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Abstract: Lithospheric slices preserving pre-Alpine metamorphic imprints are widely described in
the Alps. The Variscan parageneses recorded in continental, oceanic, and mantle rocks suggest a
heterogeneous metamorphic evolution across the Alpine domains. In this contribution, we collect
quantitative metamorphic imprints and ages of samples that document Variscan tectonometamor-
phic evolution from 420 to 290 Ma. Based on age distribution and metamorphic imprint, three
main stages can be identified for the Variscan evolution of the Alpine region: Devonian (early
Variscan), late Devonian—late Carboniferous (middle Variscan), and late Carboniferous—early Per-
mian (late Variscan). The dominant metamorphic imprint during Devonian times was recorded
under eclogite and HP granulite facies conditions in the Helvetic-Dauphinois—-Provengal, Penninic,
and eastern Austroalpine domains and under Ep-amphibolite facies conditions in the Southalpine
domain. These metamorphic conditions correspond to a mean Franciscan-type metamorphic field
gradient. During the late Devonian-late Carboniferous period, in the Helvetic-Dauphinois-Provengal
and central Austroalpine domains, the dominant metamorphic imprint developed under eclogite
and HP granulite facies conditions with a Franciscan field gradient. Ampbhibolite facies condi-
tions dominated in the Penninic and Southalpine domains and corresponded to a Barrovian-type
metamorphic field gradient. At the Carboniferous—Permian transition, the metamorphic imprints
mainly developed under amphibolite-LP granulite facies conditions in all domains of the Alps, corre-
sponding to a mean metamorphic field gradient at the transition between Barrovian and Abukuma
(Buchan) types. This distribution of the metamorphic imprints suggests a pre-Alpine burial of oceanic
and continental crust underneath a continental upper plate, in a scenario of single or multiple oceanic
subductions preceding the continental collision. Both scenarios are discussed and revised considering
the consistency of collected data and a comparison with numerical models. Finally, the distribution
of Devonian to Triassic geothermal gradients agrees with a sequence of events that starts with sub-
duction, continues with continental collision, and ends with the continental thinning announcing the
Jurassic oceanization.

Keywords:
tectonometamorphic evolution

metamorphic field gradients; subduction; collision; Pangea breakup; Variscan

1. Introduction

The Variscan belt constitutes the skeleton of the European continental crust and, for
this reason, is one of the most investigated orogens in the world. The palaeogeographic-
geodynamic reconstructions are numerous and contrasted, and the proposed subdivisions
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into structural domains (e.g., [1-20]) are rendered incomplete by the Meso—Cenozoic “tec-
tonic disturbance” induced by the Betic Cordillera, the Pyrenees, and the Alps
(Figure 1). The resolution of the Variscan structural setting of these domains would allow
for correlating the central and the southern part of the European Variscides, possibly solving
doubts or helping to overcome misfits. In particular, numerous palaeogeographic-tectonic
interpretations have recently been proposed for the Alps, generally based on the lithostrati-
graphic affinity between lithotectonic units constituting the pre-Alpine continental crust
of the chain [21-28]. However, the validity of these reconstructions becomes critical when
they are also proposed for the axial zone of the Alps where, differently from the external
structural domains, the tectonic reworking was pervasive during the Alpine convergence.
In present-day subduction settings [29-31], tectonic erosion is one of the main destructive
mechanisms that characterize such systems. It implies a significant reorganization of the
original structure of the upper plate margins and strongly contributes to the generation
of the tectonic mélange that typically characterizes subduction complexes [32]. The latter
generally coincide with the axial zones of the orogens, so early remarked by [33] as places
in which there are “portions of terrains that are not in their place, lying on an accidental
substrate, which is not their original substrate”. In this context, it appears more produc-
tive to examine the Variscan metamorphic imprints recorded across internal and external
domains of the Alps, which, albeit with a discontinuous record, indicate the potential
existence of one or more suture zones, as already attempted for exploring the possible
pre-Alpine evolution of the Palaeozoic continental crust with quantitative geodynamic
modelling (e.g., [34,35]).

In this light, this contribution shows the distribution of quantitative Variscan metamor-
phic conditions and the compositional affinity of protoliths across the different structural
domains of the Alps. This information will be completed with the age relative to the
different Variscan metamorphic imprints that range from Devonian to early Permian. In
the end, the Variscan metamorphic signatures and their ages are here discussed in relation
to the metamorphic gradients that have largely been used to interpret subduction-collision
chains [36—44]. Therefore, rather than identifying and unravelling the palaeogeographical
origin of lithotectonic units, this study aims at the identification of the link beyond the
“Meso-Cenozoic disturbances”, to find relationships between the Variscan subduction-
collision metamorphic markers and their distribution across the Alpine suture.
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Figure 1. Simplified tectonic sketch of the Variscan belt (modified after [15,35]). Grey areas contour
the Variscan massifs and green areas contour the Pyrenees, Betic Cordillera, and the Alps. Grey and



Geosciences 2023, 13, 300

3 0f 35

black lines show Variscan and Alpine fronts, respectively. Blue lines show Variscan su-
tures and red lines show main Variscan faults. A—Alps; Arm—Armorican Massif; BC—
Betic Cordillera; BCBF—Bristol Channel-Bray Fault; BF—Black Forest; BM—Bohemian Mas-
sif; CZ—Cantabrian Zone; CIZ—Central Iberian Zone; Co—Corsica; FCM—French Cen-
tral Massif; GTMZ—Galicia-Tras-os-Montes Zone; MT—Maures-Tanneron Massif;, OMZ—Ossa
Morena Zone; Py—Pyrenees; Sa—Sardinia; RM—Rhenish Massif; Si—Sicilian-Apulian base-
ments; SPZ—South Portuguese Zone; VM—Vosges Massif. Coordinate system WGS 84,
UTM Zone 32N.

2. Geological Setting

The Alps were generated by the subduction of the Ligurian-Piedmont ocean (Western
Tethys) under the Adria continental margin during the Meso-Cenozoic time, followed by
the collision of the European passive continental margin. The chain suture stretches from
Graz in SE Wien to the Gulf of Genova in NW Italy, south of which it is truncated by the
Neogenic Algero-Provencal basin (Figure 2). At its eastern end, it disappears under the
Neogene sedimentary rocks of the Pannonian basin system, which separates the Alps from
the Carpathians [45-48].

Along a western section from the Alpine front to the Po plain (Figure 2), the main
structural domains are (e.g., [49-51]) (a) the European foreland basin, underthrusted by
the Alpine belt during the final stages of convergence; (b) the pre-Alpine basement and
cover of the Helvetic-Dauphinois-Provencal domain, affected by the inversion of Mesozoic
listric faults into a thrust system during Palaeogene Alpine continental collision; (c) the
subduction system, between the Penninic Front (PF) and the Periadriatic Fault System
(PFS), which is constituted of a mélange of Penninic and Austroalpine continental nappes
wrapped by oceanic covers and basement rocks, belonging to the sutured western Tethys
ocean; and (d) the Southalpine domain that consists of continental basements and cover
units only locally affected by low-grade Alpine metamorphism and involved in a south-
verging thrust system active since the Cretaceous period (e.g., [52-54]). This domain
constitutes the hinterland of the Alpine belt.

The study of the tectonic setting of the area was integrated via the ECORS-CROP-
NFP20-TRANSALP seismic project [55], which identified the subduction complex within
the axial part of the chain. Such a hidden structure consists of a Cretaceous—Palaeogene
rootless crustal prism, which is confined by the PF towards the Helvetic-Dauphinois—
Provencal domain and by the PFS towards the Southalpine domain. The rootless crustal
prism records Cretaceous to Palaeogene high-pressure and ultra-high-pressure metamor-
phism (e.g., [16,56-58]) and includes continental rocks that were buried in the subduc-
tion system through either continental collision or ablative subduction. In the second
case, the high-pressure and ultra-high-pressure continental rocks were ablated from
the upper continental plate by the subducting oceanic plate before continental colli-
sion (e.g., [49,56,59,60]). Consequently, regardless of the chosen interpretation, it clearly
appears that in the subduction complex, the possibility of individuating a continuity
of pre-Alpine structures and lithostratigraphy, which allows for the reconstruction of
Variscan lithotectonic units, is strongly compromised.

Since Variscan metamorphic relicts were found in the pre-Alpine Penninic and Aus-
troalpine continental crust, it is possible to compare their metamorphic imprints with those
of the basement rocks of the Helvetic-Dauphinois-Provencal and Southalpine domains,
where Alpine tectonics has been less destructive [22,25,34,61,62], and potentially identify
scars of the Variscan suture.
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Figure 2. (a) Variscan protolith and rock types. (b) Variscan metamorphic imprints. See tectonic unit,
location, and reference coding in Appendix A

3. Rock Types and Metamorphic Imprints

In this section, we describe the rock types from the different domains of the Alps
(Southalpine, Austroalpine, Penninic, and Helvetic-Dauphinois-Provencal; Figure 2)
that display evidence of Variscan metamorphism over a time frame spanning from early
Devonian to early Permian (ca. 420 to 290 Ma; [63]). Data on each rock, including
tectonic unit, location, interpreted protolith affinity (continental, oceanic, mantle, or
undefined crusts), mineral assemblage, temperature and pressure conditions, and the
age of the Variscan metamorphic imprint, are reported in Tables 1-4, following the
different structural domains. The different rock types mainly consist of metasediments
or metagranitoids of continental affinity in all domains, although metabasites of oceanic
affinity and mantle rocks are also reported in the Austroalpine, Penninic, and Helvetic—
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Dauphinois-Provencal domains (Figure 2a). The first letter of the sample code in the
tables is the domain (S = Southalpine, A = Austroalpine, P = Penninic, and H = Helvetic-
Dauphinois-Provencal), and the second is the age (v = Variscan, p = Permian).

3.1. Southalpine Domain

The Southalpine domain represents a well-preserved portion of the pre-Alpine Adria
crust, minimally affected by the Alpine metamorphism during the development of an E-W-
trending and S-verging fold and thrust system and involving the pre-Alpine basement and
Permian-Mesozoic volcanic and sedimentary sequences [52-54,64-73]. The basement rocks
(labelled Sv in Table 1) are exposed from the eastern termination of the Southalpine thrust
system to the Canavese Line (the westernmost portion of the Periadriatic Fault System).

The Variscan metamorphic rocks of the Southalpine basement include micaschists, parag-
neisses, metagranitoids, metabasites, quartzites, carbonatic schists, marbles, and pegmatites.
The dominant metamorphic imprints (Figures 2b and 3a,b) were quantitatively inferred
mainly from metapelites and their ages generally fall between 330 and 340 Ma except for
two younger ages in the Ivrea and Dervio—Olgiasca Zones [74,75]. In these rocks, cm sized
relicts preserve mineral assemblages of low-temperature and intermediate-pressure conditions
(epidote-amphibolite facies imprints; Figures 2b and 3a), recorded during the T-prograde
Variscan evolutions and predating the T,y imprint (ca. 385 Ma; [76-81]. The late Carbonifer-
ous syn-metamorphic structures consist of a regional scale fold system, generally associated
with an axial plane foliation marked by greenschist facies minerals, locally mylonitic ([61]
and refs therein). The microstructural and petrologic analyses of metamorphic pebbles
from the late orogenic—early Permian conglomerates, capping the central Southalpine
basement, reveal that coherent metamorphic evolutions were recorded via Variscan rocks,
exposed to erosion during early Permian times [80,82,83]. Towards the western termination
of the Southalpine basement, a continuous horizon of metabasites, minor paragneisses,
metagabbros, retrogressed eclogites, and lenses of ultramafites are comprised in the Serie
dei Laghi Complex. Here, the dominant metamorphic imprint under amphibolite facies
conditions was dated between 307 and 359 Ma (e.g., [84,85]). This horizon separates two
main units of the Serie dei Laghi Complex (Strona-Ceneri and Scisti dei Laghi), and it
is interpreted as ophiolitic relicts marking a pre-Variscan suture, successively deformed
and re-equilibrated under amphibolite facies conditions together with the surrounding
rocks (e.g., [86,87]). The west-ending portion of the Southalpine basement, separated from
the subduction complex by the Periadriatic Fault System, corresponds to the Ivrea Zone
where the dominant metamorphic imprint in granulite facies is late to post-Variscan (i.e.,
Permian; [62,74]). Conversely, the eastern sector of the Southalpine basement is mainly
constituted of metapelites and metapsammites with intercalations of acidic and basic
metavolcanics ([88] and refs therein). In contrast with the central and western Southalpine
basement, the dominant metamorphic imprint never exceeds the epidote amphibolite to
greenschists facies conditions (Figure 2b), with metamorphic ages comprised between
Devonian and Carboniferous. Starting from the Cadore region in the eastern Alps, the
Variscan basement consists of non- to low-grade metamorphic sequences of the eastern
Palaeocarnic chain [89].

3.2. Austroalpine Domain

The metamorphic basement of the Austroalpine domain is generally referred to the
Adriatic margin (e.g., [49]) and is interpreted as belonging to Gondwana before being in-
volved in the Variscan collision [28,90,91]. In the western Austroalpine domain, the Variscan
metamorphic imprint is generally preserved in structural relicts, whereas it is better pre-
served in the central and eastern parts. Here, eclogites and related high-pressure rocks have
been detected in metabasite lenses, which are enclosed in high- to medium-grade metapelites.
They generally show a polyphasic tectonometamorphic evolution [35,88,92-98], and their ra-
diometric ages range between early Devonian and Carboniferous (Table 2). High-pressure
rocks mainly occur in the Schobergruppe, Oetztal-Stubai, Silvretta, and Languard-Campo
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nappes (Figure 2). Here, Variscan high-pressure assemblages developed both in mafic and
acidic igneous protoliths and in metasediments are variably re-equilibrated mainly under
amphibolite facies conditions (Figure 2, [35,61]), and this attests the deep subduction of
the continental lithosphere. Eclogite protoliths from Silvretta are of MORB type and have
mainly Mississippian metamorphic ages [99]. Variscan eclogitized mantle rocks from the
Austroalpine domain (Nonsberg—Ulten Zone) consist of spinel lherzolite evolving to garnet
peridotite (Figure 3d), and the inferred pressure prograde path indicates cooling during
deep burial in the subduction system [94,96,100-102].

3.3. Penninic Domain

The continental crust belonging to the Penninic domain consists of Precambrian
to early Palaeozoic polymetamorphic or monometamorphic basement [90,91,103,104]
comprising mafic and acidic metaintrusives and metasediments (labelled Pv in Table 3
and Figure 2a). In greater detail, Variscan metamorphic rocks consist of high-grade
paragneisses with minor marbles, metagranitoids, and metabasites [105-107]. In the
Grand St. Bernard nappe garnet-bearing amphibolites, locally preserving eclogite facies
mineral assemblages [91,103,108] occur within garnet-, staurolite-, and aluminum silicate-
bearing metapelites [103,104,109-112]. High-pressure rocks and eclogites also occur in
the mafic lenses of the polymetamorphic basement of Savona Massif (Figure 3e,f; western
Alps), of the Adula and Suretta nappes (central Alps), and of the Tauern Window (eastern
Alps) [113-122]. The Variscan dominant metamorphic imprint generally developed under
eclogite or amphibolite facies conditions (Figure 2b). Geochronologic determinations
point to early Devonian ages in the Savona Massif, Tauern Window, and Adula Variscan
basements and to early Carboniferous in the other Penninic nappes of the western and
central Alps (Table 3 and refs therein).

3.4. Helvetic—Dauphinois—Provengal Domain

The Helvetic-Dauphinois-Provengal domain, which derives from the pre-Alpine Eu-
ropean passive margin (the lower plate of the Alpine subduction), has only been involved
in the Alpine convergent system since the continental collision, and as a result, it has
largely avoided most of the structural and metamorphic effects caused by subduction. The
metamorphic pre-Alpine basement (labelled Hv in Table 4) is found in the “External Crys-
talline Massifs” (Argentera, Pelvoux—Belledonne-Grandes Rousses, Mont Blanc-Aiguilles
Rouges, and Aar-Gotthard), where pre-Alpine structural and metamorphic features are
well preserved (e.g., [23,24,48,106,123-127]). The “External Crystalline Massifs”, exposed
in the western Alps, consist of metamorphic rocks with ages ranging from Cambrian to
Carboniferous, capped by late Carboniferous to Permian sedimentary sequences and in-
truded by Permo-Carboniferous granitoids. All of these rocks show a discontinuous Alpine
metamorphic and structural signature (e.g., [24,128-131]). Variscan eclogites, granulites,
amphibolites, high-grade metapelites, and metagranitoids [124,126,127,132-138] document
a polyphase metamorphic history, ranging from eclogite-granulite to Ep-amphibolite facies
(Figure 2b). Eclogites and high-pressure granulites occur as lenses or boudins (Figure 3g)
wrapped by sillimanite biotite-bearing foliations within migmatitic gneisses. The rims of
these pods are extensively re-equilibrated under amphibolite or granulite facies conditions
(Figure 3h). Radiometric ages related to high-pressure imprints are mainly Carbonifer-
ous (Table 4), with some old Devonian determinations whose reliability is questioned
today [139]. Variscan high-pressure assemblages have never been detected in the Aar-
Gotthard Massif, where Variscan imprints developed under amphibolite facies conditions
during early Carboniferous times (Table 4). Late Carboniferous to early Permian granitoid
stocks and acidic and mafic dykes crosscut the migmatitic foliations and high-pressure
pods [130].

In the Permian—Triassic period, a high temperature-low pressure metamorphism
and intense mafic to acidic igneous activity affected the Variscan continental crust of the
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Penninic, Austroalpine, and Southalpine domains. No similar metamorphic features have
been described in the rocks of the Helvetic-Dauphinois—-Provengal domain [62,140].

AUSTROALPINE SOUTHALPINE

PENNINIC

HELVETIC-DAUP.-PROV.

Figure 3. Examples of Variscan rocks from the different Alpine domains. (a) Chloritoid, biotite, white
mica, and garnet-bearing metapelites from Southalpine basement (eastern Orobic Alps, Upper Val
Camonica) indicating an epidote-amphibolite facies metamorphic imprint. SPO of chloritoid marks
S1 foliation. Plane-polarized light; long side of the photograph = 1 cm. (b) Garnet, white mica,
kyanite, staurolite, and biotite-bearing metapelites from upper Como Lake, Southalpine basement,
indicating amphibolite facies conditions during S2 development. Plane-polarized light; long side
of photograph = 3.5 mm. (c) Garnet, scapolite, diopside, and plagioclase syn-D1 granulitic assem-
blage in metabasites from Austroalpine domain of central Alps (Languard-Campo nappe). Alpine
garnet coronas rim granulitic Variscan minerals. Crossed polars; long side of photograph = 0.1 mm.
(d) Olivine, garnet, and biotite in garnet peridotites of Nonsberg-Ulten Zone. Plane-polarized light;
long side of photograph = 2.2 mm. (e) Garnet, omphacite, and amphibole in eclogite lenses enclosed
in the paragneisses of the Savona Massif. (f) Partly re-equilibrated garnet, omphacite, zoisite, and
rutile eclogite facies assemblage from Savona Massif. Late kelyphitic amphibole developed at garnet
rims. Plane-polarized light; long side of photograph = 1.7 mm (g) Eclogite boudin in migmatitic
paragneisses of the Argentera Massif with cm sized garnets. (h) Retrogressed eclogites with gar-
net, zoned amphibole, and relict omphacite replaced by diopside-plagioclase symplectite, from the
Argetera Massif. Plane-polarized light; long side of photograph = 5 mm.
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Table 1. Rock type for the Southalpine domain including the metamorphic assemblages, P-T condi-
tions, and Variscan ages. Cc = continental crust; Oc = oceanic crust; Ma = mantle; Un = undefined
crust. Geochronological data acquisition: ® mineral separation. See reference coding in Appendix A.
Mineral abbreviations are after [141].

Tect. Unit Location Group/Rock  Assemblage Temp (°C) Pres (GPa) Age (Ma) Method Refs Code
Serie dei
. Val Cc Qz, P1, Grt, Ar/Ar (Wm) )
CLaghl Cannobbina metapelite St, Bt, Hbl 640 + 50 0.70 £ 0.1 333 £ 26 ® [84,142] Svcl
omplex
Domaso— y
Cortafd Como Lake Ce . Grt, Bt, W, 385 K/Ar (Wm) [76’77’]43’ Svco2a
7 metapelite Cld, P1, Qz © 144]
one
amphibolite A&%frﬁg 1’
Domaso—
Cortafd Como Lake Ce . 13[” Grt, it' 605 + 45 0.90 + 0.2 330 + 8 K/Ar (Amp) 177 144 146] Sveo2b
Zone metapelite s, Qz, Ky ©
amphibolite Agg,]grtf{tP 1
Monte
Muggio Monte Ce Qz, Chl, Bt, 570 + 10 0.80 4 0.1 Bo+10  K/ATAMP) es s 14g) Sve3
Zone Muggio metapelite St, Ky, Ms ©
Dervio—
Olgiasca Cr?lr.er.‘“" Ce ’ P];AS' BtéGg' 630 + 30 0.85+0.15 315+3 U/Pb (Mn2) 175 144 149 Svcsa
Zone inio metapelite , Qz, St, Ky ©
Amph, Pl,
amphibolite Qz, Cpx, Bt,
IIm
Dervio—
. Corenno Cc Ms, Bt, Grt, K/Ar (Wm) [144,146,
Olzgéiseca Plinio metapelite Pl, Qz, St, Ky 560 =+ 30 1.0 +£0.25 330 £+ 10 o 149] Svchb
amphibolite Ci)rlt, Szmﬁ?’
Val Vedello Cc Ms, Bt, Grt, K/Ar (Wm) 5 ,
Basement Val Vedello metapelite Pl, Qz, St, Ky 629 + 39 0.90 £ 0.2 330 £ 10 o) [69,82,146] Svc4
North-
Eastern
Orobic Lago Belviso Ce ’ S[rt,lg;lt, Bt, 615 & 45 1.00 +0.15 330 & 10 K/Ar (Amp) [145,150] Svcéa
Basement metapelite s, P1, Qz ©
(A)
North-
Eastern
Orobic Lago Belviso Ce li ?vr[t’ %lld’ Bt, 500 =+ 20 0.85+0.1 Devonian [76,150] Svcéb
Basement metapelite s, P1, Qz
(A)
North-
Eastern
Orobic Edolo Ce Chl, Bt, Grt 495 + 55 0.55 + 0.2 330 + 10 K/Ar(Amp) 171 65 145] Sve7
B metapelite ©
asement
(B)
Eastern Val C Qz, P1, Grt,
Orobic c al N Bt, Wm, Cld, 510 & 60 0.85 + 0.15 Devonian [76,81] Svclda
amonica metapelite
Basement Rt, IIm
Eastern Qz, P1, Grt,
Orobic c Val. Ce Bt, W, St, 600 + 50 0.55 + 0.15 Bo+10  K/Ar(amp) [81,145] Svcldb
amonica metapelite O]
Basement Im
Eastern Qz, P1, Grt,
Orobic c Val Ce Bt, Wm, St, 550 + 30 030+ 0.1 >late [81] Svclde
amonica metapelite Permian
Basement And, Ep, Ilm
Trompia
Valley 1\}[’ asso Ce i Grti,lad' Ms, 55405 110+ 02 b late [78-80] Sve9
Basement aniva metapelite ,Qz evonian
. . Cc Qtz, Pl, Bt, .
Eisacktal Brixen metapelite Kifs, Grt 625 + 25 >0.3 Devonian [151] Svcl0
Eisacktal Brixen Ce Bt, Crd, Kfs, 500 + 50 0.60 +0.05  Carboniferous [151] Svcll

metapelite Pl, Qz, Sil
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Table 2. Rock type for the Austroalpine domain including the metamorphic assemblages, P-T
conditions, and Variscan age. Cc = continental crust; Oc = oceanic crust; Ma = mantle; Un = undefined
crust. Geochronological data acquisition: ® mineral separation; © mineral separation and trace
elements; © in situ; @ in situ and trace elements. See reference coding in Appendix A. Mineral

abbreviations are after [141].

Tect. Unit Location Group Assemblage Temp (°C) Pres (GPa) Age (Ma) Method Refs Code
DentBlanche ~ Valpelline ~ Ccmetapelite  Grt, Bt, Sil 703 + 42 055+ 0.1 289.1 + 6.3 u/ Pbe(zm) [152-154] Avcld
DentBlanche ~ Valpelline ~ Ccmetapelite T of; % BY 725 + 25 095 + 0.05 289.1 + 6.3 u/ Pbe(zm) [153-155] Avcl5
DentBlanche  Valpelline  Ccmetapelite G, Bt, Sil 703 + 42 055 +0.1 288 +3.9 U/Pb (Zm) [152-154] Ave2d

Qz, Wm, Grt,
1l DK Zone ValSesia  Ccmetapelite Pl Kfs, Bt, 623 +£42.5 07401 294 £ 41 U/Pb (Zm) [154] Apc26
Zrn, IIm
Silvretta Un Grt, Omp, .
nappe Ischgl metabasite Qz, Rt, Ms 625 + 25 2.60+0.3 Carboniferous [99] Avco8
Silvretta Un Grt, Omp, .
nappe Val Puntota metabasite Qz, Rt, Ms 475+ 25 2.60 £0.1 Carboniferous [99] Avco9
S;};’;‘;;a Hochnoerderer U0 cgitp}llb(lgz 640 -+ 40 065+01  Carboniferous [156-158] Aveol0
Silvretta Various Un eclogitic 655 + 15 2.80 351+ 22 Sm/Nd (WR) [159] Aveoll
nappe metabasite assemblage O]

S;}Z;;t;a Pischahorn Cc metapelite Qz, Ms, And 600 0.20 Carboniferous [157,160] Avcll
Lgﬁ‘;gd‘ Sondalo Ccmetapelite 91 gPSZKfS' 660 + 90 05+0.1 290 + 2 Sm/Nd (WE) [161,162] Apc7
Leg;%lql ;gd_ Mortirolo Cc metapelite Dum, Qz 800 £ 50 2.00 Devonian [93] Avcl2
Lacr;%‘f;;d' Mortirolo  Cc metapelite Di'PGl’gZSCP' 850 + 100 0774012  Carboniferous [95] Avcl3
Languard- Bt, St, W,

C 8 Mortirolo Cc metapelite Grt, P1, Qz, 620 + 40 0.9 +0.2 Dev.-Carb. [98] Avclé

ampo Rt, IIm, Tur

Lg‘;ﬁ‘;{)‘i‘ Mortirolo  Cc metapelite Béﬁ“ﬁfﬁ;}f 1 815 + 35 0.80 + 0.2 Dev.-Carb. [98] Avcl?

Languard- Grt, St, Wm,

Ca%n po Mortirolo Cc metapelite Bt, P1, Qz, 600 + 20 0.60 + 0.01 Dev.-Carb. [163] Avcl8

Iim
Grt, Sil, And,
Qetatal- Silandro Ccmetapelite  Bt, Pl Qz, 605 + 35 042401 200 + 17 Rb/Sr (WK) [164,165] Apcda
Crd

Oetztal- Un Sm/Nd (Gr) .

Stubai Lagenfeld metabasite Grt, Omp 750 & 50 2.70£0.2 350 £8 ® [97,166] Avo3

Oetztal- . Grt, Wm, PI, Th/U/Pb

Stubai Burg Cc metapelite Qz, St, Ky 600 + 50 120+ 0.1 355 +5 (Mnz) & [167] Avcd
Pl, Wm, Bt,
Qetztal- Various Ccmetapelite  Qz, Kfs, Grt, 600 = 50 055+ 0.15 320 + 58 T(}l\‘/[/ng)/ gb [168] Aves
Ky
Oetztal— Cc metagran- Qz, Kfs, P1, Sm/Nd
. Kaunertal etag Wm, Bt, Grt, 630 0.75+0.1 335.7+9.6 . [169] Avc26
Stubai itoid Ep, {lm. Tt (Gr-WR) &
sz' PL, Wm,
Oetztal- Alpeiner . risd 4 Th/U/Pb
Stubai Valley Cc metapelite Bt, [C];II;, St, 680 + 35 120+ 0.1 3275+ 125 (Mnz) © [170] Avc27a
Oetztal- Alpeiner . Qz, Pl W, Th/U/Pb
Stubai Valley Cc metapelite Bt, ICI;IIE, St, 600 + 35 040 +0.1 3105 (Mnz) @ [170] Avc27b
Oetztal- Soelden- . Qz, Grt, St, Th/U/Pb
Stubai Umhausen Cc metapelite Ky, P 600 + 50 120+ 0.1 3655 (Mnz) @ [167] Avc28a
Qetztal- Soelden- . Qz, Grt, St, Th/U/Pb
Stubai Umhausen Cc metapelite Sil. Pl 700 + 50 0.50 + 0.1 323 +5 (Mnz) & [167] Avc28b
S b .
Ulten Zone AMEMPETE  Cemetapelite gfrst IE; B, 700 + 50 150 + 0.5 365 Pb/ Pg @Zm)  94171,172] Aves
Ulten Zone Sam/iﬁ:’erg en o Grt, Omp, Qz 700 + 50 1.40 £ 02 pelte [94] Avcob
Sm/Nd (Grt-
Samemberg Ma . [94,96,101,
Ulten Zone Alm ultramafic Grt-bearing 790 £ 20 250403 330 £ 4 CP)E)WR) 102 Avo7
Samemberg . Ky, Grt, Qz, Th/U/Pb : .
Ulten Zone Alm Cc metapelite Pl Bt Rt 625 + 25 1.15 £+ 0.05 347 + 4 (Mnz) @ [173,174] Avcl9
Samemberg . Ky, Grt, Qz, Th/U/Pb
Ulten Zone Alm Cc metapelite P, Bt, Rt 720 0.95 + 0.05 328 +2 (Mnz) @ [173,174] Avc20
Ce 01, Opx, Sp, Sm/Nd (Zrn)
Ulten Zone Hochwart metabasite Cpx, Amph 790 £+ 20 2.50+0.3 3306 o [175] Avc29
Grt, Qz, P,
Schobergruppe Lienz Cc metapelite Ms, Bt, St, 500 321 + 14 Th/ P%(an) [176] Avcl
Chl, Ky
Grt, Cpx,
U Amph, Qz, Lu/Hf
Schobergruppe  Barrenlesce  UN Wrrr?,plm%?, 700 £ 50 1.50 + 0.2 305 + 5 (Grt%R) 5 [177] Avcol2
Pl
Grt, Omp,

Woelz Unit Hochgroessen metaobcasite Amp,EI;t, Tim, 700 + 50 2.00 0.2 397 + 8 Ar/ASAmP) [158,178] Avo2

Rappold Unit Various Cc metapelite 540 + 15 0.66 = 0.08 Carboniferous [179,180] Avc23
. . Qz, Grt, Ky, Th/U/Pb

Saualpe Various Cc metapelite Wm, PL, St, ‘Bt 575 + 75 0.50 + 0.1 320 + 16 (Mnz) & [181] Avc30

Aus%;’(‘)’;‘f;ine Sopron Ce metapelite Bt'ézf}%lsm 637 £ 62 0.28+0.1 300 + 40 T(}I\‘,I/Ig)/ b [182] Apcl4
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Table 3. Rock type for the Penninic domain including the metamorphic assemblages, P-T conditions,
and Variscan ages. Cc = continental crust; Oc = oceanic crust; Ma = mantle; Un = undefined crust.
Geochronological data acquisition: ® mineral separation; © mineral separation and trace elements.
See reference coding in Appendix A. Mineral abbreviations are after [141].

Tect. Unit Location Group Assemblage Temp (°C) Pres (GPa) Age (Ma) Method Refs Code
Savona Cc Grt, Omp, U/Pb (Zrn) [116,120,
Massif Savona metabasite Qz, Ms 700 £ 50 1.70 383 +9 o 122] Pvcl
Clarea . Cc Grt, Ms, Pl, Ar/Ar (Wm)
Complex Cottian Alps metapelite Ky, Rt, Qz 600 + 50 0.95 +0.15 350 £ 10 o [111,183] Pvc2
Dora-Maira Cc Qz, Wm, Grt, U/Pb (Mnz) y
Massif Punta Muret metapelite St, Bi, Ilm 650 + 10 0.70 £ 0.1 324+ 6 A [184] Pvc8
Gran Ce Grt, St, Tlm
Paradiso Valnontey . iy 4 625 + 25 0.60 + 0.1 Dev.-Carb. [185] Pvc3
Massif metapelite Qtz
Monte Rosa Gressoney Cc
Massif Valley metapelite Grt, Qz 562 + 12 0.50 + 0.1 Dev.-Carb. [186] Pvch
Mischabel Siviez Ce Hb), Pl, Qz 600 + 50 0.55 + 0.05 Dev.-Carb. [103,109] Pvc7
nappe metabasite
Grt, Omp,
Adulanappe  Trescolmen Un Ms, Amp, 750 + 75 220 4025 374 428 U/Pb (Zrm) [119,121] Pvco8
metabasite S)
Qz, Chl
Grt, Omp,
Ad X n .. Ky, Rt, Ms,
ula nappe Vals, Confin metabasite Ep, Pl, Qz 640 + 75 1.70 +0.25 329 + 25 U/Pb (Zrn) & [119,121] Pvco9
. .. PLQzGrt,
metagranitoid Ms, Ep, Rt
Suretta Avers Un Grt, Hbl, 683 + 66 2.00 Dev.-Carb. [118] Pvcol0
nappe metabasite Cpx, Ep, Qz
Sm/Nd-
ﬁ;ﬁi‘v‘v Frosnitztal met;{;site Grt'QC;mpf 450 + 50 1.00 £ 0.2 4185 + 185 U/Pb [114,117] Pvcoll
(WR-Zrn) &
Sm/Nd-
aen Mallnitz o G“’QO“‘P' 620 4 100 120 4185+ 185 U/Pb [113,117] Pvcol2
indow metabasite Z (WR-Ztm) &
Table 4. Rock type for the Helvetic-Dauphinois-Provencal domain including the metamorphic
assemblages, P-T conditions, and Variscan ages. Cc = continental crust; Oc = oceanic crust;
Ma = mantle; Un = undefined crust. Geochronological data acquisition: ©® mineral separation;
© mineral separation and trace elements. See reference coding in Appendix A. Mineral abbreviations
are after [141].
Tect. Unit Location Group Assemblage Temp (°C) Pres (GPa) Age (Ma) Method Refs Code
Argentera . Un Grt, Hbl, . )
Massif Tinee metabasite Cpx, Pl, Qz 735 £ 25 130 £ 0.1 Devonian [134] Hvcola
Valle Gesso;
Argentera Valle Stura; Un Grt, Hbl, 735 + 25 1.30 £ 0.1 Devonian [134] Hvcolb
Massif . . metabasite Cpx, P1, Qz
Vésubie
Passo della Grt, Hbl,
Arl\%e“tffm Mena, o th it Cpx, Pl, Qz, 735 + 15 1.38 4 0.05 340 +4 u/ Pbe(zm) [137,187] Hve2
ass Frisson lakes ctapelite Rt/Im
Argentera . Un Grt, Hbl, . y
Massif Various metabasite Cpx, Pl, Qz 735 £ 25 1.30 £ 0.1 Devonian [134] Hvcol6
Argentera . Un Grt, Hbl, . )
Massif Various metabasite Cpx, Pl, Qz 735 £ 25 130 £ 0.1 Devonian [134] Hvcol7
Argentera Oc Cpx, Pl, Ar/Ar
X Lac Long . Amph, Grt, 690 £ 55 1.50 £ 0.25 >339.7 + 12 N [138] Hvol7a
Massif metabasite Rt Tim (Amp) ©
Cpx, P,
Argentera Lago Oc Amph, Grt, 690 + 55 1.50 + 0.25 >339.7 + 12 Ar/Ar [138] Hvol7b
Massif Valscura metabasite Rt Iim (Amp) ©
Argentera . Un Grt, Hbl, . .
Massif Various metabasite Cpx, Pl Qz 735 £ 25 1.30 £ 0.1 Devonian [134] Hvcol8
Argentera . Un Grt, Hbl, . G
Massif Various metabasite Cpx, PL, Qz 735 + 25 1.30 £ 0.1 Devonian [134] Hvcol9
Pelvoux Un .
Massif La Lavey metabasite 850 + 50 1.40 £ 0.1 Devonian [188,189] Hvco7
Pelvoux Peyre Un Cpx, Grt, Pl,
Massif Arguet metabasite Prg, Rt, Qz 800 £ 50 0.50 +0.2 Dev.-Carb. [188-190] Hvco8
Pelvoux Un Grt, Cpx, Qz,
Massif La Lavey metabasite Rt, PI, 690 + 40 1.60 £ 0.1 3375+75 U/Pb (Rt) & [191] Hvco2la

Amph, Bt
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Tect. Unit Location Group Assemblage Temp (°C) Pres (GPa) Age (Ma) Method Refs Code
Pelvoux Un Cpx, Qz, Pl, U/Pb (Zrn)
Massif La Lavey metabasite Amph 835 + 35 0.75 +£0.15 3155+ 21.5 o [191] Hvco21lb
Pelvoux Valgaudemar Ma . .
Massif Valley dltramafic Grt-bearing 1055 + 85 3.50 £ 0.5 Devonian [192] Hvco23
Grandes Romanche Un Cpx, Grt, Qz, Ar/Ar
Rousses Valley metabasite Rt 717 + 67 0.55 + 0.15 321+ 10 (Amp) © [193] Hvco5
Grandes Oisan Un Cpx, Grt, Qz, gg4 4 109 1.30 £ 0.4 Dev.-Carb. [193] Hveo6
Rousses metabasite Rt
Belledonne Grt, Cpx, PI,
Lac de la Croix Un Qz, Rt 640 + 30 1.20 £0.1 Devonian [189] Hvco9
Grt, Hbl,
Massif metabasite Cpx, Qz, Rt,
Zo
Belledonne Cc Grt, St, Bt,
. Allemond . Ms, Chl, PI, 550 + 50 1.00 £ 0.1 Devonian [23,194] Hvc3
Massif metapelite Oz, Rt
Gt, St, Bt,
Belledonne Livet Ce Ms, Pl, Qz, 590 + 60 0.80 + 0.2 352 + 55 K/Ar(Amp) 153194 195] Hvcd
Massif metapelite Tim ©
Belledonne Cc Qz, P1, Bt, U/Pb (Zrn)
Massif Grand Mont metapelite Grt, Rt 740 + 40 1.20 £0.2 322 +12.5 o [126] Hvcléb
Belledonne - 4 Mont Ce Qz, Pl Bt, 650 =+ 50 0.95+0.15  Carboniferous [126] Hvcléa
Massif metapelite Grt, IIm
Belledonne Cc Qz, P1, Bt, U/Pb (Zrn)
Massif Grand Mont metapelite Grt, TIm 580 =+ 30 0.65 + 0.15 306 + 3 o [126] Hvcléc
Qz, Wm, PI,
Belledonne Taillefer Ce Bt, St, Grt, 608 + 14 0.58 + 0.06 3B7 47 U/Pb (Zrn) [196] Hvcl?
Massif metapelite Ky ©
Belledonne Un Grt, Cpx, Qz,
Massif Grand Mont metabasite Rt, Amp 715 + 25 1.50 £0.1 340 £ 11 U/Pb (Rt) © [126] Hvco20a
Belledonne Un Grt, Cpx, U/Pb (Zrn)
. Grand Mont . Amp, Ilm, P, 580 + 30 0.65 + 0.15 306 +3 [126] Hvco20b
Massif metabasite Qz S]
Aiguilles Un Grt, Cpx, : )
Rouges Lac Cornu metabasite Hbl, Qz, Rt 737 £12 1.55 4+ 0.05 Devonian [124,133] Hvcol0
Aiguilles Col de Cc Grt, Ms, Ky, .
Rouges Bérard metapelite Qz, Pl 650 + 25 1.30 £ 0.1 Carboniferous [197] Hvcll
Aiguilles Emosson Cc Bt, Qz, Kfs, .
Rouges lake metapelite Pl Ms, Gt 550 + 25 0.90 £ 0.1 Carboniferous [198] Hvcl2a
Aiguilles Emosson Cc Bt, Qz, Kfs, U/Pb (Mnz)
Rouges lake metapelite PL, Ms, Gt 650 + 20 0.31 +0.01 320+ 1 ° [198,199] Hvcl2b
‘Egmﬂes St-Gervais- Ce 700 + 50 1004015  Dev-Carb. [200] Hvcl5
ouges les-Bains metapelite
Aiguilles Un Amp, Grt,
Rouges Lac Cornu metabasite Cpx, Qz, Rt 700 £ 50 1.75 £ 0.15 3375 +25 U/Pb (Rt) © [127] Hvco22a
Aiguilles Un Amp, Grt,
R Lac Cornu . Cpx, P1, Qz, 650 + 50 0.95 +0.15 Carboniferous [127] Hvco22b
ouges metabasite Tim
Hbl, Grt, Qz,
Mont Blanc Martigny metSEasite Pl 544 + 45 0.68 + 0.07 321 4+ 14 Ar/Ar(Amp)®  [201] Hvcl3
. Grt, Mag, Di,
Massif skarn Hd
Aar Massif Susten Pass Ce . 330+ 3 U/Pb (Zrn) [123,202] Hvcl4
metapelite ©

4. Metamorphic Evolution

The distribution of absolute ages together with evolutionary paths of metamorphism
(Figures 4-6) identifies three main tectonic stages for the Variscan history of the Alpine area [63]: De-
vonian (420-370 Ma—early Variscan), late Devonian-late Carboniferous (370-330 Ma—middle
Variscan), and late Carboniferous—early Permian (330-290 Ma—late Variscan).

4.1. Devonian (420-370 Ma)

Scarce Devonian tectonometamorphic relicts are found in all the Alpine domains
(Figure 4a). Eclogites from the Penninic and Austroalpine domains (Adula nappe, Savona
Massif, and Woelz Unit; [116,119-121,158,178]), characterized by garnet, omphacite, and
rutile mineral association, and metapelites with dumortierite in the Languard-Campo
nappe (central Austroalpine domain; [93]) document eclogite facies conditions (Figure 4a,b).
Similarly, metabasites containing garnet, clinopyroxene, amphibole, and plagioclase are de-
scribed in the Argentera, Pelvoux, and Aiguilles Rouges Massifs in the Helvetic-Dauphinois-
Provengal domain. The symplectites of clinopyroxene and plagioclase replacing omphacite
document the re-equilibration of eclogite facies conditions or HP granulite facies con-
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ditions [134,203]. The ages of the majority of these metabasites are only geologically
constrained (Tables 2—4 and Figure 4a,b). Ep-amphibolite facies conditions are com-
monly recorded via garnet-chloritoid-biotite-bearing metapelites from the Southalpine
domain [71,80,81], garnet-staurolite-biotite-bearing metapelite from the Belledonne Mas-
sif [23,194], and metabasite from the Tauren Window [114,117]. In addition, amphibolite fa-
cies conditions (Figure 4a,b) are documented via few rocks in the Tauren Window (Penninic
domain; [113,117]) and Belledonne Massif (Helvetic-Dauphinois-Provencal domain; [189]).

The Devonian metamorphic imprint developed under a general low to moderate T/P
ratio which indicates Franciscan to cold Barrovian metamorphic field gradients (Figure 4c).
The coldest thermal states are documented with rocks from the Austroalpine and Penninic
domains. Rocks from the Southalpine and Helvetic-Dauphinois-Provencal domains record
a cold Barrovian metamorphic field gradient (Figure 4c).

Devonian (430- 370) Age 2 L\;p
@ Ep-amphibolite ® Geochronological { Q,'.
© Amphibolite O Geological ) e
@ Granulite
@ HP-granulites w2urich Y B . - §

@ Eclogite R . ~ TS « >4 askglraz
@ Ep-eclogite . = ’ ; S I
O Lws-eclogite aierm = - Pf ég’

S JMaribor
e

//\}\ Alpine domains

enezia [ Southalpine
[ Austroalpine
I Penninic
. [ Helvetic-Dauphinois-Provengal
] Cenozoic intrusives
PFS Periadriatic Fault System

Genova PF Penninic Front

50 100 150 200 km

2.5

N
T

N
o
T

ivco7
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Figure 4. (a) Devonian metamorphic imprints and geochronological and geological ages. (b) PT data
of Devonian samples and relative metamorphic facies (modified after [43,204,205]). (c) PT data of
Devonian samples and relative metamorphic field gradients (modified after [35,204]). See reference
coding in Appendix A and codes information in Tables 1—4.

4.2. Late Devonian—Late Carboniferous (370-330 Ma)

Abundant relicts with a late Devonian to late Carboniferous metamorphic imprint
occur in the central and western Alps (Figure 5a). In the Helvetic-Dauphinois-Provengal
domain, the metamorphic imprint generally developed under HP granulite facies con-
ditions (Figure 5a,b) with the mineral association characterized by garnet, clinopyrox-
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ene, and amphibole in metabasites and quartz, garnet, and kyanite in metapelites (e.g.,
[77,126,137,138,189]). One sample in the Aiguilles Rouges Massif (Figure 5a,b) still pre-
serves eclogite facies imprints (Lac Cornu—Hvco22a, [127]). Two samples of metapelites
in the Belledonne Massif document amphibolite facies conditions (Hvc4 and Hvcl7;
Figure 5a,b) characterized by quartz, garnet, and staurolite mineral association [194-196].
Ep-amphibolite and granulite facies conditions are documented in two cases from the
Aiguilles Rouges and Pelvoux Massifs, respectively [188,198], but no radiometric age is
available (Figure 5a,b).

7
Late Devonian tolate Carboniferous (370-330) Age 7 l\}p
@ Ep-amphibolite @® Geochronological f 0.“,
© Amphibolite O Geological S
® Granulite é’\
@ HP-granulites g2urich ) =
® Eclogite <Craz
@ Ep-eclogite 5.
O Lws-eclogite &
'.Q Maribor
./J\A Alpine domains
! i ) u'ilano peneria [l Southalpine
gGrenoble’ ‘ [ Austroalpine
: (‘.. I Penninic
. ) [ Helvetic-Dauphinois-Provencal

<o P 5
] Cenozoic intrusives

PFS Periadriatic Fault System
PF Penninic Front

Genova

Pressure [GPa]

Barrovian |

Ve17avet3
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Figure 5. (a) Late Devonian-late Carboniferous metamorphic imprint and age types (geochrono-
logical and geological age). (b) PT data of Late Devonian-late Carboniferous samples and relative
metamorphic facies (modified after [43,204,205]). (c) PT data of Late Devonian-late Carboniferous
samples and relative metamorphic field gradients (modified after [35,204]). See reference coding in
Appendix A and codes information in Tables 1—4.

Rocks from the Penninic domain commonly indicate amphibolite facies conditions for
the late Devonian to late Carboniferous metamorphic imprints (Figure 5a,b) with metapelites
characterized by quartz, garnet, and staurolite assemblages [110,183,185,186,206] and metab-
asites by garnet, amphibole, and clinopyroxene mineral associations [103,109,118]. In
the Austroalpine domain, the late Devonian to late Carboniferous metamorphic imprint
lies in different conditions. Eclogite, Ep-eclogite, and Lws-eclogite facies conditions are
documented with metabasites from the Oetztal-Stubai Complex and Silvretta nappe
(Figure 5a,b), all supported by radiometric age [92,94,99,101,102,159,166,175]. Amphi-
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bolite facies conditions are instead documented with metapelites and metabasites from the
same units and from the Languard-Campo nappe [94,98,156,158,163,167,169,173,179]. In
the latter unit, granulite facies conditions are recorded with metapelites in the Mortirolo
area, but their age is estimated only by geological constraints [95,98]. In the Southalpine do-
main, amphibolite and Ep-amphibolite facies conditions are documented with metapelites
across the Orobic basement and Strona-Ceneri unit, characterized by quartz, garnet, biotite,
staurolite, and minor kyanite mineral associations [71,78,80-82,84,142,144,146,148].

The late Devonian-late Carboniferous metamorphic imprint developed under a gen-
eral moderate T/P ratio, especially in the Penninic and Southalpine domains, resulting in
a Barrovian metamorphic field gradient (Figure 5c). However, some rocks in the central
Austroalpine and Helvetic-Dauphinois-Provencal domains document a colder thermal
state that points to the Franciscan metamorphic field gradient (Figure 5c).

4.3. Late Carboniferous—Early Permian (330-290 Ma)

Most of the rocks that recorded late Carboniferous to early Permian metamorphism
are derived from the continental crust (metapelites and paragneisses). The metamorphic
imprint during this period was dominated by (HP) granulites and amphibolites facies
conditions (Figure 6a,b), with only a few exceptions such as the record of Ep-amphibolite
facies in the Belledonne Massif from the Helvetic-Dauphinois-Provengal domain [126].
A unique case is represented by the metabasite from Vals in the Adula nappe (Penninic
domain) that documents eclogite facies conditions (Figure 6a,b, [119,121]). However, the
radiometric estimate of 329 £ 25 Ma suggests a possible early Carboniferous age for the
metamorphism recorded with this rock.
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Figure 6. (a) Late Carboniferous—early Permian metamorphic imprint and age types (geochrono-
logical and geological age). (b) PT data of Late Carboniferous—early Permian samples and relative
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metamorphic facies (modified after [43,204,205]). (c) PT data of Late Carboniferous—early Permian
samples and relative metamorphic field gradients (modified after [35,204]). See reference coding in
Appendix A and codes information in Tables 1-4.

Therefore, the late Carboniferous to early Permian metamorphic imprint developed
under a moderate to high T/P ratio that indicates a Barrovian to Abukuma metamorphic
field gradient (Figure 6¢). Two exceptions are represented by rocks from the Adula nappe
in the Penninic domain and Schobergruppe in the Austroalpine domain that point to a
Franciscan metamorphic field gradient (Figure 6c).

4.4. Metamorphic Field Gradients

The Franciscan field gradient is the typical gradient that characterizes the subduction
zones (e.g., [36,205,207]). The PT conditions of Variscan rocks documenting a Franciscan
field gradient indicate a thermal gradient lower than 20 °C/km (blue area in Figure 7)
and plot over the PT estimates from worldwide exhumed blueschists and eclogites of
subduction complexes (Figure 8). This field gradient characterizes the Devonian evolution
of Variscan rocks in the majority of the Alpine domains. The Barrovian field gradient
(yellow in Figure 7), which is traditionally interpreted as the effect of crustal thickening
during continental collision (e.g., [41,205,208-212]), is recorded in all domains of the Alps
since the late Devonian period. The Abukuma field gradient (red in Figure 7) testifies to an
abnormally high thermal regime typical of arc systems, ridge settings [42,205,213,214], or
thinned lithosphere [205,215] and preferentially developed during the late Carboniferous—
early Permian period.
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Figure 7. Age vs. geothermal gradient of Variscan rocks in the different domains of the Alps
extrapolated from PT conditions, using a reference density of 2900 kg/m? (see Table 1). Blue, yellow,
and red areas refer to Franciscan, Barrovian, and Abukuma field gradients, respectively.
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In particular, during the Devonian time, rocks from the eastern Austroalpine and
Penninic domains developed under Franciscan-type conditions (Figure 9a), whereas rocks
from the Helvetic-Dauphinois—Provencgal and Southalpine domains fell along the upper
Barrovian field gradient (Figure 9b). However, in the case of the Helvetic-Dauphinois—
Provencal domain, the radiometric estimates are rather old and obtained with obsolete
methods [203], and they may represent a mixing of different ages [139], whereas in the
Southalpine domain, the ages are mainly constrained on geological criteria.

During the late Devonian-late Carboniferous time, the majority of central Austroalpine
and Helvetic-Dauphinois—-Provengal rocks still recorded Franciscan-type imprints that are
also testified to via one rock from the Southalpine and one from the Penninic domain
(Figure 9a). On the contrary, the majority of Southalpine and Penninic rocks re-equilibrated
under Barrovian-type conditions that also affected a few rocks from the Austroalpine and
Helvetic-Dauphinois-Provengal domains (Figure 9b).

Finally, for the late Carboniferous—early Permian time, only one rock from the eastern
Austroalpine domain documents a Franciscan-type imprint, whereas a Barrovian field
gradient is recorded via rocks from the Helvetic-Dauphinois—Provencal domain. Rocks
from the eastern and western Austroalpine domain document metamorphic field gradients
at the transition between low Barrovian and Abukuma, together with a few rocks from the
Southalpine and Helvetic-Dauphinois—Provengal domains (Figure 9c).
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Figure 8. PT estimates of Variscan rocks characterized by Franciscan field gradients. The blue area is
the interpolation of PT estimates from worldwide exhumed blueschists and eclogites after [216].
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Figure 9. Franciscan (a), Barrovian (b), and Abukuma (c) field gradients calculated for the collected
samples as a function of age (blue: Devonian; green: late Devonian-late Carboniferous; yellow: late
Carboniferous—early Permian) and location along the Alpine chain.

5. Discussion

The compilation of PT data from Variscan rocks from the Alps highlights the high
variability of geothermal gradients as a function of timing and location across the chain
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even within a single tectonic domain (Figure 9). This variability is clearly the result of
transposition, deformation, translation, and metamorphic overprinting caused by succes-
sive tectonic events that characterized the Alpine area from the Permian period to the
present day. In particular, Variscan rocks were restructured during the Permian-Mesozoic
continental rifting and oceanization and subsequent Alpine subduction and collision. In
contrast, other parts of the European Variscan orogen are either not affected or only par-
tially affected by successive tectonometamorphic events, allowing for the preservation of
tectonic domains that can be correlated though the different portions of the Variscan belt
across Europe. Taking into account the tectonometamorphic fragmentation consequent to
successive tectonic events, we tentatively compare the metamorphic imprints and field
gradients of Variscan rocks in the different Alpine domains with those in the European
domains across three main tectonic stages individuated in Variscan history: Devonian, late
Devonian-late Carboniferous, and late Carboniferous—early Permian (Table 5).

During the Devonian period, eclogite and HP granulite facies conditions, developed
under Franciscan and upper-Barrovian gradients, dominated the rocks in the Helvetic—
Dauphinois-Provengal, Penninic, and Austroalpine domains. Similar metamorphic condi-
tions are described in rocks from the allochthon of the European Variscan massifs, except
for the Vosges—Black Forest. In the Southalpine domain, Ep-amphibolite and amphibolite
facies conditions dominated during the Devonian period, indicating a general Barrovian
metamorphic gradient, which is not described in the European Variscan domains for this
period. However, most of the age data in the Southalpine domain are based on geological
criteria, with the only geochronological data obtained more than four decades ago [76].

During the late Devonian-late Carboniferous period, HP granulite and eclogite fa-
cies conditions still dominated the rocks in the Helvetic-Dauphinois-Provencal and Aus-
troalpine domains, and similar conditions are recorded in rocks from the allochthon of the
Vosges—Black Forest and Maures-Estérel-Corsica—Sardinia massifs. For the same period,
amphibolite facies conditions, developed under a Barrovian metamorphic field gradient,
are recorded in rocks from the Penninic and Southalpine domains and, in the latter, an
eclogite facies imprint is not described. The metamorphic outline of the Southalpine do-
main is similar to that recorded via rocks from the relative autochthon of the Bohemian and
Vosges—Black Forest massifs and in the para-autochthon of the Maures—Estérel-Corsica—
Sardinia and of the French Central massifs. It must be underlined that exclusively in the
relative autochthon of the Bohemian Massif eclogite facies imprint was recorded for the
Variscan evolution.

During the late Carboniferous—early Permian period, Variscan rocks in the Helvetic—
Dauphinois-Provengal, Austroalpine, and Southalpine domains were characterized by the
occurrence of granulite facies conditions and Barrovian to Abukuma metamorphic field
gradients. Similar conditions were recorded in rocks from the allochthon of the Vosges—
Black Forest and Maures—Estérel-Corsica-Sardinia Massifs, as well as in all domains of the
French Central Massif. Amphibolite facies conditions and Barrovian metamorphic field
gradients dominate the Variscan rocks from the Penninic domain as well as the allochthon
of the Bohemian Massif.

As previously mentioned, the comparison between Variscan rocks in the Alps and Eu-
ropean massifs is challenging due to the very different tectonic evolutions that characterized
these areas from the Permian period to the present day. Based on metamorphic imprints
and field gradients recorded in Variscan rocks, we note that the Helvetic-Dauphinois—
Provengal, Austroalpine, and part of the Penninic domains show an evolution roughly
similar to that of the mid-Variscan allochthon units, while the evolution of the Southalpine
domain is more similar to that of the autochthon units of the European massifs, excluding
the eclogite-bearing Bohemian Massif. The Penninic domain lacks late Carboniferous—early
Permian granulite facies conditions, consistent with the relative autochthon units of the
Vosges—Black Forest Massif and para-autochthon of the Maures—Estérel-Corsica—Sardinia
Massif, as well as all domains of the Bohemian Massif.
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An interesting output of this review includes the comparison between the Variscan
tectonic evolution suggested via metamorphic imprints and field gradients of rocks from
the Alps with the scenarios proposed for the evolution of the Variscan orogen in Europe. A
Franciscan field gradient (Figure 7; 5-15 °C/km), suggesting the evolution of rocks within
a subduction zone, developed during the Devonian period preferentially in the eastern
Alps. In the central-western Alps, this gradient mainly developed during the late Devonian
to late Carboniferous period (Figure 9a). The oldest age determinations (>380 Ma) are at
present considered outdated, given recent estimates in the Helvetic-Dauphinois-Provencal
domain [126,138,191,196] and in the other European Variscan massifs (e.g., [139,217-219]).
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in the relative abundance of rocks recording the indicated metamorphic conditions.

Table 5. Dominant metamorphic facies and field gradients for the Variscan rocks in Alpine and main European Variscan domains. The > symbol indicates a decrease

ALPINE TECTONIC DOMAINS

VARISCAN TECTONIC DOMAINS

P

BOHEMIAN MASSIF VOSGES-BLACK FOREST

FRENCH CENTRAL MASSIF

Para-Autochton/
Autochton

MAURES-ESTEREL-CORSICA-SARDINIA

Para-Autochton/

Devonian
(420-365)

Facies
Field gradient

E>EA-A
F>uB

Late Devonian-late
Carboniferous
(365-330)

Facies

Field gradient

ASE
B>uB>F

Gs
B

Late Carboniferous-Early
Permian
(330-290)

Facies

Field gradient

A>E
B>F

Gs>EA>G>E
B>A>uB

Autochton
A>EA>Gs
B
Gs
B

References

See references in Tables 1-4 of this work

[18-20,241,243,244,268] [18-20,35,217,218,269-271]

[9,11,245-248]

[16,18-20,219,244,272]

[253,256-260]
[19,274,279-282]

Symbols legend. Alpine tectonic domains: HDP = Helvetic-Dauphinois-Provengal; P = Penninic; A = Austroalpine; S = Southalpine. Metamorphic facies: EA = Ep-amphibolite;
A = amphibolite; G = granulite; HPG = HP granulite; E = Eclogite + Ep eclogite + Lws eclogite; GS = greenschist; LG = low grade; UnM = nonmetamorphic. Metamorphic field gradients:
F = Franciscan; B = Barrovian; uB = upper Barrovian; A = Abukuma-Buchan.
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The preservation of a Variscan subduction zone in the Alpine area is also supported by
the age (333-364 Ma; [283,284]) and magmatic arc signature [285] of the gabbroic body of the
Ivozio Complex in the Austroalpine domain of the western Alps and by the coeval spinel-
garnet transition in Ulten lherzolites. Moreover, the contamination of the subcontinental
mantle caused by the Variscan subduction is still identifiable in the distinctive geochemical
signature of the Triassic magmatism in the Southalpine domain [286,287]. The coexistence
of HP granulite and amphibolite facies assemblages with the eclogite facies assemblage of
Franciscan type does not contradict the occurrence of a Carboniferous subduction.

In fact, recent thermomechanical simulations indicate that contrasting metamor-
phic conditions can simultaneously be observed in different regions of the subduction
system [20,205]. The Barrovian field gradient (15-35 °C/km), which is typical for rocks
evolving within collisional contexts, developed from Carboniferous to Permian times
after the Franciscan gradients or as the re-equilibration of older lower-T relicts (Figure 9b)
and is recorded via rocks from all parts of the Alps (Figure 9b). Therefore, all the data indi-
cate a diachronous subduction-related metamorphism, followed by continental collision
re-equilibration.

Considering the geodynamic evolution of the Variscan orogeny, there is a general
agreement on the closure of an oceanic domain, so called Rheic, and located north of the
peri-Gondwanian microblocks (or continental ribbons) during Devonian times [19,288,289].
However, two scenarios are still debated: (i) a single oceanic closure or (ii) several and
successive oceanic closures (e.g., the closures of the Rheic, the Saxothuringian, and the
Rhenohercynian oceans) [16-18,35,63,224,290].

The Devonian to Carboniferous Franciscan-type assemblages recorded in the Variscan
rocks of the Alps may agree with a single oceanic closure characterized by an oceanic
subduction with a diachronous burial and exhumation starting from the east, where the
oldest Franciscan records occur, and moving westward, where Franciscan records are
Carboniferous in age (Figure 9a). This agrees also with the older age of the Barrovian field
gradient (i.e., collision) in the central Alps (mainly early Carboniferous) with respect to the
western Alps (mainly late Carboniferous; Figure 9b). The monocyclic scenario as proposed
for the Bohemian and French massifs accounts for the occurrence of an arc and back-arc
system located at present to the north of the Alpine front [271] that would not agree with
the records of subduction-type metamorphism in the Variscan rocks of the Alps. Therefore,
a more complex subduction geometry has to be considered and tested.

On the other hand, the distribution in age of the Franciscan-type imprints may agree
even with a scenario involving several oceanic closures, in which the subduction of an older
ocean is testified to in the Penninic and eastern Austroalpine domains of the Alps and the
successive subduction of the Saxothuringian ocean is testified to in the central Austroalpine
and Helvetic-Dauphinois-Provengal domains (Figure 9a). However, a comparison between
P-T-t data and numerical models of mono- and polycyclic scenarios indicates that the
latter is the preferred scenario for describing the Variscan orogeny in the Alps [35]. The
polycyclic scenario implies that during the Variscan time, the Austroalpine domain was
separated into different portions that occupied different palaeogeographic positions. In
particular, the eastern Austroalpine domain would have derived from Gondwana or south-
ern Armorica, while the central Austroalpine domain would have belonged to northern
Armorica or possibly to Saxothuringian terrains. In the Pelvoux Massif, the Carboniferous
age (337 Ma) of HP granulites and the relatively warm thermal gradient estimated for their
thermal peak conditions (12-13 °C/km) are interpreted as the thickening of a relatively
hot continental crust, presumably caused by the inversion of a Devonian back-arc during
the collision [191], rather than a subduction context. However, the obtained PT conditions
cannot rule out the possible role of subduction, as PT estimates from worldwide exhumed
blueschists and eclogites indicating geothermal gradients from 6 to 20 °C/km for subduc-
tion zones (Figure 8). Furthermore, the young U/Pb ages of high-pressure rocks may be
subject to uncertainties due to the resetting of the U-Pb system of eclogite facies zircon
grains, particularly when they are enclosed within high-temperature country rocks [219].
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A similar geothermal gradient has been inferred for Variscan eclogites in the southern
Argentera-Mercantour Massif that derives from MORB-type protoliths [138]. This eclogite
re-equilibrated under amphibolite facies conditions resulting from the oceanic subduction-
related metamorphism developed in this portion of the Helvetic-Dauphinois-Provengal
domain [138].

In Figure 10, the geothermal gradients obtained from the PT conditions of Variscan
remnants in the Alps, extended up to Triassic times, are reported. From 420 to 370 Ma, the
distribution of thermal gradients with age is rather constant around the average value of
15 °C/km. The geothermal gradients almost linearly increase from 370 Ma to reaching
the maximum value at ca. 250 Ma and then remain almost constant over the whole
Triassic period. This distribution clearly agrees with a sequence of events that starts with
subduction (420-370 Ma), continues with continental collision (370-290 Ma), and ends with
the continental thinning that resulted in Pangea rifting and the successive drifting of the
Alpine Tethys ocean at ca. 160 Ma [61,62,291].
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Figure 10. Geothermal gradients obtained from Devonian to Triassic PT conditions of Variscan
rocks in the Alps, using a reference density of 2900 kg/m?3. Blue and red lines represent the best
interpolation curve for all data and radiometric data only excluding outliers, respectively.

During convergent tectonics, after continental collision and thickening, a phase of grav-
itational collapse is usually predicted with a thermal balance between deformation-induced
and radioactive heat production and heat advection related to continental subduction,
orogenic deformation, and magma transfer [215] that results in a decrease, or a reduction
of the increase, in geothermal gradients [292]. Interestingly, between 370 and 250 Ma,
a significant change in the slope of the interpolation curve is not observed (Figure 10),
suggesting the absence of a clear phase of gravitational collapse from the geothermal gradi-
ents. This observation leads to different interpretations of the Variscan and post-Variscan
evolution in the Alps. One possibility is that it was characterized by a gradual switch
from convergence to extension as a result of continental redistribution triggered by the
opening of the southern Atlantic ocean [293]. Alternatively, the thermal signature of the
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gravitational collapse is not recorded in the Alpine rocks, or it is indistinguishable from the
thermal signature of the collision.

6. Conclusions

The compilation of quantitative PT conditions and ages of Variscan rocks from the
Alps documents a variable metamorphic evolution across the Alpine domains, spanning
from the Devonian to early Permian times. Eclogite and HP granulite facies conditions char-
acterized by geothermal gradients typical of subduction zones occurred in the Penninic and
eastern Austroalpine domains during the Devonian period and in the Helvetic-Dauphinois—
Provengal and central Austroalpine domains during late Devonian—late Carboniferous
time. From the Carboniferous to Permian periods, Barrovian metamorphic field gradients,
typical of continental collision, were established in all the Alpine domains.

This metamorphic distribution suggests a pre-Alpine burial of oceanic and continental
crust at convergent plate margins, during one or successive oceanic closures. In the single
subduction scenario, a diachronic oceanic subduction started from the east and moved
westward. In the other scenario, the Devonian subduction of the older ocean was recorded
via rocks in the Penninic and eastern Austroalpine domains of the Alps, and the successive
Carboniferous subduction of the Saxothuringian ocean was recorded via rocks in the
central Austroalpine and Helvetic-Dauphinois—Provencal domains. In either case, the
distribution of geothermal gradients from Devonian to Triassic times agree with a sequence
of events that starts with subduction, continues with continental collision, and ends with the
continental extension that resulted in the Pangea breakup. Whatever the preferred scenario,
this review shows that subduction-related metamorphic relicts indicate the occurrence of a
Variscan suture in the Alpine domain, and this cannot be neglected in the definition of the
tectonic evolution of the European Variscides.
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Appendix A
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Figure Al. (A) Alpine domains, tectonic units and zone, and (B) reference coding of collected samples
of Tables 1-4.
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