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The structural setting and tectonic evolution of the Marguareis Massif (located at the

boundary between the Maritime and Ligurian Alps) has long been matter of debate.

After new meso- and micro-structural studies and field investigations, the tectonic

unit interplay outlines a finite structural architecture more complex than that pro-

posed in previous interpretations. We depict a stack of Briançonnais Units stemming

from the Europe continental margin, and the Helminthoid Flysch Unit, detached from

its original basement whose original palaeogeographic domain is still a matter of

debate. Our results highlight for the first time that each unit recorded different pre-

stacking folding events progressively developed at different structural levels. The

events occurred during the stacking of the units produced shear zones with top-to-

SW sense of movement. After the syn-stacking tectonics achieved during the Late

Eocene-Early Oligocene collisional events, the whole stack recorded the same post-

stacking deformation history here represented by a fold system with sub-horizontal

axial planes and faults. Similar tectonic evolution was documented in other sectors of

the Western Alps by previous authors.

K E YWORD S

Briançonnais Domain, Helminthoid Flysch Unit, deformation history, lithostratigraphy,

Marguareis Massif

1 | INTRODUCTION

The Alpine collisional belt is the result of a long-lived, convergence-

related geodynamic history that started in the Late Cretaceous with the

subduction of the oceanic lithosphere of the Ligure-Piemontese Ocean.

The closure of the Ligure-Piemontese Ocean led to continental collision

between the Europe and the Adria margins in the Late Eocene-Early

Oligocene, and then in the Late Oligocene to Neogene development of

a doubly-verging crustal belt (Coward & Dietrich, 1989; Dal Piaz,

Bistacchi, & Massironi, 2003; Handy, Schmid, Bousquet, Kissling, &

Bernoulli, 2010; Rosenbaum, Lister, & Duboz, 2002; Stampfli, Borel,

Cavazza, Mosar, & Ziegler, 2001). The result of this geodynamic history

is a curved collisional belt, where a stack of continental and oceanic

nappes, with deformations and metamorphic imprints acquired at dif-

ferent depth and in different times, are well exposed. In Western and

Central Alps, geometry, timing and kinematics of nappes stacking is

nowadays relatively well established (Butler, Matthews, & Parish, 1986;

Choukroune et al., 1986; Gidon, 1972; Gratier, Mènard, & Arpin, 1989;

Handy et al., 2010; Merle & Brun, 1984; Roure, Howell, Guellec, &

Casero, 1990; Pfiffner, Erard, & Stauble, 1997; Schmid & Kissling, 2000;
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Tardy et al., 1990; Tricart, 1984; Tricart, Schwartz, Sue, Poupeau, &

Lardeaux, 2001; Tricart, Schwartz, Sue, & Lardeaux, 2004). However,

the tectonic history of several key-areas of the Western Alps is still

poorly understood, making necessary further detailed studies for all the

steps in the history of this belt.

One of these areas is located at the boundary between the Mari-

time and Ligurian Alps, in the southwestern termination of the West-

ern Alps (Figure 1a,b). In this area, despite the available scientific

contributions (e.g., Bertok, Musso, d'Atri, Martire, & Piana, 2018;

Brizio et al., 1983; d'Atri, Piana, Barale, Bertok, & Martire, 2016;

Lanteaume, 1968; Maino & Seno, 2016; Mueller, Maino, &

Seno, 2020; Piana et al., 2009; Vanossi, 1972), the geometry and

structural evolution of nappes stacking, remains a matter of debate.

Facing these contradictions and improving the understanding of finite

strain pattern and tectonic evolution of this sector of the Alpine colli-

sional belt, requires reliable stratigraphic and structural constraints.

The goal of this article is therefore to highlight the complex tec-

tonic evolution of the units located in the southwestern sector of the

Marguareis Massif (boundary between Maritime and Ligurian Alps), a

key area for the comprehension of Alpine orogeny. In this area, the

units show different deformation histories experienced at different

structural levels. To reach this goal, we performed a detailed field sur-

vey and meso- to micro-scale structural analysis in the southwestern

sector of the Marguareis Massif. Finally, a comparison between our

results with other key-sectors of the Western Alps is also discussed.

2 | GEOLOGICAL FRAMEWORK OF THE
MARITIME ALPS

Geophysical investigations in the Western Alps indicate that this colli-

sional belt is characterized by a doubly-verging crustal-scale architec-

ture. The westernmost edge of this belt (Figure 1b) consists of a fold-

and-thrust belt represented by Dauphinois/Provençal Units and the

External Crystalline Massifs (Figure 1b), both pertaining to the former

continental margin of the Europe Plate. This fold-and-thrust belt is

overlain eastward by Sub-Briançonnais and Briançonnais units by the

Penninic Front (Figure 1b), an east-dipping thrust zone developed

since the Early Oligocene (e.g., Barfety et al., 1996; Ford, Duchêne,

Gasquet, & Vanderhaeghe, 2006; Ford, Lickorish, & Kusznir, 1999;

Gosso et al., 2019; Lanteaume, 1968; Maino et al., 2015; Maino &

Seno, 2016; Malaroda, 1970; Seno, Dallagiovanna, & Vanossi, 2005).

These units, together with the Internal Crystalline Massifs (Figure 1b),

are regarded as the remnants of the thinned continental margin of the

Europe Plate (Decarlis, Dallagiovanna, Lualdi, Maino, & Seno, 2013

and quoted references; Vanossi, 1972; Vanossi et al., 1984) and are

F IGURE 1 (a) Location of map in 1b. (b) Tectonic sketch map of the Western Alps-Northern Apennines (modified by Molli et al., 2010,
Barbero, Festa, Saccani, Catanzariti, & D'Onofrio, 2019). The blue box indicates the study area [Colour figure can be viewed at
wileyonlinelibrary.com]
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tectonically overlain by the oceanic-derived units (Ophiolitic units in

Figure 1b) representative of Ligure-Piemontese Ocean (Béthoux

et al., 2007; Lardeaux et al., 2006; Paul et al., 2001; Schreiber,

Lardeaux, Martelet, Courrioux, & Guillen, 2010). Some authors (e.g.,

Frisch, 1979; Schmid, Fügenschuh, Kissling, & Schuster, 2004;

Stampfli, 1993) proposed that the Briançonnais Units represent a

block of continental crust separated by the Europe Plate in the Early

Cretaceous time, forming the so-called Briançonnais micro-continent.

Wortmann, Weissert, Funk, and Hauck (2001) considered the

Briançonnais Domain to be part of the Europe Plate until the end of

Jurassic. In according with Lavier and Manatschal (2006), Mohn,

Manatschal, Müntener, Beltrando, and Masini (2010) proposed that

the Briançonnais Domain represented a portion of continental crust,

located in between the Europe Plate and Adria Plate, formed during

the Jurassic rifting.

The study area is located in the southwestern side of the Western

Alps (Figure 1b), at the boundary between the Maritime and Ligurian

Alps. In this area, the Dauphinois/Provençal Domain consists of pre-

Alpine basement rocks reworked during Alpine collision (Argentera-

Mercantour, External Crystalline Massifs) recording Variscan tectonics

(Corsini, Ruffet, & Caby, 2004; Sanchez et al., 2010; Sanchez, Rolland,

Jolivet, & Brichau, 2011). This basement rocks are associated with

slices of Meso-Cenozoic sedimentary covers showing polyphase

deformation history associated to very low-grade metamorphism

(Bersezio, Barbieri, & Mozzi, 2002). In turn, the Briançonnais Units

consists of Meso-Cenozoic metasedimentary cover whose pristine

basement is represented by the Internal Crystalline Massifs, mainly

consisting in pre-Alpine basement rocks (e.g., Bucher &

Bousquet, 2007; Compagnoni, Elter, & Lombardo, 1974; Le Bayon &

Ballèvre, 2004; Malusà, Mosca, Borghi, Dela Pierre, & Polino, 2002;

Michard, Avigad, Goffé, & Chopin, 2004). The Internal Crystalline

Massifs as well as the Briançonnais Units are affected by a polyphase

deformation history associated with HP-LT metamorphism

(e.g., Bertrand, Paquette, & Guillot, 2005; Bousquet et al., 2008 and

reference therein). This polyphase deformation history is achieved

during the significant NE–SW shortening resulting from the continen-

tal collision processes (Carminati, 2001; Carminati & Gosso, 2000;

Fallot, 1949; Gèze, Lanteaume, Peyre, & Vernet, 1968; Goguel, 1936;

Gosso et al., 2019; Maino et al., 2015; Siddans, 1979; Vanossi &

Gosso, 1983). The Sub-Briançonnais Units are considered as derived

from the domain representing the transition between Briançonnais

and Dauphinois/Provençal domains. It consists of Meso-Cenozoic

sedimentary covers detached from their original basement

(Debelmas & Kerckhove, 1980; Gidon, 1972). At the boundary

between the Maritime and Ligurian Alps, the Briançonnais, Sub-

Briançonnais and Dauphinois/Provençal Units are tectonically overlain

by the non-metamorphic Helminthoid Flysch Unit (e.g., San Remo-

Monte Saccarello Unit; Figure 1b). This unit includes a Late Creta-

ceous sedimentary succession detached from its original basement

whose palaeogeographic origin is still a matter of debate (e.g.,

Kerckhove, 1969; Lanteaume, 1968; Maino et al., 2015; Maino &

Seno, 2016; Mueller, Langone, Patacci, & Di Giulio, 2018;

Sagri, 1984).

3 | GEOLOGY OF THE MARGUAREIS
MASSIF: STATE-OF-THE-ART

In the Marguareis Massif, a robust stratigraphic database, necessary for

any structural analysis, was the scope of earliest modern researchers over

a long time. Vanossi (1972) improved significantly the detailed chrono-

and lithostratigraphic description proposed by previous authors

(e.g., Bloch, 1958; Campredon, 1977; Guillaume, 1965; Lanteaume,

1968). Based on data of Bloch (1958), Lanteaume (1968) and

Vanossi (1972), Brizio et al. (1983) added a structural analysis in the west-

ern sectors of the Marguareis Massif, and recognized two tectonic units:

the Marguareis Unit (cf. Monte Marguareis Unit of Vanossi, 1972) show-

ing a typical succession of the Briançonnais Units (Ligurian-Briançonnais

Units of Vanossi, 1972), here characterized by Triassic-Jurassic platform

to Cretaceous hemipelagic carbonate deposits to Eocene deep-sea fan

siliciclastic turbidite, and the Helminthoid Flysch Unit consisting of deep-

sea siliciclastic turbidite with its basal complex (basal complexes of

Lanteaume, 1957). According with Lanteaume (1962), a tectonic unit,

known as Lambeaux de Charriage (cf. Tectono-stratigraphic complex of

Brizio et al., 1983), has been recognized by several authors as lying under

the Helminthoid Flysch Unit. The Lambeaux de Charriage is made of

siliciclastic turbidite deposits with huge blocks with Briançonnais affinity

(according with Lanteaume, 1962) but their stratigraphy and pal-

aeogeographic origin are unclear. Brizio et al. (1983) suggest a structural

evolution in which the lower part of the basal complex and Marguareis

Unit share the same polyphase deformation history, the latter character-

ized by three folding events developed from micro- to map-scale. In con-

trast, the Helminthoid Flysch Unit and the uppermost part of its basal

complex show a less complex deformation history characterized by one

folding event (Brizio et al., 1983).

Recently, Piana et al. (2009) described in the Marguareis Massif a

high-angle strike-slip to normal fault-boundary between the Europe-

derived continental units (Briançonnais and Dauphinois/Provençal

units) and San Remo-Monte Saccarello Unit (cf. Helminthoid Flysch

Unit of Brizio et al., 1983), which previously over-thrust the continen-

tal units. The fault network separates tectonic units that record differ-

ent P–T conditions from anchizonal to lower greenschist facies (Piana,

Battaglia, & Bertok, 2014). This interpretation was subsequently

developed by d'Atri et al. (2016) who proposed that the fault network

affecting the Marguareis Massif is a part of an E-W-oriented shear

zone active during Alpine collision. According with these authors, this

shear zone played a key-role in the finite architecture in this sector of

the southwestern Alps.

4 | METHODS

We updated the structural history of the studied tectonostratigraphic

units, by fieldwork aimed to trace in the map the mineral-scale folia-

tion trajectories (not reported in the geological map of Figure 2a) to

define the related meso-, megascopic folding systems and to feature

the thrust surfaces. Mesoscopic fabric element orientations are dis-

played in the cross-section of Figure 2c related to the new 1:10,000
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geological map of Figure 2a, and their spatial relationships are showed

in the stereo plots of Figure 6. This dataset refines and re-interprets

the relative chronology proposed by Brizio et al. (1983) for the

northeastern sector of our study. Samples of foliations of different rel-

ative ages in lithotypes with similar rheology were collected for optical

microstructural analysis in several key areas, where clear overprinting

F IGURE 2 (a) Geological map of the study area (blue box in 1b). (b) Stratigraphic logs of the tectonostratigraphic units. (c) Geological cross-
section related to A-A0 trace in (a). BRF: Boaria Formation; MCL: Madonna dei Cancelli Limestone; UPF: Upega Formation; VTL: Val Tanarello
Limestone; RNL: Rio di Nava Limestone; SPDM: San Pietro dei Monti Dolostone; BOR: Bordighera Sandstone; SBF: San Bartolomeo Formation;
CAF: Cima Aurusi Formation; NUM: Nummulitic Limestone; FPL: Forte Pepin Limestone; AP2MU: axial plane of the F2MU folds; AP2FH: axial plane
of the F2FH folds; APPS: axial plane of post-stacking folds [Colour figure can be viewed at wileyonlinelibrary.com]
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relationships between two or more structures are found (i.e., along

limbs and hinge zones). The clear meso- to micro-scale overprinting

relations between different structures and their spatial relationships

are the adopted criteria to distinguish the different deformation

phases recorded by each unit. This approach allowed the comparison

the deformation patterns of each unit (Section 6.1) with the ones

postdating the tectonic stacking (Section 6.3). Since Cima del Becco

Slice shows deformation events corresponding to those documented

in Marguareis Unit, for its structural features the readers can be

referred to Section 6.1.2.

5 | LITHOSTRATIGRAPHY

In the study area (Figure 2a) during a recent geological

survey, we documented, for the first time, a complex stack of

tectonostratigraphic units (Figure 2a–c). They are, from the

structurally highest to the lowest (Figure 2a,b): the Marguareis Unit

(MU, Brizio et al., 1983) that consists of a typical sedimentary succes-

sion of the Briançonnais Domain (cf. Ligurian-Briançonnais Domain of

Vanossi, 1972); the Helminthoid Flysch Unit (FH) stemming from Ligu-

rian Domain; a decametric-sized tectonic slice (here called Cima del

Becco Slice, cf. Lambeaux de Charriage of Lanteaume, 1962) stemming

from Briançonnais Domain, and the Cabanaira Unit (CU, cf. Lambeaux

de Charriage of Lanteaume, 1962) showing a sedimentary succession

similar to that of the Briançonnais Domain. A short description of the

lithostratigraphic features of each unit is provided hereafter. Owing

the correlation between the Cima del Becco Slice and the Marguareis

Unit (Figure 2b), the lithostratigraphic features of both are discussed

together in the Section 5.2.

5.1 | Helminthoid Flysch Unit

The Helminthoid Flysch Unit consists of a Late Cretaceous non-

metamorphic sedimentary succession detached from its original base-

ment. It shows a NW-SE trend and extends for about 7 km2 (Figure 2a).

The oldest formation of this unit is represented by San Bartolomeo For-

mation (Figure 2b, basal complexes of Lanteaume, 1957) consisting of

varicoloured manganesiferous shales (Figure 3a) and rare cm-thick beds

of fine-grained limestones interpreted as deposits sedimented in a

basin plain environment (Sagri, 1984). According to Manivit and

Prud'Homme (1990) and Cobianchi, Di Giulio, Galbiati, andMosna (1991),

this formation can be referred to Hauterivian-Campanian time.

The San Bartolomeo Formation grades upward to the Bordighera

Sandstone (Figure 2b). The latter consists of Late Cretaceous

siliciclastic turbidites capped by thick marls and dark shales (Figure 3b)

with an a/p ratio >1. Coarse- to medium-grained arenitic beds are

characterized by high erosive ability testified by centimetre-thick clay

chips, amalgamation surfaces and erosional base (F5 facies of

Mutti, 1992). According to Manivit and Prud'Homme (1990) and

Cobianchi et al. (1991), the depositional environments is related to

inner deep-sea fan. The calcareous nannofossils association found in

the Bordighera Sandstone indicate an age not older than Coniacian

(Campanian?) (Manivit & Prud'Homme, 1990).

5.2 | Marguareis Unit

This unit covers the greater part of the study area and extends over

about 15 km2 (Figure 2a). It consists of Middle Triassic peri-tidal carbon-

ates (Figure 4a, San Pietro dei Monti Dolostone – Vanossi, 1969). A

Late Triassic-Middle Jurassic hiatus separates Triassic deposits from

overlying Middle Jurassic platform deposits and nodular pelagic

limestones (Figure 4b, Rio di Nava and Val Tanarello Limestone respec-

tively – Boni, Cerro, Gianotti, & Vanossi, 1971; cf. Marbres de Guillestre

of Fallot & Faure-Muret, 1954). A mineralized hardground with stromat-

olites marks the Early to Late Cretaceous stratigraphic hiatus between

the Jurassic carbonates and the overlying hemipelagic deposits (marly

limestones) of the Upega Formation (Figure 4c) of Late Cretaceous age

(Calcschistes Planctoniques of Fallot & Faure-Muret, 1954).

The top of the succession is represented by middle(?) Eocene

Nummulitic limestone (Figure 4d, Madonna dei Cancelli Limestone of

Vanossi, 1972), and deep-sea fan siliciclastic turbidites (Figure 4e,

F IGURE 3 (a) San Bartolomeo Formation in the Col della Perla area. (b) Bordighera Sandstone near to La Perla area. The white circle indicates
the hammer (length: 33 cm). S0: bedding [Colour figure can be viewed at wileyonlinelibrary.com]
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Boaria Formation; cf. Flysch Noir of Lanteaume, 1968). The latter

deposits unconformably overlie both Upega Formation and Madonna

dei Cancelli Limestone. They are made of cm- to dm-thick beds of dark

shales alternate with cm-thick beds of fine- to medium-grained arenites

showing sedimentary features as lamination and ripples (F9 facies of

Mutti, 1992). The a/p ratio is <1. Breccia levels with cm- to dm-size

Nummulite-rich limestones and medium grained arenitic clasts occur.

5.3 | Cabanaira Unit

It is located in the SW sectors of the studied area and covers about

2 km2 (Figure 2a). From the bottom to the top, is made fossil-rich

carbonate platform deposits (Figure 4f, Fort Pepin Limestone) of Mid-

dle(?) Jurassic age according to Gidon (1972). Middle Eocene

(Lutetian?) Nummulite-rich limestones (Figure 4g; unconformably?)

overlay the Jurassic carbonates (Figure 2b). Nummulite-rich limestones

(Nummulitic Limestone) pass upward (Figure 2b) to deep-sea fan tur-

bidites (Cima Aurusi Formation). The contact is marked by m-thick

marly-limestones. Turbidite deposits are characterized by cm-thick

beds of dark shales alternating with the cm- to dm-thick beds of fine-

to medium-grained arenites (Figure 4h) and Nummulite-rich beds.

Arenitic beds show sedimentary features such as cross-stratification

and laminations (F9 facies of Mutti, 1992). In the upper part of this

formation, a m-sized block of limestones and Nummulite-rich lime-

stones occur. The close stratigraphic relationships with the underlying

F IGURE 4 (a) San Pietro dei
Monti Dolostone near to Rifugio
Don Barbera. (b) Rio di Nava
Limestone in Castel Frippi area.
(c) Upega Formation at Colle dei
Signori area. (d) Madonna dei
Cancelli Limestone located to the
East of Cime de Capoves.
(e) Boaria Formation at Colle

delle Selle Vecchie area. (f) Forte
Pepin Limestone to the South of
Cime de Pepin. (g) Nummulitic
Limestone to the North of Cime
de Pepin. (h) Cima Aurusi
Formation at Vallon de
Valmaurina area. The white
circles indicate the hammer
(length: 33 cm). S0: bedding
[Colour figure can be viewed at
wileyonlinelibrary.com]
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F IGURE 5 Outcrop- to micro-scale structural features of the tectonostratigraphic units. (a) F2FH fold described by folding of S0/S1FH surface
and associated S2FH foliation in Bordighera Sandstone; the AP2FH axial plane is indicated. Overprinting relationships are widely confirmed at
microscopic scale (b). The S0 is highlighted by alternating carbonate-rich and siliciclastic-rich (dominantly phyllosilicates) layers. Close-up on the
left angle of (b) highlighted the S1FH foliation. (c) F1MU folds with S1MU foliation developed in Upega Formation. (d) Microphotograph of the S1MU

foliation gently deformed by S2MU foliation. (e) F2MU fold in Upega Formation deformed by axial planes (APPS) related to post-stacking fold
system; the AP2MU axial plane is indicated. (f) Microphotograph showing the relationships between S2MU and S1MU foliations in F2MU fold hinge

zone (white box in e). (g) F1CU fold in Cima Aurusi Formation. (h) Microphotograph showing S1CU foliation developed in Cima Aurusi Formation
[Colour figure can be viewed at wileyonlinelibrary.com]
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Nummulitic Limestone suggest a Middle Eocene age according to

Gidon (1972).

6 | DEFORMATION HISTORY OF THE
TECTONOSTRATIGRAPHIC UNITS

6.1 | Pre-stacking structures

6.1.1 | Helminthoid Flysch Unit

Two deformations phases named D1FH and D2FH have been docu-

mented in the Helminthoid Flysch Unit. They are well-developed in the

fine-grained rocks (the marly limestones of Bordighera Sandstone and

shales of San Bartolomeo Formation). The D1FH signature is a pervasive

S1FH foliation, parallel or at a very low-angle to the bedding (S0,

Figure 5a,b). We could not identify fold systems related to the D1FH

phase. S1FH foliation is more pervasive in the hinge zones of F2FH folds

(Figure 5b). At the microscale, S1FH foliation is often preserved in D2FH

microlithons as a slaty cleavage (Passchier & Trouw, 1996) marked by

elongated grains of calcite, quartz, albite, and phyllosilicates of sedimen-

tary origin (Figure 5b). The main grain-scale deformation mechanism

appears to have been assisted by pressure solution; passive rotation is

also evident in phyllosilicates. S1FH foliation trends NW-SE trend with

dip both towards west or east at various angles (Figure 6).

Large-scale fold structures are dominantly related to the D2FH

deformation phase; they are mainly southwestward-verging F2FH fold

system (Figure 5a), developed from micro- to map-scale, showing paral-

lel geometry (class 1B of Ramsay, 1967), generally with low interlimb

angles and rounded hinge zones (Figure 5a). F2FH fold with a roughly

similar geometry are rarely present at the outcrop-scale only. The F2FH

folds show a S2FH foliation parallel or sub-parallel to the F2FH fold axial

planes (AP2FH) and it represents the main foliation at the outcrop-scale

(Figure 5a). Along the limbs of the F2FH folds, the S2FH foliation is a

continuous foliation, whereas in the hinge zone of the F2FH folds is a

zonal to discrete crenulation cleavage. At the microscopic-scale

(Figure 5b), the mineralogical support of the S2FH foliation are opaque

(oxides?) and phyllosilicates without significant metamorphic re-

crystallization (Figure 5b). The main foliation-forming mechanism

appears to be pressure solution. The stereo plots (Figure 6) show that

S2FH andAP2FH are NW-SE trending and plunge both towards W or

the E (Figure 6). A2FH axes shows a NW-SE trend and plunge both

towards NW and towards SE with angles ranging from 10� to 35�.

6.1.2 | Marguareis Unit

Three deformation phases (hereafter named D1MU, D2MU, D3MU) are

evident at any scale in this unit, in accord with Brizio et al. (1983).

D1MU phase is represented by a pervasive S1MU foliation showing

WNW-ESE trend with variable dip both towards the West and towards

the East. At the microscope scale (Figure 5d), S1MU foliation is a slaty

cleavage supported by white mica, calcite, and quartz grains, often with

marked shape-preferred orientation. Pressure solution appears to be

the main deformation mechanism, accompanied by granular passive

rotation. S1MU foliation is parallel to the F1MU fold axial planes (AP1MU;

Figure 5c). F1MU folds show rounded hinge zones, scattered fold axes

and pronounced similar geometry (class 1C of Ramsay, 1967) and they

are clearly dominant over the micro- to map-scale. Moving from east to

west, the attitude of the AP1MU and S1MU changes (Figure 2a) from a

north-eastward gentle to sub-horizontal dip.

F IGURE 6 Stereographic projection of the main structural features
of the tectonostratigraphic units. Dark circles indicate the main
orientation of the post-stacking fold axes. Counting interval:
2, significance level: 3 [Colour figure can be viewed at
wileyonlinelibrary.com]
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D2MU phase is testified by a spaced to pervasive S2MU foliation,

particularly diffused in marly layers of Upega Formation and in

pelitic layers of Boaria Formation, displaying well differentiated

mineral-scale layering and parallel or sub-parallel to the F2MU folds

axial planes (AP2MU; Figure 5e). At the microscope scale (Figure 5f),

S2MU differenced foliation is a crenulation cleavage. It is outlined by

pressure solution surfaces with rare syn-kinematic white micas

(Figure 5f). F2MU folds develop from micro- to map-scale and show

tight interlimb angles, rounded hinge zone with parallel to similar

geometry (class 1C of Ramsay, 1967). AP2MU and S2MU foliation

shows a NW-SE trend dipping both toward the west and towards

the east (Figure 6). Moving from northeast to the southwest, the

F IGURE 7 Geological cross-section along the B-B0 trace in Figure 2a showing the knee-shaped F3MU fold with northeastward-dipping axial
plane (brown line) and its relationships with the previous deformations affecting the Marguareis Unit. BRF: Boaria Formation; MCL; UPF: Upega
Formation; VTL: Val Tanarello Limestone; RNL: Rio di Nava Limestone; SPDM: San Pietro dei Monti Dolostone; BOR: Bordighera Sandstone; SBF:
San Bartolomeo Formation; CAF: Cima Aurusi Formation; NUM: Nummulitic Limestone. AP1MU: axial plane of the F1MU folds; AP2MU: axial plane
of the F2MU folds; AP3MU: axial plane of the F3MU folds; AP2FH: axial plane of the F2FH folds; APPS: axial plane of post-stacking folds [Colour
figure can be viewed at wileyonlinelibrary.com]

F IGURE 8 (a) Kinematic indicators of the uppermost (a) and lowermost (b) unit-bounding shear zones (for the location of the outcrops see
Figure 2a). (c) Panoramic view of the Cima del Becco Slice (blue box in A-A0 geological cross-section of Figure 2c. (d) Superposition relationships
of two fold systems within the Cima del Becco Slice [Colour figure can be viewed at wileyonlinelibrary.com]
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attitude of the S2MU and AP2MU changes from westward- to

eastward- dipping (Figure 2b). The A2MU axes shows a NW-SE

trend with plunge ranging from 10� to 40� both towards the NW

and towards the SE.

D3MU phase is testified by a kilometre-scale knee-shaped F3MU

folds with NW-SE trending A3MU axes and eastward-dipping axial

plane (Figure 7). An S3MU differenced foliation occurs only locally and

preferentially in lithotypes originally clay-rich. The vertical limb of

F3MU fold is located near to the contact between Marguareis Unit and

underlying Helminthoid Flysch Unit (Figures 2a and 7).

6.1.3 | Cabanaira Unit

One deformation phase (named D1CU) has been recognized in this

unit. D1CU phase is testified by a spaced (in more competent rocks) to

pervasive (in less competent rocks) S1CU foliation parallel or sub-

parallel to the S0 bedding. S1CU foliation is well preserved in the

hinges zone of the F1CU folds (Figure 5g). At the microscopic scale

(Figure 5h), S1CU foliation is a slaty cleavage. Its mineralogical support

comprises elongated quartz and (detrital?) feldspar grains and white

micas. Lenticular domains of quartz and calcite aggregates also occur.

S1CU is parallel or sub-parallel to the F1CU folds axial planes (AP1CU).

F1CU folds show rounded fold hinges, tight interlimb angles and fairly

similar geometry (class 1B-1C of Ramsay, 1967). F1CU folds develop

from micro- to map-scale and their asymmetry suggests a southwest-

ward vergence (Figures 2c, and 7). Both AP1CUand S1CU foliation

show a NW-SE trend and dip with ranging angles both towards to SW

and towards the NE. A1CU folds axes shows a NW-SE trend and

plunge both towards the NW and towards the SE with angle from 20�

to 30� (Figure 6).

6.2 | Syn-stacking structure: Geometry and
kinematics of the main shear zones

The unit-bounding shear zones acquired during the syn-stacking tec-

tonics have a NW-SE trend and show a complex geometry (Figure 2a).

The uppermost shear zone system separates the Marguareis Unit

from the underlying Helminthoid Flysch Unit and is well exposed in

the Monte Alpetta and La Perla areas (Figure 2a). It is represented by

m-thick high-strain zone characterized by a foliated cataclasite

(Figure 8a). Kinematic indicators pointing out top-to-SW sense of

shear. The lowermost shear zone separating Helminthoid Flysch Unit

from underlying Cabanaira Unit is well exposed in the Colletto

Campanin area (Figure 2a). It consists of intensively foliated dm- to m-

F IGURE 9 (a) Post-stacking fold system at outcrop-scale. (b) Microphotograph of the pressure solution dark films, accreted at the expenses of
the grains, visibly truncated in the lithons; the new films are associated to the post-stacking fold system. (c) Simplified tectonic sketch of the study
area showing the cross-cutting relationships between post-stacking and pre-stacking structures. Statistical analysis of the fault network (rose
diagram) is showed [Colour figure can be viewed at wileyonlinelibrary.com]
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thick high-strain zone with kinematic indicators which suggest a top-

to-SW sense of shear (Figure 8b). The unit-bounding shear zones cut

the axial planes of F1CU, F2FH, F1MU, and F2MU folds (Figure 2a)

including those documented in the Cima del Becco Slice (Figure 8c,d)

and they are responsible for imbrication of units. It must be

highlighted that the F3MU fold axial planes are not cut by these shear

zones (see Figure 7).

6.3 | Post-stacking structures

All the structures previously described are deformed in turn by fold

system (post-stacking fold system, PS) with sub-horizontal to

southwestward-dipping axial planes (APPS, Figures 2c and 7) and

NW-SE trending axes plunging gently towards the southeast with

angles ranging from 10� to 15�(Figure 6). At the outcrop-scale

(Figure 9a), the grain-scale foliation is rarely observable in the less

competent layers only. In thin-section, this event is highlighted by

folding of the previous foliations and, sometimes, it is marked by

pressure solution surfaces (SPS) without metamorphic re-

crystallization (Figure 9b). The superposition of these late fold sys-

tems with the previous structures forms a type-3 interference pat-

tern (Ramsay, 1967) from outcrop- to map-scale (Figures 2c and 7).

Subsequently, sub-vertical to vertical transcurrent to normal fault

network deform all the previous structures including the post-stac-

king fold system and the unit-bounding shear zones (Figure 9c).

Kinematic indicators are rarely observed. The statistical analysis of

the fault distribution (Figure 9c) highlights a well-developed Riedel

system characterized by two major fault systems showing N110–

N120 and N50–N70 directions. Minor fault systems showing direc-

tional variability and associated with the previous major systems

occur. A third fault system shows N160–N170 direction and forms a

high-angle with the previous systems.

7 | DISCUSSION

7.1 | Pre-deformation setting

The Meso-Cenozoic successions of the Marguareis and Cabanaira Units

are coherent with the palaeogeographic location in the Europe conti-

nental margin as already proposed by Decarlis et al. (2013) for the ana-

logue units cropping out in neighbouring areas. Both the successions

show a coarsening-upward trend with a transition from carbonate

deposits, spanning from Triassic to Late Cretaceous (San Pietro dei

Monti Dolostone, Rio di Nava Limestone, Val Tanarello Limestone,

Upega Formation for the Marguareis Unit and Cima del Becco Slice,

and Forte Pepin Limestone for the Cabanaira Unit), to middle Eocene

slope and foredeep deposits (Madonna dei Cancelli Limestone, Boaria

Formation for Marguareis Unit, and Nummulitic Limestone, Cima Aurusi

Formation for Cabanaira Unit), as outlined by several authors (Decarlis

et al., 2013 and reference therein). The facies association recognized in

the Boaria and Cima Aurusi formations suggests a slope environment

characterized by gravitational instability. The transition from carbonate

platform to slope deposits suggests a foredeep-ward motion of the con-

tinental lithosphere (i.e., Europe continental margin) before its under-

thrusting and subsequent accretion into the Alpine orogenic wedge.

In contrast, the Helminthoid Flysch Unit reveals a different strati-

graphic evolution. It consists of a Late Cretaceous turbidite succession

detached from its original basement along the weak horizon

corresponding to the varicoloured shales of San Bartolomeo Forma-

tion. The stratigraphic features recognized in Bordighera Sandstone

suggest a depositional environment dominated by deep sea turbidites

arranged as a lobe system dominated by medium- to coarse-grained

deposits. The lack of syn-sedimentary deformation as slumps,

intraformational breccias and the absence of chaotic deposits at the

top of succession indicate the absence of gravitational instability of

the depositional interface. These observations suggest a different

evolution for the succession of the Helminthoid Flysch Unit respect

to those of the Marguareis and Cabanaira units. Marroni, Meneghini,

and Pandolfi (2010) regarded Helminthoid Flysch Units of the North-

ern Apennines (i.e., External Ligurian Units) as sedimentary cover of

an ocean–continent transition located near to Adria Plate (for a dis-

cussion see Marroni et al., 2010; Marroni, Meneghini, &

Pandolfi, 2017). Differently, Mueller et al. (2018) regarded San Remo-

Monte Saccarello Unit of Western Ligurian Alps (cf. Helminthoid

Flysch Unit) as an oceanic-derived unit. These authors proposed a

Late Cretaceous palaeogeography where the succession of the

Helminthoid Flysch Unit was located onto the oceanic lithosphere,

close to the Europe margin, that is the palaeogeographic location pro-

posed for the Internal Ligurian Units (Marroni et al., 2017 and quoted

references). The stratigraphy of all these tectonic units is character-

ized by a Jurassic oceanic basement including the radiolaria-bearing

Chert Fm., an Early Cretaceous oceanic sedimentary cover

(cf. Calpionella Limestone and Palombini Shale), the Late Cretaceous

turbidite sequence (cf. Val Lavagna Shale and Gottero Sandstone) and

finally the Late Cretaceous-Early Palaeocene trench-slope chaotic

deposits (cf. Bocco Shale and correlated formations, Marroni &

Pandolfi, 2001) that represent the last deposit before the subduction

of the oceanic lithosphere and its involvement in the Alpine accretion-

ary wedge.

The comparison between San Remo-Monte Saccarello Unit and

the Internal Ligurian Units seems to be weak mainly due to the

absence of the Jurassic oceanic sequence and a Late Jurassic-Early

Cretaceous oceanic sedimentary cover (cf. Chert Fm. and Calpionella

Limestone) and also for the lack of the Late Cretaceous-Early

Palaeocene trench-slope deposits.

On the contrary, the Helminthoid Flysch Unit shows a strati-

graphic sequence corresponding to those well known in the tectonic

units interpreted as External Ligurian Units that were deposited in the

ocean-continent transition between the Ligure-Piemontese Ocean

and the Adria Plate margin (Marroni & Pandolfi, 2001, cf. Cassio, Caio,

Antola units).

In this frame, we suggest for the Helminthoid Flysch Unit of the

Marguareis area a palaeogeographic location similar to External Ligu-

rian Units.
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7.2 | Tectonic interpretations of the pre-stacking
deformations

The tectonostratigraphic units that have been studied record different

pre-stacking deformation events. These events are represented in the

Marguareis Unit by the first two deformation phases, named D1MU

and D2MU (cf. Brizio et al., 1983). Based on results of their structural

analysis, which is confirmed by our observations, several authors

(Carminati, 2001; Seno, 1992; Vanossi et al., 1984) proposed that

D1MU phase developed in ductile shear zones during overall south-

westward motion of the Marguareis Unit. The D2MU phase is instead

associated with the regional backthrusting event (NE-direct). The

metamorphic peak conditions are reached during the D1MU phase

according with the recrystallizations supported by the S1MU foliation.

The D2MU phase was developed at lower P and T conditions when

the Marguareis Unit started to be exhumed, as suggested by

Carminati (2001). In other sectors of the Briançonnais Domain

corresponding deformation phases have been documented by

Menardi-Noguera (1988), Michard et al. (2004), Strzerzynski

et al. (2011), and Bonini, Dallagiovanna, and Seno (2010).

In the Cabanaira Unit, only one deformation event (D1CU) has

been documented. F1CU fold system suggests, however, a southwest-

ward tectonic transport as that detected in the Marguareis Unit. The

lack of the polyphase deformation history as reconstructed in the

Marguareis Unit is probably due to the prevalence of lithologies with-

out competence contrast that, in association with the very low-grade

metamorphic conditions, hampered the development of the weaker

deformations. According with these observations, a pre-stacking

structural evolution as recognized in the Marguareis Unit can be sup-

posed also for the Cabanaira Unit.

According with Menardi-Noguera (1988), Michard et al. (2004),

and Strzerzynski et al. (2011), the pre-stacking deformation history

recognized in Marguareis and Cabanaira Units can be interpreted as

the result of the involvement in the subduction of the thinned Europe

continental margin that experienced underthrusting, accretion to the

orogenic wedge and later exhumation. The result of this geodynamic

history is not only the deformation and metamorphism of these units

but also the thrusting of the Marguareis Unit, including the Cima del

Becco slice, onto the Cabanaira Unit. It must be underlined that the

pre-stacking deformation history of Marguareis and Cabanaira Units,

including their exhumation at shallow structural level, pre-dates the

coupling with the Helminthoid Flysch Unit (Figure 10c).

The ages of these deformations are unfortunately poorly con-

strained. The middle Eocene age of the Flysch Noir (Lanteaume, 1968 –

cf. Boaria Formation in this article) places a lower boundary for the age

of metamorphism and related deformations. In fact, Michard et al. (2004)

proposed a post-Bartonian age (38 Ma) for the syn-metamorphic main

deformation phase. Recently, Strzerzynski et al. (2011) estimated

45–37 Ma for the metamorphic peak pressure achieved during continen-

tal subduction of units from Briançonnais Domain. This age is coherent

with geochronological data obtained by Monié (1990) from the meta-

morphic white micas (37 Ma). The exhumation of the Briançonnais units

is regarded as accomplished between 37 and 31 Ma (Michard

et al., 2004; Strzerzynski et al., 2011). We propose a similar age-range

for the tectonic evolution of the Marguareis Unit. Based on the middle

Eocene age of the Cima Aurusi Formation (Gidon, 1972), we also pro-

pose a post middle Eocene age for D1CU phase.

The Helminthoid Flysch Unit is characterized by a different tectonic

history. The recrystallizations along the related foliations S1FH, and S2FH

suggest that the entire structural evolution of this unit developed at the

shallow structural levels. This evolution includes twofold systems both

indicating a southwestward tectonic transport. This evolution pre-dates

the coupling with the Cabanaira Unit and the Marguareis Unit

(Figure 10a) as suggested by the cross-cutting relationships between the

unit-bounding shear zones and the D1FH, and D2FH two fold systems.

7.3 | Constraints for the syn-stacking structural
evolution

The deformation developed during the syn-stacking tectonics are

mainly represented by the unit-bounding shear zones, all character-

ized by southwestward sense of shear. These shear zones can be

interpreted as thrusts responsible for the coupling of the units recog-

nized in the study area. During this event, the present-day geometry

of the unit stack was achieved immediately before the development

of the post-stacking deformations. This stack includes the Cabanaira

Unit that is thrust by the Cima del Becco Slice and the Helminthoid

Flysch Unit, that in turn is thrust by the Marguareis Unit. According

with the correlation between the Cima del Becco Slice and the Mar-

guareis Unit, both derived from Briançonnais Domain, it is possible to

propose a chronology for the development of the unit-bounding shear

zones. This chronology includes first the development of the shear

zone corresponding to thrusting of the Helminthoid Flysch Unit over

the units derived from the Europe continental margin (Figure 10b), i.e.

the Cabanaira Unit and the couple Cima del Becco Slice and Mar-

guareis Unit, and then the development of a later shear zone

corresponding to an out-of-sequence thrust today recognized

between the Marguareis Unit and the Helminthoid Flysch Unit

(Figure 10b). In this reconstruction, the out-of-sequence thrust can be

interpreted as responsible for the F3MU knee-shaped mega-fold rec-

ognized in the Marguareis Unit (Figure 10b). Taking in account, the

age proposed for the pre-stacking structure (middle Eocene-Late

Eocene), we propose that the syn-stacking tectonics developed in the

Late Eocene-Early Oligocene age in accordance with the age yielded

by Maino et al. (2015) for the thrusting of the Helminthoid Flysch Unit

onto the Europe-derived continental units.

In the Embrunais-Ubaye transect (central sector of the Western

Alps), Merle (1982) and Merle and Brun (1984) described similar geomet-

rical relationships between the Helminthoid Flysch (nappe du Flysch à

Helminthoïdes of Kerckhove, 1969) and the Briançonnais Units. In addi-

tion, also the order of stacking of the different tectonic units is similar to

what we documented in the Marguareis Massif. In fact, in the

Embrunais-Ubaye area the Helminthoid Flysch unit of this area are first

thrust onto the already exhumed Briançonnais Units and, then, thrust by

the latter by an out-of-sequence thrust. In the geological section
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provided by Merle (1982) and Merle and Brun (1984), the Helminthoid-

type Flysch unit occurs at the base and at the top of the Briançonnais

Units. This picture is coherent with an uppermost position of

Helminthoid Flysch Unit in the tectonic pile, as recognized in the external

sector of the Western Alps (cf. Escher et al., 1997; Merle & Brun, 1984).

Also in this sector, the uppermost position of the Helminthoid Flysch

Unit is only later modified by an out-of-sequence thrust.

7.4 | The role of the post-stacking deformations

The whole stack is affected by the same deformation history testified

by the overprinting of the post-stacking fold system and subsequent

brittle faults on the pre-stacking structures and unit-bounding shear

zones (Figure 10a). The post-stacking fold system, that is, character-

ized by flat-lying axial planes and horizontal fold axes, can be inter-

preted as having originated from vertical shortening and folding of

pre-existing inclined layers. This type of deformation is typical of

extensional tectonics, as recognized in some areas of the Alpine belt

(Froitzheim, 1992; Ratschbacher, Frisch, Neubauer, Schmid, &

Neugebauer, 1989; Wheeler & Butler, 1994). This deformation, which

occurs at very shallow level owing the lacking of associated syn-

kinematic recrystallization, probably represents the last stage of the

exhumation for the studied stack of tectonic units.

The last tectonic event is represented by a transtensional fault

system that cut at high angle all the previous structures and only

F IGURE 10 Sketch illustrating the
tectonic evolution of the units
documented in the study area from
middle Eocene to Late Eocene onward. (a)
Pre-stacking structures developed in
Briançonnais Units, after their
underthrusting, accretion and exhumation
into the Alpine orogenic wedge, and in
the Helminthoid Flysch Unit. (b) Syn-

stacking structures: thrusting of the
Helminthoid Flysch Unit onto
Briançonnais Units; later on, the out-of-
sequence thrust of Marguareis Unit onto
Helminthoid Flysch Unit modified the
previous structural setting with
development of D3 fold in Marguareis
Unit. (c) Post-stacking structures: post-
stacking fold system and subsequent
transtensional fault system. Arrows: black
full arrows indicate the kinematics of the
shear zone at the bottom of the
Helminthoid Flysch Unit and Cima del
Becco Slice; empty black arrow indicates
the out-of-sequence thrust of the
Marguareis Unit onto Helminthoid Flysch
Unit, Cima del Becco Slice and
Cabanaira Unit [Colour figure can be
viewed at wileyonlinelibrary.com]
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locally juxtapose different tectonic units. Referring to theoretical

model of transtensional tectonics (Dooley & Schreurs, 2012; Naylor,

Mandl, & Sijpesteijn, 1986), the geometrical pattern of the faults

belonging to three systems depicts a map-scale Riedel system coher-

ent with a roughly E-W-direct dextral shear deformation. In contrast

with recent interpretations (Bertok et al., 2018; d'Atri et al., 2016),

these brittle deformations are not able to deeply modify the

pre-existing structural setting of the study area, as detectable in the

tectonic map (see Figure 2a), thus played not significant role during

the structural evolution of the Marguareis Massif. The age of the

post-stacking structures is scarcely constrained. Taking into account,

the geochronological data provided by Michard et al. (2004) and

Strzerzynski et al. (2011), an Early Oligocene age for the post-stacking

structures can be proposed.

8 | CONCLUSIONS

The collected data suggest a new picture for the structural setting of

the Marguareis Massif in the frame of the tectonic evolution of the

Western Alps. Stratigraphic and structural data support the distinction

of two groups of tectonostratigraphic units represented, respectively,

by the units derived from the Europe continental margin

(i.e., Marguareis Unit, including Cima del Becco Slice, and Cabanaira

Unit) and the Helminthoid Flysch Unit whose palaeogeographic loca-

tion was probably along the thinned continental margin of the Adria

Plate. The collected data indicates that these units acquired deforma-

tions and metamorphism at different structural levels and in different

time-spans (pre-stacking deformations) before their coupling. The

coupling occurred by the southwestward thrusting (syn-stacking

deformations) of the Helminthoid Flysch Unit onto an already

exhumed stack of the Europe-derived units (i.e., Marguareis Unit,

includes Cima del Becco Slice, and Cabanaira Unit). This structural set-

ting has been modified by an out-of-sequence thrust leading the Mar-

guareis Unit onto the Helminthoid Flysch Unit. Subsequently,

probably starting from Early Oligocene, the whole stack was deformed

by the later folding and faulting (post-stacking deformations). The

results of this investigation support a new interpretation of the tec-

tonic evolution of the Marguareis Massif area whose currently setting

has been mainly achieved during the pre-Oligocene pre- and syn-

stacking tectonics without strong modifications during the post-

stacking tectonics that play a late and no-significant role.
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