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Abstract

The Briangonnais Domain (Western Alps) represented the thinned continental margin facing the Piemonte-Liguria
Ocean, later shortened during the Alpine orogeny. In the external part of the External Brianconnais Domain (Zone
Houillere), the Palaeozoic basement displays microdioritic intrusions into Carboniferous sediments and andesitic
volcanics resting on top of the Carboniferous sediments. These magmatic rocks are analysed at two well-known
localities (Guil volcanics and Combarine sill). Geochemical data show that the two occurrences belong to the same
calc-alkaline association. LA-ICP-MS U-Pb ages have been obtained for the Guil volcanics (zircon: 291.3 +2.0 Ma and
apatite: 287.5 4 2.6 Ma), and the Combarine sill (zircon: 295.9 4+ 2.6 Ma and apatite: 288.0 £ 4.5 Ma). These ages show
that the calc-alkaline magmatism is of Early Permian age. During Alpine orogeny, a low-grade metamorphism, best
recorded by lawsonite-bearing veins in the Guil andesites, took place at about 0.4 GPa, 350 °C in the External Brian-
¢onnais and Alpine metamorphism was not able to reset the U-Pb system in apatite. The Late Palaeozoic history of
the Zone Houillere is identical to the one recorded in the Pinerolo Unit, located further East in the Dora-Maira Massif,
and having experienced a garnet-blueschist metamorphism during the Alpine orogeny. The comparison of these two
units allows for a better understanding of the link between the Palaeozoic basements, mostly subducted during the
Alpine convergence, and their Mesozoic covers, generally detached at an early stage of the convergence history.
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1 Introduction regime occurred, with crustal extension or transtension

In western and central Europe, crustal shortening asso-
ciated with Variscan orogeny mainly took place during
the Early and early Late Carboniferous. In latest Car-
boniferous to the earliest Permian times (i.e. ‘Stephanian’
to ‘Autunian’), however, a drastic change of the tectonic
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becoming dominant. This change is best documented
by (i) the installation of numerous small-scale Basin-
and-Range type basins (so called Permo-Carboniferous
basins) in the previously thickened domain (e.g. Lorenz
and Nicholls 1976; Ménard and Molnar 1988), and (ii)
by the development of large-scale volcano-sedimentary
deposits unconformably covering Variscan structures
since the earliest Permian, displaying intermediate and
acidic volcanics. Given the lack of good biostratigraphic
markers in the 50 Ma-long history of the Permian,
such volcanic rocks provide valuable geochronological
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markers for constraining the evolution of the European
crust in the Permian (e.g. Pellenard et al. 2017; Ducassou
et al. 2019).

While at first sight Permian magmatism appears to be
widespread all-over Western Europe, heterogeneities
occur, both spatially and temporally. In a recent synthe-
sis about the Western Alps, Ballévre et al. (2018) pointed
out that Permian magmatism is widespread in the inter-
nal domains of the belt, i.e. in the basement of the Bri-
anconnais paleogeographical domain (referred to as
Briangonnais Domain in the following) representing the
European passive margin towards the Piemonte-Liguria
Ocean and in the Sesia-Dent Blanche and South-Alpine
domains of the opposite passive margin. In contrast, it
is very sparsely found in the external paleogeographic
domains (External Massifs); these basement complexes
are characterized by Carboniferous-age magmatism lead-
ing to the widespread intrusion of Carboniferous grani-
toids. Concerning the Briangonnais Domain in Liguria
some authors pointed to the existence of two post-Vari-
scan magmatic cycles of Permian age (e.g. Cortesogno
et al. 1998). This contribution investigates in detail the
suspected Permian magmatism in the type-area of the
Briangonnais Domain (referred to as External Briangon-
nais in the following) located along a continuous transect
between the Pelvoux External Massif and the Dora-Maira
Internal Massif (Fig. 1) with the aim to (i) further con-
strain extent and timing of such magmatism within the
various paleogeographic domains, and (ii) determine to
which of the two postulated Permian cycles this magma-
tism may belong.

This study therefore investigates late Palaeozoic mag-
matism in the basement of the external part of the Bri-
angonnais Domain near Briangon, which represented
a more proximal part of the former European palaeo-
margin facing the Piemonte-Liguria Ocean. In this area,
late Palaeozoic magmatism is represented by numerous
microdioritic dykes and sills intruding the Carbonifer-
ous sediments from the “Zone Houillere”, and by a few
volcanics. Our analysis concentrates on two of the most
famous and easily accessible sites, namely the volcanics
from the Guil valley, and a sill located close to the city of
Briangon. Our geochronological study uses the LA-ICP-
MS on both zircon and apatite. Given the high closure
temperature for the U-Pb system in zircon (>900 °C:
Cherniak and Watson 2000), we expect to obtain mag-
matic ages. By contrast, the much lower closure tem-
perature for apatite (c. 450-550 °C: Cherniak et al. 1991)
represents a challenge for dating, because moderate
Alpine metamorphism could have reset the apatite clock.

This main part of the study concerns the Palaeozoic
basement of an external part of the Alpine nappe pile
derived from the Briangonnais passive margin. The most
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internal unit of the Western Alps transect, i.e. the Dora-
Maira Massif, exposes a window below high-pressure
metamorphic oceanic units (i.e. M. Viso unit). It has
been postulated that the structurally lowest unit within
the Dora Maira window, the Pinerolo Unit that escaped
eclogite facies metamorphism (Bousquet et al. 2012),
may be largely made up of Permo-Carboniferous depos-
its typical for the Zone Houilllere of the External Brian-
connais (Novarese 1898; Michard 1977; Manzotti et al.
2014). However its Mesozoic cover is not preserved and
became detached. Hence, we will also discuss the origi-
nal links between detached Mesozoic successions now
outcropping in the External Briangonnais and parts of
their former basement potentially preserved in the Dora-
Maira Massif.

2 Geological setting

In the Western Alps, the Briangonnais Domain is a seg-
ment of thinned continental crust located between the
partly oceanic Valaisan Basin to the West and the Pie-
monte-Liguria Ocean to the East (Schmid et al. 2004,
2017). This continental ribbon derived from Europe has
been shortened and accreted to the more external Euro-
pean palaeomargin during the final stages of the building
of the orogenic prism (from Late Eocene to Early Oligo-
cene) (e.g. Tricart 1980, 1984). Crustal shortening was
associated with high pressure—low temperature meta-
morphism, increasing in intensity from West (greenschist
facies) to East (blueschist and eclogite facies) (Saliot
1973; Michard et al. 2004; Bousquet et al. 2008, 2012).

In the southern part of the Western Alps (Fig. 1), the
Briangonnais Domain is classically divided into two dif-
ferent zones. To the West and directly adjacent to the
Penninic Front (e.g. Ceriani et al. 2001), a narrow, elon-
gated and arcuate zone essentially consists of stacked
cover nappes defining the Briangonnais Zone s.str., the
External Briangonnais in Figs. 1 and 2 (Termier 1903;
Gignoux and Moret 1938; Debelmas 1955; Gidon 1962).
A more internal part of the Brianconnais Zone (i.e. the
La Chapelue and Chateau Queyras slices in Fig. 2 that are
part of the Internal Briangonnais) is dominated by east-
verging late stage backfolds and backthrusts that often
invert the original nappe stack, bringing Brianconnais
derived thrust sheets over ophiolites and associated sedi-
ments derived from the Piemonte-Liguria Ocean such as
the M. Viso ophiolites. Still further to the East and struc-
turally below these ophiolitic units, are the Mesozoic
slivers of the Val Grana and Val Maira that are parts of
the Internal Briangonnais (Fig. 1), which overlie a win-
dow of mostly basement-derived continental slices that
constitute the Dora-Maira Massif (Vialon 1966; Michard
1967; Sandrone et al. 1993), considered to also have been
part of the Brianconnais passive margin in terms of their



Paleogeographic attribution of pre-Mesozoic basement complexes

Page3of28 12

1
St Jean de Maurienne

[~ 45°00

PELVOUX

- 44040

~_

Durance

44220

Digne

20 km

7 \C

T
D>
Sapey
Are

N

Bria
|

Arpont
Modane

ncon A
Rochebrune

\
QL

cut

=
Queyra
? < \ @ Rodl)edes
h Y Clots
Guillestre 2
N} J < \ Péouvou

6°30" * studied

samples

70
| |

Dauphinois (Helvetic) domain

I:I Mesozoic/Cenozoic cover
I:I Palaeozoic basement

Prealpine nappes

I:I Subbriangonnais / Flysch

Briang¢onnais Domain
(1) Ext. Briang¢onnais

I:I Mesozoic successions
(2) Int. Briang¢onnais

(3) Dora-Maira Massif

Mesozoic sediments
(Valle Susa, valle Po)

Carboniferous/minor Permian
(Zone Houillere)

Mesozoic successions
( + Permian sed./volcanics)

Polycyclic basement
(Ambin, Arpont)

Carboniferous sediments &
dioritic/granitic orthogneisses
(Pinerolo - Sanfront)

Polycyclic basement

+ Permian intrusives
(Brossasco-Isasca BI,
Rocca Solei RS, Dronero-
Sampeyre DS)

Piemonte- Liguria Ocean

I:l Mantle rocks (Lanzo)

Adriatic Domain

I:l Polycyclic basement

Undeformed ophiolite
(Chenaillet Ch)

Dominantly sediments, some
ophiolites (Queyras, Valmala)

Dominantly ophiolites, few sed.
(Viso, Rocciavre)

Fig. 1 Simplified structural map of the SW Alps (modified from Bigi et al. 1990), showing the location of the studied samples (red stars close to
Guillestre, and Briancon). Two other samples from the Pinerolo Unit have been studied previously (Manzotti et al. 2016; also located with red star)
and will be used for comparison. The cross-section displays, at crustal scale, a potential interpretation of the well-known surface structures at depth
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Fig. 2 Simplified cross-section of the Briangonnais Domain along the Guil valley. The colour code is the same as in Fig. 1. The upper part (i.e. above
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former paleogeographic position by many authors. The
link between these two sectors—both possibly belong-
ing to the Brian¢onnais Domain in their paleogeographic
position—will be discussed in detail later.

A classic section across the Briangonnais Zone s.str. is
offered by the Ubaye valley (Debelmas and Gidon 1958;
Gidon 1962; Michard and Henry 1988; Gidon et al. 1994)
and by the Guil valley (Kilian 1899; Termier 1903; Goguel
1950; Lemoine 1961a) (Fig. 2). West of a major set of
normal-transcurrent faults (the Durance Fault: Debel-
mas 1955; Tricart et al. 1996), the Mesozoic sequences
of the External Brianconnais are sliced into several sub-
units (Roche-Charniere, Champcella), thrust over Late
Cretaceous-Palaeocene flysch sequences of the Prealpine
nappes (Fig. 1). The classic section across the Briangon-
nais Zone offered by the Guil valley east of the Durance
fault is characterized by the stacking of several sub-units
(i.e. nappes) (Fig. 2) (Kilian 1899; Termier 1903; Blan-
chet 1934; Gignoux and Moret 1938; Goguel 1943; Lon-
champt 1962, Debelmas et al. 1966; Debelmas 1983). In
the western part of the section (External Brianconnais),
the nappe stack is deformed by open upright folds. The
lower unit of the External Brianconnais exposes the
Palaeozoic basement of the Mesozoic sequence. In the
eastern part of the section (i.e. within the Internal Brian-
connais), nappes essentially consist of detached Mesozoic
covers. They are deformed by east-verging anticlines, and

are found in an overturned position lying on top of the
metasediments and associated metaophiolites of the Pie-
monte-Liguria Ocean of originally more internal origin
due to back-thrusting (Fig. 2).

2.1 Volcanics in the Guil valley

The section across the External Brian¢onnais in the Guil
valley displays several superposed units (Figs. 2 and 3).
On top of the nappe stack, slices of detached cover dif-
fer in detail regarding the Triassic-Eocene sequence.
For example, the Peyre-Haute nappe has a thick Norian
dolomitic layer at its base, while the Font-Sancte nappe
displays Anisian-Ladinian limestones, but Norian lime-
stones are missing. The lower unit of the Guil valley at
the bottom of the nappe stack is exposed in two windows
(Fig. 3). The oldest sediments are greyish sandstones
attributed to the Carboniferous (Lonchampt 1961; Debel-
mas 1983). A thick sequence (about 150 m) of reddish
to purple andesites crops out on top of these sediments
(Fig. 4). The volcanic rocks are succeeded by laterally dis-
continuous conglomerates displaying abundant volcanic
clasts, classically ascribed to the “Verrucano facies’, and
thought to be of latest Permian to earliest Triassic age.
The conglomerates grade into white, mature quartzites
preserving crossbedding and ripple marks, attributed to
the Early Triassic (although they are azoic). After a thin
layer of clays and evaporites, a thick layer of dolomitic
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Fig. 3 Simplified geological map of the Guil anticline (modified from Blanchet 1934; Debelmas et al. 1966; Kerckhove et al. 2005). The Mouriere
Fault, not shown on the 1/5000 geological sheets, is taken from M. Gidon (www.geol-alp.com). For sake of clarity, only the solid geology is shown: all
Quaternary sediments (screes, alluvial deposits, moraines, ...) are ignored in order to better display the geometry of the nappe anticline

limestones is ascribed to the Middle Triassic. Upper Tri-
assic and Jurassic sediments are lacking in the “Lower
Unit of the Guil Valley” The first deposits on top of the
Triassic carbonates are calcschists, showing lenses at
their base consisting of coarse-grained, angular, breccias
with dolomite clasts, pointing towards massive erosion
before the deposition of the calcschists. These calcs-
chists are ascribed to the Upper Cretaceous and to the
Palaeocene. The youngest sedimentary deposits (‘Flysch
noir’), of Eocene age, are discontinuously exposed in the
window.

2.2 Sills and dykes in the Briancon area

In the Briangon area further north (Fig. 1), along the
Durance and Guisane valleys, Palaeozoic sequences are
widespread in the Zone Houillére, being largely made
of alternating conglomerates, sandstones and siltstones,
with interlayered coal seams. This sequence is well
characterized palaeontologically to be of late Namurian
to early Westphalian age (Brousmiche Delcambre et al.

1995). The coal-bearing sediments are overlain by Per-
mian deposits and a Mesozoic sequence similar to the
one described in the lower unit of the Guil valley. This
sequence begins with Verrucano-type conglomerates,
grading into the azoic white sandstones attributed to
the Early Triassic (e.g. Tissot 1955; Barféty et al. 1996).

The Carboniferous sediments are intruded by a large
amount of sub-volcanic rocks, essentially dioritic in
composition. The microdiorites may occur either as
isolated sills and dykes, or as numerous sill-like bod-
ies in a restricted area and are considered as represent-
ing the plumbing system located right below a largely
eroded volcanic edifice (Col and Créte du Chardonnet,
NNW of Briancon: Piantone 1980). The relative age of
this magmatism is determined by intrusive relation-
ships with the Carboniferous sediments (where coal
seams are sometimes transformed into graphite) and by
an unconformity at the base of the Early Triassic white
quartzites (e.g. Barféty et al. 1996).
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Fig. 4 A panoramic view of the left bank of the Guil gorges, taken
from Pré Riond (see location on Fig. 3). The red—purple rocks are the
Guil andesites. After a huge rockfall in 1948, the road was destructed,
and a tunnel, aptly named “Tunnel des Roches violettes’, has been
excavated into the Guil andesites. The studied rocks have been
collected at the entrance of the tunnel

2.3 Deformation history of the Brian¢onnais s.str.
in the studied area

2.3.1 Pre-orogenic history

There is no direct evidence in the studied area of forma-
tions that underwent deformation during the Variscan
orogeny, the oldest rocks outcropping being Carbon-
iferous sediments of Namurian age. These sediments
are generally considered as being post-orogenic with
respect to Variscan shortening, although they may have
been deposited in a strike-slip basin that opened during
during a latest stage of Variscan orogeny (Ballévre et al.
2018) along the East-Variscan Shear Zone of suspected
Late Carboniferous age (e.g. Matte 2001; Padovano
et al. 2012). During the Triassic and Jurassic, the Bri-
anconnais Domain was part of a passive palaeomargin
located east of the Piemonte-Liguria Ocean that pro-
gressively underwent crustal thinning. Few traces (pal-
aeofaults, unconformities, ...) of this event are directly
observable in the field, but the sedimentary history is
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mainly controlled by the Early to Middle Jurassic rifting
history (e.g. Lemoine et al. 1986; Claudel and Dumont
1999). During the Cretaceous, fault-controlled breccias
interlayered at the base of the Upper Cretaceous sedi-
ments record a second extensional phase (Tissot 1955),
similar in age to the one described in the Ligurian Alps
(Bertok et al. 2012). The geodynamic significance of
this Cretaceous episode is still poorly understood.

2.3.2 Orogenic history

The orogenic history is characterised by heterogeneous
and polyphased deformation (Tricart 1975, 1980, 1984).
This latter author recognizes three distinct phases. The
first phase is associated with nappe emplacement. In
the upper allochthonous units of the External Brian-
connais (e.g. Peyre-Haute nappe), the Mesozoic cover
is detached along the weakest layer represented by pre-
Norian Triassic evaporites, these detached sequences
being stacked on top of the lower unit of the Guil val-
ley whose oldest (late Paleozoic) sequence is observed
along the Guil section. Ductile deformation associated
with nappe emplacement is strongly heterogeneous,
with strain intensity increasing upward in the Lower
Unit. An almost layer-parallel schistosity is well devel-
oped in the Jurassic and Cretaceous sediments. In the
lower part of the sequence (from the Middle Triassic
dolomites downwards), a schistosity is lacking. During
a second phase, the nappe stack has been deformed by
upright folds whose axial planes trend approximately
NNW-SSE, parallel to the main elongation of the Bri-
anconnais Zone in this area. This second episode, of
probable Early Oligocene age is linked to west-directed
thrusting along the Basal Briangonnais Thrust (Fig. 2),
ramping up to form the Pennine Frontal Thrust of the
Briangonnais derived nappes over the External mas-
sifs and their cover (Tricart 1984; Ceriani et al. 2001).
It produced a crenulation or spaced cleavage, mostly
developed in the Cretaceous calcschists. A third phase
is associated with east-verging backfolds and back-
thrusts, locally characterized by an irregularly spaced
cleavage (Tricart 1984). Still younger strike-slip faults
of NE-SW orientation and normal faults (e.g. the
Mouriére Fault) cut across the whole nappe stack. Such
brittle faulting took place in Neogene to present times
in an extensional or transtensive environment (e.g. Sue
et al. 2007). Paleomagnetic data indicate that a remag-
netization event took place during cooling following
the D1-D2 deformations (Thomas et al. 1999; Collom-
bet et al. 2002) and suggest a counterclokwise rotation
of about 45° of the studied area.
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3 Materials and methods

The studied samples have been collected at two different
localities (Fig. 1). The volcanic rocks at the Guil valley
locality, have been first mentioned by Lory (1883), Kil-
ian (1899), Kilian and Termier (1901) and Termier (1901).
Lonchampt (1962) provided a detailed petrographical
account (Feys et al. 1964), and a few geochemical analy-
ses have been made by Ouazzani et al. (1986) and Can-
nic et al. (2002). Geochronological data on the volcanics
are still lacking. The volcanics crop out in the core of the
western anticline. They can be easily observed along the
left bank of the valley, along road D902 east of Mont-
gauvie where they are cut by two road tunnels. The sam-
ples studied have been collected at the western entrance
of the ‘tunnel des Roches Violettes’ (Figs. 2 and 3). In the
Briangon area, a well-exposed microdioritic sill intruding
the Carboniferous sediments crops out along the road
from Briangon to Puy-Saint-André, in the Torrent de la
Sagne du Loup, a few metres below the former Combar-
ine coal mine (Piantone 1980). The sill, about 30 m thick,
displays columnar jointing perpendicular to its contact
with the overlying sediments.

Bulk-rock geochemical analyses have been performed
for major and trace elements, including REE, for both
the andesite and the microdiorite by ICP-AES (SARM-
CRPG, Nancy). Bulk-rock glasses were fused at 980 °C
by mixing appropriate proportions (1%) of fine-grained
rock powder with di-lithium tetraborate. Then, glasses
were dissolved in a mixture of HNO; (5%), H,O, (0.5%)
and glycerol (10%) prior to analysis. Details about the
method used for the analyses are available in Carignan
et al. (2001). Uncertainties at 1 sigma are c. 5% for the
ICP-AES data. All available analyses are found in Addi-
tional file 1: Table S1.

Mineral analyses were performed with a Cameca SX100
electron microprobe (Microsonde Ouest, Brest, France)
operating in the wavelength dispersive mode. Operating
conditions for spot analyses were set to 15 keV, 20 nA and
10 s counting time on the peak (spot size=1 pm). The
¢(pZ) matrix correction was applied based on Pouchou
and Pichoir (1985). Standards were natural albite (Na, Si),
orthoclase (K), corundum (Al), wollastonite (Ca), forster-
ite (Mg), MnTiOg (Mn, Ti), andradite (Fe). BSE and X-ray
element maps have been elaborated with the software
S$X100. Representative analyses of selected minerals are
given in Additional file 2: Table S2.

Two samples have been selected for U/Pb dating: a
sample of the Guil andesite (BR 15-01) and a microdi-
oritic sill from Combarine (HL 15-01). A mineral sepa-
ration procedure has been applied to concentrate zircon
and apatite grains using the facilities available at Géo-
sciences Rennes (University of Rennes 1) following the
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protocol described in Ballouard et al. (2015) for zircon
and Pochon et al. (2016) for apatite. Zircon and apatite
grains were then handpicked under a binocular micro-
scope and embedded in epoxy mounts, which were con-
secutively grounded and polished on a lap wheel. Zircon
and apatite grains were imaged by cathodoluminescence
(CL) using a Reliotron CL system equipped with a digi-
tal colour camera available in the GeOHeLiS analytical
platform.

U-Pb geochronology of zircon and apatite was con-
ducted by in situ laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) in the GeO-
HeLiS analytical platform using an ESI NWR193UC
Excimer laser coupled to an Agilent quadripole 7700x
ICP-MS equipped with a dual pumping system to
enhance sensitivity. The instrumental conditions are
reported in Additional file 3: Table S3 for zircon and
Additional file 4: Table S4 for apatite.

Ablation spot diameters of 25 pm (Zrn) and 60 um
(Ap) with repetition rates of 3 Hz (Zrn) and 5 Hz (Ap)
and a fluence of 7 J/cm? (Zrn) and 6 J/cm? (Ap) were
used. Data were corrected for U-Pb fractionation and
for the mass bias by standard bracketing with repeated
measurements of the GJ-1 zircon (Jackson et al. 2004)
and the Madagascar apatite (Cochrane et al. 2014). Along
with the unknowns, zircon standard Ple$ovice (Slama
et al. 2008) and the apatite standards McClure (Schoene
and Bowring 2006) and Durango (McDowell et al. 2005)
were measured to monitor precision and accuracy of the
analyses, and produced ages of 336.4+5.1 Ma (N=5;
MSWD =0.29) for Plesovice, 5224+ 12 Ma (MSWD =2.6;
N=6) for McClure and 32+1.5 Ma (MSWD=2.1;
N =6) for Durango.

Data reduction was carried out with the Iolite data
reduction scheme U-Pb Geochronology (Paton et al.
2010) for zircon, and the data reduction scheme Vizual-
Age_UcomPbine (Chew et al. 2014) for apatite. Concor-
dia ages and diagrams were generated using IsoplotR
(Vermeesch 2018). All errors given in Additional file 5:
Table S5 and in Fig. 7a—d are listed at two sigma. Further
information on the dating protocols is given in Ballouard
et al. (2015) for zircon and in Pochon et al. (2016) for
apatite.

4 Petrological description of the analysed samples
4.1 Petrography and mineralogy

The Guil volcanics display three different types in the
field (Lonchampt 1962; Michel and Lonchampt 1963),
from bottom to top (i) a breccia with a red-brick rhyolitic
matrix, (ii) tuffitic breccias, pale grey or green in colour,
of rhyodacitic composition, and always heavily altered,
and (iii) the dominant facies, red-violet in colour, and
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showing whitish phenocrysts. According to Lonchampt
(1962), these different macroscopic facies are quite
similar in terms of microscopic structure and chemical
composition. They could therefore be the consequence
of different degrees of alteration. Our study focusses on
the main facies, a porphyritic rock of red-wine colour
(sample BR 15.01), displaying whitish and reddish phe-
nocrysts (up to 4 and 1 mm, respectively) in a very fine-
grained, aphanitic, matrix. No preferred shape fabric of
the phenocrysts can be detected. Detailed observations
with the optical microscope and analyses using the elec-
tron microprobe revel the following information.

«+ Feldspar (plagioclase) phenocrysts are frequently idi-
oblastic and zoned, but always heavily altered, dis-
playing large amounts of minute inclusions (albite,
Fe-Ti oxydes, and titanite) and fractures. Some pla-
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gioclase phenocrysts have been extensively replaced
by calcite.

Pseudomorphs after idioblastic crystals with hexago-
nal shapes, consisting of calcite, albite, Fe—Ti oxides
and minor quartz, derive from magmatic pyroxenes
or amphiboles. According to their shapes (Fig. 5a),
most of them could be former amphiboles. A char-
acteristic aspect of these pseudomoprhs is a con-
centration of minute opaque grains along their mar-
gins (Fig. 5a), a feature that is frequently described
in andesitic volcanic rocks. Another kind of phe-
nocrysts is replaced by chlorite—calcite aggregates.
Apatite crystals display stubby prismatic shapes (c.
150 pm), in some cases with hexagonal sections, and
are either partially or totally included in the amphi-
bole pseudomorphs, or isolated in the groundmass.
Apatite crystals are generally colourless, or some-
times pale pink, as noted previously by Termier
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Fig.5 BSE images of two key textures of the Guil andesite (sample BR 15-01). a Pseudomorph of an idioblastic amphibole crystal, now replaced
by a fine-grained aggregate of chlorite, and displaying two key magmatic features, namely a partial inclusion of apatite, and a narrow reaction
rim enriched in minute bright crystals of magnetite. b Cluster of FeTi oxides, apatite and a minute zircon grain, illustrating the glomeroporphyritic
texture of the volcanic rock. ¢ Sequence of crystallization of the minerals in the studied andesite
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(1900), who attributed this colour to the presence of
cerium. Microprobe analyses have revealed a vari-
able amount of FeO* (up to 4.9 weight%), but without
clear correlation with colour. Trace elements (Ce, Sr
and Va) are negligible or below detection limit.

+ Two types of oxides are distinguished in BSE images.
Some display a homogeneous composition of titano-
magnetite, although they may present a few narrow
(black in BSE images) exsolution lamellae. The others
display abundant hematite (whitish in BSE images)
lamellae in an ilmenite matrix, suggesting that the
crystal was a former ilmeno-hematite.

» Zircon is easily identified as small grains with whit-
ish colours in BSE and a characteristic bluish fluores-
cence with the microprobe.

In the groundmass, very fine grained crystals (3—5 pum)
of albite, Fe-oxydes, abundant titanite, and rare quartz
have been identified.

The sample from the Combarine sill in the Briangon
area displays a porphyritic texture, with few phenocrysts
of amphibole, plagioclase, quartz and apatite. Altered
plagioclase phenocrysts are frequently grouped together,
and replaced by chlorite, muscovite, albite and epidote
aggregates. Idioblastic phenocrysts now consisting of
chlorite (with minor amounts of albite and muscovite)
are thought to derive from amphibole. The fine-grained
matrix is essentially made of albite, with a few oxides and
quartz gains.

4.2 Geochemistry of the magmatism

The volcanic rocks from the Guil valley have been named
dacite, andesite or trachy-andesite by different authors
(Termier 1901; Lonchampt 1962; Feys et al. 1964; Ouaz-
zani and Lapierre 1986; Ouazzani et al. 1986; Cannic
et al. 2002). Bulk-rock chemical analyses have been made
on the two samples studied (BR 15-01 and HL 15-01),
which are reported in classification diagrams together
with the analyses from the literature (Fig. 6). In the TAS
diagram (Total Alkali-SiO,) (Le Maitre 2002), the Guil
volcanics plot in the field of intermediate compositions
and show variable alkali content (4<Na,O+K,0<8
wt%). The K,O content varies from 0.7 to 2.5% (1.2% in
sample BR 15-01). Based on this diagram, the Guil vol-
canics can be named trachy-andesites or andesites. How-
ever, given the large amount of alteration in these rocks,
and given that the alkalis are especially prone to leaching,
the use of the TAS diagram is not favoured for qualifying
the Guil volcanics.

Many different classifications have been devised for
discriminating altered volcanic rocks. These classifica-
tions are based on elements considered as immobile
or weakly mobile during alteration (Zr, Ti, Nb, Y), and

Page9of28 12

bivariate plots have been proposed such as SiO,-Zr/
TiO, Zr/TiO,—Nb/Y, Zr/TiO,—Ga (Winchester and
Floyd 1976; Floyd and Winchester 1978; Pearce et al.
1984; Pearce 1996; Hastie et al. 2007). In these diagrams,
the Guil volcanics plot in the fields of andesite and
dacite/rhyodacite.

Amongst the trace elements, the rare-earth elements
(REE) are considered as the least mobile. REE abun-
dances have been measured in a total of 11 samples
(Ouazzani et al. 1986; Cannic et al. 2002), including the
two from this study (Fig. 6¢). We reported also the REE
composition normalised to chondrites values (McDon-
ough and Sun 1995) of the microdiorite sill (sample HL
15-01). All samples display similar patterns, with a slight
to moderate enrichment in light REE with a mean ratio
La/Sm=2.94 (min=2.36, max=3.44), no Eu anomaly,
or a weak one, and a slightly concave shape for the heavy
REE with a mean Gd/Lu=1.34 (min=0.96, max=1.72).
These patterns are very similar to other calc-alkaline Per-
mian volcanics from the Alps (e.g. Cortesogno et al. 1998;
Buzzi and Gaggero 2008).

5 U-Pb geochronology

5.1 U-Pb data for the Guil andesite (sample BR 15-01)
Zircon extracted from the andesitic sample were gener-
ally euhedral, acicular to stocky in shape depending on
their size. In the CL images, they show oscillatory zoning
characteristic for magmatic zircon. Twenty-four analy-
ses were performed out of 17 different grains (Additional
file 5: Table S5). The U and Pb contents are fairly con-
sistent (49-299 ppm and 7-57 ppm respectively). Their
Th/U ratios are comprised between 0.2 and 0.4, values
usually considered as characteristic of magmatic zircon
(see Kydonakis et al. 2014 and refs therein). Plotted in a
Tera-Wasserburg diagram (Fig. 7a), the data are concord-
ant within error and allow calculating a Concordia date
(as of Ludwig 1998) of 291.3+2.0 Ma (MSWD=1.7,
n=24).

The apatite crystals were euhedral and prismatic
with very homogeneous CL imaging. Thirteen crys-
tals were analysed (Additional file 5: Table S5) and the
20 analyses are reported in a Tera-Wasserburg diagram
(Fig. 7c). These data yield a narrow range of *33U/*%Pb
ratios (ca 5.5 to 8.5) and poorly radiogenic and consist-
ent 20/Pb/2%Pb ratios (0.54—0.64). In consequence, a free
regression trough these data yield a poorly constrained
lower intercept date of 272+14 Ma (MSWD=4.5,
(2°7Pb/206Pb)0=0.835). If we anchor the discordia to a
(2°7Pb/206Pb)0 value of 0.855 calculated using the Sta-
cey and Kramers (1975) Pb evolution model for an
age of ca. 295 Ma, the resulting lower intercept date is
287.5+2.6 Ma (MSWD =4.5).
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5.2 U-Pb data for the the Combarine microdiorite (sample
HL 15-01)
Zircon grains extracted from this sample present a wide
variety of shape from prismatic to rounded. They do not
show evidence for internal zoning and some show the
presence of cores and rims. Their uranium and Pb con-
tents as well as their Th/U ratios are also very variable
(U: 28-663 ppm; Pb: 24-361 ppm and Th/U 0.1 to 1.26
respectively; Additional file 5: Table S5). Twenty-four
analyses on fifteen different grains were acquired. In
a Tera-Wasserburg diagram (Fig. 7b), they plot mostly
in a concordant position. They define several groups
with apparent ages around 1938 Ma, 843 Ma, 633 Ma,

395 Ma, 333 Ma, while the youngest concordant grains
yield a concordia date of 295.9+2.6 Ma (MSWD =0.2;
n=3).

Apatite crystals are on the contrary very similar in
this sample and are mostly euhedral and prismatic with
very homogeneous CL imaging. They present variable
238J/206Ph (ca. 1.1 to 7.4) and 2Y7Pb/?%°Pb (ca. 0.57 to
0.82) ratios (Additional file 5: Table S5). Plotted in a
Tera-Wasserburg diagram (Fig. 7d), they define a lower
intercept date of 286.1+7.9 Ma (MSWD=2.1, n=18)
with a (*Pb/?*Pb),=0.853. This date is identical
within error with the date of 288 4.5 Ma (MSWD =2)
obtained if the data are anchored to a (**’Pb/**Pb), of
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0.855 calculated using the Stacey and Kramers Pb evo-

lution model (1975).

In summary, both localities from the External Briangon-
nais yield Early Permian ages for the calc-alkaline magma-

tism in these units.

6 Discussion regarding the age of Permian
magmatism in the External Brianconnais
6.1 Magmatic history

Despite pervasive alteration, it is possible to recon-
struct part of the magmatic history of the Guil andesites

(Fig. 5¢).

1. The first mineral crystallizing from the magma was
apatite, followed by the FeTi oxydes (ilmeno-hem-
atite and titano-magnetite), then the FeMg silicates
(amphibole) and finally plagioclase feldspar. The
phenocrysts record a first stage of the magmatic evo-
lution, namely a slow cooling possibly in a crustal
magma chamber.

2. When the lava erupted to the surface, i.e. on top of
the Carboniferous sediments, the matrix cooled
quickly, allowing the development of a glassy matrix,
now pervasively altered. However, part of the mag-
matic history is recorded by the fine corona of mag-
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netite (and other microcrystalline material, now
altered) surrounding the former amphibole (horn-
blende) crystals in contact with the melt. Such tex-
tures are reported worldwide in many intermediate
and acidic lavas, especially andesites (e.g. Rutherford
and Hill 1993; Rutherford and Devine 2003; Buckley
et al. 2006; Plechov et al. 2008), and interpreted as
recording partial breakdown reaction of hornblende
due to decompression during final magma ascent.

3. The andesitic rocks have been pervasively altered
during a later stage of their history, when the FeMg
silicates and plagioclase were replaced by low tem-
perature minerals (calcite, albite, chlorite). This alter-
ation may have followed the eruption of the magma,
or it may be related to the Alpine metamorphic his-
tory. In the lack of ductile deformation that could
provide a temporal marker, no reliable criteria have
been found for assessing the age (and the eventual
polyphased character) of this pervasive alteration.
However, due to the large amount of water and oxy-
gen required, we favour a subaerial weathering dur-
ing Permian times.

6.2 Age of the Permian magmatism in the External
Briangonnais

A precise age for Permian magmatism in the External
Briangonnais is required for three main reasons. Firstly,
late Palaeozoic magmatism in the Briangonnais Domain
has never been dated using a robust method. A Permian
age was so far solely deduced from stratigraphic/intru-
sive relations of the magmatic rocks with the sediments.
Indeed, the magmatic rocks intrude palaeontologically
characterized Carboniferous sediments (the Combarine
sill case), or they overly lithologically similar sediments
(Guil andesites case). Secondly, the age of the Carbonif-
erous sediments turned out to be older than previously
thought, being now considered as Namurian to West-
phalien A (Brousmiche Delcambre et al. 1995). Thirdly,
the oldest sediments deposited on top of the volcan-
ics are Verrucano-type conglomerates (which contain
rhyolitic clasts), grading into mature quartzites. Both
lithologies are azoic, and they are by convention attrib-
uted to the uppermost Permian and the early Triassic,
respectively. In summary, there is a considerable time gap
(from c. 310 Ma to 250 Ma) during which the magma-
tism (in one or several episodes) might have taken place.
Recent studies have emphasized the widespread charac-
ter and long-lasting duration of the Permian magmatism
in the Brianconnais domain (e.g. in the Ligurian Alps:
Cortesogno et al. 1998; Buzzi and Gaggero 2008), in the
Sesia-Dent Blanche nappes (Manzotti et al. 2018), in the
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Austroalpine nappes (e.g. Petri et al. 2017), as well as in
the Southern Alps (Pohl et al. 2018).

Both radiometric ages obtained for the Guil andesite
at 291.3+2.0 Ma (zircon) and 287.5+£2.6 Ma (apa-
tite) definitively establish an Early Permian age for the
volcanism in the studied area (Fig. 7a, c). The apparent
ages (ca. 1938 Ma, 843 Ma, 633 Ma, 395 Ma, 333 Ma et
295 Ma) obtained on zircon from the Combarine local-
ity dioritic sill demonstrate the presence of several zircon
populations, although the youngest date at ca. 295 Ma
is compatible within error with the age obtained for the
emplacement (Fig. 7b). For all the other, older, apparent
ages, it appears to be reasonable to propose that they
belong to xenocrysts inherited from the country rocks.
A recent study of the detrital zircon populations from a
Carboniferous sandstone layer cropping out near the sill
(Manzotti et al. 2016) yielded ages very similar to those
found in the zircon grains from that sill. Since this sill
was emplaced within Carboniferous sediments, it is rea-
sonable to think that these zircon grains were extracted
from the country rocks during the magma ascent and
emplacement.

Yet another information can be obtained from our
new geochronological data. The U-Pb apatite age
(287.5+£2.6 Ma) is undistinguishable within error with
the age obtained on zircon (291.3+2.0 Ma). The lowest
closure temperature reported for apatite is around 370 °C
(Cochrane et al. 2014) far below the accepted closure
temperature for zircon (>900 °C). Because the apatite
and zircon ages are identical within error, this means that
the U-Pb system of the apatite was not reset and that,
therefore, these volcanics did not reach elevated temper-
atures during Alpine metamorphism.

The zircon data from the Combarine locality dioritic
sill are rather complex (Fig. 7b). However, in the light of
the data and their interpretation from the Guil locality
andesitic lavas, we propose that the date of 288 +4.5 Ma
obtained on apatite extracted from the Combarine sill
represents the emplacement age for this sill. It has been
demonstrated by Pochon et al. (2016) that magmas
emplaced in sills or dykes cool down very quickly (in less
than a century). Therefore, the closure temperature of the
dated mineral does not count in this specific context. The
three zircon grains that yielded a date of 295.9+2.6 Ma
compatible with the age obtained on apatite can there-
fore be interpreted as magmatic in origin. The new zircon
and apatite ages from the Combarine sill are slightly older
than those obtained previously using the Ar—Ar method
on amphibole (Cannic et al. 2002).

In summary, two main conclusions are obtained
from the geochronological data. Firstly, the calk-alka-
line magmatism is dated at ca. 290 Ma (Early Permian).
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Compared to the other basement units along the same
traverse (Fig. 8), these new data reinforce the conclu-
sion that the dominant magmatism in the Briangonnais
Domain is Early Permian in age, whereas the magmatism
in the External Dauphinois domain is Late Carboniferous
(Ballevre et al. 2018). Secondly, the lack of resetting of the
apatite ages shows that the studied part of the External
Brianconnais was metamorphosed at moderate tempera-
tures (below 370 °C) during the Alpine orogeny.

7 Discussion on metamorphism affecting Permian
magmatic rocks in the External Brianconnais

Evidence for Alpine deformation and metamorphism
is scanty in the studied rocks. In accordance with Tri-
cart (1980), we noted the lack of ductile deformation in
the Early Triassic sandstones (nicely preserving ripple-
marks and cross-bedding), and in the underlying Guil
andesites (nicely preserving the igneous textures, despite
an extensive alteration). Alpine deformation in the latter
is recorded by a set of veins, a few metres long and up
to 20 cm thick. The presence of a fibrous mineral along
the vein walls was reported by Lonchampt (1962), and
was identified by R. Caby and P. Saliot as lawsonite (Saliot
1978; Saliot et al. 1980).

Detailed examination of the andesitic outcrops along
the main road reveal the occurrence of two vein genera-
tions. The first generation consists of large veins, up to a
few metres in length and 20 cm in thickness (Fig. 9). The
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dominant material in these veins is calcite and quartz,
some of the veins displaying lawsonite and pumpellyite
crystals (as fibers and sheaves) along their walls. Law-
sonite fibers may have length up to 1 ¢cm, and make a
dense fibrous aggregate up to 2 cm thick along the vein
walls. In thin section, different assemblages have been
found, with various combinations of quartz, calcite, law-
sonite, pumpellyite, epidote and K-feldspar. Microprobe
analyses show that lawsonite is very close to ideal com-
position, with no Cr and negligible Fe>" substitutions.
Pumpellyite displays a moderate, and variable, amount
of Fe (the ratio Fe/(Fe+Mn+ Mg) varies between 0.22
and 0.41). The lawsonite-bearing veins are cut by a sec-
ond generation of microveins, not thicker than a few
mm, containing albite, calcite and very small crystals of
barytine.

Lawsonite is a hydrous-rich mineral (about 12% weight
of H,0) precipitating from the fluid in the veins. Law-
sonite has not been found outside the veins, suggesting
restricted fluid access in the volcanic rock adjacent to the
veins. The stability field of lawsonite has been experimen-
tally investigated at low pressure by Liou (1971). Accord-
ing to these experiments, growth of lawsonite in the veins
require a minimum fluid P of the order of 0.3 GPa for
the assemblage lawsonite + quartz (Fig. 10). Using fluid
inclusions, Saliot (1978) and Saliot et al. (1980) suggested
temperature values of the order of 320 °C, and deduced a
fluid pressure of 0.4 GPa.
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showing the lawsonite (Lws) needles in a quartz (Qtz) matrix

200°um

Fig. 9 Lawsonite veins in the Guil andesites. a Field aspect of the veins, with fibrous lawsonite localized along the vein walls, or against thin slices of
wall rock (andesite) preserved inside the vein, showing several stages of opening. b, ¢ Microphotographs of the vein, both in crossed-polarized light,

The lawsonite veins from the Guil valley do not
represent an isolated occurrence of this mineral in
the Zone Houillére. Indeed, other occurrences of
lawsonite and/or pumpellyite have been reported in
microdiorites from different localities (Fabre 1961;
Guitard and Saliot 1971; Piantone 1980; Michard et al.
2004) (Fig. 11). In the Carboniferous metasediments
from the Zone Houillére in the Clarée valley, the P-T
conditions of Alpine metamorphism have been esti-
mated at 5.9+ 1.7 kbar, 275+ 23 °C, based on Raman
Spectrometry of Carbonaceous Material and chlorite-
phengite quartz assemblages (Lanari et al. 2012). In
the Clarée valley, lawsonite has been reported in meta-
diorites intrusives within the Carboniferous meta-
sediments (Guitard and Saliot 1971; Piantone 1980).
Closer to our study area, chlorite-phengite assem-
blages in the deformed rocks (Permian metasedi-
ments according to Kerckhove and Piboule 1999 and
Kerckhove et al. 2005; granitic gneisses according to
Lanari et al. 2014) from Plan de Phazy have provided
estimates at 8.1+2 kbar, 270+50 °C (Lanari et al.
2014). At these two localities, the temperature values
are not significantly different from those proposed in

this study, although pressure values are much higher
than our minimum estimate (0.4 GPa). Assuming a
lithostatic gradient, the minimum pressure estimates
indicate that the depth reached by the Zone Houillére
during the early stages of the Alpine orogeny should be
at least at around 12 km.

8 From detached cover nappes to subducted
basement slices, a discussion at a larger scale

Along a traverse across the Western Alps, the different
tectonic units whose Mesozoic sediments are known
to be derived from the Briangonnais Domain occur in a
complexly refolded stack of detached cover nappes, and
it is suspected that their pre-Mesozoic substrate may
occur in the form of subducted basement slices, such as,
for example, the different units of the Dora-Maira Inter-
nal Massif that have been attributed to the Briangonnais
Domain by some authors (e.g. Vialon 1966; Figs. 1 and
11). Detached cover nappes and their suspected former
basement outcrop in two different areas. The Briancon-
nais s.str. at the western end of the section forms an arcu-
ate, elongated zone mainly made up by detached cover
nappes, and constitutes the ‘classic’ (native) area for
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Fig. 10 Estimated P-T conditions for the lawsonite-bearing veins

in the Guil valley (Saliot et al. 1980), compared to other estimates

for external part of the Briangonais Zone, namely the Clarée valley
(Lanari et al. 2012) and Plan de Phazy (Lanari et al. 2014). The stability
field of lawsonite + quartz 4 fluid is shown in blue, according to the
experimental data of Liou (1971). The lowest closure T of the U-Pb

system in apatite (c. 370 °C) is also indicated (Cochrane et al. 2014)

defining the Brianconnais Zone of the French authors
(Termier 1903). At the eastern end of the section, base-
ment slices stacked and folded together build the Dora-
Maira Massif (Vialon 1966; Sandrone et al. 1993). As
emphasized by Goguel (1950), cover detachment implies
that the underlying basement has been simultaneously
dragged down into the convergent zone, a process for
which the concept of ‘subductions profondes’ was already

Page 150f28 12

used by Debelmas and Gidon (1958). What was the base-
ment of the detached cover sequences, and where is it
now? The obvious candidates are the tectonic slices now
constituting the Dora-Maira Massif (Vialon 1966; Mich-
ard 1977).

8.1 Detached cover nappes

The sedimentary history of the Mesozoic sequences
allows comparing their paleotectonic record within
the Briangonnais Domain passive margin and deduce
their palaeogeographic organization. Several types of
sequences have been distinguished (e.g. Debelmas 1955;
Gidon 1962; Michard, 1967; Michard and Henry 1988;
Gidon et al. 1994) (Fig. 1).

8.1.1 Sedimentary sequences of the External Brianconnais

A first type of sedimentary successions is found in the
External Briangonnais., i.e. the ‘classical’ Briangonnais.
The successions described in the eastern part of the Guil
valley (Fig. 2) are rather typical, although a great deal
of variation is observed in detail. The most characteris-
tic elements of these successions are the Early Triassic
quartzites, followed by Middle to Upper Triassic car-
bonates, on top of which disconformably rest Middle
and Late Jurassic syn- and post-rift sediments. Typically,
Lower Jurassic sediments are lacking. This is attributed to
a period a subaerial erosion (karstification) during rifting.
The sedimentary successions of the External Briangon-
nais are either detached from their Palaeozoic basement,
or rest upon the Carboniferous (and minor Permian)
of the Zone Houillére (e.g. Lower Unit of the Guil Val-
ley; Cerces and Tabor area north of Briangon). Polycyclic
rocks are described east of Modane and further north
(Sapey gneisses: Ellenberger 1958; Détraz and Loubat
1984), but their relationships to the Zone Houillere and
the Mesozoic cover remains uncertain.

8.1.2 Sedimentary successions of the Internal Brian¢onnais
A second type of Mesozoic successions is kown in the
Internal Briangonnais and is characterized by the lack of

(See figure on next page.)

study), their fate during the Alpine orogeny is very different

Fig. 11 Simplified metamorphic map of the SW Alps. Colours refer to both metamorphic grade (in terms of metamorphic facies), and ages. This
map is based on Bearth (1962), Bocquet (1971), Bousquet et al. (2004), Michard et al. (2004), Bousquet et al. (2008), Beltrando et al. (2010), Groppo
etal. (2019), and our own observations. The distribution of lawsonite (red lozenges) is only shown in the External Briangonnais. Further east,
lawsonite becomes widespread in the meta-ophiolites and meta-sediments of the Piemonte-Liguria Ocean (e.g. Caron 1974; Lefeuvre et al. 2020;
Vitale Brovarone et al. 2020). Key references for the age of the peak-pressure metamorphism are found in Manzotti et al. (2014) and refs therein for
the Sesia-Zone; Rubatto et al. (2008) for the Lanzo peridotites; Monié and Phillipot (1989), Rubatto and Hermann (2003), Rubatto and Angiboust
(2015) and Garber et al. (2020) for the Viso; Agard et al. (2002) for the Queyras; and Rubatto and Hermann (2001), Gauthiez-Putallaz et al. (2016)
and Chen et al. (2017) for the Brossasco-lsasca Unit. The two studied samples from the Zone Houillere (Guillestre and Briangon) belong to units
displaying low-grade parageneses (lawsonite-albite), while their equivalents in the Pinerolo Unit are characterised by garnet-blueschist facies
assemblages. Despite identity of the pre-Alpine history i.e. Carboniferous sedimentation (Manzotti et al. 2016) and early Permian magmatism (this
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Triassic carbonates below the Jurassic-Cretaceous sedi-
ments. The latter typically rest upon the Triassic quartz-
ites, or even upon the Palaeozoic. Such successions may
be referred as the Acceglio-type Internal Brianconnais
(Debelmas and Lemoine 1957). They are best developed
in the Roure (Le Guernic 1967) and Acceglio (Michard
1959; Lemoine 1960; Leféevre and Michard 1976) units
(Fig. 1). Where preserved, the Palaeozoic rocks are in
most cases made of porphyritic volcanics and associated
sediments, attributed to the Permian. Occurrences of
polycyclic basement rocks are exceptional but found in
the Acceglio Unit (Grangie Sagneres: Lefévre and Mich-
ard 1976). Further north, polycyclic rocks are described
from the core of the Ambin Massif (Gay 1972; Monié
1990; Ganne et al. 2003), where they are separated from
the Mesozoic sediments by a ESE or E-vergent D, shear
zone (Ganne et al. 2005).

A third type of sedimentary succession is also part of
the Internal Briangonnais and has been refered under
various names such as the ‘série (or zone) du Gondran’
or ‘Pre-Piemontais’ or ‘External Piemontese sequence’
We will use the term “Gondran-type Internal Briangon-
nais” for these type three units that are aligned along the
eastern (internal) boundary of the units of the Briangon-
nais s.s¢r. and back thrusted over units that are ascribed
to the Piemonte-Liguria oceanic domain (Fig. 2). These
successions are characterized by a thick Norian dolomite
formation, followed by Rhaetian-Hettangian fossilifer-
ous limestones (with in situ corals), and then overlain by
caleschists in stratigraphic contact, including numer-
ous layers of dolomitic microbreccias. From North to
South, this type of succession has been described in
the following places (all of them are reported in Fig. 1):
Grand Argentier-Mélezet (Caby 1964, 1996), Chaberton
(Franchi 1911; Mégard-Galli 1974), Gondran (Lemoine
1961b, 1971), Rochebrune (Mégard-Galli 1974; Dumont
1984), and Roche des Clots (Lemoine et al. 1978; Debel-
mas 1983). Similar sequences are also reported from
units located further East, lying as klippen on the meta-
sediments and associated ophiolitic slices attributed to
the Piemonte-Liguria, namely the Gran Roc (Franchi
1929; Caron 1971; Mégard-Galli and Caron 1972) and
the Péouvou (Fig. 1). No Palaeozoic basement has been
observed at the base of these successions, which are
detached along an evaporitic layer located below the
Norian dolomites.

8.1.3 Sedimentary successions of the Dora-Maira Massif

Along the northern margin of the Dora-Maira Massif,
Mesozoic sediments are found in the Susa valley (Franchi
1898; Marthaler et al. 1986; Fudral 1998), where they are
intensely deformed and metamorphosed. However, a
few quartzites and more frequent dolomites have been
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attributed to the Triassic following the discovery of cri-
noid columnals in the latter (Franchi 1898). The marbles
and calcschists contain Cretaceous microfossils (Mar-
thaler et al. 1986). It is difficult to ascribe this poorly-
defined succession to one of the three types distinguished
above, although one might be tempted to compare it to
the ‘classical’ Briangonnais of Vanoise (Ellenberger 1958).

Along the southeastern margin of the Dora-Maira
Massif, tectonic slices made up of dominantly Mesozoic
metasediments with occasional occurrences of Permian
sediments are thrusted onto the basement units of the
Dora-Maira Massif. We refer to these successions as
“Valle Maira-type Briangonnais” These slices largely out-
crop in the Grana, Maira and Varaita valleys. The Meso-
zoic sucessions comprise, besides occasionally preserved
Middle Triassic carbonates, fossiliferous Upper Trias-
sic carbonates, followed by a thick formation preserv-
ing Liassic fossils (belemnites, ammonites: Franchi 1898;
Sturani 1961; Ellenberger et al. 1964; Michard 1967). The
latter finally grade into dolomite-bearing microbbreccias
(Franceschetti 1961). This carbonate succession is strati-
graphically overlain by Schistes lustrés type sediments
(e.g. Franchi 1898; Sturani 1961; Ellenberger et al. 1964;
Michard 1967, Michard and Schumacher 1973, Lem-
oine 2003). This entire Mesozoic succession has close
similarities with the Gondran-type Internal Briangon-
nais discussed above (e.g. Lemoine and Michard 1963;
Dumont 1984). However, this Valle Maira type Briangon-
nais occurs in a very different present-day tectonic posi-
tion, in that it directly overlies the basement slices of the
Dora Maira Massif (Fig. 2). The metamorphic grade of
these cover units is poorly known but it is likely that the
Mesozoic sediments underwent a blueschist-facies event
(Michard 1967). The Palaeozoic basement originally
underlying these successions is unknown. With respect to
the underlying Dronero-Sampeyre Unit, the tectonically
highest unit of the southern Dora Maira Massif, these
Mesozoic successions are at least parautochtonuous, if
not allochthonous. Any statement about the amount of
tectonic displacement between Valle Maira-type Brian-
connais and underlying Dronero-Sampeyre Unit is spec-
ulative given the lack of precise petrological data allowing
a comparison of their metamorphic grade.

8.2 Subducted basement slices of the Dora Maira Massif

The Dora-Maira Massif is made of several stacked units,
which may be distinguished on the basis of (i) their con-
stituent lithologies, (ii) their polycylic or monocyclic
metamorphic history, (iii) the existing differences in peak
P (assuming that these represent differences in depths),
and (iv) the occurrence of thin slices of oceanic material
sandwiched in between the volumetrically dominating
continentally-derived material. Earlier mapping by the
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Italian geologists at the end of the nineteenth century was
an essential basis for the remarkable synthesis of Vialon
(1966). However, there is still ample space for structural-
petrological mapping in the Dora-Maira Massif, although
detailed work has been performed recently in its south-
ern part (e.g. Henry et al. 1993; Groppo et al. 2019). Still
much remains to be done in the northern part (valle Po,
Pellice and Chisone) (e.g. Cadoppi et al. 2016). A tenta-
tive summary of our knowledge is shown on Fig. 1, which
should be considered as a preliminary attempt to identify
different tectonic units, briefly described below.

8.2.1 Lower Pinerolo garnet blueschist facies Unit

The lowermost Pinerolo Unit essentially consists of
graphite-rich metasediments (conglomerates, sandstones
and siltstones) with interbedded graphite layers, inter-
preted as former coal levels (Franchi and Novarese 1895;
Novarese 1895, 1898, 1905). Because of this lithological
association, the protoliths of the Pinerolo metasediments
are considered Carboniferous in age since Novarese
(1895, 1898). This age is now further bracketed by two
recent studies. Firstly, detrital zircons in the Pinerolo
metasediments are characterized by the occurrence of
a large, and most recent, zircon population with an age
of c. 330 Ma (Manzotti et al. 2016). Secondly, the meta-
diorites observed inside the Pinerolo Unit are thought
to derive from dioritic bodies intruding the sediments,
inducing contact metamorphism (with presumed chias-
tolite relics: Novarese 1895) and dated at 290 Ma (Bussy
and Cadoppi 1996). Note that this age is similar to the
one of the diorite sills and Guil volcanics in the Briangon-
nais s.str., intruding the Zone Houillére or erupted on top
of the Carboniferous sediments and dated in this study.

In summary, there is a striking similarity—if not iden-
tity—between the late Palaeozoic history of the Pinerolo
Unit and that of the “Zone Houillere” It is therefore
tempting to link the two as belonging to the same part of
the Briangonnais passive margin in a paleogeographical
sense. However, the geometry of this link in the present-
day profile across the Western Alps is unkown. It has to
be emphasized that the Mesozoic sedimentary cover of
the Pinerolo Unit is unknown, and therefore not much
can be said that would not be speculative. On the other
hand, it is reasonable to assume that there must have
been a physical, continuous link between Zone Houillére
and the Pinerolo Unit before the Alpine orogeny (e.g.
Michard 1977).

A closer look to this problem should consider the fol-
lowing observations. Firstly, in the Chisone and Pellice
vallleys (Fig. 1), where the Pinerolo Unit is extensively
outcropping, no evidence for a Mesozoic cover has
ever been reported. Secondly, in the northern side
of the Po valley (Fig. 1), the intensely deformed and
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metamorphosed quartzites from Monte Bracco may rep-
resent Early Triassic sediments. Some dolomite-bearing
successions close to Sanfront, on the southern side of the
Po valley, have also been attributed to the Middle-Upper
Triassic (Michard 1977, p. 189). However, their relation-
ships with the graphitic metaconglomerates of the Pine-
rolo Unit need yet to be clarified. As a general statement,
given the identity between the Zone Houillére and the
Pinerolo lithologies, we propose that the Mesozoic cover
of the Pinerolo Unit was detached from the Carbonifer-
ous sediments at an early stage of the convergence his-
tory, and is now part of the cover nappe stack in the units
of the Briangonnais Domain (Figs. 1 and 2).

8.2.2 Middle eclogite facies units

Stacked units made of a polycyclic basement (i.e. with
relics of a pre-Alpine metamorphism) are found on top
of the Pinerolo Unit and constitute the middle unit of the
Dora Maira Massif. They suffered eclogite-facies meta-
morphism during the Alpine orogeny. This is best docu-
mented by the coesite-bearing Brossasco-Isasca Unit,
and is potentially also displayed by the eclogite-bearing
units found in most of the Dora-Maira Massif (the Rocca
Solei Unit in the Varaita valley: Groppo et al. 2019; the
eclogite-bearing gneisses in Pellice valley: Pognante and
Sandrone 1989; Scaillet 1996).

Thin slices of marbles and calcschists have been
mapped inside the micaschists and gneisses of these
polycyclic units (Vialon 1966; Cadoppi et al. 2016). The
protolith age of the marbles and calcschists and their
structural relationships with the basement is difficult to
ascertain. In a few cases, relict pre-Alpine assemblages
have been described (e.g. marbles from the Brossasco-
Isasaca Unit: Castelli et al. 2007; Germanasca valley:
Cadoppi et al. 2016), in which case these lithologies do
not derive from Mesozoic sediments. If they represent
Mesozoic sediments, they could mark internal tectonic
boundaries within the polycyclic units, and may have
been isoclinally folded together with the basement dur-
ing the Alpine orogeny. We consider that, in most cases,
the original Mesozoic cover of these polycyclic mid-
dle units of the Dora Maira Unit (e.g. Brossasco-Isasca,
Rocca Solei: e.g. Groppo et al. 2019 and refs therein) is
lacking. Hence, we assume that the Mesozoic was prob-
ably detached from its former basement at an early stage
of the Alpine convergence, before peak P was achieved.

8.2.3 Upper Dronero-Sampeyre garnet blueschist facies unit
The uppermost slice of the Dora-Maira Massif, i.e. the
Dronero-Sampeyre Unit forming the base of the Valle
Maira type Internal Briangonnais, is essentially made of
quartz-chlorite-ankerite schists, phengite-rich quartzites
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containing quartz pebbles and grading into quartzites,
and augen-gneisses. All these lithologies are of presumed
Permian age (Chopin et al. 1991). Polycyclic rocks (with
relict pre-Alpine garnet: Groppo et al. 2019) only make
up a minor part of the Dronero-Sampeyre Unit. The lat-
ter is separated from the underlying eclogite-facies con-
tinental units by a thin layer of calcschists, greenschists
and serpentinites derived from the Piemonte-Liguria
Ocean (Vialon 1966; Michard 1967) (Fig. 1). The meta-
morphic history of the Dronero-Sampeyre Unit has not
been studied in as much detail as that of the other units
of the southern Dora-Maira Massif. Observed mineral
parageneses record a blueschist-facies metamorphism
during Alpine orogeny, with P-T estimations ranging
from c. 1.0-1.2 GPa, 450-500 °C (Chopin et al. 1991) to
1.7-1.8 GPa 450-470 °C (Groppo et al. 2019). A wide-
spread greenschist-facies overprint is present in this unit.

8.3 From detachment of the cover sediments to stacking
of basement slices

8.3.1 Crustal structure of the passive palaeomargin

Figure 12 shows an attempt at reconstructing the crus-
tal structure of the passive margin of the Briangonnais
Domain during the Late Jurassic. At this scale, the Meso-
zoic sediments represent only a very small fraction of the
crust (the uppermost 500 to 1000 m), whose thickness
has to be exaggerated on the drawing for the sake of clar-
ity. Below the Mesozoic sediments, the Permian volcanics
and sediments and the Carboniferous coal-bearing con-
glomerates and sandstones may attain a few kilometres in
thickness. However, the bulk of the crust is made by the
polycyclic (Variscan) basement. The latter is divided into
an upper part, rich in Permian intrusives, that potentially
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preserves relics of the pre-Permian (Variscan) metamor-
phic history, and a lower part, dominated by the Permian
partially-melted rocks and the associated gabbroic intru-
sives accreted close to or along the Moho surface.

The reconstruction shown in Fig. 12 integrates data
and discussions known since a long time. The key posi-
tion of the Gondran-type successions, with their abun-
dant breccias recording the Early Jurassic extension,
has been emphasized by previous authors (e.g. Lemoine
1961b, 1967; Lemoine et al. 1986; Lemoine and Triimpy
1987), and adopted by most recent works (e.g. Hau-
pert et al. 2016; Ribes et al. 2019). This structure can be
extended further north in the Valais area where similar
successions are still in primary contact with the bound-
ing normal faults or make up the bulk of some Prealpine
nappes (Nappe de la Bréche: see Pantet et al. 2020 and
refs therein). The diversity of stratigraphic successions
across the Briangonnais Domain may be used not only
for understanding the Jurassic structure of the palaeo-
margin, but has major consequences for its mechanical
behaviour during the Alpine orogeny. Three of these are
briefly discussed now.

Firstly, the occurrence of evaporitic layers in the Tri-
assic allows detachment of the Mesozoic cover from the
Palaeozoic substrate. However, the evaporitic layers are
not evenly distributed. They play a major mechanical
role in the External Briangonnais (Peyre-Haute, Fonta-
Sancte and other nappes), and in the innermost part of
the Internal Briangonnais (Gondran and Grana-Maira
successions). By contrast, the Triassic carbonates and
evaporites have been eroded in the Acceglio-type suc-
cessions (Fig. 12). Therefore, the evaporitic layers were
no more present at the time of the Alpine shortening in

sw External Briangonnais Internal Brian¢onnais NE
Peyre-Haute, Font-Sancte, etc Acceglio Gondran  Grana-Maira
_ syntecto. Jurassic breccias
I sea level \\ \\ \\ \ va Y
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Triassic I:l

Early Permian I:l
Carboniferous :I
Polycyclic Upper crust l:l
basement | | ower crust I:I

Eocene thrust fault

Jurassic normal fault

Fig. 12 Proposed correlations between detached cover nappes (External and Internal Briangonnais) and subducted basement slices (Dora-Maira

Massif). See text for further explanations
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these successions. This explains why Jurassic sediments
are still attached to the underlying Early Triassic quartz-
ites and the Permian volcanics and sediments (see red
arrows on Fig. 12). A remote but significant consequence
of this behaviour is the lack of Acceglio-type successions
in the basal slices of the Parpaillon Nappe. These slices
are mostly made of successions similar to the ones of the
External Brianconnais, with one notable exception that
has an Acceglio-type affinity, namely the Roche Cheval-
iere slice (Kerckhove 1969).

Secondly, other potential detachement layers are pre-
sent inside (along the coal-bearing layers) or at the base
of the Carboniferous sediments (Fig. 12). It is question-
able if the Carboniferous successions of the present-day
Zone Houillere and Pinerolo units were deposited in the
very same basin. However, we note that the detrital zir-
con record in both units is similar (Manzotti et al. 2016),
implying at least similar sources. Other Carboniferous
successions in the Briangonnais Domain display differ-
ent patterns of detrital zircons, and did therefore belong
to distinct basins (see Manzotti et al. 2015 for the Money
window in the Gran Paradiso massif). Further work on
detrital geochronology is needed in order to better con-
strain the links between the Carboniferous basins and
their source area in the future Alpine belt.

Thirdly, the rifting associated with the opening of the
Piemonte-Liguria Ocean was most probably asymmet-
ric (Lemoine et al. 1987), the Austroalpine forming a
lower plate margin and the Brianconnais an upper plate
margin. As a consequence, the Briangonnais lower crust
was ‘extracted’ from the corresponding margin, and will
be located in an upper plate position during the Alpine
convergence. This process is difficult to substantiate
along the Embrun-Pinerolo traverse discussed in this
study, because the frontal Austroalpine units are no more
observed today in the Western Alps. Field studies in
other areas (e.g. Froitzheim and Eberli 1990; Mohn et al.
2010) and numerical models (e.g. Petri et al. 2019) have
documented the importance of the lithological and tec-
tonic heterogeneities at crustal scale in shaping the crust
during extension. According to such studies, it is there-
fore possible that the different basement units from the
Briangonnais Domain (and especially the Dora-Maira
Massif) may represent extensional allochthons, but field
evidence in favour of this hypothesis is still lacking in the
studied traverse.

8.3.2 Main steps of the tectonic evolution

The present-day geometry of the Alpine nappe stack
(Fig. 1) shows that most of the Mesozoic covers were
detached from their corresponding basement along one
or more decollement layers, either along one of the two
Triassic evaporite layers, or along the interface below
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the Early Triassic quartzites. In a few cases, part of the
Palaeozoic basement is still attached to the Mesozoic
sequence, like in the Zone Houillére or in some of the
innermost units of the Brianconnnais Zone (Roure,
Acceglio, where the Permian volcanics are seen below
their Mesozoic cover). However, part of the Carbonif-
erous sedimentary sequence and associated magmatic
rocks (Pinerolo) and the bulk of the polycyclic base-
ment has been dragged into the Alpine subduction zone,
where it was affected by varying grades of metamor-
phism (from garnet-blueschist to coesite-eclogite facies).
It is a remarkable fact (and this is true at the scale of the
Western Alps) that the Brianconnais lower crust is not
found at the surface today anywhere, to the contrary of
the Adriatic lower crust, which is often found both in the
Sesia-Dent Blanche nappes (see e.g. Manzotti et al. 2014
for a summary) and in the Southern Alps (Ivrea Zone).
One possible interpretation of this observation is that the
Brianconnais lower crust is now stacked at depth, below
the high-pressure units, because it was detached from
its corresponding upper crust during the Alpine orog-
eny. Alternatively, the rifting asymmetry may have played
a major role in this decoupling between the upper and
lower crust during the Jurassic extension.

The close link between the Zone Houillére and the Pin-
erolo Unit before Alpine orogeny, and their distinct fate
during the Alpine evolution, may be summarized in the
schematic kinematic model of Fig. 13). The main steps
are discussed in the following.

During the Late Carboniferous (Fig. 13a), deposition of
the fluviatile-lacustrine sediments took place in a nar-
row, elongated basin controlled by the sinistral displace-
ment along the East-Variscan Shear Zone (Ballevre et al.
2018). U-Pb geochronology of detrital zircon in samples
from Briancon and Pinerolo yields very similar ages, sug-
gesting a source area essentially made by Early Carbonif-
erous granitoids, possibly located in the External Massifs
(Belledonne, Grandes Rousses, Pelvoux) or in the sub-
ducted basement on top of which the Sub-Brian¢onnais
sequences were deposited (Manzotti et al. 2016).

Based on the similar ages obtained for the calc-alkaline
magmatism in the Zone Houillere (this study) and the
Pinerolo Unit (Bussy and Cadoppi 1996), a magmatic epi-
sode took place during the Early Permian (Fig. 13b). This
is characterized by dioritic intrusions at depth (Pinerolo)
and microdioritic dykes and sills in the Zone Houillére,
with coeval volcanics (Combarine and Guil, respec-
tively, analysed in this study). This calcalkaline magma-
tism is similar to the one observed in other localities
from the Briangonnais Domain, pointing to a common
geodynamic setting. The latter is characterized by an
extensional to transtensive setting (e.g. Pohl et al. 2018),
allowing partial melting of the upper mantle during
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decompression. The resulting basaltic magmas crystal-
lized at depths in the lower crust, where they may have
been contaminated by partially molten crust. One should
emphasize that this lower crust is not seen in any of the
presently outcropping units belonging to the Briangon-
nais Domain, a point that will deserve further comments
during future studies.

During the Late Triassic and Early Jurassic (Fig. 13c),
crustal thinning took place. Depending on the location,
different types of sedimentary successions were depos-
ited on top of the Palaeozoic basement (e.g. Lemoine
et al. 1986). From West to East, the External Brianconnais
successions record uplift and karstification during the
Liassic. Erosion of the Triassic carbonates was achieved
in the Acceglio-type Internal Briangonnais units (e.g.
Acceglio and Roure units), interpreted as a rift shoulder.
In other areas of the Internal Brianconnais, at the foot of
major normal faults, the sequences of the Gondran-type
and Valle Maira-type Internal Brianconnais were depos-
ited during the Liassic, recording the erosion of the more
external Briangonnais by a thick succession of microbrec-
cias (Lemoine 1961b, 1967; Lemoine et al. 1986; Decarlis
et al. 2017).

During the Middle Jurassic (Fig. 13d), the continental
crust broke apart, giving birth to the Piemonte-Liguria
Ocean (Lagabrielle and Cannat 1990; McCarthy et al.
2020). This is characterized by extensive areas where the
peridotite mantle rocks were exhumed at the sea floor,
with the development of ‘oceanic core complexes’ (Che-
naillet: Manatschal et al. 2011; Lafay et al. 2017; Quey-
ras: Lagabrielle et al. 2015; Viso: Balestro et al. 2015). The
break-up unconformity is recorded in the thinned conti-
nental crust of the Briangconnais Domain by the onset of
a new cycle of marine sedimentation, with a thin veneer
of Jurassic sediments eventually capping the Palaeozoic
basement in those areas where the Triassic had been
eroded (Acceglio). Crustal thinning eventually led to the
birth of very thin slices of upper crust, detached from
their corresponding lower crust, and making up the most
distal part of the Brianconnais palaeomargin (i.e. exten-
sional allochthons) (Fig. 13d). Because the polycyclic
units of the Dora-Maira Massif are only made of upper
crustal material, and because their thickness is quite
small (of the order of 1 km), which is difficult to justify
taking into account the ductile Alpine deformation only,
they may derive from such extensional allochthons.

Plate convergence begun in the Upper Cretaceous, as
recorded by the history of the Sesia-Dent Blanche nap-
pes (Manzotti et al. 2014 and refs. therein), and, in the
studied traverse, by the deposition of the late Cretaceous
flysch sequences (‘Helminthoid Flysch’ of the Parpail-
lon Nappe: Kerckhove 1969; Kerckhove et al. 2005). The
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Briangonnais crust was involved in the subduction pro-
cess much later than the Sesia-Dent Blanche nappes.
Indeed, sediments of Middle Eocene age (‘Flysch noir’)
are found in the external part of the Brianconnais. The
sedimentation ended with olistostromic, chaotic, depos-
its, micropalaeontologically dated from the early Barto-
nian (40 £ 1 Ma) (Barféty et al. 1992). This is slightly older
than the ages derived from the ultra-high pressure rocks
from the Brossasco-Isasca Unit (Rubatto and Hermann
2001; Gauthiez-Putallaz et al. 2016; Chen et al. 2017).

Most of the units that have experienced the UHP/HP
metamorphism have lost most, if not all, of their Meso-
zoic cover. In our view the case of the Pinerolo Unit is
of prime importance. Assuming that it was initially part
of the very same basin of the Zone Houillere, this obser-
vation indicates that part of Mesozoic cover was possibly
detached from its basement, and accreted at the front of
the propagating orogenic wedge. Another, more inter-
nal, part of the Carboniferous basin (i.e. the Pinerolo
Unit) was subducted to greater depths, where it experi-
enced HP metamorphism. Lawsonite-bearing veins in the
studied volcanics indicate burial of the Zone Houillere
to a minimum depth of the order of 12 km, possibly up
to 20 km. This burial cannot be solely due to the stack-
ing of detached covers of Brianconnais origin, because
this would require a very large margin given the thick-
ness of the Brianconnais cover which does not exceed 0.5
to 1 km. Therefore, burial of the Zone Houillére should
have been achieved below accreted oceanic material,
either the accretionary prism represented by the Queyras
Unit, and/or the frontal part of the overlying (i.e. upper
plate) oceanic lithosphere (Fig. 13e). Both solutions are
compatible with the present-day geometry of the Alpine
belt in this traverse. The contact between the accretion-
ary wedge of the Queyras oceanic units and the Gondran-
type Brianconnais is presently dipping to the East (the
oceanic units are structurally below the Brianconnais
because of the backthrusting) (Figs. 1, 2), but was cer-
tainly dipping to the West prior to backfolding, i.e. dur-
ing high-pressure metamorphism. Moreover, a preserved
unit of oceanic material belonging to the upper plate (i.e.
unmetamorphosed, see Fig. 11) is preserved on top of the
nappe stack (the Chenaillet Unit), thanks to its preserva-
tion in a late, post-nappe, graben due to brittle, orogen-
parallel, extension (Tricart and Sue 2006).

Shortly after the peak pressures of metamorphism
were reached in the more internal units, continuing con-
vergence led to the stacking of crustal slices (Fig. 13f),
detached from the downgoing slab, and now making up
the bulk of the Dora-Maira Massif. We follow Schmid
et al. (2004, 2017) in considering that the dome-shaped
Dora-Maira Massif results from the indentation of the
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orogenic wedge by the westward displacement of the
Ivrea mantle, and in connecting the frontal Basal Bri-
anconnais Thrust with the thrust at the base of the
Ivrea Geophysical Body (see Scarponi et al. 2020 and
refs therein), i.e. the rigid Adriatic mantle indenting the
Alpine orogenic wedge.

9 Conclusions
The conclusions of this work are twofold.

1. The Guil andesites are porphyritic rocks provid-
ing similar zircon (291.3+£2.0 Ma) and apatite
(287.5+2.6 Ma) U/Pb ages. The Combarine sill, an
intrusion into Carboniferous sediments, has provided
slightly older U/Pb zircon ages (295.94+2.6 Ma—
based on a small number of grains) and similar U/
Pb apatite ages (288.0+4.5 Ma) than the Combarine
sill. These results indicate an Early Permian age for
the calc-alkaline magmatism in the area of the Brian-
connais s.str., consistent with observations in other
and more internal Briangonnais-derived units in the
Western Alps. The new ages also support the distinc-
tion between the essentially Carboniferous age of the
magmatism in the Helvetic domain, as opposed to
the dominantly Permian age of the magmatism in the
Penninic domain (Ballévre et al. 2018). In addition,
the improved timing of the late Palaeozoic history of
the Zone Houillére reinforces its link with the more
internal and metamorphic Pinerolo Unit that is part
of the Dora-Maira Massif.

2. The close identity between the almost unmetamor-
phosed Zone Houillere and the blueschist-facies
Pinerolo Unit prompted a re-examination of the
potential relations between detached Mesozoic cov-
ers and subducted basement slices in the Briangon-
nais Domain. We favour a model where (i) most
of the Mesozoic covers were detached from their
Palaeozoic basement during the early stages of the
Alpine orogeny, (ii) part of the Carboniferous basin
was accreted to the frontal part of the orogen (Zone
Houillére), while deeper or more internal parts were
dragged down to blueschist-facies depths (Pinerolo
Unit), and (iii) the lower crust of the polycylic base-
ment has been detached during the Jurassic exten-
sion from its corresponding upper crust, and possibly
accreted in the lower part of the thickened crust dur-
ing the Late Eocene-early Oligocene shortening.
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