
INTRODUCTION

Structural mapping and analysis of metamorphic base-
ments are fundamental tools for deciphering the relationships 
between the development of deformation fabrics and meta-
morphic reactions that in turn allow the reconstruction of the 
tectono-metamorphic evolution of polydeformed rocks. Mod-
ern structural techniques of metamorphic basements include 
the description of meso and microscopic fabrics considering 
their mineralogical supports, which testify the metamorphic 
conditions under which the deformation developed (Myers, 
1978; Passchier et al., 1990; Spalla et al., 2000: 2005; Zucali 
et al., 2002; Spalla and Zucali, 2004; Salvi et al., 2010; Roda 
and Zucali, 2011; Gosso et al., 2015; Cantù et al., 2016).

We present here a multiscale structural study of the 
metaophiolite complex of middle Val d’Ala (Piemonte, Ita-
ly), one of the Lanzo valleys, in the axial part of the subduc-
tion complex of the Western Alps (Fig. 1; SM1). Although 
since the 18th century Val d’Ala is internationally renowned 
for mining activity of minerals as garnet, diopside, vesu-
vianite, and epidote (Diella et al., 2019), and the tectonic 
contact between Piemonte Zone and Gran Paradiso Massif 
is well exposed (Bigi et al., 1990), a detailed modern struc-
tural analysis of the area is still lacking. First geological and 
petrological works on the metaophiolite complex focused on 
the lithological description and petrochemical investigation 
of mafic and ultramafic rocks (Nicolas, 1966; Leardi et al., 
1984; Leardi and Rossetti, 1985). The accurate geological 
map of Leardi and Rossetti (1985) represented a fundamen-
tal geological support for the sampling and from this study 

the first estimation of metamorphic peak conditions under 
eclogite-facies conditions resulted (P=1.3 GPa, T=450-
460°C, Sandrone et al., 1986). However, structural data and 
fabric elements (at meso and microscale) were not presented 
in these works. Only recently, a structural-geological map of 
the middle Val d’Ala presented new structural data of the 
metaophiolite complex at the contact with the Gran Paradiso 
Massif (Caso et al., 2021).

GEOLOGICAL SETTINGS

The investigated area is in the Western Alps, on the 
northern side of Val d’Ala, at the contact between the Lower 
Piemonte Zone and the Gran Paradiso Massif (Fig. 1). The 
Alps developed because of the collision between European 
and Adria plates after the subduction of the Alpine Tethys 
Ocean, during Cretaceous-Oligocene times (Reddy et al., 
1999; Dal Piaz, 2010; Lardeaux, 2014; van Hinsbergen et al., 
2020; Agard and Handy, 2021). The axial zone of the West-
ern Alps (Fig. 1a), i.e., the section of the Alpine chain be-
tween the Periadriatic Fault System and the Penninic Front, 
contains units of continental and oceanic origin that belong 
to both Austroalpine and Pennine domains and are tectoni-
cally mixed during burial and exhumation consequent to the 
Alpine convergence (Dal Piaz et al., 1972; Caron et al., 1984; 
Polino et al., 1990; Reddy et al., 1999; Schmid et al., 2004; 
Roda et al., 2012; Lardeaux, 2014). The Austroalpine domain 
consists of continental rocks tectonically scraped off by the 
margin of Adria plate, subducted, and exhumed during the 
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ABSTRACT

This contribution presents a geological and structural study of the Val d’Ala metaophiolite complex (Lower Piemonte Zone) at the southern boundary of 
the Gran Paradiso Massif. Although this area was known since the 18th century for mining activity, a complete and modern multiscale structural study of the 
metaophiolite is still lacking. For this reason, we realized a structural map at 1:10,000 scale along the northern slope of middle Val d’Ala and we completed 
the study with a microstructural analysis. Here, serpentinites and metabasites are the dominant rocks and host hectometre-sized calcschist bodies, metre to 
decametre-sized metagabbro bodies, and some metre-sized eclogite lenses. All these lithologies belong to the Lower Piemonte Zone. In the upper part of the 
northern slope of the valley the tectonic contact with the gneisses of the Gran Paradiso Massif occurs. Four groups of superposed structures have been recog-
nized by the multiscale investigation of the cross-cutting relationships between minerals, foliations, and folds. D1 relict fabrics occur in eclogites, metagab-
bros, and metabasites and are marked by omphacite, garnet, rutile, and glaucophane. Oldest metamorphic relicts in serpentinites are serpentine and rare am-
phibole, in calcschists are quartz and calcite, and in gneisses are quartz, garnet, and plagioclase. D2 structures consist of isoclinal folds and the S2 axial plane 
foliation that represents the dominant fabric and developed within all rock types. The S2 foliation is marked by glaucophane and epidote in the metabasites, 
metagabbros, and eclogites, serpentine and chlorite in the serpentinites, carbonate, quartz, white mica in the calcschists and quartz, plagioclase, and white mi-
ca in the gneisses. Locally green amphibole, chlorite and plagioclase replace omphacite and glaucophane. The lithological boundaries and the tectonic contact 
between the Piemonte Zone metaophiolite and the gneisses of the Gran Paradiso Massif is parallel to S2. The D3 structures consists of a fold system with sub-
horizontal axial plane (PA3) and axis (A3). The D4 fabric consists of isoclinal to open folds with sub-vertical dipping axial plane (PA4) and sub-horizontal axis 
(A4). D1 mineral assemblage suggests a metamorphic peak under eclogite-facies conditions for the metaophiolite complex, followed by re-equilibration under 
blueschist-facies conditions in which the contact with the gneisses of the Gran Paradiso Massif developed. The two units evolved together in lower pressure 
and temperature conditions.
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Alpine subduction (Spalla et al., 1996; Babist et al., 2006; 
Roda et al., 2012; 2020).

The Pennine domain consists of continental rocks that be-
long to the European margin (Briançonnais Units and Internal 
Crystalline Massifs) and oceanic and metasedimentary rocks 
that represent remnants of subducted Alpine Tethys oceanic 
lithosphere (Piemonte Zone). 

The Briançonnais Units (Fig. 1a) form a continuous ex-
posure of continental basement and Mesozoic/Tertiary cover 
rocks bordering the Piemonte Zone to the east and the Helvet-
ic Domains to the West (Escher et al., 1997; Michard et al., 
2004; Malusà et al., 2005). A general increase in metamor-
phic grade from low-greenschist- to epidote blueschist-facies 

conditions is observed from the western to the eastern units 
(Bousquet et al., 2008).

The Internal Crystalline Massifs comprise the Monte 
Rosa, Gran Paradiso, and Dora-Maira Massifs. These mas-
sifs consist of a Variscan basement with a Carboniferous 
metamorphic imprint under amphibolite-facies conditions, 
intruded by Permian granitoids (Dal Piaz, 1966; Callegari et 
al., 1969; Compagnoni and Prato, 1969; Compagnoni et al., 
1974; Sandrone et al., 1988; 1993; Bertrand et al., 2005). The 
Internal Crystalline Massifs recorded an Alpine metamorphic 
peak under eclogite- and blueschist-facies conditions of Eo-
cene age, followed by greenschist to amphibolite-facies re-
equilibration (Pognante and Sandrone, 1989; Chopin et al., 

Fig. 1 - Geological setting: a) Simplified tectonic scheme of the Alps with the different structural domains. Redrawn after Bigi et al. (1990). Coordinate sys-
tem WGS84 UTM Zone 32. The black rectangle locates the tectonic map in (b). b) Simplified tectonic map of the southern Western Alps. The white rectangle 
locates the lithological map in (c). c) Simplified lithological map of Val d’Ala redrawn after Sandrone et al. (1986) and Diella et al. (2019). The study area is 
located by the white rectangle.
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1991; Borghi et al., 1996; Rolland et al., 2000; Le Bayon 
et al., 2000; Le Bayon R.et al., 2006; Castelli et al., 2007; 
Lapen et al., 2007; Gasco et al., 2010; 2011b; 2011a; 2013; 
Gabudianu Radulescu et al., 2011; Manzotti et al., 2015). 
In particular, the Gran Paradiso Massif (GP) is composed 
by two main tectonic units. The upper one (Gran Paradiso 
Unit) is made of poly-metamorphic metasediments (Alpine 
and Variscan cycle) intruded by Permian granitoids and both 
transformed during the Alpine history into para and orthog-
neisses respectively. These lithologies record eclogite-facies 
conditions, partially overprinted by albite-amphibolite fa-
cies minerals ( Le Bayon B. et al., 2006; Gasco et al., 2010; 
Manzotti et al., 2015; 2018). The lower unit (Money Unit) 
consists of mono-metamorphic (Alpine) metasediments and 
metavolcanics rocks intruded by the Permian Erfaulet gran-
ite. Alpine peak P–T conditions were attained at lower pres-
sure compared to the Gran Paradiso Unit (Gasco et al., 2010; 
Manzotti et al., 2015; 2018). The two units coupled together 
under blueschist-facies conditions and exhumed sharing three 
deformation stages characterized by three folding phases and 
two axial plane foliations (Manzotti et al., 2015).

The Piemonte Zone is divided in Upper (External) and Low-
er (Internal) Piemonte zones (Fig 1b), that in the northern part 
of the Western Alps correspond to Combin and Zermatt-Saas 
zones, respectively (Martin et al., 1994; Gasco et al., 2013). 
The Upper Piemonte Zone consists of carbonate to terrigenous 
flysch-type metasediments, commonly including metaophiol-
ite bodies (Dal Piaz et al., 1981; Dal Piaz, 1988; Gasco et al., 
2013). The latter are locally covered by manganiferous quartz-
ites and other oceanic sediments (Dal Piaz et al., 1979; Van-
nay and Allemann, 1990). The dominant metamorphic imprint 
is recorded under greenschist- to blueschist-facies conditions 
attained at 36-40 Ma (Kienast, 1983; Dal Piaz, 1988; Vannay 
and Allemann, 1990; Martin and Cortiana, 2001; Gouzu et 
al., 2016), although recent analyses on serpentinites suggest 
eclogite-facies conditions for the metamorphic peak just to 
the north of Val d’Ala, at the contact between Piemonte Zone 
and Sesia-Lanzo Zone (Assanelli et al., 2020). The Lower 
Piemonte Zone consists of ultramafic and mafic metaophiolite 
sequences and minor associated metasedimentary covers. Ser-
pentinites are the most abundant rocks, often enclosing rodin-
gite dikes and metagabbro bodies (Bearth, 1967; Dal Piaz and 
Ernst, 1978; Rahn and Bucher, 1998; Li et al., 2004a; Groppo 
and Compagnoni, 2007; Fontana et al., 2008; 2015; Rebay et 
al., 2012; Zanoni et al., 2012; 2016). Mafic rocks are Mg- and 
Fe- gabbros and metabasalts with a normal-MORB signature 
and recorded a HP-UHP dominant metamorphic imprint (Mar-
tin et al., 1994; Bucher et al., 2005; Bucher and Grapes, 2009; 
Balestro et al., 2019; Bucher and Stober, 2021). The metasedi-
mentary covers consist of quartzites, marbles and calcschists 
that recorded an eclogite-facies metamorphic imprint (Dal 
Piaz et al., 1979; Bearth and Schwander, 1981; Barnicoat and 
Fry, 1986; Reinecke, 1991; Angiboust et al., 2009; Groppo et 
al., 2009; Weber and Bucher, 2015; Tartarotti et al., 2019), and 
locally UHP assemblages have been recognized (Reinecke, 
1991; Frezzotti et al., 2011; Luoni et al., 2018; 2019). The pro-
tolith ages inferred from oceanic gabbros and peridotites clus-
ter around approximately 160 Ma (Mevel et al., 1978; Li et al., 
2013; Tribuzio et al., 2016; Roda et al., 2018b; Nicollet et al., 
2022) and the HP metamorphism is generally dated between 
70 and 40 Ma (Reddy et al., 1999; Rubatto et al., 1999; Lapen 
et al., 2003; Skora et al., 2009; de Meyer et al., 2014; Gouzu 
et al., 2016; Rebay et al., 2018; Dragovic et al., 2020). The 
metaophiolite of Val d’Ala is part of the Lanzo Valley ophio-
lite (LVU) which occurs between Dora Maria and Gran Para-

diso massif. The ophiolite consists of serpentinites enclosing 
metagabbro and eclogite bodies, fine-grained metabasites, and 
metasediments as quartzites, marbles and calcschists (Nicolas, 
1966; Leardi and Rossetti, 1985; Caso et al., 2021; De Togni 
et al., 2023). Generally, four Alpine deformation stages have 
been described corresponding to a metamorphic evolution 
from eclogite-facies up to greenschist-facies conditions (San-
drone et al., 1986; Rolland et al., 2000; Caso et al., 2021; De 
Togni et al., 2023).

ANALYTICAL TECHNIQUES AND SOFTWARE

The structural analysis of polydeformed metamorphic ter-
rains uses the intersection relationships between the different 
superposed structures, both ductile and brittle, that are gener-
ated during different deformation stages to determine the rel-
ative chronology of the geologic and tectonic history. Here, 
the relative chronology of the structures was inferred from 
structural correlation criteria, widely used in various terrains 
(Turner and Weiss, 1963; Ramsay and Huber, 1983; Wil-
liams, 1985; Twiss and Moore, 1992; Passchier and Trouw, 
2005; Pollard and Fletcher, 2005; Roda et al., 2018a; Zucali 
et al., 2020). All rocks are described and mapped consider-
ing their mineral composition, the type of planar and linear 
structural elements (e.g., foliation, lineation, etc.) and their 
corresponding mineral support. Each group of structures is 
attributed to a relative chronologic family (D1, D2, etc.) and 
characterized by fabric elements (e.g., S1, S2, etc.) with the 
supporting mineral association. Lithologic subdivisions are 
based and revised starting from the work of Leardi and Ros-
setti (1985). The rocks show three different fabrics, allowing 
the identification of finite strain states and fabric gradients: 
(i) Coronitic, weak syn-metamorphic foliation, preserving 
80-100% of the textural primary features (mainly igneous); 
(ii) Tectonitic, syn-metamorphic foliation preserving 20-80% 
of the textural primary features; (iii) Mylonitic, syn-meta-
morphic foliation preserving 0-20% of the textural primary 
features (Spalla et al., 1998; 2005; Zucali et al., 2002; 2020; 
Spalla and Zucali, 2004; Salvi et al., 2010). 

The geological and structural data were collected at 
1:5000 scale, compiled in a GIS database (QGis - https://
www.qgis.org) and represented on a topographic map ex-
trapolated from the Carta Tecnica Regionale Vettoriale of the 
Regione Piemonte (BDTRE “Base Dati Territoriale di Rif-
erimento degli Enti piemontesi”, Edition 2019). The shape of 
the outcrops has been improved using the orthophotos of the 
area and the lithologic map of Leardi and Rossetti (1985), and 
refined with Affinity Designer 2.

The geological map (Fig. 1S) covers an area of almost 5 
km2, and the geological and structural data have been here rep-
resented at 1:10000 scale (SM1). The local structural archi-
tecture and the geometry of the contact between the Piemonte 
Zone rocks and the Gran Paradiso Massif are given in cross 
sections. The orientation of structural elements has been ana-
lyzed and represented by equal area lower-hemisphere ste-
reographic projections using Stereonet (Allmendinger et al., 
2013; Cardozo and Allmendinger, 2013). 

We here present two different maps. In the solid and drift 
map, the objective outcrops delimitation and the structural 
elements are represented while in the interpretative map, the 
interpretation of lithological and structural setting of the area 
is synthetized based on lithological contacts, fabric element 
attitudes, and structural correlation criteria. We supported 
the geological interpretation with geometric interpolations by  
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using the QGis plugins qprof (https://gitlab.com/mauroalberti/
qProf) and qgsurf (https://github.com/mauroalberti/qgSurf).

LITHOSTRATIGRAPHY 

Along Val d’Ala, serpentinites and metabasites are the 
dominant rock types and include hectometre-sized calcschist 
bodies, metre to decametre-sized metagabbro bodies, and 
some metre-sized eclogite lenses (Fig. 1c; Leardi and Ros-
setti, 1985). These rocks belong to the Lower Piemonte Zone 
(Fig. 1b). In the upper part of the north slope of the valley the 
tectonic contact with the gneisses of the Gran Paradiso Mas-
sif occurs (Fig. 1b).

Metabasites are medium to fine-grained pale to dark green 
foliated rocks. The foliation is marked by alternating millime-
tre-thick omphacite- (5-40%), amphibole- (20-30%), garnet- 
(5-10%) rich and epidote- (5-10%), plagioclase- (5%), minor 
white mica-, chlorite-, rutile-rich layers. Dark green metab-
asites are rich in glaucophane and rutile (Fig. 2b). Locally, 
coarse-grained metabasites have a coronitic texture. At the 
contact between serpentinites and metabasites, a reaction rim 
formed by talc, serpentine, and amphibole commonly occurs.

Metagabbros are light- to dark-grey rocks with a tec-
tonitic to coronitic texture and medium- to large grain size 
(Fig. 2c). They are mineralogically similar to the metabasites 
but, in the coronitic types, the original igneous texture is still 
preserved and some magmatic-relict minerals as clinopyrox-
ene and plagioclase can be locally observed. In the tectonitic 
types, a discontinuous foliation is marked by alternating mil-
limetre-thick omphacite- (30-40%), amphibole- (20-30%), 
garnet- (5-10%) rich and millimetre-thick plagioclase- (5%), 
epidote- (5-10%), minor rutile- (5%) rich layers.

Eclogites consist of coarse to medium-grained green mas-
sive metre to decametre-sized lenses within metabasites and 
metagabbros. They show a coronitic to tectonitic texture with 
a discontinuous foliation marked by alternating millimetre- 
to centimetre thick omphacite- (30-40%), garnet- (20-30%) 
-rich and glaucophane- (25%), epidote- (20%), rutile- (10%) 
rich layers. Locally green amphibole, chlorite and plagioclase 
replace omphacite and glaucophane (Fig. 2d).

Serpentinites are dark green, or pale green when altered, 
very fine- to fine-grained rocks with a pervasive foliation, lo-
cally mylonitic (Fig. 2a). The foliation is marked by serpentine 
(70-90%), amphibole (10-15%), spinel, chlorite, and talc (5%).

Calcschists are light-brown fine-grained foliated rocks 
consisting of calcite (70-80%), quartz (10-20%), white mica 
(10%), minor garnet, epidote, chlorite, and some opaque and 
iron minerals. The foliation, locally mylonitic, is marked by 
layering of millimetre to decimetre-thick carbonate-rich lithons 
and millimetre-thick quartz-white mica-rich films (Fig. 2e).

Gneisses are light-grey medium to fine-grained foliated 
rocks characterized by a spaced foliation marked by alternat-
ing millimetre to centimetre-thick quartz- (5-25%), feldspar- 
(20-30%), garnet- (10-15%) rich and white mica- (10-30%), 
minor biotite-, chlorite- (5%) rich layers (Fig. 2f).

MESOSTRUCTURAL ANALYSIS

A sequence of four deformation stages has been inferred 
by the investigation of the cross-cutting relationships between 
minerals, foliations, and folds. Serpentinites and calcschists 
well record deformation stages and preserve different super-
posed structures. On the other hand, coronitic and tectonitic 

rocks as eclogites and metagabbros well preserve older fabrics.
The lithological contacts are well observable between me-

tabasites and metagabbros, and between calcschists and me-
tabasites and they are parallel to the S2 foliation (Fig. 3b ,c). 
The first group of structures (D1) is partially to largely over-
printed by the successive deformation imprints. D1-relicts oc-
cur in metabasites as decimetre-sized lenses in which the S1 
foliation is preserved (Fig. 3a) and calcschists as folded S1 
foliation. The D1 mineral assemblage is preserved in eclog-
ites, coronitic to tectonitic metagabbros, and metabasites and 
is characterized by omphacite, garnet, rutile, and amphibole 
(glaucophane) porphyroclasts.

During the second deformation stage (D2) the regional 
fold axial plane foliation S2 developed in both Piemonte 
Zone and Gran Paradiso Massif rocks. S2 is generally spaced 
and locally mylonitic (mainly in serpentinites and calcschist, 
Fig. 3b), smooth to wriggly and with millimetre (in serpenti-
nites and calcschists) to centimetre-sized (in metabasites and 
eclogites) spacing. Serpentine marked the S2 mylonitic fo-
liation in the serpentinites, generally with an S-C’ geometry 
indicating top-to-NW sense of shear at present (Fig. 3d). In 
the metabasites, S2 is defined by SPO of omphacite, glauco-
phane, garnets, and epidotes. Locally, some shear bands with 
mylonitic texture develop in which veins filled by epidote are 
transposed and boudinaged and the lenses containing the S1 
foliation are wrapped by S2 forming sigmoids. At present, 
these elements indicate a top-to-NW sense of shear (Fig 3a). 
In the eclogites and metagabbros the S2 tectonitic foliation 
is defined by SPO of omphacite and amphibole, and milli-
metre to centimetre-thick omphacite-, amphibole-, garnet-
rich layers that alternate with millimetre-thick plagioclase-, 
epidote-, minor rutile-rich layers. Locally green amphibole, 
chlorite and plagioclase replace omphacite and glaucophane. 
In the calcschists, the S2 foliation is spaced and marked by 
centimetre-thick carbonate-, quartz-, and minor epidote-, and 
garnet-rich lithons and with millimetre-thick mica and minor 
chlorite-rich films (Fig. 3b). Rare relicts of D2 folds occur in 
carbonate-rich layers where the S2 foliation is less pervasive 
(Fig. 4b). In the gneisses, S2 is spaced and marked by milli-
metre to centimetre-thick quartz, plagioclase, and garnet-rich 
lithons and millimetre-thick white mica films. The S2 folia-
tion has a mainly dip direction toward SSW with dip increas-
ing from the north to the south. The tectonic contact between 
the Piemonte Zone metaophiolitic rocks and the gneisses of 
the Gran Paradiso Massif are parallel to the S2 attitude, and it 
is characterized by overthrusting of metaophiolite on gneiss-
es. At the contact, quartz-fiber slickensides indicating a W-E 
movement direction can often be observed (Fig. 3e) together 
with small and highly deformed serpentinite lenses (Fig. 4a). 

The third deformation stage (D3) developed a fold system 
with open to isoclinal interlimb angle and a variable wave-
length that spread from centimetre- to decametre-sized, as a 
function of the lithology (Fig. 4b, c, d). The axial plane (PA3) 
and axis (A3) are both sub-horizontal with variable dip direc-
tion (Fig. 5c). During this stage some parasitic folds develop 
and are clearly visible along the limbs and near the fold hinges. 
The superposition between previous fold and D3 folding gen-
erated a type 3 interference pattern (Fig. 4b; Ramsay, 1967).

The fourth deformation stage developed open folds with 
a large range of wavelength from centimetre- to hectometre-
sized, as a function of the lithology (Fig. 4a, d, e, f). The axial 
plane (PA4) is generally sub-vertical dipping toward NE and 
SW directions in the southern part of the map and WNW-
ENE in the northern part. The fold axis (A4) is sub-horizontal 
with NW and SE dip directions (Fig. 5d). The superposition 
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between D2, D3, and D4 folding generated a type 3 interfer-
ence pattern (Fig. 4d; Ramsay, 1967).

In general, the interference pattern between all genera-
tions of folds is not visible given the rather homogeneous 

topography characterized by a south dipping slope. Isolated 
interference patterns between PA2 and PA3 can be observable 
in small outcrops of metabasites and calcschists respectively 
(Fig. 4b, d). However, the similar azimuth of fold axes and 

Fig. 2 - Rock types: a) Light green serpentinites with mylonitic foliation. b) Glaucophane and rutile-rich metabasite with coronitic texture on the centre of the 
picture. On the left side of the picture metabasite with tectonitic texture and S2 foliation marked by omphacite, amphibole-, and garnet-rich layers that alternate 
with epidote-, plagioclase-, and minor white mica-rich layers. c) Metagabbro. Green minerals are omphacite (Omp) and amphibole (Amp), and white miner-
als are plagioclase (Pl) and epidote (Ep). d) Tectonitic eclogite. The reddish to dark blue layers are marked by garnet (Grt) and glaucophane (Gln), and cyan-
light green layers are made of omphacite (Omp) partially replaced by green amphibole (Amp), and epidote (Ep). d) Carbonate-rich levels in the calcschists. e) 
Banded gneisses of the Gran Paradiso Massif. The reader is referred to the PDF article for colour version.
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the different dip of axial planes usually produced a type 3 
interference pattern. Similar pattern is generated by PA3 and 
PA4 interference, well observable in serpentinites and calc-
schists lenses within metabasites (see localities Parova and 
Fragne in the geological map, Fig. 1S). Consequently, the 
lithostratigraphy is strongly affected by the four deformation 
stages and by the rheology of deformed rocks.

Finally, the last deformation structure mainly developed 
in a brittle strain field and is characterized by faults and frac-
ture systems (Fig. 5f). Those fractures are particularly visible 
in the gneisses where the intersection between the S2 foliation 
and fractures produces isolated rock blocks that usually slide 
and fall generating large landslide deposits.

MICROSTRUCTURAL ANALYSIS

The principal microstructural characters of the rock types 
are here presented as a function of the four deformation stag-
es investigated in the previous section. In Fig. 6, the rela-

tionships between mineral growth sequence and deformation 
stages are summarized. 

Metabasites
At the microscale, the oldest paragenesis is represented by 

porphyroclasts of omphacite, garnet, and glaucophane (Fig. 
7a), and micro-domains of chlorite and rutile in which the S1 
foliation is locally preserved (Figs 6a and 7b). The second 
deformation stage (D2) is associated with the development 
of the S2 regional foliation marked by SPO of omphacite, a 
new generation of glaucophane, epidote, and white mica (Fig. 
6a). During post-D2 stages (D3 and D4), the crystallization 
of green amphibole replacing of omphacite and glaucophane, 
and chlorite occurred (Fig 6a).

Metagabbros
Relicts of clinopyroxene and plagioclase with magmatic 

texture can be observed at the microscale (Fig. 7c). As for the 
metabasites, in the metagabbros the first metamorphic imprint 
is characterized by porphyroclasts of omphacite, garnet, and ru-

Fig. 3 - Fabrics and structures. a) S2 mylonitic foliation in metabasites marked by alternating omphacite- and amphibole-rich layers and epidote- and plagio-
clase-rich layers. Small lenses containing the S1 foliation are wrapped by S2 forming sigmoids and veins filled by epidote are transposed and boudinated result-
ing in a top-to-right (i.e., NW) sense of shear (white arrows). b) Lithological contact (dashed line) between calcschists and metabasites parallel to the S2 folia-
tion. c) Lithological contact (dashed line) between metagabbros and metabasites parallel to the S2 foliation. d) S-C’ structures in mylonitic serpentinites indi-
cating a top-to-right (i.e., NW) sense of shear. e) Quartz-fiber slickensides in the gneiss of Gran Paradiso Massif close to the contact with metaophiolitic rocks.
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tile (Fig. 6b). D1 structures are largely transposed by the succes-
sive superposed deformation stages. During D2, the growth of 
glaucophane, epidote, white mica, and titanite coronas on rutile 
occurred (Fig. 6b).  The S2 foliation is marked by alternating 
omphacite-amphibole-garnet-rich and epidote-rutile-rich lay-
ers. During D3 and D4, the crystallization of green amphibole 
replacing glaucophane and omphacite, chlorite, plagioclase, 
and a new generation of epidote occurred (Figs. 6b and 7d).

Eclogites
The oldest paragenesis is represented by porphyroclasts 

of omphacite, glaucophane, garnet, and rutile (Fig. 6c). The 
S2 foliation is less pervasive than in the other rock types and 
is characterized by SPO and LPO of glaucophane and epidote 
(Fig. 7e). During D2, titanite and ilmenite replaced rutile. As 
for the previous rock types, during D3 and D4, the crystalliza-
tion of green amphibole replacing glaucophane and ompha-

cite, chlorite, plagioclase, and a new generation of epidote 
occurred (Figs 6c and 7f).

The contact between metabasites and eclogites is rather 
parallel to the S2 foliation and characterized by a reaction rim 
between the two rocks with larger grain size and different 
distribution of minerals. The amount of omphacite and garnet 
increases in the contact zone close to the eclogites and the 
amount of garnet increases close to the metabasites.

Serpentinites
At the microscale, the serpentinites are strongly foliated 

with a mylonitic texture. The dominant foliation (S2), associ-
ated to the second deformation stage (D2), is marked by ser-
pentine, minor chlorite, and opaque (Fig 6d), and present a 
general S-C’ geometry (Fig. 8a). Serpentine-rich layers wrap 
around serpentine-rich and rare amphibole micro-domains, 
often characterized by unrooted D1 folds (Fig. 8b).

Fig. 4 - a) Highly deformed serpentinite lenses close to the contact with the Gran Paradiso Massif. S2 axial plane foliation folded by PA4 axial plane (dashed-
dotted trace). b) Relics of PA2 axial planes and S2 axial plane foliation deformed by D3 folds (dashed trace) in calcschists. c) Sub-horizontal PA3 (dashed black 
trace) intersecting the S2 foliation in metabasites. d) PA3 axial plane (dashed black trace) folded by PA4 axial plane (dashed-dotted trace) in metabasites. e) 
Vertical PA4 axial plane (dashed-dotted trace) with decimetre-scale wavelength in serpentinites. f) Vertical PA4 axial plane (dashed-dotted trace) with decame-
tre-scale wavelength in metabasites folding S2 foliation (blue trace).
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Fig. 5 - Schmid equal area stereographic projections (lower hemisphere) of mesoscopic fabric elements. a) Poles to lithological contact. b) Poles to S2 folia-
tion and density contours great circle is the best fit plane. c) Poles to PA3 axial plane (box) and A3 axis (triangle); d) Poles to PA4 axial plane (box) and A4 
axis (triangle); f) Poles to fault planes. n - number of measured elements.

Calcschists
These rocks have a dominant S2 foliation marked by al-

ternating white mica-rich films and calcite- and quartz-rich 
microlithons (Figs 6e and 8c, d). White mica-rich films are 
discontinuous with a mainly wriggly shape (Fig. 8d). Dur-
ing D3 and D4 deformation stages, a new generation of white 
mica with larger grain size, opaque, and tourmaline crystals 
formed (Fig. 6e) crosscutting the S2 foliation. The contact be-
tween calcschists and metabasites and serpentinites is rather 
parallel to S2 and is marked by centimetre-sized grains of cal-
cite and serpentine.

Gneisses
The oldest paragenesis in these rocks is represented by 

relicts of quartz, plagioclase, and garnet detectable in micro-
domains (Fig. 6f) that are wrapped by the dominant S2 folia-
tion (Fig. 8e). S2 is a spaced foliation characterized by white 
mica-rich films and quartz- and plagioclase-rich microlithons 
(Fig. 6f).  In quartz-rich portions of the rock, S2 is marked by 
SPO of quartz with discontinuous and irregular white mica-
rich films. Locally, a S-C’ geometry is visible in white mica-
rich portions of the rock (Fig. 8f). During D3 and D4, a new 
generation of white mica and opaque formed (Fig, 6f).

TECTONIC EVOLUTION

The lithological and structural analyses synthetized in this 
work allows a better definition of the tectonic evolution of 
the Lower Piemonte Zone metaophiolites in the Val d’Ala 
area. In the ophiolites a complete but transposed lithostratig-
raphy of the oceanic lithosphere occurs, as already indicat-
ed for neighbouring areas (Spalla et al., 1983; Leardi et al., 
1984; Assanelli et al., 2020; De Togni et al., 2021; Herviou 
et al., 2022). Serpentinites clearly represent a part of hydrated 
oceanic. Metabasites have a MORB signature irrespective 
of their textures (Leardi et al., 1984) and are supposed to be 
metamorphosed basalts (Leardi and Rossetti, 1985). In the 
study area, metagabbros are intruded within metabasites and 
derived from original Mg-gabbros while, on the basis of tex-
ture and chemistry, eclogites are supposed to be originated 
from FeTi-gabbros (Leardi et al., 1984; Leardi and Rossetti, 
1985). Calcschists represent metamorphosed calcareous and 
silico-clastic covers of the metaophiolite (Sandrone et al., 
1986). This lithostragraphy is almost coherent with that of 
other metaophiolites of the Western Alps variably affected 
by Alpine deformation and metamorphism and consists of 
serpentinized peridotites covered by basaltic lavas and calc-
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silicate sediments (e.g., Lombardo et al., 1978; Lagabrielle 
and Polino, 1988; Schwartz et al., 2000; Li et al., 2004b; Bu-
cher et al., 2005; Zanoni et al., 2016; Balestro et al., 2019; 
Luoni et al., 2019; Agard, 2021). On the contrary to what 
observed in Val d’Ala, in the other ophiolites of the Western 
Alps metagabbros (Fe- and Mg-rich) are usually found as in-
trusive bodies within peridotites (Balestro et al., 2019), with 
the exception of some areas in Zermatt-Saas zone (Gilio et 
al., 2019; Bucher et al., 2020). These ophiolites were part of 
the Liguria-Piemonte Ocean interpreted as generated by slow 
to ultraslow spreading ridge (Lemoine and Trümpy, 1987; 

Michard et al., 1996; Lavier and Manatschal, 2006; Saccani 
et al., 2015). In the area of survey gneiss of Gran Paradiso 
Massif are in principal paragneiss although some lenses of 
orthogneiss have been described more eastward by Caso et 
al. (2021). 

Eclogites, coronitic metagabbros, and metabasites record-
ed the oldest metamorphic stage during D1 characterized by 
omphacite, garnet, rutile and glaucophane. This HP mineral 
assemblage results in minimum PT conditions of 1.3 GPa and 
450-460°C (Sandrone et al., 1986). Eclogite-facies metamor-
phic conditions with significantly higher pressure (2.1-2.5 GPa)  

Fig. 6 - Blastesis vs deformation (D) and metamorphism (M) diagrams illustrating 
the relationships between mineral growth sequence and deformation stages for the 
six investigated rock types. 
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Fig. 7 - Microstructures in metabasites (a, b), metagabbros (c, d), and eclogite (e, f). a) Crossed polar image of omphacite (Omp) porphyroclasts wrapped by 
the S2 foliation in metabasites. The clinopyroxene porphyroclasts are partially replaced by green amphibole (Amp). Long Side Picture (LSP) = 6 mm. b) Back-
Scattered Electron (BSE) image of chlorite-bearing micro-domains characterized by relict S1 foliation in metabasites. c) Crossed polar image of relicts of mag-
matic clinopyroxene (Cpxmagm) and plagioclase (Plmagm) in coronitic metagabbros. LPS = 6 mm. d) Back-Scattered Electron (BSE) image of green amphibole 
replacing omphacite (Omp) and glaucophane (Gln) in metagabbros. e) SPO and LPO of glaucophane (Gln) marking the S2 foliation that wrapped omphacite 
(Omp), garnet (Grt), and rutile (Rt) porphyroclasts in eclogites. LPS = 6 mm. f) Green amphiboles (Amp2) replacing glaucophane (Gln) and chlorite (Chl) in 
eclogites. LSP = 3.3 mm.



	 131

Fig. 8 - Microstructures in serpentinites (a,b), calcschists (c,d), and gneisses (e,f). a) S2 foliation marked by SPO of serpentine in serpentinites. Long Side 
Picture (LSP) = 6 mm. b) Serpentine-rich micro-domain characterized by unrooted D1 fold and wrapped by the S2 foliation in serpentinites. LSP = 3 mm. c) 
Crossed polar image of calcite-rich layer in calcschists. LSP = 6 mm. d) Crossed polar image of the S2 foliation marked by alternating white-mica-rich films 
and calcite- and quartz-rich microlithons in calcschists. LSP = 6 mm. e) Crossed polar image of quartz-, plagioclase-, and garnet-rich micro-domains wrapped 
by the dominant S2 foliation in gneisses. LSP = 6 mm. f) Crossed polar image of S-C’ geometry in white mica-rich portions (Wm) in gneisses. LSP = 6 mm.
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are also estimated from the metaophiolites in neighbouring 
areas (Susa Valley - Ghignone et al., 2021a; Stura di Viù Val-
ley - Balestro et al., 2009; De Togni et al., 2021) and dated 
between 41 and 47 Ma (Ghignone et al., 2021b). These relict 
minerals occur as porphyroclasts or defining SPO in the re-
gional S2 foliation (during D2) marked by glaucophane and 
epidote in the metabasites and metagabbros, serpentine in the 
serpentinites, and carbonate + quartz ± garnet ± epidote-rich 
lithons and with mica + chlorite-rich films in the calcschists. 
The S2 foliation also developed within the gneiss of the Gran 
Paradiso Massif and is parallel to the lithological contacts. 
Therefore, in this area, the present-day structure of lithologi-
cal boundaries is generated during the D2 deformation stage 
as well as the coupling between the Lower Piemonte Zone and 
the Gran Paradiso Massif. The mineral assemblages formed 
during D2 suggests a re-equilibration under blueschist-facies 
conditions. The S2 foliation in Susa Valley that would rep-
resent the first metamorphic event after the pressure peak, 
has been dated at 37 Ma. However, in this case S2 developed 
under greenschist facies conditions and therefore cannot be 
fully representative of the D2 event in Val d’Ala. 

Locally green amphibole, chlorite and new plagioclase re-
place omphacite and glaucophane that suggest a re-equilibra-
tion under lower pressure and temperature than D2 conditions. 
This mineral assemblage is clearly successive to D2, but it is 
not clear in which of the following stages is formed. Three 
successive folding stages occurred with variable wavelengths 
and geometries as a function of the deformed lithology. D3 is 
characterized by a mainly sub-horizontal fold plane and D4 by 
a sub-vertical fold plane. Other data and, possibly, a numerical 
modelling would be necessary to propose a non-speculative, 
tectonic evolution of these units, but possible evolutionary 
models to refer to in the geodynamic frame of the Western 
Alps, could be those proposed in literature by Assanelli et al. 
(2020), Agard (2021), and Ghignone et al. (2021b).

Four ductile deformative phases have been describe by 
Caso et al. (2021) and consist of three folding events (our 
D2, D3, and D4) with the development a pervasive axial plane 
foliation (our S2) during the first event, and a discontinuous 
spaced crenulation cleavage within serpentinites during D3. 
A discontinuous S1 foliation has been also observed within 
metabasites. The metamorphic associations reported by Caso 
et al. (2021) are comparable to those described in this work 
suggesting similar tectonic evolution. Four ductile deforma-
tive phases have been also observed in the metaophiolite of 
the southern Upper Viù Valley, all associated with the de-
velopment of axial plane foliations (De Togni et al., 2023). 
In analogy with the Ala Valley, the S2 foliation is the more 
pervasive structure in the Upper Viù Valley, PA3 are sub-
horizontal, and PA4 has a high angle dip.

CONCLUSION

The geological and structural study of the Val d’Ala 
metaophiolite complex evidenced that serpentinites and me-
tabasites are the dominant rocks and are deformed together 
with hectometre-sized calcschist bodies, metre to decame-
tre-sized metagabbro bodies, and some metre-sized eclogite 
lenses. Four groups of superposed structures have been rec-
ognized. The D1 relict fabrics occur in eclogites, metagab-
bros, and metabasites and are marked by omphacite, garnet, 
rutile, and glaucophane. The mineral assemblage suggests a 
metamorphic peak under eclogite-facies conditions. The D2 
structures consist of isoclinal folds and the S2 axial plane fo-

liation is marked by glaucophane and epidote in the metaba-
sites, metagabbros, and eclogites, serpentine and chlorite in 
the serpentinites, carbonate, quartz, white mica in the calc-
schists and quartz, plagioclase, and white mica in the gneiss-
es. The mineral assemblages suggest a re-equilibration under 
blueschist-facies conditions. The lithological boundaries and 
the tectonic contact between the Piemonte Zone metaophiol-
ite and the gneisses of the Gran Paradiso Massif is parallel to 
S2. D3 structures consists of a fold system with sub-horizon-
tal axial plane (PA3) and axis (A3) and D4 fabric consists of 
isoclinal to open folds with sub-vertical dipping axial plane 
(PA4) and sub-horizontal axis (A4). From D3 local replace-
ment of omphacite and glaucophane with green amphibole, 
chlorite and plagioclase can be observed. 

The general evolution can be summarized as the sub-
duction of part of the lithosphere belonging to the Ligure-
Piemontese Ocean up to eclogite-facies conditions recorded 
during D1. During D2 a re-equilibration in blueschists-facies 
conditions occurred and the ophiolites of the Lower Piemonte 
Zone and the gneisses of the Gran Paradiso Massif coupled 
together. Then, the tectono-metamorphic unit exhumed and 
underwent up to 2 successive ductile deformation stages (D3 
and D4).
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