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ABSTRACT

This contribution illustrates a new type of map, the “geological event map” (1:250,000 scale), which highlights the progressive steps of the geologic his-
tory recorded in the polycyclic orogenic belt of the European Alps, at their southwestern termination facing the western Mediterranean Sea. The formula of
historical progression simplifies comprehension of significant phenomenal visions and reorients public curiosity towards geologic processes. This part of the
Alpine belt records a geologic history starting with the Variscan convergence during Devonian, throughout the opening of the Tethys Ocean, Alpine conver-
gence, followed by Apennine subduction driving the opening of the Ligurian-Provengal Ocean. Finally, from late Miocene to Present a progressive tectonic
inversion characterizes the Ligurian-Provencal continental margin.

This geologic history, over a time period of 400 million years, which includes three successive Wilson Cycles, is displayed in 8 plates composed of maps
and illustrations. Each map explains the effects of successive tectonic events by adding geologic changes that modify the petrogenetic and structural configu-
rations. The last plate shows the finite state of the geologic history at present-time. The map legend is based on ten major geodynamic events of which rock
associations, and their genetic environment, are described in simple divulgation terms, to stimulate interest of neophytes. Illustration of the evolution of rocks
and structures side of each map aims at conveying to non specialists in tectonics and petrology the impact of mechanisms associated with the Earth’s deep

engine upon surface changes.

INTRODUCTION

Geographic maps of basic features that are distributed on
Earth’s surface, such as ocean and seas, continents, moun-
tain belts, and icy polar regions, inspire observers with an
apparent sense of diffuse natural permanence. Awareness of
the geologic time scale, involving changes in palaeoclimate,
polar wandering and migration of continents are concepts
that can guide the observer to an understanding of the dy-
namic history of the Earth’s surface. The Earth is called the
“blue planet” because it is the only rocky planet in the solar
system retaining immense oceanic spaces. It is also the only
planet provided with an internal thermal engine that drives a
relatively rapid construction and elimination of ocean basins
and continental translations. These lithospheric processes,
which influenced the Earth’s surface for nearly four billion
years (Dilek and Polat, 2008; Santosh et al., 2017), left im-
prints in the composition and fabric of rocks that specifi-
cally identify a history of environmental changes. Rocks are
indeed fossil mineral aggregates that encrypt the history of
geographic setting, geologic environments, climates, eco-
systems, and even deep lithospheric conditions. Knowledge
of genetic processes of rocks and structures, and of their
geologic age is the tool that illustrates the time-depending
diversity and mutation of terrestrial environments generated
during the ocean-continent mechanical interaction, known

for 50 years as Plate Tectonics theory. Fragmentation and
spreading of continental masses, new formation of ocean
gaps and the reverse process of continental collision and
ocean closure generate the wealth of mineral, biological and
environmental records that inspired the first interpretations
of the plate wandering (Taylor, 1910; Argand, 1924; Hal-
lam, 1972). The modern global theory of of Plate Tectonics
(e.g. Dewey, 1972) suggests how logic links of phenomenal
evidences from different branches of Earth sciences can be-
come valuable indicators of a specific larger scale event of
lithosphere motion. Such a modern understanding of plate
tectonic mechanisms and related changes clearly arises from
the termination of the Alpine belt (Maritime Alps) into the
transecting western Mediterranean sea-basin, a particular
geologic district, in which abundant continental and marine
“mineral fossils” disclose so clearly a long geologic history
to experts and to simple visitors as well.

Young mountain belts provide a wealth of these rocks and
structures evolved as a result of lithosphere dynamics (Hsii,
1983; Turcotte and Schubert, 2002). New orogenic systems,
better record varieties of superposed geological histories and
full geodynamic processes ranging over hundreds of million
years (e.g. Johnson and Harley, 2012). Challenges to modern
society, such as sustainability of natural resources, readapta-
tion to climate and sea level change, subsidence of coastal ar-
eas and safety of communities facing natural hazards demand
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for a better environmental awareness by the general public.
Normal or rapid severe natural changes in the biosphere just
recently turned out to be comprehensible in relation to the
lithosphere, thanks to new developments of Earth sciences. In
the last decades, public visiting regions of natural attractions
may much better enjoy modern linear ways of disseminat-
ing Earth science basics and therefore consciousness of how
processes and products are enchained and consequent to the
Earth’s dynamics.

For more than two centuries, tools as “geological maps” il-
lustrate most of geologic knowledge at the research and tech-
nical level; this is done by a traditional full geologic dressing
of a geographic document, through legend descriptors as co-
lours, symbols, and categories that disclose the present-day
observations on nature of observables as rocks and structures
of any age; traditional maps are the finite accumulation of nu-
merous long lasting geological events. Consequently, divulg-
ing any geologic history of a given area using a standard geo-
logical map is not straightforward for most of non-specialized
public, amateurs or even as a basic source of information
for land planning. Therefore it is essential that geoscientists
should regard the disseminating of information in an under-
standable form as a duty (e.g. Arattano et al., 2018). In this
contribution we present a map at a scale of 1:250,000, con-
ceived as an information tool, named as a “geological event
map” (or “incremental geological map”) that aims at high-
lighting progressive stages in the geologic history recorded
in the still active mountain range of the Maritime Alps and
adjacent offshore. This region, which includes a recent col-
lisional belt facing a recent ocean, is both a geologic play-
ground and a territory of high value for basic science. This
still active mountain belt is exposed mainly in the protected
area of the Argentera-Mercantour, merges into the (similarly
protected) space of the continental slope and the abyssal plain
of the Ligurian-Provencal Ocean. Such sharp physiography,
fully accessible on sea and mountain, formed by a relatively
rapid truncation of the Alpine belt along a scar centred around
Monaco-Montecarlo. A step-like map sequence explains the
series of structural and petrogenetic events in sketches and
panoramas that reorient focus from contemplation of static
phenomenal views (observables) to mechanisms that trigger
Earth processes and ultimately to universal tectonic princi-
ples. The combined continental and marine geology contain
records that decrypted, over the last 50 years, tectonic events
and rock-forming environments (rock factories) ranging from
the closure of the Rheic Ocean during the Variscan conver-
gence, to the opening of the western Tethys Ocean, and the
continental suture, which defines its closure and the genera-
tion of the Alpine chain. The spectacular physiography of the
junction between the Maritime Alps and their adjacent ocean-
ic basin still manifests the truncation of the still active Alpine
chain. The successful use of a similar presentation strategy
of a geologic history involves the incremental mapping of
progressive deformation of ice within an alpine glacier (Az-
zoni et al., 2017) and progressive deformation and mineral
transformation of metamorphic rocks in the western Alps
(Delleani et al., 2012; Lardeaux, 2014; Corti et al.,2017). By
means of this type of progressive representation of rock units
varying through time explains more clearly the awesome ef-
fects of the so-called Wilson Cycle (Wilson, 1966; Dewey
and Spall, 1975; Shirey and Richardson, 2011) that involves
the periodic opening and closing of ocean basins and migra-
tion of continental fragments. It generates new rock factories
at the sites of destruction and construction of the oceanic and
continental lithospheres, activated by plate motion, more vis-

ible. The new rock types progressively bred in time and ac-
cumulated at each tectonic event are reported in the step-like
legend of the Plate sequence. Collocation of rock groups in
all of the maps is however unrelated to the original geograph-
ic spaces in which they were generated (rock factories). The
present day position of rock groups (Plate 8: the finite map) is
gained after a summation of tectonic increments through geo-
logic time. Representation of the generation sites of incoming
rock types is not incorporated into a progression of geograph-
ic changes (paleogeography). Combining the changes re-
vealed in geological maps with illustrations and informative
texts provides non-specialists with a comprehensive view of
the scientific evidence of phenomena that indicate the global
processes of our planet.

GEOGRAPHICAL AND GEOLOGICAL CONTEXT

The area considered extends between Cuneo, San Remo,
Montecarlo, Nice, and Barcelonnette, including territories of
Italy, France, and Monaco states, as well as the continental
slope and the deep sea floor adjacent to their coastal areas.
The domain is located at the extreme end of the Himalayan-
Alpine mountain system in the corner where it is interrupted
abruptly by the more recent Ligurian-Provencal deep marine
basin (Fig. 1).

The geologic history recorded within the Maritime Alps
started with the formation of the Variscan belt throughout
subduction and collision processes (von Raumer et al., 1999;
Guillot and Ménot, 2009; Spalla et al., 2014). These tectonic
events took place between the Devonian and Late Carbonif-
erous. They were followed by the thinning of the lithosphere
between the Permian and Triassic periods, which heralded the
Alpine rifting, the opening of the Tethys Ocean and a period
of sea floor spreading, between Jurassic and Early Cretaceous
times (Lemoine et al., 1989; Schettino and Scotese, 2002).
A new orogenic cycle was initiated by Alpine subduction
and collision between Late Cretaceous and Oligocene times
(Dardeau, 1987; 1988; Decarlis et al., 2014). The Apennine
subduction generated a new rifting event followed by the cre-
ation of the Ligurian oceanic basin that was accommodated
by the anticlockwise rotation of the Corsica-Sardinia conti-
nental lithosphere, which truncated the Alpine belt abruptly
between late Oligocene to early Miocene times. The Ligurian
continental margin experienced tectonic inversion from the
late Miocene to Present (Séranne, 1999; Jolivet and Faccen-
na, 2000). The modern geodynamic setting of southwestern
Europe is controlled by the complex interplay between the
Alpine-Betic and Apennine-Magrebid belts, dominated by
continuous convergence between Europe and Africa (Ander-
son and Jackson, 1987; Béthoux et al., 2008; 2016). There-
fore the Maritime Alps and their termination down at the sea
floor margin preserve a geologic heritage that includes the
tectonic history of the last 400 million years of our planet,
displaying the effects of three superimposed Wilson cycles.

METHODOLOGY AND DATA BASES

Geological maps of mountain belts classically portray the
finite geologic architecture that represents the accumulated
effects of all events, which occurred through time. The co-
loured maps mainly define the nature of rock types (lithot-
ypes), possibly their ages and the environments in which they
were generated.
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Fig. 1 - Tectonic map of the Alps, northern Corsica, and Northern Apennines, modified after Bigi et al. (1990). Reference system: WGS 84 / UTM zone 32N.
Key to legend. Alps (and Corsica): Oligocene plutons = intrusive magmatic bodies emplaced at late Alpine collision; Southalpine basement and cover = dom-
inantly Variscan metamorphic rocks of the Africa/Adria plate margin uncomformably overlain by sedimentary covers starting from Carboniferous, affected by
Alpine translation towards S; Austroalpine basement and cover = Variscan metamorphic rocks and sedimentary covers partially involved in Alpine metamor-
phism and translational tectonics towards N-NW; Penninic continental massifs and Briangonnais and Sub-Brianconnais = slices of continental crustal margins
of the Alpine ocean (basement and covers); Penninic calcschists and Flysch nappe = prevailing metasedimetary covers of the Alpine ocean and subduction
trench; Penninic Ophiolites = rocks of the Alpine ocean crust and mantle with dominant ultra-high pressure / high pressure metamorphism; Flysch external
nappe = turbidite sequences from Alpine subduction trench; Helvetic basement and Permian cover = dominantly Variscan metamorphic rocks of the European
continental margin and intramontane basin sediments; Helvetic cover = Triassic to Oligocene sedimentary rocks of the European margin. Apennines: Epime-
soalpine and Epiligurian basins = sedimentary rocks of Oligocene to Miocene episutural basins; External Ligurides = Cretaceous to Eocene sedimentary rocks
from the continent-ocean transition with scattered ophiolitic bodies and lenses; Internal Ligurides = ophiolitic rocks of the Alpine ocean crust and mantle
weakly metamorphosed; Sub-Ligurides = mostly Palaecocene to Lower Miocene sedimentary rocks deriving from the Africa/Adria edge; Tuscan metamorphic
units = metamorphic rocks deriving from Africa/Adria sedimentary protholits; Tuscan nappes = Triassic to Early Miocene sedimentary rocks from Africa/
Adria plate; Umbria-Marche units = External thrust units consisting of Triassic to Early Miocene sedimentary rocks.

In the proposed “geological event map”, the colours repre- sea involving published data from 1832 up to the production
sent the addition of new rock associations generated of global of the recent map of Piemonte Region (Piana et al., 2017).
changes in lithosphere dynamics (e.g. plate-scale tectonic The resulting synthetic maps are drawn over a digital eleva-
events) during the whole history of the three Wilson Cycles: tion model obtained from SRTM (Shuttle Radar Topography
Variscan, Alpine, and Mediterranean/Apennine. Therefore Mission) and Géoazur.
the “geological event map” illustrates the progressive devel- The 8 maps are based upon the succession of 10 major tec-
opment through time and space of diverse “rock factories” tonic events and present the basic relationships between rock
and of their related tectonic settings. The final geological map types, structures and their genetic environments in accord
is the product of the superimposition of these petrogenetic with evolving plate motion regime (synthesis in Table 1).

and tectonic events.
In the example of the Maritime Alps and the adjacent off-

shore bathymetry, the “geological event map” synthesizes THE INCREMENTAL GEOLOGIC HISTORY

the critical data derived from geological mapping projects

(BRGM - Carte Géologique de la France, Servizio Geologi- The incremental geologic history is organized into tectonic
co d’Italia and Regio Ufficio Geologico - Carta Geologica events that activate the generation of new rocks, which are

d’Italia and CARG), and from research projects on land and included in the three successive Wilson Cycles. The legend
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Table 1. Synoptic view of the main geologic events, expressed by in the association of tectonic (geodynamic) characters, chro-
nology (ages), rock types possibly related to their genetic environments. Fig. numbering refers to list of each plate.

events (tectonic, geodynamic

age range of geodynamic

Plates regime) regime generation of critical rock types
1 -- Variscan subduction Early Devonian (400 - 375 Ma) |Eclogites, serpentinised peridotites, and marbles (Fig. 1)
Plate 1
Continental crust formation . . Late Devonian to early S . -
during the Variscan orogenic PN Rl Carboniferous (375 - 320 Ma) Rl e B
cycle: 400 - 290 Ma (Fig. 6) . . . .
< ——‘Erosmn / dismantling of the B . Sandstones, carbonaceous schists, and conglomerates (Fig. 5)
Variscan chain Ma)
. L Permian to Triassic (290 - 201 Permian clastic sediments and volcanics, Triassic evaporites and clastic
—— ARl ) Ma) and carbonatic sediments (Fig. 1, 2, 3, 4)
5 --Alpine rifting, formation of . Jurassic limestones and dolostones in syn-rift basins and strucutral
. . . Jurassic to Early Cretaceous (201 ;. 7" . . .
Plate 3 passive margins, and oceanisation highs; Early Cretaceous limestones, marls, and sandstones in post-rift
; - 100 Ma) ’ / .
(Fig. 4) pelagic basins (Fig. 1,2, 3)
Late Cretaceous turbiditic limestones and marls (Fig. 1, 2)
. . . Late Cretaceous to early Eocene |Late Cretaceous Flysch with Helminthoids (Fig. 3, 4, 5)
L Gl it allatal) (100 - 45 Ma) latest Cretaceous to middle Eocene, lacustrine and continental
conglomerates, limestones, and red clay with mica
Plate 5 7 -- Alpine collision i\ej[t:)Eocene ARG Flysch and fossiliferous limestones and marls (Fig. 1, 2, 3).
Plate 6 8 -- Apenninic subduction (Fig. 5, 6) [late Oligocene (28 - 23 Ma) Subduction-related andesitic breccias and tuffs (Fig. 1).
9 -- Opening of the Western
Mediterranean (Ligurian-Provencal (late Oligocene to early Miocene .
Plate 7 T (e (23 - 15 Ma) Coastal, shelf, slope, and deep sea sedimentary rocks
block rotation (Fig. 2, 3, 4)
10 -- Inversion of the Ligurian- late Miocene to Present (from 15 . . . .
Plate 8 ey | o Marine to continental deposits (Fig. 1, 2).

of the geological map presents the timing of cycles that merge
into each other based on chronologic studies of petrogenetic
signals. In this presentation, a single rock type or tectonic fea-
ture corresponds to a short time interval. A rock association,
or structural complex, characterizes a larger time interval in
which petrogenesis, or the generation of tectonic structures
(tectogenesis), was triggered by major tectonic events on
a lithospheric scale. A multiplicity of lithospheric tectonic
events corresponds to a Wilson Cycle. This starts with the
break up of a large eroded continent as a result of rift fault-
ing and the fragmentation of continental crustal units, which
were separated by a growing ocean basin. The cycle ends with
collision, the closure of an ocean basin and the amalgamation
of the continental units (Fig. 2). Viewers of the maps need
to be aware that the precise dating of each tectonic event is
an approximation that is limited by the availability of chrono-
logical information in the accessible rock record and is there-
fore subject to updating by new scientific research. Tectonic
events involving huge lithospheric masses, rock types, and
time intervals characterize the Variscan and Alpine continen-
tal collisions, Apennine subduction, and the opening of the
Ligurian-Provencal ocean basin. For example, the opening of
such basin was triggered by the northward descent into deep
mantle of a lithosphere fragment of the Tethyan Ocean locat-
ed close to the Alpine margin. This ocean subduction event
marked the beginning of the Mediterranean/Apennine cycle,
resulting in the transverse truncation of the Alpine belt during
its active collision. In this case the left-hand side of the leg-
end shows diagrammatically the temporal superposition of the
two cycles (see map plates). Similarly the beginning of post-
Variscan rifting (event 4) is considered to have initiated dur-
ing the Permian (e.g. Diella et al., 1992; Marotta et al., 2009),
but it is revealed in the record of younger sedimentary rocks.
The incremental geologic history recorded in the Mari-
time Alps and their present-day offshore component is there-
fore described by the events displayed in the following plates
that incorporate single events within a global scale tectonic

process. In the following, a connection within text and legend
of maps is ensured by the numeration of rock boxes reported
in brackets.

Events 1, 2, and 3 (Plate 1) are the three oldest events
recorded in the Maritime Alps and were generated during
Palaeozoic times. They correspond to the formation and
subsequent dismantling of the Variscan collisional belt. In
Early Devonian times the Variscan convergence involved
the subduction of the Rheic Ocean (Matte, 2001; Cocks and
Torsvik, 2002; 2006; Franke et al., 2017). This event is tes-
tified by the association of variably sized disrupted layers,
boudins or lenses of eclogite, peridotite, calcsilicate, and
marble (1-1, 1-2, 1-3), within the partially molten (migmatite
2-2 to 2-6) rocks of the Argentera-Mercantour Massif (Faure-
Muret, 1955; Latouche and Bogdanoff, 1987; Ménot et al.,
1994; Malaroda, 1999; Rubatto et al., 2001; Ferrando et al.,
2008; Guillot and Ménot, 2009; Rubatto et al., 2010; Spag-
giari, 2015; Volante, 2015; Jouffray et al., 2018). The com-
plete closure of the Rheic Ocean led to the Variscan collision
and consequent construction of the Pangea super-continent,
during Late Devonian and Early Carboniferous times (Matte,
1991; von Raumer et al., 1999; Stampfli and Borel, 2002).
This event is represented within the whole of the Argentera-
Mercantour Massif (located across the French Italian border)
by migmatite (2-2 to 2-6) rock associations (e.g. Malaroda
and Schiavinato, 1957; 1958; 1960; Blasi and Schiavinato,
1968; Bortolami and Sacchi, 1968; Malaroda et al., 1970;
Blasi, 1971; Bogdanoff and Ploquin, 1980; Bogdanoff, 1986;
Bogdanoff et al., 1991; Compagnoni et al., 2010). These are
intruded by a late collisional granitic plutons (2-1) and mafic
dykes (Sacco, 1911; Boucarut, 1967; 1969; Ferrara and Mal-
aroda, 1969; Monié and Maluski, 1983; Colombo, 1996; De-
bon and Lemmet, 1999; Corsini et al., 2004; Filippi, 2017).
Migmatitic and granitic rocks record the thermally mature
stage of the Variscan collision at deep and shallow crustal lev-
els, respectively. The erosion and dismantling of the Variscan



belt started in the Late Carboniferous and is demonstrated by
terrigenous rocks (3-1) such as sandstones, conglomerates,
and carbonaceous schists that contain plant fossils (Bertrand,
1898; Corsin and Faure-Muret, 1946; 1951; Faure-Muret and
Fallot, 1955). These rocks represent the sedimentary fill of
immature intramountain basins, the opening of which was
controlled by strike-slip fault systems. Their remnants are
now exposed mainly along mylonitic zones (Faure-Muret,
1955; Malaroda et al., 1970; Bortolami et al., 1974; Musu-
meci and Colombo, 2002; Corsini et al., 2004; Carosi et al.,
2016; Simonetti et al., 2018) produced by the reworking of
the Argentera-Mercantour crystalline rocks during a later
event (see Event 8 in Panel 6 and description below).

Event 4 (Plate 2) corresponds to the tinning of the post-
Variscan orogenic lithosphere, which occurred between the
Permian and Triassic and led to the initiation of Pangea dis-
aggregation (Diella et al., 1992; Marotta et al., 2009). This
event is confirmed by the occurrence of Permian terrigenous
rocks (conglomerates, sandstones, arkose sedimentary rocks,
and pelites; 4-3), typical of alluvial, and lacustrine environ-
ments (Faure-Muret, 1955; Malaroda, 1974; 1999; Barrier et
al., 2009), and volcanic deposits (4-4) (Romain and Vernet,
1978) that partly filled the intra-continental basins (Decar-
lis et al., 2013). During the Early Triassic, the geodynamic
setting evolved progressively towards that typical of litho-
spheric thinning of a passive continental margin character-
ized by the deposition of transgressive coastal conglomerates,
sandstones, and pelites (4-2) (Faure Muret, 1955; Malaroda
et al., 1970; Richards, 1983); During the Middle Triassic the
area evolved into a continent - marine basin transitional en-
vironment characterized by deposition of limestones and do-
lostones (4-2) (Faure-Muret, 1955; Lanteaume 1968; Carraro
et al., 1970; Bersezio and d’Atri, 1986). The Middle Trias-
sic event heralded the generation of the Alpine ocean as a
component of the Central Atlantic. During the Late Triassic
continental thinning and rifting processes continued and rock
associations such as marls, dolostones, and evaporites (4-1)
represent a transitional sedimentary environment from con-
tinental to a marine basin (Geze et al., 1968; Carraro et al.,
1970; Bersezio and d’Atri, 1986; Decarlis et al., 2013).

Event 5 (Plate 3) represents the incremental evolution up
to a phase of Alpine rifting and the petrogenetic construction
of the ocean floor between the Jurassic and Early Cretaceous.
During the Jurassic, continuous lithospheric extension led to
the differentiation between marine basins and platforms with
limestones and dolostones (5-2; 5-3) (Pareto, 1832; Franchi,
1894; Lanteaume, 1968; Carraro et al., 1970; Dardeau, 1983;
Debrand-Passard et al., 1984; Barale et al., 2015; 2016; Ber-
tok et al., 2018). Marine sequences of Middle Jurassic age
indicate the opening of the Alpine ocean (Piedmont-Ligurian
Tethys) and the creation of the European and Adriatic passive
margins (Dardeau, 1988; Lemoine et al., 1989). The oceanic
expansion continued until the Early Cretaceous times, which
were characterized by pelagic deposition and blanketing of
the ocean floor by thin-bedded limestones and marlstones (5-
2). The condensed sequence of Early Cretaceous limestones
predates a hiatus, from latest Cretaceous to middle Eocene,
(e.g. Nice arc area) related to weak instabilities of the Euro-
pean passive margin (Barale et al., 2015) before the onset of
Alpine subduction.

Event 6 (Plate 4) records the beginning of the Alpine con-
vergence attested by inversion of the lithospheric movement
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Fig. 2 - The image of a set-diagram shows the logics of the geological
components forming a Wilson Cycle, that is a long-lasting process of tec-
tonic dispersion of a mega-continent into fragments, followed by their re-
groupement, going along with opening and closure of new ocean branches.
Well defined complexes of rock associations and the related tectonic struc-
tures, as determined during the field investigations of geologists, constitute
a single tectonic event. The set of tectonic events including divergence and
convergence of lithospheric plates represents a complete Wilson Cycle.
The progressive construction of the map legends in the 8 Plates (see on-
line supplementary material) is generated by the types of observations that
characterise each of the cycles through time.

and the onset of Alpine ocean subduction, which occurred
between the Late Cretaceous and early Eocene. The sub-
duction of the Alpine ocean led to tectonic activation of the
Adriatic margin and formation of an accretionary sedimen-
tary wedge (Dardeau, 1987; 1988; Decarlis et al., 2014) in
which both continent-derived and marine sediments were de-
posited. Limestones and marls (6-2; 6-3) represent sediments
deposited during the Late Cretaceous and Palaeocene in tur-
bidite-type basins (e.g. Vanossi, 1980; Vanossi et al., 1980;
Bersezio et al., 2002), whereas the so called “Helminthoid
Flysch” (6-2) (Elter et al., 1961; Lanteaume et al., 1963; Ale-
sina et al., 1964; Lanteaume, 1968; Gosso et al., 1983; Ma-
nivith and Proud’Homme, 1990; Argnani et al., 2006; Giam-
marino et al., 2010; Argnani, 2012) represents detrital rock
sequences deposited within the subduction trench. Between
the early and middle Eocene, conglomerates, limestones, and
white mica-bearing clays (6-1) overlie the Cretaceous succes-
sion unconformably (e.g. Faure-Muret, 1955; Sturani, 1965;
Varrone and Clari, 2003), within deeply carved canyons or
in lacustrine and shallow coastal environments that mark the
transition from subduction to a new tectonic regime, charac-
terized by continent-continent collision.

Event 7 (Plate 5) illustrates the origin of the newly formed
structures and rocks deposited during the Alpine collision,
which involved the passive European and the active Adriatic
continental margins, and occurred between late Eocene and
Oligocene. This continental collision is responsible for the
widespread NE-SW shortening accommodated by fold and
thrust systems (Bertrand, 1923a; 1923b; Goguel, 1936; Fallot,
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1949; Geze et al., 1968; Siddans, 1979; Brizio et al., 1983;
Vanossi and Gosso, 1983; Guardia and Ivaldi, 1985; Menardi-
Noguera, 1988; 1989; Carminati and Gosso, 2000; Carminati,
2001; Schreiber et al., 2010; Schreiber, 2010; Maino et al.,
2015). A significant number of these thrust fault systems re-
sults from the tectonic inversion of former normal faults or
strike-slip fault systems within sedimentary basins (Lemoine
et al., 1989; Guardia et al., 1996; Ivaldi et al., 1998; Decarlis
et al., 2014). Thickening of the European continental crust is
admirably demonstrated by excellent studies of the Pennine
front (frontal override of materials from the external margin of
the Piemontese-Ligurian Tethyan Ocean) (Figs. 3 and 4) and
by geophysical imagery (Bertrand and Deschamps, 2000; Paul
etal.,2001; Lardeaux et al., 2006; Béthoux et al., 2007; Thou-
venot et al., 2007; Schreiber, 2010). The crustal thickening is
responsible for the loading of the European foreland and con-
sequently the formation of NW-SE trending flexural basins
(Ford et al., 1999; Carminati, 2001; Lacombe et al., 2009).
These foreland basins host shallow marine and hemipelagic
deposits predating several types of flysch deposits (7-1; 7-2;
7-3) (Campredon, 1977; Campredon and Giannerini, 1982;
Sinclair and Allen, 1992; Joseph and Lomas, 2004) whose
depositional sequences, interpreted in terms of fluid dynam-
ics, constitute a worldwide standard reference for turbidity
sequences (the famous “Bouma Sequence”, Bouma, 1962).
Locally these sedimentary rocks contain spectacular accumu-
lations of fossils such as the large foraminifera Nummulites

(7-3) (Lanteaume, 1968; Bodelle, 1971; Campredon, 1977).

Event 8 (Plate 6) records the interference between Alpine
collision and the Mediterranean/Apennine subduction, which
resulted in the opening of the western Mediterranean basin.
Indeed, the entire Alpine collisional edifice was transversally
affected by a new phase of subduction that led to the con-
struction of the Apennine belt during the Late Oligocene, e.g.
before the end of the Alpine collision (Doglioni et al., 1998a;
1998b; Séranne, 1999; Carminati and Doglioni, 2005). This
tectonic interference is well attested by the concomitant pres-
ence of E-W trending thrust faults and folds (Schreiber, 2010)
and NNW-SSE trending strike-slip faults that produced, in
the Argentera-Mercantour massif, greenschist facies my-
lonites dated between 28 and 22 Ma (e.g. Corsini et al., 2004;
Sanchez et al., 2010; 2011a; 2011b; Filippi et al., submitted).
These tectonic features accommodated NNW-SSE compres-
sion and are particularly well documented in the southern
and central Maritime Alps region, where they were active
until Miocene times (Bulard et al., 1975; Ivaldi et al., 1998;
Mondielli, 2005; Courboulex et al., 2007; Giannerini et al.,
2011). During the Apennine subduction calc-alkaline volca-
nism occurred along the European margin. This magmatic ac-
tivity is recorded from 30 to 18 Ma by extensive exposures of
andesites, basaltic andesites, dacites, and andesitic breccias
and tuffs (8-1) (Ivaldi et al., 2003; Réhault et al., 2012) well
exposed along the coast across the border between France
and Monaco (area of Cap d’Ail).

Fig. 3 - Three tectonostratigraphic events, ranging in age from late Permian to early Eocene, which formed in differ-
ent environments and describing arcuate structure of the Penninic front of the Maritime-Ligurian Alps, viewed over a
distance of about 40 km due west from the southern crest of Monte Armetta, towards the skylines of the Mongioie-Mar-
guareis group. The prominent arcuate ridge (in the middle of the image, highlighted in pale blue) consists of Mesozoic
to early Eocene Ligurian Briangonnais carbonates and marls; to its left the carbonates are flanked by the intensively for-
ested Helminthoid Flysch (highlighted in pale brown) and, to the right, by the silicic rocks of the Briangonnais sequence
(highlighted in pale green). In this regionally arcuate tectonostratigraphy the oldest tectonic episode, e.g. the initiation
of the Permian-Triassic rift event, is represented by the intracontinental silicic deposits. The subsequent rifting event
involves Mesozoic and Cenozoic deposits, marked by Mesozoic deposits representing the transition from lower Trias-
sic shelf dolomitized carbonates to early Jurassic continental slope and early Eocene basinal marls and carbonates). The
coupling and general deformation of the three domains is Alpine. The internal structure of the central ridge is a continu-
ous regional package of hundred metre- to kilometre-scale superimposed isoclinal folds, which disrupts and interfingers
the Mesozoic carbonate sequence and interfingers it with Eocene turbidite deposits. Refer to legend of the progressive

event map. Image credit to Menardi-Noguera.
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Fig. 4 - Structural setting of the Penninic tectonic Front in the Jurassic to Eocene sequence of the Ligurian Brianconnais. The complex tectonostratigraphy
results from the superposition of the tectonic event of involving early Cenozoic Alpine collision upon the rifting event of Mesozoic-early Cenozoic age that
gave rise to the Briangonnais rock association. The distinctive disruption of the layered sedimentary sequence is the product of the repeated superposition of
Alpine fold systems of various wavelengths. View due north of the Marguareis south face, from Route du Sel, near the meadow of Margerie du Plan Am-
breuge, at France-Italy border. From left to right, the prominent tops are Castel de 1’ Aigle (light brown tooth), Cime de I’ Armuse (whitish knob in the centre),
and top of Mt. Marguareis (summit with Créte de la Galine ridge, degrading to the east).

Event 9 (Plate 7) is a consequence of the anticlockwise
rotation of the Corsica-Sardinia block generated by the Medi-
terranean rifting, during the late Oligocene and early Mio-
cene (Biju-Duval et al., 1977; Jolivet and Faccenna, 2000;
Gattacceca, 2001; Guennoc et al., 2005). This rotation is
explained by back-arc extension processes and subsequent
opening of the deep Ligurian-Provencal Basin within the
recently thickened European lithosphere (Séranne, 1999;
Contrucci et al., 2001; Faccenna et al., 2001; Rollet et al.,
2002). As a consequence, the new oceanic lithosphere was
soon and rapidly created (Auzende et al., 1973; Recq et al.,
1979; Réhault, 1981; Horvath and Berckhemer, 1982; Kas-
tens and Mascle, 1990; Pasquale et al., 1994; Gueguen, 1995;
Doglioni et al., 1997; 1998a; Carminati et al., 1998; Gueguen
et al., 1998; Rollet, 1999; Gelabert et al., 2002; Rollet et al.,
2002; Rosenbaum et al., 2002; Bache, 2008; Artemieva and
Meissner, 2012). The creation of this new oceanic basin led
to an abrupt rupture across the Alpine belt, which, at present
is a steep natural slope exposed from 3000 to 2800 metres
above and below sea level, respectively (Recq et al., 1976;
Chamot-Rooke et al., 1999; Chantraine et al., 2003; Brosolo
and Mascle, 2008). Event 9 is testified by normal and strike-
slip block faulting seen along the coasts just east of Nice (Irr,
1984; Béthoux et al., 1988; Gorini et al., 1994; Mauffret et
al., 1995) and imaged by geophysical data (seismic reflection
profiles) beneath the continental margin between San Remo
and Nice (Sage et al., 2011; Seno et al., 2017). Evidence for
a huge amount of submarine instability including scars and
canyons, as well as of turbidity current deposits (9-1) are rec-
ognized all along the whole of the Ligurian continental slope
(Hassoun et al., 2009; Migeon et al., 2009; 2012; Petit et al.,
2015; Soulet et al., 2016).

Event 10 (Plate 8) displays the effects of the tectonic in-
version, which affects the recently formed Ligurian conti-
nental margin. This plate shows the complete geological ac-
cumulation of rock sequences and successions (10-1 to 10-4)
of structures and thus presents the complete map of the geo-
logic events (or “finite map” in the sense of total accumula-
tion of rocks and tectonic structures at the end of the whole
tectonic history). The inversion, which started about 15 Myr
ago that is just after the creation of the small oceanic space,

is a direct consequence of the continuous global convergence
between the Europe and Africa/Adria plates since the Alpine
evolution (Béthoux et al., 1988; 1992; 2008; Chaumillon et
al., 1994; Marotta and Splendore, 2014). As a consequence,
some of the Apennine subduction-related thrusts and strike-
slip faults were reactivated inducing large-scale thrust sys-
tems such as the Nice Arc (Geze, 1960a; 1960b; Campre-
don et al., 1977; Giannerini et al., 1977; Guardia and Ivaldi,
1985; Ritz, 1992; Schrotter, 1998; Sanchez et al., 2010; Gi-
annerini et al., 2011; Sage et al., 2011; Bauve et al., 2012).
Reactivated fault zones within the Argentera-Mercantour
massif, hosted vigorous conduits for hydrothermal veining
(e.g. Fig.5) (Perello et al., 2001; Musumeci et al., 2003; Bai-
etto et al., 2008; Ribolini and Spagnolo, 2008), and its final
denudation (Bigot-Cormier et al., 2000; 2006; Bogdanoff et
al., 2000). At the base of the continental slope a few normal
faults, generated during the construction of the Ligurian Ba-
sin margin, were reactivated as reverse faults (Bigot-Corm-
ier et al., 2004; Larroque et al., 2009; 2011; 2012). The tec-
tonic reactivation of the Ligurian margin is considered to be
partly responsible for the seismicity of the region (Madeddu
et al., 1996; Larroque et al., 2001; Calais et al., 2002; Cour-
boulex et al., 2007; Béthoux et al., 2008; Bauve et al., 2014;
Béthoux et al., 2016). During this final stage, marine sedi-
ments, locally exposed along the coast (Anglada et al., 1969;
Bellaiche et al., 1976; Campredon, 1977; Dubar et al., 1992)
were deposited during the early Miocene to Pliocene (10-2;
10-3); they include (Mascle and Mascle, 2019), within the
deep basin, thick Messinian salt layers and locally conglom-
erates along the slope (salinity crisis, Fig. 6).

DISCUSSION AND CONCLUSIONS

The example of a newly conceived “geological event
maps” discussed in this paper aims, through the example of
the Maritime Alps, at highlighting the progressive geologic
history recorded inside the western termination of the poly-
cyclic orogen of the Alps and its associated ocean basin.
This approach, by using incremental maps, allows imag-
ing of the past history included in the sector of the Alpine
mountain chain. A prototype of this map turned out to be
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Fig. 5 - Vertical fracture field of the Mediterranean/Apennine deformation
event, impressed upon the partially molten Variscan gneisses and shapes
the southwest (and northeast) walls of Corno Stella. The fractures scaling
the gneisses into variably thick laminae are nearly vertical and intersect an
oblique, over 10 metres thick white dilatant vein, sealed by recrystallized
hydrothermal quartz. Viewed due east from the surroundings of the histori-
cal L. Bozano mountain hut. Northwestern cirque of Serra dell’ Argentera.

operative for a concise scientific revelation of the geologi-
cal complexities of the discussed region and will be of ef-
ficacy when installing events of scientific divulgation. The
“geological event maps” may as well stimulate experts to
refine existing maps by further research in this especially
complex region, and improve the record of petrogenetic and
tectonic events related to the Variscan, Alpine, and Apen-
nine/Mediterranean stages (Wilson Cycles). The superim-
position of the last two cycles implies the reworking of a
large cross section of the former Alps under the influence
of the subduction during the Mediterranean/Apennine cycle
resulting in the Mediterranean rifting (e.g. Ford et al., 2006;
Argnani, 2012) that actually interrupted the standard com-
pletion of normal dismantling of the Alpine belt by clas-
sic collapse and erosional processes. The sequence of maps
displays a less condensed view of chronological, lithologi-
cal, and structural readjustment during progressive geody-
namic changes of tectonic regimes over large time spans.
The maps encourage scientifically interested amateurs to
appreciate how geologists treasure the record of changing
rock types and tectonic regimes to build innovative theories
about the Earth, by testing the validity of the Wilson Cycle
in the less explored parts of our planet.

The selected area appeared particularly suitable for creat-
ing “geological event maps”. It contains a section across the
young Alpine orogen almost from to -2500 to 3300 m high
ridges, and includes, with no intervening continental shelf,
the submarine slope of a younger ocean basin down to the
abyssal plain. Moreover, such onshore-offshore step-like
maps reveal the spatial-temporal distribution of multiply re-
activated tectonic structures imprinted on rock sequences that
accumulated over the last 400 Ma, which may be sensible to
geological hazards. Thus sites subject to natural risk can be
easily located within the complete evolutionary context of a
geologically active area.

Fig. 6 - Submarine image of a conglomerate block and mud, inside the submarine Monaco Canyon. This material is ex-
posed at more than -2100 m sea-depth off the Monaco-Montecarlo shore, nearly at the foot of the Alpine belt slope flanking
the Ligurian-Monaco-Cdote d’Azur coast. This consolidated gravel block crops out of a dense mud level; it is interpreted
as a clastic Messinian fluviatile deposit. Locality: Site A of ROV Victor 6000 Dive-Sept.2018, down the Monaco Canyon.
Courtesy of F. Poydenot, RAMOGE Exploration Programme.



ACKNOWLEDGEMENTS

The series of geologic incremental maps has been inspired
by other similar displays not finalized to tectonics. This pa-
per evolved from studies initiated to refine scientific commu-
nication tools while tracing steps of the candidature process
to Unesco World Heritage Site of the French-Italian region of
Maritime Alps and Monaco facing the sea (Alpes de la Médi-
terranée). GECT “Parco Europeo Alpi-Maritime-Mercantour”
and “Foundation Albert II"” made available their support. This
review has been developed in the frame of the MIUR Proj-
ect “Dipartimenti di Eccellenza 2017 - Le Geoscienze per la
societa: risorse e loro evoluzione” (Work-package 4, Task
4.3). S. Migeon (Geoazur Laboratory) provided most of the
submarine data and maps shown in this paper. The RaMoGe
program (France-Monaco-Italy) provided recently recorded
submarine images collected at the foot of the Monaco canyon.
This work unifies the results of various national and interna-
tional research projects on Alpine and Mediterranean tectonics
of the last decades, supported by the Italian Ministry of Educa-
tion and Research and data from research programs of on the
Ligurian-Provencal continental margin supported by various
French scientific agencies. Very valuable suggestions and by
G. Ottria and a second anonymous reviewer of the text and
maps are gratefully acknowledged. L. Pandolfi animated con-
structive discussions during fieldwork trips. D. Zanoni and S.
Volante took the additional job of updating the map and con-
struction anew of its informatic GIS plan. G. Pezzi assisted the
graphics for diagrams on the side of maps. The supplementary
material is available at the web address www.ofioliti.it

REFERENCES

Alesina A., Campanino F. and Zappi L., 1964. La “Zona dei Flysch”
compresa tra I’alta Val Vermenagna e la Valle di Roaschia (Alpi
Marittime - Cuneo). Boll. Soc. Geol. It., 83 (1): 3-20.

Anderson H. and Jackson J., 1987. Active tectonics of the Adri-
atic Region. Geophys. J. Int., 91 (3): 937-983. https://doi.
org/10.1111/j.1365-246X.1987.tb01675 .x

Anglada R., Follacci J.-P. and Meneroud J.-P., 1969. Sur la présence
du Miocene marin en bordure sud de 1’arc de Nice, dans la région
de Roquebrune-Cap-Martin (Alpes-Maritimes). Bull. Soc. Géol.
Fr.,9: 526-529.

Arattano M., Peppoloni S. and Gatti A.,2018. The ethical duty to di-
vulge geosciences and the improvement of communication skills
to fulfil it. Episodes, 41 (2): 97-103.

Argand E., 1924. La tectonique de I’Asie. C. R. 13° Congr. Intern.
Géol, Liege, p. 169-371.

Argnani A., 2012. Plate motion and the evolution of Alpine Cor-
sica and Northern Apennines. Tectonophysics, 579: 207-219.
doi:10.1016/j.tecto.2012.06.010

Argnani A., Fontana D., Stefani C. and Zuffa G.G., 2006. Palaco-
geography of the Upper Cretaceous-Eocene carbonate turbidites
of the Northern Apennines from provenance studies. Geol. Soc.
London Spec. Publ., 262: 259-275.

Artemieva I.M. and Meissner R., 2012. Crustal thickness controlled
by plate tectonics: A review of crust-mantle interaction process-
es illustrated by European examples. Tectonophysics, 530-531:
18-49. https://doi.org/10.1016/J.TECT0O.2011.12.037

Auzende J.M., Bonnin J. and Olivet J.L., 1973. The origin of the
western Mediterranean basin. J. Geol. Soc., 129 (6): 607-620.
https://doi.org/10.1144/gsjgs.129.6.0607

Azzoni R.S., Fugazza D., Zennaro M., Zucali M., D’ Agata C., Mar-
agno D., Cernuschi M., Smiraglia C. and Diolaiuti G.A., 2017.
Recent structural evolution of Forni Glacier tongue (Ortles-Cev-
edale Group, Central Italian Alps). J. Maps. https://doi.org/10.10
80/17445647.2017.1394227

105

Bache F., 2008. Evolution Oligo Mioceéne des merges du micro océ-
an Liguro-Provengal. PhD Thesis, Univ. Bretagne Occid., 328
pp-

Baietto A., Cadoppi P., Martinotti G., Perello P., Perrochet P. and
Vuataz F.-D., 2008. Assessment of thermal circulations in strike-
slip fault systems: the Terme di Valdieri case (Italian Western
Alps). Geol. Soc. London Spec. Publ., 299 (1): 317-339. https://
doi.org/10.1144/SP299.19

Barale L., Bertok C., Salih Talabani N., d’Atri A., Martire L., Piana
F. and Préat A., 2016. Very hot, very shallow hydrothermal do-
lomitization: An example from the Maritime Alps (north-west
Italy-south-east France). Sedimentology, 63 (7): 2037-2065.
https://doi.org/10.1111/sed.12294

Barale L., d’Atri A. and Piana F., 2015. The Meso-Cenozoic strati-
graphic succession of the Col de Braus area (Maritime Alps, SE
France). J. Maps, 12 (5): 804-814. https://doi.org/10.1080/1744
5647.2015.1077167

Barrier P., Montenat C. and de Lumley H., 2009. Empreintes de
pas de reptiles au Pic des Merveilles dans le Permien du massif
du Mont-Bego (Alpes-Maritimes). C. R. Palevol., 8 (1): 67-78.
https://doi.org/10.1016/J.CRPV .2008.11.001

Bauve V., Plateaux R., Rolland Y., Sanchez G., Béthoux N., Del-
ois B. and Darnault R., 2014. Long-lasting transcurrent tectonics
in SW Alps evidenced by Neogene to present-day stress fields.
Tectonophysics, 621: 85-100. https://doi.org/10.1016/J.TEC-
T0.2014.02.006

Bauve V.,Rolland Y., Sanchez G., Giannerini G., Schreiber D., Cor-
sini M., Perez J.-L. and Romagny A., 2012. Pliocene to Quater-
nary deformation in the Var Basin (Nice, SE France) and its in-
terpretation in terms of “slow-active” faulting. Swiss J. Geosci.,
105 (3): 361-376. https://doi.org/10.1007/s00015-012-0106-4

Bellaiche G., Irr F. and Labarbarie M., 1976. Découverte de sédi-
ments marins finis Oligocénes-Aquitaniens au large du massif
des Maures (canyon des Stoechades). C. R. Acad. Sci. D Nat.,
283 (4): 319-322.

Bersezio R. and d’Atri A., 1986. Nota preliminare sulla stratigra-
fia del Trias medio della copertura sedimentaria del massicio
dell’ Argentera nell’alta Valle Roja. Atti Accad. Naz. Lin., 80:
135-144.

Bersezio R., Barbieri P. and Mozzi R., 2002. Redeposited lime-
stones in the Upper Cretaceous succession of the Helvetic Ar-
gentera Massif at the Italy-France. Ecl. Geol. Helv., 95, 15-30.

Bertok C., Musso A., d’Atri A., Martire L., Piana F., 2018. Geology
of the Colle di Tenda - Monte Marguareis area (Ligurian Alps,
NW Italy). J. Maps, 14 (2): 542-551. https://doi.org/10.1080/17
445647.2018.1500497

Bertrand E. and Deschamps A., 2000. Lithospheric structure of the
southern French Alps inferred from broadband analysis. Phys.
Earth Planet. In., 122 (1-2): 79-102. https://doi.org/10.1016/
S0031-9201(00)00188-6

Bertrand L., 1898. Carte Géologique de Saint-Martin-Vésubie.
Notice explicative. Service de la carte géologique de la France,
Paris.

Bertrand L., 1923a. Du rdle des avant-plis provengaux dans la tec-
tonique des Alpes-Maritimes. C. R. Acad. Sci. Paris, 176: 1336-
1339.

Bertrand L., 1923b. Les nappes provencales a I’Est de la vallée in-
férieure du Var. C. R. Acad. Sci. Paris, 176: 1166-1168.

Béthoux N., Cattaneo M., Delpech P.-Y., Eva C. and Réhault J .-P.,
1988. Mécanismes au foyer de séismes en Mer Ligure et dans
le sud des Alpes Occidentals: résultats et interpretations. C. R.
Acad. Sci. Paris, 307 (11): 71-77.

Béthoux N., Fréchet J., Guyoton F., Thouvenot F., Cattaneo M.,
Eva C., Nicolas M. and Granet M., 1992. A closing Ligurian
Sea? Pure and Appl. Geophys., 139 (2): 179-194. https://doi.
org/10.1007/BF00876326

Béthoux N., Sue C., Paul A., Virieux J., Fréchet J., Thouvenot F.
and Cattaneo M., 2007. Local tomography and focal mecha-
nisms in the south-western Alps: Comparison of methods and
tectonic implications. Tectonophysics, 432 (1-4): 1-19. https://
doi.org/10.1016/J. TECTO.2006.10.004



106

Béthoux N., Theunissen T., Beslier M.-O., Font Y., Thouvenot F.,
Dessa J.-X., Courrioux G. and Guillen A., 2016. Earthquake
relocation using a 3D a-priori geological velocity model from
the Western Alps to Corsica: Implication for seismic hazard.
Tectonophysics, 670: 82-100. https://doi.org/10.1016/J.TEC-
TO.2015.12.016

Béthoux N., Tric E., Chéry J. and Beslier M.-O., 2008. Why is the
Ligurian Basin (Mediterranean Sea) seismogenic? Thermome-
chanical modeling of a reactivated passive margin. Tectonics, 27
(5): 1127-1194. https://doi.org/10.1029/2007TC002232

Bigi G., Cosentino D., Parotto M., Sartori R. and Scandone P., 1990.
Structural model of Italy - Sheet n. 1. C.N.R. Progetto Finaliz-
zato Geodinamica. SELCA, Firenze, Italy.

Bigot-Cormier F., Poupeau G. and Sosson M., 2000. Dénudations
différentielles du massif cristallin externe alpin de 1’Argentera
(Sud-est de la France) révélées par thermochronologie traces de
fission (apatites, zircons). C. R. Acad. Sci. Paris, 330: 363-370.

Bigot-Cormier F., Sage F., Sosson M., Déverchere J., Ferrandini M.,
Guennoc P., Popoff M. and Stéphan J.-F., 2004. Pliocene defor-
mation of the north-Ligurian margin (France): consequences of
a south-Alpine crustal thrust. Bull. Soc. Géol. Fr., 175 (2): 197-
211. https://doi.org/10.2113/175.2.197

Bigot-Cormier F., Sosson M., Poupeau G., Stéphan J .-F. and Labrin
E., 2006. The denudation history of the Argentera Alpine Exter-
nal Crystalline Massif (Western Alps, France-Italy): an overview
from the analysis of fission tracks in apatites and zircons. Geo-
din. Acta, 19 (6): 455-473.

Biju-Duval B., Dercourt J. and Le Pichon X., 1977. From the Te-
thys Ocean to the Mediterranean seas: a plate tectonic model of
the evolution of the western alpine system. In: Symposium on
the structural history of the Mediterranean basins. Eds. Tech-
nip., p. 143-164. Retrieved from http://archimer.ifremer.fr/
doc/00000/5197/

Blasi A., 1971. Genesi dei noduli a sillimanite nelle anatessiti del Mt.
Pelago (Alpi Marittime) in rapporto ai fenomeni di metamorfismo,
piegamento e granitizzazione. Mem. Soc. Geol. It., 10: 167-190.

Blasi A. and Schiavinato G., 1968. Significato petrologico dei nod-
uli a sillimanite e dei noduli a cordierite diffusi nelle anatessiti
biotitiche del Mt. Pelago (Massiccio cristallino dell’ Argentera).
Boll. Soc. Geol. It., 87: 253-275.

Bodelle J., 1971. Les formations nummulitiques de 1’arc de Castel-
lane. These, Univ. Nice, 582 pp.

Bogdanoff S., 1986. Evolution de la partie occidentale du massif
cristallin externe de 1’Argentera. Place dans ’arc alpin. Géol.
France, 4: 433-453.

Bogdanoff S. and Ploquin A., 1980. Les gneiss et migmatites du
Massif de I’ Argentera (Alpes-Maritimes): apport de deux coupes
géochimiques. Bull. Soc. Géol. Fr., 7 (3): 353-358.

Bogdanoff S., Ménot R.P. and Vivier G., 1991. Les massifs cristal-
lins externes des Alpes occidentales francaises, un fragment de la
zone interne varisque. Sci. Géol. Bull., 44 (3-4): 237-285.

Bogdanoff S., Michard A., Mansour M. and Poupeau G., 2000. Apa-
tite fission track analysis in the Argentera massif: evidence of
contrasting denudation rates in the External Crystalline massifs
of the Western Alps. Terra Nova, 12 (3): 117-125.

Bortolami G. and Sacchi R., 1968. Osservazioni geologico-petro-
grafiche sui medi valloni di S. Anna e Rio Freddo (massiccio
cristallino dell’ Argentera). Mem. Soc. Geol. It., 7: 37-64.

Bortolami G., Callegari E. and Gosso G., 1974. Caratteri metamor-
fici nella copertura permocarbonifera e nel basamento cristallino
dell’ Argentera (versante meridionale, St. Martin Vésubie, Fran-
cia). Mem. Soc. Geol. It., 13: 257-267.

Boucarut M., 1967. Structure du granite de I’ Argentera et stile tecto-
nique de I’ensemble de ce massif (Alpes-Maritimes). C. R. Acad.
Sci., Paris, 264, D: 1573-1576.

Boucarut M., 1969. Note préliminaire sur les enclaves des massifs
granitiques de I’ Argentera-Mercantour (A.M.- France) en rela-
tion avec les conclusions de J. Didier sur les enclaves des massifs
granitiques. Schweiz. Miner. Petrogr. Mitt., 49: 77-96.

Bouma A.H., 1962. Sedimentology of some flysch deposits: a
graphic approach to facies interpretation. Elsevier, 168 pp.

Brizio D., Deregibus A., Eusebio M., Gallo M., Gosso G., Rattalino
E., Rossi F. and Tosetto S. 1983. Structural map of the south-
western sector of the Marguaréis Massif - Ligurian Alps. Mem.
Soc. Geol. It., 25: 579-595.

Brosolo L. and Mascle J., 2008. Shaded bathymetry of the Mediter-
ranean Sea, DTM at 500 m grid from swath bathymetric data and
Gebco DTM. In: Terre planete mystérieuse. Le cherche. CNRS-
INSU, 125 pp.

Bulard P.-F., Chamagne B., Dardeau G., Delteil J., Gioan P., Ivaldi
J.-P.,Laval F., Perez J -L. and Polveche J., 1975. Sur la genese et
les structures de 1’Arc de Nice. Bull. Soc. Géol. Fr., 17 (6): 939-
944. https://doi.org/10.2113/gssgtbull.S7-XVII1.6.939

Calais E., Nocquet J.-M., Jouanne F. and Tardy M., 2002. Current
strain regime in the Western Alps from continuous Global Po-
sitioning System measurements, 1996-2001. Geology, 22 (9):
803-806. https://doi.org/10.1130/0091-7613(1994)022<0803:nk
otca>2.3.co

Campredon R., 1977. Les formations paléogenes des Alpes Mari-
times Franco-Italiennes. Mém. Soc. Géol. Fr., 9: 1-199.

Campredon R. and Giannerini G., 1982. Le synclinal de Saint-An-
tonin (arc de Castellane, chaines subalpines méridionales); un
exemple de bassin soumis a une déformation compressive per-
manente depuis I’Eocéne supérieur. Géol. Alpine, 58: 15-20.

Campredon R., Franco M., Giannerini G. and Gigot P., 1977. Les dé-
formations de conglomérats pliocenes de 1’arc de Nice (chaines
subalpines méridionales). C. R. S. Soc. Géol. Fr., 2: 75-77.

Carminati E., 2001. Incremental strain analysis using two genera-
tions of syntectonic coaxial fibres: an example from the Monte
Marguareis Briangonnais cover nappe (Ligurian Alps, Italy), J.
Struct. Geol., 23: 1441-1456.

Carminati E. and Doglioni C., 2005. Mediterranean geodynamics.
In: Encyclopedia of Geology, . Elsevier, p. 135-146.

Carminati E. and Gosso G., 2000. Structural map of Ligurian Brian-
connais cover nappe (Conca delle Carsene, Monte Marguareis,
Ligurian Alps, Italy) and explanatory notes. Mem. Sci. Geol.,
Padova, 52 (1): 93-99.

Carminati E., Worte]l M.J.R., Spakman W. and Sabadini R., 1998.
The role of slab detachment processes in the opening of the
western-central Mediterranean basins: some geological and geo-
physical evidence. Earth Planet. Sci. Lett., 160 (3-4): 651-665.
https://doi.org/10.1016/S0012-821X(98)00118-6

Carosi R., D’Addario E., Mammoliti E., Montomoli C. and Sim-
onetti M., 2016. Geology of the northwestern portion of the
Ferriere-Mollieres Shear Zone, Argentera Massif, Italy. J. Maps,
12, Suppl.: 466-475. https://doi.org/10.1080/17445647.2016.12
43491

Carraro F., Dal Piaz G.V., Franceschetti B., Malaroda R., Stur-
ani C. and Zanella E., 1970. Carta geologica del Massiccio
dell’ Argentera alla scala 1:50.000, con note illustrative. Mem.
Soc. Geol. It., 9 (4): 557-663.

Chamot-Rooke N., Gaulier J.-M. and Jestin F., 1999. Constraints on
Moho depth and crustal thickness in the Liguro-Provencal ba-
sin from a 3D gravity inversion: geodynamic implications. Geol.
Soc. London Spec. Publ., 156 (1): 37.61. https://doi.org/10.1144/
GSL.SP.1999.156.01.04

Chantraine J., Autran A., and Cavelier C., 2003. Carte Géologique
au Million de la France, 6°Ed., 1/1000000. BRGM Editions.

Chaumillon E., Deverchere J., Réhault J.-P. and Gueguen E., 1994.
Réactivation tectonique et flexure de la marge continentale ligure
(Méditerranée occidentale). C. R. Acad. Sci. Paris, 319: 675-682.

Cocks L.R.M. and Torsvik T.H., 2002. Earth geography from 500
to 400 million years ago: a faunal and palaeomagnetic review.
Geol. Soc. London, 159: 631-644.

Cocks L.R.M. and Torsvik T.H., 2006. European geography in a
global context from the Vendian to the end of the Palaeozoic.
In D.G. Gee and R.A. Stephenson (Eds.), European lithosphere
dynamics. Geol. Soc. London Mem., 32: 83-95. https://doi.
org/10.1144/GSL.MEM.2006.032.01.05

Colombo F., 1996. Evoluzione tettonico-metamorfica del Comples-
so Malinvern-Argentera (Massiccio Cristallino dell’ Argentera,
Alpi Marittime, Italia). PhD Thesis, Univ. Torino, 125 pp.



Compagnoni R., Ferrando S., Lombardo B., Radulesco N. and
Rubatto D., 2010. Paleo-European crust of the Italian Western
Alps: Geological history of the Argentera Massif and compari-
son with Mont Blanc-Aiguilles Rouges and Maures-Tanneron
Massifs. J. Virt. Ex., 36: 3-32. https://doi.org/10.3809/jvir-
tex.2009.00228

Contrucci I., Nercessian A., Béthoux N., Mauffret A. and Pascal
G., 2001. A Ligurian (Western Mediterranean Sea) geophysical
transect revisited. Geophys. J. Int., 146 (1): 74-97. https://doi.
org/10.1046/j.0956-540x.2001.01418 x

Corsin P. and Faure-Muret A., 1946. Découverte d’une florule
stéphanienne au Cirque de Férisson pres de Saint-Martin de Vé-
subie (Alpes-Maritimes). C. R. Soc. Géol. Fr., 246-248.

Corsin P. and Faure-Muret A., 1951. Nouvelle flore du Stéphanien a
I’est de St.-Martin-Vésubie (Alpes-Maritimes). C. R. Soc. Géol.
Fr., 57-59.

Corsini M., Ruffet G. and Caby R., 2004. Alpine and late-Hercynian
geochronological constraints in the Argentera Massif (Western
Alps). Ecl. Geol. Helv., 97 (1): 3-15. https://doi.org/10.1007/
s00015-004-1107-8

Corti L., Alberelli G., Zanoni D. and Zucali M., 2017. Analysis of fab-
ric evolution and metamorphic reaction progress at Lago della Vec-
chia-Valle d’Irogna, Sesia-Lanzo Zone, Western Alps. J. Maps, 13
(2): 521-533. https://doi.org/10.1080/17445647.2017.1331177

Courboulex F., Larroque C., Deschamps A., Kohrs-Sansorny C.,
Gélis C.,Got J.L., Charreau J., Stéphan J.F., Béthoux N., Virieux
J., Brunel D., Maron C., Duval A.M., Perez J-L. and Mondielli
P.,2007. Seismic hazard on the French Riviera: observations, in-
terpretations and simulations. Geophys. J. Int., 170 (1): 387-400.
https://doi.org/10.1111/j.1365-246X.2007.03456.x

Dardeau G., 1983. Le Jurassique des Alpes-Maritimes (France):
stratigraphie, paléogéographie, évolution du contexte structural
a la jonction des dispositifs Dauphinois, Briangonnais et Proven-
cal. These Univ. Nice, 391 pp.

Dardeau G., 1987. Inversion du style tectonique et permanence des
unités structurales dans 1’histoire mésozoique et alpine du bassin
des Alpes Maritimes, partie de 1’ancienne marge passive de la
Téthys. C. R. Acad. Sci., Paris, 305 (II): 483-486.

Dardeau G., 1988. Tethyan evolution and Alpine reactivation of Ju-
rassic extensional structures in the French “Alpes Maritimes.”
Bull. Soc. Géol. Fr., IV (4): 651-657. https://doi.org/10.2113/
gssgfbull.IV.4.651

Debon F. and Lemmet M., 1999. Evolution of Mg/Fe ratios in late
Variscan plutonic rocks from the external crystalline massifs of
the Alps (France, Italy, Switzerland). J. Petrol., 40 (7): 1151-
1185. https://doi.org/doi: 10.1093/petroj/40.7.1151

Debrand-Passard S., Courboleix S. and Lienhardt M., 1984. Syn-
these géologique du sud-est de la France. Mem. Bureau Rech.
Géol. Min., 125: 1-615.

Decarlis A., Dallagiovanna G., Lualdi A., Maino M. and Seno S.,
2013. Stratigraphic evolution in the Ligurian Alps between
Variscan heritages and the Alpine Tethys opening: A review.
Earth-Sci. Rev., 125: 43-68. https://doi.org/10.1016/J. EARSCI-
REV.2013.07.001

Decarlis A., Maino M., Dallagiovanna G., Lualdi A., Masini E.,
Seno S. and Toscani G., 2014. Salt tectonics in the SW Alps (It-
aly-France): From rifting to the inversion of the European conti-
nental margin in a context of oblique convergence. Tectonophys-
ics, 636: 293-314. https://doi.org/10.1016/j.tecto.2014.09.003

Delleani F., Spalla M.1., Castelli D. and Gosso G., 2012. Multiscale
structural analysis in the subducted continental crust of the inter-
nal Sesia-Lanzo Zone (Monte Mucrone, Western Alps). In: M.
Zucali, M.I. Spalla and G. Gosso (Eds.), Multiscale structures and
tectonic trajectories in active margins. J. Virt. Ex., 41, paper 7.

Dewey J.F., 1972. Plate tectonics, Sci. Am. 226 (5): 56-68.

Dewey J. and Spall H., 1975. Pre-Mesozoic plate tectonics: How far
back in Earth history can the Wilson Cycle be extended? Geol-
ogy, 3 (8): 422-424.

Diella V., Spalla M.I. and Tunesi A., 1992. Contrasted thermo-me-
chanical evolutions in the Southalpine metamorphic basement of
the Orobic Alps (Central Alps, Italy).J. Metam. Geol., 10: 203-219.

107

Dilek Y. and Polat A., 2008. Suprasubduction zone ophiolites and
Archean tectonics. Geology, 36 (5): 431-432. doi: 10.1130/Fo-
cus052008.1

Doglioni C., Fernandez M., Gueguen E. and Sabat F., 1998a. On the
interference between the early Apennines-Maghrebides back arc
extension and the Alps-Betics orogeny in the Neogene geodynam-
ics of the Western Mediterranean. Boll. Soc. Geol. It., 118: 75-89.

Doglioni C., Gueguen E., Sabat F. and Fernandez M., 1997. The
Western Mediterranean extensional basin and the Alpine orogen.
Terra Nova, 9: 109-112.

Doglioni C., Mongelli F. and Pialli G., 1998b. Boudinage of the
Alpine belt in the Apenninic back-arc. Mem. Soc. Geol. It., 52:
457-468.

Dubar M., Guglielmi Y. and Falgueres C., 1992. Néotectonique et
sédimentation cotiere quaternaires en bordure de I’arc subalpin
de Nice (A.M., France). Quaternaire, 3 (3): 105-110. https://doi.
org/10.3406/quate.1992.1979

Elter P., Haccard D., Lanteaume M. and Raggi G., 1961. Osservazi-
oni sui rapporti tra flysch ad Elmintoidi ed Arenaria superiore
nell’ Appennino ligure e nelle Alpi Marittime. Boll. Soc. Geol.
It., 80 (3): 115-120.

Faccenna C., Becker T.W., Lucente F.P., Jolivet L. and Rossetti F.,
2001. History of subduction and back-arc extension in the Cen-
tral Mediterranean. Geophys. J. Int., 145 (3): 809-820. https://
doi.org/10.1046/j.0956-540x.2001.01435 x

Fallot P., 1949. Les chevauchements intercutanés de la Roya (A .-
M.). Ann. Herbert-Hang, Livre Jubil. Ch. Jacob, p. 162-168.

Faure-Muret A., 1955. Etudes géologiques sur le massif de
I’ Argentera-Mercantour et ses enveloppes sédimentaires. Mém.
Pour Servir a L’explication de La Carte Géol. Détaillée de La
France, Paris, Imprim. Nationale, France. 336 pp.

Faure-Muret A. and Fallot P., 1955. Carte géologique de la France
au 1/50000. Notice de la feuille de St. Etienne de Tinée. 36-40.
BRGM.

Ferrando S., Lombardo B. and Compagnoni R., 2008. Metamorphic
history of HP mafic granulites from the Gesso-Stura Terrain (Ar-
gentera Massif, Western Alps, Italy. Eur. J. Miner., 20: 777-790.

Ferrara G. and Malaroda M., 1969. Radiometric age of granitic
rocks from the Argentera massif (Maritime Alps). Boll. Soc.
Geol. It., 88: 311-320.

Filippi M., 2017. Studio strutturale e petrologico dei filoni femici
di Valscura (Massiccio dell’Argentera, Alpi Occidentali). Tesi
Laurea Magistr., Univ. Milano, 128 pp.

Filippi M., Zanoni D., Gosso G., Lardeaux J.-M. and Spalla M.I.
(submitted). Structure of lamprophyres as marker for Variscan
and Alpine tectonics in the Argentera-Mercantour Massif, Mari-
time Alps. Bull. Soc. Géol. Fr.

Ford M., Duchéne S., Gasquet D. and Vanderhaeghe O.,2006. Two-
phase orogenic convergence in the external and internal SW
Alps. J. Geol. Soc. London, 163: 815-826.

Ford M., Lickorish W.H. and Kusznir N.J., 1999. Tertiary foreland
sedimentation in the Southern Subalpine Chains, SE France: a
geodynamic appraisal. Basin Res., 11 (4): 315-336. https://doi.
org/10.1046/j.1365-2117.1999.00103 x

Franchi S., 1894. Relazione sui principali risultati del rilevamento
geologico nelle Alpi Marittime eseguito nelle campagne 1891-
92-93. Boll. R. Com. Geol. It., 25: 231-258.

Franke W., Cocks L R. and Torsvik T.H., 2017. The Palaecozoic Va-
riscan oceans revisited. Gondw. Res., 48: 257-284. https://doi.
org/10.1016/J.GR.2017.03.005s géodynamiques. PhD Thesis,
Ecole Nationale Supérieure des Mines de Paris.

Gattacceca J., Deino A.,Rizzo R., Jones D.S.B.H., Beaudoin B. and
Valeboin F.,2007. Miocene rotation of Sardinia: New paleomag-
netic and geochronological constraints and geodynamic impli-
cations. Earth Planet. Sci. Lett., 258 (3-4): 359-377. https://doi.
org/10.1016/J.EPSL.2007.02.003

Gelabert B., Sabat F. and Rodriguez-Perea A., 2002. A new pro-
posal for the late Cenozoic geodynamic evolution of the western
Mediterranean. Terra Nova, 14: 93-100.

Geze B., 1960a. Evaluation du déplacement de la couverture post-tria-
sique de I’ Arc de Nice (A. M.). C.R. Acad. Sci., 250: 1875-1877.



108

Geze B., 1960b. La genese néogene de 1’arc de Nice (A. M.). C. R.
S. et Bull. Soc. Géol. Fr., 250: 33-34.

Geze B., Lanteaume M., Peyre Y. and Vernet J., 1968. Carte
Géologique au 1/50000 Menton-Nice, XXX VII-42-43. B. R. G.
M. Orléans.

Giammarino S., Fanucci F., Orezzi S., Rosti D. and Morelli D.,
2010. Note illustrative della Carta Geologica d’Italia alla scala
1:50.000, foglio 258-271. San Remo.

Giannerini G., Gigot P. and Campredon R., 1977. Le tertiaire de
la Roque-Esclapon (front sud de 1’arc de Castellane): la super-
position de deux déformations synsédimentaires Oligocene et
Miocene. Bull. BRGM, 2: 179-188.

Giannerini G., Sanchez G., Schreiber D., Lardeaux J.-M., Rol-
land Y., de Castro A.B. and Bauve V., 2011. Geometry and
sedimentary evolution of the transpresssive Roquebrune-Cap
Martin basin: implications on the kinematics and timing of the
Nice arc deformation during Miocene times, SW Alps. Bull.
Soc. Géol. Fr., 182 (6): 493-506. https://doi.org/10.2113/gssgf-
bull.182.6.493

Goguel J., 1936. Description tectonique de la bordure des Alpes de
la Bléone au Var. Mém. Sevice Carte Géol. Fr., 360 pp.

Gorini C., Mauffret A., Guennoc P. and Le Marrec A., 1994. Struc-
ture of the Gulf of Lions (Northwestern Mediterranean Sea): A
Review. In: A. Mascle (Ed.), Hydrocarbon and petroleum geol-
ogy of France. Springer-Verlag Berlin Heidelberg, p. 223-243.
https://doi.org/10.1007/978-3-642-78849-9_17

Gosso G., Brizio D., Deregibus C., Eusebio A., Gallo M., Rattalino
E., Rossi F. and Tosetto S., 1983. Due cinematiche possibili per
la coppia di falde Brianzonese ligure- Flysch a Elmintoidi. Mem.
Soc. Geol. It., 26: 463-472.

Guardia P. and Ivaldi J.P., 1985. Les déformations schistogenes du
tégument de I’ Argentera (Alpes Maritimes): description, genese
et chronologie relative dans le cadre géodynamique des Alpes
sud- occidentales. Bull. Soc. Géol. Fr., 1 (8): 353-362.

Guardia P., Ivaldi J.P., Dubar P., Guglielmi Y. and Perez J.L.., 1996.
Paléotectonique linéamentaire et tectonique active des Alpes
maritimes franco-italiennes; une synthése. Géol. France, 1: 43-
55.

Gueguen E., 1995. La Méditerranée Occidentale: un véritable océ-
an. These doct., Univ. Bretagne Occid., 311 pp.

Gueguen E., Doglioni C. and Fernandez M., 1998. On the post-25
Ma geodynamic evolution of the western Mediterranean. Tec-
tonophysics, 298 (1-3): 259-269. https://doi.org/10.1016/S0040-
1951(98)00189-9

Guennoc P., Ferrandini J., Callec Y., Réhault J.P. and Thinon I.,
2005. Evolution néogene du détroit Corso-Sarde- Paléotalus
messinien et remplissage plioquaternaire. 10° Congr. Fr. Sédim.,
51, 152 pp. Livre des résumés, Publ. ASF,.

Guillot S. and Ménot R.P., 2009. Paleozoic evolution of the Exter-
nal Crystalline Massifs of the Western Alps. C. R. Geosci., 341:
253-265.

Hallam A., 1972. Continental drift and the fossil record. Sci. Am.,
227: 56-66.

Hassoun V., Migeon S., Cattaneo A., Larroque C. and Mercier de
Lepinay B., 2009. Imbricated scars on the Ligurian continental
slope : evidence for multiple failure events in the 187 earthquake
epicentral area. Rend. on-line Soc. Geol. It., 7: 113-117.

Horvath F. and Berckhemer H., 1982. Mediterranean backarc ba-
sins. In: H. Berckhemer and K.J. Hsii (Eds.), Alpine-Mediterra-
nean geodynamics. Am. Geophys. Union, p. 141-173.

Hsii KJ., 1983. Mountain building processes. New York Academic
Press, 263 pp.

Irr F., 1984. Paléo-environnements et évolution géodynamique
néogenes et quaternaires de la bordure nord du bassin méditer-
ranéen occidental, un systeme de pente de la paléomarge Liguro-
Provencale. These Doct.Etat, Univ. Nice, 466 pp.

Ivaldi J.-P., Bellon H., Guardia P., Mangan C., Miiller C., Perez J .-
L. and Terramorsi S., 2003. Contexte lithostructural, dges “°K-
4Ar et géochimie du volcanisme calco-alcalin tertiaire de Cap-
d’Ail dans le tunnel ferroviaire de Monaco. C. R. Geosci., 335
(4): 411-421. https://doi.org/10.1016/S1631-0713(03)00061-0

Ivaldi J.-P., Guardia P., Barbé J .-F., Calvino A., Meneroud J.-P. and
Richard J.-C., 1998. Mobilité crustale et diapirisme actif depuis
le Crétacé au col de Tende, dans les Alpes maritimes franco-
italiennes. C. R. Acad. Sci. - Sér. IIA - Terre Planétes, 326 (9):
655-662. https://doi.org/10.1016/S1251-8050(98)80257-7

Johnson M.R.W. and Harley S.L., 2012. Orogenesis: the making of
mountains. Cambridge Univ. Press., 398 pp.

Jolivet L. and Faccenna C., 2000. Mediterranean extension and the
Africa-Eurasia collision. Tectonics, 19 (6): 1095-1106. https://
doi.org/10.1029/2000TC900018

Joseph P. and Lomas S.A., 2004. Deep-water sedimentation in the
Alpine Foreland Basin of SE France: New perspectives on the
Gres d’Annot and related systems-an introduction. Geol. Soc.
London Spec. Publ., 221 (1): 1-16. https://doi.org/10.1144/GSL.
SP.2004.221.01.01

Jouffray F., Spalla M.1., Lardeaux J.-M., Zanoni D., Corsini M., Re-
bay G., Zucali M., Corti L., Filippi M., Volante S., Spaggiari
L. and Gosso G., 2018. Eclogites varisques et roches associées
du Massif del’ Argentera-Mercantour (Alpes sud-occidentales):
Marqueurs d’une paléo-suture varisque démembrée. 26° Réun.
Sci. Terre, Lille, October, Abstr. Vol., p. 172.

Kastens K. and Mascle J., 1990. The geological evolution of the tyr-
rhenian sea: an introduction to the scientific results of the ODP
Leg 107.0.D.P. Sci. Res., 107: 3-26.

Lacombe O., Malandain J., Vilasi N., Amrouch K. and Roure F.,
2009. From paleostresses to paleoburial in fold-thrust belts: Pre-
liminary results from calcite twin analysis in the Outer Albanides.
Tectonophysics, 475 (1): 128-141. https://doi.org/10.1016/j.tec-
t0.2008.10.023

Lanteaume M., 1968. Contribution a I’étude géologique des Alpes
Maritimes franco-italiennes. Mém. Carte Géol. Fr. 405 pp.

Lanteaume M., Haccard D., Labesse B. and Lorentz C., 1963.
L’origine de la nappe du flysch & Helminthoides et la liaison
Alpes-Apennins. In: Livre Mém. Prof. P. Fallot. Mém. Soc.
Géol. Fr. p. 257-272.

Lardeaux J.-M., 2014. Deciphering orogeny: a metamorphic per-
spective. Examples from European Alpine and Variscan belts.
Part I: Alpine metamorphism in the western Alps. A review.
Bull. Soc. Géol. Fr., 185 (2): 93-114.

Lardeaux J.-M., Schwartz S., Tricart P., Paul A., Guillot S., Bé-
thoux N. and Masson F., 2006. A crustal-scale cross-section of
the south-western Alps combining geophysical and geological
imagery. Terra Nova, 18 (6): 412-422. https://doi.org/10.1111/
j-1365-3121.2006.00706 .x

Larroque C., Béthoux N., Calais E., Courboulex F., Deschamps A.,
Déverchere J., Stéphan J.-F., Ritz J.-F. and Gilli E., 2001. Ac-
tive and recent deformation at the Southern Alps-Ligurian basin
junction. Neth. J. Geosci., 80 (3-4): 255-272.

Larroque C., Delois B., Godel B. and Nocquet J.-M., 2009. Ac-
tive deformation at the southwestern Alps-Ligurian basin
junction (France-Italy boundary): Evidence for recent change
from compression to extension in the Argentera massif. Tec-
tonophysics, 467 (1-4): 22-34. https://doi.org/10.1016/J. TEC-
T0O.2008.12.013

Larroque C., Mercier de Lépinay B. and Migeon S.,2011. Morpho-
tectonic and fault-earthquake relationships along the northern
Ligurian margin (western Mediterranean) based on high resolu-
tion, multibeam bathymetry and multichannel seismic-reflection
profiles. Mar. Geophys. Res., 32: 163-179. doi: 10.1007/s11001-
010-9108-7

Larroque C., Scotti O. and Ioualalen M., 2012. Reappreasal of the
1887 Ligurian earthquake (Western Mediterranean) from macro-
seismicity, active tectonics and tsunami modelling. Geophys. J.
Int., 190: 87-104.

Latouche L. and Bogdanoff S., 1987. Evolution précoce du massif
de I’ Argentera: apport des eclogites et des granulites. Géol. Al-
pine, Grenoble, 63: 151-164.

Lemoine M., Dardeau G., Delpech P.Y., Dumont T., De Gracian-
sky P.C., Graham R., Jolivet L., Toberts D. and Tricart P., 1989.
Extension synrift et failles transformantes jurassiques dans les
Alpes Occidentales. C. R. Acad. Sci., 309: 1711-1716.



Madeddu B., Bethoux N. and Stephan J.F., 1996. Champ de con-
trainte post-pliocéne et déformations récentes dans les Alpes
sud-occidentales. Bull. Soc. Géol. Fr., 167 (6): 797-810.

Maino M., Casini L., Ceriani A., Decarlis A., Di Giulio A., Seno
S., Setti M. and Stuart F.M., 2015. Dating shallow thrusts with
zircon (U-Th)/He thermochronometry- The shear heating con-
nection. Geology, 43 (6): 495-498. https://doi.org/10.1130/
G36492.1

Malaroda R., 1974. Prime osservazioni sulla tettonica ed il metamor-
fismo in corrispondenza del prolungamento sud-orientale della
sinclinale intracristallina Lago del Vei del Bouc-Colle del Sabbi-
one (Argentera Meridionale). Mem. Soc. Geol. It., 13: 319-325.

Malaroda R., 1999. L’ Argentera meridionale: memoria illustrativa
della “Geological map of the Southern Argentera Massif (Mari-
time Alps), 1:25.000”. Mem. Sci. Geol., Padova, 51: 231-241.

Malaroda R. and Schiavinato G., 1957. Osservazioni prelimi-
nari sui fenomeni di anatessi nel settore italiano del Massiccio
dell’ Argentera. Boll. Soc. Geol. It., 76 (1): 323-343.

Malaroda R. and Schiavinato G., 1958. Le anatessiti dell’ Argentera.
Rend. Soc. It. Miner. Petr., 14: 249-274.

Malaroda R. and Schiavinato G., 1960. Agmatiti e migmatiti an-
fiboliche omogenee nel settore meridionale del Massiccio
dell’ Argentera. Rend. Soc. It. Miner. Petr., 16: 335-346.

Malaroda R., Carraro F., Dal Piaz G.V., Franceschetti B., Stur-
ani C. and Zanella E., 1970. Carta geologica del Massiccio
dell’ Argentera alla scala 1:50.000 e note illustrative. Mem. Soc.
Geol. It., 9: 557-663.

Manivith H. and Proud’Homme A., 1990. Biostratigraphie du Fly-
sch a Helmintoides des Alpes Maritimes franco - italiennes. Nan-
nofossiles de I’Unite de San Remo - Monte Saccarello. Com-
parison avec les Flyschs a Helmintoides des Apennins. Bull. Soc.
Géol. Fr., 6 (1): 95-104.

Marotta A.M. and Splendore R., 2014. 3D mechanical structure of
the lithosphere below the Alps and the role of gravitational body
forces in the regional present-day stress field. Tectonophysics,
631: 117-129. https://doi.org/10.1016/].TECTO.2014.04.038

Marotta A.M., Spalla M.I. and Gosso G., 2009. Upper and lower
crustal evolution during lithospheric extension: Numerical model-
ling and natural footprints from the European Alps. In: U. Ring
and B. Wernicke (Eds.), Extending a continent: Architecture, rhe-
ology and heat budget. Geol. Soc. London Spec. Publ., 321: 33-72.

Mascle G. and Mascle J., 2019. The Messinian salinity legacy:
S0years later. Mediterr. Geosci. Rev. https://doi.org/10.1007/
$42990-019-0002-5

Matte P., 1991. Accretionary history and crustal evolution of the
Variscan belt in Western Europe. Tectonophysics, 196(3-4):
309-337. https://doi.org/10.1016/0040-1951(91)90328-P

Matte P., 2001. The Variscan collage and orogeny (480-290 Ma)
and the tectonic definition of the Armorica microplate: a review.
Terra Nova, 13: 122-128.

Mauffret A., Pascal G., Maillard A. and Gorini C., 1995. Tecton-
ics and deep structure of the north-western Mediterranean Basin.
Mar. Petrol. Geol., 12 (6): 645-666. https://doi.org/10.1016/0264-
8172(95)98090-R

Menardi-Noguera A., 1988. Structural evolution of a Brianconnais
cover nappe, the Caprauna-Armetta Unit (Ligurian Alps, Italy).
J. Struc. Geol., 10: 625-637.

Menardi-Noguera A., 1989. Carta geologico-strutturale (1:10.000)
delle unita di Caprauna-Armetta (Alpi Liguri). Research project:
Gruppo Rapporti Alpi-Appennino - Genova. SELCA, Firenze.

Meénot R.P., von Raumer J.F., Bogdanof S. and Vivier G., 1994.
Variscan basement of the Western Alps: the External Crystal-
line Massifs. In: J.D. Keppie (Ed.), The Pre-Mesozic terranes
in France and related Areas. Heidelberg: Springer Verlarg. p.
458-466.

Migeon S., Cattaneo A., Hassoun V., Dano A., Casedevant A. and
Ruellan E., 2012. Failure processes and gravity-flow transfor-
mation revealed by high-resolution AUV swath bathymetry on
the Nice continental slope (Ligurian Sea). In: Y. Yamada, K.
Kawamura, K. Ikehara, Y. Ogawa, R. Urgeles, D. Mosher, J.
Chaytor and M. Strasser (Eds.), Submarine mass movements and

109

their consequences. Dordrecht: Springer, Netherlands. p. 451-
461. https://doi.org/10.1007/978-94-007-2162-3_40

Migeon S., Cattaneo A., Hassoun V., Dano A. and Ruellan E., 2009.
Submarine instabilities along the Ligurian margin (NW Mediter-
ranean): types, distribution and causes. Rend. on-line Soc. Geol.
It., 7: 109-112.

Mondielli P., 2005. Contribution a la connaissance de 1’aléa sis-
mique en Principauté de Monaco. PhD Thesis, Univ. Nice So-
phia-Antipolis, 206 pp.

Monié P. and Maluski H., 1983. Données géochronologiques *°Ar-
4OAr sur le socle anté-Permien du massif de I’ Argentera-Mercan-
tour (Alpes Maritimes, France). Bull. Soc. Géol. Fr., 7: 247-257.

Musumeci G. and Colombo F., 2002. Late Visean mylonitic gran-
itoids in the Argentera Massif (Western Alps, Italy): age and ki-
nematic constraints on the Ferriere-Mollieres shear zone. C. R.
Geosci., 334: 213-220.

Musumeci G., Ribolini A. and Spagnolo M., 2003. The effects of
late Alpine tectonics in the morphology of the Argentera Massif
(Western Alps, Italy-France). Quatern. Int., 101-102: 191-201.
https://doi.org/10.1016/S1040-6182(02)00101-5

Pareto L., 1832. Sur les Alpes de la Ligurie, dans le voisinage du Col
de Tende. Bull. Soc. Géol. Fr., 1 (3): 188-191.

Pasquale V., Verdoya M. and Chiozzi P., 1994. Types of crust be-
neath the Ligurian Sea. Terra Nova, 6 (3): 255-266. https://doi.
org/10.1111/j.1365-3121.1994.tb00493 x

Paul A., Cattaneo M., Thouvenot F., Spallarossa D., Béthoux N. and
Fréchet J., 2001. A three-dimensional crustal velocity model of
the south-western Alps from local earthquake tomography. J.
Geophy. Res., 106: 19367-19389.

Perello P., Marini L., Martinotti G. and Hunziker J.C., 2001. The
thermal circuits of the Argentera Massif (western Alps, Italy):
An example of low-enthalpy geothermal resources controlled by
Neogene Alpine tectonics. Ecl. Geol. Helv., 94: 75-94.

Petit C., Migeon S. and Coste M., 2015. Numerical models of con-
tinental and submarine erosion: application to the northern Li-
gurian Margin (Southern Alps, France/Italy). Earth Surf. Proc.
Land., 40 (5): 681-695. https://doi.org/10.1002/esp.3685

Piana F., Fioraso G., Irace A., Mosca P., d’Atri A., Barale L., Fal-
letti P., Monegato G., Morelli M., Tallone S. and Vigna G.B.,
2017. Geology of Piemonte region (NW Italy, Alps-Apennines
interference zone). J. Maps, 13 (2): 395-405. https://doi.org/10.1
080/17445647.2017.1316218

Recq M., Bellaiche G. and Réhault J.P., 1979. Interprétation
de quelques profils de sismique réfraction en Mer Ligure.
Mar. Geol., 32 (1-2): 39-52. https://doi.org/10.1016/0025-
3227(79)90145-2

Recq M., Réhault J.P., Bellaiche G., Gennesseaux M. and Esteve
J.P., 1976. Unités structurales de la marge continentale sous-
marine de Cannes a Menton d’apres la sismique réfraction. Earth
Planet. Sci. Lett., 28 (3): 323-330. https://doi.org/10.1016/0012-
821X(76)90193-X

Réhault J.-P., 1981. Evolution tectonique et sédimentaire du bassin
Ligure (Méditerranée occidentale). These Etat, Univ. Paris VI,
411 pp.

Réhault J.-P., Honthaas C., Guennoc P., Bellon H., Ruffet G., Cotten
J., Sosson M. and Maury R.C., 2012. Offshore Oligo-Miocene
volcanic fields within the Corsica-Liguria Basin: Magmatic di-
versity and slab evolution in the western Mediterranean Sea. J.
Geodyn., 58: 73-95. https://doi.org/10.1016/j.jog.2012.02.003

Ribolini A. and Spagnolo M., 2008. Drainage network geometry
versus tectonics in the Argentera Massif (French-Italian Alps).
Geomorphology, 93 (3-4): 253-266. https://doi.org/10.1016/J.
GEOMORPH.2007.02.016

Richards M.T., 1983. The sedimentology of the lower Trias, West-
ern Alps. PhD Thesis, Univ. College Swansea, 222 pp. https://
doi.org/EThOS ID uk.bl.ethos.638662

Riedel W., 1929. Zur Mechanik Geologischer Brukerscheinungen.
Zbl. Min. Geo. Pal., B 354-368.

Ritz J.F., 1992. Tectonique récente et sismotectonique des Alpes du
Sud: analyses en termes de contraintes. Quaternaire, 3 (3): 111-
124. https://doi.org/10.3406/quate.1992.1980



110

Rollet N., 1999. Structures profondes et dynamique du bassin Li-
gure et de ses marges. These doct., Univ. P. M. Curie, 324 pp.
Rollet N., Déverchere J., Beslier M.-O., Guennoc P., Réhault
J.-P., Sosson M. and Truffert C., 2002. Back arc exten-
sion, tectonic inheritance, and volcanism in the Ligurian Sea,
Western Mediterranean. Tectonics, 2 (3): 6-23. https://doi.

org/10.1029/2001TC900027

Romain J. and Vernet J., 1978. Decouverte d’un volcanisme ba-
sique d’age permien dans la vallée de la Gordolasque (Sud-
Ouest du massif de 1’ Argentera-Mercantour, Alpes-Maritimes,
France). Bull. Soc. Géol. Fr., S7-XX (6): 929-933. https://doi.
org/10.2113/gssgfbull.S7-XX.6.929

Rosenbaum G., Lister G.S. and Duboz C., 2002. Relative motions of
Africa, Iberia and Europe during Alpine orogeny. Tectonophysics,
359 (2): 117-129. https://doi.org/10.1016/S0040-1951(02)00442-0

Rubatto D., Ferrando S., Compagnoni R. and Lombardo B., 2010.
Carboniferous high-pressure metamorphism of Ordovician pro-
toliths in the Argentera Massif (Italy), Southern European Va-
riscan belt. Lithos, 116: 65-76.

Rubatto D., Schaltegger U., Lombardo B., Colombo F. and Compa-
gnoni R., 2001. Complex Paleozoic magmatic and metamorphic
evolution in the Argentera Massif (Western Alps) resolved with
U-Pb dating. Schweiz. Miner. Petrog. Mitt., 81: 213-228.

Sacco F., 1911. Fenomeni filoniani e pseudofiloniani nel Gruppo
dell’ Argentera. Atti Soc. It. Sci. Nat., 50: 132-141.

Sage F., Beslier M.-O., Thinon I., Larroque C., Dessa J.-X., Migeon
S., Angelier J., Guennoc P., Schreiber D., Michaud F., Stephan
J.-F. and Sonnette L., 2011. Structure and evolution of a passive
margin in a compressive environment: Example of the south-
western Alps-Ligurian basin junction during the Cenozoic. Mar.
Petrol. Geol., 28 (7): 1263-1282. https://doi.org/10.1016/j.mar-
petgeo.2011.03.012

Sanchez G.,Rolland Y., Jolivet M., Brichau S., Corsini M. and Carter
A.,2011a. Exumation controlled by trascurrent tectonics: the Ar-
gentera-Mercantour massif (SW Alps). Terra Nova, 23: 116-126.

Sanchez G., Rolland Y., Schneider J., Corsini M., Oliot E., Gon-
calves P., Verati C., Lardeaux J.-M. and Marquer D.,2011b. Dat-
ing low-temperature deformation by “°Ar/*’Ar on white micas,
insights from the Argentera-Mercantour Massif (SW Alps). Lith-
os, 125: 521-536. https://doi.org/10.1016/j lithos.2011.03.009

Sanchez G.,Rolland Y., Schreiber D., Giannerini G., Corsini M. and
Lardeaux J.-M., 2010. The active fault system of SW Alps. J.
Geodyn, 49: 296-302. https://doi.org/10.1013/j.jog.2009.11.009

Santosh M., Arai T. and Maruyama S., 2017. Hadean Earth and pri-
mordial continents: the cradle of prebiotic life. Geosci. Front., 8:
309-327. doi: 10.1016/j.gs£.2016.07.005

Schettino A. and Scotese C.R., 2002. Global kinematic constraints
to the tectonic history of the Mediterranean region and surround-
ing areas during the Jurassic and Cretaceous. J. Virt. Ex., 08:
149-168. https://doi.org/10.3809/jvirtex.2002.00056

Schreiber D., 2010. Modélisations géométriques 3D et champs de
déformations dans les Alpes du Sud. PhD Thesis, Univ Nice-S.
Antipolis, 203 pp.

Schreiber D., Lardeaux J.-M., Martelet G., Courrioux G. and Guil-
len A., 2010. 3-D modelling of Alpine Mohos in southwestern
Alps. Geophys. J. Int., 180 (3): 961-975. https://doi.org/10.1111/
j-1365-246X.2009.04486 .x

Schrétter J.M., 1998. L’enregistrement sédimentaire de la déforma-
tion mioplio-quaternaire sur la bordure ouest de I’arc de Nice:
analyse sédimentomorpho-structurale. Géol. Alpine, 74: 146-149.

Seno S., Fanucci F., Maino M., Dallagiovanna G., Pellegrini L. and
Morelli D., 2017. Dolceacqua-Ventimiglia - 257-270 Sheets,
Geological Map of Italy, 1:50.000 scale. Serv. Geol. d’It., Roma.

Séranne M., 1999. The Gulf of Lion continental margin (NW Medi-
terranean) revisited by IBS: an overview. In: B. Durand, L. Joliv-
et, F. Horvat. and M. Séranne (Eds.), The Mediterranean basins:
Tertiary extension within the Alpine Orogen. Geol. Soc. London
Spec. Publ., 156: 15-36.

Shirey S.B. and Richardson S.H., 2011. Start of the Wilson cycle at
3 Ga shown by diamonds from subcontinental mantle. Science.
333 (6041): 434-436. doi: 10.1126/science.1206275

Siddans A.W.B., 1979. Arcuate fold and thrust patterns in the Sub-
alpine chains of southeast France. J. Struc. Geol., 1 (2): 117-126.
https://doi.org/10.1016/0191-8141(79)90048-8

Simonetti M., Carosi R., Montomoli C., Langone A., D’Addario
E., Mammoliti E., 2018. Kinematic and geochronological con-
straints on shear deformation in the Ferriere-Mollieres shear zone
(Argentera-Mercantour Massif, Western Alps): implications for
the evolution of the Southern European Variscan Belt. Int. J.
Earth Sci., 107: 2163-2189. doi: 10.1007/s00531-018-1593-y.

Sinclair H.D. and Allen P.A., 1992. Vertical versus horizontal mo-
tions in the Alpine orogenic wedge: stratigraphic response in
the foreland basin. Basin Res., 4 (3-4): 215-232. https://doi.
org/10.1111/§.1365-2117.1992.tb00046.x

Soulet Q., Migeon S., Gorini C., Rubino J.-L., Raisson F. and
Bourges P., 2016. Erosional versus aggradational canyons along
a tectonically-active margin: The northeastern Ligurian margin
(western Mediterranean Sea). Mar. Geol., 382: 17-36. https://doi.
org/10.1016/J. MARGEO.2016.09.015

Spaggiari L., 2015. Analisi strutturale multiscala sulle rocce crostali
e di mantello del massiccio cristallino dell’ Argentera (alta valle
Gesso). Tesi Laurea Magistr., Univ. Milano, 172 pp.

Spalla M.I., Zanoni D., Marotta A.M., Rebay G., Roda M., Zucali
M. and Gosso G., 2014. The transition from Variscan collision
to continental break-up in the Alps: insghits from the compari-
son between natural data and numerical model predictions. In: K.
Schulmann, J .R. Martinez Cataldn, J.-M. Lardeaux, V. JanouSek
and G. Oggiano (Eds.), The Variscan Orogeny: extent, Times-
cale and the formation of the European crust. Geol. Soc. London
Spec. Publ., 405: 363-400.

Stampfli G.M. and Borel G.D., 2002. A plate tectonic model for the
Paleozoic and Mesozoic constrained by dynamic plate boundar-
ies and restored synthetic oceanic isochrons. Earth Planet. Sci.
Lett., 196 (1): 17-33.

Sturani C., 1965. Présence de Palaeotherium et de Pulmonés dans
I’Eocene continental du Lauzanier (couverture sédimentaire de
I’Argentera, B.-A.). Travaux, Lab. Géol. Fac. Sci. Grenoble, 41:
229-246.

Taylor F.B., 1910. Bearing of the Tertiary mountain belt on the ori-
gin of the Earth’s plan. Bull. Geol. Soc. Am., 21: 179-226.

Thouvenot F., Paul A., Fréchet J., Béthoux N., Jenatton L. and
Guiguet R., 2007. Are there really superposed Mohos in the
southwestern Alps? New seismic data from fan-profiling re-
flections. Geophys. J. Inter., 170 (3): 1180-1194. https://doi.
org/10.1111/§.1365-246X.2007.03463 .x

Turcotte D.L. and Schubert G., 2002. Geodynamics (2" Ed.). Cam-
bridge Univ. Press, New York, 456 pp.

Vanossi M., 1980. Les unités géologiques des Alpes Maritimes en-
tre I’Ellero et la Mer Ligure: un aper¢u schématique. Mem. Soc.
Geol. Padova, 34: 101-142.

Vanossi M. and Gosso G., 1983. Introduzione alla geologia del Bri-
anzonese ligure. Mem. Soc. Geol. It., 26: 441-461.

Vanossi M., Messiga B. and Piccardo G.B., 1980. Hypotheses sur
I’évolution tectogénétique des Alpes ligures. Rev. Géogr. Phys.
Géol. Dyn., 22: 3-13.

Varrone D. and Clari P., 2003. Stratigraphic and paleoenvironmental
evolution of the Microcodium Formation and the Nummulitic Lime-
stones in the French-Italian Maritimes Alps. Geobios, 36: 775-786.

Volante S., 2015. Analisi strutturale multiscala delle rocce del
complesso Malivern-Argentera tra il Monte Matto e il Lago del
Brocan. Tesi Laurea Magistr., Univ. Milano, 108 pp.

von Raumer J.F., Abrecht J., Bussy F., Lombardo B., Ménot R.P. and
Schaltegger U., 1999. The Paleozoic metamorphic evolution of the
Alpine External Massifs. Schweiz. Miner. Petrog. Mitt., 79: 5-22.

Wilson J.T., 1966. Did the Atlantic close and then re-open? Nature,
211: 676-681.

Received, February 22,2019
Accepted, July 9,2019



