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Abstract- Theoffshore westerrSicilyregion is located at thactive AfricaEurasigolate boundary between
the southern Tyrrheniabackarc basin and the Afriggontinental marginwhere tectonic processes make
this sector prone testrong earthquakes and tsunamis the areapositive inversion structures have been
documenteddue to a contractional reactivation of pexisting norméfaults.However a detailed

geological study of the inversion features addressirggstructural inheritancetiming, regional tectonic
frameworkand the geodynamisignificance is still absenihe comprehensiventerpretation of

multichannel seismigrid, calibrated by dredges, deep well logs and onshore geolimgumentsa great
variability of the inversion tectonicgtructures during the QuaternaryWe characterize different fault and
fold families, unravelling the basin architecture, and pravidh new tectonic scenario for the regidrhe

role of the inversion tectonics in threcenttectonic frameof the study area habeen investigatedThe
development of the Quaternary inversion structuscurred within a complex structural pattern of feul
characterised by &V strikeslip faults,en-échelonfolds,andnegative flower structures. All the recognized
structures are compatible with a dextral wrench zone that developed along the plate boundary offshore
western SicilyIn this frame, the prexsting normal faults represent important crustibcontinuities for

the development of the new generated structures; furthermore, the inversion structures developed in
agreement with the new structural frame growing in correspondence thigpre-existingnormal faults

This tectonic frame furnishes new geologic constraints for the Recent geodynamic evolution of a key area
of the Central Mediterranean. We attempted to reconstruct the link between the complex tectonic
evolution of the upper crust and the delopment of the subducting slab to unravel the possible triggering

factors responsible for these crustal deformations.

Keywords Inversion tectonicg Strikeslip faulting/ plate boundary seismic pofiles / offshore Western

Sicily/ CentralMediterranean

Résumé Inversion tectonique positive de la marge occidentale de la Sicile : implications géodynamiques
pour le secteur central de la frontiére entre les plaques africaine et eurasieherégion offshore de la
Sicile occidentale esituée a la limite active des plaques Afrigderasie, entre le bassin de l'arriémec

tyrrhénien méridional et la marge continentale africaine, ou les processus tectoniques rendent ce secteur
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sujet a de forts tremblements de terre et & des tsunamis.Jamégion, des structures d'inversion

positives ont été documentées, dues a une réactivation contractionnelle de failles normales préexistantes.
Cependant, une étude géologique détaillée des caractéristiques d'inversion portant sur I'héritage
structurel,la chronologie, le cadre tectonique régional et la signification géodynamique fait toujours

défaut. L'interprétaion complete de la grille sismique multicanaux, calibrée a I'aide de dragages, de
diagraphies de puits profonds et de données géologiques terrestres, documente une grande variabilité des
structures tectoniques d'inversion au cours du Quaternaire. Noustaisons différentes familles de

failles et de plis, dévoilant l'architecture du bassin et fournissant un nouveau scénario tectonique pour la
région. Le réle de la tectonique d'inversion dans le cadre tectonique récent de la zone d'étude a été étudié.
Ledéveloppement des structures d'inversion du Quaternaire s'est produit dans un schéma structurel
complexe de failles caractérisé par des failles de décrochememtuest, des plis en échelon et des

structures en fleur négatives. Toutes les structures rec@s sont compatibles avec une zone de

cisaillement dextre qui s'est développée le long de la limite de plague au large de la Sicile occidentale. Dans
ce cadre, les failles normales préexistantes représentent des discontinuités crustales importantes pour |
développement des nouvelles structures générées ; en outre, les structures d'inversion se sont
développées en accord avec le nouveau cadre structural qui s'est développé en correspondance avec les
failles normales préexistante€e cadre tectonique fournit de nouvelles contraintes géologiques pour
I'évolution géodynamique récente d'une zone clé de la Méditerranée centrale. Nous avons tenté de
reconstruire le lien entre I'évolution tectonigummplexe de la crolte supérieure et le développement de

la plaque subductrice afin d'élucider les facteurs déclencheurs possibles responsables de ces déformations

crustales.

Mots-clés:Inversion tectonique Faille de décrochement / frontiére des plaquegrofils sismiques / au

large de la Sicile occidentale / Méditerranée centrale

1 Introduction

Theconvergentplate boundaiesare themostcomplexregionson Earth, and their geological study results
are societally relevant: these zones providdticalnatural resources but can also generate large
earthquakes and tsunamié comprehensive analysis of the tectonic structures greatly contribite¢he
kinematicreconstruction of the plateinteractiorns. The tectonic evolution at plate boundaries is
characterised by polyphase deformatigand structural inheritance plays a significant role in the
development of subsequent structures through the reactivation otgxisting faults (Butleet al., 2006;
Tavarnellet al, 2019 Tariet al,, 2023. In particdar, tectonic inversion of extensional sedimentary basins
wascan beassociated with mechanisms such asffeld stresses (linked to ocean opening riggesh or

orogenic collisions), changes in plate motion, anceodhZiegler et al1995 Bezerraet al,, 2023).
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Worldscale examples of seismically active inversion provinces feature damaging earthquakes M < 7.8
(Sibson and Ghisetti, 201&xperimental studies of basin inversion suggest that the obliquity angle

a between the direction of maximum compressiverizontal stress(1) and the strike of the prexisting
normal faultfirmly controls the development of compressive structu(g®opman et al., 1987; Yamada and
Mc Clay, 2003®el Ventisetteet al, 2006 Jagger and McClay, 2018hese experiments hawevariably
shown that the extensional faulerereactivated during shortening, regardless of the arajlealue.

Whereas strikeslip reactivation of major normal faultsfavoured by low obliquity angles, mostly dipslip
reactivation of preexisting structures is instead promotetlhigh obliquity angleOnlya fewstudies

suggest a direct link betweestrike-slip faulting andasininversion(e.g.MartinezGarciaet al., 2013; Liang
et al, 2020; Soumayet al.,, 2020).

The geological evolution of theentral and westeriMediterranean regiorns classically interpreted the
framework of plate tectonics theory withubduction mosthaccommodated by slab rollback and trench
retreat and anoverriding plateaccommodated by extension and spread{egy.Wortel and Spakman,

2000; Faccennat al., 2004; Jolivetet al,, 2009; Miliaet al., 2017a, 2017b, 2017c; Schellart, 2024j)e
evolution of the subduction system can be dividetb two periods One between~30-16 Ma in the

western Mediterraneanwhen the LigureProvencal basin, the Valencia trougimd the western Algerian
basin Maillard andMauffret, 1999 Bouyahiaouet al., 2015 Leprétreet al.,, 2018 Sotoet al,, 2(R2)

opened contenporaneously as backabasingnigrating to the soutksoutheast This period is ascribed to

an initial upper mantle fresinking phase of the slab. At 16 Ma the evolution is interrupted taye

interval characterized bsegionalcompressional tectonichat produced the continental collision on the
north African margin (Rouret al,, 2012 Leprétre et al., 2018 Asecond periodetween~130 Ma, led to

the opening othe Tyrrhenian SefFig. 1). Ibegirswith the forearc extension (:3 Ma Milia and

Torrente, 2013 and successively with backarc and forearc extension and a rapid increase in the extension
rate (7-5 Ma Milia et al., 2017pand finally with a back arc extsionthat migratedtoward the East (51

Ma; Milia et al., 201B). Over the lastl Ma, the backarc evolution migrated toward tt8outheas(Milia et

al., 201¢, 2017d) This second period probabfgllows theslab tip660 km discontinuity interaction.

There is uncertainty on therustal deformatiorfeaturesat the boundary betweer\frica continental
marginand the southern Tyrrh@an Sealndeed, tle region, located between the southern Tyrrhenian
extensional basin and the Maghiie chain, has been interpreted as a pastlisional transform margin
(Wortel et al., 2009) or atrasaurrent marginon the base oEW dexiral faultghat affectthe Sicily thrust

belt (Ghisetti and Vezzani, 1984; Catalabhal., 2018) or as a convergent margin, based on the recognition
of focal thrust fault type mechanisms (Gaetsal,, 2004, Pondrelkt al, 2006; Soumayat al., 2015, Scarfi

et al, 2020).

Positive inversion structures have long been reported offshore western Sicily, between Africa continental

margin and the Southern Tyrrhenian Jeay. Catalano and Milid990) However, there are $ill some
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subjects of debate among the scientific commurgbouttheir geometry and extension, their timingnd

the tectonic/geodynamic processresponsible of inversion.

The research was conducted basedtloa interpretation of multichannel seismic grid calibrated by
dredges, deep well borehole logs and onshore geology, using a dedicated GIS sdteanain scientific
guestions addressed in the course of the reseavdhfollow. What is the role of thgattern of preexisting
normal faults on the development of positive inversion structur@état is the degree of inversion and the
inversion style (thirskin or thickskin) of the offshore Sicily structures? Can the reconstructed structural
pattern (folds,strike-slip faults, normal faults, flower structures, inverted normal faults) be associated to
the activity of a wrench zone? Are the recognized middle Pleistocene inversion structures compatible with
the thrust focal mechanism of earthquakes with M<6al®d north of Sicily?

The goal of this research is to investigate the inversion structures from local to regioiméé&rtpossible
lithosphericproceses.The results of this researgitovide some answers to the open questions: positive
inversion structues present different degrees of deformation (from mild to total inversion), show both
thin-skin and thickskin tectonic styles, and are characterized by different trettus western Sicily fault
system corresponds to an array of structures (stskp faults, flower structures, folds and thrusts, and

normal faults) that formed within an-#/ dextral wrench zone.

2 Regional Structural Framework amdcenttectonics

Despite numerous studies, the tectonic evolutioiithe AfricaEurasia plate boundaiig unclear.

Tomographic seismic models of the upper mantle in the Mediterranean document plate boundary
segments characterized by slab detachment but the kinematics of the slab detachment results controversial
(Carminatiet al., 1998; Wortel and SpakmanQ@0; Wortelet al., 2009 MartinezGarcieet al., 2013; Soto

et al, 2022. The Moho depth map of the European plate (Grad et al., 2009) reveals that an important
transition zone lies at the southern plate boundary in the central Mediterranean, betweenytiibenian
backarc basin, with only few kilometers of crustal thickness (Milia et al., 2017b) and the >30 km thick crust
of the Sicilian foleand-thrust belt (Fig. 1). Seismic tomographic images from theéd@itbmographic model
(Amaru, 2007; van der Meet al,, 2010) show a disconnected slab along the North African margin,
characterized by three slab segnts below the Alboran, Kabg$ and Calabria regionswve

tomographic data furthermore document that a northward dipping lithospheric slab is alseierneath

Sicily Carminatiet al., 1998 Wortel and Spakman, 2000; Faccemtal., 2004; van Hinsbergeat al,,

2014).

Offshore western Sicily thdNEtrending Maghrebide thrst belt and foredeep developed until the

Tortonian time associated with the eastwangdreat of the Tethyardonian slabwhereas during Messinian

the area was subjecteh tectonic quiescence ariobecame a region afplift anderosion(Milia et al,, 2021,

Milia and Torrente, 2022Plio-Quaternary ift basinsare superposed on the Maghretesthrust belt from



143 the northern continental margin of Sicily to the south of the Egadi Isl@escaluvat al,, 1984; Catalano
144 et al, 1985; Compagnoreit al., 1989(Fg. 1) These basinare controlled by N5 and NWSE nomal faults
145 andare filled by &PlicQuaternarysedimentary succession withtlaickness greater than 2 k{Miliaet al,
146  2021). Finallybased on different onset of the basin fill, the extensional processes in the Southern
147  Tyrrhenian margin migrated eastwards from Pliocene to Pleistocene times (Fig. ktMIlj&021) to the
148 Present in the easternmost areSdarfiet al., 2020).

149 ThePlocenelower Pleistoceneifting areas of Tunisiand offshoreSicily have been affected by positive
150 inversion tectonics anthe formation ofyoungercontractionalstructureswith LowerMiddle Pleistocene
151 ages(Sites 16in Fig.1 Catalano and Milia, 199&herroubiet al, 2009 Tondiet al,, 2012 Camafortet al.,
152  2020;Sulliet al,, 2021). Other regional folds younger than 1 Ma have been mapped in the easternmost
153 Algerian Seand Sardinia Channasing seismic reflection prodi$ 6ites 12-6 of Fig. 1 Catalano and Milia,
154  1990;Kherroubiet al, 2009 Camafortt al., 2020. Zitelliniet al. (2019)finally proposed a recent

155 compressional reorganizatiasf whole Tyrrhenian backarc basbyt thiswork is based on scattered

156 examples of deforme@uaternary deposits outside their specific geological congad, furthermore,ladks
157 a coherent structural model.

158  Significan&W dextral strikeslip faults(Fig. 1) have been reportdcbm Morocco to Tunis inNorth Africa
159 (Soumayeat al,, 2018, 2020 and reference therein) and Sicily (Ghisetti and Vezzani, 1984; Catahno
160 2018).These structures in Maghreb region were active during Tertiary, Quaternary and are presently
161 active, adllustrated by eathquakes with right focal mechanisriSoumaya et al., 2018, 2020; Biflial.,

162 2023).In Sicilythe authorsreported the,300 km longMt KumetaAlcantara&W fault system and other
163 parallel structures with an overall dextral kinematics and-Blimternay activity.Conversely, Speranea
164 al.(2018) and Butleet al.(2019) based on detailed paleomagnetic and structural data, confirm a model of
165 rotational overthrusting for the Maghrebides of Sicily andintain that strikeslip tectonics has minimal
166 relevance and only local significance. FinallyEW transtensional shear model wasggested to occuin
167 the southern Tyrrhenian margiBéccaluvaet al., 1984;Giuntaet al., 2000; Nigraet al., 2000; Rndaet al,,
168 2000; Gueguest al.,, 2010).

169 Two sets of conjugate strikgip faults (NS left lateral and NV&E dextral) displace marine deposits

170 Calabriarage(lower Pleistocenet Favignana Island (Tortial, 2012 site 4 in Fig. )1 Notably these

171 faults, following the Andersonian modéAnderson, 1951)are compatible with maximum horizontal stress
172 sl trending NWSE parallel to the present plate convergence between Nubia and Euagithermore,
173  Quaternary thrusts have been recently recognizethe Termini Imeresarea (Sullet al,, 202%, site 5 in
174  Fig. ) characterized by &l-vergent ramp anticlineleformingMiddle Pleistoceneleposits

175 A seismogenic belt has been identified based on epicentre localimnsr(leftinset inFig 1) in the

176  southern Tyrrhenian Sea, approximately west of the Aeolian Islands by several getgar&oesgt al,,

177  2004; Pondrellet al., 2006. Accordingly, it was postulated that the Sicilian Maghrebian active thrust front



178 s located along this-B/ belt north ofSicily, formed after a backward shift and a final abandonment of the
179 compressionalhrust front of mainland Sicil{fig. 1Yhat some authors have been considered inactive at

180 least since late Pleistocene (Butktral, 1992).

181

182 3 Methodology and data

183  Thisstudyusedan interdisciplinary methodology that includes the stratigraphic and tectonic interpretation
184  of seismic reflection profiles calibrated iwell data. Usingan integrated data set in a dedicated GIS

185 environment also allowethe generation oR-D and 3D models of relevant geological surfaces

186 (stratigraphic horizons and faults). The Sicily Channel has been investigated using a seismic grid formed by
187 three datasetsmultichannel seismic profiles, CROP seismic profiles and SparkéFup£a with different

188 resolutions and penetration®r a total length of about 5030 km. The first set corresponds to multichannel
189 commercial profiles for hydrocarbon exploration (VIDEPI, 2019), while the second one includes high

190 penetration profiles acquireth the 1990sduring the exploration phase of the Deep Cr@3ROP) project

191  (http://www.crop.cnr.it). For technical detail®n the multichannel commercial profilesee Miliaet al.

192 (2021) The CROP seismic profiles were acquired ®¥R, Agip, and Enel pawild processed in the 1980s

193 and 1990s. The CROP data differ from commercial multichannel profiles in that they are characterized by
194  deeper penetration (17secondf two-way-travektime) and lover resolution.To furnish a tectonic and

195 stratigraphic frame othe area we interpreted two regional seismic lines acquired withenftamework of

196 the CROP project.

197 Thethird seismic dataset was acquired with a Sparker System (Multispot Extended Array SystemnMEAS)
198 1989 The output power of the MEAS, transmittédtough a 36tip array, was 16 kJ. Vertical recording

199 scales were 2.0, &ind these data feature a low penetration (2 s of tway-travektime) but a higler

200 resolution (maximum value of 6 m).

201 Raster images of the overall seismic grid were converted tofeegat, and the segy files were then

202  collected in a dedicated Geographic Information System (GIS) environment. Interpretation of profiles and
203 modelling of geological surfaces waerformed using Kingdomsoftware (S&P Globéhc); gridding and

204  contouring vere performed orgeological horizons to generate 2D models (contour maps) and isochron
205 maps of the sedimentary succession. Iterative testing was carrietb@agiect the best algorithm and

206 processing parameters. Faults were interpreted on seismic reflegtiofiles, mapped in a GIS

207 environment, and shown as lines on structure contour eathronmaps. The final step wasnstructing

208 the 3D digital model using the VRACK module, which allowed us to interpret more accurately and control
209 the opacity, colou and lighting of volumes, horizoremd faults.

210 The recognized seismic units were calibrated through the lithostratigraphic and chronostratigraphic data of
211 offshore and onshore boreholes (VIDEPI, 2019) and by drdmigeCatalancet al., 1985; Compagnoet

212  al., 1989; Sartori, 2005; Fig). The seismic interpretation was performed using the seismic stratigraphy
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methodology. seismic units are groups of seismic reflections, the parameters of which (configuration,
amplitude, continuity and frequency) differ from those of adjacent groups. Sedimentary units were

delineatedbased orcontact relations and internal and external ¢gurations (e.g. Mitchunret al,, 1977).

4 Physiographyand Sratigraphy

The marine area offshore western Sicily is characterized by a complex physiogra@y{Fig.contiental
shelfWestof Sicilyincludes theEgadi Island and extends southward ittte Strait of Sicityon the contrary,
North of Sicily the shelf a very limited area and the shelfige is very close to the coas#tswitches
westward to an irregular area consisting of coalescent highs forming a couple of seamdgesstrending
ENEWSW and BV, separated by a complex system of submarine va(leigs 3) The two deepest basins
corresponding to dark blue areésp to 2000 nof depth), occur northwards at the margin of the Southern
Tyrrhenian Sea and are bounded by very steepesliophe pattern of the submarine drainage shows
peculiar features. In the southernmost area, two submarine vatlegsowardsthe Northwest in a ponded
basin (), and other valleys flow toward the southwest inldi/ elongategonded basir(s). A more
compex drainage system flows toward NNW south of the Egadi Is|lamasinating ina NEelongated
pondedbasin(t). In the northwest area, short vallegndin several ponded basirmecur. North of Egadi
Islands, a set of valleys terminates into two > 2@88eep basinsandthe offshore Castellammare del
Golfo presents alNE elongated valley.

The interpretation of the seismic gridadeit possible toclearlyrecognise threestratigraphic units: the
acoustic substrataynit M and unitPQ(Fig.4). The acoutic substrate features reflectiofree, chaotic
seismic facies and reflectors with variable amplitudés boundedat the top bya horizon withhigh
amplitudeand good continuityand covered in onlap by a unit with continuous reflectors and variable
amplitude. Analysis oflredges andtratigraphic well logs in thstudyarea documents that the acoustic
substrate corresponds tAlKaPeCa crystalline basement rocks iedozoieMiocenesedimentaryrocks of
the Sicilian thrust belt (Catalaret al., 1985 1993 Miliaet al, 2021; Fig2).

Theacousticsubstrate is bounded at the top by a Messinian ernalaunconformity and ig placesin the
NW sector of the study areaovered by a seismic unit with parallel planeflector depositsand high
amplitudeand lowfrequencyof Messinian age (unit M; Fid). Substrate and unit Mareoth overlain by
unit PQ, characterized by continuous horizons and variable ampl{teidet), that covers the entire region.
Unit PQ, calibrated by well and dredge datarrespnds to PlieQuaternary depositdndeed lower
Pliocenemarls have been drilled at the Tania and Noemi s\aild dredged along thENEWSWseamount
located inthe northern sectorof the study aredFig.3); besides Pleistocendoraminiferousrich mudshave
been sampled at the Noemi well (Fig.a2)d lower Pleistocenmarinecalcareniteutcrop at Favignana
Island (Tondet al., 2012) Westwards of the study area (Fig, a 24 mthick pistoncore (LCO4Dinarés

Turellet al,, 2003 sampledPleistocene foraminiferousch muds interlayered with a sandy interval. The
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age of the basal unit of the core is 1.8 and correspond$o a sandy intervaihside whicha hiatus of
approximately 0.14 Mé&etween 0.7 and 0.56 N)as presentNotably thissector of theNorth Tunisian
continentalmarginrecordsa middlePleistocene folding everiCamafort et al., 2020)

In the westernmost part of the study area it is possible to recognize the prigeamnetry of depositiomf
unit PQ (PliQuaternary depos#), which is characterized by parallel horizons, overlying in onlap the
acoustic substrate, anldaving asheet external form (Figh). In particular, two seismic profiles display unit
PQ that fillghe depressionst the topof the thrust belt (Fig 4A-4B). In the seismic line dfigure4C the
PQ deposits appear deformed, folded and faulted with an erosional surface at the top.
Consideringhat the PQunit wasdeposited with a horizontal geometrihe thickness maglisplayshe
sedimentarydepocentresandthe subhorizontalareas at that timethus,thick sedimentandepositsfilled
valleys and depressiofisrmed during the Pliocene riftingndthese extensional basins trend N®E and
roughly NS.Consequentlythe isochron map of unit PQ (Fig 4i2rmitsto reconstruct the
palaeogeography of the region before the Quaternary shortedimdeed thissochronmap revels the
presence of gpaleoshelf area covered in onlap by thin sedimentary deposits that filled the irregular

morphology(Fig. 4AB).

5 Positive inversionstructures

Inversion structures present different degrees of deformation (mild, moderate, strong, total) corresponding
to the progressive inversion of a haifaben (Coopeet al,, 1989).The multichannel seismic grid

interpretation revealsmany cases of PliQuaternary depositéunit PQuplifted, locally folded or thrusted

with the positiveinversion of sysrift structures During shortening marls and clays present at the base of

the PlicQuaternary unit promoted detachment folding in thever and the location of décollement levels

at the top of the basement as in the basement normal faults were reactivated as thrust faults.

Some of the Pliocene extensiorfaults underwentull inversion tonet contraction(Fg. 5). Contraction of

the uppe crust with a total inversion of the relief is documented by fosder structures corresponding to
large antiforms4 andb in Fig.6B) approximately trending EN®SW in this case, the deformation caused

the strata to fold andver steepenmaintaininghe bedparallel geometries of strata that preceded such a
contraction (inv. structured m ¢ I )yTReina & & NXzO ((ldeN3I®, Fiy.d¥ located in the easternmost
GALI 2aF 0O K6 A &2 Nva synyiitRediéniatydivédgednow located dhe fold crest, inverted

normal faults and steep reverse faults merging into a-geitiical fault (corresponding to a positive flower
structure).

lt2y3 GKS bONBRGAZHFNNESINGG NB2 0+ a4y NBadA Ga.ofe Gl {8
latter structure(line 28, Fig. 53orresponds to an older basin, uplifted and inverted in correspondence of a
restraining bend between-B/ dextral faults (FiggC). The high thickness of the Rjoaternary deposits

lies in correspondence of the credtthe positive relief and the folding of the younger deposits is
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associated to lovangle thrust faultsi(ine 28Fig. 5) above a stifiorizontal substrate. The described
architecture suggests that the inversion proceeded until the extensional system waseret its pre
kinematic configuration, reaching the null poisefsuwilliamset al., 1989).

a2NB Ofraairld Ay@SNEAZ2Y 3IS2YS ik DFg. NBLipasklEig.§ o6& (K
(Fig. 5) and the San Vito Basin (Figlogatedin the marine area north of San Vito villagharacterized by
thick synrift sedimentary wedges folded in a large anticline affected by thrust faults that offset the Plio
Quaternary cover and underlying by faults with noritrebw. The thick asymmetricalnticlinal cores
represent the extensional regime with a short, steeper forelimb and a longer, gentler, more planar back
limb that characterize the positive inversion structures. The overlying strata thinning onto the structure on
both flanks represent t inversion regimeln addition, the inv. structure @.ine 3, Fig. Seatures more

gently dipping shortcut thrust faults and steep inverted normal faults affecting the substratéhick
sedimentary wedgés deformed by folds and thrustshe top ofthe basin, horizontally deposited, displays
approximately 900 m of difference in altitude, whereas the amplitude ofiteerted anticline is 400 m
(assuming a velocity of 1500 m/s for the seawaiethe depth conversionlt displays a classical struceur

of invergon tectonics, with an antiformormed in correspondenceith the principal normal fault,

analogoudo other inverted half graberasdescrbedin Cooper and Warren (201Q).y @® & (i NHzO i dzNB
permits the investigation of the sedimentary architex, recording the progressive deformation of the
basin. The first step was associated with the formation of the large anticline in correspondence with the
extensional hatgraben (def 1 unconformityBuccessively sedimentary depocentres formed on thekita

of the anticline (sed 2 stratigraphic unifhe next folding induced the uplift of the basin margins and the
anticline growth (def 2 and def 3 unconformities) associated with the migration of the depocentres (sed 3
stratigraphic unit and Present phggiraphy). A similar architecture of the skimematic depocentres (i.e.
extension and inversion stratigraphic units) was obtained by analogue models of basin inversion (Jagger
and McClay, 2018).

A classical inverted basin, present in the Eastern sectthrgiSan Vito inversion basin; it is characterized by
reversals in the sense of dghip fault displacement from normal to reverse (Fi.a change in the polarity

of structural relief (i.e., lowying basin areas become structural culminations) and kskpui of the synrift

fill. The preexisting normal fault results partially reactivated, whereas reverse faults develop on the
footwall of the basin substrate, and the basin results uplifted in the northern part and the footwall block in
the north part of he section, forming an antiform. A perpendicular section across the basin displays
reactivated normal fautand the folding and thrusting of the syiit deposits.

Theinv.a ( NHzO (i dzNEf ondhe éasterrip & the antiform, displays a strong inversicamd a
synsedimentary wedge, bounded by Ndping normal faults. The folding of the P@duaternary deposits

is coherent with the folding of the substratend opposite dipping reverse faults affect the substrate and

the sedimentary deposits.
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bounded by reactivated normal faults and reverse fa(ffig. §. The preexisting normal faults are partially
reactivated,as demonstrated by the folded and faulted Raaternary unit. Thrust faults involving the
substrate develop with opposite dip of the pexisting normal faults in correspondence with the Plio
Quaternary depocenter, and leangle thrusts formed within theedimentary succession to accommodate

the shortening. The prexisting faults generally exhibit a normal net displacement in the lower lengla

net reverse displacement in the upper stratigraphic levels. ThesédRkdernary extensional faults were
partially inverted and their structural inheritance controlled the location and orientation of the newly

formed contractional structures.

In the southern sectorte NWSE serial seismic profiles (Rpgshowevidence of shortening and typical
positive irversionstructures with a moderate inversion degree. Indeed, east of the large anticline, a couple
of southeast verging thrusaultsand inersiond i NJzO (lodeNBbowe @ grevious rift basin controlled by
N-Stransferfaults. In this case the normahtilt that creatal the sedimentary basin is orthogonal to the

positive inversion structurand wageactivated as normal fault during the deformatidngtructure in
M23AAlineFig90 @ 2 Said 2F GKS FyGAOt AyS Ay@ddiheaspiipphg Ay O
steep normal fault, a sedimentary wedge folded, and southest gently dipping thrust faults (enucleated from
the normal fault) produced during shortening. Finally, in the southern part of the study area, the inv.

& (0 NJzO (i dzNB) fedtuves & souih@dstSt@ep dipping normal fault, a folded sedimentary basin infill and
thrust faults, enucleated from the normal fault, dipping northwestt. The latter inversion structures are
charactersed by inverted normal faults and leangle thrustsaffectingthe sedimentary wedgehat

develop in the opposite direction respect to the gristing normal fault. These geometrjésaturing a

pop-up in the cover sequenceaye similar to those of the Andean mountain belt, charasgatiby thrusts at
shalow levels formed during the late Cretaceous reverse of slip of the TreadicCretaceous main

normal faults (Amilibiat al., 2008).

6 WesternSicilymarginfault system

To investigatehe regionalstructural patternof the western Sicilynarginwe used the CROReismic
profiles(Fig. 9)The CROP M 23AA, trending WNRSE, icated off Sicily until the Tunisia Plateau
between the water depth of some tens of meters and 700Time acoustic substrataf the CROM23AA
profile correspondsd the SicilyMaghrebian thrust blt sampled by dredges and drilled by several wells
(Ermiore, Tullia, NucciaJ-{g.9). South of the Egadi Islantihe North-South orientedegadi thrust fron{Fig.
1) iscovered by a thick progradational sedimentary wedge Tortonian inaagk Messinian erosional
surfaceaffectsthe Miocene thrust belforming a wide and extended she¥foungemormal faults form
several graben filled by deposits PQuaternary in ageHics. 9, 4D). In particular, unit P@eposited within

severalstructuraldepression®n abroadshelfwas affected by folds and upthrusts linkeadibversion
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353 tectonics (Fig9). Indeed severalextensionabasinsstartedto form during Pliocen&Vestand North of

354  Sicily (Milizetal., 2021)and during Quaternarynany of thesébasinswere shortened due to apositive

355 tectonic inversiorthat reactivatednormal faultsasreverse faultsin particular, theCROM23AAdisplays a
356 deformed sedimentary basin betwedhe Tullia and Nuccia wells, where the folding can be associated with
357 the reactivation of buried thrust faults. A sedintary basinextendingbetweenthe Ermionewell and the
358 intersection with the M2@ line is gently deformed suggesing the reversereactivation ofanolder normal
359 fault. At the western boundary of thEROM23AA profile there are two sectors bounded laysubvertical
360 fault (F1): the western onecharacterized by undeformed subhorizontal Quaternary strata (corresponding
361 tothe less deformed Tunisia Plateau) ahd eastern ondeaturing thrust faults and folds affecting

362  Quaternary deposits.

363 The CROP M Z9 trending NNESSW isacquired between the Sicily Straits and southern Tyrrhenian Sea
364 between 600 m and 3000 of water depth Based on previous geological studieg(Catalano et al.,

365 1985; Compagnoni et al., 19849jlia and Torrente, 2022¥redgesand borehole data (Fi@), it is possible
366 to attribute the acoustic substrate tthe SicilyMaghrabtde nappesin the south andto the AlKaPeCa ah
367 Sardinia crystallinbasementin the north (Fig9). Besidedolded Quaternary depositand flower

368  structures, composed of an almost vertical master fault and a series ofigjle branch faultsccur.

369 TheCROMMZ28A profile, trending NSand acquirechorth of San Vitgromontoryin the southern

370 Tyrrhenian Sehetween the water depth 0150 meters and 3000 pfeatures aracoustic substrate

371 corresponding to the Sicllylaghrabian nappes overprinted by a laigkm-deep extensionabasins

372  Northwards aseamount(c, Fig.3) displays folds with reverse faults and positive flower structures

373 characterized by steep branching faults. Extensional faults are present in the southern and northern part of
374  the seamountandburied by undeformed Pli]Quaternary deposits. These lattem the contrary, are

375 folded on the top of the positive structure suggesting a younger age fosghmount formation

376 Plio-Quaternary deposits were folded, shortened, and displaced by faldtseconstruct the geometry of
377 the deformed deposits, a structuraontour map of Unconformity U, representing the top of these

378 deposits, waprepared(Fig. 6B)On the basis dhe structuralpattern, three sectos have been recognized:
379 awestern, aeastern and a southern sect(ffig. 6C)

380 Thewesternsector displays a couple of EMESW eréchelon striking antiformg§ andb) characterized by
381 a 70km length halfwavelength of about 10 krfwith minor culminations and saddle§erialsections,

382 corresponding ta line drawing of seismic profiles perpeawliar to the fold striketeveal thenon-

383 cylindricalnature offolding. Indeed several section across the folslsow(Fig.10) different geometry along
384 the strike ofa andb antiforms.

385 The comparisometweenthe isochron map of unit P@hat represensthe paleogeography during the

386 deposition of the PQ depositand thecontour map ofthe unconformityU, that represent theQuaternary

387  structure contour mapreveak (Fig.6A-B) relevant changes in the physiography of the aledeed the
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first map showsa broadcontinental shelf andhe trend ofthe older Plioceng sedimentarnybasins, while
the secondnefeaturesthe newmorphologicahighs and lowslue tothe contractional deformationAn
intensephysiographic switcbhccurredon Egadi Islandyhere Laver Pleistocene marine degitsoutcrops
recording theuplift of the area Finally, the most dramatic change in the physiograpliy tise
northwesternarea where the wide shelf and the superimposed sedimentary basins disappeared and in
their place appeard two ENEWSWtrendingextending ridges bounded by large valleys that deepen
toward the Tyrrhenian Segig.3).

Several segments of\® transcurrent faultsvhere recognized in the seismic profiles. In particudapuple
of positive flower structuresaésociated to thd=1andF2) andargescalefolds affecting unit PQ are imaged
in the seismic profile CROP M&9whichis almostperpendicular to the&W fault strike(Fig.10). The F2
positive flower structure is present in theismicline 26 (Figl11) where isformed by a couple of higlangle
faults (one of which overthrustsnit PQ)merging into a vertial masteffault. Westwards of Egadi Islands
(line 69, Fig.8) is presenta structure(inv. structuredBe) bounded byfaults withreversethrow and
displaying abrupt thickness changesoss the faultsThe nv. structure ¢6¢ displayssynkinematic wedges
1-3revealinga complex migration of the deformatidfine 57, Fig. 5. This complex stratigraphic
architecture of the deposits (synkinematic wedde3) can be attributed to lateral movement of the fault
blocks Asimilar geometry of pojup structure with obliqueslip reversefaults steepeningipward has
beenproduced by sandbox modeds strike-slip faults(MacClay and Bonor2001).Another EW strike-slip
fault is present South of Egaldland(F4, Figll) with a palm tree stucture GensuSylvester, 1988 Nath

of Egadi Islandhere are folded Pli€Quaternary deposits affected taysymmetrical fault swarm (F& line
53, Fig.11) featuringsteep normal faults merging in the middle into a main vertical fawdt interpret the
fault swarm F3 aa negative flower structureNW-SEextensional depressioreccur westwards of the Egadi
island (Fig6A) that feature (line 31, Figll) NE dipping mia faults,rollover folds andantithetic steep
dipping faults

In map view, the offshore western Sicily fault system features (Fig. 8 stEkeslip fault segments (from
south to north F4, F1, F2, F3, F5), negative flower structures (F&gridiihg blds and thrusts, and NW
trending normal faultsin the profiles highangle master faults and branching faults are associated with
positive and negative flower structurebBhe array of the structures of the offshore western Sicily fault
system perfectly verlaps that of an BV dextral wrench zone (sé&ilcoxet al,, 1973; Harding and Lowell,
1979).

The seismic lines thaross the Eastern sector documehe main tectonic stages of the ardadeed
seismic line 88 (Fid) displays a higher zoneharacterized by two highs e substrate eroded on the
top, andsub-horizontal and parallel reflectors fill the depocenter between these hifhsse substrate
highsare overprintedby normal faults that generatesynsedimentary half grabens on thievestern and

eastern flanks. The strdtarchitecture of the stratigraphic infiteveals sedimentary wedges associated
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with growth faulting. On the contrary, the upper paof the successiois characterized by swforizontal
parallel stratasuggesting tht the normal faults forming the basins weraly active during the Pliocene
Lower Pleistocene (see Mikd al., 2021).In the eastern part okeismic line88 ig.7), PlioQuaternary
deposits are deformed and affected by folding, reverse faults and thrusts. Sevestiptiag normafaults
have been reactivatedith a reverse movement. In particular, an inverted bagas formed in
correspondence with the San Vitogmnontory (Catalano and Miljd990), the basin architecture of which
described in the paragraph dnversion tectonics.

Adifferent structural frameworkis presentn the southern part of the Egadi Islan¢Figs8, 12, 13). A
prominentunconformityrecognized within unit PQJ(inFig. 8, 12) pemitted us to distinguish a lower
subunit PQ (yellow, deformed deposits) and an upper subunit PQ (light gresrgently deformed and
undeformed deposits)A 2D structurecontourmap and a 3D model d¢fie unconformity surfaceand two
isochron maps werbuilt (Fig 13). The lower subunit PQ (Fid2)is bounded at the base by the substrate
and atthe top bythe unconformityU. Instead, theupper subunit PQ (Fid2) is bounded at the base by the
unconformityU and at the top by the seaflooi.he isochron mapf the lower subunit P@isplayqFig.
13A)the sedimentary basins formed daog the Pliocene extensional tectonicginly controlledby NWSE
and NS normal faultsinstead, the isochron map of thgper subunit PQeveals(Fig. 13B)he

depocentres formed during/aftethe contractional deformationthe red areacorrespondio a sector
where these depositsra very thin, absent or eroded.

The structuresesulting fromthe contractional deformation ar#élustrated by the 2D and 3D geometries of
the unconformity surface (Fig3G-D)and arecharacterized by two approximatey S=ESEelongated large
anticlines (Fig.3Dx, y ) bounded by two large structural depressiolrsthe northern sectarthis structue

is characterized by an erosional surface on the top and associate@wabple of oppositely dipping
approximately BV, reverse faults (Fid.2, lines 33 and 34 in Fig.13D). Thehinge zone of the fold shows
a thinning ofLower subunit PQ@nd this structure acted as a barrier during the deposition of upper subunit
PQ, leading to the formation of two sti@asins.

Anintermediatezone separates the two anticlinebaracterized by several normal faults that downthrown
the structure toward theSouth Line 35 in Fig12and13D). These faults can be interpreted as the local
reactivation of the preexisting normal faults during the uplift of the structure. On the contramthe
northern part,smallerfoldsformed (ines 34 and 35 ifig 12; Fig. 13D). In the southernmostip of this
sector, three highangle faults merge at depth, creatinglaviier structure (line 41, Fid2), documenting

the role of thetranscurrenttectonics in the area

Atectonic contraction was responsibler the upliftof the continental sklf in the southern sectothat
displays an emerging area, a migration of the depocentre towsdorth-west (ine 69,Fig8,) and
deformed sedimentary deposits at its margiimé 73,Fig.8). Theuplift of this areais alsoconfirmedby the

outcrops ofLower Pleistocene marine calcarenites at Favignana I§lkontiet al., 2012)
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458
459 7. Discussion

460 7.1 Therole of precursor faults during positive inversion

461 Factors that condition the characteristics of inversion structures (stidgree of development, etc.)

462 include the thickness of the sediments and the architecture of the normal faults of thexsgng

463 extensional basinddere the extensional tectonics that affected the study area during the Pliodeyveer

464  Pleistocene formed several basimEpocentres witha variablethicknessranging betweer500to 2000 m

465  (Fig. 6A)A number of the Pliocene extensional faults were inverted and underwent moderate or full

466 inversion to net contractionAccording to Coagr et al.(1989)and Sibson and Ghisetti (2018) inversion

467  structure forms when a prexisting extensional fault controlling a hangingwall basin contains-aifsyifi

468 that has subsequently undergone compression (or transpression) producing partaa{pextrusion of

469  the basin fill.

470  Strong tectonic inversion, characterized by uplift, folding, thrusting and generation of an important

471 unconformity, that mainly correspomsdo the sea floor morphology, is the response of an intense

472  compressional strainThisinversion tectonicss characterized by a composite style of thand thickskin

473  deformation in response to the orientain of the preexisting faults.

474  This architectug, characterized by a complete extrusion of the sediments upward above an almost flat

475 adz0alGN) GST adza33asSada GKFdG Ay@od aiGNHzOGdzNE dué NBIF OK
476  similarly to another inversion structure reported in the westetigh Atlas of Morocco (Hafid al., 2006).

477 In areas with a sedimentary thickness lower than 1000 m, the inversion tectonics features-skihiokd

478 style and reverse and thrust faults affect also the substrate (e.qg. inv. structure 3).Fig.

479  An exampt ofthin-skin structureg(inv. structured dgpresent on line 71Fig. 5)js characterized by an NW

480 dipping inverted normal fault from which detachment thrusts branch off plunging to the NW and SE.In the

481 end, three types of inversion structures occur in the offshore western Sicily depending on the architecture
482  of the sedimentay cover: i) Absence of symversion deposits is associated to structures forming in

483 O2NNBALRYRSYOS 27F (G2L1INILIKAO KAITKA Ay (GKS NBIAZ2Y
484 AYOSNEAZ2Y RSLIAAGAE 6SOID Ay Ags7, &) is Nied tb daNdBues than ¢ = & p €
485 formed on the slopes of higher reliefs or in a depressed area north of Egadi Iglamésg3) where are

486 conveyed sediments eroded on the top of the reliefs. iii) Presence ofipestsion deposits (even if

487  affected by very gentle deformation suggesting a continuafrdeformation until the Presefis associated

488 tothethinda {AYYSR AYOBSNERA2Y &a0NHzOGdzNBa 2F GKS &2dzi KSNYy
489 the relatively thick sedimentary infitan be the result of the sedimentary input from the wide continental

490 shelf offshore Sicilys(in Fig 3).

491
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7.2) The Present tectonic frameestraining andreleasingbendsin a dextral wrench tectonics margin

The Present physiography of the study ahea beeninterpretedsince the first studiefBeccaluvat al.,
1984; Catalanet al., 1985; Compagnotit al, 1989)as the result of the Miocene thrust tectonics.
Accordindy (i K 8& al hR &S I Ys2lmgriingihighs of thElimi Chainhave beerlinkedto Miocene
thrusts, the sacalled Drepano thrustheet RecentlyMilia et al. (2021)furnisheda regional framework in
terms of structures and timing of the extensional tectonics that affect the Mio¢knest belt during the
PlioceneLower Pleistocenavhereas the role of the Quaternary compressional tectonics has been
interpreted as restricted to the basin inversion or a gentle deformed Plic€auregernary deposits and
attributed to a pure convergence (N\BE or Ns)along the Eurastéfricaplate boundary (e.g.Catalano and
Milia 1990;Camafortet al., 2020.

Ourinterpretation of the grid of multichannel seismic reflection profile and the reconstruction ehaps
and 3Dmodelsoffer, for the first time, the opportunity to reconstruct a regional frame for the structures
formed during the Quaternaryindeed,one of the outcome of this studyis the documentabn that the
Present physiographic settirf§ig. 3) and in particular #tad | fiBeandountsthe so called Elimi Chain,
(Fig. § are theresult ofthe activity ofa wide extended dextral shear zo(feig. 14)In particular, several
segments of approximatelyW& transcurrent faults have been recognizédcordingto the literature
(Wilcoxet al,, 1973 Harding and Lowell, 1979; Sylvester, 198&enstrike-slipinitiatesin natural settings,
en échelon faulsegmentsand folds form. With increasedtrike-slip displacement, fault segment lin&ad
the linked areas may define alternating areas of localized convergence and divergence along the length of
the strikeslip fault system. In the studgrea have been recognized: i) an array of ¥ oriented en
échelon foldghat form an ESEVNW elongat belt; furthermore, the formation of the antiforms is
associated withthe formation of a deep basin in the northern part of the hal) Two Restraining bends
that accommodate local contraction on the culmination and in e terminal of theb¢ antiform. iii) NW
trending syrsedimentary normal faults) the centralarea. iv) A largeegative flowerstructure. v) Two
pushup ridges are present South of the Egédands. vi) Several segments eMEranscurrent faults that
affect the whole studied areaii) Positivenversionstructuresof the pre-existing extensional basins. The
overallstructural frame g 14) can be associatedith the activity of an BV dextral fault simple shear
zone, in accord witkthe wrench tectonic model of Wilceet al. (1973 and Harding and Lowell (1979).
Considerable structurafariationsand complexity occun the area north of Egadi Islanjabssibly because
of the interplay of Quaternary strikslip tectonics on the prexisting structural high and low from the
Pliocenelower Pleistocene extensional tectonit¢sdeed in the eastern sector, the onlglearevidence of
the EW dextral shear zone is th@uaternaryNESW oriented structuréocated offshore San Vito.

The enréchelon folds, corresponding to restraining bensisnsuCunningham and Mann, 2007), form the

dominant topographic and structural features within the deformed region, producing individual massifs

GAGK y2Ylt2date KAIK (2bR INERINSOASFEGI GA2ya &dOK
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Factorsnfluencing and controltigthe origin and progressive development of restraining and releasing
bends are complex and numerous. In our ¢daalt bends form in the mechanically heterogeneous crust,
where preexisting faults and basement fabrics may be reactivated or constitb&rger to fault
development It is important to note that the orientation of reactivated older structures is unlikely to be
ideal for purestrike-slip motions. Thus, obliquslip displacement on reactivated faultsypically

important within fault bendgHoldsworthet al., 1997). Theverlappingof the Quaternary and the Pko
lower Pleistocene structural magBig. 6yeveakthat the negative flower structure is associateith a
stepover along the northern faultd.he principal discontinuities in thedtonic development of the
structures occur in correspondence of the gneisting extensional basiasdit is important to note that

the restraining bendalsoare located in correspondenaeith older extensional basins. Indeed, these latter
interrupt the continuity of the structural grainacting as a barrier to the linear propagation of the stskp
faults, consequentlythe deformation idocalisedin the restraining bends where inversion tectonicurs

In the central part, between the dextral\ faults located in the western part (F1) of the area and South of
Egadi Islands, a releasing bend forms linked to the reactivation of th&R\ktensional faulte/hich
orientation result ideafor the Quaternary new stress field. In tlseuthern sector, two approximately
oriented pushup ridges overprinted the remnant of the continental shelf bounded by two NW elongated
extensional basing hese ridgesan be interpreted am-line structures,developingparallel tothe strike-

slip zone, or forced fold@rmed above the faulted basement.dime gructure result from partitioning of
obligue displacements, that,ishe physical resolution of displacements or strain isgéweral components,
reflected in several different structures (Woodcock and Schubert4198deed, the orientation of the

folds and thrusts indicata SEdirected shortening; thigatter can be resolved into an approximateR\E
dextralstrike-slipand shortening normal to Hine folds. The structures formed in the southern area are
characerized bytwo in-line approximately BV anticlinesjnversion structuresvith SEvergent foldsand
reactivationof extensional faultsuperimposed tqre-existing NWdirectedfaults. In this sector, the
development of the Quaternary structurestigus strictly controlled by the preexisting structural frame
where the NWtrending normal fauls were reactivated according théextral shear zone, thiold axis of
inverted basin is coherent to the direction of the regional shortening and the development of the
approximately BV ridge, constrained in the shelf area, iegreementwith a partitioning of the oblique
displacementifset in Figl4). Finally, in theastern sector a thrust fault overpriatl a NEoriented normal

fault that in the southern partvasaffected by inversion tectonics.

7.3. Tectonic structure andmplications for active tectonic processes
Inversion structures are responsible for many modert large (5.5<M<7.8) earthquakes involviegerse
slip on steep faults<(45°). For example, it was proposed that the EI Asnam earthquake (M=7.3; October 10,

1980) originated along an inverted normal fault of the Atlas Mountain ranges of northwesi Afric
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(Chiarabba et al., 199Besides the evalution of seismic hazard from inversion structutesublesome

for several reasons (slow slip rates, long recurrence intervals, structurally complex surface expression)
(Sibson and Ghisetti, 2018

The marine eea south of the Tyrrhenian Sea and west of the Aeolian Archipelago presents earthquakes
characterized by M§, shallow hypocentres (up to 2 kmdeep), with thrusts fault and subordinately
strike-slip focal mechanisms. To image the current stress ifie®icily and adjacent regions, several

workers €.9.Soumayaet al,, 2015; Scar@t al,, 2020; Billet al,, 2023) analysed the focal solutions of
earthquakes distributed in the Central Mediterranean from the available catalogues. Soetalyg015)
compiled the focal mechanism data of seismic events with Mw ranging from 2 to 6 from Tunisia up to Sicily
According to these authors, the Sicily zone is characterized by a transpressional regime, with focal
mechanisnof thrust faulting and dextral strikslip (EW focal planes), and NN\&SE SHmax. Scaifal.

(2020) made a clustering of the focal mechanisms of the Central Mediterranean and identified eight groups
of focal mechanisms and their spatial distribution in the crlibe authordound a compresse regime (P

axis striking roughly NV8E) between the southern Tyrrhenian Sea and southeastern Sicily, marked by
reverse and strikalip faulting.

Among the significant results of our geological study is that the identification and mapping of Quaternary
structure perfectly overlap with earthquakg§ig. 6C)Furthermore, reverse (ENESW trending) and
transcurrent (W trending) faults are compatible with both NBE trending horizontall determined

from focal mechanism studies (e.g. Soumaya et al., 2@Esfi®t al., 20@, Billi et al., 2023) and NW

motion of Africa with respect to Eurasia (Noquet, 2012). The structural frame of the study area is mainly
characterized by segments oVEE transcurrent faults and large areas estraining bend forming the en
échelon fold array and the inverted sedimentary basins. Restraining and releasing bend may act as barriers
to earthquakes propagation (King and Nabelek 1985; Sibson, 1985; BarkadisidKade 1988) o
conversely, they may provide nucleation sites fojon@arthquakes (e.g. Shaw, 2006) There are also
documented cases of large fault bend earthquakes (M>7) having complex rupture mechanisms with
multiple faults being activated within the bend, as well as major fault rupturing through the bend
(Bayarsayhanteal 1996, Harris et al 2002). Because the length of fault segment rupture is proportional to
earthquake magnitude (Scholz, 1982), the identification of fault bends between parallel strike slip fault
segments is important in assessing the potential seyeftfuture earthquakes in areas of active strike slip
faulting.

For the first time this study displays the complete structural framework of the area offshore western Sicily
and the comparison with the earthquakes location and focal mechanism ref@gl8C)that the seismicity

is concentrated mainly in the restraining beratsd along the reverse faultssociated to inversion

structures Furthermorethe recognition of Quaternary thrust and strike stqults characterized by lengths
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596 ranging between 10r& 30 km in the offshore western Sicily (G provides new elements to the
597  seismatectonic picture and seismic hazard estimates.
598

599  7.4.Crustal deformation of the upper platén a migrating subduction

600 Reconstructions of the kinematics of the Africa and Eurasia plates show that the motion vector of Africa,
601 with respect to the fixed Eurasia plate, has been consistently oriented {SS®/over the 1a80 million

602 years (Dewet al,, 1989; Handet al,, 201Q Faccennat al, 2014, Miilleret al., 2019) However the

603 crustal deformation recorded at the African plate boundary is complex becaube stiperposition of

604 numerous tectonic event8urdigaliarLanghian activity of the Sardinia and AlKaPeCa th(8sislinia

605 Channel)Tortonian thrusting and construction of the Maglbian-Sicilian chain; Pliocene extension

606 connected to the opening of the Tyrrheni&ea Quaternarytranspressivdectonics and tectonic inversion.
607 Therefore, theAfricaplate motion vecto cannot be invoked as the origin of this pd&&irdigaliartectonic

608 evolution.Instead the post-30 Ma evolution was characterized by an eastwards migration of both

609 subduction zone and backarc extension, due to slab rollback, leading to the formation of the Liguro

610 Provencal and Tyrrhenian basins (e.g. Malinverno and Ryan, BE&8€nnaet al., 2004). Tomographic data
611 revealed velocity anomalies, attributed to the geometry of the subducting plate, and based on the age of
612 formation of the orogenic chains, the migration over time of the converging plate margin was

613 reconstructed (Wortel and Spakma200; Piromallo and Morelli, 2003; Wortt al., 2009; Faccennet

614 al., 2014).Thesubducting slab at th&fricaEurasia plate margin results active as@htinuousin Calabria

615 and detachedn North Africa (Algeri@unisia). Howeveits nature and locatin in Sicily result

616 controversial Catalancet al. (2013), based on the SI.RI.PRO. geological trariseapreted a subduction

617 zone below the Sicily directed toward the Nord. A low velocity anomaly recognized in themgutrt of

618 the Sicily, permittedhe authors topostulate a Tyrrhenian mantle wedge that spthie Africancontinental

619 slab.

620 Wortel et al.(2009) hypotheged a postLanghiareastward migratiorof the plate boundarassociated to

621 the formation of a STEP fault (a tear fault transversth&subduction zoneforrespondingo a~EW

622 deformation zone located in the southern Tyrrhenian Sea and the northern part of Sasgynic anisotropy
623 parameters (SKS waves) suggest the existence of a local scale mantle flow at a depth betweer8000 and
624  km, which goes trench parallel below the Calabria slab, rotating to trench normal in the wedge above it and
625 depicting a ring around its western wedge (Civello and Margheriti, 2004). These seismic anisotropy

626 parameters support the geodynamic model thiatludes a slab tear in correspondence with the western
627 edge of the Calabrian slab.

628 Schellart (2024) compared several geodynamic models with natural subduction systems and linked the
629 subduction dynamics and overriding aleformation. In particulathe model for the narrowslab

630 (comparable with the size of the lonian slabhpws exclusively backarc extension, the forearc shows minor
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631 shortening in the first ~21 Myr of the model evolution but otherwisedmihated by extensionwhile the
632 sum of deformatia in forearc and backarc is always extensional.

633  Overriding plate extension results from the srdhle subithospheric uppemmantle return flow, which
634 generates a trencldirected drag force at the base of the overriding plate inciegwardthe trenchuntil
635 the tip of the asthenospheric mantle wedge (Schellart and Moresi, 2013; &t#n2016, as well as

636 subduction interface deviatoric tension caused by glalen trenchhinge puliback (Schellart and Moresi,
637 2013). These two processes combinedsmoverridng plate extensionFor narrowslab,this return flow is
638 exclusively toroidal and occuasound the lateral slab edges.

639 Considering the principal role of the mantle flow in the deformation of the lithosphere, the tectonic style
640 and the timingcan furnish important constraints for the kinematic evolution of the South Tyrrhenian Sea
641 and of the Africa/Ewsiaplate boundary evolutionThus,we present a scenarifFig. 15pf the post16 Ma
642 evolution of the subduction system along the Tyrrheniaa f&eusing our study area (green rectangle in
643 the cross sectionspccording to Wortel et al. (2009),erassumed a present plate bounddiyset map)
644  corresponding to an-# STEP fault in Sicily atocthe active thrust front in the lonian Se@hroughout

645 Burdigalian times (16 Ma) there was the collision of the crystalline basement units (A#laRiChe

646  African margin promontory in the Sardinia Channel (Milia and Torrente, 20@2eference thereip

647  DuringSerravalliadTortoniantimes, the trench of he arebackarc system was located in the Sicily

648 Channel/Straitandthe associatedback ardslocated in the easternmost margin of the Algerian bdbilia
649 and Torrente, 2022). However, whereas the collision stopped in the Sicily Strait, nortbtrd

650 continental areabeganthe extension characterized by the formation of half graben beiat changel
651 from continental to marineenvironment(Milia and Torrente2014;Milia et al,, 20173. This periodecords
652 the stop of thecollisionsouthward and thenigration of the trench eastward in the northern part with the
653 approaching of the subducting plate at the 660 krantle discontinuity causing strong tensiondkviatoric
654  stresses in the forearc region which would induce forearc exter(seeChenet al,, 2016). The Messinian
655 stagewascharacterized by an important uplift and a large extension and thinning in the {Jglebenian
656 area (Milia and Torrente, 2015; 2022), this stage probably corresponds to the beginning éiMhe E

657  oriented rupture of the subdcting plate and the onset of the Tyrrhenian opening. At this point the

658 establishmenof the toroidalmantle flows at the southern edge of the plate indudéhe formation of the
659 extensional basins at the southern margin of the Tyrrhenian basin that mibeastwardsrom the

660 Pliocene until the Present (Milet al., 2017, 2018, 202] toward the East

661 One of the significant outcomaf this paperis the documentation of the activity the offshore western
662 Sicilyof a dextralwrenchzone during Quaternaryimes This deformatiorsuggestghat the toroidal mantle
663 flow dominatel only during the rupture of the slab and the migration of the latjere upto the eastward

664 directedpoloidal mantle flow.
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According to Molnar (1991) and Bourne et al. (1998) stresmtations in the shallow crust merely reflect
local adjustments to the kinematic requirement that the upjmeustal blocks must fldw the flow of the

lower layer. The earthquakes hypocentre in the area document that seismic slip on the faults occurs mainly
in the upper 1620 km of the crustThe discontinuous deformation at the surface reflects localization, onto
discrete fault surfaces, of deformation that istdisuted at depth €.g.PrescottandNur, 1981). Indeed,

lower crust and upper mantle of the continental lithosphere deform in a ductile fashiom@vd991)

indudng a traction appliedo the bases of crustddlocks.As the subduction system migrated) a

extensional backarc formed in the updeuropearplate with an extremely thinned crus&{0 km)

compared to the thicker crust of the African margin (30 km) (@taal., 2009). This heterogeneiin

thickness of the twglates is responsible of a diffaree in the velocity of the eastwards mantle flows
between themandmay have triggered a dragging at the plate boundary, linked to the eastward flow in the
mantle wedge of the Eurasian upper plat@nsequently, the lateral variability indudae formationof a
crustal right shear zone with\® trend documentedy this researctoffshore western Sicilgfower inset in

Fig. 15)We can assume that the study region is deforming by distributed-t&gatal shear, with the long

term surface motion taken up onraumber ofEW strike slip faults orientate approximatelyparallel to

relative plate motion across the Africa and Tyrrhenian plates (5. These observati@ied us to suggest
that the motion between theecontinental crustal blocks is the result of shear tractionsligopto their

bases by ductildeforming lower lithosphere / mantle.

8. Conclusions

We reconstructedwo maps of the study aredased onlte interpretation of acomprehensiveyrid of
seismicprofiles (calibrated with dredge and well datafshore western Sicily and the recognition of the
primary deposition geometry of the PlQuaternary depositsThe first one ign isochron map representing
the PlicLower Pleistocene paleogeography dahd second one structural contour map of the Middle
Pleistocene deformation. The comparison between these maps reveals a dramatic physiographic change
from an extended sub horizontal continental shelf, with sediments filling the extensional basins, to th
formation of the Elimi chain and deep basins in the northern area and several ponded basthsr

words, the Elimi chairconsidered the product of Tortonian thrust tectonics, are the result of recent
tectonic activity. In particular, since the Midd Pleistocene the prexisting extensional basins were
reactivated as positive inversion structur&ge document the existence different structural styles and
degree of inversioiffrom middle to total inversion and complete extrusion of the sedimgatsl of a
complex pattern of deformation (&/ strikeslip faults, folds arranged in an-€chelon arrangement,
negative flower structures) compatible with a dextral wrench zone. Inftamee,the pre-existing
extensional faults represent a tectonic disciowiity for the development of the new structure, and the

complex and different evolution of the inverted basins is dependant by the position of these faults respect
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the development of the new formed structure. Indeed, the inversion structures corresporesti@ining

and releasing bends of the\® transcurrent fault zones.

The earthquakeof the study area are characterized by the focal mechanisms oVESN thrusts and-E

W dextral faults. For the first time we mapped tectonics structures compatiblethétiseismogenetic

faults.

The tectonic evolution of the area furnishes detailed constrain to the reconstruction of the plate kinematics
of the central sector of thé\frica/Europe plate boundary based on tomographic and SKS\détdel and
Spakman, 2000;ifmallo and Morelli, 2003; Civello and Margheriti, 2004; Amaru, 2007; van der Meer et
al., 2010) age of syrectonic deposits and geodynamic modétandy et al., 2010; Faccenna et al., 2014,
Muller et al., 2019 In particular, the influence of the toidal flows, constrained in the space and in time,
formed at the slab edge and migrating toward the East giving way to poloidal flows. At this point, since the
Middle Pleistocene offshore western Sicily, the motion between Africa and Tyrrhenian cruskal iisltive

result of shear tractions applied to the base of the blocks by the ductile deforming toustfimantle.
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FIGURE CAPTIONS
Fig. 1. Structural map of the Central Mediterranean region. Bathymetry and topography are from
Brosoloet al. (2012). AlIKaPeCa = AlbordfabiliaPeloritaniCalabriaKa= KabiliaKAL= KumetaAlcantara
line,L M = Lower Miocend/IB = Marsili BasiltMesoz = Mesozoi®e = PeloritanPL = Pliocen&/B =
Vavilov Basinviain tectonic features are from Ghisetti and Vezzani (1984), Catalaalo(1993), Miliaet
al. (2017, 2018, 2021), Catalambal.(2018), Soumayat al.(2018), and Milia and Torrente (2022).
Quaternary structures of sites@are described in the texiThe light blue rectangle marks the location of
the study arealowerf ST AyaSi RAaALI &84 SLIAOSYiUGNB t20IiA2ya

January 1985 and Z2-2024extractedfrom the Italian national cataloguebt{p://www.ingv.it). Lower

central inset shows the Moho depth mapthe central MediterraneafGradet al, 2009)The upper inset
shows the location of central sector (red rectangle) of the Mediterranean.

Fig. 2A)Index map of the seismic grid, iseeand seafloor dredges of the Sardinia Channel and Sicily
ChannelThick black lineand orange dotted lineare, respectivelythe locations of seismic profilesd
interpreted seismic profileshown in the subsequent figure&bbreviations stand as follvs: AL = Alcamo
well, CM = Corvina Mare well, CO = Corvi 1 well, ER = Ermione well, MO = Mozia 1 well, MU = Multichannel,
N1bis = Nilde 1bis well, N2 = Narciso 2 well, NA = Nada 1 well, NE = Nettuno well, NI = Ninfea 1 well, NO =
Noemi 1 well, NU = Nucorell, O1 = Orlando 1 well, O2 = Orlando 2 well, SA = Santuzza well, SM =
Samanta well, SP = Sparker, TA = Tania 1 well, TP = Trapani well, TU = Tubigelefatlafloordredge
samplesare from Catalanaet al., (1985; Compagnonét al., (1989); Sartori,(2005).B) Stratigraphic
successions dfvo selected deep wells offshore western Sicily. Abbreviations stand as follows: TR = Trias, J
= Juassic, CR = Cretaceous, M, FPakeocene, EO = Eocene, OL = Oligocene, MI = Miocene, TO =
Tortonian, ME= Messinian, PL = Pliocene, PT = Pleistocene, L = Lower, M = Middle, U. Mbgified
from Miliaet al. (2021).

Fig. 3. Physiographic map of the Sicily offsiforéwo-way travel time, twt) obtained from theseismic
interpretation and interpolation othe seafloor surface Thickdotted white line = shelf edgewhitestar=
seamount;arrowed white line = main submarine valley;s, t = ponded basis F = Favignani =
Marettimo . Contour interval is 0.% (twitt).

Fig. 4. A) Interpreted multichannel seismic profile showing undeformed units PQ and M that cover in
onlap the acoustic substrate. PQ=FQoaternary deposits; M=Messinian deposits (modified from Milia
al., 2021). B) Interpreted multichannel seismic ftisplaying gentle deformed units PQ and M above the
acoustic substrate affected by Miocene thrust faults. PQ=Rliaternary deposits; M=Messinian deposits
(modified from Miliaet al., 2021). C) Interpreted multichannel seismic profile displaying fb&del faulted
unit PQ. PQ=PliQuaternary deposits. D) Isochron map of unit PRick black lines are normal faults, white
dashed line = shelf breakontour interval is 0.15(snodified fromMilia et al.,2021) E) Detail of the

seismic facies.
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Fig. 5. Interpreted seismic profiles show the main characteristicsf the inversion structures
(numbered from 1 to 7in the western sectoof the study areaYellow unit corresponds to Pi@uaternary
deposits(separated into subunits by dotted blatikes). See text fofurther explanatiors.

Fig. 6. A) Isochron map of unit Piick black lines are normal faul@ontour interval is 0.15 s. B) 2D
contour map of unconformity U at the top of the deformed deposits. Contour interval is 0.1 s. C) Structura
map of the offshore western Sicily fault system. 1) dextral fault, 2) upthrust fault, 3) antiform, 4) normal
fault, 5) negative flower structure, 6) crest of positive structural inversion, 7) boundary of positive
structural inversion, &) epicenter ofearthquakewith M>3, 8b) epicentreof earthquakewith strike-slip
fault focal mechanism anll>4, 8c) epicentre of earthquake witthrust-fault focal mechanism and M>4
E.l.= Egadi Island, S.V. =SanWikage Focal mechanisms are from INGV.it and Souneayd, (205). See
text for further explanatiors.

Fig. 7. Interpreted seismic profiles illustrating theinstructuresin the eastern sectoof the study area
Yellow unit corresponds to PHQuaternary depositgseparated into subunits by dotted blatikes) See
text for further explanatiors.

Fig. 8. Interpreted serial seismic profirgowingthe different structuresassociated tdhe tectonic
inversion (numbered from8 to 10) in the southern sectoof the study areaYellow = lower subunit PQ,
light green= upper subunit PQJ = UnconformitySee text fofurther explanatiors.

Fig.9. CROP M23AA seismic profile extending from the Algerian basin to the Western Sicily Margin
(crossing théd seamount) and interpretationJnit C= Cretaceous carbonatéB)it LMc = Oligoceneower
Miocene deposits, Unit N = Numidian Flysch, Unit T = Serravabidonian deposits, Unit PQ= Rlio
Quaternary deposits. See text for explanation. Modified from Milia and Torrente (2022). B) CROP M29
seismic profile extending fro the Sicily Strait to the southern Tyrrhenian Sea (crossing the
a andb seamounts) and interpretation. See text for explanation. C) CROP M28A seismic profile extending
north of Sicily in the southern Tyrrhenian Sea (crossing tbeamount) and interpret#zon. See text for
further explanatiors.

Fig.10. Serial sections across the offshore western Sicily fault system. Yellow unit corresponds to Plio
Quaternary deposits. See text flurther explanatiors.

Fig.11. Interpreted seismic profiles of the westesector showing the features of the offshore western
Sicily fault systennit PQ = PliQuaternary depositsSee text forfurther explanatiors.

Fig.12. InterpretedNESWserial seismic profileim the southern sectoof the study areaYellow = lower
subuwnit PQ, lighgreen= upper subunit PQ. See text forther explanatiors.

Fig. 13. A) Isochron map of lower subunit PQ in the southern sector. Contour interval is 0.1 s. B) Isochron
map of upper subunit PQ in the southern sector. Contour interval is 0.05 s. CYOr' tigyidal model
inserted into the spatiabriented grid of theunconformityU at the top of the deformed deposits. The

vertical scale is in seconds. The view is frmrthwest D) Structural contour map of unconformity
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situated at the base otie relatively undeformed straten the southern sectqrl = antiform, 2 synform, 3
= reverse fault, 4 = normal faulContour interval is 0.1 s.

Fig. 14A) Tectonic map of the study area. NF = normal fault, RF = reverse fault, C = shortening, E =
elongation, 1) dextral fault, 2) upthrust fault, 3) antiform, 4) normal faylhégative flower structure, 6)
positive inversion structure, 7) boundary of positive structural inversion, 8) Pliocene normal faulin®) in
fold. B) Tectonic map of the southern sector showing the displacement partitioning in datigtal
transpresive zone (pure shear plus simple shear) and the associategtiand strikeslip structures. C)-3
D tectonic sketch. The geological surface corresponds the unconformity U. The viewtiser@nuth.

Fig. 15. Cross sections (location in the inset)tititing the evolution of the subduction process along
the Tyrrhenian Sea during the last 16 Ma. Blue arrows = poloidal mantle flow, black circular arcs = lateral

(toroidal) flow of the mantle, red arrows = slab rollback. Green rectangles correspondstuthearea.
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