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Abstract

The present study focuses on the petrographic and petrological characteristics of mantle bodies
included in Upper Cretaceous sedimentary mélanges of the External Ligurian units (Northern
Appennine), within the Monte Gavi and Monte Sant’Agostino areas. Two distinct pyroxenite-bearing
mantle sections were recognized, mostly based on their plagioclase-facies evolution. The Monte Gavi
mantle section is nearly undeformed and records a process of melt infiltration and reaction under
plagioclase-facies conditions. The melt-rock interaction event involved both peridotites (mostly
harzburgites) and enclosed spinel pyroxenite layers, and is estimated to have occurred at 0.7-0.8 GPa.
In the Monte Gavi peridotites and pyroxenites, the spinel-facies clinopyroxene was partially replaced
by plagioclase and new orthopyroxene (£ secondary clinopyroxene). The reactive melt migration led
to relatively high TiO2 contents in relict clinopyroxene and spinel (up to 2.3 wt% and 1.0 wt%,
respectively, in the pyroxenites), with the latter also having high Cr# (up to 35 in the peridotites). The
Monte Sant’ Agostino mantle section displays a widespread ductile shearing and no evidence for melt-
rock interaction under plagioclase-facies conditions. The main deformation phase recorded by the
Monte Sant’ Agostino peridotites (mostly lherzolites) is estimated to have occurred at 750-780 °C and
0.3-0.6 GPa, and gave rise to protomylonitic to ultramylonitic textures characterized by 10-50 um
neoblasts. The enclosed pyroxenite layers yielded relatively high temperature and pressure estimates
(870-930 °C and 0.8-0.9 GPa). Presumably, in the Monte Sant’ Agostino mantle section, plagioclase
crystallization occurred earlier in the pyroxenites than in enclosing Iherzolites, thereby enhancing
strain localization and formation of mylonite shear zones in the entire mantle section. We propose
that subcontinental mantle section from the External Ligurian units consists of three distinct mantle
domains, developed in response to the rifting evolution that ultimately formed a Middle Jurassic
ocean-continent transition: (1) a spinel tectonite domain that underwent no significant deformation
and melt-rock reaction under plagioclase-facies conditions, characterized by static plagioclase
development, (2) a plagioclase mylonite domain experiencing melt-absent deformation, and (3) a
nearly undeformed domain that underwent melt infiltration and reaction under plagioclase-facies
conditions. We relate mantle domains (1) and (2) to a rifting-driven uplift in the late Triassic

accommodated by large-scale shear zones consisting of plagioclase mylonites.
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e Rifting evolution of two distinct peridotite-pyroxenite mantle sequences
e Thermobarometry of plagioclase-facies mantle rocks

e Reactive melt migration under plagioclase-facies conditions

e Melt-absent ductile shearing and mylonite-ultramylonite formation

¢ New constraints on the mantle evolution in the Western Tethys OCT
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Abstract

The present study focuses on the petrographic and petrological characteristics of mantle bodies
included in Upper Cretaceous sedimentary mélanges of the External Ligurian units (Northern
Appennine), within the Monte Gavi and Monte Sant’ Agostino areas. Two distinct pyroxenite-bearing
mantle sections were recognized, mostly based on their plagioclase-facies evolution. The Monte Gavi
mantle section is nearly undeformed and records a process of melt infiltration and reaction under
plagioclase-facies conditions. The melt-rock interaction event involved both peridotites (mostly
harzburgites) and enclosed spinel pyroxenite layers, and is estimated to have occurred at 0.7-0.8 GPa.
In the Monte Gavi peridotites and pyroxenites, the spinel-facies clinopyroxene was partially replaced
by plagioclase and new orthopyroxene (+ secondary clinopyroxene). The reactive melt migration led
to relatively high TiO2 contents in relict clinopyroxene and spinel (up to 2.3 wt% and 1.0 wt%,
respectively, in the pyroxenites), with the latter also having high Cr# (up to 35 in the peridotites). The
Monte Sant’ Agostino mantle section displays a widespread ductile shearing and no evidence for melt-
rock interaction under plagioclase-facies conditions. The main deformation phase recorded by the
Monte Sant’ Agostino peridotites (mostly Iherzolites) is estimated to have occurred at 750-780 °C and
0.3-0.6 GPa, and gave rise to protomylonitic to ultramylonitic textures characterized by 10-50 um
neoblasts. The enclosed pyroxenite layers yielded relatively high temperature and pressure estimates
(870-930 °C and 0.8-0.9 GPa). Presumably, in the Monte Sant’ Agostino mantle section, plagioclase
crystallization occurred earlier in the pyroxenites than in enclosing lherzolites, thereby enhancing
strain localization and formation of mylonite shear zones in the entire mantle section. We propose
that subcontinental mantle section from the External Ligurian units consists of three distinct mantle
domains, developed in response to the rifting evolution that ultimately formed a Middle Jurassic
ocean-continent transition: (1) a spinel tectonite domain that underwent no significant deformation
and melt-rock reaction under plagioclase-facies conditions, characterized by static plagioclase
development, (2) a plagioclase mylonite domain experiencing melt-absent deformation, and (3) a
nearly undeformed domain that underwent melt infiltration and reaction under plagioclase-facies
conditions. We relate mantle domains (1) and (2) to a rifting-driven uplift in the late Triassic

accommodated by large-scale shear zones consisting of plagioclase mylonites.

1. Introduction

Magma-poor ocean-continent transitions (OCT), such as those exposed along the Iberia-
Newfoundland (e.g., Whitmarsh et al., 2001) and the Australian-Antarctic systems (e.g., McCarthy
et al., 2020), are characterized by wide areas of subcontinental mantle uplifted and denuded in

conjunction with the late-stage rifting evolution. A key point to elucidate the rifting process leading
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to basin opening is therefore the tectonic, magmatic and metamorphic evolution of the subcontinental
lithospheric mantle. In particular, limited direct information are available on the high temperature
shearing and mode of mantle exhumation before the late coupling stage, where brittle faults cut
through the extremely thinned continental crust and penetrate into the underlying mantle (Sutra and
Manatschal, 2012). Samples drilled or dredged along modern OCTs testify the occurrence of
heterogeneous subcontinental lithospheric mantle, which preserves geochemical signatures acquired
before onset of rifting, as well as evidence for syn-rift melt-rock interaction and deformation (e.g.,
Chazot et al., 2005; Muntener and Manatschal, 2006). However, the relatively limited sampling
compared with the regional extent of the involved areas, and the diffuse alteration of the recovered
samples hampered to envisage a conceptual model for the mantle behaviour from the beginning of
lithospheric thinning to crustal breakup.

Fragments of magma-poor ocean-continent transitions of Jurassic age are exposed along the Alpine-
Apennine belt (e.g., Manatschal and Mintener, 2009). These fossil records provided relevant
information about the rifting-related history undergone by the subcontinental mantle during
lithosphere thinning and exhumation (e.g., Picazo et al., 2016). For instance, the investigation of the
Platta ophiolites from Central Alps documented that the subcontinental mantle was percolated and
refertilized by MORB-type melts during rifting (e.g., Muntener et al., 2010). In addition, the central
body of the Lanzo mantle massif from Western Alps provides evidence for melt focusing within
rifting-related plagioclase-facies shear zones (Kaczmarek and Mdntener, 2010; Kaczmarek and
Tommasi, 2011). The subcontinental mantle bodies from the External Ligurian units (Northern
Apennines, Fig. 1) are also part of a Jurassic magma-poor ocean-continent transition (Marroni et al.,
1998). Despite some of these mantle bodies were thoroughly investigated from petrological,
geochemical and microstructural viewpoints (e.g., Rampone et al., 1995; Montanini et al., 2006;
Borghini et al., 2016; Hidas et al., 2020), a comprehensive rifting-related geological scenario is
lacking for the External Ligurian mantle section.

The primary aim of this contribution is to provide new constraints on the evolution of the
subcontinental mantle involved in a rifting process. We thus present new field, microstructural,
mineral chemistry and geothermobarometric data obtained for peridotites and enclosed pyroxenites
from kilometre-sized subcontinental mantle bodies from the External Ligurian units, locally
recognized as Monte Gavi and Monte Sant’ Agostino (Fig. 2). To our knowledge, no petrographic and
petrological data are available in the literature for these mantle sections. We document that the
different mantle bodies from the External Ligurian units display distinct tectonic and thermal
evolutions in the plagioclase stability field. Hence, we relate the heterogeneous behaviour of the

subcontinental mantle under relatively low pressure conditions to the rifting process that ultimately
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developed a magma-poor Jurassic OCT. A comparison with ophiolitic mantle sections from the
Alpine belt finally allowed us to shed light on the rifting-related evolution of the subcontinental
lithospheric mantle at a regional scale.

2. Geological setting

The ophiolitic bodies exposed along the Alpine-Apennine belt are lithospheric remnants of the
Western Tethys (or Ligurian-Piedmontese basin). This basin formed in the Middle to Upper Jurassic
in conjunction with the opening of the Central Atlantic Ocean and separated the Europe-Iberia from
the Africa-Adria plate (e.g. Schettino and Turco, 2011). The opening of Western Tethys basin was
associated with uplift and denudation of subcontinental lithospheric mantle, which is presently
exposed along the Alpine-Apennine belt. During rifting and oceanization, the subcontinental
lithospheric mantle most likely underwent thermochemical erosion driven by reaction with ascending
melts of asthenospheric origin (e.g., Piccardo et al., 2004, 2007; Muntener et al., 2010; Rampone et
al., 2020).

The Alpine-Apennine ophiolites are locally associated with continental crust material and frequently
include mantle sections retaining a subcontinental origin (e.g., Marroni et al., 1998; Manatschal and
Mintener, 2009). The best examples of preserved subcontinental mantle were reported for the
Malenco-Totalp bodies from Central Alps (Mintener et al., 2004; 2010) and for the External Ligurian
units from the Northern Apennine (e.g., Rampone et al., 1995; Montanini et al., 2006, 2012). The
ophiolites comprising subcontinental mantle sections were interpreted as remnants of embryonic
oceanic lithosphere formed at magma-poor ocean-continent transitions, similar to those occurring
along the Iberia-Newfoundlands margins (e.g., Manatschal and Miintener, 2009). Conversely, some
of the ophiolites from the Alpine-Apennine belt display structural and compositional similarities to
oceanic lithosphere from slow and ultra-slow spreading ridges (Sanfilippo and Tribuzio, 2011;
Tribuzio et al., 2014).

The External Ligurian ophiolites occur as large slide-blocks within sedimentary melanges related to
inception of convergence-related sedimentation in Upper Cretaceous times (Marroni et al., 1998,
2017). In these ophiolites, exhumed subcontinental mantle (Rampone et al., 1995; Montanini et al.,
2006) is in places associated with MOR-type gabbroic and basaltic rocks (Tribuzio et al., 2004, 2016;
Montanini et al., 2008). In particular, the basalts and associated Middle to Upper Jurassic pelagic
sediments are locally in primary contact relationships with granitoids of late Carboniferous-early
Permian age. The mantle bodies and the continental crust rocks record retrograde tectono-
metamorphic evolutions related to the rifting process that led to their exposure at the seafloor in the

Middle Jurassic (see also Renna and Tribuzio, 2009).
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The External Ligurian mantle bodies are up to few km in size (Fig. 1). Petrological and geochemical
studies were carried out on few slide-blocks located in the western (Suvero, Monte Nero, Monte
Ragola) and in the eastern sectors (Rio Strega-Monte Prinzera) of the External Ligurian units. The
mantle bodies typically consist of chemically fertile spinel-plagioclase Iherzolites with disseminated
Ti-rich amphibole, and widespread pyroxenite layers (e.g., Rampone et al., 1995; Montanini et al.,
2006). The Iherzolites mainly display a MORB-type Nd-Hf isotope signature. However, highly
radiogenic Nd and Hf values at the time of oceanization (endceoma) = 17, e, (160ma) = 25), coupled with
unradiogenic Sr (8"Sr/Sr = 0.7018) and ancient Os model ages (1.6-2.1 Ga) were locally found (see
Snow et al., 2000; Montanini et al., 2012; Borghini et al., 2013, 2016, 2021). The literature radiogenic
isotope data collectively argue for a long residence time in the subcontinental mantle. The Suvero
mantle body provides evidence for having undergone: (i) pyroxenite veining in the early Paleozoic,
and (ii) rifting-related spinel- to plagioclase-facies decompression under subsolidus static conditions
in the Mesozoic (see also Hidas et al., 2020). The Rio Strega-Monte Prinzera mantle bodies in places
include garnet pyroxenite layers documenting a stage of deep-seated lithospheric equilibration at ~2.8
GPa and ~1100 °C, and are characterized by widespread plagioclase-facies mylonitic shear zones,
which occurred under subsolidus conditions in response to the Mesozoic lithosphere extension (see
also Montanini et al., 2006).

3. Field relationships

The present study focuses on the External Ligurian mantle bodies exposed between Trebbia and
Perino valleys, east of Bobbio (Fig. 2). Here, hectometre-to kilometre-sized mantle blocks are
included into a sedimentary melange, named Monte Ragola-Monte delle Tane Complex, which was
formed during the inception of an intra-oceanic subduction event in the Upper Cretaceous (Marroni
et al., 2017). This complex mainly consists of flyschoid sedimentary deposits composed of fine-
grained clastic sequences and polymict breccias derived from gravity flows. The breccias include up
to m-sized clasts of: (i) mantle-derived serpentinites, (ii) late Carboniferous-early Permian intrusive
rocks, namely lower crustal gabbro-derived granulites and pyroxenites, and upper crustal granitoids,
and (iii) Upper Cretaceous micritic limestones (see also Montanini and Tribuzio, 2001; Renna and
Tribuzio, 2009). At the contact with the mantle body, the breccias are typically monogenic, being
composed of serpentinized peridotite clasts set in a serpentine-rich clayish matrix. New field
observations allowed us to distinguish two different types of mantle bodies, forming two distinct NE-
SW alignments (Fig. 2). The first type is represented at Camminata Boselli, Monte Gavi and Monte
Castello localities, which are hereafter collectively referred to as Monte Gavi mantle section. The
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second type is represented by the exposures of Monte Armelio, Monte Gonio, Monte Mangiapane

and Monte Sant’ Agostino, and are hereafter referred to as Monte Sant’ Agostino mantle section.

3.1. Monte Gavi mantle section

These mantle bodies (Fig. 2) mainly consist of nearly undeformed serpentinized spinel-plagioclase
peridotites including widespread spinel-plagioclase pyroxenite layers (Fig. 3a). The peridotites
locally display a weak foliation defined by alignment of orthopyroxenes. The pyroxenite layers are
typically <0.1 m thick. Near the northwestern contact of the Monte Gavi body with the enclosing
sediments, there are several pyroxenite layers, which are up to 0.8 m thick and up to 20 m long. These
layers, hereafter referred to as Type-l pyroxenites, have nearly concordant orientations and are
characterized by alignment of 1-2 cm long pyroxene and spinel grains. Type-I pyroxenites include a
high amount of spinel (up to ~15 vol%), which is rimmed by mm-scale plagioclase coronas (Fig. 3b-
c) or appears to be almost completely replaced by plagioclase (Fig. 3d). Plagioclase also frequently
occurs along the cleavages of the large pyroxenes (Fig. 3b) and locally develops anastomosing,
subparallel veinlets that are up to 2 mm thick. The thin pyroxenite layers, hereafter referred to as
Type-Il pyroxenites, exhibit pyroxene and spinel alignment subparallel to the pyroxenite-peridotite

contacts. Spinel is typically absent in the outermost portions of the Type-Il pyroxenite layers.

3.2. Monte Sant’Agostino mantle section

Monte Sant’ Agostino and the neighbouring mantle bodies (Fig. 2) are mostly composed of variably
serpentinized, spinel-plagioclase foliated peridotites. They include porphyroclasts of dark green
pyroxene (up to 1 cm across) and 1-2 mme-sized black spinel, which are set in a fine-grained olivine-
rich matrix. According to Passchier and Trouw (2005), their textures vary from protomylonitic
(porphyroclasts >50 vol%, Fig. 3e, 4b) to mylonitic (porphyroclasts 10-50 vol%, Fig. 4c) and
ultramylonitic (porphyroclasts <10 vol%, Fig. 3f). The size of the porphyroclasts decreases from
protomylonitic (~5-10 mm) to ultramylonitic peridotites (~0.25-1.5 mm). At Monte Sant’Agostino,
the thickness of the ultramylonitic shear zone is estimated to be at least ~150 m. Up to 1 cm thick,
stretched pyroxene-rich bands are locally present in the ultramylonites, whereas up to 8-10 cm thick,

typically boudinaged, pyroxenite layers are frequent in the protomylonitic domains (Fig. 3e).

4. Petrographic characteristics and major element mineral chemistry
Microstructural observations were carried out on thirty-five rock samples. A summary of
microstructural and mineralogical characteristics of the investigated rocks is reported in Table 1.

Fourteen samples, whose location is shown in Fig. 2, were selected for major element mineral
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analyses (Supplementary Tables 1-2-3). The Monte Gavi samples include one partially serpentinized
peridotite (MGAY7), three Type-I pyroxenites (GAV2, GAl and MG6) and three Type-Il pyroxenites
(MG5, MG9, IC2/3). Samples selected for the Monte Sant’Agostino mantle section comprise four
mylonitic lherzolites (MGO1, IC8-1, IC8-3, IC11) and three pyroxenites (MP7, AM489, IC10-11).

The modal abundances reported in the following petrographic descriptions were visually estimated.

4.1.Monte Gavi peridotites

The Monte Gavi peridotites are spinel-plagioclase harzburgites, tipically widely serpentinized. The
least serpentinized samples are nearly isotropic and characterized by 1-2 cm long exsolved
orthopyroxenes and minor amounts of clinopyroxene (5-10 vol%) and plagioclase (~5 vol%).
Plagioclase occurs in two microstructural sites: (1) coronas mantling dark brown Cr-rich spinel, and
(2) patches or lamellae, associated with orthopyroxene, partially replacing clinopyroxene (Fig. 5a).
Plagioclase is altered into fine-grained aggregates of epidote + chlorite + hydrogrossular. Olivine has
90 mol% forsterite and 0.4-0.5 wt% NiO. Orthopyroxene has 89 Mg# [100 x Mg/(Mg+Fett)] and
displays a core to rim decrease of Al0O3 and CaO, from ~6.0 wt% to ~3.1 wt% and from 1.2 to 0.8
wit%, respectively. Clinopyroxene exhibits a core to rim Mg# increase (88-89 to 90-91) and Al.O3
decrease (5.9-7.4 wt% to 3.5-5.1 wt%), and nearly homogeneous Na;O contents (0.7-1.0 wt%, Fig.
6). Spinel has relatively high Cr# [100 x Cr/(Cr+Al)] of 33-35, and 0.3-0.5 wt% TiO> (Fig. 7).

4.2. Monte Gavi Type-1 pyroxenites

We subdivide the Type-I pyroxenites into two sub-types, based on different extents of replacement
of coarse clinopyroxene and spinel grains. Type-la pyroxenites, exemplified by sample GAV2, have
~1.5 cm long crystals of clinopyroxene and green spinel (Fig. 3b). The coarse clinopyroxene includes
plagioclase and orthopyroxene along the original cleavages, with the physically associated
clinopyroxene displaying embayed boundaries (Fig. 5b). The coarse clinopyroxene has 84-87 Mg#
and exhibits a substantial outward Al>O3 decrease (~8.7 to ~4.6 wt%). The core locally has relatively
low TiO contents (0.4-0.5 wt%), which typically increase towards the rims (up to ~0.9 wt%, Fig. 8).
The coarse clinopyroxene is mantled by aggregates made up of secondary clinopyroxene, altered
orthopyroxene and minor altered plagioclase. The secondary clinopyroxene has 85-88 Mg#, core to
rim Al,O3 decrease (from ~7.8 to ~4.7 wt%) and nearly homogeneous TiO2 (0.7-0.9 wt%). The coarse
green spinels (Cr# = 2-4, TiO2 <0.10 wt%) are rimmed by 1-2 mm thick plagioclase coronas (Fig.
5c). The selected sample also includes smaller, submillimetre to millimetre-scale spinel grains with
dark brown colour and embayed shape, rimmed by up to 1 cm wide aggregates made up of altered

plagioclase and minor olivine (Fig. 4a). These spinels have variable and significantly higher Cr# (12-
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34) and TiO2 (0.15-1.02 wt%). Notably, minor amounts of relatively large chlorite grains displaying
prismatic shape and ghost cleavages, presumably representing pseudomorphs after orthopyroxene,
are also present. Hence, we envision that the original mineral assemblage of these pyroxenites was
mostly composed of clinopyroxene, associated with minor amounts of Al-spinel and orthopyroxene.
Type-lb pyroxenites (samples GA1 and MG6) are characterized by the occurrence of distinct
pyroxene- and plagioclase-bearing domains, which are both up to 2 cm long (Fig. 3d). The pyroxene-
rich domains are composed of clinopyroxene (40-50 vol%), orthopyroxene (35-40 vol%) and minor
plagioclase (15-20 vol%), and locally include relics of pre-existing coarse clinopyroxenes (Fig. 5d).
Thick plagioclase + orthopyroxene lamellae are present along the cleavages of these coarse
clinopyroxenes, typically forming symplectitic intergrowths (Fig. 5e). The coarse clinopyroxene has
relatively low Mg# (79-84) and variable Al>Oz (5.2-9.7 wt%), TiO> (1.2-2.3 wt%) and Na2O (0.4-1.7
wt%), with no clear systematic zoning (Fig. 8). The chemical compositions of the secondary
clinopyroxenes associated with plagioclase and orthopyroxene fall within these intervals.
Orthopyroxene has low Mg# (81-83), 1.9-3.7 wt% Al203, 0.6-1.3 wt% CaO and relatively high TiO>
(0.3-0.5 wt%). Accessory brown amphibole (titanian pargasite according to the nomenclature of
Leake et al., 1997) occurs as thin rims mantling resorbed clinopyroxenes and has 76-80 Mg# and 2.7-
3.8 wt% TiO.. The plagioclase-rich domains include ~30 vol% olivine and, in their inner portions,
accessory amounts of small spinel grains with brownish-black colour (Fig. 5f). Plagioclase (71-79
mol% anorthite) and olivine (82-83 mol% forsterite) form nearly polygonal aggregates and are
variably altered into sericite and serpentine, respectively. Spinel within the plagioclase-rich domain
has variable Cr# (4-30) and TiO2 (0.10-0.56 wt%, Fig. 7). Tiny ilmenite and altered Fe-Ni-Cu sulfides
with rounded morphology are also in places present within plagioclase. Towards the contact with the

pyroxene-rich domains, coarse-grained vermicular olivine + plagioclase intergrowths typically occur.

4.3. Monte Gavi Type-1l pyroxenites

Type-11 pyroxenites are medium- to coarse-grained olivine websterites. They display moderate to
extensive serpentinization, which makes in places difficult to decipher their primary texture.
However, in the most preserved samples, an allotriomorphic granular texture is discernible. Their
original mineral assemblage is composed of clinopyroxene (30-40 vol%), orthopyroxene (25-30
vol%), olivine (up to 25 vol%), greenish to brown spinel (5-10 vol%) and plagioclase (10-15 vol%).
These pyroxenites are characterized by the presence of exsolved orthopyroxene porphyroclasts,
forsterite-rich (89 mol%) olivine (Fig. 5g) that is locally kinked, and clinopyroxene-rich domains.

These domains consist of irregularly shaped clinopyroxene grains with plagioclase + orthopyroxene
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lamellae (Fig. 5 h), associated with interstitial plagioclase and trails of elongated spinels rimmed by
plagioclase.

Clinopyroxene from Type-Il pyroxenites has 88-90 Mg#, relatively high Cr.O3 (0.4-0.9 wt%) and a
wide TiOz range (0.7-1.8 wt%; Figs. 8 and 9). Al203 and NazO in clinopyroxene vary from 4.5to 7.4
wit% and from 0.5 to 0.9 wt%, respectively. Orthopyroxene displays high Mg# (87-89), 4.0-5.8 wt%
Al>03 and 0.6-1.0 wt% CaO. Spinel has variable Cr# (6-16) and 0.1-0.6 wt% TiO2 (Fig. 7).
Plagioclase is in most places replaced by sericite, but small preserved domains with ~65 mol%
anorthite were found in sample 1C2/3. Accessory brown amphibole (titanian pargasite) occurs as rim

around pyroxenes and is characterized by 85-87 Mg# and 3.1-4.0 wt% TiOx.

4.4. Monte Sant’Agostino deformed peridotites

The Monte Sant’Agostino peridotites mostly consist of plagioclase-facies mylonitic Iherzolites
including small (cm- to dm-sized) domains made up of spinel-facies tectonites. Microstructural
evidence for a spinel-facies recrystallization event are preserved in these low-strain domains (Fig.
10a), where up to 1 cm in size porphyroclasts of clinopyroxene and orthopyroxene are surrounded by
fine-grained granoblastic aggregates made up of pyroxenes + light brown spinel + orange-brown
amphibole. Mutual exsolutions are displayed by the orthopyroxene and the clinopyroxene
porphyroclasts (Fig. 10 a-b), and the overall clinopyroxene mode varies between 10 and 15 vol%. In
the less serpentinized samples, mm-sized olivine porphyroclasts surrounded by neoblastic olivine are
still recognizable. Holly leaf brown spinels are also locally preserved.

The spinel-facies assemblage is widely overprinted by a plagioclase-facies mylonitic fabric. The
mylonite microstructure is characterized by porphyroclasts of orthopyroxene and clinopyroxene
aligned along the foliation (Fig. 10 b-c). Cr-spinel and rare brown amphibole may also occur as
porphyroclasts. Porphyroclastic orthopyroxene typically displays up to ~10 aspect ratio (Fig. 10c).
Porphyroclastic clinopyroxene is smaller and more equant than associated porphyroclastic
orthopyroxene. Both pyroxene porphyroclasts provide evidence for deformation, like undulose
extinction, bending and kinking, and are set into a polyphase olivine-rich matrix with extremely fine
grain-size (20-50 um, Fig. 10 b-c-d). Besides olivine, this matrix includes neoblastic clinopyroxene
and orthopyroxene, plagioclase and, in places, Cr-spinel. Plagioclase also occurs as thin rims mantling
the spinel porphyroclasts. The extremely fine-grained matrix is dominant in the ultramylonites (Fig.
10 e), which contain sporadic pyroxene and brown amphibole porphyroclasts with rounded shape
(Supplementary Table 2).

Both porphyroclastic and matrix olivine have 89-90 mol% forsterite and 0.4-0.5 wt% NiO.

Porphyroclastic clinopyroxene has 90-91 Mg# and high Al>Os and Na>O contents (7.0-8.4 wt% and
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1.6-2.1 wt%, respectively), slightly decreasing from the core to the rim (Fig. 6). Clinopyroxene
neoblasts have higher Mg# values (91-92) and lower Al,O3 and Na,O (2.3-3.2 and ~0.6 wt%,
respectively) than porphyroclasts (see also Fig. 6). Orthopyroxene porphyroclasts have 89-90 Mg#,
4.4-5.6 wt% Al>Os and 0.7-0.9 wt% CaO. The tiny orthopyroxene from the mylonitic matrix is
distinct in the low Al.O3 (0.5-2.4 wt%) and CaO (0.25-0.36 wt%). Spinel has low Cr# (9-16) and
TiO2 <0.20 wt% (Fig. 7). Plagioclase in the mylonitic matrix has 38-50 mol% anorthite.
Porphyroclastic amphibole is titanian pargasite, with 84-86 Mg# and 3.1-4.6 wt% TiO.. Accessory
amphibole with relatively low TiO (~1.8 wt%, Supplementary Table 2) is also present in the matrix

of the ultramylonites.

4.5. Monte Sant’Agostino spinel-plagioclase websterites

These pyroxenites typically have protomylonitic texture (Fig. 10e). Porphyroclasts of exsolved
clinopyroxene and orthopyroxene (up to 0.5 cm in size), and of Al-spinel are set into a fine-grained
neoblastic matrix displaying an average grain size of ~0.1 mm (Fig. 10 f-g). Comparable amounts of
clinopyroxene and orthopyroxene porphyroclasts are generally observed. The clinopyroxene
porphyroclasts (Fig. 10g) locally display thin exsolution lamellae of orthopyroxene * plagioclase,
and the orthopyroxene porphyroclasts are frequently stretched along the main foliation. The
neoblastic mineral assemblage consists of clinopyroxene and orthopyroxene associated with minor to
accessory amounts of green spinel, plagioclase, olivine and brown amphibole. The neoblastic
minerals commonly display grain boundary alignment parallel to the mylonitic foliation. Websterite
MP-7 also includes rounded symplectitic domains (Fig. 10 h) made up of vermicular Cr-poor spinel
(Cr# ~1), Al-poor orthopyroxene (Al.Os = 2.8-3.9 wt%) and minor plagioclase (52-54 mol%
anorthite).

Taken as a whole, clinopyroxenes and orthopyroxenes have 84-88 Mg# and 83-88 Mg#, respectively
(Supplementary Table 3). Clinopyroxene porphyroclast cores have high amounts of Al>,03 (9-10 wt%)
and, accordingly, high proportions of Ca-Tschermak substitution (up to ~15 mol%), which are
coupled with 0.8-1.1 wt% Na2O (Fig. 8). Orthopyroxene is also Al,Os-rich (4.9-6.8 wt%), with rather
uniform CaO (0.5-0.7 wt%). For both pyroxenes, a decrease of Al,Os is observed in porphyroclast
rims and in neoblastic grains with respect to porphyroclastic cores. Green spinel has generally low
Cr# (<3) and <0.15 wt% TiOz (Fig. 7). Olivine and plagioclase in the mylonitic matrix have 80-88
mol% forsterite and 54-55 mol% anorthite. Brown amphibole is titanian pargasite to kaersutite with
79-83 Mg# and 3.2-5.4 wt% TiO..
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5. Geothermobarometric estimates

Temperature evaluations for the different equilibration stages recorded by the Monte Gavi and Monte
Sant’ Agostino peridotites and enclosed pyroxenite layers were obtained using conventional pyroxene
geothermometry (Table 2). In particular, the two-pyroxene geothermometer (Brey and Kéhler 1990
and Taylor, 1998, referred to as Tekoo and Trags, respectively) and Ca-in-orthopyroxene
geothermometer (Brey and Kohler, 1990, referred to as Tca-in-opx) Were applied. For the Monte Gavi
Type-I pyroxenites and the Monte Sant’ Agostino websterites, we also calculated the equilibration
temperatures (THeos) based on the amphibole-plagioclase method of Holland and Blundy (1994).

A valuable tool applicable to the plagioclase-bearing peridotites of the present study is the
geobarometer of Fumagalli et al. (2017), which relies on the pressure-sensitive equilibrium Forsterite
+ Anorthite = Ca-Tschermak + Enstatite (FACE) and has a standard error of 0.05 GPa. Notably, the
application of the FACE geobarometer to pyroxenites has been recently evaluated by Basch et al.
(2020), who obtained slightly higher pressure estimates for websterites than for enclosing peridotites.
In particular, a systematic pressure difference of ~0.1 GPa was related to the lower Cr# of the
websterites compared with the peridotites, which led to higher Ca-Tschermak activity in the
websterite clinopyroxene. Considering the uncertainties reported by Basch et al. (2020), we applied

the FACE geobarometer to not only the peridotites but also the enclosed pyroxenites (Table 2).

5.1. Monte Gavi mantle section

Temperature estimates for Monte Gavi samples were calculated for:

(i) Large orthopyroxene-clinopyroxene grains from peridotite MGA-7 and Type-II pyroxenite 1C2/3.
The cores of exsolved orthopyroxene porphyroclasts yielded Tca-in-opx 0f 950-1110 °C, assuming a
confining pressure of 1.5 GPa. Temperature estimates obtained from two-pyroxene geothermometry
for the peridotite MGA-7 are shifted to lower values (897-938 °C).

(if) Non-exsolved orthopyroxenes formed in conjunction with plagioclase in Type-I and Type-I1I
pyroxenites. The obtained temperatures (Tca-in-opx) fall in a wide range (910-1065 °C), regardless of
different textural occurrences of orthopyroxene. The temperatures intervals obtained from adjacent
clinopyroxene-orthopyroxene pairs (TTags = 845-983 °C, Tekeo = 876-1015 °C) are slightly lower than
Tca-in-opx. HOwever, the average Tca-in-opx (974 £ 47 °C) are within error of the average Trass (913 +
52 °C) and Tgkeo (937 £ 47 °C).

(iii) Coexisting amphibole and plagioclase in Type-l pyroxenite GA-1, which gave temperature
estimates of 1030 °C using the method of Holland and Blundy (1994).
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Pressure estimates by FACE geobarometer (Fumagalli et al., 2017) were only computed for the Monte
Gavi pyroxenites, as the enclosing peridotites lack preserved plagioclase. We used the same
clinopyroxene-orthopyroxene pairs employed for two-pyroxene geothermometric calculations and

obtained pressure values ranging from 0.67 to 0.78 GPa.

5.2. Monte Sant’Agostino mantle section

Exsolved porphyroclast cores from mylonitic Iherzolites gave relatively low clinopyroxene-
orthopyroxene (Ttags = 832-886 °C, Tekeo = 857-950 °C) and Ca-in-Opx temperature estimates (930-
970 °C). Temperature evaluations falling in the same intervals or slightly shifted towards higher
values were obtained for the websterite porphyroclastic assemblage (Ttags = 914-958 °C, Tgkgo = 940-
960 °C and Tca-in-opx = 919-985 °C).

The extremely fine-grained pyroxenes from the matrix of mylonitic and ultramylonitic lherzolites
yielded Trags and Tgkeo Of 756-873 °C and Tca-in-opx Of 750-780 °C. In addition, an amphibole-
plagioclase pair from ultramylonitic Iherzolite IC11 gave a value of 778 °C based on the Holland and
Blundy (1994) method. In the websterites, we obtained: (i) Ttass = 856-880 °C, Trkoo = 905-938 °C
and Tca-in-opx = 870-930 °C from the neoblastic pyroxenes associated with plagioclase, and (ii) 880-
907 °C based on the plagioclase-amphibole method by Holland and Blundy (1994).

Application of the FACE geobarometer (Fumagalli et al., 2017) indicate shallow conditions for the
development of plagioclase-bearing assemblage in the mylonitic Iherzolites. Pressure values of 0.54-
0.55 GPa and 0.34 GPa were obtained from lherzolites IC8-1 and IC8-3 and IC11, respectively. The

websterites gave pressure stimates of 0.77-0.90 GPa.

6. Discussion

6.1. Monte Gavi: a mantle section recording reactive melt infiltration in the plagioclase stability field
The Monte Gavi harzburgite-pyroxenite association is nearly undeformed and characterized by
extensive crystallization of plagioclase + orthopyroxene at the expense of spinel and clinopyroxene.
In both the harzburgites and the enclosed pyroxenites, plagioclase not only occurs as coronas around
spinel but also within large clinopyroxene grains as patches or thick lamellae associated with
orthopyroxene (Fig. 5 a-b-h), locally forming symplectitic intergrowths (Fig. 5e). An exsolution
origin of this plagioclase-orthopyroxene association is unlikely, given the high proportions of these
phases, which in places dismember the original clinopyroxene (Fig. 5 b-d-e). Plagioclase rims around

spinel in peridotites may form either during subsolidus decompression from spinel- to plagioclase-
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facies conditions (see Borghini et al., 2010), or in response to a reaction with an infiltrating melt in
the plagioclase stability field (e.g., Rampone et al., 1997). The plagioclase-rimmed spinel of Monte
Gavi harzburgites displays high TiO> contents (up to 0.5 wt%) and high Cr# (Fig. 7, Supplementary
Table 1), which contrasts with the low Cr# of coexisting orthopyroxene and clinopyroxene
(Supplementary Table 1). Similarly, spinel from Type-Il pyroxenites is mantled by plagioclase and
exhibits high TiO, and Cr# values (Fig. 7). These spinel chemical characteristics are typically
attributed to a process of reactive melt infiltration under plagioclase-facies conditions (e.g., Seyler
and Bonatti, 1997; Kaczmarek and Muntener, 2008). In Type | pyroxenites, the reactive melt
migration is documented by plagioclase (An71-79) + orthopyroxene embayments partially replacing
clinopyroxene (Fig. 5 b-e).

The reaction of the pyroxenite with the infiltrating melt most likely also gave rise to the plagioclase-
rich (An71-79) and olivine-bearing (Fos1-82) domains in Type-1b pyroxenites. The inner sector of these
domains include tiny Cr-spinel with lobate habit (Fig. 5 f), thereby suggesting reaction of original Al-
rich spinel, which is preserved in Type-la pyroxenites, with an infiltrating corroding melt. The
accessory sulfides from these plagioclase-olivine domains may be related to crystallization from a
sulphur-saturated melt exsolved during the late stages of the inferred reaction. The occurrence of both
orthopyroxene and olivine-producing melt-rock reactions in Type-Ib pyroxenites was probably driven
by the major role of the reacting minerals in the coarse-grained protolith. The reaction between cm-
scale clinopyroxene and the infiltrating melt gave rise to a secondary mineral associations consisting
of new clinopyroxene, orthopyroxene and minor plagioclase, as also observed in the enclosing
harzburgites. We propose that the development of minor olivine associated with plagioclase and
accessory Cr-spinel, within the cm-scale Al-spinel domains, was controlled by the Si-poor
composition of the local reacting system.

Clinopyroxene from both Type | and Type Il pyroxenites displays wide variations in Al>O3z, TiO2 and
Na2O (Fig. 8). This variability is controlled by a number of parameters, such as the chemical
heterogeneity of the original spinel-facies clinopyroxene, the spinel-facies modal composition of the
pyroxenites (e.g., highly variable spinel amounts) and the varying melt/pyroxenite ratio. Despite this
complex scenario, we observed that clinopyroxene is Ti-enriched in response to the inferred process
of reactive melt migration. For instance, secondary clinopyroxene from Type la pyroxenites has
higher TiO> than the associated coarse clinopyroxene (Fig. 8). Notably, a substantial TiO enrichment
in a mantle-infiltrating melt could be achieved through the process of percolative fractional
crystallization (Bodinier et al., 2008). Hence, we speculate that the high TiO2 contents of most

pyroxenite clinopyroxenes resulted from a plagioclase-facies reaction with a Ti-rich melt. The higher
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TiO2 of coarse clinopyroxene in Type Ib than in Type la pyroxenites probably reflects a high
melt/pyroxenite ratio during the reaction process forming the Type Ib pyroxenites.

The geothermometric estimates obtained from the Monte Gavi mantle rocks do not indicate heating
to near-asthenospheric conditions. The temperature evaluations based on the Ca content of exsolved
orthopyroxenes for the Monte Gavi harzburgites and Type-11 pyroxenites gave up to 1110 °C (Table
2), probably recording an old stage of spinel-facies equilibration. The results of pyroxene
geothermometry applied to the secondary orthopyroxene associated with plagioclase (Tca-in-opx = 910-
1065 °C) and to coexisting clinopyroxenes (Ttags and Tskeo = 845-1015 °C) for both Type I and |1
pyroxenites likely reflects a process of subsolidus re-equilibration after the melt infiltration event.
Application of the FACE geobarometer (Fumagalli et al., 2017) allowed us to constrain at 0.7-0.8
GPa the pressure conditions of plagioclase formation by melt-rock reaction in the Monte Gavi Type
la and Type-II pyroxenites.

In summary, the widespread formation of plagioclase in different microstructural domains of the
Monte Gavi mantle harzburgites and enclosed pyroxenite layers was due to reaction with an
infiltrating Ti-rich melt. Unlike the other External Ligurian peridotites, which are mostly lherzolites
with 10-15 vol% clinopyroxene (Rampone et al., 1995; Montanini et al., 2006), the clinopyroxene
modal abundance in the Monte Gavi harzburgites is relatively low (5-10 vol%). Notably, the
envisaged melt-peridotite reaction is expected to consume clinopyroxene, thereby implying that the
Monte Gavi harzburgites could be reconciled with original spinel Iherzolite protoliths. The Monte
Gavi harzburgites are also distinct in the absence of Ti-amphibole, in agreement with the temperature
conditions recorded by Tca-in-opx geothermometer, which in some cases exceed the thermal stability
of Ti-pargasite (Niida and Green, 1999).

6.2. Monte Sant’Agostino: a deformed mantle section

The Monte Sant’Agostino mantle section mostly consists of plagioclase-facies mylonitic Iherzolites
with cm-scale pyroxenite layering. Within the plagioclase mylonites, there are cm-scale
porphyroclastic domains preserving an earlier, spinel-facies syn-kinematic assemblage (Fig. 10a). In
the Iherzolites, the formation of protomylonitic to ultramylonitic textures is accompanied by
intracrystalline deformation of pyroxene porphyroclasts associated with development of extremely
fine-grained aggregates (10-50 um) made up of olivine + pyroxenes + plagioclase. In particular, the
ultramylonites (more than 90 vol% neoblasts) are found along shear zones having a minimum
thickness of ~150 m. The grain size reduction in the mylonites and ultramylonites might be supported
by grain boundary sliding related to the plagioclase-forming reactions (e.g., Kaczmarek and
Tommasi, 2011).
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The fertile nature of the Monte Sant’ Agostino lherzolites is attested by the occurrence of Na-Al-rich
clinopyroxene porphyroclasts coexisting with Cr-poor spinels (Supplementary Table 2, Fig. 6). In
particular, high Al203 and Na2O contents (up to 8.4 and 2.1 wt%, respectively) are displayed by the
cores of the clinopyroxene porphyroclasts, similar to other Iherzolite bodies from the External
Ligurian ophiolites (i.e., Monte Ragola, Rampone et al., 1995, and Rio Strega-Monte Prinzera,
Montanini et al., 2006). The neoblastic clinopyroxenes from the Monte Sant’Agostino lherzolites
have are distinct in their low Al>O3 and Na2O (Fig. 6), as observed for the clinopyroxenes formed in
response to the spinel- to plagioclase-facies subsolidus transition (e.g., Borghini et al., 2010).
Minimum temperatures of the spinel-facies stage preceding the plagioclase-facies recrystallization
are recorded by the cores of orthopyroxene porphyroclasts, which yielded Tca-in-opx 0f 930-970 and
920-985 °C in the lherzolites and the websterites, respectively. The pressure-temperature calculated
for the plagioclase-bearing neoblastic domains of the websteritic layers are 0.8-0.9 GPa and 870-930
°C (Table 2). These pressure-temperature values are significantly higher than those obtained from the
enclosing mylonitic lherzolites, which gave 0.3-0.6 GPa and 750-780 °C. Notably, the pressure
discrepancy is well beyond the systematic difference of ~0.1 GPa between websterites and host
Iherzolites found by Basch et al. (2020), who applied the FACE geobarometer to the External Ligurian
Suvero mantle body and attributed this difference to an inaccurate calibration of the geobarometer for
the pyroxenite chemistry. Formation of the plagioclase-bearing assemblage in the websterites at
higher depth compared to the ultrafine-grained mylonitic matrix of the lherzolites (Fig. 11) is
consistent with the notion that plagioclase starts to form at higher pressures in Al-rich and Cr-poor
lithologies like pyroxenites (Borghini et al., 2010). The pressure estimates obtained from the
websterites could thus reflect a recrystallization event preceding the formation of plagioclase-facies
shear zones in the peridotites. Subsolidus spinel- to plagioclase transition, associated with grain-size
reduction, may have caused weakening and initial strain localization in the pyroxenites, as proposed
by Hidas et al. (2013) for the Ronda websterites. The pyroxenites could therefore trigger a decrease
of the lithospheric mantle strength, thereby promoting subsequent involvement of the peridotites in
the deformation event and development of thick mylonitic shear zones.

The Monte Sant’ Agostino lherzolites do not display microstructural evidence for melt-rock reaction,
even in the porphyroclastic domains that escaped the plagioclase-facies mylonitic deformation. The
low Cr# (9-16) and TiO2 (<0.20 wt%) of spinel from the Monte Sant’Agostino lherzolites are also
consistent with the notion that these rocks did not interact with melts. Likewise, the low temperature
estimates obtained from the tiny pyroxenes of the mylonitic matrix cannot be reconciled with a melt-

present deformation. We thus propose that plagioclase formed under subsolidus conditions during
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exhumation of the Monte Sant’ Agostino mantle section, in conjunction with formation of mylonitic

shear zones.

6.3. The diverse nature of pyroxenites from the External Ligurian mantle sections

The frequent occurrence of pyroxenite layers in the External Ligurian mantle bodies was recognized
since the early studies of the Northern Apennine ophiolites (e.g., Beccaluva et al., 1984). Recent
investigations focussed on the Suvero (Borghini et al., 2013, 2016, 2020, 2021; Hidas et al., 2020)
and Rio Strega-Monte Prinzera mantle bodies (Montanini et al., 2006, 2010, 2012; Montanini and
Tribuzio, 2015) highlighted the presence of different pyroxenite types, thereby providing
petrological, geochemical and isotopic characterizations of the heterogeneities within the External
Ligurian mantle section.

The Suvero pyroxenites include porphyroclastic spinel-bearing websterites and clinopyroxenites
occurring as layers subparallel to the foliation of the enclosing spinel-facies tectonitic lherzolites
(Borghini et al., 2016). The pyroxenites were partially re-equilibrated in the plagioclase stability field,
with no concomitant deformation (Hidas et al., 2020). A primary garnet-bearing mineral assemblage,
completely replaced by spinel-facies subsolidus recrystallization, was inferred from the rare earth
element geochemical signature of bulk rock and clinopyroxene. The Suvero pyroxenites were
interpreted as second-stage pyroxenites originated from reaction of the host Iherzolite with tholeiitic
melts derived from a hybrid eclogite-bearing peridotite source. An early Paleozoic timing of melt
infiltration and pyroxenite emplacement was proposed based on a Sm-Nd whole-rock errorchron
(Borghini et al., 2013).

The Rio Strega-Monte Prinzera mantle bodies include garnet clinopyroxenite and websterite layers
that underwent a complex history of retrogression and deformation, which was partly related to
Mesozoic lithospheric extension and thinning (Montanini et al., 2006). The garnet clinopyroxenite
protoliths are characterized by a bimineralic assemblage of garnet + Al-Na-rich clinopyroxene.
Garnet is typically partially replaced by symplectitic intergrowths made up of orthopyroxene, spinel,
plagioclase and secondary clinopyroxene. The websterites are orthopyroxene-rich (40-50 vol%)
spinel-bearing rocks. Evidence for an early garnet bearing assemblage in the websterites is provided
by rounded symplectites consisting of orthopyroxene, clinopyroxene and spinel. In retrogressed
garnet clinopyroxenites and websterites, the clinopyroxenes display exsolved lamellae of plagioclase.
The origin of both pyroxenite types was related to recycling of old (>1.0 Ga) crustal mafic protoliths
through partial melting of gabbro-derived eclogites and different extents of melt-peridotite interaction

(see also Montanini et al., 2012, and Montanini and Tribuzio, 2015).
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The spinel-plagioclase websterite layers from the Monte Sant’ Agostino mantle section locally include
pyroxene-spinel-plagioclase symplectites (Fig. 10h), similar to the replacement intergrowths
observed in the garnet clinopyroxenites from the Rio Strega-Monte Prinzera mantle bodies
(Montanini et al., 2006). The Monte Sant’Agostino websterites also have highly aluminous
clinopyroxene porphyroclasts with plagioclase + orthopyroxene exsolutions, similar to those derived
from retrogression of primary Na-Al-rich clinopyroxene originally in equilibrium with garnet. In
addition, both the Monte Sant’Agostino and the Rio Strega-Monte Prinzera websterites (see also
Montanini and Tribuzio, 2015) are characterized by similar two-pyroxene equilibration temperatures
obtained for the porphyroclastic spinel-facies assemblage (i.e., Tekgo of 940-960 °C and 900-980 °C,
respectively), and protomylonitic textures developed in the plagioclase stability field.

The Monte Gavi pyroxenites do not display high temperature deformation microstructures and
provide evidence for pervasive melt infiltration under plagioclase-facies conditions, contrary to what
was observed for the other External Ligurian mantle bodies. On the other hand, the presence of
pyroxenites with distinct thickness and Mg#, as suggested by the clinopyroxene chemistry (79-87 and
88-90 in Type I and Type Il pyroxenites, respectively; Fig. 9), was also recognized for the Rio Strega-
Monte Prinzera lherzolite-pyroxenite section (Montanini et al.,, 2006). The primary modal
composition of Type-I (thick, Fe-rich) pyroxenites is difficult to establish, due to the extensive
transformations related to the process of melt-rock reaction. We speculate that the Type-1 pyroxenite
protoliths were coarse-grained spinel-rich orthopyroxene-poor websterites. In addition, the low Mg#
of clinopyroxene suggests crystallization in a melt-dominated system, with a negligible mass
contribution from enclosing lherzolites. Type Il (thin, Mg-rich) pyroxenites were spinel-bearing
olivine websterites. The presence of deformed forsterite-rich olivine and Mg-rich exsolved
orthopyroxene in Type Il pyroxenites, similar to those occurring in the host peridotites, documents
formation by melt/peridotite hybridization, presumably through a process leading to olivine
consumption and concomitant crystallization of Mg-rich clinopyroxene + spinel.

Contrary to the pyroxenites from the Rio Strega-Monte Prinzera mantle bodies, no paragenetic or
textural evidence for the presence of an earlier garnet-bearing assemblage was observed for the Monte
Gavi mantle pyroxenites. Assuming that the Mg# value of the clinopyroxene cores from Type |
pyroxenites was not significantly modified by interaction with the infiltrating melts, and no Fe-Mg
subsolidus exchange with associated mafic minerals occurred, we calculated the Mg# of the
clinopyroxene equilibrium melts following the equation of Wood and Blundy (1997). Computed melt
Mg# (49-64) are substantially lower than the Mg# of melts in equilibrium with a peridotite source.
The high Al contents observed in some clinopyroxene cores of Type | pyroxenites and the high modal

proportion of Al-rich spinel (Fig. 8) also indicate that the pyroxenite-forming melts were
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characterized by low Si/Al ratios (Della Pasqua et al., 1995). We speculate that these melts formed
by partial melting of precursor mafic/pyroxenite lithology or of a mixed pyroxenite/peridotite source.
In summary, the Monte Sant’ Agostino websterites are structurally and compositionally similar to the
websterites, in places retaining garnet relics, from the Rio Strega-Monte Prinzera mantle bodies
(Montanini et al., 2006). The Monte Gavi pyroxenites have no apparent analogues in the other mantle
bodies so far described for the External Ligurian ophiolites, although new geochemical data are
needed to establish their origin.

6.4. The heterogeneity of the External Ligurian subcontinental mantle

The mantle bodies from the External Ligurian ophiolites represent different domains of a large-scale
subcontinental mantle section that was variably affected by retrogression, deformation and chemical
modifications during lithospheric extension and concomitant asthenospheric ascent in response to the
rifting process that led to opening of the Jurassic Western Tethys (Piccardo et al., 2004; Montanini et
al., 2006; Hidas et al., 2020). Based on the main characteristics of investigated External Ligurian
mantle bodies, we subdivide this subcontinental mantle section into three main domain types.

1- Plagioclase-bearing spinel tectonite domain (ST), represented by the Suvero mantle body (Fig. 1).
The Suvero lherzolites and the enclosed pyroxenites record a deformation event developed under
spinel-facies and high temperature conditions (1000-1050 °C), which yielded porphyroclastic
textures associated with a penetrative tectonic foliation in Iherzolites (Rampone et al., 1995; Borghini
et al., 2011). The Suvero lherzolites underwent melt infiltration forming pyroxenitic heterogeneities
during the early Paleozoic (Borghini et al., 2013, 2016). Melt migration and pyroxenite formation
was syn- to late-kinematic with respect to the spinel-facies deformation and produced a localized
metasomatic imprint in the host lherzolites (see also Borghini et al., 2021; Hidas et al., 2020). This
event was inferred to have occurred under relatively high pressure conditions (>1.5 GPa) based on
the geochemical evidence for a primary garnet-bearing assemblage in the pyroxenites, which was
completely replaced during the subsequent decompression evolution. The Suvero mantle body
provides evidence for a plagioclase-facies re-equilibration under static conditions, in response to a
relatively cold decompression (Hidas et al., 2020). In particular, two recrystallization stages were
recognized, from 0.6-0.7 GPa and 890-910°C to 0.4-0.5 GPa and 800-840 °C (Fumagalli et al., 2017,
see Fig. 11). Internal Sm-Nd isochrons (clinopyroxene-plagioclase-bulk rock) obtained from four
pyroxenites gave an average age of 178 + 8 Ma for the plagioclase-facies recrystallization (Borghini
etal., 2016).
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2- Plagioclase mylonite (PM) domain, including the Monte Sant’ Agostino (this study) and the Rio
Strega-Monte Prinzera (Fig. 1) mantle sections. In the lherzolites from these mantle bodies, a
tectonitic texture developed under spinel-facies conditions was widely overprinted by a dynamic
plagioclase-facies recrystallization associated with development of a pervasive mylonitic foliation.
Similar to the Iherzolites, the enclosed pyroxenites record different extents of spinel- and plagioclase-
facies deformation. Using the mineral chemistry data reported in Montanini et al. (2006), we obtained
pressure and temperature estimates of 0.4-0.5 GPa and 850-870 °C (Tca-in-opx) for the plagioclase-
facies mylonitic deformation of the Rio Strega-Monte Prinzera lherzolites (Table 2). These pressure-
temperature evaluations may be reconciled with the pressure-temperature evolution recognized for
the Monte Sant’Agostino mantle section (Fig. 11), assuming that the ~0.5 GPa mantle uplift in the
plagioclase stability field was associated with a polyphase deformation (Fig. 11). Radiometric
constraints on the age of the plagioclase-facies shearing affecting the Rio Strega-Monte Prinzera
mantle bodies were placed by a Lu-Hf mineral isochron of 220 + 13 Ma obtained from a garnet
pyroxenite (Montanini et al., 2006). This isochron was interpreted as a cooling age, implying that the
garnet pyroxenite passed through the Lu-Hf blocking temperature of 800-900 °C (i.e., under
plagioclase facies conditions) at ~220 Ma. Accordingly, we relate the polyphase plagioclase-facies
deformation recorded by the PM mantle domain to large-scale lithospheric shear zones developed in
the late Triassic. An early Jurassic Sm-Nd mineral isochron of 186 + 2 Ma (defined by plagioclase,
clinopyroxene, garnet and whole-rock) was also acquired from the Rio Strega-Monte Prinzera garnet
pyroxenite, and interpreted to reflect a process of slow cooling in the plagioclase stability field
(Montanini et al., 2006).

3- Plagioclase-impregnated domain (PI), represented by the Monte Nero mantle body (Fig. 1) and
the Monte Gavi mantle section (this study). The former mainly consists of weakly foliated lherzolites
characterized by interstitial crystallization of plagioclase and pyroxenes, and extensive replacement
of Cr-spinel by plagioclase (Rampone et al., 1995). According to Piccardo et al. (2004), the formation
of plagioclase in the lherzolites was related to reaction with a pervasively migrating melt. The
application of the FACE geobarometer (Fumagalli et al., 2017) to (i) plagioclase-facies granoblastic
aggregates, and (ii) rims of large orthopyroxenes and clinopyroxenes, and associated plagioclase (data
after Rampone et al., 1995) yielded pressures of 0.6-0.7 GPa and Tca-in-opx 0f 960-980 °C (Table 2).
We also applied the geothermometer of Liang et al. (2013), based on slowly diffusing trace elements
like rare earth elements and Y, to clinopyroxene-orthopyroxene pairs from the Monte Nero
plagioclase-facies granoblastic assemblage (Piccardo et al., 2004). The obtained temperatures (1120-

1140 °C) are significantly higher than those recorded by conventional pyroxene thermometers. Such
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results are consistent with impregnation by asthenospheric melts, followed by slow cooling (Dygert
and Liang, 2015) associated with subsolidus recrystallization. The infiltration of asthenospheric melts
during the rifting-related exhumation at Monte Nero mantle body might be related to the local
occurrence of cm-scale gabbroic irregular veins (Montanini et al., 2008). Notably, this mantle body
also encloses up to meter-scale gabbroic intrusions and is in places crosscut by basalt dykes, with
both gabbros and basalts displaying MORB-type chemical signature (Montanini et al., 2008). The
Sm-Nd clinopyroxene-plagioclase two-point alignments of 163 + 20 Ma and 165 + 20 Ma obtained
by Rampone et al. (1995) presumably record the timing of cooling after MORB impregnation
associated with plagioclase formation. The Monte Nero and Monte Gavi mantle bodies share similar
pressure and Tca-in-opx estimates for the event of melt-rock reaction under plagioclase-facies
conditions (Fig. 11), and provide no evidence for shearing in the plagioclase stability field. Contrary
to the Monte Nero peridotites, however, the Monte Gavi peridotite-pyroxenite association is not
intruded by gabbros nor is crosscut by basalt dikes. New geochronological constraints are therefore
required to elucidate if the melt impregnation event recorded by the Monte Gavi mantle body occurred
in the Jurassic or during a preceding stage (e.g., late Triassic) of the rifting evolution.

Figure 11 compares the plagioclase-facies pressure-temperature evolution of the mantle sections
considered in this study and of the Suvero mantle body (Borghini et al., 2011; Fumagalli et al., 2017).
It also reports the pressure-temperature estimates obtained in the present study for the Rio Strega-
Monte Prinzera and the Monte Nero peridotites. The ST and PM mantle domains document a
relatively cold plagioclase-facies history characterized by a significant pressure decrease. We thus
propose that these domains shared a common evolution in the late Triassic-early Jurassic. In this
framework, the Suvero mantle body represents a nearly undeformed domain (ST), whereas
plagioclase-facies strain localization produced the PM mantle domain characterized by extensive
mylonitic deformation (Fig. 12).

The PI mantle domain records higher plagioclase-facies thermal conditions than the ST-PM mantle
domains (Fig. 11). We relate the distinct plagioclase-facies thermal gradients recorded by the External
Ligurian mantle bodies to melt-present vs. melt-absent conditions during their decompression history
in the extending lithosphere. The three different mantle domains were part of a subcontinental mantle
section that was involved into the development of an ocean-continent transition, towards the Adria
plate, in the Middle Jurassic (Marroni et al., 1998; Montanini et al., 2006). Tectonic dismembering
during convergence-related formation of sedimentary melanges in Upper Cretaceous (Marroni et al.,

2017) hampered the preservation of primary relationships among the different mantle domains. We
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speculate that the Pl domain enclosing the MOR-type crustal rocks (i.e., the Monte Nero mantle body)

was located oceanward with respect to the ST-PM domains in the Middle Jurassic.

6.5. Constraints on the mantle evolution in the Western Tethys ocean-continent transition

Here we provide a brief overview of the lithospheric mantle bodies belonging to the ocean-continent
transitional domains of the Western Tethys. In particular, we compare the rifting evolution of the
External Ligurian mantle section with that inferred from the investigations carried out for the
subcontinental mantle bodies from Western (Lanzo massif) and Central Alps (Malenco, Platta and
Totalp). Similar to the External Ligurian mantle section, these bodies were exhumed along the OCT
of the Adria margin (e.g., Mlntener et al., 2004, 2010; Manatschal and Muntener, 2009; Kaczmarek
and Mdintener, 2008; Guarnieri et al., 2012). Their evolution from the post-Varisic orogenic collapse
to the Mesozoic extensional phases and basin opening were reviewed by Picazo et al. (2016), who
pointed out how their pristine compositional heterogeneity was amplified during the rifting and
oceanization processes. They proposed a conceptual model with two main types of lithospheric
mantle sections, namely (1) “inherited” and (2) “refertilized”, exemplified by the Malenco-Totalp-
Upper Platta and the Lower Platta bodies, respectively. In their view, the refertilized mantle is a
subcontinental mantle section located oceanwards from the inherited subcontinental mantle.

The inherited mantle is dominated by fertile, amphibole-bearing spinel peridotites, typically
interlayered with pyroxenites that are in places garnet-bearing (Miintener and Hermann, 1996). The
inherited mantle is interpreted as old lithospheric mantle that was beneath the continental crust before
onset of rifting. This interpretation is supported by the preservation of primary contacts between the
Malenco mantle body and underplated gabbros of early Permian age (Mintener and Hermann, 1996;
Hermann et al., 1997). In the inherited peridotites, no evidence for plagioclase formation, either of
subsolidus or melt-rock reaction origin, was reported. Notably, the Malenco, Totalp and Upper Platta
mantle bodies are characterized by similar results of REE-in-two-pyroxene and major element
pyroxene thermometers (850-950 °C, Dygert and Liang, 2015), as expected for a slowly cooling,
subcontinental lithospheric mantle.

In the refertilized lithospheric mantle, which also includes the Lanzo South body (Picazo et al., 2016),
the peridotites mainly are plagioclase-enriched clinopyroxene-poor lherzolites (Muntener et al., 2004,
2010; Piccardo et al., 2007). These rocks enclose: (i) dunite-harzburgite bodies of replacive origin
that are up to tens of meters in scale, and (ii) cm- to m-scale gabbroic veins and dykes (see also
Sanfilippo et al., 2014, 2019). Pyroxene thermometry applied to spinel-facies peridotite minerals gave
equilibration temperatures of 1030-1180 °C (Mduntener et al., 2010), higher than those calculated for

the inherited mantle. The plagioclase formation was related to infiltration of MORB-type melts
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associated with crystallization of new orthopyroxene after olivine and/or partial replacement of
clinopyroxene by orthopyroxene and plagioclase (see also Kaczmarek and Mintener, 2008). The
refertilized plagioclase-peridotites and the inherited fertile spinel-peridotites have distinct mineral
compositions (Picazo et al., 2016). For instance, clinopyroxene from the refertilized peridotites has
lower Al,Oz and NazO than clinopyroxene from the inherited fertile peridotites. In addition, spinel
has higher Cr# and TiO> in the refertilized peridotites than in the inherited fertile peridotites.

The Lanzo massif shows a peculiar transition from a domain mostly composed of old inherited
lithospheric mantle in the northern part (e.g., Guarnieri et al., 2012) to a deeply melt-modified mantle
section in the southern part (Piccardo et al., 2007; Sanfilippo et al., 2014, 2019). The two domains
are separated by a major shear zone (up to ~1.5 km thick), in which porphyroclastic peridotites
provide evidence for plagioclase-facies melt-rock reactions, in turn overprinted by plagioclase
mylonites recording solid state deformation (e.g., Kaczmarek and Mintener, 2008; Kaczmarek and
Tommasi, 2011). The mylonites were interpreted as the footwall of an extensional detachment fault
that accomodated exhumation of the Lanzo mantle and acted as a permeability barrier between the
inherited (northern Lanzo) and refertilized (Southern Lanzo) domains. We applied the FACE
geobarometer to the neoblastic plagioclase-bearing assemblage of the Lanzo mylonitic peridotites
(Kaczmarek and Mntener, 2008), thereby yielding remarkably low pressure values of 0.3 GPa (Table
2, Fig. 11). These pressure estimates are coupled with Tca-in-opx (Brey and Kohler, 1990) of 840-870
°C, indicating a high geothermal gradient, presumably related to extreme lithospheric thinning and
asthenosphere ascent. We obtained slightly higher pressure-temperature values from the
porphyroclastic peridotites of 0.4 GPa and 890 °C sampled along the margins of the shear zone.
Picazo and co-authors (2016) placed the External Ligurian mantle bodies in the refertilized
lithospheric mantle, because of the widespread occurrence of plagioclase-bearing peridotites.
However, only some mantle bodies from the External Ligurian units include plagioclase originated
by reaction with infiltrating melts (i.e., the Pl domain defined in the preceding section). The
refertilized mantle of Picazo et al. (2016) and the External Ligurian PI domain actually share several
structural and compositional similarities, namely: (i) the presence of microstructures indicating melt-
rock reactions in the plagioclase stability field, (ii) the clinopyroxene and spinel composition (Figs.
6 and 7), and (iii) the relatively high temperatures computed for the plagioclase re-equilibration (Fig.
11). Conversely, the External Ligurian plagioclase-bearing spinel tectonites and plagioclase
mylonites (ST and PM domains, respectively) record formation of plagioclase in response to
subsolidus decompression, with no melt involvement. However, the reconstruction of the Jurassic
OCT by Picazo et al. (2016) does not include the occurrence of a plagioclase-bearing mantle section

with no melt-rock reaction evidence.
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The fertile spinel peridotites considered as inherited subcontinental mantle by Picazo et al. (2016)
bear several similarities with the spinel tectonite and mylonite protoliths of the External Ligurian
mantle bodies. Taken as a whole, these peridotites are characterized by a fertile geochemical
signature, presence of Al- and Na-rich clinopyroxene (Fig. 6) and disseminated Ti-amphibole.
Pyroxenite layers, in places garnet-bearing, are also widespread in both mantle section types.
Following the subdivision of the Tethyan OCT mantle into two main types (Picazo et al., 2016), we
therefore place the ST and PM mantle domains of the External Ligurian units into the inherited
subcontinental mantle.

The Malenco-Totalp-Upper Platta mantle bodies and the External Ligurian ST and PM mantle
domains underwent distinct pressure-temperature evolutions during the post-Variscan lithospheric
extension and the subsequent Mesozoic rifting (Fig. 11). A cold exhumation path was depicted for
the Malenco mantle body, considered as the type locality of inherited mantle (Muntener et al., 2000).
The Malenco peridotites underwent a near-isobaric cooling to ~600 °C in the late Palaeozoic,
followed by near-isothermal decompression from ~0.8 to ~0.4 GPa, associated with formation of
chlorite and Mg-hornblende, locally along mylonitic shear zones (see also Muntener and Hermann,
2001). Based on “°Ar/**Ar amphibole investigations (Villa et al., 2000), the decompression was
inferred to have started in the late Triassic (~225 Ma) and was related to the onset of the rifting
evolution leading to opening of the Western Tethys.

The External Ligurian PM domain provides evidence for a two-stage high temperature decompression
starting from the base of continental lithosphere (Montanini et al., 2006). The early decompression
from ~2.8 GPa and ~1100 °C to the spinel Iherzolite stability field was associated with cooling to
~950 °C and was followed by a polyphase shearing under plagioclase-facies conditions ending at 0.3-
0.6 GPa and 750-780 °C (Fig. 11). Whereas the age of the high temperature decompression to spinel-
facies lherzolite conditions is unconstrained, the Lu-Hf cooling age of 220 + 13 Ma (Montanini et al.,
2006) indicate that the spinel to plagioclase-facies transition was related to the Mesozoic rifting event
(see also section 6.3). The similar “°Ar/**Ar and Lu-Hf cooling ages obtained respectively for the
Malenco mantle body and the External Ligurian PM domain suggest different thermal conditions in
the late Triassic, namely the Malenco was ~250-300 °C colder than the External Ligurian PM domain.
The distinct exhumation histories might reflect different mantle depths at the time of the rifting
inception. In this view, the External Ligurian PM domain was exhumed from deeper (and hotter)
conditions than the spinel peridotites from the Malenco mantle body (Fig. 12).

The plagioclase-facies shear zones within the External Ligurian PM domain document a major
deformation event that accommodated exhumation of the spinel-facies subcontinental mantle in the

plagioclase stability field. These shear zones cannot be considered as counterparts of those occurring
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in the central Lanzo massif. The porphyroclastic spinel protoliths of the External Ligurian mylonites
do not provide evidence for melt infiltration and refertilization before or during shearing. The Lanzo
plagioclase-facies shear zones are also distinct for being crosscut by MOR-type gabbros and basalts.
Notably, available geochronological data for the replacive harzburgites and the gabbros of the Lanzo
Massif cluster in the Middle Jurassic (Kaczmarek et al., 2008; Sanfilippo et al., 2019). Hence, the
Lanzo shear zones were most likely related to an advanced stage of the rifting evolution, which
ultimately formed an oceanward OCT sector.

In summary, the onset of the Tethyan rifting involved uplift of subcontinental mantle in the late
Triassic, as documented by the Malenco body (e.g., Miintener and Hermann, 2001) and the External
Ligurian PM domain (Montanini et al., 2006). This scenario is consistent with the information
acquired from the lower continental crust section of the Ivrea-Verbano Zone, which formed a distal
sector of the extending Adria continental margin in the Middle Jurassic (e.g., Beltrando et al., 2015).
The lvrea-Verbano Zone actually documents that the rifting evolution started in the late Triassic (see
also Ferrari et al., 2021) and was associated with localized infiltration of mantle-derived melts with
overall alkaline signature (Stahle et al., 1990; Schaltegger et al., 2015; Bonazzi et al., 2020). Notably,
the alkaline magmatism in the Ivrea-Verbano Zone continued until the early Jurassic (see also Grieco
et al., 2001, and Galli et al., 2019). From the late Triassic, the rifting evolution probably comprised
asthenosphere ascent, melt production and refertilization of the subcontinental mantle, with a Middle
Jurassic climax developing MORB-type melts and opening of the Western Tethys.

7. Conclusions

The subcontinental mantle section from the External Ligurian units (Northern Appennine) consists
of three distinct mantle domains, developed in response to the rifting evolution that ultimately formed
a Middle Jurassic ocean-continent transition: (1) a spinel tectonite domain that underwent no
significant deformation and melt-rock reaction under plagioclase-facies conditions, characterized by
static plagioclase development under decreasing pressure conditions, (2) a plagioclase mylonite
domain experiencing melt-absent deformation under decreasing pressure conditions, and (3) a nearly
undeformed domain that underwent melt infiltration and reaction under plagioclase-facies conditions.
We relate mantle domains (1) and (2) to a rifting-driven uplift in the late Triassic accommodated by
large-scale shear zones consisting of plagioclase mylonites

We distinguish different mantle exhumation styles for the onset of the Tethyan rifting. A cold mantle
exhumation is exemplified by the Malenco mantle body (Central Alps), in which low temperature
hydrous mylonites developed at the expense of porphyroclastic spinel lherzolites. The External

Ligurian mantle domains (1) and (2) highlight mantle exhumation accommodated by large-scale shear
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zones consisting of anhydrous, melt-absent plagioclase-facies mylonites. The role of these shear
zones in mantle exhumation along modern and fossil OCTs has been overlooked and needs further
reconsideration in future studies. From the late Triassic, the Tethyan rifting evolution probably
involved asthenosphere ascent, melt production and refertilization of the subcontinental lithospheric
mantle. The crustal breakup was associated with a major event of formation of MORB-type melts in
the Middle Jurassic, with the mantle exhumation partly driven by a melt-present plagioclase-facies
deformation, as documented by the Lanzo mantle body from Western Alps.

Acknowledgements

This work has benefited from the equipment and framework of the COMP-HUB Initiative, funded by
the ‘Departments of Excellence’ program of the Italian Ministry for Education, University and
Research (MIUR, 2018-2022). The research was also financially supported by Fondo Ricerca Giovani
from Universita of Pavia. We thank Luca Barchi for assistance during SEM analyses and Andrea
Comelli for samples and thin section preparation. Jakub Ciazela and an anonymous reviewer are

gratefully acknowledged for their constructive comments.

25



807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839

References

Basch V., Borghini G., Fumagalli P., Rampone E., Gandolfo A., Ferrando C., 2020. Plagioclase-
facies thermobarometric evolution of the External Liguride pyroxenite-bearing mantle (Suvero,
Italy). Ofioliti 45, 1-12.

Basch V., Rampone E., Borghini G., Ferrando C., Zanetti A., 2019. Origin of pyroxenites in the
oceanic mantle and their implications on the reactive percolation of depleted melts. Contrib
Mineral Petr 174, 97.

Beccaluva L., Macciotta G., Piccardo G.B. and Zeda O., 1984. Petrology of lherzolitic rocks from the
Northern Apennine ophiolites. Lithos 17, 299-316.

Beltrando M., Stockli D.F., Decarlis A. and Manatschal G., 2015. A crustal-scale view at rift
localization along the fossil Adriatic margin of the Alpine Tethys preserved in NW Italy.
Tectonics 34, 1927-1951.

Bodinier J.-L., Garrido C.J., Chanefo I., Bruguier O. and Gervilla F., 2008. Origin of pyroxenite-
peridotite veined mantle by refertilization reactions: Evidence from the Ronda peridotite
(Southern Spain). J Petrol 49, 999-1025.

Bonazzi M., Langone A., Tumiati S., Dellarole E., Mazzucchelli M., Giovanardi T. and Zanetti A.,
2020. Mantle-Derived Corundum-Bearing Felsic Dykes May Survive Only within the Lower
(Refractory/Inert) Crust: Evidence from Zircon Geochemistry and Geochronology (lvrea-
Verbano Zone, Southern Alps, Italy). Geosciences 10, 281.

Borghini G., Fumagalli P. and Rampone E., 2010. The Stability of Plagioclase in the Upper Mantle:
Subsolidus Experiments on Fertile and Depleted Lherzolite. J Petrol 51, 229-254.

Borghini G., Fumagalli P. and Rampone E., 2011. The geobarometric significance of plagioclase in
mantle peridotites: A link between nature and experiments. Lithos 126, 42-53.

Borghini G., Rampone E., Class C., Goldstein S., Cai Y., Cipriani A., Hofmann A.W., Bolge L.,
2021. Enriched Hf—Nd isotopic signature of veined pyroxenite-infiltrated peridotite as a possible
source for E-MORB. Chem Geol 586, 120591.

Borghini G., Rampone E., Zanetti A., Class C., Cipriani A., Hofmann A.W. and Goldstein S.L., 2013.
Meter-scale Nd isotopic heterogeneity in pyroxenite-bearing Ligurian peridotites encompasses
global-scale upper mantle variability. Geology 41, 1055-1058.

Borghini G., Rampone E., Zanetti A., Class C., Cipriani A., Hofmann A.W. and Goldstein S.L., 2016.
Pyroxenite Layers in the Northern Apennines’ Upper Mantle (Italy)-Generation by Pyroxenite
Melting and Melt Infiltration. J Petrol 57,625-653.

26



840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873

Borghini G., Rampone E., Zanetti A., Class C., Fumagalli P., Godard M., 2020. Ligurian pyroxenite-
peridotite sequences (Italy) and the role of melt-rock reaction in creating enriched-MORB mantle
sources. Chem Geol 532, 119252

Brey G.P. and Kohler T., 1990. Geothermobarometry in four phase lherzolites Il. New
thermobarometers, and practical assessment of existing thermobarometers. J Petrol 31, 1353-
1378.

Chazot G., Charpentier S., Kornprobst J., Vannucci R. and Luais B., 2005. Lithospheric Mantle
Evolution During Continental Break-Up: The West Iberia Non-Volcanic Passive Margin. J
Petrol 46, 2527-2568.

Conti P., Cornamusini G. and Carmignani L., 2020. An outline of the geology of the Northern
Apennines (Italy), with Geological Map at 1:250,000 scale. Italian J Geosci 139, 149-194.
Della-Pasqua F.N., Kamenetsky V.S., Gasparon M., Crawford A.J. and Varne R., 1995. Al-spinels in

primitive arc volcanics. Miner Petrol 53, 1-26.

Dygert N. and Liang Y., 2015. Temperatures and cooling rates recorded in REE in coexisting
pyroxenes in ophiolitic and abyssal peridotites. Earth Planet Sci Lett 420, 151-161.

Elter P., Ghiselli F., Marroni M. and Ottria G., 1997. Note illustrative del Foglio 198 "Bobbio" della
983 Carta Geologica d'ltalia in scala 1:50.000.

Ferrari E., Tribuzio R., Bosch D. and Bruguier O., 2021. Constraints on the post-Variscan thermal
evolution of the Ivrea crustal section (Italian-Swiss Alps) from U-Pb dating of relict rutile in
middle crust amphibolites. Lithos 406-407, 106500.

Fumagalli P., Borghini G., Rampone E. and Poli S., 2017. Experimental calibration of Forsterite—
Anorthite—CaTscherm.ak—Enstatite (FACE) geobarometer for mantle peridotites. Contrib
Mineral Petrol 172, 38.

Galli A., Grassi D., Sartori G., Gianola O., Burg J.P. and Schmidt M.W., 2019. Jurassic carbonatite
and alkaline magmatism in the lvrea zone (European Alps) related to the breakup of Pangea.
Geology 47, 199-202.

Grieco G., Ferrario A., Von Quadt A., Koppel V. and Mathez E.A., 2001. The Zircon-bearing
Chromitites of the Phlogopite Peridotite of Finero (Ivrea Zone, Southern Alps): Evidence and
Geochronology of a Metasomatized Mantle Slab. J Petrol 42, 89-101.

Guarnieri L., Nakamura E., Piccardo G.B., Sakaguchi C., Shimizu N., Vannucci R. and Zanetti A.,
2012. Petrology, Trace Element and Sr, Nd, Hf Isotope Geochemistry of the North Lanzo
Peridotite Massif (Western Alps, Italy). J Petrol 53, 2259-2306.

Hermann J., Muntener O., Trommsdorff V., Hansmann W., Piccardo G.B., 1997. Fossil crust-to-
mantle transition, Val Malenco (Italian Alps). J Geophys Res-Sol Ea 102, 20123-20132.

27



874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906

Hidas K., Borghini G., Tommasi A., Zanetti A. and Rampone E., 2020. Interplay between melt
infiltration and deformation in the deep lithospheric mantle (External Liguride ophiolite, North
Italy). Lithos 380-381, 105855.

Hidas K., Garrido C., Tommasi A., Padron-Navarta J.A., Thielmann M., Konc Z., Frets E. and
Marchesi C., 2013. Strain Localization in Pyroxenite by Reaction-Enhanced Softening in the
Shallow Subcontinental Lithospheric Mantle. J Petrol 54, 1997-2031.

Holland T. and Blundy J., 1994. Non-ideal interactions in calcic amphiboles and their bearing on
amphibole-plagioclase thermometry. Contrib Mineral Petrol 116, 433-447.

Kaczmarek M.-A. and Muntener O., 2008. Juxtaposition of Melt Impregnation and High-
Temperature Shear Zones in the Upper Mantle; Field and Petrological Constraints from the
Lanzo Peridotite (Northern Italy). J Petrol 49, 2187-2220.

Kaczmarek M.-A. and Miintener O., 2010. The variability of peridotite composition across a mantle
shear zone (Lanzo massif, Italy): interplay of melt focusing and deformation. Contrib Mineral
Petrol 160, 663-679

Kaczmarek M.-A., Mintener O. and Rubatto D., 2008. Trace element chemistry and U—Pb dating of
zircons from oceanic gabbros and their relationship with whole rock composition (Lanzo, Italian
Alps). Contrib Mineral Petrol 155, 295-312.

Kaczmarek M.-A. and Tommasi A., 2011. Anatomy of an extensional shear zone in the mantle, Lanzo
massif, Italy. Geochem Geophys Geosystems, 12(8).

Leake B.E., Woolley A.R., Arps C.E., Birch W.D., Gilbert M.C., Grice J.D., Hawthorne F.C., Kato
A., Kisch H.J., Krivovichev V.G., Linthout K., Laird J., Mandarino J., Maresch W.V., Nickel
E.H., Tock N.M.S., Schumacher J.C., Smith D.C., Stephenson N.C.N., Ungaretti L., Whittaker
E.JW. and Youzhi G., 1997. Nomenclature of amphiboles; report of the Subcommittee on
Amphiboles of the International Mineralogical Association Commission on new minerals and
mineral names. Mineral Mag 61, 295-310.

Liang Y., Sun C. and Yao L., 2013. A REE-in-two-pyroxene thermometer for mafic and ultramafic
rocks. Geochim Cosmochim Acta 102, 246-260.

Manatschal G. and Mintener O., 2009. A type sequence across an ancient magma-poor ocean—
continent transition: the example of the western Alpine Tethys ophiolites. Tectonophysics 473,
4-19.

Marroni M., Meneghini F. and Pandolfi L., 2017. A revised subduction inception model to explain
the Late Cretaceous, double-vergent orogen in the precollisional western Tethys: Evidence from
the Northern Apennines. Tectonics 36, 2227-2249.

28



907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938

Marroni M., Molli G., Montanini A. and Tribuzio R., 1998. The association of continental crust rocks
with ophiolites in the Northern Apennines (Italy): implications for the continent-ocean transition
in the Western Tethys. Tectonophysics 292, 43-66.

McCarthy A., Falloon T.J., Sauermilch I., Whittaker J.M., Niida K. and Green D.H., 2020. Revisiting
the Australian- Antarctic ocean- continent transition zone using petrological and geophysical
characterization of exhumed subcontinental mantle. Geochem Geophy Geosy 21, 1-25.

Montanini A. and Tribuzio R., 2001. Gabbro-derived granulites from the Northern Apennines (Italy):
Evidence for lower-crustal emplacement of tholeiitic liquids in post-Variscan times. J Petrol 42,
2259-2277.

Montanini A. and Tribuzio R., 2015. Evolution of recycled crust within the mantle: Constraints from
the garnet pyroxenites of the External Ligurian ophiolites (northern Apennines, Italy). Geology
43, 911-914.

Montanini A., Tribuzio R. and Anczkiewicz R., 2006. Exhumation History of a Garnet Pyroxenite-
bearing Mantle Section from a Continent-Ocean Transition (Northern Apennine Ophiolites,
Italy). J Petrol 47, 1943-1971.

Montanini A., Tribuzio R. and Bersani D., 2010. Insights into the origin of mantle graphite and
sulphides in garnet pyroxenites from the External Liguride peridotites (Northern Apennine,
Italy). Geol Soc Spec Publ 337, 87-105

Montanini A., Tribuzio R. and Thirlwall M., 2012. Garnet clinopyroxenite layers from the mantle
sequences of the Northern Apennine ophiolites (Italy): Evidence for recycling of crustal material.
Earth Planet Sci Lett 351-352, 171-181.

Montanini A., Tribuzio R. and Vernia L., 2008. Petrogenesis of basalts and gabbros transition
(external Liguride from an ancient continent-ocean ophiolites, northern Italy). Lithos 101, 453-
479.

Mintener O. and Manatschal G., 2006. High degrees of melt extraction recorded by spinel harzburgite
of the Newfoundland margin: The role of inheritance and consequences for the evolution of the
southern North Atlantic. Earth Planet Sci Lett 252, 437-452.

Mintener O., Manatschal G., Desmurs L. and Pettke T., 2010. Plagioclase Peridotites in Ocean-
Continent Transitions: Refertilized Mantle Domains Generated by Melt Stagnation in the
Shallow Mantle Lithosphere. J Petrol 51, 255-294.

Miintener O. and Hermann J., 1996. The Val Malenco lower crust- upper mantle complex and its field
relations (Italian Alps). Schweiz Miner Petrog 76, 475-500.

29



939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971

Mintener O. and Hermann J., 2001. The role of lower crust and continental upper mantle during
formation of non-volcanic passive margins: evidence from the Alps. Geol Soc Spec Publ 187,
267-288

Mintener O., Hermann J. and Trommsdorff V., 2000. Cooling History and Exhumation of Lower-
Crustal Granulite and Upper Mantle (Malenco, Eastern Central Alps). J Petrol 41, 175-200.

Mintener O., Pettke T., Desmurs L., Meier M. and Schaltegger U., 2004. Refertilization of mantle
peridotite in embryonic ocean basins: trace element and Nd isotopic evidence and implications
for crust-mantle relationships. Earth Planet Sci Lett 221, 293-308.

Niida K. and Green D.H., 1999. Stability and chemical composition of pargasitic amphibole in
MORB pyrolite under upper mantle conditions. Contrib Mineral Petrol 135, 18-40.

Passchier C.W. and Trouw R.A.J., 2005. Microtectonics. Springer, pp. 106.

Picazo S., Mintener O., Manatschal G., Bauville A., Karner G. and Johnson C, 2016. Mapping the
nature of mantle domains in Western and Central Europe based on clinopyroxene and spinel
chemistry: Evidence for mantle modification during an extensional cycle. Lithos 266267, 233-
263.

Piccardo G.B., Mintener O., Zanetti A. and Pettke T., 2004. Ophiolitic Peridotites of the Alpine-
Apennine System: Mantle Processes and Geodynamic Relevance. Int Geol Rev 46 (12), 1119-
1159.

Piccardo G.B., Zanetti A. and Miintener O., 2007. Melt/peridotite interaction in the Southern Lanzo
peridotite: Field, textural and geochemical evidence. Lithos 94, 181-209.

Rampone E., Borghini G. and Basch V., 2020. Melt migration and melt-rock reaction in the Alpine-
Apennine peridotites: Insights on mantle dynamics in extending lithosphere. Geosci Front 11,
151-166.

Rampone E., Hofmann A.W., Piccardo G.B., Vannucci R., Bottazzi P. and Ottolini L., 1995.
Petrology, Mineral and Isotope Geochemistry of the External Liguride Peridotites (Northern
Apennines, Italy). J Petrol 36, 81-105.

Rampone E., Piccardo G.B., Vannucci R. and Bottazzi P, 1997. Chemistry and origin of trapped melts
in ophiolitic peridotites. Geochim Cosmochim Acta 61, 4557-4569.

Renna M.R. and Tribuzio R., 2009. Petrology, geochemistry and U-Pb zircon geochronology of
lower crust pyroxenites from northern Apennine (ltaly): insights into the post-collisional
Variscan evolution. Contrib Mineral Petrol 157, 813-835.

Sanfilippo A., Salters V., Tribuzio R. and Zanetti A., 2019. Role of ancient, ultra-depleted mantle in
Mid-Ocean-Ridge magmatism. Earth Planet Sci Lett 511, 89-98.

30



972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004

Sanfilippo A. and Tribuzio R., 2011. Melt transport and deformation history in a nonvolcanic
ophiolitic section, northern Apennines, Italy: Implications for crustal accretion at slow spreading
settings. Geochem Geophy Geosy, 12(7).

Sanfilippo A., Tribuzio R. and Tiepolo M., 2014. Mantle-crust interactions in the oceanic lithosphere:
Constraints from minor and trace elements in olivine. Geochim Cosmochim Ac 141, 423-439.

Schaltegger U., Ulianov A., Muntener O., Ovtcharova M., Peytcheva I., Vonlanthen P., Vennemann
T., Antognini M. and Girlanda F., 2015. Megacrystic zircon with planar fractures in miaskite-
type nepheline pegmatites formed at high pressures in the lower crust (Ivrea Zone, southern Alps,
Switzerland). Am Mineral 100, 83-94.

Schettino A. and Turco E., 2011. Tectonic history of the western Tethys since the Late Triassic. Geol
Soc Am Bull 123, 89-105.

Seyler M. and Bonatti E., 1997. Regional-scale melt-rock interaction in Iherzolitic mantle in the
Romanche Fracture Zone (Atlantic Ocean). Earth Planet Sci Lett 146, 273-287.

Snow J.E., Schmidt G. and Rampone E., 2000. Os isotopes and highly siderophile elements (HSE) in
the Ligurian ophiolites, Italy. Earth Planet Sci Lett 175, 119-132.

Stahle V., Frenzel G., Kober B., Michard A., Puchelt H. and Schneider W. 1990. Zircon syenite
pegmatites in the Finero peridotite (Ivrea zone): Evidence for a syenite from a mantle source.
Earth Planet Sci Lett 101, 196-205.

Sutra E. and Manatschal G., 2012. How does the continental crust thin in a hyperextended rifted
margin? Insights from the Iberia margin. Geology 40, 139-142.

Taylor W.R., 1998. An experimental test of some geothermometer and geobarometer formulations
for upper mantle peridotites with application to the thermobarometry of fertile lherzolite and
garnet websterite. Neues Jb Miner Abh 172, 381-408.

Tribuzio R., Garzetti F., Corfu F., Tiepolo M. and Renna M.R., 2016. U-Pb zircon geochronology of
the Ligurian ophiolites (Northern Apennine, Italy): Implicatins for continental breakup to slow
seafloor spreading. Tectonophysics 666, 220-243.

Tribuzio R., Renna M.R., Dallai L. and Zanetti A., 2014. The magmatic-hydrothermal transition in
the lower oceanic crust: Clues from the Ligurian ophiolites, Italy. Geochim Cosmochim Acta
130, 188-211.

Tribuzio R., Thirlwall M. and Vannucci R., 2004. Origin of the Gabbro---Peridotite Association from
the Northern Apennine Ophiolites (Italy). J Petrol 45, 1109-1124

Villa I.M., Hermann J., Miintener O. and Trommsdorff V., 2000. ¥ Ar—*°Ar dating of multiply zoned
amphibole generations (Malenco, Italian Alps). Contrib Mineral Petrol 140, 363-381

31



1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038

Whitmarsh R. B., Manatschal G. and Minshull T. A., 2001. Evolution of magma-poor continental
margins from rifting to seafloor spreading. Nature 413, 150-154.
Wood B.J. and Blundy J.D., 1997. A predictive model for rare earth element partitioning between

clinopyroxene and anhydrous silicate melt. Contrib Mineral Petrol 129, 166-181

Figure captions

Fig. 1. Tectonic sketch map of the NW Apennines (modified after Conti et al., 2020). Mantle bodies
investigated in previous works are also reported: MN, Monte Nero; MP, Monte Prinzera; MR, Monte

Ragola; RS, Rio Strega; S, Suvero.

Fig. 2. Geological sketch map of the study area (modified after Elter et al., 1997) and location of the

investigated samples.

Fig. 3. Monte Gavi: (a) cm-scale pyroxenite layers; (b) coarse Al-Spl rimmed by plagioclase and (c)
coarse clinopyroxene with plagioclase lamellae in Type la pyroxenite; (d) pyroxene-rich and
plagioclase-rich domains in Type Ib pyroxenite. Monte Sant’Agostino: (e) peridotite protomylonite
with boudinaged pyroxenite layers, (f) peridotite ultramylonite.

Fig. 4. Thin section (4.6 mm x 2.6 mm) images of: (a) Type la pyroxenite (sample GAV2), (b)
protomylonitic lherzolite (sample 1C12-3), (c) mylonitic lherzolite (sample MGO1).

Fig. 5. Thin section photomicrographs under cross-polarized (a-b-d-e-f-g-h) and plane-polarized light
(c) of Monte Gavi samples. (a) embayed clinopyroxene partially replaced by orthopyroxene +
(altered) plagioclase, peridotite MGAT7; (b) orthopyroxene + (sericitized) plagioclase replacing
clinopyroxene, Type la pyroxenite GAV2; (c) Al-spinel rimmed by plagioclase, Type la pyroxenite
GAV2; (d) pyroxene-rich domain, Type Ib pyroxenite MG6; (e) symplectitic orthopyroxene-
plagioclase intergrowth in clinopyroxene, Type Ib pyroxenite MG6; (f) plagioclase-rich domain,
Type Ib pyroxenite GAL; (g) Mg-rich olivine, Type Il pyroxenite 1C2-3; (h) Orthopyroxene and

plagioclase coarse lamellae in clinopyroxene, Type Il pyroxenite 1C2-3.

Fig. 6. Variation of Na20 vs. A1203 for clinopyroxenes from Monte Gavi and Monte Sant’ Agostino
peridotites; pfc = porphyroclast, neo = neoblast. Data sources for other External Ligurian peridotites:
Borghini et al. (2011, 2013); Montanini et al. (2006); Rampone et al. (1995). North Lanzo data from
Kaczmarek et al. (2008); Upper Platta, Malenco and Totalp data from Miintener et al. (2010).
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Fig. 7. Variation of Cr # (100 -[Cr/(Cr + Al)]) vs. TiO2 for spinel from Monte Gavi and Monte
Sant’ Agostino peridotites and pyroxenites. Data sources for other External Ligurian peridotites and
pyroxenites: Borghini et al. (2011, 2013, 2016); Montanini et al. (2006); Rampone et al. (1995). Data
for North Lanzo peridotites from Kaczmarek and Muntener (2008); Upper Platta, Lower Platta,
Malenco and Totalp peridotites after Muntener et al. (2010). Data for Monte Maggiore pyroxenites
(Corsica) from Basch et al. (2019).

Fig. 8. Variation of Na20 and TiO2 vs. Al203 for clinopyroxenes from Monte Gavi and Monte
Sant’ Agostino pyroxenites; pfc = porphyroclast, neo = neoblast, 1 = cpx in primary garnet-bearing
assemblage, 2 = cpx in retrograde, garnet-free assemblage. Data sources for other External Ligurian
pyroxenites: Borghini et al. (2016), Montanini et al. (2006). Data for Monte Maggiore pyroxenites
(Corsica) from Basch et al. (2019).

Fig. 9. Variation of Cr203 vs. Mg# (100 -[Mg/(Mg + Fe)]) for clinopyroxenes from Monte Gavi and
Monte Sant’ Agostino peridotites and pyroxenites; pfc = porphyroclast.

Fig. 10. Thin section photomicrographs under cross-polarized light (a-b-c-e-f-g), plane-polarized
light (h) and BSE (back-scattered electron) image (d) of Monte Sant’ Agostino samples. (a) Preserved
porphyroclastic domain in peridotite with deformed orthopyroxene mantled by fine-grained
neoblastic aggregates of orthopyroxene + clinopyroxene + spinel (protomylonite 1C12-3); (b-c)
Exsolved clino- and orthopyroxene porphyroclasts in polyphase plagioclase-bearing mylonitic matrix
(Iherzolite 1C8-1); (d) BSE image of polyphase plagioclase-bearing mylonitic matrix (Iherzolite
sample IC 8-3); (e) peridotite ultramylonite with rounded pyroxene porphyroclasts cut by serpentine
veins (sample IC11); (f) Orthopyroxene porphyroclasts in websterite with protomylonitic texture
(sample AM489); (g) Exsolved clinopyroxene porphyroclast in websterite with protomylonitic
texture (sample MP7); (h) Symplectitic orthopyroxene-spinel-plagioclase domain after garnet
(sample MP7).

Fig. 11. Pressure-temperature equilibration conditions in the plagioclase stability field for the mantle
sections of this study and other mantle bodies from the Western Tethys OCT, based on the P-T
intervals reported in Table 2 (see text for further explanations). P-T trajectory of the EL mantle (ST

and PM domains) obtained combining the P-T data of this work for the plagioclase-facies
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equilibration and the low-T decompression evolution reconstructed by Montanini et al. (2006). P-T

trajectory for the Malenco peridotites after MUntener et al. (2000).

Fig. 12. Interpretative section of the subcontinental mantle at the onset of rifting in late Triassic
displaying the different plagioclase-bearing mantle domains recognized for the External Ligurian
mantle section (ST: plagioclase-spinel tectonite; PM = plagioclase mylonite, PI: plagioclase
impregnated); the plagioclase-free Malenco mantle is also reported for comparison. See text for

further explanations.
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Table 1. Summary of microstructural and mineralogical features of Monte Gavi and Monte Sant'/Agostino mantle rocks

Monte Gavi mantle sequence

Samples Lithology
Cpx-rich Spl-PI
Peridotites MGA-7 harzburgite
Type la pyroxenites GAV2 Spl websterite*
Type b pyroxenites GAl, MG6 Spl websterite*
MGS, 1C2-3,
Type Il pyroxenites MG9 OI-Spl websterite*

Monte Sant'Agostino mantle sequence

Peridotites MGO-1, IC8-1, Spl- Pl Iherzolite
1C8-3, IC11

Pyroxenites AMA489, Spl websterites
MP-7, 1C10-1

Thickness

~10-80 cm

~10-80 cm

~10cm

~1-10 cm

Microstructure

Nearly isotropic;
coarse-grained, impregnated

Isotropic, coarse-grained,
granular allotriomorphic

Isotropic, coarse-grained,
granular allotriomorphic

Isotropic, medium-to coarse-
grained, granular allotriomorphic

Foliated, protomylonitic
to ultramylonitic with spinel
tectonite relics

Protomylonitic

Main petrographic features

Evidence of melt-rock reaction: Cr-Ti-rich Spl (Cr#= 33-35, TiO, =0.3-0.5 wt.%)
with PI coronas; Pl + Opx as replacement of Cpx

Coarse Al-Spl (Cr# = 2-4, TiO, < 0.10 wt %) with thin Pl rims
and smaller Cr-Spl (Cr# = 12-34, TiO, = 0.15-1.02 wt%);
embayed coarse Cpx with Pl + Opx lamellae; Mg# of coarse Cpx = 84-86

Pyroxene-rich (Cpx + Opx + P1) and PI-rich (PI + Ol + Cr-Spl + 1Im + sulfide) domains;
relict coarse Cpx replaced by Opx + Pl as rims and lamellae; Mg# of Cpx = 79-85

KelICT exs0IVed UpPX and Fo-ricn Ul (8Y Mol¥o) TTOM Tne NoSt Periaotite + LPX-ricn aomains
with interstitial Pl (embayed Cpx with lamellae of Pl + Opx); spinels with variable Cr# (6-
16) and TiO, (0.10-0.56 wt%) rimmed by PI

Opx+Cpx (+Spl+Ti-Amp) porphyroclasts in a ultrafine-grained Ol+Opx+Cpx+PlI
+ Amp  Spl polyphase matrix; highly stretched Opx. Al,O5 (7.0-8.4 wt%) and Na,O-rich
(1.6-2.1 wt%) Cpx porphyroclasts, Cr-and Ti-poor Spl (Cr# = 8-16, TiO, < 0.20 wt%)

Porphyroclasts of Cpx + Opx + Al-Spl set into a matrix of Cpx + Opx + Ol + Pl + Ti-Amp;
Opx + Al-Spl + Pl symplectitic intergrowths after garnet

* protolith before melt-rock interaction; sample locations are reported in Fig. 2
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Table 2

Table 2. Geotermobarometric estimates
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Monte Gavi
Peridotites

Exsolved Opx®- Cpx (core)
Type I- pyroxenites

Non-exsolved Opx associated with PI @
Opx - adjacent Cpx in Cpx-rich domain
PI-Amp

Type I1-pyroxenites

Exsolved Opx®

Non-exsolved Opx @ associated with Pl
Opx - adjacent Cpx

Monte S. Agostino

Mylonitic peridotites

Porphyroclastic Opx®- Cpx

Neoblastic PI-bearing mylonitic matrix ©
Spl-Pl websterites

Porphyroclastic Opx®- Cpx

Neoblastic PI-bearing matrix

PI-Amp

Suvero peridotites

Pl-bearing domains - neoblast cores @

PI-bearing domains - neoblast rims ©

Rio Strega-Monte Prinzera peridotites
Neoblastic Pl-bearing mylonitic matrix
Monte Nero peridotites

Neoblastic pl-bearing domains @

Lanzo SZ peridotites
Neoblastic Pl-bearing mylonitic matrix

TCa—in—Opx (°C)

950-1110

920-1030

1001-1047
910-1065

930-970
750-780

920-985
870-930

890-910
800-840

850-870

960-980

840-890

TTa98

878-916

850-954

970-983

832-886
756-825

914-958
856-880

TBK90

897-938

876-989

996-1015

857-950
788-873

940-960
905-938

THBQ4 PFACE

0.67-0.78
1030

0.72

778 0.34-0.55

0.76-0.90
880-907

0.6-0.7*
0.4-0.5*

0.43-0.49

0.55-0.71

0.30-0.42

Temperature (T) in °C. Pressure (P) in GPa

Assumed P for Teainop: ™ 1.5 GPa, @ 0.7 GPa, ® 0.4 GPa, 0.8 GPa
Tca-in-opx fOr Suvero were computed using the data from Borghini et al. (2011) for peridotite samples ERS2-2, BG1, BG6.
P values after Fumagalli et al. (2017). Thermobarometric estimates for the other mantle bodies have been obtained from
the data reported in: Montanini et al. (2006) (Rio Strega-Monte Prinzera peridotite mylonites, samples AM324, AM288b);
Rampone et al. (1995) (Monte Nero porphyroclastic peridotites, samples ERN1/5, ERN2/1, ERN2718, RN1/4);
Kaczmarek and Mintener (2010) (Central Lanzo SZ, Shear Zone, samples L241, L04, L122).
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