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Abstract. The geometry, deep structural style, and seis-
motectonic setting of the outer Abruzzi thrust system are
less understood than those of other segments of Italy’s Late
Pliocene—Quaternary contractional belt. This knowledge gap
arises from the region’s complex surface geology, low seis-
micity rates, and the limited resolution of existing geophysi-
cal data.

Here, we present a local earthquake tomography of a
large and previously unexplored area that encompasses the
Abruzzi thrust system and spans from the Apennine ex-
tensional province in the west to the foreland strike-slip
province in the east. The model is based on the inversion of
42176 P-wave and 29 045 S-wave arrival times from earth-
quakes with My, ranging from 0.2 to 5.5.

Our results show low seismic velocities at upper crustal
levels in the western sectors, correlating with continental
basins of the extensional domain. In contrast, marked V, in-
versions (decrease in velocity with depth) at mid- to lower-
crustal depths in the eastern sector delineate a crustal dou-
bling.

We interpret the tomographic results in the context of geo-
logical, geophysical, and seismological data to construct a
3D conceptual model of the region. This includes the ge-
ometric reconstruction of the Abruzzi Arc basal thrust, an
eastward convex arcuate structure extending ~ 170km and
reaching depths of ~ 24 km. The model also incorporates
strike-slip faults in the footwall and east-dipping normal
faults to the west.

The structural affinity between the Abruzzi Arc basal
thrust and other seismogenic structures of the Padan-—
Adriatic belt, located in the same structural position, sug-
gests potential seismogenic behavior, although slow defor-
mation rates and long recurrence intervals obscure its seis-
mic expression. This conceptual model provides new insights
into regional geodynamics and has significant implications
for seismic hazard assessment in the central-southern Apen-
nine transition zone.

1 Introduction

Characterizing the deep geometry and the deformation style
of large compressive structures is essential for understanding
their roles in the regional stress field, assessing seismic haz-
ards, and refining geodynamic models. Classifying tectonic
structures as thick- or thin-skinned is valuable for building
reliable tectonic models and better defining the arrangement
and behaviour of faults, which control the occurrence, mag-
nitude, and type of earthquakes.

Building such models is especially challenging in zones
with slow deformation and complex crustal settings. In these
areas, earthquake occurrence may seem erratic and episodic,
with events sparsely distributed (e.g., fault creep), or absent
(e.g., locked or inactive fault). As a result, tectonic structures
loading at slow rates may be seen as either active, associ-
ated with long-period recurrent earthquakes (Lu et al., 2020;
Mazzotti et al., 2020; Ramalho et al., 2022), or inactive.
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This dichotomy characterizes many seismogenic regions
worldwide, such as the Eastern Betics (e.g., Gomez-Novell
et al., 2020; Martin-Banda et al., 2021), Western Iberia (e.g.,
Custddio et al., 2015; Matos et al., 2018), Southern Mongolia
(e.g., Bollinger et al., 2021; Van Der Wal et al., 2021), south-
western China (e.g., the Longmen Shan fault, the source of
the M 7.9 earthquake that struck Sichuan Province in 2008)
(e.g., Kirby et al., 2008; Zhang et al., 2009), and the High At-
las zone, where a My 6.8 earthquake occurred unexpectedly
in 2023 (e.g., Cheloni et al., 2024; Yeck et al., 2023).

This ambiguity leads to significant uncertainties when
characterizing seismicity, tectonic features, and seismic haz-
ards. In areas with low deformation, the seismogenic poten-
tial of faults can be difficult to determine. This is especially
true for buried thrust structures along the coast or offshore,
where direct measurements like paleoseismological studies
or GPS estimates are often not feasible or available.

The contractional seismotectonic province of Italy (Lavec-
chia et al., 2021b) is a clear example of a slowly deforming
zone (Carafa and Bird, 2016; Petricca et al., 2019). The activ-
ity and deformation style of the Outer Thrust System (OTS)
of the Apennine-Maghrebian fold-and-thrust belt, extending
thousands of kilometres along strike from northern Italy to
Sicily (Figs. 1a, S1), have long puzzled scientists (Lavec-
chia et al., 2007; Mazzoli et al., 2000; Petricca et al., 2019;
Scrocca et al., 2005; Vannoli et al., 2015; Visini et al., 2010).
GPS data indicate a convergence rate of 1-3 mmyr~! (Devoti
et al., 2017) (Figs. 1b, c). This velocity varies along the OTS
and, besides the coastal and offshore regions, does not fully
capture the current deformation (Carafa and Bird, 2016). Re-
cently, Pezzo et al. (2020), through targeted experiments,
measured the convergence rates using GNSS stations in-
stalled on platforms in the northern Adriatic offshore. Bore-
hole breakout and focal mechanisms (Mariucci and Mon-
tone, 2022) highlight an active contractional zone, character-
ized mainly by sub-horizontal P-axes, striking nearly SSW-
NNE along the Padan Arc in the northern Apennines, WSW-
ENE along the Adriatic Arc, and approximately S-N in Sicily
(Figs. 1a, b, S1). There is a lack of seismogenic compression
along the OTS front in southern Italy. Generally, the con-
tractional zone shows low background seismicity, with his-
toric and instrumental earthquakes rarely exceeding Mw 6.0
(CPTI15.v4, DISS Working Group, 2021; Petricca et al.,
2019; Rovida et al., 2020).

This paper focuses on the Abruzzi Arc basal thrust in the
transition zone between the Central and Southern Apennines,
south of the Adriatic Arc (Figs. 1b, 2, 3a, 3b, S1). Its archi-
tecture, crustal structure, and seismotectonic role have not
been fully defined.

Although local evidence suggests active thrusting through
topographic relief and fluvial network analyses (Ferrarini et
al., 2021a), the crustal geometry remains debated despite nu-
merous studies (Butler et al., 2004; Calabro et al., 2003;
D’Ambrosio et al., 2021; Lacombe and Bellahsen, 2016;
Mostardini and Merlini, 1986), which include deep crust
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seismic reflection data (e.g., CROP11, Di Luzio et al., 2009;
Patacca et al., 2008). Moreover, previous tomographic im-
ages barely cover the study area (41.00—42.50° latitude and
12.60-15.60° longitude), or they are located north or south
of it (Chiarabba et al., 2010; Improta et al., 2014; Zhao et al.,
2016).

The seismic quiescence of the Abruzzi Arc basal thrust
during the instrumental period raises unresolved questions
about seismic hazard and geodynamics of this area (e.g., La-
nari et al., 2023; Pace et al., 2006). Is it an inactive segment
of the Italian OTS or a potentially locked fault?

Uncertainty mainly arises from the unclear connection be-
tween thrust faults and historic earthquakes. The macroseis-
mic epicentres of some destructive events align with the
boundaries of the contractional zone (Figs. 2a and S2). Thus,
they could be associated either with the Abruzzi Arc basal
thrust or with the adjacent seismotectonic domains, i.e., the
extensional Apennine province to the west and the strike-slip
foreland province to the east.

From a geodynamic perspective, the substantial difference
in compressive seismic activity between the northern seismic
Padan-Adriatic Arc and the prevailingly aseismic southern
Apennines, including the Abruzzi Arc basal thrust, has led
to various interpretations, mainly linked to a different along-
strike configuration of the Adriatic slab. Possible explana-
tions include slab rollback (Wortel and Spakman, 2000), as-
thenospheric upwelling (Cimini and De Gori, 2001), petro-
logical variations in the slab (Giacomuzzi et al., 2022), or
even the absence of the Adriatic subduction (Bell et al., 2013;
Lavecchia and Creati, 2006).

To gain insights into this conundrum, we (1) perform a
novel local earthquake tomography that provides 3D P and
S velocity models, delineating the main features of subsur-
face tectonic setting; (2) revise microseismicity calculating
new focal mechanisms; (3) collect and review geological and
geophysical data from the available literature; (4) provide
the conceptual 3D reconstruction of the Abruzzi Arc basal
thrust integrating it into a broader tectonic framework that in-
cludes both the neighbouring extensional and strike-slip seis-
mogenic structures.

2 Seismotectonic framework

The Outer Thrust System (OTS) of Italy, which devel-
oped during the Late Pliocene to Quaternary at the front of
the Apennine—Maghrebian fold-and-thrust belt, represents a
first-order arcuate fold-and-thrust system that extends for ap-
proximately 2500km (Figs. 1a, S1). Along its length, the
OTS features two second-order, outward-convex arcs: the
NNE-ENE-verging Padan—Adriatic arc in the north, and the
SE-SSE-S—verging Ionian—Sicilian arc in the south (Lavec-
chia et al., 2021b). These two arcs are connected by a rela-
tively linear segment in the Southern Apennines. The north-
ern Arc may be subdivided into five third-order arcs, each
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Figure 1. Adriatic and Abruzzi Arc basal thrusts of the Outer Thrust System of Italy (OTS). (a) OTS frontal thrust and reverse focal
mechanisms from 1960 to 2024 (3.5 <M < 6.1) (Mariucci and Montone, 2022; Scognamiglio et al., 2006). Red focal mechanisms indicate
pure reverse faulting, while pink focal ones represent reverse-oblique kinematics. (b) Quaternary and potentially seismogenic extensional,
contractional, and strike-slip provinces in southern-central Italy (modified from Lavecchia et al., 2021b) and instrumental earthquakes with
My, > 2.0 (CLASS, Latorre et al., 2023). The beach balls represent the kinematics of earthquakes My > 5.0 (Mariucci and Montone, 2022;
Scognamiglio et al., 2006). Key: red =reverse/reverse-oblique fault, blue = normal/normal-oblique fault; green = strike-slip fault. Black
lines (secs. 1-3) represent the traces of velocity profiles shown in panel (¢). The red and blue arrows are the SH-max computed by de
Nardis et al. (2022), and the Sh-min provided by Ferrarini et al. (2015). The top right corner inset represents a schematic 3D model of the
area’s relationship between different tectonic domains. (¢) GPS horizontal velocity from Pezzo et al. (2020) (sec. 1) and Devoti et al. (2017)
(secs. 2, 3).
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Figure 2. Seismotectonic framework of the tomographic study area.
(a) Seismotectonic provinces (as in Fig. 1b) and major historical and
instrumental earthquakes from the CPTI15 v4.0 catalogue (Rovida
et al., 2020, 2022), spanning the period 1000-2020. (b) Distribution
of earthquakes and seismic stations used for the travel time tomog-
raphy (January 2009—December 2020, 0.2 <ML < 5.5).

spanning a few hundred kilometres along strike: Monferrato,
Emilia, Ferrara, Adriatic, and Abruzzi (Figs. la, S1) (Caputo
and Tarabusi, 2016). Regarding the Abruzzi Arc basal thrust,
the interpretations vary in the literature. Some authors view
it as part of the linear segment connecting the Padan-Adriatic
and Ionian-Sicilian arcs (Butler et al., 2004); others consider
it as the southern prolongation of the Padan-Adriatic Arc
(e.g., Ferrarini et al., 2021a; de Nardis, 2011; Racano et al.,
2020). Seismogenic compression along the southern N-S to
N10° striking portion of the Adriatic arc and the outer com-
pressional belt of Southern Italy is questioned due to the lack
of related instrumental seismic activity; in particular, some
authors assume the Abruzzi Arc basal thrust as an inactive
compressive structure (Lanari et al., 2023). Geological, seis-
mological, and geodetic evidence support the ongoing thrust
activity at least in the Emilia Arc, Ferrara Arc, and the north-
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ern portion of the Adriatic Arc (e.g., Govoni et al., 2014;
Lavecchia et al., 2023b; Tibaldi et al., 2023). Seismic cat-
alogues (e.g., Mariucci and Montone, 2022; Scognamiglio
et al., 2006; Italian Seismic Bulletin, ISIDe Working Group,
2007; CLASS, Latorre et al., 2023) indicate that the com-
pressional earthquake activity is mainly concentrated in two
depth ranges: a shallower range (0—12 km) and a deeper one
(20-25km).

The Abruzzi Arc basal thrust comprises buried and out-
cropping east-verging thrust structures that developed dur-
ing the Late Pliocene—Early Pleistocene, involving the Apu-
lia foreland platform (Di Luzio et al., 2009; Patacca et al.,
2008). This compressional domain is bound westward by the
Apennine extensional seismotectonic province and eastward
by the intra-foreland strike-slip one (Fig. 1b).

Epicentral earthquake maps (Figs. 2b and inset 3c) reveal
an absence of seismicity in the northern Abruzzi sector, with
some clustering observed in the central and southern sectors.
Based on kinematics and focal depths, these clusters are at-
tributed to the strike-slip province rather than the Abruzzi
Arc basal thrust (Fig. 3c, d).

The Apennine extensional province is characterized by
NNW-SSE to WNW-ESE striking, normal to normal-oblique
faults, Late Pliocene to Quaternary in age (Galadini and
Galli, 2000; Lavecchia et al., 2022) (Figs. S3 and S4). The
overall system is composed of high-angle westward-dipping
segments and moderate to low-angle eastward-dipping seg-
ments detaching on a common major eastward deepening
basal shear zone (e.g., Brozzetti et al., 2017; Lavecchia et al.,
2017). In the past, large earthquakes (Mw > 7.0) (Fig. 2a)
struck these portions of the extensional domain, while, in in-
strumental time, it is characterized by low seismicity rates
mostly composed of swarms or minor seismic sequences lo-
cated mainly at upper crustal depths (< 12—14 km) (Frepoli
et al., 2017; de Nardis et al., 2024; Romano et al., 2013b;
Trionfera et al., 2019).

The strike-slip province consists of E-W structures with
right-lateral kinematics and WNW-ESE normal oblique
faults dislocating the Adriatic foreland (Argnani et al., 2009;
Patacca and Scandone, 2004). These faults outcrop in the
Gargano area and are confined to mid-lower crustal depths
beneath the Abruzzi Arc basal thrust (e.g., Miccolis et al.,
2021) (inset in Figs. 1b, 2, 3, and S3). Seismic sequences
(i.e., San Giuliano 2002, Mw 5.7 and Montecilfone 2018,
Mw 5.1, Fig. 3c) struck this area, highlighting the prevail-
ing seismogenic thickness that ranges between 10-20km
(Chiarabba et al., 2005a; Di Luccio et al., 2005). The strike-
slip domain is characterized by moderate seismicity rates and
significant historical earthquakes (Figs. 1b, 2), contributing
to the high seismic hazard of central Italy.

https://doi.org/10.5194/se-17-665-2026
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Figure 3. The seismotectonic framework of the Abruzzi Arc basal thrust. (a) Structural geological map. Key: (1) Outcropping frontal and
oblique thrusts of Quaternary age within the Apennine foothills and coastal area. (2) Blind outermost splays of the Abruzzi thrust system.
(3) Buried thrust structures with hints of activity from topographic relief and fluvial network analysis (after Ferrarini et al., 2021a). (4)
Right-lateral strike-slip structures from earthquake data at middle crust depth. (5) Outcropping Quaternary oblique strike-slip faulting in the
Adriatic foreland. (6) Morrone-Porrara west-dipping normal fault system. (7) Bojano east-dipping normal fault system. (8) Maiella thrust
front. The yellow arrows point to the northern and southern terminations of the Abruzzi Arc basal thrust; the small red arrows highlight
its segmentation into three fourth-order arcs (Abruzzo Citeriore, Frentani, Daunia) as reconstructed in this paper. The black lines named
sec. 1 and sec. 2 represent the traces of the geological sections from CROP11 (Patacca et al., 2008) and Butler et al. (2004), respectively.
(b) Regional cross-section after Ferrarini et al. (2021a). The trace A-A’ is shown in panel (a). (¢) The seismicity distribution, from 1981 to
2018 (CLASS, Latorre et al., 2023), is represented by blue dots. Red and green circles indicate relocated seismic events from Romano et
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study. (d) Cross-sections B-B’ and C-C’ represent the depth distribution of the relocated events by Romano et al. (2013a) and Chiarabba et
al. (2005b) and the respective focal mechanism in section view.
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3 Materials and Methods
3.1 Seismological data

To perform a travel-time seismic tomography, we use events
from the ISIDe database (ISIDe Working Group, 2007) lo-
cated in and around the Abruzzi Arc basal thrust and nearby
seismotectonic provinces. The selected earthquakes have a
station-event geometry that ensures good ray coverage across
the tectonic structures investigated (Fig. 2b).

Our initial dataset consists of P- and S-wave arrival
times from approximately 20 600 events (0.2 < M, < 5.5),
recorded by 37 stations of the Italian National Seismic Net-
work between January 2009 and December 2020 (Fig. S5).
These earthquakes are located within a rectangular region
defined by latitudes 41.00—42.50° N and longitudes 12.60-
15.60°E, at depths ranging from 0 to 30km (Fig. 2b). To
refine the dataset, we only selected events with more than 10
P- and S-wave arrival times. This criterion excludes events
with poorly constrained hypocentres and therefore reduces
mislocation errors in the tomographic process (Fig. S6).

We then performed a preliminary relocation of these
events using three different 1D velocity models proposed
for the study area (Frepoli et al., 2017; Romano et al.,
2013b; Trionfera et al., 2019) (Figs. S7T-S8). We evaluated
the quality of each resulting catalogue based on the crite-
ria of Michele et al. (2019) and selected the one with the
best-constrained locations (Trionfera et al., 2019). Lastly, we
applied a final quality filter, removing all events with a root
mean square (RMS) of travel time residuals greater than 0.5 s
or an azimuthal gap greater than 180°. The final dataset com-
prises 42 176 P- and 29 045 S-wave arrival times from 5712
earthquakes.

In addition, we revise microseismicity calculating new fo-
cal mechanisms to interpret and contextualize the resulting
3D V,, Vs models. For this purpose, we take into consid-
eration an unpublished seismic catalogue from a temporary
seismic network experiment (Romano et al., 2013a, b). This
dataset, together with the one from Chiarabba et al. (2005b),
have been referenced for local seismotectonic details, while
the CLASS database (Latorre et al., 2023) spanning from
1981 to 2018 is used as reference of the seismic activity of
the area.

3.2 Travel time tomography

We perform the seismic travel time tomography with the
Fast-Marching Tomography algorithm FMTOMO (Rawlin-
son and Sambridge, 2006; Rawlinson and Urvoy, 2006). FM-
TOMO performs forward modelling using the fast-marching
method to solve the eikonal equation on a regular grid (prop-
agation grid), providing stable and efficient estimates of first-
arrival travel times in heterogeneous media. Ray paths are
then reconstructed by back-tracing along the normal to the
wavefront in each step. The computation of Fréchet deriva-
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tives relates travel-time residuals to velocity perturbations.
The inversion is carried out on a separate grid (velocity grid),
which defines the parametrization of the model. The use of a
finer propagation grid allows accurate computation of travel
times and ray paths, while the coarser velocity grid reduces
the number of free parameters. FMTOMO follows an itera-
tive and linearized approach: at each step, travel-time residu-
als are minimized to obtain a velocity model update through
a subspace inversion, incorporating damping and smoothing
constraints. The process is iterated, with each updated model
used as the input for a new round of fast-marching travel-
time calculation and ray reconstruction, until the data misfit
stabilizes. To ensure good coverage of seismic rays along the
contractional domain, we enlarge the study area as shown
in the Fig. 2b, including the innermost extensional and the
easternmost strike-slip domains. As a starting model for the
travel time tomography, we use the 1D velocity profile pro-
posed by Trionfera et al. (2019) in the Fig. S8. The propaga-
tion grid spacing is about 2 km along the depth and 5 km in
latitude and longitude. It extends 4.5 km above sea level to
a depth of 31.5 km, with boundary surfaces at 4 and 31 km,
respectively. Sources and receivers are required to be inside
the layer bounded by these two surfaces: maximum altitude
of stations (above the sea-level) is about 1.8 km, while earth-
quakes are filtered with depth < 30km (below the sea). The
chosen values allow to include all earthquakes and stations
by ensuring also a buffer zone of 1km to avoid boundary
effects. We estimate the inversion parameters through clas-
sical trade-off curves (Fig. S9), obtaining the best damping
value of 25 and the best smoothing value of 5. We invert only
the 3D seismic velocity, using a velocity grid spanning the
same depth range, about 3 km of vertical and 8 km of hori-
zontal spacing. The resolution and reliability of the obtained
tomographic models have been verified through a synthetic
checkerboard and targeted spike tests (Figs. 4, S10-12).

3.3 Focal Mechanism Solutions

We compute seven new focal mechanisms (Figs. 3c, S13)
by selecting the most significant seismic events (M, 2.4-3.8)
possibly associated with the Abruzzi Arc basal thrust utiliz-
ing the seismic phases of a temporary seismic network in-
stalled from 2009 to 2011 for local monitoring purposes (Ro-
mano et al., 2013a). We integrate the waveforms recorded by
the local temporary seismic network (Romano et al., 2013a,
b) with those recorded by the National Seismic Network, and
we invert P polarities by using the FPFIT code (Reasenberg
and Oppenheimer, 1985). We considered only the seismic
events with more than 9 polarity readings. From this dataset,
we selected the best solutions based on (1) the uniqueness
of the solution and (2) two quality factors (Q) provided by
the code: the degree of polarity misfit (Q y) and the uncer-
tainty range of strike, dip, and rake (Q ). Solution quality
decreases from A to C.

https://doi.org/10.5194/se-17-665-2026
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represented as a variation in km s~ ! from uniform fixed values of 3.4kms~! (median of the 1D starting velocity model).

3.4 Geological and geophysical material

We collect available geological and structural maps and
multi-scale cross-sections based on interpreted seismic lines
and/or balancing techniques. Specifically, we compile a geo-
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referenced database for the study area that includes: the
Structural Model of Italy (scale 1:500000) (Bigi et al.,
1992), Geological Sheets from Carta Geologica d’Italia at
scales of 1:100000 and 1:50000, deep wells from the
VIDEPI database (https://www.videpi.com, last access: De-
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cember 2021), maps and sections from Adinolfi et al. (2015),
Brozzetti (2011), D’ Ambrosio et al. (2021), Ferrarini et
al. (2017), Ghisetti et al. (1993), Ghisetti and Vezzani (2002),
Lavecchia et al. (2021b), Mostardini and Merlini (1986), Pat-
acca et al. (2008), Romano et al. (2013b), and Vezzani et
al. (2010). We also integrated the tomographic and geophys-
ical maps from Bisio et al. (2004), Chiarabba et al. (2010,
2020), Di Stefano et al. (2011), Improta et al. (2014), Scafidi
et al. (2009), and Speranza and Chiappini (2002).

The compilation also includes strike-slip faults in the Adri-
atic foreland, east-dipping master faults along the western
boundary of the Apennine extensional province, and the out-
ermost outcropping west-dipping normal faults at the east-
ern boundary of the extensional province (Figs. 3a, S3). The
fault traces were derived from QUIN 1.0 and QUIN 2.0 host
fault databases (Lavecchia et al., 2021a, 2023a), Battistelli et
al. (2025), Ferrarini et al. (2021b), and Talone et al. (2023).

A comprehensive summary of the geological and geo-
physical datasets is provided in the supplementary material
(Fig. S14).

3.5 Model building

For building a comprehensive conceptual 3D fault model,
we integrated seismic tomography results with geological-
geophysical data following the approach from the Commu-
nity Fault Model of Southern California (Nicholson et al.,
2014; Plesch et al., 2007), adapted for a buried thrust context
(de Nardis et al., 2024; Tibaldi et al., 2023). The procedure
includes four main steps:

1. Geological Mapping: We delineated the traces of out-
cropping and buried thrust structures of the southern
Adriatic Arc and Abruzzi Arc basal thrust using multi-
source geological data compiled within a GIS platform
(Fig. 3).

2. Shallow 3D Extrusion: Using MOVE suite (Petroleum
Experts Ltd., version 2022.1), we extruded the fault
traces of the Abruzzi Arc basal thrust up to 5km. The
same approach was adopted for strike-slip faults and
normal faults, extending them along their dip to the base
of the seismogenic layer (Latorre et al., 2023). Average
dip angles were derived from geological cross-sections
and regional transects as well as from data in the QUIN
1 and QUIN 2 fault/striation pair databases (Lavecchia
et al., 2021a, 2023a).

3. Cross-Section Construction: We constructed a grid of
serial vertical cross-sections spaced 9 km apart and ori-
ented N10, N40, and N60°E across the tomographic
model (Figs. S17-S28). The geometry of the Abruzzi
Arc basal thrust was traced wherever identifiable in the
velocity models. Then we connect the shallow depth ex-
truded fault surfaces with deeper thrust features inferred
from tomographic evidence of crustal doubling (purple
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lines in Fig. 7a). Each section was further refined using
published geological transects in Fig. S14.

4. 3D Interpolation: We generated a non-planar surface of
the Abruzzi Arc basal thrust down to ~ 24 km by in-
terpolating its traceable segments across multiple cross-
sections using the Delaunay triangulation method (De-
launay, 1934; Okabe, 2017). Smoothed depth contour
lines were extracted at 2km intervals (dotted red lines
in Fig. 7¢).

4 Parametrization and Model Resolution

We optimized the grid parametrization as node spacing di-
rectly controls the maximum resolvable wavelength of the
model (i.e., the smallest constructible anomaly size).

Starting from a reference grid (2.5 x 2.5 x 2.5km), we
propagated the wavefront using progressively coarser and
finer grid configurations. For each configuration, we evalu-
ated the relationship between cell volume and data root mean
square (RMS) misfit (Fig. S9). We defined the optimal grid
spacing as half the average distance to the nearest seismic
station in the horizontal direction and half the standard devi-
ation (o) of the earthquake depth distribution in the vertical
direction. This resulted in a horizontal spacing of 5km and a
vertical spacing of 2 km, which minimizes the residual RMS.
We determined the number of iterations adopted for both P-
and S-wave velocity models (12 iterations) based on the sta-
bilization of the residual reduction.

After that, we computed classical trade-off curves to es-
timate the optimal regularization parameters (damping and
smoothing) by balancing data misfit and model roughness
(Fig. S9). For each parameter combination, the tomographic
inversion was iterated three times. The optimal values were
selected at the point of maximum curvature on the trade-
off curves, yielding a damping value of 25 and a smoothing
value of 5.

Given the non-uniqueness of the tomographic inversion,
we assessed model resolution and reliability using synthetic
checkerboard and spike tests. We calculated synthetic travel
times using the same source-receiver geometry as the ob-
served data and added a random noise with a priori covari-
ance to the data to simulate the arrival time uncertainties.

We designed checkerboard tests to evaluate sensitivity to
anomalies of different sizes. We tested three checkerboard
dimensions, corresponding to 10x 10 x 8 km (finer size), 15 x
15 x 12 km (medium size), and 20 x 20 x 16 km (coarser size),
respectively (Figs. 4 and S10-11).

The results indicate that S-wave models resolve sharper
velocity contrasts than P-wave models, which exhibit
smoother anomaly patterns. The best recovery appears at the
medium and coarser checkerboard, particularly at shallower
to medium depths (Figs. 4 and S10-11).

The non-uniform depth distribution of earthquakes results
in heterogeneous ray coverage at intermediate depths. Conse-
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quently, the number and angular distribution of rays crossing
each cell allow a reliable reconstruction of coarser anoma-
lies, whereas resolution is reduced for intermediate checker-
board sizes at depths of approximately 10 km. We also re-
cover larger-scale anomalies below 20 km depth, while finer-
scale structures lose resolution. The smallest anomalies are
resolved only at shallow depths beneath the chain area.

Overall, the checkerboard tests indicate that the minimum
resolvable anomaly size in the final models is approximately
15 km, with locally smaller values (see Figs. 4 and S10-11).
Accordingly, we focus the interpretation on smaller-scale
anomalies only at shallow depths, where we estimate a res-
olution on the order of 10km. Other velocity features dis-
cussed in this study are comparable in size to the medium and
coarse checkerboard anomalies that are well resolved in the
study area. We do not interpret additional anomalies present
in the models where their size or location falls outside the
resolvable domain defined by the synthetic tests.

Targeted spike tests were performed after the tomographic
process to check the reliability and resolution of the deeper
features presented and analysed in this study. We introduced
synthetic velocity perturbations of £2kms™! into the ini-
tial 1-D reference model, reproducing the geometry of the
main observed features (Fig. S12). We tested both original-
and reverse-polarity configurations to verify the capability
of the inversion to image velocity variations and to exclude
artifacts related to ray geometry (Rawlinson and Spakman,
2016). Despite the decrease in checkerboard resolution with
depth, the spike tests indicate that we resolve the model down
to approximately 2 km depth, especially for the larger-scale
anomaly. Considering the spike tests, the main features are
recovered up to 24 km, loosing resolution below this depth.

S Results
5.1 Local Earthquake Tomography

The local earthquake tomography enables the definition of
V) and V; velocity models in central-southern Italy. Both our
models (well resolved down to 20 and locally up to ~ 24 km)
provide great confidence, with a reduction of RMS and co-
variance of ~73% and ~ 93 % for V,, and ~ 65 % and
~ 88 % for V; (Fig. S9). The final RMS values obtained are
about 0.2-0.3 s for both the P and the S models (Fig. S9),
which is quite better compared to the original RMS distribu-
tion of the relocated catalog filtered to be < 0.5 s (see Fig. S6
for details). The different velocities agree with the anoma-
lies’ overall attitude, exhibiting low fluctuation in the Vj rel-
ative to the V). For building the 3D fault model, both the
results of P- and S-waves are considered, but for the sake of
simplicity, only the V), results are shown in cross sections
(Figs. 5-6), as they are also meaningful for the lithological
aspects. To validate the reliability of these velocity values, we
compare them with those in the available literature, for which
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a correlation with lithology has been provided (Bisio et al.,
2004; Chiarabba et al., 2010, 2020; Di Luzio et al., 2009;
Improta et al., 2014; Trionfera et al., 2019; Trippetta et al.,
2021). The seismic velocity pattern is examined on horizon-
tal slices at different depths (see Figs. 5, S15 and S16) and
cross sections with variable direction and spacing (Figs. 6,
S17-28).

The V, and V; velocity models reveal scattered
but circumscribed low-velocity anomalies (V) < S5kms~!,
Vs < 3kms™!) in the upper crust (from the surface to a max-
imum depth of 8 km), both within the intra-Apennine exten-
sional domain (n. 1, 2 in Fig. 5), and at the hanging wall
of the buried Abruzzi Arc basal thrust (n. 3, 4, 5, 6, 7 in
Fig. 5). The low-velocity anomalies in the Apennine exten-
sional domain are discontinuous. They are mainly aligned
within the western east-dipping and the eastern west-dipping
envelopes of normal extensional faults (i.e., the extensional
domain boundaries, represented in Figs. 1b, 2a, and S3). Al-
though the inversion grid gives them a bubble shape (due to
the interpolation method and the grid spacing), the geograph-
ical position and the values of both V), and V; velocities cor-
relate well with the presence of Quaternary intra-mountain
basins typical of these areas (e.g., Fucino and Sulmona basins
in Fig. S3).

Moving eastward, we observe low-velocity zones east of
the extensional domain, at the hanging wall of the Abruzzi
Basal Thrust. Specifically, we recognize five anomalies (n.
3, 4,5, 6,7 in Fig. 5) likely related to lithological variation
between 2 and 8§ km. Anomalies 3 and 4 can be correlated
with coastal facies and fluvial deposits typical of the peri-
Adriatic zone, and anomalies 5, 6, and 7 are associated with
both sandstone and clay units, Miocene to Pleistocene in age
(see the lithological map in Fig. S4).

Anomalies 5 and 6 do not correlate with clear tectonic
structures and persist at depths of approximately 8—10 km.
Their location corresponds to a large positive magnetic
anomaly (Speranza and Chiappini, 2002), the origin of which
is still debated. The authors speculate that magmatic rocks
may be present either within the basement or trapped in
the sedimentary sequences. While our findings cannot re-
solve the lithological nature of these rocks, the tomographic
anomaly is constrained within the upper 10 km. Therefore,
assuming that magmatic rocks exhibit higher seismic veloc-
ities than sedimentary ones, we favour the hypothesis of a
deeper magnetic source as the cause of the positive magnetic
anomaly.

The most significant feature revealed by local seismic to-
mography is a broad velocity inversion imaged at depths
between ~ 14 and 24 km, within the area bounded by lati-
tudes 41.3—41.8° and longitudes 14.3-15.0° (n. 8 and 9 in
Fig. 5). Given its considerable lateral extent (see Fig. 6)
and the possible loss of resolution at these depths, the re-
liability of these features is properly tested and confirmed
through synthetic analysis (i.e., the spike test represented in
Fig. S12). This result delineates a well-developed doubling
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Figure 5. Horizontal slices crossing the tomographic models at each 6 km. The first column represents the P-wave velocity and the second
refers to the S-wave velocity. The numbers from 1 to 9 point at the velocity anomalies discussed in the text.
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province, respectively, as indicated in the Fig. 1b. Geometry of the inferred mid-crust basal thrust is retrieved from the velocity inversion.
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Figure 7. 3D fault model within the boundaries of the tomographic study area. (a) 3D view of the Abruzzi Arc basal thrust representing
the constrained (grey areas) and interpolated (white zones) fault surface. The purple lines represent the along-dip traces of the Abruzzi Arc
basal thrust inferred from seismic tomography, while the green ones are those from geological and geophysical sections (see Fig. S14). (b)
Iso-surface corresponding to V), 6.6 kms™ I (¢) Whole 3D conceptual model representing the Abruzzi Arc basal thrust (red surface), and the
main geological structures belonging to the extensional (n. 1 to 14) and strike-slip domains (n. 15-16). The yellow mesh represents the area
where a crustal doubling across the Abruzzi Arc basal thrust is imaged by seismic tomography.

zone, featuring a lower-velocity layer (6.0-6.6kms™!) be- Verrucano formations. A comparable high-velocity body was
neath a higher-velocity layer (6.6-7.0kms™!), a configura- documented slightly north of our study area by Chiarabba
tion consistent with a mid-crustal overthrust system where et al. (2010), who interpreted it as the result of mid-crustal
a stack of crystalline and Mesozoic units overrides a lower- thrust imbrication involving dolomitic lithologies. While
velocity footwall likely composed of Triassic evaporites and their model emphasizes the high-velocity domain, it lacks
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the depth resolution necessary to resolve the underlying low-
velocity structure imaged in our study. We consider the
two models fully compatible and integrable into a coher-
ent framework, provided that the high-velocity body is in-
terpreted as the hanging-wall block, and the low-velocity in-
version highlighted in our tomographic model is recognized
as the footwall.

5.2 Instrumental seismicity and new focal mechanism
solutions

During the instrumental period, spanning 1981 to 2018, the
seismotectonic domains within the study area (extensional,
contractional, and strike-slip from west to east) are character-
ized by low seismicity rates (Figs. 1, 2, S29a). The recorded
seismicity predominantly consists of swarms and moderate
seismic sequences (My 0.0-5.4). The completeness magni-
tude of the Italian seismic catalogues has varied over time
(Amato and Mele, 2008; Schorlemmer et al., 2010), with
a notable decrease observed only after 2009 (from approx-
imately My, 2.0 to My, 1.4) (Fig. S29b, c).

Focusing on the northern Abruzzi Arc basal thrust, the sec-
tor west of the front displays a seismic gap, as evidenced by
the epicentral distributions in the Italian catalogue (CLASS,
Latorre et al., 2023; inset in Fig. 3c). However, southwest of
the Maiella thrust front (dashed grey line in Fig. 3a, c), our
analysis of relocated seismicity from Romano et al. (2013a,
b) reveals compressional activity especially in 2009.

The 2009 sequence was concentrated along an antithetic
structure of the Abruzzi Arc basal thrust (red dots in Fig. 3d),
representing the most energetic cluster (maximum M, 3.8).
The corresponding hypocentres and focal mechanisms de-
lineate an eastward-dipping back thrust splaying from the
basal thrust between 8 and 11 km depth. New focal mech-
anisms (1-7), indicating reverse-oblique kinematics, sup-
port this finding, with P-axes rotating from SW-NE to E-W
southward (Figs. 3c and S13).

Earthquakes recorded, such as San Giuliano 2002
(Mw 5.7) and Montecifone 2018 (Mw 5.1) (Fig. 3c) are rel-
atively energetic but do not belong to the compressional
province. They are associated with the foreland strike-slip
domain. These events activated E-W trending, sub-vertical
faults with right-lateral kinematics, located within the foot-
wall of the Abruzzi Arc basal thrust, at depths ranging from
10 to 20 km (green dots in Fig. 3d).

The 2002 sequence consisted of two mainshocks of equal
magnitude (Mw 5.7) occurring within 20h of each other
(Chiarabba et al., 2005a). The aftershock distribution reveals
a westward-deepening seismogenic volume (Fig. 3d), which
may indicate that the Abruzzi Arc basal thrust acted as a
structural barrier to the upward propagation of rupture.

In the southern sector of the Abruzzi Arc basal thrust, near
the surface boundary with the extensional domain, the 1986
(Mg 4.1) and 1997 (Mq 4.1) normal faulting earthquakes oc-
curred at the tip of the Bojano east-dipping normal fault sys-
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tem (Milano, 2023). The 2016 event (My 4.1) involved an
east-dipping low-angle splay of the same system (Figs. 3c,
S3).

5.3 Structural Model and Crustal Architecture of the
Abruzzi Arc basal thrust

5.3.1 Surface Geometry and Arc Hierarchy

The geological data compiled and analysed for this study
provided the basis for a new structural map of the Abruzzi
Arc basal thrust, which include the traces of both outcropping
fold-and-thrust structures and inferred buried thrusts (Fig. 3).
The thrust system extends for approximately 170 km along
strike from NW-SE to N-S and then to NNE-SSW, forming
a broad eastward-convex arcuate geometry.

The overall shape and extent of the Abruzzi Arc basal
thrust closely match those of the Ferrara and Emilia third-
order arcs within the Italian Outer Thrust System (OTS)
(Figs. 1a, S1), consistent with the hierarchical classification
proposed by Caputo and Tarabusi (2016) and later adopted
by Tibaldi et al. (2023).

Along strike, the Abruzzi Arc basal thrust is segmented
into three fourth-order arc segments, each approximately
40 to 50km long: Abruzzo Citeriore, Frentani, and Daunia
(Fig. 3a).

The thrust system includes two main structural alignments.
The internal alignment, located in the Apennine foothills, is
characterized by outcropping fold-and-thrust structures de-
veloped during the Late Pliocene to Early Pleistocene, which
involve the sedimentary cover of the Apulian foreland plat-
form. The external alignment, largely buried, is inferred
through the analysis of topographic relief and fluvial network
patterns (Ferrarini et al., 2021a).

5.3.2 Crustal-Scale Geometry and Structural Style

The crustal-scale geometry and structural style of the
Abruzzi Arc basal thrust were mainly interpreted from three
regional cross-sections (Figs. 3 and S14): the near-vertical
CROP 11 deep seismic profile across the Abruzzo Citeriore
sector (Di Luzio et al., 2009; Patacca et al., 2008), a crustal
transect across the Majella Massif and the Abruzzo Citeriore
segment (Ferrarini et al., 2021a), and balanced cross-sections
across the Matese Massif and the Frentani Arc (Butler et al.,
2004). These sections consistently show that the arc involves
the Apulian foreland’s sedimentary crust, overlain by thin
allochthonous thrust sheets belonging to the Sannio-Molise
units, and underlain by the crystalline basement. The basal
thrust penetrates to depths of at least 12 to 15 km and is asso-
ciated with several synthetic and antithetic splays developed
at both upper- and mid-crustal levels. Its along-dip geome-
try is characterized by flat and ramp segments, reflecting an
overall thick-skinned tectonic style. A horizontal displace-
ment of approximately 4 to 5 km, estimated from balancing
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techniques across the Frentani Arc (Butler et al., 2004), is
consistent with the current position of the Abruzzi frontal
thrust relative to the deepest mapped Plio-Pleistocene de-
posits in its footwall. These deposits are represented by the
depth contours of the Pliocene base in the Structural Model
of Italy at 1 : 500000 scale (Bigi et al., 1992).

5.4 3D Conceptual 3D Faul Model
5.4.1 The Abruzzi Arc basal thrust

We constructed a three-dimensional conceptual model of
the Abruzzi Arc basal thrust by integrating the geological
and geophysical constraints described above with the tomo-
graphic data from this study. The resulting non-planar sur-
face extends for approximately 170 km along strike, with an
average dip angle of ~ 22°, and reaches depths of up to 24 km
(Fig. 7c).

The input data used for model construction are illustrated
in Fig. 7a. Green lines represent thrust geometries derived
from geological cross-sections and structural transects, while
purple lines highlight selected profiles that provide the clear-
est tomographic constraints. Figure 7b shows the 3D view
of two iso-surfaces corresponding to P-wave velocities of
6.6kms~!, delineating the upper and lower boundaries of
a mid-crustal low-velocity zone, interpreted as an inversion
structure due to crustal doubling.

At shallow depths, from O to 5km, the geometry of the
basal thrust is primarily constrained by surface and near-
surface geological data across the Abruzzi Arc basal thrust
and was constructed by planar extrusion of the frontal thrust
traces.

At mid-crustal depths, between approximately 16 and
24 km, beneath the Frentani and Daunia segments, and far-
ther north beneath the Abruzzo Citeriore, the geometry of the
basal thrust was inferred from the interface between high-
and underlying low-velocity zones identified in the tomo-
graphic model (Fig. 6). The resulting tomography-derived
fault patch extends for about 100km along strike and dips
south-west with an average angle of about 15°, as shown by
the polygon in Fig. 7c.

At depths between 5 and 16 km, the geometry of the basal
thrust was built by interpolating the shallow and deep sur-
faces.

The model is locally constrained by seismicity and new fo-
cal mechanisms, for example, by the geometry and position
of a back-thrust and the deeper portion of the thrust identi-
fied in the Frentani segment, located between 8 and 18 km
depth (Fig. 3d). Additional constraints come from the loca-
tion of strike-slip faults in the Adriatic foreland and the upper
tip lines of the reconstructed 3D fault patch of normal faults
(next section).
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5.4.2 The extensional and strike-slip structures

To integrate the conceptual model of the Abruzzi Arc basal
thrust into a broader seismotectonic framework, we also con-
structed a simplified 3D model of the major neighbouring
structures (Fig. 7c). These include the west- and east-dipping
normal faults located along the western and eastern bound-
aries of the extensional province, as well as the strike-slip and
normal-oblique faults across the outermost tectonic province.

The traces of the normal faults shown in the map of Fig. 3
were planarly extruded along dip to a depth of 12km. A
fixed dip angle of 60° was adopted for the west-dipping nor-
mal faults from Gran Sasso to Mt. Cappucciata, Morrone,
and Porrara (n. 9 to 12 in Figs. 7c and S3). A dip angle of
45° was assumed for the east-dipping normal faults that dis-
sect the Latium-Northern Campania carbonate massifs of the
Late Miocene—Early Pliocene fold-and-thrust belt, including
the Simbruini, Ernici, Lepini, Ausoni—Aurunci, Mt. Taburno,
Caserta, and Mt. Avella ranges (numbered 1 to 8 in Fig. 7c),
and for the east-dipping Boiano and Sepino faults (numbered
13 and 14 in Figs. 7c and S3).

Similarly, the oblique strike-slip faults cropping out in the
western Gargano Promontory area, including the well-known
Apricena Fault (Patacca and Scandone, 2004) (number 15 in
Figs. 7c and S3), were planarly extruded to a depth of 12 km,
assuming a constant dip angle of 80°.

The 3D geometry of the blind, steep, north-dipping, right-
lateral seismogenic patches responsible for the 2002 San
Giuliano (Mw 5.7) and 2018 Montecilfone (Mw 5.1) earth-
quake sequences (Di Luccio et al., 2005) and for a few other
minor sequences (Trionfera et al., 2019), was reconstructed
using Inverse Distance Weighting (IDW) interpolation of
seismicity (Lavecchia et al., 2025). These patches (numbered
16 in Fig. 7c) are located at depths between ~ 10 and 25 km
and show a progressive westward-deepening of the upper-
most seismogenic depth, supporting the hypothesis that the
upward propagation is inhibited by the basal thrust, which
likely acts as a mechanical barrier.

Such a structural configuration, in which strike-slip faults
remain confined beneath a low-angle basal thrust that pre-
vents their upward propagation, has been recognized in sev-
eral sectors of the Italian Outer Thrust System (OTS), includ-
ing the northern (de Nardis et al., 2024), central, and southern
Apennines (Adinolfi et al., 2015; Boncio et al., 2007), as well
as Sicily (Lavecchia et al., 2007; Visini et al., 2009).

6 Discussion

The seismotectonic characterization of the Abruzzi Arc basal
thrust is a scientific challenge due to its location in the tran-
sition zone between the Central and the Southern OTS of
Italy, the complex geometry, low seismic activity, and never-
addressed 3D structural style. In this study, we perform a
travel time tomography to gain insights into the crustal struc-
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ture of this complex sector of the Apennines. The optimal
distribution of earthquake hypocentres at the hanging wall
and footwall of the Abruzzi Arc basal thrust, together with
the increased number of seismic stations deployed after 2009
(Amato and Mele, 2008; Schorlemmer et al., 2010), allows us
to obtain the first seismic images showing features compati-
ble with a crustal doubling across the Abruzzi thrust system
at mid-crust depths. Our results are included in a 3D concep-
tual model of the tectonic setting of this sector of the Apen-
nine, which clarifies the relationship among the three tectonic
provinces coexisting in this area.

6.1 Structural Style

The structural style of thrust tectonics in the Apennines
(Italy) has been extensively but contrastingly described in the
literature (e.g., Bally et al., 1986; Boccaletti et al., 2005; But-
ler et al., 2004; Casero et al., 1991; Doglioni, 1987; Lavec-
chia et al., 1994; Mazzoli et al., 2000; Mazzotti et al., 2000;
Noguera and Rea, 2000; Scrocca et al., 2005; Speranza and
Chiappini, 2002; Steckler et al., 2008). The geometric ele-
ments that characterize the deformation style as thick (defor-
mation affecting both the sedimentary cover and the underly-
ing crystalline basement rocks) or thin-skinned (deformation
primarily confined to the upper sedimentary layers above a
detachment fault, without significantly impacting the under-
lying basement rocks) are not always univocal, so that both
tectonic models are often considered valid options. Apply-
ing these interpretative models is critical to understanding
the geodynamic context, as they directly affect the estimate
of shortening rates.

In the early 2000s, Tozer et al. (2002), and later Boccaletti
et al. (2005), proposed a thick-skinned deformation style for
the southern-central Apennines, based on estimates of low
shortening rates. At the same time, Calabro et al. (2003) also
suggest a thin-skinned deformation based on magnetotelluric
and geological survey data. Geophysical data cannot solve
the problem due to a usual contradiction with the geological
information, with both interpretations remaining admissible
(e.g., Steckler et al., 2008). Indeed, Butler et al. (2004), and
Mazzoli et al. (2000) justify the previous interpretations’ in-
consistency by proposing a mixed-type tectonic model. They
hypothesize a temporal and spatial variability in deformation
styles throughout the Apennines, ranging from thin-skinned
to thick-skinned.

Focusing exclusively on the last phase of the eastward
propagating compressional phase, which began in the Late
Pliocene and is widely accepted to have lasted at least un-
til the Early Pleistocene, there is general agreement on the
predominance of a thick-skinned tectonic style (Butler et al.,
2004, and references therein). In the central-southern Apen-
nines, this phase involved the Apulian foreland’s sedimen-
tary crust, the overlying thin thrust allochthonous sheets of
the Sannio-Molise units, and the underlying crystalline base-
ment. Following this setting, during the last phase, the gen-
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tly westward-dipping Adriatic foreland was likely overthrust
through the Abruzzi Arc basal thrust onto the Late Pliocene
foredeep deposits. Such a setting is well fitted by the basal
thrust penetrated to depths of 24km in the inner part of
the chain (Figs. 6, 7, and 8) and showing continuity and
agreement with the compressive structure reconstructed by
Chiarabba et al. (2010).

The reconstructed 3D geometry of the Abruzzi Arc basal
thrust well correlates in size, shape, and structural style with
those proposed for the third-order arcs of the Padan-Adriatic
frontal thrust system, such as the Monferrato Arc (Turrini et
al., 2014), the Emilia Arc (Tibaldi et al., 2023), the Ferrara
Arc (Improta et al., 2023), as well as the Adriatic Arc.

Considering the new findings presented in this paper, par-
ticularly the arcuate shape and the lower crust doubling im-
aged by tomography, we propose that the Abruzzi Arc basal
thrust might represent the southernmost element of a larger
crust-scale frontal thrust.

6.2 Activity vs inactivity

As observed by instrumental seismic catalogues (Interna-
tional Seismological Center, 2024), along some compres-
sive segments of the Circum-Mediterranean fold and thrust
belt, the background seismicity and overall seismicity rates
are low. For instance, the recent 2023 Morocco seismic se-
quence, with a mainshock of Mw 6.8, occurred in the west-
ern High Atlas, an area with low seismicity rates (Onana et
al., 2011; Sébrier et al., 2006).

Over the last forty years, the Italian instrumental seismic-
ity highlights that the seismicity rates associated with the
compressional domain vary from very low to low (Taroni
and Carafa, 2023). The so-called Emilia earthquake in 2012
(Mw 6.0) occurred unexpectedly (e.g., Govoni et al., 2014;
Improta et al., 2023; Lavecchia et al., 2015), as well as the
Belice earthquake in Sicily in 1968 (Mw 6.0) (Orecchio et
al., 2021), activating thrust zones that were previously silent
from a seismic perspective.

In this context, the Abruzzi Arc basal thrust appears aseis-
mic when considering instrumental seismicity from 1981 to
the present (Figs. 1b, 3c), except for minor compressional
activity (maximum Mt 3.8) documented in this study. This
activity occurred in 2009 and 2018 at depths ranging from 8
to 18 km and is closely associated with the deeper portions
of the Abruzzo Citeriore thrust segment and its back thrust
(Fig. 3b, d).

By contrast, the earthquake/fault association of some his-
torical events is still largely debated. Close to the outer
boundary of the extensional province, at the hanging wall of
the Abruzzi Arc basal thrust, some destructive earthquakes
have occurred such as 1706 (Mw 6.8), 1933 (Mw 6.0), 1881
(Mw 5.6), 5 December 1456, (Mw 7.2), and a few moderate
ones (1882, Myw 5.2, 1905, Mw 5.2) (CPTI15v4, Rovida et
al., 2020, 2022) (Figs. 2a, 8, S2).
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Paleoseismological and archaeological studies (Ceccaroni
et al., 2009; Galadini and Galli, 2000; Galli et al., 2015;
Puliti et al., 2025) associated the 1706 event with the exten-
sional domain, while de Nardis et al. (2008), by macroseis-
mic field inversion, tentatively associated this earthquake and
the 1933 one with the mid-crust portion of the Abruzzi Arc
basal thrust, in correspondence of the Abruzzo Citeriore seg-
ment. The Italian Database of Seismogenic Sources (DISS
Working Group, 2021) reports such an interpretation. Galli
and Pallone (2019), by revising the macroseismic field of the
1933 earthquake, associated this event with a back thrust cor-
responding to the one we unveiled with the seismicity distri-
bution and new focal mechanisms in this study. Similarly,
Volatili et al. (2025) advanced the hypothesis that 1706 is
associated with a back thrust of the Abruzzi thrust system.

The tomographic Abruzzi doubling zone identified in this
paper (Figs. 6-7) also partially underlies the macroseismic
field of the 1456 destructive sequence (Fig. S2a), which con-
sisted of multiple events. The most widely accepted inter-
pretations associate the 1456 sequence with E-W trending
transcurrent faults located in the footwall of the Abruzzi
Arc basal thrust (DISS Working Group, 2021; Fracassi and
Valensise, 2007). However, a recent study by Amato et
al. (2025), based on a multi-scale and multidisciplinary ap-
proach, links this sequence to the extensional domain. Given
the unclear and complex context, an association of this earth-
quake with the Abruzzi thrust system cannot be ruled out. In
our opinion, further investigation is needed to resolve these
contrasting interpretations.

In any case, in support of the hypothesis of active com-
pression of the Abruzzi thrust system, morphotectonic stud-
ies have shown the activation of the compressive structures
since at least the Middle Pleistocene, along the coastal sec-
tor of the Abruzzo Citeriore and its inner foothill sector (e.g.,
Casoli and Bomba structural high, Pomposo and Pizzi, 2009;
Racano et al., 2020). Ferrarini et al. (2021a), through analy-
ses of topography, fluvial networks, and landscape evolution
in the northern portion of the Abruzzi Arc basal thrust, iden-
tified patterns of anomalies supporting tectonic uplift and
shortening (see yellow squares in Fig. 8). The same authors
did not find morphotectonic data indicating active deforma-
tion across the southernmost portion of the thrust. Further-
more, through seismic line interpretations, they highlighted
Middle Pleistocene to Holocene compression in the Adriatic
Arc’s southern portion, along the Abruzzi Arc basal thrust
northward prosecution.

The slow deformation rate, the possibility of long recur-
rence intervals, and the absence of earthquakes along the
Abruzzi thrust system do not rule out potential future seis-
mic activity. It is also important to note that the earthquake-
thrust association, observed in other third-order arcs of the
Padan-Adriatic Arc, indicates moderate compressional seis-
micity occurring along the basal thrust and its splays, both at
upper crustal depths and in the mid-to-lower crust, as the July
2002 Modena earthquake — Mw 4.2, the 2003 Monghidoro
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earthquake — Mw 5.3 (Piccinini et al., 2006), the 2007-2008
Langhirano earthquakes, My 5.5, and the 2024 Langhirano
earthquake, My 4.2 (CLASS, Latorre et al., 2023).

Concluding, while some recent studies (e.g., Lanari et al.,
2023), based on integrated surface and deep-process analy-
ses, consider the Abruzzi area to be inactive, the data and
interpretations presented in this paper do not exclude the pos-
sibility of its activity, comparable to that of other arcs of the
Italian OTS. If confirmed, this hypothesis would have signif-
icant implications not only for seismic potential assessment
but also for the understanding of regional geodynamics.

7 Final remarks

This study provides new insights into the 3D structural com-
plexity of the Central-Southern Apennines segment of the
Outer Thrust System through a multidisciplinary approach
that integrates seismic tomography, instrumental seismicity,
focal mechanism solutions, and geological data. A newly
structural map allows us to define the system as an east-
ward convex arc, the Abruzzi Arc basal thrust, which extends
along strike for ~ 170 km and is articulated into three minor
order arcs (Abruzzo Citeriore, Frentani, and Daunia). The ge-
ometry of the Abruzzi Arc basal thrust well aligns with that
of the third-order arcs of the Padan-Adriatic belt, supporting
the hierarchical framework of thrust tectonics along the OTS
of Italy (Caputo and Tarabusi, 2016; Petricca et al., 2019).

Seismic tomography reveals a mid-crustal velocity in-
version (14-24km depth) beneath the Frentani and Daunia
arcs, interpreted as evidence of crustal doubling and consis-
tent with thick-skinned thrust deformation. Analogous pat-
terns are observed in southern Marche and northern Abruzzo
(Chiarabba et al., 2010). These findings point to a classical
overthrust architecture and align with the structural style of
the adjacent Northern and Central OTS sectors. These find-
ings contribute to a 3D conceptual model of the tectonic set-
ting in central-southern Italy, capturing the basal shear zone
of the Abruzzi fold-and-thrust system at depth, and showing
the possible relationship between extensional, contractional,
and strike-slip provinces here coexisting.

The activity and seismogenic role of the Abruzzi Arc basal
thrust and its splays remain a topic of debate. While instru-
mental seismicity shows only modest and localized minor
compressional activity at mid-crust depths, some major his-
torical records, such as, for example, the 1706 earthquake,
if associated with the thrust structure, could imply a capa-
bility of releasing strong earthquakes, maybe with long re-
currence intervals. Morphotectonic studies further corrobo-
rate ongoing compressional deformation in segments like the
Abruzzo Citeriore thrust, evidenced by uplift and fluvial net-
work anomalies.

In conclusion, in this study, tomographic images and ge-
ological data enhance the understanding of the Abruzzi Arc
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basal thrust three-dimensional structural style and regional
seismotectonic behaviour.

We offer a new framework for future investigation about
the overall OTS of Italy, its seismic potential, and the broader
geodynamic implications. In particular, the conceptual model
of the Abruzzi thrust system might be functional for a new
generation of 3D seismic hazard models applicable to com-
plex seismotectonic domains (Pandolfi et al., 2023, 2024).
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