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ABSTRACT

This work presents the structural evolution of a poorly studied key-area in the middle Ala
Valley, Western Alps, where two tectono-metamorphic units are exposed. A geological map
at the 1:10.000 scale, integrated with meso- and microstructural analysis, has been realised.
We investigated the contact area between Gran Paradiso Massif in the footwall and Lower
Piedmont Zone in the hanging wall. Both tectono-metamorphic units, with a different
paleogeographic affinity, preserve similar polyphasic deformation histories, defined by four
deformation phases. The Dp phase, strongly transposing previous structural relicts, is
marked by a high-pressure assemblage associated with the Sp foliation. Dp controls the
lithological boundary attitude. A mylonitic zone, developed during the Dp, showing
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kinematic indicators pointing to a top-to-the N-NW sense of shear, is responsible for the
juxtaposition of the two units. Dp structural elements are deformed by Dp+1 and Dp+2
subsequent phases. A greenschist-facies overprinting was observed during the Dp+1 phase.

1. Introduction

The integration of geological mapping, with meso- and
microstructural observations, is a fundamental tool
needed to reconstruct the geo-structural evolution of
orogenic belts (e.g. Gasco et al., 2009; Ghignone, Bales-
tro et al., 2020; Ortolano et al., 2015; Papeschi et al.,
2020; Petroccia et al., 2020). The Alpine belt exhibits
complex structural patterns to be figured out. In par-
ticular, in the Western Alps ophiolitic rocks of the
Lower Piedmont Zone (LPZ; Dal Piaz, 1999, 2003
and references therein), directly juxtaposed to the con-
tinental basement (the three Internal Crystalline Mas-
sifs; Gran Paradiso, Dora Maira and Monte Rosa
Massifs), are well exposed. Whereas the Dora Maira
and the Monte Rosa Massifs are usually deeply investi-
gated (Compagnoni et al., 2012; Gasco, Borghi, et al.,
2011; Gasco, Gattiglio, et al., 2011, 2013; Ghignone,
Gattiglio et al., 2020 and references therein), not all
sectors of the Gran Paradiso Massif are thoroughly
explored under the cartographic point of view (e.g. Bel-
trando et al., 2008; Gasco & Gattiglio, 2011; Kassem &
Ring, 2004; Rosenbaum et al., 2012). Furthermore, very
little information is available concerning the structural
evolution of tectonic contacts between the ophiolitic
rocks and the Internal Crystalline Massifs (Ballevre &
Merle, 1993; Gasco & Gattiglio, 2011; Ghignone, Bales-
tro et al., 2020). This study provides an example of a
polyphase tectonic history, occurred during Alpine
deformation, and focuses on an unmapped sector of

the southern portion of the Gran Paradiso Massif, in
the left slope of the middle Ala Valley near Mondrone
village, where the tectonic contact between oceanic and
continental units crops out.

2. Geological setting

The Alpine chain shows a structural setting marked by
a double vergence: European (towards north) in the
external sector and Apulian (towards south) in the
inner sector. The Western Alps consist of three main
structural domains (Dal Piaz, 2001) (Figure 1(a)): (i)
the internal domain, corresponding to the Southern
Alps; (ii) the external domain, representing the Euro-
pean foreland (Helvetic-Dauphinois domain); (iii) the
axial sector of the chain, between the Penninic Front
to the north and the Insubric Line to the south. The
axial portion represents a composite nappe pile con-
sisting of the Austroalpine and Penninic domains sep-
arated by oceanic affinity units of the interposed
Piedmont-Ligurian Ocean (Piedmont Zone; Dal
Piaz, 1999, 2001; Dal Piaz et al., 2003). The Gran Para-
diso Massif (GPM) belongs to the Upper Penninic
Domain and together with Monte Rosa and Dora
Maira nappes defines the Internal Crystalline Massifs
(Schmid et al, 2004) (Figure 1(a)). These elements
of the Western Alps crop out as large tectonic win-
dows, overthrust by eclogite-facies meta-ophiolitic
units of the Lower Piedmont Zone (LPZ; Dal Piaz,
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Figure 1. (a) Sketch map of the Western Alps (modified after Piana et al. (2017) and Petroccia et al. (2020)), with its geographic
location. (b) Simplified geological map of the Gran Paradiso Massif and neighbouring units (modified after Compagnoni and Lom-
bardo (1974) and Gasco and Gattiglio (2011)). The location of the study area is indicated with a red dot. (c) Simplified cross-section
along the Western Alps, across the Gran Paradiso Massif, showing the different tectonic units (modified after Beltrando et al.,

2010).

1999; Dal Piaz et al., 2003; Frey et al., 1974) (Figure 1
(b) and (c¢)). The GPM consists of two main units
differing for peak-metamorphism conditions (i.e.
eclogitic versus blueschists). The eclogite-facies unit
is divided into the Gneiss Minuti (Auct.) Complex
and the Gneiss Occhiadini (Auct.) Complex (Com-
pagnoni & Lombardo, 1974; Le Bayon & Ballévre,
2006). The Gneiss Minuti Complex is made of poly-
metamorphic paragneiss, micaschist and minor
mafic rocks, derived from pre-Alpine amphibolite

(Compagnoni & Lombardo, 1974) or late Palaeozoic
gabbro (Gasco et al., 2010). The Alpine peak eclo-
gite-facies event (Benciolini et al., 1984; Brouwer
et al, 2002) is followed by amphibolite/greenschist-
facies condition re-equilibration during decompres-
sion (Brouwer et al., 2002; Le Bayon & Ballévre,
2006). The polymetamorphic basement (Gneiss Min-
uti Complex) is intruded by porphyritic granitoids of
Permian age (270 £ 5 Ma; Bertrand et al., 2005; Ring
et al., 2005) metamorphosed into orthogneiss (Gneiss



Occhiadini Complex) during the Alpine orogenesis.
The blueschist-facies unit is represented by the
Money Monometamorphic Complex (Compagnoni
et al., 1974), cropping out as a tectonic window in
the northern part of the massif, consisting of metavol-
canic and terrigenous rocks (late Carboniferous to
early Permian; Manzotti et al., 2015). The metasedi-
mentary cover of the entire massif is represented by
Permian metavolcanic rocks (Bonneval Unit; Ber-
trand, 1968) and by discontinuous lenses of quartzite
and marble of Mesozoic age (Elter, 1972).

Based on different metamorphic evolution and
lithostratigraphic setting, meta-ophiolitic units of
the Western Alps have been classically distinguished
into the blueschists-facies Upper Piedmont Zone
(UPZ; Agard et al., 2001) and the eclogite-facies
Lower Piedmont Zone (e.g. the Orsiera Rocciavre
ophiolites: Pognante, 1979; the Monviso meta-
ophiolite complex: Lardeaux et al, 1987). These
units are separated by a regional-scale shear zone
(e.g. Susa Shear Zone; Ghignone, Gattiglio et al,
2020, 2020; Combin Fault; Ballevre & Merle,
1993). The UPZ is represented by calcschists with
intercalations of metabasalt and serpentinite. The
LPZ is mainly made by oceanic crust, represented
by serpentinite with minor peridotite, including dis-
continuous bodies of Mg—Al to Fe-Ti-rich metagab-
bro and overlaid by metabasalt (Ghignone, Balestro
et al., 2020; Groppo & Castelli, 2010; Locatelli et al,,
2019). Locally a thin metasedimentary cover com-
posed of impure quartzite, micaschist, marble and
calcschist is preserved.

3. Methods

A geological survey of an area of about 14 km* has
been performed at 1:5.000 scale. New 10 m contour
lines have been obtained using the LiDAR-derived
DTM with 5m grid resolution (DTM LiDAR 2009-
2011 Piemonte ICE), integrated into a WGS 84,
UTM 32N GIS spatial database to derive a Hillshade
map. The geological map (see Main Map) has been
realised at 1:10.000 scale. Structures were classified
according to Passchier and Trouw (2005). A not-
numerical progression has been used for the descrip-
tion of deformation phases and the associated struc-
tural elements to avoid confusion with the literature
and existing knowledge. Abbreviation S for syn-meta-
morphic surfaces or axial plane foliation of folds, A for
fold axes, L for object lineations, F for folds and D for
the deformative events have been used. The suffix ‘p’
denotes ‘principal’. All the collected structural
elements have been plotted in equal-area stereo dia-
grams in the lower hemisphere. Mineral abbreviations
are after Whitney and Evans (2010). Microstructural
analysis on oriented thin sections, cut parallel to the
object lineation and perpendicular to the main
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foliation (XZ plane of the strain ellipsoid) has been
performed. The cross-sections (A-A’ and B-B’; see
Main Map) have been drawn perpendicular to the
main structures.

4. Lithostratigraphy

The investigated area is located on the left oro-
graphic side of Ala Valley, an E-W trending valley,
forming part of Stura di Ala Stream more articu-
lated drainage basin. Its course does not have any
relevant, persistent tributary in the investigated seg-
ment. The altitude range is between about 2700 m
a.s.l, which is the average height of the reliefs
located at the western watershed with Grande Val-
ley, and about 1200 m a.sl. in the valley floor
nearby Mondrone village. In the north-western sec-
tor of the study area augen-orthogneiss (Go; Gneiss
Occhiadini Complex) and paragneiss (Gm; Gneiss
Minuti Complex), belonging to the GPM, crop
out. The augen-orthogneiss outcrops as discontinu-
ous, decametric lenses in the paragneiss of the
Gneiss Minuti Complex. They are coarse-grained
rocks characterised by a spaced disjunctive mm-
thick foliation defined by the alternation of white
mica-rich and quartz- plus feldspar-rich levels.
Micaceous levels wrap around pluri-millimetric to
pluri-centimetric K-feldspar asymmetric o- or 6-
porphyroclasts (Figure 2(a)). Locally thin and
unmappable layers of micaschist are present. Para-
gneiss belonging to the Gneiss Minuti Complex
shows a less-spaced foliation made by micaceous
levels alternating with mm-thick quartz- plus feld-
spar-rich ones (Figure 2(b)). Locally, both sym-
metric and asymmetric, pluri-millimetric quartz or
felspar porphyroclasts, wrapped by the main foli-
ation, are present. Generally, GPM rocks are
characterised by a later static growth of chlorite
and epidote on previous minerals. Centimetre- to
metre-thick and unmappable layers of micaschist,
which grade to paragneiss are locally present.

The LPZ in the study area is represented by serpen-
tinite, metagabbro and metabasite. Serpentinite (Sr) is
well-foliated but locally presents a massive structure.
The main foliation is defined by alternating milli-
metric serpentine-rich and dark magnetite-rich layers.
Metagabbro (Mg) crops out in decametric lenses
embedded in serpentinite and metabasite. It is mainly
composed of pluri-millimetric greenish clinopyrox-
ene, locally replaced by amphibole, wrapped by a con-
tinuous foliation made of fine-grained epidote,
pyroxene and minor amphibole (Figure 2(c)). Metaba-
site (Mb) has a banded structure made of alternating
levels of pluri-millimetric garnet porphyroblasts,
omphacite-rich and blue amphibole-rich levels
(Figure 2(d)). Locally, blue amphibole is replaced by
green amphibole around the rim.
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Figure 2. (a) Coarse-grained augen-orthogneiss belonging to the Gneiss Occhiadini Complex. (b) Fine-grained paragneiss of the
Gneiss Minuti Complex. (c) Outcrop evidence of mylonitic metagabbro of the Lower Piedmont Zone. (d) Metabasite characterised
by alternating reddish garnet, greenish clinopyroxene-rich and blue amphibole-rich levels. (e) Gran Paradiso Massif flaser-gneiss
near the tectonic contact. (f) Top-to-the N sense of shear evidence in metabasite.

The tectonic contact between the GPM and the
LPZ is highlighted by a centimetre- to metre-thick
mylonitic zone, which cannot be represented in
our map due to its scale. Non-coaxial deformation
affected rocks belonging to both units, with a
major extension in the GPM, whose lithologies
are locally heterogeneously deformed, displaying
flaser-gneiss structure (Figure 2(e)). Mylonites
show a grain-size reduction and an increase of kin-
ematic indicators moving toward the high-strain
zone (Figure 2(f)).

5. Structural evolution

Geological mapping, meso- and microstructural ana-
lyses pointed out that the LPZ and GPM are affected
by a similar polyphase deformation history which
can be divided into four phases. A synoptic summary
table of the deformational structures events
accompanied by mineral assemblages for each litho-
type is reported in Table 1.

The first tectonic phase (Dp-1), due to the strongly
superposed Dp structures in most of the area, is
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Table 1. Summary table displaying the deformational structures and the mineral assemblages for each lithology.

Protolith-
relict Dp-1 Dp Dp+1 Dp+2
METABASITE - No preserved plicative  Transpositive phase with rootless and  Gentle asymmetric folds A = Open folds No
structures Sp-1 = GIn isoclinal folds Top-to-the NW sense Brownish- and green-Amp+Ep blastesis
+Wm+O0mp+Grt+Rt of shear Sp = GIn+Rt+Grt+Opq +Ttn No detected Sp+1
foliation
METAGABBRO Magmatic Px  No preserved plicative  Transpositive phase Top-to-the NW Close folds Sp+1 = Chl+Ep No blastesis
structures Coronitic sense of shear Sp = Omp+Zo+GIn +Green Amp
Omp
SERPENTINITE - - Transpositive phase Sp = Srp+Tr Kink, chevron, closed to tight Open folds No
+Mag folds Sp+1 = Srp+Chl+Tr blastesis
AUGEN- Magmatic Kfs  No preserved plicative  Transpositive phase with rootless and  Gentle asymmetric folds A = Ep  No blastesis
ORTHOGNEISS ~ +PI+Bt+Qz structures isoclinal folds Top-to-the N-NW +Wm+Bt No detected Sp+1
sense of shear Sp = Wm+Qz+Ep foliation
+0pq
PARAGNEISS - No preserved plicative  Transpositive phase with rootless Kink, chevron and asymmetric ~ Open and box

structures

folds Top-to-the N-NW sense of
shear Sp = Wm-+Qz+Zo+0pq

folds No
blastesis

folds A = Ep+Chl+Wm-+Ab No
detected Sp+1 foliation

associated with the development of a relict foliation
preserved only in the hinges of mesoscopic rootless
and isoclinal folds in more competent layers (Sp-1;
Figure 3(a) and (b)), which are not entirely trans-
posed. Dp-1 microscale evidence has been detected
only in metabasite, defined by the random occurrence
of Gln+ Wm + Omp + Grt + Rt (Figure 3(c)), and in
metagabbro marked by omphacite rims around the
magmatic pyroxene.

Dp folds (Fp) vary from pluri-centimetric to pluri-
kilometric and their geometry is strictly controlled by
the rheology of each involved lithology, varying from
tight, isoclinal to rootless, with rounded and thickened
hinges and stretched limbs (class 2 of Ramsay (1967);
B5 according to Hudleston (1973)). They occur mainly
as a medium- and small-scale structures, but also at
the cartographic scale (see Main Map). Ap axes and
intersection lineations between Sp foliation and folded
Sp-1 surfaces show a main NE-SW strike, moderately
dipping toward NE and SW. The Dp phase gave rise to
the most prominent structures of the investigated area.
Parallel to Fp axial planes, an Sp axial plane foliation
driving the lithological contacts attitude has been
recognised. Sp is continuous and well developed in
weak lithologies, while it is observable as a spaced dis-
junctive cleavage in more competent ones. In thin sec-
tion, the Sp both in LPZ and GPM is mainly marked
by high-pressure assemblages (Table 1). A prime
example is present in metagabbro where the Sp is
defined by Omp + Zo + GIn wrapping around mag-
matic pyroxene (Figure 3(d)). This main planar
element (Sp) shows a general NE-SW strike and
mainly dips toward SE in the south-eastern and
north-western part, and toward NW in the central
part of the investigated area. Dip angles range between
10° and 70°, with higher values observed in the central
part whereas lower values occur at the marginal por-
tions of the map (Figure 3(a) and (b)). The Lp object
lineation is represented by both grain and aggregate
lineation. Lp becomes prominent as the shearing
deformation increases. Lp trends about NW-SE and

plunges towards SE and NW, nearly perpendicular
to Ap fold axes. The lithologies located far from the
tectonic contact area show few if any, kinematic indi-
cators, whereas, approaching the tectonic contact, they
become more frequent and Sp shows a transition from
a Dp axial plane foliation to a mylonitic foliation.
Shear sense indicators have been observed at the
mesoscale on section approximating the XZ plane of
the finite strain ellipsoid (i.e. perpendicular to the Sp
foliation and parallel to the Lp lineation). The main
kinematic indicators are represented by C-S and C’—
S fabrics (Figure 3(e)), o- and d-type porphyroclasts
and mica-fish (Figure 3(f)). All the kinematic indi-
cators indicate a top-to-the N-NW normal sense of
shear.

The subsequent Dp+1 deformation event is
strongly controlled by the rheology of each lithology,
indeed it is mainly evident in foliated serpentinites
(Figure 4(a)). The Fp+1 folds range from centimetric
to metric in scale. The inter-limb angle of the folds
varies considerably; the folds may be close to tight,
mainly in serpentinites or open to gentle in other
lithologies. Rare kink, chevron and/or asymmetric
Fp+1 folds occur also in the Gran Paradiso Massif
units. Ap+1 fold axes are generally coaxial to Ap
ones but showing higher plunging values (Figure 4
(a)). An Sp+1 axial plane foliation, striking from
NE-SW to E-W, is rarely observable at the meso-
and microscale. A spaced crenulation cleavage has
been recognised in serpentinite and metagabbro
only. In all the lithologies, during this stage, an intense
metamorphic overprinting by greenschist-facies min-
erals on previous high-pressure assemblage has been
observed (Table 1) (Figure 4(b)).

Neither axial plane foliation nor blastesis has been
recognised during the Dp+2 deformation phase. The
Fp+2 corresponds to open or box folds, ranging
from metric to decametric in size, with sub-horizontal
to gently dipping axes and axial planes. Ap+2 axes
plunge at low angles toward ENE or WSW with very
high-scattered values (Figure 4(c) and (d)). Both Fp
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Figure 3. Ductile structures with stereographs of the main elements. (a) Isoclinal Dp fold developed in augen-orthogneiss deform-
ing an older Sp-1 foliation. (b) Dp fold affecting metabasite and deforming a relict Sp-1 foliation. (c) Glaucophane along the Sp
foliation including an Sp-1 defined by Rt + Wm (XPL: cross-polarized light). (d) Magmatic pyroxene with a corona of omphacite,
wrapped by the Sp foliation, defined by Omp + Zo (XPL). (e) C'-S fabric with a top-to-the NW sense of shear and o-porphyroclast in
augen-orthogneiss. (f) Microphotograph of a mica-fish in augen-orthogneiss indicating a top-to-the NW sense of shear (XPL).

+1 and Fp+2 folds show coaxiality with the Dp struc-
tures. The Dp+2 deformation phase is responsible for
the re-orientation of the original attitude of the pre-
vious structural elements.

6. Geomorphological features and
quaternary evolution

Traces of the Pleistocene glacial modelling, linked
to the last phase of maximum expansion, are

testified by lateral morainic deposits of the main
glacier and by small glacial cirques upstream, prob-
ably sources of short, tributary glaciers. The slope is
gentle in its lowest part (the left side of a U-shaped
valley) and characterised by two slow, large, com-
plex landslides involving till deposits (g2), occasion-
ally uncovered. The two mapped movements act as
conveyor belts for large dimension, serpentinite-
metabasite boulders, heavily weathered by glacial
erosion and progressively carried downstream.
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Figure 4. Post-Sp ductile structures with stereographs of the main elements. (a) Dp+1 folds developed in serpentinite. (b) Blastesis
of green amphibole on syn-Dp glaucophane in metabasite (PPL: plane-polarized light). (c,d) Late open folds (Dp+2) with sub-hori-

zontal axes and axial planes deforming the main foliation (Sp).

Remnants of the above-mentioned, gentle landscape
are incised by the recent hydrographic pattern
developed in response to the new Holocene base
level of the Stura di Ala Stream (Figure 5(a)). The
relief energy increases in the highest part of the
slope, where a great quantity of debris (g1) develops
in the proximity of the very fractured ridges, pro-
ducing material for debris and rock flows (Figure
5(b)). Their emplacement is coupled with Stura di
Ala alluvial deposits (m) of the valley floor, on
which Mondrone and Martassina villages are
founded. Despite slope and glacial deposits are
spread over the mapped area, in the Main Map
we chose to draw just quaternary deposits with an
observable thickness larger than 3 metres. For this
reason, the bedrock has not been covered by mor-
ainic deposits at all and debris flows and avalanches
thickest accumulation bodies have been merged
with alluvial sediments.

7. Final remarks

The new geological map (see Main Map) at 1:10.000
scale is the most detailed, currently available rep-
resentation of the geological and structural setting

of the Mondrone area (middle Ala Valley, Pied-
mont). Two juxtaposed tectono-metamorphic units
have been distinguished (Figure 6(a)): the lower
one represented by the Gran Paradiso Massif and
the upper one testified by the oceanic Lower Pied-
mont Zone. In both units, a complex polyphase
evolution (Figure 6(b)), defined by four ductile
deformation phases, has been detected. The most
prominent deformation phase Dp is responsible for
the development of the main foliation, pervasive at
all scales (Sp) that generally transposed the previous
Sp-1. It becomes mylonitic moving toward the
boundary between the two units, showing several
kinematic indicators with a top-to-the NW normal
sense of shear. A syn-kinematic high-pressure min-
eral assemblage parallel to the Sp mylonitic foliation
has been recognised in both units. Pre-Dp mineralo-
gical high-pressure relicts are still present, particu-
larly in LPZ. All the previous structural elements
are widely deformed by the two last deformation
events (Dp+1 and Dp+2), the latter causing the
overturning of the Sp dip direction from SE to
NW and a topographic interference (Figure 6(b)).
The syn-kinematic greenschist-facies minerals (Dp
+1), generally grown at the expense of high-pressure
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Figure 5. (a) V-valley incising the older shaped-by-ice, gentle slope. (b) Debris deposits lying around fractured rock walls in the

northernmost part of the mapped area.

assemblages, testifies a changing in metamorphism
from Dp to Dp+1. The obtained data are consistent
with the coupling of LPZ with GPM during HP con-
ditions (Dp-1 and Dp) and a subsequent uplift up to
greenschist-facies conditions (Dp+1; Beltrando et al,
2010; Gasco et al., 2010). The last stage of defor-
mation (Dp+2) causes open and box fold with
neither axial plane foliation nor blastesis.

The mapping of the Quaternary cover allowed
assuming the presence of a widespread scree slope
and two large gravitational accumulation bodies.

The new and updated geological information about
this inner sector of the Alpine belt begins to fill the gap
about mapping and inferring tectono-metamorphic
evolution of this area and encourages future detailed
investigations.

Metabasite

Metagabbro

Lower Piedmont Zone

Serpentinite

Gneiss
Occhiadini
Complex
(Augen-
orthogneiss)

Massif

N Gneiss Minuti Complex

(Paragneiss) @
Not to scale

@ Gran Paradiso

Not to scale

Figure 6. (a) Schematic stratigraphic column of the Gran Paradiso Massif and the overlying Lower Piedmont Zone in the study
area. Gm: Gneiss Minuti Complex; Go: Gneiss Occhiadini Complex; Sr: Serpentinite; Mg: Metagabbro; Mb: Metabasite. (b) Schematic
geological model of the study area showing the possible structural interpretation. In this sector, the influence of the Dp+2 defor-
mation phase with sub-horizontal axial planes is evident, as it is responsible for the overturning of the Sp foliation and of the
tectonic contact. The latter is represented as a mylonitic zone showing kinematic indicators with a top-to-the N-NW sense of
shear, affecting both the Gran Paradiso Massif and the Lower Piedmont Zone.



8. Software

The map has been drawn using QGis 3.12 Buguresti,
and its final assemblage has been realised with
Adobe TIllustrator® CC 2018. Structural data have
been plotted with the software Stereonet®© 10.

9. Geolocation information

The study area is located in the middle Ala Valley,
near Mondrone village, in the Western Alps (Pied-
mont, northwestern Italy). The area is placed between
5022600-362400 and 5019000 —364800; coordinate
system: WGS 1984 / UTM Zone 32 N.
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