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The Early Paleozoic evolution of the northern margin of Gondwana is characterized by several episodes
of bimodal magmatism intruded or outpoured within thick sedimentary basins. These processes are well
recorded in the Variscan blocks incorporated in the Ligurian Alps because they experienced low tem-
perature Alpine metamorphism. During the Paleozoic, these blocks, together with the other Alpine
basements, were placed between the Corsica-Sardinia and the Bohemian Massif along the northern
margin of Gondwana. In this framework, they host several a variegated lithostratigraphy forming two
main complexes (Complexs I and II) that can be distinguished by both the protoliths and their cross-
cutting relationships, which indicate that the acidic and mafic intrusives of Complex II cut an already
folded sequence made of sediments, basalts and granitoids of Complex I. Both complexes were involved
in the Variscan orogenic phases as highlighted by the pervasive eclogite-amphibolite facies schistosity
(foliation II). However, rare relicts of a metamorphic foliation at amphibolite facies conditions (foliation I)
is locally preserved only in the rocks of Complex I. It is debatable if this schistosity was produced during
the early folding event e occurred between the emplacement of Complex I and II e rather than during
an early stage of the Variscan metamorphic cycle.

New SHRIMP and LA ICP-MS UePb zircon dating integrated with literature data, provide emplacement
ages of the several volcanic or intrusive bodies of both complexes. The igneous activity of Complex I is
dated between 507 � 15 Ma and 494 � 5 Ma, while Complex II between 467 � 12 Ma and 445.5 � 12 Ma.
The folding event recorded only by the Complex I should therefore have occurred between 494 � 5 Ma
and 467 � 12 Ma. The Variscan eclogite-amphibolite facies metamorphism is instead constrained be-
tween w420 Ma and w300 Ma. These ages and the geochemical signature of these rocks allow con-
straining the Early Paleozoic tectono-magmatic evolution of the Ligurian blocks, from a middleeupper
Cambrian rifting stage, through the formation of an Early Ordovician volcanic arc during the Rheic Ocean
subduction, until a Late Ordovician extension related to the arc collapse and subsequent rifting of the
PaleoThetys. Furthermore, the w420e350 Ma ages from zircon rims testify to thermal perturbations that
may be associated with the Silurian rifting-related magmatism, followed by the subduction-collisional
phases of the Variscan orogeny.

� 2018, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
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1. Introduction

The basement of the European Alps preserves relicts of the pre-
Variscan geological history of domains that belonged to the
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northern Gondwana margin (Ziegler, 1984; von Raumer, 1998; von
Raumer et al., 2003; Nance et al., 2010; Stampfli et al., 2011; Franke
et al., 2017). The External Crystalline Massifs of the Alps (e.g. Aar-
Gotthard, Aiguilles-Rouges-Mont-Blanc, Pelvoux-Belledonne,
Argentera) experienced low-grade metamorphism during the
Alpine cycle and thus preserve the best record of the pre-Variscan
and Variscan magmatic and metamorphic evolution (e.g. Bussy and
von Raumer, 1994; von Raumer, 1998; Bussy et al., 2000; Guillot
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et al., 2002; von Raumer et al., 2002, 2003, 2009; Schaltegger et al.,
2003). Conversely, the internal zones of the Alps (i.e. the Penninic
domain) were generally intensely overprinted by the Alpine
tectono-metamorphic events and the Variscan blocks were
dismembered into multiple nappes, making it difficult to recognize
the primary relationships. In this case, isotopic dating and
geochemistry of igneous rocks of the Paleozoic relicts are the only
available tools to provide constraints in the reconstruction of the
pre-Alpine evolution.

The Lower Paleozoic evolution of the Alpine basements is
characterized by the record of two successive subduction cycles,
which are classically referred to as the CambrianeOrdovician and
the DevonianeCarboniferous e or Variscan cycle (e.g. Guillot et al.,
1991; Bussy and von Raumer, 1994; Bussy et al., 1996; Schaltegger
and Gebauer, 1999; Bertrand et al., 2000; Guillot et al., 2002; von
Raumer et al., 2002, 2003, 2013; Schaltegger et al., 2003; von
Raumer and Stampfli, 2008). During the CambrianeOrdovician
cycle, the northern margin of Gondwana experienced multiple
phases of rifting and subduction, followed by Late
OrdovicianeSilurian crustal extension likely associated with the
opening of Palaeotethys (or South Armorica Ocean; e.g. Linnemann
et al., 2007, 2008; von Raumer and Stampfli, 2008; Rossi et al.,
2009; Nance et al., 2010; Gaggero et al., 2012). The
CambroeOrdovician geodynamic phases were characterized by the
emplacement of huge volumes of both acidic and mafic igneous
bodies between w530 Ma and w450 Ma (e.g. Bussy and von
Raumer, 1994; Bertrand et al., 2000; von Raumer et al., 2002;
Schaltegger et al., 2003; Oggiano et al., 2010; Gaggero et al.,
2012). During the Late OrdovicianeSilurian, the igneous activity
in the basements of the Alpine domain tends to disappear, although
some evidences of thermal events producing local crustal melting
are recorded in the External, Austroalpine and Carnic domains
(Paquette et al., 1989; Schaltegger, 1993; Thony et al., 2008; Schulz
and von Raumer, 2011). Since the Devonian, the Rheic Ocean sub-
duction and the opening of the Palaeotethys at the Gondwana
margin mark the starting of the Variscan cycle, which deeply
modified the Alpine basements through multiple tectono-
metamorphic and magmatic phases (e.g. Matte, 1986, 2001; von
Raumer et al., 2003, 2013).

Although this general evolution is well recorded in the Alpine
basements that escaped the Cenozoic high-grade metamorphism
(i.e. the External Massifs), the internal zones of the Alps (the Pen-
ninic domain) lack a complete geochronological dataset con-
straining all the distinct geodynamic steps. New findings from
Penninic basements are therefore needed to better characterize
their pre-Variscan history in comparison with the other basements
derived from the northern Gondwana margin.

The present study focuses on the dating of Early Paleozoic
magmatic rocks from Variscan blocks dismembered into several
Penninic nappes of the southernmost branch of the Alpine chain e

i.e. the Ligurian Alps (Fig. 1). During the Paleozoic, the Ligurian Alps
represented the connection between the Bohemian and Alpine
basements toward East and the Sardinia-Corse-Maures massifs
toward West, thus representing a key sector of the Southern
Variscides (Cortesogno et al., 2004; Dallagiovanna et al., 2009;
Rossi et al., 2009; Casini et al., 2012, 2015a,b). We investigated
intrusive and volcanic rocks until now attributed to the
CambrianeOrdovician cycle on the basis of regional comparisons
and few isotope dilution TIMS UePb zircon data (Cortesogno et al.,
1993; Molina, 2002; Gaggero et al., 2004). The magmatic products
were emplaced at different positions within the pre-Variscan
crustal section: the metagranitoids intruded within relatively
deep (high-T amphibolite facies) or middle (greenschist-lower
amphibolite facies) crust, while the volcanites outpoured within
sediments. The new geochronological data allow defining the
timing of the magmatic episodes and thus constraining the Early
Paleozoic evolution of the Ligurian basements within the frame of
the northern Gondwana margin. Furthermore, our study docu-
ments for the first time the occurrence in the Penninic domain of a
Late OrdovicianeSilurian thermal event associated with thermal
perturbations marking the transition between the Cambroe
Ordovician and the Variscan cycles.

2. Geological setting

The Ligurian Alps preserve several pre-Alpine basements
dismembered between the Penninic realm of the Western Alps
(Fig. 1; e.g. Vanossi et al., 1986; Cortesogno et al., 1993; Seno et al.,
2005; Maino et al., 2012b; Decarlis et al., 2013, 2014). The Penninic
realm is constituted by three domains e Piedmont-Ligurian, Pre-
piedmont and Briançonnais e representing the Mesozoic ocean
crust and the internal and external distal margins of the European
crust, respectively (Decarlis et al., 2013, 2017). The External Crys-
talline Massifs of the Alps, instead, form the basement of the
Dauphinois-Helvetic realm of the Alps, i.e. the proximal, relatively
stable margin of Europe (Lemoine et al., 1986; Decarlis et al., 2013).
Since the Cretaceous onward, in consequence of the convergence
between the Adria (a promontory of the Africa plate) and European
plates, the Piedmont-Ligurian Ocean was subducted beneath the
Adria, leading the subsequent collision between the two plates (e.g.
Vanossi et al., 1986; Schmid et al., 1996). During this Cenozoic
tectono-metamorphic cycle, the Ligurian Paleozoic basements
(hosted in both Briançonnais and Prepiedmont continental do-
mains) experienced different metamorphic conditions, from eclo-
gite (Torrente Visone unit), blueschist (Bagnaschino, Savona,
Nucetto and Costa Dardella massifs) to greenschist facies (Are-
nzano, Calizzano, Pallare massifs) (Messiga et al., 1992; Cortesogno
et al., 1993, 1997, 2002; Desmons et al., 1999b; Seno et al., 2005;
Decarlis et al., 2017). However, the main temperature conditions
attained by the basements during the post-Variscan phases did not
exceed w300e350 �C (Messiga et al., 1981; Maino et al., 2012a,
2015b; Decarlis et al., 2017), thus preserving an important record
of the pre- and Variscan tectono-metamorphic features of the
basements. In spite of the Alpine overprint, the pristine lithos-
tratigraphic, metamorphic and tectonic complexity may be recog-
nized after the deconvolution of the Alpine deformation
(Cortesogno et al., 1993; Seno et al., 2005, 2010; Maino et al., 2012b,
2015a; Maino and Seno, 2016).

The complete sequence of the Ligurian pre-Variscan basement
encompasses two main lithologic complexes (Fig. 2; Cortesogno,
1986; Cortesogno et al., 1993, 1997, 2004; Desmons et al., 1999a;
Gaggero et al., 2004; Seno et al., 2010): (i) a gneiss-amphibolite
complex (paragneisses I, metarhyolites I, orthogneisses and am-
phibolites I) locally enveloping small ultramafic bodies (Complex I);
(ii) rocks of Complex I were folded and then intruded by large
volumes of metagranitoids (orthogneisses II) or covered by minor
remnants of a volcano-sedimentary sequence (paragneisses and
metarhyolites II), locally including minor lenses of metagabbros,
eclogites and migmatites (Complex II).

Both complexes are characterized by a main, pervasive schis-
tosity (foliation II), which is associated with the Variscan structure
and the related eclogite-amphibolite parageneses (Cortesogno,
1986; Vanossi et al., 1986; Cortesogno et al., 1993, 1997; Desmons
et al., 1999b; Gaggero et al., 2004; Seno et al., 2010). Furthermore,
rocks of Complex I locally preserve a few relicts of an older
amphibolite-facies foliation (foliation I) that is partially or
completely transposed along the foliation II (e.g. Cortesogno et al.,
1993; Desmons et al., 1999a; Gaggero et al., 2004). However, it is
not clearly proven with microstructural and petrographic in-
vestigations, if these relicts were developed during an early stage of



Figure 1. (a) Distribution of the main Variscan basements in Europe and (b) in the Western/Central Alps (modified after von Raumer et al., 2002). (c) Simplified geological map of
the Ligurian Alps (from Maino et al., 2012b, 2013). Locations of sampling sites for UePb analyses are shown as yellow (this study) and violet stars (sample G from Giacomini et al.,
2007; samples M1-3 from Molina, 2002).

M. Maino et al. / Geoscience Frontiers 10 (2019) 315e330 317
the Variscan cycle rather than during a distinct pre-Variscan tec-
tono-metamorphic event. In this case, this schistosity should have
been generated during the folding predating the Complex II rocks.
Until now, in absence of geochronological dating, literature data
tend to attribute the foliation I to an early Paleozoic tectono-
metamorphic phase, inasmuch as field relationships indicate that
the younger intrusives of Complex II cut the previously folded
sequence of paragneisses, orthogneisses and amphibolites of the
Complex I (for further details see Cortesogno et al., 1993; Gaggero
et al., 2004; Seno et al., 2010). The relationships between com-
plexes I and II are observable only in the Prepiedmont Calizzano
and Savona massifs, while the Briançonnais basements (i.e. the
Nucetto massif) are constituted only by the younger orthogneisses
and paragneisses of Complex II.
The small basement fragment of the Torrente Visone unit shows
a peculiar lithostratigraphy, dismembered in two parts: a lower
sub-unit of a volcano-sedimentary sequence (metarhyolites, para-
gneisses, micaschists and marbles) encompassing metabasic bou-
dins and an upper sub-unit of detritic carbonate metasediments
and metapelites embedding lenses of metabasites and serpentin-
ites. Faint relicts of a pre-Alpine paragenesis within the orthog-
neisses (garnet, zoisite, biotite and muscovite) and metabasites
(garnet) are interpreted to record the pre-Alpine metamorphic
history (Cabella et al., 1990, 1991); however, in absence of a
radiometric dating, an Alpine origin of this unit could not be
excluded.

The ages of the magmatic protoliths of the Ligurian basements
are poorly constrained. Published geochronological data from the
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Figure 2. Idealized crustal section of the Ligurian sector at the end of the Variscan phase (Late Carboniferous) showing the relationships between the two main lithostratigraphic
complexes (I and II) before the Alpine dismembering in several basement units.
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Savona Massif constrain the age of the granites (now orthogneisses
I) from the Complex I (ID TIMS UePb age of 494 � 5 Ma) and the
peraluminous monzogranites (now orthogneisses II) from the
Complex II (two ID TIMS UePb ages of 473 � 1 Ma and 468 � 1 Ma;
Molina, 2002) as well as thew468 Ma age of the basaltic melts that
were transformed into eclogites and amphibolitised gabbros of the
Complex II (LA-ICP MS UePb data; Giacomini et al., 2007; Cruciani
et al., 2015).

The parageneses developed on the foliation I (garnet-kyanite-
sillimanite-staurolite in the paragneisses, garnet-diopside-green
hornblende-plagioclase in the amphibolites) indicate amphibolite
facies conditions (P of 0.6e0.8 GPa and T w650 �C; Messiga et al.,
1992; Cortesogno et al., 1993, 1997; Gaggero et al., 2004); there are
not geochronological data constraining this metamorphic stage.
The main schistosity (foliation II) involving both complexes I and II
is, instead, better constrained: an Eo-Variscan metamorphic peak
reached by the small bodies of migmatites and eclogites of complex
II (P � 1.7 GPa and T w760 �C; Cortesogno, 1986; Cortesogno et al.,
1993, 1997, 2004; Desmons et al., 1999a; Gaggero et al., 2004) is
dated between 420 Ma and 400 Ma (zircon UePb data; Giacomini
et al., 2007), while the regional amphibolite facies metamorphism
(P w0.4 GPa and T w600 �C) and the following greenschist facies
retrogression (Messiga et al., 1992; Cortesogno et al., 1993, 1997;
Desmons et al., 1999a; Gaggero et al., 2004) are constrained by
several UePb, Rb/Sr and Ar/Ar data between w392 Ma and
w300 Ma (Del Moro et al., 1981; Barbieri et al., 2003; Giacomini
et al., 2007). The late- to post-Variscan evolution is characterized
by orogen exhumation and wrenching tectonics accompanied by
the emplacement of huge volumes of volcanites and minor intru-
sive bodies between w315 Ma and w260 Ma (Dallagiovanna et al.,
2009; Maino et al., 2012b).

3. Methods

This study addresses the petrographic and geochronological
features of one sample of metarhyolite from the Complex I
(Calizzano massif), two orthogneisses and one metarhyolite from
the Complex II (Calizzano, Nucetto and Torrente Visone massifs).
Samples were chosen in order to be representative of the largest
outcrops characterizing the main igneous (intrusive and effu-
sive) bodies of the two complexes. Sample localities have been
selected far from Alpine or Variscan shear zones that can deeply
modify the thermal record of deformed rocks (Maino et al.,
2015b).
3.1. Geochronology

Zircon grains for geochronological investigations were sepa-
rated using standard procedure of grinding, sieving, magnetic and
density separation. Intact or low damage grains under a binocular
microscope were hand-picked, mounted in epoxy resin and pol-
ished with 0.25 mm diamond paste. Zircon structures were inves-
tigated with backscattered electron (BSE) microscopy and
cathodoluminescence (CL) by a scanning electron microscope
(SEM-JEOL JXA840) at CNR-IGG-Pavia. Locations of the spot-
analysis were selected from the CL images in order to avoid
damaged or altered zones, and, possibly, to prevent analyses of
areas where different structural domain overlap.

UePb geochronology was carried out with two different in-
struments: a SHRIMP-II at the Australian National University,
Canberra, and an excimer laser ablation (LA) ICP-MS at the CNR-
IGG-Pavia. The SHRIMP analyses followed the analytical pro-
cedure of Williams (1998) and Elliot et al. (2016). Each analysis
consisted of 4 scans through the mass range, with Duluth gabbro
standard (1099.1 � 0.5 Ma; Paces and Miller, 1993). Error in the
standard calibration was lower than 0.5% for the analytical ses-
sions (Table 1; Supplementary Table 1). The spot size was set to
20 mm. Correction for common Pb was made using the measured
204Pb/206Pb and 207Pb/206Pb ratios following Tera and
Wasserburg (1972) as outlined in Williams (1998). Data reduc-
tion was performed using the SQUID Excel Macro of Ludwig
(2001).

The second instrument consists of a 193 nm ArF excimer laser
ablation system (Geolas200Q-Microlas) and a high-resolution
sector field ICP-MS (Element I from ThermoFinnigan), following
the analytical method of Tiepolo (2003) and Gaggero et al. (2017).
The spot size of the instrument wasmostly set to 20 mm, apart a few
analyses that have been performed at 10 mm (Supplementary
Table 2). The UePb ratio was calibrated with the 91500-zircon
standard (1065 Ma, Wiedenbeck et al., 1995); the relative standard
deviation of the analyses was lower than 2% for analyses acquired
with a spot size of 20 mm spot, while up to 3.9% for the few analyses
acquired at 10 mm (Table 2; Supplementary Table 2). The repro-
ducibility of the standards was numerically propagated through all
age determinations according to the equation of Horstwood et al.
(2003). The zircon standard 02123 (295 Ma; Ketchum et al., 2001)
was analyzed in parallel with the unknown samples for quality
control. In this case, the presence of common Pb was evaluated in
each analysis on the basis of the net signal of 204Pb (i.e., subtracted



Table 1
Summary of SHRIMP II isotope analyses and calculated 206Pb/238U ages for themetarhyolite of Complex I (sample CE) and orthogneisses from Complex II (sample CAL) sampled
in the Calizzano massif. c ¼ core, o ¼ oscillatory zoned overgrowths, r ¼ rim or homogeneous patches, f ¼ fractured or damaged grain. See Supplementary Table 1 for the
complete dataset.

Sample CE

Lat 44�1101100N

Long 8�704600E

Grain
spot

Spot
location

U
(ppm)

Th
(ppm)

Th/U 206Pbc

(ppm)

204Pb/206Pb f206
b (%) Total ratios Age (Ma)

238U/206Pb errora � 207Pb/206Pb errora � 206Pb/238U errora � 206Pb/238U errora �
1.1 o (f) 71 44 0.62 4.7 0.000848 2.26 12.988 0.200 0.0747 0.0033 0.0753 0.0012 467.7 7.4
2.1 o 133 38 0.29 9.4 0.000000 0.29 12.135 0.146 0.0598 0.0014 0.0822 0.0010 509.0 6.0
3.1 o 112 91 0.81 7.9 0.000214 0.15 12.273 0.156 0.0585 0.0012 0.0814 0.0011 504.2 6.3
4.1 o 117 1 0.01 8.1 0.000478 0.13 12.367 0.153 0.0583 0.0013 0.0808 0.0010 500.6 6.1
4.2 c 311 61 0.20 35.2 0.000079 1.12 7.607 0.071 0.0747 0.0006 0.1300 0.0013 787.8 7.2
5.1 o 598 238 0.40 42.1 0.000055 0.06 12.196 0.106 0.0579 0.0005 0.0819 0.0007 507.7 4.3
6.1 o (f) 88 18 0.21 5.9 0.000776 1.01 12.691 0.173 0.0650 0.0015 0.0780 0.0011 484.2 6.6
7.1 o (f) 53 5 0.09 4.1 0.016648 29.84 10.910 0.177 0.2961 0.0126 0.0643 0.0039 401.7 23.4
7.2 o 88 73 0.82 6.3 0.000452 <0.01 12.035 0.170 0.0570 0.0014 0.0832 0.0012 514.9 7.1
8.1 o 376 105 0.28 26.6 0.000062 0.06 12.137 0.115 0.0580 0.0010 0.0823 0.0008 510.1 4.8
8.2 c 96 59 0.62 16.8 0.000148 0.27 4.912 0.062 0.0821 0.0012 0.2030 0.0027 1192 15
9.1 o 126 47 0.37 8.7 0.000461 0.63 12.396 0.157 0.0622 0.0012 0.0802 0.0010 497.1 6.2
9.2 c 348 86 0.25 29.6 0.000488 0.57 10.110 0.105 0.0647 0.0006 0.0983 0.0011 604.7 6.2
10.1 o/c 198 101 0.51 14.4 0.000253 0.10 11.788 0.118 0.0586 0.0008 0.0847 0.0009 524.4 5.2
11.1 c 18 1 0.04 4.2 0.000387 11.98 3.589 0.114 0.1919 0.0081 0.2453 0.0098 1414 50
12.1 o 74 55 0.74 5.1 0.000224 0.43 12.384 0.167 0.0607 0.0015 0.0804 0.0011 498.5 6.7
13.1 o 117 61 0.52 8.4 0.000343 0.17 11.913 0.139 0.0591 0.0011 0.0838 0.0010 518.8 6.0
13.2 o 67 17 0.25 4.7 0.000301 0.24 12.288 0.169 0.0592 0.0015 0.0812 0.0011 503.2 6.8

Sample CAL

Lat 44�1301600N

Long 8�501700E

Grain spot Spot
location

U
(ppm)

Th
(ppm)

Th/U 206Pbc

(ppm)

204Pb/206Pb f206
b (%) Total Ratios Age (Ma)

238U/206Pb errora � 207Pb/206Pb errora � 206Pb/238U errora � 206Pb/238U errora �
1.1 o 313 68 0.22 20.1 0.000173 0.25 13.352 0.138 0.0583 0.0008 0.0747 0.0008 464.5 4.7
2.1 o 435 56 0.13 27.6 0.000054 0.30 13.536 0.131 0.0586 0.0007 0.0737 0.0007 458.2 4.4
3.1 o 337 24 0.07 21.8 0.000263 0.16 13.259 0.135 0.0577 0.0008 0.0753 0.0008 468.0 4.7
4.1 o 265 64 0.24 17.1 0.000179 0.26 13.304 0.145 0.0584 0.0009 0.0750 0.0008 466.0 5.0
5.1 o 636 48 0.07 41.4 0.000033 0.13 13.221 0.120 0.0575 0.0006 0.0755 0.0007 469.5 4.2
6.1 c 141 62 0.44 14.2 e 0.06 8.550 0.105 0.0636 0.0011 0.1169 0.0015 712.7 8.5
6.2 c/o 485 76 0.16 32.2 0.000180 0.27 12.951 0.122 0.0589 0.0008 0.0770 0.0007 478.2 4.4
7.1 c 466 110 0.24 48.6 e 0.22 8.242 0.074 0.0657 0.0006 0.1211 0.0011 736.6 6.5
7.2 o 195 12 0.06 12.6 e 0.10 13.273 0.151 0.0572 0.0014 0.0753 0.0009 467.8 5.3
8.1 c 734 35 0.05 53.1 0.000031 0.34 11.876 0.101 0.0605 0.0005 0.0839 0.0007 519.5 4.3
9.1 o 597 39 0.07 38.4 0.000053 0.08 13.351 0.139 0.0570 0.0005 0.0748 0.0008 465.3 4.8
10.1 c 396 72 0.18 26.3 0.000037 0.00 12.941 0.120 0.0567 0.0006 0.0773 0.0007 479.8 4.4
11.1 c 358 32 0.09 24.7 0.000429 0.54 12.466 0.159 0.0615 0.0007 0.0798 0.0010 494.8 6.2
12.1 c 36 11 0.31 4.1 0.000475 0.37 7.541 0.135 0.0689 0.0018 0.1321 0.0024 799.9 13.9
13.1 o 796 29 0.04 51.3 e 0.04 13.327 0.112 0.0567 0.0005 0.0750 0.0006 466.2 3.9
14.1 o 243 47 0.19 15.9 0.000087 0.12 13.179 0.136 0.0574 0.0009 0.0758 0.0008 470.9 4.8
18.1 c 303 194 0.64 48.8 e 0.00 5.332 0.050 0.0765 0.0007 0.1875 0.0018 1108 10
15.1 c 673 29 0.04 44.5 0.000061 0.08 12.996 0.112 0.0573 0.0005 0.0769 0.0007 477.5 4.1
16.1 o 208 68 0.33 13.6 0.000146 <0.01 13.136 0.149 0.0560 0.0016 0.0762 0.0009 473.3 5.3

Error in FC1 Reference zircon calibration was 0.33% for the analytical session (not included in above errors but required when comparing data from different mounts).
c ¼ core, o ¼ oscillatory zoned overgrowths, r ¼ rim or homogeneous patches, f ¼ fractured or damaged grain.

a Uncertainties given at the one s level.
b f206 (%) denotes the percentage of 206Pb that is common Pb.
c Correction for common Pb made using the measured 238U/206Pb and 207Pb/206Pb ratios following Tera and Wasserburg (1972) as outlined in Williams (1998).
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for the interference of 204Hg and background). None of the sample
revealed 204Pb counts above the background level. However, the
relatively high Hg signal in the gas blank does not exclude the
effective presence of common Pb in the analyzed zircon. LA ICP-MS
data reduction was performed using the Glitter software package
(van Achterberg et al., 2001). Time-resolved isotope ratios were
carefully inspected to detect perturbations related to inclusions,
micro-fractures or mixing of different age domains. In all these
cases, ablation intervals were set to represent only the initial un-
altered portion of the signal.
Both SHRIMP and LA ICP-MS data were calculated and plotted
using the program Isoplot/EX 3.0 software (Ludwig, 2003). For each
zircon population, we calculated the weighted mean ages and the
goodness-of-fit is reported as the mean square weighted deviation
(MSWD). We added to the analytical uncertainty of the weighted
means the systematic uncertainties (e.g. variation in common Pb
composition, decay constant uncertainty, reference material un-
certainty, and long-term variance of the mass spectrometer), which
is be estimated around 2% (Horstwood et al., 2016; Spencer et al.,
2016). All errors in the text and figures are given at the 2s level.



Table 2
Summary of LA ICP-MS UePb isotope analyses and calculated ages for the metarhyolite of Complex II from the Torrente Visone unit (sample VAL) and for the orthogneisses from Complex II from the Nucetto massif (sample NUC).
c ¼ core, o ¼ oscillatory zoned overgrowths, r ¼ rim or homogeneous patches, f ¼ fractured or damaged grain. See Supplementary Table 2 for the complete dataset.

Sample

NUC

Lat 44�2105400N

Long 8� 302400E

Spot location Isotope ratios Age estimates Concordant age

207Pb/206Pb 1s 206Pb/238U 1s 207Pb/235U 1s 208Pb/232Th 1s 207Pb/206Pb 1s 206Pb/238U 1s 207Pb/235U 1s 208Pb/232Th 1s Age (Ma) 2s

z67 o/c 0.057 0.001 0.077 0.001 0.608 0.016 0.027 0.001 492 12 480 7 483 13 535 13 481 14.0
z61 o/c 0.057 0.001 0.078 0.001 0.607 0.014 0.031 0.001 476 11 482 6 482 11 623 13 482 12.0
z60 o 0.051 0.001 0.075 0.001 0.530 0.014 0.024 0.001 243 6 469 7 432 11 475 12 disc e

z56 r 0.054 0.001 0.055 0.001 0.414 0.010 0.014 0.000 379 8 348 5 352 8 274 6 348 9.6
z56 c 0.056 0.002 0.076 0.001 0.585 0.016 0.024 0.001 469 13 471 7 467 13 487 14 470 14.0
z55 c 0.064 0.001 0.139 0.002 1.220 0.027 0.041 0.001 731 15 839 11 810 18 814 16 disc e

z55 o/r 0.056 0.001 0.068 0.001 0.512 0.013 0.017 0.000 439 11 422 5 419 10 336 7 422 10.0
z54 o 0.056 0.001 0.071 0.001 0.538 0.012 0.020 0.000 435 10 441 6 437 10 405 9 441 11.0
z54 r 0.054 0.002 0.067 0.001 0.503 0.018 0.026 0.001 359 13 417 7 413 15 522 20 417 14.0
z43 o/r 0.055 0.001 0.067 0.001 0.515 0.013 0.022 0.001 429 10 421 6 422 11 438 11 421 12.0
z42 c 0.060 0.001 0.117 0.002 0.975 0.024 0.034 0.001 621 15 712 10 691 17 681 7 disc e

z41 o 0.056 0.001 0.070 0.001 0.543 0.013 0.060 0.002 457 10 437 6 440 10 1172 14 437 11.0
z39 o 0.057 0.001 0.073 0.001 0.572 0.015 0.021 0.001 472 12 457 7 459 12 427 41 457 13.0
z34 o 0.054 0.001 0.077 0.001 0.576 0.015 0.022 0.001 381 9 479 7 462 12 447 12 disc e

z33 o 0.056 0.001 0.072 0.001 0.557 0.014 0.022 0.000 458 11 447 6 449 11 439 11 448 11.0
z33 o 0.056 0.001 0.070 0.001 0.542 0.013 0.023 0.000 452 10 437 6 439 11 463 9 437 11.0
z28 o 0.056 0.001 0.072 0.001 0.555 0.013 0.026 0.001 451 10 450 6 448 11 521 10 450 12.0
z27 r 0.053 0.001 0.071 0.001 0.514 0.014 0.023 0.001 314 8 440 7 421 12 455 11 disc e

z26 o 0.066 0.002 0.066 0.001 0.599 0.014 0.021 0.000 791 18 413 5 477 11 426 10 disc e

z20 r 0.054 0.001 0.061 0.001 0.450 0.012 0.022 0.000 367 10 381 5 377 10 441 9 381 9.4
z20 o 0.056 0.001 0.070 0.001 0.542 0.014 0.022 0.000 445 11 439 6 440 11 437 9 439 11.0
z21 o 0.055 0.002 0.071 0.001 0.543 0.015 0.028 0.001 426 12 444 6 440 12 565 9 444 11.0
z21 o 0.057 0.002 0.073 0.001 0.569 0.018 0.027 0.001 479 15 453 7 458 14 537 16 453 13.0
z22 o 0.057 0.002 0.071 0.001 0.548 0.015 0.020 0.000 510 14 441 6 444 12 401 19 441 11.0
z24 r 0.050 0.001 0.070 0.001 0.480 0.012 0.023 0.001 198 5 434 6 398 10 452 9 disc e

z23 o/r 0.055 0.001 0.068 0.001 0.516 0.014 0.028 0.001 420 11 423 6 422 12 558 12 423 12.0
z18 c 0.054 0.001 0.079 0.001 0.589 0.016 0.022 0.001 373 10 491 7 470 12 446 16 disc e

z17 o 0.055 0.002 0.074 0.001 0.563 0.016 0.018 0.001 419 12 459 7 453 13 365 11 458 14.0
z17 o 0.056 0.002 0.071 0.001 0.547 0.015 0.023 0.001 444 12 443 6 443 12 464 11 443 12.0
z16 r 0.051 0.001 0.072 0.001 0.504 0.012 0.023 0.000 232 5 449 6 414 9 456 12 disc e

z14 r 0.054 0.001 0.056 0.001 0.411 0.010 0.011 0.000 361 8 349 5 350 8 215 10 349 8.8
z14 r 0.054 0.001 0.061 0.001 0.451 0.010 0.013 0.000 374 8 379 5 378 9 252 5 379 9.5
z11 o/r 0.055 0.001 0.066 0.001 0.505 0.012 0.021 0.000 428 10 414 5 415 10 423 6 414 10.0
z10 o/r 0.055 0.001 0.067 0.001 0.506 0.012 0.018 0.000 414 9 416 5 416 9 368 8 416 10.0
z10 r 0.055 0.002 0.060 0.001 0.455 0.013 0.019 0.000 423 12 378 6 381 11 381 7 379 11.0
z4 o/r 0.055 0.001 0.068 0.001 0.517 0.012 0.021 0.000 431 10 422 5 423 10 426 9 422 10.0
z4 o 0.056 0.001 0.072 0.001 0.557 0.014 0.020 0.000 460 11 448 6 449 11 397 9 448 11.0
z2 o/r 0.056 0.002 0.068 0.001 0.521 0.014 0.021 0.001 458 12 421 5 426 12 427 9 421 10.0
z2 r 0.055 0.001 0.062 0.001 0.468 0.011 0.018 0.000 394 9 390 5 390 9 353 12 390 9.8
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Sample

VAL

Lat 44�3603400N

Long 8�3005400E

Isotope ratios Age estimates Concordant age

207Pb/206Pb 1s 206Pb/238U 1s 207Pb/235U 1s 208Pb/232Th 1s 207Pb/206Pb 1s 206Pb/238U 1s 207Pb/235U 1s 208Pb/232Th 1s Age (Ma) 2s

a3 o 0.056 0.001 0.074 0.001 0.577 0.015 0.025 0.002 467 12 461 8.2 463 11.8 496 49.6 462 11
a6 c 0.072 0.001 0.160 0.001 1.581 0.014 0.045 0.004 977 18 957 8.1 963 8.3 884 88.4 966 15
a7 r 0.056 0.002 0.067 0.001 0.526 0.016 0.021 0.002 467 13 419 8.9 429 13.1 417 41.7 disc e

a9 o/r 0.055 0.002 0.068 0.001 0.522 0.019 0.021 0.002 409 13 427 9.1 426 15.2 413 41.3 427 12
a10 o 0.057 0.002 0.074 0.001 0.577 0.019 0.024 0.002 479 16 459 9.0 462 15.1 486 48.6 460 12
a11 c 0.061 0.002 0.102 0.001 0.854 0.021 0.031 0.003 634 22 625 8.6 627 15.5 621 62.1 626 16
a11 o 0.055 0.002 0.074 0.002 0.565 0.022 0.022 0.002 426 17 459 9.5 455 17.7 440 44.0 458 13
a12 o 0.055 0.002 0.073 0.002 0.559 0.019 0.021 0.002 417 14 456 9.3 451 15.3 421 42.1 454 13
a13 r 0.055 0.002 0.086 0.001 0.649 0.017 0.027 0.003 400 13 532 8.4 508 13.5 543 54.3 disc e

a13 o 0.057 0.002 0.074 0.001 0.576 0.015 0.024 0.002 474 13 459 8.4 462 12.2 487 48.7 461 11
a14 o 0.060 0.002 0.072 0.001 0.590 0.019 0.024 0.002 595 18 447 9.0 471 14.9 474 47.4 disc e

a16 o 0.057 0.001 0.072 0.001 0.560 0.015 0.022 0.002 488 12 445 8.9 452 1.2 447 44.7 disc e

a17 c 0.071 0.002 0.068 0.001 0.660 0.016 0.049 0.005 961 22 422 8.7 515 12.8 976 97.6 disc e

a18 r 0.055 0.001 0.071 0.001 0.542 0.013 0.023 0.002 423 9.9 443 8.5 440 10.9 457 45.7 439 9.5
a22 r 0.056 0.002 0.071 0.001 0.546 0.016 0.025 0.002 440 12 443 9.2 442 13.2 497 49.7 442 12
a23 c 0.060 0.002 0.104 0.001 0.861 0.017 0.029 0.003 614 17 635 8.5 631 12.5 568 56.8 632 16
a24 c 0.057 0.001 0.083 0.001 0.659 0.015 0.025 0.003 504 13 517 9.0 514 12.0 508 50.8 512 12
a25 r 0.057 0.002 0.069 0.001 0.540 0.016 0.024 0.002 472 13 432 9.1 438 13.3 476 47.6 disc e

a26 c 0.059 0.002 0.080 0.002 0.655 0.023 0.044 0.004 559 22 499 9.8 511 18.3 864 86.4 501 15
a28 o 0.056 0.002 0.074 0.002 0.575 0.018 0.025 0.002 456 14 463 9.5 461 14.5 498 49.8 462 13
a29 c 0.058 0.002 0.096 0.002 0.772 0.023 0.029 0.003 541 21 589 9.8 581 17.2 582 58.2 587 17
a29 o 0.058 0.001 0.072 0.001 0.580 0.015 0.027 0.003 531 13 451 8.7 465 12.0 545 54.5 disc e

a32 c/o 0.057 0.003 0.077 0.002 0.604 0.031 0.028 0.003 477 26 480 10.4 480 24.7 549 54.9 480 15
a33 c 0.063 0.002 0.081 0.002 0.712 0.024 0.027 0.003 723 12 504 9.9 546 18.5 532 53.2 disc e

a34 o 0.057 0.002 0.074 0.002 0.579 0.023 0.026 0.003 491 19 458 9.8 464 18.3 510 51.0 459 14
a35 c 0.062 0.001 0.102 0.001 0.864 0.016 0.033 0.003 658 16 626 9.0 632 11.6 657 65.7 634 15
a35 o/r 0.056 0.002 0.069 0.001 0.526 0.019 0.021 0.002 446 15 428 9.2 429 15.7 410 41.0 428 12
a36 o 0.058 0.002 0.074 0.001 0.587 0.018 0.025 0.002 515 15 462 9.1 469 14.3 491 42.1 465 13
a40 o 0.055 0.002 0.074 0.002 0.562 0.023 0.022 0.002 410 16 459 9.9 453 18.4 446 44.6 458 14
a40 c 0.056 0.002 0.076 0.001 0.592 0.017 0.024 0.002 462 13 474 9.1 472 13.7 475 47.5 473 13
a41 o/r 0.056 0.001 0.070 0.001 0.542 0.015 0.024 0.002 448 11 438 9.0 440 12.5 479 47.9 440 11
a45 o 0.057 0.002 0.072 0.001 0.565 0.017 0.028 0.003 489 14 449 8.8 455 13.9 550 55.0 451 12
a51 o 0.057 0.002 0.075 0.002 0.589 0.019 0.025 0.003 495 16 465 9.6 470 15.4 499 49.9 467 13
a52 r 0.056 0.002 0.068 0.002 0.531 0.021 0.022 0.002 470 17 425 9.7 433 17.0 447 44.7 427 13
a66 o/r 0.055 0.001 0.071 0.001 0.540 0.015 0.021 0.002 426 11 441 8.8 439 12.5 420 42.0 439 11
a63 r 0.055 0.002 0.065 0.001 0.498 0.018 0.019 0.002 422 13 408 9.0 410 14.7 386 38.6 409 11
a61 o 0.056 0.002 0.072 0.001 0.556 0.018 0.024 0.002 440 13 451 9.3 449 14.4 485 48.5 450 12
a72 o/r 0.056 0.002 0.069 0.001 0.530 0.018 0.024 0.002 437 13 432 9.2 432 14.5 474 47.4 432 12
a81 o 0.055 0.002 0.074 0.002 0.568 0.022 0.022 0.002 430 17 463 9.4 457 17.9 441 44.1 461 13
a2 o 0.054 0.004 0.073 0.001 0.548 0.038 0.030 0.003 373 30 456 9.1 443 3.1 606 60.6 455 13
a3 o/r 0.057 0.005 0.071 0.002 0.550 0.046 0.024 0.002 474 18 441 10.1 445 37.5 482 48.2 441 14
a5 r 0.056 0.005 0.066 0.002 0.506 0.042 0.031 0.003 433 37 412 9.9 416 34.9 625 62.5 412 13
a8 c 0.071 0.005 0.152 0.002 1.489 0.045 0.045 0.005 964 67 915 9.7 926 27.8 892 89.2 916 27
a8 r 0.053 0.005 0.062 0.002 0.453 0.043 0.021 0.002 321 29 391 9.7 379 36.2 429 42.9 390 12
a12 o/r 0.056 0.004 0.071 0.001 0.552 0.038 0.031 0.003 470 37 442 8.6 447 30.9 621 62.1 442 12
a24 c 0.062 0.005 0.114 0.001 0.977 0.041 0.033 0.003 685 51 694 9.0 692 29.3 664 66.4 694 19
a25 o 0.056 0.005 0.073 0.001 0.556 0.042 0.024 0.002 441 38 452 9.2 449 34.3 474 47.4 452 13
a29 c/o 0.056 0.004 0.078 0.001 0.598 0.037 0.023 0.002 449 34 482 8.7 476 29.6 451 45.1 482 13
a30 c 0.064 0.006 0.122 0.002 1.063 0.055 0.046 0.005 729 68 740 10.9 735 37.7 906 90.6 740 25
a38 o/r 0.058 0.005 0.069 0.002 0.546 0.044 0.026 0.003 518 44 428 10.0 443 35.6 510 51.0 428 13

(continued on next page)
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4. Petrology of dated samples

4.1. Metarhyolites of Complex I

The metarhyolites I from the Calizzano massif (sample CE) are
represented by two mica gneiss characterized by a layering of rib-
bon quartz e plagioclase K-feldspar and micas (abundant biotite
and minor muscovite) (Figs. 3a, b, and 4a). K-feldspar occurs also as
mm-large clasts suggesting a volcanic origin of these rocks.
Accessory phases are garnet, apatite, zircon, monazite. The crys-
tallographic orientation of medium-grained white mica and brown
biotite highlights a main schistosity that locally preserve relicts of
an older foliation at low angle defined by coarser-grained white
mica and brown biotite (Fig. 4aec). The metarhyolites are inter-
bedded with Al-rich layers of paragneisses or micaschists (biotite,
muscovite, quartz, plagioclase with garnet, kyanite and staurolite;
Fig. 4c) and amphibolites (plagioclase þ hornblende). Widespread
sericite overgrowth around the K-feldspar grains and the occur-
rence of chlorite, epidote and stilpnomelane, particularly along late
fractures cutting all previous microstructures, indicate low-
temperature re-equilibration, probably related to the Alpine pha-
ses (Messiga et al., 1992; Gaggero et al., 2004).

4.2. Orthogneisses and metarhyolites of Complex II

The orthogneisses from the Calizzano and Nucetto massifs
(samples CAL and NUC, respectively) show augen texture defined
by K-feldspar decimetric crystals wrapped by biotite, quartz,
plagioclase, medium-grained muscovite, biotite and fibrolite
aligned along a single pre-Alpine (Variscan) schistosity (Fig. 3c, e, f).
The Variscan schistosity of the Nucetto orthogneisses is cut by (or
locally transposed along) an Alpine foliation defined by albiteþNa-
amphibole þ pumpellyite þ epidote þ muscovite, indicating
blueschist facies conditions (Messiga et al., 1992). In the Calizzano
massif the weaker Alpine deformation and metamorphism is
instead recorded by fracture cleavage and a chlorite þ albite þ
pumpellyite paragenesis.

The metarhyolites from the Torrente Visone unit (sample VAL)
show augen texture characterized by large K-feldspar phenocrysts,
large to fine-grained biotite, quartz, muscovite, minor plagioclase,
garnet and phengite (Figs. 3d and 4d). The metarhyolites are
interbedded with mica-rich and quartzite layers. The high-P para-
genesis developed along the pervasive Alpine schistosity charac-
terizing the entire unit (Cabella et al., 1990, 1991; Cortesogno et al.,
2002); rare coarse-grained muscovite and biotite define relicts of a
possible older (pre-Alpine) foliation (Fig. 4d).

5. Geochronology

5.1. Zircon features

Zircon from the analyzed samples does not show significant
differences between metarhyolites and orthogneisses of both
Complex I and II. In all samples, in fact, zircon grains are hetero-
geneous in terms of size, shape, and color (Fig. 5). Crystal color
varies from colorless to a wide spectrum of tones (pink, yellow,
brownish); they range in length from less than 50 to 200 mm. Zircon
grains exhibit mainly prismatic shape but elongate, and rounded
morphology frequently occur. Crystals are often broken and/or
damaged by fractures. Mineral inclusions (including apatite, rutile,
and quartz) and fluid inclusions are frequently observed, particu-
larly within the cores.

All zircon grains have xenocrystic cores surrounded by one or
more secondary zircon overgrowths. The crystal cores may be
structure less or with convolute-patchy zoning (Fig. 5). The



Figure 3. Mesoscopic textures of dated felsic rocks from Complex I and II. (a) Orthogneiss I (microporphyric metarhyolites) from Calizzano massif. (b) Metarhyolites (orthogneiss I)
interlayered with amphibolites and paragneiss from Savona massif. (c) Coarse-grained, augen-textured orthogneiss II from the Nucetto massif. (d) Highly deformed Torrente Visone
metarhyolite. (e) Sparse porphyric, large K-feldspar megacrysts orthogneiss II from Calizzano massif. (f) Intrusive orthogneiss II from Calizzano massif.
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overgrowths commonly exhibit oscillatory zoning (Fig. 5), which is
typical of zircon growth under igneous conditions (Corfu et al.,
2003; Hoskin and Schaltegger, 2003). In the outer parts of the
zircon these overgrowths may be truncated by unzoned (or with a
faint zoning), poorly to highly luminescent, homogeneous patches
or resorption rims (Fig. 5gej) that are typical of low-temperature
processes such as metamorphism or fluid circulation (e.g.
Rubatto, 2002; Hoskin and Schaltegger, 2003).
5.2. UePb results

5.2.1. Metarhyolite of Complex I (Calizzano unit, Prepiedmont)
Eighteen SHRIMP spots were made on thirteen zircon grains

from sample CE. All 206Pb/238U data span between 401 Ma and
1414 Ma (Table 1). The oldest dates (1414e524 Ma) are from zircon
cores with complex convolute zoning or unzoned areas, while data
from well preserved oscillatory zoned domains range between



Figure 4. Cross polarized (a, d) and plane polarized (b, c) microphotographs of representative pre-Alpine foliations or relicts from the dated lithologies. (aec) Layering of quartz and
muscovite þ biotite from metarhyolites of Complex I. The white lines show the main (Variscan) schistosity (foliation II), while the yellow lines highlight relicts of an older foliation
(foliation I, pre-Variscan or Variscan in age) defined by different orientation of muscovite crystals. The highly variable orientation of the relicts (from sub-parallel to high-angle with
respect the main foliation) reflect the transpositive character of the second deformation stage. Image (c) shows relicts of staurolite within a quartz þ plagioclase clast rimmed by
biotite þ muscovite foliated layers. (d) Pervasive Alpine schistosity of the Torrente Visone metarhyolite. The big muscovite in the center of the photo could represents a relict of a
previous (Variscan?) metamorphic stage. The attribution of the foliations to either a Variscan or Alpine deformation and metamorphic phase derives from the associated para-
geneses and their relationships with the map-scale structures (see text for details).
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497 Ma and 519 Ma with a weighted mean 206Pb/238U age of
507� 15Ma (MSWD¼ 1.3, probability¼ 0.25; Figs. 5a, b and 6a, b).
The youngest ages (401e484 Ma) derive from grains fractured and/
or rich of inclusions and are thus interpreted as contaminated. For
this reason, they are not considered for the age calculation.

5.2.2. Orthogneiss of Complex II (Calizzano unit, Prepiedmont)
We performed nineteen SHRIMP spots on sixteen grains from

sample CAL (Table 1). Data from complex convolute zoned cores
show a large span between 477Ma and 1108 Ma, with three data in
the range of 477e480 Ma (Figs. 5c, d and 6c). Data from the oscil-
latory zoned domains range between 458 Ma and 473 Ma with a
weighted mean 206Pb/238U age of 467 � 12 Ma (MSWD ¼ 0.8,
probability ¼ 0.63; Figs. 5cee and 6c, d).

5.2.3. Metarhyolite of Complex II (Torrente Visone unit,
Prepiedmont)

Fifty-nine laser ablation spot analyses were carried out on fifty-
two zircon grains from sample VAL. Forty-nine concordant data
span between 390 Ma and 966 Ma (Table 2). Complex zoned or
unzoned cores have ages between 473 Ma and 966 Ma (Fig. 5f, g),
while a few spots performed in the largest rims (>15e20 mm) show
younger dates between 390 Ma and 442 Ma (Figs. 5g and 6e). Older
ages are interpreted as inherited cores, while the youngest ones are
likely related to isotopic resetting of the UePb system associated
with metamorphic or hydrothermal events.

The oscillatory zoned domains show scattered data between
482 Ma and 427 Ma (Fig. 6e). Most of these domains are partially
overlapped by narrow low luminescent patches or resorption rims,
which often make difficult to discriminate between the zircon
domains with the laser spot of 20 or 10 mm. In these cases, the
measured isotopic ratios could be the sum of different magmatic
and/or metamorphic stages, resulting in “mixed ages”, without
geological meaning. However, the probability density plot shows
that there is a well-defined main group for which the weighted
mean age is 459� 12Ma (MSWD¼ 0.56, probability¼ 0.92; Fig. 6e,
f). This group is constituted by most of the best preserved oscilla-
tory zoned domains (Fig. 5f) and its age may be assumed as
representative of the crystallization time of the Torrente Visone
metarhyolites.

5.2.4. Orthogneiss of Complex II (Nucetto massif, Briançonnais)
Thirty-nine laser ablation spot analyses were carried out on

twenty-one zircon grains from sample NUC. Thirty-one concordant
data span between 348 Ma and 481 Ma (Table 2). Three dates
around 470e480 Ma and one of 441 � 11 Ma have been measured



Figure 5. Cathodoluminescence images of representative zircon and analyzed spots
for SHRIMP and LA-ICP-MS UePb dating; numbers marked on the images are the
relative UePb dates with 2s error.
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within zircon cores (Figs. 5i and 6g), while the widest resorption
rims (>20 mm) gave ages between 349 Ma and 422 Ma (Fig. 5j).

Ages older than 470Ma are interpreted as inherited cores, while
the youngest data are considered related to late stage isotopic
resetting of the UePb system.

The oscillatory zoned domains show ages scattered between
348 Ma and 458 Ma. Also in this sample, most of these domains are
truncated or partially overlapped by low luminescent patches or
resorption rims (Fig. 5hej). This large pattern could be influenced
by the complex 3D crystal structure that often prevents to correctly
discriminate among the zircon domains with the laser spot. These
considerations suggest that this wide pattern may incorporate
“mixed ages” without geological meaning. However, the data dis-
tribution shows twomain groups at 410e430 Ma and 430e460Ma,
the older of which is constituted by the best preserved oscillatory
zoned domains (Fig. 5h), whereas the younger one includes some
dates from thewide rims (Fig. 6g). This suggests that the data of the
younger group are partially influenced by low temperature pro-
cesses that generated the resorption rims. We thus assume the
weighted mean age of 445.5 � 12 Ma (MSWD ¼ 1.4,
probability ¼ 0.18; Fig. 6h) calculated from the older group as the
most probable crystallization age of the magmatic protolith of the
Nucetto orthogneisses.
6. Discussion

6.1. Timing of the igneous events

The new UePb ages from four samples are representative of the
best-exposed outcrops of the intrusive and volcanic acidic rocks of
the two pre-Variscan lithologic complexes, and are thus the best
samples to describe the main magmatic phases of the Early
Paleozoic history of the Ligurian basements. All analyzed samples
show zircon grains with cores that can be unzoned or characterized
by complex convolute zoning. These structures are typical of xen-
ocrystic cores and their ages are systematically older than the
surrounding overgrowths. However, one single zircon core shows a
considerably younger data (441 Ma; Fig. 5j); as evidenced by the
thick resorption rim enveloping the grain, this zircon was affected
by an important recrystallization that probably partially contami-
nated also the core. The xenocrystic cores from the metarhyolites of
Complex I (sample CE) have Mesoproterozoic to lower Cambrian
ages, while in the orthogneisses and metarhyolites of the Complex
II (samples CAL, VAL and NUC) cores as young as w470e480 Ma
have been found. These data indicate that the zircon cores record
the previous igneous events. For example, the youngest sample
(VAL from the Torrente Visone metarhyolites II) shows a data dis-
tribution that includes age representative of both Complex I met-
arhyolites (sample CE) and the Complex II orthogneisses (sample
CAL). This suggests that each igneous event recycles rocks previ-
ously emplaced during the different magmatic pulses.

Around the inherited cores, zircon crystals show oscillatory
zoned domains that are typical of crystallization under igneous
conditions (Corfu et al., 2003; Hoskin and Schaltegger, 2003).When
these domains are well developed and far from resorption rims, the
relative dates cluster in narrow intervals (<30 Ma; Fig. 6a, c), the
weighted mean of which likely represents the crystallization age of
the relative igneous body (507 � 15 Ma and 467 � 12 Ma for
samples CE and CAL, respectively; Fig. 6b, d). On the contrary, when
the oscillatory zoned overgrowths are closely associated with rims
or patches that partially or completely contaminate the original
magmatic structures (samples VAL and NUC), the data scatter over
a large interval (up to 130 Ma; Fig. 6e, f). In these samples, however,
the age distributions show a main group constituted by the best
preserved magmatic structures and characterized by a narrow peak
(Fig. 6e, f), the relative weighed means of which are interpreted as
the most probable crystallization ages (459 � 12 Ma and
445.5 � 12 Ma for samples VAL and NUC, respectively). The other
younger data from the oscillatory zoned domains probably reflect
the disturbance associated with rims. When measurable
(>15e20 mm), in fact, the resorption rims show ages partially
overlapping the youngest datameasured from the oscillatory zoned
domains (Fig. 6e, f) and likely represent late-stage isotopic resetting
of the UePb system during the pre-Variscan or Variscan thermal
(igneous or metamorphic) events.
6.2. The CambrianeOrdovician evolution of the Ligurian Alps
basements in the frame of the northern Gondwana margin

The new geochronological investigations provided by this study
integrated with the literature data reveal that the pre-Variscan



Figure 6. Probability density plot and UePb weighted mean ages of the analyzed samples (the error reported is the sum of the analytical and systematic errors; see Spencer et al.,
2016). Red, green and blue boxes indicate results from inherited cores, magmatic oscillatory overgrowths and rims, respectively. The inherited cores older than w540 Ma are not
plotted.
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igneous rocks of the Ligurian basements were emplaced during
multiple igneous episodes during the CambrianeSilurian times.

The meta-effusive rocks of the Complex I (metarhyolites and
amphibolites) represent the record of a bimodal magmatism (calc-
alkaline rhyolites and tholeiitic basalts; Cortesogno et al., 1993,1997;
Gaggero et al., 2004) interstratified within a thick pelitic-arenitic
sequence (now paragneisses and micaschists). This bimodal activity
suggests an extensional regime but only a fewoccurrences ofmantle-
derived ultramafic bodies (Cortesogno et al., 1993) document for a
possible oceanization; it is more likely that just an intracontinental
rifting was produced. The age of basaltic emplacement in Liguria is
unknown, while the new age of 507 � 15 Ma of the metarhyolite I



M. Maino et al. / Geoscience Frontiers 10 (2019) 315e330 327
represents the crystallization age of the widest metarhyolite body of
the Complex I. This age is slightly older than the isotope dilutionTIMS
UePb zircon age of 494 � 5 Ma (Molina, 2002) performed on the
orthogneisses I, which were the granitoids intruded within the
volcano-sedimentary succession (Cortesogno et al., 1993).

Several mafic and ultramafic associations involved in similar
volano-sedimentary sequences, have been dated between 530 Ma
and 500Ma in the neighboringAlpine basements, and considered as
ophiolitic sequences emplaced during a Cambrian extensional
regime (e.g. Ménot et al., 1988; Müller et al., 1996; Schaltegger et al.,
2002; Bussien et al., 2011). At this time, extensional setting is a
common feature of the other basements located along the northern
Gondwana margin; the formation of rift basins characterized by
bimodal magmatism is indeed documented in Iberia, Corsica-
Sardinia and Bohemian massif (e.g. Paquette et al., 1989;
Linnemann et al., 2008; Oggiano et al., 2010; Gaggero et al., 2012;
Sánchez-Martínez et al., 2012). The Calabria-Peloritani block re-
cords instead only Late Proterozoic ages of syn-orogenic meta-
morphism and magmatism (ca. 579e543 Ma; Williams et al., 2012;
Fiannacca et al., 2013; Fornelli et al., 2016), without evidences of
Cambrian igneous activity. This extensional setting has been inter-
preted either as resulting from back-arc rifting (Chamrousse event;
Guillot et al., 2002; vonRaumer and Stampfli, 2008) or as thinningof
the lithosphere and upwelling of asthenosphere through slab-
windows formed by subduction of an earlier mid-oceanic ridge
(Iapetus-Tornquist Ocean; Linnemann et al., 2007, 2008).

The igneous rocks of the Complex I (ages older than w490 Ma)
were folded together with the terrigenous sediments (i.e. their
host) prior to be intruded by large volumes of manly acidic and
minor mafic rocks of the Complex II, which were emplaced be-
tween 467 � 12 Ma and 445.5 � 12 Ma (this study; Molina, 2002;
Giacomini et al., 2007). The existence of a tectono-metamorphic
cycle predating the Complex II emplacement is suggested not
only by field relationships (Seno et al., 2010) but also by the pres-
ervation in Complex I of relicts of an older schistosity with
amphibolite facies conditions (Gaggero et al., 2004 and references
within). As such, we should speculate a subduction or collisional
setting to justify these conditions. A possible Late CambrianeEarly
Ordovician subduction cycle is supported by the 478 � 5 Ma age of
the metamorphism in the External massif (Schaltegger et al., 2003).
However, relicts of this metamorphic phase were not found along
other northern Gondwana blocks (e.g. Sardinia and Calabria-
Peloritani), thus questioning the nature and extension of this
metamorphic event (e.g. Oggiano et al., 2010; Fornelli et al., 2016).
Furthermore, because of the pervasive Variscan deformation and
recrystallization, it is impossible to demonstrate a direct correlation
between these foliation relicts and the large-scale folding affecting
the Complex I sequence. We cannot thus exclude that the poorly
preserved foliation I could instead represent just an early stage of
the Variscan metamorphic cycle, rather than a pre-Variscan event.
In this case, the folding event characterizing the Complex I should
be interpreted as a deformation event without metamorphism; as
such, it can be correlated with the Sardic phase of Sardinia (marked
by a key angular unconformity between a folded Cambrian
volcano-sedimentary sequence and a Middle Ordovician volcanic
cycle; Martini et al., 1991; Oggiano et al., 2010).

The dated rocks of Complex II (between w467 � 12 Ma and
445.5 � 12 Ma) are representative of the huge volumes of pre-
aluminous S-type granitoids, rhyolites and minor MORB-gabbros
and rare basic to intermediate dykes, which represent a calc-
alkaline suite emplaced in the Ligurian basements before the Varis-
can Cycle. Comparable Ordovician magmatic suites of calc-alkaline
granitoids and volcanites, associated with minor volumes of mafic
rocks are documented between w480 Ma and w450 Ma in most
Alpine basements (Bussy and von Raumer, 1994; Poller et al., 1997;
Schaltegger and Gebauer, 1999; Bertrand et al., 2000; Bussy et al.,
2000, 2011; Rubatto et al., 2001; Guillot et al., 2002; von Raumer
et al., 2002;Schaltegger et al., 2003; Schulz et al., 2008; Bussien
et al., 2011), Corsica-Sardinia (Giacomini et al., 2006; Oggiano et al.,
2010; Gaggero et al., 2012), Montagne Noir (Roger et al., 2004),
Pyrenees (e.g. Deloule et al., 2002; Castiñeiras et al., 2008; Casas et al.,
2010, 2011; Navidad et al., 2010; Liesa et al., 2011), Iberia (e.g.
Valverde-Vaquero andDunning, 2000; Gutiérrez-Alonso et al., 2007;
Montero et al., 2007; Díez Montes et al., 2010; Navidad and
Castiñeiras, 2011; Rubio-Ordóñez et al., 2012), Saxothuringia
(Linnemann et al., 2000; Winchester et al., 2003) and Calabro-
Peloritani Arc (e.g. Micheletti et al., 2007, 2011; Fiannacca et al.,
2008; Fornelli et al., 2016). This distribution argues for the pres-
ence of an active margin associated with the subduction of an ocean
(the Rheic Ocean) beneath the northern Gondwana margin, where
the huge calc-alkaline intrusions were emplaced (e.g. von Raumer
and Stampfli, 2008; von Raumer et al., 2013).
6.3. The Late Ordovician-Silurian thermal event

The age of 445.5� 12 Ma from the orthogneisses II (early S-type
monzogranites; Gaggero et al., 2004) of the Briançonnais basement
(Nucetto massif) is considerably younger than the other data from
the Complex II. It is the first report of Late OrdovicianeEarly Silu-
rian age from the Penninic basements of the Alps. However, a few
anatectic bodies, calc-alkaline or alkaline acidic volcanites, andes-
ites and gabbros with ages in ranges of 450e430 Ma have been
found in several places, including the External Massifs (Paquette
et al., 1989; Rubatto et al., 2001; Schaltegger et al., 2003; Schulz
and von Raumer, 2011), Austroalpine and Carnic Alps (Schulz
et al., 2008; Thöny et al., 2008; Rode et al., 2012), Calabria-
Peloritani (Trombetta et al., 2004) Sardinia (Oggiano et al., 2010)
and Pyrenees (Casas et al., 2010). In Sardinia, the Silurian igneous
activity has alkaline character and is represented by dikes and sills
that allow defining a distinct igneous activity from the arc-related
bimodal magmatism (Oggiano et al., 2010; Gaggero et al., 2012).
This thermal event occurred under extensional regime possibly
following the collapse of the Mid-Ordovician arc (Oggiano et al.,
2010) and it was likely related to the initial rifting of Paleotethys
(von Raumer and Stampfli, 2008; Stampfli et al., 2011).

The magmatic domains of zircon from the analyzed samples are
often truncated by the growth of wide rims (Fig. 4) that show a
considerable number of data scattered between w440 Ma and
w345 Ma (Tables 1 and 2; Fig. 5). These dates may record distinct
thermal perturbations associated with (i) a persistence of the
rifting-related magmatism during the Silurian (i.e. the peak around
w420 Ma of Fig. 5e, g), (ii) followed by the different stages of the
Variscan orogenic phases (ages <420 Ma).
7. Conclusions

The pre-Mesozoic basements of the Ligurian Alps are
dismembered into several units by the Alpine deformation.
However, the Alpine metamorphic phases developed low-T para-
geneses, thus preserving high-T relicts of the pre-Variscan and
Variscan igneous and/or metamorphic phases. New geochrono-
logical data indicate that a complete record of Cambrovician-
Silurian magmatism is still preserved in the Ligurian basements.
SHRIMP and LA-ICP MS UePb data suggest that the main igneous
products characterizing the two lithostratigraphic complexes
(Complexs I and II) were emplaced through several magmatic
pulses. Effusive and intrusive products of Complex I are dated in
the middleeupper Cambrian (507 � 15 Ma to 494 � 5 Ma). Ana-
logues from Sardinia and Alps are referred to the rifting phase at



M. Maino et al. / Geoscience Frontiers 10 (2019) 315e330328
the northern Gondwana margin, with evidence of progression
from south northwards in present coordinates.

Complex II rocks outpoured or intruded the crust from the Early
Ordovician toward the Silurian (473 � 1 Ma, 468 � 1 Ma,
467 � 12 Ma, 459 � 3 Ma and 445 � 12 Ma). This age span is
ascribed to the evolution of an arc system, assessed in adjacent
peri-gondwanian terranes. In particular, the Late
OrdovicianeSilurian igneous activity could be interpreted as the
onset of the Silurian post-arc activity or as a prolongation of the
Mid Ordovician arc.

Both Complexs I and II are characterized by a main pervasive
schistosity (foliation II), associated with the Variscan structure and
parageneses and dated between 420 Ma and 300 Ma (Del Moro
et al., 1981; Barbieri et al., 2003; Giacomini et al., 2007). Howev-
er, intrusives of Complex II cut a previously folded crust made of the
Complex I sequence, thus highlighting a deformational event be-
tween the emplacement of the two complexes (i.e. between
w494Ma and 473Ma). However, it is not clear if this deformational
event was associated with a pre-Variscan schistosity (foliation I)
rarely preserved only in the rocks of Complex I. While in the
External Massifs of the Alps a subduction cycle is documented at
this time, other blocks of the northern Gondwana margin record
only non-metamorphic deformation (e.g. the Sardic phase; Oggiano
et al., 2010). Available data from the Ligurian segment cannot
discriminate between this two model, therefore the geodynamic
interpretation of the CambrovicianeOrdovician transition remains
problematic. However, the new geochronological data indicate that
the emplacement of huge magmatic (mainly calc-alkaline) volumes
through discrete pulses during the CambrianeSilurian, is a key
feature of the Ligurian block, as well as the other sectors consti-
tuting the northern Gondwana margin (e.g. Corsica-Sardinia, Pyr-
enees, Iberia, Calabria-Peloritani, Bohemian Massif). This
magmatism may be referred to as an Andean type arc e with the
subduction of the Rheic Ocean beneath the northern Gondwana
margine evolving toward a rifting stage related to the initial rifting
of Paleotethys. This study thus confirms the affinity of the Ligurian
basements with the other sectors of the northern margin of
Gondwana that evolved through several steps of rifting and sub-
duction before the starting of the Variscan cycle.
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