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Abstract
—BuildingStudying thea subsurfacegeological-modelin offshore areas is a complex taskpe-to-theinaceessibility-of

-as it isimpossible or verghallenging directlyaccessing any eventual outcr@pshe study siteThe integration of key seismic

reflection and borehole data is therefore fundamental, even if only available as legacy data on paper hard copy and/o
characterized by an apparent low quality. However, such data are often the only ones available, and can still provide a higl
amount of detailed information for building a reliable geological medeth-can-bt beto-comparel with and discussd

with-about theseismicity distribution in active areas. In this work, legacy seismic reflection profiles calibrated with boreholes
are used to propose a new geological model of the frontal part of the Northern Apennines area struck by the-P@22reano

Mw 5.5 earthquake sequence (Adriatic Sea, Italye legacy seismic data were digitized and converted to-BEgemat,

andseme basicpostprocessingtackfilterings wasereapplied to enhance data quaditign. Theobserved tectonic structures

are-originatedriginatefromby multiple décollements located at different depths and sihetong relationship between the
faulting depth and thenticlineswavelengthof the anticlinesTwo structures, namelye Pesaro anthe Cornelia anticlines,

are interpreted aseingrelated to deegeated thrusts, showing an-ethelon arrangement and tiskinned deformation. A
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smaller wavelength structure, namehe Tamara antiform, is interpreted to belated-tassociated witlshallowseated
imbricated foreverging thrusts in the forelimb of the Pesaro anticlive. highlight the importance of constructing a well
constrained geological model by integrating legacy geological and geophysical data, aigtedyat beth offshore
seismotectonisettingstudiesettings -as-well-as-asupportingindustrial-applicationsparticularly-in-the context o

.1. Introduction

Buried and blind thrust faults, particularly those beneath the seafloorcpnsiglerablealifficulties-challengedor the-study
of-global-seismicactivityetermining their seismic poteéaltand understanding the association between seismiGtaetind
geological structureBerberian, 1995; Roering et al., 1997; Gunderson et al., 2013; Panara et al., 2021). Despite their hidden

nature, theyare capable o-preducef producingstrongearthquakes O Mw 6 . O ;
United States Geological Survey, n,@ndrelatectriggeling underwater landslideend tsunamis (Lettis et al., 1997; loualalen

et al., 2017; Takashimizu et al., 2020; Maramai et al., 2022). As coastal populations and infrastoatture toexpandihe
understandingfthe behaviour of these offshore buried faults becomes essential for mitigating both seismic and tsunami risks.
Their detection is especially challengirag it heavily relies on indirect observations such as geophysical data (Roering et al.,
1997; Déverchere et al., 2005; Hayes et al., 2010; Sorlien et al., 2013; Franklin et al., 2019). Seismic reflectiorthe one of
bestmost effectivegeophysical tools able to providegh-reseluticretailedimages of the subsurfackeing—capable—of
illuminating depths where the upper crust earthquakes are located. These data arecsigtabietify-identifying the-faults
faults'geometry kinematics, hierarchy and dynamics as well as the overall subsurface geological settimgpasdion of
thedifferent lithologealiesbedi i i iamits(e.g. Barchiet al., 202).

The Adriatic Sea in central Italy (Fig. 1) is a clear challenging example in terms of risk assessment, as the neamrdy coastlin

are densely populated and many critical infrastructures have been dewlopegbverthe lasttens-ef-yeamdecadeslin this

region, the buried and blind thrust faultsesent-in-the—eoffshore—aleaated offshoreplay a key role in the regional
seismotectonic setting, but their detection is particularly challenging due to the high sedimentation rate of the area (Ricci
Lucchi, 1986; Frignani and Langone, 1991; Barbieri et al., 2007; Ghielmi et al., 2013; AmaalQr2620) and the genefal

low- quality of the available geophysical dataguently-beingvhich are oftedlegacy seismic reflection profiles.

While the axial zone of the Northern Apennines, located about 70 km onshoreMi&edhesst is affected by extensional
seismicity(Lavecchia et al., 1994; Ciaccio et al., 2005; Chiaraluce et al., 2017; Porreca et al., 2018; Barchi et al., 2021; Sugar

et al., 2023), the seismic events recorded in the offshore Marche (€giomal Italy along theAdriatic Seacoas]j are mainly

compressive and arecaused by buried active thragaults (Argnani, 1998; Maesano et al., 2013; Brancolini et al., 2019;
Panara et al., 2021; Montone & Mariucci., 2023; Maesano et al., 2023; Pezzo et al., 2023, Lavecchia et dlhe2023).
relatedactive contractionaffecting-the-Periadriatic regids testified by historical seismicity (Boschi et al., 2000; Guidoboni
et al., 2019; Rovida et al., 2022k d-bas well & -manynumerousobservations derivedy-from geodetic (Bigi et al., 1992;

D'agostino et al., 2008; Palano et al., 2020; Pezzo et al., 2020), geological, geophysical (Finetti & Del Ben., 200%; Fantoni
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Franciosi, 2010; Ghielmi et al., 2010; Tinterri & Lipparini, 2013; Casero and Bigi, 2013) and seismotectonic studiesi (Di Bucc
and Mazzoli, 2002; Maesano et al., 2013; Brancolini et al., 2019; Panara et al., 2021; Montone & Mariucci, 2023; Carboni et
al.,2024).

The subsurface offshore thrust faults and related folds in the stud{Fayea) are part of the latest contractional structures
associated with the evolution of the Northern Apennines thrust belt. The contractional structuresamississgeometry

to that of the outcropping westward structures, where the chain is exposed (e.g. Mazzanti and Trevisan, 1978; Alvarez, 199¢
Barchi, 2010). In the Northern Apennines in particular, previems-studiessuggested that atdst two main sets of structures
coexist namely the UmbridMarche folds ("deefseated large- structures") and shallow imbricates ("shallseated small
~structuresmallstructure®) eeexist(multiple décollements modelMassoli et al., 2006). These two sets of structures have
different characteristics and significance. Weak décollements, located at different depths, influence the geometry and
kinematics of the thrust systems. Such décol@m&argely govern the thristlimensiors and evolution, so that the deeper

the décollement, the larger the wavelength of the structure (Barchi et al., 1998; Barchi et al., 2010). These considerations
supported bypoth field observations (e.g., Koopman, 1983; De Feyter, 1986) and former seismic interpretation works in the
same region (Pieri and Groppi, 1981; Castellarin et al., 1985; Bally et al., 1986; Barchi et al., 1998; Pauselli e} ah¢ 2002

as wellas infurther areas-of the Central Adriatic Sea. (e.g., Carboni et al., 2024).
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Fig.1. Seismotectonic framework of the Northern Adriatic Sea. Red dots indicate recorded seismicit{ Mowetber 202Zthe Fano
Pesaro earthquakentil 1" of January 2025, includingvents withmagnitudeshighergreaterthanMw 1.7 (959 events)-and-thefocal
mechanism-of-the—main-shock(®lovember2022)The orange and yellow stars indicate the main shocks ofttiéo9ember 2022
earthquake events, provided by INGUNG\)-—-Blue diamonds indicatéreseismicity of the region derived from both instrumental and

85 noninstrumental archived earthquakes from years 1269 to 2019, obtained from a@FBMIE5v.4.0-(Rovida et al., 2022 and Locati et
al., 2022).The focal mechanismare from INGV (2022 eqg and 2013 ggVannoli et al.2015(1930 eq) Seismogeniclhe seismogenic
sources are from DISS 3.3.0 (DISS Working Group, 202&)le-andthe fault tracesind Faulnames (TTS, CTS, PTS and ETé#g from
Maesano et al. (2023T-he mthymetric contours are based on data from the EMOBa#tymetry Consortium (2020Yhe ®ismic
reflection profiles include public tracks from VIDEPI (lighteg), representativénes S3 and Ségreen)from VIDEPI, as well as line$1,

90 S2, and S5 (blugyom ENI.
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Understanding-hethe subsurface geological settimgain a seismically active area fsnece-cruciagssentiahot only forthe
identification-ofdentifying the active causative fault segment, but ats@lentifyfor determiningthe lithologies involved in
seismic faulting (e.g. Mirabella et al., 2008). In additionghsitionspatial distributiorof thesesubsurface geologicabdies
unitsalso affects thdistributionconfigurationof theasseciated-differeatismicvelocity bleckmodes, which arefundamental
critical in-earthguakir achieving moreccurate earthquakecationstudiessolutions(Latorre et al., 2016).

This study focuses othe recenEancPesaro earthquakeismicsequencénatoccurred in the southern portion of the Northern
Adriatic (NA) Sea, about 25 km offshore from the coastal towns of Fano and Peisprb). Theearthquake causedhich
caduseddamage along the entire coast of the Marche Region. Thishassxperienced significant seismic activisyerting
fromsince November 2022, culminating with a Mw 5.5 earthquake&itne-9thof November 20220ne-minute-later,a-Mw

earthauake followed-the event—approximately-8ripre to-the soutksoutheast The focal mechanissof beth

earthguakdbe mainearthguakendicatesd almost pure thrusslip motion along a NWWSE striking fault No moment tensor

solution has been computed for the Mw 5.2 event due to phase overlap and interference from the twEezentst al.,
2023).By This-earthguake sequencettw end of December 2024js earthquake sequence medorded over 560 aftershocks
larger than Mw 2 (http://terremoti.ingv.it).

In this study, an extensive investigation across an arebaft 1400 km2 of the Adriatic Sea offshore Pesaro and Ancona
towns has been carried out. A comprehensive data analysis has been accomplished across this region, in order to understa
and shed light on the geological and structural settings, aiming to provide irsights its tectonestratigraphic evolution

and te—its—seismotectonic character. Therefore, stratigraphic and geophysical analysigell as extensive seismic
interpretation were carried out on selected wells and legacy reflection seismic profiles, including both unpublished
(commercial) and freely available data stored in public databases (https://www.videpi.com). This study aims to demonstrate
the importance of a tughtful reuse and revision of such offshore data. This workflewandateryessentiato shed light

onto the subsurface geological settings of the budd-up-areliable-geologicalmeodad-tha canbe compared and integrated

with seismicity, particularly because no surface outcampsclearly available, and thezgistare well-known uncertainties

characterizing the offshomarthguakegarthquakeselocations.The joint use of seismic reflection profiles, calibrated with
borehole stratigraphyprovides the necessary framework to mitigate these limitations and improve the accuracy of the
geologicalmodelsnterpretation

2. Geological, Structural settings and regional seismicity.

The NA Sea is predominantly composed of continental crust (Ollier & Pain., 2009; Piccardi et al., 2011) and represents the
deformed foreland of the surrounding orogenic belts, including the Apenninic belt to the West, the Diklbadéedes to the

East, and the southern Alps to the North (Fig.1). The Adriatic Sea is composed of different stratigraphic units relgéstering t
initial drowning and the subsequent emersion of the Tethys margin (e.g., Finetti & Del Ben., 2005; Casero and Bigi, 2013).
The nitial rifting phase led to the deposition Bermiaii-AnisiarPermiaii Anisian sandstones interbedded with dolostones,

limestones, gypsum and salt. During the Late Triassic, the normal faults accommodating the initial Tethyalldftied the
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deposition of evaporitic deposits and shaleater carbonate sequences (Mattavelli et al., 199%3eletti et al., 2008;
Carminati et al., 2013; Wrigley et al., 2015). The further sea opening promotgesthieggrowth of extensive carbonate
platforms during the Lower Jurassic, which were subsequently buried by the deposition of LoweriRak&sicene
intraplatform pelagic carbonate succession (e.g., Centamore et al., 1992; Menichetti and Coccioni, 2013). Tha closure
Tethys marked the beginning of the compressional phase, which led to the formation of the Alps since the Cretaceous (e.g
Dewey et al., 1989; Schmid elt,a2004; Stampfli & Borel, 2002; Handy et al., 2015), the Dinaritlkbmnides since the
Palaeocen&ocene (e.g., Ustaszewski et al., 2010; van Unen et al., 2019; Schmid et al., 2020; van Hinsbergen et al., 2020)
and the Northern Apennines since the Oligocene (e.g., Molli, 2008; Molli and Malavieille, 2011; Barchi, 2010; Caricchi et al.
2014 Carboni et al., 2020 a, b). The migration of both the Dinarides and Apennines towards the central axis of the Adriatic
Sea (Channell et al., 1979), led to the deposition of upper EcQeagernary sequences on their common foreland basin.

The stratigraphic succession includes a MesePaileogene, prerogenic, passive margin succession, deposited on the
southern side of Western Tethys, and a Neogguaternary, syworogenic succession, deposited on the flexured foreland of

the Northern Apennine. A reference stratigraphic column is shown in Figure 2, illustrating the main units derived from Pesaro
Mare 04 and'A/~1W1 boreholes drilled in the study area (Fig.1).

The uppermost unit includes up to ~ 3200 meters of Plidcgmnaternary foreland turbiditic clastic sediments, ranging from
Upper/Lower Neritic to Pelagic Platform environments, and includes the Argille del Santerno (AS) and Porto Garibaldi (PG)
formations. These sediments transgressivebrly-overliea relatively thin Miocene Marly Group succession, deposited in the
distal part of the foreland. This succession includes formations bfthe—s—i—VéssiniatGessoso Solfifera (GS) (relatively

thin), Schlier (SCH) and Bisciaro (BIS) formations. The-pregenic multilayer, spanning from the Late Triassic to the Early
Miocene, lies beneath the overlying successions. This interval consists ofQdeeaoic carbaate deposits alternating
between pldorm and slope facies, indicative of deposition in Lower to Middle Neritic and Pelagic Platform settings. Key
formations include the Upper Jurassic to Oligocene Scaglia (SCA), Marne a Fucoidi (FUC), Calcari di Cupello (CDC), and
CalcaridDia-Asprigni (CDU), as well as Lower Jurassic dolostones, such as the Calcare Massiccio (MAS) and Dolomie di
Castelmanfrino (DCM). Compared to the Umbkarche Basin, this succession shows significant differences, notably the
interlayering of platform facies with paic deposits in the Late Jurassic to Early Tertiary interval. The Triassic succession of
the Anidriti di Burano Formation (BF) consists of alternating dolostones, anhydrites, halite, and gypsuat;cansas

regional décollement horizons (Casero and Bigi, 2013). Beneath this successionMesqxeic crystalline basement of the
Adriatic microplate forms the foundational framework (Vannoli et al., 2014). Due to the limited availability of deep wells,

directdata on the thickness and depth of these deeper units remain sparse, necessitating reliance on seismic interpretation.
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Fig. 2. Reference stratigraphic column for the Pesard-ano offshore area (from the Late Jurassic to Holocene sedimentary
succession), derived from two representative boreholeg/t-and-Pesaro Mare 04and W1, location in Fig. 1).

160 The NAis characterized bghigh sedimentation ratéhatevolved throughout the Pliocene and Pleistocene, reflecting changes

in_the depositional environment and regional subsidence. During the PlifE88:2.58Ma), sedimentation rates were
estimated atil2 mm/year in both the Po Plain area and the NA Sea (GhielmiZ2H),. 2013;Amadori et al., 2020Vlaesano
et al., 2023). In the Po Plain area, these rates increased to om@m&:8ar during the Calabrian sta@de8 0.78Ma) with

measured values ranging from 288.19mm/year to 2.14 0.21mm/year (Maesano & D'Ambrogi, 2016)However,
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sedimentation rates progressivelycomsd throughout the Middl€0.78 0.126Ma) and Upper Pleistocen®.126 0.0117

Ma), reaching a minimum of 0.390.05mm/year in the last 0.48yr. This decrease reflects the transition to continental

deposition and a general reduction of accommodation space in the basin, while also recording the effect of ongoing regione
subsidence ding the PleistocenéMaesano & D'Ambrogi, 2016}hatin-the-Po-Plain-area+reached-more-than-2.5-mm/year

na-the h n—decre na-downto—=04-mmive N the nperPle ocepe{(Maesano-& DP'‘Amb ogi; 0186)- In the NA

sedimentation rateandthe absence afclear seafloor deformation found on bathymednd seismic reflection data (Di Bucci

& Mazzoli, 2002), along with the generally lete-moderate magnitude of instrumental seismicity (Mw < 4.0, before 2012),
havevefueled the scientific debate on the recent activity of the external Northern Apennines. Contrary to slightly more internal
sectors (e.g. Conero area, Cuffaro et al., 2010), most authors agree that the tectonic deformation in this externalarea migh
hidden by such a fast sedimentation rate. In the NA Sea, the shortening rate is estiaidiezimm/year until the Calabrian

times, although some studies suggest spatial variations and a progressive temporal decrease (Maesano et al., 2015; Gunder
et al., 2018; Amadori et al., 2020Panara et al., 2021). Within the same area, some authors, using GNSS data from offshore
hydrocarbon seabeahchored platforms, recently calculated a predagtshortening rai¢o be about 1.5 mm/year (Palano et

al., 2020-; Pezzo et al., 2020 2023). The offshore tectonic deformation characterizing the study area has beenhsnaged
usingseismic reflection profiles, showing that the tectonic structures are organized in multiple blind thrusts with associated
anticlines (Argnani, 1998; Bigi et al., 1992; Fantoni & Franciosi, 2010; Ghielmi et al., 2010; Maesano et al., 2023). Such
reverse faults are buried below thick PRéeistocene marine and continental deposits and likely rooted at depth along a
common badalécollement (Bally, 1986 Panaraet al., 2021 De Nardis et al., 2022).

The debate about the recent activity of the external Northern Apennine associated to such blind thrusts has beenmgvived duri
the last ~ 15 years, as a few important earthquake sequences have been recorded before the 2022 sequence (Maesano e
2023; Lavecchia et al., 2023): one in the 2012 and a second in the 2013, onshore in the Pianura Padana (northern Italy) ai
offshore southern of Ancona in Marche region, respectively (Mazzoli et al.;-20BE&sano et al., 2013; Burrato et al., 2012;
Scognamiglio et al., 2012; Tertulliani et al., 2012; Pezzo et al., 2013; Tizzani et al., 2013; Bonini et al., 2014; Naspoli e
2018). Additionally, a revision of the historical seismicity extracted fromattatlable seismic catalogues, reports sequences
encompassing mainshock events of My8.5, whose epicentres location is mapped either offshore or onshore the coastline
(e.g., 30 October 1930/w 5.8 at Senigallia (Vannoli et al, 2015), Fig. 1). These earthquakes have been mainly caused by
active thrust faults and produced several induced effestsell as victims and extensive damages within the Marche Region
(Guidoboni et al., 2019 Rovida et al., 2022andLocati et al., 2022). All these recent seismic evéatgestimulated recent

studies integrating different disciplines, providing new information, evidence and constraints to the active tectonaf setting

the outer Northern Apennines

10
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3. Fano-Pesaro earthquake State of the Art

The FanePesaro earthquake sequence began on November 9, 2022, with a Mw 5.5 mainshock. One minute later, a Mw 5.7

earthquake occurred approximately 8 km to the seaththeast of the mainshodkeforethis, only one smaller event (ML

2.8) was recorded roughly two months before the mainshock, and no foreshocks immediately preceded the sequence. Th

abrupt activation caused notable damage along the central Adriatic coastline, drawing significanh dtiethie area's

complex tectonic structures.

Most authors identifythat the Adriatic domainis being-mainly governed by compressive tectonics, with thraktted
deformation playing a dominant role (e.g., Pauselli et al., 2006; Maesano et al., 2013; 2023; Sani et al., 2016; Lalecchia et
2023), although others suggest the region is primarily affdayedctive strikeslip tectonics, with minor thrust$iat are
occasionally reactivated (e.g., Di Bucci and Mazzoli, 2002; Mazzoli et al., 2015).

Since the Fan®esaro 2022 earthquake sequemeey-researcteveral studieshashave been conducted toettermap the
existing-regional structures andecognize—thielentify the possible seismogeniaults-throughaults These studies have

employedseveralvarioushypotheses and scientific approaches as wethpsoving-the-accuracy-eismicity relocationto
achieve this gogMaesano et al., 2023; Pezzo et al., 2023; Lavecchia et al., 2023; Pandolfi et al., 2024; An et al., 2024).

Maesano et al. (2023)ere among the firdhatperfermedperforma review and reinterpretation of public seismic reflection

profiles (CROP and ViDEPI profiles), alongside comparisons with earthquake locations and aftershock distributions from
INGV. These authors suggested that the Faesaro Offshore earthquake sequence took plaegong arelatively-small
section(25-40-km2jof-the-buriedCornelia Thrust System (CTS) buried thrust structusituated at the edge of the Northern
Apennines(Fig—S1) The affected segment covers an area of approximaté&k02km?2 within the larger CTS fault, which

itself extends roughly 28 km in length and 16 km in width. The CTS is estimated to have a total fault surface area of about

300 km?, making it capable of generating earthquakes up to magnitudieéy

Shortly Pezzafter, Pezzoet al. (2023) characterized the seismic sequence in space and time, using data from the INGV

monitoring systemGNSSconstrained coseismic slip, and public seismic reflection profiles (ViDERIpy-observetheir
interpretation-shaliewidentified shallowburied anticlines in the upper@ km of the crust with ramps dipping 285°

extending from a deeper, regional basal décollement with a westward dip7f Based on the distribution of relocated
aftershock events, the authors interpreted a 15 kmdtilgng seismogenic fault patch, dipping 24° SSW and seismically
active at depths ofi510 km.Using theHypoDDr el occat i on met hod, they refined the
4.4 km farther south and at a deeper depth of 8 km than previously reported in the INGV cath@gmminshockrelocation

ane ad 4 4 km-shift to-the south-and depth-incre e downto 8 km.

11



Lavecchia et al. (2023)xpanded this pture byinvestigating the broader lithospheric scale deformatios Nardis et al.

2022) examinedanalyzingthe multiscale geometries of slowly deforming continental regions (SDCR) in eastern Central
230 lItaly;focusing-enithospherscale-deformation{De-Nardis-et-al- 207Mey suggested the presence of a shallow megathrust
(T1, ~ 20 km tea few km deep) which represents the basal detachment of the exterrahéitirust domain of the Adriatic
Arc. These authors propose the T1 sptegmed Bice thrust, extending ~ 30 km with a listric geometry (dip anglei 200;
seismogenic depths + 711 km) and converging at depth with the Cornelia Thrust. Upon associating the first mainshock (Mw
5.5) with the central and southern part of theeBhrust, they interpret the second event (Mw 52jue to the subordinate
235 activation of the northern part of the Cornelia Thrust. Following this study, Pandolfi et al (2024) conducted a probabilistic
seismic hazard analysis for the Adriatic Thrust Zone (ATZ).
More recentlyAn et al. (2024) proposed a new workflow to relocate the fResaro seismicityevealing sharper earthquake
clustersin—a-depth-range-between 2i 12 km depth; with-Their analysis estimateaHbesan avergefit fault dip of abeut
approximately30° towards the soutbouthwest. In comparison to the results available in the INGV catalogue, they presented

240 a sharperarthguakesarthquakecluster closer to the shoreline, mapping a geometry coherent with the available focal
mechanisms as well as with the horizersrpretatednterpretedn seismic reflection profiles.

Finally, Costanzo et a(2024) presented a new catalogue of the Adriatic Offshore Seismic Sequence obtained

through machine learningased processindiis relocation placed the ML 5.5 mainshock approximately 0.5 km above the

Cornelia fault compared to the INGV catalogue, this event was shifted 0.44 km southward and 1.2 kmSiedlaly, the

245 ML 5.2 event was relocated approximately 0.6 km deeper and slightly northwest of its position in the INGV catalogue.

The different interpretations show that the seismogenic structure ¢dcaoty understood at the moment. While Maesano et

al. (2028) and Lavecchia et al. (282propose new models that differ in idewiifg the causativéaults, other studiesRezzo

etal., 203; An et al., 202 and Costanz®024) focused on seismotectonic analysis and the relocation of seismicity, correlating

250 the events with existing modelé¢/hile-Despite diferencesnthe approaches, results and interpretations on thrust geometries,
dimensions, depths and structural relationshipsiht-differ, al-all of the abovementioned studies agree that 2022

earthquakes are related to an avelsage30° dip, southweslipping thrust fault, located in the frontal part of the Northern

Apennines. However, different opinions remain about which thrust could be the causative structure for the recently recordec
seismicity.
255 4. Data and methods

The findings outlined in this paper are based on the interpretation of four deep wells (Table 1) and a set of seisonc reflect

profiles_ comprising 8 crosslines andiglines,-covering an area of approximately 1400%five of which are described and

discussed in detailnitialy, Ne-no digital data (e.g. SEQ files) were available to be used for enhancing the quality of the
datasete.g- i = i = i - —butinsteadall the seismic reflection profiles were

260 provided as digital images, scanned from hard paper copgfiaDFformat. Three of the selectedismic reflection profiles
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265

270

275

280

and a keyborehole, kindly provided by the Italian Energy company Eni S.p.A. under a confidential agreement, are

unpublished. The other borehokasd seismic reflection profiles were retrieved from publicly available datasets from ViDEPI

databases (https://www.videpi.cohttps://www.crop.cnr.}t(Figs. 1 and 2, Table 1), along with industrial exploration reports

and maps, which have been deeply reviewedhis study, these scanned images were digitizedg-the MATLAB code
developed by Sopher{2018) generate SEQX files, which were themslightly reprocessegind-enhancetb improve the

quality-andinterpretabilityef the seismie-datée.g., Barchi et al., 2021; Ercoli et al., 2023; Carboni et al., 2024)

A workflow, including different steps to gather and analyse all the data and ancillary information, has been set up:

1.

Data preparation data organization, quality control (QC), digitalization, georeferencing and importing into a

geoscience mulkiliscipline integrationsoftware. 2D and 3D visualization of seismic reflection profiles, wells

stratigraphy (formation tops), log images, and seismiditys workflow incorporates several specialized software

tools: e.q. QGIS for managing geospatial dasaMATLAB code(based-on-themethodolog@f-Sopher, 2018) for

digitizing seismic profiles, Petrel and Moy#atforms for seismic interpretation and velocity modelling, and

OpendTecsoftwarefor conventionaldata processind-urther details on the processing workflow are illustrated in

Figures S1 and S2 of the supplementary materials.

Data integration

stratigraphic

well-te-seismigvell-to-seismictie analysis and seisngiratigraphic interpretation.

3. Velocity model buildinga key well sonic logTable 1 Fig.3c) was used to extract velocities for Pleistocene and

Pliocene formations, whilst literatuvelocities(Bally et al., 1986; Maesano et al., 2013, 2023; Montone & Mariucci,

correlation among the

we |

2023)were adopted for deeper layers (older than Late Miocene).

4. Time to depth conversiohorizons, faults and surfaces were converted to dapththe correlations were extended

Table: 1. List of datasets (Sp= Spontaneous Potential, Res= Resistivity, Sn = Sonic). The star* marks the unpublished data, obtained

and verified across a broader area.

under a confidential agreement, the hashtdiyeports the public data downloaded from the Italian database ViDEPI.

Seismic profiles Wells
Type Name I(‘Enm%th Notes Name Depth Logs
. Intersected by W
SI1 18 well y 4300 m
w1 Reached the Lower Cretaceo| Sp, Res
Adjacent tothe (Calcari Di Cupello (CDC) Fm)
C“Z;(()ass Sz 11.5 main shock (134
(NE- ™ anom | s sp
SW) Tamara 01 Reached the Lower Mioceng o
S¥ 30 / (SCH Fm) Res
(B-402)
S Intersected by Pesaro Mare
(SV-167-13) 21 Cornelia well 04* 4258 m Sp, Res

13

S

(0]


https://www.crop.cnr.it/

285

290

295

300

305

310

Reached the Lower Jurassig

Dolostone
Ti e | Adjacent to (MAS Fm).
(NW- S5 22 PesaranareMarg 3976 m
SE) 04 well . Reached the Lower Jurag
Comelia 0 Dolostone with Chert Sp, Res
(Non defined ~
5. Results

51Wel |l s6 stratigraphy

The wel l s6 st r atandgmalgspditojidemify commdan geblogicat ahatacteristics (e.g., stratigraphy, lithology,
discontinuities, petrophysical properties derived from the logs) and trends (formation thickness, spatial continuityjeamong t
wells. After reviewing and correlatingeHithological and structural information among all the data, a reinterpretation of the
well sé6 stratigraphy has b e ednnthedattes, thpdnalyseld eells aee displaykd sequéentalye d
moving from the northwest to the southeast of the study area (Table 1, red arrow in Fig.3a). Fasldataresummarized,

aiming to clearly show the tectorstratigraphic correlation among the four wells, highlighting the spatial variation and gaps
due to the presence of erosional and tectonic discontinuities (Fig\Bbg-toTo swpport -a deeper understanding of
subsurface geology within the study area, such well information was spatially extrapolated along the available seismic
reflection profiles, by correlating them with the interpreted TWT (Way Tr avel Ti me) steseismid ¢ ho
tieo, Bi anco, -Efnadithostatiydphifstandpoint five ensjs tectonestratigraphic units were identified

across four wellgFig. 3):

AS unit (HoloceneUpper Pleistocenel siliciclastic marine turbidite system composed of fine sandstones, shaly sandstones,

and interbedding of shale and silty shale.

PG unit (Lower Pleistocein®liocene) This unit isseparated from AS by a tdap unconformity, dated Top Gelasian (Fig. 4),

referring to early Pleistocene, older than 1.8 Ma. The Gelasian turbidites within the upper part of PG consist of silty shale

with interbedded shales at the top, transitioningrte $§andstones and shaly sandstones in the lower part.

Messinian Marly group (GSCH-BIS; Upper Miocene)Comprisingshales and marls interbedded with siltstones, carbonates,

and minor gypsum deposits associated with the Messinian salinity crisis. The top of this unit is defined by a major itgconform

marking the top Messinian surface interpreted as a subaerial exposure surface linked to tectonic ugkfterdses.

SCA group (OligoceridJpper CretaceousMade upof marly limestones interbedded with clays and cherts, attributed to the

Scaglia succession. The unit thickesositheastwardtonsistent with deposition in a flexurally subsiding foredsstpng

Carbonate platform units (FUGIAST DCM; Cretaceouslurassic) Theseinclude thick intervals of massive limestones and

dolostones with variable chert and marl content.

14



315

320

325

330

335

340

Well-by-well stratigraphic characterization reveals distinct stratigraphic and structural features across the study area

The W1 well intersects the easternmost segment of the seismic profilen&diningand containd60 m of Lower Cretaceous
carbonates. Within this well, three erosiobakndariesunconformitiesare-have beerdentified, corresponding to thep
Messinian(between the PG and GS uhisda depth 03151 m, middle-lower thelower Oligocene (withirthe SCA unit) ata
depth 0f4070m Palesceneandthe Lower Cretaceous tagbetween th&&CAandFUC units)ata depth o#154m -(Fig.3).

The Tamara 01 welk -locatedappraimately 600 m southeast akeseismic profile S2 and near theicenterepicentreof

the MW 5.5Mw mainshock of the'@November 20221t; provides valuable sonic log data for deriving interval velocities and
conducting welto-seismic tie analysis. Projected orthogdnahto the eastern segment of the S1 and S2 seismic prifies,
Tamara 01 well penetrates the upper Miocene SCH Formation for about 176 m. The well exhibits four erasiof@imities

and two tectonic boundarie&rosional unconformities have been identified at several stratigraphic feeekresional
boundariesareidentified within Lower Pleistocenébetween the As and PG uniaf)a depth of 1217 mtop of theUpper
Pliocene(within thePG unit),-At 1912 meters, marking both the top of the Upper Pliocene PG unit and the base of the Lower
dnit. Andthe last
erosionalinconformityoccurgop of theUpperMessinianbetween GS and SQlthits) ere-levelmarkinghe-top-ofthe Upper
Miocene;locatedat a depth ofdepths—of3015 m. The two tectonic boundariage recognized from the repetition of the

MiocenePliocene sequences at depths of 1743 and 2345 m, respectively (Fig.3).

Pliocene of another P&

The well Pesaro Mare 04, situated approximately 1 km southwest of the S3 profile, was pmjéetednalorthogonally
onto it. The well penetrates the sequence down to the Lower Jurassic, encompassing 1729 m of dolomitized MAS. Notably

an erosionabeundaryunconformitycorresponding to thep ofthe Miocenetep (between SCH andS units)is documented

in the well stratigraphy at a depth of 372 m (Fig.3).
The Cornelia 01 well, located in the southeastern part of our study area, intersects the seismic profile S5. It peassiates Ju
dolomitized carbonates, which are originally referrecdid@an undefinedformation based on the lithologicahriability and

uncertainties imariations—and-orthe reported depositional environmertoweveHowever considering their stratigraphic

position beneath the Marne a Fucoidi and Scaglia Calcarea formations, and their overall characteristics asasballow

platform carbonateshis unitis interpreted in this studgs equivalent to the Dolomie di Castelmanfrino (DCM) Formation.

This correlation is consistent with similar successions identified in other Apennine sectors, such as the Montagna dei Fiori

area, where comparable dolomitized Jurassic sequences have been described and attributed to the DCM (Ronchi et al., 20(

Murgia etal., 2004 Bencini and Martinuzzi, 202t

The Cornelia Oivell exhibits five erosionatoundariesinconformitescorresponding to the tops of the Upper Pliocevigh(n

PG unit) at a depth @86 mj}, Lower Plioceneyithin PG unit) at a depth 38 n}, Upper Miocenel{etween GS and PG
units) at a depth af90 n}, Upper Cretaceou$\(ithin SCA uni) at a depth 01833 nj}, and Lower CretaceousdtweenCDU

and FUC unitsat a depth 02478 n}-. Additionally, a tectonic boundary is reported approximately 30 m from the bottom of

the well. It is interpreted as a thrust splay, whose offset results in the repetitionEefriaeower Cretaceousuccession

15



{Fig=3).The well was drilled only into the upper part of this repeated int¢realer Cretaceous successipprand no data are

345 available for the deepsuccessionfFig.3).
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From the gl obal analysis of the four -Quaterhas/ Gucodssiof@Sandcr os s
PG units)show a significant thinning from ~ 3100 m thickness in the northwest ioZI®Mm in the southeast, as recorded in
Pesaro Mare 04 and Cornelia wells, respectively. Withintheastern wells (Pesaro Mare 04 and CornelidHid succession,

the PliocenePleistocene sedimentary sequence is frequently incompletably, in the Pesaro Mare -84}, situated on a
structural high, the Pliocene successi®® unit) is entirely absent, with a direct transition from Miocene deposits to
Quaternary sediments. Conversely, in the basin areas, such as the W1 well, a more complete sequence spanning the lower
upper Pliocene is preserved. This sequence is characterizateinating sandy and clayey layers, often interbedded with
marly components. This sequence unconformably overlies the Messinian (GS) evaporites, which are identified exclusively in
the northwesterfiV1) and southeasteliCornelia 01)wells of the study area. These evaporites are associated with a Messinian
palechigh that persisted as a subaerially exposed feature for the majority of the Pliocene (Report 1508, VIiDEPI).

The lithological analysis of the Megdenozoic carbonate successions within the studied wells reveals a carbonate platform
that underwent progressive deepening, testified by the combination of detrital and dolomitic limestones, interspersed with
frequent derty nodules and marly intercalations, particularly in the lower sections. The Triassic successiavhi@F),
typically consists of evaporites and dolostones in the central Apennines (e.g., WMabclee and Sabina Pelagic Basins),

not intercepted byhe studied wellstue-to-theirlimited-deptiHowever, itoresence is inferreflom nearby Alessandra 01

well (See location in Fig.1)ocated slightly to the eastyhich represents the deepest borehole drilled in this regiudisin
this-study-area-ialmost entirely composed of dolostone fagiesorted byBally; (1986, -ardCarminati et al(2013)and
Scisciani& Esestimg2017)-asreported-by-thanalysed-wells-This-is-also-shown-by the-Alessandra1laedited-slightly

a3LABGMh& succession

transitions into the Middle Jurassic and extends to the Paleogene, the limestones gradually give way to masgdayers
characterized-by-typical-nodulaructures Additionally, clastic intercalations are observed, suggesting sedimentary inputs
from the erosion of adjacent structural highs. Notably, the thickness of the SCA Group increases significantly from the
northwestern to the southeastern studied WeElts 3).

5.2. Seismic stratigraphyand time -to depth conversion.

By correlating and calibrating the stratigraphy of Tamara 01 and W1 wells with all the available seismic profiles, we have

identified five primary seismic units (SUs), bounded by four prominent, easily traceabteflezfions. These units exhibit

distind geophysical signatures, such as variation in the reflection amplitude, period and geometry. The analyzed seismic
profiles follow SEG normal polarity, meaning that an increase in acoustic impedance is represented by a peak, whike a decrea:
corresponds to a trough. The SUs are discussed in the following from top to bottom (Fig.4 and details within the Sugplementar
Table S1).

The-SU1 corresponds to theloloceneUpper Pleistocene turbidit demsits (AS unit)es {The uppermospart d SU1)

sists of fol




385

ementary Table
S1)-SUlis a,-b-arecharacterised byeismic-facies-frorgontinuous teemi-diseontinuetsemidiscontinuoushorizontal and
parallel reflections, with low to high amplitudeshe While the bettemlower par8Ui-e-ddisplaydisplayscontinuous to

semicontinuous Eeastwaredipping reflections, with medium to high amplitud€sg.4 and Supplementary Table SThe

total thickness ofhis-uniSU1 gradually increasesorth-eastwardsrangingfrom _ 0.2 s t08-3-1.5s TWT across the study
390 area(Fig.4and-SupplementaryTable5This Tthickening patteriis consistently observed in all interpretismic profiles

(Figs. 5 and6).
SU2corresponds to thiewer Pleistocengurbiditic depositg PG unit) andis separated from SU1 by a ttgp unconformity

datedio Top Gelasiar{-older than 1.8 Ma(Flg 4)Fe£emng—te4ea¥ly—pleqsteeen&elde#than—l—8 Wiae Gelasian-turbidites

395 sandstones-inthelowerparhe thicknessf this unit gradually increases from0.2 s in the SW to 0.6 s in the N&milar
to SU1 this Thickening pattern is consistently observed in all interpreted seismic pré&iigsst(5 and 6) Within-SU2-we

igrEherappermostub-unit{SU2-apart

of this unitshewsdisplayscontinuousNE-dippingparallel reflectionswith medium to high amplitudes. In contrast, the lower

subunitSY2-partfeatures semeontinuous, parallel, and sdtorizontal reflections (Supplementary Table S1).
400 The SU3 represents thRlioceneturbiditedurbidite{ deposis umxéusa—wmh%and is located ithe lowerpart of PG-are
i oneBhe subunits (UnitSU3-a;-b; it displays
distinct reflection patterns. The uppermpsttsubunit{SU3-a)f it exhibits continuous, horizontal, parallel reflections with
high amplitude, while thethersubunits{SU3-b-anrd-SUImildle and lower parts ofshow discontinuous to serodntinuous,
subparallel reflections with low to medium amplitudes. Fhbicknessof this unitvariesation across different sections

405 ranging from a few ms to 0.4(§igs: 4, 5, and %
TheSU4representmecomplex Miocene successrésuzlg and isobserveébundwithin theGS,SCH, andBISBIS Fms; are
mTdeposady group displays

continuous, parallel reflections with high amplitude #&ngh dominant frequency in the narrow uppermost pard creates

distinct and sharpeflectionsin the seismic section3herest of the unit presents continuous to discontinuouspaudilel

410 reflections with medium to high amplitud€&upplementanFigs S1, S2 and Table S1)This seismic unit progresswely
deependrom southwest to northea&tigs 4, 5 and 6) [ i [ ithi [
distinct-and-sharp-reflections-in-the-seismic-sections
TheSUS5 unitrepresents thelesozoiePaleogene carbonate multilay&i5)-uniandcorresponds to the SCA, MAS and DCM
Fms and represeeithe deepes@eegmzed.mltmdenuﬂed in the study aredigs4, 5 and 6).Fhe-unit-consists-of-limestone

tably, it exhibits a substantial thickness of over

415

1 s. The reflections within this unit display a discontinuous;mrallel pattern with low to medium amplitude and are marked
by some continuous, high amplitude and wettognizable reflections which are related to the top of the SCA and FUC fms
(Mirabella et al., 2008; Porreca et al., 2018; Barchi et al., 2021).
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For the depth conversion, a velocity model has been built, by integrating new interval velocity values derived from the sonic
420 log of the Tamara 01 well (down to the Late Miocene turbidites) with literature velocity data (e.g., Bally et al., 1986pMaes
et al., 2013, 2023; Montone and Mariucci, 2023)}dBnensional velocity models were initially built up along each single
profile, with a focus on the shallower area (down to the $opgliSCA). This workflow was then extended acr@ssri-
dimensional workspace, encompassing later variations driven by alldbedinterpretechorizons andaultsfault surfaces,
and considering-some-control-poigtarelating witheerresponding-tihie well_data frons-locateda broader area. Such a
425 velocity model was later refined in its deeper portion (down to the Jurassic carbonate units) and used to carry out the fina
conversion from the time to the depth for all the selected seismic profiles. Furtheratetaidsvelocity models are provided

in the Supplementary Table S2.
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Fig. 4. a) Seismic stratigraphy of the study area (colored lines) calibrated using the Tamara 01 and W4eeflis-1-forwell-locations
andFig. 3 for stratigraphy column abbreviations). Vp indicatesitteeagdP-wave seismic velocityLhe displayed values represent averages
of the original velocities reported in the last column of Supplementary Tableh8h were derived from sonic log interval averages for

the younger succession up to and including the SCH unit, andgfrbiishedsources for the deeper intervaisiditional-detailsare-provided
435 inthe-text-ancupplementary Fableld. Digitizeds oni ¢ |

og from the Tamara 01 /mwl | ,
velocity (Km/s).
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5.3.Seismic interpretation

440 To provide an accurate representation of the subsurface geological and structural features within the research region, fiv
seismic profiles have been selectedderiedcarryout the seismic interpretation. Their location and detailscarertecshown
in Figures 5, 6 and Table 1, while the uninterpreted versions can be found in the supplementary material (Figs. S1 and S2
The dataset includes four SME-o r i e orosslidesoi ( S1, S2, S3, -3l do rSidieélmeaend! S he NI
SW-NE profiles cross the two major anticlines present in the area, namely the northern Pesaro Anticline (PA) and the southerr
445 Cornelia Anticline (CA), developed at the hanging walls of-8¥ping thrusts, named Pesaro thrust (PT) and Corrneliatt
(CT)(Figs5 and 6.
The whole interpretation of seismic profiles has been realized by usipgelab--tri-dimensionalcorrelation of key

reflecbrdenspicked along the single seismic profilés,tying reflectors picked on intersecting lineith respect to seismic

stratigraphic units obtained from the wg# analysis. In this section, the description of the seismic profiles is done from
|450 northwest to southeast. The profiles are described considering the increasing TWT (s) axddrthéirealongline distance
(km).
| The seismic profile Skh-Figure-5ais dominated by the eagerging PA, characterized by a long wavelength @8-42 km
(0 12 km distance, Fig. $aThe PA geometry is traceable from ~ 0.2 s down to ~ 2.5 s, and it is particularly evident following
the interpreted Top Jurassic to Top Messinigiectionsreflectors(blue and pink colours, respectivilyro notice that the
455 Top Messiniarreflectionreflectoris not traceablér-at the culmination of the PA anticline, due to erosion; in addition, a set

of minor foldscharacterizethe PA forelimb (912 km distance rangejhe more internal minor fold&

closer to the crest zone of PA, affect a thicker succession, ranging from the Jurassic to the Pliocene, and are traghable thro

key reflectors such as the Top Jurassic (lelleur), Top Lower Cretaceous (dark greawlour), Top Oligocene (light green

coloun, and Top Messinian (pintolour). In contrast, the more external folds deform shallower successions, mainly involving
460 the Messinian units and the overlying Pliocene sedim@idgs 5a,5b). Further to the northeast, between 12 antl7 km

distance, a complex antiformal structure (wavelength ~ 5 km) folds théPRistocene unconformity reflecton (dark

yellow colout }Fig.5a). This antiformal stack involves a set of minor imbricates, with wavelength < 1 km, detached above the
Top Carbonates (Oligocengflectiorreflector(light green colourFig. 53, b). The antiformal stack is here referred to as the
Tamara structure (TS), drilled by the Tamara 01 well. The PA and TS are separated by a short wavelengtisyrcfiken)

465 (~ 913 km distance), which is infilled by sttorizontalreflectionsreflectorsinterpreted as lower Elsiocenesediments,
onlappingandtoplappirg onto the PliePleistocene unconformity (Fig. S5asetal). In the northeastern part of the profile
(~13/17 km), a clear increase in the apparent dip angle and thickness otittiecBhesuccessioneflectionsreflectorsis
visible (Fig. 53 5b). Both the PA and the TS are interpreted to be situated in the hanging wall of tdg&Wg main PT

thrust. The hinge zone of PA is located on top of the main PT ramp, located within the Mesozoic succession; this ramp links

470 its deepest part with the slabest, flat portion at ~2.5 s (Fig. 5a). However, in this forelimb sector, a set of imbricate

forethrusts and backthrusts have been interpreted departing frofRi®®Toainset al, 5h) These backthrusts have been
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associated with the minor folds described above on the PA forelinib-§-2® km distance range). Such backthrusts
detachedmbricated along-from the shallower—mest-internal-PTraimpermost secondary ramp of the ,R¥hereas the
forethrusts On-the-other-hand;-the-set-of-imbricateforethrusidd-builds up the shorter wavelength T8nad-they-are-all
475 detached-along-the PT-shallower ftak all imbricated from and detached along the shallower flat of thell®d three
imbricates displace up to the Top Messinian and thel@eprLower Pliocenereflectionsreflectorsof at least ~0.1 s TWT,

but not the PliePleistocene unconformity, which is only folded. The presence of such imbricates is also interpreted and

constrained by the Tamara 01 well stratigraphy, clearly showing two repetitions of the Top Messinian. &ustha&ints on
the PT geometrgrederived from a set of parallel suborizontalreflectionsreflectorsobserved between 2.5 s and 3.5ist6

480 17 km range); they are discordant with the shallower reflests, especially in correspondence with the main ramp, between
3 and8-9 km distance, where they look slightly E dipping. These reftests would represent the PT footwall succession, up
to the Top Messinian (Fig. 5a).
The seismic profile S2 (Fig. Skapversonly a small rtion of the PA forelimb, including the shallowest flat of the Pand

givesprovidesa clearer picture of the TS imbricateshe PT footwall reflectors, previously described in S1, are also visible

485 here and appear more continuous and better trac@éahlesb,insetbl). Projecting the Tamara 01 well and picking the Top

Messinian reflecbnrs, the presence of three imbricatgthin the TS, which produce three repetitions of the Messinian and
Pliocene successions, have been interpreted. The imbricates are detached on the shallow PT flat (~ 2.5 s TWT), which produc

a further repetition of the Top Messinian refleat (pink colour). In the soutlvestern part of S2, agaite minor folds driven

by the backthrusts mapped in S1 are observablie-northeasternmogbart-of the PA-forelimbWithin S2, like in S1, the

490 growth deposition of the Pliocene succession is also observed in the northeastern part (apfipjemin the syncline
separating the PA and the TS, again characterized by paralabsizbntal reflecbras associated with the Pleistocene unit
(Fig. 5b).
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Fig. 5. Interpretation of S1 and S2 seismic profiles. a) S1, the northernmost section in the study area, crosses the leftdfitige RArend reveals variations in
its structural styleThis profile intersects with seismic section S5 at a &km. The geometrpf the PA is evident by using the Top Messinian, Top Oligocene and
Top Lower Cretaceous reflers. The section also showiee shallowseated TSleveloped laterally to the Soufastern termination of the PA. b) S2 shows the
enhanced comprehension of the TS's underlying structure. Four imbiiwatsidones of the PA forelimb and the repetition of Messinmiudle- lower Pliocene
successions are observable (uninterpreted images provided in supplementary materialsiiSigt$Sa). and bl show detailed interpretatiesrss.wavelength of

the small structure; PTPesaro ThrusPA= Pesaro Anticline; CA= Cornelia Anticlin€S= Tamara Structure; St)Seismic Stratigraphic Unit.
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The seismic profile S3 (Fig. 6a) provides an excellent view of the structural relationships between the two main sfructures o
520 the area: the main thrusts PT and CT with their related anticlines PA and CA. The PA is displayed in the southwestern part o

the profile (0 10 km distanceange). Its geometry can be easily appreciated by following the Top Jurassic to the Top Messinian

refleciriens (blue and pink colours, respectively); the latter is again partially eroded in the axial zone. A few smaller antiformal
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structures located at the PA forelimb, as already observed in S1 aRd)S2), are again interpreted as being driven by small
backthrusts. This profile also shows a strongly reducea§iz8 and a steepening of the,i€re partially overlies the western

flank of another anticline, identified as CA. More north eastwards, the latter appears as an asyinetriging anticline,
traceable from ~ 0.8 s down to ~ 3 s. This anticline is interpretdeting related to the underlying CT, whose location is
constrained by the Cornelia 01 well. The CT displaces the {@esmzoic succession up to the Top lower Pliocene refleet

(orange colour), while the PlBleistocene unconformity (yellow colour) appears only folded. The CT footwall is recognized
following the Top Jurassic to the Top Messinian refiéetis, which are interpreteaksslightly parallel and WHipping until

around 18 km distance at ca. 3 s. The CT is interpreted to comprise also a small synthetic thrust, developed at its footwall
which preduceproducesa further repetition of théop-Seaghs&SCA Group and Top Messinian reflémtrs. More to the
northeast, we observe a shallower #mrdk-thicker package of growth strataterpreted to comprise Pliocene to Quaternary

deposits-traceablérom approximately 0.5 s to ~2 s TWT betweer ahd ~23 km distance (Fig. 6a).

The seismic profile S@Fig. 6b), located at the southernmost extent of the study area, offers valuable insights into the internal
structure of the CA and intersects the Cornelia 01 well, providing key stratigraphic correlations. In contrast to S& the PA
not present in this seismic section. The CA is represented by an asymmetrirditif) anticlingasalreadyalsoobserved in

S3), extending from ~0.5 s to ~3.5 andis prominently displayed between 3 km ab#l13 km distance. This anticline is
defined by théolded reflectors from th&op Jurassiclriassicup to the Pliocen®leistocenainconformity-reflecions-(blue
purpleandto yellow colours), situated within the hanging wall of the underlying CT. The latter, like in S3, offsets the Meso

Cenozoic succession up to the Top lower Plioaefiectoar (orange colour).however, in this section, located at the crest

zone of theCA (Fig.1), the structure exhibithhe maximum heightompared to S3, which lies in the northwestern hinge,zone

resulting in a larger displacement of the Top Lower Pliocenerefldctbrs om 1. 25 t o P2..02 ss iinn S343 ;v

b)- A small synthetic thrust is again observed in the footwall of the CT, which results in the repetition of thegbopne

(Top SCASeaghaGroup and Top Messinian refledars over 9 to 14 km, extending to ~2.7 s. In the northeastern part of this
section, the interpreted Pliocene to Quatermpyosits§SU1 and SU2, close tothe end of the forelimb of the CA 13 km
distance)are thicker thamt the similar locatioin S3, with the top of the Pliocene refleet located at ~2.5 & S4 versus

2.1 s in S3 Additionally, S4 reveals minor foreerging thrusts in both the southwestern and northeastern sectors of the
section (Fig. 6b, at distance rangd8 &m and 1520 km, respectively). While the two wedipping convergent thrusts
observable to the southest ofthe CA intersect and slightly displace the Messinian until the-Plestocene unconformity,
the minor thrust to the northeast of CA is detached at the top of the Lower Cretaceous (~ 3.5 s to 2.2 s), displaciginthe ove

sedimentary successions includimeposits from thé&Jpper Cretaceou&@ark greenjothe-Messinian-anthe Lower Pliocene

deposits (orange colour, Fig. 6b).
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Fig. 6. Interpretation of seismic profiles S3, S4 and S5. a) Section S3 crosses the transition zone of PA and CA structurestiiée geom
of the anticlines are identified by using the key reftets (See the legend). However, in this section, the main rieflesin the TS are not
clearly traceable (the area marked with a question mark). b) Section S4 is the southernmost section that shows theuGingraetde
MesozoicPaleogene carbonate multilayer is observable in the frontal part of the CA. ch&&fi® a tie line, crossing the crest zone of
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the PA (Uninterpreted images provided in supplementary materials2frigdS = wavel ength of the | arge s
as in Fig. 5

The seismic profile S5 (Fig. 6¢) serves as a tie line, crossing the crest zone of the PA and situated approximatelyn500 m fro
the Pesaro Mare 04 well. This profile provides extensive areal coverage (~3&nkiimtersects the S1, S3, and S4 seismic
profiles. It is essential for understanding the structure of the PA and for conduéihgaarelationof interpreted horizons

among the aforementioned crdswes. The geometry of the PA is identifiable from ~0.5 seconds to ~2 seconds, being
particularly prominent following the refleckhrs Top Jurassic (blue) and the Top Messinian (pink). The Top Messinian
reflectonr is visible in the northwestern and southeastern hinge zones of the PA, but is clearly absent in the axial zone (~ 4
1520 km distance) due to erosion. The central portion of the PAI@AdRm distance range) exhibits a stack of imbricate
thrusts slices between ~1.5 s and ~2.5 s. These slices are characterized by semi parallel, closely spaced reflegtors (Fig. 6
The PA lies in the hanging wall of the PT, and it is significantly uplifted, forming a-sgminetrical structure. In contrast,

the footwall remains relatively undeformed. These three interpreted thrust faults cut across both the Mesozoic and Cenozoi
sucessions. In the northwestern hinge zone of the PA, no clear displacement has been observed and interpreted within tr
primary reflectoars. Moving to the southeast, starting from ~ 16 km along the profile, growth deposition of the Pliocene
Pleistocene suession(SUland SU2)becomes increasingly evidefitig. 6¢) The profile highlights the superimposition of

the MeseCenozoic sedimentary sequence over the Messinian reflection picked on top of the footwall, with clear evidence of
duplication.

The described interpretations carried out on the seismic profiles in TWT, have been then converted to depth, by using the

integrated velocity model illustrated in figure 4.

6. Discussion

The integration oboth a new set of unpublished and publicly available seismic profiles with borehole data alleveed
highlight the presence of degpated and shallegeated tectonic structures, involving different lithologies and detashed
correspondeneef-alongdifferent décollements. This structural setting defines the geometry, dimension and segmentation of
the main compressional structures, and ultimately their seismotectonic significance-cBeghted profiles are used to
discuss the possible link betwetthre deepseated tectonic structures and the seismicity of the area, with a focus on the 2022
seismic sequence (Fig.7). Three deptnverted seismic profiles, S1, S3 and S4 have been selected, being the most
representativesn-thebasel ef-onthe achieved geological interpretation avith theaiming te-of build-wping a new geological

model of thestudyarea (Fig. 7). These profiles crgssrpendicularhithe main structuregerpendicularlyto their strike and

extend along the studyreaegionfrom the northwest toward the southeast. This orientation allows to observe the structural

relationships between Pesaro Anticline (PA) and Cornelia Anticline (CA) and their thrust faults, Pesaro Thrust (PT) and the
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Cornelia Thrust (CT), providing a clearer view of the vertical and lateral distribution of the involved key stratigragghic uni

andefthe tectonic features within the subsurface of the study area.

6.1. Multiple décollements and=n-en echelon folds

595 In the area covered by this research, variations of mechanical anisotropy strongly influenced the structural setting, forming
patterns of interconnected structures, detached along multiple décollements at diffetatepths corresponding to weak
stratigraphic layers. Thus, the recognised tectonic structures have been grouped into two main categeseseéted
thrusts, represented by the innermost PT and the outermost CT (responsible for the formation ofwetegegth structures
PA and CA), which predominantly affect Mesozoic to Paleogene carbonate sequence; and (ii}ssretbdvihrustsyhich

600 arerepresented by closely spaced, stvoatvelength structures of Tamara structure (TS), affeetnhy-a limited portion of

theUpper Cretaceous and younger sequences, includif@jiiicenethethe Mioceneseguencanditstheoverlying turbidite

deposits.Toward the front of the TS, thegabricatedshallowseatedhrusts impact even shallower and younsgguences,
involving only the Miocene andverlying turbidite depositéig. 5a 5b). The depth converted profieSland S2prevides
providea clear view of the spatial relationship among the aforementioned strugligresa 7b). PA is characterized kyan

605 NW-SE (alongstrike) extent of at least 30 km longand is ~ 12km wide (alongdip, SWNE direction, see profile S1 in
Figs. b5a, 7a, 7 dasdefinedby Massalicetak (2@06),ghusdimedsergd between the PA and CA crests, is ~11
km (Figs. 6a, 7b)SectionS1 shows PBeingasrelatively flat in the shallow portignvithin the-~71 12 km distance rande4
kmj}, transitioning to a steeper rartgpwvard thesouthwestvhilstwestward-of-itssteeperramgit is reasonable to image the
PT lower décollement lying at around 9 km depth, possibly on top of the acoustic badementf the Triassic evaporites or

610 top of the Permdriassic sequence; Mirabella et al., 2008; Barchi et al., 2012; Porreca et a)., Bo0w@ver, as profile S1

doesndt ext en dvestem seetortthe interpretatien @fuhe teepest structures is poorly constsiineshased
on its interpreted trajectorfgectionS1 also shows a series of shallow imbricated -f@rging and backerging thrusts in the
forelimb of the PA, forming TS, characterized by a length-5320k m, a width of 7 km and a
(Figs. ba, 5b, 7a, 7d). All these structuriesluding both fore-vergingandbackvergingthrusts, are associategs-with the

615 upper decollementhallowersemiflat segment of the PTwhich isextendingdetachedit multiple stratigraphic levels. Tke
detachmentsangefrom 5 km depthwithin theJurassisuccession in theangingwall of PT,to asubparallehearlyparaliel

décollementwithin the Top Messinian(marly group, at roughly 3.5 km deptfThe foreverging imbricated thrustsriginated
originatefrom-at different levelslong this segmenheupperdécollemenbfthe-PT ranging fromupperCretaceougsFUC)

in the more internal imbricated thrust to the shallower lewitlsin the weak,marlyrocks(ranging-from-the-upper-Miocene
620 to-Pleistocend)pper Miocenemarly rocksin the more external imbricates toward timrtheast; Thesethrustspropagates

propagatdroth eastwards and upwards. This process resulted in multiple repetitions and duplications of the Riimoeme
marly sequences. The nearby Tamara borehole further constraints our interpretation by drillifigitthigsershallowest

décollement close to the base of thp Miocene "Marly Group" (Fig. 7a) and confirms the depth and the repetition of these
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seqguences across at least three sliSasce the Tamara well was drilled on the outermost part of the Tamara antiformal
structure, it does not drill the complete series of imbricated thrusts and duplicated sedimentary sequences mapped in S1 (Fig
5a,5b and 7a).

The overall analysis and observations of the seismic reflection profiles available on the southeasternmost extentyof the stud
areaalso allowede-for thedeseribedescription othe geometrical characteristics of CA, which are analogous to PA. It results

in a NWASE striking ~ 20 kmlong (possibly extenihg just a few km further toward the SEand ~ 12 km wide anticline
(profile S4 in Figs. 6b, ~7h1 Ko (Wigk.atb6bwav@béngfThese s
are larger than those obtained for corresponding structures in the Lividnihe area, whemsrresponding-structures-hiale
wavelengthwavelengtirangefromef3 . 2 t o 7.2 km for @& and O . ®Bhest gruciresdarek m f

~Characterizedy lower syntectonic sedimentation. Converselge olsened structural wavelengthialues arand-theyare

smaller than those observed in the Po Plain, where highaestionic sedimentation contributes to even larger structural
wavelengths, with @& ranging from 15. 8 Thieob8eBatikmrordinndd o f

by the relationship described by Massoli et al. (2006), where variations in structural wavelength are linked to both the depth

of the active décollement and the thickness oftegiionic sediments
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Our comparative analysis of the PA and CA anticlines, and their relateesdatgal thrust systems PT and, @®ints out
some structural similarities antistinctiordifferences From the analysis of the profiles S3 and S4 (Fig. 7b, l@eking
atconsideringboth the geometry of thanticlinesgeanetry and thetrajecbries of thethruststrajecteries a shared deep
decollement levelhas-beecan be iferred suggesteditit-is-clear-how-the-thrusts-share-a-common-deep-décollementdevel

approximately8i-9 km depth-(cemparable-toonsistent withresultsreportedin nearby areasrovided-by(e.g., Pauselli et al,
2006 ;orLavecchia et al., 2002024). Furthermore, evidence indicates that the thrusting style in this area iss&itimed

type of deformation, aligning with the observed decollement depth and suggesting tectonic processes that d¢eatolisyn
sedimentation and accommodate defororativithin the overlying sedimentary cover, without involving the basement (Fig.
7). Our interpretation demonstrates that, unlike the PT, the CT lacks an upper shallower décdiisteadt the ramp of the

CT terminates blindly at a depth of 2 km within the base of the upper Pliocene turbiditic successod(Fig), and only

one imbricated foreerging thrust has been identified in S4. The latter is also constrained by the Cornelia borehole
stratigraphy, evidencing a doubling of tkerh~Upper Cretaceous carbonate successi@zagha-SCA group) over
approximatelyd-3 km between 161 19 km distancein section S3 and abodtkm between 8i 12 km in section S4Fig. 7b,

Consideringthe deeper structures involving the carbonates, this study documents the structural transition between two main

compressional structures: the PA (internal) and the CA (external) anticlines. In map view (Fig.7d), these structureg are link
to a pair of erechelon, vicariant, coalescent thrusts, the northernmost PT and the southernmost CT. The interpretation of the
seismic lines clearly highlighted that the transition from PT and CT occurs thramghtermediate region, where both
structures are preserfFig. 7d) and can be viewed as adjacent segments of the outermost thrust of the Northern Apennines.
Representativexamples of coalescent anticlines extensively crop out also in the Uktlridne Apennines (Barchi et al.,

1998; Scarsella 1941; Lavecchia, 1981; Lavecchia et al., 1988; Lavecchia et al., 2023), and such examples have been descrik
worldwide since Dahlstrom (1970).

Our investigation shows that the shalleeated TS structure can be tracedl in the southeastern termination of the deep
seated PA up to seismic Profile S3, where both PA and TS overlap on the back limb of the CA (Fig. 7b). However, in the
southeastern part of our study area, as seen in seismic profile S4, the-siealledmbricated foreverging thrusts and their

related antiformal stacks (TS) are not observébig. 7c). Our investigations indicate that the TS represents the deformed

wedge of the frontal part of the PA structui@;med within the hanging wall zone of Pesahwus it cannot be considered

originated by a single deegeated structure such as PT or CT and neither a nortleaststard continuation of the Cornelia
thrust.

In slightly external sectorswith respect to our studied arevidence of deep thrusts has been reported from the analysis of

low-quality public profiles (Adriatic Arc Front, e.g., Bice thrust, Lavecchia et al., 2023). However, the present study suggests
that the PT and associated imbricates did not extend more to theEditthiThis consideration is also testified by the prasen
of a complete sedimentary succession (from Cretaceous carbonates to thick Quaternary sequences). Additionally, in th

borehole W1 (drilled in the foreland of the PA), no thrust faults are reported and the Top Messinian reflection corhelates we
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with the corresponding identified erosional bound&yidence of deeper, externfabnts were not found in the reviewed
commercial seismic reflection profiles available across this study area, possibly falling besides the data quality rat depth o

outside the data coverage.

6.2. Seismotectonic implications

The mechanical stratigraphy reveals that both the-deafed PT and CT ramps cut through the brittle carbonate multilayer,
from 3 down to 9 km depthrhis range coincides with the depths of most of the seismicity recorded twrifgnePesaro

2022 sequence (terremoti.ingyiRovida—et-al—2022 suggesting that these thrusts may potentially serve as seismogenic
structuregFig.8a). Both PT and CT are southweatipping thrusts, with an interpreted dip angle ofi3®5°, compatible with

the mainsheecksnainshock'socal mechanism (with strike 128°, dip 34° and rake 8&¥temoti.ingv.i}.

Given their potential seismogenic role, the relationship between earthquake magnitude and subsurface rupture length for bot
the PT and CT was analysed using Hapirical relationshipdor the thrust faultsegression—diagrame.g. Wells and
Coppersmith,1994 and Leonard, 2014). Fault length directly influences the maximum possible displacement, and

consequently, the potential maximum magnitude (Scholz, 2019). According to the findings of this,d@halgsismated sizes

of the PT D360 km?) and CT}240 km?) suggest that they are capable of generating seismic events with magnitudes of up to

Mw 6.8 and Mw 6.5, respectivel¥the observed fault lengths are substantial enough to account for both recent and historical

seismic activity in the region.

However, determining the exact causative faults for the 2022 November 9th earthquakes remains challenging. It is importan
to highlight the spatial mismatelFig—2L), in terms of both location and depth distribution, among the literature interpreted
faults and the hypocentral recor@erremoti.ingv.it Table 3 asshown in Fiaire 1 andFigure 8. Comparing the published

earthquake locations and relatively shallow depths (~ 5 km) witmewrinterpretation, seismicity is scarcely distributed
across the Cornelia region (Figg, 8dzd). The first November 9tt6.5 Mw main shock appears more closely associated

with the PTHextending-more-to-the-NoriBast) other than to the Cthe-latterbeing-less-extended-to-the Naktbst(Figs:

7d, 8a). The second November 9th mainshock and the aftershocks fall in between the area covered by the seismic profiles S
and S3, in the interpreted transfer area between PT an@&ITheseevent is-areclose to the PT zonend somewhat far

from the CT's main area but occurring at greater depth (~ 8 km) in the footwall of the BTL1(lHg;-7d). However, it is
known that both earthquake hypoekatatedbosat s mildatkyn tdeek
error for the mainshock reported in the INGV catalogpajticularly in the offshoredue-to-the-limited-coverage-ef-seismic
statiens Recently, several authdrsshavere-locatedelocatedhe seismicity recorded during this 2022 sequence. Pezzo et al.
(2023), An et al. (2024) and Costanzo (2024) used different relocation methods and methodological approhches

significant uncertainty in defining seismic event depth compared to the location is notidéalilest relocation by Pezzo et

al. (2023) shifted the main shock 1.5 kraN\W, increasing its depth to ~8 km, while aftershocks moved slightly NE and

farther offshordFig.8b, 8d). The second relocation by An et al. (2024) shifted the main shock 5 km southward, thus closer to

the shoreline, with a shallower depth, and relocated the aftershock cluster-8Kki§.8c, 8d) The study also reports error

36



estimations, with maximum values ranging from 0.8 to 3.6 km in all three direciibasspatial distribution of theriginal

(INGV catalogue}ndrelocated aftershock events, in this area, is farther from the CT and more concentrated around the PT
715 and the transfer zone between the PT and CT (Eidsand7d).

Despitemostof theconsiderationsntroducedabovesuggesthe recenseismicityrelated more to PT other than CT (Maes

et al., 2023)tFhis seismicityanalysisandwholestudyunderscorgthe complexity of determiningshether the PT or CT served
as a primary source of the 2022 seismic activibeventuallyif-the-latit-might beassociatedowith-a possible deeper thrust
as-proposed bwther authorge.q., Tlassupposegroposed in Lavecchia et al., 2023y Lavecchia-etal.2033However,
720 sucha a hypotheticalpossiblecausativdeeperfault is notclearly imagedor visible at-depth-withiin-ourwithin available
vintage seismic reflectiordataprofiles pessibly-due-to-theharacterized by &ck d clearreflected signals from deeper
reflectors or just by very weakand poorly continuous reflective patterrembeddedwithin a high level of random

noisesharacterizing typical of-the legacy profiles (Ercoli et al., 2023 -duetothack of reflected signalsfrom-deeper
structures
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Fig.8. The spatial relationship between seismic events and the structural framework identified in thiogteitier with the depth
distribution of seismicity shown through frequency histogresesmic eventare also projected on the latitlidiepth and longitudelepth
sectionsThe orange star marks the mainshock (Mw 5.5) and the yellow star the secondary shock (Mw 5.2) on 9 Novena)&p20ap.
distribution of the main shocks and aftershoctecorded by INGV between 1 November 2022 and 31 January 2023
730

(https://terremoti.ingv.it/enaccessed on 1 June 2025)Relocated seismicity from Pezzo et al. (2023) between 22 November 2022 and 5

January 2023, including the 9 November mainshatiRkelocatedseismicityfrom An et al., 2024200 seismic evenisfrom 9 to 15
November 2022d) Combined seismicity from INGV and relocated datasets

Table 2. Location and depth parameters of the mainshocks for the 9th November 2022 FaResaro earthquake, as determined by
different sources.

Event

Source

Depth (km) Latitude

Longitude
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https://terremoti.ingv.it/en

INGV 5.0 43°58'59"N 13°19'26"E
Main Shock (Mw5.5 An et al.,, 2024 4.40 43°56'11"N 13°2020"E
Pezzo etal., 2029 7.94 43°59'41"N 13°18'58"E
Second Shock INGV 7.7 43°54'47.88'"N| 13°20'40.92"E
(Mw 5.2)
An et al., 2024 8.4 43°51'36.36"N | 13°20'16.44E
735
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745

5. Conclusions

This paper presents a new geological model of the tectonic structures of thBdsamo offshore area within the frontal part

750 of the Northern Apennines. Multiple decollemetdsated at differentiepthdepthshave been observed in the study area.
These structures show a strong relationship between the depth of faulting and the wavelength of the related anticlines
influencing the kinematics of the thrust systéris study suggesttthe PT and CBtructuredhrustsarepossiblydetached
at depths of ~ 9 km on top of the acoustic basement. The two related PA andi@Aresanticlinescan be followed along

strike for about 50 km and are characterized by a wavelength in the order of ~ 11 km., Bh&eliSs of imbricate thrusts
755 develops along the shallow part of #hesare-thruftT at a depth of 3.5 km, is characterized by a short wavelength (~ 1.1 km)
of the imbricates spread along ~ 5 km in the forelimb of PA, and it can be followkgébr ~10-20 km along strike. The PT

and CT erechelon arrangement, the presence of multiple detachments and tkekitnied deformation (multiple

décollements) suggest a geological model for this outermost sector of the Apgimiseisaracterized by a thrust system not
involving the-aceustichasement (thiskinned tectonics).

760 This study hlghllghtapes&blenfmeuele@e Cornelia thrust systenaving aduring-the-2022-earthquakes-thanpreviously
détslimited extent tovardthe NWas-showby-eurstructural
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excluded-as—a-seismogenic-sourcetheaddition, tThe limited-spatialdistribution ofeverlalloverall histerical-and-recent

seismicitydirectlypossibly: ingrelatedwithto the CT-with-its-limited-extension-toward-the-noris scarce and cannot be

easily linked with itAlthough based on its geological, structural and geometrical characteristiis§ Thhrust system cannot

be completelyexcluded as a seismogersiource,in the present stud¥theFhe analysis and thintegration of the relocated

hypocentregogether with thend-thenew geologicamedelnsightssuggests that the PT, or a possibtesternmostieeper
easternmosstructure, would be. bettercandidatesandidateto be associated with the mainshocks. On the other hand, the
relay zone between PT and CT is more coherent with the second main event. The still present uncertainty is mainly due to th

low accuracy of the seismicity relocation causedh®sjlack of seismic stationsndsimplified-velocity-meodels-usedn the

light of all uncertainties related mainly to the inaccuracy of the offshore seismicity relocation and related depthresfimatio

the seismic events, it is therefore fundamental to provide solid geological constraints by relying on the unique swudgurface d

(seismic reflection and wells) available as well as on onshore analogues outcropping in the central Apbisimek aims
to remark that defining a solid subsurface geological model by integratibaszkey data sourcesflection-seismicprofiles
andbeoreheledata(even if legacy) is essential in offshore areas. Building up a reliable, geologically driven allosedto

refinefor refiningn o t only velocity models to use faofor moeasng thee c ur «

reliability of seismotectonic studies ardksrisk assessment§he-advancement-of-geological-and-geephysical-studies might

ave-proagerbene 2HSO0-oR-otappication-suehna tpportig-Saterexprorationproje of-carbon-capture-and storage

elocation
haimgs by re

epping in th
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