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A B S T R A C T

Studying structural inversion phenomena is essential for reconstructing fold-and-thrust belt evolution and un-
derstanding how pre-existing structures influence their final architecture. In this study, we investigate the tec-
tonic evolution of the Amora Fault System in the central Southern Alps, a Jurassic rift-related structure 
repeatedly reactivated during Alpine orogenesis. We reconstruct the multiphase history of faulting through 
detailed structural mapping, paleostress analyses, and microstructural analysis of fracture-filled carbonates, 
integrated with analogue model comparisons. The Amora Fault System initiated as a long-lived N–S-striking 
normal fault system during the Early–Middle Jurassic rifting, followed by renewed post-rift reactivation in the 
Late Jurassic-Early Cretaceous. Subsequent Alpine compression (Late Cretaceous–Eocene) led to the develop-
ment of the S-verging Albino Thrust, strike-slip reactivation of Jurassic normal faults, and mid-Eocene mag-
matism accompanied by emplacement of E–W-trending andesitic dikes and associated faulting. Paleostress 
reconstructions reveal progressive changes in stress orientation, with a vertical σ1 and an E-W trending σ3 during 
the Jurassic, a N-S σ3 during the mid-Eocene magmatism, and a horizontal N–S-directed σ1 during Alpine 
compression. The evolution of the Amora Fault System highlights the interplay between structural inheritance, 
thermal weakening, and stress field reorientation in controlling fault reactivation, thrust segmentation, and 
deformation partitioning. More broadly, this study illustrates how inherited rift structures govern the architec-
ture of orogenic belts, generating complex along-strike thrust geometries and multiphase deformation patterns. 
These results contribute to a better understanding of fault system evolution across rift–orogen cycles, with im-
plications for tectonic reconstruction and seismic hazard assessment.

1. Introduction

Basin inversion has been extensively studied over the past few de-
cades (Bally, 1983; Buchanan and Buchanan, 1995; Cooper et al., 1989; 
Harding, 1985; Ziegler, 1987). This strong interest stems from the sig-
nificant implications of upper crustal reactivation of pre-existing struc-
tures, including hydrocarbon exploration and production (e.g., Lyon 
et al., 2007; Manzocchi et al., 2010; Morley, 1995; Wang et al., 2021), 
and, more recently, applications in seismic hazard assessment (Curzi 
et al., 2024; Fonseca, 1988; Hecker et al., 2021; Sibson and Ghisetti, 
2018; Tarayoun et al., 2019; Wedmore et al., 2020), geothermal energy 
(Bertrand et al., 2018; Brogi, 2008; Dávalos-Elizondo and Laó-Dávila, 
2023; Weert et al., 2024), mineral exploration (Rowland and Sibson, 
2004), and CO2 storage (e.g., Andrés et al., 2016; Gunter et al., 2004; 
Hitchon et al., 1999; Kampman et al., 2012; Tueckmantel et al., 2012). 
Consequently, many studies have focused on the reactivation of normal 

faults during basin inversion (e.g., Beauchamp et al., 1999; Buiter et al., 
2009; Cooper and Warren, 2020; Coward et al., 1991; Pace et al., 2014; 
Tavani et al., 2011, 2021; Turner and Williams, 2004), whereas studies 
on the strike-slip reactivation of normal faults remain limited (e.g., Kim 
et al., 2001; Rotevatn and Peacock, 2018; Turner, 1997). Nevertheless, 
understanding strike-slip reactivation in sedimentary basins is essential, 
as it directly influences fluid flow pathways.

The influence of rift-related faults on orogenic evolution has been 
widely documented across the Alps (e.g., Butler et al., 2006; Coward 
et al., 1991; Manatschal et al., 2022a; Mohn et al., 2011; Schmid et al., 
2004), where structural inheritance has played a key role in controlling 
the localization and geometry of thrusts, back-thrusts, and transpres-
sional faults. Most of these studies have focused either on the 
compressional reactivation of inherited rift-related faults (i.e., where the 
shortening direction is orthogonal to the fault array), or on strike-slip 
reactivation along structures inherited from the distal margin of the 
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Western Alps. A number of studies have addressed strike-slip reac-
tivation of inherited faults in the Southalpine domain (Bertotti, 1991; 
Castellarin et al., 2006; Curzi et al., 2023; Schönborn, 1990, 1992; 
Zampieri and Massironi, 2007; Zanchetta et al., 2015; Zanchi et al., 
1990, 2012). However, only a few provide a comprehensive character-
ization of the different tectonic phases, supported by integrated macro- 
and microstructural analyses of small-scale brittle deformation. The 
analysis of secondary faults in fold-and-thrust belts is fundamental for 
documenting and quantifying early tectonic events, as major 
pre-orogenic faults are often difficult to identify. Recognizing these 
structures is therefore crucial, as they exert a strong control on the 
structural and mechanical evolution of fold-and-thrust belts (Brown 
et al., 2017; Homberg et al., 2002; Lacombe et al., 2019; Mazzotti and 
Gueydan, 2018; Tavani et al., 2025).Recent analogue models have 
demonstrated how inversion of extensional basins can result in 
strike-slip reactivation of normal faults (Del Ventisette et al., 2006; 
Samsu et al., 2023; Sieberer et al., 2023, 2025) and have shown how 
inherited structures influence the final architecture of orogens, pro-
ducing complex geometries. These models illustrate that fault inversion 
is highly dependent on the orientation of pre-existing faults and crustal 
discontinuities, as well as on the rheology of the involved rocks.In this 
study, we analyse the Amora Fault System, a Jurassic rift-related normal 
fault network in the central Southern Alps (cSA) that played a key role in 
partitioning deformation during the Alpine orogeny. This fault system 
represents an ideal case study for several reasons: (a) the main struc-
ture—the Amora Fault (AF)—is one of the very few Jurassic-inherited 
structures in the Southern Alps that preserved clear syn-sedimentary 
features; (b) within the damage zone of the Amora Fault, small-scale 
brittle deformations (secondary faults, tension gashes, and extension 
veins) are widespread and displays well-defined crosscutting relation-
ships, allowing a detailed reconstruction of the deformation chronology 
of both pre-orogenic and orogenic tectonic stages; and (c) the Amora 
Fault System provides an excellent natural example for investigating the 
role of pre-existing faults, as it was reactivated multiple times during 
Jurassic rifting (Rocca et al., 2024) and later during Alpine compression 
(Zanchetta et al., 2015; Zanchi et al., 1990).

In a previous study by Zanchi et al. (1990), the authors proposed a 
broad reconstruction of the evolution of the Amora Fault. However, the 
characterization of superimposed tectonic stages, as well as the roles of 
inherited structures, rheology, and geothermal gradients, was not fully 
addressed or was lacking. This absence of constraints limits our under-
standing of how inherited structures influence subsequent deformation, 
reactivation, and inversion processes in the central Southern Alps. We 
aim to fill this gap by integrating multi-scale and paleostress analyses 
with microstructural study of carbonate-filled fractures. This approach 
allows us to reconstruct the polyphase tectonic evolution of the Amora 
Fault System, providing for the first time a detailed documentation of its 
Early Jurassic origin and its complex Alpine reactivation, supported by 
quantitative paleostress analyses and constraints on deformation dis-
tribution. Finally, by comparing our structural data with existing 
analogue models of inverted extensional basins, the Amora Fault System 
serves as a robust natural example for analogue and numerical model-
ling of fault reactivation during orogenesis.

2. Geological setting

2.1. Tectono-sedimentary evolution of the central southern Alps

The central Southern Alps (cSA; Fig. 1a) started to form in the Late 
Cretaceous (Schönborn, 1992; Zanchetta et al., 2012, 2015) as the 
south-verging retro-belt of the European Alps. The cSA is separated from 
the north-verging portion of the Alps by the Periadriatic Fault, a trans-
pressive orogen-scale structure active since the late Paleogene ((Müller 
et al., 2001; Schmid et al., 1989; Schönborn, 1992; Zanchetta et al., 
2023). The cSA, extending between Lake Como and the Adamello 
Batholith, is characterized by a thick-skinned fold-and-thrust belt 

(Carminati, 2009; Forcella and Jadoul, 2000; Schönborn, 1992) that 
involves the polyphase Variscan basement (Spalla and Gosso, 1999; 
Zanchetta et al., 2015) and its upper Paleozoic to Cenozoic sedimentary 
cover.

The cSA experienced a polyphase evolution, starting from the end of 
the Variscan orogeny (Late Carboniferous–Early Permian), during a 
period of major crustal reorganization across Europe taking to the 
collapse of the Variscan belt, which resulted in the formation of fault- 
controlled troughs filled with continental deposits (Gallo et al., 2017; 
Le Pichon et al., 2021; Locchi et al., 2022; Ménard and Molnar, 1988; 
Muttoni et al., 2009; Pohl et al., 2018).

During the Triassic marine transgression, the cSA was involved in 
several attempted rifting events (Berra and Carminati, 2009; Bertotti 
et al., 1993; Winterer and Bosellini, 1981) culminating in the Late 
Triassic-Early Jurassic opening of the Alpine Tethys. During and shortly 
after the deposition of the 1000 thick lower Norian Dolomia Principale, 
the resulting carbonate platform was affected by normal faulting with 
the formation of intraplatform basins controlled by syn-sedimentary 
faults (Berra et al., 2009, 2010; Berra and Jadoul, 1996; Bertotti et al., 
1993; Jadoul et al., 1994; Winterer and Bosellini, 1981). 
Syn-sedimentary faults are marked by slope breccias in the Dolomia 
Principale Formation, juxtaposed to structural highs characterized by 
marginal facies (Berra, 2023; Berra et al., 2009; Berra and Jadoul, 1996; 
Jadoul et al., 1992). Syn-sedimentary faults border intraplatform basins 
filled with dark limestones and dolostones (Dolomie Zonate Formation), 
and organic-rich black mudstones and marls (Zorzino Limestone), that 
are in turn covered by black shales and marls (Riva di Solto Shale; Casati 
and Gnaccolini, 1967; Jadoul et al., 1992, 1994), sealing the early 
Norian normal faults (Fig. 1; Bernoulli et al., 1967; Berra et al., 2009). A 
gradual reestablishment of carbonate sedimentation is suggested by the 
deposition of the Zu Limestone during Rhaetian, smoothing the topog-
raphy inherited from the Norian extension (Berra et al., 2009; Casati and 
Gnaccolini, 1967).

At the beginning of the Early Jurassic, the Southern Alps were 
divided in structural domains marked by different subsidence rates, 
from west to east: the Cusio-Biella-Canavese zone, the Lombardian Basin 
(cSA area), the Trento High, the Belluno Basin and Friuli Platform (Berra 
and Carminati, 2009; Bertotti et al., 1993; Winterer and Bosellini, 1981). 
At the Triassic-Jurassic boundary, the last carbonate platform succes-
sions, characterized by massive oolitic limestones (Albenza Formation; 
Jadoul and Galli, 2008; Ronchi et al., 2011), were followed by bioclastic 
cherty limestones (Sedrina Limestone; Jadoul and Galli, 2008) deposited 
throughout the entire Lombardian Basin (Berra and Carminati, 2009; 
Galli et al., 2005; Jadoul and Galli, 2008). From the late Hettangian, the 
Lombardian Basin experienced high subsidence rates (200-300 m/Ma) 
and became further fragmented into fault-controlled half-graben basins 
(e.g., Generoso and Sebino basins; Fig. 1b) and paleo-highs (e.g., Mt. 
Cavallo, Botticino highs; Fig. 1b) due to the opening of the Alpine Tethys 
(Bertotti et al., 1993; Gaetani, 1975; Winterer and Bosellini, 1981). The 
resulting half-grabens were filled with thick marly turbidites (Moltrasio 
Limestone; Gaetani, 1975), characterized by rapid thickness changes, 
sedimentary breccias reworking older units, and m-thick slumps near 
structural highs and intermediate highs bounded by N-S listric 
syn-sedimentary extensional faults (Berra and Carminati, 2009; Rocca 
et al., 2024). The Moltrasio Limestone was capped by upper Pliensba-
chian grey and marly limestones with chert nodules, intercalated 
nodular marls and shales (Domaro Limestone). The peak of rifting ac-
tivity in the Lombardian Basin occurred during the 
Sinemurian-Pliensbachian, after which subsidence rates drastically 
decreased, and most of rifting activity shifting westward to the Canavese 
zone (Berra and Carminati, 2009; Bertotti et al., 1993; Manatschal et al., 
2022b; Santantonio and Carminati, 2011). Tectonic activity decreased 
in the Lombardian Basin, continuing with several pulses at least until 
Bathonian (Rocca et al., 2024), when mantle exhumation occurred in 
the Ivrea-Verbano zone (165 ± 7 Ma; Corvò et al., 2025; Ewing et al., 
2015; Ferrando et al., 2004). This was further supported by renewed 
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Fig. 1. (a) Geological scheme of the central Southern Alps (cSA), modified from Zanchetta et al. (2015). The red square shows the location represented in the map of 
Fig. 2. AD - Adamello Batholith; CE-A - Cedegolo Anticline; MA-A - Monte Alto Anticline; TC-A -Trabuchello-Cà Bianca Anticline; O-A - Orobic Anticline; and VVF - 
Valtorta-Valcanale Fault. (b) Lombardian Basin configuration at the end of the Early Cretaceous (modified from Berra and Carminati, 2009). CG - Concesio Group and 
So - Sogno Formation. (c) Tectonic framework of Northern Italy. Dashed lines mark Mesozoic rift-related basin and high boundaries. The black rectangle highlights 
the central Southern Alps (cSA), and the blue W–E line shows the position of section (b). After Berra and Carminati (2009). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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tectonic activity along the Ballino-Garda fault system in the eastern 
Lombardian Basin (Sebino basin), where calcareous turbidites of the 
Concesio Group (early Toarcian-Bathonian; Bersezio et al., 1996) 
accumulated in the eastern portion of the Lombardian Basin up to the 
Mt. Cavallo high (Bersezio et al., 1996; Winterer and Bosellini, 1981).

Around Late Jurassic times, sedimentation rates were low, and 
pelagic sedimentation (Selcifero Lombardo Group) prevailed across 
much of the Southern Alps due to post-break-up subsidence related to 
lithospheric cooling with the deposition of the Radiolarites and Rosso ad 
Aptici formations (Berra and Carminati, 2009; Bertotti et al., 1993; 
Winterer and Bosellini, 1981). They were followed upsection (Carminati 
et al., 2010; Fantoni and Scotti, 2003) by pelagic limestones (Maiolica 
Formation; Petti and Falorni, 2007).

During Late Jurassic to Early Cretaceous, along the Ballino-Garda 
fault system a renovation of faulting occurred, as testified by subma-
rine slide breccias intercalated in pelagic limestone near the base of the 
Garda escarpment (Castellarin, 1972; Winterer and Bosellini, 1981). 
Moreover, the heterochronous distribution of mass gravity deposits and 
their close relationship with the presence of erosional unconformities 
further suggests a renewed tectonic activity in the Lombardian Basin 
(Bersezio et al., 2002).

At the end of Early Cretaceous (Albian), a significant shift of the 
basin's paleogeography occurred in the Lombardian Basin, with the 
onset of black shale deposition and a reorganization of troughs from a N- 
S to a E-W orientation (Berra and Carminati, 2009; Bersezio et al., 1993; 
Winterer and Bosellini, 1981). This period also marks the first influx of 
terrigenous material into the basin, with siliciclastic turbidites sourced 
from outside the basin, including metamorphic rock fragments mainly 
sourced from areas uplifted during the closure of the oceanic basins 
between Adria and the European plates to the north (Bernoulli and 
Winkler, 1990; Bersezio et al., 1993, 2009).

2.2. Alpine tectonic evolution of the central southern Alps

The Late Cretaceous tectonic activity in the cSA (Brack, 1981, 1984; 
Doglioni and Bosellini, 1987; Laubscher, 1985; Schönborn, 1992; Zan-
chetta et al., 2012, 2015), marking the onset of the Eoalpine orogeny, is 
documented by pseudotachylytes formed along the Orobic Thrusts, 
active from 79.9 ± 1.8 Ma (Zanchetta et al., 2011). This event is 
attributed to the first pre-Adamello compression (Brack, 1981; Zan-
chetta et al., 2015), stacking the Variscan basement upon the sedi-
mentary cover along a south vergent thrust system (Schönborn, 1992; 
Zanchetta et al., 2015). During this stage, most of the Lower to Middle 
Triassic units between the Valtorta-Val Canale Fault and the Clusone 
Fault were stacked southward, following a break-forward sequence 
(D'Adda et al., 2011; Zanchetta et al., 2015). Additionally, ENE-WSW to 
N-S striking structures inherited from Permian and Late Triassic-Jurassic 
extension were partially inverted, contributing to the high structural 
complexity of the cSA (Zanchetta et al., 2015; Zanchi et al., 2012). The 
beginning of orogenic activity is also testified in the cSA retro-foredeep 
by the deposition of thick Upper Cretaceous turbidite successions with 
megabeds accompanied by unconformities suggesting syn-tectonic 
sedimentation (Bersezio et al., 1994).

The second pre-Adamello compressional stage (late Paleocene – 

middle Eocene; Zanchetta et al., 2015) involved deeper structural levels 
of the cSA, resulting in the southward propagation of the Orobic Anti-
clines, northward backthrusting along the Valtorta-Val Canale Fault and 
the Clusone Fault, and a gentle southward tilting of the previous main 
thrust surfaces (Zanchetta et al., 2015; Zanchi et al., 2012).

Shortly after the emplacement of the Adamello batholith (42-39 Ma; 
Callegaro and Brack, 2002), and andesitic dikes intruding thrust stacks 
of the Triassic thrust sheets (42-38 Ma; Bergomi et al., 2015; D'Adda 
et al., 2011), compression resumed in the Oligocene (Zanchetta et al., 
2015) due to the southward migration of the deformation front in a 
break-forward sequence. By the end of Miocene, southward passive 
transport of Triassic thrust-sheets and out-of-sequence reactivations of 

inherited structures occurred (Fantoni et al., 2004; Schönborn, 1992), 
together with deformations along the Insubric Line and the Giudicarie 
Fault System (Garzanti and Malusà, 2008; Schmid et al., 1989; Zan-
chetta et al., 2023). Strike-slip reactivations are also documented within 
the cSA along the Orobic-Porcile-Gallinera thrust system and the Tonale 
Line during and after the emplacement of the Adamello batholith 
(Mittempergher et al., 2021; Pennacchioni, 2005; Stipp et al., 2004; 
Zanchetta et al., 2015).

During the early Oligocene up to Late Miocene, a deep-water clastic 
complex was deposited into the Southalpine Cenozoic retro-foredeep 
(Gonfolite Lombarda), fed by the growing post-collisional Alpine belt. 
The Oligo-Miocene clastic wedge was involved in the southward prop-
agation of the cSA thrusts (Fantoni et al., 2004; Malusà et al., 2011), 
reflecting the indentation of Europe and Adria (Bernoulli et al., 1967; 
Zanchetta et al., 2023), still partially active also during the Quaternary 
(Fantoni et al., 2004; Zanchi et al., 2022).

2.3. The Amora Fault System

The Amora Fault System is a 12 km N-S striking fault system devel-
oped on the west side of the Seriana Valley (Bergamo, Italy). It is 
bounded to the north by the Clusone Fault and to the south by the Albino 
Thrust (Fig. 2). The main fault of the system is the Amora Fault (AF), a 5 
km N-S striking normal fault bordering a Jurassic half-graben basin, 
juxtaposing the Upper Triassic succession in the footwall to the Lower 
Jurassic succession in the hanging wall (Fig. 2).

The structural evolution of the Amora Fault System was previously 
studied by Zanchi et al. (1990), who identified three main deformative 
events. (1) The oldest structures are N-S striking normal faults, exhib-
iting offsets of several hundred meters related to the Early Jurassic E-W 
extension connected to the proximal domain of the Alpine Tethys rift. In 
the Amora area, the presence of a reduced lowermost Jurassic succession 
(Bersezio et al., 2012) exposed on top of Mt. Poieto (Figs. 2 and 3) attests 
the erosion/non deposition of a large part of the Sedrina Limestone 
formation in the AF's footwall. The contrast with the thick half-graben 
basin fill (Fig. 3) clearly indicates syn-sedimentary activity of the 
Amora Fault during the Early Jurassic. The Mt. Poieto reduced succes-
sion may represent the northern extension of the Mt. Cavallo paleo-high 
lacking the whole Lower Jurassic units (Rocca et al., 2024). The 
occurrence of disharmonic soft-sediment deformation slumps and coarse 
breccias in the Moltrasio Limestone along the Amora Fault further 
support this interpretation (Rocca et al., 2024, Figs. 4c, 5 and 6c). This is 
further supported by recent in-situ U-Pb dating of calcites from 
fault-related structures, which constrain the activity of normal faults of 
the Amora Fault System between Hettangian and Callovian (Table 1; 
Rocca et al., 2024). (2) The emplacement of an E-W trending swarm of 
andesitic dikes dating to the Eocene (Table 1; D'Adda et al., 2011), 
clearly crosscutting N-S-striking faults. These magmatic bodies were 
previously described by D'Adda et al. (2011) and Bergomi et al. (2015)
as 4-5 m thick vertical andesitic dikes, associated to a small hypabyssal 
magmatic body intruded east of the Amora Fault System (Gandino area). 
The stock and the andesitic dike swarms have been dated around 40 Ma 
(U-Pb on zircons; Table 1; D'Adda et al., 2011). Apatite fission-track ages 
were indistinguishable from the zircon crystallization ages, suggesting a 
shallow emplacement depth of approximately 2-4 km (Table 1; Zan-
chetta et al., 2015). (3) N-S Alpine compression resulting in southward 
stacking of Dolomia Principale along the Albino Thrust. During this 
stage, most of the N-S-striking faults were reactivated as left-lateral 
strike-slip faults, consistently with a N-S directed compression. In the 
study area, the Albino Thrust extends about 6 km westward from the 
base of Mt. Rena, and it is covered by the Quaternary deposits of the 
Serio River to the east (Fig. 2). The NNW-SSE striking Nembro-Podona 
normal Fault with a right-lateral strike-slip kinematics (Fig. 2) pro-
duces complex geometries along the Albino Thrust, occurring along a 
facies transition between the Dolomia Principale inner platform and the 
Dolomie Zonate intraplatform basin (Berra and Jadoul, 1996). West of 
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the transverse zone, the thrust developed as a back-thrust, with the 
Dolomia Principale thrust sheet moving southward beneath the Upper 
Triassic succession (Zanchi et al., 1990), underthrusting the western 
area. In contrast, east of the right-lateral transverse zone, the Dolomia 
Principale is thrust southward on the Upper Triassic Zu Limestone and 
the folded Lower Jurassic succession forming duplexes between Nembro 
and Albino (Zanchi et al., 1990).

3. Methodology

Fieldwork was performed focusing on collecting orientation and ki-
nematic data of brittle structures and analysing their crosscutting re-
lationships. In the Seriana Valley area, a geological-structural map was 

produced at a 1:10,000 scale, integrated with a detailed one at a 1:2000 
scale in the Amora area, with emphasis on secondary faults and fractures 
of the Amora Fault damage zone. The interpretation of the structural and 
stratigraphic setting of the study area was based on the revision of the 
available geological maps (Bersezio et al., 1997, 2012; Forcella and 
Jadoul, 2000; Jadoul et al., 2000, 2012) and on original detailed 
(m-scale) stratigraphic logs of the Lower Jurassic units in the footwall 
and hanging wall of the Amora Fault.

Approximately 600 deformation structures were measured at several 
sites, including beddings, mesoscopic fault planes, foliations, joints, 
slickenlines, veins, and tension gashes (see Tables S1 and S2 for 
measuring sites details). The different types of deformation structures 
are labelled as follows: V = vein, ST = tectonic stylolite, NF = normal 

Fig. 2. Geological and structural map of the Seriana Valley area. Yellow stars indicate the position of samples. The name of the measuring spots is the same reported 
in figures displaying plots. Cross sections are displayed in Fig. 7 (AA’), 8 (BB’) and 13 (CC’). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)
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fault, TF = thrust fault, SSF = strike-slip fault. Acronyms are systemat-
ically associated with a number indicating the tectonic phase. When 
more than one deformation structure of the same type occurs within the 
same tectonic phase, an additional letter is assigned based on crosscut-
ting relationships. Additionally, veins and stylolites are assigned specific 
colour codes to aid in their visual identification.

Paleostress analyses were performed on selected fault populations 
according to their geometrical consistency and crosscutting relation-
ships using the WinTensor software (Delvaux and Sperner, 2003). 
Internally consistent subsets of data out of the total and heterogeneous 
available dataset were identified. Then, a reduced paleostress tensor was 
derived for each tectonic phase, according to the following assumptions: 
(i) the stress tensor is homogeneous, (ii) strain is infinitesimal, and (iii) 
deformation is quasi-static (i.e., no relevant dynamic effects occur). 
These assumptions are usually met when (i) fault-slip data are collected 
at individual outcrops or in small homogeneous areas, and (ii) minor 
faults with limited offset are measured (this study). Initially, the fault 
slip data was tested using the "Right Dihedra method" (Angelier and 
Mechler, 1977) implemented in Wintensor (Delvaux and Sperner, 2003) 
to assess the internal consistency of the fault association and to obtain a 
general orientation of the stress tensor. Subsequently, the "Rotational 
Optimization" function was used to minimize normal stress and maxi-
mize shear stress for a selected fault population through an iterative 

approach (Delvaux and Sperner, 2003). The most consistent results were 
obtained for each fault surface by combining: (i) the misfit angle α be-
tween the observed slip vector and the computed maximum shear stress 
vector (“directional” contribution to the model), and (ii) the resolved 
normal to shear stresses ratio (“magnitude” contribution to the model). 
The inversion results were evaluated using the F5 function (F5 = 0 is a 
perfect fit, F5 = 360 is a perfect misfit), where values of F5 < 30◦ were 
considered acceptable for each solution. Additionally, it was ensured 
that α was <30◦ for each fault, following the common practice (Sperner 
and Zweigel, 2010) and our own experience in contractional domains 
(Zanchetta et al., 2023; Zanchi et al., 2006, 2021). Mainly striated fault 
planes were used, but in some cases, fault planes without slickensides 
were also included, as they are also reliable in constraining the stress 
tensor (Delvaux and Sperner, 2003). The quality of stress inversion so-
lutions was evaluated with two indexes, QRWSM (Heidbach et al., 2018; 
Sperner et al., 2003) and QRT (Sperner et al., 2003). A summary of 
paleostress analyses is reported in Table 2.

24 deformation structures carrying carbonate phases were sampled 
exclusively along major fault zones, either directly from the main fault 
plane or within the damage zone and secondary faults (see Table S3 for 
details). The sampling criteria used in this study base on Roberts and 
Holdsworth (2022), who provide an empirical confidence scale for 
syn-kinematic carbonates. The collected samples include calcite slick-
enfibres, en-échelon tension gashes, and single-phase opening mode 
veins (Bons et al., 2012; Passchier and Trouw, 2005), from three key 
outcrops in the hanging wall and footwall of the Amora Fault. All 
structures can be attributed to distinct faulting events based on their 
orientation and crosscutting relationships.

Optical petrography was carried out on polished thin sections (n =
30) to detail crosscutting relationships between deformation structures, 
growth mechanisms of crystals (antitaxial, syntaxial, stretched) and 
their habitus (fibrous, blocky, elongated-blocky) based on the classifi-
cation of Bons et al. (2012). Moreover, thin sections were etched and 
stained with a mixture of Alizarin red-S and potassium ferricyanide 
(Dickson, 1966) to recognise different carbonate phases (ferroan calcite, 
non-ferroan calcite, ferroan dolomite, non-ferroan dolomite). Cath-
odoluminescence microscopy was performed at the University of 
Milano-Bicocca, using a cold RELIOTRON CONTROL mounted on a 
Nikon ECLIPSE LV100ND POL optical microscope. Cath-
odoluminescence (CL) observation were conducted under a vacuum of 
60-50 mTor at 6-7 kV and 1.2-1.4 mA. The same settings were main-
tained for all image acquisitions. CL microscopy was useful to assess the 
occurrence of several carbonate phases, based on their luminescence 
response (non-luminescent, dull-red, bright red), and to evaluate the 
homogeneity of each carbonate phase to rule out possible subsequent 
alteration events (see Fig. S1 in Supplementary material).

4. Structural and paleostress analyses of the Amora Fault System

Starting from the general reconstruction of the evolution of the 
Amora Fault System provided by Zanchi et al. (1990), we performed new 
detailed field structural analyses in the whole area. Structural and 
paleostress analysis data are presented according to the recognized three 
main deformational events. For each stage, carbonate-bearing structures 
are described. Veins, stylolites, and secondary faults are grouped based 
on their relative chronology and crosscutting relationships. These 
structures are characterized by the presence of several carbonate phases, 
which are briefly described below.

4.1. N-S-striking normal faults

The Amora Fault System is primarily characterized by NNE-SSW- 
striking normal faults that dissect the Upper Triassic carbonate succes-
sion and accommodate displacements of several hundred meters 
(Fig. 2). The key structure is the Amora Fault, a N-S-striking, 4 km-long 
normal fault (Fig. 2). It separates a 1 km-thick Rhaetian to Hettangian 

Fig. 3. Stratigraphic logs from Mt. Rena and Mt. Poieto showing variations in 
the thickness of the Lower Jurassic succession. AF - Amora Fault; DP -Dolomia 
Principale; Dzn – Dolomie zonate; Zo – Zorzino Limestone; ARS – Riva di Solto 
Shale, ZUU – Zu Limestone; ALZ – Albenza Formation; SED – Sedrina Lime-
stone; LB – Lower Breccia of Moltrasio Limestone; MOT – Moltrasio Limestone; 
DOM – Domaro Limestone; CG – Concesio Group; Rds – Radiolariti del Selcifero 
Lombardo; MAI – Maiolica Formation.
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succession (the Mt. Poieto paleo-high) in the hanging wall, from a 2.8 
km-thick Rhaetian to Lower Cretaceous succession (the Mt. Rena half- 
graben) in its footwall. The Lower Jurassic Moltrasio Limestone in the 
hanging wall is juxtaposed to the Upper Triassic Zu Limestone in the 

footwall with a stratigraphic separation of 600 m (Figs. 2–4). The AF 
dips steeply to the east and exhibits normal dip-slip movements (Figs. 4 
and 5).

The main fault plane extends northward to the west of Mt. Cavlera, 

Fig. 4. (a) Panoramic view of the eastern Mt. Poieto–Mt. Cornagera sector. The Amora Fault juxtaposes Rhaetian Zu Limestone (footwall) against Sinemurian 
Moltrasio Limestone (hanging wall). The Lower Jurassic succession is reduced on the Mt. Poieto paleo-high relative to the Mt. Rena half-graben. (b) N–S-trending 
normal fault at the facies boundary between the Norian Dolomia Principale and Dolomie Zonate, near Selvino. (c) Panoramic view of the Amora Fault along the road- 
cut between Amora and Ganda. (d) Structural data of normal fault planes measured in key sites in the Seriana Valley area. The location of the measuring spots is 
reported in Fig. 2. Rose diagram of the strike of normal fault planes is also reported.
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where it juxtaposes the Norian Dolomia Principale and the Rhaetian Zu 
Limestone, dipping to the East. South of Mt. Cavlera, the fault is dis-
placed 1 km to the East by an E-W-striking left-lateral strike-slip fault 
(Fig. 2). The fault then splays into several NNE-SSW-striking branches 
that cut through the Norian succession and are crosscut by the Clusone 
Fault or intersect with E-W-striking faults (Fig. 2). North-West of Mt. 
Cavlera, near the main fault plane, several N-S-striking conjugate faults 
with medium to high-angle dip-slip normal striations were measured 
(CV-2/3; Figs. 2 and 4d). Similarly, in the Riso Valley, conjugate fault 
planes striking NNW-SSE to N-S also display high-angle dip-slip normal 
kinematics (RV-2/3; Figs. 2 and 4d).

West of the Mt. Poieto paleo-high, another fault displaces the Upper 
Triassic succession. Its northern segment trends NNE-SSW, parallel to 
the Amora Fault, and primarily displays a normal displacement, while 

its southern segment bends towards NNW-SSE, exhibiting left-lateral 
strike-slip motions (Fig. 2). Normal faulting was confirmed by the 
occurrence of several N-S-striking, high-angle conjugate fault planes 
with dip-slip striations (SV-1/5; Figs. 2 and 4d). The Amora Fault ap-
pears to extend further north, where it takes on a NNE-SSW trend, cut-
ting through the Norian succession, where it is offset by N-S-striking 
normal fault segments (Fig. 2). Herein, two sets of conjugated fault 
planes striking NNW-SSE and dip-directions towards NE and SW, with 
intermediate to high dip angles and dip-slip normal movements have 
been documented (VV-1/5; Figs. 2 and 4d).

In the northeastern part of the study area, a NNE-SSW fault borders 
Mt. Cavlera, dipping to the W and juxtaposing the Norian succession 
(Dolomia Principale, Dolomie Zonate and Riva di Solto Shale) to the 
Rhaetian Zu Limestone (Fig. 2). Herein, NNE-SSW conjugate fault planes 

Fig. 5. Geological and structural map of the Amora area with structural data from key sites. AM-1: Riva di Solto Shale; AM-2–7: Zu Limestone (footwall of AF); AM- 
8–10: Moltrasio Limestone (hanging wall of AF). AM-8–10 include statistical analyses of slump folds (MAM and MAPS methods; Alsop and Marco, 2012). Arrow 
shows sediment transport direction along the paleo-slope.
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Fig. 6. Mesoscale structural analysis of Amora area (a) Mesoscopic blocks displaced by domino-style normal faults (NF1) forming Andersonian horst and graben 
structures, tilted by a secondary thrust fault (TF5) within the Zu Limestone (footwall of AF). (b) En-échelon tension gashes in Zu Limestone. NF1, V1a and ST1a refer 
to fracture sets, as reported in Fig. 9. (c) Slump folds in the Moltrasio Limestone (footwall of AF). (d) Stereographic projections (equal area, lower hemisphere) of 
poles to the bedding planes measured in the hanging wall and footwall of the AF.
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dipping at high angle towards SE and NW have been measured in the 
Dolomie Zonate showing dip-slip normal movements (SP-1/2; Figs. 2 
and 4d). Similarly, the eastern side of Mt. Rena is bounded by a N-S- 
striking W-dipping antithetic normal fault, juxtaposing the Zu Limestone 
in the footwall to the Moltrasio Limestone in the hanging wall (Fig. 2).

In the Amora area, the Zu Limestone is affected by the damage zone 
of the AF. Here, mesoscopic tilted blocks are displaced by domino-style 
N-S-striking normal faults and Andersonian horst and graben structures 
(Figs. 5 and 6a). Centimetre to meter normal displacements is indicated 
by offset beds of the Zu Limestone. Carbonate slickenfibres suggest dip- 

slip normal movements along high-angle fault planes (AM-2/7; Figs. 5 
and 6a).

In the hanging wall of the Amora Fault, two distinct fault populations 
were identified within the Moltrasio Limestone: (1) N-S-striking tilted 
normal faults in conjugate sets, dipping at high angles, which are 
crosscut by (2) N-S-striking post-tilting normal faults, also in conjugate 
sets with high-angle dips (Figs. 5 and 6a). Both fault populations exhibit 
dip-slip slickenfibres, indicating normal movements (AM-8; Fig. 5).

Paleostress tensors obtained for the N-S-striking normal fault pop-
ulations measured at stops SV-1/5, RV-1/2 and CV-2/3 show a vertical 

Table 1 
Summary of geochronological constraints for the Seriana Valley area. Sample type, structure, location, and dating technique are reported. Age data are reported with 
2σ uncertainties, together with the corresponding references. Deformational events are reported according to this study and as shown in the figures.

Sampled Structure Location Mineral type Age ± 2σ (Ma) Method Deformative event Reference
Stylolites, Slickenfibres, Amora area (AM-7, Fig. 5) calcite 192.4 ± 8.4 - in-situ LA-ICP-MS (1) E-W extension Rocca et al. (2024)
Tension gashes 164.4 ± 8.6 U-Pb dating
Andesitic dikes Amora and Gandino areas zircon 39.0 ± 1.0 SHRIMP U-Th-Pb (2) N-S extension D'Adda et al. (2011)

dating Bergomi et al. (2015)
Andesitic dikes Amora area apatite 37.0 ± 6.1 Apatite Fission Post-dike Zanchetta et al. (2015)

Track dating emplacement

Table 2 
Summary of paleostress analyses performed with Wintensor. ID indicates the name of the measuring site as reported in Figs. 2 and 14. The total number of measures 
and the number of accepted faults for stress inversion are indicated as “Data” and “Used”, respectively. Trend and plunge of σ1, σ2 and σ3 are reported along with 1 
sigma standard deviation (σ1 ≥ σ2 ≥ σ3). R is the stress ratio as R = (σ2-σ3)/(σ1-σ3), and R’ is the tectonic stress regime index, R' = R when σ1 is vertical (extensional 
stress regime), R' = 2- R, when σ2 is vertical (strike-slip stress regime), R' = 2+R, when σ3 is vertical (compressional stress regime). α is the angle between the slip vector 
on the fault plane and the computed shear stress with standard deviation (solutions accepted for α < 30◦). The Misfit function F5 ranges between 0 and 360 from perfect 
fit to complete misfit (solutions accepted for F5 < 30). QRWSM and QRT are quality estimator indexes from Delvaux and Sperner (2003), both ranging from A (best 
quality) to E (worst quality).

ID Data Used σ1 σ2 σ3

Trend Plunge 1σ Trend Plunge 1σ Trend Plunge 1σ

SV-1/5 11 10 247 81 17 1 4 35 91 8 34
RV-1/2 11 10 36 85 4 193 5 4 283 2 1
VV-1/5 10 8 164 80 16 323 9 16 53 4 4
CV-2/3 18 11 16 85 26 181 5 32 272 1 35
SP-1/2 18 16 13 88 18 219 2 19 129 1 11
RV-3/4 11 4 213 81 18 93 5 18 3 8 10
SV-6 17 9 347 3 18 77 1 12 180 87 14
CC-1/2 25 25 8 2 40 98 2 40 227 87 10
RU-1 20 20 189 1 13 281 69 35 99 21 35
SV-1/5 11 11 187 7 18 36 82 18 277 4 16
SV-7 20 16 174 0 12 83 70 16 264 20 12
AM-2/7 15 15 33 82 16.9 167 6 15.9 257 6 14.9
AM-8 15 15 279 62 20.1 182 4 13.4 90 28 19.9
AM-8 7 7 161 85 20.8 2 5 17.4 272 2 16.5
AM-4 6 6 17 86 20 277 1 31 187 4 32
AM-3/6 12 12 35 6 16 125 1 12 223 84 14
AM-5/6 5 5 166 26 19 316 61 18 70 13 19
AM-8 17 16 180 10 7.5 279 42 8.7 80 46 4.8
Ratio R Ratio R′ St-dev α St-dev F5 St-dev QRwsm QRt
0.1 0.1 0.13 11 7.9 4.9 5.7 C C
0.16 0.16 0.1 8.7 5.3 2.8 2.3 D D
0.24 0.24 0.14 4.4 3.3 1.5 1.1 D D
0.28 0.28 0.19 2.9 6.1 1.2 2.8 C D
0.24 0.24 0.15 8.8 7.7 3.8 4.4 B B
0.18 0.18 0.14 4.8 2.8 0.8 0.8 E E
0.73 2.73 0.29 5.9 7.1 2.2 4.1 D D
0.94 2.94 0.31 7 7.8 5.4 6.1 A A
0.03 1.97 0.1 16 9.8 8.8 8.1 D D
0.37 1.63 0.32 9.7 5.7 3.4 2.8 C C
0.12 1.88 0.17 14 9.2 7.6 6.8 C C
0.43 0.5 0.15 10.4 6.8 4.4 4.7 C C
0.5 0.5 0.28 5.4 6.4 2.4 3.1 B D
0.5 0.5 0.17 5.4 6.4 1.6 2.3 D D
0.07 0.07 0.1 7.2 3 2 1.7 D D
0.6 2.6 0.37 4.2 3.7 1.7 2.6 C C
0.18 1.02 3.5 4.1 2.3 1.2 0.5 E E
0.12 2.12 0.08 11.9 9.8 6.2 7.8 B C
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σ1 and a sub-horizontal NNW-SSE σ3 (Figs. 7 and 8). At stops VV-1/5 
and SP-1/2 σ3 trend NE-SW and NW-SE, respectively (Fig. 8). The 
paleostress solutions in both cases suggest an E-W oriented σ3 for the 
first tectonic stage recognizable for the Amora Fault System (Figs. 7b 
and 8b). The solutions obtained for N-S-striking normal fault pop-
ulations in the Amora area align with those above described. The data 
show a vertical σ1 and an NNE-SSW (AM-2/7; Fig. 7b) to E-W σ3 (AM-8; 
both tilted and non-tilted faults; Fig. 7b).

Several carbonate-bearing structures are associated with this stage 
(Fig. 6b), and their relative chronology is summarized in Fig. 9. Number 
“1” corresponds to the Early-Middle Jurassic tectonic stage, while 
number “2” represents the Late Jurassic–Early Cretaceous final stages of 
rifting. Additionally, because multiple generations of tension gashes 
formed during Early Jurassic rifting (V1 in Fig. 9), each set has been 
assigned a letter and colour code to indicate its relative age based on 
crosscutting relationships (“a” denotes the oldest set, and “d” the 
youngest; Fig. 9).

V1a is characterized by strata-bound bed-normal tension gashes 
occurring in the Zu Limestone, typically organized in NNE-SSW trending 
en-échelon arrays. These are associated to WNW-ESE trending tectonic 
stylolites (ST1a), slightly oblique (~10◦) to the bedding (Figs. 6b and 9). 
V1a and ST1a are crosscut by NE-SW trending S-shaped tension gashes 

(V1b), arranged in en-échelon arrays giving a top-to-SW shear sense 
(Fig. 9). V1c is represented by NNW-SSE trending bed-normal tension 
gashes in Zu Limestone, crosscutting V1b (Fig. 9). V1c sets are then 
crosscut by N-S-trending V2 opening mode-I veins (Bons et al., 2012, 
Fig. 9) that preferentially occur in the Riva di Solto Shale, cutting 
through both carbonates and shales layers. In the footwall of the Amora 
Fault, V1a, ST1a, V1b, and NF1a were rotated along with bedding 
during rifting in zones close to the main fault plane (AM-6/7; Figs. 5 and 
6a), whereas bedding becomes almost horizontal moving away from the 
fault zone (AM-1/5; Fig. 5). These deformation structures are filled up 
with multiple carbonate phases. V1a, ST1a, V1c, and NF1a contain 
blocky to elongated-blocky calcite exhibiting dull-red luminescence. 
V1b, V1c, and NF1b are filled with saddle dolomite, showing evidence of 
partial to complete dedolomitization, and are non-luminescent. Finally, 
the V2 extension veins display syntaxial fibrous calcite crystals with 
dull-red luminescence (see Fig. S1).

4.2. E-W trending andesitic dikes and normal faults

E-W trending dikes crosscut the N-S-striking normal faults of the 
Amora Fault System, particularly in the Amora and Selvino areas.

E-W-striking faults parallel to the dikes displace the N-S-striking 

Fig. 7. (a) Schematic cross section across the Mt. Poieto – Mt. Rena area. The Mt. Rena half-graben displays a thicker Jurassic succession compared to the Mt. Poieto 
paleo high. AF – Amora Fault. (b) Fault planes from Selvino (SV-1/5) and Amora (AM-2/8) show normal kinematics consistent with E–W extension, with evidence of 
strike-slip reactivation due to N–S Alpine compression. Measurement sites are indicated in Fig. 2 and 14. DP -Dolomia Principale; Dzn – Dolomie zonate; ARS – Riva 
di Solto Shale, ZUU – Zu Limestone; ALZ – Albenza Formation; SED – Sedrina Limestone; LB – Lower Breccia of Moltrasio Limestone; MOT – Moltrasio Limestone; 
DOM – Domaro Limestone; CG – Concesio Group; Rds – Radiolariti del Selcifero Lombardo.
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normal fault system (Figs. 2 and 10). Conjugate E-W faults and joints 
were measured in several localities, and at the RV-3/4 (Riso Valley) 
high-angle planes show growth fibres and steps, confirming dip-slip 
normal movements (Fig. 10). Similarly, in the footwall of the Amora 
Fault, E-W-striking conjugate faults (NF4 in Fig. 9) offset the andesitic 
dikes (Fig. 11a). Slickenfibres and growth steps indicate dip-slip normal 
kinematics (AM-3/4; Fig. 10) as in the Presolana area to the north 
(D'Adda et al., 2011).

E-W-striking normal fault populations measured in the Riso Valley 
(RV-3/4, Figs. 2 and 10) display enough fault planes with well-preserved 
kinematic indicators to apply paleostress analysis. The obtained solu-
tions indicate a vertical σ1 and a N-S trending σ3 (Fig. 10). In the Amora 
area, several conjugate fault planes were measured, yielding a sub- 
horizontal NNE-SSW σ3 (AM-6/7; Figs. 5 and 10). Obtained paleo-
stress solutions are consistent with the ones obtained by D'Adda et al. 
(2011) in the Gandino area.

4.3. Alpine structures: thrusts and strike-slip reactivations

The Albino Thrust is the major structure related to the Alpine 
compression in the lower Seriana Valley. Along this fault, the Upper 

Triassic succession is thrust southward on the uppermost Triassic and 
Jurassic units (Fig. 2).

Mesoscale conjugate thrust faults were identified in the Dolomia 
Principale east of the transverse zone (SV-6; Figs. 2 and 12d). These 
E–W-striking, N- and S-dipping low-angle planes display slickenfibres 
indicating reverse dip-slip movements. Similar structures, together with 
a prominent train of south-verging fault-propagation folds, occur in the 
Lower Jurassic succession at Cava Cugini (Nembro village; Fig. 12b and 
d). Here, NNW–SSE-striking secondary thrusts show reverse kinematics 
along medium-to low-angle planes (CC-1/2; Fig. 12b–d and 13). The 
area is dominated by a south-verging recumbent fold with an E–W- 
trending hinge and N-dipping axial planes (Fig. 12b–d and 13). In the 
well-bedded Lower Jurassic units, south-verging open to tight parasitic 
folds with E–W trending hinges and associated axial-plane cleavage are 
accompanied by flexural-slip planes showing dip-slip movements (CC-1/ 
2; Figs. 12d and 13).

Other measuring sites located along the strike-slip Nembro-Podona 
fault zone mainly show NNW-SSE right-lateral motions. In the damage 
zone extending laterally up to 200 m, several NNW-SSE right-lateral and 
NNE-SSW left-lateral conjugate fault planes were measured, showing 
sub-horizontal slickenfibres and growth steps (RU-1 and SV-7; Figs. 12d 

Fig. 8. (a) Schematic cross section of the Mt. Cavlera area. In the Dasla area (DA), strike-slip reactivation of rift-related normal faults folds the Upper Triassic 
succession, forming a positive flower structure. (b) Normal faults in the Seriana Valley indicate E–W extension. Fault sets at VV-1/5 and SP-1/2 show clockwise and 
counterclockwise σ3-axis rotation, respectively. Axial planes and fold hinges in the Dasla area reflect strike-slip reactivation of pre-existing faults. DP -Dolomia 
Principale; Dzn – Dolomie zonate; Zo – Zorzino Limestone; ARS – Riva di Solto Shale, ZUU – Zu Limestone; ALZ – Albenza Formation; MOT – Moltrasio Limestone.
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and 13). West of Mt. Poieto paleo-high, along the previously described 
left-lateral strike-slip structure, NNE-SSW and NNW-SSE high-angle 
conjugate strike-slip faults occur, crosscutting previous N-S-striking 
normal faults. The sense of movement was identified by sub horizontal 
striations with growth steps, Riedel R and stylolites (SV-1/5; Fig. 12d).

The NNE-SSW faults bordering the western side of Mt. Cavlera dis-
plays a left-lateral motion. Herein, in the Norian Dolomia Principale a 
positive-flower structure was observed (Figs. 12a and 13a). In this area, 
the Norian-Rhaetian succession filling the small graben is deformed by a 
series of upright folds with N-S-trending hinges steeply dipping to the E 
and W (DA-2; Figs. 12a and 13). These are offset (about 1 m) by N-S- 
striking reverse faults (Fig. 12a).

In the Amora area, N-S conjugate normal faults were reactivated as 
left- or right-lateral strike-slip faults, both in the footwall and hanging 
wall of the AF (AM-6/8; Figs. 5 and 11d). Their kinematics was 

reconstructed from slickenfibres with carbonate growth steps crosscut-
ting earlier dip-slip indicators (Fig. 11d). Additionally, a horizontal NW- 
SE-striking, N-dipping thrust fault clearly displaces an andesitic dike 
(AM-3; Figs. 5 and 11a, b). Several conjugate NW-SE-striking thrust 
planes were measured, with low to moderate angles (AM-3, AM-5/6; 
Fig. 5). In a shale-rich layer of the Zu Limestone, a north-dipping high- 
angle cleavage occurs, consistent with thrusting (Figs. 5 and 11a, c).

Paleostress solutions for thrust faults measured in the hanging wall of 
the Albino Thrust (SV-6; Fig. 13b) display a sub-horizontal NNW-SSE σ1 
and vertical σ3. Similarly, for the footwall (CC-1/2; Fig. 13b) the 
inversion shows a sub-horizontal NNE-SSW σ1. Paleostress tensors ob-
tained for the strike-slip conjugate systems at stops RU-1 and SV-1/5 
result in an NNE-SSW σ1, while at stop SV-7 a N-S σ1, and vertical σ2 
are observed (Fig. 13b). The results for the Amora area are consistent, 
showing a NNE-SSW σ1 and vertical σ3 for thrust faults measured in the 

Fig. 9. (a) Cross-table of tectonic structures and corresponding tectonic stages. Black crosses refer to the formation of the structures, whereas red crosses refer to the 
re-opening of veins or reactivation of faults in a subsequent tectonic stage. Stage 1 and 2 relate to Jurassic rifting event (light background), Stage 3-5 are Alpine 
compression events (darker background). Letters (a–d) mark mesoscale cross cutting relationships between mineralised fractures. V – tension gashes or extension 
vein; ST – stylolite; NF – normal fault; TF – thrust fault; SSF – strike-slip fault. Geochronological data are reported according to Table 1. (b) Rose diagrams showing 
the N-S to NE-SW trend of tension gashes and veins, consistent with the Jurassic rifting events. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)
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footwall of the AF (AM-3/6; Fig. 13b), and a NNW-SSE to N-S σ1 and 
vertical σ2 for strike-slip faults (AM-6/8; Fig. 7b). These data suggest a 
general N-S oriented compression. Principal stress axes orientation is 
also consistent with the shortening direction suggested by orientation of 
measured folds (CC-1/2 and DA-2 in Fig. 12) and cleavages (CC-1/2 and 
AM-5, Fig. 13b).

Carbonate strike-slip slickenfibres on reactivated N–S-striking fault 
planes occur in the Moltrasio Limestone as well (SSF3; Figs. 9 and 11d). 
They are characterized by blocky calcite crystals showing dull-red 
luminescence (see Fig. S1). During the Alpine compression stages, V1c 
tension gashes were reopened and filled with a fine-grained blocky 
calcite cement, displaying dull-red luminescence (see Fig. S1).

5. Discussion

5.1. The polyphase tectonic evolution of the Amora Fault System

5.1.1. Jurassic extension
Crosscutting relationships confirm a multi-stage tectonic evolution 

of the Amora Fault System. The first stage is characterized by N-S- 
striking normal faults formed in response to the Jurassic rifting event 
(Rocca et al., 2024). Stratigraphic and sedimentological evidence (i.e., 
the thick half-graben basin fills vs the reduced paleo-high succession, 
and soft-sediment deformation slumps) indicate that the Amora Fault 
System was active during the late Hettangian-Sinemurian, simulta-
neously with the deposition of the Moltrasio Limestone (Zanchi et al., 
1990). Field-based observation of wedge-shaped deposits and slump 
folds statistical analysis in the hanging wall of the Amora Fault (Rocca 
et al., 2024), along with paleostress analysis (Fig. 14), all point out that 
the Amora Fault System accommodated E-W rift-related extension in the 
Early Jurassic (Fig. 15a). Moreover, the Toarcian-Bathonian Concesio 
Group, more than 100 m thick in the Mt. Rena half-graben but totally 
missing west of the Mt. Poieto-Nese high, is replaced by the Sogno 
Formation to the west (Fig. 1b; Casati and Gaetani, 1968; Mattioli and 

Erba, 1999; Rocca et al., 2024). The Amora Fault was hence active 
during the Middle Jurassic separating the Mt. Rena half-graben basin to 
the east, from the Ubiale Basin to the west (Fig. 1b; Rocca et al., 2024). 
Recent in-situ U-Pb ages suggest that the Amora Fault System was active 
throughout the Jurassic, with intermittent pulses of activity lasting 
several million years (192.4 ± 1.7|8.4 – 169.4 ± 4.6|8.6 Ma on V1a, 
ST1a and NF1a tectonic sets; Rocca et al., 2024). In the Amora Fault 
damage zone, fractures aligned with the E-W oriented extension were 
sealed by various carbonate cements that allow to further identify two 
sub-stages: 1a and 1b (Fig. 15a). During stage 1a (Hettangian – Bajocian; 
Rocca et al., 2024), secondary normal faults (NF1a), stylolites (ST1a), 
and tension gashes (V1a) formed in the footwall of the AF (Fig. 9). 
Calcite cement precipitated along NF1a fault planes, sealing ST1a and 
V1a fractures. In stage 1b (Bajocian – Callovian?), renewed post-rift 
activity was accompanied by the formation of new fractures, including 
V1b and V1c tension gashes and NF1b secondary normal faults. These 
fractures were sealed by diverse carbonate cements.

In the footwall of the AF N-S-trending extension veins (V2) have been 
observed crosscutting previous tectonic sets (Fig. 9). These can be 
related to a reactivation (Stage 2) at the end of the Late Jurassic. Pre-
vious studies (Bersezio et al., 1993; Castellarin, 1972; Winterer and 
Bosellini, 1981) reported a reprisal of syn-sedimentary activity along the 
Ballino-Garda fault system from the Tithonian to the Lower Aptian, 
during the deposition of the Maiolica Formation, due to the presence of 
submarine slide breccias, intrabasinal turbidites, and slumps (Bersezio 
et al., 1993; Castellarin, 1972; Winterer and Bosellini, 1981). We suggest 
a possible post-rift E-W-trending extensional activity in the eastern 
Lombardian Basin, whose far-field effect caused deformation in the 
Amora Fault System area (Fig. 15b).

5.1.2. Alpine evolution
The boundary between the Early and Late Cretaceous was marked by 

the first evidence of syn-sedimentary activity associated with the onset 
of the Eoalpine orogeny at the Aptian–Albian transition (Berra and 
Carminati, 2009; Bersezio et al., 1993; Winterer and Bosellini, 1981). By 
the end of the Eoalpine compression, the present-day structure of the 
central Southern Alps (cSA) was largely exhumed, as indicated by 
thermochronological data that constrain the emplacement of magmatic 
bodies at shallow crustal levels (~2–4 km, above the Partial Annealing 
Zone) around 40 Ma (Bergomi et al., 2015; D'Adda et al., 2011; Malusà 
et al., 2011). These intrusions clearly crosscut major thrust faults in the 
northern sector of the cSA (D'Adda et al., 2011; Zanchetta et al., 2015).

At this stage, it is plausible that the Albino Thrust was already active 
as a S-verging structure, predating middle Eocene magmatism 
(Fig. 16a). This interpretation is supported by crosscutting relationships 
observed east of the Mt. Rena half-graben (Colle Gallo area, left hy-
drographic side of the Seriana Valley), where a S-verging thrust juxta-
poses the Norian Zorzino Limestone and Riva di Solto Shale in the 
hanging wall on top of the Rhaetian Zu Limestone in the footwall. The 
Norian succession forms a south-verging syncline (Mt. Altino area) that 
is itself crosscut by mid-Eocene magmatic bodies (Bellotti et al., 2025; 
Bersezio et al., 2012; Forcella and Jadoul, 2000).

This structure occurs at a stratigraphic level different from that of the 
Albino Thrust, and the two are separated by a kilometre-scale, N–S- 
striking strike-slip fault, making their direct correlation uncertain. 
Nevertheless, both structures were likely active contemporaneously. 
Additionally, a magmatic body in the Colle Gallo area is displaced by a 
transpressive structure (Bellotti et al., 2025; Bersezio et al., 2012; 
Forcella and Jadoul, 2000), coinciding with a local bend in a secondary 
thrust fault. This deformation may reflect reactivation during the 
Oligocene N–S-oriented compressional phase (D4). A similar configu-
ration is observed in the Amora area, where an andesitic dike is crosscut 
by a secondary thrust fault (TF5, Figs. 9 and 11a, b).

From the Oligocene onward, compression resumed with the defor-
mation front migrating in the frontal part of the belt (D4; Zanchetta 
et al., 2015). The northern sector of the cSA was affected by a dextral 

Fig. 10. Fault-slip measurements on normal faults and orientations of andesitic 
dikes formed during the mid-Eocene N–S extensional event.
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transpressional regime along the Insubric Fault, with strike-slip reac-
tivations observed along the Orobic-Porcile-Gallinera Thrust and the 
Tonale Line (Garzanti and Malusà, 2008; Mittempergher et al., 2021; S. 
M. Schmid et al., 1989; Stipp et al., 2004; Zanchetta et al., 2023).

During the Alpine compressional phases, the N–S-striking normal 
faults of the Amora Fault System were reactivated with strike-slip ki-
nematics (Fig. 14). Most lateral displacement and associated deforma-
tion were likely accommodated during the Late Cretaceous–Paleocene 
phase (D3a–D3b; Zanchetta et al., 2015), with only minor reactivation 
during the Neogene post-collisional stage (D4). The faults are cut to the 
north by the Clusone Fault, a major structure related to pre-Adamello 
tectonics (Fig. 2; D'Adda et al., 2011), further indicating early reac-
tivation of the system. The middle Eocene andesitic dikes that crosscut 
the Amora Fault (Figs. 2 and 16b) exhibit minimal deformation, sug-
gesting that most of the strike-slip offset occurred prior to dikes intru-
sion. In the Amora area, these tectonic stages are associated with the 

re-opening of N–S-trending V1c tension gashes, now sealed by carbon-
ate cements. The reactivation of these features implies an E–W-trending 
σ3 stress orientation in the footwall of the AF. Two explanations can be 
proposed: (1) a local sub-horizontal permutation of σ2 and σ3 during N–S 
compression, producing an E–W-oriented σ3 and thus re-opening the 
N–S tension gashes; or (2) reactivation of Jurassic rift-related N–S faults 
with strike-slip kinematics, leading to the formation of a releasing bend. 
Figs. 14 and 16 present a summary of the tectonic stages that affected 
the Amora Fault System from the Early Cretaceous to the Miocene, 
integrating meso-scale structural and paleostress analyses.

The first stage (100–45 Ma, Fig. 16a) corresponds to D3a and D3b of 
Zanchetta et al., 2015, during which the S-verging Albino Thrust 
developed (TF3; Fig. 9), and N-S-striking inherited normal faults were 
reactivated as right- and left-lateral strike-slip faults (SSF3; Figs. 9 and 
14). Mesoscale structural and paleostress analyses on major thrust faults 
in the cSA (Zanchetta et al., 2011, 2015; Zanchi et al., 2012) suggest a 

Fig. 11. Mesoscale structural analysis of Amora area. (a) Mesoscale thrust fault (TF5) off setting a mid-Eocene andesitic dike in the hanging wall of AF. (b) Sketch 
illustrating the displacement of the andesitic dike. (c) Meso-scale thrust fault (TF5) developed within a shale layer of the Zu Limestone, with tilted normal faults 
(NF1) in the hanging wall. A north-dipping, high-angle cleavage in the shales is consistent with the thrusting event. (d) Reactivated N–S trending fault with growth 
fibres showing left-lateral movement (SSF3). Low-angle fibres overprint dip-slip slickenfibres from an earlier normal faulting phase (black arrow). TF5, NF1, and 
SSF3 refer to fracture sets, as reported in Fig. 9.
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NNW-SSE to NW-SE oriented σ1 during this phase of Alpine compres-
sion, which aligns with the orientation of σ1 observed along the Albino 
Thrust (SV-6; Fig. 14). The strike-slip reactivation of the Amora Fault 
System, however, suggests a slightly different σ1 orientation, likely due 
to later reactivations overprinting earlier kinematic indicators or to local 

rotation of the stress field due to inherited structures.
In the second stage (43–38 Ma; Fig. 16b), E-W trending andesitic 

dikes were emplaced along E-W-striking normal faults (NF4; Fig. 14), 
resulting from an extensional stage with a N-S trending σ3, consistent 
with the reconstruction by D'Adda et al. (2011).

Fig. 12. (a) Folds and reverse faults in the Riva di Solto Shale forming the Dasla positive flower structure. Attitude of bedding planes are represented in the ste-
reographic projection in (c). Reverse faults originated from the reactivation of pre-existing normal faults formerly bounding a mesoscale graben. (b) S-verging folds 
and thrusts developed within the Domaro Limestone (CC-1/2), in the footwall of the Albino Thrust. Attitude of bedding planes are represented in the stereographic 
projection in (c). (d) Structural data from fault planes in the Seriana Valley. Measurement sites are shown in Fig. 2. E–W-striking thrust faults (green) and N–S- 
striking strike-slip faults (red) are illustrated in the rose diagram. The strike-slip faults correspond to inherited normal faults reactivated during Alpine compression. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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The third and final stage (36 Ma – present; Fig. 16b) corresponds to 
D4 (Zanchetta et al., 2015). This stage is characterized by a further 
reactivation of N-S-striking normal faults as left- or right-lateral 
strike-slip faults and possibly renewed southward thrusting along the 
Albino Thrust. Paleostress inversion indicates a prevailing N-S trending 
σ1 for both strike-slip faults (Fig. 14) and the secondary reverse faults. 
Similar σ1 trends have been identified the entire Central Alps (Agliardi 
et al., 2009; Zanchetta et al., 2023).

It is worth noting that each tectonic stage was associated with paleo- 
fluids circulating through the fracture network sealing tension gashes, 
extensional veins and fault planes formed in response to tectonic 
stresses. The occurrence of different carbonate types, the difference of 
their habitus (e.g., blocky, fibrous, elongated-blocky) and luminescence, 
even within the same tectonic structure, points out to the interplay of 
several paleo-fluids. A careful geochemical and thermometric charac-
terization of those cements could provide insights into the paleo-fluid 
provenance and the tectonic stage timing.

5.2. The role of inherited structures during the Alpine orogeny

5.2.1. Extensional structures
In a recent study, Samsu et al. (2023) discussed various ways in 

which pre-existing structures influence fault system geometry during 
basin formation in magma-poor rifts. Given that the Amora Fault System 
affected the upper continental crust and that the Jurassic rifting event in 
the cSA was dominated by faulting in a magma-poor setting (Beltrando 
et al., 2014; Manatschal, 2004, 2023; Mohn et al., 2011; Schaltegger 
et al., 2002), the concepts presented by Samsu et al. (2023) can be 
applied to this case study. Analogue models (e.g., Bellahsen and Daniel, 
2005; Ghosh et al., 2020; Henza et al., 2010; Keep and McClay, 1997) 
and observations from natural multiphase rift systems (e.g., Bailey et al., 
2005; Bell et al., 2014; Deng et al., 2017; Wu et al., 2023) demonstrate 
that when the extension direction changes during successive rifting 
phases, pre-existing faults influence rift geometry only if their orienta-
tion is favourable for reactivation. If the faults are not optimally ori-
ented, new faults may form instead, while older faults may undergo 

Fig. 13. (a) Cross section across the front of the Dolomia Principale thrust sheet. In the footwall of the Albino Thrust, S-verging folds affect the Norian–Lower 
Jurassic succession. The hanging wall is segmented by N–S-trending normal faults reactivated as left- and right-lateral strike-slip faults. (b) Thrust planes and folds 
from the front of the thrust sheet (SV-6 and CC-1/2), together with reactivated strike-slip faults (RU-1 and SV-7), indicate a N–S oriented compressional regime. 
Measurements from mesoscale thrust planes in the Amora area (AM-3/6) reveal a NE–SW-oriented σ1 axis, likely reflecting a local stress variation. DP -Dolomia 
Principale; Dzn – Dolomie zonate; ARS – Riva di Solto Shale, ZUU – Zu Limestone; ALZ – Albenza Formation; SED – Sedrina Limestone; MOT – Moltrasio Limestone.
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oblique reactivation or remain inactive.
Another key factor influencing fault reactivation during multiphase 

rifting is thermal weakening. An example comes from the North Sea, 
where a N-S striking fault system developed during the Permian-Triassic 
rifting phase (Bell et al., 2014; Deng et al., 2017). During the major 
Middle Jurassic rifting episode, these older faults were not reactivated. 
Instead, new faults nucleated along the margins of a deep graben (North 
Viking Graben; Bell et al., 2014). Bell et al. (2014) linked the preferential 
initiation of these new faults to the rise and fall of the Middle Jurassic 
central North Sea thermal dome resulting in lithospheric weakening.

The thermal history of the Lombardian Basin has been investigated in 
several studies (Bersezio and Bellentani, 1997; Bertotti et al., 1999, 
2001; Carminati et al., 2010; Ceriani et al., 2006; Fantoni and Scotti, 
2003, among others), revealing high heat flow during the Jurassic rift-
ing, with a thermal peak around the Aalenian-Bajocian time interval. 

The oldest age obtained from the damage zone of the Amora Fault is 
Early Jurassic (192.4 ± 1.7|8.4 Ma; Rocca et al., 2024), and evidence of 
syn-sedimentary activity is recorded in the Lower Jurassic deposits 
(Moltrasio Limestone, Figs. 4–6; Rocca et al., 2024). Based on this evi-
dence, it can be inferred that the Amora Fault initiated as a new fault 
from the Early Jurassic.

The high heat flow may have played an important role favouring 
thermal weakening of the lithosphere, both during the Norian, and the 
Early Jurassic rifting stage. Strain was preferentially focused promoting 
the formation of new faults rather than reactivating older ones (Fig. 15a) 
– even if they were favourably oriented in an E-W-trending extension 
(Bell et al., 2014; Samsu et al., 2023). This is further supported by the 
orientation of Early Permian low-angle normal faults preserved in the 
northern part of the central Southern Alps (Aga-Vedello LANF; Locchi 
et al., 2022; Zanchi et al., 2019), which strike NE–SW and dip SSE at low 

Fig. 14. Paleostress reconstruction along the AFS. Obtained paleostress solutions are reported for each site with trend and plunge of the main stress axes. Triangular 
Frolich diagrams are also shown. Frolich diagrams were obtained with Wintensor (Delvaux and Sperner, 2003).
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angles, in contrast to the Late Triassic–Early Jurassic N–S-striking 
high-angle normal faults. Therefore, during the subsequent Norian and 
Late Jurassic rifting stages, the formation of new faults was favoured 
over the reactivation of inherited ones, reflecting the first-order role of 
high heat flow in weakening the lithosphere (Bell et al., 2014; Mazzotti 
and Gueydan, 2018; Samsu et al., 2023).

After the thermal peak in Middle Jurassic, the heat flow rapidly 
decreased during the post-rift stage (Ceriani et al., 2006). During the 
Late Jurassic to Early Cretaceous, extensional activity resumed along the 
Ballino-Garda fault system (Bersezio et al., 1993; Castellarin, 1972; 
Winterer and Bosellini, 1981). Evidence of this stage can be found in the 
damage zone of the AF, where the antithetic eastern-bordering fault of 
the Mt. Rena half-graben – possibly inherited from the Norian rifting 
event – was reactivated. Its reactivation crosscut the Jurassic 
half-graben, reshaping it into a symmetric graben and increasing the 
displacement along the Amora Fault, as shown by the preservation of 
Lower Cretaceous sediments (Maiolica Formation) only within it 
(Fig. 15b). The reactivation can be linked to the favourable N-S orien-
tation of the fault under an E-W-directed extensional regime, similar to 
fault reactivation observed in the North Sea (Bell et al., 2014; Deng 
et al., 2017).

The size and distribution of the inherited rift-related faults appear to 
control the localization of strain during subsequent faulting episodes 
(Bailey et al., 2005). An example comes from the fault population 
measured at stop SP-1/2, along a W-dipping fault bordering Mt. Cavlera 
and Mt. Rena (Fig. 2). Compared to other sites, a clockwise rotation of 
the σ3 axis by more than 26◦ has been observed (Fig. 14). Berra and 
Jadoul (1996) documented a major E-dipping Norian syn-sedimentary 
fault marking the western boundary of the Iseo Basin, based on the 
juxtaposition of Carnian to Norian platform (Dolomia Principale), slope, 
and basin facies (Dolomie Zonate and Zorzino Limestone). It is likely 
that the SP-1/2 fault lies within the footwall damage zone of this Norian 
rift-related structure and was reactivated during the Jurassic rifting 
event. The observed variation in the principal stress axis orientation can 
be tentatively attributed to a rotation of the fault, or local irregularities, 
or to a sub-horizontal switch between σ2 and σ3, reflecting subtle but 
significant changes in the local stress regime driven by fault inheritance.

5.2.2. Strike-slip tectonics
From Late Cretaceous to Neogene, the Amora Fault System experi-

enced strike-slip reactivations in response to N-S-directed Alpine 
compression. Strike-slip reactivation of normal faults is different from 
(a) a single-phase oblique extension or (b) a multi-phase extension 
where a first orthogonal extension is followed by an oblique extension 
(Rotevatn and Peacock, 2018, and citations herein).

Zones between adjacent normal faults segments typically display 
high intensity of irregularities and fractures. When such zones are 
reactivated as strike-slip faults, structural complexity increases signifi-
cantly. Depending on the stepping direction of the original extensional 
faults and the reactivating strike-slip shear sense, the relay zone – the 
area between two fault segments – can become extensional (same-sense 
strike-slip reactivation) or contractional (opposite-sense strike-slip 
reactivation) (Cunningham and Mann, 2007; McClay and Bonora, 
2001; Peacock, 2002; Peacock and Sanderson, 1994; Rotevatn and 
Peacock, 2018). Extensional domains have been more widely studied 
due to their effect on topography and sedimentation (e.g., Aydin and 
Nur, 1982; Childs et al., 1995; Crider and Pollard, 1998; Larsen, 1988; 
Mann et al., 1983; McClay and Dooley, 1995; Wu et al., 2009), whereas 
contractional strike-slip domains have been less frequently studied (e.g., 
Barton et al., 1998; Rotevatn and Peacock, 2018; Zampieri and Mas-
sironi, 2007).

The Mt. Rena half-graben basin is bounded to the west by three right- 
stepping N-S-striking faults reactivated with a left-lateral strike-slip 
shear sense (Fig. 14). This geometry likely caused localized shortening 
within the footwall of the Amora Fault, particularly across the Mt. 
Poieto–Nese structural high (Figs. 5–7). Mesoscale analysis in the Amora 
area reveals secondary thrust faults crosscutting mid-Eocene andesitic 
dikes (Fig. 11a), as well as evidence that many secondary normal faults 
in both hanging wall and footwall of the Amora Fault were reactivated 
as strike-slip faults (Figs. 5 and 6). These features indicate that short-
ening occurred prior to the emplacement of mid-Eocene intrusions, 
enhancing displacement along the Amora Fault and generating a posi-
tive paleotopographic relief in the Poieto–Nese area.

Further north along the Amora Fault System, two right-stepping, left- 
lateral strike-slip faults form a positive flower structure (DA-2; Figs. 12a 

Fig. 15. Evolution of the Amora Fault System from Early Jurassic to Early Cretaceous. (a) The Lower Jurassic rifting event (Stage 1a) is characterized by activation of 
the N–S trending Amora Fault, along with syn-sedimentary deposition of Sinemurian Moltrasio Limestone within the Mt. Rena half-graben. The initiation of the AF 
was favoured over reactivation of inherited faults, likely due to elevated heat flow. Fault activity persisted until the end of the Middle Jurassic (Stage 1b). 
Geochronological data (in-situ U-Pb dating on calcite) are from Rocca et al. (2024). (b) The Late Jurassic–Early Cretaceous period involved renewed activity along the 
Amora Fault and reactivation of faults from previous rifting phases. This is evidenced by the preservation of the Lower Cretaceous sediments only within the 
subsiding Mt. Rena half-graben.
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and 14), likely reactivating a small Norian or Jurassic graben. Within 
this structure, the bedding of the Riva di Solto Shale is locally folded and 
offset by reverse faults, consistent with deformation under a N–S-ori-
ented Alpine compression (Figs. 12a and 14). Several N-S-striking 
normal faults inherited from the Norian rifting event were reactivated 
with a strike-slip kinematic. Most display left-lateral motion, except for 
the NNW–SSEW-striking Nembro–Podona Fault (RU-1 and SV-7; 
Fig. 14), which was reactivated as a right-lateral fault due to its trend. 
Similar right-lateral motions were also observed for the Grem Line, 
north of the Clusone Fault (Zanchi et al., 2012). The combination of 
opposite-sense strike-slip movements likely contributed to the devel-
opment of the complex arcuate geometry observed in the Albino Thrust 
zone (Figs. 2 and 14).

Another important factor influencing fault reactivation is the 
rheology of the involved rocks. Inherited normal faults represent zones 
of mechanical weakness, as they display different mechanical properties 
in respect with the undeformed surrounding rocks (Mandl, 1988; Brun 
and Nalpas, 1996; Del Ventisette et al., 2006; Bonini et al., 2012; Sie-
berer et al., 2023). Crustal-scale analogue models have shown that 
inherited faults and strength contrasts across platform–basin transitions 
strongly influence deformation patterns and structural architecture 
(Bonini et al., 2012; Brun and Nalpas, 1996; Del Ventisette et al., 2006; 
Mandl, 1988; Sieberer et al., 2023). Del Ventisette et al. (2006) inves-
tigated the relationship between the reactivation of pre-existing normal 
faults and the orientation of subsequent compressive stress fields. Their 
results demonstrated that the development of compressional structures 
is strongly influenced by the geometry of inherited faults and by the 
obliquity angle α (i.e., the angle between pre-existing faults and the 
principal compressive stress axis σ1). Furthermore, a shallow 
décollement layer at the base of the graben significantly affects the 
deformation pattern within the sedimentary cover, leading to a decou-
pling between the basement and the syn-rift succession.

In the Amora Fault System, α values between reactivated normal 
faults and σ1 derived from paleostress inversion range from ~0◦ to 14◦

(Fig. 14), consistent with the low-obliquity scenarios of Del Ventisette 
et al. (2006). In line with their findings, two main thrust 
décollements—orthogonal to the graben axis—developed at the lateral 
terminations of the Mt. Rena half-graben: the Clusone Fault to the north 
and the Albino Thrust to the south (Fig. 14). Strike-slip reactivation, 
typically left-lateral, is predicted under these conditions; however, the 
Nembro-Podona Fault exhibits right-lateral reactivation (Figs. 14 and 
16a).This finds a counterpart in the model, where one of the 
graben-bounding faults is similarly reactivated as right-lateral, coin-
ciding with a change in the dip direction of the lower-bordering thrust – 

from N-dipping to S-dipping (Fig. 17).
This behaviour was attributed to the rheological contrast promoted 

by the presence of a silicon layer at the base of the basin fill. A similar 
configuration is observed west of the Nembro-Podona Fault, where the 
Albino Thrust planes twists its dip direction from north-to south-dipping 
(Figs. 14, 16 and 17a; Zanchi et al., 1990). The base of the half-graben is 
filled by a weak Norian-Rhaetian succession (shales and marls) atop the 
Dolomia Principale Formation, which forms the rigid basement in 
analogue models (Sieberer et al., 2023). This contrast enabled decou-
pling between basement and cover, shaping the complex geometry of the 
Albino Thrust.

More recently, Sieberer et al. (2023) proposed several analogue 
models considering varying strength contrasts between platform and 
basins, as well as different obliquity angles of inversion (i.e., the angle 
between the shortening direction and the rift axes), to evaluate the role 
of pre-existing faults. Their findings further demonstrated that during 
inversion strain preferentially localizes along lateral rheological 
contrast, especially at platform–basin transitions, producing curved 
thrust fronts because of reduced mechanical strength of basin fills 
relative to adjacent platform units, and the structural inheritance of 
extensional faults. These features closely resemble the curved geometry 
of the Albino Thrust in the presence of the inherited extensional 

Fig. 16. Evolution of the Amora Fault System from Late Cretaceous to Present. 
(a) During the initial stages of Alpine compression (Late Cretaceous to mid- 
Eocene), the AFS was reactivated as a set of left- and right-lateral strike-slip 
faults, contemporaneous with S-verging thrusting along the Albino Thrust. The 
combination of opposite-sense strike-slip motions likely produced the arcuate 
geometry of the Albino Thrust. Additionally, right-lateral displacement along 
the Nembro–Podona Fault, together with the mechanically weak Nor-
ian–Rhaetian succession, contributed to the twist in the dip direction of the 
Albino Thrust. (b) E–W-trending normal faults with associated magmatic dikes 
crosscut the AFS during the middle Eocene. Geochronological data (U-Th-Pb 
dating of zircons and Apatite Fission Tracks data) are from D'Adda et al. (2011)
and Bergomi et al. (2015). Subsequent minor strike-slip reactivations occurred 
from the Oligocene to the present during late Alpine compression.
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structures of the Amora Fault System, almost parallel to the direction of 
the Alpine compression.

Several studies have shown that inversion of inherited structures is 
responsible for modern moderate to large earthquakes (5.5 < M < 8.0) 
in diverse tectonic settings (e.g., Beauchamp et al., 1999; Chiaraluce 
et al., 2004; Ghisetti and Sibson, 2006; Jackson, 1980; Singh et al., 
2016). This highlights the importance of understanding and quantifying 
the interplay between inherited fault architecture and increasing 
shortening, as this interaction can generate a wide range of inversion 
styles (Sibson and Ghisetti, 2018; Tarayoun et al., 2019).

Sibson and Ghisetti (2018) analysed dip angles of several inverted 
intracontinental faults associated with ruptures of M > 5.5. They 
observed that most fault dips (δ) conform to Anderson's fault theory (δ =

30◦ ± 5◦), but that a subsidiary peak occurs at fault dips around δ = 50◦

± 5◦. In the context of compressional inversion, provided that the σ1 
stress trajectories remain horizontal, there is no expectation for a reverse 
fault to initiate with δ > 45◦. Therefore, fault-slip ruptures with these dip 
angles are likely to involve reactivated inherited structures (Sibson and 
Ghisetti, 2018).

As discussed above, when α < 30◦, these high-angle inherited faults 
are often reactivated as strike-slip structures (Del Ventisette et al., 2006; 
Rodríguez-Salgado et al., 2023). Consequently, the reactivation of 
inherited structures implies that, in some regions, they represent the 
dominant source of near-field seismic hazard. This interpretation is 
supported by the occurrence of modern Mw > 5.0 earthquakes caused by 
ruptures along inherited faults reactivated as strike-slip to oblique faults 
(e.g., the 1957 Gobi Altay earthquake, Mongolia, Mw = 7.8–8.0, Rizza 
et al., 2011; the 1969 Ceres–Tulbagh earthquake, South Africa, Mw =
6.3, Smit et al., 2015; the 2010–2011 Canterbury earthquake sequence, 
New Zealand, Mw = 6.2–7.0, Gledhill et al., 2011; the 1997 seismic 
sequence in Central Italy, Mw = 5–6, Chiaraluce et al., 2004).

Another important factor governing the competition between reac-
tivation of pre-existing faults and the formation of new ones is the 
presence of fluid overpressure within and around fault zones (Sibson, 
1992, 1995; Turner and Williams, 2004). Several studies (Collettini and 
Sibson, 2001; Leclère et al., 2012; Sibson and Ghisetti, 2018, among 
others) have shown that fluid overpressure favours re-shear along 
pre-existing faults, even when they are unfavourably oriented. Curzi 
et al. (2024) suggest that the 2016–2017 Central Apennines earthquakes 
may have been triggered by transient overpressures at depth (3–6 km), 
caused by an inherited thrust zone acting as a barrier to the migration of 
deep fluids.

Similarly, during the Late Cretaceous–early Eocene strike-slip reac-
tivation of the Amora Fault System, the Albino Thrust may have acted as 
a fluid barrier. This behaviour was likely controlled by its geometry and 
by a clay-rich, multilayer carbonate succession within the deformation 
zone at comparable depths (~4–5 km, as inferred from apatite fission- 
track ages of mid-Eocene magmatic bodies; Zanchetta et al., 2015), 
promoting overpressure development and the upward release of fluids 
along high-angle strike-slip faults. The presence of circulating 
paleo-fluids is supported by carbonate slickenfibres on fault planes, as 
well as by the re-opening and carbonate sealing of tension gashes within 
the damage zone of the Amora Fault (Fig. S1). Several studies of 
mineral-filled deformation structures associated with fault activity 
(Agosta et al., 2008; Boullier and Robert, 1992; Cappa et al., 2009, 
among others) have revealed the presence of CO2-rich hydrothermal 
fluids, highlighting the importance of studying these fault systems in the 
context of CO2 storage and geothermal energy. In addition to their role 
in controlling fluid flow, N–S-striking inherited faults promote seg-
mentation of the Albino Thrust, both within the study area and along its 
inferred lateral E–W continuations. Acting as transverse structures, they 
disrupt the lateral continuity of the thrust front and hinder the propa-
gation of a single, through-going rupture (Sgambato et al., 2023). 
Similar segmentation of Alpine thrust fronts by transverse zones 
inherited from Mesozoic rift-related faults has been documented in the 
central Southern Alps (Faggio Line; Fiorini et al., 2025; Schönborn, 
1992) and the Eastern Alps (Giudicarie Fault System; Zampieri et al., 
2021). A comparable active example occurs in the Central Apennines, 
where the interaction between transverse structures and main faults 
resulted in a cascading sequence of earthquakes rather than a single 
large event (Schirripa Spagnolo et al., 2021).

In conclusion, the case of the Amora Fault System highlights the 
critical role of inherited pre-existing structures in shaping the defor-
mation pattern during compression events. The reactivation of rift- 
related faults, combined with rheological contrasts, results in a com-
plex and heterogeneous deformation pattern. This complexity is further 
enhanced when accounting for a history of multiphase rifting. Analogue 
models thus provide valuable insight into the relationships and relative 
chronology of such structures. At the same time, natural examples like 

Fig. 17. Comparison between the AFS (a) and the Del Ventisette et al. (2006)
model for α = 0◦ (b). Both display a dip-direction twist of the lower thrust 
associated with reactivation of a pre-existing N–S-trending fault as right-lateral.
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the Amora Fault System are essential for validating model predictions in 
geologically complex fault zones and for seismic hazard assessment, as 
they represent exhumed analogues of complex active fault systems 
whose investigation is often hindered by a lack of surface expression.

6. Conclusions

The Amora Fault System shows how inherited rift-related faults 
strongly influenced the structural and kinematic evolution of the central 
Southern Alps. Structural and paleostress analyses reveal a complex, 
multiphase tectonic history marked by repeated fault reactivations from 
the Jurassic rift to the Alpine orogeny, leading to the following 
conclusions. 

1) The Amora Fault System experienced a polyphase tectonic evolution 
involving: (i) E-W-oriented long-lived Jurassic rift-related extension; 
(ii) E-W-oriented Late Jurassic post-rift extension with reactivation 
of basin-bordering faults; (iii) N-S-oriented Late Cretaceous–Middle 
Eocene Alpine compression, marked by activation of the S-verging 
Albino Thrust and strike-slip reactivation of normal faults; (iv) N-S- 
oriented mid-Eocene andesitic dike emplacement and extension; (v) 
renewed N-S-oriented compression and strike-slip reactivation 
especially of N-S-striking faults.

2) Tectonic stages (i) and (ii) were characterized by a vertical σ1 and 
E–W-trending σ3. Local clockwise rotation of the σ3 axis (~26◦) may 
reflect fault orientation and local irregularities. Stages (iii) and (v) 
indicate a N–S-oriented σ1, with S-verging thrusts, folds, and reac-
tivation of N–S-striking normal faults. The mid-Eocene magmatic 
event (stage iv) was marked by vertical σ1 and N–S-trending σ3.

3) Thermal conditions strongly influenced fault behaviour during rift-
ing: high heat flow during rifting promoted a thermally weakened 
upper crust and the formation of new faults, while cooler post-rift 
conditions favoured reactivation of older structures.

4) During Alpine orogeny, the interplay of compressive stress orienta-
tion and mechanical contrasts led to both left- and right-lateral N-S- 
striking fault reactivations, strain partitioning, and the complex ge-
ometry of the Amora Fault System. Analogue models further 
demonstrate how complex thrust geometries can form along-strike, 
as observed along the Albino Thrust.

5) Modern moderate to large earthquakes frequently result from the 
reactivation of inherited fault systems—particularly high-angle rift- 
related structures reactivated as strike-slip or oblique faults, which 
control fluid flow and promote fault segmentation by transverse 
structures that limit rupture continuity—with the Amora Fault Sys-
tem providing a key exhumed natural example of how inherited 
structures govern deformation and near-field seismic hazard during 
compression.

This work emphasizes the critical role of inherited faults in shaping 
the evolution of mountain belts. It shows how multiphase fault reac-
tivation, thermal conditions, and stress reorientation interact to produce 
complex structural patterns during orogenesis. These insights improve 
our understanding of fault reactivation processes, with broad implica-
tions for tectonic reconstruction, fluid flow pathways, and seismic haz-
ard assessment.
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