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Introduction and geological setting 
 
The ophiolite bodies of the Alpine-Apennine belt 
(Figure 1) are lithospheric remnants of the 
Ligurian-Piedmontese (or western Tethys) 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 
plate to the northwest from the Africa-Adria plate 
to the southeast (Schettino & Turco, 2011; Vissers 
et al., 2013). The opening of the Western Tethys 
was associated with uplift and denudation of 
subcontinental lithospheric mantle, which is 
presently exposed in the Alpine-Apennine belt. 
Asthenospheric upwelling during rifting and 
oceanization caused thermochemical erosion and 
strong modification of the lithospheric mantle by 
ascending melts (e.g. Piccardo et al., 2014, Basch 
et al., 2018). 
The Alpine-Apennine ophiolites are frequently 
associated with continental crust material (e.g., 
Marroni et al., 1998; Manatschal & Muntener, 
2009; Masini et al., 2013; Renna et al., 2017) 
and/or with mantle sequences retaining their 
subcontinental origin. Examples of preserved 
subcontinental mantle were reported for the 
External Ligurian units from Northern Apennine 
(Rampone et al., 1995; Montanini et al., 2006; 
2012) and for the Malenco-Totalp bodies from 
Central Alps (Müntener et al., 2004; Van Acken et 
al., 2009). As a whole, these ophiolites were 
interpreted as remnants of embryonic oceanic 
lithosphere formed at magma-poor ocean-
continent transitions similar to the Iberia-
Newfoundlands margins (e.g. Manatschal and 
Muntener, 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 (Lagabrielle & Cannat, 1990; Tribuzio et al., 
1995; 1999; Sanfilippo & Tribuzio, 2011). These 
sequences show no relationship with continental 
material (Principi et al., 2004) and their mantle 

sections mainly consist of depleted mantle 
peridotites (Rampone et al., 1996; 1997; 2008; 
2009; 2012) intruded by MOR-type gabbroic 
sequences (Menna, 2009; Manatschal et al., 2011; 
Sanfilippo & Tribuzio, 2011; 2013; Tribuzio et al., 
2015). 
 

 

Figure 1 - Tectonic map of the Alpine-Apennine belt (Piccardo 
et al., 2009) with location of the major ophiolite massifs in the 
Central-Western-Ligurian Alps and Northern Apennines (and 
Corsica). Central Alps: Totalp (TO), Malenco (MA), Platta 
PL); Western Alps: Lanzo (LA), Chenaillet CH); Ligurian 
Alps: Voltri Massif – Erro-Tobbio (VM); Northern Apennines: 
External Ligurian units (EL), Internal Ligurian units (IL); 
Corsica – Monte Maggiore (CO) 

The Northern Apennines is a thrust and fold belt 
belonging to the Alpine orogenic system (Figure 
1). The tectonic frame includes an imbricate stack 
of continental units derived from the westernmost 
domains of the Adria margin overthrust by the 
Ligurian Units, which are interpreted as remnants 
of the oceanic and transitional lithosphere of 
Western Tethys basin (see Marroni et al., 2017 and 
quoted references). In the Northern Apennines, the 
ophiolites occur in two distinct ophiolite-bearing 
tectonic units, ascribed to different 
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paleogeographic domains (Figure 2-A-B). The 
Internal Ligurian (IL) ophiolites have 
lithostratigraphic characteristics recalling an intra-
oceanic setting or an ultradistal domain of an 
ocean-continent transition (cf. Barrett and Spooner, 
1977; Cortesogno et al., 1987; Tribuzio et al., 2000; 
2015). In the External Ligurian (EL) units, the 
ophiolites occur as large slide-blocks within 
sedimentary mélanges (Marroni et al., 2002; 2017) 
related to the inception of convergence-related 
sedimentation in Upper Cretaceous times (Figure 
2-C-D) These sedimentary melanges do not show 
metamorphic recrystallization in relation to the 
Alpine orogenic cycle. 
The EL ophiolites mainly consist of slices of 
exhumed subcontinental mantle and basalt flows, 
with rare gabbroic rocks and Middle Jurassic-
Upper Cretaceous pelagic sediments (Marroni et 
al., 1998 and references therein). The mantle 
bodies typically consist of fertile Ti-amphibole-
bearing lherzolites containing frequent pyroxenite 
layers (e.g., Rampone et al., 1995; Montanini et al., 
2006). Basalts and gabbros have trace element and 
Nd isotope characteristics consistent with 
derivation from N-MORB-type magmas (Tribuzio 
et al., 2004; Montanini et al., 2008). The Upper 
Cretaceous  sedimentary mélanges from the 
External Ligurian units also  include continental 
crust bodies. The rocks of the continental crust are 
essentially peraluminous granitoids, gabbro-
derived granulites, lower-crust pyroxenites and 
quartzo-feldspathic granulites of late Paleozoic age 
(Meli et al., 1996; Marroni and Tribuzio, 1996; 
Balestrieri et al., 1997; Montanini & Tribuzio, 
2001; Renna & Tribuzio, 2009). The peraluminous 
granitoids are locally in primary contact 
relationships with the ophiolitic basalts and the 
pelagic sediments (Molli, 1996; Marroni et al., 
1998). 
The rock association included in the External 
Ligurian sedimentary mélanges was interpreted to 
have formed in a fossil ocean-continent transition 
(Molli, 1996; Marroni et al., 1998, 2002; see Figure 
3). In particular, close similarities between the 
External Ligurian domain (Rampone and Piccardo, 
2000; Tribuzio et al., 2004; Montanini et al., 2006) 
and the mantle-crust association from the Western 
Iberia margin (e.g., Boillot et al., 1995; Whitmarsh 
et al., 2001) were highlighted. The subcontinental 
mantle bodies and associated continental crust 
rocks record decompression/retrograde tectono-
metamorphic evolutions related to the rifting 
process that led to their exhumation in the Middle 
Jurassic (Montanini et al., 2006; Renna & Tribuzio 
2009; Borghini et al., 2011). 

 
 
The External Ligurian mantle section 
 
The External Ligurian mantle sequences include a 
number of small to large (up to kilometer-sized) 
bodies. Petrological and geochemical studies were 
carried out on few mantle peridotite slide-blocks 
located in the southern and in the northern sectors 
of the EL units (Figure 2). The peridotites are 
spinel-plagioclase lherzolites with a fertile 
geochemical signature and widespread pyroxenite 
layering (e.g., Rampone et al., 1995; Montanini et 
al., 2006). The pyroxenites were related to 
recycling of old crustal material in Lower 
Palaeozoic to Triassic times (e.g., Montanini et al., 
2015; Borghini et al., 2016). Several mantle bodies 
show evidence of interaction with asthenospheric 
melts, thereby resulting in plagioclase-enriched 
impregnated peridotites (Piccardo et al., 2004; 
Piccardo, 2008) intruded by MORB-type gabbros 
and basalts of Jurassic age (Marroni et al., 1998; 
Tribuzio et al., 2004; Montanini and Tribuzio, 
2008; Tribuzio et al., 2015). The peridotite 
lithospheric protholiths are typically represented 
by spinel lherzolites with porphyroclastic fabric 
(Piccardo, 1976; Beccaluva et al., 1984; Rampone 
et al., 1995). These rocks locally retain extremely 
depleted Nd-Sr isotope compositions (Rampone et 
al., 1995; Borghini et al., 2013), coupled with 
ancient Os model ages (1.6-2.1 Ga, Snow et al., 
2000), which argue for a long residence time in the 
subcontinental mantle. The plagioclase-enriched 
peridotites display a MORB-type Nd-Sr isotopic 
signature (Rampone et al. 1995; Montanini et al., 
2012; Borghini et al., 2013, 2016). 
In the northern part of the External Ligurian 
domain (Figure 2A), the mantle rocks consist of 
partially serpentinized mylonitic peridotites with 
widespread pyroxenitic layers preserving relics of 
a deep-seated lithospheric history (Montanini et al., 
2006). These bodies do not show evidence of 
interaction with MOR-type melts. The oldest 
texture in the peridotites is a spinel-facies low-
strain tectonite, extensively overprinted by a 
mylonitic fabric developed in the plagioclase 
stability field along hectometre-size shear zones. 
The pyroxenites are concordant with the foliation 
of the host peridotite. Meter-sized layers of garnet 
clinopyroxenites, sometimes graphite-bearing 
(Montanini et al., 2010), in places occur. The most 
common pyroxenite layers are represented by 1-10 
cm thick, boudinaged websterites. The garnet 
clinopyroxenites record an early stage of 
equilibration in the subcontinental lithosphere 
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under high pressure and temperature conditions 
(2.8 GPa and 1100-1150 °C). Lu–Hf and Sm–Nd 
mineral isochrons (220 ± 13 Ma and 186.0 ± 1.8 
Ma, respectively) obtained from a garnet 
clinopyroxenite layer were interpreted as cooling 
ages testifying a retrograde, rifting-related history 
of cooling (Montanini et al., 2006). 
The garnet clinopyroxenites are Al- and Fe-rich, 
and were related to recycling of crustal mafic 
protoliths (Montanini et al., 2012; Montanini and 
Tribuzio, 2015). The websterites are Al-poor, Mg-
rich rocks locally preserving evidence of a crustal 
geochemical signature. In the reconstructed 
scenario, a rifting-related event of Mesozoic age 
triggered partial melting of eclogites derived from 
an ancient, heterogeneous MORB-type gabbroic 
sequence. The garnet clinopyroxenites originated 
by crystallization of eclogite-derived melts that 
experienced negligible interaction with the host 
peridotites. The garnet websterites were interpreted 
as reactions products between eclogite-derived 
melts and peridotites, thereby giving rise to hybrid, 
second-stage pyroxenites with a crustal 
geochemical fingerprint. Nd-Hf isotope 
systematics suggest that the mafic precursors 
experienced a long-lived evolution of recycling 
into the mantle (~1.5-1.0 Ga). 
 
 
FIELD EXCURSION 
 
The field trip (Figure 4) focuses on the M. 
Sant’Agostino and M. Gavi mantle bodies, which 
provide a snapshot of rifting-related mantle 
structures. Two distinct pyroxenite-peridotite 
mantle sequences are examined: (i) plagioclase-
facies mylonitic lherzolites with diffuse cm-scale 
pyroxenite layering  (M. Sant’Agostino); (ii) 
undeformed spinel-plagioclase lherzolites hosting 
large, undeformed pyroxenite bodies recording 
extensive melt/rock reactions in conjunction with 
exhumation (M. Gavi). Breccias adjacent to M. 
Sant’Agostino mantle body, which include gabbro-
derived granulites and granitoids of Late Variscan 
age, will be also visited. These rocks represent 
continental crustal material exhumed during 
Mesozoic lithospheric extension. 
The observed mantle rocks are included into a 
sedimentary melange, named “Monte Ragola-
Monte delle Tane Complex”, which was formed 
during the inception of a subduction event in Upper 
Cretaceous times (Marroni et al., 2017). This 
complex mainly consists of hectometre-to 
kilometre-sized olistoliths of mantle nature 
enclosed in flyschoid sedimentary deposits mostly 

composed of fine-grained clastic sequences and 
polymict breccias derived from gravity flows. In 
the field trip area, mylonitic (M. S. Agostino-M. 
Gonio) and undeformed peridotite bodies (M. 
Gavi-M. Armelio) are exposed along two distinct 
NE-SW alignements (Figure 4). 
 
STOP 1- M. Sant’Agostino plagioclase-facies 
ultramylonitic to mylonitic lherzolites 
 
The first peridotite exposure is located north of the 
Santa Barbara pass, along the southern slope of M. 
Sant’Agostino. Moving uphill from the parking 
area to the crest of the M. Sant’Agostino, partially 
serpentinized peridotites crop out. These rocks are 
very fine-grained foliated lherzolites consisting of 
fresh porphyroclasts of dark green pyroxene (up to 
1 cm across) and mm-sized black spinel, which are 
set into a dark olivine-rich matrix (Figure 5-A-B). 
They range from ultramylonites (porphyroclasts 
<10 vol%) to mylonites (porphyroclasts 20-40 
vol%) along the crest of the hill (Figure 5C). Very 
thin (up to 1 cm) and stretched pyroxene-rich bands 
are locally present (Figure 5A) . The thickness of 
the shear zone is estimated to be ~150 m. The 
peridotites are typically crosscut by a network of 
mm-thick veins filled with whitish serpentine. 
Along the margins of the mantle block, a “shell” of 
monogenic breccia consisting of centimetre- to 
decimetre-sized clasts of mylonitic peridotite 
occurs. 
The mylonite protoliths are spinel lherzolites with 
accessory brown amphibole. In thin section, the 
rocks are characterised by coarse-grained (up to 1-
2 cm across) orthopyroxene and clinopyroxene 
grains surrounded by smaller polygonal or 
irregular-shaped neoblasts of olivine + pyroxene + 
spinel ± brown amphibole (Figure 5D). Mutual 
pyroxene exsolutions may occur in these 
porphyroclasts. Domains with similar micro-
structures and compositions occur in adjacent, 
spinel-facies tectonite peridotites from M. 
Sant’Agostino-M. Gonio area (Figure 4). In the 
present peridotite exposure, the spinel-facies 
assemblage is overprinted by plagioclase-facies 
recrystallization associated with development of a 
mylonitic fabric. The mylonite microstructure 
(Figure 5-E-F and Figure 6) is characterised by 
aligned porphyroclasts of pyroxene + brown spinel 
+ brown amphibole and by an ultrafine-grained 
(~20-50 m, Figure 6-B-C) polyphase aggregate 
composed of olivine + pyroxenes + plagioclase (± 
spinel) occurring as mm-sized bands, lenses and 
porphyroclast tails. Crystals in this polyphase 
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matrix commonly display grain boundary 
alignment parallel to the mylonitic foliation. 
Orthopyroxene porphyroclasts may be rounded, 
lozenge-shaped or elongate, stretched along the 
mylonitic foliation with high aspect ratio (up to 
~10, (Figure 5-E-F). Clinopyroxene is usually 
smaller and more equant than orthopyroxene. Both 
pyroxenes commonly show evidence for 
intracrystalline deformation (i.e. undulose 
extinction, bending and kinking). Plagioclase 
mainly occurs as tiny neoblastic grains in the 
mylonitic matrix (Figure 6C) and, rarely, as very 
thin rims of spinel porphyroclasts. 
In the mylonites, olivine has 89.5 mol% of 
forsterite component. Porphyroclastic 
clinopyroxene has high Al2O3, Na2O and TiO2 
contents (7.3-8.2 wt%, 1.6-2.0 wt% and 0.5-0.6 
wt%, respectively). The amounts of Al2O3 and 
Na2O in porphyroclastic clinopyroxene moderately 
decrease from core to rim. The lowest Al2O3 and 
Na2O contents (2.3 wt% and 0.6 wt%, respectively) 
are shown by neoblastic plagioclase-facies 
clinopyroxene in the mylonitic matrix. 
Orthopyroxene have Mg# of 0.89 to 0.91. The 
cores of orthopyroxene porphyroclasts are Al2O3-
rich (4.5-5.6 wt%) and contain low amounts of 
CaO (0.5-0.7 wt%). Orthopyroxene neoblasts have 
the lowest Al2O3 concentrations (~1.1 wt%). Spinel 
shows low Cr# (Cr/(Cr+Al) of 0.09-0.14 and TiO2 
contents invariably lower than 0.2 wt%. The brown 
amphibole porphyroclasts are Ti-pargasites, 
according to the nomenclature of Leake et al. 
(1997). They have TiO2 contents ranging from 3.1 
to 4.6 wt% and and low to moderate K2O 
concentrations (0.15-0.35 wt%). The plagioclase 
grains in the mylonitic matrix are Na-rich 
(Anorthite = 38-40 mol%). 
The chondrite-normalized REE compositions of 
the spinel-facies clinopyroxene porphyroclasts are 
illustrated in Figure 7. They characterized by 
slightly LREE-depleted to nearly flat LREE 
segments and by a weak LREE/HREE 
fractionation, with relatively high HREE contents 
(YbN= 9-17); small Eu positive anomalies are 
sometimes observed. Similar REE compositions 
are reported for clinopyroxenes from other 
External Ligurian peridotites (Rampone et al., 
1995; Borghini et al., 2013). 
Temperatures based on major and trace element 
pyroxene compositions were calculated for the 
porphyroclastic assemblage of the M. 
Sant’Agostino mylonitic peridotites and for a 
peridotite sample with a preserved tectonite 
microstructure. Cpx-Opx geothermometer of Brey 
and Kohler (1990) record relatively low T, ranging 

from 850 to 910 °C (TBKN). Ca-in-Opx 
thermometry (Brey and Kohler, 1990) provides T 
of 920-970°C. REE-in-two-pyroxene 
geothermometer of Liang et al. (2013), based on 
trivalent REE+Y exchange between Cpx and Opx, 
yields higher T values (TREE= 1060-1110°C). The 
obtained results are consistent with the high closure 
temperature for the REE-in-two-pyroxene 
geothermometer and with the occurrence of mutual 
exsolutions in pyroxene porphyroclasts. They 
could reflect the conditions of the lithospheric 
spinel facies re-equilibration preceding the shallow 
mylonitic deformation. 
Pressure-Temperature conditions of the 
plagioclase-facies mylonitic deformation were 
evaluated applying the FACE geobarometer of 
Fumagalli et al. (2017), which yields P between 
0.4-0.5 GPa, and major element conventional 
clino- and orthopyroxene thermometry (TBKN = 
740-780°C; T(Ca-in-Opx) = 800-880°C). Similar 
P-T conditions for the mylonitic shear zones and 
TREE values up to 1100°C for the spinel-facies 
assemblage were also found for other EL mantle 
sections (Montanini et al., 2006, and unpublished 
data). The new results, combined with the 
previously PT estimates and Sm/Nd-Lu/Hf 
geochronology (Montanini et al., 2006) are 
illustrated in Figure 8, where a schematic P-T-t 
path is also reported.  
 

 

Figure 8- Schematic P-T-t diagram for the External Ligurian 
mantle section (modified after Montanini e al., 2006) 

 
STOP 2 - The M. S. Agostino mylonitic 
peridotites with pyroxenite layering 
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After a short walk along a footpath that follows the 
crest, we will reach the second outcrop of mylonitic 
peridotites (Figure 4). Before this outcrop, we will 
cross a small valley where a thin belt of 
sedimentary polymict breccia containing 
continental crust rocks is exposed. The breccia here 
mostly consists of up to meter-sized granodiorite 
boulders, in places with biotite-rich, fine-grained 
enclaves (Figure 9A). In the EL sedimentary 
mélanges, structurally and compositionally similar 
granitoids of late-post Variscan age locally 
preserve primary contacts with ophiolitic basalts 
and Callovian-Oxfordian radiolarian cherts, 
thereby indicating the exposure at the seafloor 
during the Jurassic (Marroni et al., 1998). These 
primary contacts enabled to recognize pre-orogenic 
brittle deformations in localized low-angle shear 
zones, which predated the basalt emplacement. K-
Ar and Rb-Sr biotite ages of 220-230 Ma (Ferrara 
and Tonarini, 1985) indicate that this cataclastic 
deformation occurred after the Middle Triassic and 
was rifting-related. 
The mylonitic lherzolites (Figure 9B) are here 
characterized by a subvertical foliation and by the 
occurrence of concordant pyroxenite layers, locally 
boudinaged, with thickness ranging from few mm 
to 5- 6 cm. The lherzolites have textural and 
mineralogical characteristics that are similar to 
those of the first outcrop. They are relatively 
coarse-grained rocks with relatively large pyroxene 
porphyroclast (up to 1 cm across) and tiny black 
spinel aligned along the mylonitic foliation. The 
pyroxenites are medium-grained rocks with 
websteritic composition, and Cpx modally 
prevailing over Opx; minor spinel and accessory 
Fe-Ni sulphides are also present. In thin section, the 
websterites show protomylonitic structures 
characterised by clinopyroxene and orthopyroxene 
porphyroclasts surrounded by fine-grained 
neoblastic aggregates of clinopyroxene + 
orthopyroxene + spinel ± plagioclase ± olivine ± 
brown amphibole (Figure 9-C-D). Orthopyroxene 
crystals are frequently elongated and highly 
stretched. The clinopyroxene porphyroclasts show 
plagioclase exsolutions. Green to greenish-brown 
spinel occur both as small rounded or vermicular 
grains within orthopyroxene or as larger, nearly 
polygonal crystals that are typically rimmed by 
plagioclase. 
The clinopyroxene porphyroclasts from the 
websterites have high amounts of Al2O3 (9.2-10.3 
wt%) and relatively low Na2O (0.7-0.8 wt%), most 
likely in relation to exsolution of relatively Na-rich 

plagioclase (An59). The neoblastic clinopyroxene 
has lower Al2O3 and Na2O than the porphyroclastic 
clinopyroxene. Orthopyroxene is also Al2O3-rich 
(~6 wt %). The Mg# of clinopyroxene and 
orthopyroxene (0.84-0.87 and 0.89-0.91, 
respectively) partially overlap that of host 
peridotites. Spinel has very low Cr# [Cr/(Cr+Al)] 
of 0.01-0.04. Amphibole is kaersutite with low 
K2O (0.2-0.3 wt%) and moderate Cr2O3 (1.0-1.3 
wt%). The chondrite-normalized REE pattern of 
Al-rich clinopyroxene porphyroclasts (Figure 10) 
is characterized by a moderate depletion in LREE 
(LaN/SmN = 0.08-0.25) and by a steady increase 
from LREE to HREE (GdN/YbN = 0.6-0.8). This 
HREE enrichment may have originated from 
replacement of garnet-bearing domains, as 
proposed for similar websterites in other EL 
peridotitic massifs (Montanini et al., 2015; 
Borghini et al., 2016). 
Temperature estimates based on major and trace 
element compositions of pyroxenes from the 
websterites are consistent with those obtained for 
the mylonitic peridotites (STOP 1). The Cpx-Opx 
geothermometer of Brey and Kohler (1990) 
furnishes relatively low T (940 and 930°C for the 
porphyroclastic and neoblastic cpx-opx pairs, 
respectively), whereas TREE-in-two-pyroxene 
geothermometer of Liang et al. (2013) yields 
higher T values (TREE= 1065°C). A P of 0.5 GPa 
was estimated for the recrystallised olivine- and 
plagioclase-bearing domains using the 
geobarometer of Fumagalli et al. (2017). 
 
 
STOP 3 - Polymict breccia with clasts of 
Variscan basement 
 
STOP 3 (Figure 4) is located NE of Santa Barbara 
pass, along the road towards Bobbio, at the foot of 
the M. Sant’Agostino escarpment (Figure 11-A). 
Here we can observe that serpentinitized 
peridotites are in contact with polymict breccias 
containing clasts of variable size (from cm- to 
meter-sized) and composition in a dark grey pelitic 
matrix. The clasts mainly consist of gabbro-derived 
granulites (Figure 11-B-C) mantle-derived 
serpentinites and whitish micritic limestones of 
Upper Cretaceous age, with minor lower crust 
pyroxenites and granitoids. 
The gabbro-derived granulite clasts commonly 
show a gneissic foliation, with porphyroclasts 
consisting of recrystallized pyroxene. These rocks 
have variable compositions and typically contain 
significant amounts of either olivine or Fe-Ti-oxide 
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phases (Marroni and Tribuzio, 1996; Montanini, 
1997). Gabbro-derived granulite clasts retaining 
magmatic intrusive structures, such as igneous 
layering, are locally present. Based on original 
mineralogy and whole-rock major and trace 
element compositions, the protoliths of these 
granulites were recognized as cumulates derived 
from variably evolved tholeiitic liquids (Montanini 
and Tribuzio, 2001). The Nd of the gabbro-derived 
granulites calculated at the age of emplacement of 
the gabbroic protoliths (290 Ma) ranges from +6.8 
to -4.5. A wide compositional range is also shown 
by initial 87Sr/86Sr, which varies from 0.7031 to 
0.7077. The least evolved samples show initial Nd-
Sr isotopic compositions close to typical depleted 
mantle values. The protoliths of the Fe-Ti-oxide-
bearing mafic granulites were related to these least 
evolved samples through fractional crystallization 
and assimilation of crustal material. 
The gabbroic protoliths were emplaced at deep 
crustal levels, where they experienced slow cooling 
and recrystallization under granulite-facies 
conditions. Near-isobaric cooling during granulite-
facies equilibration yielded two main types of 
subsolidus corona structures: (i) spinel-pyroxene 
symplectites in the olivine-bearing rocks at the 
plagioclase-olivine interface (Figure 11-D); (ii) 
garnet (± brown amphibole) as rims or small 
euhedral grains around clinopyroxene, Fe-Ti-oxide 
phases and spinel (Figure 11E). Garnet (± 
plagioclase ± magnetite) is also locally present as 
exsolution along the clinopyroxene cleavages. 
Pressure and temperature values of 0.7-0.8 GPa 
and 800-900 °C were estimated for the subsolidus 
re-equilibration of the gabbroic protoliths (Marroni 
and Tribuzio, 1996; Montanini, 1997). A gabbro-
derived granulite gave a Sm-Nd clinopyroxene-
plagioclase-whole-rock isochron of 291 ± 9 Ma, 
which was interpreted to date the granulite-facies 
recrystallization during post-magmatic cooling, 
most likely close to the time of intrusion in the 
lower crust (Meli et al., 1996). 
The pyroxenite clasts formed in the deep crust by 
early precipitation of clinopyroxene and minor 
olivine, and late crystallisation of orthopyroxene, 
spinel and titanian pargasite (Renna and Tribuzio, 
2009). The pyroxenites experienced high-
temperature (~850 °C) subsolidus re-equilibration 
associated with localized ductile deformation. U-
Pb zircon geochronology suggested a 
crystallization age of 306 ± 8 Ma, in the framework 
of the late to post-Variscan lithospheric extension. 
The pyroxenites show a depleted Nd isotopic 
signature signature, with initial Nd of +5.3 to +6.1. 

Exhumation of the gabbro-derived granulites to 
upper crustal levels in Late Triassic-Middle 
Jurassic is shown by a pre-Alpine retrograde 
evolution from amphibolite- to subgreenschist-
facies conditions, which is accompanied by 
development of deformations progressively 
changing from plastic to brittle (Marroni et al., 
1998). A gabbro-derived granulite yielded a 
40Ar/39Ar amphibole cooling age of 228 ± 2 Ma 
(Meli et al., 1996). This radiometric datum is 
within error the Lu-Hf cooling age obtained for the 
EL garnet pyroxenite. Thus, when the EL mantle 
section was below the closure T of the Lu-Hf 
system (ca. 750-900 °C, corresponding to the 
development of plagioclase facies mylonitic shear 
zones, Figure 8), the gabbro-derived granulites 
cooled below a temperature of about 500 °C. The 
subsequent low-temperature brittle deformations 
recorded by the lower crustal rocks were related to 
their exhumation in conjunction with the rifting 
event that led to the oceanisation in the Middle 
Jurassic. 
 
 
STOP 4- The M. Gavi body: a undeformed 
peridotite-pyroxenite association* 
 
The Monte Gavi mantle body consists of 
serpentinized spinel-plagioclase lherzolites 
including widespread spinel-plagioclase 
pyroxenite layers. The peridotites are cut by diffuse 
serpentine veinlets up to 1 cm-thick. North to 
Monte Gavi, the adjacent mantle blocks blocks 
(Figure 4) show similar structural and petrographic 
characteristics. Taken as a whole, these mantle 
blocks do not show high temperature deformation 
structures. 
The thickness of the Monte Gavi pyroxenite layers 
is typically <0.1 m. Near the northwestern contact 
with host sediments, the peridotite includes some 
pyroxenite layers that are up to ~1 m thick (Figure 
12A). Although the mantle peridotites are here 
extensively faulted, the thick pyroxenite layers 
have nearly concordant orientations and may be 
followed for tens of meters. 
The Monte Gavi lherzolites are coarse-grained 
undeformed rocks with large exsolved 
orthopyroxene and clinopyroxene crystals. 
Evidence of melt infiltration and crystallization of 
plagioclase + orthopyroxene at the expense of 
spinel and clinopyroxene (Figure 12-F-G) are 
widespread. Spinel has relatively high Cr# (33-35) 
and TiO2 contents (0.3-0.5 wt%). No Ti-amphibole 
was observed, contrary to the mylonitic peridotites 
from other EL mantle bodies. Clinopyroxene has 
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relatively low Na2O contents (0.5-0.9 wt%). In 
contrast with the typical fertile signature of the EL 
lherzolites, REE compositions of clinopyroxenes 
from the M. Gavi peridotite are characterized by 
convex upward LREE-depleted patterns (Figure 7) 
and small negative Eu anomaly coupled with high 
HREE, suggesting interaction with depleted 
MORB-type melts in the plagioclase stability field. 
T(BKN), T(Ca-in-Opx) and TREE yielded values 
of 915, 1100 and 1200 °C, respectively. 
The thickest pyroxenite layers are characterized by 
a coarse-grained assemblage of clinopyroxene and 
Al-spinel (Figure 13-A-B). Clinopyroxene is 
frequently resorbed and variably replaced by 
orthopyroxene + plagioclase (Figure 13-C-E). 
Spinel is rimmed by plagioclase (Figure 13B). In 
particular, most of the original spinel-rich domains 
(Cr# = 3-4) are extensively transformed into Ca-
rich plagioclase + Fe-rich olivine + Cr-spinel (Cr# 
= 16-18, Figure 13D) ± ilmenite. In addition, 
plagioclase is typically present along 
clinopyroxene cleavages, forming symplectitic 
intergrowths with orthopyroxene (Figure 13E). 
Furthermore, plagioclase in places develops 
anastomosing, subparallel veinlets. Clinopyroxene 
has low Mg# (81-83) and Cr2O3 (<0.3 wt%) and up 
to 2.5 % TiO2, 10 wt% Al2O3 and 1.8 wt% Na2O. 
Close to the thick pyroxenite bodies, the lherzolite 
includes up to 10 cm-thick spinel pyroxenite layers 
(Figure 12-B-C-D-E) containing Mg-rich 
clinopyroxene (Mg# = 89-90), spinel  with variable 
Cr# (4-17) and, locally, Mg-rich deformed olivine 
(Fo89), which was most likely incorporated from 
host lherzolites. The preserved primary 
clinopyroxene (Figure 14) from the thickest 
pyroxenite layers shows moderate LREE depletion 
(LaN/SmN = 0.2-0.3) and nearly flat to slightly 
depleted HREE (GdN/YbN = 1.1-1.7). The REE 
compositions of melts in equilibrium with this 
clinopyroxene displays slight LREE enrichment 
and negative HREE fractionation, which in turn 
requires a garnet-bearing source. Most 

clinopyroxenes from the pyroxenite layers 
(irrespective of their thickness and Mg#) are 
characterized by a striking LREE depletion and 
HREE enrichment (e.g. YbN ~30-60, Figure 14), 
which could be related to reactive migration of 
depleted MORB-type melts. The involvement of 
depleted MORB-type melts reacting with mantle 
peridotites was documented in other ophiolitic 
massifs of the Alpine-Apennine system, such as for 
instance M. Maggiore, Corsica (e.g., Rampone et 
al., 2008; Piccardo et al., 2011). These depleted 
MORB-type melts could form by low-degree 
fractional melting of a DM source. The thickest, 
Fe-rich pyroxenite bodies have “melt-like” patterns 
of highly siderophile elements (HSE), whereas the 
thinnest, Mg-rich pyroxenites are enriched in Os 
and Ir (Montanini et al., EMAW meeting). Bulk 
rock 187Os/188Os ratios recalculated at the age of the 
Alpine Tethys opening (165 Ma) show increasingly 
radiogenic composition from Mg- to Fe-rich 
pyroxenites (187Os/188Os = 0.185-0.518). 
Thermobarometric estimates using REE-Y 
partitioning between clinopyroxene and 
plagioclase (Sun and Liang, 2017) and the 
geobarometer of Fumagalli et al. (2017) yielded T 
values of ~1200°C at 0.6 GPa for the thick Fe-rich 
pyroxenites. We propose that the pyroxenites 
formed by crystallization of Al-Fe-rich melts 
derived from aged, pyroxenite/eclogite-rich 
sources. Whereas the thick pyroxenite layers 
represent a melt-dominated system, the thin layers 
formed by melt/peridotite hybridization. Extensive 
replacement of the primary assemblage was most 
likely produced by reactive migration of depleted 
MORB-type melts under plagioclase facies 
conditions during Jurassic exhumation. This event 
led to a radical modification of the geochemical 
signature of the pyroxenite protoliths. 
 
*Petrology and geochemistry of the Mt. Gavi 
peridotite-pyroxenite sequence will be the subject 
of a talk at the EMAW meeting. 
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Figure 2- (A) Tectonic sketch map of the Northern Apennines, (B) regional cross section through the Ligurian Northen Apennines

showing the main relationships between the different tectonostratigraphic units. Average trace line of section is indicated in (A); (C) 

- Synthetic stratigraphy of the External Ligurian Units showing the lithologies of the main formations constituting the sedimentary 

succession. SB, slide block of mantle ultramafic; CS, Casanova Sandstone; and HF, Helminthoid Flysch; (D) – Schematic section 

across the Ligure-Piemontese basin at Late Cretaceous time. Subduction is active and an accretionary prism is growing between the 

basins of deposition of the the Internal Ligurian Units (IL) and the External Ligurian Units successions – (after Marroni et al., 2017)
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Figure 3- Sketch of the ocean-continent transition in the External Ligurian domain 

(redrawn after Marroni et al., 1998)

Figure 4- Geological map of the field trip area (from Carta Geologica d’Italia, Foglio Bobbio) and

location of the stops: Stop 1-M. Sant’Agostino plagioclase-facies ultramylonitic to mylonitic

lherzolites; Stop 2 - The M. S. Agostino mylonitic peridotites with pyroxenite layering; Stop 3 -

Polymict breccia with clasts of Variscan basement; Stop 4 - The M. Gavi body: a undeformed

peridotite-pyroxenite association
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Fig. 5- STOP 1:  (A) M. Sant’Agostino ultramylonitic peridotite with stretched pyroxenite band; (B) M. Sant’Agostino 

ultramylonitic peridotite with rounded Opx porphyroclasts; (C) M. Sant’Agostino mylonitic peridotite; (D) Relic of spinel

tectonite texture in plagioclase mylonite: neoblastic ol + opx + cpx + spl +Ti-Amph around Opx porphyroclasts; (E) Opx

porphyroclast in ultramylonite mantled by a fine-grained polyphase mylonite matrix (My) of  olivine + plagioclase + 

clinopyroxene + orthopyroxene; (E) Elongate Opx porphyroclast with high aspect ratio in plagioclase mylonite
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Fig. 7- Chondrite normalized REE patterns of clinopyroxenes in the peridotites of the field

trip area (STOP 1-2-4). Normalizing values after Anders and Grevesse (1989)
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Fig. 6- STOP 1: (A) M. Sant’Agostino:  relict of spinel

tectonite texture in plagioclase mylonite: neoblastic ol

+ opx + cpx + spl around Opx porphyroclast mantled

by fine-grained polyphase mylonitic matrix; (B) Fine-

grained polyphase mylonite matrix (My) of  olivine + 

plagioclase + clinopyroxene + orthopyroxene in M. 

Sant’Agostino peridotite; (C) BSE (back-scattered

electron) image of the mylonite matrix
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Fig. 9- STOP 2: (A) granodiorite with biotite-rich fine grained

enclave; (B) Mylonitic lherzolites showing subvertical foliation 

and concordant pyroxenite layers, locally boudinaged, with 

thickness ranging from few mm to 5- 6 cm; (C) websterite layer 

with protomylonitic structure and stretched Opx porphyroclasts

in a fine-grained matrix of neoblastic clinopyroxene + 

orthopyroxene + spinel ± plagioclase ± olivine ± brown 

amphibole; (D) Al-rich Cpx porphyroclast with plagioclase 

exsolutions in websterite layer

Fig 10 –Chondrite normalized REE patterns

of clinopyroxenes in websterites of STOP 2. 

Normalizing values after Anders and 

Grevesse (1989)
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Opx

Cpx
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Fig 11- STOP 3: (A) Exposure of polymict breccias containing clasts of variable size (from cm- to meter-sized) and composition in a 

dark grey pelitic matrix; (B)-(C) Blocks of foliated mafic granulites characterized by plagioclase- and pyroxene-rich domains and 

pyroxene porphyroclasts; (D) spinel-pyroxene symplectites in the olivine-bearing rocks at the plagioclase-olivine interface; (E) 

garnet (+ brown amphibole) as rims of Al-spinel in Fe-rich mafic granulite
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Fig 12- STOP 4: (A) View of the M. Gavi outcrop; (B) 

Peridotite-pyroxenite layering; (C) Cm-sized spinel

pyroxenite in serpentinized peridotite; (D)-(E) 

Samples of M.Gavi spinel pyroxenites with Cpx- and 

Spinel-rich domains; (F) Resorbed Cpx porhyroclast

with Opx+Pl corona in the M. Gavi lherzolite; (G) 

Resorbed Cpx porhyroclast containing coarse

Opx+Pl lamellae in the M. Gavi lherzolite

2 cm

Host peridotite (serpentinized)
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Cpx domains

Pl (An75-84)

Ol (Fo81-82)

Spl

Ilm

Spl-rich domains  Fe-rich Ol+ Ca-rich 
plagioclase + Cr-spinel ± ilmenite. 

Primary assemblage: Al-rich Cpx + Al-Spl

Fig 13- STOP 4: (A) Fresh surface of  pyroxenite from a thick

layer; (B) Relict Al-rich spinel (Cr# = 3-4) in the pyroxenite, 

rimmed by (altered) plagioclase); (C) Resorbed Cpx with 

development of orthopyroxene + plagioclase lamellae along

the cleavages; (D) Original spinel-rich domains transformed

into Ca-rich plagioclase + Fe-rich olivine + Cr-spinel (Cr# = 

16-18) ± ilmenite; (E) Plagioclase forming symplectitic

intergrowths with orthopyroxene along clinopyroxene

cleavages
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1 mm

Cpx from thick pyroxenite layer

Cpx from thin pyroxenite layer

Primary Cpx (sample GAV-2)

Fig. 14- STOP 4: (A) Sample GAV-2 with preserved

primary Cpx;  (B) Chondrite-normalized REE 

patterns of clinopyroxenes in pyroxenites from the M. 

Gavi outcrop; (C) Chondrite-normalized REE 

patterns of putative liquids in equilibrium with Cpx

from the sample GAV-2 (partition coefficients after

Ionov et al., 2002). Normalizing values after Anders

and Grevesse (1989)

Cpx
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