
INTRODUCTION

Several tectonic processes can lead to strain accumula-
tion within the lithosphere. Strain is often localized into shear 
zones that show large variations in orientation, length, thick-
ness, displacement, strain geometry, deformation regime and 
deformation mechanisms, all depending from the tectonic 
framework in which they form (e.g., Fossen and Cavalcante, 
2017). Therefore, the study of shear zones may provide valu-
able information relevant to unravel the evolution of many 
geodynamic contexts. Because the complex nature of shear 
zones leads to a great variability in their evolution, a modern 
approach to the study of such structures requires the combi-
nation of many independent techniques, in order to unravel 
their kinematics, deformation temperatures, deformation re-
gimes and strain geometry (see also Sibson, 1977; Law et 
al., 2004; Xypolias, 2010; Law, 2014). Furthermore, several 
geochronometers can be used to constrain the age and dura-
tion of deformation. Such multidisciplinary approach in the 
last years provided important constraints for new tectonic 
models in several collisional settings all over the world (Iaco-
pini et al., 2008; Montomoli et al., 2013; Zhang et al., 2013; 
Iaccarino et al., 2015; Giorgis et al., 2017; Wu et al., 2017; 
Carosi et al., 2018; 2020; Parsons et al., 2018; Simonetti et 
al., 2020a; 2020b). The combination of geophysical, struc-
tural, geochronological and sedimentological studies also led 
to important advancement in understanding extensional tec-
tonics, rift settings and related structures (Manatschal et al., 
2007; Mohn et al., 2010; 2012; Beltrando et al., 2014; 2015; 

Aravadinou and Xypolias, 2017; Langone et al., 2018; Real 
et al., 2018; Petri et al., 2019).

Studies of rifted margins, in the last decade, benefited 
from an increasing quantity of high-quality data from sev-
eral disciplines. However, the direct observation and in-
vestigation of rift-related structures at the mesoscale is un-
common. Detailed constraints on the evolution of the main 
faults and shear zones developed during crustal extension 
are not always available even, if they would be fundamental 
data to elucidate this process and to constrain the rifting 
models.

Rift systems are generally subjected to shift in time and 
space within the evolving continental margins (Manatschal et 
al., 2007; Mohn et al., 2012; Beltrando et al., 2015). This is 
the case of the Mesozoic evolution of Southern Europe and 
North Africa where multiple rifting episodes characterize 
the Pangea breakup. Indeed, the Middle Triassic opening of 
the Meliata and Ionian Basins (Kozur, 1991; Speranza et al., 
2012) was followed by the formation of the central Atlantic 
and the Alpine Tethys in the latest Triassic to Middle Juras-
sic times.

Extension-related tectonics began in the Late Triassic 
(Bertotti et al., 1993). During this epoch, extension of the 
upper crust was mainly controlled by major listric faults, 
such as the Lugano Val Grande fault, at the margins of Late 
Carboniferous-Early Permian basins. Subsequently, faulting 
around those centres gradually ceased and the site of ex-
tension shifted westwards towards the future site of crustal 
separation.
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ABSTRACT

The direct observation and investigation of rift-related structures at the mesoscale is uncommon. Hence, detailed constraints on the evolution of the main 
faults and shear zones developed during crustal extension are not always available.

The Ivrea-Verbano Zone, in the Italian Southern Alps, samples remnants of the former lower crust of the rifted margins surrounding the Alpine Tethys 
and therefore provides the opportunity to directly investigate rift-related tectonics. Here, several shear zones have been recognized and interpreted as related 
to Mesozoic rifting. However, even if there is a general agreement with this interpretation, the precise age of activity of many of those shear zones is not well 
constrained.

In this paper we present a review of the Triassic-Jurassic geochronological and thermochronological data available for two sections of the Ivrea-Verbano 
Zone, the Strona di Omegna and Ossola valleys, where at least two extensional shear zones are exposed. Ductile deformation occurred under amphibolite-
facies conditions and it was alternatively attributed to late Variscan deformation or to Triassic-Jurassic rifting-related tectonics.

We discuss the available chronological data and the different interpretations provided for the shear zones considering also new geochronological studies 
on other lower crustal shear zones exposed in other sectors of the Ivrea-Verbano Zone. This review allows us to strengthen the more recent interpretations in-
dicating that these shear zones are important tectonic structures related to Late Triassic-Jurassic deformation in the lower crust of the Adriatic margin.
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Manatschal et al. (2007), Mohn et al. (2012) and Belt-
rando et al. (2015) documented the rift-related evolution of 
the basement and the associated tectono-sedimentary record. 
According to their studies, three modes can be recognized 
during Tethyan rift localization. An initial stretching mode 
(mode 1) characterized by a ductile and diffused deformation 
of the middle and deep crust is followed by a thinning mode 
(mode 2) linked to initial rift localization and lithospheric 
thinning and, finally, by an exhumation mode (mode 3) where 
the crustal extension leads to a complete exhumation of the 
subcontinental mantle. During the three modes of Tethyan 
rift, several generations and types of extensional structures 
are formed, namely high-angle and low-angle normal faults, 
anastomosing shear-zones and decoupling horizons (Petri et 
al., 2019). Such structures accommodate the lateral extrac-
tion of mechanically stronger levels derived from the middle 
and lower crust. The first extensional ductile shear zones in 
the lower crust nucleates during the thinning mode (mode 2 
of Manatschal et al. 2007) that is the less constrained stage 
among the three. Direct geological observations are not so 
common mainly because the fault systems and the sedimenta-
ry basins related to this mode are overprinted by subsequent, 
breakup-related deformation.

The Ivrea-Verbano Zone (IVZ) and the Serie dei Laghi 
(SdL) couple, in the Italian Southern Alps, samples rem-
nants of the former Alpine Tethys rifted margin and therefore 
provides the opportunity to investigate rift-related tectonics 
across different crustal levels. In particular, the IVZ-SdL 
couple is interpreted as the Adriatic necking zone recording 
major thinning during Jurassic rifting (Decarlis et al., 2017). 
Instead, the Adriatic distal domain is preserved in the Cana-
vese Zone, which shows evidence for subcontinental mantle 
exhumation at the seafloor (Ferrando et al., 2004; Beltrando 
et al., 2015).

Several shear zones have been recognized in the IVZ 
(e.g., Rutter et al., 1993), where two major sets of structures 
are interpreted as related to Mesozoic rifting (Petri et al., 
2019). The first set consists of high-temperature shear zones, 
whereas the second one consists of lower temperature fault 
structures. In the SdL, the Pogallo Line (PL), which in places 
marks the contact with the IVZ, is interpreted as a low-an-
gle normal fault active under lower temperature conditions 
(Hodges and Fountain, 1984; Schmid et al., 1987; Zingg et 
al., 1990) compared to the shear zones within the IVZ (mid-
dle rift-related structures of Petri et al., 2019).

Even if there is a general agreement in considering all 
those structures linked to crustal extension, the precise age 
of activity of many of them is not well constrained and lo-
cally a detailed structural analysis is lacking. This leads to 
unclear correlations between similar structures that crops out 
in different localities of the IVZ and to the lack of precise 
structural and temporal constraints about the activity of such 
shear zones and faults. Because of these uncertainties, the re-
construction of exhumation and rifting processes is still lim-
ited and partly unclear.

The first step toward a complete understanding of the role 
of the shear zones in the IVZ during rifting process is a com-
plete revision of the geochronological and thermochronologi-
cal data available in the literature. In this paper we present a 
detailed review and discussion of available geochronological 
and thermochronological data, with a focus on the Triassic-
Jurassic time interval, for two sections of the IVZ exposed 
along the Strona di Omegna and Ossola valleys. Here, two 
shear zones, namely the Forno-Rosarolo and the Anzola 
shear zones respectively, are exposed. These two mylonitic 

belts have been recently interpreted as belonging to the same 
system of shear zones affecting the northern sector of the 
IVZ, formed during the rifting process (middle rift-related 
structures of Petri et al., 2019). The aim of this paper is to 
verify which of the data already available in literature can be 
indicative of the period of activity of these structures, in order 
to strengthen their correlation and to better understand their 
role in the framework of Tethyan rifting.

GEOLOGICAL SETTING

The IVZ is located in northwestern Italy and belongs to 
the South Alpine domain (Fig. 1). It represents an exposed 
section of the pre-Alpine middle to lower continental crust 
that escaped a marked Alpine deformation overprint. It is 
separated from the Sesia Zone by the Insubric Line to the 
northwest and from the SdL by the Late-Variscan Cossato-
Mergozzo-Brissago Line (CMB) and, in places, by the Pogal-
lo Line (PL) to the southeast (Boriani et al., 1990). The CMB 
Line is crosscut by mylonites associated with the PL (Fig. 1), 
which is interpreted as a low-angle normal fault of Triassic-
Jurassic age (Zingg et al., 1990) linked to crustal thinning 
(Hodges and Fountain, 1984). During the Alpine collision, 
the IVZ underwent exhumation and verticalization (Henk et 
al., 1997; Rutter et al., 2007; Wolff et al., 2012) together with 
the development of large-scale folds, such as the Proman an-
tiform (Brodie and Rutter, 1987).

The IVZ is traditionally divided, from NW-SE, in three 
units: the mantle peridotites, the Mafic Complex and the 
Kinzigite Formation (Fig. 1). The main bodies of mantle 
peridotites are the Finero, Balmuccia, and Baldissero mas-
sifs that crop out close to the Insubric Line (Hartmann and 
Wedepohl, 1993). The Mafic Complex was emplaced during 
Permian (Peressini et al., 2007) with underplating relations 
and is coeval with the acid magmatism and volcanism recog-
nized in the upper crust (Karakas et al., 2019). The bimodal 
magmatism is interpreted as an evidence for thinned litho-
spheric mantle (Schuster and Stüwe, 2008). The main phase 
of basic magmatism occurred at 288±4 Ma (e.g., Peressini et 
al. 2007) and probably started largely before, as suggested 
by the presence of mafic sills emplaced during Carbonifer-
ous (e.g., ~ 314; Klötzli et al., 2014). According to Klötzli et 
al. (2014), the overlapping ages, within error, between these 
old magmatic events and the high-temperature regional meta-
morphism (~ 316 Ma; Ewing et al., 2013; 2015) documents a 
link between high grade metamorphism and magmatism. The 
Kinzigite Formation is made up of metasedimentary rocks 
with intercalated metabasic rocks (Zingg, 1990; Schmid, 
1993). The metamorphic grade increases toward the NW 
(Schmid and Wood, 1976; Zingg, 1983) from amphibolite- 
to granulite-facies. In particular, the SE part of the Kinzigite 
Formation consists of micaschists that recorded amphibolite-
facies metamorphism, intercalated with amphibolite layers, 
whereas to the NW felsic and mafic granulites (also known as 
stronalites) are present. Lenses of calcsilicates and marbles 
are more abundant within the amphibolite-facies rocks but 
also occur within the granulites. Considering the changes in 
the mineral assemblage along the Strona di Omegna section, 
some authors introduced a further subdivision of the Kinzigite 
Formation with a transition zone between amphibolite- and 
granulite-facies metamorphic rocks (e.g., Redler et al., 2012; 
Kunz et al., 2014). In both the Ossola and Strona di Omegna 
valleys, the transition from amphibolite- to granulite-facies is 
marked by mylonitic zones: the Anzola shear zone (Brodie 
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and Rutter, 1987) and the Rosarolo shear zone (Siegesmund 
et al., 2008), respectively. These structures were typically as-
sociated to a single fault system named in different way: the 
Anzola-Rosarolo (Beltrando et al., 2015) or Anzola-Forno 
shear zone (Ewing et al., 2015). In this work, we refer to 
the high strain zone in the Ossola valley as the Anzola shear 
zone (Fig. 2A), whereas the high strain zone in the Strona di 
Omegna valley is referred to as Forno-Rosarolo shear zone 
(Fig. 2B).

From the structural point of view, the metamorphic fo-
liation of the IVZ strikes NE-SW and is generally steeply 
inclined with a mineral lineation plunging toward SE. A sys-
tem of large-scale superimposed folds linked to Variscan de-
formation is also recognized (Rutter et al., 2007). From the 
paleogeographic point of view, the IVZ was located to the 
western edge of the Adriatic Plate (Manatschal et al., 2007; 
Mohn et al., 2012; Beltrando et al., 2015). It was involved 
in a complex and polyphase episode of rift focusing in the 
Triassic-Jurassic interval that was investigated by integrating 
geochronological and thermochronological tools with avail-
able tectonostratigraphic records (Beltrando et al., 2015 and 
references therein).

THE LATE/POST VARISCAN  
HIGH-TEMPERATURE DEFORMATION

Following the Variscan orogeny, the IVZ was affected 
by post-orogenic extension (as testified by the activity of 
the CMB during Permian) and subsequently, in the Triassic-
Jurassic time interval, by a complex and polyphase episode 
of rift focusing (Beltrando et al., 2015). The post-Variscan 
deformation was recognized since the earlier studies of the 
IVZ (Brodie and Rutter, 1987; Boriani et al., 1990; Rutter et 
al., 1993; 2007; Siegesmund et al., 2008; Garde et al., 2015). 
Crustal extension was accommodated by several shear zones 
active during different phases of rifting (Manatschal et al., 
2007; Mohn et al., 2012) at different crustal levels (e.g., Bel-
trando et al., 2015). The uppermost rifting-related structure is 
the PL, which formed in the Kinzigite Formation and is in-
terpreted as a low-angle shear zone with a normal kinematics 
(Hodges and Fountain, 1984) active between 210 and 170 Ma 
(Zingg, 1990; Wolff et al., 2012) under decreasing tempera-
tures from amphibolite- to greenschist-facies conditions. New 
data about the extensional structures affecting the lower crust 
have been recently obtained from the northern sector of the 

Fig. 1 - Geological sketch map of the central 
and northern IVZ (=Ivrea Verbano Zone, 
modified after Ewing et al., 2015). The loca-
tions of high-temperature shear zones are 
after Rutter et al. (1993).
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IVZ (Langone et al., 2018; Corvò et al., 2020). Here, ductile 
shear zones affecting mafic/ultramafic rocks (Fig. 1) were ac-
tive in a large time interval, from Late Triassic to Early Ju-
rassic (see also Boriani and Villa, 1997) and from granulite- 
to greenschist-facies conditions (Brodie, 1981; Altenberger, 
1995; Kenkmann, 2000; Kenkmann and Dresen, 2002; Degli 
Alessandrini, 2018; Langone et al., 2018). In the central part 
of the IVZ (Fig. 2), where the Strona di Omegna and Ossola 
valleys are located, rift-related deformation is probably repre-
sented by the Forno-Rosarolo (Siegesmund et al., 2008) and 
the Anzola shear zones (Brodie and Rutter, 1987), whose main 
characteristics are briefly described in the following sections.

The Anzola shear zone

The Anzola shear zone is exposed in a quarry 500 m east 
of Anzola village in the Ossola valley (Fig. 2A). It is ap-
proximately 20 metres wide and shows a vertical foliation, 
which strikes NNE-SSW, slightly discordant to the meta-
morphic layering of the surrounding unsheared rocks (Fig. 
2A; Stünitz, 1998). This structure was the focus of several 
works (Brodie, 1981; Brodie and Rutter, 1987; Brodie et 
al., 1989; Rutter and Brodie, 1990; Rutter et al., 1993; Al-
tenberger, 1997; Stünitz, 1998; Rutter et al., 2007) because 
it gives an excellent opportunity to study shear localiza-

Fig. 2 - Schematic geological maps show-
ing the main lithologies, tectonic structures 
and isograds, for Ossola (A) and Strona di 
Omegna (B) valleys, modified after Rutter et 
al. (2007). Isograds for the Ossola valley are 
from Zingg (1980) whereas for the Strona di 
Omegna valley isograds are from Redler et 
al. (2012) for metapelitic rocks (Kfs in) and 
Kunz et al. (2014) for the metabasic rocks 
(cpx and opx in). ASZ- Anzola shear zone; 
FRSZ- Forno-Rosarolo shear zone; CMB- 
Cossato-Mergozzo-Brissago Line. The pub-
lished Triassic-Jurassic radiometric data are 
located according to the relative reference 
(lowercase letters) with a symbol referring to 
the adopted mineral and/or isotopic system. 
References: a- Jäger et al., 1967; b- Grae-
ser and Hunziker, 1968; c- McDowell and 
Schmid, 1968; d- Hunziker, 1974; e- Brodie 
et al., 1989; f- Mulch et al., 2002; g- Zack et 
al., 2011; h- Wolff et al 2012; i- Smye and 
Stockli, 2014; j- Ewing et al., 2015; k- Ku-
siak et al., 2019; l- Siegesmund et al., 2008; 
m- Boriani and Villa, 1997; n- Denyszyn et 
al., 2018; o- Smye et al., 2019; p- Vavra et 
al., 1999.
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tion within amphibolite-facies mafic rocks at middle/lower 
crustal levels. Brodie (1981) was the first author focusing 
on the shear zone, and investigated the role of deformation 
during metamorphism and its effects on mineral and rock 
chemistry. The author demonstrated that the composition of 
amphibole and plagioclase, varies with deformation suggest-
ing recrystallization under increasing temperature (prograde 
regional metamorphism). The microstructural and geochem-
ical evolution of the shear zone was further investigated by 
Stünitz (1998). The Author showed that syn-tectonic recrys-
tallization of clinopyroxene, amphibole and plagioclase pro-
duce compositional differences between porphyroclasts and 
recrystallized grains. In particular, the Author observed that: 
i) recrystallized clinopyroxene is characterized by higher 
Mg# value (Mg/Mg + Fe) and Al content with respect to the 
porphyroclasts; ii) recrystallized grains of hornblende tend 
to have lower Ti content and higher Mg# value; iii) recrys-
tallized plagioclase has lower anorthite and orthoclase com-
ponents with respect to the rare plagioclase porphyroclasts. 
Combining microstructures with chemical changes Stünitz 
(1998) concluded that deformation took place during a retro-
grade P-T path under amphibolite-facies conditions (from ~ 
650 to 550°C) at pressures of probably less than 8 kbar. The 
Anzola shear zone was studied also by Altenberger (1997) 
who revealed that the pre-existing heterogeneity (i.e., layer-
ing and grain-size variations) was the locus of concentrated 
shear deformation. As already documented by Brodie (1981), 
Altenberger (1997) further highlighted that mylonitic layers 
are richer in amphiboles than the wall rocks.

Despite the numerous studies on the microstructural and 
geochemical evolution of the shear zone the P-T conditions, 
i.e. prograde for Brodie (1981) and retrograde for Stünitz 
(1998), as well the timing are still unconstrained. The work 
of Brodie et al. (1989) is the first attempt to constrain the age 
of the deep crustal extensional episode in the Ossola val-
ley. The authors provided Ar-Ar radiometric dating of horn-
blende from the undeformed gabbros and mylonites, their 
results are reported in the geochronological review section 
(IV.I; Table 1).

The Forno-Rosarolo shear zone
In the last decades the Strona di Omegna valley (Fig. 2B), 

has been widely studied from several point of view since it 
offers a spectacular exposure of continental crustal rocks for 
a thickness of ~ 14 km (the largest thickness of the Kinzigite 
Formation for the IVZ). Despite the high strain zone between 
Forno and Rosarolo villages was documented since Rutter et 
al. (1993) and subsequently studied by several authors (Rut-
ter et al., 2007; Siegesmund et al., 2008; Garde et al., 2015), 
a complete characterization of the deformation characteristics 
and precise constraints about its geometry and internal struc-
ture are lacking. In addition, the deformation age was not di-
rectly constrained by in situ dating of syn-tectonic minerals 
and/or overgrowths. Zircon grains from a mylonitic sample 
from the Forno-Rosarolo shear zone was dated by Kunz et 
al. (2018) and provided two age populations with an overall 
range of U-Pb dates from 316 to 264 Ma. However, since 
the dated zircon domains do not show evidence of deforma-
tion-induced recrystallization, these ages do not provide in-
formation about the timing of shearing. The lack of robust 
geochronological constraints prevents to frame the activity of 
this shear zone within the complex large-scale post-Variscan 
geodynamic context.

According to Siegesmund et al. (2008), the Forno-Rosa-

rolo shear zone can be described as a high-strain zone made 
up of a network of sub-parallel anastomosing shear zones 
variable from centimetric to metric scale. The authors pro-
posed that the shear zone operated over a long-time span 
and that it initiated during the Early Permian magmatic un-
derplating by accommodating extension in the lower crust 
under high-temperature conditions. Subsequently the shear 
zone was reactivated at different crustal levels during Meso-
zoic tectonics and was involved into Eocene tilting together 
with the whole IVZ (Siegesmund et al., 2008). During its 
long-lasting activity, the shear zone experienced both cata-
clastic and ductile deformation but due to the rheological 
contrast between individual layers made of different rock 
types, brittle and ductile deformation may have operated 
simultaneously, at least in some cases. Evidences of brittle 
deformation are cataclastic zones with centimetric to metric 
thickness oriented parallel to the shear zone boundary (Sieg-
esmund et al., 2008).

The late stage of activity of the Forno-Rosarolo shear 
zone was associated with the intrusion of a network of mafic 
dykes that cut the mylonitic foliation or, in places, form sills 
oriented parallel to it (Siegesmund et al., 2008). These fine-
grained mafic rocks were recently interpreted as cataclastic 
injectites by Garde et al. (2015). According to these authors, 
cataclasis began with disperse general comminution fol-
lowed by localized comminution, especially of garnet, and 
fluidization. The latter induced the formation of very fine-
grained multi-layered dykes a few centimetres thick, which 
may cut back into the cataclastic fractures. Interestingly, the 
authors recognized that these brittle deformation features 
together with other evidences (such as pseudotachylites) 
were similar to impact-related structures observed in other 
contexts.

GEOCHRONOLOGICAL REVIEW:  
THE TEMPERATURE-TIME HISTORY

The available petrological, geochronological and ther-
mochronological data for the IVZ reflect a complex thermal 
history after the Permian intrusion of the Mafic Complex 
(e.g., Siegesmund et al., 2008; Wolf et al., 2012; Ewing et 
al., 2013; 2015; Smye and Stockli, 2014; Smye et al., 2019). 
The Temperature-time (T-t) history is characterized by alter-
nating cooling and (re)heating episodes linked to the main 
geodynamic events. In particular, the IVZ crustal section 
preserves thermal evidence for lithospheric thinning, Juras-
sic extension, continental breakup (e.g., Ewing et al., 2013; 
2015; Smye and Stockli, 2014; Beltrando et al., 2015; Smye 
et al., 2019), as well as for exhumation of the crustal section 
in conjunction with the Alpine orogenesis (e.g., Zingg et al., 
1990). Although these episodes are broadly recognized and 
even if there is a general agreement that the IVZ suffered ex-
humation, cooling and heating episodes during Jurassic, there 
are currently only a few constraints on the activity of duc-
tile shear zones between Late Triassic and Early Jurassic in 
lower crustal rocks. In the following sections we summarize 
the available geochronological data (Fig. 3; Tables 1 and 2) 
for the shear zones and surrounding host rocks for both the 
Ossola and Strona di Omegna valleys. In the T-t diagrams 
of Fig. 3, the radiometric data and relative errors are coupled 
with temperatures as provided by the authors or as reported in 
previous T-t reconstructions (e.g., Schmid et al., 1987; Bro-
die et al., 1989; Zingg et al., 1990; Siegesmund et al., 2008; 
Smye and Stockli, 2014; Ewing et al., 2015).
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Dating method Mineral Rock type Metamorphic 
facies 

Age±error 
(Ma) Locality Reference

206Pb/238U zircon mylonititc 
stronalite granulite 245±10 Premosello Kusiak et al., 2019*

206Pb/238U zircon mylonititc 
stronalite granulite 239±4 Premosello Kusiak et al., 2019*

206Pb/238U zircon mylonititc 
stronalite granulite 235±10 Premosello Kusiak et al., 2019*

206Pb/238U zircon mylonititc 
stronalite granulite 230±10 Premosello Kusiak et al., 2019*

206Pb/238U zircon mylonititc 
stronalite granulite 221±3 Premosello Kusiak et al., 2019*

206Pb/238U zircon mylonititc 
stronalite granulite 185±6 Premosello Kusiak et al., 2019*

206Pb/238U zircon mylonititc 
stronalite granulite 181±3 Premosello Kusiak et al., 2019*

U–Pb concordia age rutile stronalite granulite 181±4 Loro Zack et al. 2011

206Pb/238U rutile stronalite granulite 184.4±4.6 Megolo Smye and Stockli, 2014

206Pb/238U rutile stronalite granulite 187.4±7.6 Megolo Smye and Stockli, 2014

206Pb/238U rutile stronalite granulite 171±5 Premosello Ewing et al, 2015

206Pb/238U rutile stronalite granulite 155±5 Premosello Ewing et al, 2015

206Pb/238U rutile stronalite granulite 187±3-155±12 Anzola Smye et al., 2019

206Pb/238U rutile stronalite granulite 187±3-177±3 Loro Smye et al., 2019

40Ar–39Ar hornblende mafic 
granulite granulite 284.27±5.56 Anzola Brodie et al., 1989

40Ar–39Ar hornblende mafic 
granulite granulite 224.11±4.31 Anzola Brodie et al., 1989

40Ar–39Ar hornblende mafic 
granulite granulite 217.98±4.15 Anzola Brodie et al., 1989

40Ar–39Ar biotite metapelite amphibolite/gree
nshist 123.3±7.2 Mergozzo Mulch et al., 2002

40Ar–39Ar muscovite metapelite amphibolite/gree
nshist 147.7±5.1 Mergozzo Mulch et al., 2002

40Ar–39Ar muscovite metapelite amphibolite/gree
nshist 147.3±6.5 Mergozzo Mulch et al., 2002

40Ar–39Ar muscovite metapelite amphibolite/gree
nshist 182.7±2.4 Mergozzo Mulch et al., 2002

40Ar–39Ar muscovite metapelite amphibolite/gree
nshist 181.1±2.2 Mergozzo Mulch et al., 2002

K–Ar horneblende stronalite granulite 208±6 Cuzzago McDowell and Schmid, 1968

K–Ar biotite metapelite amphibolite 171±5 Bettola McDowell and Schmid, 1968

K–Ar biotite metapelite amphibolite 176±5 Albo McDowell and Schmid, 1968

K–Ar muscovite metapelite amphibolite 220±11 Candoglia Hunziker, 1974

K–Ar biotite 2 micas 
gneiss amphibolite 190±10 Candoglia Hunziker, 1974

K–Ar biotite metapelite amphibolite 184±13 Candoglia Wolff et al., 2012

K–Ar biotite stronalite granulite 163±3 Cuzzago Wolff et al., 2012

Rb–Sr biotite metapelite amphibolite 172±13 Bettola Jäger et al., 1967

Rb–Sr biotite 2 micas 
gneiss amphibolite 253±10 Megozzo Hunziker 1974

Rb–Sr biotite stronalite granulite 187±9 Anzola Hunziker 1974

Rb–Sr biotite stronalite granulite 185±15 Anzola Hunziker 1974

Rb–Sr biotite biotite 
gneiss amphibolite 180±7 Teglia Hunziker 1974

Rb–Sr biotite 2 micas 
gneiss amphibolite 185±7 Candoglia Hunziker 1974

Rb–Sr biotite stronalite granulite 184 Anzola Graeser and Hunziker, 1968

Rb–Sr muscovite pegmatite amphibolite 180±7 Candoglia Graeser and Hunziker, 1968

Rb–Sr muscovite pegmatite amphibolite 236±10 Candoglia Graeser and Hunziker, 1968

* Ages not reported in the figures 2 and/or 3

Table1 - Representative compilation of Triassic-Jurassic geochronological data available for the Ossola Valley.

Table 1 - Representative compilation of Triassic-Jurassic geochronological data available for the Ossola 
valley. 

* Ages not reported in the Fig. 2 and/or 3.
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Dating method Mineral Rock type Metamorphi
c facies 

Age±error 
(Ma) Locality Reference

Sm–Nd Isochron

whole rock, 
plagioclase, 

garnet, 
orthopyroxene

stronalite granulite 227±3 Forno Voshage et al., 1987*

weigheted-mean 206Pb/238U zircon dunite granulite 200.5±0.3 La Balma-
Monte Capio Denyszyn et al., 2018*

weigheted-mean 206Pb/238U zircon pyroxenite granulite 200.1±0.5 La Balma-
Monte Capio Denyszyn et al., 2018*

206Pb/238U rutile Garnetiferous 
leucosome granulite 176±4 Forno Ewing et al., 2015

206Pb/238U rutile Garnetiferous 
leucosome granulite 163±6 Forno Ewing et al., 2015

206Pb/238U rutile Garnetiferous 
leucosome granulite 175±4 Forno Ewing et al., 2015

206Pb/238U rutile Garnetiferous 
leucosome granulite 175±4 Forno Ewing et al., 2015

206Pb/238U rutile layered metapelite 
restite and leucosome granulite 164±3 Piana di Forno Ewing et al., 2015

206Pb/238U rutile layered metapelite 
restite and leucosome granulite 140±2 Piana di Forno Ewing et al., 2015

206Pb/238U rutile layered metapelite 
restite and leucosome granulite 175±5 Piana di Forno Ewing et al., 2015

206Pb/238U rutile layered metapelite 
restite and leucosome granulite 159±4 Piana di Forno Ewing et al., 2015

206Pb/238U rutile stronalite granulite 191-182±2 Forno Smye et al., 2019

40Ar-39Ar hornblende mafic granulite granulite 201.7±13 Campello Monti Siegesmund et al., 2008

40Ar-39Ar hornblende mafic granulite granulite 210.3±4.4 Campello Monti Siegesmund et al., 2008

40Ar-39Ar hornblende mafic granulite granulite 206.1±3 Piana di Forno Siegesmund et al., 2008

40Ar-39Ar hornblende amphibolites granulite 211.1±7 Forno Siegesmund et al., 2008

40Ar-39Ar hornblende amphibolites granulite 222.7±12.5 Otra Siegesmund et al., 2008

40Ar-39Ar hornblende amphibolites granulite 221.6±1.2 Rosarolo Siegesmund et al., 2008

40Ar-39Ar hornblende amphibolites amphibolite 240±20 Rosarolo Siegesmund et al., 2008

40Ar-39Ar hornblende amphibolites amphibolite 239.3±4.6 Road Rosarolo-
Marmo Siegesmund et al., 2008

40Ar-39Ar hornblende amphibolites amphibolite 250.4±3.7 Fornero Siegesmund et al., 2008

40Ar-39Ar hornblende mafic granulite granulite 242±1 Piana di Forno Boriani and Villa, 1997

40Ar-39Ar hornblende mafic granulite granulite 217±1 Forno Boriani and Villa, 1997

40Ar-39Ar hornblende amphibolite amphibolite 243±1 Marmo Boriani and Villa, 1997

K–Ar biotite stronalite granulite 156.3±3.3 Campello Monti Siegesmund et al., 2008

K–Ar biotite stronalite granulite 159±3.4 Campello Monti Siegesmund et al., 2008

K–Ar biotite stronalite granulite 158.7±3.3
Road Campello 
Monti-Piana di 

Forno
Siegesmund et al., 2008

K–Ar biotite stronalite granulite 175.7±3.7 Otra Siegesmund et al., 2008

K–Ar biotite stronalite granulite 166.6±3.5 Rosarolo Siegesmund et al., 2008

K–Ar biotite stronalite granulite 169.8±3.6 Rosarolo Siegesmund et al., 2008

K–Ar biotite metapelite amphibolite 183.3±3.8 Road Rosarolo-
Marmo Siegesmund et al., 2008

K–Ar biotite metapelite amphibolite 167.3±3.5 Road Rosarolo-
Marmo Siegesmund et al., 2008

K–Ar biotite metapelite amphibolite 179.1±3.8 Marmo Siegesmund et al., 2008

K–Ar biotite metapelite amphibolite 185.5±3.9 Fornero Siegesmund et al., 2008

K–Ar biotite metapelite amphibolite 201.7±4.2 Strona Siegesmund et al., 2008

K–Ar biotite metapelite amphibolite 200.3±4.2 Loreglia Siegesmund et al., 2008

K–Ar biotite metapelite amphibolite 231.6±4.8 Loreglia Siegesmund et al., 2008

Rb–Sr biotite stronalite granulite 193±68 Forno Hunziker, 1974

* Ages not reported in the figures 2 and/or 3

Table 2 -  Representative compilation of Triassic-Jurassic geochronological data available for the Strona d’Omegna Valley.

Table 2 - Representative compilation of Triassic-Jurassic geochronological data available for 
the Strona di Omegna valley. 

* Ages not reported in the Fig. 2 and/or 3.
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Ossola Valley
In the past decades, several radiometric studies were pub-

lished for the basement rocks exposed in the Ossola valley 
(Fig. 3A). However, geochronological investigations dealing 
with U-Pb dating of zircon and/or monazite are rare (Koppel, 
1974; Klötzli et al., 2014; Kusiak et al., 2019) and there is a 
lack of sampling continuity along the crustal section. Gener-
ally, both zircon and monazite provided Carboniferous/Perm-
ian ages suggesting that mafic sills locally intruded during 
Carboniferous (i.e., Albo sill of Klötzli et al., 2014; Fig. 2A) 
and that metamorphic growth/recrystallization of both zircon 
and monazite occurred during Early Permian as commonly 
found in rocks from IVZ (e.g., Vavra et al., 1999; Ewing et 
al., 2013; Klötzli et al., 2014). Despite the Anzola shear zone 
attracted many structural, microstructural, and geochemical 
studies (Brodie, 1981; Brodie et al., 1989; Brodie and Rutter, 
1987; Altenberger, 1997, Stünitz, 1998; Rutter and Brodie, 
1990; Rutter et al., 1993; 2007), the age of deformation is still 
poorly constrained.

Brodie et al. (1989) provided a direct attempt to date the 
Anzola shear zone by hornblende Ar-Ar dating. They ob-
tained a minimum age of about 247 Ma for the unsheared 
metagabbro, whereas the shear zone provided two ages at 
215±5 Ma, for the coarse-grained amphibole fraction, and 
210±5 Ma, for the finer grained amphibole fraction (Fig. 
3A). The authors provided also closure temperature estimates 
for the radiometric data considering the grain sizes and two 
cooling rates at 1 and 10°C/Ma, respectively (Fig. 3A). They 
stated that their results are consistent with pre-existing age 
determination considering a cooling rate of about 4°C/Ma. 
According to Brodie et al. (1989), the obtained ages record 
cooling because the blocking temperature was interpreted 
to be grain-size dependent, i.e., younger ages were obtained 
from the fine-grained syn-kinematic hornblende. Thus, ac-
cording to the authors, the shearing was probably older than 
Late Triassic and likely it initiated prior to 280 Ma (i.e., prior 
to Early Permian). These Ar-Ar data were reinterpreted as 
possible evidence for an Late Triassic activity of the shear 
zone (Beltrando et al., 2015; Ewing et al., 2015).

Fig. 3 - Triassic-Jurassic T-t diagrams based on published radiometric 
data for Ossola (A) and Strona di Omegna (B) valleys. Both temperature 
and geochronological data are plotted according to the data as reported 
in the text or figures of the relative refences. In (A) six Ar-Ar hornblende 
data with relative error bars are shown and refer to three analysed samples 
but calculated using closure temperature for Ar in hornblende at cooling 
rates of 1 (unfilled error bars) and 10°C/Ma (filled error bars) according to 
Brodie et al. (1989); the data with green error bars refer to the undeformed 
gabbro whereas those with red error bars are associated to the hornblende 
from sheared metabasic rocks (for more details see Brodie et al., 1989). 
The black line associated to rutile UPb data represents the best-fit thermal 
history based on U-Pb rutile depth profile dating after Smye and Stockli 
(2014). In (B), the light grey area encloses the thermal history from base 
to top of the IVZ, after Siegesmund et al. (2008) and was depicted based 
on hornblende Ar-Ar and biotite K-Ar data. On the top of the figure the 
metamorphic conditions and timing for the activity of different shear zones 
is shown: the high-temperature shear zone (HTSZ)f rom north IVZ is from 
Langone et al. (2018); the low grade Pogallo Line (PL) is after Wolff et al. 
(2012). For the Forno-Rosarolo (FRSZ) and Anzola (ASZ) shear zones the 
inferred timing is based on this geochronological review and is in agree-
ment with previous studies (e.g., Ewing et al., 2015).
References: a- Siegesmund et al., 2008; b- Boriani and Villa, 1997; c- 
Wolff et al., 2012; d- Ewing et al., 2015; e- Smye et al., 2019; f- McDowell 
and Schmidt, 1968; g- Hunziker, 1974; h- Brodie et al., 1989; i- Mulch et 
al., 2002; j- Jäger et al., 1967; k- Graeser and Hunziker, 1968; l- Zack et al., 
2011; m- Smye and Stockli, 2014.
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Other direct dating or (re)interpretations of mylonites 
from the Anzola shear zone are lacking. Nevertheless, we 
continue the review of the available geochronological-ther-
mochronological data across the Ossola valley. Triassic ages 
in the Ossola valley are rare (Fig. 3A; Table 1). Rb-Sr cooling 
ages for muscovite at 243±10 Ma and 236±10 Ma were re-
ported by Hunziker (1974) and Graeser and Hunziker (1968), 
respectively, for pegmatites near Candoglia (Fig. 2A). These 
cooling ages relative to pegmatitic samples are not shown in 
Fig. 3A since do not represent metamorphic events. Other 
Late Triassic ages (Fig. 3A) are reported for a two-micas 
gneiss in Candoglia (K-Ar muscovite age at 220±11 Ma; 
Hunziker, 1974) and for a metabasite in granulite-facies con-
ditions (hornblende K-Ar age at 208±6 Ma; McDowell and 
Schmid, 1968). Since the first radiometric studies on the met-
amorphic rocks, the (Early-Middle) Jurassic interval is more 
frequently represented with respect to Triassic one. Several 
Rb-Sr biotite dates are available for different rock types along 
the valley (Fig. 2A) and span from 187±9 to 172±13 Ma (Fig. 
3A; Jäger et al., 1967; Graeser and Hunziker, 1968; Hunzik-
er, 1974). K-Ar dating of biotite within both amphibolite- and 
granulite-facies metapelites were carried out by several au-
thors (McDowell and Schmid, 1968; Hunziker, 1974, Wolff 
et al., 2012) and range from 190±10 to 171±5 Ma (Fig. 3A). 
The most recent K-Ar biotite ages are presented by Wolff 
et al. (2012) for metamorphic rocks showing both amphibo-
lite- and granulite-facies metamorphism. Biotite in granulites 
gave an age of 163±3 Ma, whereas biotite in amphibolite-
facies rocks resulted older than ~ 20 Myr (184±13 Ma). Ac-
cording to Wolff et al. (2012), these ages should represent the 
activity of the PL during Jurassic crustal thinning.

The PL was already investigated in detail by Mulch et al. 
(2002). They dated three distinct populations of muscovite 
by Ar-Ar method for a sample collected close to the Ossola 
valley (Fig. 2A). Separates of undeformed muscovite porphy-
roclasts formed an Ar-Ar age plateau of ~ 182 Ma (Fig. 3A). 
Deformed muscovite and fine-grained muscovite provided 
the same average age (148±5 and 147±7 Ma, respectively) 
by in-situ Ar-Ar analyses. In addition, the authors obtained a 
relatively young Ar-Ar biotite age of 123±7 Ma. According 
to Mulch et al. (2002), the radiometric data obtained for un-
deformed porphyroclasts reflect the age of greenschist-facies 
mylonitization (occurred at about 380-400°C) along the PL. 
The younger ages were interpreted by the authors as an evi-
dence of slow cooling rate during the Late Jurassic and Early 
Cretaceous.

The Ossola valley was sampled several times in the last 
decade for rutile U-Pb thermochronological studies (Figs. 2A 
and 3A; Zack et al., 2011; Smye and Stockli, 2014; Ewing 
et al., 2015; Smye et al., 2019). Zack et al. (2011) provided 
LA-ICP-MS age of 181±4 Ma for a rutile collected in a stro-
nalite near the Premosello village. Smye and Stockli (2014) 
reported LA-ICP-MS U-Pb rutile ages from two stronalites 
collected between Anzola and Premosello. The U-Pb ages for 
these samples point to 184±5 Ma and 187±8 Ma, respective-
ly. Ewing et al. (2015) performed U-Pb SHRIMP analyses on 
rutile separates and obtained two different age populations at 
171±5 and 155±5 Ma, respectively. The older population was 
attributed by the authors to a first cooling event below 550-
650°C. The presence of a younger population was interpreted 
as rapid reheating followed by renewed cooling.

Kusiak et al. (2019) have recently studied zircon from 
high-grade felsic mylonitic metapelites near Premosello 
(Fig. 2A). The isotopic data indicate old detrital cores and 
Permian metamorphic ages (280±4 Ma). Interestingly, the 

authors obtained also Triassic 206Pb/238U dates that they did 
not consider in the age calculations due to high common Pb. 
Kusiak et al. (2019) highlighted only the presence of one 
strongly deformed detrital core zircon yielding an apparent 
Jurassic U-Pb age (185 Ma) that they tentatively attributed 
to deformation.

Strona di Omegna Valley
Several authors tried to depict the T-t evolution of the IVZ 

crustal section exposed in the Strona di Omegna valley by 
collecting thermochronological data (e.g., Siegesmund et al., 
2008). The well constrained tectono-metamorphic evolution 
of the crustal section exposed along this valley benefits also 
of numerous and detailed geochronological studies (Henk et 
al., 1997; Vavra et al., 1999; Ewing et al., 2013; Guergouz 
et al., 2018; Kunz et al., 2018). Generally, U-Pb monazite 
data are clustered around 275-280 Ma (Henk et al., 1997; 
Guergouz et al., 2018) and, according to Henk et al. (1997) 
they become systematically younger (from 292 to 276 Ma) 
towards the highest metamorphic grade.

A large age spread was documented for U-Pb zircon data, 
which provided useful information from prograde to retro-
grade metamorphic conditions (Vavra et al., 1999; Ewing et 
al., 2013; Klötzli et al., 2014; Guergouz et al., 2018; Kunz et 
al., 2018). Kunz et al. (2018) studied zircon grains from sev-
eral samples (mostly metapelites and metapsammites) show-
ing P-T conditions ranging from amphibolite- to granulite-
facies. The authors obtained a spread of the U-Pb zircon dates 
> 60 Myr, from about 316 to 240 Ma. They recognized that in 
granulite-facies rocks there is a general decoupling of zircon 
chemical and isotopic signatures, i.e. no correlations were ob-
served between U-Pb dates and internal features, Th/U ratio 
or Ti-in-zircon concentration. According to the authors, this 
decoupling is most likely due to the more intense thermal im-
print (higher T for longer period) experienced by granulites 
with respect to amphibolite-facies samples. Noteworthy, the 
authors studied zircon grains from a mylonitic sample be-
longing to the Forno-Rosarolo shear zone. They recognized 
zircon internal features typical for growth at high temperature 
conditions with local evidence for late-stage fluid-induced re-
crystallization. This sample gave an overall range of U-Pb 
dates from 316 to 264 Ma and, according to the authors, it 
was the only one showing a correlation between U-Pb dates 
and geochemical data. Other zircon bearing samples from Val 
Strona di Omegna were studied by Vavra et al. (1999). They 
dated zircon grains from three different metapelitic samples 
representative of upper amphibolite- and granulite-facies 
zones and of the transition between these two sectors (Fig. 
2B). Interestingly, the authors obtained a Late Permian age 
at 253±4 Ma for a high-U zircon domain from the transition 
zone and Early Triassic - Late Permian dates from altered zir-
con domains of both the transition zone (248±5 Ma, mean of 
6 analyses) and the granulitic sample (246±12 Ma and 256±9 
Ma). According to these authors, since Pb-loss from high-U 
zircon domains is dominantly controlled by the susceptibility 
of the crystal lattice, the rejuvenated ages do not necessarily 
correspond to a geological event. However, the occurrence of 
several young apparent ages from U-rich domains also from 
other localities of the IVZ led the authors to suggest that they 
were the result of a near-complete resetting during an episode 
of annealing. Analogously, the youngest apparent ages from 
altered domains of zircon from the Strona di Omegna valley 
coincide within error with those reported from altered do-
mains in other valleys of the IVZ. According to the Vavra et 
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al. (1999), this coincidence and the fact that they are slightly 
younger than the youngest apparent ages from high-U do-
mains would suggest that a major episode of zircon alteration 
and partial resetting occurred because of a strong thermal and/
or decompression event at 249±7 Ma. This event was linked 
by the authors to the Permian post-collisional strike-slip tec-
tonics, basin formation and volcanism. It is interesting to note 
that Vavra et al. (1999) reported also a further recrystalliza-
tion process induced by fluid ingression within zircon grains 
from other localities of the IVZ. Zircon domains associate to 
this late stage provided Late Triassic/Early Jurassic dates and 
were associated with alkaline magmatism and hydrothermal 
activity due to the onset of continental breakup of Pangea.

Middle-Late Triassic ages were obtained also by Bo-
riani and Villa (1997) dating hornblende (Ar-Ar method) 
from three metabasites showing amphibolite/granulite-facies 
conditions (Figs. 2B and 3B). According to the authors, two 
samples gave indistinguishable ages, i.e., at 243 and 242±1 
Ma, whereas the sample collected from an intermediate posi-
tion between the other two (Fig. 2B), provided a younger date 
at 217±1 Ma, likely related to local fluid-induced recrystal-
lization. Ar-Ar amphibole dates ranging from late Permian to 
Late Triassic are also reported by Siegesmund et al. (2008) 
for samples collected along all the valley for both the IVZ 
and adjacent SdL unit (Figs. 2B and 3B). Hornblende ages 
showed an east-west age gradient decreasing from 257±1 Ma, 
near the CMB Line, to 202±3 Ma, close to the Insubric Line 
(Fig. 2B). Recently, Denyszyn et al. (2018) reported zircon 
U-Pb ages at the Triassic-Jurassic boundary (about 200 Ma) 
for the La Balma-Monte Capio mafic/ultramafic intrusion 
(Fig. 2B). The authors interpreted the age as indicative of a 
short-lived magmatic system associated with the Central At-
lantic Magmatic Province, which is related to the opening of 
the central Atlantic Ocean and thus the breakup of Pangaea. 
However, it is interesting to note that mafic rocks from the 
same locality (Monte Capio sill) were previously dated at 
Carboniferous (Klötzli et al., 2014). As reported by Berno et 
al. (2019) it cannot be excluded that the Triassic-Jurassic age 
obtained by Denyszyn et al. (2018) represents the product of 
zircon recrystallization rather than the age of magmatic crys-
tallization. As highlighted by Berno et al. (2019) it has been 
demonstrated that the prolonged residence under high-tem-
perature conditions for the deep sectors of the IVZ produced 
perturbation of the U-Pb isotope system in zircons, thereby 
leading to apparent age rejuvenation (e.g., Vavra et al. 1999; 
Zanetti et al., 2016; Kunz et al., 2018).

Several thermochronological data based on U-Pb dating 
of rutile are available in the literature for granulite-facies 
metapelites from the base of the IVZ in the Strona di Omegna 
valley (Ewing et al., 2013; 2015; Smye et al., 2019; Figs. 2B 
and 3B). Rutile crystallized during Permian granulite-facies 
conditions and provided Jurassic U-Pb ages indicating cool-
ing through 650-550°C. Recently, Smye et al. (2019) dated 
rutile from a garnet-rich metapelite that was already studied 
for geochemical characterization by Luvizotto et al. (2009). 
Rutile provided 206Pb/238U spot dates in the range of 182-191 
Ma. Ewing et al. (2015) obtained two age peaks: the main 
one at ~ 160 Ma and a subordinate one at ~ 175 Ma (Fig. 3B). 
According to the authors the younger age cluster (~ 160 Ma) 
coincides with the exhumation of sub-continental mantle to 
the floor of the Alpine Tethys and thus can be interpreted as 
regional cooling following a short heating episode recorded 
by the distal Adriatic margin. The ~ 175 Ma age was inter-
preted by the authors as the cooling in the footwall of rift-
related faults and shear zones.

The rutile U-Pb ages (Ewing et al., 2013; 2015; Smye et 
al., 2019) partially overlap the biotite K-Ar ages obtained 
from the base of the IVZ by Siegesmund et al. (2008; Fig. 
3B). These authors recognized that the biotite K-Ar dates 
decrease from 230 to 156 Ma moving toward lower crustal 
levels, running subparallel to the hornblende ages but at low-
er temperatures (Fig. 3B). Siegesmund et al. (2008) did not 
observe any abrupt offset of the decreasing age profile across 
the two tectonic lineaments located in the lower part of the 
profile, i.e. the CMB and the PL, suggesting that Mesozoic 
tectonics affected the entire basement pile in a uniform way.

DISCUSSIONS AND CONCLUSIONS

Timing of the Forno-Rosarolo and Anzola shear zones
As it concerns the deformation age of the Forno-Rosaro-

lo shear zone, a robust interpretation is still lacking as well 
as direct attempts to date shearing. Siegesmund et al. (2008), 
following the work of Henk et al. (1997), reconstructed the 
T-t curves of both the IVZ and the adjacent SdL by using 
geochronological and thermochronological data collected 
along the Strona di Omegna valley. As shown in the plot 
of the Ar-Ar hornblende data (Fig. 7 of Siegesmund et al., 
2008), the isochron ages show a well-defined progression 
becoming younger towards the Insubric Line. The authors 
reported that samples comprised between the Insubric 
Line and the Forno-Rosarolo shear zone did not provide a 
true plateau and that they were affected by a considerable 
amount of excess argon that makes the obtained ages un-
reliable. However, some of these samples provided well-
defined isochrons with an average isochron age of 208±2 
Ma that was not linked to the ductile deformation. Inter-
estingly, Boriani and Villa (1997) also obtained a younger 
Ar-Ar hornblende date from the sample coming from the 
Forno-Rosarolo area with respect to the other two samples 
that they collected structurally above and below this sector. 
The authors interpreted the younger age as due to local fluid-
induced recrystallization of hornblende. It is interesting to 
note that three mafic granulites collected by Siegesmund et 
al. (2008) close to the Forno village (Fig. 2B) gave ages 
between 211 and 222 Ma comparable to the one obtained by 
Boriani and Villa (1997) in the same area (217±1 Ma). Since 
the Boriani and Villa (1997) young age was interpreted as 
linked to fluid induced recrystallization, it is likely that this 
process influenced also the data provided by Siegesmund et 
al. (2008) from the same area, even if these latter authors did 
not discuss this hypothesis.

As reported in the review above, a direct attempt to the 
date the Anzola shear zone was carried out by Brodie et al. 
(1989). According to the authors, the high temperature shear 
zone started prior to 280 Ma, probably around 300 Ma, and 
recorded a period of crustal thinning and cooling of more 
than 100 Myr of duration. Several authors provided an alter-
native interpretation for the Brodie et al. (1989) age dataset. 
According to Beltrando et al. (2015) and Ewing et al. (2015), 
a different scenario would be that the younger ages record 
Late Triassic deformation-induced recrystallisation and not 
diffusive loss of Ar. As already suggested by Boriani and 
Villa (1997), it appears that Ar-Ar ages of amphiboles in the 
IVZ are not controlled only by diffusive loss of Ar and that 
recrystallization of hornblende also plays an important role. 
Actually, the hypothesis suggested by Beltrando et al. (2015) 
and Ewing et al. (2015) was already proposed by Brodie and 
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Rutter (1987) considering only existing geochronological 
and thermochronological data at that time, without the Ar-
Ar data set from the Anzola shear zone. The authors stated 
that “an alternative possibility exists that high-temperature 
extensional faulting in the Ivrea Zone could be at least co-
eval with the earlier part of the movements on the Pogallo 
Fault (i.e., 230-180 Ma). We remain unable at this time sat-
isfactorily to resolve the conflicting temperature/age esti-
mates for the Ivrea Zone which arise from consideration of 
the radiometric age data, and the stratigraphic data which 
constrains the age of movements on the Pogallo Fault” 
(Schmid et al., 1987). This alternative interpretation has 
been recently reinforced by the dating of high temperature 
deformation in metagabbros from the northernmost sector of 
the IVZ (Finero area, Langone et al., 2018). The authors per-
formed U-Pb zircon dating for mylonites and ultramylonites 
showing granulite- to upper amphibolite-facies deformation 
conditions. According to their zircon dating and Ar-Ar ages 
(Boriani and Villa, 1997) from deformed hornblende grains 
from the shear zone, Langone et al. (2018) proposed that the 
high temperature shearing occurred during Late Triassic and 
ended during Early Jurassic (about 183 Ma) under amphibo-
lite-facies conditions.

A recent indirect dating of high temperature deformation 
during Early Jurassic has been also provided by Corvò et 
al. (2020) for mylonites and ultramylonites developed within 
the mantle rocks of the Finero area. These authors found a 
single zircon grain (187 Ma) within the fine-grained matrix 
of a peridotitic ultramylonite, which they interpreted as an 
inherited grain from Triassic-Jurassic felsic dykes (e.g., 
Schaltegger et al., 2015) partially affected by the high tem-
perature shear zone.

In summary, even though the evidences of the activity 
of syn-rift shear zones in the available geochronological da-
tasets from the Strona di Omegna and Ossola valleys were 
not always considered or even recognized in the past, several 
recent investigations indicate that some of those ages were 
linked to deformation (e.g., Beltrando et al., 2015; Ewing et 
al., 2015; Langone et al., 2018; Petri et al., 2019; Corvò et 
al., 2020).

Up to now mylonites from the two investigated shear 
zones were (directly or indirectly) only dated by Ar-Ar horn-
blende method. As reported in a recent review dealing with 
geochronology of shear zones (Oriolo et al. 2018), the cou-
pling of thermochronologic and geochronological data of my-
lonitic belts and associated intrusions and/or adjacent blocks 
is mandatory in order to reconstruct detailed P-T-D-t paths of 
shear zones and neighbouring areas. In addition, the growing 
knowledge on other geochronometers and advances in micro-
analytical techniques, such as the laser ablation split-stream 
(allowing to collect simultaneously chemical and isotopic 
data, e.g., Kylander-Clark et al., 2013) or the LA-ICP-MS/
MS dating (allowing to perform on line removal of isobaric 
interferences, e.g., in situ Rb-Sr dating; Zack and Hogmalm, 
2016) offer the possibility to constrain the timing of shearing 
using other mineral phases and isotopic systems. In particu-
lar, U-Pb dating of syn-kinematic titanite can be performed 
for mylonites derived from mafic protoliths (e.g., Storey et 
al., 2004; Papapavlou et al., 2017; Giuntoli et al., 2020), 
whereas monazite can be dated in situ within metapelitic-
derived mylonites (e.g., Montomoli et al., 2013; Carosi et 
al., 2020; Simonetti et al., 2020a; 2020b). Analogously, other 
syn-kinematic (e.g., biotite) or slickenfibre (e.g., K-feldspar, 
illite, calcite and albite) minerals can be dated in situ by Rb-
Sr method (e.g., Tillberg et al., 2020).

Triassic-Jurassic T-t evolution

In the last decades the T-t evolution of the IVZ has been 
depicted in several studies and continuously updated by con-
sidering new geochronological and thermochronological data 
(e.g. Hunziker, 1974, Schmid et al., 1989; Brodie et al., 1989; 
Zingg et al., 1990; Siegesmund et al., 2008; Smye and Stock-
li, 2014; Ewing et al., 2015). Furthermore, tables summariz-
ing the available radiometric data, fission track ages and/or 
the sedimentary records comprising also the Triassic-Jurassic 
interval, have been compiled in the recent years (e.g., Vavra 
et al, 1999; Peressini et al., 2007; Zanetti et al., 2013; Beltran-
do et al., 2015). In this section we focus on geochronological 
and thermochronological data for the Triassic-Jurassic inter-
val published for the Strona di Omegna and Ossola valleys 
(Fig. 3). The T-t evolution for both the upper and lower part 
of the IVZ exposed along the Strona di Omegna section was 
reconstructed in detail by Siegesmund et al. (2008) by using 
hornblende Ar-Ar data and biotite K-Ar data. According to 
Siegesmund et al. (2008), the obtained ages decreasing to-
wards the rocks of a formerly deeper crustal position simply 
reflect slow exhumation and cooling during Triassic (Fig. 
3B), after the Permian heating caused by the lower crustal 
mafic intrusion. The authors highlighted only an apparent 
change of the cooling rate from more than 4°C/Ma (4.6°C/
Ma and 4.9°C/Ma for the base and the top of the IVZ, respec-
tively) during Triassic to about 1°C/Ma during Jurassic (Fig. 
3B). These cooling curves were not influenced by recrystal-
lization due to the activity of the main tectonic discontinuities 
in the valley (e.g., the PL and the CMB Line). The decreasing 
trend obtained by Siegesmund et al. (2008) do not fit with the 
reconstruction proposed by Boriani and Villa (1997). Based 
on their three amphibole ages representative of different 
crustal levels, the authors proposed that the entire Strona di 
Omegna section did not experience a differential exhumation 
later than 240 Ma and only a local fluid induced recrystalliza-
tion in the intermediate portion was recognised.

For the Ossola valley, Schmid et al. (1989) suggested a 
T-t path based on published radiometric data (U-Pb, Rb-Sr, 
K-Ar; Fig. 3A). The same data were used also by Brodie et 
al. (1989) and integrated with new Ar-Ar ages on hornblende 
from the Anzola unsheared metagabbro and adjacent mafic 
mylonites (Fig. 3A). The authors stated that their new data 
were broadly consistent with the existing radiometric con-
straints. It is worth to note that there is no T-t path available 
for the Ossola valley since the dataset is made of data derived 
from a discontinuous sampling and using different methods 
with respect to the dataset of the Strona di Omegna section 
(Fig. 2A vs 2B and Fig. 3A vs 3B). 

In both reconstructions of Fig. 3, it is interesting to note 
the position of the U-Pb thermochronological data obtained 
from rutile in the granulites. As reported before, rutile in the 
IVZ has been studied by several authors (Zack et al., 2011; 
Smye and Stockly, 2014; Ewing et al., 2015; Smye et al., 
2019) and the thermochronological data indicate that granu-
litic rocks recorded temperature of about 600°C during Early-
Middle Jurassic. According to Smye et al. (2019), the IVZ 
underwent conductive heating of > 100°C prior to the initia-
tion of mantle exhumation and crustal excision around 180 
Ma during Tethyan extension. The authors proposed that the 
heating occurred on two different timescales, in particular: 
i) a conductive heating over 107 yr due to mantle thinning 
preceding crustal exhumation and ii) advecting heating over 
< 105 yr by local invasion of hot fluids when ambient tem-
peratures were 500°C. Since the first study on rutile U-Pb 
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data, it seems that the Jurassic heating event affected only the 
granulitic rocks comprised between the studied shear zones 
and the deepest levels of the continental crust (i.e., towards 
the Insubric Line). It is interesting to note that the same heat-
ing event has not been recorded at higher crustal levels (am-
phibolite-facies lithologies) otherwise a partial or total reset 
of other geochronometers and thermochronometers would 
be observed in these crustal portions. All these data indicate 
that the heating was recorded at regional scale (see Beltrando 
et al., 2015) but it probably affected mainly the high-grade 
rocks (stronalites), formerly at the base of the IVZ. A wider 
heating affecting also the amphibolite-facies rocks is not ap-
parent from the thermochronological data available for these 
levels of the continental crust since the biotite and muscovite 
radiometric ages do not show a total or partial resetting (Fig. 
3). Alternatively, the overlap between U-Pb rutile ages from 
granulites and thermochronological data (e.g., Rb-Sr, Ar-Ar 
and K-Ar of micas; Fig. 3) from upper crustal rocks would 
suggest a fast cooling during Jurassic induced by a rapid ex-
humation of the whole crustal section (e.g., Beltrando et al., 
2015). This period of rapid exhumation of the IVZ broadly 
corresponds with the activity of shear zones at different crust-
al levels (Fig. 3). A fast exhumation process has been already 
suggested for the Adria lithosphere (e.g., Malenco area, Mün-
tener et al., 2000).

In both the Strona di Omegna and Ossola valleys, the de-
formation is notably not limited to the Forno-Rosarolo and 
Anzola shear zones. Indeed, in the lowermost part of the 
crustal profiles other high temperature and pseudotachylite-
bearing mylonitic belts are exposed (e.g., Techmer et al., 
1992). As suggested by Pittarello et al. (2012) such a defor-
mation probably occurred during the early Mesozoic crustal 
extension, prior to the Alpine orogeny. Even if further studies 
are needed, it cannot be excluded that also the shear heat-
ing (e.g., Brun and Cobbold, 1980; Mako and Caddick, 2018) 
contributed at least partially to the temperature increment in 
this sector of the crust concurrently with other heat sources 
(i.e., asthenosphere upwelling and hot fluids; Smye et al., 
2019). Hence, the potential effect of rift-related deforma-
tion and heating should be considered in the interpretation 
of thermochronological datasets of the IVZ, in particular for 
those sectors representing portions of the lower crust and/or 
adjacent to shear zones. New detailed investigations and ac-
quisition of new data able to directly constrain the timing and 
tectono-thermal activity of these structures would confirm 
their role and possible hierarchy in crustal thinning processes 
during Tethyan rifting.

CONCLUSIONS

The present geochronological and thermochronological 
review allows to shed light on the evidences of Triassic-Ju-
rassic rift-related deformation in the fossil Adriatic margin 
of the Alpine Tethys exposed along two valleys of the Ivrea-
Verbano Zone. The data review highlighted that: i) the two 
valleys have been sampled several times but with a different 
detail; ii) geochronological and thermochronological studies 
are rarely focused on shear zones; iii) the direct attempt to 
date deformation has been done by Ar-Ar method; iv) local 
evidences for fluid-induced recrystallization of both geo- and 
thermo-chronometers during Late Triassic-Early Jurassic 
have been reported for both crustal sections; v) these recrys-
tallization processes have been interpreted as evidence for 
rift-related deformation; v) granulites recorded Early-Middle 

Jurassic heating and cooling events that apparently did not 
affect the lower grade metamorphic rocks of the upper crustal 
levels. We emphasise that more detailed investigations of the 
shear zones are needed in order to better understand the rift-
ing processes that occurred at the fossil Adriatic margin dur-
ing Triassic-Jurassic extension and exhumation. We finally 
propose that the shear zones subject of this review must be in-
vestigated by applying a modern multidisciplinary approach 
combining detailed fieldwork, microstructural analyses, pet-
rochronology and thermochronology.
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