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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 µm 

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. 
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Abstract 16 

The present study focuses on the petrographic and petrological characteristics of mantle bodies 17 

included in Upper Cretaceous sedimentary mélanges of the External Ligurian units (Northern 18 

Appennine), within the Monte Gavi and Monte Sant’Agostino areas. Two distinct pyroxenite-bearing 19 

mantle sections were recognized, mostly based on their plagioclase-facies evolution. The Monte Gavi 20 

mantle section is nearly undeformed and records a process of melt infiltration and reaction under 21 

plagioclase-facies conditions. The melt-rock interaction event involved both peridotites (mostly 22 

harzburgites) and enclosed spinel pyroxenite layers, and is estimated to have occurred at 0.7-0.8 GPa. 23 

In the Monte Gavi peridotites and pyroxenites, the spinel-facies clinopyroxene was partially replaced 24 

by plagioclase and new orthopyroxene (± secondary clinopyroxene). The reactive melt migration led 25 

to relatively high TiO2 contents in relict clinopyroxene and spinel (up to 2.3 wt% and 1.0 wt%, 26 

respectively, in the pyroxenites), with the latter also having high Cr# (up to 35 in the peridotites). The 27 

Monte Sant’Agostino mantle section displays a widespread ductile shearing and no evidence for melt-28 

rock interaction under plagioclase-facies conditions. The main deformation phase recorded by the 29 

Monte Sant’Agostino peridotites (mostly lherzolites) is estimated to have occurred at 750-780 °C and 30 

0.3-0.6 GPa, and gave rise to protomylonitic to ultramylonitic textures characterized by 10-50 µm 31 

neoblasts. The enclosed pyroxenite layers yielded relatively high temperature and pressure estimates 32 

(870-930 °C and 0.8-0.9 GPa). Presumably, in the Monte Sant’Agostino mantle section, plagioclase 33 

crystallization occurred earlier in the pyroxenites than in enclosing lherzolites, thereby enhancing 34 

strain localization and formation of mylonite shear zones in the entire mantle section. We propose 35 

that subcontinental mantle section from the External Ligurian units consists of three distinct mantle 36 

domains, developed in response to the rifting evolution that ultimately formed a Middle Jurassic 37 

ocean-continent transition: (1) a spinel tectonite domain that underwent no significant deformation 38 

and melt-rock reaction under plagioclase-facies conditions, characterized by static plagioclase 39 

development, (2) a plagioclase mylonite domain experiencing melt-absent deformation, and (3) a 40 

nearly undeformed domain that underwent melt infiltration and reaction under plagioclase-facies 41 

conditions. We relate mantle domains (1) and (2) to a rifting-driven uplift in the late Triassic 42 

accommodated by large-scale shear zones consisting of plagioclase mylonites. 43 

 44 

1. Introduction 45 

Magma-poor ocean-continent transitions (OCT), such as those exposed along the Iberia-46 

Newfoundland (e.g., Whitmarsh et al., 2001) and the Australian-Antarctic systems (e.g., McCarthy 47 

et al., 2020), are characterized by wide areas of subcontinental mantle uplifted and denuded in 48 

conjunction with the late-stage rifting evolution. A key point to elucidate the rifting process leading 49 
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to basin opening is therefore the tectonic, magmatic and metamorphic evolution of the subcontinental 50 

lithospheric mantle. In particular, limited direct information are available on the high temperature 51 

shearing and mode of mantle exhumation before the late coupling stage, where brittle faults cut 52 

through the extremely thinned continental crust and penetrate into the underlying mantle (Sutra and 53 

Manatschal, 2012). Samples drilled or dredged along modern OCTs testify the occurrence of 54 

heterogeneous subcontinental lithospheric mantle, which preserves geochemical signatures acquired 55 

before onset of rifting, as well as evidence for syn-rift melt-rock interaction and deformation (e.g., 56 

Chazot et al., 2005; Müntener and Manatschal, 2006). However, the relatively limited sampling 57 

compared with the regional extent of the involved areas, and the diffuse alteration of the recovered 58 

samples hampered to envisage a conceptual model for the mantle behaviour from the beginning of 59 

lithospheric thinning to crustal breakup. 60 

Fragments of magma-poor ocean-continent transitions of Jurassic age are exposed along the Alpine-61 

Apennine belt (e.g., Manatschal and Müntener, 2009). These fossil records provided relevant 62 

information about the rifting-related history undergone by the subcontinental mantle during 63 

lithosphere thinning and exhumation (e.g., Picazo et al., 2016). For instance, the investigation of the 64 

Platta ophiolites from Central Alps documented that the subcontinental mantle was percolated and 65 

refertilized by MORB-type melts during rifting (e.g., Müntener et al., 2010). In addition, the central 66 

body of the Lanzo mantle massif from Western Alps provides evidence for melt focusing within 67 

rifting-related plagioclase-facies shear zones (Kaczmarek and Müntener, 2010; Kaczmarek and 68 

Tommasi, 2011). The subcontinental mantle bodies from the External Ligurian units (Northern 69 

Apennines, Fig. 1) are also part of a Jurassic magma-poor ocean-continent transition (Marroni et al., 70 

1998). Despite some of these mantle bodies were thoroughly investigated from petrological, 71 

geochemical and microstructural viewpoints (e.g., Rampone et al., 1995; Montanini et al., 2006; 72 

Borghini et al., 2016; Hidas et al., 2020), a comprehensive rifting-related geological scenario is 73 

lacking for the External Ligurian mantle section. 74 

The primary aim of this contribution is to provide new constraints on the evolution of the 75 

subcontinental mantle involved in a rifting process. We thus present new field, microstructural, 76 

mineral chemistry and geothermobarometric data obtained for peridotites and enclosed pyroxenites 77 

from kilometre-sized subcontinental mantle bodies from the External Ligurian units, locally 78 

recognized as Monte Gavi and Monte Sant’Agostino (Fig. 2). To our knowledge, no petrographic and 79 

petrological data are available in the literature for these mantle sections. We document that the 80 

different mantle bodies from the External Ligurian units display distinct tectonic and thermal 81 

evolutions in the plagioclase stability field. Hence, we relate the heterogeneous behaviour of the 82 

subcontinental mantle under relatively low pressure conditions to the rifting process that ultimately 83 
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developed a magma-poor Jurassic OCT. A comparison with ophiolitic mantle sections from the 84 

Alpine belt finally allowed us to shed light on the rifting-related evolution of the subcontinental 85 

lithospheric mantle at a regional scale. 86 

 87 

2. Geological setting 88 

The ophiolitic bodies exposed along the Alpine-Apennine belt are lithospheric remnants of the 89 

Western Tethys (or Ligurian-Piedmontese basin). This basin formed in the Middle to Upper Jurassic 90 

in conjunction with the opening of the Central Atlantic Ocean and separated the Europe-Iberia from 91 

the Africa-Adria plate (e.g. Schettino and Turco, 2011). The opening of Western Tethys basin was 92 

associated with uplift and denudation of subcontinental lithospheric mantle, which is presently 93 

exposed along the Alpine-Apennine belt. During rifting and oceanization, the subcontinental 94 

lithospheric mantle most likely underwent thermochemical erosion driven by reaction with ascending 95 

melts of asthenospheric origin (e.g., Piccardo et al., 2004, 2007; Müntener et al., 2010; Rampone et 96 

al., 2020). 97 

The Alpine-Apennine ophiolites are locally associated with continental crust material and frequently 98 

include mantle sections retaining a subcontinental origin (e.g., Marroni et al., 1998; Manatschal and 99 

Müntener, 2009). The best examples of preserved subcontinental mantle were reported for the 100 

Malenco-Totalp bodies from Central Alps (Müntener et al., 2004; 2010) and for the External Ligurian 101 

units from the Northern Apennine (e.g., Rampone et al., 1995; Montanini et al., 2006, 2012). The 102 

ophiolites comprising subcontinental mantle sections were interpreted as remnants of embryonic 103 

oceanic lithosphere formed at magma-poor ocean-continent transitions, similar to those occurring 104 

along the Iberia-Newfoundlands margins (e.g., Manatschal and Müntener, 2009). Conversely, some 105 

of the ophiolites from the Alpine-Apennine belt display structural and compositional similarities to 106 

oceanic lithosphere from slow and ultra-slow spreading ridges (Sanfilippo and Tribuzio, 2011; 107 

Tribuzio et al., 2014). 108 

The External Ligurian ophiolites occur as large slide-blocks within sedimentary melanges related to 109 

inception of convergence-related sedimentation in Upper Cretaceous times (Marroni et al., 1998, 110 

2017). In these ophiolites, exhumed subcontinental mantle (Rampone et al., 1995; Montanini et al., 111 

2006) is in places associated with MOR-type gabbroic and basaltic rocks (Tribuzio et al., 2004, 2016; 112 

Montanini et al., 2008). In particular, the basalts and associated Middle to Upper Jurassic pelagic 113 

sediments are locally in primary contact relationships with granitoids of late Carboniferous-early 114 

Permian age. The mantle bodies and the continental crust rocks record retrograde tectono-115 

metamorphic evolutions related to the rifting process that led to their exposure at the seafloor in the 116 

Middle Jurassic (see also Renna and Tribuzio, 2009). 117 
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The External Ligurian mantle bodies are up to few km in size (Fig. 1). Petrological and geochemical 118 

studies were carried out on few slide-blocks located in the western (Suvero, Monte Nero, Monte 119 

Ragola) and in the eastern sectors (Rio Strega-Monte Prinzera) of the External Ligurian units. The 120 

mantle bodies typically consist of chemically fertile spinel-plagioclase lherzolites with disseminated 121 

Ti-rich amphibole, and widespread pyroxenite layers (e.g., Rampone et al., 1995; Montanini et al., 122 

2006). The lherzolites mainly display a MORB-type Nd-Hf isotope signature. However, highly 123 

radiogenic Nd and Hf values at the time of oceanization (Nd(160Ma) = 17, Hf,(160Ma) = 25), coupled with 124 

unradiogenic Sr (87Sr/86Sr = 0.7018) and ancient Os model ages (1.6-2.1 Ga) were locally found (see 125 

Snow et al., 2000; Montanini et al., 2012; Borghini et al., 2013, 2016, 2021). The literature radiogenic 126 

isotope data collectively argue for a long residence time in the subcontinental mantle. The Suvero 127 

mantle body provides evidence for having undergone: (i) pyroxenite veining in the early Paleozoic, 128 

and (ii) rifting-related spinel- to plagioclase-facies decompression under subsolidus static conditions 129 

in the Mesozoic (see also Hidas et al., 2020). The Rio Strega-Monte Prinzera mantle bodies in places 130 

include garnet pyroxenite layers documenting a stage of deep-seated lithospheric equilibration at ~2.8 131 

GPa and ~1100 °C, and are characterized by widespread plagioclase-facies mylonitic shear zones, 132 

which occurred under subsolidus conditions in response to the Mesozoic lithosphere extension (see 133 

also Montanini et al., 2006). 134 

 135 

3. Field relationships 136 

The present study focuses on the External Ligurian mantle bodies exposed between Trebbia and 137 

Perino valleys, east of Bobbio (Fig. 2). Here, hectometre-to kilometre-sized mantle blocks are 138 

included into a sedimentary melange, named Monte Ragola-Monte delle Tane Complex, which was 139 

formed during the inception of an intra-oceanic subduction event in the Upper Cretaceous (Marroni 140 

et al., 2017). This complex mainly consists of flyschoid sedimentary deposits composed of fine-141 

grained clastic sequences and polymict breccias derived from gravity flows. The breccias include up 142 

to m-sized clasts of: (i) mantle-derived serpentinites, (ii) late Carboniferous-early Permian intrusive 143 

rocks, namely lower crustal gabbro-derived granulites and pyroxenites, and upper crustal granitoids, 144 

and (iii) Upper Cretaceous micritic limestones (see also Montanini and Tribuzio, 2001; Renna and 145 

Tribuzio, 2009). At the contact with the mantle body, the breccias are typically monogenic, being 146 

composed of serpentinized peridotite clasts set in a serpentine-rich clayish matrix. New field 147 

observations allowed us to distinguish two different types of mantle bodies, forming two distinct NE-148 

SW alignments (Fig. 2). The first type is represented at Camminata Boselli, Monte Gavi and Monte 149 

Castello localities, which are hereafter collectively referred to as Monte Gavi mantle section. The 150 
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second type is represented by the exposures of Monte Armelio, Monte Gonio, Monte Mangiapane 151 

and Monte Sant’Agostino, and are hereafter referred to as Monte Sant’Agostino mantle section. 152 

 153 

3.1. Monte Gavi mantle section 154 

These mantle bodies (Fig. 2) mainly consist of nearly undeformed serpentinized spinel-plagioclase 155 

peridotites including widespread spinel-plagioclase pyroxenite layers (Fig. 3a). The peridotites 156 

locally display a weak foliation defined by alignment of orthopyroxenes. The pyroxenite layers are 157 

typically <0.1 m thick. Near the northwestern contact of the Monte Gavi body with the enclosing 158 

sediments, there are several pyroxenite layers, which are up to 0.8 m thick and up to 20 m long. These 159 

layers, hereafter referred to as Type-I pyroxenites, have nearly concordant orientations and are 160 

characterized by alignment of 1-2 cm long pyroxene and spinel grains. Type-I pyroxenites include a 161 

high amount of spinel (up to ~15 vol%), which is rimmed by mm-scale plagioclase coronas (Fig. 3b-162 

c) or appears to be almost completely replaced by plagioclase (Fig. 3d). Plagioclase also frequently 163 

occurs along the cleavages of the large pyroxenes (Fig. 3b) and locally develops anastomosing, 164 

subparallel veinlets that are up to 2 mm thick. The thin pyroxenite layers, hereafter referred to as 165 

Type-II pyroxenites, exhibit pyroxene and spinel alignment subparallel to the pyroxenite-peridotite 166 

contacts. Spinel is typically absent in the outermost portions of the Type-II pyroxenite layers. 167 

 168 

3.2. Monte Sant’Agostino mantle section 169 

Monte Sant’Agostino and the neighbouring mantle bodies (Fig. 2) are mostly composed of variably 170 

serpentinized, spinel-plagioclase foliated peridotites. They include porphyroclasts of dark green 171 

pyroxene (up to 1 cm across) and 1-2 mm-sized black spinel, which are set in a fine-grained olivine-172 

rich matrix. According to Passchier and Trouw (2005), their textures vary from protomylonitic 173 

(porphyroclasts >50 vol%, Fig. 3e, 4b) to mylonitic (porphyroclasts 10-50 vol%, Fig. 4c) and 174 

ultramylonitic (porphyroclasts <10 vol%, Fig. 3f). The size of the porphyroclasts decreases from 175 

protomylonitic (~5-10 mm) to ultramylonitic peridotites (~0.25-1.5 mm). At Monte Sant’Agostino, 176 

the thickness of the ultramylonitic shear zone is estimated to be at least ~150 m. Up to 1 cm thick, 177 

stretched pyroxene-rich bands are locally present in the ultramylonites, whereas up to 8-10 cm thick, 178 

typically boudinaged, pyroxenite layers are frequent in the protomylonitic domains (Fig. 3e). 179 

 180 

4. Petrographic characteristics and major element mineral chemistry 181 

Microstructural observations were carried out on thirty-five rock samples. A summary of 182 

microstructural and mineralogical characteristics of the investigated rocks is reported in Table 1. 183 

Fourteen samples, whose location is shown in Fig. 2, were selected for major element mineral 184 
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analyses (Supplementary Tables 1-2-3). The Monte Gavi samples include one partially serpentinized 185 

peridotite (MGA7), three Type-I pyroxenites (GAV2, GA1 and MG6) and three Type-II pyroxenites 186 

(MG5, MG9, IC2/3). Samples selected for the Monte Sant’Agostino mantle section comprise four 187 

mylonitic lherzolites (MGO1, IC8-1, IC8-3, IC11) and three pyroxenites (MP7, AM489, IC10-11). 188 

The modal abundances reported in the following petrographic descriptions were visually estimated. 189 

 190 

4.1.Monte Gavi peridotites 191 

The Monte Gavi peridotites are spinel-plagioclase harzburgites, tipically widely serpentinized. The 192 

least serpentinized samples are nearly isotropic and characterized by 1-2 cm long exsolved 193 

orthopyroxenes and minor amounts of clinopyroxene (5-10 vol%) and plagioclase (~5 vol%). 194 

Plagioclase occurs in two microstructural sites: (1) coronas mantling dark brown Cr-rich spinel, and 195 

(2) patches or lamellae, associated with orthopyroxene, partially replacing clinopyroxene (Fig. 5a). 196 

Plagioclase is altered into fine-grained aggregates of epidote + chlorite + hydrogrossular. Olivine has 197 

90 mol% forsterite and 0.4-0.5 wt% NiO. Orthopyroxene has 89 Mg# [100 × Mg/(Mg+Fetot)] and 198 

displays a core to rim decrease of Al2O3 and CaO, from ~6.0 wt% to ~3.1 wt% and from 1.2 to 0.8 199 

wt%, respectively. Clinopyroxene exhibits a core to rim Mg# increase (88-89 to 90-91) and Al2O3 200 

decrease (5.9-7.4 wt% to 3.5-5.1 wt%), and nearly homogeneous Na2O contents (0.7-1.0 wt%, Fig. 201 

6). Spinel has relatively high Cr# [100 × Cr/(Cr+Al)] of 33-35, and 0.3-0.5 wt% TiO2 (Fig. 7). 202 

 203 

4.2. Monte Gavi Type-I pyroxenites 204 

We subdivide the Type-I pyroxenites into two sub-types, based on different extents of replacement 205 

of coarse clinopyroxene and spinel grains. Type-Ia pyroxenites, exemplified by sample GAV2, have 206 

~1.5 cm long crystals of clinopyroxene and green spinel (Fig. 3b). The coarse clinopyroxene includes 207 

plagioclase and orthopyroxene along the original cleavages, with the physically associated 208 

clinopyroxene displaying embayed boundaries (Fig. 5b). The coarse clinopyroxene has 84-87 Mg# 209 

and exhibits a substantial outward Al2O3 decrease (~8.7 to ~4.6 wt%). The core locally has relatively 210 

low TiO2 contents (0.4-0.5 wt%), which typically increase towards the rims (up to ~0.9 wt%, Fig. 8). 211 

The coarse clinopyroxene is mantled by aggregates made up of secondary clinopyroxene, altered 212 

orthopyroxene and minor altered plagioclase. The secondary clinopyroxene has 85-88 Mg#, core to 213 

rim Al2O3 decrease (from ~7.8 to ~4.7 wt%) and nearly homogeneous TiO2 (0.7-0.9 wt%). The coarse 214 

green spinels (Cr# = 2-4, TiO2 <0.10 wt%) are rimmed by 1-2 mm thick plagioclase coronas (Fig. 215 

5c). The selected sample also includes smaller, submillimetre to millimetre-scale spinel grains with 216 

dark brown colour and embayed shape, rimmed by up to 1 cm wide aggregates made up of altered 217 

plagioclase and minor olivine (Fig. 4a). These spinels have variable and significantly higher Cr# (12-218 



8 
 

34) and TiO2 (0.15-1.02 wt%). Notably, minor amounts of relatively large chlorite grains displaying 219 

prismatic shape and ghost cleavages, presumably representing pseudomorphs after orthopyroxene, 220 

are also present. Hence, we envision that the original mineral assemblage of these pyroxenites was 221 

mostly composed of clinopyroxene, associated with minor amounts of Al-spinel and orthopyroxene. 222 

Type-Ib pyroxenites (samples GA1 and MG6) are characterized by the occurrence of distinct 223 

pyroxene- and plagioclase-bearing domains, which are both up to 2 cm long (Fig. 3d). The pyroxene-224 

rich domains are composed of clinopyroxene (40-50 vol%), orthopyroxene (35-40 vol%) and minor 225 

plagioclase (15-20 vol%), and locally include relics of pre-existing coarse clinopyroxenes (Fig. 5d). 226 

Thick plagioclase + orthopyroxene lamellae are present along the cleavages of these coarse 227 

clinopyroxenes, typically forming symplectitic intergrowths (Fig. 5e). The coarse clinopyroxene has 228 

relatively low Mg# (79-84) and variable Al2O3 (5.2-9.7 wt%), TiO2 (1.2-2.3 wt%) and Na2O (0.4-1.7 229 

wt%), with no clear systematic zoning (Fig. 8). The chemical compositions of the secondary 230 

clinopyroxenes associated with plagioclase and orthopyroxene fall within these intervals. 231 

Orthopyroxene has low Mg# (81-83), 1.9-3.7 wt% Al2O3, 0.6-1.3 wt% CaO and relatively high TiO2 232 

(0.3-0.5 wt%). Accessory brown amphibole (titanian pargasite according to the nomenclature of 233 

Leake et al., 1997) occurs as thin rims mantling resorbed clinopyroxenes and has 76-80 Mg# and 2.7-234 

3.8 wt% TiO2. The plagioclase-rich domains include ~30 vol% olivine and, in their inner portions, 235 

accessory amounts of small spinel grains with brownish-black colour (Fig. 5f). Plagioclase (71-79 236 

mol% anorthite) and olivine (82-83 mol% forsterite) form nearly polygonal aggregates and are 237 

variably altered into sericite and serpentine, respectively. Spinel within the plagioclase-rich domain 238 

has variable Cr# (4-30) and TiO2 (0.10-0.56 wt%, Fig. 7). Tiny ilmenite and altered Fe-Ni-Cu sulfides 239 

with rounded morphology are also in places present within plagioclase. Towards the contact with the 240 

pyroxene-rich domains, coarse-grained vermicular olivine + plagioclase intergrowths typically occur. 241 

 242 

4.3. Monte Gavi Type-II pyroxenites 243 

Type-II pyroxenites are medium- to coarse-grained olivine websterites. They display moderate to 244 

extensive serpentinization, which makes in places difficult to decipher their primary texture. 245 

However, in the most preserved samples, an allotriomorphic granular texture is discernible. Their 246 

original mineral assemblage is composed of clinopyroxene (30-40 vol%), orthopyroxene (25-30 247 

vol%), olivine (up to 25 vol%), greenish to brown spinel (5-10 vol%) and plagioclase (10-15 vol%). 248 

These pyroxenites are characterized by the presence of exsolved orthopyroxene porphyroclasts, 249 

forsterite-rich (89 mol%) olivine (Fig. 5g) that is locally kinked, and clinopyroxene-rich domains. 250 

These domains consist of irregularly shaped clinopyroxene grains with plagioclase + orthopyroxene 251 
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lamellae (Fig. 5 h), associated with interstitial plagioclase and trails of elongated spinels rimmed by 252 

plagioclase. 253 

Clinopyroxene from Type-II pyroxenites has 88-90 Mg#, relatively high Cr2O3 (0.4-0.9 wt%) and a 254 

wide TiO2 range (0.7-1.8 wt%; Figs. 8 and 9). Al2O3 and Na2O in clinopyroxene vary from 4.5 to 7.4 255 

wt% and from 0.5 to 0.9 wt%, respectively. Orthopyroxene displays high Mg# (87-89), 4.0-5.8 wt% 256 

Al2O3 and 0.6-1.0 wt% CaO. Spinel has variable Cr# (6-16) and 0.1-0.6 wt% TiO2 (Fig. 7). 257 

Plagioclase is in most places replaced by sericite, but small preserved domains with ~65 mol% 258 

anorthite were found in sample IC2/3. Accessory brown amphibole (titanian pargasite) occurs as rim 259 

around pyroxenes and is characterized by 85-87 Mg# and 3.1-4.0 wt% TiO2. 260 

 261 

4.4. Monte Sant’Agostino deformed peridotites 262 

The Monte Sant’Agostino peridotites mostly consist of plagioclase-facies mylonitic lherzolites 263 

including small (cm- to dm-sized) domains made up of spinel-facies tectonites. Microstructural 264 

evidence for a spinel-facies recrystallization event are preserved in these low-strain domains (Fig. 265 

10a), where up to 1 cm in size porphyroclasts of clinopyroxene and orthopyroxene are surrounded by 266 

fine-grained granoblastic aggregates made up of pyroxenes + light brown spinel ± orange-brown 267 

amphibole. Mutual exsolutions are displayed by the orthopyroxene and the clinopyroxene 268 

porphyroclasts (Fig. 10 a-b), and the overall clinopyroxene mode varies between 10 and 15 vol%. In 269 

the less serpentinized samples, mm-sized olivine porphyroclasts surrounded by neoblastic olivine are 270 

still recognizable. Holly leaf brown spinels are also locally preserved. 271 

The spinel-facies assemblage is widely overprinted by a plagioclase-facies mylonitic fabric. The 272 

mylonite microstructure is characterized by porphyroclasts of orthopyroxene and clinopyroxene 273 

aligned along the foliation (Fig. 10 b-c). Cr-spinel and rare brown amphibole may also occur as 274 

porphyroclasts. Porphyroclastic orthopyroxene typically displays up to ~10 aspect ratio (Fig. 10c). 275 

Porphyroclastic clinopyroxene is smaller and more equant than associated porphyroclastic 276 

orthopyroxene. Both pyroxene porphyroclasts provide evidence for deformation, like undulose 277 

extinction, bending and kinking, and are set into a polyphase olivine-rich matrix with extremely fine 278 

grain-size (20-50 m, Fig. 10 b-c-d). Besides olivine, this matrix includes neoblastic clinopyroxene 279 

and orthopyroxene, plagioclase and, in places, Cr-spinel. Plagioclase also occurs as thin rims mantling 280 

the spinel porphyroclasts. The extremely fine-grained matrix is dominant in the ultramylonites (Fig. 281 

10 e), which contain sporadic pyroxene and brown amphibole porphyroclasts with rounded shape 282 

(Supplementary Table 2). 283 

Both porphyroclastic and matrix olivine have 89-90 mol% forsterite and 0.4-0.5 wt% NiO. 284 

Porphyroclastic clinopyroxene has 90-91 Mg# and high Al2O3 and Na2O contents (7.0-8.4 wt% and 285 
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1.6-2.1 wt%, respectively), slightly decreasing from the core to the rim (Fig. 6). Clinopyroxene 286 

neoblasts have higher Mg# values (91-92) and lower Al2O3 and Na2O (2.3-3.2 and ~0.6 wt%, 287 

respectively) than porphyroclasts (see also Fig. 6). Orthopyroxene porphyroclasts have 89-90 Mg#, 288 

4.4-5.6 wt% Al2O3 and 0.7-0.9 wt% CaO. The tiny orthopyroxene from the mylonitic matrix is 289 

distinct in the low Al2O3 (0.5-2.4 wt%) and CaO (0.25-0.36 wt%). Spinel has low Cr# (9-16) and 290 

TiO2 ≤0.20 wt% (Fig. 7). Plagioclase in the mylonitic matrix has 38-50 mol% anorthite. 291 

Porphyroclastic amphibole is titanian pargasite, with 84-86 Mg# and 3.1-4.6 wt% TiO2. Accessory 292 

amphibole with relatively low TiO2 (~1.8 wt%, Supplementary Table 2) is also present in the matrix 293 

of the ultramylonites. 294 

 295 

4.5. Monte Sant’Agostino spinel-plagioclase websterites 296 

These pyroxenites typically have protomylonitic texture (Fig. 10e). Porphyroclasts of exsolved 297 

clinopyroxene and orthopyroxene (up to 0.5 cm in size), and of Al-spinel are set into a fine-grained 298 

neoblastic matrix displaying an average grain size of ~0.1 mm (Fig. 10 f-g). Comparable amounts of 299 

clinopyroxene and orthopyroxene porphyroclasts are generally observed. The clinopyroxene 300 

porphyroclasts (Fig. 10g) locally display thin exsolution lamellae of orthopyroxene ± plagioclase, 301 

and the orthopyroxene porphyroclasts are frequently stretched along the main foliation. The 302 

neoblastic mineral assemblage consists of clinopyroxene and orthopyroxene associated with minor to 303 

accessory amounts of green spinel, plagioclase, olivine and brown amphibole. The neoblastic 304 

minerals commonly display grain boundary alignment parallel to the mylonitic foliation. Websterite 305 

MP-7 also includes rounded symplectitic domains (Fig. 10 h) made up of vermicular Cr-poor spinel 306 

(Cr# ~1), Al-poor orthopyroxene (Al2O3 = 2.8-3.9 wt%) and minor plagioclase (52-54 mol% 307 

anorthite). 308 

Taken as a whole, clinopyroxenes and orthopyroxenes have 84-88 Mg# and 83-88 Mg#, respectively 309 

(Supplementary Table 3). Clinopyroxene porphyroclast cores have high amounts of Al2O3 (9-10 wt%) 310 

and, accordingly, high proportions of Ca-Tschermak substitution (up to ~15 mol%), which are 311 

coupled with 0.8-1.1 wt% Na2O (Fig. 8). Orthopyroxene is also Al2O3-rich (4.9-6.8 wt%), with rather 312 

uniform CaO (0.5-0.7 wt%). For both pyroxenes, a decrease of Al2O3 is observed in porphyroclast 313 

rims and in neoblastic grains with respect to porphyroclastic cores. Green spinel has generally low 314 

Cr# (<3) and <0.15 wt% TiO2 (Fig. 7). Olivine and plagioclase in the mylonitic matrix have 80-88 315 

mol% forsterite and 54-55 mol% anorthite. Brown amphibole is titanian pargasite to kaersutite with 316 

79-83 Mg# and 3.2-5.4 wt% TiO2. 317 

 318 

 319 
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5. Geothermobarometric estimates 320 

 321 

Temperature evaluations for the different equilibration stages recorded by the Monte Gavi and Monte 322 

Sant’Agostino peridotites and enclosed pyroxenite layers were obtained using conventional pyroxene 323 

geothermometry (Table 2). In particular, the two-pyroxene geothermometer (Brey and Köhler 1990 324 

and Taylor, 1998, referred to as TBK90 and TTa98, respectively) and Ca-in-orthopyroxene 325 

geothermometer (Brey and Köhler, 1990, referred to as TCa-in-Opx) were applied. For the Monte Gavi 326 

Type-I pyroxenites and the Monte Sant’Agostino websterites, we also calculated the equilibration 327 

temperatures (THB94) based on the amphibole-plagioclase method of Holland and Blundy (1994). 328 

A valuable tool applicable to the plagioclase-bearing peridotites of the present study is the 329 

geobarometer of Fumagalli et al. (2017), which relies on the pressure-sensitive equilibrium Forsterite 330 

+ Anorthite = Ca-Tschermak + Enstatite (FACE) and has a standard error of 0.05 GPa. Notably, the 331 

application of the FACE geobarometer to pyroxenites has been recently evaluated by Basch et al. 332 

(2020), who obtained slightly higher pressure estimates for websterites than for enclosing peridotites. 333 

In particular, a systematic pressure difference of ~0.1 GPa was related to the lower Cr# of the 334 

websterites compared with the peridotites, which led to higher Ca-Tschermak activity in the 335 

websterite clinopyroxene. Considering the uncertainties reported by Basch et al. (2020), we applied 336 

the FACE geobarometer to not only the peridotites but also the enclosed pyroxenites (Table 2). 337 

 338 

5.1. Monte Gavi mantle section 339 

Temperature estimates for Monte Gavi samples were calculated for: 340 

(i) Large orthopyroxene-clinopyroxene grains from peridotite MGA-7 and Type-II pyroxenite IC2/3. 341 

The cores of exsolved orthopyroxene porphyroclasts yielded TCa-in-Opx of 950-1110 °C, assuming a 342 

confining pressure of 1.5 GPa. Temperature estimates obtained from two-pyroxene geothermometry 343 

for the peridotite MGA-7 are shifted to lower values (897-938 °C). 344 

(ii) Non-exsolved orthopyroxenes formed in conjunction with plagioclase in Type-I and Type-II 345 

pyroxenites. The obtained temperatures (TCa-in-Opx) fall in a wide range (910-1065 °C), regardless of 346 

different textural occurrences of orthopyroxene. The temperatures intervals obtained from adjacent 347 

clinopyroxene-orthopyroxene pairs (TTa98 = 845-983 °C, TBK90 = 876-1015 °C) are slightly lower than 348 

TCa-in-Opx. However, the average TCa-in-Opx (974 ± 47 °C) are within error of the average TTa98 (913 ± 349 

52 °C) and TBK90 (937 ± 47 °C). 350 

(iii) Coexisting amphibole and plagioclase in Type-I pyroxenite GA-1, which gave temperature 351 

estimates of 1030 °C using the method of Holland and Blundy (1994). 352 
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Pressure estimates by FACE geobarometer (Fumagalli et al., 2017) were only computed for the Monte 353 

Gavi pyroxenites, as the enclosing peridotites lack preserved plagioclase. We used the same 354 

clinopyroxene-orthopyroxene pairs employed for two-pyroxene geothermometric calculations and 355 

obtained pressure values ranging from 0.67 to 0.78 GPa. 356 

 357 

5.2. Monte Sant’Agostino mantle section 358 

Exsolved porphyroclast cores from mylonitic lherzolites gave relatively low clinopyroxene-359 

orthopyroxene (TTa98 = 832-886 °C, TBK90 = 857-950 °C) and Ca-in-Opx temperature estimates (930-360 

970 °C). Temperature evaluations falling in the same intervals or slightly shifted towards higher 361 

values were obtained for the websterite porphyroclastic assemblage (TTa98 = 914-958 °C, TBK90 = 940-362 

960 °C and TCa-in-Opx = 919-985 °C). 363 

The extremely fine-grained pyroxenes from the matrix of mylonitic and ultramylonitic lherzolites 364 

yielded TTa98 and TBK90 of 756-873 °C and TCa-in-Opx of 750-780 °C. In addition, an amphibole-365 

plagioclase pair from ultramylonitic lherzolite IC11 gave a value of 778 °C based on the Holland and 366 

Blundy (1994) method. In the websterites, we obtained: (i) TTa98 = 856-880 °C, TBK90 = 905-938 °C 367 

and TCa-in-Opx = 870-930 °C from the neoblastic pyroxenes associated with plagioclase, and (ii) 880-368 

907 °C based on the plagioclase-amphibole method by Holland and Blundy (1994). 369 

Application of the FACE geobarometer (Fumagalli et al., 2017) indicate shallow conditions for the 370 

development of plagioclase-bearing assemblage in the mylonitic lherzolites. Pressure values of 0.54-371 

0.55 GPa and 0.34 GPa were obtained from lherzolites IC8-1 and IC8-3 and IC11, respectively. The 372 

websterites gave pressure stimates of 0.77-0.90 GPa. 373 

 374 

 375 

6. Discussion 376 

 377 

6.1. Monte Gavi: a mantle section recording reactive melt infiltration in the plagioclase stability field 378 

The Monte Gavi harzburgite-pyroxenite association is nearly undeformed and characterized by 379 

extensive crystallization of plagioclase ± orthopyroxene at the expense of spinel and clinopyroxene. 380 

In both the harzburgites and the enclosed pyroxenites, plagioclase not only occurs as coronas around 381 

spinel but also within large clinopyroxene grains as patches or thick lamellae associated with 382 

orthopyroxene (Fig. 5 a-b-h), locally forming symplectitic intergrowths (Fig. 5e). An exsolution 383 

origin of this plagioclase-orthopyroxene association is unlikely, given the high proportions of these 384 

phases, which in places dismember the original clinopyroxene (Fig. 5 b-d-e). Plagioclase rims around 385 

spinel in peridotites may form either during subsolidus decompression from spinel- to plagioclase-386 
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facies conditions (see Borghini et al., 2010), or in response to a reaction with an infiltrating melt in 387 

the plagioclase stability field (e.g., Rampone et al., 1997). The plagioclase-rimmed spinel of Monte 388 

Gavi harzburgites displays high TiO2 contents (up to 0.5 wt%) and high Cr# (Fig. 7, Supplementary 389 

Table 1), which contrasts with the low Cr# of coexisting orthopyroxene and clinopyroxene 390 

(Supplementary Table 1). Similarly, spinel from Type-II pyroxenites is mantled by plagioclase and 391 

exhibits high TiO2 and Cr# values (Fig. 7). These spinel chemical characteristics are typically 392 

attributed to a process of reactive melt infiltration under plagioclase-facies conditions (e.g., Seyler 393 

and Bonatti, 1997; Kaczmarek and Müntener, 2008). In Type I pyroxenites, the reactive melt 394 

migration is documented by plagioclase (An71-79) + orthopyroxene embayments partially replacing 395 

clinopyroxene (Fig. 5 b-e). 396 

The reaction of the pyroxenite with the infiltrating melt most likely also gave rise to the plagioclase-397 

rich (An71-79) and olivine-bearing (Fo81-82) domains in Type-Ib pyroxenites. The inner sector of these 398 

domains include tiny Cr-spinel with lobate habit (Fig. 5 f), thereby suggesting reaction of original Al-399 

rich spinel, which is preserved in Type-Ia pyroxenites, with an infiltrating corroding melt. The 400 

accessory sulfides from these plagioclase-olivine domains may be related to crystallization from a 401 

sulphur-saturated melt exsolved during the late stages of the inferred reaction. The occurrence of both 402 

orthopyroxene and olivine-producing melt-rock reactions in Type-Ib pyroxenites was probably driven 403 

by the major role of the reacting minerals in the coarse-grained protolith. The reaction between cm-404 

scale clinopyroxene and the infiltrating melt gave rise to a secondary mineral associations consisting 405 

of new clinopyroxene, orthopyroxene and minor plagioclase, as also observed in the enclosing 406 

harzburgites. We propose that the development of minor olivine associated with plagioclase and 407 

accessory Cr-spinel, within the cm-scale Al-spinel domains, was controlled by the Si-poor 408 

composition of the local reacting system. 409 

Clinopyroxene from both Type I and Type II pyroxenites displays wide variations in Al2O3, TiO2 and 410 

Na2O (Fig. 8). This variability is controlled by a number of parameters, such as the chemical 411 

heterogeneity of the original spinel-facies clinopyroxene, the spinel-facies modal composition of the 412 

pyroxenites (e.g., highly variable spinel amounts) and the varying melt/pyroxenite ratio. Despite this 413 

complex scenario, we observed that clinopyroxene is Ti-enriched in response to the inferred process 414 

of reactive melt migration. For instance, secondary clinopyroxene from Type Ia pyroxenites has 415 

higher TiO2 than the associated coarse clinopyroxene (Fig. 8). Notably, a substantial TiO2 enrichment 416 

in a mantle-infiltrating melt could be achieved through the process of percolative fractional 417 

crystallization (Bodinier et al., 2008). Hence, we speculate that the high TiO2 contents of most 418 

pyroxenite clinopyroxenes resulted from a plagioclase-facies reaction with a Ti-rich melt. The higher 419 
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TiO2 of coarse clinopyroxene in Type Ib than in Type Ia pyroxenites probably reflects a high 420 

melt/pyroxenite ratio during the reaction process forming the Type Ib pyroxenites. 421 

The geothermometric estimates obtained from the Monte Gavi mantle rocks do not indicate heating 422 

to near-asthenospheric conditions. The temperature evaluations based on the Ca content of exsolved 423 

orthopyroxenes for the Monte Gavi harzburgites and Type-II pyroxenites gave up to 1110 °C (Table 424 

2), probably recording an old stage of spinel-facies equilibration. The results of pyroxene 425 

geothermometry applied to the secondary orthopyroxene associated with plagioclase (TCa-in-Opx = 910-426 

1065 °C) and to coexisting clinopyroxenes (TTa98 and TBK90 = 845-1015 °C) for both Type I and II 427 

pyroxenites likely reflects a process of subsolidus re-equilibration after the melt infiltration event. 428 

Application of the FACE geobarometer (Fumagalli et al., 2017) allowed us to constrain at 0.7-0.8 429 

GPa the pressure conditions of plagioclase formation by melt-rock reaction in the Monte Gavi Type 430 

Ia and Type-II pyroxenites. 431 

In summary, the widespread formation of plagioclase in different microstructural domains of the 432 

Monte Gavi mantle harzburgites and enclosed pyroxenite layers was due to reaction with an 433 

infiltrating Ti-rich melt. Unlike the other External Ligurian peridotites, which are mostly lherzolites 434 

with 10-15 vol% clinopyroxene (Rampone et al., 1995; Montanini et al., 2006), the clinopyroxene 435 

modal abundance in the Monte Gavi harzburgites is relatively low (5-10 vol%). Notably, the 436 

envisaged melt-peridotite reaction is expected to consume clinopyroxene, thereby implying that the 437 

Monte Gavi harzburgites could be reconciled with original spinel lherzolite protoliths. The Monte 438 

Gavi harzburgites are also distinct in the absence of Ti-amphibole, in agreement with the temperature 439 

conditions recorded by TCa-in-Opx geothermometer, which in some cases exceed the thermal stability 440 

of Ti-pargasite (Niida and Green, 1999). 441 

 442 

6.2. Monte Sant’Agostino: a deformed mantle section 443 

The Monte Sant’Agostino mantle section mostly consists of plagioclase-facies mylonitic lherzolites 444 

with cm-scale pyroxenite layering. Within the plagioclase mylonites, there are cm-scale 445 

porphyroclastic domains preserving an earlier, spinel-facies syn-kinematic assemblage (Fig. 10a). In 446 

the lherzolites, the formation of protomylonitic to ultramylonitic textures is accompanied by 447 

intracrystalline deformation of pyroxene porphyroclasts associated with development of extremely 448 

fine-grained aggregates (10-50 m) made up of olivine + pyroxenes + plagioclase. In particular, the 449 

ultramylonites (more than 90 vol% neoblasts) are found along shear zones having a minimum 450 

thickness of ~150 m. The grain size reduction in the mylonites and ultramylonites might be supported 451 

by grain boundary sliding related to the plagioclase-forming reactions (e.g., Kaczmarek and 452 

Tommasi, 2011). 453 
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The fertile nature of the Monte Sant’Agostino lherzolites is attested by the occurrence of Na-Al-rich 454 

clinopyroxene porphyroclasts coexisting with Cr-poor spinels (Supplementary Table 2, Fig. 6). In 455 

particular, high Al2O3 and Na2O contents (up to 8.4 and 2.1 wt%, respectively) are displayed by the 456 

cores of the clinopyroxene porphyroclasts, similar to other lherzolite bodies from the External 457 

Ligurian ophiolites (i.e., Monte Ragola, Rampone et al., 1995, and Rio Strega-Monte Prinzera, 458 

Montanini et al., 2006). The neoblastic clinopyroxenes from the Monte Sant’Agostino lherzolites 459 

have are distinct in their low Al2O3 and Na2O (Fig. 6), as observed for the clinopyroxenes formed in 460 

response to the spinel- to plagioclase-facies subsolidus transition (e.g., Borghini et al., 2010). 461 

Minimum temperatures of the spinel-facies stage preceding the plagioclase-facies recrystallization 462 

are recorded by the cores of orthopyroxene porphyroclasts, which yielded TCa-in-Opx of 930-970 and 463 

920-985 °C in the lherzolites and the websterites, respectively. The pressure-temperature calculated 464 

for the plagioclase-bearing neoblastic domains of the websteritic layers are 0.8-0.9 GPa and 870-930 465 

°C (Table 2). These pressure-temperature values are significantly higher than those obtained from the 466 

enclosing mylonitic lherzolites, which gave 0.3-0.6 GPa and 750-780 °C. Notably, the pressure 467 

discrepancy is well beyond the systematic difference of ~0.1 GPa between websterites and host 468 

lherzolites found by Basch et al. (2020), who applied the FACE geobarometer to the External Ligurian 469 

Suvero mantle body and attributed this difference to an inaccurate calibration of the geobarometer for 470 

the pyroxenite chemistry. Formation of the plagioclase-bearing assemblage in the websterites at 471 

higher depth compared to the ultrafine-grained mylonitic matrix of the lherzolites (Fig. 11) is 472 

consistent with the notion that plagioclase starts to form at higher pressures in Al-rich and Cr-poor 473 

lithologies like pyroxenites (Borghini et al., 2010). The pressure estimates obtained from the 474 

websterites could thus reflect a recrystallization event preceding the formation of plagioclase-facies 475 

shear zones in the peridotites. Subsolidus spinel- to plagioclase transition, associated with grain-size 476 

reduction, may have caused weakening and initial strain localization in the pyroxenites, as proposed 477 

by Hidas et al. (2013) for the Ronda websterites. The pyroxenites could therefore trigger a decrease 478 

of the lithospheric mantle strength, thereby promoting subsequent involvement of the peridotites in 479 

the deformation event and development of thick mylonitic shear zones. 480 

The Monte Sant’Agostino lherzolites do not display microstructural evidence for melt-rock reaction, 481 

even in the porphyroclastic domains that escaped the plagioclase-facies mylonitic deformation. The 482 

low Cr# (9-16) and TiO2 (≤0.20 wt%) of spinel from the Monte Sant’Agostino lherzolites are also 483 

consistent with the notion that these rocks did not interact with melts. Likewise, the low temperature 484 

estimates obtained from the tiny pyroxenes of the mylonitic matrix cannot be reconciled with a melt-485 

present deformation. We thus propose that plagioclase formed under subsolidus conditions during 486 
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exhumation of the Monte Sant’Agostino mantle section, in conjunction with formation of mylonitic 487 

shear zones. 488 

 489 

6.3. The diverse nature of pyroxenites from the External Ligurian mantle sections 490 

The frequent occurrence of pyroxenite layers in the External Ligurian mantle bodies was recognized 491 

since the early studies of the Northern Apennine ophiolites (e.g., Beccaluva et al., 1984). Recent 492 

investigations focussed on the Suvero (Borghini et al., 2013, 2016, 2020, 2021; Hidas et al., 2020) 493 

and Rio Strega-Monte Prinzera mantle bodies (Montanini et al., 2006, 2010, 2012; Montanini and 494 

Tribuzio, 2015) highlighted the presence of different pyroxenite types, thereby providing 495 

petrological, geochemical and isotopic characterizations of the heterogeneities within the External 496 

Ligurian mantle section. 497 

The Suvero pyroxenites include porphyroclastic spinel-bearing websterites and clinopyroxenites 498 

occurring as layers subparallel to the foliation of the enclosing spinel-facies tectonitic lherzolites 499 

(Borghini et al., 2016). The pyroxenites were partially re-equilibrated in the plagioclase stability field, 500 

with no concomitant deformation (Hidas et al., 2020). A primary garnet-bearing mineral assemblage, 501 

completely replaced by spinel-facies subsolidus recrystallization, was inferred from the rare earth 502 

element geochemical signature of bulk rock and clinopyroxene. The Suvero pyroxenites were 503 

interpreted as second-stage pyroxenites originated from reaction of the host lherzolite with tholeiitic 504 

melts derived from a hybrid eclogite-bearing peridotite source. An early Paleozoic timing of melt 505 

infiltration and pyroxenite emplacement was proposed based on a Sm-Nd whole-rock errorchron 506 

(Borghini et al., 2013). 507 

The Rio Strega-Monte Prinzera mantle bodies include garnet clinopyroxenite and websterite layers 508 

that underwent a complex history of retrogression and deformation, which was partly related to 509 

Mesozoic lithospheric extension and thinning (Montanini et al., 2006). The garnet clinopyroxenite 510 

protoliths are characterized by a bimineralic assemblage of garnet + Al-Na-rich clinopyroxene. 511 

Garnet is typically partially replaced by symplectitic intergrowths made up of orthopyroxene, spinel, 512 

plagioclase and secondary clinopyroxene. The websterites are orthopyroxene-rich (40-50 vol%) 513 

spinel-bearing rocks. Evidence for an early garnet bearing assemblage in the websterites is provided 514 

by rounded symplectites consisting of orthopyroxene, clinopyroxene and spinel. In retrogressed 515 

garnet clinopyroxenites and websterites, the clinopyroxenes display exsolved lamellae of plagioclase. 516 

The origin of both pyroxenite types was related to recycling of old (>1.0 Ga) crustal mafic protoliths 517 

through partial melting of gabbro-derived eclogites and different extents of melt-peridotite interaction 518 

(see also Montanini et al., 2012, and Montanini and Tribuzio, 2015). 519 
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The spinel-plagioclase websterite layers from the Monte Sant’Agostino mantle section locally include 520 

pyroxene-spinel-plagioclase symplectites (Fig. 10h), similar to the replacement intergrowths 521 

observed in the garnet clinopyroxenites from the Rio Strega-Monte Prinzera mantle bodies 522 

(Montanini et al., 2006). The Monte Sant’Agostino websterites also have highly aluminous 523 

clinopyroxene porphyroclasts with plagioclase + orthopyroxene exsolutions, similar to those derived 524 

from retrogression of primary Na-Al-rich clinopyroxene originally in equilibrium with garnet. In 525 

addition, both the Monte Sant’Agostino and the Rio Strega-Monte Prinzera websterites (see also 526 

Montanini and Tribuzio, 2015) are characterized by similar two-pyroxene equilibration temperatures 527 

obtained for the porphyroclastic spinel-facies assemblage (i.e., TBK90 of 940-960 °C and 900-980 °C, 528 

respectively), and protomylonitic textures developed in the plagioclase stability field.  529 

The Monte Gavi pyroxenites do not display high temperature deformation microstructures and 530 

provide evidence for pervasive melt infiltration under plagioclase-facies conditions, contrary to what 531 

was observed for the other External Ligurian mantle bodies. On the other hand, the presence of 532 

pyroxenites with distinct thickness and Mg#, as suggested by the clinopyroxene chemistry (79-87 and 533 

88-90 in Type I and Type II pyroxenites, respectively; Fig. 9), was also recognized for the Rio Strega-534 

Monte Prinzera lherzolite-pyroxenite section (Montanini et al., 2006). The primary modal 535 

composition of Type-I (thick, Fe-rich) pyroxenites is difficult to establish, due to the extensive 536 

transformations related to the process of melt-rock reaction. We speculate that the Type-I pyroxenite 537 

protoliths were coarse-grained spinel-rich orthopyroxene-poor websterites. In addition, the low Mg# 538 

of clinopyroxene suggests crystallization in a melt-dominated system, with a negligible mass 539 

contribution from enclosing lherzolites. Type II (thin, Mg-rich) pyroxenites were spinel-bearing 540 

olivine websterites. The presence of deformed forsterite-rich olivine and Mg-rich exsolved 541 

orthopyroxene in Type II pyroxenites, similar to those occurring in the host peridotites, documents 542 

formation by melt/peridotite hybridization, presumably through a process leading to olivine 543 

consumption and concomitant crystallization of Mg-rich clinopyroxene + spinel. 544 

Contrary to the pyroxenites from the Rio Strega-Monte Prinzera mantle bodies, no paragenetic or 545 

textural evidence for the presence of an earlier garnet-bearing assemblage was observed for the Monte 546 

Gavi mantle pyroxenites. Assuming that the Mg# value of the clinopyroxene cores from Type I 547 

pyroxenites was not significantly modified by interaction with the infiltrating melts, and no Fe-Mg 548 

subsolidus exchange with associated mafic minerals occurred, we calculated the Mg# of the 549 

clinopyroxene equilibrium melts following the equation of Wood and Blundy (1997). Computed melt 550 

Mg# (49-64) are substantially lower than the Mg# of melts in equilibrium with a peridotite source. 551 

The high Al contents observed in some clinopyroxene cores of Type I pyroxenites and the high modal 552 

proportion of Al-rich spinel (Fig. 8) also indicate that the pyroxenite-forming melts were 553 
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characterized by low Si/Al ratios (Della Pasqua et al., 1995). We speculate that these melts formed 554 

by partial melting of precursor mafic/pyroxenite lithology or of a mixed pyroxenite/peridotite source. 555 

In summary, the Monte Sant’Agostino websterites are structurally and compositionally similar to the 556 

websterites, in places retaining garnet relics, from the Rio Strega-Monte Prinzera mantle bodies 557 

(Montanini et al., 2006). The Monte Gavi pyroxenites have no apparent analogues in the other mantle 558 

bodies so far described for the External Ligurian ophiolites, although new geochemical data are 559 

needed to establish their origin. 560 

 561 

6.4. The heterogeneity of the External Ligurian subcontinental mantle 562 

The mantle bodies from the External Ligurian ophiolites represent different domains of a large-scale 563 

subcontinental mantle section that was variably affected by retrogression, deformation and chemical 564 

modifications during lithospheric extension and concomitant asthenospheric ascent in response to the 565 

rifting process that led to opening of the Jurassic Western Tethys (Piccardo et al., 2004; Montanini et 566 

al., 2006; Hidas et al., 2020). Based on the main characteristics of investigated External Ligurian 567 

mantle bodies, we subdivide this subcontinental mantle section into three main domain types. 568 

 569 

1- Plagioclase-bearing spinel tectonite domain (ST), represented by the Suvero mantle body (Fig. 1). 570 

The Suvero lherzolites and the enclosed pyroxenites record a deformation event developed under 571 

spinel-facies and high temperature conditions (1000-1050 °C), which yielded porphyroclastic 572 

textures associated with a penetrative tectonic foliation in lherzolites (Rampone et al., 1995; Borghini 573 

et al., 2011). The Suvero lherzolites underwent melt infiltration forming pyroxenitic heterogeneities 574 

during the early Paleozoic (Borghini et al., 2013, 2016). Melt migration and pyroxenite formation 575 

was syn- to late-kinematic with respect to the spinel-facies deformation and produced a localized 576 

metasomatic imprint in the host lherzolites (see also Borghini et al., 2021; Hidas et al., 2020). This 577 

event was inferred to have occurred under relatively high pressure conditions (>1.5 GPa) based on 578 

the geochemical evidence for a primary garnet-bearing assemblage in the pyroxenites, which was 579 

completely replaced during the subsequent decompression evolution. The Suvero mantle body 580 

provides evidence for a plagioclase-facies re-equilibration under static conditions, in response to a 581 

relatively cold decompression (Hidas et al., 2020). In particular, two recrystallization stages were 582 

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, 583 

see Fig. 11). Internal Sm-Nd isochrons (clinopyroxene-plagioclase-bulk rock) obtained from four 584 

pyroxenites gave an average age of 178 ± 8 Ma for the plagioclase-facies recrystallization (Borghini 585 

et al., 2016). 586 

 587 
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2- Plagioclase mylonite (PM) domain, including the Monte Sant’Agostino (this study) and the Rio 588 

Strega-Monte Prinzera (Fig. 1) mantle sections. In the lherzolites from these mantle bodies, a 589 

tectonitic texture developed under spinel-facies conditions was widely overprinted by a dynamic 590 

plagioclase-facies recrystallization associated with development of a pervasive mylonitic foliation. 591 

Similar to the lherzolites, the enclosed pyroxenites record different extents of spinel- and plagioclase-592 

facies deformation. Using the mineral chemistry data reported in Montanini et al. (2006), we obtained 593 

pressure and temperature estimates of 0.4-0.5 GPa and 850-870 °C (TCa-in-Opx) for the plagioclase-594 

facies mylonitic deformation of the Rio Strega-Monte Prinzera lherzolites (Table 2). These pressure-595 

temperature evaluations may be reconciled with the pressure-temperature evolution recognized for 596 

the Monte Sant’Agostino mantle section (Fig. 11), assuming that the ~0.5 GPa mantle uplift in the 597 

plagioclase stability field was associated with a polyphase deformation (Fig. 11). Radiometric 598 

constraints on the age of the plagioclase-facies shearing affecting the Rio Strega-Monte Prinzera 599 

mantle bodies were placed by a Lu-Hf mineral isochron of 220 ± 13 Ma obtained from a garnet 600 

pyroxenite (Montanini et al., 2006). This isochron was interpreted as a cooling age, implying that the 601 

garnet pyroxenite passed through the Lu-Hf blocking temperature of 800-900 °C (i.e., under 602 

plagioclase facies conditions) at ~220 Ma. Accordingly, we relate the polyphase plagioclase-facies 603 

deformation recorded by the PM mantle domain to large-scale lithospheric shear zones developed in 604 

the late Triassic. An early Jurassic Sm-Nd mineral isochron of 186 ± 2 Ma (defined by plagioclase, 605 

clinopyroxene, garnet and whole-rock) was also acquired from the Rio Strega-Monte Prinzera garnet 606 

pyroxenite, and interpreted to reflect a process of slow cooling in the plagioclase stability field 607 

(Montanini et al., 2006). 608 

 609 

3- Plagioclase-impregnated domain (PI), represented by the Monte Nero mantle body (Fig. 1) and 610 

the Monte Gavi mantle section (this study). The former mainly consists of weakly foliated lherzolites 611 

characterized by interstitial crystallization of plagioclase and pyroxenes, and extensive replacement 612 

of Cr-spinel by plagioclase (Rampone et al., 1995). According to Piccardo et al. (2004), the formation 613 

of plagioclase in the lherzolites was related to reaction with a pervasively migrating melt. The 614 

application of the FACE geobarometer (Fumagalli et al., 2017) to (i) plagioclase-facies granoblastic 615 

aggregates, and (ii) rims of large orthopyroxenes and clinopyroxenes, and associated plagioclase (data 616 

after Rampone et al., 1995) yielded pressures of 0.6-0.7 GPa and TCa-in-Opx of 960-980 °C (Table 2). 617 

We also applied the geothermometer of Liang et al. (2013), based on slowly diffusing trace elements 618 

like rare earth elements and Y, to clinopyroxene-orthopyroxene pairs from the Monte Nero 619 

plagioclase-facies granoblastic assemblage (Piccardo et al., 2004). The obtained temperatures (1120-620 

1140 °C) are significantly higher than those recorded by conventional pyroxene thermometers. Such 621 
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results are consistent with impregnation by asthenospheric melts, followed by slow cooling (Dygert 622 

and Liang, 2015) associated with subsolidus recrystallization. The infiltration of asthenospheric melts 623 

during the rifting-related exhumation at Monte Nero mantle body might be related to the local 624 

occurrence of cm-scale gabbroic irregular veins (Montanini et al., 2008). Notably, this mantle body 625 

also encloses up to meter-scale gabbroic intrusions and is in places crosscut by basalt dykes, with 626 

both gabbros and basalts displaying MORB-type chemical signature (Montanini et al., 2008). The 627 

Sm-Nd clinopyroxene-plagioclase two-point alignments of 163 ± 20 Ma and 165 ± 20 Ma obtained 628 

by Rampone et al. (1995) presumably record the timing of cooling after MORB impregnation 629 

associated with plagioclase formation. The Monte Nero and Monte Gavi mantle bodies share similar 630 

pressure and TCa-in-Opx estimates for the event of melt-rock reaction under plagioclase-facies 631 

conditions (Fig. 11), and provide no evidence for shearing in the plagioclase stability field. Contrary 632 

to the Monte Nero peridotites, however, the Monte Gavi peridotite-pyroxenite association is not 633 

intruded by gabbros nor is crosscut by basalt dikes. New geochronological constraints are therefore 634 

required to elucidate if the melt impregnation event recorded by the Monte Gavi mantle body occurred 635 

in the Jurassic or during a preceding stage (e.g., late Triassic) of the rifting evolution. 636 

 637 

Figure 11 compares the plagioclase-facies pressure-temperature evolution of the mantle sections 638 

considered in this study and of the Suvero mantle body (Borghini et al., 2011; Fumagalli et al., 2017). 639 

It also reports the pressure-temperature estimates obtained in the present study for the Rio Strega-640 

Monte Prinzera and the Monte Nero peridotites. The ST and PM mantle domains document a 641 

relatively cold plagioclase-facies history characterized by a significant pressure decrease. We thus 642 

propose that these domains shared a common evolution in the late Triassic-early Jurassic. In this 643 

framework, the Suvero mantle body represents a nearly undeformed domain (ST), whereas 644 

plagioclase-facies strain localization produced the PM mantle domain characterized by extensive 645 

mylonitic deformation (Fig. 12).  646 

The PI mantle domain records higher plagioclase-facies thermal conditions than the ST-PM mantle 647 

domains (Fig. 11). We relate the distinct plagioclase-facies thermal gradients recorded by the External 648 

Ligurian mantle bodies to melt-present vs. melt-absent conditions during their decompression history 649 

in the extending lithosphere. The three different mantle domains were part of a subcontinental mantle 650 

section that was involved into the development of an ocean-continent transition, towards the Adria 651 

plate, in the Middle Jurassic (Marroni et al., 1998; Montanini et al., 2006). Tectonic dismembering 652 

during convergence-related formation of sedimentary melanges in Upper Cretaceous (Marroni et al., 653 

2017) hampered the preservation of primary relationships among the different mantle domains. We 654 
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speculate that the PI domain enclosing the MOR-type crustal rocks (i.e., the Monte Nero mantle body) 655 

was located oceanward with respect to the ST-PM domains in the Middle Jurassic. 656 

 657 

6.5. Constraints on the mantle evolution in the Western Tethys ocean-continent transition 658 

Here we provide a brief overview of the lithospheric mantle bodies belonging to the ocean-continent 659 

transitional domains of the Western Tethys. In particular, we compare the rifting evolution of the 660 

External Ligurian mantle section with that inferred from the investigations carried out for the 661 

subcontinental mantle bodies from Western (Lanzo massif) and Central Alps (Malenco, Platta and 662 

Totalp). Similar to the External Ligurian mantle section, these bodies were exhumed along the OCT 663 

of the Adria margin (e.g., Müntener et al., 2004, 2010; Manatschal and Müntener, 2009; Kaczmarek 664 

and Müntener, 2008; Guarnieri et al., 2012). Their evolution from the post-Varisic orogenic collapse 665 

to the Mesozoic extensional phases and basin opening were reviewed by Picazo et al. (2016), who 666 

pointed out how their pristine compositional heterogeneity was amplified during the rifting and 667 

oceanization processes. They proposed a conceptual model with two main types of lithospheric 668 

mantle sections, namely (1) “inherited” and (2) “refertilized”, exemplified by the Malenco-Totalp-669 

Upper Platta and the Lower Platta bodies, respectively. In their view, the refertilized mantle is a 670 

subcontinental mantle section located oceanwards from the inherited subcontinental mantle. 671 

The inherited mantle is dominated by fertile, amphibole-bearing spinel peridotites, typically 672 

interlayered with pyroxenites that are in places garnet-bearing (Müntener and Hermann, 1996). The 673 

inherited mantle is interpreted as old lithospheric mantle that was beneath the continental crust before 674 

onset of rifting. This interpretation is supported by the preservation of primary contacts between the 675 

Malenco mantle body and underplated gabbros of early Permian age (Müntener and Hermann, 1996; 676 

Hermann et al., 1997). In the inherited peridotites, no evidence for plagioclase formation, either of 677 

subsolidus or melt-rock reaction origin, was reported. Notably, the Malenco, Totalp and Upper Platta 678 

mantle bodies are characterized by similar results of REE-in-two-pyroxene and major element 679 

pyroxene thermometers (850-950 °C, Dygert and Liang, 2015), as expected for a slowly cooling, 680 

subcontinental lithospheric mantle. 681 

In the refertilized lithospheric mantle, which also includes the Lanzo South body (Picazo et al., 2016), 682 

the peridotites mainly are plagioclase-enriched clinopyroxene-poor lherzolites (Müntener et al., 2004, 683 

2010; Piccardo et al., 2007). These rocks enclose: (i) dunite-harzburgite bodies of replacive origin 684 

that are up to tens of meters in scale, and (ii) cm- to m-scale gabbroic veins and dykes (see also 685 

Sanfilippo et al., 2014, 2019). Pyroxene thermometry applied to spinel-facies peridotite minerals gave 686 

equilibration temperatures of 1030-1180 °C (Müntener et al., 2010), higher than those calculated for 687 

the inherited mantle. The plagioclase formation was related to infiltration of MORB-type melts 688 
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associated with crystallization of new orthopyroxene after olivine and/or partial replacement of 689 

clinopyroxene by orthopyroxene and plagioclase (see also Kaczmarek and Müntener, 2008). The 690 

refertilized plagioclase-peridotites and the inherited fertile spinel-peridotites have distinct mineral 691 

compositions (Picazo et al., 2016). For instance, clinopyroxene from the refertilized peridotites has 692 

lower Al2O3 and Na2O than clinopyroxene from the inherited fertile peridotites. In addition, spinel 693 

has higher Cr# and TiO2 in the refertilized peridotites than in the inherited fertile peridotites. 694 

The Lanzo massif shows a peculiar transition from a domain mostly composed of old inherited 695 

lithospheric mantle in the northern part (e.g., Guarnieri et al., 2012) to a deeply melt-modified mantle 696 

section in the southern part (Piccardo et al., 2007; Sanfilippo et al., 2014, 2019). The two domains 697 

are separated by a major shear zone (up to ~1.5 km thick), in which porphyroclastic peridotites 698 

provide evidence for plagioclase-facies melt-rock reactions, in turn overprinted by plagioclase 699 

mylonites recording solid state deformation (e.g., Kaczmarek and Müntener, 2008; Kaczmarek and 700 

Tommasi, 2011). The mylonites were interpreted as the footwall of an extensional detachment fault 701 

that accomodated exhumation of the Lanzo mantle and acted as a permeability barrier between the 702 

inherited (northern Lanzo) and refertilized (Southern Lanzo) domains. We applied the FACE 703 

geobarometer to the neoblastic plagioclase-bearing assemblage of the Lanzo mylonitic peridotites 704 

(Kaczmarek and Müntener, 2008), thereby yielding remarkably low pressure values of 0.3 GPa (Table 705 

2, Fig. 11). These pressure estimates are coupled with TCa-in-Opx (Brey and Kohler, 1990) of 840-870 706 

°C, indicating a high geothermal gradient, presumably related to extreme lithospheric thinning and 707 

asthenosphere ascent. We obtained slightly higher pressure-temperature values from the 708 

porphyroclastic peridotites of 0.4 GPa and 890 °C sampled along the margins of the shear zone. 709 

Picazo and co-authors (2016) placed the External Ligurian mantle bodies in the refertilized 710 

lithospheric mantle, because of the widespread occurrence of plagioclase-bearing peridotites. 711 

However, only some mantle bodies from the External Ligurian units include plagioclase originated 712 

by reaction with infiltrating melts (i.e., the PI domain defined in the preceding section). The 713 

refertilized mantle of Picazo et al. (2016) and the External Ligurian PI domain actually share several 714 

structural and compositional similarities, namely: (i) the presence of microstructures indicating melt-715 

rock reactions in the plagioclase stability field, (ii) the clinopyroxene and spinel composition (Figs. 716 

6 and 7), and (iii) the relatively high temperatures computed for the plagioclase re-equilibration (Fig. 717 

11). Conversely, the External Ligurian plagioclase-bearing spinel tectonites and plagioclase 718 

mylonites (ST and PM domains, respectively) record formation of plagioclase in response to 719 

subsolidus decompression, with no melt involvement. However, the reconstruction of the Jurassic 720 

OCT by Picazo et al. (2016) does not include the occurrence of a plagioclase-bearing mantle section 721 

with no melt-rock reaction evidence. 722 
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The fertile spinel peridotites considered as inherited subcontinental mantle by Picazo et al. (2016) 723 

bear several similarities with the spinel tectonite and mylonite protoliths of the External Ligurian 724 

mantle bodies. Taken as a whole, these peridotites are characterized by a fertile geochemical 725 

signature, presence of Al- and Na-rich clinopyroxene (Fig. 6) and disseminated Ti-amphibole. 726 

Pyroxenite layers, in places garnet-bearing, are also widespread in both mantle section types. 727 

Following the subdivision of the Tethyan OCT mantle into two main types (Picazo et al., 2016), we 728 

therefore place the ST and PM mantle domains of the External Ligurian units into the inherited 729 

subcontinental mantle.  730 

The Malenco-Totalp-Upper Platta mantle bodies and the External Ligurian ST and PM mantle 731 

domains underwent distinct pressure-temperature evolutions during the post-Variscan lithospheric 732 

extension and the subsequent Mesozoic rifting (Fig. 11). A cold exhumation path was depicted for 733 

the Malenco mantle body, considered as the type locality of inherited mantle (Müntener et al., 2000). 734 

The Malenco peridotites underwent a near-isobaric cooling to ~600 °C in the late Palaeozoic, 735 

followed by near-isothermal decompression from ~0.8 to ~0.4 GPa, associated with formation of 736 

chlorite and Mg-hornblende, locally along mylonitic shear zones (see also Müntener and Hermann, 737 

2001). Based on 40Ar/39Ar amphibole investigations (Villa et al., 2000), the decompression was 738 

inferred to have started in the late Triassic (~225 Ma) and was related to the onset of the rifting 739 

evolution leading to opening of the Western Tethys. 740 

The External Ligurian PM domain provides evidence for a two-stage high temperature decompression 741 

starting from the base of continental lithosphere (Montanini et al., 2006). The early decompression 742 

from ~2.8 GPa and ~1100 °C to the spinel lherzolite stability field was associated with cooling to 743 

~950 °C and was followed by a polyphase shearing under plagioclase-facies conditions ending at 0.3-744 

0.6 GPa and 750-780 °C (Fig. 11). Whereas the age of the high temperature decompression to spinel-745 

facies lherzolite conditions is unconstrained, the Lu-Hf cooling age of 220 ± 13 Ma (Montanini et al., 746 

2006) indicate that the spinel to plagioclase-facies transition was related to the Mesozoic rifting event 747 

(see also section 6.3). The similar 40Ar/39Ar and Lu-Hf cooling ages obtained respectively for the 748 

Malenco mantle body and the External Ligurian PM domain suggest different thermal conditions in 749 

the late Triassic, namely the Malenco was ~250-300 °C colder than the External Ligurian PM domain. 750 

The distinct exhumation histories might reflect different mantle depths at the time of the rifting 751 

inception. In this view, the External Ligurian PM domain was exhumed from deeper (and hotter) 752 

conditions than the spinel peridotites from the Malenco mantle body (Fig. 12). 753 

The plagioclase-facies shear zones within the External Ligurian PM domain document a major 754 

deformation event that accommodated exhumation of the spinel-facies subcontinental mantle in the 755 

plagioclase stability field. These shear zones cannot be considered as counterparts of those occurring 756 
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in the central Lanzo massif. The porphyroclastic spinel protoliths of the External Ligurian mylonites 757 

do not provide evidence for melt infiltration and refertilization before or during shearing. The Lanzo 758 

plagioclase-facies shear zones are also distinct for being crosscut by MOR-type gabbros and basalts. 759 

Notably, available geochronological data for the replacive harzburgites and the gabbros of the Lanzo 760 

Massif cluster in the Middle Jurassic (Kaczmarek et al., 2008; Sanfilippo et al., 2019). Hence, the 761 

Lanzo shear zones were most likely related to an advanced stage of the rifting evolution, which 762 

ultimately formed an oceanward OCT sector. 763 

In summary, the onset of the Tethyan rifting involved uplift of subcontinental mantle in the late 764 

Triassic, as documented by the Malenco body (e.g., Müntener and Hermann, 2001) and the External 765 

Ligurian PM domain (Montanini et al., 2006). This scenario is consistent with the information 766 

acquired from the lower continental crust section of the Ivrea-Verbano Zone, which formed a distal 767 

sector of the extending Adria continental margin in the Middle Jurassic (e.g., Beltrando et al., 2015). 768 

The Ivrea-Verbano Zone actually documents that the rifting evolution started in the late Triassic (see 769 

also Ferrari et al., 2021) and was associated with localized infiltration of mantle-derived melts with 770 

overall alkaline signature (Stahle et al., 1990; Schaltegger et al., 2015; Bonazzi et al., 2020). Notably, 771 

the alkaline magmatism in the Ivrea-Verbano Zone continued until the early Jurassic (see also Grieco 772 

et al., 2001, and Galli et al., 2019). From the late Triassic, the rifting evolution probably comprised 773 

asthenosphere ascent, melt production and refertilization of the subcontinental mantle, with a Middle 774 

Jurassic climax developing MORB-type melts and opening of the Western Tethys. 775 

 776 

7. Conclusions 777 

The subcontinental mantle section from the External Ligurian units (Northern Appennine) consists 778 

of three distinct mantle domains, developed in response to the rifting evolution that ultimately formed 779 

a Middle Jurassic ocean-continent transition: (1) a spinel tectonite domain that underwent no 780 

significant deformation and melt-rock reaction under plagioclase-facies conditions, characterized by 781 

static plagioclase development under decreasing pressure conditions, (2) a plagioclase mylonite 782 

domain experiencing melt-absent deformation under decreasing pressure conditions, and (3) a nearly 783 

undeformed domain that underwent melt infiltration and reaction under plagioclase-facies conditions. 784 

We relate mantle domains (1) and (2) to a rifting-driven uplift in the late Triassic accommodated by 785 

large-scale shear zones consisting of plagioclase mylonites 786 

We distinguish different mantle exhumation styles for the onset of the Tethyan rifting. A cold mantle 787 

exhumation is exemplified by the Malenco mantle body (Central Alps), in which low temperature 788 

hydrous mylonites developed at the expense of porphyroclastic spinel lherzolites. The External 789 

Ligurian mantle domains (1) and (2) highlight mantle exhumation accommodated by large-scale shear 790 
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zones consisting of anhydrous, melt-absent plagioclase-facies mylonites. The role of these shear 791 

zones in mantle exhumation along modern and fossil OCTs has been overlooked and needs further 792 

reconsideration in future studies. From the late Triassic, the Tethyan rifting evolution probably 793 

involved asthenosphere ascent, melt production and refertilization of the subcontinental lithospheric 794 

mantle. The crustal breakup was associated with a major event of formation of MORB-type melts in 795 

the Middle Jurassic, with the mantle exhumation partly driven by a melt-present plagioclase-facies 796 

deformation, as documented by the Lanzo mantle body from Western Alps. 797 
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Figure captions 1010 

 1011 

Fig. 1. Tectonic sketch map of the NW Apennines (modified after Conti et al., 2020). Mantle bodies 1012 

investigated in previous works are also reported: MN, Monte Nero; MP, Monte Prinzera; MR, Monte 1013 

Ragola; RS, Rio Strega; S, Suvero.  1014 

 1015 

Fig. 2. Geological sketch map of the study area (modified after Elter et al., 1997) and location of the 1016 

investigated samples.     1017 

 1018 

Fig. 3. Monte Gavi: (a) cm-scale pyroxenite layers; (b) coarse Al-Spl rimmed by plagioclase and (c) 1019 

coarse clinopyroxene with plagioclase lamellae in Type Ia pyroxenite; (d) pyroxene-rich and 1020 

plagioclase-rich domains in Type Ib pyroxenite. Monte Sant’Agostino: (e) peridotite protomylonite 1021 

with boudinaged pyroxenite layers, (f) peridotite ultramylonite. 1022 

Fig. 4. Thin section (4.6 mm × 2.6 mm) images of: (a) Type Ia pyroxenite (sample GAV2), (b) 1023 

protomylonitic lherzolite (sample IC12-3), (c) mylonitic lherzolite (sample MGO1). 1024 

 1025 

Fig. 5. Thin section photomicrographs under cross-polarized (a-b-d-e-f-g-h) and plane-polarized light 1026 

(c) of Monte Gavi samples. (a) embayed clinopyroxene partially replaced by  orthopyroxene + 1027 

(altered) plagioclase, peridotite MGA7; (b) orthopyroxene + (sericitized) plagioclase replacing 1028 

clinopyroxene, Type Ia pyroxenite GAV2; (c) Al-spinel rimmed by plagioclase, Type Ia pyroxenite 1029 

GAV2; (d) pyroxene-rich domain, Type Ib pyroxenite MG6; (e) symplectitic orthopyroxene-1030 

plagioclase intergrowth in clinopyroxene, Type Ib pyroxenite MG6; (f) plagioclase-rich domain, 1031 

Type Ib pyroxenite GA1; (g) Mg-rich olivine, Type II pyroxenite IC2-3; (h) Orthopyroxene and 1032 

plagioclase coarse lamellae in clinopyroxene, Type II pyroxenite IC2-3.          1033 

                  1034 

Fig. 6. Variation of Na2O vs. Al2O3 for clinopyroxenes from Monte Gavi and Monte Sant’Agostino 1035 

peridotites; pfc = porphyroclast, neo = neoblast. Data sources for other External Ligurian peridotites: 1036 

Borghini et al. (2011, 2013); Montanini et al. (2006); Rampone et al. (1995). North Lanzo data from 1037 

Kaczmarek et al. (2008); Upper Platta, Malenco and Totalp data from Müntener et al. (2010).  1038 
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 1039 

Fig. 7. Variation of Cr # (100 ·[Cr/(Cr + Al)]) vs. TiO2 for spinel from Monte Gavi and Monte 1040 

Sant’Agostino peridotites and pyroxenites. Data sources for other External Ligurian peridotites and 1041 

pyroxenites: Borghini et al. (2011, 2013, 2016); Montanini et al. (2006); Rampone et al. (1995). Data 1042 

for North Lanzo peridotites from Kaczmarek and Müntener (2008); Upper Platta, Lower Platta, 1043 

Malenco and Totalp peridotites after Müntener et al. (2010). Data for Monte Maggiore pyroxenites 1044 

(Corsica) from Basch et al. (2019). 1045 

 1046 

Fig. 8. Variation of Na2O and TiO2 vs. Al2O3 for clinopyroxenes from Monte Gavi and Monte 1047 

Sant’Agostino pyroxenites; pfc = porphyroclast, neo = neoblast, 1 = cpx in primary garnet-bearing 1048 

assemblage, 2 = cpx in retrograde, garnet-free assemblage. Data sources for other External Ligurian 1049 

pyroxenites:  Borghini et al. (2016), Montanini et al. (2006). Data for Monte Maggiore pyroxenites 1050 

(Corsica) from Basch et al. (2019).    1051 

 1052 

Fig. 9. Variation of Cr2O3 vs. Mg# (100 ·[Mg/(Mg + Fe)]) for clinopyroxenes from Monte Gavi and 1053 

Monte Sant’Agostino peridotites and pyroxenites; pfc = porphyroclast.  1054 

 1055 

Fig. 10. Thin section photomicrographs under cross-polarized light (a-b-c-e-f-g), plane-polarized 1056 

light (h) and BSE (back-scattered electron) image (d) of Monte Sant’Agostino samples. (a) Preserved 1057 

porphyroclastic domain in peridotite with deformed orthopyroxene mantled by fine-grained 1058 

neoblastic aggregates of orthopyroxene + clinopyroxene + spinel (protomylonite IC12-3); (b-c) 1059 

Exsolved clino- and orthopyroxene porphyroclasts in polyphase plagioclase-bearing mylonitic matrix 1060 

(lherzolite IC8-1); (d) BSE image of polyphase plagioclase-bearing mylonitic matrix (lherzolite 1061 

sample IC 8-3); (e) peridotite ultramylonite with rounded pyroxene porphyroclasts cut by serpentine 1062 

veins (sample IC11); (f) Orthopyroxene porphyroclasts in websterite with protomylonitic texture 1063 

(sample AM489); (g) Exsolved clinopyroxene porphyroclast in websterite with protomylonitic 1064 

texture (sample MP7); (h) Symplectitic orthopyroxene-spinel-plagioclase domain after garnet 1065 

(sample MP7).  1066 

 1067 

Fig. 11. Pressure-temperature equilibration conditions in the plagioclase stability field for the mantle 1068 

sections of this study and other mantle bodies from the Western Tethys OCT, based on the P-T 1069 

intervals reported in Table 2 (see text for further explanations). P-T trajectory of the EL mantle (ST 1070 

and PM domains) obtained combining the P-T data of this work for the plagioclase-facies 1071 



34 
 

equilibration and the low-T decompression evolution reconstructed by Montanini et al. (2006). P-T 1072 

trajectory for the Malenco peridotites after Müntener et al. (2000).   1073 

 1074 

Fig. 12. Interpretative section of the subcontinental mantle at the onset of rifting in late Triassic 1075 

displaying the different plagioclase-bearing mantle domains recognized for the External Ligurian 1076 

mantle section (ST: plagioclase-spinel tectonite; PM = plagioclase mylonite, PI: plagioclase 1077 

impregnated); the plagioclase-free Malenco mantle is also reported for comparison. See text for 1078 

further explanations. 1079 
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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 Thickness Microstructure Main petrographic features

Peridotites MGA-7

Cpx-rich Spl-Pl 

harzburgite

a- Nearly isotropic; 

coarse-grained, impregnated

Evidence of melt-rock reaction: Cr-Ti-rich Spl (Cr#= 33-35, TiO2 =0.3-0.5 wt.%) 

with Pl coronas; Pl + Opx as replacement of Cpx

Type Ia pyroxenites GAV2 Spl websterite* ~ 10-80 cm

 Isotropic, coarse-grained, 

granular allotriomorphic

Coarse Al-Spl (Cr# = 2-4, TiO2 < 0.10 wt %) with thin Pl rims 

and smaller Cr-Spl (Cr# = 12-34, TiO2 = 0.15-1.02 wt%); 

embayed coarse Cpx with Pl + Opx lamellae; Mg# of coarse Cpx = 84-86

Type Ib pyroxenites GA1, MG6 Spl websterite* ~ 10-80 cm

 Isotropic, coarse-grained, 

granular allotriomorphic

Pyroxene-rich (Cpx + Opx + Pl) and Pl-rich (Pl + Ol + Cr-Spl + Ilm + sulfide) domains;

relict coarse Cpx replaced by Opx + Pl as rims and lamellae; Mg# of Cpx = 79-85

Type II pyroxenites

MG5, IC2-3, 

MG9 Ol-Spl websterite* ~10 cm

 Isotropic, medium-to coarse-

grained, granular allotriomorphic

Relict exsolved Opx and Fo-rich Ol (89 mol%) from the host peridotite + Cpx-rich domains 

with interstitial Pl (embayed Cpx with lamellae of Pl + Opx); spinels with variable Cr# (6-

16) and TiO2 (0.10-0.56 wt%) rimmed by Pl

Monte Sant'Agostino mantle sequence

Peridotites MGO-1, IC8-1,

IC8-3, IC11

Spl- Pl lherzolite a-

Foliated, protomylonitic

to ultramylonitic with spinel 

tectonite relics

Opx+Cpx (+Spl+Ti-Amp) porphyroclasts in a ultrafine-grained Ol+Opx+Cpx+Pl 

± Amp ± Spl polyphase matrix; highly stretched Opx. Al2O3 (7.0-8.4 wt%) and Na2O-rich 

(1.6-2.1 wt%) Cpx porphyroclasts, Cr-and Ti-poor Spl (Cr# = 8-16, TiO2 < 0.20 wt%) 

Pyroxenites AM489, 

MP-7, IC10-1

Spl websterites ~ 1-10 cm

Protomylonitic

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. Geotermobarometric estimates 

TCa-in-Opx (°C) TTa98 TBK90 THB94 PFACE 

Monte Gavi

Peridotites

Exsolved Opx
(1)

- Cpx (core) 950-1110 878-916 897-938

Type I- pyroxenites

Non-exsolved Opx associated with Pl
 (2)

920-1030

Opx
 
- adjacent Cpx in Cpx-rich domain 850-954 876-989 0.67-0.78

Pl-Amp 1030

Type II-pyroxenites

Exsolved Opx
(1)

1001-1047

Non-exsolved Opx 
(2)

 associated with Pl 910-1065

Opx - adjacent Cpx 970-983 996-1015 0.72

Monte S. Agostino

Mylonitic peridotites

Porphyroclastic Opx
(1)

- Cpx 930-970 832-886 857-950

Neoblastic Pl-bearing mylonitic matrix 
(3)

750-780 756-825 788-873 778 0.34-0.55

Spl-Pl websterites

Porphyroclastic Opx
(1)

- Cpx 920-985 914-958 940-960

Neoblastic Pl-bearing matrix 
(4)

870-930 856-880 905-938 0.76-0.90

Pl-Amp 880-907

Suvero peridotites

Pl-bearing domains - neoblast cores
 (2)

890-910 0.6-0.7*

Pl-bearing domains - neoblast rims
 (3)

800-840 0.4-0.5*

Rio Strega-Monte Prinzera peridotites

Neoblastic Pl-bearing mylonitic matrix 
(3)

850-870 0.43-0.49 

Monte Nero peridotites

Neoblastic pl-bearing domains 
(2)

960-980 0.55-0.71

Lanzo SZ peridotites

Neoblastic Pl-bearing mylonitic matrix 
(3)

840-890 0.30-0.42

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

Assumed P for TCa-in-Opx : 
(1)

 1.5 GPa, 
(2)

 0.7 GPa, 
(3)

 0.4 GPa, 
(4) 

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 Müntener (2010) (Central Lanzo SZ, Shear Zone, samples L241, L04, L122). 
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