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Introduction



1. Introduction

This work aims to develop a contribution to thenemi hazard in the NEAM region (North East
Atlantic, Mediterranean and its connected seasorggwith a particular emphasis on the Italian
coasts.

A tsunami is a series of waves characterized by lwave lengths and high periods, triggered by a
sudden bottom sea displacement (submarine fadthaie earthquakes) or by other phenomena
that cause a sudden change or disturbance in ther Wweessure such as a submarine/coastal
volcanic  eruption or landslides. According to the OMA/WDC  database

(https://doi.org/10.7289/V5PN93hAhe most common tsunamigenic source type is e@ldb

offshore earthquakes, followed by volcanic activity terms of eruptions and collapses of the
volcanic edifice) and landslides (subaereal andnsuime). An offshore earthquake may produce a
sudden bottom ocean displacement that transfergeme the overhead water column, causing a
sea level change in the source area. Tsunami vwawgpagate in all directions from the source area,
but the main direction of the energy is controlbgdthe dimensions and orientation of the causative
source (Papadopoulos et al., 2014). In the deeprwia tsunami wave amplitude is very low and
the velocity is related to the water depth, whildhe near shore the wave amplitude increases and
the wave velocity decreases. The leading wave tesiaami may be negative or positive (leading
trough or leading peak). A leading negative waysraaching the coast, causes a retreat - rise
pattern of the sea level, while a leading positie produces a sudden rise of sea level, followed
by a retreat. From the near shore domain, tsunamise scouring, erosion, deposition, coastal

morphological changes, damage and destructioreiicdastal communities.

The Mediterranean Sea, due to its geodynamic getisncharacterized by several tsunamigenic
sources (Papadopoulos et al., 2014). From a gealogoint of view the Mediterranean region is
characterized by the presence of Neogene fold langtt belts with associated foreland and back
arc basin system (Cavazza et al., 2004). In tlga,ahe Tethys oceanic lithosphere domains have
been subducted (Cavazza et al., 2004). The re$uihi® geological setting is represented by

structures consisting of compressional zones asmhb#fig.1).



Fig. 1 — The map shows the main geological strestuffshore and onshore of the Mediterranean re(pdier
Papadopoulos et al., 2014).

The compressional structures such as the HellenecoA the Calabrian Arc represent important

sources of earthquakes and potential related tsgsn#@nthe same time, also the large number of
active volcanoes may constitute potential tsunamggeources and thus a threat for the coastal
populations. Most of the active volcanoes in thedMgranean Sea are related to the subduction
processes of the Calabrian and Hellenic Arc (Pgpawlos et al., 2014) and are located in the
lonian and Aegean seas.

According to the NOAA/WDS tsunami database somthefbiggest Mediterranean tsunamis were
produced by earthquakes originated in subductiorezde.g. the events occurred in 365 AD, and
1303) (fig. 2) while the biggest example of a tsun&riggered by an eruption/caldera collapse is

represented by the Thera volcano event (Santéeuean Sea, Greece, fig. 3). The tsunami related
Thera eruption/collapse was dated about 1620 Biedfch et al., 2006), and probably caused the
crisis of the Minoan civilization, destroying masgttlements located in the northern side of Crete

Island.
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Fig. 2 —The figure shows a screen shot of the NOA/WDS Tsuraatabas with the sourcs information of all
tsunami events occurred and recordiedn 2000 BC t the present. Itsi possible to observe the relation betweer
earthquakemagnitude and their sources. The largest earthqoagnitudes are located at convergent margins
Hellenic arc).

Italy " Greece

Fig. 3 — The calder of Santorini island (Greece). This eruption cdusae of the lar¢st known tsunami of the

Medieterranean sea, dated about 1620 BC (image BiommMaps)

At national level, m the last two decades, several studies demortsttagd Eastern Sicily coast
(southern lItaly) is the areaostprone to tsunami hazard, in fablig portion of cost was hit by
2003;
2014)Scientistsfound inland the geologicavidence of some ancient kno

tsunami triggered by locadources as well as kdistant source¢Table 1)(Tinti et al.,
Maramai et al.,

tsunamis(both as loose sediments atransported boulders) like tHEL69,1693 and 1908 ones
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caused by local earthquakes and like the 365 AReCreent, caused by far field earthquake (De
Martini et al., 2012 and references therein). TG BD Crete event, occurred along the Hellenic
Arc subduction zone, represents the strongest kreasthquake/tsunami of the Mediterranean area
(estimated magnitude of 8, NOAA/WDS tsunami datapha3he 365 AD tsunami destroyed
Alexandria (Egypt), killing about 50,000 people (Amano Marcellino, Res Gestae, 26.10.15-19).
This seismic event produced a 9 meters maximunftuplthe southern sector of Crete (Tiberti et
al., 2014 and references therein). In addition,g@ogical trace of the 365 AD tsunami was found
at 1,2 km inland in a site located in the southersinpart of Sicily (Gerardi et al., 2012).

Moreover, at national level, also the Tyrrheniam 8ad the Adriatic Sea experienced destructive
tsunami events. In the 1627 the coast of Gargamull{& region, southern Italy) was affected by a
strong tsunami (Gianfreda et al., 2001; De Mawinal., 2003) whose source is still doubtful. Tinti
and Piatanesi (1996) related the source to a facdtted close to Lesina lake and Tortore river
mouth (Gargano, Apulia region, southern ltaly), hother authors attribute the source to the
Tremiti Islands fault system or to some seismogderatilts located in the eastern Adriatic margin
(De Martini et al., 2003). Several tsunamis ocatiakso in the Tyrrhenian Sea, caused for example
by the numerous landslides triggered on the Strdinvbtcano flank (Eolie Island, southern ltaly),
(e.g. July 3, 1916, May 22, 1919, September 110,188 gust 20, 1944 and December 22, 2002,
Maramai et al.,, 2005; Maramai et al., 2014). Finabbased on historical documents a strong
tsunami occurred on February 6, 1783, (Tinti anddGoni, 1988) strucking the western Calabria

and the northern Sicily coasts, leaving a recodpiézdeposit (Pantosti et al., 2008).

Date Source Hit localities/areas

ca. 1600 BC Santorini volcanic explosion East Mediterranean

1st century (17 unknown Sicily

AD?)

365 July 21 Crete-Gortyna quake Sicily and other islands

1169 February 4 South-eastern Sicily quake Messina, Catania, Sicily

1329 June 29 Etna eruption and quake Mascali (eastern Sicily)

1542 December 12 South-eastern Sicily quake Augusta

1693 January 11 South-eastern Sicily quake Eastern Sicily and Malta

1783 February 5-6 Southern Calabria’s quakes and  Torre Faro, Messina, Scilla and Southern
landslide Calabria

1818 February 20 Eastern Sicily quake Catania

1908 December 28 Messina Straits quake Eastern Sicily and Southataltia, Malta

1990 December 13 South-eastern Sicily quake Augusta

Table 1. Historical tsunamis along the coast ofezasSicily (after Barbano et al., 2009).

Nowadays the Mediterranean coasts are densely ggepyltherefore it is necessary to define
inundation scenarios together with their relateceigyancy plans. The tsunami risk prevention is

based on the knowledge of the potential tsunamigamas, of the tsunami consequences and of the
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tsunami time frequency (Papadopoulos et al., 2@B4Martini et al., 2012). The tsunami hazard
may be assessed through the study of past tsundthishe identification and the characterization
of their deposits and through approaches basedimemcal simulations that model the generation,
propagation and inundation of the tsunami wavesl¢Bet al., 2014). Today, the tsunami databases
and catalogues (e.g. the NOAA/WDS tsunami datalmséhe Euro-Mediterranean Tsunami
Catalogue, Maramai et., 2014), that may extent backme for at least 2000 years, provide
important information and constraints on this kafdesearch.

Note that this research activity has been carrigdwethin the European FP7 project ASTARTE,
grant agreement: 603839 (Assessment, STrategy Askl Reduction for Tsunamis in Europe,
www.astarte-project.gu and within the TSUMAPS-NEAM project, grant agresth

ECHO/SUB/2015/718568/PREV26w#w.tsumaps-neam.gu EU project ASTARTE aims at

developing a higher level of tsunami hazard assessnin the North East Atlantic and

Mediterranean (NEAM) region by a combination ofldiavork, experimental work, numerical
modeling and technical development. TSUMAPS-NEAMresents a kind of spin-off of the
ASTARTE project.

In this work | present a multidisciplinary approatttat may contribute to the tsunami hazard
assessment. In particular, my research activityyaea this issue through two different points. The
first one is based on the identification and chiaréation of paleotsunami deposits to define a
minimum observed inundation extent and a minimurseoled run - up height (for a site or for a
specific coastal area), useful for establishingptemptial reference for hazard estimations based on
modeling of future events.

The run - up height represents the maximum topducapeight reached by the wave, while the

inundation distance is the maximum inland wave tratien with respect to the present shoreline
(fig. 4).
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Fig. 4 - The figure shosvthe main tsunami wave parameters related to @amdation phas (after http://ds.iris.edu/).
Tsunami fow depth: height of the wawvith respect to the ground; tsunami elevation: heighhefwavewith respect
to the sea level; runup elevation: maximum topographic height reachethbywave; inundation distance: limit inla

of the tsunami wave inundation.

This effort has been developed specifically aldmg ¢astern Sicilian coi at two sites, since the
Siracusa Town was selected as EC Astarteproject test site in Italy and because along theest
of eastern Sicily we have:

v" Along historical tsnami record Maramai et al., 2014)

v 14 siteswhere paleotsunami deposits were recogr (De Martini et al., 201:

v" The 365 AD tsunami deposits evidel(Gerardi et al., 2012)
Moreover, these data will be included in the “ASTARPaleotsunami Deposits daiase — NEAM
region” (De Martini et al., 201", a webbased database on Paleotsunami Dej, created in order
to be the future reference source for this kindeskarch irfNorth East Atlantic, Mediterranean a
its connected seas regidar which | am responsible for the Italian coasheRstarte paleotsunami
deposits database — NEAptovides important information about minimum r— up heights and
minimum inundation distances, highlighting the d¢abhsreas with more exposure to tsun
inundations and related hazard.
The second poinbf my research activityis based on thelevelopment and testinof an
approximated method for then-up estimation and inundation maps, both for scesarlated tc
past events and in the context of Probabilisticnésu Hazard Analysis (PTHA), in order to lin

the computational burden associated to detailedenieal modeling of tsunami inundatic

All these topics are discussed in three different craplée first chapter is focused on the Ast

Paleotsunami Deposits databaddEAM in order to identifycoasts affected ktsunamis in the past
and to obtain minimum runp and inundation distance valt The secona¢hapteiis focused on the
paleotsunami depositesearch activitycarried out along theastern Sicil coasts in order to
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improve the knownledge about paleotsunami depasitisto obtain new data about minimum run-
up heights and minimum inundation distances. Tivel tthapter is based on the development and
application of a modeling approach aimed to esenthe tsunami wave amplification from an

offshore point to the shoreline to obtain run-upd mundation maps.

1.1 Databases and Tsunami Deposits

Nowadays, there are several available tsunami dsa¢ab(e.g. the NOAA/WDS tsunami database -
https://doi.org/10.7289/V5PN93KH7 the New Zealand tsunami database -

http://data.gns.cri.nz/tsunami/index.html; the Japesunami Trace Database - http://tsunami-

db.irides.tohoku.ac.jp/ and the Australian tsunashatabase — Goff et al., 2014) providing
information about the tsunami event as well assth@ce mechanism and the related onshore and
offshore geological evidence. From a general pointiew, tsunami databases can be divided into
two categories: those that provide data at glabagll(e.g. the NOAA/WDS tsunami database) and
those presenting data at regional level (e.g. dipad Tsunami Trace Database).

At European level, the Euro-Mediterranean Pale@sunDatabase, developed within the
TRANSFER project (Tsunami Risk ANd Strategies Far European Region), represented the first
attempt aimed to create a database focused ortisuoami deposits. This database was the starting
point for the development of the Astarte Paleotsur@database — NEAM region that together with
the north-east Atlantic (NEA) Paleotsunami Depositédabase (Costa et al., 2016) provides an
important dataset (derived from scientific literafufocused only on the geological evidence left by
the sea wave (tsunami deposit). As previously meetl, tsunami deposits provide information
about inundation distances, run-up heights andatiee of the events. The spatial distribution of
tsunami deposits together with the events age ejmus to understand where, and potentially with
which recurrence a future inundation could take@lddowever, run-up and inundation distances
data have to be considered as minimum values singeg the Holocene the sea level was never
higher than today (Fleming et al., 1998) and takinig account that a tsunami wave can reach sites
located far inland but without leaving a "signatuadle to be preserved for long time (Szchgki

al., 2012).

On the base of these last considerations, in ki@sis, | present the Astarte paleotsunami deposits
database trying to provide all possible informatioat can be used within hazard estimations based
on modeling of potential future events and on ggcld data. At the same time, the research inland
of paleotsunami deposits along the coasts of eas$@ily aims to enrich the database thus

providing new data about run-up heights and inuodatistances.



Geological evidence of paleotsunami is typicallgresented by deposits or by geomorphological
features (De Martini et al., 2012, Gianfreda et 2001). Onshore paleotsunami deposits are the
symbol of high energy events and can be represdytedarse clastic deposits (ranging from large
pebbles to boulders; Terry and Goff, 2014) or bysks sediments (fig. 5) while the
geomorphologic record is often recognized as duodifications and other coastal peculiar features
(Gianfreda et al., 2001).

Most of tsunami sediments is characterized by glsisandy layer or by few sandy layers separated
by mud laminations often with an erosive contacthat bottom and a thickness ranging from few
centimeters to a maximum of 20-30 cm (Tuttle et2004; Morton et al., 2007). The structure can
be massive or normal/inverse graded (Morton et28Q7). A single structureless layer is the
symbol of a rapid deposition, while several layeiften intercalated by mud laminations, represent
two or more tsunami waves (Morton et al., 2007)e Tiud laminations are related to the sediment
transport, in fact they can settle down betweertesgive tsunami waves or can be introduced as
soil eroded from surrounded slopes by the retww f[Morton et al., 2007). A tsunami layer may
contain within it (usually in the lower part of theed) rip-up clasts. Moreover, tsunami wave
sediments may have also an important part of ocgamnants and fossils from offshore, such as
foraminifera, diatoms, fragments of corals and lvesa (Shiki et al., 2008).

A coastal site able to preserve paleotsunami sedsrteas to be characterized by a low — energy
sedimentation coastal environment, as a coastalhara coastal lagoon, where past high-energy
marine inundations may have been recorded by thesits left on the ground and preserved in the
stratigraphical record (Morton et al., 2007; Papedtos et al., 2014). Moreover, sites of
investigation have to be chosen with a distancenftiee present shoreline of at least 200 meters in
order to exclude or to limit the influence of thersmis (Nanayama et al., 2000; Goff et al., 2004,
Tuttle et al.,, 2004). From a general point of vidaynami deposits may differ from the storm
deposits (Morton et al., 2007) in terms of thicik@arger for storms), grain size characteristics
(storm deposits are better sorted) and internatttre (storm deposits are often laminated and may
show foreset and cross — bedding sedimentary atesjt

Through the analysis of several sediment corest@mthes, many paleotsunami sediment layers
have been recognized along the eastern Sicily £¢Bsintosti et al., 2008; De Matrtini et al., 2010;
Scicchitano et al., 2010; Gerardi et al., 2012 am the north coast of Gargano promontory
(Apulia, southern Italy) by De Martini et al. (2003 addition, Smedile et al., (2010) presented an
offshore evidence of 12 tsunami events occurrethéenAugusta Bay (Eastern Sicily). This study

was carried out on a 6.7 m long, fine sediment csam@mpled at a water depth of 72 m, 2.3 km
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offshore. Most of sediment tsunami layers (onstaoe offshore) was recognized through several
kinds of analyses including X-ray imaging, higlsekition measurement of physical properties,
grain-size analysis, micropaleontology, isotopidirdp methods (210Pb, 137Cs and 14C) and
tephrachronology.

Tsunami deposits represented by large boulderofaea located on rocky platforms or terraces
characterized by a height above the sea level airman 10 meters (for Italy see: Scicchitano et
al., 2007; Barbano et al., 2010; Mastronuzzi et2012). These blocks can reach several tons in
weight (for example 75 tons, Scheffers and Sch&ff2007) and are detached from the near shore
and deposited inland by tsunami and also by stoaves. Today, it is still difficult to estimate if
the emplacement of a block may be attributed toéoarsor to a tsunami wave (Barbano et al.,
2010). In this context, scientists adopt hydrodyiwagguations taking into account the setting and
the physical properties of the boulders, to unaexsttheir emplacement (Scicchitano et al., 2007;
Barbano et al., 2010). For instance, Biolchi et(2015) on the base of the combination of results
obtained from hydrodynamic equations and radiogarlgating suggest that some boulder
accumulations, detected along the coasts of Mat®arelated to the action of intense storm waves
and only some of them may have been caused bynsuide coasts of eastern Sicily from
Augusta to Pachino have several boulders accuronlaglated to the strong tsunamis occurred in
1169, 1693 and 1908 (Scicchitano et al., 2007; &zolet al., 2010). Also the Apulia region, due its
geomorphological coastal setting, is characterizgdoulders deposition tsunami-related. Along
the coast of this region several localities suchTagre Sant’Emiliano” or “Torre Santa Sabina”
show evidence of transported blocks interpretepadsotsunami deposits (Mastronuzzi et al., 2000,
2004, 2007).

Tsunami signatures, as previously mentioned, map &le represented by geomorphological
evidences. Recently, it was observed that a stteagami can modify and change the coastal
setting of a certain portion of coast (Paris et2009; Koiwa et al., 2017). The Lesina lake (Aauli
southern ltaly) is an example of how a past tsumarght have changed the coastal morphology. In
detail, the sand barrier system, that separatetaklgeform the Adriatic sea, shows at least three
washover fans interpreted as due to three distgwiamis respectively related to a pre-Roman
event dated about 2430 yr BP, the 493 AD eventta@d 627 local event. (Gianfreda et al., 2001).
Moreover, Goff et al. (2007) developed a methodetlasn LIDAR data combined with ground
surveys in order to identify past tsunami from thg@omorphic signatures. They identified several
tsunami-related geomorphological features as:

v' Pedestals: remnant sections of dune ridge separgtecbured areas
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v" Hummocky topgraphy or sand sheets that form landward from pgaBeghummock)
topography is the old, weathered equivalent of sdrekts

v Parabolic dune fields, which are remczed sand sheets landward of pedes

v" Low Profile Sequences: p-tsunami feature indative of changes to coastal sedim
budget.

Fig. 5 — The figure shows the maialedsunami deposit evidence. A) Paleotsunami sedimneattrench wall, Didim
Turkey (Papadopoulos et al, 2014); B) Paleotsursediment layers in a core dug in ttestern Sicily (De Martini €
al., 2010); C) Boulders accumulationthe Ognina locality, eastern Sic, (Scicchitano et al., 200; D) Washover fan

in the Lesina lake, Gargano, Apulia region (Giad&et al 2001

1.2 The modeling approach

Today, tsmami simulations are often usedassess the hazard in a giveea of intere (Lorito et
al., 2008; Tonini et al., 2011 fact, unfortunatelyhe geological evidence of past tsuns may
not always be preservedong a stretch of co«. Tsunami depats could have been eroded or-
coastal settings weret suitable fothe recording of a past tsunamhe modeling approach is at
to estimatehe generation, the propagation and the inundgti@mse duto an extreme event like
tsunami wave both dbcal level(e.g. Tonini et al., 2011) as well asragional leve (Lgvholt et al.,
2012). Tsunami hazard analysfollows two main approaches: theceéhari-Based Approach,
SBTHA (Tinti and Armigliato, 2003; Lavholt et al., 20060rito et al., 200¢ and the Probabilistic
Tsunami Hazard Assessme®THA (Geist and Parsons, 2006)hd main goal of PTHA is t
determine the probability of exceedance of a gitmami metric (flow depth, r-up, current

speed, etc.) over a given exposure time for a elcoastal area/site, quantifying both aleatory
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epistemic uncertainty. Differently, the SBTHA aradg the worst scenario for a given area. Once
the source areas have been identified, SBTHA femesigat for each type of tsunamigenic source
identified in each area (earthquake, landslidecamc eruption) the “credible worst case” is
selected.

Site — specific studies with detailed modelingfué tun-up are computationally costly (Lgvholt et
al., 2012; Levholt et al., 2014). Moreover, verytailed and accurate topo-bathymetric models
(needed for local simulations) are often unavadadil certain localities. Therefore, approximated
methods in order to estimate run-up heights anddation distances are used.

In this thesis, | present a modeling approach based procedure called “the amplification factor
method” proposed and validated by Lgvholt et @12 The amplification factor method is an
approximated fast procedure to estimate, at regimval, the run-up value and the inundation
distance along a stretch of coast. This procedomsists in relating the water surface elevatioa at
given isobath (e.g. 50 m depth) with the maximunfame elevation during inundation past the
shoreline using a set of amplification factorgsithen assumed that the water level at the sinereli
is a proxy for the maximum run-up except for velgt fcoastal morphologies. In this thesis,
following the procedure adopted by Lgvholt et &0%2), the amplification factor method was
updated and improved (Harbitz et al., 2016). Mamedetail, in order to compute the wave
amplification from an offshore point to the shameli local bathymetries were used (previously
idealized bathymetries were used), giving more amuto the results. Nevertheless, it is important
to remember that this procedure gives only an ogerof the wave amplification and therefore it
cannot be used for local hazard assessment. Dekiehis work shows that a potential relation

between the distribution of some tsunami depositstae wave amplification exists.
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Chapter 1

The ASTARTE Paleotsunami Deposits database - NEAM
region
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The Paleotsunami deposits database was fundedebjdhopean Union’s Seventh Framework
Programme (FP7/2007-2013) under grant agreemef08839 (Project ASTARTE - Assessment,
Strategy and Risk Reduction for Tsunamis in Europe)

The European Union project ASTARTE aims at develgpa higher level of tsunami hazard

assessment in the North East Atlantic and Meditelaa (NEAM) region by a combination of field

work, experimental work, numerical modeling, andhtacal development. The project is a joint
work of 26 institutes from 16 European countriesl dimks together the description of past
tsunamigenic events, the characterization of tsusanrces, the calculation of the impact of such

events, and the development of adequate resilignaegiesWwww.astarte-project.gu

| describe and present here the Astarte PaleotsuDaposits Database — NEAM region. In this
context, | was the compiler and the scientific nggardor all Italian data and | was asked to manage
and control at least half of all scientific dataented in the database so far. | also performed a
statistical analysis of some selected databaseidateder to highlight the potentialities of such
database and to point out important information.rédwer, | contributed, although to a lesser
extent, to the improvement of the structure anditecture of the database, in order to better

organize the scientific paleotsunami data.

1. Introduction

In the last two decades, many scientific works alsunami deposits have demonstrated the high
tsunami hazard of several portions of coast wodiéwe.g. Mastronuzzi et al., 2007; De Martini et
al., 2012; Sugawara et al., 2012; Fischer et @lL62 The identification and the characterizatién o
(paleo) tsunami deposits have improved the knovdedfout these extreme events. Tsunami
deposits can provide us information about the mimminundation distance, the minimum
topographic height reached by the sea wave (rurang)he age of the event. These data are useful
to understand the tsunami size, the related sowandstheir recurrence. Therefore, information
derived from paleotsunami deposits can be congidessential for a possible local application in
terms of prevention by highlighting the tsunami waaundation area. Moreover, the geological
approach together with numerical simulations carctresidered a viable procedure to assess the
hazard along a given stretch of coast in ordermpleasize the importance of a prevention plan,
especially in the light of the recent tsunamismafdnesia 2004 and Japan 2011.

The spatial distribution and sedimentological feasuwf the 869 A.D. Jogan tsunami deposit along
the Pacific coast of Japan (Sugawara et al., 28#esents an example of the importance of the

information derived from paleotsunami deposits.sTdmcient tsunami is considered the paleo-event
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of the 2011 Tohoku-Oki earthquake/tsunami sincéh@Sendai plain, the comparison of the inland
limit inundation between the two tsunamis is apprately the same, but in the Sanriku and Joban
coasts the Jogan deposit was identified only inltaalities. This caused an underestimation in the
prediction of the Tohoku-Oki tsunami wave size (8ugra et al., 2012). In fact, the magnitude of
the Jogan earthquake (Mw= 8.4), derived from thatiap distribution of deposits and from
numerical modeling, was too small to predict thegmiaude of the Tohoku-Oki earthquake (Mw=
9.0-9.1) (Sugawara et al., 2012).

Nowadays, the need to collect together the highastber of tsunami data in order to provide
useful information both from a scientific pointwew and in terms of prevention, has encouraged
the development of several databases. At global,l@ne of the most known is the NGDC/WDS
tsunami database (National Geophysical Data Cénérrld Data Service (NGDC/WDS): Global
Historical Tsunami Database, National GeophysicataDCenter, NOAA). The NGDC/WDS
tsunami database reports a list of historical tsurgurce events and run-up locations worldwide,
taking into account an age range from 2000 B.Gheéresent.

This database (fig.1) is based on two related.filé® first one includes information on the tsunami
source such as the date, time, and location oktluece event; cause and validity of the source,
tsunami magnitude and intensity; maximum water liteithe total number of fatalities, injuries,
houses destroyed, and houses damaged; and totagdastimate (in U.S. dollars). The second file
contains information on the run-ups (the locatiomsere tsunami waves were observed by
eyewitnesses, reconnaissance surveys, tide gaaggsieep-ocean sensors) such as name, location,
arrival time, maximum water height and inundatidstahce, and socio-economic data (deaths,

injuries, damage) for the specific run-up location.
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Fig. 1 — An overview of the NGDC/WDS tsunami datsddighlighting the two main files: the Tsunami Bige

(sources) and the Tsunami observations (run — up).
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Moreover, NOAA provides a global tsunami deposdtallase, organized in one table showing the
following fields (fig 2): Citation (Author, Year, ype), Event, Geologic Age, Earliest Year, Latest
year, Latitude, Longitude, Location name, CounBgpdy of water (the interested sea during the

event), Narrative description and Setting durirgekient.
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Fig. 2 — The tsunami deposits fields availabletia NOAA global tsunami deposits database. In thrgle the
database was queried with all paleotsunami depdates compiled for Italy. The figure shows a sétecbf some data

about paleotsunami deposits found in Italy.

Another important and well known tsunami databaséhe Historical Tsunami Database World
Ocean (HTDB/WLD) fttp://tsun.sscc.ru/htdbwldimanaged and maintained by the Novosibirsk

Tsunami Laboratory (NTL) of the Institute of Comatibnal Mathematics and Mathematical

Geophysics ICM&MG, Siberian Division of Russian Aeany of Sciences since 1991. The
database is characterized by two main sets of ttetavent data (observational data and parametric
source data) and the run-up heights data (obseswvedeasured). The event dataset contains the
source and some integrated tsunami parameter2¥dr Ristorical tsunamigenic events occurred in
the World Ocean from 1628 B.C up to the presengtim detail there are the full date and time of
an event, position of its source, the source dejptd,basic set of source magnitudes, tsunami
intensity (on the Soloviev-Imamura scale), tsunangignitude (on the Imamira-lida scale), the
maximum observed run-up value, the total number ashilable run-up and tide-gauge
measurements, damage code, the number of repatalitiés due to an event, a cause of the
tsunami, validity of an event, warning status (vehavailable), tsunamigenic region code, the basic
reference and a brief description of the sourceoregata. The run-up dataset has about 9000
coastal run-up observations and tide-gauge measumterof wave heights. This part was imported

from the NGDC Worldwide Tsunami Database. Improvet®@nd corrections were made for the
20



Kuril-Kamchatka region and for the US Pacific coagtlaska and Hawaii. In addition
measurements of wave heights for the Pacific tsisma&in1992-2006 obtained in the post-event
field surveys were added. For each wave heightrdett@ following information is given: the name
of the site (Region name, Area name and Site naitsejjeographical coordinates, the type of
measurement (R - run-up, T - tide-gauge) and tlsemied run-up height or the double amplitude
(in meters).

Goff et al. (2016) defined the latter two databasgeghe two major historical tsunami databases
available now. In addition to these, in the litaratwe can find other databases, often focused only
on tsunamis that struck the coasts of a single tcpuas the Japan Tsunami Trace Database, the

Australian tsunami database or the New Zealandataudatabase.

The “Japan Tsunami Trace Database” (http://tsurdbmiides.tohoku.ac.jp) has been developed by
the School of Engineering of Tohoku University ahg the Japan Nuclear Energy Safety
Organization (JNES). The database provides infaomaif the major tsunamis that occurred from
1596 AD to present. In detail, there are data abwtTsunami Trace Data” of the Japan (data on
locations with traces of past tsunamis) (fig. 3)using the attention on the event, on the soura, a

also on the tsunami deposit (where available).
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Fig. 3 — The web GIS map shows an example of ruheights referred to the 869 AD Jogan Sanriku tsuneecorded

along the eastern coast of Japan.

The New Zealand Tsunami databalsgp(//data.gns.cri.nz/tsunami/index.hjmg¢ports information

about tsunamis that have affected the New Zealaadtiine since the first human that lived this

land to the present day. The purpose of the dagaisat increase awareness of New Zealand's

tsunami hazard, in order to be a fundamental h@igdastal planning, tsunami modeling, hazard
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estimates and forecasting, and promote furtherarebe The database architecture is based on a
main file that contains all sites affected by tsuisa (listed in a table and represented in a
georeferenced interactive map). From each locdtient is possible to access to more information
regarding an overview of the event, impact measargs) impact observations, source parameters,
descriptive accounts and references. The databa$e iwork of the historical seismologist Gaye
Downes of GNS Science who collected reports ofdsus around New Zealand and, in many
cases, carried out research to determine paranddtéie source, travel time and impact associated
with each event. Reports of tsunamis that makéagore of this database come from tide gauges,
newspaper articles, harbour masters, records frois,spersonal diary entries andaddi oral
records. Another database, the New Zealand paleatsudatabase, is actually available at
https://ptdb.niwa.co.nzit is based on the work of James Goff (Profesddhe University of New

South Wales, Australia) and is provided by the d\al Institute of Water & Atmospheric Research
Ltd (NIWA) and the Ministry for Civil Defence andnkergency Management (MCDEM) (together,
the Providers). The database contains paleotsuenadence (for the New Zealand) related to each
single site affected. Evidence may be defined agsipll from geological and archaeological
sources and as cultural information from anthrogigial and cross-disciplinary studies. The
Database currently contains 429 line items deswibhore than 50 paleotsunami events. Data
include: site information, nature of the evidenchronology and dating techniques, maximum
water heights, horizontal inundation distances,rss and supporting meta-data for specific
locations.

The Australian tsunami database (reviewed by Goféle 2014) provides information on 145
individual tsunamis, although the total number,sidering all events per state, is 195. The format
adopted in the database provides information atheuévent, validity of the event, age of the event,
site affected by the event, details about thelsdation, deposits, run-up, cause of the eventhdea
and references. Furthermore, when physical evideheedeposit is reported, a separate worksheet
entitled Proxy data is added. The main dataset irsé¢lis database derives from NOAA/NGDC
Tsunami Event Database (NGDC), from the digitizagsthalian and New Zealand newspapers of
the National libraries of Australia and New Zealafidm two Australian reports (New South
Wales: Beccari, 2009; Tasmania: Morris and Mazdnga009) and from other numerous data
sources.

At European level, the Euro-Mediterranean Pale@sunDatabase, developed within the
TRANSFER project (Tsunami Risk ANd Strategies Far European Region), was the first focused
only on tsunami deposits. This database was théngtgpoint for the development of the new

Astarte Paleotsunami deposits database for the NEgibn.
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Similarly to the Transfer Paleotsunami depositabase, Costa et al., (2016) developed a tsunami
deposits database for the NE Atlantic (85 entree$as). Paleotsunami deposits data are organized
in a GIS map view and in a table view. In a unitplde view, locations and geomorphic setting of
sites, paleotsunami deposits geometries (thickmass, extent inland, max height), analysis of
interpretation, ages and references are reported.
The Astarte Paleotsunami Deposits database — NEg\wm was created within the ASTARTE EU
project that aims to develop a tsunami hazard asssm® in the North East Atlantic and
Mediterranean (NEAM) region by a combination ofesl methods. The database has the purpose
to provide the official existing scientific data ¢sunami deposits recognized in the NEAM area.
Moreover, also the geomorphic signatures derivethfa tsunami event are reported (Gianfreda et
al., 2001, Goff et al., 2007). All data archivedbinhe database are geo-referenced and derive from
official scientific literature (e.g. a scientificork or an official report). To date, a total of 18ies
and 220 tsunami evidences were recorded withiléit@base.
The database is a joint work at European level.r€abzation of the database as the entering of the
scientific data involved several European instgwgad compilers. In detail:
» Paolo Marco De Martini, Simone Orefice, Alessan8raedile, Antonio Patera and Daniela
Pantostifrom Istituto Nazionale di Geofisica e VulcanolagRoma, Italy.
» Raphael Parisfrom Université Clermont Auvergne, Laboratoire Meas et Volcans, F-
63000 Clermont-Ferrand, France.
» Pedro Terrinhaand Jodo Noivafrom Instituto Portugués do Mar e da Atmosferabbia,
Portugal.
» James Hunfrom National Oceanography Centre, SouthamptomtedrKingdom.
» Gerassimos Papadopoulesmdloanna Triantafylloufrom National Observatory of Athens,
Greece.
» Ahmet C. Yalcinefrom Middle East Technical University, Ankara, Kay.
Most of existing databases exhibit a level of coefice of the shown data. The validity of each
tsunami event as well as that of each kind of daag be only defined by the reviewer. In this way
the decision to include or to exclude a given ewertdtata, even though discussed and debated in the
scientific community, may be subject to persong&ripretation. In order to avoid this approach, in
the absence of a guideline, the Astarte PaleotsubDaposits database — NEAM region data are not
subject to interpretation and are inserted exaatlypublished in the official scientific literature.
Therefore, the user will not find any referencéhte validity of the data shown but he will be ftee

evaluate the reliability of the data in the lightloe their knowledge.
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2. ASTARTE Paleotsunami Deposits database

The Paleotsunami Deposit geographic database etational database managed by ArcGIS for
Desktop 10.5 software by Esri Inc. This geograghidarmation system (GIS) allows all partners
to collaborate through a common platform for arcilgudata. The internet interactive map service is

hosted by the ArcGIS Online portal (www.arcgis.com)

2.1 The database architecture

The database structure is characterized by theepresof two main tables: the Site table and the
Event table. Each Site is related to one or morenExecord (tsunami). At the same time, both the
Site table and the Event table are related to othbles, as shown in the database scheme
represented below (fig.4).

OBJECTID Aﬂalysws
IdSite I
el IdEvent
ﬂtle‘ i Environmental
Publication il
Volume e
e Micromorphological
Year 4 OBJECTID 1 o OBJECTID Paleontological
Doi IdSite ——==1dSite I Sedimentological
url Name IdEvent — X_ray
Abstract Country Depth Other
ContactName Region Thickness
ContactEmail Province Evidence description
YearInvestigationFrom LabYoungestAge
YearInvestigationTo LYACorrection
Latitude LabOldestAge
Longitude LOACorrection
Radium CalYoungestAgeMin mOBJECTID
Datum CalYougestAgeMax IdEvent
Elevation CalOldestageMin Archaeological
ElevatonType CaOkestAgeNax co137
OBJECTID Distance HistoricalAge oLs
IdSite = Time all PreferredAgeMin Paleontology
Name Number of events PreferredAgeMax Palynology
Surname Description Description Pb210
iati Notes Notes Radiocarbon
igl:‘t;fnn TimeStamp SedimentationRate
Email Shape Tephrachronology
Thermoluminescence
Other
e
IdSite e
AreaProtectedDunes L&a;ﬁecr:]n
gi::::::‘laak;h Geomorphology
e Sediment
Estuary TransportedBlock
FluvialPlain OBJECTID A i
Lagoon IdSite
Offshore ArtificialCut
Other Coast
EngineCore
ExploratoryTrench
HandCore
NaturalExposure
Other

Fig. 4 - The architecture of the database. Notayipe of relationship between the two main tab&gte(and Event) and
the other tables (Reference, Compiler, Geomorpetting, Type of site, Type of evidence, Type of lgsia and
Dating).
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2.2 Site table

The site information is organized in one main tafikble 1) and in other four related tables

(Compiler, Reference, Geomorphic setting and Typ8ite). The Site table contains the following

fields:

Site

Field Name Description

Site name Provide name quoted in literature or, if none, de\va reasonable name from a nearby
locality

Year of The age range of investigation of the site

investigation

(from; to)

Country Country of the site location.

Region Region of the site location.

Province Province of the site location.

Site Geometry

Latitude
Longitude
Datum

Elevation

Elevation type

Distance

Time all

Number of Events

Site description

Site Notes

Point if are reported results obtained from anvittlial point (e.g. a core), Area if are
reported results from different observational poife.g. several cores). When “Area” is
selected the maximum extension of the area (radiogeters) is also reported.

Provide Latitude in degrees expressed as a defiation (i.e., 00.0000°); north is positive
value.

Provide Longitude in degrees expressed as a defiaadion (i.e., 00.0000°); east is positive
value.

Provide the kind of datum: ED50, ETRF89, Roma4tiv@& S84

Elevation in meters of the site above (positivaiealor below (negative value) the present
sea level.

GPS or Topographic map.

Maximum distance in meters of the site from thespn¢ shoreline.

Maximum age of the observed sequence (Yr BP).
The number of tsunami events recognized in the site
The field provides a narrative on the site.

The field provides necessary data for the site rifgsm.

Table 1: List and description of all fields contihin the Site Table.

The Compiler table (table 2) archives the contafitirmation of each compiler (Name, Surname,

Affiliation, Acronym and Email). The Reference talftable 3) archives the full reference of the

published paper or official report, and includes fbllowing fields: Authors, Title, Publication,

Volume, Issue, Total number of pages, Year of malilbn, DOI, URL, Contact Name, Contact

email. The Geomorphic settings table (table 4) aostthe information on the geomorphic settings
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of each site (Area protected by coastal dunes, t@okdke, Coastal marsh, Estuary, Fluvial plain,
Offshore, Rocky coast and Other). The Type of tsibde (table 5) defines the type of investigation
adopted at the site (Artificial cut, Coast, Engic@e, Exploratory trench, Hand core, Natural

exposure and Other).

Compiler

Name
Surname
Affiliation
Acronym
Contact Email

Table 2: The “compiler” table archives the contadibrmation of database compiler.

References

Authors
Title
Publication
Volume
Issue
Pages
Year

Doi

URL
Abstract
Contact
Contact Email

Table 3: The “reference” table provides the fuferences of the published paper or official report.

Geomorphic setting

Area protected by
coastal dunes
Coastal lake
Coastal marsh
Estuary
Fluvial plain
Offshore

Year

Doi

Rocky coast
Other

Table 4: The “Geomorphic setting “table provides geomorphic setting of the site where a paleotsudaposit was

recognized.

Type of Site

Artificial cut
Coast

Engine core
Exploratory trench
Hand core
Natural exposure
Other

Table 5: The “Type of site” table provides the tygénvestigation adopted to explore the site.
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2.3 Event table

The events information, as for the site descriptisrorganized in one main table (table 6), and in

other three related tables (Type of evidence, Tof@nalysis, and Dating). The Event table contains

the following fields:

Event
Field Name Description
Depth The depth of the tsunami deposit in meters witpeesto the present ground surface / sea

Thickness or
dimension

Evidence
description

Lab Youngest Age
(LYA)

LYA standard
deviation

Youngest calendar
age (Min and Max)
Lab Oldest Age
(LOA)

LOA standard
deviation

Oldest calendar age
(Min and Max)

Preferred Age (Min
and Max)

Historical Age

Event description

Event notes

bottom.

The max value in meters of a tsunami layer or th& axis for blocks.

Free narrative on the process followed for the ge@@n of the tsunami deposit.

Numeric value of the youngest laboratory age &8R/(before present).

Error of the laboratory radiocarbon age.

The youngest age as yr AD/BC (yr AD positive valaad yr BC negative values). The field
reports the dendrochronologically corrected ageRfmiocarbon, historical/archaeological
estimates.

The numeric value of the oldest laboratory agerd&Py(before present).

Error of the laboratory radiocarbon age.

The oldest age as yr AD/BC (yr AD positive valued g§r BC negative values). The field
reports the dendrochronologically corrected agdRiatiocarbon, historical/archaeological
estimates.

The minimum and maximum preferred ages for theamirfyr AD positive values and yr BC
negative values).

Year of a potential tsunamigenic earthquake/ladd&iruption occurred within the interval of
the time defined for the tsunami (yr AD positivdues and yr BC negative values).

Short discussion about the type of dated mate(ifatsarine, it is should be specify the Delta
R), the position with respect to the tsunami depodbe dated, pertinent problems and any
information that is considered as relevant.

This field reports necessary data for the eventrifgson.

Table 6: Fields and their relative description eémd in the Event table.

The data archived in the other related tables gdeunformation about the type of evidence of the

tsunami (table 7), the type and number of analgsgporting the interpretation (table 8) and the

dating method adopted to constrain the tsunamigsiepge (table 9).
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Type of evidence

Geomorphology
Sediment
Transported Blocks
Other

Table 7: The “Type of evidence” table providestyjge of tsunami deposit recognized

Type of Analysis

Environmental
Geochemical
Magnetic
Micromorphological
Paleontological
Sedimentological
X-ray

Other

Table 8: The “Type of Analysis” table provides tigpe of analysis that supported the tsunami oriithe deposit

Dating
Archaeological
Cs137

OSL

Paleontology
Palynology

Pb210

Radiocarbon
Sedimentation rate
Tephrachronology
Thermoluminiscence
Other

Table 9: The “Dating” table provides the type dgtmethod adopted in order to obtain a tsunami deage range.

3. The ArcGIS Online portal

ArcGIS Online by ESRI Inc. is a portal built to ate and to share maps on the web. This
collaborative web GIS hosts the Astarte Paleotsuriaeposits database — NEAM region at the
URL http://arcqg.is/00jWTy which can be freely queried and explored by angGAS Online user.

The GIS can be accessed also from the ArcGIS Oslivevww.arcis.com tab Gallery, using the

keywords Astarte and Paleotsunami in the Search box

The display area (fig. 5) of the Astarte paleotsnindeposits web map shows a world basemap
powered by ESRI, where each feature representsitinevhere at least one paleotsunami deposit
was recognized. The map can be easily zoomed avidated using the navigation tools on the
interface.

The area on the left of the web map, the tableootents, contains three tabs: About, Content and
Legend.
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The Content tab shows all the objects stored irddtabase. The first occurrence is the Site layer,
symbolized with a yellow star. The other objecte dhe related tables (Compiler, Event,
Geomorphic setting, Reference, Type of analysipelgf evidence, Type of site and Dating).

The About tab shows the metadata of the web mieptlie technical details of the database, a brief
description, the type of license, the authors, etc.

The Legend tab shows only the feature layers irdud the web map.

Fig 5 - The ArcGIS Online web map of the AstartéeBesunami deposits database — NEAM region. Thiewedtars,
plotted on a world imagery basemap, representitbavkhiere at least one paleotsunami deposit wasgrézed. In the

table of contents all the tables that make up #talthse scheme are shown.

The user can also display the information of eatd sy clicking directly on each yellow star
symbol. The attribute table of the selected sitengpand from this pop-up window it is possible to

navigate to all the other related tables (fig. 6).
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Fiumefreddo Natural
Reserve

2,006.00

2,009.00

Ttaly
Sicily
Catania
Point

arte - TypeofSite
arte - Reference
arte - GeomorphicSetting

arte - Event

arte - Compiler

Fig. 6 — The attribute table of the Site layer wilih option to navigate to the other related tables

ArcGIS Online allows also the applying of a filen a table in order to view only the information
that satisfies one or more conditions. If the wgmplies a filter on the feature layer Site (fig. the
map will display only the sites that satisfy theequ(fig. 8). If the user applies a filter on aateld
table, the table will show only the records thdis$athe expressions applied.

Filter: Astarte
View Edit

Display features in the layer that match | All ¥ | of the following expressions

=+ Add ancther expression D Add a set

Elevation - |is at least - 5 X
@ Value O Field O Unique
[ ask for values

Elevation - |is less than | ~ 10 X
@ Value (O Field O Unique
) Ask for values

AFPPLY FILTER APPLY FILTER AND ZOOM TO CLOSE

Fig. 7 — Example of a filter with two expressiomgpbed to the Site layer.
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NewMap  Simone ¥

Home » The ASTARTE Paleotsunami deposits database - NEAM region

[E] Details | [ add ~ | BE Basemap | [ Analysis Bl save - Share s print | @ Directions 5} Measure [} Bookmarks |Find address or place ‘Ql

B E

Contents

! Astarte

» @ Imagery

[ astarte - Compiler

B2 astarte - Event

[ Astarte -
GeomorphicSetting 3
s - eowemere
[ Astarte - Reference . esrl
B Astarte - Astarte (27 features, 0 selected) Options ~
TypeOfanalysis o
Site Name Year Of Investigation Year Of Investigation Country Region Province Site Geometry Radius
3 Astarte From To
TypeOfEvidence Rabat coast 2,008.00 Morocco Rabat 2 6,000.00 -
e ;tme 'mTVD‘EDfS‘tE . | Algerian coast 2,009.00 Algeria Algiers and Boumerdes |2 100,000.00
& P e
Esri.com . ArcGIS Marketplace . Help
Terms of Use - Privacy - Contact Bl valdelaorana 2 2.002.00 Spain Andalusia Cadiz 1 e
Report Abuse 14 »

Fig. 8 — Result of the filter shown in Fig. 7 amuphed to the Site table. The map shows only ttessiith an elevation

between 5 and 10 meters.

Any user has also the possibility to register oa #rcGIS Online portal viww.arcgis.con),
receiving further benefits, for example the podsibito export data in several formats, like

shapefile, CSV, FGDB, GeoJSON, and Feature Callecti
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4. Statistics and discussion

ArcGIS Online provides several tools for spatiablgeis and for performing basic descriptive
statistics of features and their attributes. THeWng histograms and pie diagrams (figs. 9 — 10 —
11 — 12 — 13 — 14) show the statistics of the nsagtificant fields of the Site and Event tables.
These fields contain the information that can bettaracterize a site or an event.

The histograms shown in this paragraph as welhagte diagrams were created using Microsoft
Excel. ArcGIS online provided only the numericaltitic values, except for the median that was

obtained from Microsoft Excel.

Site
Elevation field (h):
70
60
wv)
£ 50
v
Y
© 40
3
= 30
=
=z 20
10
o | H
h<=0 0<h<=5 5<h<=10 10<h<=20 h>20
Total Sites: 151 Classes Number of Sites
Maximum: 188 meters Elevation <=0m 2
= Elevation > 0 m AND Elevation <=3 m 63
Minimum: -72 meters
Elevation > 5 m AND Elevation <=10m 38
Mean: 9.2 meters Elevation > 10 m AND Elevation <=20 m 22
Median: 5.5 meters Elevation > 20'm 8
Standard deviation: 21.1
Sites without value: 18

Fig. 9 - The histogram shows the distribution @& #ites in relation to their elevation above thelseel. All elevations

are referred to the present sea-level and all #te dre provided by the authors, not calculatedeoived. The related
tables reports the five classes choose to befpeesent the elevation value and the statisticalesaberived from the
Elevation field. From a general point of view, stpossible to note that 50% of the sites are b&lowa.s.l. and that
only 23% of the sites are elevated above 10 m.alis.fact, highly elevated sites are difficultthe reached and they

need very high waves, but the deposition and pvaten of the deposits depend on their geomorpholsetting.
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Distance field (d):
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d<=200 200<d<=500 500<d<=1000 1000<d<=1500 d<1500

Number of sites

Total Sites: 151

Classes Number of sifes
Maximum: 13500 meters DR e 00T m
Minimum: 20 mefters Distance >200 m AND Distance <= 500 m 20
Distance >500 m AND Distance <= 1000 m 13

Mean:866.14 meters
Distance >1000 m AND Distance <= 1500 m

Distance >1500 m

Median: 235 melers

Standard deviation: 2203.86

Sites without value: 65

Fig. 10 - The histogram shows the distributiont# sites in relation to their distance from thespre shoreline. The
related table reports the five classes choosetterbepresent the elevation value and the stedistalues derived from
the distance field. From a general point of vievis ipossible to note that almost 50% of the sareslocated within 200
m from the shoreline (notably the inundation limitthe storms; Morton et al., 2007) and that alnB@$% of the sites
are at distance greater than 0.5 km. Thus, evéangtdistances from the shoreline (more than 50Qhme are sites

able to preserve “traces” of the tsunami inundation
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Geomorphic Setting Field

Total Sites: 151

M Area Protected by Coastal Dunes

m Coastal lake

m Coastal Marsh

M Estuary

® Fluvial Plain

m Offshore

" Rocky Coast

m Other

Fig. 11 - The pie diagram shows the geomorpholdégiettings, divided according to their percentagdsall sites
contained in the database. Note that each singlensy have one or more geomorphic settings. pbssible to note
that rocky coast and fluvial plains account almts®6 of the total and that, from a general pointiefv, the proposed

settings fit well with those investigated in thielature.

Event
Type of evidence Field

Total events: 220

m Geomorphology

m Sediment

m Transported Blocks

Fig. 12 - The pie diagram shows the different kindspaleotsunami evidence present in all eventsrosd in the
database. Tsunami sediments dominates with more7b% while the geomorphic imprint of a paleotsunesnmot an

easy task to achieve.
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Type of analysis Field
Total events: 220

® Environmental B Geochemical m Magnetic B Micromorphological

= Paleontological m Sedimentological ~ m X-Ray m Other

Fig. 13 - The pie diagram shows the distributionthe different approaches used to support the tsuimderpretation

in all 220 events recorded in the database. Itossiple to see that only the environmental, sediabegical and

paleontological analyses are commonly used.
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Fig. 14 - The histogram shows the distributionha historical ages potentially related to 144 tsuin@vents recorded
in the databases. Some of the main known tsunaemts\are directly related to the main peaks ohibtogram. These

events are reported in the histogram as well asnrap.
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The database contains 151 individual sites wittheast one paleotsunami deposit evidence. In
specific, 220 tsunamis evidence (220 events) arerded in the database. The statistics analysis
applied to the elevation, distance and geomortiing site fields can be summarized as follow:
The coastal geomorphic setting of sites (fig. 1Byrbe divided in three categories: the first one
includes all coastal settings characterized byadoergy sedimentation (e.g. coastal marsh, coastal
lake). The second category covers those coastahgeetcharacterized by estuary and by fluvial
plain where the sedimentation environment couldehlagen affected by continental high energy
events due to the presence of paleo and actuaklflgsystems. Most of fluvial plain settings,
recorded in the database, is characterized by abaddolains where fluvial processes didn’t affect
the sedimentation in recent time, favoring the @nestion of tsunami sediment layers. The third
and last category includes all site settled onyamasts.

The height of sites above the sea level (fig. 9y & considered as a minimum run up value. This
value is assumed to be “minimum” since the Holoceaa level was never higher than today
(Fleming et al., 1998). Thus, a tsunami wave cachesites located even farer inland (e.g. the 2011
Tohoku tsunami in the Sendai plain; Szcaski et al., 2012), but without leaving a "signature
able to be preserved for long time (Szcaski et al., 2012). On the base of the heights isim

(fig. 9), it is possible to approximate that 50%tloé sites are below 5 m a.s.l. and that 23% of the
sites are elevated above 10 m a.s.l. This clagsic perfectly reflects the site coastal settings;
fact, most sites are located in areas charactetigedpecific geomorphological setting (coastal
marsh, lakes, fluvial plain, estuaries, back dumarenment) which rarely tend to overcome 10 m
a.s.l. Most of sites that exceed an elevation.a06.10 meters are located along the coast of the
Norway, where the main historical tsunami event wHsgbuted to the Storegga tsunami (dated
about 8150 BP, Bondevik et al., 2012). These elevatalues cannot be considered “real” since
Bondevik et al., (1997) suggest that the relatee Isvel was higher than today because of the well
known glacial unloading effect since the LGM (L&lacial Maximum about 20 Ka, Clark et al.,
2009) that uplifted most of the sites investigatetlorway.

The distance of the sites compared to the actwdtloe (fig. 10) represents the maximum distance
where the tsunami deposit was found. This value lmmnterpreted as the minimum inundation
distance reached by the tsunami wave. It is passiofeneralize that about half of the sites have a
distance from the present shoreline <= 200 meteas rtepresents the storms inundation limit
(Morton et al., 2007) while 14% of the sites havstahces > 1000 meters. Moreover, from a
general point of view, we can assert that all sidsere the tsunami evidence is characterized by
boulder accumulations, have a distance from theemteshoreline of maximum 100 meters (with

few exceptions), as the wave energy is not sufficte carry away large blocks. Differently, all
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sites where sediment tsunami layers were detectgdegognized, present a variable distance from
the present shoreline, exceeding the kilometer.dxample, vary flat coastal morphologies (low
elevations above the present sea level) can belated for several hundred meters. In fact, the
coastal lowland of Pantano Morghella site, (Sic#guthern Italy) shows a maximum inundation
distance of 1200 meters from the present coadieeardi et al., 2012).

In the event table the most considerable fieldn@lyze is the type of evidence (fig. 12). It praasd
the kind of geological evidence left by the tsunavave onshore and offshore. 76 % of the deposit
is represented by sediment, 18 % by transportedkbland only 6% by geomorphological
signatures. This reflects the geomorphic settingcad in the sites. In fact, a sediment deposit can
be clearly recorded and preserved in a stratigcapbguence of a coastal lake, coastal marsh,
estuary or fluvial plain. Differently, transportddiocks can only be observed along rocky coasts
(that represent only 18% of geomorphic settingg lkarine terraces gentle sloping toward the sea.
Finally, it is possible to note that geomorphol@agievidence of paleotsunami are very rare (only
6%). This could be attributed to the difficult ofegervation and recognition of morphological
signatures left by a prehistorical/historical tsmnaespecially because coastal geomorphological
processes are able to erase old geomorphologizans signatures. For example, a coast under
erosion will very hardly preserve geomorphologioatord of past tsunamis (Goff et al., 2007).
Differently a prograding coast has a good chancereserve the geomorphological tsunami
signatures (Goff et al., 2007).

Querying the database, it was also possible to adedhie main approaches adopted in order to
identify and characterize a tsunami deposit (fig). From the analysis shown in pie diagram it
emerged that environmental considerations togetvidr paleontological and sedimentological
analyses are the most used approaches. In factndse common tsunami layer differs from the
underlying and overlying sediments because of alegntological content mainly made of marine
components and its granule dimension. The majdrgfasunami deposit represented by sediments
are characterized by a single sandy layer or bysaudy layers separated by mud laminations with
an erosive contact at the base and a thicknessalgniess of 25 cm (Morton et al., 2007). The
structure can be massive or normal graded finingaug (the inverse grading is rare) (Morton et al.,
2007). Moreover, tsunami sediments may have alsmpartant part of organic remains and fossils
from offshore, such as foraminifera, diatoms, fragts of corals and bivalves (Morton et al.,
2007).

144 tsunami events (among 220 in total) showinghdanhformation are potentially correlated to a

historical event (fig. 14). On the base of the matconstraints, the events can be summarized in
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three distinct groups: the first one includes silinami occurred from 4000 BP to the present, the
second group shows all sites affected by tsunad@rahan 4000 BP and a final group that includes
all undated deposit or not correlated to any hisébrevent. This distinction is well appreciable in
the geographical distribution of tsunami depodits (L4). In fact, paleotsunami deposits found in
the Mediterranean Sea are all younger than 4000(eBept 2 deposits related to an event
potentially related to the 5000-years BP tsunanmegated by the partial collapse of the modern
Sciara del Fuoco; Tanner et al., 2004) while tieeest tsunami deposits are located in the Atlantic
Ocean (e.g. an old event found at Canary Islandsrg@io et al., 2006) or the Storegga tsunami
(Bondevik et al., 1997; Smith et al., 2004)). Tisisnainly due to the difficulty of preserving trace
of the old events in coastal settings. In this erntit is very appreciable to note the distribotiadf

the historical ages potentially related to 144 gsunevents recorded in the databases. Some of the
main known tsunami events are directly relatechéorhain peaks visible in the histogram (fig. 14).
In detall, it is possible to note that the nortlstetlantic is characterized by two main event® th
Storegga Slide tsunami occurred about 8150 yearBBRdevik et al., 2012) and the 1755 Lisbon
tsunami (NOAA/WDS tsunami database) that mainlyth& Portugal coasts. The Mediterranean
Sea was especially affected by the 365 AD Creteatsul and by the eruption/caldera collapse of
Santorini volcano (NOAA/WDS tsunami database). ©lteer two peaks, related to the 1693 and
1908 events, represents the two biggest known swaaurred in lonian Sea that struck the coasts
of eastern Sicily (Italy) (De Martini et al., 20UI9OAA/WDS tsunami database).

4.1 A focus on ltaly

At Italian level, all paleotsunami deposits are acamtrated in the southern ltaly. In detail, the
regions of Apulia and Sicily host 25 sites withogat of 57 geological evidence of tsunami. As in
the previous statistics analysis, even for Italg tlevation and distance field histograms are
reported together with the type of evidence andybmmorphic setting pie diagrams (figs. 15 — 16).
From the elevation field (fig. 15), it is possilie note that most of Italian sites place within 5
meters above the present sea level, while 5% prémeghts > 10 meters above the present sea
level. The distance field (fig. 15) shows that 5%¥%the analyzed sites are located within 200
meters from the present shoreline and 27% has vai@ater than 500 m. As previously mentioned,
inundation distances that exceed 500 meters atedeto very flat coastal morphologies where the
sea wave, thanks to the available landward spatdéoanelevations above the sea level, takes more
time to dissipate its energy. Fluvial plains, lomda, coastal marshes or lagoons are the best
candidates to favor a very long tsunami inundatiteights more than 5 meters above the sea level

are often attributed to rocky coastal sites, wheegine terraces host transported blocks. From the
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elevation histogram (fig. 15) it is possible to enthat one site has an elevation > 10 meters above
the present sea level. This particular case ise@l a tsunami sediment located on a flank of the

Stromboli volcano (Eolie islands, Sicily) (Tanneilaé, 2004).
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Fig. 15 — The map shows all Italian sites withegtst one tsunami deposit evidence (25 sites andusiami events).
The pie diagram (applied on all 57events) distisjes the type of evidence, emphasizing a clearopigdnce of
sediment layers. The histograms point out theicgldietween the sites and the corresponding distnm the present

shoreline and height above sea level.

The database shows that most of paleotsunami depfmind along the coast of Italy are
represented by sediment layers (70 %), followed2By% of transported blocks and 7% of
geomorphological evidence. Even in this case, id selation between the type of evidence and the
geomorphic setting exists. Taking into account #eth site may have one or more geomorphic
setting, from the figure 16 it is possible to nttat coastal settings like marsh, lakes, fluvialim|
estuaries and back dune environment are suitablianéoconservation and investigation of tsunami
deposit represented by sediment and also by gedricoigatures. Differently rocky coast are the

most favorite settings for the detachment, trartsaod deposition of large boulders.
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Fig. 16 - The map shows the type of paleotsunarologgcal evidence along the Italian coasts for esitd. It is
important to note that the symbols (colored stars)referred to the sites and each site may haa®@iomore associated
paleotsunami deposit evidence (geomorphologicalende, sediment, transported blocks or a combimatfahem).
The histogram shows the geomorphic setting ofdtaBites in relation to the type of tsunami evide(&ach site may
have one or more geomorphic setting). Data foraitatoasts from: Barbano et al., 2009, 2010; Detikiagt al., 2003,
2010, 2012; Gerardi et al., 2012; Gianfreda et20Q1; Mastronuzzi et al., 2000, 2004, 2007, 2A&ntosti et al.,
2008; Scicchitano et al., 2007, 2010; Smedile P8l 1; Tanner et al., 2004.
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5. Conclusions

NEAM area

The collected and analyzed data for the NEAM caaumemarized as follow:

» The Astarte Paleotsunami Deposits geodatabase -MNtegion contains 151 sites and 220
geological evidence of tsunami.

» The tsunami deposits are characterized by a predoroe of sediment layers (76%),
followed by transported blocks (18%) and geomorpbicial signatures (6%).

> Actually, in the geodatabase, 50% of the sites tmvelevation above sea level within 5
meters while only 23 % of sites exceeds the vafudaneters. In addition, about half of the
analyzed sites have a distance from the presenelgi® <= 200 meters (the storms
inundation limit, Morton et al., 2007) and 14% bétsites overcomes 1000 meters. Very flat
coastal morphologies, with low elevations above $ea level, are able to favor long
inundation distances. Sites characterized by datavat 10 a.s.l. are mainly located on rocky
coasts, and volcano flanks. Moreover, there areraésites, with an elevation > 10 meters,
located in Norway where the main tsunami event atsbuted to the Storegga tsunami
(dated about 8150 BP, Bondevik et al., 2012).

» From a scientific point of view, environmental, @ahtological and sedimentological
analysis seems to be the most resolute and usewampes in order to identify and

characterize a tsunami deposit.

Italy

The collected and analyzed data for the Italy casummarized as follow:

» At national level, all sites, where tsunami deogiere recognized so far, are located along
the coasts of Sicily and Apulia regions (Southé¢aty).

» The southern Italy presents 25 sites and 51 eveitere 70 % of tsunami deposits is
represented by sediment layers

» Most of run-up values (from the elevation of pasemtami deposits) are within 5 meters
above sea level. Note that 5% of the sites hawdeuation > 10 meters.

» 55% of inundation distances are within 200 metehslen27% overcomes values of 500
meters. Very flat coastal morphologies (e.g. that&@ Morghella site located in the

southern east Sicily) are able to favor long indiotedistances.
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Data from elevation and distance fields (obtainemf all NEAM sites) may be considered as
minimum run-up heights and minimum inundation dis&s since we know that the Holocene sea
level was never higher than today (Fleming et1®98). Therefore, a tsunami wave can reach sites
located even farer inland but without leaving agfsiture” able to be preserved for long time
(Szczuchski et al., 2104). These minimum values might defspatial limits of a future tsunami
inundation. More in detail, a possible applicatiohthese values could be placed in tsunami
simulations in order to have a minimum constrambé inserted into the inundation models. In
addition, this kind of data could be used as a berack even just to make a comparison between
the geological data (heights and distances derired deposits) and modeled inundations (from
tsunami simulations). The use of the tsunami deépagatial distribution was recently applied in
several studies. For example, Sawai et al. (201)ated the 869 AD Jogan tsunami and compared
the inundation results with the inundation areatiolkd from mapping and distribution of the
Jogan tsunami deposit in the Sendai plain. Butied.e (2014) instead, set tsunami simulations on
Makauwahi sinkhole (Island of Kaua'l, Hawaii Isla)daking into account the spatial distribution
of paleotsunami deposits. Results indicated thgiaat earthquake in the eastern Aleutian Islands
circa 1425-1665 AD created the paleotsunami depoditaua‘i. Moreover, Jaffe et al., (2012)
modeled sandy tsunami deposits near Sendai Aigsdng an inverse sediment transport model to
investigate the spatial and temporal variationsohami flow speed in the 11March 2011 Tohoku-
oki tsunami. The application of the inverse modelcpdure was complicated since results obtained
were strongly dependent on the choice of Manning®ughness coefficient.

Therefore, paleotsunami deposits, in the contexturidation modeling can be used either directly

applying an inverse model and indirectly as bencket be compared with modeling results.

This work will be submitted to Marine Geology:
The ASTARTE Paleotsunami Deposits data base —webeb@eferences for tsunami research in the NEANbreg

(Paolo Marco De Martini, Simone Orefice, Alessan@naedile, Antonio Patera, Raphael Paris, Pedrdnfery James
Hunt, Gerassimos Papadopoulos, Daniela Pantoét, Noiva, loanna Triantafyllou and Ahmet C. Yalcjne
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Chapter 2

Searching for Paleotsunami deposits
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The second part of my research activity is focusedhe research inland of potential paleotsunami
deposits, along the coasts of eastern Sicily. Wus is the result of a collaboration between four
researcher of the Istituto Nazionale di Geofisidascanologia of Rome (INGV): Paolo Marco De
Martini, Alessandra Smedile, Stefania Pinzi and effydn this context, my work gave a solid
contribution to all phases that characterized kinsl of research, with a particular emphasis on the
geomorphological analysis. In detail, | contributeath to field activity (Identification of potentia
sites able to preserve paleotsunami layers anchgorampaigns) and to laboratory analyses
(Stratigraphical description, sampling phase, npafeontological analysis and sedimentological
analysis). Moreover, all geomorphological interptieins are the product of my studies and

considerations.

1. Introduction

It is well known from several historical studiesthhe Eastern Sicilian coast is one of the Italian
most prone areas to tsunami hazard based on rectsuleami inundations caused both by regional
earthquakes (1169, 1693, 1908) as well as by état Barthquakes such as the AD 365 Crete event
(Maramai et al., 2014). From a geological point vaéw, several paleotsunamis have been
recognized along the coast of eastern Sicily (Detikiaet al., 2012 and references therein). In
detail, 29 distinct tsunami deposits—related intiotia were recognized in the field from Augusta-
Priolo to Pachino (De Martini et al., 2017).

Geological evidence of paleo- tsunami can provisl@ wecord extendible back in time for the past
4-5 ka, whereas the present coastline and theegebwere relatively stable since then (Fleming et
al., 1998). The knowledge of the distribution ahdracteristics of tsunami deposits can help us to
define a minimum observed inundation distance andup height for a specific tract of coast and to
assume where a future tsunami could occur. A détéstic approach aimed to recognize coastal
areas hit by tsunami in the past and potentialrrenge of these extreme events, is an important
way (from a geological point of view) to contributethe assessment of the risk with the evaluation
of the inundation hazard (Mastronuzzi et al., 2013)

Paleotsunami deposits are the symbol of high enekgynts and, as mentioned in the general
introduction, can be represented by coarse cldsposits (ranging from large pebbles to boulders;
Terry and Goff, 2014) or by looses sediments. Ggoéb evidence of tsunami are also represented
by geomorphological features as dune modificatmm&ashover fans (Gianfreda et al., 2001; Goff
et al., 2007).

Below, | report a list of the main geological ardypical characteristics that can better chara&eriz
a tsunami deposit (Tuttle et al., 2004; Mortonlet2007, Shiki et al., 2008; Goff et al., 2012):
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v Particle/grain sizes of tsunami deposits range ffim@ mud to boulders. A tsunami will
usually transport whatever size ranges are avaiatilis sediment source-dependent.

v' Sediment thickness range from few centimeters te 36 centimeters.

v' Sediments generally fine inland. Deposits generadly in altitude inland and can extend for
several km inland and tens or hundreds of kilonsedésng shore.

v' Sediments often show a normal grading (fining uplspor a massive structure. Inverse
grading is rare.

v/ Each tsunami wave can form a distinct sedimentaityand/or sub-units often intercalated
by mud laminations. Mud laminations are relateth® sediment transport, in fact they can
settle down between successive tsunami waves obeantroduced as soil eroded from
surrounded slopes by the return flow.

v' The deposit can contain intraclasts (rip-up clastsgworked material and an important part
of organic remnants and fossils from offshore, sasHoraminifera, diatoms, fragments of
corals and bivalves, often with a poor preservatiate.

v' From a general point of view, tsunami deposits héfgr from the storm deposits in terms
of thickness (larger for storms), grain size chimastics (storm deposits are better sorted)
and internal structure (storm deposits are oftemrlated and may show foreset and cross —
bedding sedimentary structures).

v' The deposit is sometimes associated with loadingtsires at base and may be associated
with liquefaction features on the ground surfacesea by local earthquake shaking.

v' The deposit may contains micro-scale features agomiip-up clasts, millimetre-scale
banding, organic entrainment, fining-up sequencesaosive contacts that may be visible
only in thin section.

v' Measurement of anisotropy magnetic susceptibiliyM$) combined with grain size
analysis provides information on hydrodynamic ctinds ‘typical’ during tsunami
deposition. Essential when no sedimentary strustare visible. Magnetic properties of
minerals (inc. magnetic susceptibility) provideamhation about depositional environment.

v' Heavy mineral laminations often present but sodiegendent. Normally near base of
unit/sub-unit but not always. Composition and \eatti distribution of heavy mineral

assemblage may change from the bottom to top ade¢pesit.

With the aim to find new areas hosting paleotsunsediiments, it was decided to look for new
evidence of such deposits in some selected sitdsatére evaluated positive for their deposition,

preservation and dating. A coastal site able tosgkee paleotsunami sediments has to be
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characterized by a low — energy sedimentation abastvironment, where past high-energy marine
inundations may have been recorded by deposits deftthe ground and preserved in the

stratigraphical record. Moreover, sites of invedtiign have to be chosen with a distance from the
present shoreline of at least 200 meters in oma@xtlude or to limit the influence of the storms

(Nanayama et al., 2000; Goff et al., 2004; Tuttlale 2004).

Two sites, housing natural reserves, were seleatetlinvestigated along the coasts of eastern
Sicily. The southernmost site is called Torre Bgrbani and it is located in the central part of the
Vendicari natural reserve area while northwarddhe called Vigne, is actually the “backyard” of

the old Siracusa salt-pan (fig. 1).
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Fig. 1 - The figure shows the map of the eastecilySrom Etna volcano (to the north) to Pachinavito(to the south).
The smaller maps represent the exact locationshefttvo selected and investigated sites: Vigne S8itehe

southernmost part of Siracusa town and Torre Baabagin the natural reserve of Vendicari (MapsireSRI).

2. Methods

In the selected areas we carried out coring campaiging a gasoline powered percussion hammer.
Both open cores (windowed percussion gouge, wHiolwa an immediate and direct observation of
the sampled stratigraphy directly in the field) aased PVC tubes were collected and localized by
GPS measurement (fig. 2).

Detailed pictures of the sediments and quick gfrapihical description of each open core were
performed directly in the field and once an inténggs stratigraphic sequence was found, several
long cores were collected in PVC tubes, each 1 ng.ld®VC cores were later opened in the
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stratigraphic laboratory of INGV in Rome, in orderget several detailed photo shootings and to
perform accurate stratigraphical, grain-size amtutal descriptions.

A dedicated sampling procedure was set up for semliohogical and micropaleontological
(foraminifera) analyses. Moreover, samples for AM8iocarbon dating were collected on selected
layers in order to constrain the age window ofwhwmle stratigraphic record and of some specific
layers. All these data were analysed and studiecbraer to better reconstruct the paleo-
environmental evolution of the specific study sitewl to identify, differentiate and characterize

high-energy deposits of marine origin from the ldow-energy sedimentation record.

T 1 g s ~‘é’:‘% ‘.':..- iy,

Fig. 2 -The figure shows one of the several std@sacterizing the extraction core-procedure. Iraitlethe operator

drives the corer into the ground through the usth®fpercussion hammer.

2.1 Paleontological procedure

Micropaleontological analyses were carried out 6Brs@mples collected on all PVC studied cores.
Collected samples were disaggregated usis@,rnd then washed on a 0.63 mm and 0.125 mm
mesh sieves and dried. The dry residue was dedcuibder a stereomicroscope. An additional step
was added on coarse deposits using a 0,5 mm meah isi order to separate and better describe
this latter fraction. Macro fossils specimens amdirgs were qualitatively analyzed in terms of
taphonomic and morphoscopic characteristics. A$tld®0 benthic specimens were counted for
each sample, where sufficient concentration wasgnte and they were identified at specific level.
Conversely, the planktonic foraminifera that weirawdtaneously counted, were identified only at

generic level due to their bad preservation grad@assification, at genus level, was made according
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to Loeblich and Tappan (1987), while species wertenthined according to major studies relative
to the Mediterranean area (Cimerman and Langer];188arrella and Moncharmont-Zei, 1993).
The whole paleontolongical assemblage was analggecheans of some key studies (Peres and
Picard, 1964; Murray, 2006) in order to reconstrttoe paleoenvironment of the collected

sequences.

2.2 Sedimentological analysis

Sedimentological analyses were carried out on i#pkss collected on all studied PVC cores. All
wet samples were weighted before being placeddonaection oven for 24 h at a temperature of
105’ C and re-weighted after drying, so to estimateréispective quantity of water.

Subsequently, they were disbanded in a solutiowatér and hydrogen peroxide and washed with
distilled water in order to eliminate the contehboganic matter.

The next step was to sift wet each sample witreaesASTM mesh 120 (125m) and dried again
the obtained fractions.

Besides, the fractions >128n were dry sifted with sieve ASTM mesh 10, 18, @3 (respectively
2000, 1000, 500, 250m) and each selected portion was weighted whilefréogtions <125um
were analyzed with the optical grain-sizer LUMiRegd multi-wavelength (870 nm, 630 nm, 470
nm) instrument, for the particle-sizing. LUMiReadsmploys the STEP-Technology, which allows
obtaining space- and time-resolved extinction peefiover the entire sample length that can be
recorded in user defined time. LUMiReader is ableneasure grain size from 200 nm to 2 mm and
analyzed samples with a grain size distributiomf®00 nm to 30@Qm.

Finally, the data yielded by the two different pgdares were matched and elaborated in order to
have a unique grain size distribution for each damphe final results are plotted in histograms in
which the ordinate axis represents the weight pgacees and the abscissa axis represents the grain
size ing, see the Appendix at the end of this chapter forendetails. In general, the results of the
sedimentological analyses confirm the grain sizawation done while making the log of the core

and all the analyses done on samples are presertesl Appendix.

2.3 Radiocarbon dating

Radiocarbon dating by high-resolution mass spedtomwas performed at the Poznan
Radiocarbon Laboratory (Poland) and at Beta Amalyéiboratory (London Bio Science Innovation
Centre). Ten selected organic rich samples andcohbr were collected in order to constrain the
age of the study sequences. C14 derived data mchehsured and calibrated ages according to
Calib REV 7.10 by Stuiver and Reimer (1993) by gdime intcal.13.14c calibration curve (Reimer

et al., 2009).
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3. Searching for paleotsunami deposits in the Venciri Area

The study area is representgyl a coastal lagoonal syst located in the sou-eastern portion of
Sicily coast, exactly in the marine Reserve of Mea, about 30 km south of theiracusa town.
From a geological point of view, the Vendicari aisghe emerged eastern part of the Hyb
foreland domain of the Apenninic Maghrebian Chaiengini et al., 1994Lentini et al., 200¢. The
eastern Sicily, from Messina to the easternk of Mt. Etna, is characterized by the presenc
NNE-SSW normal faults (mostly offshore) that join witte NNW-SSE Malta escarpment syst
to the south (fig. 3) (Pirrotta et al., 2013). Theutl-eastern edge of the Hyblean plateal
characterized by coastal belt with carbonate rocks that form algestoping wavecut platform
occasionally characterized by the presence ofsclghd tight inlets (Barbano et al., 201
Moreover, the platform, in some areas, shows frast@nd an uplift related tc recent tectonic

process (Barbano et al., 2010).
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Fig. 3 - Map of Eastern Sicily showing the main structuralm&ins and seismotectonic featu the Apenninic-
Maghrebian Thrust Belt, the Hyblean Foreland aéddty faults and bounded by the Malta fpment connecting the
Hyblean Foreland to the lonian Basirhe red dot displays the investigated area ofditami (Modified after Pirrotta ¢
al., 2013).

Nowadays, the Vendicari lagoonal system stretclagdllel to the coast for about 7 km (Amore
al., 1994) and is surrounded by a wave cut platforanthnvard. The lagoonal system
characterized by the presence of three salt coaged: Pantano Grande and Pantano Piccolo i

northern side and Pantano Roveto in the centralsathern side. Thtwo lagoons of Pantar
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Grande and Pantano Piccolo are separated fromethdoys a wave-cut platform that reaches an
elevation of about 10 meters above the preserieseh To the south, the wave-cut platform leaves
the place to a coastal sandy barrier that sepatfa@éegendicari lagoonal system of Pantano Roveto
from the sea (fig. 4). Therefore, the part of clir@stsection that stretches from the southern sfde
Pantano Grande to the end of Pantano Roveto caorisdered a fully developed beach system,
characterized by an emerged beach, a littoral séadyer and a wet back area. Moreover, the
lagoonal system of Vendicari is connected to tlzelseseasonal channels (partially man controlled)
subjected to water level fluctuations between tirgew overflows and the summer draining (Amore
et al., 1994).

apgave
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------- Paleo channel
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Littoral sandy bar
[ Marsh deposits
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Carbonate bedrock
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characterized by the two salt lagoons of Pantanodk and Pantano Grande separated from the seadamast side)
by a wave-cut platform that reaches an elevatioabofut 10 meters a.s.l. Conversely to the southP#mtano Roveto
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lagoon is separated from the sea by a coastal daeudier. The southern side of the Pantano Graageon and the

Pantano Roveto lake can be considered part of elamsd beach system.

In the Vendicari lagoonal area, with the aim tadfimew areas hosting paleotsunami deposits, we
selected and investigated a site, called Torre &pdnni, potentially suitable for the depositio an

preservation of paleotsunami deposits representesgttiment layers. The area was already studied
by Barbano et al., (2010) highlighting the preseatérge boulder deposits placing on the wave

cut platform, potentially related to the 1693 tsunavent.

3.1 Torre Barbagianni site

The Torre Barbagianni site, within the natural reseof Vendicari, is a salt marsh developed
between the Pantano Grande and Pantano Piccoltaktaees (fig. 5). The distance of the site
from the sea is about 800 meters and it was medsunasidering the distance from the beach (to
the south) and not from the high rocky coast (e ¢hstern side, up to 10 m a.s.l.) because we
believe that only the sandy beach with its narrom-high bar represented and still is a preferential
path for tsunami waves.

In this site, five cores were dug down to maximuth @ in depth forming a transect in the NE-SW
direction paralleling the coastline (fig. 6). Amotigem, three are open cores (VBG-S1, VBG-S2,
VBG S3, stratigraphic logs in Appendix) while twealosed PVC tubes (VBG-S4and VBG-S5).
The north-easternmost VBG-S1 and VBG-S2 cores eghalhmaximum depth of 1 m and recovered
a stratigraphic sequence made by brown to grayisithe uppermost 90 cm) lying on a yellowish-
white altered calcarenite, down to the cores bottdhe VBG-S3, VBG-S4 and VBG-S5 cores
were collected close to the permanent lake “Pant@mande” and recovered a 3 m-long
stratigraphic sequence characterized by clayeyafiérnating to silty clay layers, apart from a

single coarser sandy deposit, found at about 1 dejth.
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Torre Barbagianni

Fig. 5 - Picture of the study site, looking westehaiaken from the about 200 m wide rocky coast fegiarates the
Pantano Grande and Pantano Piccolo coastal lakestffre lonian Sea.
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Fig. 6 — The map on the left shows the Torre Badrag site while the zoom presents the exact locatif the VBG

cores, immediately behind a small carbonate ridgee east of our site (Maps from ESRI)

3.2 Stratigraphic sequence

The VBG-S4 core (fig. 7) that can be used as raterdor this study site, even if some layers are
better preserved in VBG-S5 (fig. 8).

The VBG-S4 core presents a brown to gray clayaydsiposit from the surface, where a very thin
dark brown silty soil developed, down to about 8@ avith vegetal remnants and oxidized patches
concentrated between 34-38 and 70-80 cm in deptis. fine sequence is interrupted from 80 to
115 cm by a coarser deposit. This peculiar intendisplaying a sharp basal contact, is
characterized by hazel to gray sandy and siltynsedis with shell fragments. Moreover, we should
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mention that in VBG-S5 core (fig. 8), this sandjemval looks slightly different in terms of grain
size and texture but presenting again a sharp lbas#ct. In fact, the VBG-S5 core sandy interval
is characterized by 25 cm thick fine sand, strietass and massive with many shell fragments and
roots. Moreover, in the VBG-S5 core, the fine sdigplays few cm thick clayey sand and clayey
silt intervals rich in shell fragments, both atbisttom and top. Moving downward in VBG-S4 core,
from 115 to 135 cm, a gray clayey silt intervallwrhany shell fragments and mm in size clasts is
present (fig. 7). Notice that the same interval/BG-S5 core displays two extra bioclastic layers
within it. From 210 cm to the core bottom (310 cthg VBG-S4 core presents a gray to dark gray
clayey silt, containing vegetal remnants, wholéelshend shell fragments, followed downwards by
whitish silty clay to clayey silt sediments rich wegetal remnants and in rounded to sub-rounded
carbonate clasts up to 2-3 cm in size, particulablyndant toward the base.

3.3 Paleoenvironmental reconstruction

The micropaleontological study was performed on ¢teres (VBG-S4 and VBG-S5) and, as for the
stratigraphic description, we decided to synthetime main results referring solely to the VBG-S4
core (fig.7). However, the list, description andenpretation of all samples collected for the
micropaleontological analysis are reported in tablor the VBG-S4 core and in table 2 for the
VBG-S5 core.

In the VBG-S4 core starting from the bottom to £80 cm in depth, the analyzed samples were
characterized by a poor foraminiferal assemblage#y of marginal marine environment (mainly
Ammoniaspp. andHaynesina germanigawith an important amount of reworked specimermghb
planktonic and benthic, from old marine sedimeNistice that among planktonics, few specimens
of Globorotalia puncticulataa biostratigraphical marker from the Plioceneremelentified. This
assemblage suggests the presence of a brackishingorehvironment with significant
fluvial/alluvial input, as testified by the recoyesf a bad preserved reworked microfauna (fig. 7).
Moving upwards, the previously described reworkesemblage seems to drop down (at ca. 160
and 130 cm, samples Micro 4 and Micro 5 respedgtlyels a dominant oligothipic assemblage,
made ofH. germanica is displayed. Moreover, in these samples manyetatgemnants with
brackish gastropod$iydrobia spp.) and the dominant brackish ostraGygrideis torosaare also
present. Consequently, the occurrence of an oligiocthssemblage together with vegetal remnants
and brackish macro- and ostracoda- fauna can pmmfully lagoonal paleoenvironment, even if a
fluvial/alluvial input cannot be excluded due tosaldom recovery of reworked taxa (both
planktonic and benthic). At the depth of 115 cme¢amrespondence with the coarse sandy interval

(samples Micro 6, 7 and 8 in fig. 7) the bioclastmmponent increases (many whole and shell
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fragments with Sponge spicules and sea-urchin retepaand two different foraminifera
assemblages are detected. In fact, a smalleren(8i225$<0.250 mm) and reworked assemblage
(rich in both planktonic and benthic foraminiferarh old marine terrains) is present together with
benthic foraminiferal taxa from vegetated and oeassa bottom typical of the inner shelf (e.g.
Ammonia spp., Cibicides lobatulus Elphidium crispum Miliolids, Miniacina miniacea
Nubecularia lucifuga, Peneroplis spp., Rosalina spp.). Thus, the coarsening of the VBG-S4
sequence (from 115 to 80 cm in depth) may sugdestdevelopment of a foreshore beach
paleoenvironment, probably due to the establishroémt direct connection to the sea water with
respect to the previously restricted lagoon.

Moving upwards, from 80 cm in depth up to 10-20,amportant amount of Ammonia spp. add
germanicatogether with the abundance of some shallow dejathne species and brackish macro-
and micro-fauna (among othdrydrobia spp. andC. torosg point out to a recovery of protected
shallow marine condition as it is today (figs. @a). It is worth to note that also in the uppertnos
part (Micro 9, Micro 10, Micro 11) a notable amowoftreworked species from the Pliocene is
displayed, suggesting a long-lasting sedimentaryidl/alluvial contribution. Finally, the topmost
sample (Micro 11) in VBG-S4 shows an assemblaggestqg a low Salt Marsh environment due
to the contemporary recovery Ammonia spp H. germanicatogether with some agglutinated taxa
as Cribrostomo idegeffreysi Jadammina macrescerend Trochammina inflata The low Salt
Marsh is the environment that is possible to obseawadays when we sampled the cores.

3.4 Age constraints

Radiocarbon dating was performed on 4 samples ftora VBG S4 and VBG S5 (Table 3, each
sample is labeled with site code, core number, depth in cm). The ages obtained are in
stratigraphic order and suggest that the studiggiesece is about 4500 years old. Radiocarbon
samples were collected above and below the envieeatathchange in the VBG S4 core and only
below the environmental change in the VBG S5 cbirarder to constrain the bottom of the sand
(environmental change) an average stable sedinmmtatte of 0.5-0.6 mm/yr was derived. The
sedimentation rate was estimated for both coremgalito account the stratigraphic interval
between two ages and also considering the strphigrgposition of every age with respect to the
whole cores. If we apply this sedimentation rateh® lagoonal/alluvial deposits overlaid by the
beach sands, it is possible to derive a maximunoégee sand bottom of BC 280 — 230 AD.
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Fig. 7- VBG-S4 log within a brief paleoenvironmdntaconstruction based on micropaleontological ysialand the

age result of a radiocarbon dating. On the ridig, gicture of the whole sequence collected with RMg&s, 1 m long.

In the core picture the presence of the coarseniitly characterized by sand is highlighted
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ID Sample

Depth (cm)

Paleontological content Paleoenvironment

VBG S4-1-12

VBG S4-1-11

VBG S4-1-10

VBG S4-1-9

VBG S4-1-8

VBG S4-II-7

VBG S4-11-6

VBG S4-11-5

VBG S4-I1-4

326

25-28

53-56

70-73

96-100

112-113

113-115

124-127

157-160

Benthic foramsA. tepida, Cribrostomoides Low salt marsh
jeffreysi, H. germanica, Jadammina

macrescens, T. inflata

Other remarks: vegetal remnants, mollusl

fragments, ostracods

Benthic forams: almost absent and in bad Backshore
condition except som€. lobatulus

Other remarks: sea-urchin remnants,

vegetal remains,

Benthic foramsA. tepida, Asterigerinata Marginal marine
mamilla, Bolivinaspp*, C. lobatulus, paleoenvironment with
Cibicidoidesspp, Elphidiumspp*, H. fluvial/alluvial input
germanica, N. lucifuga, Quiqueloculina

spp'., R. bradyi

Macrofossils:Hydrobiaspp., mollusk

fragments

Other remarks: sponge spicules, sea-urct

remnants, vegetal remnants, ostracods

Benthic foramsA. tepida, C. lobatulus, Marginal marine
Cibicidoidesspp, Elphidiumspp*, H. paleoenvironment with
germanica, N. lucifuga, Quiqueloculina fluvial/alluvial input
spp'. R. bradyi

MacrofossilsHydrobiaspp., mollusk

fragments, sponge spicules, sea-urchin

remnants

Other remarks: vegetal remnants, ostracods

Benthic foramsA. tepida, Bolivinaspp?*, Foreshore

C. lobatulus, Cibicidoidespp*, Elphidium

spp*, H. germanica, N. lucifuga, R. brady

Quinqueloculinaspp, Rosalinaspp*, S.

costata

MacrofossilsHydrobiaspp., sponge

spicules, sea-urchin remnants, mollusk

fragments

Other remarks: vegetal remnants, ostracc

Benthic foramsAmmonia tepida, Foreshore
Elphidiumspp.*,C. lobatulus, Cibicidoides

spp.-*,H. germanica, N. lucifuga,

Quinqueloculinaspp.,Rosalina obtusa,

Sigmoilinita costata

MacrofossilsHydrobiaspp., sponge

spicules, sea-urchin remnants

Other remarks: ostracods

Benthic foramsAsterigerinata mamilla*, Foreshore
Cibicides lobatulus, Cibicidoides

pachyderma*, H. germanica, Nubecularia

lucifuga, Quinqueloculinapp, Rosalina

bradyi*

Macrofossils:Hydrobiaspp.,Cerithium

vulgatum,sponge spicules and sea-urchin

remnants

Benthic foramsH. germanica Lagoon with fluvial/
MacrofossilsHydrobiaspp., mollusk alluvial input
fragments, whole and brok&rardiumsp.

Other remarks: vegetal remnants, ostracods

Benthic foramsCibicidessp, H. Lagoon with
germanica fluvial/alluvial input
Macrofossils:Hydrobiaspp.

Other remarks: vegetal remnants, ostracc
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VBG S4-11-3 189-193 Benthic foramsA. Parkinsoniana, H. Brackish ponding/lagoonal

germanica, Elphidiunspp* with fluvial/ alluvial input
VBG S4-111-2 257-260 Benthic foramsAmmonia parkinsoniana, Brackish ponding with

Elphidiumspp.* heavy fluvial/alluvial input
VBG S4-111-1 292-295 Benthic foramsAmmoniaspp.,Haynesina Brackish ponding/lagoonal

germanica, Elphidiunsp. with fluvial/ alluvial input

Table 1: List of all samples collected and analyfmdmicropaleontological analyses from PVC core®&B4 dug in
Torre Barbagianni site. The table shows the ID dantpe depth with respect to the ground surfack anery brief
description of the paleontological content andrtiated interpreted paleoenvironment. Note thatdsed when forams
are in very bad condition.
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Fig. 8 - VBG-S5 log within a brief paleoenvironmanteconstruction based on micropaleontologicalysimand the

age result of a radiocarbon dating that constiaénvthole sedimentary core sequence. On the rigatpicture of the
whole collected sequence with PVC tubes, 1 m lémghe core picture the presence of the sandyamitof a thick
resampling interval are highlighted.
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ID Sample Depth (cm) Paleontological content Paleoenvironment

VBG S5-]| 24-28 Benthic foramsCibicides lobatulus, Marginal marine to low
Cibicidoidessp., Haynesina germanica marsh
Rosalinasp.

Macrofossilspirenella conica mollusk
fragments, ostracods
Other remarks: sea-urchin remnants
VBG S5-]| 50-53 Benthic foramsHaynesina germanica, Marginal marine to low
Trochammina inflata marsh
Other remarks: vegetal remnants,
oogonium, mollusk fragments, ostracods
VBG S5-]| 75-78 Benthic foramsAmmoniaspp.,Bolivina Foreshore to backshore
spp.*, Cibicides lobatulusCibicidoides
spp*, Miliolids, Rosalinaspp.
Macrofossils:Hydrobiaspp., mollusk
fragments
Other remarks: vegetal remnants,
VBG S5-1-1 83-87 Benthic foramsAsterigerinata mamilla, Foreshore to backshore
Asterigerinata planorbis, C. lobatulus
Cibicidoidesspp, Elphidium crispum, H.
germanica, Planorbulina mediterranensis,
Quinqueloculinaspp.Rosalina bradyi,
Rosalina obtusa
MacrofossilsHydrobiaspp., mollusk
fragments, sea-urchin remnants
Other remarks: vegetal remnants, ostracods,

oogonium
VBG S5-]-2 05-98 Benthic foramsC. lobatulus Cibicidoides Foreshore with
spp.*, Elphidiumspp.*, H. germanica, P. fluvial/alluvial input

mediterranensis, Quinqueloculirsap.
MacrofossilsHydrobiaspp., sea-urchin
remnants
Other remarks: vegetal remnants, shell
fragments, ostracods
VBG S5-]| 98-100 Benthic foramsAsterigerinataspp., Foreshore with
Bolivinasp.*, C. lobatulus, Elphidium fluvial/alluvial input
spp.*, miliolids*, P.mediterranensis,
Quinqueloculinaspp.
Macrofossils:Planorbis sp.*and mollusk

fragments
Other remarks: ostracoda

VBG S5-11-3S 113-119 Benthic foramsC. lobatulus, Cibicidoides Foreshore with
spp.-*, Nubecularia lucifuga, fluvial/alluvial input

Quinqueloculina spp., Rosalirspp.
Macrofossils:Cerithium vulgatumsponge

spicules
Other remarks: ostracods

VBG S5-11-4S 119-124 Benthic foramsC. lobatulus, N. lucifuga, Foreshore with
P. mediterranensis, Quinqueloculisap, fluvial/alluvial input
Rosalinaspp

VBG S5-11-5 124-126 Benthic foramsAsterigerinataspp.,C. Lagoon mixed with
lobatulus, E.crispum*, H. germanica, foreshore or backshore?

Quinqueloculinaspp.,R. bradyi, R. obtusa  Transitional environment
MacrofossilsHydrobiaspp., sea-urchin
remnants
Other remarks:, vegetal remnants, shell
fragments, ostracods

VBG S5-11-6 127-130 Benthic foramsAmmonia tepida, Lagoonal with
Cibicidoides spp.*, H. germanica, fluvial/alluvial input
Quinqueloculinaspp.
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MacrofossilsHydrobiaspp.
Other remarks: shell fragments, ostracods,
vegetal remnants

VBG S5-1I-7 132-134 Benthic foramsA. tepida, C. Lobatulus, H. Lagoonal with
germanica fluvial/alluvial input
Macrofossils:Cerastoderma glaucum,
Hydrobiaspp.

Other remarks: shell fragments, ostracod:
vegetal remnants

VBG S5-11-8 136-138 Benthic forams:Ammonia perlucida, A. Lagoonal with
tepida, H. germanica, Cibicidoidepp.*, fluvial/alluvial input
C. lobatulus, Quinqueloculinspp.
MacrofossilsHydrobiaspp.,Cerastoderma

glaucum
Other remarks: shell fragments, ostracods

VBG S5-11-9 145-148 Benthic foramsCibicidoidesspp.*,E. Lagoon with
crispunt, H. germanica, Quinqueloculina fluvial/alluvial input

MacrofossilsHydrobia spp.
Other remarks: shell fragments, vegetal

remnants
VBG S5-11-10 156-160 Benthic foramsCibicidessp.,Cibicidoides Lagoon with
spp*, H. germanica fluvial/alluvial input

MacrofossilsHydrobiaspp.,Planorbissp.,
Ovatella myosotis
Other remarks: vegetal remnants, ostracods,
mollusk fragments
VBG S5-1| 187-190 Benthic foramsAmmoniaspp*, H. Brackish ponding with
germanica heavy alluvial input
MacrofossilsHydrobiaspp.,
Other remarks: ostracods, vegetal remnal
mollusk fragments

VBG S5-I 225-228 Barren Ponding with alluvial input
Other remarks: vegetal remnants

Table 2: List of all samples collected and analyfmdmicropaleontological analyses from PVC core®&B5 dug in
Torre Barbagianni site. The table shows the ID dantpe depth with respect to the ground surfack anery brief
description of the paleontological content andrtiated interpreted paleoenvironment. Note thatdsed when forams

are in very bad condition.

Sample/depth (cm) Lab code 6 13 C Conventional age years B.P. Calibrated ages2 Probability

distribution
VBG-S4-1 (50-53) Beta - 467101 -26.8 700 +/- 30 AD 1260 — 1310 0.775
AD 1360 - 1387 0.179
VBG-S4-11 (187) POZ 80752 -27.2 3035 +/- 30 BC 1400- 1210 1.000
VBG-S5-1l (150-153) Beta - 467102 -23.3 2480 +/- 30 BC 774 — 482 0.949
BC 441 - 434 0.05
VBG-S5-11I (235) POZ 80754 -22 3900 +/- 35 BC 2480- 2290 0.998

BC 2250- 2240 0.002

Table 3 - Measured and calibrated ages of theateliesamples at Torre Barbagianni site.
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4. Searching for paleotsunami deposits in the Sirasa Area

4.1 Vigne Site

The Vigne site is located in the southernmost pB8iracusa town where old salt-pans were active
from about 1600 to 1980/90. The site, from a geqinological point of view, is on an abandoned
fluvial plain related to the Anapo and Ciane riveibed by alluvial and colluvial silt and clay
sediments, potentially related to a low-energy di@ding environment (figs. 9, 10, 11). The
fluvial plain is surrounded by yellowish, coarsedaarganogenic calcarenite and sands (the
“Panchina” unit), with cross bedding. At the bagelygenic gravel and conglomerate are present
(from A.A.V.V., 1986. Carta Geologica del Settorert-Orientale Ibleo. S.El.Ca. Firenze). This
unit is carved by the local fluvial system, whiokvedloped a proto-delta mouth. Three cores (SSV-
S1, SSV-S2 and SSV-S3, with the first being an opane, its log is available in the Appendix)
were dug down to ca. 5 m in depth (fig. 9). Theesawere collected in an agricultural field located
ca. 2 meters above the sea level, with a maximstamtie of 470 meters from the present shoreline,
close to an escarpment due to the fluvial erosion.

s

Fig. 9 - Map of Vigne Site. The location of SSV-&SKV-S2 and SSV-S3 cores is shown (Map from ESRI).
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Vigne coring site

Siracusa hilltown

-~ L -——

4___,_ old salt-pans ‘—..*

Fig. 10 - Picture of the Vigne study site seen fiepsouthern stretch of rocky coast.
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Fig. 11 — Sketch of the geomorphological map of\figne site area. In detail it’ possible to notattthe coring site is

located in an abandoned fluvial plain related ® Amapo and Ciane rivers, filled by alluvial andlwaal silt and clay

sediments, potentially related to a low-energy dilgrding environment.

4.2 Stratigraphic sequence

The three collected cores are quite similar in geahstratigraphy and thus we decided to describe
the 5.2 m long SSV-S2 core sequence (fig. 12) Bgemrece to synthetize the stratigraphy of the

study site, being the more complete and rich anbaghree. Starting from the bottom (520 cm in

depth) its stratigraphy consists of 20 cm of lighdy to blue, massive clayey unit. From the study
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of SSV-S3 core (fig.13) we know that the light gtayblue clayey interval may have a maximum
thickness up to 150 cm with sparse oxidized patemessmall carbonate rounded pebbles. From
500 to 448 cm, it is possible to observe a coanderval made of rounded pebbles and sub-angular
clasts (likely of fluvial origin) in a silty sand atrix. This latter coarse interval presents anieeos
basal contact on the underlying unit. From 448 @mau225 cm, the stratigraphy is characterized
by dark gray to gray clayey-silt alternating wittveral coarse layers (four bioclastic layers mainly
made by shell debris and one bioclastic calcarpard with a thin peat deposit (395-402 cm) lying
on a gray to brown organic silt with important Bastic content. In general, this latter clayey silt
unit contains shell fragments together with whdiells (small gastropods and bivalves) between
303-305 and 346-355 cm in depth. Moving upwardsnfl225 to 75 cm in depth, a brown sandy
clayey silt is found, quite rich in carbonate cta@® max 5 cm) at the depths of 143-147, 130-136
and 120-125 cm, gray in color from 225 to 175 cmdapth. Finally, the top of the core is

characterized by 75 cm of thick brown silt layéchrin roots and calcarenite pebbles.

4.3 Paleoenvironmental recostruction

The micropaleontological study was performed on twoes (SSV-S2 and SSV-S3). The list of
samples with their description and interpretat®mneported in table 4 for SSV-S2 core and in table
5 for SSV-S3 core. The analysis suggested the deweint of different paleoenvironments for both
cores, especially in the lower and upper portiothefstratigraphic sequence.

In the SVV-S2 core (fig. 12), starting from the tootd to ca. 502 cm in depth, the analyzed samples
show a benthic foraminifera assemblage (éBglivina alatg Bolivina spathulata Bulimina
aculeata Bulimina etnea Cassidulina carinata Hyalinea balthica Uvigerina mediterranea
Uvigerina peregrina pointing out to an upper bathyal paleoenvironnmmren if poorly preserved
taxa Ammoniaspp.,Asterigerinata mamillaCibicides lobatulusfrom the inner platform are also
present. This latter shallow water assemblage hegetith Sea Urchins, Gastropods and Bivalves
of the SVMC biocenosis (sensu Perés and Picard4)1&@ also displayed. The deep assemblage
pertains to a geological formation “the gray-bllayt, Lower Pleistocene in age, outcropping in
the study area and sampled at the bottom coreaplphbntercalated to shallow water and more
recent terrains eroded and transported from ther aetion. In fact, from 502 to 448 cm of depth,
the presence of a rounded pebbles level, showirgy@sional basal contact, confirms the presence
of a fluvial system. Moving upwards, the samplelemied from a bioclastic layer (Micro 16)
reveals a marginal marine paleoenvironment (dorachby Ammoniaspp. ancH. germanica with
fluvial input as testified by the presence of baesprved planktonic and benthic foraminifera taxa

from the Pleistocene and ruined and broken macsi$osFrom 433 to 395 cm in depth, the
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protected marine paleoenvironment developed to ipgndondition as suggested by the unique
presence of few reworked foraminifera as well aghgysedimentation of organic silt followed by
the development of a peaty layer. From a geomogghdl point of view, the above described
paleonvironmmetal changes, starting from ca. 4589t cm could be interpreted as an opening and
a subsequently closure of the depositional systaireavironment in relation to the sea action.
From 393 to 239 cm in depth, the analyzed samplewad an oligopthipic assemblage dominated
by Ammoniaspp. andH. germanicarelated to a shallow marine protected paleoenument (most
probably a shallow lagoon connected to the seayeftleeless, the continuous recovery of bad
preserved reworked foraminifera in all the samplesthyal species from Pleistocene terrains),
suggest a long-lasting sedimentary fluvial/alluxaahtribution. This latter contribution disappears
within the interval 270-299 cm of depth, suggestarg ending for the river action. Likely, the
recovery of a bioclastic layer at 282-294 cm, thaggests a thanatocoenosis, can be related to a
sudden change of salinity and /or temperature thamkio more river supply. Following, the above
described marginal marine paleoenvironment, istapted by a 12 cm thick bioclastic calcarenite
layer (226-239 cm of depth), showing an erosiveabaontact and an inverse grading. It is
important to note that the calcarenite clasts lgtonthe “Panchina” formation (the geological unit
outcropping in the studied area). Immediately abthee bioclastic calcarenite layer, the sample
Micro 3 is almost barren, highlighting the closwfethe connection of the environment to the sea.
Moving upwards, from ca 200 cm in depth up to tbp tore, the analyzed samples show a
marginal marine paleoenvironment (based on theysisabf one sample at 192-197 cm) evolving
towards a continental/alluvial condition due to Hutely recovery of barren samples up to ca. 100
cm in depth. No more samples were collected inuhgermost 1 m but we can hypothesize that a
long-lasting continental paleoenvironment followgalto nowadays.

The SSV-S3 stratigraphic sequence (fig. 13), watspect to the SSV-S2 core, shows a 2 m thick
gray-blue clay layer within a typical assemblagenfrthe upper bathyal paleoenvironment eroded
by a ca. 20 cm of overlying fluvial pebbles (frohetbottom of the core to 364 cm of depth). It is
worth to note that in the SSV-S3 core no pondingddoon developed and overlying directly on the
fluvial pebbles a long lasting shallow marginal marpaleoenvironment took place (from 364 to
246 cm of depth), as suggested the by recovernadligothipic assemblage made Bynmonia
spp. andH. germanica Nevertheless, as also seen in the SSV-S2 sangiesnportant fluvial
input from 364 to 300 cm of depth is also preserd tb the continuous recovery of bad preserved
marine foraminifera (bathyal species from Pleist@céerrains). In the following, the marginal

marine paleonenvironment closes its connectior# as suggested by a barren sample collected at

68



250-253 cm of depth. The overlying bioclastic calaoite layer at 229-246 cm of depth, shows, as
for the SSV-S2 core; an erosional basal contacteandverse grading. This coarse layer, belonging
to the “Panchina” formation, could represent a highergy event that changed the local
morphological and environmental settings. In false sample collected just above the bioclastic
calcarenite at 222-225 cm in depth shows two pesemblages: i) a bad preserved marine and
reworked foraminifera assemblag&nimoniaspp.,Asterigerinatasp. Cibicidoidesspp,Heterolepa
sp., Oridorsalis umbonatys ii) a lagoonal paleoenvironment with well presst and few
specimens oH. germanica suggesting a backshore paleoenvironemnt. Movpwands, a 78 cm
thick layer made of calcarenite clasts (up to 5innsize) within a grey to brown clayey silt is
shown. This interval was interpreted as a locahepetentially related to a rocky landslide from
the fluvial terrace flank. In fact, a fluvial teo&is just located behind the coring site. Morepthe
clasts found in this interval have the same litgglof the fluvial terrace (the geological unit eall
“Panchina”). From ca.140 to 80 cm of depth, thdeodéd samples displayed ortlygermanicaas
dominant taxa with fewAmmoniaspp. and reworked marine taxa (both planktonic laedthic
foraminifera from the Pleistocene) suggesting agmai marine paleoenvironment evolving
towards ponding condition in its upper part. No ples were collected from the uppermost 90 cm
of SSV-S3 core but we can hypothesize that sinyilayl SSV-S2 the paleoenvironment evolved
towards a continental/alluvial plain as it is noagsl

4.4 Age constraints

Radiocarbon dating was performed on 6 samplesatetlefrom core SSV S2 and SSV S3 (Table 6,
each sample is labeled with site code, core nundet,depth in cm). The ages obtained are in
stratigraphic order and suggest that the studigqdes®e is very old. In fact, the oldest ages of SSV
S2 and SSV S3 are respectively about 5300 and ¥&880BP, while the bottom of both cores is
represented by the “gray-blue clay unit” of the éwwWPleistocene. Taking into account radiocarbon
ages it was possible to derive sedimentation radedoth cores. The sedimentation rate was
computed from the stratigraphic position of evesynple with respect to the whole core. SSV-S2
core shows sedimentation rates of about 0.82, 0202, mm/yr, while SSV-S3 core has
sedimentation rates of about 0.77, 0.87, 0.85 mn@gmparing these values, it is clear that both
cores exhibit similar sedimentation rates excepttlie value of 2.2 mm /yr, recorded above the
calcarenite clasts interval of the SSV-S3 core.sTValue should be discarded in the average
sedimentation rate calculation because the calitarelasts interval most probably eroded part of
the stratigraphic sequence, changing the sedimentedte in the upper part of the SSV-S3 core.

Thus, we considered an average sedimentation fateooat 0.82 mm/yr for both cores.
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NO SAMPLE: Empty

SILT: Plowed, brown with root:
= sparse small clasts (<1 cmin size)

SILT- Brown with many pebbles (size
= betweem 1and 3 cm). Pebbles made
of calcarenite. B-soil horizon,

SILT- Brown. fining downward, with
fow pebbles (made of calcarenite).
There s a clast of 3 cm between 56

59 cm. Fow roots and few small
shell fragments.

SANDY GLAYEY SILT: Brown with few
roots and some sparse carbonatic
pebbles upto 2 cm in size between 80-
81.90.91 and 57.98 cm. More

| compact than above

15 (6388)

Micro 1(93-
96)

108
RESAMPLING
SANDY CLAYEY SILT. Brown wilh
Targe clasts (carbonalic) up!o 5
fasts between 120-125, 130-136,
4347 cm_Red.pottery at 125-127
om. Similar to 76-105 unit
Micro (147-
a0 ey 2 | 150,
S IDY CLAYEY SILT Brown wih
sparse small pebbles (made of
— | calcarenites) upto 12 cm. Few small
shell fragments.
IDY CLAYEY SIT. Grey to dark | Micro 2
gray (organic ich) with small shell (175-478)
ragments and few small pebbles (< 1
cm in size) C 14 (183-
— 186)
|- — [ SANDY CLAYEY SILT Grey with few
small sparse clasts. some shell
ments, small sparse charcoals
208 Oxdation at 198 em 25 (192-
197)
——— Micro 3
{575 57 o] BIOCLASTIC CALGARENTE (@23.226)
2 22 2= Yelowish-hazel in color with several
{5 & ¢ pebbles upto 2 cm n size witin a
A2 Clayey silt matrix. High energy. The Micro 4
F—%7—A1 layer has an erosional basal contact | (231-237)
and an inverse grading. Micro 5
SILTY CLAY Dark grey to black with _ |(240243)
250 some sparse small shell fragments.
Between 260255 cmthe unt s fich in | 14 (751-
organic material with several Ay
charcoals
38 (264-
269)
Micro 6
(52| BIOCLASTIC LAYER: Wade by many | 27828
7 { shell fragments and whale shells Micro 7
; (ceriium) within a gey sity clay matri. | (65 250)
77777 STV LAY Gray will many shel | Micro
nts and whalo sholls (269-293)
308) (corastoderma upto 34 cminsize)  |Micro 9
Sparse ceriium, sparse Hydrobia (294-259)
erastoderma are concenlrated ol
303305 and 346356 c n
366 and 379 the unil is sligthly darker
wth more maroc
15 (332-
337)
3501 Micro 10
(345-355)
Micro 11
(366:370)
BIOCLASTIC LAYER Pala gray na | Micro 12
o sk . Sl pgmere vyt |78322
RS in size. Big clast (5 cm) between |1icr0 13
: | 388392 cm. -ty
BIOCLASTIC SAND: Biociastic sand | Micro 14
» with e mix. (393395
Ci (398
PEAT. Brown to dark brovn o0
ORGANIC SILT. Grey 10 brown vith
important bioclastic content (ceriium,
small gastiopods and cerastoderma at | Micro 15
403405 em). (410-414)
RESAMPLING. Collapsed materal
7| BIOCLASTIC LAYER: Gray to hazel
@)%, with shell gragments, some whole
172772 shels (mainly smal gastiopods < 0.5 | iicro 15
: cm) and some small clasts. {3448
458{3 3 555 PEBBLES: Hazel o brown, rounded.
SSSS upto 5 cmin size and some
5 OO S| subanguiar clasts (fuial) in a ity
5 5SS sand mairix
feelele!
beeBeRe!
2553
beZeZelel
>S5S
pe@sede!
bePse2e!
S 550)|
pegegelel
>SS
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P90
begegele]
ps2sest
=~ ORGANC SLT. Brown in color Micro 17
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SILT- With small rounded pebbles

===
m é;ng::’x.s) and some small shell
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(500-502)

Micro 18
(509-513)

Micro 19

fluvial/alluvial
paleoenv.

marginal marine
paleoenv. with
alluvial input

barren samples

marginal marine
paleoenv. with
alluvial input

lagoonal paleoenv.

marginal marine
paleoenv. with
alluvial input

ponding with
alluvial input

marginal marine
paleoenv. with
alluvial input

fluvial input

gray blue clay from

(516-520)

the lower Pleistocene
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Fig. 12 — SSV-S2 core log with a brief paleoenvinemtal reconstruction based on micropaleontologicalysis and

14C calibrated ages. On the right, a picture ofithele collected sequence with PVC tubes, 1 m long.

70



ID Sample

Depth (cm)

Paleontological content

Paleoenvironment

SSV S2-11-1
SSV S2-1I

SSV S2-11-2
SSV S2 2S

SSV S2-111-3
SSV-82-ll-4
SSV-52-5

SSV S2 3S

SSV S2-111-6

SSV S2-lI-7

SSV S2-111-8

SSV S2-111-9

SSV S2 4S

SSV S2-1V-10

SSV S2-1v-11

93-96

147-150
175-178
192-197

223-226
231-237
240-243

264-269

278-281

286-289

289-293

294-299

332-337

345-355

366-370

Barren
Other remarks: only inorganic fraction
Recorded only onAmmoniap.*

Barren

Benthic foramsAmmoniaspp.
Macrofossils:Cerithium vulgatum
Hydrobiaspp., sea-urchin remnants,
mollusk fragments,

Other remarks: carbonatic clasts

Only inorganic fraction, Very few badly
preserved benthic forams.

Benthic forams badly preserved

Other remarks: carbonatic clasts
Benthic foramsAmmoniaspp.

Other remarks: vegetal remnants, mollusl
fragments

Benthic foramsAmmoniaspp, H.
germanica

Other remarks: shell fragments

Benthic foramsAmmoniaspp, Haynesina
germanica

Other remarks: shell fragments, ostracod:
vegetal remnants

Benthic foramsAmmoniaspp.,H.
germanica

MacrofossilsHydrobiaspp, Cerithium
vulgatum, Cerastoderma glaucum
Other remarks: vegetal remnants, shell
fragments, ostracods

Benthic foramsAmmoniaspp.,H.
germanica

Macrofossils:Cerastoderma glaucum,
Cerithium vulgatum, Hydrobiapp,
Pirenella conica

Other remarks: vegetal remnants, shell
fragments, ostracods, carbonatic clasts
Benthic foramsAmmoniaH. germanica
Macrofossils:Cerastoderma glaucum,
Cerithium vulgatum, Pirenella conica
Other remarks: shell fragments, carbonatic
clasts

Benthic foramsAmmoniaH. germanica
Macrofossils:Cerastoderma glaucum,
Cerithium vulgatumHydrobiaspp, sponge
spicules

Other remarks: ostracods, oogonium, she
fragments

Benthic foramsAmmoniaH. germanica
Macrofossils:Cerastoderma glaucum,
Cerithium vulgatum, Loripes lacteus
Other remarks: shell fragments, vegetal
remnants, sea-urchins remnants
Benthic foramsAmmoniaH. germanica
Macrofossils:Cerithium vulgatum,
Hydrobiaspp.,Pirenella conica

Other remarks: shell fragments, vegetal
remnants, Ostracods

Alluvial/fluvial
paleoenvironment
Alluvial/fluvial
paleoenvironment
Alluvial/fluvial
paleoenvironment
Marginal marine with
alluvial input

Marginal marine
High energy event

Marginal marine with
alluvial input

Lagoon

Lagoon

Lagoon

Lagoon

Marginal marine with

alluvial input

Marginal marine with
alluvial input

Marginal marine with
alluvial input

Marginal marine with
alluvial input

71



SSV S2-1V-12

SSV S2-1V-13

SSV S2-1v-14
SSV S2-V-15

SSV S2-V-16

SSV S2-VI-17
SSV S2-VI-18

SSV S2-VI-19

378-382

386-393

393-395
410-414

438-444

500-502
509-513

516-520

Benthic foramsAmmoniaH. germanica Marginal marine with
Macrofossils:Cerastoderma glaucum, alluvial input
Cerithium vulgatum, Hydrobiapp.,

Loripes lacteus, Pirenella conica

Other remarks: small clasts, whole shells

and shells fragments

Almost barren. Only few benthic forams  Ponding with alluvial input
badly preserved

Macrofossils:Cerithium vulgatum, Loripes

lacteus, Pirenella conica

Other remarks: clasts, mollusk fragments

Only few benthic forams badly preserved Ponding with alluvial input
Other remarks: mollusk fragments

Benthic foramsAmmoniaspp., Ponding with alluvial input
Asterigerinatasp., Cibicidoidesspp,

Hyalinea balthica

Other remarks: sample characterized only

by reworked material, shell fragments, se

urchins remnants

Benthic foramsAmmonia tepida, Bolivina Marginal marine with
spathulata, Cassidulina carinata, alluvial input
Cibicidoidesspp.*, Elphidiumspp.*,H.

germanica, Uvigerinapp.*

Macrofossils:Cerastoderma glaucum,

Cerithium vulgatum, Hydrobiapp.,

Loripes lacteus, Pirenella conica,

Planorbissp.,Truncatella subcylindrica

Other remarks: sea-urchins remnants,

mollusks fragments

Barren Fluvial input

Benthic foramsAmmoniaspp?, Fluvial input
Cibicidoidesspp?*, Elphidium crispur

Macrofossils:Cerithium vulgatum,

Pirenella conica

Other remarks: mollusks fragments, clasts

(maybe carbonatic of fluvial origin)

Benthic foramsB. spathulata, C. carinata, Upper bathyal
H. balthica, Uvigerina mediterranea, Grey-blue clay from the
Uvigerina peregrina lower Pleistocene

Macrofossils:Bittium reticulatum,
Truncatella hammersmithi

Other remarks: ostracods, mollusk
fragments, clasts, sea-urchin fragments

Table 4: List of all samples collected and analyfemdmicropaleontological analyses from PVC core/S® dug in

Vigne site. The table shows the ID sample, theldepth respect to the ground surface and a vemsf lbiéscription of

the paleontological content and the related inttgal paleoenvironment. Note that * is used whearfar are in very

bad condition.
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NO SAMPLE: Empty

SILT: Plowed horizon. ground sift with
small pebbles and raats

SILT. Brown with clasts up to 34 em in
size (calcarenite and more)

SILT: Brown, fining downward, with
small sparse pebbles up to 1-2 cm in
size and some small shell fragments.

resampling

CLAYEY SILT. Brown to dark brown
vith sparse small shell fragments and
few small carbonatic clasts (apart one

large clast at 85-88) marginal marine
Micro (90 [ Rt
) ¢ evolving in a
~100] ponding paleoenv.
RESAMPLING:
CLAYEY SILT. Brown to dark brown marginal marine

with sparse small shell fragments and

Micot L .
fow small carbonatic clasts. At 130-132 | (13.126) paleoenv. with

cm the unit is rich in organic material

with charcoals. casom alluvial input 1330-1450 AD

| CALCARENITE CLASTS: From 140 to
166 cm there are some calcarenite
clasts within a grey to brown clayey silt
From 166 to 21 cm there is a
calcarenite horizon (clasts up 5 cm in
size) with little matrix made of grey to
brown clayey st
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BIOCLASTIC CALCARENITE: backshore

Vellowish hazs! with several pebbles

SILTY CLAY- Grey to brown without | Micro (250- === D@rren
rocts, clasts and vegetables 253)

Micro 2 =1
SILTY CLAY: Grey to brown with (210-273)
coveral (mm in 520) shel Fagmants
and small clasts. Charcoals at 274-278 |G 14 (277 BC 1210-1140
cm fidlo3
(263286) lagoonal paleoenv.
CLAVEY SIT Grey with many sl |
fragments and whole cerastoderma._ Micro 4 il
Whole shells concentrations at 302- | (288-291)

305 and 321-325 cm.

3 ez 82 2 ac ae be €2 sa fa

Micro §
(300-306) [t

)

£3 53 13

CLAYEY SILT: Pale grey-pale brown . .
ith many whole shells (mainly marginal marine

gastropods) and some shell fragments: N
paleoenv. with

Micro 6
or:ciAMc SILT: Blackish silt organic | (338-342) alluvial input Bc 2340-2060
ayer.

C 14 (342-
3a4)

'BIOCLASTIC LAVER: Grey to hazel
vith several shell fragments and some | picro 7
whole shells (<2 cm’) with litle matrix. | (350-363)

- .
PEBBLES. Fazel o brown, omded s — fluvial input
Subangular, win a e sity matex At | 360-363) P
the bottom there are some shell
frsamarts

| CLAY: Light grey to blue, organic rich
at the top with an inclusion of coarser
material (1-2 cm).

Micro 9
(379-384)
GLAY: Light grey to blue with sparse

and random oxidations and some
carbonatic clasts or concretions. At | 36 300"
397-399 cm organic blaciash rch ens. | 106

P gray blue clay from
(440240) the lower Pleistocene
upper bathial paleonv.

25 (505-
510)

s o - " BOTTOM
Fig. 13 - SSV-S3 core log with a brief paleoenviremtal reconstruction based on micropaleontologicalysis and

14C calibrated ages. On the right, a picture ofithele collected sequence with PVC tubes, 1 m long.
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ID Sample

Depth (cm)

Paleontological content Paleoenvironment

SSV S3|

SSV S3-11-1

SSV S3-l

SSV S3-lll
SSV S3-l1I-2

SSV S3-111-3

SSV S3-ll1-4

SSV S3-1V-5

SSV S3-1V-6

SSV S3-IV-7

SSV S3-1V-8

SSV S3-1V-9

90:93

123-126

222-225

250-253
270-273

283-286

288-291

300-306

338-342

350-353

360-363

379-384

Benthic foramsAmmoniaspp.,Haynesina  Marginal marine evolving
germanica, in a ponding
Other remarks: ostracods

Benthic foramsH. germanica Marginal marine with
MacrofossilsHydrobiaspp.,Pirenella alluvial input
conica Planorbissp.

Other remarks: ostracods, whole shells and

shell fragments

Benthic foramsAmmoniaspp?, H. Marginal marine within
germanica, Elphidiunspp?* backshore
Other remarks: sea-urchin fragments, she

fragments, clasts

Barren with rare ostracods Lagoon

Benthic foramsAmmoniaspp, H. Lagoon
germanica

Benthic foramsAmmoniaspp, H. Lagoon
germanica

MacrofossilsHydrobiaspp.

Other remarks: ostracoda, mollusk

fragments

Honed material

Benthic foramsAmmoniaspp, H. Lagoon
germanica

Macrofossils:Cerastoderma glaucum

Hydrobiaspp.,Loripes lacteus

Other remarks: whole shells and shell

fragments, ostracods

Benthic foramsAmmoniaspp.,H. Lagoon
germanica

Macrofossils:Cerithium vulgatum,

Cerastoderma glaucum, Pirenella conica

Other remarks: whole shells and shell

fragments

Benthic foramsAmmoniaH. germanica Marginal marine with
Macrofossils:Cerastoderma glaucum, alluvial input
Cerithium vulgatum, Hydrobiapp.,

Loripes lacteus, Pirenella conica

Other remarks: whole shells and shell

fragments, ostracods

Benthic foramsAmmoniaspp, H. Marginal marine with
germanica alluvial input
Macrofossils:Cerithium vulgatum,

Hydrobiaspp.,Pirenella conica

Other remarks: shell and shell fragments,

carbonatic clasts

Benthic foramsAmmoniaspp*, Bolivina Fluvial input
spathulata, Cibicidoidespp.*, Elphidium

crispum*

Macrofossils:Cerastoderma glaucum,

Cerithium vulgatumHydrobiaspp.,

Pirenella conica

Other remarks: whole shells and shell

fragments

Benthic foramsAmmoniaspp*, B. Grey-blue clay from the
spathulata, Bulimina aculeata, Cassidulina lower Pleistocene. Upper
carinata, Cibicides lobatulus Elphidium bathial paleoenvironment
spp.*, Globocassidulina subglobosa

Macrofossils Hydrobia spp.,Pirenella

conica
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Other remarks: whole shells and shell
fragments. The assemblage is badly

preserved

SSV S3-V-10 440-444 Benthic foramsBulimina aculeata, Upper bathyal
Bulimina marginata, B. spathulata, C. Grey-blue clay from the
carinata, C lobatulus, G.subglobosa, H. lower Pleistocene
balthica, Melonis barleeanum, Uvigerina
peregrina
Other remarks: clasts

SSV S3-VI-11 510-514 Benthic foramsB. aculeata, B. marginata, Upper bathyal
B. spathulata, C.carinata, H.balthica, U. Grey-blue clay from the
peregrina, Textulariaspp. lower Pleistocene
Other remarks: sea-urchins fragments,
ostracods

Table 5: List of all samples collected and analyf@mdmicropaleontological analyses from PVC core/S8 dug in
Vigne site. The table shows the ID sample, the ldepth respect to the ground surface and a vemfld@scription of
the paleontological content and the related inttgal paleoenvironment. Note that * is used whearfsr are in very

bad condition.

Sample/depth (cm) Lab code 613 C Conventional age years B.P. Calibrated ages2 Probability

distribution
SSV-S2 (398-400) Poz-91255 -25.2 4500 +/-35 BC 3354- 3090 1.000
SSV-S2 (251-254) Poz-91253 -21.1 2765 +/-30 BC 994- 985 0.023
BC 980- 834 0.977
SSV-S2 (183-186) Poz-91259 -26.5 2140 +/-30 BC 353- 295 0.203
BC 229- 219 0.015
BC 213- 87 0.748
BC 78- 56 0.034
SSV-S3 -IV (342-344) Poz-91258 -18.7 3790 +/-35 BC 2342-2132 0.978
BC 2083-2059 0.022
SSV-S3-lll (277-279) Po0z-91257 -26.6 2905 +/-30 BC 1207- 1140 0.211
BC 1134-1008 0.789
SSV-S3-11 (130-132) Po0z-91256 -23.6 505 +/- 30 AD 1331-1338 0.022

AD 1397-1447 0.978

Table 6 - Measured and calibrated ages of theatetiesamples at Vigne site.
5. Discussion and conclusions

The two sites investigated by coring exhibit ingirey data that could suggest some consideration
in terms of extreme events.

In fact, considering the data collected and elaedrat Torre Barbagianni site (Vendicari Natural
Reserve area), it is possible to underline thaalampt change in depositional environment from
lagoonal/alluvial to marine (testified by a cleashl erosional contact of the sandy marine deposits
overlaying the lagoonal/alluvial finer sedimentsgcurred at about 1 m in depth (fig. 14; fig.15A
and 15B). Amore et al. (1994), studying the sedisen this protected area (by means of 1 m long
cores on very recent deposits), already evidertuedphenomenon but nothing is available in terms
of timing. The related marine interval (about 30-dt thick) is most probably due to the

development of a foreshore beach paleoenvironmetiteastudy site, intrinsically related to the
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establishment of a direct connection to the sap (f6B), presently at about 800 m far from the
coring site.

The latter sediments are not a typical tsunamtedlaeposit but we are tempted to interpret them
as potentially related to a local earthquake omdsu wave(s) that produced a significant
modification of the coastline, disrupting the masfdgic sandy coastal barrier able to protect the
site area, thus favoring a direct connection tosttge and providing a large amount of sediment (due

to the tsunami wave erosional action).
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Fig. 14 - VBG-S4 log with a brief paleoenvironmdntaconstruction based on micropaleontological and
sedimentological analysis and the age result fradiocarbon datings. The picture of the whole seqeienith PVC
tubes, 1 m long is displayed on the right sidehkicore picture the presence of on coarse unitlgnaharacterized by
sand and silt is highlighted. On the left side sqimts showing grain size analysis. The plot fréva $ample VBG-S4-
1S highlight a badly sorted sample testifying tlmatawuous alluvial/fluvial input in the lagoon wkilthe sample
collected in correspondence of the coarser lay@Q\54-2S) presents a bimodal grain-size distribusbowing an
important contribution of a fine sand in a quieviemnment. Finally, in the uppermost plot (VBG-S8)3 recovery of

the protected shallow environment with finer sediteas testified.
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Today, it is known that large tsunami waves are abldrastically modify coastal morphologies. In
fact, after the 2004 Indian Ocean tsunami, mangrgific papers described the coastal erosion due
to tsunami wave action (Umitsu et., 2007; Parialet2009). Most of the erosional features such as
erosion escarpments in soils, beaches, banksbeagsy and slopes were well described in literature
by Maramai and Tinti, (1997) during the 1994 tsuhanSoutheast Java, by Shi et al., (1995) for
the 1992 tsunami in Flores and by Gelfenbaum e{(2003) for the 1998 tsunami in Papua New
Guinea. The Erosion of sand barriers was also tepdsy Andrade, (1992) for the 1755 Lisbon
tsunami. Moreover, processes able to rebuild cbdastalforms (e.g. beaches or coastal spits)
eroded and modified by an extreme event were obdeamd reported (Koiwa et al., 2017). In fact,
Koiwa et al. (2017) observed the recovery of theibaspit of Pakarang Cape (southern Thailand)
after the erosion caused by the 2004 IndonesiaatsunThey found that the new volume of
sediment for the barrier recovery was two timegdarthan that of the estimated erosion by the
tsunami, thus giving life to a new geomorphic feattHowever, the recovery speed in restoration
processes is dependent on sediment availabilitpgKa et. al., 2012) where the littoral processes
(e.g. coastal current and storm waves) play a foneddal role in the sediment distribution.

De Matrtini et al. (2010) found a similar environnednchange, from alluvial to marine, in a site
called Augusta Hospital, (located few kilometersrthoof Siracusa town) that shows a
geomorphological setting similar to Vendicari sien in this case, the deposit investigated was
not a characteristic tsunami deposit. Authors, len liase of the analysis undertaken, related the
sudden environmental change to an extreme evehtctessed a significant geomorphological
coastal modification.

In terms of timing of this hypothesized strong dyeecorded in the Vendicari area, it is possible t
add that from both cores we got a radiocarbon caingtd average sedimentation rate, very similar
and stable, of about 0.5 mm/yr. If we apply thidiseentation rate to the lagoonal/alluvial deposits
overlaid by the beach sands, we may derive a marirage of the sand bottom (called here 03)
windowed between BC 280 — 230 AD. This age is @efias maximum value because, if we take
into account the presence of its clear erosiveamintve could have missed some cm of sediments,
but we do not have a reasonable approach to ctdcaha not even to estimate it.

Finally, it is noteworthy to mention that this agempare well with the age of some tsunami
deposits found in the nearby areas (De Martinilet2812), in particular with respect to the Ex
event (from offshore data in the Augusta Bay, Sieedt al., 2011), PR-02 event (from Priolo
Reserve site, De Martini et al., 2010), and MOReV2nt (from Pantano Morghella site, Gerardi et

al., 2012) that were potentially related to the 3&5Crete tsunami (fig. 17).
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Legend

/% vbg cores
------- Paleo channel
Coastal lakes

Beach deposit

Littoral sandy bar

Marsh deposits

Fluvial and lagoonal deposits

Carbonate bedrock

) <=1260-1390 ADJ

B

Fig. 15 - Summary of the paleoenvironment develdnrfmr the Vendicari coring site. A) Lagoonal paegironment
at the coring site around BC 770-430. B) Beacheatcbring site around BC 280-230 AD due to a mesgdimentation
in the whole lagoon (Amore et al., 1994) likely doethe rupture of the morphological sandy bari@rDevelopment
of a lagoonal paleoenvironment with the recoverytha coastal sandy barrier (<= 1260-1390 AD). Dgsent day

phase with the two salt coastal lakes of Pantarmm@r and Pantano Piccolo with their related maegiosits.

In the Siracusa salt pans area (at Vigne site) evdatively suggest a paleoenvironmental
reconstruction based on the data collected frorexc@&SV-S2 and SSV-S3 and related analyses.
Starting from the cores bottom, the micropaleorgigial study performed revealed the development
of a fluvial environment, eroding and depositingtbe grey-blue Lower Pleistocene marine clay,
evolving towards a marginal marine environment (B810-2060). In core SSV-S2, the latter
environmental change occurred together with a @earding phase as testified by the presence of a
peat layer (BC 3350-3090). Moreover, the site egpeed a progressive closure of the system with
the development of a lagoonal environment (BC 12140) up to the deposition of a well distinct
clean bioclastic calcarenite layer, with inversadjng and very little matrix.

Interestingly, both cores testify the successiweetigpment of a marginal marine environment (fig.
16a), that as for SSV-S3 is abruptly interruptedthy deposition of a detritic fan (fig. 16b),
potentially related to a local cliff collapse (ttezrace outer edge located just behind the cortey s
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This fan is interpreted as responsible for theedéht environmental evolution recorded in the two
cores. In fact, SSV-S2 is somehow protected witpeet to the sea and thus evolved towards a
continental deposition (fig. 16b, c, d) by fluvalivial phases, while SSV-S3 evolves from a
fluvial (fig. 16c) to a marginal marine environmdfig. 16d, 1330-1450 AD). Finally, both cores
register the salt pan construction (fig. 16e, acol600 AD) and the environment turned towards a

pure continental deposition up to the present deage (fig. 16f).
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Fig. 16 — Summary of the paleoenvironment develognfer both cores after the deposition of the hkastt
calcarenite: A) Marginal marine environment forlbabres. B) The deposition of a detritic fan, ptidly related to a
local cliff collapse, interrupted the marginal nmerienvironment for SSV-S3. C), D) SSV-S2 is pradatith respect
to the sea and evolved towards a continental dépody fluvial/alluvial phases, while SSV-S3 eve$s/from a fluvial
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to a marginal marine environment. E), F) Both caregister the salt pan construction (around 1600 ABd the

environment turned towards a pure continental déposup to the present day phase.

In the Siracusa area at the Vigne Site, we recoaidg one single high energy unit, a distinct
bioclastic calcarenite layer (deposited after BM-830 and before BC 350-60) with unclear
provenance. This layer has some tsunami deposiiré=asuch as a sharp basal contact and a
slightly inverse grading (that could suggest a fdeposition) but lacks of any marine content.
Despite this, however, applying an average sediatient rate of 0.82 mm/yr, the age of the high
energy event (called here Srl, fig 17) is ca. 780 Bhis age is comparable with some tsunami
deposits found in the nearby areas, dated betwggr-%00 BC (De Martini et al., 2010; Smedile
et al., 2011): AU-01, AU-02, PR-03,ES8, E9, E10 (fig).

Even if a tsunami origin is not fully supported tbis layer, it is worth to mention that a similar
deposit, gravel layer made by subangular carboc#sgts, found in the Augusta bay (AU-01 in De
Martini et al., 2010) and interpreted as of tsunamngin based on micropaelontological analysis,
display a very similar age (BC 600-400) tempindarscorrelating the two deposits.

Finally, if the bioclastic calcarenite layer is wstly interpreted as a tsunami deposit, it woudd b
possible to derive a minimum inundation distancealodbut 470 meters from the shoreline and a

minimum run up height of about 2 meters above tiesgnt sea level.
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Fig. 17 — Space-time plot of the tsunamis iderdifidong the coast of eastern Sicily (modified aBerMartini et al.,
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82



extent along the coast (dashed when inundatios site unknown, e.g., 365 AD tsunami), while vettitazel bars

show the hypothesized best fitting age rangesrignown tsunamis.

This work will be presented in a paper to be sutadito Annals of Geophysics:

High energy events in the Holocene stratigraphg:Aktarte EU Project Siracusa test site case s&i\sicily, Italy
(Simone Orefice, Alessandra Smedile, Stefania RindiPaolo Marco De Matrtini).
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Appendix

Stratigraphic logs

Project ~ ASTARTE Borehole # VBG-51
Date

Location Vendicari-Torre Barbagianni 16/06/2015

Recorded By Elevation

SUBSURFACE PROFILE SAMPLE Lab Analysis

Lithologic Description

Pepth {cm)
Litholagy

o

SILT: Brown, loose with vegetal
remains.

SILT: Dark brown with vegetal remains
and small spasrse clasts. More
compact.

SILT: Brown to dark grey with
centimetric carbonatic clasts. More
brown towards the bottom. Oxidated at
the bottom. Abrupt contact at the base.

PEBBLES: Hazel silty matrix with
several calcarenites pebbles, strongly
altered from 38 to 51 cm. Pebbles
hazel to whitish in color. From 51 to 63
altered calcarenites.

Project ~ ASTARTE Borehole # VBG-52

Date
Location Vendicari-Torre Barbagianni 16/06/2015

Recorded By Elevation

SUBSURFACE PROFILE SAMPLE Lab Analysis

Lithologic Description

Pepth {em)
Lithalogy

o

SILT: Brown to dark brown with sparse
vegetal remains (roots). Sparse mm
carbonatic clasts.

SILT: Brown to dark grey with
carbonatic clatst (mm to cm in size)
and oxidated layers. Brick remnants at
60 cm of depth (4 cm in size). Vegetal
remains are present. Abrupt contact at
the bottom.

CALCARENITE: Light hazel to
yellowish, altered between 89-94 cm.




Project

ASTARTE

Borehole # VBG-S3
Dal 16/06/2015

Location Vendicari-Torre Barbagianni
Recorded By Elevation
SUBSURFACE PROFILE SAMPLE Lab Analysis

i3 ]

& o

r 2 Lithologic Description

i3 3
0

NO SAMPLE: Compaction - no
recovery

PLANT REMAINS: Plant remains layer

SILT: Brown-gray with roots, vegetal
remains and small pieces of reddish
pottery. One piece of black charcoal at
27 cm (0,50 cm in size). Fining
downward.

CLAYEY SILT: Gray with roots and few
organish alterations.

-50-
R NO SAMPLE: Due to the extraction?
1 CLAYEY SILT: Gray with few small
roots and sparse orange alterations.
1084

CLAYEY SILT: Gray with small sparse
roots, sparse alterations, rare small
charcoals and few small pebbles at the
bottom.

FINE SAND: Gray to pale gray

(biogenic?)

CLAYEY SILT: Gray in color

2 |\
FINE SAND: Pale brown in color

SAND AND SILT: Mixed layer: clayey
silt with pale brown fine sand

FINE SAND: Pale gray sandy patch.

SILT: Silt to clayey silt , light gray, with
vegetal remains and shell fragments.

CLAYEY SILT: Grey to dark gray with
vegetal remains and sparse rare sub
centimetric clasts.

SANDY PATCH: Brown fine sandy

pathc within a ligth gray clayey silt

SILT: Light silt to clayey silt with
jetal re: and shell fragments.
Getting darker and fining downward.

CLAYEY SILT: Dark gray with some
withish carbonatic clasts.

CLAYEY SILT: Transitional layer: pale
gray clayey silt with abundant
calcarenites clasts.

= SILT: Withish with cm carbonatic
clasts.
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Project  ASTARTE

Location  Saline di Siracusa.Vigne Site
Recorded By

Borehole # SSV-S1
Date 181082015

Elevation

SUBSURFACE PROFILE.

Lab Analysis

SOIL Brown with clasts ranging
Tominw s 14 e s see vl
femamns (0ots). serall pottery
m“w
Loose to the desth of 2 cm
compect downwards. Chacssl st 40

RESANPUNG.

SILT: Brown vih CAORMC NS,
{size fom fow mm to 66 cm) and
‘shell tagments. Brg sl at about 155
em?

ST Brownto dark oy wih @ swal
amount of clay. sparse carbonatic

bigclast 7
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Sedimentological data

VBG-S4-0S (291-292 cm)

VBG-54-0S
75 T
70 + %
1= e
=] & <

% weight
8

silt

clay

Total clay 30, 70%

Total silt 53, 09%

Total sand 16,21%

The sample can be defined a clayey silt with
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VBG-S4-1S (127-132 cm)

VBG-54-1S

75 -
70 A
65 -
60 -
55 -
50 A
45 A
40 H
35 A1
30 -

pebbles

sand
silt
clay

% weight

- o -l N (] < n o ~ 0 ()] a
\II v v v v v v v Vv A\ Vv A

Total clay 9,60%

Total silt 30,83%

Total sand 47,71 %

Total pebbles 11,86%

The sample can be defined a silty sand with peldescla:
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VBG-S4-2S (100-105 cm)

75 A
70 A
65 -
60 -
55 4
50 A
45 A
40 -
35 A
30 A
25 A
20 A
15 -
10 A

pebbles

% weight

<-1

VBG-54-25

e
c
1]
"

<0
<1
<2
<3
<4
<5
<6

<7

silt

<8

<9

clay

>9

Total clay 12,68%
Total silt 34,81%
Total sand 52,19%
Total pebbles 0,32%

The sample can be defined a silty sand with
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VBG-S4-3S (74-78 cm)

75 -
70 -
65 -
60 -
55 ~
50 A
45 A
40 H
35 A
30 A
25 A
20 A
15 ~
10 A

pebbles

% weight

<1

VBG-54-35

<7

silt

<8

<9

clay

>9

Total clay 36,92%
Total silt 51,02%
Total sand 10,74%
Total pebbles 1,32%

The sample can beefined a clayey silt with sal
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VBG-S5-3S (113-119 cm)

VBG-55-35

% weight

-l o - (o] o0 < n o
\', \"4 \ \4 \"4 \"2 \ \

<7

<8

<9

>9

Total clay 0,41

Total silt 5,09%

Total sand 94,48%

Total pebbles 0,02%

The sample can be defined a fine ¢
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VBG-S5-4S (119-124 cm)

VBG-55-45

% weight

i o i (o] o0 < n o
v \"4 \ \4 \"4 \"2 \ \

<7

<8

<9

>9

Total clay 0,30

Total silt 6,33%

Total sand 93,26%

Total pebbles 0,12%

The sample can be defined a fine ¢
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SSV-52-1S (83-88 cm)

SSV-S2-1S
30 T wn
2
o y ]
E 20 +
20
g 15 +
X
10 +
5 -+
0 .
i o (ol o o < n
v A\ v Vv A\ A\ v
¢

<6

<7

silt

<8

<9

clay

>9

Total clay 23,08 %

Total silt 42,85%

Total sand 27,46%

Total pebbles 6,62%

The sample can be defined a sandy clayey silt f@ithpebbl
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SSV-S2-2S (192-197 cm)

SSV-S2-2S
30 T w
Q
o -]
2 201
20
g 15 +
X
10 +
5 -
0 .
-l o (ol o o < n
v v v v v v v
¢

<6

<7

silt

<8

<9

clay

>9

Total clay 23,92 %

Total silt 41,87%

Total sand 32,23%

The sample can be defined a sandy silt with
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SSV-52-3S (264-269 cm)

SSV-52-3S

30 T

pebbles
sand

% weight

<8

<9

>9

Total clay 42,26 %

Total silt 54,88%

Total sand 2,8%

The sample can be defined a claye)
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SSV-582-4S (332-337 cm)

SSV-S2-4S
30 T (7, ]
2
o °
1 2 c
7 & S
2 201
20
g 15 +
X
10 +
5 -+
0
-l o (ol o o < N (o]
v v v v v v v v
¢

<7

silt

<8

<9

clay

>9

Total clay 24,4 %

Total silt 70,86%

Total sand 4,74%

The sample can be defined a claye)
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SSV-S83-1S (390-395 cm)

SSV-$3-1S
30 T o
2
Ko
s+ g g = 8
=8 v 7 (&}
e}
s
20
[,
3
X
T~
- o i (o] o < Ln o ~N -] [+)] (2]
v \"4 \ \4 \"4 \"2 \ \ \4 \" \"4 A
¢

Total clay 27,22 %

Total silt 64,13%

Total fine sand 8,49%

The sample can be defined a clayey silt with feve 8an
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SSV-83-2S (505-510 cm)

SSV-S3-2S
30 T @
2
= ©
220+
0
g 15 +
X
10 +
5 -+
(]
-l o (ol o o < n
v v v v v v v
¢

<6

<7

<8

<9

>9

Total clay 34,28 %

Total silt 60,31%

Total fine sand 4,82%

The sample can be defined a clayey silt with feve 8an

101



The grain-size classification refers to the graplow by Wentworth , 1922.
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Chapter 3

Application Of The Amplification Factor Method In The
Neam Region (North East Atlantic, Mediterranean And Its
Connected Seas Region)
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This work has been supported by the European Uni&@e€venth Framework Programme
(FP7/2007-2013) under grant agreement 603839 @r&#STARTE), and by the TSUMAPS
NEAM Project, co-financed by the European Union iICRrotection Mechanism, Agreement
Number: ECHO/SUB/2015/718568/PREV26.

The TSUMAPS-NEAM project (http://www.tsumaps-neam)eproduced the first region-wide
long-term homogenous Probabilistic Tsunami Hazasdes&sment (PTHA) map from earthquake
sources for the coastlines of the North-East Aitanthe Mediterranean, and connected Seas
(NEAM) region. It represents a kind of spin-off thie ASTARTE project. EU project ASTARTE

(www.astarte-project.guaimed at developing a higher level of tsunamiandzassessment in the

North East Atlantic and Mediterranean (NEAM) regitny a combination of field work,

experimental work, numerical modeling and technitealelopment.

1. Introduction

Tsunamis are low frequency high impact natural desa. In the last two decades the destructive
tsunami events of 2004 Indian Ocean and 2011 Toltakised loss and damages to both human
coastal communities and related environments. Atstime time, indirect consequences in terms of
economic issues had global repercussions. Moreowernatural phenomena, like the Fukushima
nuclear disaster, have determined a huge worseasfirige tsunami consequences. These events
highlighted the necessity to assess the tsunammdetions risk worldwide. Direct past tsunami
observations are rare and scarce (Costa et al§; 20& Martini et al., 2017). Geological and
historical records of past tsunamis inundationsdeeontinuous in space and time and along most
of the coastlines are totally absent due to a lakclspecific investigation as well as complex
geological processes and geomorphic settings ptiegerthe preservation of such evidence.
Nowadays the numerical simulations of these extreweats can provide a hazard assessment from
a regional point of view as well as from a localnpf view (Tonini et al., 2011; Levholt et al.,
2014).

2. Tsunami hazard assessment methods

Natural phenomena representing a hazard for thietgdtave the necessity to be characterized in
order to estimate a well-based risk assessment. rigke induced by natural phenomena is
commonly based on the combination of three maitofacthe probability that a certain event can

occur (defined as the hazard), the value of thetaghat may be affected by the event (defined as

104



the vulnerability) and the extent of damages thatévent may induce in these assets (the value),
(ASTARTE, DELIVERABLE D8.39).

A modeling approach is considered a viable procedir estimate the hazard of a natural
phenomena like a tsunami. Tsunami modeling, sonestitngether with the spatial distribution of
the geological evidence of past tsunamis (wherdabta), can provide scenarios for the forecast of
futures inundations. From a general point of visunami modeling can be divided in three phases:
generation, propagation and inundation. The geioerggthase includes the physical movement of
the rock into the water, giving origin to the watksplacement and exchange of energy between the
rock and the water (Gisler, 2008). The propagapioase is characterized by a waves train, modeled
in two dimension, travelling over a varying deptafioor (Gisler, 2008). When the waves train
approaches to the coast the inundation phase td&es. These three phases are often processed
distinctly to each other. In tsunami simulationpp@ximations are usually used mainly in the
propagation phase (e.g. the shallow water equatioesry; Titov et al., 1997) as well as in the
inundation phase.

The computationally-based hazard assessments ampleco and characterized by a number of
uncertainties that should be taken into accountwadtays, in order to assess the hazard, several
methods are adopted.

The Probabilistic Tsunami Hazard Analysis (PTHAjsBand Parsons, 2006; Annaka et al., 2007;
Thio et al., 2007) has the aim to determine thédalodity of exceedance of a given tsunami value
(flow depth, run-up etc.) over a given exposureetiior a selected coastal area, taking into account
an uncertainty value. PTHA should take into accoalhtearthquake sources that may cause a
tsunami according to an earthquake probability rhéolea given region. For these sources, the
parameters and the probability model describingsiherce recurrence in time, are defined (e.g.
Geist & Lynett, 2014; Selva et al.,, 2016). Thenhyarodynamic modeling for each source is
computed. The final result is expressed by a hazanee or by a family of hazard curves spanning
the epistemic uncertainty. The hazard curve shbwptobability that a given value of the chosen
hazard intensity is exceeded. In the tsunami hazamctext, this hazard intensity is often
represented by run-up. The run-up is the (vertiddference between the maximum topographic
height reached inland and the reference sea laévifleatime of the tsunami. Another approach,
called Empirical PTHA, takes as reference the &fed tsunamis recorded in the past, typically
maximum run-ups for events occurred in the predimséntal era and tide-gauge and deep ocean
sensor records for more recent events. These @aedr statistically to retrieve tsunami activity
rates and height-frequency relationships (ASTARDELIVERABLE D8.39 - Quantifying and

managing uncertainty in tsunami risk assessmenaudst application to the ASTARTE test sites.
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Contributors: J. Selva, S. Lorito, S. Orefice, BizBela, S. Igbal, F. Romano, M. Volpe, R. Tonini,
R. Basili, M.M. Tiberti). Tsunami hazard analysisaafollow a Scenario-Based Approach, SBTHA
(Tinti and Armigliato, 2003; Legvholt et al., 2006orito et al., 2008; Okal and Synolakis, 2008).
The SBTHA method aims to estimate the credible +stve scenarios for a specific site/coastal
area. This procedure is articulated in two stepe first one is the choice of the source areathior
target sites. This step is conducted thorough tiad¢yais of catalogues of historical occurrencea of
given tsunamigenic source type (in this method #sualslides and volcanoes are considered),
analysis of available databases/studies of potédat@vn tsunamigenic sources and analysis of the
geomorphology and geodynamics of the selected gpbgral domain (ASTARTE,
DELIVERABLE D8.39). The second step is based ondheice of the “credible worst case”. For
example for a seismogenic source the maximum desglddue of magnitude is considered. Typical
products of the SBTHA are aggregated fields of mmaxn water height (offshore and inland), flow
depth onshore, particle velocities (offshore andhane), maximum momentum flux (onshore),
(ASTARTE, DELIVERABLE D8.39).

From a general point of view numerical simulatiofi$ssunami inundation (to estimate tsunami run-
up) can be computationally costly (Geist and Lyn2@tL4). Several methods have been proposed to
deal with this issue as far as local detailed PTigl8oncerned (e.g. Lorito et al., 2015). In order t
avoid costly inundation simulations when the scopthe assessment is regional, or for example in
cases where very detailed topo - bathymetric de¢anat available, approximated methods to
estimate run-up and inundation maps are often u$kd. amplification factor method is an
approximated method, proposed and validated by algét al. (2012), to estimate run-up values
and inundation distances along a stretch of cddsteover, the amplification factor method can be
used in the context of PTHA, to provide regionah@mi hazard maps. Such an approach has been
used for global PTHA (Davies et al., 2017).

An improved amplification factor procedure basedtbe use of the local bathymetric profiles
instead of idealized profiles has been developednguthe ASTARTE project (ASTARTE
Deliverable D8.39). According to this procedurecallaboration with TSUMAPS-NEAM partners,

| performed the characterization of the coastapesoof the NEAM region, to be used for
amplification factors calculation. | also performadcomparison between the maximum water
elevations, obtained from the factors method, &edrésults derived from conventional inundation
models (e.g. ComMIT, COMmunity Model Tsunami Inge¢), thus contributing to uncertainty
estimation of the amplification factors themselves.
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3. The amplification factor procedure

This procedure consists in relating the water serfelevation at a given isobath, (from a tsunami
simulation) with the maximum surface elevation dgrinundation past the shoreline using a set of
amplification factors.

In previous works (Lavholt et al., 2012; Lgvholtatt, 2014) the base of this procedure was made
by a set of numerical plane wave simulations rugron idealized two dimensions bathymetric
transects (fig.1). The bi-dimensional idealizedhlgatetric profiles, for each observation point,
were assigned manually, by inspecting the bathymesually. Parameters as the bathymetric
profile, polarity of the wave (leading elevationleading trough) and wave period (wave periods of
120, 200, 300, 600, 1000, 1800, 3600 seconds wsed)uwere varied. From the plane wave
simulations, amplification factors, relating thefage elevation at a given isobath to the maximum
shoreline water level, were computed and storddakup tables (Lgvholt et al., 2014). Therefore,
to estimate the maximum shoreline water level fittwn offshore time series gauges in a tsunami
simulation, the amplification factor was extractemim the lookup tables and in turn multiplied with

the maximum surface elevation measured at thegeries gauges (Lavholt et al., 2014).

A=h0/h100

Fig.1 — An idealized bathymetric profile and thethaa&l of amplification factor. The amplification tac is defined as
the ratio between the maximum water surface elenait the shoreline hO and the water surface étvat a given
isobaths (e.g. 100 m) (modified from UNISDR GloBakessment Report 2015 — GAR15).

In this study, it has been decided not to conslelhymetric profiles as 2D transects, but to
evaluate the real bathymetry along a stretch obtcammputing the amplification factor on real
local bathymetric profiles. The main idea adoptedrace profiles, was to sample the continental
shelf, the slope and the abyssal plain in frorthefstudied shore, in order to better characteéhiee

sea bottom morphologies, that play a fundamenta iro the tsunami propagation. In fact, for
example, Moode et al., (2016) found that the tsureght on continental shelf is lower for steeper

continental slope in comparison to flatter slope.
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In this context, my contribution was mainly basedthe bathymetric profiles acquisition, their

processing, and the characterization of the locedlyresentative profiles. For completeness of
information | nevertheless describe here all thespk that were carried out to obtain the
amplification factors and to estimate their undetta

In the following, the procedure adopted to acqtheebathymetric profiles is described.

4. Bathymetric profiles acquisition and amplification factors

4.1 Investigated areas

This study has the aim to estimate the amplificetidactors in three different areas: the
Mediterranean Sea, the Black Sea and the North Athaihtic, practically the area known as
NEAM, as this is the target of the TSUMAPS-NEAM jexi.

For each of these areas, bathymetric profiles veequired using ArcGIS 10.2.1 and Python
scripts. The base for the bathymetric profiles &itjan was a SRTM (Shuttle Radar Topography
Mission) available at http://topex.ucsd.edu. Inadefor the Mediterranean Sea and for the Black
Sea | used a SRTM with 15 arc seconds of resoltieh size is about 450 meters) (fig. 2) while
for the North East Atlantic a SRTM with 30 arc seds of resolution was used (cell size is about

900 meters) (fig. 3). The shoreline was computeédguithe “generate contour” ArcGIS tool.

000" 10°00°E 20°00E 0°00E 40°00'E
L 1 1 1 1
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[-20"00"N

[-35"00"N

[-20'00'N

- e Kilometers
0 250 500 1,000 1,500

T T T T T
000" 10°00°E 20°00°E ' 20°00'E

Fig. 2 — SRTM 15 (15 arc seconds of resolution)usgdMediterranean Sea and for the Black Sea. Trayaed

coastlines are highlighted in red.
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Fig. 3 - SRTM 30 (30 arc seconds of resolution)dugar the North East Atlantic. The analyzed coasti are
highlighted in red.

4.2 Methodology

The starting point for the bathymetric profiles aisition procedure considered the use of some
offshore points located at -50 meters isobath. Eeeht is characterized by latitude, longitude and
an ID index.

At the beginning, these points had a distance letvikem of about 2 kilometers. Subsequently
they were down-sampled in order to obtain a ladjstance of about 20 kilometers (fig. 4). This

down-sampling was done in order to reduce the coatipnal cost but saving the accuracy of the
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results, being the aimragional calculation instead of a local one forethdenser sampling has

be preferred.

o

_| * Offshore points, located at -50

meters depth
xR g

Fig. 4 —A) Hazard points located &0 meters isobaths with a distance each from aih@km. B) New selection ¢

hazard points with the new distance of & 20 km.

Once selected new offshore points, the nearestsmonding points along the coastline were fc
using the “near” ArcGIS tool. Nearest points on shereline preserve the ID index of the offsr
hazard points.

Along the shoreline, from eacloipt, an interpolation line passing through threafs was createl
From the shoreline, in correspondence to eachpaolkation line, a group of transects perpendic
to the line and characterized by a distance betwleem of 1 km, was traced (fig.. In this way,
the bathymetric profiles traces were approximapagpendicular to the shoreline. All profiles t
met islands were deleted in order to avoid posikalees. Each group of transects was denomir
with the ID index of the central shomne point of the interpolation line, in order to bav group o

profiles for each offshore control poi
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Fig. 5 — This figure shows the main features usddaice the transects. It is possible to notewlegroups of interested

points located at -50 meters and on the shorefigpeactively, the interpolation line passing throtiyiee points on the

shoreline, and a group of profiles perpendiculahtoline and to the shoreline.

Sometimes the direction of profiles was changecbge they need to go towards the deepest area
in order to sample the continental shelf, the skope the abyssal plain in front of the studied shor

In fact, the sea bottom morphologies play a funddaierole in the tsunami propagation. This
happens because the trend of the coastline is ditienent from the trend of the -50 meters isobath
From a geological point of view the shape of thersline is the result of series of processes
different from those that modeled the trend of igwbath. For this reason, sometimes, also the
distance of the hazard points on the shorelin@isractly 20 kilometers. From a general point of

view, we can have a mutual distance of 20 km, enstioreline, when the trend of the coastline is
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quite linear. When the coastal morphology uite tricky and articulated the distance betw
points on the shoreline may be varial

This procedure was not applied in those areas cteized by a very articulated morphology
Aegean islands, deep and narrow bays (e.g. fj@dd)Croatian isleds. Therefore, in these are
some hazard points were left out without transigcthe automatic procedure. Here a new stra
was adopted. For the Aegean sea islands (fig. §) mne groups of transects, drawn manue
were acquired. For each groopprofiles many offshore points were visually gssid

22'0]'0"& H'U"U"E 2“‘0.'0‘ E ZH‘UI'U'E EG'DI'U E ZTVUI‘D"E R'UI‘D"E B‘UP“E

37T00°N

350N

390N

-

22°007E 300°E 2800E 25°0°0°E 26°00°E 27°007E U0E 200'E

Fig. 6 —The map shows the 9 groups of transects chosehat@aterized the Aegean islands bathymetry. Reats

represent the hazard points locatecb@tmeters dept

For the other partical cases, each point without transects was set agjtlze closest neighborir
factor (Fig. 7).
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3 isobath -50
— coastline
©  Hazard Points along the isobath

@  Nearest points on the shorelne

Fig. 7 —Example of a particular case. The figure showsreomaand deep bay where profiles have been catullanly
for the innermost point. Red circlespresent the hazard points along the isobath wuitbomputed profiles. Orang
points represent points with computed profiles.cBlarrows indicate the points, with computed pedfjithat can b

related to points without any profile.

The drawing and # extraction of bathymetric profiles were performiedArcGIS, using script
written in Phyton language. In particular, transeektraction was computed using the “St
profile” ArcGIS tool overthe SRTM bathymetric maps. Output data were saned tixt format.
Each output file has the name of the hazard panaksx and arranges numeric values of a grot
profiles, in two columns. The first column shows tlistance from the shoreline in kilometers
the second column shows the depth in meters8). In total 149 profiles for the Black Sea, ¢
profiles for the Mediterranean Sea (19) and 1158 profiles for the North East Atlanticioey(fig.
10) were acquired.

0.000000 0.0097 NAN 0.000000 0.0545 NAN 0.000000 0.0119 NaN 0.000000
0.377403 -2.8638 NAN 0.3276015 —-3.71324 NaN 0.374653 —3.32422 NaN 0.367375
0.754806 -5.1106 NAN 0.752030 -5.4047 NBRN 0.749306 -5.6041 NAN 0.734749
1.132210 —7.732& NAN 1.128050 —7.4444 NAN 1.123960 —-8.0121 NAN 1.102120
1.50%610 -10.7276 NAN 1.504060 —9.8865 NAN 1.498610 -10.7232 NaN 1.469500
1.887020 -13.9341 NAN 1.880080 -12.6336 NBAN 1.873270 -13.8466 NAN 1.836870
2.264420 -17.2856 NAN 2.256080 -15.5619 NAN 2.247520 -1€.8954 NAN 2.204250
2.641820 -20.7486 NAN 2.6322110 -18.469%1 NAN 2.622570 -19.7789 NaN 2.571620
3.01%220 -22.9364 NAN 3.008120 -21.2570 NAN 2.997230 -22.4521 NAN 2.935000
3.356630 -24.5527 NAN 3.384140 -23.5020 NN 3.371880 -24.8125 NN 3.306370
3.774030 -27.02%4 NAN 3.760150 -26.3561 NAN 3.746530 -26.6604 NAN 2.673750
4.151430 -28.9363 NAN 4.136170 -28.4591 NAN 4.121150 -28.2634 NAN 4.041120
4.528840 -30.6650 NAN 4.512180 -30.1681 N&N 4.495840 -29.6382 NAN 4.408490
4.906240 -32.3160 NAN 4.888200 -31.6223 NAN 4.870490 -31.0126 NAN 4.775870
5.283640 -33.9772 NAN 5.264210 -33.0658 NAN 5.245140 -32.2275 NAN 5.143240
5.661050 -35.8904 NAN 5.640230 -34.5224 NAN 5.619800 -33.3775 NAN 5.510620
6.038450 -37.6513 NAN 6.016240 -35.8906 NAN 5.994450 -34.4543 NAN 5.8779%0
6.415850 -37.6953 NAN 6.392260 -36.9913 NAN €.369100 —35.4451 NaN €.245370
6.793260 -37.889%0 NAN 6.768270 -37.9312 NAN 6.743760 -36.3533 NaN 6.612740
7.170660 -38.4847 NAN 7.144250 -38.7824 NBAN 7.118410 -37.2081 NAN 6.980120
7.510470 -39.2367 NAN 7.485960 -39.6584 NAN 7.493060 -38.1056 NAN 7.347450
7.850280 -40.11732 NAN 7.827640 -40.6269% NAN 7.834650 -38.9016 NAN 7.714870
8.1%0090 -41.0958% NAN 8.169320 -41.649% NAN 8.176320 -35.7836 NAN 8.056170
§.523910 -42.2257 NAN 8.511010 -42.7176 NAN 8.517950 —41.1435 NAN 8.397480
8.86%730 -43.4360 NAN 8.852700 -43.8002 NAN 8.859580 -42.6749 NAN 8.738790
9.203560 -44.7332 NAN 9.124380 -44.8803 NAN 5.201220 —44.2135 NAN 9.080110
5.543390 -46.0313 NAN 9.536080 -45.5413 NAN 5.542860 —45.7772 NAN 5.421430
9.88%220 -47.2171 NAN 9.877780 -46.9879% NAN $.884510 -47.300% NAN $.762750
10.225000 -48.3118 NAN 10.215500 -48.0105 NAN 10.226200 -4B8.6483 NAN 10.104100
10.568900 -49.3374 NAN 10.561200 -48.9519 NAN 10.567800 -49.6934 NAN 10.445400
10.908700 -50.2662 NAN 10.902900 -49.8091 NAN 10.909500 -50.5580 NAN 10.786700
11.248600 -51.1080 NAN 11.244600 -50.5551 NAN 11.251100 -51.3058 NAN 1l.128100
11_58R400 -51_R118 NEN 11 _5AG3NN  -51.2201 NN  11.592300 -—51_.5597 NaN_ 11_469400

Fig. 8 —Output data of profiles where the first column & feft side shows theistance from the shoreline
kilometers and the second column on the right sliews the depth in meters. The “NAN” divides eaictgle profile
from the next one.
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Fig. 9 — The map shows all Mediterranean profilegured.
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Fig. 10 — The map shows all NEA (North East Atlenpirofiles acquired.
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Once the bathymetric profiles were extracted, fachegroup of profiles the amplification factors
were computed along seven arbitrarily selectedstretrs by using a 1HD linear shallow water wave

model (LSW model). An initial wave of 1 m height deep water, shaped as a single period

114



sinusoidal shaped wave (N-wave) is fed over thentdaty of the model (ASTARTE Deliverable
D8.39)

The wave amplification, from the offshore controlimt (located at about at -50 meters depth) to a
point close to the shoreline, is computed varyimg period and the polarity of the wave. In detail
for each profile, the following parameters are edrifig. 11):

» The polarity of the incident wave, i.e. eithdeading trough or leading peak.

» The wave periods of 120, 200, 300, 600, 1000018600 seconds.

Finally, the ratio between wave height at the slgeand the wave height at -50 meters depth

represents the amplification factor for each peofil

— Mean leading trough
== Mean leading peak

Amplification factors

10 500 1000 1500 2000 2500 3000 3500 4000

Wave period (s)

Fig.11- The figure shows the amplification factdos seven profiles taken from a group of transectsthe
Mediterranean Sea. The amplification factor arategl to the different wave periods (seconds). Edeand blue curves
are the factors for leading peak (positive incideate) and leading trough, (negative incident waespectively. The
thin curves are the factors for the seven locafilps) while the thick lines are the median valfersleading peak and
leading trough. Figure from ASTARTE Deliverable BS.

4.3 Results

Amplification factors maps with a negative and &ipee incident wave and wave periods of 120,
200, 300, 600, 1000, 1800, 3600 seconds respectivete produced (maps with amplification
factors for a leading peak with a period of 1200,30000 and 3600 seconds are presented in fig.
12). In addition, two versions of amplification fars were computed. The first set of factors
provides the raw data values, while the secondi®ibaracterized by smoothed factors along the
shoreline with a median filter, in order to avortifecially short amplification fluctuations alonipe
shoreline (fig. 13).
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Amplification factors, pos,T=120s Amplification factors, pos, T=300s
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Fig.12 — The figure shows an example of 4 amplificafactor maps for the Mediterranean and Black. & detail the
maps represent factors for a leading peak withrimgp@f 120, 300, 1000 and 3600 seconds respegtifélese factors
are not smoothed.

. Amplification factors (BLK), period=300
) i i | i i =
J A /L : i
Spjf AP - P - A S S N | " . A | T h
g 0 A A | : :
@ ! ; L i ’ i \ i
= i I)\ U I i !
YUY S AN % NS, /N S R |V [ S RN, W ST/ S ) | D Lt
) N IR A T reg
. | | & —
2" /\,,,r B A S pos b
! : ‘ YA i [ v | — pos-sm
o 50 100 150 200 250 300 350 400

ID number
Fig. 13 — Example of amplification factors for tBkack Sea computed with a wave period of 300 sesomdparticular

the figure plots the amplification factors in fuioct of the offshore hazard points (ID number). ®wet of factors
smoothed using a filter (“sm” in the labels) is simofor negative (leading trough) and positive (legdpeak) cases.
The smoothed factors are then compared to thoseseqting the raw data values.

From the amplification factor maps (fig. 12) it pssible to note that short waves (with a low
period) give more amplification than a long wavesaggested by Tadepalli and Synolakis, (1996).
In addition, a leading negative polarity gives maraplification than a leading positive polarity
(fig. 14).
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Amplification factors, pos,T=120s
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Fig. 14 -Amplification factor maps for the Mediterranean aldck sea with a leading positive polarity andceading
negative polarity respectively. The ped of the wave is 120 seconds. dtpossible to note that waves with a leac

negative polarity, equal to the period, give margéfication.

In detail, the amplification factor depends modtlym the distance between the offshore cor
point and theshoreline. Lagvholt et al. (2012) found that waviesrger than the distance between
shoreline and the offshore point give factor valupgo 6. On the other hand, if the waves are
(compared to the distance between the shorelinettaaffshorepoint), the wave height at tl
shoreline and at the hazard point will be moreess lthe same, with factors down t

However this procedure is considered a determinmithod. Therefore, in the ASTARTE proj
it was decided to compare the resultsained with local inundation models in order to restie anc

to quantify the amplification factor bias and unagnty.

5. Tsunami Simulations

The comparison between the amplification factord lxcal inundation models was performec
three ASTARTE tesssites: Sines (Portugal), Colonia Sant Jordi (8pand Heraklion (Greece
For each site, 3 earthquake sources with varyingnimzde (Mw7.0, Mw7.5, and Mw8.0) we
used. Only for Sines and Heraklion a fourth souncthn magnitude 8.5 and 9.0 was aced.

Different inundation models (n-linear shallow water modelsNLSW) were used for the differe
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locations. For Sines, the tsunami propagation aedllinundation simulations are modelled with
the NSWING model (e.g. Wronna et al., 2015). Folo8@a Sant Jordi and Heraklion the HySEA
model and a combination of the GloBouss and Commidel were used (Titov and Gonzalez,
1997; Pedersen and Lgvholt, 2008). The GloBousseiriedised to produce the input propagation
files for the inundation model ComMIT (Lavholt dt,&2010). All offshore tsunami simulations are
conducted on grids with 30 arc seconds of resalutwhile the resolution of the finest grids (to
simulate the inundation) is about 10 meters aloaktions. The Manning-friction coefficient (n) is
in all simulations set by default to n=0.03.

In this context, | performed three tsunami simolasi on Colonia Saint Jordi (Palma de Mallorca,
Baleares Islands, Spain), using the ComMIT (COMnyModel Tsunami Interface) model. In
particular, | used three different sources withifetgnt magnitude of Mw7.0, Mw7.5, and Mw8.0
(one example of source is shown in fig. 15), ineordo produce three different inundation
scenarios. The figure 16 shows an example of inioaelated to the Mw8.0 earthquake source
scenario. Parameters that describe the sources@yded in the table 1 where it is possible tenot
that the Mw7.0 scenario is tested with a normaltfaake angle of -90 degrees and dip angle of 70
degrees) while the other two scenarios (Mw7.5, dmB.0) take into account a reverse fault with
two different dip angles (30 and 10 degrees). Maraletail, the source parameters have been
chosen taking into account the Algerian thrustpider to obtain a tsunami waves variability in
terms of periods and wavelengths at studied siET®RTE [603839] — Deliverable 8.39).

Magnitude | Length (km) | Width (km) | Slip(m) | Strike | Dip | Rake | Depth Center(km)
7.0737 54.1 17.9 1.77 675 |70 |-90 [9.4

7.5435 102.5 25.3 3.34 67.5 300 90 7.3

8.09 216.3 38 7 67.5 |10 |90 4.3

Table 1: Parameters of the three sources use@ i8amt Jordi tsunami simulations.

Once obtained all local inundation scenarios, fache site, the comparison between the
amplification factors and the local inundation misdeas performed. Below is a brief description

of the comparison procedure.

In the local tsunami simulation for each site aoddach scenario, the maximum water elevation
and the wave period were extracted at the offshazard point (the same points used in the
amplification factor method) by an automatic praged The period of the wave is then used to
determine the appropriate amplification factor,daee we know that the factors are related to the
period and polarity of the wave.

For each site and for each scenario the deterngimsaximum inundation height was estimated

taking into account the new amplification factofig.(17). The maximum inundation height is

obtained multiplying the maximum surface elevati@btained from local inundation model
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simulations) at the offshore points, (located & rieters depth, in front of the studied locations),
for the more appropriate amplification factor. Thialue is considered the median tsunami
maximum inundation height MIH (ASTARTE Deliveralids.39).

44°
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38° .y
>
LI , . SR
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[
34°
—4 -2 0 2 4 6 8 10 12 14

Vertical deformation (m)
-15 -12 -09 -06 -03 00 03 06 09 12 15

Fig. 15 — The figure shows the Mw8.0 earthquakec®(dip angle of 10 degrees) used for C.S. Jagi(Balma de
Mallorca, Baleares Islands). In detalil, It is pb$sito note the initial fields set in the simulati¢vertical deformation).

Note that the contour lines have an interval ofraegers.
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Fig. 16 — The map shows the maximum waves amplifegpressed in cm) obtained for Colonia Saint Jsitéi, using
the ComMIT inundation model. This scenario derifisn the Mw8.0 earthquake source. It is possiblendte a
maximum run-up value of about 8 meters and a maxinmundation distance of about 500-600 meters fthe

shoreline.
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Fig. 17 — The water elevation at the shoreline Saint Jordi (run-up) obtained multiplying the maxim surface
elevation at the offshore point (obtained from tbemMIT inundation model, with a scenario of Mw8f@y the
amplification factor. The correct amplification fac was chosen after extracting the waves periothfthe ComMIT

simulation.

6. Maximum inundation height uncertainty

For each scenario, the maximum inundation heiglttettainty was estimated using statistical
methods. The procedure reported in the ASTARTE JVeedible D8.39 can be summarized as

follow:
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For each scenario, the maximum inundation heighH)Mvas extracted from the local inundation
simulations using the finest grid. The MIH distrilains were extracted in N-S or E-W directions
depending on the coastal strike. When the shoralasetoo high to be inundated, only small values

(at least one cell) of maximum surface elevationensnsidered.

The MIH probability density for each simulation walstained. Then the MIH probability density
was fitted to a lognormal probability density fuiect (PDF) using standard PDF fitting procedures
in Matlab. The lognormal distribution of the MIH is

1 _(In(MIH)—p)*

r—— e 3 202
V2rn-MIH - o

The MIH median and mean values for the local prdibaldistributions aree* andet*9°/2, The

p(MIH) =

fitted mean and median MIH's were both compared tie results obtained from the amplification
factors, in order to quantify biases for all singlmulations. The biases were estimated using two
different expressions: the first one is a direanparison between the logarithms of the MIH from

the amplification factor with the normal mean frame fitted distribution
€, =In(MIH) — u
and the second one is a normalized ens&sure

et — MIH
€, = o
The results obtained from this procedure showftirathe Heraklion test site (logarithmic biak ~
0.2) the amplification factor method seems to ostameate the run-up, except for the subduction
zone event (this source is placed in the oppogie & the island with respect to the site location
Colonia Sant Jordy shows the largest biases comipgaréhe ComMIT model (example shown in
figure 18), while HySEA provides MIH's close to slightly smaller than the amplification factor
method. For the largest magnitudes, the biasesetatvely small,el ranging from -0.09 to 0.23.

Finally, Sines shows that the amplification factonslerestimate the inundation simulations results.
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7. Conclusions

Local bathymetric profiles were acquired by usidg/t®n scripts run in ArcGIS environemnt. In
total 149 profiles for the Black Sea, 935 profilesthe Mediterranean Sea and 1158 profiles for the
North East Atlantic region were acquired. Althouge NEAM coasts were characterized by local
bathymetries, amplification factor method givesyoah overview of the wave amplification and
therefore it cannot be used for local hazard assasis

Amplification factor maps for different periods (1,200, 300, 600, 1000, 1800, 3600 seconds) and
wave polarity (positive and negative leading wawveje produced on local bathymetric transects. In
particular, it was observed that the wave ampliftcadepends on the wave’s period in relation of
the distance between the offshore control poirg (bpth from which the wave is amplified) and
the shoreline:

» Waves shorter than this distance (with a lowgrgive factors up to 6

» Waves longer than this distance (with a highq@rgive factors down to 1

This may mean that coastal areas, where the depthins low for a long distance towards the sea,
tend to give more amplification. Similarly, Moode &. (2016) found that the tsunami height on
continental shelf is higher for flatter continensédpe in comparison to steeper slope. This means
that while the continental slope becomes flattesrerenergy is transmitted to the shelf and higher
tsunami height is observed.

Lavholt, together with his research team, found tha comparison between the factors and the
local inundation models gave a mean bias close &t the same time, it should be noted that the
comparison between the amplification factors amdltical inundation model is performed only on
few sites. The test should be carried out on maealities. But, on the base of this investigation,
seems that there is not the necessity to correctathplification factor method; the associated
uncertainty should be propagated to PTHA results.

It is possible to conclude that the amplificati@ctbr method is a viable procedure to produce and
compute run ups as well inundation distances imtfrof an examined stretch of coast. The
improved method, that takes into account the |d@edhymetries, provides more accurate results
than the previous one. These results may nevesthéle used to have an overview of the regional

tsunami hazard for a certain region and not foallbazard studies.
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Chapter 4

Final discussion and conclusions
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1. General discussion and conclusions

The research activity carried out within my PhDHiiighted the importance of a multidisciplinary
approach in order to have a better knowledge oivangphenomenom. The tsunami topic was
analyzed from three different points of view, tryito add new scientific knowledge on the subject.

The Astarte Paleotsunami deposits database — NE&gibm (De Martini et al., 2017) provides a
very detailed dataset about past geological evelesfctsunami in the NEAM (North-Eastern
Atlantic, Mediterranean and connected seas) regitwe. database was designed to be constantly
updated (once per year) in order to be the futeference source for this kind of research in the
NEAM region.

The database has allowed to know and to identifyigpes of coast affected by tsunami in the past
within the NEAM region. Moreover, it is possible werive data about run-up heights and
inundation distances, relevant in terms of hazatanation. Both these data should be considered
as minimum values, considering that during the Eeh® the sea level was never higher than today
(Fleming et al., 1998) and taking into account thédunami wave can reach sites located far inland
but without leaving a "signature” able to be preserfor long time. In fact, the Tohoku tsunami
deposit, in the Sendai plain, was found up to 4idand but the tsunami wave reached 6 km inland
(Goto et al., 2014). This kind of data could beduss a benchmark: a) to make a comparison
between the geological data (heights and distaratgsined from deposits) and modeled
inundations from tsunami simulations (e.g. Sawailgt2012) or b) to have a minimum constraint
on the tsunami effects to be integrated into thedation models (e.g. Jaffe et al., 2012).

From a general point of view, it is possible toentitat in the NEAM database tsunami evidence is
represented by 76 % of sediment, 18 % of transgdstecks and only 6% of geomorphological
signatures. Moreover, the geological evidence opadeotsunami is directly related to the
geomorphic setting of a site. This means that mbsites recorded in the database show coastal
settings suitable for the deposition and presevmatif a tsunami layer (e.g. lowlands, marshes,
coastal lakes or lagoon but also abandoned flyMaihs or estuaries where the sedimentation is
mainly related to low energy environments in thdddene). Otherwise, all rocky coastal settings
(e.g. a rocky platform) have the potential to béakle for the deposition of transported blocks.
Today, it is still difficult to estimate if the erdgzement of a rocky block may be attributed to a
storm or to a tsunami wave (Barbano et al., 20i®)addition, a coastal site able to preserve
transported blocks, should have a particular begdinthe bedrock that may favor the boulders
displacement (Scicchitano et al., 2007). Converggpmorphological evidence of paleotsunami is

very rare (only 6%). This could be attributed te fhct that it is particularly difficult to recogra a
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morphological signatures left by a tsunami, esplgciecause coastal areas may be characterized
by high energy environments potentially able tsserany geomorphological signatures, including
those related to tsunami inundations of the past.

As previously mentioned, the heights above thdesed and the distance from the present shoreline
of the sites can provide minimum run-up height emwhdation distance value. From the analysis of
the elevation and distance fields (sites tablejnerges that about 50 % of the analyzed sitesrhas a
elevation (run-up) above the present sea levelinvBhmeters (somehow expected) while up to 23%
of the sites has an elevation above 10 metershé\tsame time, about half of the analyzed sites
present a distance from the present shoreline deion limit) <= 200 meters (the storms
inundation limit, Morton et al., 2007) while up 1@% of the sites overcomes the value of 1000
meters. Even these two values (height and distanae¢ a direct relation with respect to the
geomorphic setting of a coastal site and thus shbelconsidered site-dependent. From a general
point of view, sites characterized by geomorphittirsgs able to preserve tsunami layers show
variables inundation distances that can reach peal®)00/1500 meters from the shoreline and
heights of 10 meters a.s.l. Instead, sites ablguest transported blocks show distances of
maximum 70/100 meters (with some exceptions) frov@ shoreline and heights that difficulty
overcome 10 meters a.s.l.. Most of the sites exogeah elevation of 10 meters a.s.l. is located
along the coast of Norway where the main histortsahami event is attributed to the Storegga
tsunami (dated about 8150 BP, Bondevik et al., POIRerefore, these elevation values cannot be
considered “real” since the relative sea level Wigher than today (Bondevik et al., 1997) and the
isostatic rebound modified the earth elevatiorhasé localities making the evaluation of the run-up
very difficult.

At National level, all paleotsunami deposits ar@aaamtrated in the southern Italy. In detail, the
regions of Apulia and Sicily host 25 sites with @at of 57 geological evidence of tsunami
inundations. Actually, in the other Italian regipitswas not recorded any tsunami deposit, maybe
because several portions of coasts have not yet ibeestigated and most of known historical
events occurred in the lonian and southern Adriaga. The database shows that most of
paleotsunami deposits, found along the coast bf, llae represented by sediment layers (70 %),
followed by 23 % of transported blocks and by 7%gebmorphological evidence. Even in this
case, a solid relation between the type of evidemzkthe geomorphic setting exists. Taking into
account that each site may have one or more gedmeosptting it is possible to note that coastal
settings like marsh, lakes, fluvial plain, estusréand back dune environment are suitable for the

deposition, conservation and investigation of tsninaeposit represented by sediment and also by
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geomorphic features. Differently rocky coast is tmest favorite setting for the detachment,

transport and deposition of large boulders.

Finally, from a general point of view the most k&gt data, extrapolated from the database, can be
summarize as follow:
Data from the whole database (NEAM region):

v' The Astarte paleotsunami geodatabase contains ifésl and 220 geological evidence of
tsunamis.

v' The tsunami evidence is characterized by a predamogn of sediment layers (76%),
followed by transported blocks (18%) and geomorpbicial signatures (6%).

v' Actually, in the geodatabase, 50% of the sites lmvelevation above sea level within 5
meters while 23 % of sites exceeds the value omg@ers. In addition, about half of the
analyzed sites have a distance from the presentlsie®<=200 meters and 14% of the sites
overcome peaks of 1000 meters. Moreover, theresewveral sites, with an elevation > 10
meters, located in Norway where the main tsunarenewas attributed to the Storegga
tsunami (dated about 8150 BP, Bondevik et al., P@h# the isostathic rebound played an
important role clearly uplifting the local groundrface.

v From a scientific point of view, environmental, @ahtological and sedimentological
analyses seem to be the most resolute and usedaapps in order to identify and

characterize a tsunami deposit.

Data from lItaly:

v/ At national level, all sites, where geological ende of tsunami were found, are located
along the coasts of Sicily and Apulia regions (&eut Italy).

v" The southern Italy presents 25 sites and 57 eveitsre 70 % of tsunami deposits is
represented by sediment layers

v" Most of derived minimum run-up values (from thevalgon of paleotsunami deposits) are
within 5 meters above sea level. Interestingly, &%he sites have an elevation > 10 meters.

v' 55% of derived inundation distances are within B@¥iers while 27% overcomes values of
500 meters from the present shoreline. Very flastal morphologies (e.g. the Pantano
Morghella site located in south eastern Sicily) nfiayor long inundation distances even
longer than 1 km.
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The research of paleotsunami deposits inland (CGredit al., 2016), along the coasts of eastern
Sicily, did not give the expected results. It wa found a typical tsunami layer but interesting
interpretations in terms of short lasting high g@yezvents were carried out.

This investigation allowed identifying a potentigunami evidence based on an environmental
change recognized in the cores stratigraphy of\tkadicari lagoon area. An extreme event,
potentially related to a tsunami or to a local lequiake, could have caused the modification of the
coastal morphology by rupturing the sandy barthet tivides the lagoon from the lonian Sea, thus
causing a direct connection between the lagoontledea as well as environmental change from
lagoonal/alluvial to marine environment. The aJal#aliterature potentially supports this kind of
interpretation. In fact, Amore et al. (1994) stutltbe sediments of this protected area (by means of
1 m long cores on very recent deposits) and evitbacsimilar environmental change but unlikely
nothing is available in terms of time constraintaddition, it is known that large tsunami waves ar
able to drastically modify coastal morphologies. ddgp many authors described coastal
morphological changes caused by the 2004 Indiam®tsunami (Umitsu et al., 2007; Paris et al.,
2009). Moreover, Koiwa et al. (2017) observed theovery of the barrier spit of Pakarang Cape
(southern Thailand) after the erosion caused by @@ Indian Ocean tsunami. In terms of timing
of this hypothesized strong event, that affectesl Wlendicari area, both cores got a radiocarbon
constrained average sedimentation rate, very gimind stable, of about 0.5 mm/yr. Applying this
sedimentation rate to the lagoonal/alluvial deosierlaid by the beach sands, it is possible to
derive a maximum age of the sand bottom rangeddstBC 280 — 230 AD. This age is defined as
maximum value because, taking into account theepies of a clear erosive contact between the
beach sand and the deposits below, some cm of eetircould have been missed. Interestingly,
this age is well comparable with the ages of sosneami deposits found in the nearby sites (De
Martini et al., 2012), in particular with respeotthe Ex event (from offshore data in the Augusta
Bay, Smedile et al., 2011), PR-02 event (from PriBeserve site, De Martini et al., 2010), and
MOR-T2 event (from Pantano Morghella site, Geratdal., 2012) that were all tentatively related
to the 365 AD Crete tsunami by the above mentioaeithors. Finally, this event, based on its
chronostratigraphical constraints together witmésui inundations recorded in the nearby areas,
could be tentatively related to the Crete 365 Arav

In the area of the Sircausa salt pans, instead;zdhes stratigraphy presented a peculiar bioclastic
calcarenite layer interpreted as a high energyteseth dated about 750 BC. The age of this layer is
comparable with the age of two tsunami depositadon the Augusta Bay and dated between 975-
800 BC and 700-500 BC (De Martini et al., 2010; 8ileecet al., 2011). This deposit should provide
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a new minimum run-up value of about 2 meters aasdl a minimum inundation distance of about
470 meters. Moreover, the potentially tsunamigeeigosit found in Siracusa area, may confirm the
occurrence of a local unknown tsunami that hitdbastline for about 23 km from the Augusta Bay
to Siracusa area during the first millennium BC97500 BC) (fig. 1). Differently, De Martini et
al., 2012 showed that the historically known regicand local events (large earthquakes occurred
in 1908, 1693, 1169, 365 AD), on the base of tgeological evidence, have the potential to hit up

to 70% of the entire coast of eastern Sicily (fip.

1 1600 BC
1 ATADI 1783
Bl 1542

Fig. 1 -Tsunamis geological record. Google Eartlp b eastern Sicily synthesizing the portion of ttwast hit by
different tsunamis as colored full lines, wherelas tlashed line marks the coast inundated by tlyedaunknown
tsunami. Rectangles indicate the portions of coastdated by local events (see legend for age letion). Modified

from De Martini et al., 2012.

The amplification factor method, gave a generalraes of how a tsunami wave amplifies from -

50 meters of depth to the shoreline. Amplificati@ctor maps for different periods and wave
polarity (positive and negative leading wave) wereduced. In particular, it was observed that the
wave amplification depends on the wave’s periodelation of the distance between the offshore

control point (the depth from which the wave is #frgal) and the shoreline:
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» Waves shorter than this distance (with a lowgabrgive amplification factors up to 6

* Waves longer than this distance (with a highqubrgive amplification factors close to 1

This means that coastal areas, where the depthnethosv for a long distance towards the sea, tend
to give more amplification. This important consiésn is shown in figure 2 and 3 where, the
amplification is quite high notwithstanding the higeriod of the wave applied. This is due to the
distance between the offshore control point (lotate-50 meters of depth) and the shoreline that is
more than the wave’s length.

Moreover, some areas displaying high amplificati@spite high wave periods applied are known
to host paleotsunami deposits. It is possible te miois relation in the Manfredonia Gulf (Apulia,
Italy fig. 2), where tsunami deposits of the 162@re (local tsunami that struck the Adriatic Apulia
coast) and probably of the 365 A.D. event were fo@de Martini et al.,, 2003). This kind of
relation is also well appreciable at Al Alameires{Egypt, fig. 3), where tsunami deposits of 1870,
1303 and 365 AD events were recognized and charssde(Meghraoui M., 2017). The figure 3
clearly shows amplification factor values higheartbsurrounding areas just in front of El Alamein
site.
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Amplification factors, neg,T=1800s

50°

N Wk O OO N

Siponto
Geological record:
1627 AD; 365AD

Site with at least one geological
evidence of tsunami

*

Fig. 2 — The upper image shows amplification faztior negative leading waves with a period of 180 the lower

left panel it is possible to note a zoom of the Meaonia Gulf (Gargano, Apulia region, Italy), whehe amplification
is higher than the surrounding areas. Amplificatiactors symbols (colored circle) are located altm— 50 meters
depth isobath, in the exact location of the offehoontrol points. The lower right panel shows thmilla region sites

with at least one paleotsunami deposit, with aigaler attention for the Manfredonia Gulf.

134



Amplification factors, neg.T=3600s

50°

45" -

40" -

35° 1

NDow R O~

30° 1

El Alamein
Geological record:
1870 AD

1303 AD

365AD

Fig. 3 — The picture on the left side shows angdifion factors for a negative Ieg wave witheaj o 3600
seconds. Amplification factors symbols (colorectlely are located along the — 50 meters depth iboliatthe exact
location of the offshore control points. On thehtigide three examples (A, B and C) of high amgdifion values are
displayed. In addition the example C (El Alameite sh the Astarte paleotsunami database) showkatore between
the high amplification and the presence of 3 tsurdeposits related to the 1870, 1303, and 365 Aéhts/(Meghraoui
M., 2017).

The amplification factor procedure is consideredegerministic method. For this reason it was
compared with some conventional inundation modBlas derived from this comparison were
close to 0, making this method a viable procedareedtimate run-up heights and inundation
distances. The future application of this proceduilebe based on the estimation of run-ups and
inundation distances for the NEAM region. In fabg amplification factors will be used to produce
regional tsunami hazard maps, for example in thgectt of PTHA (Probabilistic Tsunami Hazard

Assessment).
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2. Future Directions

The Astarte Paleotsunami deposits database hasrbplEmented with the purpose to be the future
information repository for tsunami research in NMEAM region, integrating the existing official
scientific reports and peer reviewed papers orethagics. Therefore, the database will be updated
every 12 months by extending the collaboration rstifutes and/or universities that were not
included in the Astarte project and through furtheld surveys. Moreover, the current version of
the database will be presented in a paper to baitigll to Marine Geology:

The ASTARTE Paleotsunami Deposits data base —wsbebeferences for tsunami research in the
NEAM region (Paolo Marco De Martini, Simone Oreficdlessandra Smedile, Antonio Patera,
Raphael Paris, Pedro Terrinha, James Hunt, GerassiPapadopoulos, Daniela Pantosti, Jodo
Noiva, loanna Triantafyllou and Ahmet C. Yalciner).

In addition, tsunami deposits data (derived rurand inundation distance) will be used to make a
direct comparison with local inundation scenaritis@ the coast of eastern Sicily (Tonini et al.,
2017). In fact, tsunami data available for thisaasee particularly rich with respect to the scancd
heterogeneous data-sets usually available elsewheeeefore, tsunami deposits data can represent
valuable benchmarks for testing and strengtheriagésults of such kind of studies.

The results obtained in the research of potent#gqisunami deposits along the coast of eastern
Sicily, will be presented in a paper to be subrditte Annals of Geophysics:

High energy events in the Holocene stratigraphg: Alstarte EU Project Siracusa test site case
study, SE Sicily, Italy (Simone Orefice, Alessan@maedile, Stefania Pinzi and Paolo Marco De
Martini).

Amplification factors will be used in the contexttbe Probabilistic Tsunami Hazard Assessment
(PTHA) in order to produce regional tsunami hazaaps. Results obtained so far and from the

regional tsunami hazard maps will be present uaré paper.
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