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Abstract

The present document is a review of theismicityof the three selected areas which, within the artEmis
project, thepotential groundwater sites for radon monitoringll be located.

The selected areas are the Abruzzi region (Italy), the loanian Islands and the Gulf of Corinth (Greece) and
Bedrettolaband Swiss Alps.

Within the artEmis project, theAbruzzi regior(ltaly) has beemanagedby UNIVAQ and INGthe lonian
islandsand theGulf of CorintHGreecehy AUThandBedrettolaband Swiss Alpsy ETH
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1 Introduction

Many studies showed that several geogas and hydrogeochemical pararoégeasindwater changed during
pre- and postseismic phases of an earthquak&adon, whictis nowadays viewed as an efficient tracer of
the geodynamic processes occurring in the Eahist, is included among these parameteRadonis even
considereda potential earthquake precursor due to its changes anticipating the seismic éianiabataet

al., 2020 and references thereiMoralesSimforset al., 2020 and references therei\akitaet al., 1980).
Thus radon amount measuremens in groundwatercould helpto understandthe crustal deformation
processessuch as cracknucleationor strainchanges whichenhancebefore the earthquakeoccurrence
(Asancet al,, 20QL). Considering the premisevithin the atEmisproject, a multiparametricup-to-date low-
cost sensorsietwork will monitor radon in groundwatewith a remarkablespatial and temporal resolution
in three European areas selected on the base of their significant seismicity and peculiar seismotectonic,
geological and hydrogeological setting, but also for haviggit efficient logistic background hefinal goal

of the artEmis projectis to use tke radonmonitoring in groundwater as a potential seismic precursor
Therefore, particular attention, in this first step of the artEmis projedl, be given to the selection of the
radon monitoring sites in the three areas whitouldbe possiblyhydro- or geogassensitive in response to
the seismic activity (Gori and Barberio, 202P)e location of these siteis basedon the knowledge of
the physical properties of source rogkbe hydrogeological setting, the seismotectonic background and the
seismic activitysgnceradon release in groundwater depend them (Kawabata et al., 2020 and references
therein). These topicare described in detail in the deliverables DP2.6.The present deliverable concerns
onthe description of theseismicityof the three selected areg#bruzzi regionltaly; loanian Islands and Gulf
of Corinth Greece Bedrettolaband Swiss Alpgfigure 1.1). TheAbruzzi regiorfltaly) has beemanagedoy
UNIVAQ and INGYhe lonian islandsind theGulf of Corinth(Greecehy AUThandBedrettolab and Swiss
Alpsby ETH

EMEC (1900 - 2014)

| Depth (km)
4 <20
* 15-30
30-50
50 -100

Figure 11: The completeEuropeanMediterranean earthquake catalogyeEMEQfor the period 190(;
2012by Danciu et al. (2021) with the location of the three selected areas (1: Abruzzi region, Italy; 2: lonian
Islands and Gulph of Corinth, Greece; 3: Bedretto lab and Swiss Alps)


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/physical-property-of-rocks
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2 Seismicity of the Abruzzi region (Italy)

In this deliverable the main features of the Abruzgjion seismicity are described. Above all the historical
and instrumental seismicity are outlined.

Firstly, the Abruzzi region, locatedgentral Italy (area about 1100Km2, fig. 2.1), was selected because of

its high seismicity as testified by thpril6"Hnnd a c do [ Q! |j dzA f | cedtraNFIK |j dzl | ¢
seismic sequence (August®4016 M 6.0 Amatrice earthquake and Octobel" 2016 M 6.5 Mt. Vettore
earthquake).

2.1 Historial Seismicity

All information about Abruizhistorical and instrmental seismicity are taken from CPTI15 (Parametric
Catalogue of Italian Earthquakes) and DBMI15 (ltalian Macroseismic Database); as they are closely linked,
DBMI15 and CPTI15 have been published together, and using the same release version, but itntto dis
websites. They are openly available via their dedicated websité@@t/emidius.mi.ingv.it/CPTI1IHBMIL1S

Iy R 0dKS GsSo aSNDAOSE DAL 0dKS LaGFtEALY I NOK A
https://emidius.mi.ingv.itt ASMlI/service}/

2.1.1 CPTI15: main outlines

The present version of CPTI15er@ion 4.0) covers the entire Italian territory together with some
neighbouring areas and seas (figure)Za@dcounts 4894 earthquakes occurred in the time span 12020

(Locati et al., 2022Rovida etal., 2020;2022). The catalogue provides homogeneous macroseismic and
AYAaaNXzySydrt RFGF YR LINFYSGSNE F2NI LOGFEAFY S NI
the selected magnitude is moment magnitude (Mw), and for all the earthquakes, the relatedtainty is

provided. However, a few earthquakes with Mw < 4.0 are also included in the catalogue; for these events,
located in the volcanic regions of Etna and IséMidegrean fields, specific energy thresholds and


https://doi.org/10.5453/jhps.36.149
https://doi.org/10.1016/j.jhydrol.2020.124712
https://doi.org/10.1126/science.207.4433.882
https://emidius.mi.ingv.it/ASMI/services/
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parameterizations were adoptedViagnitude thresholds were set at Mw 3.0 and Mw 3.1 for Etna and
Phlegrean Fields, respectively.

CPTI15 is not declusterenhd contains all the foreshock and aftershocks available and known within the
considered intensity and magnitude threshol®#oreover, it contains the addition of a few earthquakes and

the update of the instrumental parameters of a few ones in the period September-Reét8mber 2019,
because of the publication and the insertion of the Reviewed Bullettin of the ISC (Intern&®siadological
Centre) for that period. Considering the period Jant2ecember 2020, all the listed 29 earthquakes are
supported by instrumental data. Instrumental catalogues considered for location mainly consist of the four
months releases of the ItaliaSeismic Bullettin BSI (Arcoraci et al., 2020; Pinzi et al., 2020; Pizzino et al.,
2021), available through the ISIDe database (Italian Seismological Instrumental and Parametric Database;
ISIDe Working Group, 2007), and the EthaRCSC (Mt. Etha Revisedraigk Seismic Catalog from 1999;
Alparone et al., 2020) catalogue for the Mt Etna area. In the considered period, no earthquake with
YI3yAGdzRS x ndn {izegidn (Rolida @ &l., 2032) G KS | 6 NXzl 1
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Figure 21: Abruzzi regioncéntral Italy)
(https://it.wikipedia.org/wiki/Abruzzo#/media/File:Cartina_fisica Abruzzo 2019)png



https://it.wikipedia.org/wiki/Abruzzo#/media/File:Cartina_fisica_Abruzzo_2019.png
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The catalogue considers and harnmes as much as possible input data of different type and origin.

For further details on the CPTI15 contents, structure, file formats, macroseismic and instrumental datasets
(and related sources)Rovida et al.2022. Moreover, in this document arendicated the procedures
adopted to convert different magnitude datasets (ML, Md, Mb, Ms) into the final Mw values, along with a
new derived empirical relationship to transform epicentral intensity (lo) into moment magnitude Mw values.
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Figure2.2 Map of the epicentres of the 4894 Italian earthquakes listed in the CPTI15 (covered period:
1000-2020). Different square colours and sizes represent Mw classes. Border of the areal coverage (blue
polygon) is also showrsquare: Abruzzi region
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2.1.2 DBMI15: main outlines

Version 4.0 of the Italian Macroseismic Database DBMI15 has been rtli@adanuary 2022 (Locati et al.,
2022). It makes available a set of macroseismic intensity data related to Italian earthquakes and covers the
time-window 10002020. Intensity data derive from studies by authors from various Institutions, both in Italy
andbordering countries (France, Austria, Slovenia, and Croatia).

Macroseismic Data Points (MDPs) are collected and organized in DBMI for several scopes. The main goal is
to create a homogenous set of data for assessing earthquake parameters (epicentiahl@cet magnitude)

for compiling the Parametric Catalogue of Italian Earthquakes (CPTI). The data provided by DBMI are also
used for compiling the seismic history of thousands of Italian localities (15343 in DBMI15), in other words the
list of effects obsered in a place through time because of earthquakes, expressed as macroseismic intensity
degrees.

DBMI15 contains 123981 macroseismic data points related to 3229 earthquakes. MDPs are related to 20162
localities, of which 15343 are in Italy and cover atatumber of 7703nunicipalities, out of the total 8047
(ISTATHAMpO® . & | O0SaaAay3a GKS aljdzSNE o0& f20FtAGee aSc
of each locality, i.e., the list of earthquakes for which a macroseismic intensifyaged.

Over time, a great increase in both the number of earthquakes with intensity data and the total number of
intensity data with respect to previous versions, is recognised. In case of multiple studies related to the same
earthquake, a selection hdseen carried out considering the quality of each study, and the number and
spatial distribution of MDPs.

For further details on the DBMI15 contents, structure, file formats, macroseismic and instrumental datasets
(and related sourcesjl.ocati et al.2022).

2.2 Main historical and instrumental earthquakes

The Abruzizegion is an area undergoing active tectonics and it is historically characterised by high seismicity.
The strongest earthquakes were severely damaging, with epicentral intensity on the MCS scale of up to XI
and magnitude, obtained from both macroseismaied instrumental data, up to 7.1 (CPTI15 and DBMI15
versions 4.0l.ocati et al., 2022Rovida et a].2022).

In table 2.1 58 earthquakes, occurred in the period 1080nHn A GK ag x podnI I NB
historical events occurred within the mountaichain (along the Apennine belt, running in the M
direction), and only a few small to moderate earthquakl€SL y 1 @ XX +*LLLT ag f p>dpo
Adriatic coast (figure 2.3).

Geologic information on the geometric, kinematic, and energetrapeters of the major active faults in the
Abruzz region defines discrete seismogenic structures (normal faults) of abe8028n in length (Romano

et al., 2013), mainly running along the Apemnchain, but many others remain poorly known, especially in

the coastal area. For example, the Maiella area has a deep seismic source (thrust faults) extending towards
the Adriatic coast with scarce evidence of superficial rupture but linked to moderate to strong historical
earthquakes (e.g., 1822, 188B82 and 933, table 2.1).

2.2.1 Main historical earthquakes

A short descriptionof th& I NI Klj dz- {1 Sa ¢A 0K ag iegormthe périaddeod®d®R Ay
is given below. All events and relative parameters (date, coordinates, epicentral area, epicentral intensity
and magnitude) are listed in table 2.1
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ID (#) Date (yyyymm-dd)
1 1005n.d-n.d. Cassino 41.488 13.831 7 5.10
2 11700509 Frosinone 41.568 13.334 8 5.56
3 131512-03 [ Auila 42.351 13.399 8 5.56
4 134909-09 Abruzzi Apennines| 42.270 13.118 9 6.27
5 134909-09 LatiumMolise 41.554 13.942 10 6.80
6 13841022 Teramo 42.659 13.703 7 5.10
7 1461-11-27 [ Aquila 42.308 13.543 10 6.50
8 161907-07 [ Ayuila 42.526 13.296 7-8 5.33
9 162707-n.d. Laga Mountains 42.694 13.248 7-8 5.33
10 16391007 LagaMountains 42.639 13.261 9-10 6.21
11 1646:04-28 Laga Mountains 42.615 13.247 9 5.90
12 165407-24 Sora 41.635 13.683 9-10 6.33
13 167206-08 Laga Mountains 42.569 13.302 7-8 5.33
14 169303-24 LatiumMolise 41.652 13.922 6-7 5.22
15 170301-16 Abruzzi Apennines| 42.623 13.102 8 6.00
16 170302-02 [ Ayuila 42.434 13.292 10 6.67
17 170611-03 Maiella 42.076 14.080 1011 6.84
18 1762-10-06 [ Aquila 42.308 13.585 8 5.54
19 1771-01-n.d. Sora 41.718 13.613 5 5.10
20 180405-22 GranSasso 42.529 13.646 8 5.42
21 180507-26 Molise 41.500 14.474 10 6.68
22 182203-16 Vasto 42.117 14.708 7-8 5.33
23 1841-06-10 Maiella 42.082 14.080 7 5.00
24 187307-12 Comino valley 41.686 13.778 7-8 5.38
25 1877-08-24 Southern Lazio 41.710 13.351 7 5.21
26 1881-09-10 Chieti 42.237 14.335 7-8 5.41
27 188202-12 Chieti 42.291 14.347 7 5.26
28 1901-07-31 Sora 41.719 13.750 7 5.16
29 190402-24 Marsica 42.097 13.316 8-9 5.68
30 190508-25 Peligna valley 42.019 14.026 6 5.15
31 191501-13 Marsica 42.014 13.530 11 7.08
32 191501-18 Marsica 41.983 13.600 - 5.02
33 191604-22 [ Ayuila 42.292 13.397 6-7 5.09
34 191611-16 Rieti 42.646 13.169 8 5.50
35 192212-29 Roveto valley 41.793 13.632 6-7 5.24
36 192509-24 WesternMolise 41.719 14.188 7 5.26
37 19271011 Roveto valley 41.841 13.466 7 5.20
38 19330926 Maiella 42.079 14.093 9 5.90
39 193311-23 Maiella 42.067 14.183 7 5.06
40 195009-05 Gran Sasso 42.547 13.457 8 5.69
41 1951-:08-08 Gran Sasso 42.466 13.461 7 5.25
42 195806-24 [ Aquila 42.317 13.498 7 5.04
43 198006-14 Marsica 41.905 13.696 5-6 4.96

10
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ID (#) Date (yyyymm-dd)

44 19840507 Meta Mts. 41.667 14.057 8 5.86
45 19840511 Meta Mts. 41.651 13.843 7 5.47
46 200904-06 [ Auila 42.309 13.510 9-10 6.29
47 200904-06 [ Q! ljdzZA { 42.360 13.328 - 5.07
48 200904-06 [ Q! lj dzA § 42.463 13.385 - 5.09
49 200904-07 [ Q! ljdzZA { 42.336 13.387 - 5.08
50 200904-07 [ Q! ljdzZA { 42.303 13.486 - 5.54
51 200904-09 [ Q! ljdzA { 42.489 13.351 - 5.39
52 200904-09 [ Q! ljdzA { 42.504 13.350 - 5.21
53 200904-13 [ Q! lj dzA § 42.498 13.377 - 5.02
54 201608-24 Laga Ms. 42.698 13.233 10 6.18
55 201701-18 [ Q! ljdzZA { 42545 13.276 - 5.10
56 201701-18 [ Q! lj dzA § 42531 13.283 - 5.50
57 201701-18 [ Q! ljdzA { 42.503 13.277 - 5.40
58 201701-18 [ Q! ljdzZA { 42.473 13.274 - 5.00

Table2.1 (previousand thispage) Setof the58S I NJi Klj dzt {1 S&a 6AGK ag x podn A4

period: 10002020), located in the Abruzzegion and adjacent areas. For the explanation of the listed
parameters refers to Rovida et &022); n.d.: not determined lo: maximum estimated intensgit(MCS);
Mw: moment magnitude

2.2.1.1 1349 event

The September®1349 at least three main shocks (occurred a few hours apart) struck a vast area of the
MolisecLatiungAbruzzi regions, constituting one of the most complex seismic sequence ever recorded
through thecentral Apennines. Damage was even sustained by the distant monumental buildings of Rome
(GalliandNaso, 2009)As arexample, the Colosseum was seriously harmed, causing the collapse of its south
AARS YR FaadzyAy3a Al acamsbliatdnid taaySTWG déaiihlju@kes df tRigspquendel
affected Abruziz i) the southernmost shock (Mw 6.8) occurred at the border between southern Latium and
western Molise, razing to the ground the towns of Isernia, Venafro and Cassino, amongst atigers,
devastatingthe Montecassino Abbey. Based on paleoseismologic investigationsd@hNiaso, 2009), this
event has been associated with the Sliigping Aquae luliae fault, ii) the northernmost event (Mw 6.3),
located at the border between Abruzand Latium (Rovida et al., 2022). 2500 fatalities were estimated for
the whole 1349 seismic sequence.

2.2.1.2 1461 eveh

The November 27, 1461 earthquake (Mw 6.5) is, probabbne ofthe strongest historical event located
nearby [ Q! ljtdeinf [ Q! |j siffefed widkespread damage, especially to its monumental buildings
(Tertulliani et al., 2009). Many of the city's churches suffered partial collapses; 26% of L'Aquila’'s buildings
totally collapsed and more than 60% suffered partial collapses or serious damage-mohiio seismic
sequencecharacterized by a great number of everitdlowed the mainshock; strong aftershocks noticeably
worsened the damage, leaving more residents homeless and fearful of further collapses. At least 80 people
are believed to have died inAquiladue tothe mairshockand aftershocks.

11
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2.2.1.3 1703 sequence

The 1703 earthquake sequence is one of the most catastrophic disasters that occurred in peninsular Italy in
historical tmes, affecting arepicentral area of about 20 km wide and 6@0 km long. A southwards
progression of multiple shocks occurrecantral Apennines, from January"ltb February 2, over a period

2T M RIFI@ad ¢KNBS S| NIKI dzl ps8 apicehters wekdatgted fiedzR\Srciax ¢ 2
(Umbria region, 14 January), Montereale (Abruzzgion, 16" January) and L'Aquila (Abriizegion, 29

February). The magnitude of the Montereale earthquake does not appear in the CPTI15; its value (6.0, table
2,1) is taken from the CFTI15 (Catalogue of Italian Strong Earthquakes, Guidoboni et al., 2018).

About 19000 people are estimated to have didde tothese earthquakes, although because of the overlap

in areas affected by the three events, casualty numbensain highly uncertain. Due to the February
SINIKIljdz: { ST Y2ad 2F GKS 0 dzif KHestyoped damafe WwaQredprted ffom & S N
as far away as Romepdatedestimates give a maximuMCSintensity of X (Extreme).

Some seismologists claimed that these events could have a close relationship. It has been suggested that the
Norcia earthquake led directly to the Montereale event, which had the effect of further loading the fault at

[ Q! ljdzA £ | = § Kdza edtNJali & &8.NWGBHE Sudhis& ueftial idjatent @@nts are examples of
Goulomb stress transfer. The occurrence of strong multiple earthquakes in a short period (hours, days,
weeks), likely due to the stress transfer through adjacent/parallel faultdddoel a characteristic akentral
Apennines, as already postulated for the 1997 Colfiorito (Umbria Region) ane2RQT6seismic sequences
(Galderisand Galli, 2020) as well as of its southern portion (Sgambato et al., 2020).

2.2.1.4 1706 event

Thehistorical largest event, in terms of estimated magnitude (Mw 6.8), occurred in NoveBiftET06 in

the Maiella Massif (southern AbruzzThe earthquake caused widespread devastations througii\brazz
regionand the closest ones (Latium and Mo)ised killed 2400 people. The historic city of Sulmona suffered
heavy damage, and more thanODO people died; the earthquake effectively destroyed much of the city's
architectural heritage.

The earthquake was associated with shallow crustal faultiitgin the extensional zone fahe Italian
Peninsula, near Maiella massven if he source mechanism of faulting is debated between normal or thrust
faulting.

A knownnormalfault commonly associated with the earthquake is the Porrara Fault;kar2@ng, WNW,
ESHrending normal fault located at the southwestern portion of Maiella massif (Poivira Other possible
causative faults are the Caramanico lineament, &®tlong normal fault running on the western base of
the massif and the Palena Fauliz® et al., 2010). However, modelling of the earthquake using its geological
and seismic intensity information suggest rupture on a southwest dipping thrust fault at a shallow depth of
5¢10 km (De Nardis et al., 2008).

Another strong earthquake (Mw 5.90rsck the same area in Septemb28® 1933. This earthquake heavily
damaged several villages and caused extensive destruction. The mainshock was providentially preceded by
two foreshocks that alarmed the inhabitants, prompting most of them to escape fhain houses (Pallone

and Galli, 2016). Notwithstanding the large amount of collapses and destructions, this yielded a relatively
little death toll (12 casualties, and less than two hundred injured).

In areas adjacent to Abruzzgion, other historical edr K Ij dzI {1 S& 6A0GK ag¢ x codn (221
1000-1900 (table 2.1 and figure 2.3): 1639 Lats. (Mw 6.2); 1654 Sora (Mw 6.3); 1805 Molise (Mw 6.7).
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2.2.2 Main instrumental earthquakes

I AaK2NI RSAONRLIIAZ2Y 27F (KS, lokajed it INGASEdgibrin tie Ddriady A OA U
19002010, is given below. Main foreshocks/aftershocks of minor magnitude are also reported and refer to
the most recent earthquakes (2009 and 262®17). All events and relative parameters (date, coordinates,

epicentral area, epicentral intensity and magnitude) are listed in table 2.1

2.2.2.1 1915 event

The most energetic event occurrezh January13“ 1915 andhit the Marsica areg[ Q! |j distkidt)! t
represents one of the most destructive seismic events ever occurred in the Italian terhitag epicentral
area he shakingdasted about 2880 seconds and had a magnitude of 7.1 (MCS intenXitfigure 2.4).

Rome, 80 km farther west, sufferedrdage assessed &CSintensity VII, including a fallen statue reported

in the basilica o5t Johnin Lateran and cracks on the Column of Marcus Aurelius. The epicentre was located
at Avezzano, which wadestroyed Almost 30000 people were killed in thisuge catastrophe; in the city of
Avezzano, out of 1800 inhabitants, 1@00 were dead and ,200 injured. Due to its relatively recent
occurrence, the coseismic effects are well known in terms of intensity distribution and descriptions and a
map of surfaceuptures are included in the fundamental work of Oddd@815 (for a detailed description

of geological, structural and paleosismological data on this earthquake, see Gaftadialli, 1999).

More than 230 localities suffered destructions and damagéreged greater or equaMCSintensity VIII.

The epicentral area, where the destruction was the heaviest, resulteq®/¢longated, including the Fucino

basin, an area of active rifting, and all the localities settled there. The main shock triggessi@ic

sequence that lasted for several years (Cucci and Tertulliani, 2015).

» homepage b query by earthquake (CPTI15) b description (CPTI15) B query by locality (DBIﬂlS) )dm’lpﬁoﬂ (DBMIIS) 97'555‘?
Usted entries: 4894. ? Q

Year Mo Da Ho Mi Se szcnnual areas NMDP Io M
1519 119019 45 91, INNIDTUCE Sy 59U
93

1915 01 13 16 44
1915 01 13 19 30
1915 01 13 20 19
1915 01 14 01 S0
1915 01 14 07 17
1915 01 14 16 55 22 a
1915 01 18 20 08 Marsica
1915 01 18 23 30 Cosentino 1
1016 N1 18 23 31 Maraina

1915 January 13 06:52:43.00 S
Marsica

EqID 19150113_0652_000
Lat Lon Ep.origin To Mw ErMw  Mag. origin  Depth
H CPTI1S 42.014 13.530 11 7.08 £ 0.08 Wmim
0O Macro  42.014 13.530 bx0 11 711 % 0.10 bxn
Instr . 6.99 £ 0.19 Pry_msmb
MDP set by MOLAL999b (& [more Info about the earthquake @]

NMDP 1041 Imax 11 MCS

PlacelD Place name

IT_55944 Avezzano

IT_56376 Cappalle

IT_56104 Gioia dei Marsi
1T_56323 San Benederro dei Marsi
1T_56212 Rlbe

IT_$6264 Aschi Alto
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related source(s). Right picture: distribution of the MCS intensities
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2.2.2.2 2009 event

On April 6 2009 (01:32 UTC), a Mw 6.3 earthquake stagekral Italy, causingbout300 deaths and leaving
sixty thousand homeless.

The earhquake caused considerable damage to structures over an area of approximately 600 km

RSOI&aGrGAYI GKS [ Q! ljdzAt | -ftemd i Valey, Rs répSr@dintigure 26A £ | 3 S

» homepage p query by earthquake (CPTI15) p description (CPTI15)  p query by locality (DBMI15)  p description (DBMI15, engiish v

Y& oo

ral area NMDP Io  Mw G, &
316 9-10 6.25 "r g 2 D
= 5 Y Yof 7 oY>)
. 2T,
AN AT
¥ 4 t 730 Whaiz 4
-J ‘ J‘IJ 4 £
N4 i 2 U\
o Q)nw i Y 7 AT 2
Il — = | J of
- = e
rJe - ¢ g9 o
J o 7! 0BT 7 J
2009 April 06 01:32:40.40 ~ Qo o) )}\ 58 JJ o)
Aquilano e - N <
qa > %e0 g R |
EqID 20090406_0132_000 % ) S s
5 y 4 | 4
: o) 7 Y
Lat Lon Ep. origin  Io Mw ErMw  Mag. origin Depth ° ‘Jg) <, 3 A | 2o 3 8
F CPTI1S 42.309 13.510 9-10 6.29% 0.07 InsO % i by =95 X Yt 34
7. )) ') 9 9 of
O Macro 42,309 13.510 bx0 9-10 6.19 % 0.10 bxn ¥ Hoccadier) ) s F
O Instr 42,342 13.380 BSINGV 5.29 £ 0.07 MwMT 8.3 ¥ 3 Yoy O ol , il 3
nstr 342 A 6.29 £ 0. w! & /’ 3 30, 2 s 3 a5 |
r e gt AT Dot - o se
MDP set by GALCA009 & [more info about the earthquake (7] : oo Q23D H O 5 /
e Y o't 3
NMDP 316 Imax 9-10 MCS o A YU g ) QN 67
¢ A J D] )J/ -~ p ® ¢ JJ/ ‘ °
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Figure 2.5Information reported in the CPTIABBMI15 by aAy3a GKS aljdzSNE oeé
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The main event had a pure normal faulting mechanism; its location was set at 9.5 km depth and at distance
ofabout 2km¥ N2 Y [ Q! ljdzZAf | (26Yy ®

The April &, 2009 main shock was preceded by a long sequence of foreshocks, which started in October
2008,culminating with a ML 4.1 shock on March 30 (14:48 UTC).

In the week before the April'Bevent, a cluster of small magnitude earthquakes occurred close to the main
shock location. A few hours before the main event, a Mw 3.9 (April 5 at 20:48 UTC) an@8.a8 {Awril5 at
22:39 UTC) foreshocks occurred.

The most energetic (Mw 5.4) aftershock of the sequence struck on April 7 at 17:47 UTC,; its focal mechanism

displayed a not negligible strike slip component. This event occurred a few kilometres to theo$dligh

main event, at a depth of 17 km and was followed by a few aftershocks. The main shock rupture activated a

NW(¢SE trending, 1§18 km long fault. In the first three days after the main event, seismicity migrated from
the main structure northward: sibarge events took place on April 6th (Mw 5.1 at 02:37 UTC and Mw 5.1 at
23:15 UTC), April 7h (Mw 5.1 at 09:26 UTC and Mw 5.5 at 17:47 UTC) ant! i 8.4 at 00:52 UTC and
Mw 5.2 at 19:38 UTC), located in the Piz@alpitignaneCampotosto area.

OnApril 13", another event (Mw 5.0 at 21:14 UTC) occurred in the same area; focal mechanisms of these
events showed a pure normal solution. During the following months, seismicity spread along a 40 km long
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fault system, showing an Omdike temporal decayAftershock data with more than 4800 events
(Chiaraluce et al. 2011; Valoroso et al. 2013) were relocated to provide an extraordinary resolution of the
geometry of the faulting.

2.2.2.3 20162017 sequence

In 2016;2017, central Italy experienced one of the masportant seismic sequences that ever took place
in the country.

A series of moderatéo-large earthquakes activated a &bn-long Apenninig¢rending normalfault system.

More than 100000 events have been recorded by the seismic network of the IN&WMeworking group,
2016). The first strong event occurred on AugR4f (01:36UTC, Mw = 6.2) and ruptured two distinct
segments of this fault system, corresponding to the northern part ofd68 SW dipping Gorzandt. fault

and to the southern part of th®40 SW dipping Vettordt. fault, respectively (Chiaraluce et al., 2017). This
event, whose epicenter was located only 1 km from the Accumoli village and just 9 km from the Amatrice
town, caused 299 fatalities and nmerthan 20000 homeless, partially destroying these towns and their
hamlets.

Extensivedamageswere reported in a wide area relative to four regions (Latium, Abyuzmbria and
Marche, figure 2.6). It was the largest earthquake, together with the 1703esempy to strike this portion of
central Apennines since th®ctober 7" 1639 (estimated macroseismic magnitude = 6.2, table 2.1),
earthquake (CPTI15, Rovida et al., 2022), considered a twin of the R4jumte (Galli et al., 2016).

No significant foresbcks were recorded. The seismicity rate did not show significant variations during the 4
years before the mainshock, and seismicity appeared rather uniformly distributed in both time and space,
within an area centered at the Augua#" epicenter (Marzoratet al., 2016).

In contrast, otherduthors pointed out a seismic quiescence, started since the beginning of September 2015,
in the area where the mainshock occurred (Gentili et al., 2017).

Even more interesting, Vuan et al. (2017) applied a waveform riragdechnique focusing on ther@onth

period before the Augus4™ 2016 central Italy mainshock, greatly improving the catalogue. Before an
apparent quiescence in the main fault region, they observed episodes of earthquake migration toward the
mainshock nucleation zone.

Almost 1 hr after the mainshock, an aftershock of Mw = 5.3 occurred, located close to the Norcia town
(Umbria region), 12 km NWé the mainshock. The following seismic sequence was characterized by several
aftershocks located S&hd NWto the epicenter (Chiaraluce et al., 2017). They decreased in frequency and
magnitude until the Octobe26", when two earthquakes, Mw = 5.4 (at 17:10 UTC) and Mw = 5.9 (at 19:18
UTC), occurred. They enucleated at the northernmost extent of theesemiand were located between
Visso and Ussita (Marche region), about 25 km NW ofAthgust24™ mainshock. The Mw = 5.9 event
occurred on @40 SW dipping, 1%m-long fault, belonging to the Vettor®it. tectonic system.
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» homepage b query by earthquake (CPTI15) p description (CPTI15)  p query by locality (DBMI15) b description (DBMI15) engish v
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Figure 2.6Information repored inthe CPTIZ5 . aLmp o6& | 00SaaAy3a (GKS alj dzSNE
Mountains earthquake. In the right picture, the distribution of the MCS intensities is showed

On October30t" (06:40 UTC), a third large event of magnitude Mw = 6.5 enucleated beneath the town of
Norcia, rupturing theD20-km-long segment that had remained unbroken after the previous large events.
The fault geometry was consistent with a W dipping main normdéault belonging to the Vettordvt.-

BoveMt. fault system (Scognamiglio et al., 2018). This event was the largest recorded in Italy since November
23" 1980 Irpinia Ms = 6.9 earthquake (Rovida et al., 2022).

Finally, on January8" 2017, a seriesof folr F 22 NJ S NI KljdzZ- { Sax Fff SAGK YL 2
5.1), (10:14 UTC, Mw = 5.5), (10:25 UTC, Mw = 5.4), and (13:33 UTC, Mw = 5.0) took place in the Campotosto
Pizzoli area, extending to the SE the seismogenic volume. These earthquakes weredfbljaweltiple
aftershocks. The fault mechanism of the four shocks pointed out a pure normal faulting, withS&VNE
extension, in agreement with the predominant tectonic regime characterizing the central Apennines. Only in

the event of Mw = 5.0, a remarkabstrikeslip component was present.

2.3 Instrumental Seismicity (20€2022)

¢CKS AyaldNXzySyidalrt &SAavYAOA litegigninihk pedod 2002022 nigshadwv@i® I (i S R
this paragraph.

The figure 2.7 shows the current seismic monitoring sitrain the area selected from the Artemis project

In detail we have several networks: the light blue triangles are the locations of seismic stations of the INGV
national network (http://cnt.rm.ingv.it/), the dark green triangles represent Abruegionalnetwork, the

orange triangles IESN (https://www.iesn.it/) network and pink bordered in black triangles temporary station

of seismic experiments occurred in the last 20 years. In this aregroyose specific seismareas for our
hydrological studiefpink: [ Q! ljadzd;drden Sulmonaarea;yellow. CassineVenafo areg. To these areas

the Fucingplaincan be added.

During the period 200@022,[ Q! ljadAstlla KA G o6& (62 AYLRNIFYyG aSAaavYac
in the 2009 and Amatrice eartjuake in the 2016); the figures 2.8, 2.9 and 2.10 shows the instrumental
aSravyaoOrite 2F G4KS DN}y {l&aaz2 | NBIFI déaf x nHonv 200dz
Hnndg (G2 5SOSYOSNI HAandE [ Q! ljdzAf | Gt&202 Wallow dats ey O S
the seismicity of the AmatrieBlorcia sequence is included.
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Figure 2.12Map of Cassinevenafroareawith instrumental seismicity (red dots) occurred from 2000 to
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Finally in figure 2.13, wenew the focal mechanism of the main events occurrethmAbruzzi regionThe
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and in the neighbouring countries (see: http://terremoti.ingv.it/tdmt; Scagnglio et al., 2006). The
solutions are automatically obtained through the technique developed at U.C. Berkeley (see
http://seismo.berkeley.edu/~dreger/mtindex.html) within-8 minutes after the location of an earthquake.
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3 Seismicity of the lonian Islands & Corif@ahlf

3.1 Seismicity of the central lonian Islands

3.1.1 Introduction

The area ofCentral lonian Islandsonsistsone of the most active zones in the Aegean and the surrounding
areas, characterizedby high seismic moment rate& (L0?° dyn cm yeat; Papazachos et al., 1997and
frequent occurrencef strong(0 @81 mainshocksand being considered the most hazardous area in the
Greek territory The areaencompasseshe Kefalonia Transform Fault Zone (KTBZ)active boundary
connectng the continental collision to the north with theeanic subduction to the soutfihe dextral strike

slip character of th&KTFZvas first evidenced bgcordilis et al. (1985nd then supported further bitiratzi

and Langston (199JandPapadimitriou (293). It consists of two maifault segments characterized by high
slip rates (of the order of tens millimeters per yearamely the Kefalonia and Lefkada segmeRtpazachos

et al., 1998; Louvari et al., 199%hat differ slightly in their strike anché magnitude of the maximum
observed earthquake, which equals to 7.4 for Kefalonia and 6.7 for Lefkada sedgigerd. 1. Magnitudes

in the early historical catalog exhibit an upper limit of 6.7, which has been repeatedly reached i thwedl 7
18" century, although never afterwards. We may then speculate about an overestimation in magnitude at
that time and that the maximum observed,.M and expected, Ma, Mmagnitude equals to 6.5.

The highseismicity rate and frequent occurrene of strong 0 @81 mainshocks in bothistorical
information and instrumentalera, is based onistorical informationthat exists forstrong 0 @8t
earthquake occurrencsince the 1% century fromPapazachos and Papazachou (900Bo systematically
examined pre1900 achives for earthquakes referencelhe frequent strong earthquakegong the dextral

strike slip KTFZ austered in space and timeeparated by periods of low seismicity evidencing possible
triggering through stress transfer between the fault segméRispadimitriou, 2002 The spatial distribution

of the most disastrous events occurred in Kefalonia and Lefkada Islands alongmeller magnitude
instrumental seismicitys aligned along a narrow arstghtly offshore and onshore close to the shorelirie

both Islands, forming a spatial pattern like the one shownFigure 3.1(right). The strong magnitude
seismicity is almost totally lacking at the eastern coasts and the offshore area to the east of both Islands.
However, seismic activity related wittaults of different orientation is also presenthe macroseismic
descriptions for the most damaging historical earthquakes are in accordance and emphasize the locus of
strong shakingsl'he seismogenic layer is shallow and reach to a depth that does cet@20 km, as verified

by the highly accurate relocated recent seismicity.

3.1.2 Strong historical earthquake occurrence

It is noteworthy that historical information on the central lonian Islands earthquakes starts in the 15
century, and beforehand alike in the rest Greek territ@lghough it exhibits the highest seismic activity. In
particular, the first reported event occurred in 1444, when felt reports started to become available. The
guantity and quality of these reports depend upon the development of the local cities andvbsatgef the
damage. Reports describing earthquake destructions of Lefkada city are more numerous than for cities in
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Kefalonia. Probably because of the proximity of the causative earthquake to the city, although earthquakes
along the Kefalonia fault segmes are larger in general, some of them are associated with offshore fault
segments. This latter could be the reason that the number of earthquakes in early historical archives is
smaller for Kefalonia than for Lefkada. Some of the earthquakes were psobabllarge enough and in
adequately close distance from important cities for being reported.

20°

395" =

385"

375

Figure3.1: (left) Main active boundaries in central lonian Islands. The dextral strike slip Kefalonia and
Lefkada fault segments are traced (constituting Kefalonia Transform Fault System), the collision front to
the north and the subduction front to the south. The most reliable available fault plane solutions of the
strong earthquakes that occurred in the area in the last four decades are shown ashiewisphere equal
area projections (afteKarakostas and Papadimitriou, 2Q1@ight) Morphology, major faults, and
seismicity since 1970 in Lefkada and Kefalonia Islands. Stars depictéh@ darthquakes, bigger circles
the 5.%<M<5.0 and smaller circleébe 4.%<M<4.5 ones (afteKarakostas et al., 2019

The epicenters are for this latter reason closer to the locations of the important cities where the strongest
effects were reported and wejtharacterized intensitdistributions were obtainedHig.3.2 (left)). Since the
number of cities is quite limited, historical events are concentrated close to the city of Lefkada for Lefkada
Island, and the cities of Lixouri and Argostoli for Kefalonia Island. Although it might cause bias, epicentral
distribution is rather well correlated with the inferred trace of the KTFZ and in quite good agreement with
the positions of instrumentally located events. Magnitudes and locations are estimated from macroseismic
observations Papazachos and Papazachou, 20&piceters are generally given to the nearest Ddnd
magnitudes were later revised and are expressed as equivalent moment magniRaeszachos et al.,
1997DH.

Figure3.2(right) shows the sequence of the earthquakes that repeatedly caused damage and have estimated
magnitudes M6.0. From an initial observation, we may notice that Lefkada earthquakes (shown in red) are
more abundant before the middle of the #%entury, while thischanges dramatically afterwards. This is
unlikely to be attributed to the seismicity properties but that fewer felt events were reported for Kefalonia
(shown in blue) before that time. Only five instrumental (since the beginning of the@ttury) evens with
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6.2<M<6.5 occurred in Lefkada, compared to 14 events withxil€7.2 occurring in Kefalonia. From the
profound clustering of Kefalonia events, which is perceptibly more intense than the Lefkada ones, a question
arises about significant triggering adjacent fault segments, which are progressively failed, as this could be
seen from the spatial distribution iRigure3.2 (left). Clustering prevails in the occurrence mode of these
strong events, which can be adequately explained with the stress traasfiitriggering Papadimitriou,

2002. The strong historical earthquakes that are ascribed to Lefkada, have struck either the northern or the
southern part of the western coastline of the Island, and in some cases, they form multiple events. The
damage ex¢nd suggest that all are related with dextral strike slip faulting onto the Lefkada branch of the
KFTZ.
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Figure 3.2 (left) Locations of historical earthquakes with>810 that occurred in Lefkada and Kefalonia
Islands since the 15century. The iferred traces of the Lefkada and Kefalonia segments of the Kefalonia
Transform Fault Zone (KTFZ) are shown with continuous lines. Antiparallel arrows represent the dextral
strike slip motion. Different symbols and colors have been used to discriminateibmicity on different
centuries (after Papadimitriou et al., 2017). (right) Earthquake magnitude as a function of time in central
lonian Islands since the #%entury (lines and stars, red for Lefkada and blue for Kefalonia fault branch,
respectively) &fter Papadimitriou et al., 2097

3.1.3 Recent activity and seismic sequences

3.1.3.1 2003Lefkada seismic sequence

On August 14, 2003 Lefkada Island was strongly affected by.a6.® earthquake. A dense temporary
seismic network was installed one day after and the accurately located hundreds of aftershocks define in
detail the main rupture, as well as the activity distribution on the neighboring fault segments. The main
rupture oacupies the northwestern part of the coastline and trends HSEW, in agreement with the
regional tectonics. Regional network locations were appropriately calibrated using the local network data,
allowing the relocation of the main shock and strong (M~4r3aoger) aftershocks during the first day.
Intense aftershock activity took place up to 40 km beyond the southern end of the main ruptur® 8Flgft

part). Theoretical static stress changes from the main shock give a preliminary explanation fternsteoaks
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distribution aside from the main rupture, as well as triggering of seismicity in the nearby Kefalonia fault (Fig.
3.3, right parj, providing evidence for future seismic hazard ensuing from this fdatakostas et al., 20D4
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Figure3.3:(left) Epicentral map of the Lefkada aftershock sequence. Squares indicate the stations of the
temporary network, while the polygon denotes the permanent station position. (right) Static Coulomb
stress changes (in bars), due to the Lefkada main shbekdepth of 8 km witk» =0.6 for a typical fault
plane solution along the northern Kefalonia fault (strike%2Bp=82 and rake=179. Aftershock seismicity
(August 1421, 2003), main shock epicenter (red star), epicenter of the 16 November 2003,cé\Wnb. 1
(black star) and the corresponding fault plane solutions are also shown Kaftakostas et al., 2004

3.1.3.2 The 2014 Kefalonia doulle

Regarding earthquakes associated with the Kefalonia branch, the last excitation comeeRd 4 Kefalonia
doublet (Mw6.1 and M,6.0) with the two main everstbeing separated temporally by seven daise 2014
seismic sequence may be considered as the spatial continuation of the 1983 sedbanoecupied the
southern portion of the Kefalonia branch, with partial overlap, and is locatside stress enhanced areas
revealed by the application of the stress evolutionary mod&padimitriou, 200 Both main shocks
accommodatenorth-south dextal strike slip motion

The seismicsequence started on 26 January with the first main shdk 6.1) and aftershock activity
extending over 35 kn{Fig. 3.43 much longer than expected from the causative fault segment. The second
main shock (M 6.0) occured on 3 February on an adjacent fault segment, where the aftershock distribution
was remarkably sparse, evidently encouraged by stress transfer of the first main @gck4b). The
aftershocks from the regional catalog were relocated usinglayer \elocity model and station residuals,
and their distribution evidenced two adjacent fault segments striking almaq& &hd dipping to the east, in

full agreement with the centroid moment tensor solutions, constituting segments of the Kefalonia Transform
Fadt (KTF).

The KTF is bounded to the north by oblique parallel smaller fault segments, linking KTF with its northward
continuation, the Lefkada FauBtrikesslip faults are commonly segmented at all scales, typically in the form

of en échelonnonccoplana faults separated by offsets (or step overs). In our case, theceteg zone
accommaodates continued strike slip displacement between the Kefalonia fault to the south, and the Lefkada
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fault to the north €ig.3.5). This zone comprises smalfgrallel fault segments, WS}ENE striking, almost
perpendicular to the daxis orientation at this site, thus controlling the extensional deformation. This set of
the closelgspaced parallel seismic lineaments are considered to define g#likeduplexes iad form a
typical transfer zone, between the major Kefalonia and Lefkada fault segments, with steppedstifike
faults and bending in the orientation of the Kefalonia and Lefkada féit#tsakostas et al., 2015

385

384

382"

3819

(a

38"
20.3° 204" 20.5° 20.3° 204° 20.5°

Figure 3.4: (a) Aftershock activitjor one day after the occurrence of the 26 January 2014 main shock and
(b) one day after the 3 February 2014 main shock. The stars depict the two main shocks epicenters, the
green circle an 5.0 aftershocks and the dark red circles are sized accorditigetmagnitude of the

M<5.0 aftershocks. The ellipses indicate a comparatively low activity area and the inferred rupture
dimensions (afteKarakostas et al., 2015

3.1.3.3 The 2015 Lefkada sequence

The 2015 M6.5 Lefkada main shock occurred at the southern westeart of Lefkada Island, in less than

two years after the occurrence of the 2014 Kefalatwaibletalong the Paliki peninsula (on 25/01/2014, with
Mw6.1 and 03/02/2014 with M6.0) and twelve years after the 2003512 main shock that struck the
northwestern part of Lefkada Island. These M6 main shocks are associated with four dextral strike slip fault
segments, positioned along strike, and belonging to the Kefalonia Transform Fault Zone (KTFZ). The tight
clustering of strong events indicates significanggering on adjacent fault segmen®apadimitriou et al.,

2017 explained through stress transfer Bgpadimitriou (200R
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Figure 3.5: Aftershock activity (circles) along with inferred fault traces and strong earthquakes fault plane
solutions shown as equal area lower hemisphere projections. The compressions quadrants of the stronger
earthquakes of the sequence are shown in red. Théaoft aftershock activity forms a transfer zone of
extensional step overs that connect the Kefalonia Transform Fault to the south with the Lefkada Transform
Fault to the north (afteKarakostas et al., 2015

The doubledifference location technique was engaged for relocating the aftershocks that define the
seismogenic layer at depths from 3 to 16 km, and multiple activation orgaeflhed fault planes, with
different strikes than the main rupture and dipgther to eastor to west, indicating that strain energy was

not solely release on a main fault only, but on secondary and adjacent fault segfRap&dimitriou et al.,

2017). The reliable definition of their geometry forms the basis for the structural jimegation of the local

fault network. The aftershock distribution indicates three main clusters of the seismic activity, along with
activation of smaller faults to an extent of more than 50 Krig(3.6). A northeasterly striking cluster is
observed to thenorth of the main shock epicenter, with a considerable density in aftershock epicentral
distribution. The central cluster is less dense than the previous one with an epicentral alignment in full
accordance with the strike provided by the main shock cadtrooment tensor solution, and is considered

as the main rupture with a length @f7 km. The third cluster encompassing many earthquakes is located in
the offshore area between Lefkada and Kefalonia Islands and exhibitsg@WWN&picentral alignment, like

the first cluster. The northeassouthwest striking secondary faults positioned obliquely and in continuation

of the main fault segments, reveal that the KTFZ is being deformed in a complex tectonic setting. The
presence of faults with this geometry imgiestrain partitioning and sheds light to new components
necessary to be considered in the seismic hazard assessment. Stress transfer models u6.thenkin
shocks were conducted, and the calculated static stress changes may well explain their sequential
occurrence. Static stress changes due to the 2015 coseismic slip were also calculated with the main objective
to explore the aftershock occurrence pattern and it was found as the driving mechanism that have triggered
the vast majority of the off fault aftshockgPapadimitriou et al., 2007
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Figure 3.6: (a) Map view of the relocated seismicity. The thick solid line shows the main rupture extent with
the antiparallel arrows emphasizing the dextral slip motion. The linesR#Rvs the position of the strék
parallel vertical cross section, whereas the’NNIN:~, NbN2™, NsN3~, of the normal ones. The main shock

epicenter is depicted by a star, (b) Strike parallel cross section along the TinEhePnain rupture area is
enclosed inside the rectangle (afteapadimitriou et al., 2017

3.1.3.4 Recent moderate activity revealing kinematic and geodynamic properties

A moderate magnitude \M5.4 earthquake occurred on thd"®f February 2019 in the offshorees north of
Lefkada Island, strongly felt in the Lefkada city and the onshore continental area to the east, with no major
damage or injuries reported. In the area an adequate number of moderate earthquakes have occurred in the
last decades with no oneaving magnitude larger than M6.0. The seismic excitation started with ad.®

shock that occurred on January",32019, to the northeast of the main shock which was followed by a very
productive aftershock sequence with more than 250 located shocks by ¥Bh\Me®19(Kostoglou et al.,

2020.

The activated area is located at the boundary between the Kefalonia Transform Fault Zone (KTFZ) to the
south and the AdriaticEurasian Collision to the north. The continental collision is expressed by a belt of
thrust faulting with NEESW direction othe axis of maximum compressidhruns along the eastern coastline

of Adriatic Sea and terminates just north of Lefkada Isldrte relocated seismicity initially defines an
activated structure extending from the northeregment of the Lefkada branch of KTFZ with the sametNNE
SSW orientation and dextral strike slip faulting and then keeping the same sense of motion its strike becomes
NE;SW and its dip direction NW. This provides unprecedented information on the link bethve&TFZ and

the Collision front and sheds more light on the regional geodynamics. The earthquake catalog, which is
especially compiled for this study, starts one year before the occurrence of fftedMnainshock, and
adequately provides the proper datawce for investigating the temporal variation of thevalue, which

might be used for discriminating foreshock and aftershock behavior.

The thick gray lines Figure3.7 denote the major active boundaries, namely the KTFZ where the dextral
strike slip mdion is shown by the antiparallel yellow arrows and the collision front by the sawtooth line. The
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prolongation of the KTFZ in the study area, as identified and documented in the present study, is colored in
red. The inset map shows the axes of maximumsstr@axes, as they have been taken from the fault plane
solutions shown in the main part of the figure. The thick brown curved arrows followdgaeidrotation in
agreement with the strike slip motion along the KTFZ thedcounterclockwise rotation of Adria microplate.

The local fault system sheds more light to the transition from the dextral strike slip motion along the KTFZ to
the thrust faulting along the collision front. The thrust component present in the fault plahédicos
determined for the stronger earthquakes of the 2019 swarm, put in evidence the influence of the
compressive stress field to the strike slip faults that are either striking along the KTFZ (the southern ones) or
GlLAY1AYy3IE 00GKS vy asdtlndgtiSeNifematiy @réctiol gravaledttvtiis$ocation. The slight
but gradually changing rotation in the azimuth of the maximum stress axes, from south (green arrows in
Figure3.7) to the northernmost edge of the 2019 activated structures (red arr@augport the hypothesis

of a transpression movement in a transition zone between the transform and collision zones.

Figure3.7: Fault plane solutions of 16 earthquakes projected as equal area lower hemisphere projections,
where compression quadrants aire green for earthquakes of M>5.0, that occurred before the earthquake
sequence in study and in red for earthquakes that were determined and belong to the swarm investigated
in this study. Thick grey lines denote the active boundaries of the KTFZ angplufiemnAollision front. Red

lines depict the identified fault segment offshore Lefkada Thin black line represents the lonian thrust.

Yellow arrows indicate relative plate motion. The Inset shows theXs inferred from the focal
mechanisms. Black arrowlBistrate the characteristic direction ofaxis, NEESW for the earthquakes
along the KTFZ anddi for those to the northern part (afté¢ostoglou et al., 2030

3.1.3.5 Summary for the seismic activity in central lonian Islands

The 2003 Lefkada sequence whs tnotive for the installation of a local network that gave the opportunity

to thoroughly investigate the properties of the main ruptut€afakostas et al., 20Dd4ut also to identify
secondary segments that were activated and are capable of producingrated® large earthquakes and
cause severe damag&drakostas and Papadimitriou 201Offshore seismicity was poorly constrained
before 2003 because of the sparsity of the seismological network, with all but one (in south Kefalonia Island)
stations beindocated onshore in the Greek mainland and far from the KTFZ.
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The installation of a comparatively dense temporary seismological network in 2003, one day after the main
shock occurrence, enabled the recording of hundreds of aftershocks and their reloedtiorgreatly
improved accuracyK@arakostas et al., 2004The closely installed seismological stations provided valuable
data at the time of the second seismic excitation in 2014, with two main shocks of M=6.1 and M=6.2 that
occurred on the 28 of Januaryand 3¢ of February, respectively. Most importantly, it happened that in the
2015 Lefkada seismic excitation, very close to the main rupture (much less than 5 km) closely spaced stations
surrounded the activated area and provided data, where from P aadi&ls were again manually picked

and using the doubledifference (DD) hypoDDMaldhauser and Ellsworth, 2000; Waldhauser, 30&
location accuracy was again improved. It is now more onshore shifted (green cif€igs3i8) than the 2003
seismicity concentrated along the Palliki peninsula in the western part of Kefalonia Island, along with the
off¢fault aftershocks. In all three seismic excitations nafgtillt activation was verified, probably triggered

by the Coulomb stress changes caused by tla@rmhock sliparakostas et al., 2004, 2015; Papadimitriou
etal., 2017. The relocated seismicity is mainly concentrated along the fault segments comprised in the KTFZ.
Even the background seismicity is considerably lower elsewhere, as one goes fareridirF2Z.
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Figure 3.8 Locations of aftershock epicenters in the three more recent seismic sequences (2003 white
colored, 2014 colored in yellow and 2015 in green). Stars depict the mainshock epicenters. The shift from
offshore to onshordocation as a function of time and consequently location improvement, is evidenced

(from Karakostas et al., 2019)

3.2 Seismicity of the Corinth Gulf

3.2.1 Introduction

¢KS /2NAYGK DdzZf FQa aSraavyz2iS0G2yAda yR aSAaAavYaoOaie
the most rapidly deforming rifts worldwidé&(iole et al., 2000; Chaianitis et al., 2026 Having the shape of

an asymmetric halfraben trending WNWWESE with the southern footwall being upliftefiriijo et al.,
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1996). Themajor fault segments associated with frequent strdbg  @81) earthquakesare principallythe
north dipping faults thatmarginthe Gulf to the south(Fig.3.9). The lack of continuity of the faults seems
responsible for the fact that the maximum magnitude recorded or ever reported hardly exceedaé&k8dn
and White, 19839 Intense microseismic actiyitclustered both in time and space, is apparent in the region,
mainly located in the western part of the Guffgcchiani and Lye@aen, 2010; Mesimeri et al., 2016, 2D18

The high level of seismicity is testified both by historical and instrumental dec@apazachos and
Papazachou, 20030ne of themost intensesequences occurred in 1981, in the eastern part of the Corinth
Gulf in Alkyonides Bay and has motivated numerous studiesl@clgson et al. 1982; King et al., 1985; Hubert
et al.,, 1986; Hatzld et al., 2000. The western part has also experienced destructive earthquakes near
Galaxidi in 1992Hatzfeld et al., 1996and Aigion in 1998Bgrnard et al., 1997 The lasstrong earthquake

(0 =6.4) occurred in the northwestern Peloponnese aluBe 2008 and provided the opportunity of studying
an area not known for accommodating strong earthquakes befdeggkostas et al., 201.7Two moderate
magnitude earthquakes)(v® and 0 v8&), occurred in Januarg010 close to Efpalio in the western pait

the Corinth Gulf, are the last two events included in the dataset. They are separated temporally only by four
days and spatially at a distance of about 5 km two adjacent fault segments, that were probably
simultaneouslyclose to failurgKarakostasteal.,2012; Sokos et al., 2012; Ganas et al., 2013
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Figure 3.9: Tectonic map of the study area showing surface traces of the major fault segments. Stars denote
the epicenters of earthquakes with3.0 since 1700 AD. Circles of different sizes and cotpit
instrumental seismicity according to the inset

3.2.2 Historical Seismicity

Information on the strong earthquakes in the Corinth gulf, both historical and instrumental, is provided by
Ambraseys and Jackson (1990, 1997), Papazachos and Papazachpar{@d@ha regional catalog compiled

at the Geophysics Department of Aristotle Werisity of Thessalonikinttp://geophysics.geo.auth.gr/s3/ We
considered all the events with .0 reported inthese @atalogs and, independently of the@picentral
uncertainties, we may assume that theye associated with certain faults along the Corinth Gulf. The
temporal distribution of these events is showrFigure3.10 (upper)which shows that they are hoegularly
distributed in timesuggestingk & G KSNB I NB & YA &aAy IrgurE&as vieh Thisi £ St
suggestion is confirmed by the cumulative distribution shown in Figurg @/hich shows a sharp increase

in the rate of occurrence for events reported after AD 1700. Baseith@@approximate linearity of the plot
from 1700 AD on, we assume ourdata® b O2 Y LI S S T 26N\ frorh HGOAAD tzfhs presentk
(Figure3.11).
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Figure3.10 (upper) Temporal distribution of all known earthquakes with, .0 that were reported by
Papazachos and Papazachou (2003) and occurred inside the area of Figure D2@n&f)lashefore but
for the period 16062010 AD (afteConsole et al., 2033
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Figure3.11: Cumulative distributiorof the earthquakes shown in the last Figure (affemsole et al., 2033
3.2.3 Recent activity and seismic sequences in Corinth Gulf

3.2.3.1 February March 1981 Alkyonides gulf seismic sequence

On February 24, 1981 (20h 53m 37s) an earthquake of M6.7 occurred in Alkyonides gulf (eastern part of
Corinthgulf). This main shock was not preceded by any felt or recorded earthquakes but was followed by
numerous aftershockP@pazachos et al. 1984A second main shock of M6.4 occurred on February 25 (01h
57m 5s) that was associated with an adjacent fault segraad a third strong earthquake of M6.3 on March

4 (Fig. 3.12), which was associated with an antithetic fault segidackson et al., 1982Coulomb stress
changes due to the coseismic slip of the main shocks showed that the second main shock wagcsabject
Coulomb stress increase of about 30% of its coseismic stress drop, and the third main shock, which occurred
seven days later was increased by a more modest 6% of its stresdHiroer( et al., 1995
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Figure 3.12 Epicentral distribution of the 198Alkyonides seismic sequence with all earthquakes »f.5
that occurred between February 24 and August 27, 18&&1( Papazachos et al., 1934

3.2.3.2 Galaxidi 1992 seismic sequence

The 1992 Galaxidi main shock with M=5.7, was not followed by intense aftérsiotivity as it was also

observed in similar cases in the past for the study aFég3.13). The fault plane solution of the main shock
and a cross section of the relocated seismicity showed a north dipping activated fault segment, consistent
with the nearby Helike faultH{atzfeld et al., 1996
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Figure3.13 Seismicity map and available fault plane solutions for earthquakes recorded between 23
November and 2 December 1992 with the mobile network 9stations shown by the triangles). Main active

fault traces (Rigo et al., 1996), the star depicting the main shpidenter and big beach balls are focal
mechanisms for the 1965, 1970, and 1992 earthquakes. (Hfierfeld et al., 1996

3.2.3.3 1995 Aigion seismic sequence

The M6.2, 15 June 1995, Aigion main shock struck the western part of the Corinth gulf (Fig. 3.14yaand i

associated with an unusual logvangle normal fault probably outcropping offshore, near the southern

coastline Bernard et al., 1997 This fault cannot be responsible for the long term topography of the rift,
which is controlled by larger normal fidsiwith larger dip angles, implying either a seldom, or a more recently
started activity of such low angle faults in the central part of the rift.
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Figure 3.14 Aftershocks of the 1995 Aigion earthquake during Jure2221995. Small open circles:
aftershocks, shaded squares: digital seismometers of the 1995 temporary array, filled triangles: strong
motion accelerometers. Large circles: the main shock epicenter located by different seismological centres

(after Bernard et al., 1997)

3.2.3.4 2010 Efpalio doublet

Two moderate magnitude earthquakes (M5.5 and M5.4) occurred in January 2010 with their epicenters at
about 5 km between them, in the western part of the Corinth gulf. The aftershock activity formed three
distinct clusters beneath the northern coasts of théf@Fig. 3.15). Focal mechanisms of the stronger events
reveal that the slip vectors exhibited an NMVBSE to NNESSW orientation almost parallel to the extension

of the rift. Calculation of Coulomb stress changes supported an interaction betweenfideit clusters,

with most of the activity coinciding with areas of positive induced stress changes after the first earthquake
(Karakostas et al., 20).2

Figure3.15 Aftershocks of the 2010 Efpalio doublet. The stars depict the epicenters of therwgs
earthquakes and circles are sized according to the aftershocks magnitudeiaftostas et al., 20)12

3.2.3.5 2013 Aigion swarm

The 2013 Aigion earthquake swarm that took place in the west part of Corinth Gulf started on May 21 and
was appreciably intergsin the next 3 months (Fig. 3.16). The extremely dense seismicity distribution in both
space and time and the highly accurate earthquake location, resulted in detailing the activated fault
segments (Mesimeri et al., 2016). The activation of different sFgssuccessively in time was well explained

by stress transfer among them. Examination of fluid flow showed that it cannot be unambiguously considered
as the driving mechanism for successive failukegetanidis et al. (20)%ndChouliaras et al2015 also
examined this seismic excitation and attempteddetermination of the spatiotemporal behavior in
connectionwith fluid flows.
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Figure3.16 Map of epicentral distribution for the four different clusters along with the calculated fault
plane sdutions and the ensuing segment in the depth of 10 km (aftesimeri et al., 2016

3.2.3.6 The 2020 western Corinth gulf swarm

In the intense 202€R021 seismic crisis in Corinth gulf, Greece, comprising several hundreds of small
earthquakes (maximum magnitude 5.4 on 17 February 2021), the spatial and temporal evolution of the
seismicity implied the activation of multiple secondary fault segments (Fig. 3.17). The geometry of the
activated structures was accomplished with the use of the precise locations forez3€@&juakes and 26
moment tensor solutionsRapadimitriou et al., 2022 The highly accurate seismicity locations and focal
mechanisms illustrate the fine scale faulting geometry efl®ckmglong activated area, almost east west
striking and north dippingand extensional kinematics. The identification of distinct clusters evidenced
seismicity migration and organization in both space and time, deciphering the interaction of even tiny fault
segments in a fault network. The exhaustive analysis of the swaatiotemporal evolution revealed several
either distinct or contiguous activated minor fault segments that evolved in multiple structures, participating
in the local fracture mesh. Faulting geometry and kinematics of these structures agreed witNt{&
extension of the rift and north dipping fault planes.

10 Mar 2021
75

38.4°

50

(skep) swi

25

20 Dec 2020

38.3°

Figure 3.17Spatial distribution of the relocated seismicity with the epicenters size being proportional to
earthquake magnitude and the color to their occurrence time according to the color scaim shohe
rightchand side, along with the known fault segments (traced by the red lines). The focal mechanisms
calculated in this study are also shown as equal area lower hemisphere projection, with the compression
guadrant in black. The inset shows a nudjthe central Greece and denotes the study area as a red
rectangle (aftePapadimitriou et al., 2022
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4 Seismicity of th&swiss AlpandBedrettolab

4.1 Seismicity in Switzerland
In Switzerland, earthquakes are the natural hazard with the largest damage potential (Wiemer et al., 2016).

With a monitoring network of more than BOseismometers, the Swiss Seismological Service at ETH Zurich
(SED) records 1000 to 1500 earthquakes in Switzerland and its immediate neighboring countries a year, with
an average of around 25 earthquakes with magnitudes 2.5 or greater (SED 2022). Thwge&EEs two
nationwide seismic networks, (i) a wealtotion network (SDSNet) consisting mainly of braahd
seismometers, and (ii) a stromgotion network (SSMNet), consisting of accelerometers (e.g. Diehl et al.,
2014). In 2017/18, several new sepgrmanent stations have been installed to locally improve the density

of the network, including in the region of the Bedretto Lab (Diehl et al., 2021).

Earthquakes with a magnitude of 6 or more occur on average every 50 to 150 years (Wiemer et al., 2016). In
the past 1000 years there were at least 12 earthquakes with a magnitude of 6 or greater in the Alps.

Most of the earthquakes in Switzerland are caused by collisions between the European and African
lithospheric plates (Fig. 4.1).
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Earthquakes occur at diffent depths within the Alps and in the region north of it. Earthquakes outside the
Alps occur at a depth of about 30 km, while underneath the Alps they are limited to the upper part of the
crust; occurring at depths of less than 20 km (Singer et al., ZHB, 20234Fig. 4.2)
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Figure4.2: Map of earthquakes with a madgode of 2 and aboveccurring in Switzerland and the
neighbouring countries between 1975 and 2021 (SED, 2022)
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The strongest documented earthquake in Switzerland occurred near the city of Basel (located at the southern
end of the Rhine Graben) in 1356 with a magnitude of al@t The strongest earthquake occurring in
Switzerland in the last 10 years was thedb Urnerboden earthquake in March 2017 (SED, 2023b).

Compared to other European countries, Switzerland has a moderate seismic (zarder et al. 2016).
The regionsvith the highest hazard are the cantons Valais, Basel, Grisons and the St. Gallen Rhine valley (Fig.
4.3). A list of the ten largest main shocks that have occurred in Switzerland is shown in Table 4.1.
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Figure4.3 Seismic hazard in Switzerland (Wiemer et al., 2016)

Location

Basel (BS) 6.6 IX 18.10.1356 | 47.47 | 7.6
Churwalden (GR) 6.2 VI 03.09.1295| 46.78 | 9.54
StaldenVisp (VS) 6.2 VI 25.07.1855| 46.23 | 7.85
Aigle(VD) 5.9 VI 11.03.1584 | 46.33 | 6.97
Unterwalden (NW) 5.9 VI 18.09.1601| 46.92 | 8.36
Ardon (VS) 5.8 Vi 04.1524 | 46.27 | 7.27

Sierre (VS) 5.8 VI 25.01.1946| 46.35 | 7.4
BrigNaters (VS) 5.7 VI 09.12.1755| 46.32 | 7.98
Altdorf (UR) 5.7 Vi 10.09.1774| 46.85 | 8.67
Ftan (GR) 5.4 Vi 03.08.1622| 46.82 | 10.23

Table4.2: The ten largest main shocks known to have occurred in Switzeffieord Wiemer et al.2016)
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The style of faulting and orientation of the streisld vary significantly in Switzerland, but strigkp
components with normal faulting dominate in the Northern Alpine Foreland, along the Northern Alpine Front
some thrusting is observed, and the Penninic domains of the Valais and Grisons are chzadbieriormal
faulting (Wiemer et al. 2016 and references therein).

4.2 Seismicity of the Bedretto underground laboratory

The Bedretto tunnelis located in an area with comparably low seismic hazard in Switzerlamg a few
earthquakeswith magnitudes largethan 2.5 occurred since 1975 in within a distance of 30 km from the
tunnel entrance with the largest having a bf 4.0 (Oberwald, VS, 01.07.2021) (SED 2023b).

CKS AYOGSNYFGAZ2Y I FtyNER D3 ONii KdjQlEl dizt Si - W ded dAdahbiBidingpay&lide! wT  C
of ambitious experiments in the Bedretto lab. The idea is to better understand how earthquakes start and
stop by using hydraulic stimulation by using hydraulic stimulation to modify stressingiate small
earthquakeslnduced seismicity experimenége ongoing triggering earthquakes at very low magnitudes (<

0.5).
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