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Abstract Transverse zones (TZs) in fold‐and‐thrust belts typically comprise strike‐slip to transpressional
faults and related folds, oriented sub‐parallel to the regional shortening direction. These zones are typically
associated with inherited faults or lateral stratigraphic changes, which promote strain partitioning, stress
rotation, and kinematic decoupling between adjacent blocks. In the Central Southern Alps (CSA), transverse
zones sub‐parallel to the N–S shortening direction originated as pre‐orogenic rift‐related faults, later reactivated
during the Alpine orogeny under compressional regimes. Their structural complexity has long been recognized,
but no systematic absolute dating has constrained their long‐term evolution and reactivation history. To address
this gap, we combine geological mapping, multi‐scale structural analysis, and U–Pb geochronology on syn‐
tectonic carbonates from TZs and major thrust faults in the Lecco area to reconstruct their structural evolution
within the Alpine thrust system. We infer a pre‐orogenic origin for N–S TZs and some E–W striking faults
linked to rift‐related extensional tectonics active during the Late Norian and Early–Middle Jurassic times. U–Pb
ages provide new insights into the Early Cretaceous‐Miocene syn‐orogenic evolution of the Central Southern
Alps. During this interval, rift‐inherited N–S faults were episodically reactivated in strike‐slip mode under N–S
shortening for nearly 100Ma.We discuss how the TZs influence the build‐up of the belt, promoting along‐strike
strain partitioning, acting as lateral connectors of thrusts and contributing to shortening accommodation when
oblique to the maximum horizontal compression.

1. Introduction
Fold‐and‐thrust belts typically exhibit complex 3D architectures along strike, where strike‐parallel structures are
segmented by transverse zones (TZs). These zones consist of strike‐slip and/or transpressive faults and/or folds,
oriented at a low angle to the regional shortening direction (Thomas, 1990). The location of TZs is commonly
controlled by inherited structures, including basement faults (e.g., Godin et al., 2019; Krabbendam &
Leslie, 2010; Torres Carbonell et al., 2013), usually displacing the overlying sedimentary cover
(e.g., Bertotti, 1991; Paulsen & Marshak, 1998, 1999; Schönborn, 1992; Zanchi et al., 2012), ancestral transform
faults (e.g., Feriozzi et al., 2025), zones of spatial overlap between rift segments forming complex accommo-
dation domains (e.g., Lescoutre et al., 2021), zones of stratigraphic thickness and/or facies variation (e.g., Soto
et al., 2002; Woodward et al., 1988), and heterogeneities in lower crustal rheology (e.g., Malekzade et al., 2016).
TZs may laterally connect thrust faults, accommodating deformation by acting as lateral ramps and/or transfer
faults (García & Jiménez, 2016; Schönborn, 1992; Thomas & Bayona, 2002; Zanchi et al., 2012). In these cases,
thrusting and folding overprint the inherited structural architecture, frequently truncating, displacing and folding
laterally juxtaposed different rocks in the hanging wall and footwall of pre‐existing extensional systems. This
structural overprint may complicate the recognition of both the primary pre‐thrusting architecture and the thrust
system. In detail, during the development of a fold‐and‐thrust belt, pre‐orogenic cross‐strike structures can either
be passively transported and deformed by later thrust faults (e.g., Alavi, 2007), or actively influence the prop-
agation of contractional structures, cutting across the entire belt and segmenting it into discrete structural blocks
(Schönborn, 1992; Schwartz et al., 2024). The study of TZs, fundamental to a full understanding of mountain
building processes, is therefore challenging because it requires a complete reconstruction of the pre‐orogenic
tectono‐stratigraphic setting and of the impact of inherited features on the geometry of thrusts and along‐strike
strain partitioning.
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Polyphase tectonic activity of TZs has been proposed (e.g., Castellarin et al., 2006; Glen &Walshe, 1999; Zanchi
et al., 2012), but radiometric ages supporting this hypothesis are generally scarce (e.g., Pleuger et al., 2012, for the
Alps, and references therein). To address this issue, we investigate TZs, inherited structures and thrust faults of the
western sector of the Central Southern Alps (CSA), specifically in the Lecco area (Figure 1). The CSA represent a
retro‐belt where transverse zones (TZs) influence shortening style across‐strike (Schönborn, 1992). Syn‐thrusting
and polyphase tectonic activity of TZs within the belt has been documented in previous studies
(e.g., Schönborn, 1992; Zanchi et al., 1988, 2012). A key example in the CSA is the Giudicarie Line, which
originated as an Early Jurassic normal fault and was subsequently reactivated during multiple orogenic phases as a
left‐lateral transpressional fault (Bertotti et al., 1993; Castellarin et al., 2006; Picotti et al., 1995; Pomella
et al., 2012; Prosser, 1998; Viola et al., 2001). In the Eastern Southern Alps (ESA), TZs remain tectonically active
to date, as evidenced by moderate seismicity (Carulli & Slejko, 2009; Zampieri, 2000; Zampieri et al., 2021).

Regarding the TZs of the CSA, several key questions are still open: (a) what is their origin, including the role of
structural inheritance? (b) When and how were they reactivated during Alpine evolution and later tectonic stages?
(c) What is the role of TZs during shortening?

To answer these questions, we combine paleogeographic reconstructions, structural‐geological analysis (from
regional to microscale) and U–Pb dating of syn‐tectonic carbonates in the western sector of the CSA (Lecco area,
Figures 1b, 2, 3). We propose that TZs developed along pre‐orogenic rift‐related extensional faults and that they
were reactivated multiple times from rifting to late orogenic stages. Our findings offer a valuable framework for
interpreting the origin, evolution and structural role of TZs in other fold‐and‐thrust belts (e.g., Bayona et al., 2003;
Paulsen & Marshak, 1999; Schmidt & O’Neill, 1982; Smeraglia et al., 2022; Ustaszewski & Schmid, 2006).

2. Geological Setting
2.1. The Central Southern Alps

The south‐verging Central Southern Alps (CSA) are part of the Alpine retrobelt (Carminati & Doglioni, 2012;
Schmid et al., 2004), which developed due to the convergence and collision between the Adria and European
plates at the expense of the intervening Alpine Tethys oceanic domain (Dal Piaz et al., 2003). This belt is located
south of the Periadriatic Lineament (or Insubric line; Schmid et al., 1989; Figure 1a), is composed of rocks
belonging to the Adria plate (Handy et al., 2010), and strikes approximately E–W, from the Como area to the
Giudicarie Line (Figure 1b). The CSA developed since Cretaceous times as a thick‐skinned fold‐and‐thrust belt
(Carminati et al., 1997; Castellarin et al., 1992; Laubscher, 1985; Schmid et al., 1996; Schönborn, 1992;
Schumacher et al., 1997; Zanchetta et al., 2012, 2015; Zanchi et al., 1990). The uppermost (and northernmost)
thrust sheet consists of pre‐Alpine basement rocks, which overthrusted Upper Permian–Lower Triassic succes-
sions along the Orobic‐Gallinera Thrust during the Late Cretaceous and Paleocene–Eocene (Blom & Passch-
ier, 1997; Carminati et al., 1997; Zanchetta et al., 2011; Figure 1b). The footwall of the Orobic‐Gallinera Thrust is
characterized by WSW–ENE‐elongated basement‐cored anticlines (Orobic Anticlines; de Sitter & de Sitter‐
Koomans, 1949; Schönborn, 1992; Figure 1b). The Orobic Anticlines are bounded to the south by a S‐dipping
backthrust (Valtorta‐Valcanale Fault [VVF], Zanchetta et al., 2015; Figure 1b). South of the VVF, thrust
sheets mainly involve the Lower‐Triassic‐Upper Cretaceous sedimentary cover. There, deformation is mainly
dominated by south‐vergent thrusts (Figures 1b, 2a, and 4a). These thrust systems define tectonic units composed
of (a) Anisian‐Ladinian formations, (b) Norian formations, and (c) Upper Triassic to Upper Cretaceous forma-
tions (Figures 1b, 2b, and 3a). Décollement horizons are located within mechanically weak stratigraphic levels,
including the Lower Triassic, Carnian, and upper Norian‐Rhaetian intervals (Figure 4a). The geometry and
deformation style of the thrust system vary significantly along strike. This lateral variability is largely influenced
by N–S oriented, subvertical TZs (Schönborn, 1992; Zanchi et al., 2012; Figures 1b, 2b, 3a, and 4b). Stratigraphic
constraints suggest that these structures formed as normal faults during Late Triassic and Jurassic rifting events
(Berra & Carminati, 2010). These N–S oriented normal faults, along with coeval E–W striking faults, controlled
the distribution of Upper Triassic and Jurassic facies and sediment thickness, and caused the lateral juxtaposition
of pre‐rift sedimentary successions with contrasting rheological properties (Bernoulli, 2007; Berra & Carmi-
nati, 2010; Bertotti, 1991).

Another major structure of the area, marking the southernmost exposure of the Upper Triassic‐Upper Cretaceous
succession, corresponds to the “Flessura Pedemontana” (Desio, 1929; Figures 1b, 2, 3a, and 4a), a S‐verging kink
anticline previously interpreted as an out‐of‐sequence structure (Bersezio et al., 1993; Fantoni et al., 2004;
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Schönborn, 1992; Schumacher et al., 1997; Figure 4a). South of this structure, Upper Cretaceous‐Eocene fore-
deep units form a WNW–ESE elongated belt extending from the foothills of the Lecco area to the Iseo Lake
(Bersezio & Fornaciari, 1987; Forcella et al., 2000; Figures 1b, 2, and 3a). These units were thrust and deformed

Figure 1. (a) Paleogeographic‐structural domains of the Alps (modified from Schmid et al., 2004; Zanchi et al., 2012) PTB:
Piedmont Tertiary Basin, MSF: Margna‐Sesia Fragment; Mb: Masino‐Bregaglia pluton; Ad: Adamello Pluton.
(b) Simplified geological map of the Central Southern Alps; the main transverse zones are highlighted in blue (modified from
Schönborn, 1992; Zanchetta et al., 2015). VVF: Valtorta‐Valcanale Fault, OA: Orobic Anticlines. The tip points of the
geological cross‐section A‐A′ in Figure 4a are highlighted.
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southward during the Cenozoic (Pieri & Groppi, 1981; Bersezio et al., 2001; Fantoni et al., 2004; Figure 4a) and
unconformably overlain by the Oligocene‐Miocene Gonfolite clastic wedge, which was back‐thrust onto the
Mesozoic units during the Late Miocene (Gonfolite backthrust, Bernoulli et al., 1989). Further south, contrac-
tional structures buried beneath Pliocene‐Pleistocene sediments of the Po‐Plain define the so‐called Milano Belt
(Fantoni et al., 2004; Laubscher, 1985; Roeder, 1992; Figure 4a) and are locally considered to be still active
(Bresciani & Perotti, 2014; Zanchi et al., 2022).

2.2. Tectono‐Stratigraphic Setting of the Study Area

The stratigraphic succession exposed in the study area (Figure 3b) starts with Lower Permian clastic, volcanic and
volcaniclastic deposits (overlying basement rocks) and Upper Permian fluvial deposits (Casati & Gnacco-
lini, 1967). The thickness and facies of Permian deposits are strongly influenced by E–W striking Early Permian
normal faults (Assereto & Casati, 1965; Locchi et al., 2022; Pohl et al., 2018; Schaltegger & Brack, 2007; Zanchi
et al., 2019). A Lower Triassic marine transgression led to the deposition of quartzarenites, marls, limestones,

Figure 2. (a) Tectonic map of the study area (modified after Schönborn, 1992). The main thrust sheets are illustrated. GTS:
Grigne Thrust System; RFTZ: Riva Foppa‐Fo Transverse Zone. (b) Tectono‐structural map of the study area (modified after
Schönborn, 1992). The tectonic units recognized in the three sectors are shown from top to bottomand indicated asUa‐b,U1‐4,
and UI‐II.b.
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Figure 3. (a) Geological map of the study area (modified after Bersezio et al., 2014; Gaetani et al., 2012; Jadoul, 1994;
Michetti et al., 2012; Regione Lombardia, 2010; Schönborn, 1992); BF: Balisio Fault; BoT: Monte Bollettone Thrust; CT:
Coltignone Thrust; DMT: Due Mani Thrust; RFTZ: Riva Foppa—Fo Transverse Zone; GNT: Grigna Nord Thrust; GST:
Grigna Sud Thrust; LT: Lecco Thrust; MBT: Monte Barro Thrust; RT: Resegone Thrust; VSL: Valsassina Line; VFF: Val
Fontana Fault; VVF: Valtorta‐Valcanale Fault. The terminal points of the geological cross‐sections A‐A′ (full length in
Figure 1b) and B‐B′ of Figure 4 are shown. (d)Tectono‐stratigraphic scheme of the study area, showing the pre‐orogenic
relationships between faults and sedimentary units; the unit colors in the legend are the same used in the geological map.
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dolostones and sabkha deposits (Servino Fm., Carniola di Bovegno; Cassinis, 1968), followed by Anisian
shallow‐water carbonates (Angolo Limestone; Assereto & Casati, 1965). During the Ladinian, thick carbonate
platforms (Esino Lm.) were deposited above the Angolo Formation or the upper Anisian to lower Ladinian
carbonate ramp and basin deposits (Prezzo Lms., Buchenstein Fm.; Berra et al., 2011, 2016; Gaetani et al., 1991).
Coeval pelagic basins (Perledo‐Varenna Fm.) developed heteropically with the Esino Lm. (Berra et al., 2011).
During the Carnian, sedimentation occurred in mixed peritidal, lagoonal, and deltaic environments (Berra &
Jadoul, 2002; Garzanti et al., 1995). A widespread carbonate platform formed in Norian time (Dolomia Principale
Fm.), with the development of minor late Norian intraplatform basins, where clastic sedimentation occurred (Riva
di Solto Shales; Jadoul et al., 1992). Carbonate platform growth resumed in Rhaetian–Early Jurassic time (Zu
Lms., Albenza and Sedrina fms.). In Early Jurassic time, the platform drowned, and pelagic sedimentation
occurred until the Early Cretaceous (Berra & Carminati, 2010; Bernoulli, 2007; Moltrasio Lms., Domaro Lms.,
Selcifero Lombardo, Maiolica Fm.). The Aptian–Albian marks the onset of foredeep sedimentation characterized
by the deposition of turbiditic units such as the Bruntino Marls and the Sass de la Luna Fm. (Gaetani et al., 2012).

From top to bottom (from N to S), three major S‐directed thrust sheets of Early Cretaceous‐Cenozoic age are
recognized in the Lecco area: Orobic Thrust (OT); Coltignone Thrust (CT); Lecco Thrust (LT; Figures 2a and 4a).
They consist of successions characterized by considerable thickness and facies variations related to the following
Mesozoic rifting stages, primarily associated with N–S striking normal faults (Berra & Carminati, 2010):

Figure 4. (a) N–S, balanced geological cross‐section through the Central Southern Alps, from the Insubric Line to the Po‐Plain, perpendicular to the main thrust faults.
The southern part of the cross section was modified from Cassano et al. (1986), Pieri and Groppi (1981), Roeder (1992), and Schönborn (1992). OT: Orobic Thrust;
GTS: Grigne Thrust System; CT: Coltignone Thrust; LT: Lecco Thrust: DMT: Due Mani Thrust; FU: Foothills Unit. Tectonic units are indicated with U1, U2, U3 (see
Figure 2b). (b) SW‐NE/W‐E geological cross‐section built perpendicularly to the main transverse zones of the study area.
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‐ Late Norian, which led to the local development of fault‐bounded, N–S
elongated intraplatform basins with variable thicknesses within the Dolo-
mia Principale Fm. (Berra & Jadoul, 1996; Jadoul et al., 1992).

‐ Early Jurassic, which produced N–S striking extensional faults and asso-
ciated basins and led to the drowning of previous carbonate platforms
(Bernoulli, 2007; Berra & Carminati, 2010; Rocca et al., 2024, 2026;
Santantonio & Carminati, 2011).

The puzzling geometries of the thrust system observed in the area derive from
the interference between these pre‐orogenic structures and orogenic fault
systems (Laubscher, 1985; Schönborn, 1992). Along‐strike, the three major
thrust sheets are subdivided into tectonic sub‐units (Figure 2b), distinct on the
basis of different stratigraphic settings, and are bounded by secondary and/or
two major TZs (Lecco and Faggio Lines, Figures 2b, 3a, and 4b). These two
faults were part of rift‐related fault systems that controlled facies and thick-
ness variations of Upper Triassic and Jurassic successions and the pre‐
orogenic lateral juxtaposition of rocks with different rheology (Schön-
born, 1992). The Lecco Line is a NW–SE striking dextral fault zone mostly
submerged by the Lecco Lake (de Sitter, 1960; Gianotti & Perotti, 1986;
Jadoul & Gaetani, 1986; Laubscher, 1985; Schönborn, 1992). The Faggio
Line is a N–S striking fault system (Jadoul & Gaetani, 1986; Schön-
born, 1992) with strike‐slip kinematics. However, the slip sense remains
debated: according to Zanchi et al. (1988), this fault system exhibits complex
kinematics with a dominant dextral component, whereas Schönborn (1992)
described it as sinistral in the northern portion and dextral southward, as
shown by the bending of the Flessura Pedemontana (FP) structure east of the
Line (Figure 3a).

These two TZs bound the following tectonic sectors, each characterized by
distinct shortening styles and different numbers of thrust faults (Figures 2 and
4b): (a) the Triangolo Lariano sector (west of the Lecco Line), where
deformation is mainly accommodated by a series of E–W trending folds
(Schönborn, 1992; Michetti et al., 2012; Figures 2a and 4b); (b) the Grigne‐
Valsassina sector (between the Lecco Line and the Faggio Line), character-
ized by a larger number of thrust faults (Laubscher, 1985; Schönborn, 1992);
(c) the Aralalta‐Albenza sector (east of the Faggio Line) that consists of a
slightly deformed and folded plateau overlain by klippen. A detailed
description of each sector is provided in TextS1 in Supporting
Information S1.

The exposed front of the mountain belt is the “Flessura Pedemontana,” a
fault‐related fold (Jadoul & Gaetani, 1986; Schönborn, 1992), which en-
compasses the three sectors and is strongly deflected across the Faggio Line
(Figure 3a).

3. Methods
Field surveys, including original geological mapping, structural analysis, and
sampling for U–Pb dating, were carried out along the main TZs, thrust faults
and pre‐orogenic structures. Fieldwork and the cartography presented here
were based on published geological maps (Bersezio et al., 2014; Forcella
et al., 2000; Gaetani et al., 2012; Jadoul, 1994; Michetti et al., 2012; Regione
Lombardia, 2010; Schönborn, 1992). Structural data (attitudes of bedding,
faults, lineations, foliation) were collected using Strabospot2 (Walker
et al., 2019). A comprehensive geological map of the study area was produced
using QGIS. A simplified version of the map is shown in Figure 3a, while a

Figure 5. Paleogeographic maps for Mesozoic, pre‐orogenic tectonic stages,
with syn‐tectonics rocks and faults highlighted. (a) Ladinian (with indicated
present‐day major thrusts). (b) Norian. (c) Early Jurassic.
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Figure 6. Mesozoic syn‐sedimentary structures (locations in Figure 5) (a) syn‐sedimentary normal faults within Ladinian
basinal rocks; (b) Schmidt net (lower hemisphere) of the faults in (a), shown in present day orientation and after restoring the
bedding to the horizontal; arrows show the inferred extension direction; (c) detail of dextral slickenfibers observed on a syn‐
sedimentary fault plane within Ladinian basinal rocks; (d, e) panoramic views showing the thickness contrasts of sediments
between footwall (d) and hanging wall of the Lecco Line (e). Note the condensed succession of Jurassic‐Cretaceous rocks
(max 100 m) on top of the Corni di Canzo structural high in (d), today at the core of a tight syncline. On the eastern side of the
Lecco Line, syn‐rift, Lower Jurassic rocks are up to 900 m thick (e).
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more detailed version is provided in Figure S1 in Supporting Information S1. Stereographic projections were
produced using Orient and WinTensor 5.9.2 (Delvaux & Sperner, 2003; Vollmer, 2015) on Schmidt nets, lower
hemisphere. Fault planes and kinematic indicators were analyzed for paleostress reconstruction usingWin‐Tensor
5.9.2 (Delvaux & Sperner, 2003). Fault‐slip data were first screened with the P‐T‐axes method to test the
measured fault populations. The stress tensor was then obtained through the rotational optimization function,
which iteratively minimizes the misfit between the data and the mean stress model to determine the stress‐field
orientation and the geometrical consistency among faults belonging to complex associations (Delvaux &
Sperner, 2003). Geological cross‐sections were constructed using MOVE software. A balanced geological cross
section (down to the basal decollement) was drawn perpendicular to the main thrust faults (Figure 4a, A‐A’), and
inspired by previous interpretations (Cassano et al., 1986; Pieri & Groppi, 1981; Roeder, 1992; Schönborn, 1992).
A shallower cross‐section (Figure 4b, B‐B’) was constructed perpendicular to the main TZs of the study area
(Lecco Line and Faggio Line).

Syn‐tectonic carbonates (slickenfibres, veins, carbonate‐cemented breccias) were collected from the fault zones
after being photographed, structurally measured and associated with specific structures. Microstructural analysis
was performed, using optical (Sapienza, University of Rome) and cathodoluminescence microscopy to identify
different generations of carbonate phases, their habitus (blocky, elongated‐blocky, etc.), growth mechanism, and
crosscutting relationships. Cathodoluminescence (CL) analysis was carried out on polished thin sections at the
Department of Earth Sciences of Sapienza University (Rome, Italy) and at the Department of Earth Sciences of
ETH Zurich (Zurich, Switzerland). At Sapienza, CL analysis was carried out with a Leica DM2700P optical
polarizing microscope equipped with a MK5 Optical, operating at a beam energy of 11 kV and beam current of
260 μA. At ETH, CL analysis was carried out with a Nikon Eclipse ME600 optical polarizing microscope
equipped with a MK5, operating at a beam energy of 15 kV and beam current of 260 μA. In‐situ U–Pb dating of
each previously recognized carbonate phase was performed at the Department of Earth Science at the University
of California, Santa Barbara, using an ESL ImageGeo 193 laser ablation system coupled to a Nu Instruments
Plasma3D multicollector ICP‐MS, following the analytical procedures by Kylander‐Clark (2020). Of the 25
samples collected and analyzed, only 11 provided reliable ages. Further details on dating analytical techniques are
provided in TextS2 in Supporting Information S1, while geochronological and structural data are shown in the
EarthChem repository (Fiorini & Kylander‐Clark, 2025).

Figure 7. Alpine reactivation of pre‐orogenic structures. In panel (a), the position of the panoramic views is indicated by stylized cameras. (b) The NW–SE striking pre‐
orogenic Val Fontana Fault was reactivated as a dextral transfer fault. (c) The Norian Due Mani fault was positively inverted during shortening, passively transporting a
normal fault system in the hanging wall. Younger‐on‐older relationships are preserved.
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During the preparation of this work, the author(s) used ChatGPT in order to improve readability and fluency.
After using this tool/service, the author(s) reviewed and edited the content as needed and take(s) full responsibility
for the content of the publication.

4. Results
In this section, we describe the pre‐orogenic structures of the study area and their modes of reactivation as TZs
during Alpine mountain building.We report observations made from regional to outcrop scales. Subsequently, we
describe the microstructures of the sampled fault rocks and mineralizations and conclude with the results of the in
situ U–Pb dating on carbonates. The results of geological mapping are reported in a detailed geological map
(Figure S1 in Supporting Information S1). Figure 4a shows the geological cross‐section A‐A′, perpendicular to
the main contractional structures, whose trace is shown in Figures 1b and 3a. Three main thrust systems are
identified from north to south in Figure 4a: the OT, which includes the Grigne Thrust System (GTS) southward;
the CT, characterized by several splays such as the Due Mani Thrust (DMT); the LT, part of the complex set of
structures, which led to the polyphasic formation of the FP. Fault‐bend folding is associated with the Orobic and
the Coltignone Thrusts, while fault propagation folding characterizes the FP structure (Text S6 in Supporting
Information S1). The frontal part of the belt consists of the thin‐skinned Milano Belt, buried under the Po Plain
sediments, and characterized by thrusts with flat‐ramp‐flat geometries (Roeder, 1992; Schönborn, 1992). The
geological cross‐section B‐B’ (Figure 4b, trace in Figure 3a) is drawn parallel to the main contractional structures.
This section displays the difference in shortening style across the three tectonic sectors bounded by the Lecco and
the Faggio Lines. In the western Triangolo Lariano Sector, deformation is accommodated by open to recumbent
folds. In the central Grigne‐Valsassina sector, shortening is accommodated by large displacement thrusts (Grigne
Thrust and CT) interacting with second‐order TZs (Val Fontana Fault and Riva Foppa‐Fo TZ). The eastern
Aralalta‐Albenza sector is characterized by isolated klippen resting on the Norian successions.

4.1. Stratigraphic and Mesoscale Structural Analysis

4.1.1. Mesozoic Pre‐Orogenic Tectonics

Significant lateral variations in stratigraphic thickness and facies, as well as extensional faults interpreted as pre‐
orogenic and rift‐related, later reactivated as TZs, are shown in Figure 5 (further details in Text S4 in Supporting
Information S1).

4.1.1.1. Middle Triassic

The highest mountains of the study area (Grigne, Coltignone, Erna, Muschiada) are composed predominantly of
massive and thick Ladinian carbonate platform rocks (Esino Limestone; Figure 5a). Platform carbonates pro-
graded onto coeval pelagic rocks (Perledo‐Varenna Formation), exposed at lower elevations (eastern shore of
Lake Como: Lierna, Perledo and Varenna areas; Valsassina: Pasturo‐Balisio area, Figure 5a). Notably, the
resulting heteropic contacts, corresponding to the platform margins, are parallel to major thrust faults (Figure 5a).
Syn‐depositional Triassic extensional faults are observed in basinal rocks near Lierna (Figure 6a). These SE‐
dipping tilted normal faults exhibit diagnostic growth fault features including bed thickening in the hanging
wall, progressive increase of displacement in the dip direction and bed sealing of the faults (Figures 6a and 6b).
Furthermore, the chaotic breccia constitutes the mixed zone of the main fault shown in Figure 6a, which
developed under soft‐sediment conditions (e.g., Caine & Minor, 2009). The syn‐sedimentary structures are
overprinted by brittle fault planes with dextral calcite slickenfibers (Figure 6c).

4.1.1.2. Late Norian

Upper Norian thin‐bedded, dark dolostones (Dolomie Zonate Fm.) and black shales (Riva di Solto Shales) oc-
casionally overlie massive carbonate‐platform‐related dolostones (Dolomia Principale Formation; Figure 5b,
Figures S6a and S6b in Supporting Information S1). Significant lateral thickness variations indicate that their
deposition was conditioned by major N–S (E‐dipping) and minor E–W striking syn‐depositional normal faults
(Figure 5b). N–S faults, locally characterized by wedging of layers (e.g., Resegone Fault; Figure 5b and Figure
S2b in Supporting Information S1), juxtapose carbonate platform successions with different thicknesses (likely
reflecting different deposition rates; e.g., Val Fontana Fault) or different facies (e.g., Riva Foppa Fault;
Figure 5b). The E‐dipping Faggio Line marks the transition to the Valle Imagna Basin where the upper Norian
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Figure 8.
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basinal rocks reach their maximum thickness (Figure 5b). In this area, the Norian carbonate platform rocks are
<1,000 m thick, whereas basinal formations reach maximum thicknesses of 500–600 m. The geometry and
distribution of these depocenters are also controlled by minor E–W oriented faults that bound these depressions
(Figure 5b). The E–W Due Mani Fault zone locally displays Norian basinal rocks in the hanging wall and pre-
serves younger‐on‐older relationships. As detailed below, the Due Mani Fault and several associated minor E–W
and N–S striking extensional structures were reactivated during the Alpine orogeny (see Sections 4.1.2 and 5.2).

4.1.1.3. Early Jurassic

The Early Jurassic structural architecture was mainly dominated by N–S striking normal faults (Figure 5c). The
largest Early Jurassic pelagic basin of the study area is the Monte Generoso Basin, which formed in the hanging
wall of the extensional, E‐dipping listric Lugano Fault (Bertotti, 1991), located ∼20 km to the west of the area
shown in Figure 5c. This pelagic basin reaches a thickness exceeding 2,000 m at its depocenter (Michetti
et al., 2012). Toward the east, and partly to the south, the syn‐rift deposits thin significantly, becoming less than
50 m at the structural culmination of the Canzo High (Figures 5c and 6d). Minor W/NW‐dipping normal faults
(e.g., Monte Bollettone Fault, Figure 5c) antithetic to the Lugano Fault partially control these thickness variations.
A significant increase in syn‐rift sediment thickness (up to 900 m) is observed toward the eastern shore of Lake
Como (Figure 6e). This thickening coincides with the present‐day trace of the NW–SE striking, E‐dipping
western branch of the Lecco Line (Figure 5c). A W‐dipping fault, conjugate to this master fault, morphologically
follows the southern branch of Lake Como and emerges northward as a vertical fault (Figures 2, 3a, and 5c).
Evidence for the occurrence of this antithetic fault is further discussed in Text S4 in Supporting Information S1.

Farther east, the Early to Middle Jurassic reactivation of the E‐dipping Faggio Line led to the development of a
basin (Costa del Palio Basin; Jadoul & Doniselli, 1986; Schönborn, 1992; Figure 5c). The presence of tilted low‐
angle normal faults crosscut by contractional structures supports a pre‐orogenic phase of activity along the Faggio
Line (Figures 8e and 8f; further details in Section 4.1.2). To the south, the Imagna Fault was likely active during
the Early Jurassic, as evidenced by the reduced thickness of the syn‐rift formations in the eastern part of the
Albenza Plateau with respect to the Costa del Palio Basin (Figure 5c, Roncola High, Bersezio et al., 2014). South
of the Imagna Fault, syn‐rift deposits of the Lecco Basin (∼900 m thick) progressively thin out eastwards across
the Albenza Plateau (ranging from 700 to 100 m, west to east; Figure 5c). Farther south, syn‐rift formations buried
beneath the Cretaceous turbidites are encountered in the Gerola well (Figure 4a). They are as thick (∼900 m) as
those of the Lecco Basin, and thicker than those in the Albenza plateau and farther east. This suggests the presence
of a S/SW‐dipping fault separating the Albenza plateau from the Gerola Basin (Figure 5c), likely located beneath
the present‐day position of the FP structure in the Aralalta‐Albenza sector.

4.1.2. Mesozoic‐Cenozoic Shortening

Most of the Mesozoic extensional faults were oriented N–S and NW–SE, either parallel or oblique to the pre-
dominant N–S directed Alpine compression (Figure 5). During orogenic shortening, many of these faults were
likely reactivated as transfer faults and/or lateral ramps (Figure 7b). Concerning E–W Mesozoic faults, those
dipping to the south were commonly beheaded and passively transported along contractional structures. In
contrast, N‐dipping normal faults frequently display evidence of incomplete positive inversion, preserving the
younger‐on‐older relationships typical of normal faulting (Figure 7c).

Figure 8. Structural analysis of the Faggio Line in Culmine S. Pietro area. (a) Geological Map of Culmine S. Pietro area. FL‐MF: Faggio Line‐Main Fault. Legend is the
same of Figure 3b. The location of the outcrops of panels (c–f) is shown with circles. Location of structural stations in panel (b) is shown with diamonds. (b) Stereonets
(Schmidt net, lower hemisphere) of the faults outcropping in the Culmine S. Pietro. Numbers on the left refer to the structural stations indicated in (a). Arrows show the
inferred compression(blue)/extension(red) direction from fault/slip data. At stations 2, 3, and 6 fault–slip inversion and paleostress reconstructions were performed on
the highlighted syn‐orogenic fault planes; poorly fitting/inconsistent planes are blurred. Solutions were accepted for average values of the F5 rotational optimization
function below 30, based on previous experiences (Delvaux & Sperner, 2003; Rocca et al., 2026). More details are shown in Figures S4e–S4h in Supporting
Information S1. (c) Principal fault plane of the Faggio Line, with dextral Riedel R faults; (d) Sub‐vertical fault planes close to the main fault within Norian dolostones,
showing dextral slickenlines. (e) S‐dipping, low‐angle normal faults and N–S reverse faults cropping out along the E–W undulation of the main fault. (f) Site of sample
AFV4, analyzed for U–Pb absolute dating. E–W striking, subvertical calcite veins are displaced by small ENE‐dipping reverse shear planes filled by calcite. Arrows
show the compression direction inferred from fault geometry and kinematics.
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In the following, we focus our meso‐structural observations on the two principal N–S TZs—the Faggio and the
Lecco lines—and on the E–WDMT, a positively inverted normal fault. A detailed description of the Riva Foppa‐
Fo TZ and the Resegone Thrust (RT) is provided in Text S3, Figures S2, and S3 in Supporting Information S1.

4.1.2.1. Faggio Line

The Faggio Line is exposed discontinuously (Figures 2b and 3a). Our structural analysis focuses on the Culmine
San Pietro area (Figure 8a, location in Figure 3a), where the TZ crops out as a broad deformation zone. The fault
zone mainly strikes N–S/NNE‐SSW (Figures 2b, 3a, and 8a), but a significant change in orientation occurs in the
central portion of the study area, where it strikes WNW–ESE, before re‐attaining its main N–S/NNE‐SSW trend
southward (Figure 8a). We identified pre‐ and post‐orogenic normal faults, based on cross‐cutting relationships
with contractional structures (strike‐slip and reverse faults; Figure 8b). Pre‐orogenic normal faults follow the
overall trend of the Faggio Line (i.e., N–S/NNE–SSW in structural stations 1, 5 and 6; E–W in structural station 4;
Figure 8b). Their kinematic indicators point to an overall E–W oriented extension in pre‐orogenic times. Re-
lationships between pre‐ and syn‐orogenic structures are observable south of structural station 4, where E‐dipping
reverse faults displace low‐angle E–W striking tilted normal faults (Figures 8e and 8f) occurring in Carnian rocks
(Gorno Fm.). Furthermore, E–W bed‐perpendicular veins parallel to and associated with these normal faults are
crosscut by ENE‐dipping reverse shear planes decorated by calcite mineralizations, with an orientation similar to
the overall N–S strike of the Faggio Line (Figure 8f).

Strike‐slip and reverse orogenic faults showmore chaotic orientations (Figure 8b) and are characterized by unclear
cross‐cutting relationships, usually mutual. Structures measured along and close to the main fault display dextral
strike‐slip kinematics consistent with parallel or R‐type faults (Figures 8c and 8d, Figure S4i in Supporting In-
formation S1). They are more organized in structural stations 2 and 6, where they strike mostly N–S and
NNW–SSE, respectively (Figure 8b). In some cases, the main faults cut a steep foliation occurring in marly rocks
(Carnian?; Figure S4i in Supporting Information S1). Inversion of fault planes and kinematic indicators for
structural stations 2 and 6 indicate NE‐SW and N–S orientations of the maximum horizontal stress, respectively
(Figure 8b, Figures S4e and S4g in Supporting Information S1). This state of stress is consistent with ca. NW–SE
striking transpressional faults and shear planes and observedNE‐directed vergence (Figure 8b, structural stations n.
3–6), and with the top‐to‐S movement of the ENE‐dipping reverse shear planes in Figure 8f. Furthermore, east of
the Faggio Line the thrust surface of theMaesimoKlippe, whereNorian dolostones overthrust Rhaetian limestones
and marls (Figure 8a), is folded as a synform with a NW–SE hinge, consistent with outcrop‐scale folds in the
footwall, associated with NW–SE striking reverse faults (Figures 8a and 8b, structural station n.5; S4b in Sup-
porting Information S1). Similar NW–SE fold hinges east of the Faggio Line have also been observed to the south,
in Rhaetian Limestones (Gaetani et al., 2012; Figure S4k in Supporting Information S1). At stations 3–4 the
structural assemblage is more complex. NW–SE and E–W striking faults occur consistently with the progressive
bending of the Line (Figure 8b). Moreover, dextral and sinistral strike‐slip faults coexist (Figure 8b). In structural
station 3 (Figure 8b), N–S and NW–SE striking sinistral faults and NW–SE striking, SE‐verging transpressional
faults were observed. Inversion of fault planes and kinematic indicators from these stations suggests a NW–SE
oriented maximum horizontal stress (Figure 8b, Figure S4f in Supporting Information S1). This state of stress is
also consistent with the occurrence of several E–W striking, antithetic dextral faults (Figure 8b). NW–SE striking
sinistral faults were also observed in structural station 1 (Figure 8b), associated with SE‐dipping reverse faults
(Figure 8b). South of the Culmine S. Pietro area, east of the Faggio Line, structural complexity is illustrated by a set
of SW‐dipping reverse faults and E–W striking sinistral faults in Lower Jurassic, syn‐rift limestones (Figure S4j in
Supporting Information S1). Post‐orogenic, mainlyWNW–ESE striking normal faults displace these contractional
structures (Figure 8b). Southward, the structural complexity decreases, and the Faggio Line crops out as a discrete
dextral strike‐slip fault plane (e.g., at Pertus Pass; Supporting Information, Text S5, Figure S4 in Supporting In-
formation S1), associated with NE‐SW striking dextral mesoscale faults and maximum paleostress axis (Figure
S4h in Supporting Information S1).

4.1.2.2. Lecco Line

The structural analyses along the NW–SE striking Lecco Line were made at two key localities along the western
shore of Lake Lecco, between the two branches of the fault (Figure 9a). In an abandoned quarry in the northern
portion of the Moregallo unit (U3, Figures 2b and 9b–9d), Norian carbonate platform dolostones, exposed
immediately east of the TZ, display pervasive minor faulting, cataclasis, brecciation and fracturing (Figures 9c
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Figure 9. Lecco Line structural analysis. (a) Geological map showing the location of the outcrops of panels (b–d) and of the close‐up map of panel (e). Legend is the same
of Figure 3b. (b) Stereonets (Schmidt net, lower hemisphere) of the faults cropping out in the abandoned quarry (Locality: Moregge). Fault–slip inversion and
paleostress reconstructions were performed on the highlighted contractional faults; poorly fitting/inconsistent planes are blurred. More details are shown in Figure S5d
in Supporting Information S1. (c) Interaction between strike‐slip, reverse and normal faults. Normal faults displace the others. (d) Positive flower structure forming from
a dextral fault. (d) Geological map of the Monte Barro area, showing the location of the outcrops of panels (f) and (g). (e) Geological map of the Monte Barro area.
Legend is the same of Figure 3b. (f) Reverse fault planes immediately south the Monte Barro Lower Thrust, decorated with slickenfibers (sampled for U–Pb absolute
dating, sample AFV143_3) within Lower Jurassic, non‐tabular beds. Orientation of the reverse fault is plotted in the stereonet (Schmidt net, lower hemisphere).
(g) Subvertical dextral transfer faults (as suggested by slickenlines) displacing the Monte Barro lower thrust. Orientation of the dextral faults is plotted in the stereonet
(Schmidt net, lower hemisphere).
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and 9d). Dextral faults mainly strike NNE‐SSW and are associated with NNW–SSE striking faults (Figure 9b).
The NNE–SSW striking faults are likely R‐type dextral faults of the NNW–SSE oriented TZ, which is parallel to
the second set. NNW‐dipping, top‐to‐S, reverse faults are also associated with strike‐slip faults, forming positive
flower structures (Figures 9b and 9d). Bedding planes typically exhibit dextral shearing (Figure 9c). Our
paleostress reconstruction suggests a NNE–SSW oriented maximum stress axis, consistent with a dextral reac-
tivation of the Lecco Line (Figure 9b, Figure S5d in Supporting Information S1). Normal faults with chaotic
orientations and slip directions (Figure 9b) cut across these reverse and strike‐slip structures (Figure 9c).

Further south, the Lecco Line intersects the structures of the FP in the Monte Barro area, where Norian platform
carbonates structurally overlie overturned, N‐dipping Rhaetian to Cretaceous rocks along two N‐dipping thrust
surfaces (Figures 2, 3a, and 9e; S5a in Supporting Information S1). These thrusts are situated between the two
branches of the Lecco Line. The upper thrust terminates at the western branch, whereas the lower thrust is offset
by dextral NW–SE striking transfer faults, parallel to the Lecco Line (Figure 9e). Between these thrust surfaces,
bedding planes in the Norian and Rhaetian rocks strike E–W ranging from upright to overturned (Figure 9e).
Immediately beneath the lower thrust surface, NNE‐dipping reverse faults occur within Lower Jurassic, syn‐ and
pre‐rifting carbonates (Figure 9f). Reverse faults are steep (up to 70°) and decorated with slickenfibers. Parasitic
folds bounded by reverse faults in the footwall of theMonte Barro Thrust (MBT) system are consistent with SSW‐
directed vergence (Figure S5b in Supporting Information S1). Several N–S and NW–SE striking dextral strike‐
slip faults were recognized throughout the area (Figure 9g), with orientations consistent with that of the Lecco
Line. At the map scale, major dextral faults act as transfer faults of thrusts (Figure 9e). At the outcrop scale, the
MBT and the Lecco Line‐related minor structures (joints, sheared veins, horizontal and subvertical veins, minor
faults) display mutual crosscutting relationships (Figure S5c in Supporting Information S1).

4.1.2.3. Due Mani Thrust

The DMT is a hanging wall splay of the CT, part of thrust sheet 2 (Figures 2 and 4a). The thrust is bounded by two
secondary TZs, the Val Fontana Fault to the west and the Riva Foppa‐Fo TZ to the east (Figure 10a). This N‐
dipping thrust fault is characterized by younger‐on‐older relationships. The hanging wall is composed of Nor-
ian dolostones, and the footwall of Ladinian carbonate‐platform successions (Figure 10a). The fault core com-
prises a meter‐scale zone of foliated polychrome Carnian pelites, bounded by distinct fault planes at the contacts
with Norian and Ladinian rocks (Figure 10b; Figures S6c, S6e, and S6f in Supporting Information S1). Both the
hanging wall and footwall are dissected by N–S and E–W normal faults, crosscut by the main thrust fault zone
(Figures 10a and 10f; Figures S6a and S6b in Supporting Information S1). The main thrust is exposed at several
localities along the road from Ballabio to Morterone (Figure 10b; Figures S6c, S6e, and S6f in Supporting In-
formation S1), and dips to the NW with dip angles generally decreasing eastward. S‐C‐like foliations within
Carnian marls hosting the fault core indicate a SE‐directed sense of shear (Figure 10b; Figures S6c and S6d in
Supporting Information S1; Schönborn, 1992), consistent with a NW–SE oriented shortening. Locally, blocks of
Ladinian limestones are embedded within the foliated Carnian pelites; E–W striking normal faults form the
contacts between these two as R′ antithetic faults of the thrust (Figure 10b). In the hanging wall, N–S fault planes,
oblique to perpendicular to the main thrust surface, are observed, mostly dipping eastward (Figure 10c). These
fault zones exhibit intense cataclasis, S–C‐type fabrics, sigmoidal lithons, and striated fault surfaces, consistent
with a NW–SE shortening (Figure 10c). In some cases, kinematic indicators point to strike‐slip movements. In the
easternmost sector of the area, hanging wall Norian dolostones pass to basinal shales, with the primary boundary
defined by the N–S striking, Riva Foppa‐Fo TZ (Figure 5c; S6a, S6b; S10a, and S10d in Supporting Informa-
tion S1). Here, E–W striking (Figure 10d) tilted normal faults occur, displaying evidence of positive inversion,
including striations, folds and displacement (Figures 10d and 10e). Slickenlines reveal a significant lateral slip
component along these faults. Locally, fault core foliation is crosscut and dragged by N–S striking transtensional
faults, as constrained by S‐C–C′ structures, which point to an extensional overprint, postdating shortening
(Figures S6g and S6h in Supporting Information S1).

4.2. Microstructural Analysis and U–Pb Carbonate Dating

The syn‐tectonic carbonate samples collected for U–Pb dating include slickenfibers on fault planes or bedding
surfaces (flexural slip), veins along S‐C thrust‐related foliation, bed‐parallel and bed‐perpendicular veins, veins
parallel to or precipitated along the main faults, and carbonate‐cemented breccias. Microstructural observations
generally support previous observations of multiple diachronous tectonic events along the thrust faults and,
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Figure 10. (a) Geological map of the Due Mani Thrust (DMT) area, legend is the same of Figure 3b. The location of the
outcrops of panels (b–e) is shown. The position of the panoramic view is indicated by the stylized camera. VFF: Val Fontana
Fault, CT: Coltignone Thrust, DMT: Due Mani Thrust; RFTZ: Riva Foppa‐Fo Transverse Zone. (b) DMT juxtaposing
Norian rocks at the hanginwall and Carnian rocks at the footwall, where the fault core developed. S‐C foliation in the Carnian
rocks indicates SE‐directed vergence, as indicated by arrows. Locally in the fault core, block of Ladinian platform rocks
occur. Contacts between these blocks and the Carnian units are normal faults. (c) N–S striking oblique fault planes showing
S‐C like structures and lithons, indicating WNW‐directed vergence. (d) E–W oriented normal faults. Extensional
displacement of different lithologies is observed. Normal faults exhibit inversion structures, as suggested by associated folds
(e) with axis orientation consistent with the vergence of the DMT. (f) Panoramic view showing normal faults in the footwall
of DMT, composed of Ladinian limestones, displacing the Carnian‐Ladinian boundary. Representes stereonets are Schmidt
net, lower hemisphere projections.
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particularly, the TZs of the study area. Among these, we have: clear cross‐cutting relationships (Figure 11;
Figures S7, S8, S10, S13, S14, S15 in Supporting Information S1); crack‐and‐seal events (Figures S10 and S12 in
Supporting Information S1); slickenfibers with several superimposed sheets (Figures S7, S9, and S14 in Sup-
porting Information S1); texture or cathodoluminescence changes among different sheets, sealing events, veins
(Figure 11; Figures S7, S8, S10, S11, and S14 in Supporting Information S1). Similar microstructural evidence of
multiple reactivations of faults has been observed in other works (e.g., Becker et al., 2011; Bilau et al., 2023; Luo
et al., 2020; Parizot et al., 2022; Smeraglia et al., 2018; Tillberg et al., 2020). A description of each thin section

Figure 11. Microstructural analysis of sample AFV4, collected within the Faggio Line fault zone (see Figures 8e and 8f). (a) Whole‐section image, showing the three sets
of veins that were analyzed. In chronological order: red (a.1), bed‐perpendicular, E–W striking calcite vein related to a normal fault system; blue (a.2), calcite decorating
ENE‐dipping reverse shear planes cutting (a.1); green (a.3), vein precipitated after reopening of (a.2). (b) Cross cutting relationship and textures of the (a.1–a.3) veins.
(c) Cathodoluminescence microscopy images. a.1 and a.2 show very dull cathodoluminescence as the host rock. a.3 is completely not cathodoluminescent. (d) Tera‐
Wasserburg graphs showing the results of the U–Pb absolute dating analyses performed on the (a.1–a.3) veins.
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that yielded interpretable ages (n = 11) is provided in the following paragraphs. In these descriptions, dated
carbonate phases are labeled using a two‐part code in a X.Y format, where X identifies the thin section and Y
identifies the specific analyzed carbonate phase within it. Thin sections collected along present‐day TZs are
denoted by a letter in the first position (letter.number), whereas thin sections collected along thrusts are denoted
by a numeric identifier in the first position (number.number). Sample locations and corresponding ages are
presented in Figure 12. Table 1 summarizes the features of the dated carbonates. Data from U–Pb analyses are
available at EarthChem repository (Fiorini & Kylander‐Clark, 2025) under CC‐BY‐4.0. Tera‐Wasserburg plots

Figure 12. Geological map of the study area showing the sampling localities and the absolute dating obtained after U–Pb
analysis on syn‐tectonic carbonates. Legend is the same of Figure 3b. Syn‐tectonic mineralizations were distinguished for
samples collected within thrust fault zones and transverse zones.
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are shown in Figure 11 and in Figures S7–S16 in Supporting Information S1. Ages are reported with propagated
2σ systematic uncertainty. Some samples display high errors due to low 238U/206Pb values, initial lead un-
certainties, high MSWD, or (partly) overlapping, close‐in‐age carbonate generations. Even though they cannot
always provide precise information on the tectonic evolution of the area, these data are included because they can
still provide constraints on the longevity of TZs and thrusts. Slickenfibers developed along fault planes are
interpreted as associated with fault slip (Roberts & Holdsworth, 2022). Therefore, they provide the most direct
constraints on fault‐slip timing when the microstructural link to slip is clear. In contrast, veins in fault damage
zones and breccia cements may also form due to later fluid circulation and fracture sealing processes within fault
zones (Renard et al., 2000). Consequently, they constrain the timing of the broader deformation context in which
damage zones developed and evolved, rather than discrete slip events (Roberts & Holdsworth, 2022; Virgo
et al., 2014). Samples characterized by multiple generations of carbonate phases yield different ages, system-
atically younger than the host‐rock stratigraphic age, even when 2σ errors are considered. Furthermore, these
multiple ages show that syn‐tectonic carbonates keep their original U–Pb age even after later reactivation, which
supports the use of calcite U–Pb dating to track long‐term fault activity (see also Parizot et al., 2022).

4.2.1. Transverse Zones—Faggio Line

Sample AFV4 (Figure 11), collected along the Faggio Line TZ in the Culmine di San Pietro area (Figures 8e, 8f,
11, and 12, see Section 4.1.1), exemplifies a polyphase structure observed in this sector of the CSA. The earliest
structures consist of bed‐perpendicular, E–W striking veins (a.1), interpreted as deposited in extensional fractures
associated with a normal fault system (Figures 8e, 8f, 11a, and 11b). These are clearly crosscut by ENE‐dipping
reverse shear planes (a.2), striking parallel to the Faggio Line, indicative of a subsequent compressional phase
(Figures 8f, 11a, and 11b). A younger carbonate generation (a.3) precipitated during later local reopening of the
contractional structures. The earliest vein generation (a.1) is composed of blocky to elongated‐blocky calcite,
which is dull red under CL and only slightly distinguishable from the host rock (Figure 11c). The second vein
generation (a.2), associated with reverse shear planes, consists of blocky to fibrous calcite and is similarly dull red
under CL (Figure 11c). The youngest vein generation (a.3) is characterized by blocky calcite that is non‐
luminescent under CL (Figure 11c). a.1 yielded an age of 173.7 ± 2.4 Ma; a.2 yielded an age of
103.2 ± 2.2 Ma; a.3 yielded an age of 13.1 ± 4.5 Ma, constraining the timing of multiple episodes of fracture
(re)opening and sealing within the fault zone.

Sample AFV105 (Figure S7 in Supporting Information S1) was collected forelandward along the line in Rhaetian
Limestones of the FP structure, at Pertus Pass (Figure S4 in Supporting Information S1; Figure 12). It consists of
calcite slickenfibers on a Riedel R dextral fault plane associated with the main Faggio Line. Three layers (b.1 to
b.3) are superimposed along the same surface, crosscutting earlier tooth‐shaped veins (b.4) oriented at a high
angle. The three slickenfiber layers consist of blocky calcite, with crystal sizes ranging from tens of microns to
several millimeters, and the lowest sheet (b.3) appears brecciated. Under CL, b.1, b.2 and b.3 are dull to non‐
luminescent. b.4 consists of fibrous calcite and is completely non‐luminescent. b.1 yielded an age of
7.1± 0.2 Ma, b.2 an age of 7.9± 0.2 Ma, b.3 an age of 7.9± 4.7 Ma. These are indicative of fault‐related slip. b.4
yielded an age of 4.4 ± 4.0 Ma, constraining the timing of sealing of tooth‐shaped fractures.

4.2.2. Transverse Zones—Lecco Line

Sample AFV60 (Figure S8 in Supporting Information S1) was collected at the abandoned Moregallo quarry site
(Figures 9a–9c and 12) within Norian dolostones of thrust sheet 3 (Figure 2a). It consists of sheared veins on a
dextral fault plane within the Lecco Line fault zone, crosscutting bed‐perpendicular veins at 80° (c.1). The thin
section shows that sheared veins are composed of saddle dolomite, which forms cm‐scale crystals. Bed‐
perpendicular veins are composed of dolomite, with uncertain habit due to their small size. Under CL, saddle
dolomite is dull, while bed‐perpendicular veins are non‐luminescent. The saddle dolomite phase did not yield
interpretable ages. Bed‐perpendicular veins (c.1) yielded an age of 13.5 ± 0.7 Ma, constraining the timing of an
early fracture‐opening and sealing event. These veins are crosscut by sheared veins developed along the dextral
fault plane, providing a post‐veining indirect constraint for the timing of fault slip.

Sample AFV144 (Figure S9 in Supporting Information S1) is a dextral slickenfiber decorating a fault plane
related to the Lecco Line interfering with the MBT system, part of the FP structure (Figure 12). The sample comes
from Lower Jurassic, syn‐rift limestones at the footwall of the thrust system. The slickenfiber is composed of
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overlapped sheets of calcite (d.1), which are bounded by pressure‐solution seams. Blocky calcite with homo-
geneous red luminescence characterizes these fibers. They yielded an age of 60.2 ± 10.1 Ma, related to fault slip.

Sample AFV8 (Figure S10 in Supporting Information S1), collected at Rocca dell'Innominato in Lower Creta-
ceous limestones, belongs to the FP structure (Figure 12). Veins are oriented parallel to the main strike‐slip faults
of the Lecco Line fault zone and are surrounded by tension gashes, suggesting that they developed under a shear‐
dominated deformation regime. In thin section, they preserve evidence of crack‐and‐seal events, as shown by the
precipitation of younger calcite increments (e.1) within a large vein. Older calcites (e.2) filling re‐opened sty-
lolites are crosscut by these veins. Both generations of veins are composed of blocky calcite and are dull red under
CL. Phase e.1 yielded an age of 8.7 ± 6.7 Ma, constraining the timing of calcite precipitation during crack‐and‐
seal processes. Phase e.2 yielded an older age (69 ± 34 Ma). The large analytical uncertainty limits its tectonic
significance and provides only clues of earlier deformation.

4.2.3. Thrusts—Internal Belt

AFV192 (Figure S11 in Supporting Information S1) has been sampled in the hanging wall of the Grigna‐S Thrust
(Thrust sheet 1, Figures 2a and 12). It consists of N‐dipping, bed‐parallel veins within upper Anisian‐Ladinian
limestones. In thin section, a major bed‐parallel vein has been observed (1.1), intersecting a thinner one at
∼20–30° (1.2). Blocky calcites characterize both veins. Under CL, the thicker vein is moderately bright, while the
thinner one is non‐luminescent. Vein 1.1 yielded an age of 105.2 ± 9.2 Ma, and vein 1.2 an age of 92 ± 13 Ma,
constraining the timing of calcite precipitation in low‐angle contractional fractures in the hanging wall of Grigna‐
S Thrust.

Sample AFV90 (Figure S12 in Supporting Information S1) has been collected five m above the main surface of
the DMT, within thrust sheet 2 (Figures 2a and 12). It consists of NNE‐SSW, bed‐perpendicular veins within
Norian Dolostones with similar orientation to the oblique faults recorded in the fault zone. They are almost
perpendicular to the thrust plane (Figure S6c in Supporting Information S1). They are interpreted as the product of
opening and subsequent sealing of fractures under conditions of high fluid pressure in the hanging wall of the
thrust. These veins are characterized by several crack‐and‐seal events, which indicate multiple reopening and
precipitation of later carbonate phases. Veins are composed of unimodal, planar‐s dolomite and are dull under CL.
One of the crack‐and‐seal events (2.1) yielded an age of 84.8 ± 8.6 Ma.

Sample AFV119 (Figure S13 in Supporting Information S1) comes from the hanging wall Norian dolostones of
the DMT, within thrust sheet 2 (Figures 2a and 12). It is a fault rock collected from an oblique, NW‐verging fault
(Figure 10c) located 10 m above the main thrust surface and decorated by cataclasite. In thin section, ultra-
cataclasite characterizes the fault core, separated from fractured and brecciated dolostones by sharp surfaces.
Dolomite‐cement (3.1) fills voids created by fracturing and brecciation of the host rock, and is characterized by a
unimodal, s‐planar habitus, and displays CL zonation. 3.1 yielded an age of 213± 11 Ma, constraining the timing
of cement precipitation following fracturing and brecciation interpreted as fault‐related, rather than discrete slip.
The very high MSWD (=25) is due to significant variations in initial lead. Considering recorded variations in
initial lead content (0.4–0.6), it would result in age differences below 1%. However, the high MSWD still in-
dicates significant scatter and associated uncertainty in the age.

4.2.4. Thrusts—Flessura Pedemontana

Sample AFV143_3 (Figure S14 in Supporting Information S1) has been collected 15 m beneath the main fault
plane of the Monte Barro Lower Thrust, within Lower Jurassic syn‐rift units (Figures 9f and 12). The sample
consists of slickenfibers developed on a reverse fault plane. Some high‐angle veins (4.1) are crosscut by the
slickenfiber (4.2) at an angle of ∼70°, whereas other veins (4.3) cut it perpendicularly. The slickenfiber is
characterized by several overlapping sheets; on the right margin of the thin section, a younger generation of
stepped calcite overprints the slickenfiber (4.4). A tooth‐shaped, calcite vein occurs at the right edge of the thin
section. The high‐angle veins (4.1 and 4.3) are composed of blocky calcite and are dull under CL. The slickenfiber
is composed of fibrous calcite and is dull under CL. The stepped calcite exhibits blocky texture and CL zonation.
Vein 4.1 yielded an age of 33.5 ± 7.2 Ma and 4.3 yielded an age of 11.2 ± 3.3 Ma, not unequivocally associated
with faulting. The slickenfiber (4.2) yielded an age of 31.4 ± 6.4 Ma and records fault‐related slip. The younger
stepped calcite (4.4), developed along the fault plane, yielded an age of 9.1 ± 4.2 Ma and reflects a late stage of
syn‐kinematic calcite growth.
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Sample AFV73 (Figure S15 in Supporting Information S1) has been collected along the Neguccio Thrust, a
footwall‐splay of the LT, part of the FP structure (Figure 12). Calcite precipitated along shortening‐related S‐C
foliation in Rhaetian marly horizons, just below the thrust surface. In thin sections, we recognize several gen-
erations of veins along foliation planes, showing crosscutting relationships which define their relative ages. Two
of them yielded interpretable ages. The oldest veins (5.1) are characterized by blocky to fibrous calcite and are
dull under CL. Younger veins crosscut the older ones along contractional foliation, displaying a higher angle
(5.2); they exhibit blocky texture and are dull under CL. Sample 5.1 yielded an age of 114± 20Ma and vein 5.2 an
age of 95.6 ± 4.3 Ma, constraining the timing of calcite precipitation along contractional foliation.

Sample AL9 (Figure S16 in Supporting Information S1) consists of calcite slickenfibers sampled along a
mesoscopic dip‐slip thrust plane (Dip direction/dip: 235°/47°; 028°) crosscutting steep, almost vertical, bedding
striking NW–SE in the Rhaetian marly limestones of the forelimb of the eastern FP (Figure 12). Calcite displays a
blocky to elongated‐blocky habitus, with sub‐micrometric crystals, and is dull red under CL. Several overlapping
sheets are marked by solution cleavage planes. Calcite slickenfibers (6.1) crosscut high‐angle veins filled with
elongated‐blocky calcite, displaying a dull‐red luminescence. Calcite slickenfiber (6.1) yielded an age of
37.1 ± 4.4 Ma and records slip along a low‐angle thrust fault plane crosscutting previously steepened bedding.
The high‐angle veins did not yield interpretable ages.

5. Discussion
The following discussion focuses on the pre‐orogenic origin, compressional reactivation, and tectonic role of the
TZs during shortening in the CSA and the timing of fault‐related deformation. In particular, we discuss how the
reactivation of inherited faults as TZs may be related to the accommodation of differential shortening rates along
strike within the fold‐and‐thrust belt (Boyer & Elliott, 1982) and how this process may be controlled by stress
rotations and/or permutations (Peacock et al., 2017; Tavani et al., 2015).

The age of thrust faulting will also be discussed, refining previous tectonic interpretations of the CSA.

5.1. Pre‐Orogenic Origin of Transverse Zones

Geochronological and mesoscale analyses are consistent with a pre‐orogenic origin for TZs and indicate that
some thrusts originated as rift‐related extensional faults that were later positively inverted. In this section, we
discuss each pre‐orogenic tectonic phase identified in the study area, and evaluate which faults were inherited
from these phases and later evolved into TZs (Figure 14a).

5.1.1. Permian

The earliest evidence of pre‐orogenic faulting affecting the CSA is Permian in age and is documented in the
northern Orobic chain (Locchi et al., 2022; Pohl et al., 2018; Zanchi et al., 2019). E–W striking faults developed
under a transtensional to purely extensional stress regime associated with post‐Variscan tectonics (Locchi
et al., 2022; Pohl et al., 2018). No direct evidence of Permian tectonics is preserved in the study area, where
Mesozoic rocks are predominantly exposed. However, the E–W strike of Permian faults contrasts with the N–S
orientations of the Southalpine TZs. In principle, E–W striking faults could have been reactivated as thrust faults
during N–S Alpine shortening in the inner portions of the belt (e.g., Valtorta and the Valsassina Line; Locchi
et al., 2022; Schönborn, 1992), but were unfavorably oriented for reactivation as strike‐slip or transpressional
faults, such as the TZs (Thomas, 1990).

5.1.2. Ladinian

Although no regional evidence for a Ladinian tectonic phase is reported in the literature for the CSA, a coeval
phase has been widely documented in the ESA (Dolomites; Doglioni & Carminati, 2008). Similar to the CSA, in
this period the Dolomites were characterized by progradation of carbonate platforms onto adjacent pelagic basins.
However, Middle Triassic faults, widespread in the Dolomites area, remain elusive within the Lombardy Basin
(Berra et al., 2011). In this area, Middle Triassic tectonics has been suggested to explain variable subsidence and
lateral facies changes between Late Anisian and Ladinian times (Brack & Rieber, 1993; Gianotti, 1984). In the
study area only local N–S Ladinian syn‐sedimentary faults were recognized (in the Lierna area; Figures 6a–6c, 13,
and 14), insufficient to support widespread coeval tectonics. Possibly, these minor structural discontinuities,
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combined with the rheological contrast between shallow‐water and pelagic carbonates, may have served as zones
of mechanical weakness along which deformation was localized during subsequent pre‐ and syn‐orogenic tec-
tonic phases (Figure 14a). This is suggested by the parallelism between TZs/thrust faults and Middle Triassic
facies changes (Figure 5a).

5.1.3. Late Norian

The occurrence of N–S and E–W late Norian normal faults, generating intraplatform rift‐related basins, has
already been suggested on stratigraphic grounds (Berra & Jadoul, 1996; Jadoul et al., 1992). These structures
represent the oldest faults reactivated as TZs during the orogeny. The late Norian N–S striking faults correspond
to first‐order (e.g., Faggio Line) and second‐order TZs (e.g., Val Fontana Fault, Riva Foppa‐Fo TZ, Monte
Linzone Fault, RT; further details and previous interpretations are provided in Text S3 and S4 in Supporting
Information S1; Figures 5b and 14b). N–S striking faults are the major Late Norian tectonic structures and
accommodated a general eastward deepening of the paleobathymetry and increase in tectonic subsidence.
Notably, the Faggio Line marks the most abrupt change in thickness of the upper Norian basinal rocks, separating
the Valle Imagna Basin from the Resegone Platform (Figure 5b). Late Norian E–W‐striking faults (e.g., DueMani
Fault, Balisio Fault, Imagna Fault; Figure 5b) are generally located between major N–S‐striking faults and likely
acted as relay‐ramps or releasing faults (Destro, 1995). A pre‐orogenic origin of the DMT is also supported by the
following features shown in Section 4.1.1: (a) younger‐on‐older relationships; (b) occurrence of Late Norian
basinal deposits in the hanging wall; (c) beheading of a rift‐related normal fault system and its passive transport
during later shortening; (d) the presence of meso‐scale E–W striking rotated normal faults, partly reactivated
(Figure 10; S6 in Supporting Information S1). In this framework, our U–Pb data provide additional temporal
constraints. In particular, an age of 213 ± 11 Ma (sample AFV119, 3.1; Figures 12 and 13), obtained from
dolomite‐cemented breccia within the DMT fault zone, records brecciation and cement precipitation within the
fault damage zone. Although affected by significant scatter, this age provides supportive evidence for Late Norian
tectonic activity and is compatible with a pre‐orogenic origin of this structure.

5.1.4. Early‐Middle Jurassic

It is widely accepted that an Early‐Middle Jurassic rifting phase strongly influenced the tectono‐stratigraphic
architecture of the study area (Berra & Carminati, 2010; Rocca et al., 2024; Santantonio & Carminati, 2011),
promoting the development of major N–S striking normal faults and partly reactivating pre‐existing Late Norian
structures (Figures 5c and 14b). Toarcian?–Aalenian? ages (173.7 ± 2.4 Ma, sample AFV4, a.1; Figures 12 and
13) of subvertical veins record fracture opening and sealing within the fault zone of the Faggio Line (Figure 8f).
This age agrees with Early Jurassic activity of the line, previously proposed on stratigraphic grounds (Jadoul &
Doniselli, 1986). Similar U–Pb ages from syn‐tectonic carbonates of the Amora Fault System (Figure 1b), located
ca. 20 km further east, were recently reported by Rocca et al. (2024, 2026). In the southern part of the fault, no
evidence of Early Jurassic tectonic activity is found. For instance, no abrupt thickness changes are observed
across the fault between the Lecco Basin and the Albenza Plateau (Figure 5c).

The Lecco Line bounds the Canzo High, that is, the eastern termination of the Monte Generoso half‐graben. In the
Early Jurassic, this fault system consisted of an east‐dipping master fault to the west and a west‐dipping antithetic
fault to the east, bounding the intervening Moregallo Corridor (Figure 5c). The syn‐rift succession exposed in the
hanging wall of the Lecco Line (Lecco Basin) reaches its maximum thickness to the east of the fault (Figures 5c
and 6e) and progressively thins toward the Albenza Plateau. This geometry suggests the existence of an Early
Jurassic N–S oriented half‐graben in the hanging wall of the Lecco Line (Bertotti et al., 1993).

Although subordinate to the major N–S‐striking structures, some present‐day E–W‐striking faults played a
significant role in shaping the Early Jurassic paleogeography of the study area, as evidenced by the thickness
changes of syn‐rift sediments across these structures. The most prominent E–W‐striking Early Jurassic structures
are the Canzo Fault, the Imagna Fault, and the fault separating the Albenza High from the Gerola Basin
(Figure 5c).

In summary, structural and stratigraphic observations, supported by geochronological constraints derived from
exposed TZs and thrust‐fault zones, suggest a significant pre‐orogenic component for the origin of these
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structures (Figure 14b). Alpine tectonics subsequently overprinted and dismembered the pre‐orogenic tectono‐
stratigraphic architecture, complicating any regional reconstruction of the Mesozoic faults (Figures 14a and 14b).
In the study area, E–W extension accommodated by major N–S striking faults led to the formation of N–S
elongated basins. However, E–W striking faults, although subordinate, played a significant role in shaping the
syn‐rift structural architecture of the CSA.

Figure 13. Chronological scheme showing U–Pb absolute ages obtained from the northernmost, internal part of the chain and
from the Flessura Pedemontana, toward the frontal zone of the belt. Yellow dots represent mineralizations sampled along
Transverse zones, while orange dots those sampled along thrust faults. Data are arranged fromwest to east within each sector.
The onset of Alpine Tethys subduction is from Handy et al. (2010). TS1/TS2: Thrust sheet 1/2. FP: Flessura Pedemontana.
Chronostratigraphic chart is from ICS, version 2024/2012.

Tectonics 10.1029/2025TC009200

FIORINI ET AL. 24 of 35

 19449194, 2026, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025T

C
009200 by U

niversity D
i R

om
a L

a Sapienza, W
iley O

nline L
ibrary on [25/08/2026]. 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



5.2. Syn‐Orogenic Reactivation of TZs

In this section, we discuss the timing of reactivation (based on U–Pb ages of syn‐tectonic carbonates), the ge-
ometries and relative kinematics observed in TZs and the positive inversion of inherited E–W striking normal
faults.

5.2.1. Faggio Line

Along the northern Faggio Line, dextral transpressional shear planes cutting Lower Jurassic subvertical veins are
filled by two generations of blocky to fibrous calcite, yielding ages of 103.2 ± 2.2 Ma (a.2) and 13.1 ± 4.5 Ma

Figure 14. Schemes summarizing the tectonic evolution of the study area. (a) Present‐day major faults of the study area. Different colors indicate the age of the
reactivated pre‐orogenic structures. (b) Tectonic evolution of the study area, starting from pre‐orogenic throughout the syn‐orogenic stages. The panels show the faults
activated during the different stages and the radiometric ages that constrain such activations. Legend of the colors of the faults reported in Early to Middle Triassic,
Norian, and Jurassic panels are shown in panel (a).
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(a.3) (Sample AFV4; Figures 11–13). These mineralizations record crack‐and‐seal processes associated with
shear deformation (Roberts & Holdsworth, 2022). Dating of calcite slickenfibers from the southern portion of the
Faggio Line (Pertus Pass) indicates Tortonian dextral strike‐slip fault motion in this sector (b.1: 7.1 ± 0.2, b.2:
7.9 ± 0.2, b.3: 7.9 ± 4.7; sample AFV105; Figures 12 and 13). These Cretaceous and Miocene U–Pb ages of syn‐
tectonic mineralizations suggest recurrent deformation and mineral precipitation associated with reactivation of
the Mesozoic Faggio Line (Figures 13 and 14a).

Kinematic indicators (i.e., the coexistence of dextral and sinistral meso‐scale fault slip indicators within the fault
zone, Figure 8b, Figure S4j in Supporting Information S1), contrasting paleostress reconstructions (Figure 8b,
Figures S4e–S4h in Supporting Information S1) and regional‐scale observations (e.g., the indentation‐like ge-
ometry of the Resegone–Camozzera units, Figure 2b), suggest a complex strike‐slip to transpressional kinematics,
characterized by changes in slip sense through time for the Faggio Line. Unfortunately, owing to scattered and
discontinuous outcrops, to the lack of unequivocal cross‐cutting relationships, and to the absence of sufficient
U–Pb ages, the timing of such changes cannot be tightly reconstructed. Time constraints are available only for
dextral (Miocene, b.1: 7.1 ± 0.2, b.2: 7.9± 0.2, b.3: 7.9± 4.7 Ma for sample AFV105) and not for sinistral shear.

In addition to our geochronological constraints, late Cenozoic dextral slip along the Faggio Line is supported by
structural evidence. Mesoscale kinematic indicators consistently suggest dextral slip in the southernmost sector,
and paleostress reconstructions from this area suggest a NE–SW oriented maximum principal stress axis (Figure
S4h in Supporting Information S1). Dextral kinematics was also observed along the main fault planes in the
internal portions of the line (Figures 8c and 8d; Figure S4i in Supporting Information S1). The Miocene dextral
slip along the Faggio Line is consistent with the development of the frontal thrust system (FP), independently
constrained by U–Pb ages (4.3: 11.2 ± 3.3; 4.4: 9.1 ± 4.2 Ma; sample AFV143_3; Figures 12–14). The dextral
bending of the Albenza Anticline (Figures 2, 3a, 13, and 14b) is consistent with this kinematic framework.
NW–SE trending en échelon folds occurring east of the Resegone unit along the Faggio Line in the Upper Triassic
to Jurassic units as well as the synform structure bending the Maesimo klippe also suggest dextral shearing along
the fault zone (Gaetani et al., 2012; Figure S4k in Supporting Information S1).

5.2.2. Lecco Line

Along the Lecco Line, dextral strike‐slip deformation was directly constrained to the Late Cretaceous?/Paleo-
cene? by an age obtained from a slickenfiber (60.2± 10.1Ma; sample AFV144, d.1; Figures 12 and 13). Miocene/
Pliocene? fracture sealing and damage‐zone mineralization are recorded by veins (13.5± 0.7Ma, sample AFV60,
c.1; 8.7 ± 6.7 Ma, sample AFV8, e.1; Figures 12 and 13); their relationship to slip is indirect. Sample AFV8 also
preserves an older vein yielding an age of 69 ± 34 Ma (e.2, Figures 12 and 13), which is crosscut by the younger
one (Figure S10 in Supporting Information S1). This is indicative of an earlier phase of deformation, poorly
constrained due to the large analytical uncertainty. During the Alpine orogeny, the reactivation of the Lecco Line
involved both branches of the Lower Jurassic normal fault system (Figures 5c and 14). Contractional structures
developed between these two branches, including folds (at Mt. Moregallo; Agliardi & Crosta, 2014), thrusts (at
Mt. Barro and Abbadia Lariana; Schönborn, 1992) and positive flower structures (this study, Figure 9d). This
structural assemblage is consistent with the development of a restraining stepover, which does not correspond to a
present‐day topographic high because the fault‐damaged and therefore more erodible area was preferentially
eroded by glaciers that formed the Como Lake depression, possibly flowing along pre‐existing Messinian valleys
(Bini et al., 1978). Overall, the Lecco Line shows consistent dextral kinematic indicators along its entire length
(Figure 9), compatible with reactivation of the pre‐orogenic NW–SE oriented fault zone under a NNE–SSW
maximum principal paleostress axis (Figures 9b and 14, Figure S5d in Supporting Information S1). No evi-
dence of a kinematic switch has been documented along the line.

5.2.3. Positive Inversion of Inherited E–W Striking Normal Faults

Along with N–S faults, we suggest that also inherited Mesozoic E–W striking normal faults were reactivated
during shortening (Figure 14a). NNE‐SSW, bed‐perpendicular veins in the hanging wall of the N‐dipping DMT
yielded ages of 84.8 ± 8.6 Ma (sample AFV90, 2.1; Figure 12), consistent with fracturing and sealing within the
fault damage zone during Late Cretaceous compressional stages (Figure 14b). This indirectly supports the
positive inversion of the Upper Norian Due Mani Fault under NW–SE oriented shortening (Figures 12–14). The
occurrence of thrusting‐related S‐C foliation within the fault zone, indicating a SE‐directed transport,
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corroborates the syn‐orogenic reactivation of this fault, along with the occurrence of tilted normal faults showing
reverse slickenfibers and associated folds (Figures 10b, 10d, and 10e). Other E–W pre‐orogenic (Late Norian and
Early Jurassic) faults were likely reactivated during the orogenic stages (e.g., Monte Bollettone Thrust, Figures 5c
and 14a). Such positive inversion of well‐oriented pre‐orogenic normal faults has been generally overlooked in
the CSA, where previous paleogeographic reconstructions have primarily focused on major N–S‐striking pre‐
orogenic structures.

In summary, structural analyses and U–Pb ages of syn‐tectonic mineralizations (slip‐ or sealing‐related) are
consistent with the repeated reactivation of the N–S Mesozoic pre‐orogenic extensional faults during Alpine
shortening with a major strike‐slip component. Reactivation is interpreted to have occurred under an over-
all ∼N–S maximum principal paleostress axis, which possibly shifted over time (and possibly in space) between
NW–SE and NE–SW orientations. Consequently, NW–SE–striking inherited faults (e.g., Lecco Line) were
reactivated as dextral strike‐slip faults, whereas the N–S faults (e.g., Faggio Line) were possibly reactivated with
variable senses of slip through time. Structural inheritance, including fault undulations and en‐échelon geome-
tries, guided the development of restraining bands within the main TZs (Lecco and Faggio Lines). We suggest that
some N‐dipping rift‐related normal faults were positively inverted in agreement with a paleostress field with a
roughly N–S maximum principal axis.

5.3. Role of Transverse Zones During Shortening

Building on previous discussions, we propose that TZs are not merely inherited boundaries but can represent
ancestral anisotropies that: (a) partition strain along strike between adjacent domains; (b) segment and link thrust
systems; (c) localize shortening and vertical‐axis rotations, thereby influencing the 3D architecture of the belt; (d)
accommodate deformation at different stages of wedge development.

1. Along‐strike strain partitioning in the CSA reflects the interactions between Alpine shortening and the
inherited, rift‐related tectono‐stratigraphic architecture (e.g., Zanchi et al., 2012). During the orogeny,
deformation was accommodated predominantly by thrusting and folding within individual structural blocks,
whereas oblique‐slip and transpressional strain was preferentially localized along the TZs. Furthermore, lateral
variations in stratigraphy and pre‐orogenic faults controlled lithological competence and depth of décolle-
ments, which, in turn, influenced the development of thrust‐ramp geometries versus décollement folding,
thereby enhancing along‐strike contrasts in structural style (e.g., Mazzoli et al., 2022; Figures 2–4; Text S1 in
Supporting Information S1). In fact, fold‐dominated shortening characterizes the Monte Generoso sector,
where Lower Jurassic syn‐rift strata attain their maximum thickness and overlie an Upper Norian basinal unit
that likely acted as an effective décollement. In contrast, thrust‐dominated shortening characterizes the
Grigne–Valsassina sector, where mainly competent and thick Ladinian and Upper Norian carbonates were
incorporated into the thrust system. By contrast, the Aralalta–Albenza sector is a structural plateau overlain by
small klippen, consistently with the involvement of thick Upper Norian shales, which acted as an effective
décollement. The positive inversion of pre‐orogenic N‐dipping normal faults, laterally confined between TZs
(e.g., DMT), further supports the idea that inherited, TZ‐bounded architecture compartmentalized deformation
and shaped the syn‐orogenic structural assemblage (Figures 4a, 7c, 14a; Schönborn, 1992).

2. Furthermore, the kinematics and geometry of primary and secondary TZs promote hard linkage and seg-
mentation of thrust traces (Rocca et al., 2026; Zanchi et al., 2012). This is illustrated by the southward seg-
mentation and progressive exposure of the thrusts bounding thrust sheets 2 and 3, which are dissected by a
system of dextral TZs (Figures 2a and 7b). Major thrust surfaces may also link and merge across TZs
(e.g., Qayyum et al., 2015). For example, the Lecco (purple in Figure 2a) and Coltignone (black in Figure 2a)
thrusts are clearly distinguishable west of the Riva–Foppa TZ, whereas east of this TZ they merge into a single
major thrust surface (colored black and purple in Figure 2a) that separates thrust sheet 2 from the FP.

3. TZs also accommodated vertical‐axis rotations and lateral ramping. For example, the along‐strike continuous
FP structure displays apparent rotation of up to ∼60°, and an increase in strain and kinematic complexity
approaching the TZs (Section 4.1.2; Schönborn, 1992). In detail, the regional‐scale bending of the FP east of
the Faggio Line (Figures 2 and 3a), suggests lateral ramping and near‐vertical axis folding along this TZ,
consistent with non‐negligible shortening accommodation. As highlighted by analogue models (e.g., Calassou
et al., 1993), shortening within thicker sedimentary sequences is accommodated by fewer thrusts and results in
a faster advance of the orogenic front. This observation is compatible with the (Late?) Cenozoic dextral ki-
nematics of the Faggio Line, considering the larger frontal advancement of the eastern sector, where thicker
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syn‐rift deposits occur and fewer thrust faults are exposed. Between the Faggio and Lecco Lines TZs, the
overturning of the forelimb of the FP increases (Figures 6e and 9a), and the forelimb is dissected by the LT
system (Figures 2b, 3a, 4a, 6e). West of the Lecco Line (Figure 9a), the FP is again characterized by an
anticline with a vertical to overturned forelimb.

4. The timing of activity of thrusts and TZs also provides further significant information. The Faggio Line re-
cords broad temporal overlap with along‐strike thrust faults (e.g., a.2 with 1.1 and 1.2; a.3 and b.1–b.4 with 4.3
and 4.4; Figure 13). This is also consistent with mutual cross‐cutting relationships between strike‐slip and
reverse faults observed along the Lecco Line at Monte Barro (Section 4.1.2). However, significant exceptions
occur: Miocene fault‐related deformation along the Lecco and Faggio Lines TZs is recorded in internal sectors
where shortening is mainly Cretaceous (Zanchetta et al., 2015), whereas Late Cretaceous–Paleogene slip along
the Lecco Line occurs in the external sector, where deformation is largely post‐Eocene (Schönborn, 1992;
Fantoni et al., 2004; Figure 13). This spatial–temporal decoupling suggests that TZ activity does not neces-
sarily track a simple piggyback sequence of thrust propagation. Analogue models suggest that inherited
discontinuities orthogonal or oblique to thrust fronts may localize deformation early in the foreland, consistent
with the early activity of the Lecco Line. Moreover, within a thickened wedge, strain may be initially
distributed and only later localized into discrete TZs depending on wedge strength and boundary conditions
(Toscani et al., 2009), explaining the late activation of TZs in the internal zones.

From a qualitative perspective, the CSA exhibit a structural architecture influenced by the TZs, which play a role
in controlling structural style, strain partitioning and localization. However, a unique role for these faults is
unlikely: processes such as displacement transfer (Dahlstrom, 1970) or strike‐slip faulting related to stress per-
mutations during thrust stacking (Peacock et al., 2017) may localize along these structures, without necessarily
exerting a dominant control on the overall architecture of the CSA. Quantifying the relative contribution of these
processes requires further investigation, including structural restorations, sector‐by‐sector shortening compari-
sons, and independent tests for vertical‐axis rotation.

5.4. Tectonic Evolution of the Southern Alps

We now discuss, in the framework of the evolution of the Southern Alps retrobelt and the Alpine‐Mediterranean
area, the significance of tectonic phases constrained by our U–Pb ages (Figure 14b).

Concerning rift‐related tectonics, evidence for Late Triassic and Early Jurassic ca. N–S extensional faults is
widespread in the Adria plate (e.g., Southern Alps, Bertotti et al., 1993; Adriatic sea and Apennines, Santantonio
& Carminati, 2011) and is related to divergence between the Adria and European plates. These faults led to the
development of coeval asymmetric fault‐bounded rift basins and laterally heterogeneous passive‐margin se-
quences (Dal Piaz et al., 2003), followed by the opening of the Alpine Tethys ocean (Handy et al., 2010).

The rift‐related N–S faults were then reactivated as TZs during the following contractional deformation, related to
the convergence between the Adria and Europe that initiated in Early Cretaceous time (Handy et al., 2010). The
Early Cretaceous ages (Figures 12 and 13) obtained from syn‐tectonic carbonates of the Faggio Line (a.2:
103.2 ± 2.2 Ma) and the GTS (1.1: 105.2 ± 9.2 Ma; thrust sheet 1) are consistent with regional evidence for
Aptian‐Albian shortening provided by the onset of foredeep sedimentation in both the CSA and the ESA (Ber-
noulli & Winkler, 1990; Bersezio et al., 1993; Castellarin et al., 2006; Doglioni & Bosellini, 1987; Rožič, 2005;
Figure 14b), likely following the onset of Alpine Tethys subduction (Handy et al., 2010). Early Cretaceous
shortening also occurred in the eastern Austroalpine domain of the Alps, north of the Periadriatic Lineament
(Ratschbacher, 1986).

Late Cretaceous‐Paleogene ages (Figures 12 and 13) from syn‐tectonic carbonates of the GTS (1.2: 92 ± 13 Ma;
thrust sheet 1), the Due Mani‐Coltignone Thrust (2.1: 84.8 ± 8.6 Ma; thrust sheet 2) and the Lecco Line (d.1:
60.2 ± 10.1 Ma) are consistent with structural (D’Adda et al., 2011), geochronological (Zanchetta et al., 2011)
and sedimentological (Bersezio et al., 1993) constraints previously reported for the CSA (Zanchetta et al., 2015)
and with geochronological ages from the ESA (Curzi et al., 2024). Cretaceous deformation in the CSA has been
interpreted (e.g., Zanchetta et al., 2012, 2015) as the expression of a shortening and stacking phase (Eo‐Alpine,
Cretaceous‐Early Eocene; Figure 14b) of the Alpine belt during pre‐collisional stages (Handy et al., 2010),
whereas that in the ESA reflect foreland propagating deformation associated with far‐field shortening (Curzi
et al., 2024). The Cretaceous U–Pb ages 114 ± 20 and 95.6 ± 4.3 Ma (sample AFV73, 5.1, 5.2; Figures 12 and
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13), obtained from veins bounding contractional foliation in the FP (whose main structuration is Cenozoic, as
detailed below), may suggest that far‐field shortening also occurred in the CSA (Figure 14b).

Two Cenozoic U–Pb ages (sample 6.1: 37.1 ± 4.4 Ma; sample 4.2: 31.4 ± 6.4 Ma; Figure 13) from reverse
slickenfibers cutting upright beds of the FP are consistent with an Eocene?‐Oligocene? build‐up stage in this part
of the CSA (Figure 14b), related to the broadly coeval collision between Adria and Europe (Handy et al., 2010).
This is consistent with the evidence for uplift and erosion of the Mesozoic succession of the CSA as recorded by
Upper Eocene‐Oligocene syntectonic sediments of the Gallare‐Aveto Group (Bernoulli et al., 1987; Di Capua
et al., 2016; Di Giulio et al., 2001; Zanchetta et al., 2015). In the ESA, Oligocene‐Early Miocene shortening has
been previously recorded from U–Pb ages of slickenfibers along the Belluno and Valsugana Thrusts (Curzi
et al., 2024), and from related syn‐contractional deposits (Castellarin et al., 1992). This thrusting stage encom-
passes the onset of the Adria–Europe collision following the closure of the Alpine Tethys (Handy et al., 2010).

A Late Miocene contractional stage is recorded by U–Pb ages from syn‐tectonic carbonates in the FP (4.3:
11.2 ± 3.3 Ma; 4.4: 9.1 ± 4.2 Ma; Figure 13), and along the Lecco (e.1: 8.7 ± 6.7; c.1: 13.5 ± 0.7; Figure 13) and
Faggio Lines (a.3: 13.1 ± 4.5 Ma; b.1: 7.1 ± 0.2 Ma; b.2: 7.9 ± 0.2 Ma; b.3: 7.9 ± 4.7 Ma; Figure 13). These ages
overlap, within uncertainty, with the timing of deformation farther south in the Milano Belt. There, thrusts faults
deform Lower and Middle Miocene sediments (Cassano et al., 1986; Pieri & Groppi, 1981) buried under the Po
Plain; this temporal overlap may reflect either out‐of‐sequence reactivation or more distributed/synchronous
shortening (Curzi et al., 2025; Figure 14b), but the present data do not allow distinguishing between these al-
ternatives. However, Miocene out‐of‐sequence thrusting in the FP was previously proposed based on surface and
subsurface geological data (Fantoni et al., 2004; Schönborn, 1992). Late Miocene thrusting is also well known in
the western CSA, as testified by the backthrusting of the Gonfolite wedge (Bernoulli et al., 1989).

Collectively, our data suggest a two‐phase tectonic evolution of the FP: an in‐sequence phase in the Eocene?‐
Oligocene? and a final out‐of‐sequence/synchronous phase in the Late Miocene, whereas previous works
interpreted it as a single‐stage out‐of‐sequence structure (Schönborn, 1992). The implications of this revised
timing for the geometry of thrusts and folds in the area are discussed in Figure 4a and in Text S6 in Supporting
Information S1. In the ESA, Late Miocene tectonics is recorded by syn‐thrusting deposits up to 1,500 m thick
(Castellarin et al., 1992 and references therein), ∼10 Ma exhumation ages for the basement units in the hanging
wall of the Valsugana Thrust (Zattin et al., 2006) and U–Pb ages of calcite slickenfibers from the same structure
(Curzi et al., 2024). Late Miocene thrusting in the CSA was synchronous with deformation in the Western
Subalpine (∼15–8 Ma, Bilau et al., 2023) and Jura Mountains (∼14–4 Ma, Looser et al., 2021; Smeraglia
et al., 2021), as well as with strike‐slip and extensional activity along the Penninic front (Bilau et al., 2025) and
within basement units of the Western and Central Alps (Ceccato et al., 2024; Rolland et al., 2009). These de-
formations indicate a belt‐scale Miocene event from ∼15–14 to ∼5 Ma (Rolland et al., 2022), linked to NW‐
directed push of Africa (Le Breton et al., 2017), and Adria indentation in the Eastern and Western Alps
(Schwartz et al., 2024; Verwater et al., 2021).

Finally, we speculate that the Late Miocene reactivation of the FP structure and the Gonfolite backthrust could
indicate a wedge‐scale internal readjustment of the CSA, promoted by enhanced unroofing of the internal part of
the belt and by coeval foreland loading and sedimentation in the Po Plain. The Apennines subduction and the
interplay between the Alps and Apennines belts could have played a role as well. According to several re-
constructions (e.g., Carminati et al., 2010; Faccenna et al., 1997), the Apennines subduction system started to
retreat radially from late Eocene‐early Oligocene time and the northern part of the Apennines belt front migrated
progressively to the NE, toward the Southern Alps. In the central part of the Po plain area, the two belts interacted
(Figure 1a) and the Apenninic peripheral arches reached and deformed the southern part of the CSA, possibly
inducing out‐of‐sequence thrusting at the mountain front.

5.5. Transverse Zones Persistence: Comparison With Other Fold‐and‐Thrust Belts Worldwide

Thomas (1990) was among the first to review and classify TZs within fold‐and‐thrust belts, identifying several
genetic scenarios, including: (a) sub‐thrust faults within the basement, (b) basement‐rooted faults propagating
into the sedimentary cover, (c) drape folds overlying basement structures, and (d) linear zones of stratigraphic
thickness variation. The TZs observed in the CSA correspond to the second case and partially to the fourth.
Structural inheritance is recognized as a key control on the development of TZs, as documented in numerous
orogenic systems worldwide, including the Alps (Castellarin et al., 2006; Parizot et al., 2022; Schönborn, 1992;

Tectonics 10.1029/2025TC009200

FIORINI ET AL. 29 of 35

 19449194, 2026, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025T

C
009200 by U

niversity D
i R

om
a L

a Sapienza, W
iley O

nline L
ibrary on [25/08/2026]. 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



Schwartz et al., 2024; Zanchi et al., 2012), the Apennines (Satolli et al., 2014), the Pyrenees (Tavani et al., 2013),
the Appalachians (Thomas, 1990), the Tasmanides (Glen & Walshe, 1999), the Moine Thrust Belt (Krabbendam
& Leslie, 2010), the Wasatch Mountains (Paulsen & Marshak, 1998), the Rocky Mountains (Bégin &
Spratt, 2002), the Tian Shan (Rolland et al., 2013), the Zagros (Alavi, 2007) and the Himalaya (Godin
et al., 2019). As observed in other belts, our data provide new clues for the syn‐orogenic role of TZs and their
influence on thrust propagation during continental collision (e.g., Paulsen & Marshak, 1998; Prosser, 1998;
Thomas & Bayona, 2002; Zanchi et al., 2012). The combination of our structural and geochronological data
provides, to our best knowledge, the first evidence supported by radiometric dating of multiple tectonic reac-
tivations of these structures during both pre‐orogenic and syn‐orogenic stages (Figures 13 and 14). The episodic
reactivation of TZs during orogenic processes suggests that they represent inherited fault systems reactivated at
different stages within various tectonic settings, including fold‐and‐thrust belts. This feature indicates that TZs
can act both as inherited, passive structural anisotropies and as persistently reactivated, mechanically weak
discontinuities. Owing in part to their typically steep to sub‐vertical geometry, they are easily reactivated under
changing stress fields, thereby influencing strain partitioning, timing, and structural style over tens of millions of
years. Indirect evidence of multiple reactivations of TZs has been documented in both the Alps and other orogenic
belts worldwide. In the CSA, Zanchi et al. (2012) reconstructed the tectonic evolution of the Grem–Vedra fault
system, spanning from the Late Cretaceous to the Middle Eocene. Castellarin et al. (2006) documented by
stratigraphic evidence that the Giudicarie Line was active from the Aptian to the Late Miocene. These cases
suggest that TZs may remain mechanically active for nearly the entire duration of an orogenic cycle, undergoing
multiple reactivations during different stages of crustal shortening and thrust propagation. Worldwide, repeated
reactivations of TZs have also been recognized. Glen and Walshe (1999), for example, documented a prolonged
shear history for the Lachlan TZ in southeastern Australia. In Late Ordovician, this fault was a major crustal tear
oblique to the convergent margin between the Australian and proto‐Pacific plates. Then it was resheared during
contractional tectonics in Middle Devonian‐Carboniferous times. Thomas (2006) showed that, across multiple
Wilson cycles, the same cross‐strike structures were repeatedly reactivated, either as syn‐orogenic TZs during
continental collisions or as transform faults during phases of oceanic opening. These examples highlight not only
the structural longevity of TZs as inherited features, but also their functional persistence during compressional
(and not only) stages, sometimes spanning time periods of more than 100 million years within the same orogen. In
many cases, such structures continue to influence modern deformation patterns and even active faulting,
underscoring their geodynamic significance and relevance for seismic hazard assessment (e.g., Carulli &
Slejko, 2009; Zampieri et al., 2021). Furthermore, due to their structural complexity and recurrent reactivations,
TZs often act as key pathways for the migration of magmatic and hydrothermal fluids. They are important targets
for mineral exploration (Bégin & Spratt, 2002; Glen &Walshe, 1999; Summino et al., 2024) and play key roles in
controlling subsurface fluid flow relevant to groundwater (Smeraglia et al., 2022) and hydrocarbon reservoirs
(Thomas, 2006).

6. Conclusions
Based on stratigraphic, structural and geochronological analyses, this study provides new insights into the origin,
syn‐orogenic reactivation and tectonic role of TZs of the CSA. The main findings can be summarized as follows:

1. TZs in the CSA developed along inherited stratigraphic–structural discontinuities formed mainly during Late
Norian and Early–Middle Jurassic pre‐orogenic rifting stages.

2. TZs were reactivated multiple times during the Alpine orogeny, from the Early Cretaceous to the Miocene,
consistent with repeated deformation events documented across the belt. Strike‐slip and transpressional ki-
nematics observed along these N–S faults are consistent with reactivation under a ca. N–S oriented maximum
principal paleostress axis, and with the positive inversion of N‐dipping pre‐orogenic faults.

3. Within the CSA, TZs influence the belt's 3D architecture by contributing to along‐strike strain partitioning,
thrust segmentation/merging and shortening accommodation, possibly including vertical‐axis rotations and
lateral ramping.

4. Our U–Pb data suggest a build‐up of the exposed part of the CSA through several phases, including:
Cretaceous‐Early Eocene (emplacement of thrust sheets 1–2); Eocene‐Oligocene (in‐sequence build‐up of the
FP); Late Miocene (synchronous/out‐of‐sequence reactivation of the FP).
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