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Abstract The Eastern Southern Alps fold‐and‐thrust belt (ESA) is part of the seismically active S‐verging
retro‐wedge of the European Alps. Its temporal tectonic evolution during continental shortening has so far been
constrained by few and low‐resolution indirect time constraints. Aiming at better elucidating the ESA
spatiotemporal evolution, we gathered new structural and geochronological data from two regional thrust
systems: the innermost south verging Valsugana Thrust (VT) and the more external Belluno Thrust System
(BTS). Field work allowed us to constrain the geometry and kinematics of those thrusts and related folds and
informed our sampling strategy to carry out fault gouge K‐Ar and tectonic carbonate U‐Pb dating from
representative samples structurally associated with the VT and BTS. Our results suggest that the VT was active
already in the Late Cretaceous (between ∼78 and 76 Ma) in response to far‐field stresses, with repeated
reactivation continuing to the Late Miocene (∼6 Ma). The BTS recorded two distinct deformation events during
the Oligocene (∼30 Ma) and at the Oligocene‐Miocene boundary (∼23 Ma). The VT was active for ∼72 Myr
and partly acted during out‐of‐sequence thrusting. Based on regional correlations, we propose that the ESA
share a similar spatiotemporal deformation history with the central Southern Alps farther to the west. We
suggest a conceptual regional tectonic model wherein multiple, broadly coeval deformation events occurred in
the entire Southern Alps during their long‐lived orogenic deformation in response to generally continuous NW‐
SE shortening.

1. Introduction
Fold‐and‐thrust belts (FTBs) accommodate significant shortening of the Earth's crust during deformation his-
tories that can last up to several dozens of millions of years (e.g., Lacombe & Bellahsen, 2016; Lacombe
et al., 2007). The analysis of their geometry and kinematic framework, including their late orogenic extension, is
key to the refined understanding of first‐order tectonic concepts and their successful modeling (e.g., Lacombe &
Beaudoin, 2023; Lacombe et al., 2007, 2021; Pana & van der Pluijm, 2015; Tavani et al., 2015). In addition, given
that their tectonic evolution is commonly associated with fluid migration and/or formation of ore deposits at the
regional scale, FTBs are crucial to the analysis of petroleum plays, mineral deposits, and geothermal field dis-
tribution (e.g., Beaudoin et al., 2022; Evans & Fischer, 2012; Harding & Lowell, 1979; Mitra, 1986). Seismicity,
moreover, is intimately associated with active FTBs such that they are not only of great scientific interest, but also
of large direct relevance to society (e.g., Lacombe et al., 2007).

It is nowwell acknowledged that the final, deformed state of FTBs may be reached via multiple kinematic paths of
their constituent thrust sheets, whereby continuous versus episodic deformation during their emplacement can
represent possible scenarios (e.g., Lacombe et al., 2007). Conceptual models show that thrust sheets commonly
have progressively younger, generally non‐overlapping emplacement ages from the hinterland to the foreland
(e.g., Barchi et al., 1998; Boyer & Elliott, 1982). More complex patterns of deformation, however, are being
increasingly recognized by means of high‐resolution structural, stratigraphic and geophysical studies (e.g.,
Burbank et al., 1992; Hudec & Davis, 1989; Morley, 1988). In fact, a broader and non‐linear distribution of
deformation in space and time is now identified even in “classic” break‐forward thrust belts as documented, for
instance, in the Rocky Mountains of Canada (e.g., DeCelles, 1994). As a result, there is a growing appreciation
that the kinematic framework of FTBs can be temporally and spatially complex, recording long‐lived and
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multiphase deformation histories in their stratigraphic, structural, metamorphic, and geochemical archive (e.g.,
Lacombe & Bellahsen, 2016; Lacombe et al., 2007, 2021; Pana & van der Pluijm, 2015). Constraining the timing
of deformation is, therefore, of primary importance for the in depth understanding of their complex evolution. The
spatial and temporal evolution of FTBs is generally constrained by magnetostratigraphic, stratigraphic and
subsurface seismic studies (e.g., Cavinato & Celles, 1999; Cipollari & Cosentino, 1995). This approach, however,
may at times lack sufficient accuracy to provide tight temporal constraints, limiting the possibility to accurately
model the propagation of deformation fronts within FTBs and fully understand their seismicity through space and
time.

Faulting in FTBs is generally assisted by fluids that promote precipitation of syn‐kinematic clay minerals in fault
rocks and tectonic mineralizations such as cement in fault breccias, vein networks, and slickenfibers (e.g.,
Boullier et al., 2004; Goodfellow et al., 2017; Sibson, 1994; Sibson et al., 1975; Van der Pluijm et al., 2001;
Vrolijk & van der Pluijm, 1999). Direct dating of these tectonic mineralizations makes it possible to constrain the
timing of fault activity and represents a powerful tool to unravel complex and long‐lived tectonic histories.
Indeed, it is nowwell acknowledged that U‐Pb dating of tectonic carbonates (sensuMüller, 2003) and Ar/Ar or K‐
Ar dating of syn‐kinematic clay minerals allow constraining brittle deformation events both at the local (e.g.,
initiation, reactivation, and longevity of one individual fault; e.g., Clauer, 2013; Torgersen et al., 2015; Nuriel
et al., 2017; Hansman et al., 2018; Zwingmann et al., 2004; Viola et al., 2013; Pana and Van der Plujim, 2015;
Goodfellow et al., 2017; Mottram et al., 2020; Craddock et al., 2022; Curzi et al., 2021; Munoz‐Lopez et al., 2022;
Vignaroli et al., 2022; Roberts & Holdsworth, 2022) and regional scale, as convincingly demonstrated for the
Oman Mountains (Carminati et al., 2020), Scandinavian Caledonides in Norway (Torgersen et al., 2015), Rocky
Mountains in Canada (Pana and Van der Plujim, 2015), Bohemian Massif (Roberts et al., 2021), Chicomuselo
fold‐and‐thrust belt in Mexico (Palacios‐Garcia et al., 2023), Iberian Chain in Spain (Aldega et al., 2019; Cruset
et al., 2020; Haines and Van del Plujim, 2023), the Apennines in Italy (Smeraglia et al., 2019, Viola et al., 2018,
2022; Carboni et al., 2020; Curzi et al., 2020a, 2020b, Curzi, Cipriani, et al., 2024; Tavani et al., 2023), and the
Western Alps (Bilau et al., 2023; Looser et al., 2021; Smeraglia et al., 2021).

The Eastern Southern Alps (ESA) of the European Alps represent an excellent natural laboratory where to study
the tectonic evolution of a complex and active FTB. Despite the efforts invested so far by the scientific community
to assess the seismogenesis of the ESA (e.g., D'Agostino et al., 2005; Galadini et al., 2005; Anselmi et al., 2011;
Bignami et al., 2012; Cheloni et al., 2014; Danesi et al., 2015; Viganò et al., 2015; Serpelloni et al., 2016;
Anderlini et al., 2020; Picotti et al., 2022), their long‐lived tectonic evolution remains mostly constrained by
structural and stratigraphic data. Such data have been used since the '90s to document that the ESA stem from a
series of distinct tectonic phases ensued from the Cretaceous to the Neogene in response to different paleostress
field orientations (e.g., Caputo et al., 2010; Castellarin & Cantelli, 2000; Castellarin et al., 2006; Selli, 1998;
Venzo, 1939). Only in more recent times, thermochronological studies have provided quantitative constraints on
thrusting‐associated (i.e., vertical displacement‐related) exhumation within the ESA during the Oligocene‐
Miocene (Heberer et al., 2017; Zattin et al., 2003, 2006). The lack of other and more accurate geochronolog-
ical constraints directly associated with thrusting in the ESA has precluded thus far the possibility to validate or
strengthen existing evolutionary models and provide a detailed reconstruction of the regional Alpine deformation
through space and in an absolute time perspective.

With this study we aim at providing new and much needed time constraints on thrust activity and draw a model of
geochronologically‐constrained tectonic evolution for the ESA. To this end, we have investigated key exposures
along two regional thrusts systems in the ESA and coupled (a) mesoscale structural observations and kinematic
analysis of representative tectonic structures, (b) microtextural characterizations and U‐Pb dating of tectonic
carbonates, and (c) K‐Ar dating of authigenic/syn‐kinematic clay minerals from structurally constrained fault
gouges.

Our results, in addition to confirming the overall SE vergence of the ESA, constrain the onset of Alpine defor-
mation therein to the Late Cretaceous, when the first top‐to‐the SE thrusting‐related deformation increments
localized at low structural levels in response to far‐field stresses. Our structural and geochronological constraints
are compatible with overall NW‐SE crustal shortening accommodated by repeated top‐to‐the SE thrust
(re)activation spanning a time span of ∼73 Ma. Ages of thrust (re)activation in the ESA partially overlap with the
age of compression in the central Southern Alps (cSA), calling for a tentative reappraisal of the long‐term tectonic
evolution of the entire S‐verging domain of the European Alps.
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2. Geological Setting
2.1. The Central and Eastern Southern Alps

The Southern Alps (SA) belong to the Alpine chain (Figure 1a), which formed in response to the Cretaceous‐
Paleogene closure of an eastern branch of the Alpine Tethys (and the associated convergence between the Eu-
ropean and Adriatic plates) and continued to build‐up during the Europe‐Adria continental collision in the up-
permost Eocene (Carminati & Doglioni, 2012; Handy et al., 2010). The SA are located to the south of the ∼ E‐W
orogen‐scale Periadriatic Fault System, the most striking tectonic boundary of the entire Alpine chain that sep-
arates the N‐ and Europe‐verging Alps to the north from the S‐verging SA to the south (e.g., Handy et al., 2010;
Muller et al., 2001; Schmid et al., 1989, Figures 1a and 1b). The SA are divided into two parts by the left‐lateral
transpressive Giudicarie Fault System (GFS; e.g., Castellarin et al., 2006; Viola et al., 2001, Figure 1a). To the
west and east of the GFS, the SA are represented by the cSA and the ESA, respectively (Figure 1a). The cSA

Figure 1. (a) Schematic geological map of the Alps (modified after Bigi et al., 1989). The trace of the TRANSALP seismic profile is shown. (b) Crustal structure of the
Alps inferred from the TRANSALP seismic profile (redrawn and modified from Castellarin et al., 2006).
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consist of a thick‐skinned FTB where the Variscan metamorphic basement thrusted over the Permian‐Cenozoic
cover succession along the ∼80 km long and NE‐SW striking Orobic Thrust (OT) and the associated Porcile
Thrust (PT; Figure 1a). The OT and PT first activated during the Late Cretaceous, but were later reactivated
during the middle Eocene before being finally cut by late Eocene magmatic bodies (D'Adda et al., 2011; Zan-
chetta et al., 2011, 2015, Figure 1a). During the Neogene, orogenic deformation in the cSA propagated toward the
south, leading to the formation of frontal thrusts that are currently buried beneath the Po Plain (Zanchetta
et al., 2015, Figure 1a).

The ESA are bounded by the GFS to the west and the Dinarides to the east (Castellarin et al., 2006; Doglioni &
Carminati, 2008; Schmid et al., 2008, Figures 1a and 2a). The ESA were influenced by several tectonic and
magmatic events, including: (a) Permian‐Triassic rifting that caused lithospheric thinning and magmatism and the

Figure 2. (a) Geological map of the Eastern Southern Alps (ESA) showing the main faults (redrawn and modified from Curzi et al., 2023; after Mietto et al., 2020). The
trace of the TRANSALP seismic profile is shown. (b) Detail of the crustal structure of the ESA, including the Dolomites and Venetian Pre‐Alps, inferred from the
TRANSALP seismic profile (redrawn and modified from Castellarin et al., 2006; Curzi et al., 2023).
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development of N‐S trending basins and structural highs (among them, the Atesina Platform to the west and the
Carnico‐Bellunese Basin to the east; Bosellini & Doglioni, 1986; Cassinis et al., 2008; Doglioni, 1987; Morelli
et al., 2012), (b) Middle Triassic strike‐slip tectonics that caused differential subsidence within the SA and that
climaxed with a magmatic event of Ladinian age (Bonadiman et al., 1994; Castellarin et al., 1998; Doglioni &
Carminati, 2008; Lustrino et al., 2019; Sloman, 1989), (c) Late Triassic‐Middle Jurassic rift‐related extensional
tectonics that led to the development of the ∼ N‐S trending Trento horst in the western side of the ESA and
Belluno graben in the eastern side of the ESA and climaxed during the Early‐Middle Jurassic with the opening of
the Ligurian‐Piedmont Ocean (Carminati et al., 2010; Cozzi, 2002; Handy et al., 2010; Masetti et al., 2012; Picotti
& Cobianchi, 2017; Trombetta & Bottoli, 1998), and, finally, (d) several Alpine compressional phases, including
a Late Cretaceous‐Paleocene phase during the subduction of the Alpine Tethys, an Eocene phase associated with
the present‐day continental margin collision, and an Eocene‐Pliocene post‐collisional phase (Caputo et al., 2010;
Castellarin & Cantelli, 2000; Castellarin et al., 2006; Doglioni & Bosellini, 1987; Keim & Stingl, 2000). It has
been proposed that the Eocene‐Pliocene post‐collisional evolution of the ESA led to three distinct regional
structural systems, which are (a) the compressional Eocene‐Miocene Dinaric system, accommodating shortening
in response to overall NE‐SW compression, (b) the compressional Miocene Valsugana system, characterized by
structures formed in response to NNW‐SSE compression, and (c) the transpressional Miocene‐Pliocene Schio‐
Vicenza system that accommodated WNW‐ESE compression (Castellarin & Cantelli, 2000; Castellarin
et al., 2006). Among these, the NNW‐SSE shortening attributed to the Miocene Valsugana system of Castellarin
and Cantelli (2000) and Castellarin et al. (2006) is thought to be the main driver behind the current geometric and
kinematic structural framework of the Dolomites. This framework was shaped by kilometric shortening along
NE‐SW striking and SE‐verging thrusts and, to a lesser extent, along NW‐verging backthrusts and minor strike‐
slip and transpressional faulting (e.g., Curzi et al., 2023; Doglioni, 1987; Doglioni & Carminati, 2008; Schön-
born, 1999, Figures 2a and 2b). NNW‐SSE compression is still active at the scale of the belt, as documented by
historical and present‐day seismicity, leading to shortening in the southernmost frontal portion of the Dolomites
and along the Venetian Pre‐Alps (Anderlini et al., 2020; Anselmi et al., 2011; Bignami et al., 2012; Cheloni
et al., 2014; Galadini et al., 2005; Serpelloni et al., 2016; Viganò et al., 2015).

2.2. Stratigraphic Framework of the Eastern Southern Alps

In the ESA, a ∼5–6 km thick volcanic and sedimentary cover, which is part of the Trento horst to the west and
Belluno graben to the east, rests atop a Paleozoic metamorphic basement (Figures 2a and 3a, Doglioni &
Neri, 1988; Doglioni & Carminati, 2008). In the western ESA, the cover consists of Permian ignimbrite, con-
tinental sandstone of the Arenaria della Val Gardena Fm., carbonate and evaporite of the Bellerophon Fm., and
Upper Permian‐Lower Triassic terrigenous carbonate of the Werfen Fm. The overlying Triassic succession
consists of conglomerate and carbonate of the Undifferentiated Anisian Complex (Massironi et al., 2007),
platform carbonate of the Sciliar Fm., its Livinallongo Fm. heteropic basinal sequence, Ladinian volcanic
products, platform carbonate of the Upper Triassic Cassian Dolomite Fm., its coeval San Cassiano Fm. basinal
sequence counterpart, and the platform carbonate of the Dolomia Principale Fm. From the Lower Jurassic, the
platform and shallow water carbonate of the Calcari Grigi Group sedimented on top of the Trento horst (western
side of the ESA; Figures 2a and 3), while the basinal marly and cherty carbonate of the Igne and Soverzene fms.
deposited in the Belluno graben (eastern side of the ESA; Figures 2a and 3a). The Middle‐Upper Jurassic suc-
cession in the Trento horst is made up of the marly and cherty limestone of the Rosso Ammonitico Fm., while in
the Belluno graben it is represented by the calcarenite of the Vajont Limestone and marly and cherty carbonate of
the Rosso Ammonitico Fm. The Trento horst and the Belluno graben were evened in the Early Cretaceous by the
cherty pelagic limestone of the Maiolica Fm. above which rests the marl and marly and cherty limestone of the
Scaglia Group (composed of the Lower‐Upper Cretaceous Scaglia Variegata Alpina and the Upper Cretaceous‐
lower Eocene Scaglia Rossa fms.) and an overlying Paleocene‐Miocene marly to terrigenous succession
(Bosellini et al., 1981, 2003; Masetti et al., 2012; Picotti & Cobianchi, 2017; Stefani et al., 2007).

2.3. Tectono‐Structural Framework of the Eastern Southern Alps

The ESA are deformed by NE‐SW striking thrusts that formed and propagated from north to south (i.e., moving
from the internal ESA toward the Venetian Plain foreland; e.g., Castellarin et al., 2006; Doglioni & Carmi-
nati, 2008, Figure 2a). Balanced cross sections constrain the total cumulative shortening for the whole ESA to
∼30–50 km (Castellarin et al., 2006; Doglioni, 1990; Schönborn, 1999). The most important thrust in the area is
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the SE‐verging Valsugana Thrust (VT), which was active with different kinematics since Permian times
(Bosellini & Doglioni, 1986; Brandner et al., 2011; Castellarin & Vai, 1982; Selli, 1998), and in the current
geometric configuration separates the Dolomites s.s. to the north from the Venetian Pre‐Alps to the south; it
accommodated a cumulative shortening of ∼8–10 km during the Alpine orogenesis (e.g., Bosellini &
Doglioni, 1986; Doglioni, 1987; Doglioni & Carminati, 2008; Selli, 1998, Figures 2 and 3b). The VT Alpine
activity has been dated to the Serravallian‐Tortonian (Middle Miocene) by stratigraphic constraints and apatite
fission track thermochronology (Castellarin & Cantelli, 2000; Castellarin et al., 1992; Dunkl et al., 1996; Heberer
et al., 2017; Selli, 1998; Venzo, 1939; Zattin et al., 2003, 2006). VT faulting caused the juxtaposition of the
Variscan metamorphic basement and its sedimentary cover in the hanging wall against the sedimentary cover of
the Venetian Pre‐Alps (e.g., Bosellini & Doglioni, 1986; Doglioni, 1987). In its hanging wall, SE‐verging thrusts
and minor NW‐verging backthrusts deform the basement and its overlying sedimentary cover (Figure 2). Minor

Figure 3. (a) Simplified stratigraphic columns for the Trento horst to the west and Belluno graben to the east (data from
Masetti et al., 2012; Bosellini et al., 1981; D’Alberto et al.,1995; Picotti & Cobianchi, 2017; Stefani et al., 2007; Zuccari
et al., 2021). The area of the stratigraphic columns is shown in Figure 2a. (b) Simplified cross‐section along the Eastern
Southern Alps (redrawn and modified from Schönborn, 1999; Doglioni & Carminati, 2008).
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strike‐slip and transpressional faults also formed within the Dolomites (Doglioni & Carminati, 2008) as
expression of local Alpine transpressional stress conditions (Curzi et al., 2023).

In the footwall, the Neogene Venetian Pre‐Alps are deformed by a series of regional‐scale thrusts, which, from
north to south, are the Belluno Thrust System (BTS), comprising the Belluno Thrust (BT) and the San Donato‐
Costa Thrust splay (SDCT), and the Moline, Tezze, Bassano‐Maniago, and Montello thrusts, which variably
deformed the Triassic‐Miocene stratigraphic succession for a cumulative shortening of up to ∼30 km (e.g.,
Doglioni & Carminati, 2008; Picotti et al., 2022; Vignaroli et al., 2020; Zuccari et al., 2021, 2022, Figures 2 and
3b). Out of those, the southernmost and more external Bassano‐Maniago andMontello thrusts are still seismically
active, hosting hypocenters between 5 and 18 km deep within the sedimentary cover and metamorphic basement
(e.g., Anderlini et al., 2020; Benedetti et al., 2000; Cheloni et al., 2014; Galadini et al., 2005, Figure 2b).
Presently, no geochronological constraints exist on the activity of the major thrusts and the long‐term tectonic
evolution of the ESA, thus hampering the possibility of temporally scanning the sequence of tectonic events in
this portion of the SA.

3. Study Area and Methods
Our field work and sampling focused along a broad∼N‐S transect in the central sector of the ESA that crosses the
VT and BTS and their associated structures (Figure 4). In detail, we focused particularly on four representative
outcrops that grant access to well exposed sections of the metamorphic basement and Triassic sedimentary cover
along the VT, one structural station in the Lower Jurassic sedimentary succession along the BT, and one structural
station within the Lower Cretaceous sedimentary cover along the SDCT (Figure 4). We combined detailed meso‐
structural analysis and structurally controlled sampling, microtextural characterization and U‐Pb dating of tec-
tonic carbonates, as well as X‐ray diffraction and K‐Ar dating of clay minerals separated from structurally
constrained clay gouge samples (Figure 4). We performed U‐Pb dating on sample material that was investigated
by cathodoluminescence microscopy and that exhibited homogeneous luminescence. Hence, we interpret each
dated tectonic carbonate as having precipitated from one single precipitation event at the sample scale, which
makes it possible to interpret the U‐Pb results in terms of faulting events. Details on the collected samples are
provided in Figure 4 and are stored in the Figshare public repository (10.6084/m9.figshare.24550936), whereas
the analytical methods are described in the supplementary material.

4. Results
In the following we provide a description of each studied structural station along the VT and BTS. Subsequently,
we describe our microtextural observations and results from the geochronology study. To assist the reader while
following the structural data, the sites of sampling and the geochronological results, Table 1 sums up the sampled
material collected from the six structural stations described below.

4.1. Mesostructural Observations and Sampling Along the Valsugana Thrust

4.1.1. Structural Station n. 1 (Lat.: 46°16ʹ12ʺN, Long.: 12°02ʹ07ʺE; Figure 5)

The Paleozoic metamorphic basement is well exposed close to the town of Agordo, where it consists of greyish
phyllites (Figure 5a). The metamorphic (Variscan) foliation is penetrative and marked by mica and stretched and
transposed quartz veins. Four different folding events of Variscan and Alpine age are recognizable (Poli &
Zanferrari, 1992, Figure 5b). While the first folding phase formed cm‐scale isoclinal and commonly rootless folds
associated with the main regional foliation, and the second a discrete crenulation cleavage during the Variscan
deformation, the last two phases are more domainal and generally ascribed to Alpine shortening along the VT.

Two discrete ENE‐WSW striking, 35–55° NNW dipping and SE‐verging thrusts cut the basement rocks
(Figure 5a). The lower thrust borders two distinct volumes of basement rocks, each with a differently oriented
metamorphic foliation. In detail, thrust‐parallel and thrust‐orthogonal foliation planes are observed in its hanging
wall and footwall, respectively (Figure 5a). In the hanging wall to the lower thrust, sigmoidal lithons are stretched
parallel to the thrust transport direction indicating a top‐to‐the SE sense of movement, which is consistent with the
VT regional transport. Lenses of fault gouge occur along the lower thrust, where sample VT6 has been collected
(Figure 5c).
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4.1.2. Structural Station n. 2 (Lat.: 46°15ʹ08ʺN, Long.: 12°02ʹ17ʹʹE; Figure 6)

In Val Imperina, ∼1 km to the south of structural station n.1, the metamorphic basement is juxtaposed directly
onto the Upper Triassic shallow water carbonate of the Dolomia Principale Fm (Figure 6a). In map view, this
exposure is located close to a NNE‐SSW striking segment of the VT (Figure 4). The well‐exposed carbonate of
the footwall is affected by tectonic structures related to four distinct deformation phases (herein referred to as D1–
D4; Figure 6a), which are described below and whose relative timing is inferred based on their mutual and
systematic crosscutting relationships observed at the outcrop.

4.1.2.1. D1: Top‐To‐The SE Thrusting

D1 top‐to‐the SE thrusting is well documented by S‐C tectonites with NE‐SW striking and steeply NW dipping
(70–85°) S planes and NE‐SW striking, and moderately NW dipping (30–70°) C planes decorated by calcite
slickenfibers constraining a thrust‐related top‐to‐the SE sense of shear (Figure 6b). These tectonites are only

Figure 4. Simplified geological map (enlarged from Figure 2a; after Mietto et al., 2020) and representative cross‐section of the studied sector of the Eastern Southern
Alps. The location of the studied structural stations and sampling sites along the Valsugana Thrust and Belluno Thrust System is shown on the map and projected along
the cross‐section.
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locally preserved (Figure 6a) likely due to the overprinting by the subsequent deformation phases (D2–D4).
Indeed, D1 S‐C tectonites are systematically cut and displaced by fault planes associated with D3 (see below;
Figures 6a and 6b). A lens of blackish gouge associated with C planes was sampled for XRD analysis and K‐Ar
dating (sample VT4; Figure 6c).

4.1.2.2. D2: Top‐To‐The NW Right‐Lateral Transpression

D2 is represented by one large calcite slickensided fault plane that strikes ENE‐WSW and dips moderately to the
SSE (40–50°), indicating right‐lateral, top‐to‐the NW transpression (Figures 6a and 6c). A∼1 m thick and weakly
foliated fault core is observed below the very smooth fault surface (Figure 6c). No other structures associated with
D2, hence indicating a transpressional top‐to‐the NW sense of shear, are observed at the Val Imperina exposure.

4.1.2.3. D3: Top‐To‐The NE Right‐Lateral Transpression

D3 is represented by NE‐SW‐striking and very steeply NW‐dipping slickensided fault planes. These are the most
abundant deformation structures at the Val Imperina exposure (Figures 6a and 6d–6e) and commonly bear
grooves and slickenlines that consistently indicate top‐to‐the NE right‐lateral transpression (Figure 6e). D3 fault
planes systematically cut the S‐C tectonites of D1 (Figures 6a and 6b) and the SSE‐dipping fault plane of D2

(Figures 6a and 6e).

Table 1
Summary of Sampled Material

Sample
ID

Structural
station Figure Type

Related
kinematics Host rock Age of host rock

Structural
position

Laboratory
analysis

Geochronological
result

Valsugana
Thrust

VT6 1 Figure 5c Clay gouge Top‐to‐
the SE

Metamorphic
basement

upper Paleozoic VT
hanging
wall

XRD and
K‐Ar dating

IAA K‐Ar age
77.9 ± 15.1 Ma

VT4 2 Figure 6c Clay gouge Top‐to‐
the SE

Dolomia
Principale Fm.

Upper Triassic VT
footwall

XRD and
K‐Ar dating

IAA K‐Ar age
128.7 ± 15.3 Ma

VT10 3 Figure 7c Clay gouge Top‐to‐
the SE

Metamorphic
basement

upper Paleozoic VT
hanging
wall

XRD and
K‐Ar dating

K‐Ar age
76.2 ± 1.4 Ma

VT9 3 Figure 7d Fault breccia
with calcite
cement

Top‐to‐
the SE

Limestone of
Calcari Grigi

Group

Lower‐Middle
Jurassic

VT
footwall

Petrography
and U‐Pb
dating

U‐Pb age
23.2 ± 2.1 Ma

VT3B 3 Figure 7g Calcite
slickenfiber

Top‐to‐
the SE

Cherty limestone
of Maiolica Fm.

Upper Jurassic‐
Lower

Cretaceous

VT
footwall

Petrography
and U‐Pb
dating

U‐Pb age
15 ± 11 Ma

VT104 4 Figure 8b Calcite
slickenfiber

Top‐to‐
the SE

Limestone of
Calcari Grigi

Group

Lower‐Middle
Jurassic

VT PSS
plane

Petrography
and U‐Pb
dating

U‐Pb age
9.5 ± 0.8 Ma

VT101 4 Figure 8c Calcite vein Top‐to‐
the SE

Limestone of
Calcari Grigi

Group

Lower‐Middle
Jurassic

VT
footwall

Petrography
and U‐Pb
dating

U‐Pb age
6.0 ± 1.7 Ma

VT100 4 Figure 8e Calcite
slickenfiber

Top‐to‐
the NW

Limestone of
Calcari Grigi

Group

Lower‐Middle
Jurassic

VT
footwall

Petrography
and U‐Pb
dating

U‐Pb age
46 ± 15 Ma

Belluno
Thrust
System

BT2 5 Figure 9c Calcite
slickenfiber

Top‐to‐
the SSE

Cherty limestone
of Maiolica Fm.

Upper Jurassic‐
Lower

Cretaceous

BT
footwall

Petrography
and U‐Pb
dating

U‐Pb age
23 ± 14 Ma

BT1 6 Figure 9d Clay gouge Top‐to‐
the SE

Marly limestone of
Scaglia Rossa Fm.

Upper
Cretaceous‐
Eocene

SDCT
footwall

XRD and
K‐Ar dating

IAA K‐Ar age
29.9 ± 11.2 Ma

Note. VT: Valsugana Thrust; BT: Belluno Thrust; SDCT: San Donato‐Costa Thrust. IAA: Illite Age Analysis.

Tectonics 10.1029/2023TC008013

CURZI ET AL. 9 of 30

 19449194, 2024, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023T

C
008013 by C

ochraneItalia, W
iley O

nline L
ibrary on [05/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4.1.2.4. D4: Top‐To‐The SE Left‐Lateral Transpression

NNW‐SSE striking and 50–85° WSW‐dipping fault planes decorated by calcite slickensides are invariably
associated with D4. They constrain left‐lateral top‐to‐the SE strike‐slip to gentle transpression (Figure 6f). These
structures systematically cut the NW dipping fault planes of D3 (Figures 6a–6d and 6f), confirming the D3 older
age. Fault planes associated with D4 seemingly accommodate a maximum displacement of ∼1 m (Figure 6c).

4.1.3. Structural Station n. 3 (Lat.: 46°07ʹ12ʺN, Long.: 11°41ʹ23ʺE; Figure 7)

In locality Passo del Brocon, a NW‐SE and ∼3 km long traverse is well exposed, offering unique insights into a
large‐scale imbricated structure with a general transport toward the SE. The imbricate structure is composed of a
sliver of phyllitic metamorphic basement overlying the Lower Jurassic limestone of the Calcari Grigi Group,
which, in turn, is thrusted above the Upper Jurassic‐Lower Cretaceous pelagic cherty limestone of the Maiolica
Fm. The Maiolica Fm. is thrusted above the Upper Cretaceous‐lower Eocene marly limestone of the Scaglia
Rossa Fm (Figure 7a). The metamorphic basement, whose tectonic contact to the underlying Calcari Grigi Group
is exposed along the Forcella della Boia (described in detail below), is deformed by SE verging folds, crenulations
and thrusts (Figures 7a and 7b). The thrusts strike NW‐SE, dip 15–25° toward the NW and bound metric
sigmoidal lithons of less deformed rock (Figures 7a and 7b). Lenses of clay‐rich fault gouge locally decorate the
thrust in the phyllitic metamorphic basement. We sampled the lenses of fault gouge for K‐Ar dating (sample
VT10; Figure 7c). Second‐order, NW‐verging backthrusts are also present within the metamorphic basement and
are locally cut by low displacement extensional faults.

The thrust juxtaposing the limestone of the Calcari Grigi Group onto the cherty limestone of the Maiolica Fm.
strikes NE‐SW, dips 70° to the NW and is decorated by calcite slickenfibers indicating a top‐to‐the SE sense of

Figure 5. (a) Phyllites of the Paleozoic metamorphic basement deformed by a NNW dipping, SE verging thrust and containing sigmoidal lithons imbricated according to
a top‐to‐the SE sense of shear. Inset in panel (a) shows a schematic representation of the outcrop. (b) Detail of folded quartz vein and foliation. (c) Detail of the thrust
surface and related fault gouge lens sampled for K‐Ar dating. Lower hemisphere Schmidt net projection of the measured foliations and thrusts is shown in panel (a).
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movement (Figure 7d). Within the first 5–10 cm above the thrust, the Calcari Grigi Group is brecciated. We
collected calcite cement from the breccia for U‐Pb dating (sample VT9; Figure 7d). Toward the SE, the limestone
is deformed by a second order imbricated structure defined by NE‐SW striking, gently SE dipping (5–25°) and
NW‐verging thrusts bounding sigmoidal lithons (Figure 7a). The tectonic contact between the Maiolica Fm. and
Scaglia Rossa Fm. is exposed in the southeasternmost part of the traverse as a NE‐SW striking and 20–30° NW
dipping thrust decorated by top‐to‐the SE calcite slickensides (Figures 7a and 7e). Micropaleontological field
observations indicate an overturned polarity for the Scaglia Rossa Fm., which crops out with a sub‐horizonal

Figure 6. (a) Panoramic view and structural interpretation of the exposure in Val Imperina, where the Valsugana Thrust
juxtaposes the metamorphic basement in the hanging wall against the carbonate of the Dolomia Principale Fm., which
contains tectonic structures ascribable to four distinct deformation phases (D1‐D4). (b) Detail of tectonic structures associated
with D1 consisting of top‐to‐the SE S‐C tectonites. A fault plane of D3 truncating the S‐C tectonites is shown. (c) Detail of a
blackish gouge lens smeared along a C plane and sampled for K‐Ar dating. (d) SSE‐dipping fault plane with slickenfibers
indicating right‐lateral top‐to‐the NW transpression (D2). Cutting relationships between structures associated with D2‐D4 are
shown. (e) NW dipping fault plane with grooves, slickenlines, and slickenfibers indicating top‐to‐the NE right‐lateral
transpression (D3). (f) SW dipping slickensided fault plane indicating a top‐to‐the S‐SE sense of shear (D4). The cutting
relationship with D3 is shown. Lower hemisphere Schmidt net projections of the measured structural features are shown.
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bedding deformed by S‐C tectonites in the first 10 cm below the thrust (Figures 7a, 7e, and 7f). S planes strike NE‐
SW and dip 35–60° to the NW. C planes strike NE‐SW, dip 5–10° to the NW and contain top‐to‐SE calcite
slickenfibers (Figure 7f). Above the thrust, theMaiolica Fm. dips gently to the NW (Figure 7e) and is deformed by

Figure 7. (a) Schematic representation of the ∼3 km long section along the Passo del Brocon, where a thrust sheet stack
constraining top‐to‐the SE transport is visible. There, the Valsugana Thrust brought the metamorphic basement toward SE
onto the carbonate of the Calcari Grigi Group, in turn thrusted above the marly limestone of the Maiolica Fm., which, in turn,
is juxtaposed onto overturned strata of marly limestone of the Scaglia Rossa Fm. (b) NW dipping, SE verging thrusts and
sigmoidal lithons within the metamorphic basement. (c) Detail of a sampled lens of fault gouge for K‐Ar dating within the
metamorphic basement and along a thrust. (d) NW dipping, SE verging thrust juxtaposing the limestone of the Calcari Grigi
Group onto the marly limestone of the Maiolica Fm. and site of sampling of fault breccia along the thrust for U‐Pb dating.
(e) Thrust juxtaposing the limestone of the Maiolica Fm. onto the overturned marly limestone of the Scaglia Rossa Fm.
Secondary thrusts within the Maiolica Fm. are also shown. (f) Detail of the Scaglia Rossa Fm. within the first 15 cm below
the thrust and showing top‐to‐SE S‐C tectonites. (g) Detail of a calcite slickenfiber occurring along a thrust within the
Maiolica Fm. and sampled for U‐Pb dating. Lower hemisphere Schmidt net projections of the measured structural features
are shown.
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NE‐SW striking, NW dipping (20–25°) and SE verging thrusts decorated by calcite slickenfibers that we sampled
for U‐Pb carbonate dating (sample VT3B; Figures 7a, 7e, and 7g).

4.1.4. Structural Station n. 4 (Lat.: 46°07ʹ37ʺN, Long.: 11°39ʹ56ʺE; Figure 8)

The VT is directly exposed at Forcella della Boia, ∼2 km to the west of structural station n. 3 at Passo del Brocon.
There, the thrust juxtaposes the Paleozoic metamorphic basement in the hanging wall to the NW against the
carbonate of the Calcari Grigi Group in the footwall to the SE (Figure 8a). The VT principal slip surface (PSS) is
locally preserved as dipping 40–50° toward the NW (dip direction: 320–345°) and locally decorated by top‐to‐the
SE striated calcite slickensides (Figures 8a and 8b). We sampled the slickensides for carbonate U‐Pb dating

Figure 8. (a) Valsugana Thrust (VT) exposed along Forcella della Boia, where the metamorphic basement is thrusted to the SE onto the carbonate of the Calcari Grigi
Group. (b) Detail of the VT with calcite slickenfibers indicating a top‐to‐the SE sense of shear and site of sampling for U‐Pb dating. (c) NW‐SE striking strike‐slip fault
plane bearing a calcite vein that was sampled for U‐Pb dating. (d) Cataclastic carbonate leonsoidal lithons in the first meters below the VTwith an imbrication toward the
SE. (e) SE dipping and NW verging backthrust within the carbonate of the Calcari Grigi Group and detail of the backthrust plane characterized by grooves and calcite
slickenfibers sampled for U‐Pb dating. Lower hemisphere Schmidt net projection of the measured structural features is shown in panel (a).
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(sample VT104; Figure 8b). High angle (70–90°) NW‐SE striking and both NE and SW dipping planes with striae
indicating dominant strike‐slip movement are observed and are commonly associated with up to 2 cm thick calcite
veins sampled for U‐Pb dating (sample VT101; Figures 8a and 8c). The Calcari Grigi Group carbonate contains
cataclastic lensoidal lithons imbricated to form a top‐to‐the SE geometry and is bounded by NE‐SW striking and
NW dipping slip surfaces (Figure 8d). Within it, there occurs a NE‐SW striking backthrust with a flat‐ramp
geometry dipping 40–80° to the SE, which is characterized by a PSS decorated by grooves, striae, and calcite
slickenfibers invariably indicating a top‐to‐the NW sense of shear. We sampled it for U‐Pb dating (sample
VT100; Figures 8a and 8e).

4.2. Mesostructural Observations and Sampling Along the Belluno Thrust System

4.2.1. Structural Station n. 5 (Lat.: 46°04ʹ34ʺN, Long.: 11°45ʹ33ʺE; Figure 9)

At this locality, the limestone of the Maiolica Fm. ∼20 m below the BT (Figure 9a) is deformed by closely spaced
thrusts that mainly localize along bed‐bed interfaces and locally form duplex structures (Figure 9b). Thrusts strike
c. E‐W, dip 65‐20° to the N (Figure 9a) and contain slickenlines and up to 1 cm thick calcite slickenfibers
invariably indicating an overall top‐to‐the S sense of shear (Figures 9b and 9c). We sampled the calcite slick-
enfibers for microtextural analysis and U‐Pb dating (sample BT2; Figure 9c).

4.2.2. Structural Station n. 6 (Lat.: 46°03ʹ13ʺN, Long.: 11°44ʹ25ʺE; Figure 9)

In the SDCT footwall, ∼2.5 km to the south of structural station n. 5, marly limestones of the Scaglia Rossa Fm.
are deformed by a fold train with NE‐SW fold axes and NE‐SW striking and NW and SE dipping limbs
(Figures 9a and 9d). Along the forelimbs and between the beds of marl and marly limestone, discrete lenses of
gouge are exposed and have sampled for K‐Ar dating (sample BT1; Figure 9d). Folds are cut by NE‐SW striking
and NW dipping, low displacement (up to 50 cm) top‐to‐the SSE thrusts (Figure 9d).

4.3. Microtextures of Tectonic Carbonates

The sampled tectonic carbonates are characterized by blocky textures with equidimensional and randomly ori-
ented twinned crystals. In detail, sample VT9 consists of a fault breccia with millimetric to centimetric clasts and
fragments of host rock embedded within calcite cement exhibiting a blocky texture (Figure 10a). Samples VT3B
and VT104 are fragments of calcite slickenfibers made up of blocky crystals up to ∼400 μm in size (Figures 10b
and 10c). Sample VT101 is a calcite vein made up of blocky crystals (Figure 10d). Samples VT100 and BT2
consist of calcite slickenfibers made up of blocky crystals up to ∼400 μm in size (Figures 10e and 10f).

4.4. X‐Ray Diffraction of Clay Gouge

We collected and analyzed three samples of clay gouge formed at the expense of Variscan basement rocks along
the VT (samples VT4, VT6, and VT10) and one clay gouge formed at the expense of sedimentary rocks along the
BT (BT1; Figure 4 and Table 1). Four size fractions were separated for VT4 and VT6 (from 10 to 0.4–0.1 μm),
whereas five fractions were successfully separated for VT10 and BT1 (from 10 to<0.1 μm; Table 2). A total of 18
fractions were thus analyzed for illite‐muscovite polytypism and X‐ray semiquantitative analysis (Table 1). This
allowed us to discriminate between authigenic/syn‐kinematic illite (1Md or 1M polytype) likely formed during
faulting and detrital illite/muscovite crystals (2M1 polytype) inherited from the host rock (Figure 11).

Sample VT10 exhibits a slight increase of illite/muscovite‐2M1 and chlorite content from the coarsest to finest
grain size fraction from 68% to 72% and from 23% to 28%, respectively (Table 2), accompanied by a progressive
decrease of paragonite (from 9% in the 2–6 μm to 3% in the 0.4–0.2 μm fraction; Figure S1 in Supporting In-
formation S1) that disappears in the 0.1–0.4 μm and <0.1 μm fractions. Quartz content is 2% in most of the grain‐
size fractions and absent in the <0.1 μm fraction. Albite only occurs in the coarse fractions, never exceeding 1%.

The mineralogical assemblage of gouge VT6 in the 2–6 and 6–10 μm grain size fractions is mainly defined by
quartz, illite/muscovite‐2M1 and chlorite, whose contents vary between 91% and 95% of the overall composition.
K‐feldspar (<2%), calcite (2%) and rutile (2%) as well as traces of dawsonite have also been detected in these
fractions. Illite‐1 M amounts to 3% in the 2–6 μm grain size fraction. Quartz and chlorite become progressively
less abundant in the finer fractions (0.1–0.4 μm, 0.4–2 μm) where a general increase of illite‐1M is instead
observed from 10% to 28%.
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Sample VT4 contains chlorite (30%–32%), dolomite (23%–28%), calcite (11%–12%), illite/muscovite‐2M1

(13%–20%) and subordinate paragonite (5%–6%; Figure S1 in Supporting Information S1), quartz (7%) and rutile
(3%) in the 2–6 and 6–10 μm grain size fractions. In the 0.4–2 μm fraction we observe the same mineral
assemblage as in the coarse fraction except for the neoformation of illite‐1M and the absence of calcite (Table 2).
Sheet silicates (chlorite, illite‐1M and illite/muscovite‐2M1) are the dominant clay minerals in the 0.1–0.4 μm
fraction forming 94% of the whole‐rock mineralogical assemblage.

Gouge BT1, formed at the expense of the Scaglia Rossa Fm., is mainly composed of quartz, calcite and mixed
layer illite‐smectite (I‐S) with contents >94% in the coarse sub‐fractions (2–6 μm and 6–10 μm), and by sub-
ordinate contents of K‐feldspar (1%), albite (1%) and illite/muscovite‐2M1 and illite‐1Md polytypes (4%). In the

Figure 9. (a) Panoramic view of the Belluno Thrust (BT) System containing the Belluno and San Donato‐Costa thrusts. (b) Limestone of the Maiolica Fm. (c) 20 m
below the BT and deformed by thrusts mainly localizing along bed‐bed interfaces and locally forming duplex structures. (c) Detail of a calcite slickenfiber observed
along a thrust plane, constraining a top‐to‐SSW sense of shear, and sampled for U‐Pb dating. (d) Marly limestone of the Scaglia Rossa Fm. located (c) 20 m down into
the San Donato‐Costa Thrust footwall and deformed by a SE‐verging fold train cut by SE verging discrete thrusts. The site of sampling of a fault gouge lense along a fold
limb is also shown. Lower hemisphere Schmidt net projections of the measured structural features are shown.
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finer fractions, mixed layer I‐S is the dominant clay mineral followed by low amounts of illite‐1M (5%–7%) and
illite/muscovite‐2M1 (2%).

4.5. K‐Ar Ages of syn‐Kinematic Clay Minerals in Clay Gouge

The 18 grain size fractions separated from clay gouge samples VT4, VT6, VT10, and BT1 have been analyzed by
K‐Ar isotopic dating (Table 3). For all samples, ages define an inclined spectrum (sensu Pevear, 1999; Torgersen
et al., 2015) wherein the coarsest fraction yields the oldest age and the finest fraction the youngest age
(Figure 12a). From the coarsest to the finest fractions, sample VT4 yields K‐Ar ages between 265.3 ± 4.6 Ma
(Permian) and 188± 3.2Ma (Early Jurassic), sample VT6 between 274.8± 4.5Ma (Permian) and 164.2± 2.8Ma
(Middle Jurassic), sample VT10 between 240.2± 3.7 Ma (Middle Triassic) and 76.2± 1.4 Ma (Late Cretaceous),
and sample BT1 between 168.5 ± 2.5 Ma (Middle Jurassic) and 92.6 ± 1.3 Ma (early Late Cretaceous;
Figures 12a and Table 2). The XRD analysis of the fractions of VT4 and VT6 indicates a mixture of detrital illite/
muscovite‐2M1 and authigenic/syn‐kinematic illite‐1M, with the latter increasing toward the finest fractions
(Figures 12a and Table 2). Thus, the K‐Ar ages of the finest fractions represent spurious ages arising from the
mixing of different amounts of detrital muscovite 2M1 and authigenic/syn‐kinematic illite‐1M. Similarly, the K‐
Ar ages of all the fractions of BT1 are older than the stratigraphic age of the host rock (late Upper Cretaceous‐
lower Eocene; Figure 12a), suggesting mixing between authigenic/syn‐kinematic illite‐1Md and detrital illite‐
2M1 inherited from the host rock (Figure 12a).

To overcome this issue and obtain geologically meaningful ages, we assessed the effect of contamination of
detrital illite/muscovite‐2M1 in samples VT4, VT6 and BT1 by the Illite Age Analysis method approach (IAA;
Pevear, 1999). In detail, to estimate the age of the authigenic/syn‐kinematic illite‐1M (samples VT4, VT6) and
illite‐1Md (sample BT1) formed during faulting, we normalized to 100% the proportion of illite/muscovite‐2M1

and illite‐1M or ‐1Md (as determined by XRD analysis; Table 2) plotting the data as apparent K‐Ar age versus
percentage of detrital illite/muscovite‐2M1, and linearly extrapolated to 0% and 100% authigenic illite‐1M and ‐
1Md polytypes by York regression (e.g., York et al., 2004, Figure 12b). By means of this regression, the age of the
last deformation event recorded by VT4 is 128.7 ± 15.3 Ma, by VT6 is 77.9 ± 15.1 Ma, and by BT1 is
29.9 ± 11.2 Ma (Figure 12b).

Figure 10. Microstructures of the six dated tectonic carbonates. (a) Sample VT9. Fault breccia with calcite cement made up of blocky crystals. (b) Sample VT3
consisting of a calcite slickenfiber made up of blocky crystals. (c) Sample VT104. Calcite slickenfiber made up of blocky crystals. (d) Sample VT101. Blocky calcite
vein. (e) Sample VT100. Calcite slickenfiber with blocky crystals. (f) Sample BT2 consisting of a calcite slickenfiber with blocky crystals.

Tectonics 10.1029/2023TC008013

CURZI ET AL. 16 of 30

 19449194, 2024, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023T

C
008013 by C

ochraneItalia, W
iley O

nline L
ibrary on [05/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4.6. U‐Pb Ages of Tectonic Carbonates

Out of >30 collected samples from the area, we obtained U‐Pb dates on only five tectonic carbonates from along
the VT (samples VT9, VT3B, VT100, VT101, and VT104) and one tectonic carbonate from along the BT (sample
BT2; Figure 3 and Table 1). The unsuccessful samples were characterized by low U contents. The dated samples
yielded analytically reliable dates that are 23.2 ± 2.1 Ma (MSWD = 2.8; n = 37 of 49) for sample VT9, 15 ± 11
(MSWD = 0.43; n = 60 of 60) Ma for sample VT3B, 9.5 ± 0.8 Ma (MSWD = 3.8; n = 78 of 104) for sample
VT104, 6.0 ± 1.7 Ma (MSWD = 5.9; n = 112 of 134) for sample VT101, 46 ± 15 Ma (MSWD = 8; n = 135 of
135) for sample VT100, and 23 ± 14 Ma (MSWD = 0.76; n = 130 of 130) for sample BT2 (Figure 13 and Table
S1 in Supporting Information S2).

Some of these ages yielded large uncertainties (because of low radiogenic/common Pb values); nevertheless, the
data as a whole provide for significant improvement in constraining the timing of faulting in the study area. For
the samples with higher precision (VT100, VT101, VT104, and VT9), upper intercepts were more radiogenic,
implying that fluids that formed calcite were both higher in U, and radiogenic Pb. We suspect some of the high
MSWDs in those samples are from fluids with slightly variable but generally more radiogenic common Pb values
than typical common Pb for rocks of that age. In fact, less radiogenic values for sample VT9, tended to have
higher initial 207Pb/206Pb values, possibly suggesting that those were inclusions or reflect a possible open system
behavior with less radiogenic initial Pb.

5. Discussion
5.1. Geometric and Kinematic Constraints

Structural data from the VT and BTS document a remarkable structural complexity. As observed at Passo del
Brocon (structural station n. 3; Figures 4 and 7), the sedimentary cover is locally overturned suggesting that it

Table 2
Whole‐Rock Composition of Various Grain‐Size Fractions for Gouges From the Valsugana Thrust (VT4, VT6, and VT10) and Belluno Thrust (BT1)

Sample ID Host rock Grain‐size fraction (μm)

Whole‐rock composition (% wt)

Qz Kfs Ab Cal Dol Pg I‐2M1 I‐1M I‐1Md I‐S Chl Rt Dws

VT4 Dolomia Principale Fm. 0.1–0.4 6 – – – – – 25 26 16– – – 40 – –

VT4 0.4–2 9 – – – 6 3 27 – 37 2 –

VT4 2–6 7 – – 12 23 5 20 – 30 3 –

VT4 6–10 7 – – 11 28 6 13 – 32 3 –

VT6 Metamorphic basement 0.1–0.4 8 – – – – – 20 28 – – 44 – tr

VT6 0.4–2 17 1 – 2 – – 23 10 – – 47 – tr

VT6 2–6 18 2 – 2 – – 22 3 – – 51 2 tr

VT6 6–10 21 1 – 2 – – 22 – – – 52 2 tr

VT10 Metamorphic basement <0.1 – – – – – – 72 – – – 28 – –

VT10 0.1–0.4 2 – – – – – 68 – 30 – –

VT10 0.4–2 2 – – – – 3 70 – 25 – –

VT10 2–6 2 – 1 – – 9 67 – 21 – –

VT10 6–10 2 – 1 – – 6 68 – 23 – –

BT1 Marly limestone of the Scaglia Rossa Fm. <0.1 6 – – – – – 2 – 7 85
67
42
21
19

– – –

BT1 0.1–0.4 11 – 1 14 – – 2 5 – – –

BT1 0.4–2 16 1 1 35 – – 2 3 – – –

BT1 2–6 15 1 1 58 – – 2 2 – – –

BT1 6–10 12 1 1 63 – – 2 2 – – –

Note. Qz, Quartz; Kfs: K‐feldspar; Ab, Albite; Cal, Calcite; Dol, Dolomite; Pg, Paragonite; I‐2M1, Illite‐muscovite‐2M1; I‐1M, Illite‐1M; I‐1Md, Illite‐1Md; I‐S, Mixed
layer illite‐smectite; Chl, Chlorite; Rt, Rutile, Dws, Dawsonite; tr, Trace (<1%).
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Figure 11. Selected X‐ray diffraction patterns of randomly oriented mounts for the different grain‐size fractions and polytype characterization of sample VT6. The
estimated error on phase quantification is ±1%.

Table 3
K‐ Ar Data for the Gouge Samples of the VT and BT

Sample ID Grain‐size fraction (μm)

K 40Ar* Age data

wt % σ (%) mol/g σ (%) 40Ar* % Age (Ma) σ (Ma)

VT4 0.1–0.4 3.96 1.7 1.359 E+05 0.5 85.9 188 3.2

VT4 0.4–2 4.42 1.7 1.954 E+05 0.6 91.4 238.4 4

VT4 2–6 3.70 1.8 1.781 E+05 0.5 93.5 258 4.4

VT4 6–10 3.54 1.8 1.754 E+05 0.5 94.3 265.3 4.6

VT6 0.1–0.4 3.95 1.7 1.176 E+05 0.5 91.2 164.2 2.8

VT6 0.4–2 4.02 1.7 1.621 E+05 0.5 92.3 218.6 3.7

VT6 2–6 4.09 1.7 1.984 E+05 0.5 96.3 260.1 4.4

VT6 6–10 4.12 1.7 2.119 E+05 0.5 89 274.8 4.5

VT10 <0.1 3.61 1.8 4.869 E+04 0.5 80.8 76.2 1.4

VT10 0.1–0.4 4.45 1.7 9.540 E+04 0.5 90.8 119.5 2

VT10 0.4–2 5.04 1.6 1.745 E+05 0.5 96.3 189.5 3

VT10 2–6 5.31 1.5 2.220 E+05 0.5 97.9 226.1 3.5

VT10 6–10 5.34 1.6 2.380 E+05 0.5 98.5 240.2 3.7

BT1 <0.1 2.56 1.4 4.209 E+04 0.3 41.9 92.6 1.3

BT1 0.1–0.4 2.51 1.4 5.146 E+04 0.3 58.4 114.3 1.6

BT1 0.4–2 2.21 1.5 5.931 E+04 0.3 74.8 148.3 2.1

BT1 2–6 1.55 1.5 4.897 E+03 0.3 83.5 173.3 2.5

BT1 6–10 1.37 1.5 4.184 E+03 0.3 81.4 168.5 2.5
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accommodated significant shortening leading to fault‐propagation folding causing overturned NE‐SW striking
folds (with gently NW‐dipping overturned forelimbs), before the SE‐ward overthrtusting of metamorphic
basement onto the folded sedimentary cover and progressive SE‐ward stacking took place (Figure 7a). A similar
structural architecture, with inclined folds cut by later discrete thrusts, has been observed (Figures 9a and 9d) and
recently documented along the BTS (Zuccari et al., 2022).

Kinematic data indicate a dominant and diffuse top‐to‐the SE transport during shortening and stacking within the
studied portion of the ESA. Conjugate top‐to‐the NW thrusts (Figures 6d, 7a and 8a and 8e) and, to a lesser extent,
strike‐slip faults (Figures 8a and 8c) have also been recognized as kinematically and mechanically compatible
with the SE‐ward thrusting along the VT. All these features are consistent with overall NW‐SE compression
accommodated by shortening along the VT and Venetian Pre‐Alps during the Alpine orogenesis (e.g., Castellarin
& Cantelli, 2000; Castellarin et al., 2006; Doglioni, 1992; Doglioni & Carminati, 2008). However, a few

Figure 12. (a) K‐Ar age versus grain size. Dark gray horizontal bars broadly define geological time intervals. Notice the
inclined age versus grain size curves. The micelle of illite and muscovite polytypes defined by XRD analysis are shown. The
depositional age of the host rock of sample BT1 is shown. (b) York regression (colored lines) and error envelop (colored
shadows) of Illite Age Analysis (IAA) for the clay gouges for samples VL4, VL6, and BT1. To estimate the age of the
authigenic/syn‐kinematic illite‐1M (samples VL4 and VL6) and illite‐1Md (sample BT1), which corresponds to the last
deformation event recorded by clay gouge samples, K‐Ar ages versus percentage of illite/muscovite‐2M1 (normalized to
100%) are plotted and linearly extrapolated to 0% muscovite‐2M1 and illite‐2M1. The age of the regressed authigenic/syn‐
kinematic illite‐1M recorded by samples VL4 and VL6 and illite‐1Md recorded by sample BT1 are shown.
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considerations on some local geometric and kinematic peculiarities are necessary. Indeed, meso‐structural ob-
servations within the Dolomia Principale Fm. along the VT in Val Imperina (structural station n. 2; Figure 4)
indicate a relatively late phase of top‐to‐the NE right‐lateral transpression (D3) and of top‐to‐the SE left lateral
transpression (D4; Figures 6a–6e and 6f), which may be difficult to reconcile with continued NW‐SE
compression. In map view, however, structural station n. 2 is located along a ∼1 km long NNE‐SSW striking
VT oblique ramp (Figure 4) such that it is reasonable to assume that local transpressional movements along this
segment of the VT reflect a local component of obliquity.

Furthermore, consistent kinematic indicators along the BTS constrain dominant top‐to‐the SSE thrusting
(Figure 9), that is, slightly oblique to the more common NW‐SE shortening direction. As documented from
previous studies, however, the BTS is characterized by multiple phases of activation that accommodated tectonic
transport along a range of directions, from top‐to‐the SE to top‐to‐the SSW (Sieberer et al., 2023; Vignaroli
et al., 2020; Zuccari et al., 2021, 2022). The BTS is characterized by a salient to the east (promoted by the
involvement of the basinal carbonate multilayer of the Belluno graben) and a recess to the west (affecting the
carbonate multilayer of the Trento horst; e.g., Doglioni, 1992; Doglioni & Carminati, 2008, Figure 4). Hence, our
kinematic data are coherent with the roughly E‐W oriented recess (Figure 4) where the studied segment of the
BTS is located and where dominant tectonic transport toward the S/SSE has consistently been reported (e.g.,
Vignaroli et al., 2020; Zuccari et al., 2021, 2022).

Figure 13. U‐Pb Tera‐Wasserburg plots and spot location for the dated tectonic carbonates. Color‐coding allows to track each analysis between the TW plots and
mounts. MSWD: mean square weighted deviation. (a) Calcite cement in fault breccia within limestone of Calcari Grigi Group along the Valsugana Thrust (VT)
(structural station n. 3). (b) Calcite slickenfiber within marly limestone of maiolica Fm. along the VT (structural station n. 3). (c) Calcite slickenfiber along the VT
principal slip surface (structural station n. 4). (d) Calcite vein within the shallow water carbonate of Calcari Grigi Group along the VT (structural station n. 4). (e) Calcite
slickenfiber along a backthrust in the VT footwall and associated with the VT (structural station n. 4). (f) Calcite slickenfibers within pelagic limestone of Maiolica Fm.
in the Belluno Thrust footwall (structural station n. 5).
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5.2. K‐Ar and U‐Pb Absolute Time Constraints

5.2.1. The Valsugana Thrust

The grain size‐K‐Ar age correlation for samples VT4 and VT6 is interpretable as the result of mixing between
muscovite‐illite 2M1 inherited from the host rock (metamorphic basement) and authigenic/syn‐kinematic illite
1M. The latter progressively increases in amount toward the finer fractions and is thus interpreted as having
formed during the last recorded increment of deformation (e.g., Pevear, 1999, Figure 11a). This agrees with the
Age Attractor Model (AAM; Torgersen et al., 2015; Viola et al., 2016), which implies that the amount of detrital
K‐bearing minerals inherited from the host rock in a fault rock decreases with the decreasing grain size of the
dated fractions, whereas the amount of authigenic/syn‐kinematic clay increases with decreasing size. Hence,
when dealing with K‐Ar geochronology of clay gouge it is generally assumed that the finest dated fraction
(mostly) consists of syn‐kinematic illite as the K‐bearing phase (e.g., Torgersen et al., 2015). In samples VT4 and
VT6 it was unfortunately not possible to separate the <0.1 μm fraction. This notwithstanding, the IAA approach
(Pevear, 1999) allows us to calculate the age of the syn‐kinematic illite 1M, which is 128.7 ± 15.3 Ma (Early
Cretaceous) and 77.9 ± 15.1 Ma (Late Cretaceous) for VT4 and VT6, respectively. These two dates are thus
considered to date the last recorded deformation episode (Figures 12b and 14). Sample VT10 is characterized by
an increase of illite/muscovite 2M1 from the coarsest to the finest fraction (Figure 12a and Table 2). Hence,
considering the typical grain size‐K‐Ar age correlation (Figure 12a) and the AAM, it is likely that syn‐kinematic
illite/muscovite 2M1 formed in sample VT10. Hence, the 76.2 ± 1.4 Ma (Late Cretaceous) K‐Ar age of its finest
fraction (Figure 12a) represents the age of syn‐kinematic authigenesis. This absolute time constraint is consistent
with the Late Cretaceous age (77.9 ± 15.1 Ma) obtained from sample VT6 (Figures 12b and 14).

The tectonic carbonates sampled within the Lower Jurassic‐Lower Cretaceous sedimentary cover deformed by the
VT (Figure 4) are invariably characterized by blocky textures (Figures 10a–10e) attesting to one single crack‐and‐
seal episode at the sample scale during deformation. Calcite slickenfibers with blocky textures may have formed as
a result of fracture opening and fluid filling prior to fault slipping that striated the blocky calcite itself. Hence, theU‐
Pb ages of the slickenfibers with blocky textures are the oldest possible ages of the tectonic slip along the sampled
slickensided surfaces. The obtained U‐Pb dates span the early Eocene‐Late Miocene time interval and define five
tectonic episodes between 46 ± 15 Ma (early Eocene), 23.2 ± 2.1 Ma (late Oligocene), 15 ± 11 Ma (Middle
Miocene), 9.5± 0.8Ma (LateMiocene), and 6.0± 1.7Ma (LateMiocene; Figures 13a–13e and 14). These dates are
systematically younger than the K‐Ar ages from the clay gouges sampled from the Variscan metamorphic
basement.

According to previous studies, the VT initially formed by reactivating an early Permian precursor structure during
Serravallian‐Tortonian times (Figure 14) as indicated by (a) syn‐tectonic clastic deposits locally preserved in its
footwall (Castellarin et al., 1992; Selli, 1998; Venzo, 1939), (b) apatite fission‐track data in the hanging wall
indicating exhumation and cooling associated with uplift and erosion between ∼12 Ma and ∼8 Ma (Dunkl
et al., 1996), and (c) crosscutting relationships between the VT and NW‐SE striking thrusts of Paleogene age
(Dinaric phase) in the easternmost portion of the ESA (Carnic Alps; Castellarin & Cantelli, 2000, Figure 2a).
Zattin et al. (2003, 2006) and Heberer et al. (2017) applied apatite fission‐track and (U‐Th‐Sm)/He thermo-
chronology to the VT hanging wall constraining (a) very slow exhumation and cooling in the VT hanging wall
from ∼77 Ma (Late Cretaceous; Figure 14) and (b) rapid exhumation and cooling associated with the VT activity
between ∼12 Ma and ∼8 Ma.

The 128.7 ± 15.3 Ma IAA K‐Ar age of sample VT4 (Early Cretaceous) is consistent neither with currently
available stratigraphic and fission‐track data nor with other geochronological constraints. Also, that age is
essentially coeval with the onset of the Alpine Tethys subduction, which is generally constrained to ∼130 Ma
(Handy et al., 2010, Figure 14). Hence, while we consider as geologically meaningful the IAAK‐Ar age of sample
VT4, we discard the 128.7 ± 15.3 Ma date from the tectonic model discussed below.

All other K‐Ar and U‐Pb dates of our study are consistent with the aforementioned independent geological
constraints and document a remarkably long (∼72 Myr) activity for the VT (and its intimately associated
structures) from the Late Cretaceous (∼78 Ma) to the Messinian (∼6 Ma; Figure 14). In detail, our K‐Ar
geochronological data constrain a component of VT faulting to a time between ∼78 Ma and ∼76 Ma (Late
Cretaceous), when early orogenic shortening was accommodated by top‐to‐SE thrusts within the metamorphic
basement and by slow exhumation and cooling of the VT hanging wall (Heberer et al., 2017; Zattin et al., 2003,
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2006). The tectonic activity along the VT continued through time as the thrust progressively propagated toward
shallower crustal levels eventually juxtaposing the metamorphic basement atop the Mesozoic cover.

5.2.2. The Belluno Thrust System and Venetian Pre‐Alps

The presence of Eocene flysch along the BTS (Figures 2a and 4) suggests the onset of its tectonic activity during
Eocene‐Oligocene times (Doglioni, 1992). Even though each dated fraction of sample BT1 represents a spurious
age due to the mixture of detrital and syn‐kinematic K‐bearing minerals (Figure 12a), the IAA approach allowed

Figure 14. Time‐distance diagram for the main regional thrusts of the Eastern Southern Alps (ESA). The trace of the NW‐SE time‐distance section (A‐Aʹ) across the
ESA is shown by the blue line. Gray rectangles represent the time of thrust activity as inferred from available time constraints. In detail, stratigraphic data for the
Valsugana Thrust (VT) are from Venzo (1939), Selli (1998), Castellarin et al. (1992), Doglioni (1992), and Castellarin and Cantelli (2000). Stratigraphic data for the
Belluno Thrust System are from Selli (1998), Doglioni (1987, 1990, 1992), and Castellarin and Cantelli (2000). Stratigraphic and seismic reflection profile data for the
Bassano‐Maniago and Montello thrusts are from Selli (1998), Caputo et al. (2010), and Picotti et al. (2022). The very slow exhumation and cooling of the VT hanging
wall starting from ∼77 Ma is constrained by apatite fission track (ATF) data from Zattin et al. (2003, 2006) and ATF and (U‐Th‐SM)/He (AHe) thermochronology data
from Heberer et al. (2017). The rapid exhumation and cooling of the VT hanging wall between ∼12 and 8 Ma is from AFT data from Dunkl et al. (1996) and Zattin
et al. (2003, 2006) and AFT and AHe data from Heberer et al. (2017). The onset of Alpine Tethys subduction at ∼131 Ma is from Handy et al. (2010).
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us to constrain the age of the syn‐kinematic component to 29.9 ± 11.2 Ma and to consider it as the age of the last
deformation increment recorded by sample BT1. A second absolute time constraint on the BTS is the 23± 14 Ma
U‐Pb age of sample BT2. This date stems from a calcite slickenfiber with a blocky texture (Figure 10f).
Considering the error associated with the K‐Ar (29.9 ± 11.2 Ma) and U‐Pb (23± 14 Ma) dates, we can determine
a time interval between 41.1 Ma (29.9 Ma +11.2 Ma) and 18.7 Ma (29.9 Ma–11.2 Ma), and between 37 Ma
(23 Ma +14 Ma) and 9 Ma (23 Ma–14 Ma), respectively (Figure 14). Based on this, an overlap between 37 Ma
(23 Ma +14 Ma) and 18.7 Ma (29.9 Ma–11.2 Ma) is evident, as it is an overall consistency with available
stratigraphic time constraints for the BTS activity (Figure 14). By considering our field observations and the
structural position of samples BT1 and BT2, a more detailed interpretation of the obtained K‐Ar and U‐Pb data
can be provided. In detail, the ∼30 Ma IAA K‐Ar age constrains the time of crystallization of authigenic clays
during faulting in the immediate SDCT footwall, which is a splay of the BT (e.g., Zuccari et al., 2021, 2022,
Figures 9a and 9d). On this ground, this date may constrain the initiation of BTS‐related deformation, when
shortening in the sedimentary cover was accommodated by folds and thrusts. The ∼23 Ma U‐Pb age constrains,
instead, fluid‐assisted faulting and related calcite slickenfiber precipitation along a discrete thrust surface asso-
ciated with the continuing BT activity (Figures 9a–9c). Therefore, the latter age may reflect the timing of a last
and discrete localization event along the BTS (i.e., BT and SDCT) and related minor thrusts. This time‐
constrained scenario is consistent with the observed folds cut by thrusts as repeatedly observed along the BTS
(Figure 9d) and discussed in Section 5.1.

Time constraints on the onset of thrusting along the more external (southernmost) and still seismically active
thrusts (e.g., Anderlini et al., 2020; Anselmi et al., 2011; Bignami et al., 2012; Cheloni et al., 2014; Galadini
et al., 2005; Serpelloni et al., 2016; Viganò et al., 2015) remain indirect and are provided by seismic reflection
profiles imaging growth geometries forming at ∼10‐9 Ma (Tortonian) and 8‐6 Ma (Tortonian‐Messinian) in
association with the onset of thrusting along the Bassano Maniago Thrust and Montello Thrust, respectively
(Picotti et al., 2022, Figure 14). Accurate time constraints on the tectonic activity of Moline and Tezze thrusts,
which are located between the BTS and the Bassano‐Maniago Thrust, are not available in the literature. Ac-
cording to the overall in‐sequence thrust tectonics proposed for the evolution of the Venetian Pre‐Alps
(Doglioni, 1992), we can only assume that the activity of Moline and Tezze thrusts spans the Oligocene‐
Pliocene time interval (Figure 14).

5.3. A New Picture for the Long‐Term Tectonic Evolution of the Eastern Southern Alps

Our new results call for some reconsideration of the long established and widely acknowledged evolutionary
scheme of the ESA by introducing new and hitherto unknown time constraints. This is particularly the case for the
K‐Ar Cretaceous gouge ages. To provide a possible updated picture of the regional‐scale and long‐term tectonic
evolution of the SA, we compare our geochronological results with available time constraints on the S‐verging
thrust activity in the cSA.

The new K‐Ar Cretaceous ages do not fit the well‐known and widely accepted phase of Miocene thrusting in the
ESA, the age of which, however, is not based on absolute deformation age constraints (Figure 14; e.g.,
Doglioni, 1992; Castellarin & Cantelli, 2000). Considering the difference between the new Cretaceous ages and
the Miocene timing of thrust activity proposed in the literature, our new results have to be taken with caution and
considered conservatively.

In the broader evolutionary picture of the entire SA, however, our Cretaceous ages might acquire a significance.
Indeed, the Late Cretaceous VT‐related K‐Ar ages fit well the ∼80‐68 Ma time interval constrained by 40Ar/39Ar
pseudotachylytes ages from along the OT and PT in the cSA (Zanchetta et al., 2011, Figure 15a). Interestingly,
deformation ages from the cSA also fit (a) thermocronological data constraining the exhumation of the basement in
the Late Cretaceous (Viola et al., 2001) and (b) the presence of Upper Cretaceous flysch in the cSA (Fantoni
et al., 2004).

Our K‐Ar Late Cretaceous ages derive from fault gouges formed at the expense of the metamorphic basement
(Table 1), which strengthens their reliability and possible geological meaning, even though they predate the
classically accepted onset of the VT‐related Alpine shortening. This makes it possible to propose an evolutionary
tectonic model wherein it is the deeper structural levels to register the first shortening increments. Such a tectonic
activity may be interpreted as resulting from far‐field stresses potentially affecting the area during the subduction
of the Alpine Tethys (Figure 15). Far‐field tectonics has been documented as rather common a feature in many
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FTBs worldwide and it is generally reported as being greatly facilitated by the reactivation and inversion of
inherited faults (e.g., Aldega et al., 2019). In this perspective, considering that the VT was active since Permian
times (as suggested by the occurrence of Permian volcanics only to the north of the VT; Bosellini &
Doglioni, 1986; Brandner et al., 2011; Castellarin & Vai, 1982; Selli, 1998), it is likely that the VT has acted as a
long‐lived crustal discontinuity that, following on a Permian nucleation, might have permitted the accommo-
dation of also a Late Cretaceous shortening far‐field stress. While folding, thrusting, and exhumation of the
Variscan metamorphic basement are well known to have occurred during the Late Cretaceous in the cSA along the
OT and PT (Fantoni et al., 2004; Zanchetta et al., 2011, 2015), our results are the first to report broadly coeval
deformation also in the ESA (Figure 15a). Coeval and coaxial NW‐SE compression and shortening during the
Late Cretaceous in both the cSA and the ESA might have significant implications upon the first‐order classic
subdivision of the SA, which are traditionally divided into two sectors by the sinistral transpressive GFS (e.g.,
Castellarin et al., 2006). In detail, although the ESA have been generally interpreted as having formed since the
Oligocene (e.g., Castellarin et al., 2006), our results suggest that the GFS would not represent a major structural
divide separating two kinematically distinct domains (the cSA and ESA). On the contrary, they both would
exhibit evidence of NW‐SE shortening leading to a dominant SE vergence of the belt. As concluded by Zanchetta
et al. (2015), our results confirm that both the ESA and the cSA were structured not only during the Cenozoic
continental collision between Adria and Europe, but were initially shaped as the retro‐wedge of the Alpine orogen
by a complex pre‐collisional and early subduction tectonic history of the European plate. However, while Late
Cretaceous deformation in the cSA gave rise to folding, first‐order thrusting through the ductile and brittle
deformation regime (OT and PT), basement exhumation and erosion (e.g., Zanchetta et al., 2015), the coeval
deformation in the ESA is so far only known to have caused incipient deformation localized at low structural

Figure 15. Model for the tectonic evolution of the central and Eastern Southern Alps (ESA). The model in map view refers to the present‐day simplified geological and
structural framework and shows the sequential activation (as red lines) of thrusts through time. The Late Cretaceous geochronological constraints in the ESA arise from
structures associated with the Valsugana Thrust.
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levels. Within this tectonic/structural scenario, the role of the GFS, which should be reevaluated as mentioned
above, requires further investigations to better constrain its role within the overall tectonic evolution of the SA.

After its Late Cretaceous activation, the VT continued to localize deformation during Paleocene‐Eocene times,
when also the BTS began to accommodate shortening (Figures 14 and 15b). During the Oligocene, minor
backthrusts formed, and the sedimentary cover was also deformed by folds that, after reaching a mature stage,
were cut by punctuated slip events along the VT and BTS (Figure 15c). In the Miocene, the more external Moline
and Tezze thrusts formed in the Venetian Pre‐Alps, the BTS continued its activity, and the VT accommodated
further slip at ∼15 and 10 Ma (Figures 14 and 15d). Further to the east, Eocene‐Miocene deformation was
accommodated by SW verging thrusts ascribed to the dynamics of the Dinaric belt (Doglioni, 1985, Figures 15b–
15d). During the Late Miocene, the more external structures of the Venetian Pre‐Alps (i.e., the Bassano‐Maniago
andMontello Thrusts) began their top‐to‐the SE propagation. At that time, the BTS became progressively inactive
and the VT continued to accommodate out‐of‐sequence reactivation, as documented by a slip event constrained to
∼6 Ma (Figures 14 and 15e).

Our data confirm that the studied segment of the ESA accommodated NW‐SE shortening and bulk top‐to‐the SE
transport, which is kinematically coherent with the post‐collisional (Miocene) Valsugana system of Castellarin
and Cantelli (2000) and Castellarin et al. (2006).

In summary, we propose that the evolution of the ESA is the result of pre‐, syn‐, and post‐collisional long‐term
and repeated deformation events. Hence, the post‐collisional Miocene Valsugana system, as discussed in the
literature, could only represent a partial archive of the long‐lived and multiphase NW‐SE orogenic shortening of
the ESA. In this scenario, the post‐collisional tectonic evolution of the ESA, which includes the Dinaric, Val-
sugana, and Schio‐Vicenza structural systems proposed by Castellarin and Cantelli (2000) and Castellarin
et al. (2006), might require some reconsideration. The lack of structures kinematically consistent with the post‐
collisional Dinaric and Schio‐Vicenza systems in the studied portion of the ESA, however, prevents the possi-
bility to elaborate more detailed considerations on the full post‐collisional evolution of the ESA. Hence, further
geochronological constraints from the entire ESA are needed in the future to generate an evolutionary model that
can also account for the timing (e.g., initiation and longevity) and structural interaction modes among the different
post‐collisional systems of the ESA.

6. Conclusions
Our work provides the first absolute time constraints on fold and thrust development in the ESA, allowing us to
shed new light on the complex and long‐lived tectonic evolution of this portion of the SA. We dated to the Late
Cretaceous the early activity of the VT, which is one of the major regional thrusts in the Alps and that was active
for ∼72 Myr. The initiation of VT activity is interpreted as being associated with far‐field stresses, when
deformation first localized at low structural levels (i.e., within the metamorphic basement), and then continued
through to the Late Miocene. The overall top‐to‐the‐SE kinematics, coupled with geochronological constraints,
indicates that the structural grain of the ESA reflects long‐lasting NW‐SE shortening within a scenario of out‐of‐
sequence thrusting. New geochronological data provide constraints on the polyphase orogenic build‐up of the
entire belt of the SA, as suggested by the fact that the initiation of Alpine compression was synchronously
recorded during the Late Cretaceous by the most internal south‐verging thrusts along both the central and the
eastern domains of the SA.

Data Availability Statement
Data can be found at Curzi, Cipriani, et al. (2024). U‐Pb and XRD data of the Eastern Southern Alps–Curzi,
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