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Abstract Sant'Anna Pelago is located near the extensional front of the Northern Apennines (Italy) between
Modena and Lucca, an area characterized by multiple lateral steps of the NW-SE striking tectonic system and
orographic divide. The region is affected by significant instrumental seismicity with over a thousand recorded
events (0.5 < M < 4.8) from 2006 to 2024, and few 4.13 < Mw < 4.33 historical earthquakes. Nevertheless, it is
not clear what are the geometries and kinematics of the faults, nor which are seismogenic, and as a result we
have few constraints on how extensional basins initiate and link across their lateral steps. In this study we
performed absolute and relative relocation of earthquakes and focal mechanism computation to analyze the most
significant seismic sequences. We calculated Coulomb stress changes from the 2013 Mw = 4.8 strike-slip
mainshock that occurred on a fault transverse to the Apennines and show that it caused the 2013 aftershock
sequence on an overlying, NW-SE striking normal fault. Most of the other sequences occurred on a nearby
system of steep, en echelon normal faults. Structural field observations support the existence of a major strike-
slip transverse deformation zone extending to the Sant’ Anna Pelago area. Our results show that extensional and
transverse strike-slip faults can be active synchronously and closely interact through mechanisms such as stress
triggering.

1. Introduction

Extending orogens and rifts exhibit complex three-dimensional fault patterns, arising from the long-term history
of fault nucleation, propagation and interaction (Fossen & Rotevatn, 2016; Gawthorpe & Leeder, 2000;
Morley, 2010). Some faults have unexpected orientations that do not follow Andersonian fault theory. These
commonly form due to local re-orientation of the tectonic stress, or by re-activating faults inherited from prior
tectonic events (Dawson et al., 2018; Maestrelli et al., 2020; McClay, 1995; Morley, 2010, 2017; Zwaan &
Schreurs, 2017), and can strike at high angles respect to the evolving mountain belt or rift axis (Chorowicz, 1989;
Corti et al., 2022; Illies, 1972; Lad-Davila et al., 2015; Lezzar et al., 2002; Martin et al., 1993; Morley et al., 2007;
Muirhead & Kattenhorn, 2018). However, in most settings it is unclear what the kinematics of these faults are, and
how they influence fault network and tectonic evolution of a region. With the increase in passive seismic data in
many regions globally, it is now becoming increasingly possible to image the subsurface shape and kinematics of
complex fault networks.

The Northern Apennines, in Italy, is a mountain chain characterized by contemporaneous active slow-rate
contraction in the foreland to the east (Basili & Barba, 2007; Benedetti et al., 2000; Boccaletti et al., 2011;
Burrato et al., 2003; Picotti & Pazzaglia, 2008; Wilson et al., 2009) and extension in the internal domain in the
west (Bennett et al., 2012; Carmignani & Kligfield, 1990; Frepoli & Amato, 1997; Ghisetti & Vezzani, 2002;
Molli et al., 2021). Both extensional and contractional fronts migrate NE-ward due to chain-scale counter-
clockwise rotation (Bennett et al., 2012; Le Breton et al., 2017; Mantovani et al., 2015). At a local scale
deformation is accommodated on a multitude of segmented structures which have prominent lateral steps at all-
scales. In the internal domain the lateral steps are mainly expressed as a series of left-stepping, en echelon and
overlapping basins of NW-SE (Apenninic) orientation (Figures 1 and 2). Previous studies have hypothesized that
steps originated from structural lineaments oriented almost perpendicular or “transverse” (sensu Ben-Avraham &
Ten Brink, 1989) to the chain front. These lineaments are believed to control large scale segmentation of major
fault systems and basin development (Brogi et al., 2020; Elter et al., 2012; Molli et al., 2021; Pascucci et al., 2007;
Sorgi et al., 1998). However, the faults underlying these transverse lineaments have rarely been observed, and the
style and kinematics of the expected lateral shearing associated with them is unclear, as is their seismogenic
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potential. As a result, the existence and kinematics of transverse faults and their interaction in space and time with
the morphologically clearer Apenninic faults are highly debated.

The area situated near the Northern Apennines orographic divide between Modena and Lucca (Figures 1a and 2),
where the tectonically active basins in the internal domain are arranged in an en echelon pattern (Figure 1a),
provides an ideal context for studying these topics. This setting motivated our focus on the Sant'Anna Pelago area,
where over the past ~15 years significant instrumental seismicity has been recorded, characterized by moderate to
low-magnitude earthquakes. Notable events include Mw = 4.13 (1909), Mw = 4.28 (1988), Mw = 4.33 (1997)
(Locati et al., 2022; Rovida et al., 2022). Here, in 2013, the National Institute of Geophysics and Volcanology
(INGV) catalog (ISIDe Working Group, 2007) reports a Mw = 4.8 mainshock at around 20 km depth, with the
focal mechanism showing almost pure strike-slip motion, and then followed by a dense seismic sequence. The
map distribution of the INGV locations shows a NW-SE elongated cloud of seismicity, broadly parallel to the
local Apennine front. However, the catalog locations lack the spatial definition required to associate the main-
shock and aftershocks to specific faults, and a focal mechanism has only been computed for the mainshock. In
addition, mapped faults show no evidence for pure strike-slip motion on near vertical Apenninic structures
(Martelli et al., 2016a, 2016b), which generally show only little lateral slip components (Molli et al., 2021). The
Italian database of seismogenic structures (DISS Working Group, 2021) does not include any seismic sources
across the orographic divide (Figure 2), and the catalog of capable faults ITHACA Working Group, 2019) doesn't
report any active capable fault in the area. As such, it is both unclear what are the subsurface geometry and
kinematics of faults during the sequence, and how this relates to the mapped expression of faults at the surface.
Identifying the arrangement the overall architecture of seismogenic faults in this region is crucial for anticipating
where earthquakes might occur in the future.

To address these questions, we use seismological and structural analysis in the Sant’ Anna Pelago area and its
surroundings. We use double difference (DD) earthquake relocations to create a high-resolution seismicity
catalog spanning 2006-2023. We use the new catalog to identify the location, the extent and the geometries of
individual seismogenic faults and computed focal mechanisms to determine their kinematics. The result shows
evidence for complex fault network of NW-SE striking normal faults above a NE striking strike-slip fault that
slipped during the 2013 main-shock. We use Coulomb stress change (CSC) modeling to evaluate to what extent
the various seismic sequences were triggered by the mainshock. Finally, we interpret the results from the seis-
micity and stress change models considering new kinematic data and reinterpreted existing structural maps of the
region.

2. Geologic and Seismotectonic Setting
2.1. Northern Apennines Tectonic Evolution

The Northern Apennines are a northeast-verging thrust-and-fold belt formed from the polyphase deformation
of a stack of Adria-derived continental units and remnants of a former accretionary wedge (Carmignani &
Kligfield, 1990; Doglioni et al., 1998; Elter, 1975; Jolivet et al., 1998; Molli, 2008; Remitti et al., 2007)
(Figure 3). Since the Neogene (~23 Ma), deformation has occurred through coeval slow-rate contraction in the
foreland to the NE, and extension in the internal domains to the SW, with both fronts continuously migrating
northeast-ward through counter-clockwise rotation (Boccaletti et al., 1971; Caricchi et al., 2014; Doglioni
et al., 1998; Jolivet & Faccenna, 2000; Le Breton et al., 2017; Molli et al., 2021), driven by the NE-ward rollback
of the subducting Adriatic plate (Doglioni, 1991; Faccenna et al., 2014; Le Breton et al., 2017; Meletti et al., 2000;
Serpelloni et al., 2005). Shortening involved the north eastward sequential incorporation of proximal to distal
continental units beneath the advancing forearc, accompanied by discontinuous out-of-sequence thrusting
(Figure 3) (Clemenzi et al., 2014; Fazzuoli et al., 1994; Molli et al., 2018; Plesi et al., 1998; Reutter et al., 1983;
Vannucchi et al., 2008; Vescovi, 2005). Multiple top-to-southeast and top-to-northwest, highly oblique structures
and ramps allowed lateral transfer of shortening between thrust sheets.

Since the Pliocene (~5 Ma), the internal Northern Apennines have experienced extension by high-angle faults
(HAFs), which now mainly bound westward oldening intramontane basins of Plio-Pleistocene formation or
reactivation. Toward the west the degree of overprinting of compressional fabrics and thrust related morphology
by the HAFs also increases (Molli et al., 2021; Pascucci et al., 2007). The westward increase in extension has
resulted in across-chain variations in crustal thickness, from <20 km off-shore in the Tyrrhenian sea and
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Figure 1. (a) Seismotectonic map of the Northern Apennines reporting recorded earthquakes distribution (National Institute of Geophysics and Volcanology (INGV)
catalog), historical earthquakes (Locati et al., 2022; Rovida et al., 2022), major high-angle faults and foreland thrusts (Bigi et al., 1990; Martelli et al., 2016b; Molli
etal., 2021). The blue frame refers to study area of Figure 5a. (b) Map of Italy with INGV stations network (in cyan those used for relocation). Panel (c) map with Shmin
directions (Mariucci & Montone, 2024) and GPS velocities (Bennett et al., 2012).

increasing progressively to ~50 km near the orographic divide (Dannowski et al., 2020; Di Stefano & Ciac-
cio, 2014; Ferretti et al., 2002; Li et al., 2007; Mele & Sandvol, 2003; Piana Agostinetti & Amato, 2009).

Extension has also led to a significant along-chain variations in the amount of stretching, resulting in a SE increase
in width of extended crust and the formation of left-stepping, en echelon and overlapping basins (Molli
et al., 2021). Controls on the segmentation of the basins and how deformation occurs in basin steps is not entirely
clear but have previously been associated at a range of scales to NE-SW striking medium to high angle transverse
(oriented highly oblique to perpendicular to the orogen) faults. These faults are largely inferred indirectly from
geomorphological, geophysical, and tectono-stratigraphic data, and not often directly observable, except where
they are exhumed (Cortopassi et al., 2006; Molli et al., 2015) or they cut and offset recent surficial Quaternary
markers (Brogi et al., 2020, 2024; Cantini et al., 2001). The transverse structures have been interpreted to cover a
wide range of fault types and kinematics. These include transfer faults, thrust sheet lateral ramps, pure dextral and
sinistral strike-to oblique-slip faults, pure normal or hybrid faults (Coltorti et al., 1996; Dramis et al., 1991;
Ghelardoni, 1965; Locardi, 1988; Molli et al., 2018; Pascucci et al., 2006, 2007). Some of these faults may have
functioned as different types at various stages of the orogen's evolution (Liotta, 1991; Tavarnelli et al., 2004),
reflecting their role as persistent structural weaknesses (Liotta, 1991; Morley, 2010; Pizzi & Galadini, 2009).
Although some studies have linked low to medium-high magnitude earthquake sequences to transverse structures
(Albarello et al., 2005; Bonini et al., 2016; Brogi et al., 2020; Buonasorte et al., 1987; Kaerger et al., 2024;
Liotta, 1991; Mirabella et al., 2022; Molli et al., 2016; Pezzo et al., 2014; Stramondo et al., 2014; Vannoli
et al., 2015), seismicity constraints are limited, and the true seismological potential largely remains unknown.

The area of Sant'Anna Pelago, located at the Apennine orographic divide, exhibits well documented elements
from both the contractional and extensional phases. Main elements include large-scale asymmetric thrust sheets
and frontal folds resulting from out-of-sequence shortening (Figure 3). Additionally, differential shortening has
led to a significant lateral offset of the unit fronts, associated with highly oblique to near-transverse ramps. The
main regional active HAFs in the area (Conti et al., 2020; Martelli et al., 2016a, 2016b; Molli et al., 2021) are
between the western flank of Garfagnana basin and the frontal fold forelimb of the external unit to the east
(Figures 2 and 3). The back-limb flats of the major frontal folds are characterized by SW dipping normal faults,
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Figure 2. Tectonic sketch of the northern tip of Apennines rift with major transverse high-angle faults traces (from Conti et al., 2020; Martelli et al., 2016b; Molli
et al., 2021), location of the seismogenic faults (Diss Working Group 2021) and focal mechanisms (Martelli et al., 2016b; Scognamiglio et al., 2006).

while NE dipping HAFs are on their steep forelimbs. NE-dipping normal faults adjust their orientations to align
with the major lateral and frontal changes in the thrust sheet fronts, commonly showing curved NW-SE to E-W
orientations. Major fault systems are shown in Figure 2. Sant’ Anna Pelago lies in an asymmetric graben west of
the SW-dipping Fola master fault system (Balocchi, 2020; Martelli et al., 2016a, Martelli et al., 2016b; Plesi
et al., 2002a, 2002b), which is part of a ~25 km long regional fault systems with remarkable morpho-structural
evidence.

Transverse faults also exist in the area (Figure 2). In mid-Garfagnana, a transversal morphological high is
bounded by two major steep hybrid transverse systems, that is NW dipping Isola Santa-Sillico fault system
(ISSF), which cut Pleistocene-Holocene fluvial deposits, and the SE-dipping Gallicano fault (Martelli
et al., 2016a, 2016b; Molli et al., 2021). Some minor transverse faults include the transverse Sant’ Anna fault,
steeply dipping to the NW (Balocchi, 2020; Puccinelli et al., 2016a, 2016b).
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Figure 3. (a) Schematic geological map around the study area, with traces of the main contractional frontal ramps (black). Empty squares are historical M > 4
earthquakes (Rovida et al., 2022). At the bottom, simplified tectonic relations from the contractional history are shown. DEP = Neogene deposits; Qt = Quaternaty
deposits; PP = Plio-Pleistocene deposits; NMU = Non-metamorphic units; AW = Accretionary wedge units; USZ; Upper shear zone, LSZ; Lower shear zone,
IU = Internal units; EU = External units; MU = Metamorphic internal units. (b) 3D sketch of the pre-high-angle faults (HAFs) state of the contractional stack and future

locations of HAFs in transparent.

2.2. Regional Seismicity

The Northern Apennines is a slow-deforming region, characterized by ~1-4 mm/yr horizontal velocity (Bennett
et al., 2012; Cenni et al., 2013; Molli et al., 2021; Serpelloni et al., 2016, 2022). Present-day crustal motions and
several geophysical studies on regional seismicity (Di Stefano & Ciaccio, 2014; Di Stefano et al., 2009, 2011;
Ferretti et al., 2002; Li et al., 2007; Mele & Sandvol, 2003; Piana Agostinetti & Amato, 2009) show a wide region
of extension, located along and mostly west of the main orographic divide, where minimum stress axis 63 is
~NE-SW-oriented (Chiarabba et al., 2005; Martelli et al., 2016a, 2016b; Pondrelli et al., 2006).

Due to very low horizontal strain rates, and limited seismic network coverage until 2005 (Saccorotti et al., 2022),
how deformation is distributed remains poorly understood. Figure 1a reports all instrumental earthquakes (ISIDe
Working Group, 2007) and M > 4 historical earthquakes from the national catalog (Locati et al., 2022). The
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internal domain exhibits sparse, weak, and relatively shallow (3—10 km) instrumental seismicity and lacks strong
historical earthquakes (only a few Mw > 4.0). In contrast, most of the instrumental and historical seismicity is
predominantly located along an elevated region comprising the outermost intramontane basins and the areas near
the orographic divide. These events tend to occur in moderate to deep, dense clusters within the thicker crust, and
have caused severe damage. Notable events include those in 1481 (Ms = 5.9), 1834 (Ms = 5.6), and 1837
(Ms = 6.4) in Lunigiana (Eva et al., 2025), and in 1740 (Mw = 5.6), 1746 (Mw = 5.0), 1902 (Mw = 4.9), 1920
(Ms = 6.5) and 1939 (Mw = 4.9) in Garfagnana (Figure 1a). More recently in 2013 the region experienced a
significant sequence associated with a Mw = 4.8 mainshock in mid-Garfagnana (the focus of this study) and a
Mw = 5.1 mainshock in southern Lunigiana (Figure 2).

Most focal mechanisms along the orographic divide and surrounding areas exhibit almost pure or slightly oblique
normal kinematics with broadly ESE and SE Apenninic oriented nodal planes. A few mechanisms, such as 2013
mid-Garfagnana mainshock and Lunigiana main events, show highly oblique oriented (E-W) to transverse (SW-
NE) nodal planes and normal-oblique to pure strike-slip motion (Figure 2).

Despite the region shows significant activity, only two composite seismogenic source are recognized in the
national database (DISS Working Group, 2021), related to fault systems in the Lunigiana and Garfagnana basins.
The latter is further subdivided into distinct Garfagnana North and Garfagnana South segments (Figure 2),
characterized by NE dipping master faults, with the 2013 mainshock broadly centered between them. Three
additional significant historical earthquakes, the 1909 (Mw = 4.13), 1988 (Mw = 4.28, ~20 km), and 1997
(Mw = 4.33, ~16 km) events, have been identified near the Sant'Anna area (Rovida et al., 2022), NE of the 2013
mainshock (Figure 3a).

3. Seismological and Structural Analysis
3.1. Data

The study area is monitored by the Italian Seismic Network (ISN, Istituto Nazionale di Geofisica e Vulcan-
ologia, 2005). For the earthquake locations we used a phase-arrival data set from the publicly available INGV
catalog (ISIDe Working Group, 2007). We used P- and S-wave arrival times from 1185 ML > 0.5 earthquakes,
located within box of corners (44.107 N-10.438 E, 44.252 N-10.620 E) and recorded by 56 evenly distributed
permanent stations within 150 km radius operating during 2006-01 to 2023-12 (Figure 1b). From 2013, the ISN
offered dense station distribution, optimal azimuthal coverage and small inter-distance between instruments
around the study area, resulting in low magnitude completeness.

Waveforms of earthquakes with M > 2.5 were downloaded from EIDA Data Archive (Danecek et al., 2021) to
compute focal mechanisms. Regional data of fault traces were acquired from the updated map of active faults in
Molli et al. (2021), and from the seismotectonic map of Emilia Romagna (Martelli et al., 2016a, 2016b).

3.2. Methods
3.2.1. Absolute Locations

The P- and S-waves arrival times were used to perform our own absolute location of earthquakes with NonLinLoc
(Lomax et al., 2014). NonLinLoc (NLL) uses a non-linear, probabilistic approach and provides a comprehensive
estimate of the location uncertainties with “a posteriori” probability density function created by solving the
inversion problem formulation proposed by Tarantola and Valette (1982). Earthquake location was performed
using a local 1D velocity model (Figure S1 in Supporting Information S1) from the national tomographic P- and
S-wave velocity model of Di Stefano and Ciaccio (2014). We adopted a grid of 1 km cubic cells, assuming
uniform slowness inside each cell. The minimum number of phases to locate an event was set to 4. The processing
resulted in 1,041 located events (Figure 4d).

3.2.2. - Relative Relocation

We then refined earthquake location with relative DD relocation (Waldhauser & Ellsworth, 2000) using the
catalog differential arrival times with HypoDD. Relocations using the DD algorithm are far less sensitive to the
use of simplified 1D velocity models to represent complex crustal structures, compared to absolute location
methods (Waldhauser & Ellsworth, 2000). The DD method minimizes the differential arrival times between
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largest earthquakes.

events pairs and individual residuals between theoretical and observed travel-times, under the assumption that
nearby sources have almost identical ray paths and travel-times if the receiver is sufficiently distant. Given the
large number of events, we used the LSQR conjugate gradient method (Paige & Saunders, 1982) to solve the
system of DD equations. We tested a range of input parameters to minimize the number of events lost and the shift
of earthquake cluster positions with respect to both INGV and NLL relocations, resulting in 881 relocated
earthquakes (Figure 4d). Full parametrization is in Supporting Information S1. For each cluster, we graphically
interpreted a single fault plane that best fits the distribution and density of earthquakes in 3D space. Each fault
plane is a rectangle defined using Okada geographic, geometric and kinematic parameters (Figure 5b, Table S6 in
Supporting Information S1).

3.2.3. Focal Mechanisms Computation

From all the available unfiltered vertical-component seismograms of the M > 2.5 earthquakes, we manually
picked P polarities. We used HypoDD event-station azimuths and take-off angles to constrain 17 focal
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mechanisms using the grid-search approach in FOCMEC (Snoke, 2003). FOCMEC performs an efficient, sys-
tematic search of the focal sphere and reports acceptable solutions based on selection criteria for the number of
polarity errors or using relatively-weighted factors (RW), in the way that a mismatch for data near a nodal surface
counts less than a mismatch near the middle of the quadrant. Thanks to good azimuthal stations coverage, we were
able to constrain focal mechanisms without exceeding 1 polarity errors or adopting RW > 0.2.

3.2.4. Isola Santa-Sillico Fault System, Kinematic Data Analysis

To constrain the directions of shortening and extension associated with the development and re-activation of
ISSF, we conducted a first order characterization of brittle structures by collecting geometric-kinematic data in its
exhumed internal domains on the western flank of Garfagnana basin. Analysis has also been extended to
Apenninic systems. The measured structures belong to: (a) main faults with displacement surfaces associated with
cataclastic zones and indications of movement, (b) minor faults with indications of movement, (c) conjugate shear
fracture systems. Sense indicators were inferred from steps on planes, R-T-fractures, ridge-in-groove striae and
calcite growth fibers. General paleo-stress conditions were obtained with TENSOR (Delvaux & Sperner, 2003),
following guidelines employed in close areas by Cortopassi et al. (2006), Ottria and Molli (2000), and Vaselli
et al. (2008).

3.3. Location Results
3.3.1. Relocation Performance and Catalog Comparison

To assess the quality of earthquake location and compare across the INGV, NLL and HypoDD catalogs we used
the method proposed in Michele et al. (2019). We extracted the normalized values of the most common uncer-
tainty estimators and combined them in a single inverse quality index spanning 0—1 using Michele et al. (2019)
empirical relation. The values are associated with A to D quality classes. Estimators have been normalized to
respective common maximum index values from all catalogs, within a 95% percentile. Normalization is needed to
legitimize the combination of different physical quantities and comparison across catalogs.

Since the LQRS method from DD location doesn't provide reliable uncertainty estimations, overall location
performance was tested using the SVD method on a reduced subset (~100 earthquakes from the 2018 cluster),
assuming that the resulting errors are representative of the entire data set.

Quality indices are graphically presented in the Figure S4 in Supporting Information S1 as histograms and quality
class related median absolute deviations. Individual event error values for each catalog are provided in their
respective Data Set S1-S4. Progressive improvement in event location is mainly indicated by decreasing median
RMS values, from 0.200 s (std = 0.232) to 0.113 s (std = 0.067) and 0.068 s (std = 0.018) across the INGV, NLL,
and HypoDD catalogs, respectively. Histograms of quality indices show a slight average improvement in the
quality of NLL compared to INGV. The DD relocation achieve the lowest horizontal and vertical median errors.

Figure 4 compares the distribution of the three catalogs events, together with respective locations of the largest
earthquakes from 2013, 2018 and 2022 clusters. The overall statistical improvement is consistent with the notable
progressive improvement in swarm clustering shown in the NLL and HypoDD catalogs (Figure 4d). Depth
distribution of the seismicity from the catalogs is in histogram form in Figure 4c. NLL and HypoDD events tend to
occur at slightly greater depths on average compared to INGV events. Also, the 11 km depth artificial peak artifact
within INGV catalog due to their over-simplified 1D velocity model (Latorre et al., 2023; Scudero et al., 2021) is
not present in the NLL and HypoDD catalogs.

Of the DD relocated earthquakes 99.8%occur between 7 and 19 km depth, with 78% locating between 12 and
17 km depth. The average shifts of DD locations, in longitude, latitude and depth directions, compared to the NLL
catalog are 0.6, 0.9, and 1.2 km, respectively. The largest horizontal shifts are observed for the deepest earth-
quakes. The 2013 mainshock indeed locates much closer to the aftershock cluster compared to both INGV and
NLL catalogs.

To assess how NLL and HypoDD relocation shifts impacted the 2013 mainshock focal mechanism solutions and
to compare them with the original INGV solution, we calculated them using NLL and HypoDD derived take-off
angles and azimuth values. The results (Figure S3 in Supporting Information S1), consistently indicate near pure
strike-slip kinematics for all solutions, with similarly oriented steep nodal planes. The solution obtained using the
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HypoDD parameters was unambiguous and confirmed the strike-slip nature of the mainshock, with E-W oriented
P-axes.

Given the DD improvement of location, we adopted the HypoDD catalog for analysis. Henceforth, following
references will be exclusively made to HypoDD data.

3.3.2. Cluster Geometries, Kinematics and 3D Distribution of Seismicity

The DD solutions reveal the 3D spatial clustering of six sequences. For these sequences, we report the depth-
magnitude-time evolution (Figure 4a). The most significant sequences occur in 2013, 2018, and 2022. Their
largest earthquakes occurred at the very early stages, followed by a rapid Omori-like decay in aftershocks.
Notably, each sequence starts with the largest earthquake located near the base of the respective cluster. Intervals
of 2—4 years occurred between subsequent sequences.

We computed 15 focal mechanisms for events in the 2013, 2018 and 2022 sequences. Another solution was
obtained for a singular 2007 ML = 2.8 deep event located in the SE part of study area. All focal mechanisms
solutions are reported in Table S1 in Supporting Information S1. Figures 5a and 5d show sequences differentiated
by time, depth, magnitude, together with the focal mechanism of the respective event. Fault geometries are
summarized in sketch of Figure 5c and parameterized in Table S6 in Supporting Information S1. Dipping angles
are in Figure 5b. The major aligned structures are:

o NF1:2009-2010 cluster occurs as two distinct minor sub-sequences on 2009 and 2010 having no evidence of
mainshock-aftershock relations. The largest event is ML = 2.8, and no focal mechanisms were computed.
Hypocenters are ~14-18 km-deep, and define a 3-km-long, SW dipping fault striking NW-SE.

e TF1: The 2013 Mw = 4.8 mainshock occurred on 25-01-2013 at 14:48 (UTC), at a depth of 18.6 km. Its focal
mechanism indicates a strike-slip kinematic with Apenninic or transverse nodal planes. Given that Apenninic
faults are characterized by dip-slip and only exhibit minor left-lateral components (Molli et al., 2021), we
attribute this event to a transverse, near-vertical plane with right-lateral slip.

o NF2: 2013 aftershock cluster defines a ~7-km-long, ~10—18-km-deep SE striking fault, dipping to the SW.
The first aftershock event occurred immediately after the mainshock, at 14:52 (UTC), followed by dense
localized sequence. The 2013 seismicity is concentrated along a slightly curved structure with strike ranging
from 325° in the southeast to 300° in the northwest, with the latter closely matching the strike and dipping
angle of NF1. NF2 has been approximated as a planar surface with a 310° strike. The cluster is denser on the
SE termination of the fault, and its centroid is planimetrically shifted on it about 2.5 km to the SE with respect
to the mainshock, where all greater magnitude earthquakes occurred. Aftershocks on the fault plane decay
rapidly, while sparse seismicity occurred till the end of 2017. All related focal mechanisms exhibit nearly pure
normal kinematics, mainly on Apenninic striking nodal planes.

o NF3-NF4: 2018 (NF3) and 2022 (NF4) hypocenters define two dense, ~3-km-long, ~11-18-km-deep, E-W
striking clusters fit by faults dipping steeply to the north and located at the footwall of NF2. Their respective
largest 2018-07-01, ML = 3.6 and 2022-09-22, 3.7 earthquakes occurred at 18.4 and 18.0 km depth. All focal
mechanisms indicate nearly pure normal slip on these faults, with only minor lateral components. All nodal
planes have dip-angles spanning 40-80° and show strikes consistent with clusters' directions.

o NFS5: on the SE sector a minor cluster is made by different 2018 earthquakes and aligns on a E-W striking high
angle minor fault dipping to the S.

o NF6: Limited network coverage prevented relocation of some 2006-2007 events with NLL and HypoDD, so
we used the original INGV locations, which already show good clustering on a minor E-W ~5-10 km-depth,
N-dipping HAFs.

Best-fitting fault planes are showed in map view in Figure 5b. The vertical cross-sections 1-1’, 2-2’, 3-3’ of
Figure 5d, are perpendicular to NF2, NF3-4, and frontal to NF2, respectively. The main 2010, 2013, 2018, 2022
clusters exhibit a similar range in hypocenter depths. Their deepest events and the sparse seismicity describe a
surface dipping at low angle (~5°) to the NE, located at approximately 18 km in the SW and 20 km to the NE of
the study region (Figure 4d). All 2013-2018-2019 largest earthquakes clearly lie on the 3D envelope of this limit.
The seismicity in the area abruptly decreases toward the SE, just beyond the eastern tips of the 3 main clusters
(Figure 4d).
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angle.

3.3.3. Isola Santa-Sillico Fault System: Geometric-Kinematics and Paleo-Stress Constrains

The ISSF is a major long-lived, 20-km-long transverse fault system nearly reaching the orographic divide
(Figures 2, 3, and 6). Near its NE end, the system is active with linear sparse seismicity (INGV catalog), cross-
cutting relations with recent Quaternary deposits (Di Naccio et al., 2013; Puccinelli, 1987; Puccinelli et al., 2016a,
2016b), hydrothermal upwelling and sinkholes (La Rosa et al., 2018; Molli et al., 2021). Along the western flank
of the Garfagnana basin, the system is exhumed and dislocated by the east-dipping normal fault systems bounding
the basin margin, through kilometer-scale throw. The system mainly develops within carbonate rocks, allowing
for continuous tracing of multiple structures and geometries. Several sets of internal Apenninic normal faults also
intersect the transverse system (Figure 6b). However, there are no univocal overlapping relationships between

LENCI ET AL.

11 of 23

85U8017 SUOLUWIOD 3A1I81D) 3{cfed!|dde au Aq pausenob e il VO ‘85N JOSe|ni o} AkeiqiT8ulUQ /8]1M UO (SUONIPUOD-pUe-SWB)/LI0Y A8 |Im ARe.q Ul |UD//SANY) SUORIPUOD PUe Swis | 8y} 88S *[520z/ZT/TT] uo Arigiiauliuo A8|Im elfelieueiy0d Aq 6588000 15202/620T OT/I0p/w0d Ae M Ariqijeut|uo'sgndnBe//sdny Wwoi pepeojumoq ‘6 ‘520z ‘Y6T6r76T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2025TC008859

transverse and Apenninic faults, with them likely being coeval. The transverse system is characterized by a series
of highly segmented, steep to vertical corridors of localized deformation. In the innermost portion, the system
transitions continuously from SW-NE to nearly E-W directions. Further north, the system becomes more
segmented and discontinuous with NNE trending portions. Locally, in the field, two populations of oblique-dip-
slip and strike-slip striae or fibers are associated with the same fault, showing oblique to ~90° relations
(Figure 6f). The kinematic data indicate that both the main SW-NE and E-W corridor sets are predominantly
characterized by nearly pure right-lateral slip and minor dip-slip motion. In the main deformation zone the
downthrown block is always that to the north for both systems. No unique overlap relations between dip-slip and
lateral-slip striae on the same individual planes have been observed, further supporting potentially coeval dip- and
strike-slip movements during intermittent mixed reactivation episodes. In addition to the main corridors,
numerous sets of minor conjugate oblique left-lateral faults with ENE to ESE directions are present, which were
essential for the inversion of the paleostress. The existence of pairs of sub-vertical conjugate fault systems
suggests nucleation and initial stages of deformation occurred under vertical 62 conditions.

For the inversion of the stress conditions of strike-slip systems, kinematics related to oblique strike-slip acti-
vations were analyzed alone. To constrain regional extension conditions, we inverted the tensors related only to
movements recorded on the Apenninic dip-slip systems. The resulting paleostress tensors, shown in Figure 6b,
indicate sub-horizontal ~N64 oriented o1 for strike-slip systems, and sub-horizontal ~N61 oriented 63 for dip-
slip systems.

4. Coulomb Stress Change Calculation

Earthquakes can modify the stress state on nearby faults by either promoting or inhibiting slip (Harris, 1998; King
etal., 1994; Lin & Stein, 2004; Stein, 1999; Toda et al., 2005). While positive stress changes caused by a fault slip
(the source fault) on a pre-stressed fault (the receiver fault) can bring it to fail, negative stress changes unload
faults, inhibiting their rupture. The CSC on a specified fault is independent of regional stress but depends on the
fault geometry, sense of slip, and the coefficient of friction.

The aim of our analysis is to test whether the 2013, 2018, and 2022 sequences were stress-triggered by the 2013
Mw = 4.8 mainshock on the hypothesized TF1 deep transverse dextral strike-slip fault. This assessment was
carried out by comparing the aftershocks distribution with the 3D stress-change pattern associated with the fault.

To relate the moment magnitude (Mw) of an earthquake to the average displacement (d) and the area of the slip
surface (S), the empirical relation proposed by Hanks and Kanamori (1979) has been used:

2
M, = gloglo(Mo) —6.03

where Mo is the seismic moment in Newton*meters. The seismic moment is given by:
MO = ﬂSd

where p is the shear strength of the rock (assumed typical value 4 = 3 x 10! N/m?), S is the area of the slip
surface, d is the average slip. S value has been estimated from scaling relationship between fault rupture length
and earthquake magnitude, at variable stress drop values (Hanks, 1977; Scholz, 2002). For a stress drop value of
10 MPa, consistent with the large depth of the system, and a Mw = 4.8 earthquake, a rupture fault length of
approximately 2 km and a height of 1 km is expected. The average slip value we calculate is 0.3 m.

The spatial and geometrical properties of the fitted planes and fault kinematics parameters (Figure 7) were used to
build the model for the static CSCs simulation using Coulomb 3.4 (Okada, 1992; Toda et al., 2011). Calculations
are made in an elastic half-space with uniform isotropic elastic properties (Okada, 1992). The friction coefficient
value for normal faults is gave by the relation fs = —1/tan (2f) from (Sibson, 1974), where f is the fault dip, which
yields fs = ~0.60, a value consistent with the expected deep lithologies (Figure 1c).

For the 2013 mainshock source fault (TF1), we adopted the parameters of the transverse nodal plane. The fault
trace was positioned so that the mainshock locates on its SW tip, assuming rupture happening on the tip. For NF2,
NF3 and NF4 receiver faults, considering the mean kinematic attitude described by relative focal mechanism, we
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Figure 7. Static Coulomb Stress changes produced by the slip of the source fault TF1 on faults oriented like NF2 receiver fault, shown in horizontal section (a), built at
15.5 km of depth, and vertical cross-sections (b)—(d). The gray dashed lines indicate the projection steps used to filter the projection of the 2013 aftershock hypocenters

(green dots) across sections.

use a normal dip-slip rake (—90°). Since only the 2013 mainshock exceeds Mw = 4, and the 2007 and 2010
sequences show no clear mainshock—aftershock relations, we assumed that NF1, NF2 and NF6 neither experi-
enced appreciable slip nor caused significant stress changes. We therefore only use TF1 as the source fault.
Figure 7 shows the resulting CSCs induced by TF1 activity on the 2013 receiver NF2, on several horizontal and
vertical cross-section. Aftershocks are projected perpendicular to all sections, in order to optimally represent
events within respective CSC fields. The results show a good correlation between distribution of positive CSCs
and 3D aftershock distribution on NF2, with ~85% of them being in the positive CSC lobes.

As shown in all the sections, the majority of aftershocks locate in the SE positive lobes, possibly as a consequence
of the NW portion of the fault having already been unloaded during the 2010 sequence. CSC values across NF2
are low, spanning from 0.0025 MPa far from the mainshock to >0.05 MPa near the mainshock, at seismogenic
depths. These results are close to hypothesized CSCs triggering threshold of 0.01-0.05 MPa in literature (King
etal., 1994; Stein, 1999). Larger positive CSC plumes occurred at significant depths, beyond cutoff depths, where
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co-seismic deformation likely doesn't occur. Other positive lobes are observed at the footwall of the Fola Fault,
but no seismic activity has been recorded, suggesting a lack of Apenninic HAFs to activate and/or insufficient
CSC to trigger seismicity. CSC tests on NF3 and NF4 showed that TF1 movement induced only minor negative
stress changes (0.002-0.01 MPa), making triggering unlikely and suggesting that 2013 and 2018-2022 sequences
were independent, as also suggested by the relatively long-time span between these events.

5. Discussion
5.1. Active Structures and Seismotectonic Implications

The precise relocation of seismicity indicates slip along five independent normal faults active during the last
17 years (Figure 5). The ~NNE average T-axis orientation derived from the focal mechanisms of these faults is
consistent with the regional minimum horizontal stress (Shmin) direction of the Apennines extensional systems
(Figures 1c and 5). The consecutive 2010 and 2013 sequences are connected to the slip of adjacent portions of the
same SW-dipping major fault system. Based on the position and shape of the two clusters and focal mechanism
nodal planes we interpret them as being on the Fola fault (Figure 5), a regionally extended normal fault system
with a significant morphological indication, and with kilometer-scale throw (Balocchi, 2020; Martelli
et al., 2016a, 2016b). The seismicity on the fault extends down to the base of the seismogenic layer at ~18 km.
The other active faults modeled from seismicity have no direct surficial expression. Seismological observations
also allow us to infer the presence of a sub-vertical major transverse fault TF2 (Figures 5a and 5d). This fault: (a)
envelopes the eastern tips of the main 2013, 2018 and 2022 clusters, (b) aligns with the abrupt decrease of the
seismicity to the SE, (c) aligns with the shallowing (~1.5 km) of the seismogenic layer toward the SE, (d) runs
parallel to the near-surfacing transverse Sant’Anna fault, (e) broadly coincides with the location of the 1988
Mw =4.28 and 1997 Mw = 4.33 (Rovida et al., 2022) historical earthquakes (X, Y in Figure 5a), located at depths
of 18, 6 and 16 km, respectively. The Sant’Anna fault could represent the local surface expression of TF2. TF2
likely cross-cuts the Fola fault at depth and acted as a major barrier during the 2013 aftershock sequence,
inhibiting propagation of rupture toward the east (Pace et al., 2002; Pizzi et al., 2017).

Relocation has shown 4 sub-vertical W-E striking faults, including en echelon NF3 and NF4 at the footwall of the
Fola fault. The E-W trend is common in this region and many major fault systems exhibit curved trajectories with
E-W strike at the eastern terminations. HAFs exhibit these trends where they overprint former curved or E-W
oriented tectonic elements related to the compressional phase, such as concave oblique ramps between main
frontal ramps (Figure 3). However, as the inferred faults are oriented parallel to the 2013 mainshock P axis and are
subvertical, we believe they may have nucleated as en echelon tension or strike-slip structures under the same
stress field, and recently reactivated as normal faults in a transtensional regime. As the eastern tips of NF3 and
NF4 coincide with TF2, they might be originated as synthetic splays related to it. As none of the computed
solutions show true vertical nodal planes which align with the overall geometry of the clusters, slip may have
occurred on multiple minor medium-angle en echelon splays above an overall steep structure. Our CSC analysis
additionally support the presence of the separate deep, dextral transverse fault TF1 (Figure 7), located 7 km NW
of TF2 at the base of the seismogenic crust, and consistent with the northeast-oriented nodal plane of the 2013
mainshock focal mechanism. The data support that mainshock and aftershock sequences occurred separately on
distinct, orthogonally oriented faults, reinforcing the inconsistency of left-lateral slip at depth transitioning to dip-
slip at shallower levels along the same fault plane. As the 2013 mainshock broadly locates between NF1 and NF2
we hypothesize that TF1 may act as a deep seismic barrier, partially preventing the 2010 and 2013 sequences to
overlap laterally (Figure 5d). Our findings support that the 2013 mainshock triggered the shallower Apenninic
Fola fault. Given that the calculated CSCs are minimal and approach the typical failure threshold, it is likely that
the fault was already near failure, likely due to the inter-seismic loading.

ISSF tips just a few kilometers southwest of the Sant’ Anna area (Molli et al., 2021; Martelli et al., 2016a, 2016b).
As this system approaches the orographic divide, evidence of transverse structures disappears (Figures 2 and 6a).
NE of the divide, only the small-scale Sant'Anna fault exists. The geometric-kinematic analysis on the exhumed
part of ISSF aimed to identify analogies with the inferred geometries and active deep kinematics in the Sant’ Anna
area. The high angle multi-splay nature of ISSF is consistent with our findings in the external sectors, where TF1
and TF2 are steep and parallel. Paleostress reconstruction on the transverse strike-slip faults reveals a stress field
consistent with that of the 2013 mainshock (Figure 6b). In addition, inversion of coeval Apenninic normal faults
data near the ISSF shows a NE-directed 63, fully in agreement with the orientations of the GNSS velocity vectors
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(Bennett et al., 2012; Molli et al., 2021; Serpelloni et al., 2022), and the current stress regime (Mariucci &
Montone, 2024; Montone & Mariucci, 2016) near the Sant’ Anna region (Figure 1c).

The internal ISSF shares several geometric and kinematic features with the nearby major transverse North Apuan
Fault (NAF) System (NAF, Figure 2) to the W, including an anastomosing, multi-corridor architecture with
variably oriented faults, an overall transtensional behavior, indicated by oblique-normal kinematics on the
transverse planes (Molli et al., 2015) and signs of ascending hydrothermal fluids (La Rosa et al., 2018; Molli
et al., 2015). In the Sant'Anna area, the combined 63 orientations from all observed active faults (NE for NF2-3
and N for NF3-4-5 and TF1) result in NNE-oriented extension, consistent with both the extension direction
inferred from field data on the NAF (Molli et al., 2015) and its current Shmin orientation (Figure 1c).

5.2. Regional Tectonic Significance

Recent studies suggest that active extensional deformation in the high elevated tip of Northern Apennines is
completely accommodated within a complex HAF architecture (Molli et al., 2021; Saccorotti et al., 2022). Our
observed fault geometries, kinematics, and seismicity distribution also point to this structural configuration,
which contrasts with earlier interpretations involving low-angle detachments (Boncio et al., 2000; Di Naccio
et al., 2013; Eva et al., 2014; Meletti et al., 2008; Pezzo et al., 2014; Stramondo et al., 2014). However, the
physical nature of the ~18 km deep boundary below which seismic activity ceases remains uncertain due to
limited deep geophysical data in the region. This boundary may represent either the basement top of an external
unit, as suggested by Molli (2008), or possibly the brittle-ductile transition zone.

While we document the existence of transverse faults and their interaction with rift-related structures the reasons
for the existence, and origin of these transverse faults in the study area are not completely clear. Interpretations of
transverse faults across the Apennine chain are often contrasting, particularly when looking at different tectonic
domains. Numerous contributions have recognized crustal shortening and/or pre-orogenic structural inheritance
as key preconditions for the formation of late transverse HAFs, identified in various settings and different
structural levels within the Apennine orogen (Acocella & Funiciello, 2006; D’ Agostino et al., 1998; Faccenna
et al., 1995; Liotta, 1991; Milia & Torrente, 2015; Pascucci et al., 2007; Pizzi & Galadini, 2009; Tavarnelli
etal., 2001; Vannoli et al., 2015, 2016). Transverse faults in rifted thrust-and-fold belts are believed to arise from
the inherited lateral segmentation of the continental margin that existed before subduction, and/or structural
features acquired during subduction process itself (Calassou et al., 1993; Homberg et al., 2002; Jiménez-Bonilla
et al., 2020; Tavani et al., 2020, 2021). Transverse faults are seen to directly propagate to the sedimentary covers
from pre-existing structures in the continental basement, controlling segmentation of thrust systems within the
outer active contractional belt (Costa et al., 2021, 2023; Mazzoli et al., 2014; Vannoli et al., 2015) and rift systems
(Pizzi & Galadini, 2009). Inheritance of former structures has also been documented in central Tuscany, where
major late transverse faults are interpreted as reactivated discontinuities within the upper wedge levels, originally
transferred from oceanic material to the orogen during subduction (Nirta et al., 2007; Rosenbaum & Piana
Agostinetti, 2015).

Alternative mechanisms such as rotational tectonics or complex dynamics within the wedge/slab system has often
considered to be a sufficient forcing mechanism to newly form structural lineaments oriented perpendicular to the
tectonic fronts, as products of local differential movements within prograding thrust-and-fold belt (Rosenbaum
et al., 2008), or changes in foreland monocline dipping angle have been proposed (Mariotti & Doglioni, 2000).
Examples exist from both exhumed (Benini & Farabegoli, 1990) and buried foreland external domains (Bigi
et al., 1990; Costa et al., 2023; Diss Working Group, 2021; Mazzoli et al., 2014; Vannoli et al., 2015; Vannucchi
etal.,2012) (Figure 1a). Other examples are from the northern rift tip, where transverse HAFs has shown to reflect
significant longitudinal heterogeneities within the basement, acquired during a multi-stage structural evolution
involving concurrent lateral accommodation of thrust sheets and differential crustal thinning by early low-angle
normal faults (Molli et al., 2018). Both wedge and rift segmentation appear here to localize along a few main
corridors, corresponding to major transverse structures such as the NAF, the Sillaro (Bettelli & Panini, 1992;
Vannucchi et al., 2012), and Taro fault systems (Bernini & Papani, 2002; Eva et al., 2014) (Figure 1a). Another
significant contribution in interpreting late transverse faults comes from several authors studying the rift domains
south of the Livorno-Empoli Line (Figure la). In these regions, where the crust is overthinned and finite
deformation is dominated by extensional features, some transverse faults are interpreted as not related to pre-
existing structures (Brogi et al.,, 2023, 2024; Liotta and Brogi, 2020; Liotta et al., 2015; Mirabella
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et al., 2022). These studies suggest the presence of newly formed, medium-to high-angle, distributed and
anastomosing Miocene—Pliocene transtensional transverse faults that accommodate differential extension (Gola
etal., 2017; Liotta & Brogi, 2020). Such transverse faults are thought to have control on time-space distribution of
crustal permeability (Acocella & Funiciello, 2006; Brogi et al., 2010, 2014; Rosenbaum et al., 2008) as defor-
mation progressively propagates eastward over time.

Whether the tranverse faults in our study area are inherited, newly formed or related to the propagation of the ISSF
tip in concert with the eastward migration of the extensional front is unclear. However, several observations
support the inherited hypothesis. The finite deformation state of the tectonic elements near the orographic divide,
associated with both shortening and extension and morphological features in the region, is primarily marked by
gradual eastward left-stepping offsets within an overall en echelon pattern. In the Sant'Anna area, the along-strike
segmentation of the wedge is characterized by significant leftward steps affecting both the internal and external
unit fronts. A major step is observed as an ~8 km eastward advance of the internal unit front. The curved trends of
the frontal to oblique ramp folds, within both the internal and external units, are overprinted by prominent
eastward-curving, NE-dipping HAFs. This step may correspond to either a thrust-sheet frontal fold lateral tip or a
highly oblique to orthogonal ramp structure accommodating sinistral shear (Figure 3). No field evidence of wedge
offset indicative of lateral ramps has been documented. However, the step aligns with the northeastern projection
of the ISSF (Figures 3a and 6a), suggesting a possible link between the segmentation of the orogenic wedge and
that of the late rift fault system. This relationship may be explained by the superimposition of rift-related
transverse faults onto pre-existing inherited structures. In addition, the low amounts of extension, young age,
and lack of spatial changes in extension rate make it difficult to explain the presence of the transverse faults
without inheritance (Acocella & Funiciello, 2006).

We propose that extension initiates as left-stepping basins that are kinematically linked by dextral transverse fault
systems, superimposing on left-stepping thrust wedge. In this scenario, deformation within the lateral steps be-
tween extensional zones may be accommodated at depth by the reactivation of pre-existing, orthogonally oriented
regional structures. We suggest that the Sant’ Anna Pelago area represents a high topography immature zone of
extension where the main visible tectonic signature in the field is still that of contraction. Transtension may arise
along the NE continuation at depth of the transverse ISSF, and may superimpose on former transverse inherited
elements, but structural connections between deep-seated structures and topography are not fully established here.
In contrast, more extended internal domains show clear morphological expression of extension and faults have
high angle relationships, as extension had more time to superimpose on contractional features. The ISSF zone
may correspond to a mature domain equivalent to that of Sant’Anna Pelago, where fault network had time to
evolve to hard-linkage arrangement.

We suggest that the Northern Apennines is a key region to delve deeper into the problem of continental transverse
structures and how they evolve with time. In particular, this region is interesting because it captures an active
tectonic transition, where areas previously dominated by contractional stresses are now experiencing extension.
These recently extended domains already exhibit semi-evolved transverse structures and provide a unique op-
portunity to observe and analyze these structures during their developmental stages.

5.3. Broader Implications

Young basins in the early stages of continental rifting typically exhibit complex faults networks and transfer zones
that accommodate strain between offset fault segments (Corti, 2008; Green et al., 2014; La Rosa et al., 2022;
Macdonald et al., 1988; Taylor et al., 2009; Tyler et al., 2007; Willemse et al., 1997). In traditional models these
systems evolve through time so that major strike-slip faults oriented parallel or highly oblique to extension
develop only in mature rifts approaching seafloor spreading (Storti et al., 2007), with oceanic transform faults
being the classic example (Allken et al., 2012; Eagles et al., 2015; Nguyen et al., 2016; Taylor et al., 2009).
Alternative studies show that proto-transform faults can evolve from long-lived continental linkage zones during
the final stages of rifting, prior to continental breakup (Behn & Lin, 2000; Cochran & Martinez, 1988;
IlIsley-Kemp et al., 2018; McClay & Khalil, 1998).

The Apennines stand as a notable exception, since observable orthogonal strike-slip structures initiate during the
earliest phases of extension, as in Sant'anna Pelago area. We interpret this early development to the inheritance of
transfer faults that are pre-orogenic or originally formed associated with the thrust-and-fold system. The
Apennines may represent a key area to investigate how pre-existing transverse faults evolve as they progress from
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the undeformed foreland, through the orogenic belt, and into internal extensional domains at varying stages of
extension (Jolivet et al., 1998; Kastens & Mascle, 1990; Savelli & Ligi, 2017; Tavani et al., 2021).

6. Conclusion

We conducted an integrated study of the Sant'Anna Pelago area, a key region to study seismicity along crustal
structures oriented almost parallel to the compressional stresses responsible for the Northern Apennines orogeny.
Our work included precise relocation of post-2006 seismic sequences, a critical review of existing geological
maps, geological-structural analysis, and static CSC calculations. Based on our relocation, we document a sys-
tematic pattern of active faulting near the extensional front. The system features two deep-rooted transverse faults
accompanied by shallower normal faults in two distinct orientations following both the NW-SE Apenninic trend
and an E-W direction. These structures operate as an integrated tectonic system. The CSCs analysis supports that
one of the transverse faults is the possible source candidate of the deep 2013 strike-slip mainshock. Its kinematics
is consistent with that identified from paleostress analysis in the exhumed internal portions of the transtensive
ISSF. This correspondence suggests that newly identified active transverse faults may be connected to the deep,
northeast subsurface prosecution of the ISSF, mirroring the multisplay structure of exposed ISSF segments. TF2
appears as a well-developed, crustal-scale fault capable of inhibiting the propagation of rupture along the Fola
Apenninic fault. In contrast, TF1 represents an early-stage structure confined at the base of the seismogenic layer,
which has proven to directly bring the major Fola fault closer to failure. These structures align coherently with a
major transverse structure that extend across the Apennines and orographic divide. We therefore interpret the
transverse structure to be inherited from either the pre-contractional or contractional phase.

The Sant'Anna Pelago area represents an immature transtensional soft-linkage zone where new extensional
structures are beginning to superimpose on the contractional wedge and to develop its surface fault architecture.
These findings have significant implications for the regional seismotectonic setting of the study area and show
that transverse faults can be seismogenic, can accommodate strike-slip motion and can be able to trigger slip along
rift normal faults.

Data Availability Statement

The earthquake data supporting this research are publicly available from the INGV catalogue (Istituto Nazionale
di Geofisica e Vulcanologia, 2005). Used phase, station, and waveform are from the Italian National Seismic
Network, operated by INGV and archived in the EIDA archive (Danecek et al., 2021). Absolute location cal-
culations were conducted using the NonLinLoc (Lomax et al., 2000). Double-difference relocations were per-
formed using the HypoDD (Waldhauser, 2001). Focal mechanisms were determined using the FOCMEC (Snoke
et al., 1984). Coulomb stress changes were calculated using Coulomb 3.4 (Toda et al., 2011). Maps were created
using PyGMT (Tian et al., 2024) and QGIS.
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