc, of isotropic strain and of hydrostatic stress (i.e. the Reuss and Voigt boundaries) for quartz (a) and zircon (b). The shaded ellipses in (a) and (b) are 1- 
sigma uncertainties on strain and indicate that the uncertainty on inclusion pressure calculated from the strain is relatively small compared to the strong dependency 
between the two axial strains. The horizontal lines and shaded areas in (c) and (d) are the inverse variance weighted average and uncertainty of the inclusion pressure 
and are representative of the garnet growth zones. (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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The absence of a significant chemical zoning in garnets of the sample 
VS6 might be the result of the substitution of the original zoned garnet 
rim by chlorite and biotite (Fig. 3e). 

In analogy with garnets of VS17 sample, the slight garnet zoning 
observed in sample VS15 may be mainly due to a continuous growth 
process with just a negligible contribution of intra-crystalline diffusion. 
In addition, brittle fracturing after the growth of garnet mantle occurred 
also in garnets of VS15 and the different garnet fragments are sealed by 
garnet rim growth (white arrows in Fig. 4d). According to EGB results 
for quartz in garnet the brittle event took place at P < 1.8 GPa, during 
exhumation. 

7.2. Metamorphic evolution of coe-bearing Internal Piedmont Zone in the 
Susa Valley 

Results obtained combining detailed inclusions analyses in zoned 
garnets with the EGB and Zr-in-rutile geothermometry provide new 
constraints for a better determination of the P-T evolution of the coesite- 
bearing meta-ophiolites in the Susa Valley. Each metamorphic stage was 
compared with the existing thermodynamic results proposed by 
Ghignone et al. (2021a). 

The preservation of coesite in garnet-cores of samples VS17 and 
VS15 confirms the peak-P for the Internal Piedmont Zone in the Susa 
Valley above the Coe-Qz transition (Fig. 9). In VS6 garnets are homo
geneous in composition and coesite is widespread; therefore, the whole 
garnet can be ascribed to a unique metamorphic event, i.e., peak-P in 
UHP conditions. The presence of coesite suggests that the peak-P for the 
whole set of samples is P > 2.8 GPa. At this pressure the Zr-in-rutile 
geothermometer in garnet cores yield a T ~ 500 ◦C (Point 1 in Fig. 9), 
consistent with the results obtained with thermodynamic modelling by 
Ghignone et al. (2021a, M1a stage). The Zr-content in rutile crystals is 
constant within uncertainty (21 ± ppm). This suggests that rutile grew 
in a single metamorphic stage, before or during garnet growth. 

Therefore, it likely provides an indication of the minimum temperature 
for garnet core growth rather than the true peak temperature. 

After the peak-P, the Internal Piedmont Zone followed a slightly 
prograde to nearly isothermal decompression event, still at HP condi
tions (M1b of Ghignone et al., 2021a), whose pressure was constrained 
using Qz in garnet isomeke from sample VS15 (Fig. 9). We identified two 
points (P = 2.25–2.3 GPa and 1.85–1.9 GPa) in which the calculated 
isomeke intersect the thermodynamically calculated P-T path (Point 2a 
and 2b in Fig. 9). These two points mark two stages of garnet mantles 
growth (sample VS15) recorded by Qz inclusions entrapment at different 
P during the exhumation path. 

The post eclogite facies re-equilibration was observed in all samples 
and corresponds to the formation of the greenschist facies mineral 
assemblage (LP-LT) as proposed by Ghignone et al. (2021a) (point 3? in 
Fig. 9). However, no precise quantitative P-T conditions for this stage are 
available. 

An additional stage was recognized using zircon in garnet EGB. 
Zircon inclusions generally reset during the retrograde path because of 
tensile stresses developing in the host garnet around the inclusion at 
high temperatures, and record the maximum temperature reached by 
the system at the lowest pressure, i.e., the point in P-T space where the 
system switches from decompression to cooling (Campomenosi et al., 
2021, 2023; Mingardi et al., 2023). The resulting isomeke crosses the P- 
T path at low pressure (~ 0.4–0.5 GPa) and relatively higher tempera
ture (530–540 ◦C; point 4 Fig. 9). In particular, the average inclusion 
pressures of zircons from sample VS6 and VS17 give consistent tem
perature estimates around 520–530 ◦C (~ 0.4–0.5 GPa). Zircons from 
sample VS15 suggest slightly higher equilibration temperatures to 
530–550 ◦C (~ 0.4–0.5 GPa). This variation in T may be due to the 
slightly different position of the samples (Fig. 2a). In fact, VS6 and VS17 
occur adjacent to each other, whereas VS15 occurs ~10 km apart and 
was teared from its original position by the Susa Shear Zone, which 
might have played a role in the late heating. 

Fig. 8. Calculated isomeke for a) Qz inclusions in sample VS15, b) Zr inclusions in each sample (VS17, VS6, and VS15). Isomeke of (a) quartz in garnet from sample 
VS15 (inner mantle in red and outer mantle in orange) and (b) zircon in garnet from sample VS15 (outer mantle in orange), VS6 (in black), and VS17 (in blue). The 
thicker lines and their shaded areas are the isomeke calculated using the average inclusion pressure for the garnet zones with their 2-sigma uncertainties. The thinner 
lines are the isomeke calculated for each single inclusion. In (a) quartz-in-garnet isomeke are crossed with the temperature estimates from Zr-in-rutile thermometry 
(blue shaded area). The quartz-coesite transition line (coe = qz, in black) is from (Bose and Ganguly, 1995). (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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In summary, the P-T path (Fig. 9) can be described as follow. The 
samples after a peak at UHP conditions (point 1 Fig. 9) was slightly 
heated during decompression while still at eclogite facies conditions 
(point 2 Fig. 9). Subsequently, the rock follows a near-isothermal 
decompression towards lower pressure conditions at the boundary be
tween greenschist and amphibolite-facies (point 4 Fig. 9). Precise P and 
T conditions of the greenschist facies assemblage are difficult to quan
titatively estimate. However, the formation of this assemblage takes 
place prior to stage 4 reported in Fig. 9. The discovery of coesite and the 
application of EGB and conventional thermometry support and pinpoint 
the different stages of the samples evolution already modelled by 
Ghignone et al. (2021a). 

7.3. Coesite occurrence in the Western Alps 

Coesite findings are rare because often the samples are re- 
equilibrated and prediction of its presence are only based on thermo
dynamic modelling (e.g., Angiboust et al., 2012; Ghignone et al., 
2021a). Coesite forms via a metamorphic reaction that mobilize SiO2 at 
UHP conditions and can be trapped and preserved when garnet is 
growing simultaneously. Once trapped the preservation of coesite 
totally depends on how well the system remains closed. If coesite is 
entirely surrounded by garnet, its back-transformation to quartz is 
inhibited by garnet, that behaves as P-shield. The pressure that a coesite 
inclusion, totally sealed in garnet, experiences is lower than the external 
one, so the re-equilibration may not take place (Gilio et al., 2022). In 
addition, to preserve coesite the garnet should not endure re- 
equilibration or intense fracturing. Another key point is the grain size 
of the coesite inclusions. Several authors (e.g., Chopin, 1984; Liou et al., 

2012; Reinecke, 1991; Zhang et al., 2002) described worldwide coesite 
crystals as >50–60 μm, always partly re-equilibrated. Recently, also 
small (< 50 μm) and rather fresh inclusions of coesite without any ev
idence of re-equilibration were described (Ghignone et al., 2023a; 
Manzotti et al., 2022; Schönig et al., 2022; Taguchi et al., 2021; Xiong 
et al., 2021) suggesting that the crystal size might play a role. In fact, it is 
known that the rheological behaviour of the garnet is influenced by the 
inclusions size (e.g., Mazzucchelli et al., 2018 and references therein). 

The coesite inclusions in the Internal Piedmont Zone have similar 
features and were found as both small and pristine crystals, as well as 
large and partially re-equilibrated grains. However, the host rock differs: 
in the Susa Valley coesite occurs in micaschists and metabasites (this 
work), at Lago di Cignana in Mn-bearing quarzites and metabasites 
(Reinecke, 1991; Taguchi et al., 2021)and in Lago Superiore in the Grt- 
micaschists (Ghignone et al., 2023a). 

All the different coesite discoveries (the one of this manuscript 
included) in the Western Alps makes the locality at UHP conditions more 
widespread than previously thought. The presence of coesite also in Susa 
Valley makes this statement particularly true for the garnet-bearing 
metasediments of the Internal Piedmont Zone. 

7.4. Tectonic implications 

The UHP Susa Valley unit crops out in the same structural position of 
the Lago di Cignana and Lago Superiore UHP units (Ghignone et al., 
2023a; Reinecke, 1991). They all show similarities - within uncertainties 
- in peak-P conditions, laying on the same metamorphic gradient 
(5–6 ◦C/km, Fig. 10a) and depth range. The resulting gradient, on which 
the three UHP meta-ophioites units of the Western Alps lay, is colder 
with respect to that recorded for other meta-ophiolites units (e.g., 
Zermatt-Saas Unit, Fig. 10a) whose peak-PT conditions are not in the 
UHP field (Brown, 2023). Although the peak-P conditions calculated for 
Lago di Cignana Unit (Groppo et al., 2009) are slightly higher with 
respect to the one of the other two units, this discrepancy can be 
explained by geometrical variation and/or orientation of the alpine 
Tethyan slab (Fig. 10b; Agard and Handy, 2021). Moreover, the portion 
of the Internal Piedmont Zone in the Susa Valley represents the northern 
prosecution of the southern UHP Lago Superiore Unit. The Lago di 
Cignana Unit might be the continuation of the same tectonic unit to the 
north. 

With this new discovery and considering the similarities of the three 
units we infer that they likely represent slices of a former UHP level 
within the Internal Piedmont Zone (Fig. 10b). This assumption is sup
ported by the geochronological data, in fact the peak UHP meta
morphism was dated to ~50–45 Ma in all three units (Lago di Cignana: 
Gouzu et al., 2016; and Rubatto et al., 1998; Lago Superiore: Angiboust 
and Glodny, 2020; and Rubatto and Hermann, 2003; Susa Valley: 
Ghignone et al., 2021b). The dismembering of this UHP level may have 
occurred during exhumation, most likely at blueschist-greenschist facies 
conditions. This hypothesis is based on the field relationships between 
the different tectonic slices of the Internal Piedmont Zone (see e.g., 
Angiboust and Glodny, 2020) and on the fact that this Zone is partially 
discontinuous at the orogen scale (see Fig. 1). Furthermore, the 
remarkable similarities in the T/P gradient of these units (Fig. 10a) 
along 150 km length slab interface tends to exclude the localized non- 
lithostatic pressure conditions (e.g., overpressure; see e.g., Man
cktelow, 1993; Tajčmanová et al., 2021) as an efficient process to 
explain this peak P-T values. 

The broad occurrence of coesite within the Internal Piedmont Zone 
increases the extension of the UHP units (Figs. 1, 10b), making the 
model of a localized non-lithostatic pressure difficult to apply to the 
oceanic units of the Western Alps. 

In addition, conventional buoyancy driven exhumation models (i.e., 
thermodynamic studies) in cold subduction zones have indicated a 
threshold of ~80 km as the maximum depth of recovery for the exhu
mation of the oceanic crust (see e.g., Chapman et al., 2019). The 

Fig. 9. P-T path obtained for the Internal Piedmont Zone in the Susa Valley 
(dashed green path) compared with the P-T path (tiny grey path) calculated by 
Ghignone et al. (2021a). See text for details. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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proposed model of exhumation, involving the off-scraping of coherent 
and continuous oceanic crust along a subduction interface from depths 
of ~100 km to the surface, challenges the conventional buoyancy-driven 
exhumation models. Accordingly, buoyancy-driven forces might not 
represent the main mechanism for the exhumation of the Internal 
Piedmont Zone. 

8. Conclusions 

Combining different techniques (Elastic Geothermobarometry, 

inclusions in garnet distribution, zircon in rutile geothermometry) and 
comparing the results with thermodynamic modelling available for the 
area (Ghignone et al., 2021a), we provide a better constrain of the 
metamorphic evolution of the coesite-bearing rocks of the Susa Valley 
unit. 

Our new coesite finding in Susa Valley represent an additional 
missing piece of solid evidence that -together with the recent finding in 
Lago Superiore (Ghignone et al., 2023a) and the one in the 90s in Lago di 
Cignana- supports the interpretation that the subduction of the oceanic 
crust reached UHP conditions along the same gradient, roughly syn
chronously. We argue that the Internal Piedmont Zone was subducted at 
a depth of almost 100 km and experienced a roughly uniform meta
morphic evolution along the entire Western Alps. 

Further structural mapping of the meta-ophiolites of the Internal 
Piedmont Zone will fill the gap of an accurate and detailed distribution 
of the UHP unit. 

The broad occurrence of coesite within the Internal Piedmont Zone 
challenges conventional buoyancy-driven exhumation models. 

The UHP oceanic units worldwide are definitely two to date, the 
Western Tianshan and the UHP-Internal Piedmont Zone, that is repre
sented by slices of a former unique UHP slice, now dismembered. 

Coesite in the Western Alps is more widespread than previously 
thought. We believe that several other coesite-bearing UHP localities 
will be discovered in the years to come. 
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Fig. 10. a) Peak-PT of the three UHP meta-ophiolites of the Western Alps 
compared with the Qz-eclogite facies meta-ophiolites of the Zermatt-Saas Unit. 
Numbers refer to the following works: 1 Ghignone et al. (2021a); 2 Angiboust 
et al. (2012); 3 Locatelli et al. (2018); 4 Gilio et al. (2020); 5 Ghignone et al. 
(2023a); 6 Groppo et al. (2009); 7 Frezzotti et al. (2014); 8 Weber and Bucher 
(2015); 9 Angiboust et al. (2009); 10 Zanoni et al. (2016); 11 Bucher et al. 
(2005); 12 Groppo et al. (2009); 13 Bucher and Grapes (2009); 14 Skora et al. 
(2015). Colours referred to each locality: green for Lago Superiore Unit; red for 
Susa Valley; blue for Lago di Cignana Unit; orange for Zermatt-Saas Unit). b) 
Schematic sketch (not to scale) of the Alpine subduction zone, showing the 
relative position of the different UHP localities within the oceanic slab. LSU =
Lago Superiore Unit; VDS = Susa Valley Unit; LCU = Lago di Cignana Unit. (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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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.lithos.2024.107575. 
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