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Abstract. We reconstructhe 3D Fault Model of thetructures causative of thaultswhich+eleasedhe 20102014 Pollino
seismicsegquencactivity by-Fheintegrationintegratngof ﬁeldrgeelegs,structuralqeoloqmabnd hlghresolut|on selsmologlcal

FhemodekisWe constrainedhe modeht the surfacey-structural-geological-dataith fault-slip dataandwhich-provide-the

true-attitude-of-the-singlefaults-and-their-crogtrelationships—at depth,thefault-geometry-was-obtaided using the
distributions of sedcted highguality relocatedhypocenters. Relocationgerewere-carried-eyterformedthrougha-the non

linear Baylocalgorithm, followed by the doubldifference relative location method Hypobdpplied to a 3D Rvave velocity
model.

Geological and seismologicdhtacenverge-ireserithighlighting an asymmetric active extensional fault system characterized
by an E to NNEdipping lowangle detachmentyith with-its-high-angle synthetic splays, and SW& WSWdipping, high

angle antithetic faults.

Fhe—Clustes—of-hypocentersHypocenterclusteing and the peculiartime-space evolution of the seisritic activity
highlightsuggestthat two subparallel WSWdipping seismogenic sourcesamelythéie., the RotondaCampotenese and

Morano-Piano di Ruggio faullswereare responsible of thectivated-during-th20102014 seismiccrisisseguencactivity.
T-Fhe size-areaof the activatedesmogenic patches reconstructed-pbtainedprojecting the hypocenters ofthe early

aftershocks on the 3Beismogenidault planesare consistent with the observed magnitude obsmciatestrongest events
(Mw=5.2,andM,=4.3).

Wt@%&eﬁ#&@d&%@&w}eﬂwﬁahquakacalmg reIannshmsbaseeLenia&Hemgt#&nd#ault
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estimategrovidemaximum expected magnitudesM,=6.4 for the Rotond&ampotenese and¥6.2 for the Morandliano
di Ruggiofaults,we may supposgeduceleducinghat during the sequence, theth-thehetwo structuresauitsdid not release

entirely their maximumseismic potentiativring-the 2012014-seismic-sequeneaith-clear-implicationfor seismic-hazard
cvaluations
The reconstructe@D fault model also points out the relationships between the activated fault system

aismici ersare consistent with the obhserved - maanitude-of-the ociate ongest events.

Finally—w\We pointeut-thadind the western segment of the Pollino Faliliis latterdespite-not-being-presenthyactivas

not involved in the recent seismic activibets-adutcould haveacedasa barrier to the southern propagation offwgonda

Campetenese—and-Merafiane—di—Ruggiseismogenicfaults, limiting their dimensions andeismeogenicpetentiathe

magnitude of thgenerategdarthquakes

1 Introduction

In recent years, the reconstructiof 3D Fault Models (hereinafter referred to as 3DEM)otentially-seismegenic-structures
obtained byntegratng surface ad subsurface dgias become an increasingly practiced methodalegyefor seismotectonic
analysisstudiesof-regions-undergoing-active-deformatimg, SCEC,-2021Lavecchia et al., 201 Tastaldo et al., 2018
Klin et al., 2019:Di Bucci et al., 2021SCEC, 202)). The-technigues-to-obtain-the 3DFM-integrate-all- the-availablesurface

econstry he-3D-geometry-of seismogen vetures—tn-parti@etajled structural

geological data are used to definedhéve faultggeometrysfthe-active-faultat the surface whereas highality geophysical
data are needed torgtrain the shape of the sources at depthese-conditions-are-meithe 3DFM recenstructiorbuilding

helpsallewsdetermining the spatial relationships and the interactions between adjacent sources and identifying any barriers

hampering at depth the gpagation of the coseismic rupture. Moreover, such an approach leadsutatelyestimate
estimaing with-great-aceuracthe area of the seismogenic faalhdthereforethe asseciate@xpected magnitude.

In Italy, reconstruction of 3DFM could give important achievemantle Apenninective extensional belthich is affected
by significant seismic activityl$1De, 2007 Rovida et al., 2020 This belt consists 0fNW-SE striking Quaternary normal
fault systems, and the related basitagated just west or within the culmination zone of the chaialgmita et al., 1992
Brozzetti and Lavecchia, 199%avecchia et al., 1992021, Barchi et al., 1998Cinque et al., 20Q@rozzetti, 2011 Ferrarini
et al., 2015 2027). Its structural setting is very complicated dige a polyphase tectonic history characterized by the
superposition of Quaternary pastogenic extension on Miocertgarly Pliocene folds and thrusts and on JuraSsetaceous
sin-sedimemary faults €.9. Elter et al., 1975Ghisetti and Vezzani, 1982983 LipmannProvansal, 198Mostardini and
Merlini, 1986 -Patacca and Scandone, 208bstardini-and-Merini—1986Vezzani et al., 2010 Ferrarini et al., 2017;
Brozzettiet al 202lameng-othels
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thatlocallyreach-seme kr@ver time, detailed structural geological studies made it possibledgmize several seismogenic
faults in the Apennine active extensional b&laichi et al., 1999Galadini and Galli, 2000Maschio et al., 2003Brozzetti,
2017 and, in some cases, to document, through psgdéomological data, theirming-ofreactivation during the Holocene
(Galli et al., 202). Furthermorethe increasing availability of higresolutionn-recent-years,-netechnologiesmageryhave

made-it-pssiblallowsto-reconstrucfault patternanappingat the submeter scalevith-verny-high-precision;-thus-allowing to
constrain-thefault-structures—at-the-surface-atrsater-scalereseolutiofe.g, Westoby et al., 2032Johnson et al., 2014

Cirillo, 2020; Bello et al., 2021p2021¢-), Finalhrwhile Aaccurate geophysical prospectioresg, Gground Penetration
PenetratindRadar) a+—me-d—at+—t-he—study—of hisdlowsedtesirdstigatanvestifpimathesule s 6
fault surfaceat shallow depths (fevens-ofmeters ottens ofmeters{e.g, Gafarov et al., 20L&rcoli et al., 20132021).-but

of m)

Conversely the geometries of the faults ateaterdeptts are poorhy—reliablearely availabler since high-resolutiondeep

geological and geophysical constraints are dfieking(i.e., deep wells and/or seismic profiles)

In fact, in the last decades, seismic reflection prospecting andvagkepxploitation for hydrocarbon research, avoided the
area affected bgctive extension, anfbcused on the eastern front of theaithand on the AdriatiBradanic foreland basin

system(ViDEPI:www.videpi.com last access: 19 april 202 PADEPL-www.videpi-con)-
Fhe-absence of the lattdhis lackcan becompensated with well reloized highresolution seismological datasesnd

splacemen

S

Datasets-characterized-biyHighly precise réecationslocakedefhypocenters were collected during recent seismic sequences

associated-witlhbw/medivm-and-highmagnitude earthguakéShiaraluce et al., 2002005 2011, 2017 Totaro et al., 2013
2019. These sequences include thousamidearthquakes- (in confined+eck-volumesof rock) which appear to roughly

connect with the fault tracesappedat the surface. Therefore, such distributions of earthquakes are generally referred to as

ongoing rupture processes affecting an entire, or wide peiprthe seismogenic faults.
i t&dy highresolution hypocenter locatiori€hiaraluce et al.,

2017 Valoroso et al., 201)7 as well as reflection seismic lines, allow to clearly highlight the seismogenic structures at depth
(Lavecchia et al., 20120123, 2012H2015 2016.

TFhis The studyareaof this workincludes the northern sector of thes@a | | ed A Pol | Fio @), insmbichgpaltee c

earthquakes up to M=7 are documenfktichetti et al, 1997 Cinti et al., 19972002 whereas the location and size of

ga|



98 seismogenic sources are a matter of debatehtti et al., 2000Cinti et al., 2002Papanikolaou and Roberts, 208rozzetti
99 etal, 2009201739. In the sector,
100 rusingstructuralgeolog j ey gy

101 faults between the Mercure, Campotenese, and Morano Calabro Quaternaryrasits. (

d3rozzetti et al(20179 mapped a set of active

102 During the 2012014 -time interval, this area was affected by a low to moderate instrumental seismicity (Pollino seismic
103 seguenceactivity), climaxingatwith the 25 October 2012, Wb.2 Mormanno earthquakeith-andcharacterized bthousands

104 of recorded eventsiptaro et al.2013 2015. During the sequence, two othenoderatestrengesevents occurred close to

105 the village of Morano Calabrghe-on 28 May 2012 (M 4.3), andthe-on 6 June 2014 (M 4.0}-earthguakes; (Fig. 1.

106 According to Brozzettet al. (2017a),

107 TFthe whole seismicity was arranged in two major clusters and a mineffereo-etal—20%5 Each major cluster was

108 associated with onstrongmoderateevent and was generated by an independent seismogenic striBtomzetti-et-al.,

109 20173.

110 The preexistence of a seismic network, that was implemented aftestdhgneginningof the sequencemade-it-possible-to

111 i - o . -

112 provideda highquality databasef relocated hypocente($otaro et al., 20,2015 Brozzetti et al., 2017%a
113

114 In such contextve-the-mainpurposes-of this-work-dee

115 _reconstruct the 3DFMetivatedinvolved by thePelline20102014 selsmusequeae@m

116 toinvestigate, at depth, thessi
117 relationships between the faults having differgnikes,-dipanglesattitudes and timing of activationFurthermore, we

Re-crosscut

118 provide the geometric parameters of the soustesd-atto estimaging the maximumexpected magnitudesased-on-the
119 defined-3b-seurce

120 Emal#y—wé#e—alscﬂnallv, we discuss some&D- selsmotectonlcsnethodologlcal aspecishich-are-of-general-interest-for
121 y . spieicts dwell on the
122
123
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Figure 1. Seismotectonic context of the study area. (a) Active faults of the Soutlpermies with major historical and
instrumental earthquakes from Parametric Catalogue of Italian Earthquakes, CPTI1Ba8cdd (et al., 20202021). (b)
Normal faultscropping outbetween the Mercure, Campotenese, Morano CalandCastrovillari Quaternary basins (after
Brozzetti et al., 201 jandnith Bistributiondistributionof the 20162014 Pollino seismiseguencactivity (contoured areas)
withand -focal mechanismsre-thef the {-events with Mw>4 2} _((Totaro et aI 20152016.-Nermal-faults-between-the
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|135 2. -1-Geological Setting

136

137 The Mt. Pollinomassif is located at the Calabrikancanian boundary~g. 1) in a sector of the Apennines structured during
138 the MiddleLate Miocene contractional tectonigsich thataffected the western Adria Platé'{rgenio, 1992 Pataccaand
139 Scandone, 20Q7etto-and Barilaro, 1993annace et al. 2002005 2007).

140 The surface geology in this area is characterized by the superposition of two main tectorigaldisiveds from different

141 paleogeographic domains. These are repredgffitem bottom to tojp by 1) :
142 +t he " Apenninic"
143 the Verbicaro and Pollino Unitsith-an-age-from-Triassic-to-Early-Miocgitacally intruded by basaltic rock®{niben, 1969
144 1973 Amodio-Morelli et al., 1976 lannace et al., 20QPatacca and Scandone, 200ézzani et al., 201,0rangari et al
145 2019;

146 -and 2) by i—the "Ligurian" units (Late Jurassi¢ Early Cretaceoys that consist of ophiolites and despa sedimentary
147 deposits derived from the Western Tethys oceanic baginipen, 19691973 Amodio-Morelli et al., 197§ Liberi et al.,
148 2006 Liberi and Piluso2009 Filice et al., 201k

149

150 During uppermost Miocenend-Pliocene times, the folds and thrustificepile was displaced by WNVYESEstriking left

0 u n il t- BaalyMioceod), laiam arechaliaaleeized by carbonate platform, including

151 lateral wrench faultsamong-which,-the Pollino-fault (POL) played-an-importantiBlg-(1h (Grandjacquet 1962 Ghisetti
152 and Vezzanj 1982 Van Dijk et al., 2000

153 Subsequently, regionakale extensional faglsystems, consisting of Bnd W-dipping conjugate normal faults, dissected the
154 Tyrrhenian side and the core of the orogen which assumed a typical basin and range relief.

155 TFhe This Quaternaryextensicnaphasealse-caused the reactivation of tipeevious strikeslip structuresinparticular—the
156 reactivation—of such aghe Pollino fault POL), whoseef-which-thewith-normal to normabblique kinematics, has been
157 documentecitleasisince the EarhMiddle PleistoceneGhisetti and Vezzani, 1982983 Brozzetti et al., 2017ja

158

159 At presenfetually, the age of onset of the extensional tectonic is still under discussion; it is referred by some authors to the
160 Early PleistoceneQhisetti and Vezzani, 1983chiattarella et al., 199#apanikolaou and Roberts 2Q®archi et al., 2007
161 Amicuccietal., 2008rozzetti, 2011Robustelli et al., 20 4whereasvhile it would not be older than the Middle Pleistocene,
162 according to othersQ@aiazzo et al., 199Zinque et al. 1993Hyppolite et al., 1995 Cello et al., 2003Giano et al., 2003
163 Spina et al., 20Q%ilice and Seeber, 2019

164
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In the Campanid ucania and nor#€Calabria sectors of the southern Apennines, the active extensional belt includes three main
alignments of normal faultsnd Quaternary basins, arranged in a Fgkéral erechelon settingHig. 19. From north to south

they are-i-nerthern-alignment-includindrethe internakblignmentincludingthelrpinia fault theand-theMelandrePergola
and-andAgri basinsi)-intermediatethethe intermediatelignmentne: developing from the Tanagidallo di Diano basins

to the MercureCampotenese and Morano Calabro basisl-ii)-—seuthern—alignmenliearihe external enealignment
developingfrom theCastrovillari fault to the southern Crati basite(itosti and Valensise, 199M®93 Ascione et al., 2013

Galli and Peronace, 20;1&hisetti and Vezzani, 1982983 Barchi et al., 1992007 Blumetti et al., 2002Amicucci et al.,

2008 Maschio et al.2005 Villani and Pierdominici, 201;Brozzetti, 201 4; Faure Walker et al., 201Brozzetti et al., 2009
2012,201732017h Robustelli et al., 20%45gambato et al., 2028ello et al., 2021a

All along the above alignments, the geometry kim@matics of the major normal faults are kinematically compatible with a
SW-NE direction of extension\{aschio et al. 2005Brozzetti, 2011 Brozzetti et al., 20G920179. A similar orientation of
the T-Axis is obtained from the focal mechanisms of triganearthquakes from CMT and TDMT databasesi{relli et al.,
2006 Scognamiglio et al., 20Q0®1ontoneetabnd Mariucci, 2042016; Totaro et al., 200)6and fromGPS datal}'Agostino

et al., 2014, - Cheloni et al(2017). -demenstrated fromegpdetic GRS-and-DInSAR-analydizat the Polline-area-was-affected

The recentpresentactivity of these normal
faults systems is firstly suggested by the control exerted on the distribution of seismicity, as shown by the location of upper
crustal instrumental earthquakéSI|De database\Vorking Group 200ANGY; Brozzetti et al., 2009Totaro et al., 2014
2015 Cheloniet al., 2017Napolitano et al., 202@027; Pastori et al., 2025ketsiou et al., 209%and of destructive historical
events fig. 1-; Rovida et al., 2021

FheAs-anticipated; The area affected by the 20dD14 seismicity extends from the Mercimasinto the Campotenese and
Morano Calabro basinsatare, along the intermediate extensioffiallt fav-alignmentdeseribed-abowehich, according to
—n-this-area—+recerdtructuralgeological-workpPrevious literature consists ohighlighted three main sets of genetically
linked normal and normadblique active faultsgrozzetti et al., 2017%digs 1h 2; Acronyms list in Supplementary Tex}. 1
The first oneE—to-NNE-dipping;referred to as the Coastal Range Fault Set (CRFS; red liéssiih 2) dips E to NNE
andencompasses four sygarallel major fault segmentsimedihich, from west to eastre:GadaCiagola (GCG), Papasidero
(PPS), Avena (AVN) anBattendiero (BAT)auls Their strikedirectionvaries southward from 1% to WNWESE.

The other twdault sets strike-NW-SE and dip~SW (blue lines irigs 1 2). The western one, developing from Rotonda

to Campotenese villagebreugh-the-2012014-sesmic-sequence-epicentral-aremnsists of two main righdtepping en
echelonfadlt-segments. They are referred to as ROCS sysianhinclude the Rotonedambucoso (RSB) and Fosso della

Valle-Campotenese (VCT;ig.4b 2). The eastern set, including the-ethelon Castello SelueiPiana Perrett Timpa della
Manca ERPSITCSPT), the ViggianelleRianePian di-del Pollino (VPP) and the Castrovillari (CAS) faults, represents the break
away zone of the Quaternary extensidmglt. In the area between these twediping sets, the W to NWilipping Morano



198 CalabrePiano di Ruggio (MPR) and Gaudolino (GDN) faults, skeswencesvidenceof Late Quaternary activity3(ozzetti
199 etal., 2017aFig. 1b2).
200 GeodeticGPS and DInSARnalysisddemonstrate¢haias-the Pollino area was affected by important deformation rates during

201 the 20102014 seismic activity, with increasing and decreasing of slip values due to the temporal and spatial eftiegtion

202 recorded seismicityRassareilet al. 2015.
203
204

205 23 SeismotectonicSetting framework
206

207
208
209
210
211 Alkceding to Michetti
212 et al; (1997 2000 and Cinti et al; (1997, 2002 -the-aforementioned-literature;-both-the-fauR®L and the adjacent CAS
213 faultswere associated with at least two strong earthquakes, (M 6.5 and M 7.0), occthieeddnod2000410 B.C. and 500
214 900 A.D, respectivelyThe epicenter of the 8 January 1693 earthquake (M 5.3, CPRtlAdaet al., 2020, 2021; Fig. 1b
215 Fig. 2) is also located within the hanging wall of the CAS aradthe footwall of the MPR fault, sont@lometerskm-eastward
216 of the 2012 and 2014 Morano Calabro strestgventsthenleadingto-exclude-the MPR as the-cawusdtult

217 : . : .

218
219
220
221
222 The epicenter locations of the,Nb.5, 1708 (Rovida-et-al—202%and M, 5.1, 1894 earthquakéRovida et al., 202 close

223 to the northern termination of the RSB and within its hanging wall, allows hypothesizing the latter fault as the possible

224 seismogenic source.

225 Ferwhatconeerns-theinstrumental-seismicithg mainnstrumentaevent recorded in the Pollino areatie M, 5.6 Mercure
226 earthquake (9 September 199Big. 10, which was followed by some hundred aftersheélsspite-apreliminary-attribution
227 tothe CastelluceiofauliMichetti-etal200P-this-earthguakand thawas associated iyrozzettiet al.(2009 with the SW
228 dippingCRSITCSPT(Fig. 1h Fig. 2), located someilometerskm-to the NE of the Mercure basin.

229 The focal mechanisms of the three strongest earthquakes. 2V25 October 201Rlormanno; M, 4.3, 28 May 201Morano

230 Calabro;-My, 4.0, 6 June 20t#lorano Calabro) are consistent with extensional (upper crustal) deformd#onsofe and
231 Mariucci 2016; Mariucci and Montone 2020




232
233
234
235 and-M,4.0,-6-June-201Mloranc-Calabre)All the associated WSYENE oriented Taxes are alsguite ~parallel to the
236 geological and seismologicalinimum—least compressioal axis as provided by the tensorial analysis in the
237 neighberingeighbouringMercure areaKrozzetti et al., 20G9Ferranti et al., 2017 or derived from borehole breakaut
238 investigationdMontone and Mariucci 2016; Mariucci and Montone 2d2@tone-et-al,—2004Pondrelli-et-al—2006 and

239 GPS datalf'Agostino et al., 2014 As discussed bIotaroet al. g201§ 2016 andBrozzetti et aIgZOl?Q
240 Fhetheavailable focal solutionss

the focal

241
242
243 epresented bN-S to NNWSSEstriking; (W-dipping); seismogenic sources.

244  Correlating the hypocenters distributiehdepthwith the active faultwghhgmedat thesurface, the seismogenic source of
245 the 25 October 2012 Mormanno Earthquake, 8\R), gher (
246 1b)-is identifiable in both the segments of the WSiping ROCS system (RSB and VQ@T Fig. 1b, Fig. . These faults
247 dip atsurfacer0°-75°, at the surfacegnd would reachet-deptha dip of ~55°%t depth(Brozzetti et al., 2017)a

248 Through similar reasonings, thgSW-dipping MPR fault wasuggested to be the causative fault of the eastéonano
249 Calabrocluster Fig. 10 and of its two major events (M.3, 28 May 2012 and W#.0, 6 June 2014¥his The fault extends
250 for ~7 km inthea N170 direction and is eaxial with thethe W-dipping nodal planes of the two main events of the sequence
251 (Fig. 1h.

252 The partial reactivation of the CAS could be invoked to explain the nsiviemicityclusterof seismicityrecorded at the
253 eastern side of the study area, although some of the eemntstdse-located-ibelocatedinatits footwall.

254

255 34 Material-Data and Methods

256 34.1 Structural survey and fault kinematic analysis

257

258 We performedA-a series of fieldwork campaignst 1:25.000 scalén the studyareaandsurrounding sectorgighbeuring
259 areasbhetween-2018-and-2020ereperformedto collect faultslip datainthe study-and-neighbouring-areas1:25-000-scale
260 These-measurementisatwere-usedo be integratel with the geologicabtructuraldata—and-te—censtrain-theuaternary
261 e*ten&enal—fa&l%s—p@#deetobservanonseported#emm Brozzetti et al(20173. m-treLd—MNew{@Iy—used—tram{{enal
262 A i y usatthe Fieldmove
263 appée#wam’\_gp (PetEx Ltd., version 2019.1) installed on a tablet comgatecquire the data thefield, and-Al-these-data
264 ed-thrweghanaged therm ArcGIS v.10.8 (ArcMap®©)Fig.




265 2 alseshows thdocation of thekinematiesurvey siteghat-are consideredstructurally homogeneous outcropsgroups-of
266 adjeining-outerops-thatfdllling within a maximum distance of 500-at-is-withinthe-diameterof-each-small-circletion
267 schemdmeore-detalledlocalizationssre alsGupplementary Fig.)2

268 The overall faukslip dataset was first subdivided in minor and local homogenous kinematic stlixséisierepresented as

10
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Figure 2: Structural Map at the Calabridnucanian boundary (afteBrozzetti et al., 2017jawith location of faulislip data
measurementsEault-Fault kkey-for Fault names CRFS= Coastal Range Fault Set; GCG= Ga@mola fault; PPS=
Papasidero fault; AVN= Avena fault; BAT= Battendiero fault; ROCS= Rotdbalmpotenese fault system; VCT= Fosso della
Valle-Campotenese fault; RSB= Rotor8ambucoso; CVN= Cozzo Vardoozzo Niso fault; MPR= Morano Calab+Biano

di Ruggio fault; VPP= Viggianelle Piarei diel Pollino faultset; VPPa= Viggianelk®rastio fault VPPb= Vacquarrdliani

del Pollino fault;GDN= Gaudolino fault; POL= Pollino fault; CAS= Castrovillari fault; SDD= SerodcBdorme fault; PAC=
Monte Palanuda Campolungo faultERPSTCSPTE Castello SeluePiana PerrettlTimpa della Mancéault.
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Figure 3: Kinematic analysis and pseuflfocal mechanisms obtained from fault/slip data using the FaultKin 8 software

(Allmendinger et al.,

2012 Pseudedocal mechanisms are boxed with different colors on the basis of the fault system to which

they belongo (colorkey as in the map dfig. 1, Fig. 2). For each fault systerthe density contour of the-dxis computed for

each focal mechanism is reported (lower hemisphere projection). A.s.v.=Average striae value, A.f.p.=Average fault plane
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34.3-2 Hypocenter location

To better characterize the 3D features oftth:&on|cstructuresjocatedly+ngt|n thestudy aresegion-of-the-Mercur®olline
i ewe performed a higljuality hypocenter

in-thisstudy-We sensiblyenlargeld, with respect t@revious works byrotaro et al(2013 2015 andBrozzetti et al(20173,

the time window for earthquake analysgs., wi

2010 and October 2018electing edhquakes wit{local magnitude greater than 1.0 and hypocentral depth raBgek6y)
collectedfrom thelstituto-Nazionale-di-Geofisica—e-VulcanoloiGV (www-ingv-itHNGV)-Bulletin-and the University of

Calabria databasévww.ingv.it, last access: 19 april 202http://www.sismocal.orglast access: 19 april 2024&-)).

Automatic and manually revised 8nhd Swave arrival time picks have beselected for this dataset. The recording network,
including both temporary and permanent stations managed by the University of Calabria and®iNiGdsandro et al., 2013
Margheriti et al., 201)3 consisted of 61 stations with a maximum epicentral distarfi 150 km $upplementary Fig.)1We
computed accurate absolute hypocenter locations by applying first tHmeanBayloc earthquake location algorithiArésti

et al., 200420089 and subsequently the douldéference relative location method HypoO®.2; Waldhauser, 2001 and
using the 30>wavevelocity model byOrecchio et al(2011). The Baylocalgorithm gives for each earthquake a probability
density cloud with shape and size related to the main factors involved in the location pragasstivork geometry, picking
errors), and allows a generally more accurate estimate of hypocenter pesandtication uncertainties with respect to the
more commonly used linearized location methagse¢€.g, Lomax et al., 2000Husen and Smith, 20Q#resti et al., 2008
The application of the Bayloc algorithfa-the-collected-datasptovided, on averge, horizontal and vertical errors of the
order of 1.0 and 1.5 km, respectivebrd-allewedallowing us to obtain a weltonstrained databaskat-has-been-used as
starting—pointfor-the-subsequent-analyAs the second step, vempliedapply the HypoDDalgorithm, which minimizes
phase delayime residuals between pairs of events recorded at common statienshéuser and Ellsworth, 2000WVe
computel the delay times from each event to its 30 nearest neighbors within 10 km distance, and to furteethensur
robustness of the doubtifference inversion© only event pairs with at least eight phases observed at common stations were
used. The final relocated dataset consists of 3109 eventsi@ndSupplementary Fig.)1

During the decadbBefore the 20142014 Pollino sequence, the instrumental data available within a range of nearly 75 km

from the Mercure basin, referred to background seismic activityp(li et al., 2005Castello et al., 20Q@8rozzetti et al
2009. Ln%h%iramewe#k—theen& phases-esignificant seismic activity which affected the regiamre the-above-mentioned
j wasthe moderate magnitude 199999 Mercureseismic

sequence that developed in the northern part of the homonym QuaternanShasgiteihentary Fig.;iGuerra et al., 2005

Arrigo et al., 2005Brozzetti et al., 2000angd- wingshowedsome



file:///D:/gis/Paper-Pollino/Cirillo%20et%20al%202021%20Pollino%20First%20Revision%2030%20Aug%202021%20Word%20Tiff%20Cdr/Word%20revision%2020210914/www.ingv.it
http://www.sismocal.org/

403
404
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407
408
409

similarities to the recent MercuRollino sequencee(g, prevalent kinematics of focal mechanisms and hypocedéyath
range). We explored the data available for this seismiwitysequence-in-orderto compute a higlguality earthquake
location, following the procedurelreadydescribedabovefor the 20162018 seismic-activitparthquakes dataseSince the

recoding network operating during the 199899 seismic phase was significantly different from todayerms of number
of stations deployed in the region and their spatial distribution, the available data do not allow to reach the high level of

constrain neded to perform the 3D structural model reconstruction.

19



15“500 'E 15“9'0"5 16° 1.(}’0"E
a | Jan2010-May 2012 o 2010/Jan/30 - 2011/Jul/31

"
oo\ 2011/0ct/05 - 2011/Dec/03

2011/Dec/04 - 2012/Jan/30
o 2012/Jan/31 - 2012/May/10

40°0'0"N

39°50'0'N

|
5 10 o2 © o
Kilometers \

15°5IO‘D"E 16”?'0"E 16° 1ID‘0"E

May to October 2012 \ o 2012/May/11 - 2012/Aug/06
o 2012/Aug/07 - 2012/0ct/24

39°500"N

OOOOOOOO°

0)000000000

SDGE 15"C.SDE 15“1.00E

Get20T2-June 201‘: \ © 2012/0ct/25 - 2014/Jun/05 ‘
2 o

< o N 2012/Oct/25

| : £2014/Junfos
2012/Nov/03

g 2014/Jun/05

o, 2012/Nov/14

N30 2014/Mayi21

-
@

40° 9'0" N

oocoodb

39°50'0"N

00000000000

15°50°0"E 16°00°E 16°10'0°E

2014/Jun/06 - 2014/Jul/31
2014/Aug/01_2014/Dec/24

o

z

5 | 2015 o

o

g 2016 ©
2017 o

2018

39°50'0"N

I Kilometers "'—h.. \

411 Figure 4: Time-space evolution of the 2042018 seismic activity in the Pollinarea. Each panel shows the distribution of
412 focal mechanismélotaro et al., 2015, 201@nd epicenters concentrated in a series of neighbouring clusters numb@red as

413 wster0, 1, 2, and 3CI10,-CH1-CI2, CI3)from west to eashccording to their activation time. Stee-main-textgection45.2)
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for the sequence descriptiohhe Focal mechanisms are classified followitrghlich (2001) kinematics classification (blue
beachball=_Normal kinematics; light blue= Normal Strikeematics). Red small circles represent the epicentres of focal
mechanism solutions.

4.3 Geological and seismological stress tensor inversion

To investigate the coherence between the geological apgdebentday-{seismologicalstress fields, we applied stress tensor

inversions to the available fatdtip data Figs. 2, 3) and focal mechanismgi@. 4).

We used the inversion procedure proposdddlvaux and Sperné2003-Win-Tensor-softwareandwe applied it, separately,

on the different datasets. The procedeitempts-tacompute the orientation of the three principal axes of the stress ellipsoid
(G1, G2, G3) Ua=n dechiB2h &4(38) 1M rt ensast  roapttii omi z.es F5). The latteriis difiltitoti) miAiminec t i o

the slip deviation between the observed slip line and resolved shear stress (30° misfit value is not expected to be exceedec

and ii) favor higher shear stress magnitudes and lower normal stress to promote slip arethe pla

The inversion procedure provides for the preliminary (kinematic) analysis of data using an improved version of the Right

Dihedron methodAngelier and Mechler, 197 %o determine the starting model parameterg.(the reduced stress tensor).

The stess ellipsoid is then computed through a 4D -gadrch inversion involving several runs during which the reduced

tensor is rotated around each stress;ayith a decreasing range of variabilitirdm +45° to +53, and the full range oi

values(0-1) is checked9-11). Each step attempts to find the parameters that minitimé&misfit function and that are used as

a starting point for the next run (see for detBildvaux and Sperner, 2003
The geological data input consists of 268 quality selected fault/slip data meaurgdhe-fault systemsiof-the study area
(Fig. 2 3). During the formal inversion, the same weight value was assigned to eachifmgtthe-same-quality factor
ned. to it ickenlines
The seismological data input is represented (initially) by both nodal planes of each focal mechanism; afterward, the plane th

is best explained by the stress tensor in terms of the smallest misfit function is consideredtasitieuit planeDelvaux

and Barth, 2010
The inverted seismological data are represented by focal mech4Bisms o8 takanfrom Totaro et al(2015 2016 and

reported irFig. 4 An exponential weighting factor (corresponding toghethqguake magnitudes) has been assigned to account

for the prevailing kinematics of the most energetic events.

The final inversion(Fig. 5) includes only the faultand focalplanes that are best fitted by a uniform stress fiékephartand
Forsyth, 198%
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Figure 5: Stress inversion results for the geologidal) and seismological (b) data. On the lower hemisphere Schmidt nets,
the pairs fault plane/slickenlingairs (a) and focal plane/kinematic indicators (rake) (b) are repogeshi circles represent

the fault planes; the dark and pink arrows indicate the measured slip directions (or rakesaiwneld sheaf stress
respectively). The histograms represent the corresponding misfit angles vs. the number of data points; minsbietadf
fault data; n = number of successfully invertedd3)atu(ltl d
G3); the gquality ranking factors (QR) andiltihe t sdanaiens)s idn \
are listed in panel (c). On the small upper left nets, the computed stress field represented as a focal megbaregporied.

The triangles reported on the lower right coawreach panel (a) and (b) show the kinematic classification of data according

to Frohlich(2001). (c) Geological and seismological stress tensor parameters computed starting freectslipneasurements
collected along the investigated fault systefigg. 2 3) and2——7/8fo€al mechanismsespectivelysee. Sect.-3 and

Fig. 4respectivelyKey: nt = total number of data@.(, plane/slickenling ; n = i nverted data; @1,
axesi= stress083paiiB3@l=QRIZ quality ranking: AORMwasiksdbacm Spe

et al.(2010.

34.4 3D Model building

We-appliedtheFollowing themethodolog definedby the Community Fault Model of Southern Californigi¢holsonet al.,
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2014 Nicholson et al., 2015lesch et al., 20)4whi

of the-faultseactivated-duringlso appliedor recentitalian earthquakeé_avecchia et al., 2037 Castaldo et al2018 Bello
et al., 2021p, we obtained th8DFM of thePollino area byntegratingQuaternary faultnapping Brozzetti et al., 2009

20173 this paperx with high-quality seismicity datasg20132018, andby using the Move suitesoftwarev. 2019.1(Petroleum

ExpertsLtd).

WIn particular, v created several sets cbsely spacedransects Halfwidthdistance2 km) to cross and sample the

seismogenic fault zones in different directioRr#&( 6). The first two sets (oriented SWE and NWSE) are respectively

~perpendiculafe.g, sections, b in Fig. 6) and~subparallel €.9, sectiong-ein Fig. 6) to the ROCS (VCT and RSB), and

MPR active fauk (e.q, sectiond in Fig. 6). A further NNESSWstriking set of transects was tracegerpendiculato the

active fault alignmenbounding eastward thstudy areaaffected-by-the 2012014 seismic-seguenoahich includes the

CPSTCSPTand VPP faults (sectiomsandh in Fig. 6).

The 3DFM buildingwascarried oufollowing threesteps graphically depictedkig. 7 and synthetically described below.

Step 1- Extrusion of fault traces to shallow depth

The traces of the Quaternary faults rex+t ralodgaligtor e c o nstruct —t he sk 79whiched nf

are-extrapolatedi e x t r ta alpeededdepth of Rmb.s.l, according to themeasuredault planesdip measured iithe

field-angle In the absence gheasured diangles

we

a s s uvaleaof6d’. Thiexobtainedso-c al | ed Af a!

ribbon® are rimmed upward by the topographic surfismresented-da10 mresolution DEM; Targuini et al., 201

hetry of the

Step 2- Down-dip extrapolation of the faulislong seismologicaections

Starting from thenalysis of the seismological transeéi)( 6), we tracedthe dep geometriesvere-traceddy connecting

thefault ribbons withthethe-zones-at-depth-wheseismicityclusters at deptis-densefFig. 7hc) downward to the base

of the seismogenic layefFhe-latter—accord

ah-E
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505 Step3 Building of 3D fault surfacethrough-Delaunay-triangulation-method

506 Thisstepal | ows r e a c h ieeomstruttibndfig. Wad)ably int8rddlating throughthe Delaunay triangulation
507 method(Delaunay, 193Klove-softwaré all theelementfault linesasinterpreted along the seismological crssstiors
508 (derived-by-thentheprevioustwo-Step 2)s. The result is the fault plane surface that best approxgaaig connest

509 the seismieityclustersof seismicityand the surface geology (represented by the fault traces extruded).
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518 Figure 6: Epicentramap(mapi-upper-right pane) and hypocentralistributions (sections ate-i) of the 20162018 seismic
519 activity occurred in the Pollino arealn theverticalcrosssections the earthquakégey dots) within a halfvidth of 1 km
520 have beeralsoreported also as density contours computed usimgef@®ensity Estimation. The histogramsated to each
521 close-to-eaclsection showthe depth distribution of theypocenterseguenceThe traces odll the overall-datasebf serial
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522 crosssections anafzed in this study aresported in map vielupperright panelas thin grey lineswhile the bold lines relate

523
524

525

526 Figure 7: 3D fault model building, fronthe surface £10 mresolution DEM from Tarquini et al., 201Pto the base of the
527 seismogenic layer. Faults acronyms asim 2

to the sectionga-j) shown in this figure.
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gpdownto 2 kmb-sddepth, andconsidering the fault dqangles measured in the field. (b) 3D fault mbas in (a) withthe
relocated seismicity. (c) Fault extrapolation at (seismogenic) depth through the clusters of hypet¢€htensodéed faults
connect the ribbons with the zonedtsdepth where concentrations of hypocentsasehigher. The density contours of the
seismicity and the base of the seismogenic layer are also shown (see also panel d). (d) Final 3D fault model obtdingd integra
the detailed Quaternary fault pattern with the bogiality 20162018 seismicity dataset.

45 Results

45.1 Geological and Seismological Stress Tensors

The computed geological stress tensog (5 shows a relevant percentage of fault/slip vector pairs (~53%) consistent with a
uniform extensional stress field which is characterized by a N244 trendmdysuth or i zont al a3. Th e
0=0.22+0.13 and the rank quality is QRw=A (ranking aSgnrner et al., 2003Nearly all the kinematic axes related to the
inverted data belong to a nornfalilt regimeas also pointed out laecerdingtdahe trianglen Fig. 5-elassificationir(Frohlich

enging to

The seismological stress tensbig( 5b) obtained from inverting 50 actual faplanes (nt = 124 nodal planeshows a normal
fault regime with an ENBVSW trending and suthorizontal3 (N062/01 +19). The stress rafic=0.52 +0.3 and the rank
quality is QRfm=A (ranking as inleidbach et al., 20)0Most of the nodal planes show norrf@llt kinematics (se&e
omglodingromon oot earaores ),

Finally-ln both the inversions, a norndalult regime with suthorizontal and collinear (~<SW E t r e n-axis hag heenll 3
obtained. This resuftoints outeenfirmsthe coherence between the geologitalg-term)and the preserday stress field and
the persistere of this extensional regime leasisince the Middle Pleistocene.

In addition, it is worth noticing as 76% of the successfully inverted fault/slip vector pairs are related to the acplentsilt

belonging to the Eand W-dipping domainsKig. 53 while the remaining 24% include data related to thdipgping system

(CVN and POL). The evidence together with the similarity between the computed stress tensors is consistent with the prevaler
activation, in the Late Quaternary, of thealad W-dipping faut systemi-is-weorth-noticing-as 76% of the successfully-inverted
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45.2 Time-space evolution of the Pollino sequence

The 20162018 seismic activityatervalin the PollineMercure area followed a peculiar evolution over tisseematized-in
(Fig. 3ada-d)-The-distribution-of with epicenters concentrated in a series@fjhboringclusters which-werenumbered as
Cluster 0, 1, 2, and 3, from west to eastpaccording to their activation time. Such clusters, independent and unconnected

to each othercan-bearerelated to fault segments that are not in an akdrige continuity.

Cluster Oincludes-the-earlie£80/01/2010- 31/07/2011)jncludesl ow magni t@2.e9 )( la OtOMW i t y | ocC
SSW lengthened sector at the western boundary of the eplametalt isdelimited westward by the more external segment

v moderate

Cluster lwas-activstartedafter 05/10/2011 anduringlasted forthe entire 20142014 seismiceguencactivity. It extended
continuously, either northward and southward, reachiny\W-SE length of~12 km(Fig. 4ac). It comprehends the higher

number of earthquakes and is largely the major cluster as regards the wideness?j-dtlenergy release.itticludes 30
eventswithMO3 . 0 besides the 25 October 2012 strongest-2048 ent
interval,— _Cluster 1 area waaffected by low seismic activity, mostly distributed in its northern and southern nmrtio
conversely, its central part, where epicenters were particularly dense between 2011 and 2014daebasieness active
Overall, the surface extent of Cluster 1, which partly overlaps with Clusietifited eastward by the Wipping RSB and

VCT faults. Its southern boundary nearly coincides with the southeastern continuation of the AVNRAW, Fig. 49.

Cluster 2nas-activatestartedn May 2012 in the sector between the two Wiffping RSB and the MPR faults. It elongates

in N-S direction, for~7 km to the northwest of the Morano Calabro town. Afterward, it was nearly continuously active,
particularly during the periods Mageteber2012and-JuneOctober 2014Kig. 4hc); alsoin the period 2012018, significant
seismicity persisted~(g. 4d. Cluster 2 includes mainly losmnagnitude events besides tteongest ones 8 May 2012

and 6 June 2014andthree other earthquakestwh 3, @ 30.MV6 .

Further east, in the sector comprised between MPR and the alignmet8 MBPRAS faults, a minoseismicityclusterof
seismicity (Cluster 3) develop since December 20Elg(49. Since then (20122018)it was affected by poor andw-

magnitude seismicity, which however was clearly above the threshold of background seisriticityp M, =3.0 eventsKig.
4ded).
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