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MATTEO SIMONETTI ), RODOLFO CAROSI ), CHIARA MONTOMOLI )

VARISCAN SHEAR DEFORMATION IN THE ARGENTERA MASSIF:
A FIELD GUIDE TO THE EXCURSION
IN THE PONTEBERNARDO VALLEY (CUNEO, ITALY)

Abstract - M. SIMONETTI, R. CAROSI, C. MONTOMOLI, Variscan shear
deformation in the Argentera Massif: a field guide to the excursion in the
Pontebernardo Valley (Cuneo, Italy).

After a short geologic overview of the Variscan Belt in the Mediter-
ranean Area and of the Alpine External Crystalline Massifs a field
trip in the northern sector of the Argentera Massif is described. The
itinerary is subdivided in six stops located along a transect that allows
to observe a complete section of the Ferriere-Molliéres shear zone,
the main regional-scale ductile shear zone cross-cutting the Argen-
tera Massif. This shear zone, developed at the expense of Variscan
migmatites, is characterized by a deformation gradient along which a
transition from protomylonites, to mylonites and to ultramylonites is
welldetectable. Structural and micro-structural analysis joined with
the study of kinematic vorticity allowed to recognize a transpressive
deformation with variation in the percentage of pure shear and simple
shear along the deformation gradient and an evolution of the shear
zone from high-temperature to low-temperature conditions.

Key words - Argentera Massif, Ferriere-Molli¢res shear zone, mylon-
ites, transpression, geological field trip

Riassunto - M. SIMONETTI, R. CAROSI, C. MONTOMOLI, Deformazione
non coassiale Varisica nel Massiccio dell’Argentera: guida all'escursione
nel Vallone di Pontebernardo (Cuneo, Italia).

Dopo un breve inquadramento geologico riguardante la Catena Vari-
sica nell’area Mediterranea e il Massiccio dell’Argentera viene descritto
un itinerario nel settore settentrionale di questo Massiccio Cristallino
Esterno Alpino. Il percorso & articolato in sei stops lungo una tras-
versale completa della zona di taglio Ferriere-Molliéres, la principale
zona di taglio duttile che si sviluppa lungo tutto il Massiccio dell’Ar-
gentera. Questa zona di taglio, sviluppata a spese di migmatiti varisi-
che, & caratterizzata da un gradiente di deformazione lungo il quale
¢ possibile osservare una transizione da protomiloniti a miloniti fino
a ultramiloniti. Analisi strutturali e micro-strutturali abbinate allo
studio della vorticita cinematica hanno permesso di riconoscere una
deformazione di tipo transpressivo con variazioni nella percentuale di
taglio puro e taglio semplice lungo il gradiente di deformazione e una
evoluzione della zona di taglio a partire da condizioni di alta temper-
atura fino a condizioni di bassa temperatura.

Parole chiave - Massiccio dell’Argentera, zona di taglio Ferriere-Mol-
lieres, miloniti, transpressione, escursione geologica

INTRODUCTION

Shear zones separate less strained or unstrained por-
tions of the lithosphere. They can form at all scales

and at all structural levels and can record a complex
polyphase deformation history (Fossen & Cavalcante,
2017 and references therein). The study of shear zones
developed at the regional scale is of fundamental im-
portance to better understand the evolution of col-
lisional orogens because their activity can affect the
P-T-t paths of the rocks involved (Carosi & Palmeri,
2002; Carosi et al., 2016¢; Iaccarino et al., 2015, 2017,
Kohn ez al., 2004; Montomoli et al., 2013), especially for
long lasting shear zones that can develop and evolve in
different ways over time depending on the character-
istics and the evolution of the collision (Thompson ez
al., 1997; Goscombe & Gray, 2009).

In recent years many works deal with this issue from
different points of view and integrate different meth-
odologies to obtain information about the deformation
regime (Carosi & Palmeri, 2002; Law ez al., 2004; Kurz
& Northrup, 2008; Carosi et al., 2009) and the age and
temperature of deformation (Montomoli ez al., 2013;
Taccarino et al., 2015, 2017; Carosi et al., 2012, 2016¢).
The basement of the Argentera Massif, in the West-
ern Alps, shows beautiful expositions of folded and
sheared Variscan migmatites only locally affected by
Alpine tectonics. This Massif is divided in two meta-
morphic complexes by a 25 km long shear zone known
as the Ferriere-Molliére shear zone (Malaroda et al.,
1970; Carosi et al., 2016a).

The aim of the field trip is to show some key out-
crops that allow to understand the evolution of the
Ferriere-Molli¢res shear zone and the relationships
between Variscan and Alpine deformation in the Ar-
gentera Massif with general implications on the defor-
mation style of External Crystalline Massifs.

THE VARISCAN BELT IN THE MEDITERRANEAN AREA

The Variscan Belt is the result of a continent-continent
collision between Laurentia-Baltica and Gondwana
that occurred between 380 Ma and 280 Ma (Arthaud
& Matte, 1977, Burg & Matte, 1978; Tollmann, 1982;
Matte, 1986; Franke, 1989; Di Vincenzo et al., 2004).
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The southern sector of this belt underwent reworking
during the Alpine Orogeny but, despite this, several
Variscan fragments are still preserved in the Mediter-
ranean area.

Key areas to understand the evolution of the south-
ern European Variscan Belt are the Maures-Tanneron
Massif in southern France, the Corsica-Sardinia Block
and the Alpine External Crystalline Massifs (Fig. 1).
Both the Maures-Tanneron Massif and the Corsica-Sar-
dinia Block are subdivided in two zones characterized
by rocks affected by different metamorphic grade sep-
arated by transpressive shear zones (Schneider ez al.,
2014; Oliot et al., 2015; Gerbault ez al., 2016; Carmi-
gnani et al., 1994; Carosi & Palmeri, 2002; Carosi et
al., 2009). In both sectors it is possible to distinguish
an External Zone characterized by rocks affected by
low- to medium-grade metamorphism and an Internal
Zone with rocks metamorphosed under high-grade
conditions. According to some authors, these two sec-
tors had to be in continuity before the anticlockwise
rotation of Corsica and Sardinia because of the open-
ing of Mediterranean back-arc basin during Miocene
time (Rollet ez al., 2002; Rosenbaum et al., 2002; Ad-
vokaat et al., 2014).

The External Crystalline Massifs (Mont Blanc, Aigu-
illes Rouges, Grandes Rousses, Belledonne, Pelvoux,

M. SIMONETTI, R. CAROSI, C. MONTOMOLI

and Argentera) recorded similar evolutions common
to all Pangean Europe (von Raumer ez al., 2009) and
are made by a high-to-medium grade metamorphic
basement intruded by Permo-Carboniferous gran-
itoids. Even though they have been involved in the
Alpine Orogeny, the Alpine metamorphic overprint is
very weak and usually limited to metric to decamet-
ric shear zones (Compagnoni et al., 2010; Carosi et al.,
2016a).

Reconstruction of the southern European Variscan
belt is still matter of debate because of the difficulty to
correlate the different Variscan fragments in the Medi-
terranean area (Horner & Lowrie, 1981; Stampfli ez al.,
2002; Rosenbaum ez al., 2002; Advokaat et al., 2014) .
Further studies about the tectono-metarmorphic evo-
lution of the Variscan relicts are certainly needed.

GEOLOGICAL SETTING OF THE ARGENTERA MASSIF

The Argentera Massif is the southernmost of the Al-
pine External Crystalline Massifs (Fig. 1) and it is lo-
cated at the boundary between Italy and France. It is
composed by two metamorphic complexes made by
high-grade migmatitic gneisses (Ferrando ez 4/., 2008;
Compagnoni et al., 2010): the southwestern Tinee

Non-Variscan units

. Variscan units

Alpine external
crystalline Massifs

Fig. 1 - Distribution of the Variscan units in Europe at the present day. S = Sardinia; C = Corsica; MTM = Maures-Tanneron Massif; MC = Massif
Central; IM = Iberian Massif; AM = Armorican Massif; RH= Rheno-Hercynian; BM = Bohemian Massif. Blue circle indicate the location of

the Argentera Massif.
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Fig. 2 - Geotectonic map of the Argentera Massif. FMSZ: Ferriere-Mollieres shear zone; FCSZ: Fremamorta-Colle del Sabbione shear zone; BF:
Bersezio fault; VLS: Valle Stura Leucogranite; ACG: Argentera Central Granite (Compagnoni et al., 2010). Black circle indicate the area of the
field trip.
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Complex and the northeastern Gesso-Stura-Vesubi¢
Complex (GSV), which are separated by a NW-SE
striking regional shear zone, the Ferriere-Mollieres
Shear Zone (FMSZ) (Fig. 2).

The GSV Complex is mainly constituted by migmatitic
gneiss, derived from Late Ordovician granitoids, and
migmatitic paragneiss. Field relationships between
the two lithotypes suggest an original intrusion of or-
tho-derived migmatites in the para-derived lithotypes
and both types of migmatites show paragenesis indic-
ative of amphibolite facies conditions (Compagnoni et
al., 2010). Associated to the ortho- and para-derived
migmatites amphibolic migmatites of the Bousset-Val-
masque Complex (Rubatto ez al., 2001), bodies of
metavulcanites and mafic and ultramafic boudins are
present. The study of these mafic lithotypes allowed to
recognize a four stages metamorphic evolution (Rubat-
to et al., 2010; Ferrando et al., 2008; Compagnoni et al.,
2010): 1) HP metamorphic peak (735 + 15° C and 1.38
+ 0.05 GPa, ~340 Ma); 2) initial decompression stage
(709 + 2° C and 1.10 + 0.02 GPa); 3) amphibolite-fa-
cies metamorphism of HT-MP (665 + 15° C and 0.85
GPa, ~330 Ma); 4) amphibolite-facies metamorphism
of MT-LP (500 < T < 625 °C; P < 0.59 GPa, ~320 Ma).
The GSV is intruded by a large granite body (Argen-
tera Central Granite) at 292 + 10 Ma (Rb-Sr whole
rock, Ferrara & Malaroda, 1969).

The Tinée complex is divided in three “formations”
(Faure-Muret, 1955) deformed under amphibolite-
facies conditions: 1) Valerios-Fougieret Formation
constituted by biotite and plagioclase-bearing mig-
matitic paragneisses with graphite and sillimanite;
2) Anelle-Valabres Formation constituted by plagi-
oclase, biotite-bearing migmatitic metagreywakes
sometimes with muscovite; 3) Rabuons Formation
constituted by migmatitic metapelites, with K-feld-
spar, biotite, muscovite and sillimanite.

Both in Anelle-Valabres Formation and in Rabuons
Formation eclogites relicts have been recognized
(Faure-Muret, 1955). The Alpine greenschist-facies
metamorphic overprint is generally weak and limited
to shear zones cross-cutting the Variscan structures
(Compagnoni et al., 2010; Carosi et al., 2016a).

The FMSZ is the main ductile shear zone cross cut-
ting the Paleozoic basement of the Argentera Massif
(Malaroda et al., 1970; Compagnoni et al., 2010; Carosi
et al., 2016a), it strikes NW-SE and extends from Fer-
riere (Valle Stura) to the northwest, to Molliéres to the
southeast. Recently different types of mylonites have
been classified and mapped (Fig. 3) by Carosi et al.
(2016a) according to the percentage of matrix and por-
phyroclasts (Sibson, 1977; Passchier & Trouw, 2005).
Across selected transects where a transition from prot-
omylonites to mylonites and to ultramylonites has been
recognized, a deformation gradient, has been detected

(Fig. 4).

M. SIMONETTI, R. CAROSI, C. MONTOMOLI

METHODS

The northern sector of the Ferriere-Mollieres shear
zone has been recently mapped by Carosi ez al. (2016a).
The new structural and geological map at 1:10,000
scale covers an area of nearly 45 km?. Mylonites have
been classified according to the percentage of matrix
and porphyroclasts both at the meso- and at the mi-
croscopic scale. Following Sibson (1977) and Passchier
& Trouw (2005): protomylonites are characterized by
10-50% of matrix, mylonites have from 50% to 90% of
matrix whereas ultramylonites have >90% of matrix.
In order to characterize the deformation regime of
the Ferriere-Molli¢res shear zone a kinematic vorticity
study was performed (Carosi et al., 2016b), using the
stable porphyroclasts method (Passchier, 1987; Wallis
et al., 1993; Jessup et al., 2007; lacopini et al., 2011) and
the C’ shear bands method (Kurz & Northrup, 2008;
Gillam et al., 2013). Selected mylonitic samples were
collected in different positions within the shear zone
along three transects perpendicular to the shear zone
boundaries and parallel to the deformation gradient.
Analyses were performed on sections parallel to the
lineation and perpendicular to the mylonitic foliation
(XZ section of the finite strain ellipsoid).

The study of kinematic vorticty is based on the fact that
in any type of flow it is possible to recognize two lines,
defined as flow apophyses (A1 and A2), along which
the particles do not undergo rotation. The component
of simple shear is inversely proportional to the ampli-
tude of the angle between the two apophyses. The flow
apophyses are orthogonal for pure shear flow whereas
form acute angles for general shear flow and coincide
for the special case of simple shear (Law et al., 2004;
Xypolias, 2010). The kinematic vorticity is representa-
tive of the angular speed of two orthogonal lines re-
spect to the Instantaneous Stretching Axes (ISA, Pass-
chier, 1991) in relation to their elongation speed. In an
ISA system the non-coaxial component of the flow can
be normalized to the stretching rate in order to obtain
a dimensionless number that allows to compare the
different types of flow. In this way it is possible to de-
fine the kinematic vorticity number as Wk = W/Id2-d3|
(Passchier, 1987, 1991). W represents the vorticity and
d2-d3 represents the stretching rate of the principal
strain axes. Wk indicates the relationship between the
coaxial and non - coaxial components of the flow: pure
shear is indicated by Wk = 0, simple shear is indicated
by Wk = 1. Simple and pure shear contribute equally
to the flow for a value of Wk = 0.71 because Wk is a
non-linear measure (Law ez al., 2004; Xypolias, 2010).
Transpression and transtension are strike-slip defor-
mations that deviate from simple shear because of a
component of, respectively, shortening or extension
orthogonal to the deformation zone (Dewey et al.,
1998).
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Fig. 3 - Structural-geological map of the northwestern sector of the Ferriere-Molliéres shear zone at 1:10000 scale (modified after Carosi et a/.,
2016a). 1: undifferentiated debris; 2: fluvial deposit; 3: undifferentiated glacial deposit; 4: alpine mylonitic schist with chlorite and white mica;
5: limestone breccia; 6: quarzite; 7: amphibole-bearing mylonitic gneiss; 8: biotite-bearing mylonitic gneiss; 9: ultramylonite with biotite and
white mica; 10: marble; 11: mylonitic schist with biotite and white mica; 12: phyllonite; 13: mylonitic leucogranite; 14: ultramylonitic leucogranite;
15: ultramylonitic schist; 16: mylonitic gneiss with biotite and white mica; 17: mylonitic gneiss with biotite and sillimanite; 18: protomylonitic
gneiss with biotite and sillimanite; 19: migmatitic gneiss with biotite and sillimanite; 20: amphibolite; 21: amphibole-bearing migmatitic gneiss;
22: migmatitic gneiss with biotite and amphibole; 23: biotite-bearing migmatite. Cross-sections A, B and C’ are reported in figure 4, figure 10c
and figure 10e. Red stars show the stops of the itinerary.
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Ferriere - Mollieres shear zone
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GsV

complex
P

Piae

. A‘

, complex

Prbtomylcnis

Ultramylonites

Fig. 4 - Cross-section (section B, figure 3) of the FMSZ along the Pontebernardo Valley (Carosi ez al., 2016a). Legend is the same as in figure 3.
Tinée migmatites are represented in violet and amphibole-bearing migmatitic gneiss are represented in blue. GSV migmatites are represented
in red. With the various shades of brown, green, and orange are represented the different types of mylonites belonging to FMSZ. In both the
metamorphic complexes axial planes of the syn-shear zone folds are represented in blue. The transition from unsheared lithotypes of the two
metamorphic complexes to the FMSZ mylonites and ultramylonites is clearly visible both at the outcrop scale and in thin section. A) protomy-
lonites (parallel nicols); B,C): mylonites (parallel nicols); D) ultramylonites (crossed nicols); E) contact between mylonites and ultramylonites.

To distinguish between transpression and transten-
sion, according to Fossen and Tikoff (1993) and Fossen
et al. (1994), it is crucial to know the angles 0 between
the maximum Instantaneous Streching Axis (ISAmax)
in the horizontal plane and the shear zone boundary. 6
angles larger that 45° are indicative of transtensive de-
formation whereas 0 angles less then 45° are indicative
of transpressional deformation. The calculation, that is
based on the values of the vorticity numbers obtained
in the mylonites, can be made using the equation pro-
posed by Xypolias (2010) where Wk = sin26 and con-
sequently 0 = (arcsinWk)/2.

The age of the deformation in the Ferriere-Mollieres
shear zone has been obtained by Simonetti (2015) and
Simonetti at al. (2017) by LA-ICP-MS n-situ U-Th-Pb
geochronology on syn-kinematic monazites collected

in the mylonites following the procedure proposed by
Montomoli et al. (2013 and references therein).

GEOLOGICAL ITINERARY IN THE ARGENTERA MASSIF

The itinerary of the field trip develops entirely in the
Valle Stura di Demonte and in particular in the Vallone
di Pontebernardo. This location is reachable following
the road SS21 that starts from Borgo San Dalmazzo
(CN) city up to the Pontebernardo village and from
here following the road which leads to the locality of
Prati del Vallone. Except for the transfer from stop 1
to stop 2 that is made by car, all the other transfers are
possible by walking along marked trekking path (GTA
path and P31 path). The whole field trip develops in a
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Fig. 5 - Satellite view of the Pontebernardo Valley. Red stars indicate the location of the six stops of the field trip (from Google Earth).

high mountain environment and the overall altitude
difference is about 1000 m.

The itinerary is subdivided in six stops (Fig. 5) that are
located along a transect that allows to observe a com-
plete section of the Ferriere-Molli¢res shear zone. GPS
coordinates are given in order to facilitate the finding
of the outcrops.

Stop 1. Migmatites of the Gesso-Stura-Vesubie Com-
pelx (Coord. 44°20°0.87”N; 6°59°54.69”E)

From Pontebernardo we follow the road going to the
locality Prati del Vallone. Halfway down the road we
leave the car and follow a footpath going to a small
building after few hundred metres. Here we can ob-
serve the para-derived migmatites belonging to the
Gesso-Stura-Vesubie Complex (Fig. 6a).

These rocks are medium grained migmatitic gneiss
with a quartz-plagioclase (An20-30)-biotite-fibrolitic
sillimanite-cordierite assemblage with scarce K-feldspar
and muscovite (Fig. 6b). Relict kyanite and garnet rare-

ly included in plagioclase suggest P-T conditions of the
upper amphibolite-facies (650-700°C; 0.6-0.8 GPa) and
decompression from kyanite to the sillimanite stability
field (Compagnoni ez al., 1974; Compagnoni et al., 2010).
Metric-thick leucocratic portions with less biotite lo-
cally occur. About 10-20 Ma after the Carboniferous
HP metamorphism, the Argentera Massif was affected
by amphibolite-facies metamorphism with extensive
development of migmatites at 323 + 12 Ma (Rubatto ez
al., 2001). Older ages for the anatectic event are report-
ed from other Variscan migmatites in different frag-
ments of the Variscan chain (Compagnoni ez al., 2010;
Oliot et al., 2015; Schneider et al., 2014) suggesting that
several melting events may have succeeded one to each
other in a complex anatectic history.

From the structural point of view the migmatite shows
a gneissic foliation (Fig. 5b) that is affected by open to
tight symmetric folds (Fig. 6¢,d), with fold axes gen-
tly dipping toward the NW and subvertical NW-SE
striking axial planes (Carosi e al., 2016a). A gradation-
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GSV complex

Tinée complex

Fig. 6 - A) para-derived migmatite belonging to the Gesso-Stura-Vesubie Complex; B) alternating levels of red biotite and quartz + cordierite
domains that materialize a gneissic foliation (parallel nicols); C) folds affecting the gneissic foliation of the GSV migmatites; D) gneissic foliation
folded in thin section (parallel nicols); E) Relationship between the mylonitic foliation in the FMSZ and the folds observed both in the GSV
and Tinée complexes, in stereonet A lineation (red dots, 40 data), poles to mylonitic foliation (black dots, 165 data) and ultramylonitic foliation
(vellow triangles, 65 data) are reported, in stereonet B poles to foliation (black dots, 39 data) and fold axis (red dots, 11 data) in the Gesso-Stu-
ra-Vesubie Complex are reported (Carosi e al., 2016a).
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al crenulation cleavage developed parallel to the axial
planes of upright folds strikes parallel to the mylonitic
foliation of the FMSZ (Fig. 6e). It is possible to state
that the folding event occurred in a strain regime com-
patible with the shearing deformation in the FMSZ
and contributed to accomodate a nearly horizontal
shortening (Carosi et al., 2016a; Carosi et al., 2016b).
We come back to the SS21 road and by car we reach
the locality Prati del Vallone (Fig. 5) where we can
leave the car. From here onwards all the stops will be
reachable only by walking.

Stop 2. Protomylonites of the Ferriere-Mollieres
shear zone (Coord. 44°18’37.97”N; 6°58°36.11”E)
From the car park of Prati del Vallone we take the path
N. P31 toward the high part of the Pontebernardo val-
ley. On both sides of the valley protomylonite of the
Ferriere-Mollieres shear zone crop out (Fig. 7a).

It is possible to distinguish coarse grained protomy-
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lonitic gneiss with deformed leucosomes of K-feld-
spar, plagioclase and quartz in a medium grained
biotite and sillimanite matrix with sometimes white
mica (Fig. 7b). In some portions garnet porphyro-
clasts are present. The amount of matrix is variable
from a maximum of nearly 50% to a minimum of
30% - 40% (Carosi et al., 2016a). These protomylo-
nites developed at the expense of the para-derived
migmatites of the Rabuons Formation which belongs
to the Tinée Complex (Faure-Muret, 1955; Malaroda
et al., 1970).

The main structural element in the protomylonites is
a penetrative disjunctive cleavage with smooth and
anastomized cleavage domain (Passchier & Trouw,
2005) rich in biotite and sillimanite (Fig. 7b) both in
the prismatic and in the fibrolitic form (Carosi e al.,
2016a). On this foliation a mineral lineation defined
mainly by quartz, feldspar and subordinatly by silli-
manite, is also recognizable.

Fig. 7 - A) coarse grained protomylonitic gneiss with deformed leucosomes of K-feldspar, plagioclase and quartz in a medium grained matrix; B)
protomylonite in thin section. It is possible to recognize K-feldspar, plagioclase and quartz in a medium grained biotite and sillimanite matrix
with sometimes white mica; C) S-C’ fabric in thin section, sense of shear is top-to-the SW; D) grain boundary migration in quartz.
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Fig. 8 - A) Kinematic vorticity analysis with stable porphyroclasts method (Passchier, 1987; Wallis e# a/., 1993; Law et al., 2004) for a protomy-
lonitic sample and a mylonitic sample. Data are represented with Rigid Grain Net graphs (Jessup et al., 2007) that show Wk values of 0.56 and
0.67 respectively for protomylonites and mylonites. These values indicate a pure shear-dominated deformation but it is possible to see an increase
of the simple shear component in the mylonite; B) polar istograms used for calculating Wk with the C’ shear band method (Kurz & Northrup,
2008) for a protomylonitic sample, a mylonitic sample and a ultramylonitc sample showing kinematic vorticity number (Wk) values of 0.34, 0.64

and 0.86 respectively.

Foliation strikes N100-140 and steeply dips towards
both the northeast and the southwest. The mineral
lineation trends N110-130 and plunge 20° towards the
northwest.

At the outcrop scale S-C fabric and asimmetric and
stretched leucosomes are recognizable. In thin sec-
tion kinematic indicators such as porphyroclasts
with asimmetric strain shadows, micafish, C’ shear
band and foliation fish are present. All the kinemat-
ic indicators point to a top-to-the SW sense of shear
(Fig. 7¢).

The presence of reddish-brown biotite and sillimanite

along che C and C’ planes is indicative of shear defor-
mation during high temperature conditions. This is
in agreement with the grain boundary migration (Pi-
azolo & Passchier, 2002; Stipp et al., 2002; Passchi-
er & Trouw, 2005) deformation mecanism in quartz
(Fig. 7d) (Carosi et al., 2016a). Feldspars are never
fractured and show undulose extinction (Simpson &
De Paor, 2008) that is indicative of ductile deforma-
tion.

Recent studies about vorticity of the flow and finite
strain (Carosi et al., 2016b) demonstrated that these
rocks developed during a deformation event dominat-
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Fig. 9 - A) diagram showing relationship between the orientation of
the ISAmax respect to the shear zone boundary (angle 6). A1 and A2
are the apophisys of the flow 1 and the apophysis of the flow 2 respec-
tively; B) kinematic vorticity number Wk in relation to the calculated
angle 0. Distribution of the sample clearly show a transpressive de-
formation with a variable component of simple shear (Carosi et al.,
2016b). Red circles = protomylonites, blue circles = mylonites, green
circles = ultramylonites.

ed by pure shear (Fig. 8a,b). A transpressional defor-
mation regime is confirmed by the values obtained for
the angle 0 (Fig. 9).

The age of shear deformation, obtained by U-Th-Pb
in situ geochronology on syn-kinematic monazites, is
~340 Ma (Simonetti, 2015; Simonetti ez al., 2017).

We can now go back along the same path and take the
GTA path, that starts from Prati del Vallone, toward
the Passo delle Scolettas (Fig. 5).
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Stop 3. Mylonitic gneiss of the Ferriere-Mollieres
shear zone (Coord. 44°18°50.57”N; 6°59’14.31”E)
Along the GTA path toward the Passo delle Scolettas
on the left side of the small river, mylonitic migmatitic
gneiss crops out in front of the Grange delle Scolettas.
The mylonites present sheared leucosomes and K-feld-
spar, plagioclase and quartz porphyloclasts in a fine
grained biotite and white mica matrix (Fig. 10a).
Garnet porphyroclasts and sillimanite relicts are
present. This lithotype is very similar to the mylo-
nitic gneiss with biotite and sillimanite, the main
difference being the lower amount of sillimanite and
the greater abundance of white mica. The amount of
matrix in this lithotype is about 50-60% (Carosi et
al., 2016a).

Mineral lineation is defined by quartz and feldspar.
Foliation is a penetrative disjunctive cleavage with
smooth and parallel cleavage domains. The minor
presence of syn-kinematic sillimanite and the increase
in the modal amount of white mica could indicate both
a lower temperature of deformation and/or a higher
amount of aqueous fluids available during shearing,
with respect to the conditions of protomylonite (Caro-
si et al., 2016a; Carosi et al., 2016b).

The main deformation mechanism in quartz is grain
boundary migration (Carosi et al., 2016a) with only
local incipient subgrain rotation recrystallization (Pi-
azolo & Passchier, 2002; Stipp ez al., 2002; Passchier &
Trouw, 2005). Feldspars are never fractured and show
undulose extinction.

In this portion of the FMSZ the mylonitic foliation
strikes N140-160 and steeply dips towards the NE. The
mineral lineation plunges at low angle toward the NW.
At the outcrop scale asymmetric and stretched leuco-
somes are recognizable. In thin section porphyroclasts
with asimmetric strain shadows, mica fish, C’ shear
band are present. Kinematic indicators point to a top-
to-the SW sense of shear.

Kinematic vorticity analysis point out to the presence
of a general flow dominated by a component of pure
shear but with a higher component of simple shear
(Fig. 8a,b) with respect to the protomylonites (Carosi
et al.,2016b). 0 angle are indicative of a transpressional
deformation (Fig. 9) (Simonetti e al., 2017).

In these outcrops it is also possible to observe post-my-
lonitic gentle folds with sub-horizontal axial planes
affecting the mylonitic foliation (Fig. 10b). The folds
occur also in the other lithotypes and are responsible
of variations of the orientation of the mylonitic foli-
ation. They are not associated to a ductile pervasive
axial plane foliation and they have been related to a
post-shearing tectonic collapse as they are compatible
with a nearly vertical shortening direction.

We can then proceed along the GTA path and we
reach the Passo delle Scolettas (2223 m) where other
mylonitic gneiss crops out.
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Fig. 10 - A) mylonites with sheared leucosomes and K-feldspar, plagioclase and quartz porphyloclasts in a fine grained biotite and white mica
matrix; B) gentle folds with sub-horizontal axial planes affecting the mylonitic foliation.

Stop 4. Alpine shear zone (Coord. 44°18°36.18”N;
6°59’42.25”E)

From the Passo delle Scolettas we can take a nearly
N-S small path which leads at the top of the Costabella
del Piz (Fig. 5). Along the crest of the Costabella del
Piz at about 2250 meters in height fine grained green
mylonitic schist is present (Fig. 11a).

These mylonites are made up of quartz and feldspar
porphyroclasts in a fine grained chlorite- and white mi-
ca-bearing matrix. The amount of fine grained matrix
in this lithotype is about 65%-75%. Foliation strikes
nearly E-W and dips at moderate to low angles toward
the north with a north plunging mineral lineation (Fig.
11b). This Alpine mylonitic belt cross-cuts at low angle
the mylonitic foliation of the FMSZ (Fig. 11¢). S-C-C’
fabric is indicative of reverse top-to-the S or SE sense
of shear (Fig. 11f). In thin section it is possible to see
that often shear bands deform an older higher tem-
perature foliation with biotite relicts (Fig. 11f). Quartz
deforms by subgrain rotation recrystallization (Piazo-
lo & Passchier, 2002; Stipp et al., 2002; Passchier &
Trouw, 2005), feldspar porphyroclasts show undulose
extinction and mechanical twins (Simpson & De Paor,
2008) and often they are fractured (Carosi ez al., 2016a).
Several shear zones with the same features cross-cut-
ting the FMSZ mylonitic foliation and the migmatit-
ic foliation have been identified. These shear zones
show differences in both thickness and lateral conti-
nuity but are all developed during greenschist facies
metamorphism and are in agreement with a nearly
N-S shorthening. The most important of these belts
is the one that crops out near the Colle Panieris, at the
bottom of Monte Peiron, responsibile of the thrust-
ing of basement rocks over the sedimentary cover of
the Argentera Massif (Fig. 11d,e).

The Argentera Massif was involved in the Alpine
orogeny at ~22 Ma (Corsini et al., 2004; Sanchez et
al., 2011) but most of the Alpine deformation is con-
centrated in the sedimentary covers, detached from
the metamorphic basement along evaporites and
limestone breccias levels, in which several folding
phases are recognizable (Barale et al., 2016; d’Atri
et al., 2016). These shear zones, developed during
greenschists-facies metamorphism, are the evidence
of Alpine deformation in the basement during the
lower Miocene (Carosi et al., 2016a; Carosi et al.,
2016b; Baietto et al., 2009). As the mylonitic bands
are compatible from both a kinematic and metamor-
phic point of view with the two main alpine faults of
the Argentera Massif, the strike slip Bersezio Fault-
Zone and the reverse Fremamorta-Colle del Sabbi-
one shear zone (Fig. 2, Baietto et al., 2009), they can
be interpreted as minor structures developed during
the same regional Alpine deformation.

Stop 5. Mylonitic schists of the Ferriere-Mollieres
shear zone (Coord. 44°18°44.13”N; 6°59°39.52”E)
Proceeding along the crest toward the top of the
Costabella del Piz (Fig. 5) shortly after the alpine shear
zone, it is possible to observe the most classic mylo-
nites of the Ferriere-Molli¢res shear zone (Fig. 12a).
Medium grained dark-green mylonitic schist made up
of quartz, K-feldspar and plagioclase porphyroclasts
in a fine grained biotite and white mica matrix (Fig.
12b). Sometimes garnet porphyroclasts are present.
The amount of matrix is nearly 75%. The mylonitic
schists are often associated with ultramylonitic bands
(Uml) with a high amount of matrix (> 90 %) and very
fine grainsize (Stop 6).

Foliation is a penetrative disjunctive cleavage with
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Fig. 11 - A) fine grained green mylonitic schist along the crest of the Costabella del Piz; B) lineation (red dots, 16 data) and poles to mylonitic
foliation (black dots, 41 data) in the alpine shear zones; C) cross-section (section A, figure 3) along the crest of the Costabella del Piz (Carosi et
al., 2016a). Legend is the same as in figure 3. Alpine shear zone cross-cutting the mylonitic foliation of the FMSZ are in blue; D) Alpine mylonitic
belt, delimited by blue lines, located near the Colle Panieris and M. Peiron (modified after Carosi et al., 2016a); E) cross-section (section C,
figure 3) showing basement rocks thrusted over the sedimentary cover of the Argentera Massif (modified after Carosi e al., 2016a). Legend is the
same as in figure 3; F) S-C-C’ fabric showing a top-to-the SE sense of shear (parallel nicols). Along the S and C planes biotite relicts are present.
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Fig. 12 - A) medium grained dark-green mylonitic schist of the FMSZ; B) appearance of the mylonites in thin section, quartz, K-feldspar and
plagioclase porphyroclasts in a fine grained biotite and white mica matrix are recognizable (parallel nicols); C) S-C’ fabric at the outcrop-scale
pointing to a top-to-the SW sense of shear; D) foliation fish indicative of top-to-the SW sense of shear (crossed nicols).

smooth and parallel cleavage domain, it strikes NW-SE
and steeply-dips toward the NE. A mineral lineation is
present and plunges at low-angle toward the NW.

The biotite + white mica mineral assemblage (Fig.
12b) on the mylonitic foliation indicates an initial ac-
tivation of the shear zone under amphibolite facies
metamorphic conditions (Carosi et al., 2016a; Carosi et
al., 2016b; Simonetti ez al., 2017). The absence of silli-
manite on the shear planes is indicative of minor tem-
perature of deformation with respect to the mylonitic
gneiss and protomylonites cropping out at the margin
of the shear zone.

Both at the outcrop-scale and in thin section it is pos-
sibile to recognize kinematic indicators showing a top-
to-the SW sense of shear (Fig. 12¢,d).

Kinematic vorticity analysis highlighted a general
flow with a dominant component of pure shear and
a subordinate component of simple shear (Fig. 8a,b)

in agreement with the data collected in the other type
of mylonites. The component of simple shear is high-
er with respect to the other mylonites of the FMSZ
(Carosi et al., 2016b). 0 angle are indicative of a trans-
pressive deformation (Fig. 9) (Simonetti e al., 2017).
U-Th-Pb datings on syn-kinematic monazites con-
strain the age of shearing at ~320 Ma (Simonetti, 2015;
Simonetti et al., 2017), about 20 Ma younger with re-
spect to the deformation recorded by the protomylo-
nites (Stop 2).

Stop 6. Ultramylonites of the Ferriere-Mollieres
shear zone (Coord. 44°19°0.48”N; 6°59’46.54”E)

In the last stop of the field trip we can observe the
most sheared rocks of the FMSZ that crop out along
the crest of the Costabella del Piz (Fig. 5) at an altitude
of 2400 m (Fig. 13a).

They are ultramylonites with an amount of matrix
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over 90%. Foliation is a continuous cleavage (Fig. 13b)
striking NW-SE and steeply dipping toward the NW.
The attitude of the foliation is concordant with the
mylonitic foliation in the FMSZ. Foliation is marked
by white mica and chlorite (Fig. 11b). This mineral
assemblage is indicative of a greenschist facies meta-
morphism. In agreement with the metamorphic condi-
tions, quartz is mainly deformed by subgrain rotation
recrystallization mechanism (Fig. 13c,d) (Piazolo &
Passchier, 2002; Stipp et al., 2002; Passchier & Trouw,
2005) and the few feldspar porphyroclasts are frac-
tured (Carosi et al., 2016b; Carosi et al., 2016a).
Kinematic indicators point to a dextral top-to-the SW
sense of shear (Fig. 13d).

Flow analysis in the ultramylonites (Fig. 8b) highlight-
ed a general shear with a prevalent component of sim-
ple shear (Carosi ez al., 2016b). 6 angles are indicative
of a simple shear-dominated transpression (Fig. 9).
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Discussion

Recent detailed structural-geological mapping com-
bined with detailed structural and petrographical
analysis (Simonetti, 2015; Carosi et al., 2016a) allowed
the identification and mapping of different types of
mylonites within the FMSZ and revealed the presence
of greenschist-facies Alpine shear zones cross-cutting
variscan foliations.

Kinematic vorticity analysis carried out by Simonetti
(2015), Carosi et al. (2016b) and Simonetti et al. (2017)
highlighted a deformation regime compatible with an
heterogeneous transpressional setting with variation in
the percentage of pure shear and simple shear (Fossen
et al., 1994). In addition the attitude of the mylonitic
foliation is sub-vertical along the ~20 km length of the
shear zone, in agreement with a transpressive setting
(Fossen et al., 2004).

In the case of transtensional deformation as suggested

b
i

Fig. 13 - A) ultramylonites along the crest of the Costabella del Piz; B) continuous cleavage marked by white mica and chlorite; C) quartz
deformed by subgrain rotation recrystallization; D) stretched quartz domain deformed by subgrain rotation and recrystallization showing an
oblique foliation (marked in red) pointing to a top-to-the SW sense of shear.
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Fig. 14 - A) growth of a type II shear zone: graphs show the relationship between the total thickness and the active thickness during time and
the amount of strain within the shear zone. With time the deformation is concentrated in the central part of the shear zone and the margins
become inactive. Because of this the active thickness progressively decrease while the total thickness remains constant; B) Evolution of the
Ferriere-Molliéres Shear Zone according to a type IT growth-model and relationship between deformation gradient and age of the shear (Carosi
et al., 2016b). The two photographs show the aspect of protomylonites ad mylonites at the outcrop scale. It is possible to note the larger grain
size and the presence of sheared leucosomes in the protomylonites whereas mylonites are subjected to a strong grain size reduction and a larger

amount of matrix is present.

by Musumeci & Colombo (2002) the attitude of mylo-
nitic foliation is expected to be sub-horizontal due to
the main sub-vertical shortening direction (Fossen et
al., 1994).

The presence of medium to high-grade metamorphic
mylonites associated with lower-grade ones, localized
in the central part of the FMSZ, the strong deforma-
tion gradient, the difference in the deformation regime
and the different age of deformation allow us to inter-
pret the FMSZ as a strain softening type-1I shear zone
(Fossen, 2010). In this kind of shear zones deformation
progressively concentrates in the central part because
of strain softening (due to the presence of channeled
fluids, metamorphic reactions and grain size reduc-
tion) living the external parts of the structure inactive
(Fig. 14a).

Differently from what has been proposed by Sanchez
et al. (2011), the FMSZ is a still preserved Variscan
transpressive shear zone. FMSZ is also a good example
of strain softening regional-scale shear zone (Carosi e#
al., 2016b; Simonetti et al., 2017) which evolves during
decreasing temperature conditions: in the external
parts of the FMSZ features acquired during the early

stage of shear deformation are preserved while the in-
ternal part records features of the final stage of activity
of the shear zone (Fig. 14b).

Data obteined in the FMSZ also contribute to reinforce
the model proposed by Rollet et a/. (2002), Rosenbaum
et al. (2002) and Advokaat et al. (2014) where the Cor-
sica-Sardinia Block is connected to southern France
and it is in continuity with Western Alps as all these
fragments of the Variscan Belt show similarities from
both the lithological and the structural point of view
(Carosi & Palmeri, 2002; Corsini & Rolland, 2009;
Carosi et al., 2012; Simonetti et al., 2017).

CONCLUSIVE REMARKS

In this field trip we presented key outcrops where the

different types of mylonites within the FMSZ and the

main features of the shear zone can be observed. Sum-

ming, these observations suggest that:

e Alpine greenschist-facies deformation is localized
in ductile top-to-the SSE shear zones that cross-cut
variscan structural elements;
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e A deformation gradient is recognizable from the
marginal part of the FMSZ shear zone toward the
central part. Along this gradient a transition from
protomylonites to mylonites and ultramylonites is
detectable;

e Foliation and mineral lineation of the FMSZ, in the
different type of mylonites, always show a constant
trend of orientation. Axial plane of the folds in the
GSV complex and Tinée complex is sub-parallel to
the mylonitic foliation;

e Deformation develops during retrograde met-
amorphic conditions from high-temperature
amphibolite-facies to greenschist-facies. Defor-
mation temperature within the FMSZ decreases
along the deformation gradient. In particular the
protomylonites are characterized by the presence
of syn-kinematic sillimanite along C and C’ planes
that are indicative of a high temperature of de-
formation (HT amphibolite-facies conditions). In
the mylonites the growth of syn-kinematic white
mica and biotite is indicative of a lower tempera-
ture of deformation (LT amphibolite-facies con-
ditions). These observations are also supported
by the variation of the deformation mechanisms
of quartz;

e Along the deformation gradient of the FMSZ
a variation in the deformation regime from a
pure shear-dominated transpression to a simple
shear-dominated transpression can be observed;

e The age of the shear deformation is progressively
younger along the deformation gradient. The
FMSZ shows a nearly 20 Ma long lasting deforma-
tion history.
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