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Abstract

The Island of Sicily (southern lItaly) is locatedthe collision zone of the Eurasian Plate and the
subducting African Plate. It is one of the moshacareas in terms of seismicity in Europe; thadref

the subduction zone and its subducting mechanismeter, are still debated. The structural unrest of
the area is documented by large plate rupturesstorical times like the prominent 1693, 1783 and

1908 earthquakes. Especially the 1908 Messinaqaake (~ 80,000 casualties) is of major interest as
it was associated with the worst tsunami Italy eigmeed in the historical time (~2000 casualtiégs

still debated whether a plate rupture at the seaftw a massive submarine landslide triggered the

tsunami, which hits the coast of East Sicily anth@a.

Related to this geodynamic setting, the area sfalsious for its active volcanism. The Aeolian sla

in the Tyrrhenian Sea form the highly active backaslcanism of the Calabrian subduction regime.
Another type of volcano is observed directly atshere of East Sicily — Mt Etna. Mt Etna is notyonl
Europe’s largest volcano edifice with a recent he@f 3323 m a.s.|, furthermore it is well knowrr fo
its frequent eruptions. Compared to Earth’s histbtyEtna is a relatively young volcano with anieet
volcanic history of ~500 ka. The origin of Mt Etissstill debated in several theories have beenqgseg
(e.g., asymmetrical rifting processes, interseatiostructural elements, hot spot, extensionabtacs).

Mt Etna’s edifice can be traced mostly onshoreiamtirectly adjacent to the continental margintadf t

lonian Sea east of Sicily.

Mt Etna is well known for its onshore edifice flaiistability, as its eastern and southern flanks ar
gliding towards the continental margin in the e@si part of the flank gliding to the east is boinyd
prominent volcano-tectonic fault systems. The cwntal margin offshore of the gliding flank is
characterized by a prominent bulge, which is nantbfurther to the north or south. The onshorekflan
movement is well documented and monitored, bupttential continuation of this process towards the

continental margin is not well investigated duatack of offshore data.

In order to investigate and evaluate the phenomesfowolcano flank instability and its link to
continental margin instability, a new high resa@uatnew 2D/3D hydro/seismo-acoustic and geological
dataset was acquired during RV METEOR researclseii86/2 in December 2011/January 2012.

The new dataset shows that not only the volcanficedieveals an instability; furthermore, the emtir
continental margin east of the gliding sector of Btha shows indications for recent extensional
tectonics related to gravitational spreading. Wasgtbe northern boundary of the moving volcandkflan
is well defined by the sharp Pernicana-Provenzandt fonshore, the offshore continuation reveals a
diffuse grade of deformation and cannot be trasea distinct sharp boundary. In contrast, the offsh

southern boundary of the moving flank is clearhagad by the new data set. It is identified as lat rig




lateral oblique fault north of Catania Canyon. Taaticlines are present directly in front of the
continental margin bulge. These anticlines are ddorhalf-graben basins towards the east and mark
the eastern limits of the volcano flank and conttabmargin instability. As volcano-tectonic strues

like the southern boundary fault can be traced ftenvolcano edifice across the continental margin
towards the continental toe, the whole system rsiciered as a coupled volcano flank / continental

margin gravitational instability and collapse.

During M86/2 a new high-resolution 3D seismic calbéhe center of the continental margin between
the funnel shaped depositional system of Vallerdhikafi and a prominent amphitheater-like headwall
was collected. By assessing this 3D seismic datacandary spreading center was mapped at the cente
of the continental margin affected by the continéntargin gravitational instability. It is located a
structural high, directly adjacent to the massinghitheater headwall. The structural high hoststa s
of normal faults, dipping towards steep amphithésteeadwall. These faults show indications for
recent and ongoing activity, as most of the falalhps are striking out at the seafloor. This faattvity
makes to structural high to one of the most stgkaneas in terms of possible future hazards, tkate
submarine landslides, in the entire survey areat Memass transport deposits, traced in the funnel
shaped Valle di Archirafi, the entire continentangin and the continental toe is strongly overgdnt

by a variety of mass transport deposits in the upfs® m of the sedimentary record. A typical
succession of mass transport deposits directlylainelby tephra layers indicate that volcano induced
seismicity and flank deformation prior to an ergptiact as important trigger mechanisms for
catastrophic slope failures on the continental maegst of Mt Etna. The near-surface mass transport
deposits are relatively small but seismic datasitate significantly larger buried mass transport
deposits, which were most likely triggered by sanivolcanic processes in the past. The new dataset
does not support the theory that the 1908 tsunasitriggered by a massive submarine landslide north
of Mt Etna’s continental margin. The proposed shigposit is overlain by a ~150 m thick succession
of in-situ strata. The mass transport deposits sderbe the product of an ancient landslide evedt a

has not occurred just ~100 years ago.

All these findings imply a recently active couphaalcano edifice / continental margin system, which
results in instable slopes and submarine mass mawvsml hese findings even increase the geo-hazard

potential of the area, which is already very higle tb the ongoing seismic activity.




Zusammenfassung

Die Insel Sizilien (Suditalien) ist an der Kollisiszone zwischen der eurasischen- und der sich
subduzierenden afrikanischen Platte gelegen. Dgefkist bekannt als eine der seismisch aktivsten
Zonen in Europa, wobei der genaue Verlauf und déednismen der Subduktionszone immer noch
unklar sind. Diese strukturelle Unruhe geht mit R@o Plattenverschiebungen einher, die

schwerwiegende Erdbeben wie das 1693, 1783 untafssErdbeben in historischen Zeiten ausldsten.
Hierbei ist das 1908 Messina Erdbeben (~ 80,00@pbn groRem Interesse, da es von dem fatalsten
Tsunami (~2000 Opfer), den die Kisten von Italieit der Zeitaufzeichnung erfahren haben, begleitet
wurde. Es ist nach wie vor nicht geklart, ob diessunami, der an den Kiisten von Sizilien und

Kalabrien anbrandete, von einem Meeresbodenveosirz einer grofen submarinen Hangrutschung

ausgelost wurde.

Einhergehend mit seiner geodynamischen Besonddstailie Gegend zudem fir den auftretenden
aktiven Vulkanismus bekannt. Die Aolischen Inse@ller tyrrhenischen See bilden hierbei den hoch-
aktiven Backarc-Vulkanismus der kalabrischen Subidokzone. Ein anderer Typ von Vulkanismus
kann direkt an der Kiste von Ost-Sizilien beobachirden — der Vulkan Atna. Mit seiner aktuellen
Erhebung von 3323 m Uber dem Meeresspiegel, ish Atoht nur als das hochste Vulkangebaude
Europas, sondern auch fir seine oft auftretendapti®nen, bekannt. Im Vergleich zur Erdgeschichte
handelt es sich bei Atna um einen relativ jungeik® dessen erste Aktivitat ca. 500 ka zuriickliegt
Der Ursprung von Atna ist noch nicht endgiiltig gekund es gibt verschiede Ansétze seine Entstehung
zu erklaren (z.B. asymmetrische Kluft Bildung, Usdmeiden von strukturellen Elementen, Hot Spot
Vulkanismus, extensionelle Tektonik). Das Vulkanigede von Atna kann hauptséchlich am Festland
von Ost-Sizilien kartiert werden. Zudem erhebt slak Vulkangeb&ude direkt westlich des submarinen

Kontinentalhanges der ionischen See.

Das terrestrische Vulkangebaude von Atna ist fimes&lankeninstabilitat bekannt, da sich seine
Ostliche- und sudliche Flanke langsam in Richtueg ith Osten gelegenen Kontinentalhangs gleiten.
Dieses Gleiten wird von ausgepragten Storungssysteram Vulkangebdude geleitet. Der

Kontinentalhang vor dem Vulkangebaude ist durcle éinfwélbung gepragt, die nicht Nordlich oder

Sudlich von Atna zu beobachten ist. Die Bewegung@nFlanke des Vulkangebaudes sind sehr gut
dokumentiert und werden stéandig beobachtet. Auh@rines Mangels an Daten im marinen Bereich,
ist die Fortsetzung dieses Prozesses in Richtusgulemarinen Kontinentalhangs allerdings nicht gut

erforscht.

Um den Zusammenhang zwischen Vulkangebaude-Ingdbiund die Auswirkungen und
Verbindungen auf den Kontinentalhang zu untersuckhende ein neuer hochauflosender mariner
Datensatz wahrend der Forschungsreise M86/2 mit demschen Forschungsschiff METEOR im




Dezember 2011 und Januar 2012 aufgenommen. DeDaaasatz enthalt sowohl 2D/3D seismische,

Hydro-akustische sowie geologische Daten.

Der neue Datensatz zeigt, dass nicht nur das Vgétaiude Hinweise auf Flankeninstabilitat liefert.
Vielmehr zeigt der Kontinentalhang dstlich der gleden Vulkanflanke Indikationen fir aktive,

ausdehnende Tektonik, welche auf das schwerkraftgpedAusbreiten des Meeresbodens hinweisen.

Wobei die nordliche Grenze der sich bewegenden aaflanke an Land gut durch die Pernicha-
Provenzana Storung dargestellt ist, zeigt die suinea/erlangerung dieses Stdrungssystems einen
diffusen Grad an Deformation und kann daher nithtsaharfe Grenze im marinen Bereich verfolgt
werden. Im Gegensatz zur nordlichen Grenze, ishieslem neuen Datensatz moglich die stdliche
Grenze der sich bewegenden Vulkanflanke auf dentif@mtalhang zu verfolgen. Die Stérung wird als
eine dextrale Diagonalverwerfung nordlich des Qata@anyon charakterisiert. Dem aufgewdlbten
Kontinentalhang sind zwei Antiklinen vorgelagertie®e Antiklinen grenzen dstlich an Halbgraben-
Becken und stellen die dstliche Grenze der Instabdes Vulkangebéudes und des Kontinentalhanges
dar. Da sich Strukturen wie die sudliche GrenzeRdi@nkeninstabilitat vom Vulkangeb&ude tber den
Kontinentalhang in Richtung des KontinentalfuRedolgen lassen, wird das gesamte System als eine
gekoppelte, schwerkraftbedingte Instabilitéat undldms des Vulkangebdudes und des Kontentalhanges

angesehen.

Wahrend der Forschungsfahrt M86/2 wurde zudem ethdwfldsender 3D seismischer Wirfel im
zentralen Bereich des Kontinentalhangs, zwischemtdiehterférmigen Ablagerungssystem des Valle
di Archirafi und einer markanten Abrisskante eiAerphitheater-Struktur, aufgezeichnet. Mit Hilfe des
3D seismischen Wiirfels wurde ein sekundéres Sprgsaentrum am Meeresboden in diesem Bereich
kartiert. Dieses Spreizungszentrum ist an einakstrellen Erhebung direkt westlich der Amphitheate
Struktur gelegen. Diese strukturelle Erhebung isthl Abschiebungen, die in Richtung der steilen
Abrisskante der Amphitheater-Struktur einfallenpi@gt. Die Abschiebungen weisen auf eine rezente
Aktivitat des Systems hin, da die meisten Stoéruageen am Meeresboden ausstreichen. Dieses aktive
Storungssystem macht die strukturelle Erhebung amd® der Amphitheater-Struktur zu einer der

wichtigsten Gegenden fur zukiinftig auftretende Gefia, die mit Hangrutschungen assoziiert werden.

Neben Ablagerungen von Hangrutschungen, die inntgr@drmigen Valle di Archirafi beobachtet
werden kénnen, weist der gesamte KontinentalhadglenKontinentalfu auf eine Uberpragung durch
Hangrutschungen hin, da eine Vielzahl von Ablaggesmvon Hangrutschungen in den oberen 750 m

der Sedimentméachtigkeit gefunden wurden.




Eine typische Sedimentabfolge von Hangrutschundagssungen, die direkt von Tephren Uberlagert
sind, wurde in Sedimentkernen festgestellt. Dieglizrert, dass vom Vulkan ausgehende Seismizitat
und einhergehende Flankendeformation vor einertEmu@ls ein wichtiger Ausldsemechanismus fir
katastrophale Hangrutschungen am Kontinentalhatigclvsles Atna in Betracht gezogen werden
mussen. Die oberflichennahen Ablagerungen von Hd&suiungen weisen relativ geringe
Machtigkeiten auf, jedoch kdnnen mit Hilfe der Ré&fions-Seismik signifikant méachtigere
Ablagerungen von Hangrutschungen Kkartiert werdeie, sehr wahrscheinlich von &ahnlichen
vulkanischen Prozessen in der Vergangenheit gehexigrden. Der neue Datensatz zeigt keine
Indikationen dafiir, dass der 1908 Tsunami von eguimarinen Hangrutschung, die nordlich des
Kontinentalhangs von Atna gefunden wurde, ausgehistde. Die vermutete Ablagerung einer
Hangrutschung ist von einer ca. 150 m machtigensatifizierten in-situ Sedimentfazies Uberlagert
die wenig bis gar keine Deformation aufweist. Diapliziert, dass die Ablagerung ein Resultat einer

wesentlich alteren Hangrutschung sind, die vor kehstnehr als ~100 Jahren stattfand.

Die neuen Forschungsergebnisse implizieren dievidti der Instabilitdt von einem gekoppelten
Vulkangebaude und Kontinentalhang, die zu der biktét des Hanges und resultierenden submarinen
Hangrutschungen fuhrt. Die neuen Ergebnisse deutEaine Erhdhung des Gefahrenpotentials in der

Gegend hin, die sowieso schon auf Grund von hobisngzitat als geféahrlich eingestuft wird.
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Outline of the Thesis

Chapter lintroduces the survey area at Mt Etna. Generatimdition on volcano flank- and continental
margin instability are presented. In addition, tletonic setting, the geology and the flank inditgieat
Mt Etna are described.

Chapter 2 presents the objectives of this thesis, whichudel descriptive and process oriented

guestions.

Chapter 3 gives an insight to the used methods for this th€seneral information on 2D/3D seismics,
multi-beam bathymetry and PARASOUND sediment eahunder, as well as the acquisition
parameters used during RV Meteor Cruise M/86/2 masented. A short introduction into the

processing of the data is given as well.

Chapter 4: Manuscript | - The limits of seaward spreading sloge instability at the continental margin

offshore Mt Etna, imaged by high-resolution 2D sgisdata (In review at ‘Tectonophysics’)

This chapter includes the analysis of the architecof the continental margin and the continerdal t
offshore Mt Etna by means of 2D high-resolutiona&fon seismic data. The chapter focuses on the
different surface and sub-surface structures obseat the continental margin and continental toe
offshore Mt Etna. By compiling all data, a new miofig the continental margin and volcano flank

architecture will be introduced in this chapter.

Chapter 5: Manuscript Il - High-Resolution 3D seismic imagiing spreading and gravitational
instability next to a giant amphitheater headwalihe continental margin offshore Mt Etna, Italg (i

preparation for submission to ‘Geochemistry; Geajits; Geosystems”)

This chapter focusses on the 3D P-Cable cube azhjairthe central continental margin offshore Mt
Etna. It includes the analysis of seafloor morpbgl@s well as the subsurface sedimentary andiiecto
processes. The chapter will give insights into tdetonic control of the Valle di Archirafi and the
structural high at the prominent amphitheater-iteucture off Mt Etna. In addition, the dataset is

evaluated in its regional context.

Chapter 6: Manuscript Il - Evidence for landslides offshdvi. Etna, Italy (Published as Gross, F.,
Krastel, S., Chiocci, F.L., Ridente, D., Schwab Beier, J., Cukur, D., Winkelmann, D. (2014) New
implications on submarine landslides offshore MhéeE Italy. In: Submarine mass movements and their
consequences (eds: Krastel et al). Advances inrdlaand Technological Hazards Research, 37, 307-
316.)

This chapter focusses on mass transport depositseocontinental margin east off Mt Etna. A new

distribution map of submarine mass transport dépaspresented. Another topic of this chaptehés t
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falsification of the theory byilli et al. [2008] that the 1908 tsunami was caused by a landslide.
Furthermore, the theory of volcanic tremor and ceheseismicity as a possible trigger mechanism for

submarine landslides offshore Mt Etna will be idioed based on the analysis of sediment cores,.

Chapter 7 summarizes the outcome of this thesis and givesutook for potential future work at the

continental margin offshore Mt Etna.
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1 Introduction

1.1 Motivation

Southern ltaly is one of most active seismic regimnEuropde.g. Orecchio et al. 2014]This seismic
activity is expressed by numerous deep to shallasthquakes, occurring in the Calabrain Arc at the
transition of the Tyrrhenian- and the lonian §danaco and Tortorici, 2000]Fig. 1). Especially the
occurrence of large magnitude earthquakes likdl8®3[e.g. Tinti et al. 2001]1783[e.g. Jacques et
al. 2001] and 1908 earthquake with high numbers of causslithderline the hazardous potential of
these ruptures. The 1908 Messina Earthquake (Ms8D,800 casualties) and its ensuing tsunami
(~2000 causalitiegBaratta, 1910] is known as the most devastating tsunami in higgtbtimes striking
the Italian coastlingTinti et al. 1999; Billi et al. 2008] This event is of major interest, as it is still
uncertain, whether a plate boundary rupture atstfloor or a submarine landslide triggered the
tsunami[e.qg. Billi et al. 2008; Argnani et al. 2009; Faviadt al. 2009] In addition to a high seismicity,
the area is strongly affected by volcanism in tgerAenian Sea (Aeolian Islands) and the volcanifm o

Mount Etna on the Sicilian mainland (Fig. 1).

1OOE 15°E 20°E

: 40°N
Tyrrhenian
Sea

A Strait of Messina

1 sl
N T L TR

g K

Mt Etna = |W/orking Ar ]
RS o area g
<"¢ y’. \‘

35°N 35°N

10°E 15°E 20°E

Figure 1: Sicily is located between the Tyrrhenianand the lonian Sea. It is separated from the Itadin
mainland by the Strait of Messina. The working areaof this thesis is located offshore Mt Etna, whiclis
Europe’s largest active volcano and piles up to adight of 3323 m a.s.l. The red box marks the workimarea
(Fig. 2). (Projection: Universal Transverse Mercato (UTM))
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Mt Etna is known as Europe’s largest and one ofbst active volcanoes, worldwide. It piles up to a
recent height of 3323 m a.s.l. and establisheztiifice ~500 kyr agfBranca et al. 2004pn continental
crust directly on the coastline of eastern Sifgyg. Gvirtzman and Nur 1999; Doglioni et al. 2001]
First settlements in direct vicinity to Mt. Etnamgeestablished in pre-roman times, as the fertileano
flank offered outstanding quality for farmland aagriculture. Over the past 3000 years the region
around Mt Etna developed to a densely populateal ditge largest city of the region is Catania, home
to ~315.000 inhabitants, directly at the southérpesof Mt Etna. Mt Etna is also known to be thedte

of volcanology as the Greek historian Diodorus Bisfirst mentioned and described the active vaican
in East Sicily ~ 60 B@Diodorus Siculus in Vogel and Fisher 1888-1908]description and summary
of historical eruptions of Mt Etna was presente®bgnca [2004] Due to its impressive volcano edifice
forming a unique landscape and its cultural sigaifice, the area of Mt Etna was added by the UNESCO
to the World Heritage Sites in 20[i&tp://whc.unesco.org/en/news/1042 , 25.02.2015]

14°45 E 15°35 E

37°30 N

14°45E 15°35E

Figure 2: Mt Etna and its adjacent continental margn (see Fig. 1 for location). Mt Etna’s volcano efice
can mostly be traced onshore. The continental margiis described as a prominent bulge, which cannoteb
observed north and south of the volcano edifice ithe lonian Sea. (Projection: Universal Transverse
Mercator (UTM))

In addition to several eruptions per ygaranca 2004] Mt Etna is known for its edifice instability, as
its eastern and southern flanks are slowly glidimgards the lonian Sea in the east and the Catania
Plain in the soutlie.g. Borgia et al. 1992]Fig. 2). In comparison to the well-studied and itaned
onshore realm, only little is known about the adjaccontinental margin, which is expressed as a
morphological bulge in front of Mt. Etna (Fig. Burveying of the continental margin has only sthrte
~10 years ag@Marani et al. 2004; Argnani and Bonazzi 2005; Psehi et al. 2006; Chiocci et al.
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2011; Argnani et al. 2013]t is still unclear, if the continental marginaffected by the slope instability,
observed at Mt Etna, or the continental margimisngportant precursor for this movement. This lack
of information is the motivation of this thesis.oRiding a description and explaining the situatadn
the continental margin and its bulging by meanshafh-resolution hydro/seismo-acoustic and

geological data is the main objective of this ditdéon.
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1.2 Volcanic Flank and Continental Margin instaiili

In order to understand the complex geologic, tectamd geodynamic setting at Mt Etna, general
volcano flank instability and continental margirstability have to be considered. Mt Etna is a uaiqu
type of volcano, as it sits on top of continentafst; volcanic activity is characterized by plinian
eruptions at its strato volcano edifice and fisdype eruptions at the volcano flanks for the paii

kyr [Branca 2004] No comparable setting is known worldwide. Howewee general effects and
precursors for volcano instabilifg.g. McGuire 1996 and references thereamjd continental margin
[e.g. Winker and Edwards 1983; Morley et al. 20R&gel 2014]instability were studied during the last
decades and some of them can be applied to thegsattMount Etna.

1.2.1 Volcanic Flank instability

After the 1980 Mt St. Helens eruptig@hristiansen and Peterson 1981Wvhich might have been
triggered by a massive landslifldpman and Mullineaux, 1981]volcano instability of large scale
volcano edifices and associated geo-hazards at&kman. Many studies at different volcanoes like
the Hawaiian Islanfk.g. Moore et al. 1989]the Canary Islanpe.g. Krastel et al. 2001; Mason et al.
2002], the Aeolian Islandfe.g. Kokelaar et al. 19954nd Casita Volcano Nicarag{eg. van Wyk de
Vries et al. 2000khow the importance of volcano flank instabilag,most of the active volcanos reveal

sector collapses and instable flanks, worldwide.

steep slopes / edifice load

oversteepening

incremental displacement due 7/
to repeated dyke intru"

climate effects
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. tephra layer as weak
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Figure 3: Schematic drawing of possible contributos to volcano edifice structural instability at actve
volcanos including precursors for flank instability and possible trigger mechanisms for flank failures
Precursors and trigger mechanisms for volcano flanknstability can be divided into endogenic and exaic
factors (Table 1).
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Precursors and triggers (Fig. 3) for volcano edificstability can be classified into internal forgi
(endogenic) and external forcing (exogenic) (Tdhland can generate a volcano edifice instabitity i
periods of weeks to months or thousand to tensi@idands of yeafdicGuire 1996] Some of the
most prominent endogenic precursors for volcanakfiastability at active volcano edifices are slope
over-steepening due to magma intrugiery. Begét and Kienle 1992ind incremented displacement
due to repeated dyke intrusiofSwanson et al. 1976; McGuire et al. 1990; 199&Epecially dike
intrusions can lead to a lateral flank displacendeming fissure type eruptions, affecting volcalamks
like at Mt Etng/Acocella et al. 2003]Furthermore, exogenic influences on volcano eglilike climate
effects[Cervelli et al. 2002]and also toe erosion during sea-level changeslezsh to peripheral
weakening and debuttressifgyg. Tibaldi 2001] Another important mechanism for volcano edifice
instability is the weight of the volcano edificehieh is mostly observed at large scale volcdeas.
Minn et al. 2006] This can lead, like at Mt. Etna, to a gravitaéiboollapse of the entire edifice and
result in large-scale spreading and deformatiah@fvolcano edificéBorgia et al. 1992]

Table 1: Internal and external forcing for volcanoflank instability, worldwide (Fig. 2):

Trigger / Internal Forcing Example Reference
Precursor
Precursor  Over-steepening due to magma intrusidwgustine, Alaska [Begét and Kienle, 1992]
Precursor Incremental displacement due to Kilauea, Hawaii [Swanson et al. 1976]
/ Trigger  repeated dyke intrusion Mt Etna, Italy [McGuire et al. 1990, 1991;
Acocella et al. 2003]
Precursor  Basement uplift or subsidence Mt Etna, Italy [Stewart et al. 1993; Firth et al.
1996]
Trigger Volcanic seismicity Stromboli, Italy [Telesca et al. 2010]
Casita, Nicaragua [Van Wyk de Vries et al. 2000]
Precursor  Weak substrate Mt Etna, Italy [Rust et al. 2005]
Trigger / External Forcing Example Reference
Precursor
Precursor  Steep slope / over steepening due Mt Etna, Italy [Murray and Voight 1996]

accumulation of eruptive products on the
volcano edifice

Trigger Climate effects Kilauea ,Hawaii [Cervelli et al. 2002]

Precursor  Toe erosion due to sea level changes Stromboli, Italy [Tibaldi 2001]
(peripheral erosion and debuttressing)

Precursor Edifice load and gravitational spreading El Hierro, Canary Islands  [Minn et al. 2006]

Mt Etna, Italy [Borgia et al. 1992]
Trigger Tephra layer as weak layer during Offshore central America [Harders et al. 2010]
seismic loading*
Precursor  Pre-Existing volcano rift- and fault Cumbre Vieja, Canary [Day et al. 1999]
zones Islands

* Only observed at the continental margin and netécano edifice
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1.2.2 Continental Margin Instability due to gravityiven processes

The occurrence of large-scale lateral movement®@tntain belts lead to the development of the
concept of gravity-driven tectonics and deformafiery. Bucher 1956; van Bemmelen 1960; Kehle,
1970; Elliott 1976] It was used to explain the coherence of exteasi@uilts in the up-dip portion and
contraction in the down-dip region of sloping lacalsegPeel 2014] This phenomenon is not only
observed in active orogenic complexes. Furthermibre,presence of gravity-driven deformation of
sedimentary sequences can be observed at mosteasestinental margins worldwid®owan et al.
2004; Morley et al. 2011; Peel 2014ravity-driven processes can be observed inahge from the
meter scal¢e.g. Alsop and Marco, 2013 giant system, which are many kilometers thio# Aundreds

of kilometers londPeel et al. 1995]

c) gravity gliding
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————
— )
>
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Figure 4: Types of passive continental margin Instaility — spreading vs. gliding[modified after Peel et al.
2014]a) gravity gliding is defined as a process, whetthe system releases its energy parallel to its babg
lowering the center of gravity due to a movement ahg an inclined surface b) gravitational collapse rad
spreading describes a system in which the systemeases its energy due to vertical and lateral thiring of
material. In this type, intense internal deformaticn and related faulting can be observed c) vector
displacements during gravity gliding d) vector dispacements during gravity spreading e) vector
displacements in a mixed-mode deformation, in whickpreading and gliding occur in a coherent system.

Two basic modes of gravity driven deformation weescribed byle Jong and Scholten [1973hd
Ramberg [1967; 1977; 19814s they distinguish between gravity gliding arel/gy spreading. Gravity
gliding is classified by a system that releaseseitergy by lowering the center of gravity due to
movement along an inclined surfd&eel 2014] the internal structure of the sediments stayatixaly
intact. In this case, the system’s energy is rel@gsrallel to the base (Fig. 4). Compressiondlfea
can be observed at the distal extends of suchregfifeel 2014](Fig. 4). Gravity spreading is described
by a system that releases its gravitational engugyto thinning of the materigiteel 2014] The energy

released by this process is mostly transferredutiifig and deformation. This phenomenon leadsdo t
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strong overprint of extensional faults at contiaéniargins, as the energy releases its energy
perpendicular to the base (Fig. 4). In additionigechmode deformation may be observed, where the
continental margin is affected as well by glidingedo an inclined surface as spreading due itsnate
gravitational deformatiorfPeel 2014] (Fig. 4). In this case, the energy is released llgdrand
perpendicular to the base (Fig. 4). The definitignPeel [2014] does not distinguish between the
lithology and rheology, as it can be applied tdtlesi ductile, viscous or plastic material behavior

Whereas brittle deformation will lead to faultirdyctile deformation will be expressed by folding.

The processes of gravity gliding and spreadingelegively slow processdgPeel 2014]affecting the
continental margin. Hence, they differ from massass transport events, which are faster events and
do have a higher hazardous potential. However itgrgliding and spreading on continental margins
can lead to over-steepening and sediment weakewtrigh in turn can be a preconditioning factor for

sudden failures and mass wasting on continentainmsr
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1.3 Tectonic setting and Geologic Evolution of MbEitna

1.3.1 The Tectonic Setting at Mount Etna

Mt Etna, Europe’s largest volcano, rises to a leafl3323 m (Fig. 2). The composite volcanic edific
sitting on top of continental crugbvirtzman and Nur 1999 highly active with an eruption history of
~500 kyr[Branca and Del Carlo 2004; Branca et al. 2004§s recent volcanic unrest is documented

by several eruptions per year during the past desfBdanca and Del Carlo 2004]

Study Area
(Continental Margin off Mt Etna)
\

Malta Escparme

Csicly

0 km+

100 km 4

200 km+

Figure 5: The geodynamic setting of Sicily and Calaria. The Calabrian subduction zone is characterize
by a complex subduction. Between the two slabs dfeé Calabrian Subduction zone, a window opens due to
oblique subduction. At this window, Mt Etna establshed on top of continental crust in East Sicilymodified
after Doglioni et al. 2012]

Mt Etna’s geological setting is characterized by tomplex compressional tectonics of the Appenine-
Maghrebian Fold and Thrust Belt to the south (B)gand the northwest dipping Calabrian subduction
zone to the southeaf.g. Doglioni et al. 2001; Doglioni et al. 2014Figs. 1, 5, 6). The Malta
Escarpment (Figs. 5, 6), a large northward trendingstal discontinuity between eastern Sicily’s
continental crust and the oceanic crust makingheddnian Sea, is a prominent morphological feature
at the seafloor. It can be traced southward andegasast of the Maltese Islarjdentini et al. 2006;
Argnani and Bonazzi, 2005fhereby affecting the subduction regime undem€atlabria (Figs. 5, 6)
[e.g. Gvirtzman and Nur 1999; Argnani and Bona220%]. Because of its regional importance as a
deep-seated fault, a link between the Malta Escanpieind Mt Etna’s edifice has been propdsadst
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and Kershaw, 2000However, the complex structure and morphologthefcontinental margin (Fig.
6) makes it difficult to trace the Malta Escarpmastfar north as Mt Etna’s coastal offshore extemsi

and into the onshore volcanic edifigaggnani and Bonazzi 2005; Nicolich et al. 2000]
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Figure 6: Overview map of the geographical settingf Sicily and Tectonic map of East Sicily modifiecfter
Argnani [2014] Sicily is separated from the Italian mainland bythe Strait of Messina, which opens towards
the lonian Sea east of Sicily. PFS=Pernicana-Proveana-Fault-System, TFS=Timpe-Fault-System,
SFS=Southern-Fault-System, AMTB=Appenine-MaghrebianFold and Thrust Belt. The working area of
this thesis is marked by a red box.

The NNE trending right-lateral Scilia-Regusa fasystem, heading towards Mt Etna at the western
boundary of the Hyblean Plateau (Fig. 6), was sigoked to explain the location of Mt Etfeg. Lo
Guidice and Rasa 1992Furthermore, recent interpretations based oactém and reflection seismic
data favor the existence of a distinct southeasiding Subduction Transform Edge Propagator Fault
(STEP-Fault), passing by Mt Etna’s northern flaRigé. 5, 6YPolonia et al. 2012; Gallais et al. 2013;
Gallais et al. 2014]Such a fault is required to delimit the retregt@alabrian subduction front towards
the southwest, and opening an asthenospheric wiatiswb-lithospheric depths. The proposed STEP-
fault is somewhat oblique to the Malta EscarpmEigy 5, 6)Gallais et al. 2013] However Argnani
[2014] does not find indications for a distinct near-aagf STEP-fault in a dense grid of seismic lines
from offshore eastern Sicily. Instead, he sugge&8-30 km wide corridor of SSE trending faultgy(Fi

6) affecting the entire area from Alfeo Seamour8itily (Fig. 6) to be the surface expression déap
crustal-scale structure, controlling the regiomatanics in this aregArgnani 2014] Argnani [2014]

bases his interpretation on a series of asymnisdifegrabens, bound to eastward dipping normatgaul
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[Hirn et al. 1997; Nicolich et al. 2000; Bianca at 1999, Argnani and Bonazzi, 2003]hese normal
faults are proposed to have generated paleo-ealtbquike the 1693 Catania evfBitanca et al. 1999;
Argnani et al. 2012]

The entire region around Mt Etna is seismicallynhigactive[Orecchio et al. 2014]Fig. 7). Large
earthquakes like the disastrous Messina 1908 deemt Pino et al. 2009pbccurred in the Strait of
Messina north of Mt Etna. Furthermore, deep (2048) compressive earthquakes, probably related to
thrusting in the Appennine-Maghrebian Thrust Bedtye been recorded close to the volddawecchia

et al. 2007] Another set of seismic events (hypocenter depflidkm) were observed underneath the
eastern flank of Mt Etna. This small scale variaiio location and kinematics of seismic events $ead
to the interpretation that the stress field undatmeMt Etna is highly heterogeneojf3ocina et al.
1997].
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Figure 7: Epicenter locations of earthquakes durattn magnitude Mq> 2.5 in Sicily and Calabria between
January 1997 and May 2013Orecchio et al. 2014%) Seismic stations in Southern Italy b) Seismicitfrom
0 to 30 km depth. ¢) Seismicity from 30 to 70 km ¢b¢h. d) Seismicity from 70 to 350 km depth. Especily
shallow seismic activity can be observed in the aaseat M Etna and its offshore continental margin.
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1.3.2 The Geologic Evolution of Mount Etna

Compared with Earth’s History, the ~500 kyr ongoergptive history, Mt. Etna can be characterized
as a relatively young volcariBranca et al. 2004] It reveals different types of volcanism and cefner

changes in its mineralogical expression over titime;volcano is still active.

The first period of Mt. Etna’s eruptive history (€200 kyr BP) is characterized as a dispersedrfiss
type volcanism with a tholeiitic affinitiBranca et al. 2004] The areal extent of this proto-volcano is
described as the northward extension of the PkisRicene Hyblean volcanism, which extended

northwards to the Etnean region (Fig. 8a).
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Figure 8: Evolutionary stages of Mt Etna during thelast ~500 kyrs[modified after Branca et al. 20044)
Basal Tholeiitic phase ~500-200 kyr b) Timpe phase250-100 kyr c) Valle del Bove volcanos phase ~80-4
kyr TR = Trifoglietto, GG = Giannicola Grande, SA = Salifizio, CV = Cuvigghiuni , RC = Rocche, TD =
Tardeira d) Strato volcano phase <40 kyr. e) Schenia drawing of the volcanic succession outcroppingt
the Acireale Timpa fault [Branca et al. 2004]

The second phase of volcanism (~250-100 kyr B&gifismed by the onset of the Timpe eruptive actjvity
which concentrates along the lonian coast at th®/NBEE oriented Timpe Fault System; this period
of activity did not build up major edifices (FighB The first volcanic edifices, expressed as t&tad
volcano centers Tardeira and Rocche, were establidhring the Valle del Bove Crater Phase (80-40
kyr BP) by an eastward shift of the volcanism (F8g). A strong variation of the plumbing system
created the southern Trifoglietto as well as thanBicola Grande, Salifizio and Cuvigghiuni craters
(Figs. 8, 9). The largest, and recently observstiokto-volcano edifice is the Ellittico, which wagated
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during the stabilization of the plumbing systenMatEtna and makes up the bulk of the present edific
This phase was terminated with four major calderening plinian eruptions at ~15 kyr BRIl after
Branca et al. 2004]

36 Vg Milo Lahars
B *7'1'

Figure 9: Valle de Bove scar and the Chiancone Falamerate, which was so far only mapped onshore. TR
= Trifoglietto, GG = Giannicola Grande, SA= Salifizo, CV = Cuvigghiuni , TP = Tripodo [Calvari et al.
2004]

During the Holocene, the Mongibello volcano estdi#id on top of the ancient volcanic edifices. Its
eruptive material covers an area of at least 85%hefecent volcano edifice and generated the tecen
appearance of Mount Etna. A major sector collapééch created the Valle Del Bove scar, occurred
~8000 yr agdCalvari et al. 2004] The debris created by this collapse is knownhasGhiancone
fanglomerate, which can mostly be traced onshaeztlly adjacent to the lonian coastlif@@alvari et

al. 2004]
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1.3.3 Volcano Edifice Instability at Mt Etna’s east flank

Mt Etna’s flank instability, first described in tiearly 1990’s as gravitational instability Bprgia et al.
[1992], is one of the best-monitored and studied exanfptaslcano flank instability around the world.

In the following years, evidence for both, episodia continuous flank movement was repofted.
Froger et al. 2001, Acocella et al. 2003, Bonfatel Puglisi 2003] With the help of a dense network

of GPS and geodetic statiofiaundgren et al. 2003; Puglisi et al. 2008; Bonfort al. 2009; Neri et

al. 2009} gas monitoringNeri et al. 2007; Bonforte et al. 201,3jnd geologic fieldworkGroppelli

and Tibaldi 1999; Neri et al. 2004it was possible to locate and characterize tsbility of Mt Etna’s
eastern flank. The anatomy of the flank and relédeatt systems were assessed by means of Permanent
Scatters analysis, which were used to charactr&main kinematic domains of the flafdonforte et

al. 2011}

The northern boundary of the moving flank is ddsexli as the left lateral Pernicana-Provenzana Fault
(Figs. 10, 11, 12) with a continuous horizontaptisement of ~2.,8 cm[8onforte and Puglisi 2003]
that may accelerate during volcanic actijiBonforte et al. 2007] The Pernicana-Provenzana Fault
system represents the fault system with the higtetsdf displacements at the edifice of Mt Etnay(Fi
10).

e

"

P N N

£ Ui

1im

Figure 10: GPS Displacement of selected stationsthe eastern and southern flank of Mt. Etna. The vetors
represent the total displacements between 1993 a2006 recorded at selected benchmarks (located ateth
beginning of each vector arrow) of the GPS networkdighest displacements can be observed at the nogim
region at the Pernicana-Provenzana Fault system &t Etna’s eastern flank. PFS = Pernicana-Provenzana
Fault System, TFS = Timpe Fault System, TMFIremestieri Fault, TF=Trecastagni Fault [Acocella and
Puglisi 2013]
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Figure 11: a) Road at the westernmost portion of ta Pernicana-Provenzana Fault at Mt Etna’s northern
flank on November 12", 2002. Total horizontal displacement of the fractes is >1.25 m, with a vertical
component of ~0.5 niNeri et al. 2004] b) The eastern extends of the Pernicana-ProvenzarFault at the
A18 Catania Messina Highway. Total vertical displaement at the border of the highway, 0.33 m (of whit
0.05 m is related to movement through December 222002 and 0.28 m is due to previous episodes since
1971, when the highway was constructedNeri et al. 2004]

The Timpe Fault System (Figs. 10, 12) separatedEydlock to the Medium East Block and is well
documented by geodetic and INSAR measurements angkRa. 12)[Bonforte et al. 2011] The
southern boundary (Fig. 10) of the moving flankiidy constrained by INSAR measurements and Soll
Gas emissions and is described by the faults ofTtleenestieri-Trecastagni Fault System (Fig. 10)
[Froger et al. 2001; Bonforte et al. 2013]

5~ Biancavilla ¢
wedge. || &

Figure 12: Main Kinematic domains at the edifice oMt Etna [modified after Bonforte et al. 2011 Northern
boundary of the moving flank: Pernicana-ProvenzanaFault System. Southern boundary of the moving
flank: Tremestieri-Trecastagni Fault System. The Tinpe Fault System can be observed at the central gar
of Mt Etna’s eastern flank.
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1.3.4 Continental Margin Instability offshore Mtriat

Mt Etna established its edifice directly at theidgancoastline of eastern Sicily. In comparisonhe t
lonian continental margin north and south of thizano edifice, a clear bulging and extension can be
observed at the continental margin directly in froilMt Etna by its morphological expression (Fi§)
[Chiocci et al. 2011] In contrast to the well-studied onshore volcadifiee of Mt Etnaje.g. Bonforte

et al. 2011] only few information is available concerning tt@ntinental margin offshore east of Mt
Etna. A first multi-beam bathymetric map of theilomSea illustrated the major morphologic features
in the area off Mt EtnfMarani et al. 2004] The first detailed interpretation of the contitedmargin’s
seafloor morphology was carried out®kiocci et al. [2011] Next to deeply incised valleys and gullies,
a prominent bulge, between Fiumefreddo Valley aath@ia Canyon (Fig. 13), was recognized. This
bulging of the continental margin can only be obedrdirectly in front of Mt Etna and cannot be &dc
further north or soutfChiocci et al. 2011; Argnani et al. 2013]

Argnani et al. [2013]interpret the bulge at the continental marginhesiorthernmost extent of the
Hyblean Foreland, which is the onshore region soti@atania (Fig. 1). HoweveGhiocci et al. [2011]
interpret the bulge to be a response to intrusiflation of a pre-Etnean continental margin. Byngsi
high-resolution multi-beam bathymetrghiocci et al. [2011] proposed the idea of an upslope
propagating instability, caused by a large scalssmaasting event offshore Mt. Etna, creating a
prominent amphitheater (Fig. 13) offshore the g#laof Riposto (Fig. 13). Reflection seismic data
indicate that the offshore area around the voleadominated by extensional faulting with thrusilta
close to the coast and towards the distal extefdieocontinental margifArgnani et al. 2013]
However,Argnani et al. [2013]interpret the bulge to be generated rather bysthmy than to a simple
inflation due to magmatic intrusion related to Mb& So far it was not possible to determine tmétdi

of instability, affecting the continental mardisrgnani et al. 2013]
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Figure 13: Mt Etna and its adjacent continental magin. The continental margin is characterized by bujing,
what cannot be observed at the continental marginsorth and south of Mt Etna’s edifice. The continenal
margin is strongly overprinted by channels and gules. The continental margin can be subdivided intthree
major regions. The southern region is characterizedby the Timpe Plateau, which is strongly overprinte
by gullies and channels. It is terminated towardshe south by Catania Canyon. The central region shawv
the morphological expressions of the funnel shapéedalle di Archirafi, a structural high with prominen t
ridges and a massive amphitheater structure with & enclosed Riposto Depression. The northern regios
marked by the E-W trending anticline of Riposto Ridye. In front of the continental margin, the seafloo
morphology flattens abruptly. In this region, large sedimentary basins can be observed. The entire
continental margin and its structures will be descibed and examined in detail in chapters 5, 6 and The
digital elevation model was created by using the S dataset [Farr et al. 2007], the MaGIC dataset
[Chiocci and Ridente 20114nd the bathymetry, acquired during RV Meteor Cruise M86/2 — Map shown
with UTM Projection.

28



1.3.5 Recent studies on the origin of volcano edifind continental
margin instability on- and offshore Mt Etna

Instability can be driven by magma pressure, ldckultressing support, loading of the edifice on a
weak basement, increasing pore pressure assouwiitedolcanism, dike emplacement, and/or tectonic
stress[e.g. Voight and Elsworth 1997; McGuire 199@xplaining flank instability of Mt Etna is
particularly challenging as deformation due to magverpressure reaches its maximum at the summit,
whereas the larger subsidence and seaward movementecorded along the codétocella and
Puglisi 2013].Moreover, displacement measurements are yet lirtitéae onshore part of the volcano,
while the continental margin, affected by the valzduildup, lies offshore in the lonian Sea. Recent

hypotheses that have been brought forward to expiatability of Mt Etna’s eastern flank include:

i) Magmatically induced: Flank dynamics have besterpreted as a passive effect of gravity
instability and magma intrusiga.g. Bonforte and Puglisi 2003More recentlyl_e Corvec et al. [2014]
used analogue modelling to shed light on the compiéerplay interaction of magmatism, flank
instability, and tectonic activity. Their model ranly explains the different spatial displacemextés,

but also temporally variable activity of the Timpault System before, during and after eruptions.

i) Missing massChiocci et al. [2011]analyze bathymetric data offshore Mt Etna. Théanst

find that the entire continental margin is affectgdlarge deformations that develop from the bdse o
the slope up to the shoreline. Moreover, both sulmaanstability and subaerial flank sliding are
bounded by two regional tectonic lineaments. Hettoey propose that continental margin instability

drives the eastern flank’'s seaward movement.

iii) Basement landslideNicolosi et al. [2014]Juse magnetic data to model the non-volcanic strata
that is underlying Mt Etna. Their results indictat Mt Etna is growing on a pre-existing basement
landslide and the authors show that its eastenk filaoves coherently with the underlying landslide.
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2 Objectives

In order to investigate the architecture and theali®r of the submarine continental margin, adjacen
to Mount Etna, a new hydro/seismo-acoustic andaggedl dataset was acquired during RV METEOR
research cruise M86/2 in December 2011/January.Z¥e dataset includes high-resolution marine
2D/3D reflection seismic-, multi-beam bathymetrigddP ARASOUND Echo-Sounder data, as well as
gravity cores. This dataset was processed andpieted in order to answer or contribute to the
following objectives:

- Architecture of the continental margin in front of Mt Etna’s edifice:

The continental margin east off Mt Etna’s edifi¢eows a prominent bulge in bathymetrical
datasets. By analyzing multi-beam-bathymetry d&hiocci et al. [2011]interpret this
morphological bulge as the result of magmatic tidtaof the pre-Etnean continental margin,
as the bulge of the continental margin can onlplimerved adjacent to Mt. Etna and cannot be
traced towards the Strait of Messina in the nontth the Malta Escarpment towards the south.
On the contraryArgnani et al. [2013]sees indications for thrusting, affecting the owarital
margin, resulting in the formation of this promihenlge offshore the volcano edifice. The new
M86/2 dataset is used to evaluate near-surfacetgtas in order to produce a new structural
model of the continental margin east of Mt Etnae Tombination of bathymetric and high-
resolution 2D/3D reflection seismic dataset all@easidering the high grade of heterogeneity
in terms of its morphology and internal structwjch previously was not possible based on
the sparse marine surveys done in the workinglzee. An important task is to evaluate the
possible limits of the continental margin instéWilias the onshore volcano flank instability is

limited by prominent strike-slip faul{e.g. Bonforte et al. 2011]

- Characterization of continental margin instability:
The deformation and instability of the continemtergin is suggested and based on bathymetric
[Chiocci et al. 2011 and seismic datpArgnani et al. 2013] The new high-resolution 2D and
3D seismic dataset will be used to evaluate, ifdbetinental margin is affected by gravity
gliding over a décollement (e.g. a pre-Etnean digy layer[Rasa et al. 1996pr a pre-Ethan
landlislide deposifNicolosi et al. 2014]or gravitational instability and collapse, leaditay

intense extension and continental margin spreading.
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Link between volcano flank instability and continertal margin instability:

As observed onshore, Mt Etna’s volcano edificeKlgustability is restricted to strike-slip faults
in the north (Pernicana-Provenzana Fault System. (B)) and in the south (Tremestieri-
Trecastagni Fault System / Southern Fault Systeg &) [e.g. Bonforte et al. 2011}As the
faults are mapped towards the coastline of EaslySithe evaluation of possible fault
propagation towards the offshore realm, and theeetfte continental margin, is necessary. A
continuation of the prominent onshore faults towatte offshore realm would imply a strong
connection of volcano edifice- and continental nraigstability, as the entire system would
then be restricted to the same boundaries. Furtirerinre Corvec et al. [2014proposed the
idea of a strong connection between the onshoredirault System and the offshore Mt Etna,
which will also be evaluated in this study. Sudoimation is essential for future evaluation of
flank instability at Mt Etna, as a definition ofethregion affected by slope instability is still

lacking.

Continental margin instability in context of submarine mass movements:

Pareschi et al. [2006presented indications for a strong overprint ofsmaansport deposits at
the toe of Mt Etna and pointed to its hazardougmtd!. Billi et al. [2008] favored the mass
transport deposit at the northern boundary of th@isental margin to be related to the 1908
tsunami, which is highly doubted Bygnani et al. [2009] Lack of high-resolution seismic data
in this area made a reliable verification / fatsifion of this hypothesis impossible. The new
dataset presented in this thesis will significaotiptribute to this discussion.

A precise evaluation and mapping of near-surfacesnic@ansport deposits in the area of the
continental margin and the continental toe is donghis thesis, which is necessary for
evaluation of geo-hazard potential in the workirgpaln addition, plausible sources, precursors

and trigger mechanisms in the area will be disalisse
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3 Methods

During RV Meteor cruise M86/2 in December 2011/3&agR2012, a large hydro/seismo-acoustic and
geological dataset was acquired in the Gioia B@gjrrhenian Sea), the Strait of Messina and offehor
Mt Etna (lonian Sea) (Fig. 14rastel et al. 2014] The dataset includes 2D reflection seismic pesfil

a 3D reflection seismic P-Cable cube of 26.6 kanfull coverage bathymetry, PARASOUND echo-
sounder profiles, sediment gravity cores and bogAs the acquisition and processing of this data
fundamental for this work, this chapter will givieost insight to data acquisition and processingndur
and after Cruise M86/2. Although all acquisitiordgrocessing techniques were applied to the entire
dataset acquired during M86/2, this thesis willgantrate on the region offshore Mt Etna (Fig. 14).

- 5 s0E 16 00E

@ Tyrrhenian Sea

66

38° 30N

38° 00N 38° 00N

| ,\\\/ , & j ;} // . ‘bo
" WorkingArea N

Offshore Mt Ethna N
N\ ;

37° 30N

37° 30N

[—]Cruise Track
[—J2D Seismic Profile
[ 3D Seismic Cube
[ e |Gravity / Box Core

15° 00'E 15° 30'E 16° 00'E

50

Figure 14: Cruise track of M86/2. The working areaoffshore Mt Etna (this thesis) is marked by the redox.
Modified after [Krastel et al. 2014]

36



3.1 2D reflection seismic Acquisition

During RV Meteor M86/2 cruise, a 104 channel diggaometrics GeoEel Streamer system was used
to gather high-resolution 2D multichannel refleotieismic profiles. The streamer system is modular
set up by 12.5 m long sections, each equipped Idthydrophones, paired to 8 groups with a group
distance of 1.5625 m. This setup allows the cdbieadf very high-resolution seismic data, whichmain

be achieved with industry-type streamers (Typicalug distances of 6.25 or 12.5 m).The short
hydrophone spacing enables a bin sizes down tdR5/8 during seismic processing, as the lateral bin
size has to be at least half the channel spacirtgeo$eismic system. During M86/2, the hydrophone
streamer was configured with 13 x 12.5 m long &csi@ctions, resulting in a total active length@.5

m and 104 channels. This short streamer lengthhagidwater depth of up to 2000 m in the working
area made a dedicated velocity analysis imposditece a continuous sound velocity of 1500 m/s was
applied to the dataset. The seismic signal wasymextiby a 1.7 | Sercel GI Gun, which was operated
at ~200 bar in harmonic mode. For a short stredikerthe used GeoEel System, the shot interval,
cruise speed and recording length are importandnpaters for obtaining a high coverage; these
parameters were adjusted during the cruise depgdirturrent velocities, and water depths. Offshore
Mt Etna, a cruise speed of ~4 knots, a shot intefva s and a recording length of 3-4 s were chdee

obtain an average CMP (Common-Mid-Point) fold o5+l applying a bin size of 2 m.

3.2 2D reflection seismic Processing

For 2D seismic data processing, the commercialveoét Gedco Vista Seismic Processing was used. In
order to setup a standardized processing flow, lwhicapplicable to other datasets, a new flow was
designed for the M86/2 dataset. The flow enables dgss experienced seismic processers to obtain
first presentable seismic profiles with a low inwvesnt of time. The developed flow is now used for
several datasets, acquired over the past yeaysElger et al. 2014]The processing manual and flows
are available from Sebastian Krastel-Gudegast asdwrking group “Marine Geophysik und
Hydroakustik” at the Christian-Albrechts Universita Kiel.

The most important steps of this processing flogv ar

- Data import and header edit: Import of each shtitegdile (*.sgd), which was acquired during
acquisition. The shot-files are merged to a sifigigy file, which is a standardized file type for
multichannel seismic data.

- Geometry Setup, CMP (Common-Mid-Point) calculatiand binning: During Geometry setup,

each shot point and each channel of the streamemeiged with its exact position during
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acquisition. Exact shot point and receiver locaiare then written into the header of the *.sgy
file. This file can then be used to calculate thd points for each shot-receiver pair. Binning
(assignment of shot-receiver pairs to bins) is th@me along a crooked-line along the ship track;
the bin-distance for the M86/2 dataset was setrtod? 3.125 m.

Bulk-Shift and Normal-Move-Out Corrections: In orde create zero-offset sections, a bulk
shift and Normal-Move-Out correction are appliedite dataset. This method guarantees that
the lateral offsets of the hydrophone spacing hnareated and a correct signal onset is given
for each shot and channel. The Normal-Move-Out &nions were carried out by applying a
constant velocity of 1500 m/s.

Filtering: The developed processing flow contaitamdard filters like a Band Pass Filter and a
FK (Frequency / Wavenumber) filter. Filters areimaportant mechanism to eliminate noise
during seismic processing and need to be adjustesbth profile.

CMP Stack and Migration: The CMP-Stack is carriatlio order to stack the calculated CMPs,
which were addressed to specific bins during Gepm8&etup. This method leads to a
constructive interference of coherent reflectord tire elimination of random noise. This step
is therefore one of the most important processieg ®r multichannel seismic processing. The
seismic migration of data is realized by using sbéware’s finite difference migration (FD

Migration) algorithm and was carried out with a stamt velocity of 1500 m/s.
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3.3 3D reflection seismic Acquisition

Marine 3D reflection seismic acquisition is a stamtdindustry approach for hydrocarbon exploration
and is carried out worldwide by several acquisitompanie$Biondi 2006]. As the petroleum industry

is aiming for deep targets and large areas, thtemgsare designed to meet these requirements.
Instruments for industry-standard 3D seismic aétioiisrequire large resources in terms of acquisiti
platform size, staff and investments into seisggtamgVermeer and Beasley 2012[he advantages

of 3D seismics in comparison to 2D seismics isaifeal coverage of a survey site, making a dedicated

analysis of volumes and fault strike / dips pogdiblg. Biondi 2006]

In order to build a 3D seismic system, which isatde for high-resolution 3D reflection seismicss th
so called P-Cable was develod&tanke et al. 2009] The modular system uses 12-24 parallel towed
short streamers, which are attached to a so-caitess-cable (Fig. 13Planke et al. 2009]This enables
the system to be used on relatively small platfolikes medium-size research vessgtManke et al.
2009].

The GEOMAR P-cable system was used during Cruisé/#18nd the used GEOMETRICS GeoEzel
digital streamer segments are the same as us@®fwaflection seismic acquisition, which enables th
user to use the same equipment for either 2D asWBizeys. This synergy effect minimizes the costs of

the seismic system and enables even the scietifitnunity to use 3D seismic systems.

Streamer

Paravane

Seismic Source
Airgun

Figure 15: Schematic drawing of P-Cable 3D refleatin seismic acquisition and its components. The P-Gle
system consists of two paravanes, which are fanningp numerous streamers, which are attached parallel
to each other at the cross-cable.
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The P-Cable System is operated between two parayahéh are trawled behind the acquisition vessel,
fanning out numerous streamer segments, which tsaehad to the cross-cable (Figs. 15, 16). The
streamer segments can either be single sectioh®.5fm or 25 m length or longer segments like the
“Stingray Configuration”, which hosts a longer gahstreamer between the two paravanes. The seismic
source, typically a Gl Airgun, is trawled directhghind the vessel and operates in front of theofan
streamers (Figs. 15, 16).

The paravanes are equipped with a GPS antennaeh wahé wirelessly connected to the acquisition
laboratory on the vessel (Fig. 16). This enablesygry calculations of all system components, ks al
lengths like the cross-cable distances and theHasfghe trawl wires are known. This data is pssesl

in real time and the positions of the paravanesbeamonitored from the acquisition laboratory, vhic
is important during track changes, bad weather itiond and strong currents like offshore Mt Etna.
During seismic acquisition, real time quality cahtcan be carried out and information about each
streamer, channel and system coverage can beyaidpty Seismic Unix / GMT (Generic Mapping
Tool) scripts written by Dirk Klaeschen and Corgp&aberg (GEOMAR Helmholtz Centre for Ocean
Research, Kiel). As the system consists of numesbag streamer segments, the system is not built f
a dedicated velocity analysis. It is possible taobsubsurface sound velocity information with OBS
OBH (Ocean Bottom Seismometer / Ocean Bottom Hyavop) instruments, which is then

implemented during seismic processing.

al [l
airgun

125-130m

T

Figure 16: Sketch of the P-Cable design and setupudng the M86-2 cruise. In total 13 streamers were
fanned up by the paravanes and trawled behind theessel. For navigation processing, each paravane gth
Gl airgun and vessel iss equipped with GPS antenndkrastel et al. 2014].

1.7m

12.5m
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During M86/2 in total 13 Streamers, each 12.5 ngJawere trawled behind RV Meteor (Fig. 17). The
distance between the paravanes was constantly &ettb — 130 m and the system worked relatively
smooth. The implementation of a dedicated sounadkityl analysis for the working area was resigned,
as only three of the four deployed OBS / OBH insieats were operating accurately during the cruise
and the heterogeneous sub-seafloor structures anageesentative interpolation of these threecstati
impossible. Therefore, like for 2D reflection seismprofiles, a constant sound velocity of 1500 més

applied to the dataset.

3.4 3D reflection seismic Processing

Exact navigation processing is one of the mosicatisteps for high-resolution 3D seismic acquisiti

The navigation is recorded by using remote GPSveremounted to the paravanes, the seismic source
and the vessel (Fig. 16). The GPS navigation infdion are readout in real-time and saved to
navigation files. With these information, the ldoatof the P-Cable and each streamer segment can be
calculated. The exact channel positions of thestezs are defined and evaluated between firstadgriv

at the hydrophones and calculated streamer posit@uaring navigation processing, the entire survey
area is defined as raster, in which each shot badrel position is assigned to a specific position.
accordance to a specific bin size (for this seisouibe bin size = 5x5 m; Table 2), the CDP-grid is
calculated. This procedure will lead to the coveraap, from which the system’s coverage can be
obtained (Figs. 17, 18). As lack of data pointthie grid can lead to inaccuracy of the entire dxifas

dense coverage of CDPs has to be ensured duringsaic.
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[===]acquired line / track
[===|to be acquired on line / track
[===Inext line / track

[ INo Coverage
[ High Coverage
[_IMedium Coverage
[Low Coverage

Figure 17: Schematic drawing of the P-Cable and itsubsurface coverage. The coverage is a result ofuise
speed, # Channels, # Streamer Segments, length aiss-cables between Streamer Segments, Track spagin
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Figure 18: Coverage map short before the 3D acquigin was terminated. The coverage map was generated
with a bin size of 12.5 m. The colour scale intergts the fold in each bin of the 3D area. Due to mtiple
coverage, the coverage in the turns is highest. Bimithout coverage are left white. Undulations alonghe
sides of white stripes indicate deviations from thé&ack line during data acquisition [Krastel et al. 2014].
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As the acquired 3D seismic cube might show gapisdardata record (Fig. 18), an interpolation of éhes
gaps is calculated. Empirical knowledge shows tiatbest interpolation of 3D seismic data gaps can
be carried out by time-slice interpolation, whistapplied to each sampling depth (in our dataset)1
This interpolation is done by using the Generic Mag Tool (GMT). Each Inline and Crossline are
then generated from the interpolated depth / tines The frequency filtering of P-Cable seismatad

is an important process for noise eliminationh@s@DP fold of this system is relatively small, gared

to large 3D systems or the 2D reflection seismtedaown in this thesis (Fig. 18). The most imparta
filtering algorithm is the Band-Pass filter in whithe frequencies of the wavelet are passed and
frequencies outside this range are attenuated. filtes is applied iteratively until the best-fisi
established. Also F-K filters, radon filters canapplied to the dataset but were rejected duedatne
interference during seismic processing of the M&Efaset. Due to the complexity of a real 3D data
migration, the M86/2 dataset was migrated by apglg Stolt-Migration in In- and Crossline direction

Detailed information about parameters of the M&i2cube can be found in Table 2.

Next to seismic amplitude analysis in IHS Kingdon&uadditional seismic attributes were generated
by using the open source software OpendTect. F®tlibsis, especially the similarity attribute, ahi

is the coherency attribute in the software packaig®pendTect, was calculated and analyzed. The
similarity attribute was calculated by using a +#28 time window. The created cube was exported
from OpendTect and imported to IHS KingdomSuite. IAterpretation and graphical processing was
carried out with IHS KingdomSuite 8.8 and 2015.

Table 2: Parameters of the final M86/2 3D Cube offsore Mt Etna used for this work

Parameter Value

3D Volume Size: 3325 m x 8000 m, 26.6%m
Bin Size / CDP Grid: 5mx5m

Depth Range: 500 ms — 2000 ms

Inlines: 665 (4420 — 5085)
Crosslines: 1600 (4850 — 6450)

Coordinates (Corners) Inline 4420 / Crossline 48503346 , 15°15.50
Inline 4420 / Crossline 6450: 37°41.42 , 15°18.06
Inline 5085 / Crossline 6450: 37°42.27 , 15°16.03

Fold: 1-3

Interpolated: yes, with time slices by using GM™ amterpolation grid of 10 m
Band Pass Filter: 20, 55, 200, 400

Sampling Rate: 1ms

Migration: Stolt Migration, const. vel. 1500 m/s
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3.5 Multi-Beam Bathymetry and PARASOUND Echo-
Sounder data Acquisition and Processing

During Cruise M86/2, bathymetric data was acqubgdising RV Meteor’s hull mounted Kongsberg
Simrad EM122 and Kongsberg EM710 multi-beam sowid&hereas the EM122 is a full ocean depth
covering mutli-beam, which can be used from dep@0am up to 11000 m, the EM710 is designed for

shallow water conditions of less than ~2000 m wdégath.

The systems were operating during the entire crdibey were used next to seismic profiling and
additional hydro-acoustic surveys during seismistay maintenance and evaluation of sediment
sampling sites. The acquired data was processed tis open source software MB System (David W.
Caress, Monterey Bay Acquarium Reseach Institutké Bale N. Chayes, Lamont-Doherty Earth
Observatory, Columbia University). The presentethyraetric grid in this thesis shows a combination
of the bathymetric data, acquired during the Ma@i@ject of our cooperation partner Francesco Latino
Chiocci from La Sapienza University of Rorféhiocci and Ridente 2011jand the newly acquired
M86/2 dataset. The presented grid has a cell $i26x380 m.

For high resolution echo-sounder data acquisitio®,RV Meteor’s hull-mounted Atlas Hydrographic
PARASOUND P70 was used. The PARASOUND P70 proviuigis-resolution echo-sounder data with
up to 100 m sediment penetration. In comparisocotoventional 3.5 kHz echo-sounders, the system
works as a parametric echo sounder by using prifnaggencies of 18 (Primary High Frequency PHF)
and adjustable 18.5 — 28 kHz. From these primaguencies, the parametric secondary frequencies in
the ranges of 0.5 — 10 kHz (Secondary Low FrequeSidy) and 36,5 — 48 kHz (Secondary High
Frequency SHF) are generated by the nonlinear aicani®raction of the primary waves at high signal
amplitudes, which occurs in the emission cone ef ligh-frequency. In the Atlas Hydrographic
PARASOUND P70, the emission cone is limited to parture angle of 4°, which is the result of the
array’s architecture by featuring 128 transduceranged on a rectangular plate of ~% rhhis
architecture enables a footprint size of ~7% of weter column, which makes it a significant
improvement, compared to conventional 3.5 KHz estwnrder systems. The System was operated
during the entire cruise M86/2 next to 2D / 3D seesprofiling and multi-beam echo-sounder mapping.
Furthermore, the PARASOUND system was used to éoaatl evaluate possible sites for gravity- and
box coring. All acquired data was converted from 1tps3 format into the *.sgy format by using the
custom tool ps32sgy (Hanno Keil, University of Biemh For further interpretation, the data was then

loaded into IHS KingdomSuite.
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Abstract

Mount Etna is the largest active volcano in Eurdpstability of the eastern flank is well documenhte
onshore, and continuously monitored by geodeticlaB&AR measurements. Little is known, however,
about the offshore extension of the eastern voldkmk, defining a serious shortcoming in stability
models. In order to better constrain the activéotdcs of the continental margin offshore the easte
flank of the volcano, we acquired a new high-resotu2D reflection seismic dataset. The data previd
new insights into the heterogeneous geology artdriexs at the continental margin offshore Mt Etna.
The submarine realm is characterized by differémtks, which are controlled by local- and regional
tectonics. A compressional regime is found at deedf the continental margin, which is bound to a
complex basin system affecting the eastward movewifethe flank. Both, the clear link between on-
and offshore tectonic structures as well as thepcessional regime at the easternmost flank edge,
indicate a continental margin gravitational coll@s well as spreading to be present at Mt Etna.
Moreover, we find evidence for the offshore southHesundary of the moving flank, which is identified
as a right lateral oblique fault north of Catanan@on. Our findings suggest a coupled volcano elifi
and continental margin instability at Mt Etna, dersivating first order linkage between on- and aifeh

tectonic processes.
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1 Introduction

1.1 Tectonic setting of Mt Etna

Mt Etna, Europe’s largest volcano, rises to a he@f8323 m (Fig. MI-1). The composite volcanic
edifice sitting on top of continental cr&virtzman and Nur 1999js highly active with an eruption

history of ~500 kyfiBranca and Del Carlo 2004; Branca et al. 2004{s recent volcanic unrest is

documented by several eruptions per year duringptedecadefBranca and Del Carlo 2004]
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Figure MI-1: Overview map of the geographical settig of Sicily and Tectonic map of East Sicily modiéd
after Argnani [2014] Sicily is separated from the Italian mainland bythe Strait of Messina, which opens
towards the lonian Sea east of Sicily. PFS=PernicarProvenzana-Fault-System, TFS=Timpe-Fault-
System, SFS=Southern-Fault-System, AMTB=Appenine-Mghrebian Fold and Thrust Belt. The working
area is marked by a red box.

Mt Etna’s geological setting is characterized by tomplex compressional tectonics of the Appenine-
Maghrebian Fold and Thrust Belt to the south (Mi-1), and the northwest dipping Calabrian
subduction zone to the southefasy. Doglioni et al. 2001]The Malta Escarpment (Fig. MI-1), a large
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northward trending crustal discontinuity betweestean Sicily’s continental crust and the oceanistr
making up the lonian Sea, is a prominent morphokigfeature at the seafloor. It can be traced
southward and passes east of the Maltese Islgeatini et al. 2006; Argnani and Bonazzi 2005]
thereby affecting the subduction regime undern€athbria (Fig. MI-1Je.g. Gvirtzman and Nur 1999;
Argnani and Bonazzi 2005Because of its regional importance as a deegdédatlt, a link between
the Malta Escarpment and Mt Etna’s edifice has leposedRust and Kershaw 2000However,
the complex structure and morphology of the Timfadau (see Fig. MI-2) makes it difficult to trace
the Malta Escarpment as far north as Mt Etna’stabaffshore extension, and into the onshore vatcan
edifice [Argnani and Bonazzi 2005; Nicolich et al. 2000]

The NNE trending right-lateral Scilia-Regusa fasystem, heading towards Mt Etna at the western
boundary of the Hyblean Plateau (Fig. MI-1), wasahvoked to explain the location of Mt Etieag.

Lo Guidice and Rasa, 1992Furthermore, recent interpretations based oractfm and reflection
seismic data favor the existence of a distinctrseast trending Subduction Transform Edge Propagator
Fault (STEP-Fault), passing by Mt Etna’s northdank (Fig. MI-1)[Polonia et al. 2012; Gallais et al.
2013; Gallais et al. 2014; Musumeci et al. 2018juch a fault is required to delimit the retregtin
Calabrian subduction front towards the southwestli to open an asthenospheric window at sub-
lithosphere depths. The proposed STEP-fault is sdraeoblique to the Malta Escarpment (Fig. MI-1)
[Gallais et al. 2013; Musumeci et al. 201#Hrgnani [2014] however, does not find indications for a
distinct near-surface STEP-fault in a dense gridadémic lines from offshore eastern Sicily. Indtea
he suggests a 20-30 km wide corridor of SSE trenthnlts (Fig. MI-1) affecting the entire area from
Alfeo Seamount to Sicily to be the surface expmssif a deep crustal-scale structure controllirg th
regional tectonics in this areaArgnani [2014] bases his interpretation on a series of asymmigdiie
grabens, bound to eastward dipping normal fdtliish et al. 1997; Nicolich et al. 2000; Bianca ak
1999; Argnani and Bonazzi 2005]hese normal faults are proposed to have gemnkeatrehquakes like
the 1693 Catania evejianca et al. 1999; Argnani et al. 2012]

The entire region around Mt Etna is seismicallyhhigactive. Large earthquakes like the disastrous
Messina 1908 everje.g. Pino et al. 2009]occurred in the Strait of Messina north of Mt Etna
Furthermore, deep (20-30 km) compressive earthguakebably related to thrusting in the Appennine-
Maghrebian Thrust Belt, have been recorded closkeawolcandLavecchia et al. 2007]Another set

of seismic events (hypocenter depths <10km) wesemid underneath the eastern flank of Mt Etna.
This small scale variation in location and kinemmatbf seismic events leads to the interpretatian th

the stress field underneath Mt Etna is highly hejeneougCocina et al. 1997]
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1.2 Mt Etna’s eastern flank and its slope instgbili

Large volcano edifices are well known for their &saous potential due to gradual volcano spreading
[van Wyk de Vries and Francis 199Th comparison to other large volcano edificeabdities, such as
the Hawaiian Island®.g. Nakamura 1980; Moore et al. 1989; Borgia amdves 1992and the Canary
Islands[Krastel et al. 2001; Masson et al. 2002he setting at Mt Etna differs dramatically, he t
volcano edifice builds upon continental crust, trepa volcano flank- and continental margin
instability. The volcano flank gravitational instiily [e.g. Firth et al. 1996]is considered to creep on

a weak substratum-décollement like a pre-Etneadslate deposifNicolosi et al. 2014]or a dipping

weak clay-rich layer or substrateg. Delcamp et al. 2008]

Mt Etna’s flank instability, first described as gitational spreading bBorgia et al. [1992] is one of
the best-monitored and studied examples for voldkmk instability around the world. Evidence for
both, episodic and continuous flank movement, veg®ntede.g. Froger et al. 2001; Acocella et al.
2003; Bonforte and Puglisi 2003By a dense network of GPS and geodetic stafiomsdgren et al.
2003; Puglisi et al. 2008; Bonforte et al. 2009;rNet al. 2009] gas monitoringNeri et al. 2007;
Bonforte et al. 2013]and geologic fieldworkGroppelli and Tibaldi 1999; Neri et al. 2004]t was

possible to locate and characterize the instalufitylt Etna’s eastern flank.
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Figure MI-2: a) Grid of high-resolution 2D seismiclines acquired during M86/2 cruise offshore Mt Etna
Red lines are the seismic profiles shown in this wika b) Bathymetric and topographic map from the eagern

flank of Mt Etna (See Fig. MI-1 for location). Bathymetric data is a combination of the dataset preseed

by Chiocci et al. [2011]and M86/2 Data. The onshore Digital Elevation Modas the SRTM90 datase{Farr

et al. 2007] Onshore structures and kinematic domains are afteBonforte et al. [2011] Colored boxes
indicate the four different morphologic areas discgsed below.
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The northern boundary of the moving flank is ddsexli as the left lateral Pernicana-Provenzana Fault
(Figs. MI-1, MI-2) with a continuous horizontal glacement of ~2.8 cm/yf{Bonforte and Puglisi
2003] that may accelerate during volcanic actiy@pnforte et al. 2007]The Timpe Fault System (Figs.
MI-1, MI-2) separates the NE-Block to the MediumsEBlock (Fig. MI-2). The southern boundary
(Fig. 2) of the moving flank, which can be relatedthe Southern Fault System (Fig. MI-2) is only

constrained by INSAR measurements and Soil GasemsgjFroger et al. 2001; Bonforte et al. 2013]

In contrast to the well-studied onshore part diitiformation is available concerning the topogsaph
and structure of the offshore flank of Mt Etna, dmeltransition towards the continental marfiarani

et al. [2004] presented the first multi-beam bathymetric map leé area, imaging the major
morphological features offshore Mt. Etr@hiocci et al. [2011]acquired and used a high-resolution

bathymetry for a first interpretation on the coatital margin offshore Mt Etna.

Chiocci et al. [2011]proposed the idea of an upslope propagating iftisfalcaused by a large-scale
mass wasting event offshore Mt Etna, creating anprent amphitheater-like structure offshore the
village of Riposto (Fig. MI-2). Furthermore, the limbeam bathymetric map shows a WNW trending
lineament at the seafloor at a location which mainades with an offshore continuation of the
suggested terrestrial boundary of the southerm $gsteniChiocci et al. 2011] Reflection seismic data
indicate that the offshore area around the voléadominated by extensional faulting, with onlyeavf
isolated thrust faults close to the coast at RmBitige[Argnani et al. 2013] So far, it was not possible
to determine the exact northern and southern boigxdaf the moving flank in the marine realm
[Argnani et al. 2013] The instability of Mt Etna’s continental margis documented by large scale
submarine mass wasting depoffareschi et al. 2006a4nd small / medium scale debris depd€it®ss

et al. 2014 — this thesis]

1.3 Obijectives

We collected a high-resolution acoustic dataselutcg multi-beam bathymetry and 2D seismic
reflection lines in order to investigate the teatosetting of the continental margin offshore Mh&t
and its linkage to onshore volcanic and tectongcesses. The main objective of this manuscrip is t
link tectonic features and processes between tharahoffshore area around the volcano with special
emphasis on evaluating the impact of offshore E®eg, such as the continental margin instability, o
Mt Etna’s flank instability. On a long-term persgiee, the results may contribute an improved hazard
assessment for the entire on- and offshore systesisting of the onshore eastern volcanic flank and

the continental margin off Mt Etna.
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2 Methods

During RV Meteor Cruise M86/2 from December 201January 2012, a new seismic and hydro-
acoustic dataset was acquired offshore Mt EthaoRlatg of 2D seismic signals was realized by using
a 104-channel GEOMETRICS GeokEzel digital streamdn @igroup interval of 1.56 m.

A 1.7 | Gl Gun was operated at ~200 bar in harmomicle with a shot interval of 4 s, resulting in an
average shot-spacing of ~8 m, and achieved a denudrdottom penetration of up to 1 s TWT. A dense

grid of 2D reflection seismic profiles offshore Etna was collected with this system (Fig. MI-2a).

The seismic profiles were processed using the caniatesoftware package Gedco Vista Seismic
Processing. Processing including a 20/40/200/400bkiad pass filter, despiking, CMP-binning,
Normal-Move-Out Correction and debias-filtering.eT@GMP bin size was set to 2 m, which resulted in
an average fold of 14. Due to the limited offsetga of the relatively short streamer, Normal-Move-
Out is not sensitive to a dedicated velocity analySherefore, a constant velocity of 1500 m/s was
applied to the dataset. All data were time-migrdigdising the software’s finite difference migratio

method with a constant velocity of 1500 m/s.

Bathymetric data were acquired with a hull-mourtedgsberg EM122 mutlibeam-echosounder. The
presented bathymetric grid in this work has a sielt of 30x30m and represents a combination of the

bathymetric data presented Ghiocci et al. [2011] and the new acquired M86/2 dataset.
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3 Results

To account for the complex morphology offshore MhdChiocci et al. 2011; Argnani et al. 2013;
Gross et al. 2014 - this thesisye divided the study area off Mt Etna’s eastéanlf into four different

morphological domains (coloured boxes in Fig. Ml-2)

i) Riposto Ridge

i) Basins at the toe of the continental margin

iii) The Amphitheatre, the adjacent Valle Di Arcdiirand the Riposto Depression
iv) Timpe Plateau and the southern boundary ofrtbeing flank

These individual domains will be described sepéyrditefore being combined in a general discussion of

the regional tectonics.

3.1 Riposto Ridge

Riposto Ridge (RR) is a prominent W-E trending, ¥B2long and up to ~6 km wide ridge, that rises
up to 700 m above the surrounding seafloor (Fig3MIilts southern flank has slope gradients ofaip t
30°, whereas the northern flank is characterizedltye gradients of ~10-20°. The ridge is shaped by
multiple gullies and channels with an increasehammel density at the northern flank where they cut
up to ~150 m into the subsurface (Fig. MI-3). Friesrmorphological and internal structure, the ridge

can be divided into three major domains.
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Figure MI-3: a) Morphology of Riposto Ridge (RR) ard its surroundings. RR is a prominent
elongated ridge at the northern boundary of Mt Etnds moving flank. The northern realm of RR
is characterized by two E-W trending incised channs, which are overprinted by gullies and
channels. The location of the map is shown as oramglashed box on Fig. MI-2b) SW-NE trending
seismic profile M86-2-248 crossing the central dona of RR (See Fig. MI-3a for location). The
ridge is highly deformed in its upper units and isunderlain by undisturbed well-stratified
sedimentary units. A steep normal fault, marked aglashed red line, is imaged underneath the
deformed strata. Mass movements such as debris flavare seen on the flanks of the ridge. The
upper surface of RR appears as flat plateau-like #ure. Overall, RR represents a highly
heterogeneous, tectonically controlled feature off®re Mt Etna.
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The western domain is characterized by a morphcédgionnection to the amphitheater structure (see
below) and reveals semicircular scarps at its soatlflank that can be traced into the crest of the
amphitheater structure (Figs. MI-2, MI-3). In thentral domain (Fig. MI-3), deeply incised channels
are imaged at the northern side of the ridge. Hégrmed sediments can be observed in the upper
~300 m (~0.4 s TWT) of sediments, which are undery a package of high amplitude continuous
reflections; these high amplitude continuous réflesccan be traced towards the northern end of the
seismic line shown on Fig. MI-3b. The seafloor egsion shows a plateau at this part of the ridige (F
MI-3). A southward dipping normal fault is foundatepth of ~1500 m (2 s TWT), and can be traced
to a depth of ~1950 m (~2.6 s TWT). This fault skaavvertical displacement of ~150 m (~200 ms
TWT). The eastern domain of the ridge includestijnef the ridge, which is bent towards the south
(Fig. MI-3). An apron of high amplitude and disdonbus reflections surrounds RR on the northern
and southern flanks (Fig. MI-3).

3.2 Basins at the toe of the continental margin

Three sedimentary basins, the West, Central anctHaams (Fig. MI-4), are observed offshore Mt Etha
at the toe of the continental margin. All basinslevi towards the south (Figs. MI-2, MI-4). They are
separated from each other by two buried anticlfdeand B in Figs. MI-4 and MI-5). This basin system
is bounded to the east by the limb of a rollovetiedine (Figs. MI-4, MI-5). Anticlines A and B hawae
clear surface expression in the northern and depéid of the working area, but plunge beneath the
sedimentary basin fill towards the south, whersegfloor expression is visible. The general attitofl
the hinge lines of the anticlines is convex witbpect to the continental toe (Fig. MI-4). The dimgs
have a thin sedimentary cover which does not exed®@ ms TWT (~75 m) (Figs. MI-4, MI-5). The
anticlines host a seismic facies with low amplisidaut continuous reflectors defining an uprighd fo
with an axial plane steeply dipping to the wesg(flI-5). The rollover-anticline towards the eaash
no distinct surface expression, except for an upfiétrata around the axis of the fold (Figs. MMi-

5).

The large East Basin shows maximum widths of ~12akmh sediment thicknesses of up to ~750 m
(1000 ms TWT) (Fig. MI-4). The seafloor is inclinemivards the south (Fig. MI-4). The northernmost
tip of East Basin lies south of RR. East Basingamerally be described as an asymmetric half-graben
limited by a westward dipping growth fault in thest and the limb of a buried anticline in the East
(Fig. MI-4a). This basin can be traced towards gbeth where it does not show indications for an

anticline west of its growth faulBianca et al. 1999; Nicolich et al. 2000; Argnaamd Bonazzi 2005]
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Based on a seismic facies characterization, thiensed infill of East Basin subdivides into four rogj
seismic units (Fig. MI-4, MI-5):

- Unit-A: The lowermost seismic unit (Figs. MI-4,1M8) is characterized by low amplitude, continuous
reflectors that dip to the west. Strata have umftricknesses and show little internal deformatiidre
seismic facies of Unit A is similar to the shallewb-surface sediments to the east of the East Basin

indicating the spatial continuity of Unit A intoisharea (Figs. MI-4, MI-5).

- Unit-B: The boundary zone between Unit A and Udiis characterized by a seismic unit, which
thickens towards the south (Fig. MI-5). Acoustigallnit B is characterized by moderate amplitude,

chaotic reflectors.

- Unit-C: The central Unit C is characterized bgthamplitude continuous reflectors, pinching out
towards the east (Figs. MI-4, MI-5). In the easteant of East Basin, uplift of strata is visibleheveas

the western boundary of the basin is marked bywethr fault and subsidence.

- Unit-D: The uppermost Unit D (Fig. MI-4, MI-5) isharacterized by sub-horizontal reflectors with
almost no internal deformation. Towards AnticlingdBgs. MI-4, MI-5), the uppermost strata form a

moat, whereas towards the east they form parteofdtiover-anticline described above (Fig. MI-5).
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Figure MI-4: a) Bathymetry of West Basin, Central Basin and East Basin. Red lines are seismic profiles
shown in this work. The basins reveal a general stward dip and widen towards the South. The three
basins are bound by anticlines, which host surfacexpressions in the northern and central regions ahe
working area. See green dashed box in Fig. 2 fordation of map. b) Seismic profile M86-2-p243 and st
interpretation (See Fig. 4a for location of profilg.The profile presents the northernmost tip of thehalf-
graben shaping East Basin, which is bound by a stegrowth fault and a rollover anticline. The centrd part
of the profile is dominated by deformed sedimentarynits, which are affected by the Anticlines A and.
The southwestern part of the seismic profile imageRiposto Depression, which is a sedimentary basir the

toe of the steep Amphitheater headwall (see below§imilar to East Basin, it is bound by a growth fait in
the southwest and characterized by a rollover-antiine.
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Figure MI-5; a) W-E striking seismic profile M86-2-p703 crossing the central footwall sedimentary bass
and interpretation (See Fig. 4a for location). EasBasin appears to form a half-graben filled by prerift and
syn-rift sediments. To the west, it is bound by argwth fault, which is adjacent to Anticline B. Theentire
Basin is affected by a rollover-anticline; the cresof the rollover-anticline is adjacent to a cresthcollapse
graben. The westernmost Central basin is charactezed as a graben, bound by Anticline A in the westnal
Anticline B towards the east. b) Southernmost seisimprofile M86-2-p704, crossing the sedimentary bass
at the toe of the continental margin (See Fig. 4&f location). West Basin and Central Basin are setientary
basins, confined by the continental margin towardshe west and Anticline A and Anticline B towards tte
east. East Basin is a half-graben, bound by an easird dipping growth fault towards the west; it is
underlain by the rollover-anticline; the crest of tis rollover-anticline is outcropping in the east.The onset
of a crestal collapse graben is visible in the east
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Central Basin (Fig. MI-2, MI-4a) shows a maximundthi of ~3000 m and reveals a sediment infill of
~150 m (200 ms TWT). It is separated from the Basiin (Fig. MI-4) by Anticline B and towards the
West by Anticline A. It reveals well-stratified,dhi amplitude, continuous reflectors, which termgénat
at the flank of Anticline A and Anticline B (Fig. I\b).

Farther towards the toe of the continental margiest Basin lies adjacent to Mt Etna’s eastern flank
(Fig. MI-2, MI-4a). It is only present in the soathmost profiles across the sedimentary basins, and
seafloor morphology suggests that it continueséarto the south (Fig. MI-4a, MI-5b). Its boundsy
defined by Anticline A (Fig. MI-4a, MI-5b), sepanag it from the Central Basin (Fig. MI-4). It redsa
widths of up to 4000 m, whereas its sedimental eMtends up to ~490 m (~650 ms TWT) (Fig. MI-
5). Its internal structure is dominated by westwdipping high amplitude reflectors, terminatinge

East against Anticline B (Fig. MI-5). To the wedtest Basin is constrained by the continental margin

and an adjacent shallow dipping fault (Fig. MI-5).

3.3 The Amphitheatre and the Valle Di Archirafi

South of RR, the massive amphitheater-like strectuith an estimated headwall length of ~20 km
represents one of the most prominent seafloor fesitnffshore Mt EtngChiocci et al. 2011; Gross et
al. 2014 - this thesiqJFig. MI-6a). The amphitheater encloses the Rim@#pression, a small basin
with a lateral extent of ~ 13.5 km2 (Fig. MI-6a)ei€nic reflection data and high resolution
PARASOUND echo sounder data across Riposto Depres@veal an internal seismic facies,
dominated by high amplitude reflectors intersettgtbcalized chaotic seismic units that are intetgd

as mass transport depogiBoss et. al 2014 — this thesis[he amphitheater headwall is located at the
eastern section of a structural high, expressedhbytopographic structural high in Fig. Ml-6a.
Prominent northward trending ridges with lengthsdeen 2500 and 5500 m, and heights of up to 60 m
are present on the western part of the seismicl@reshown on Fig. MI-6a. The morphological
expression of these ridges vanishes towards thbesouflank of Riposto Ridge. The Valle Di Archiraf
(VdA) is located west of the amphitheater's heathaat the prominent structural high (Fig. MI-6a).
This funnel-shaped sedimentary system covers anodres5 knd and is characterized by multiple small

WNW-striking gullies and channels cutting into tteposits close to the coastline.
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Figure MI-6: a) Bathymetry of the amphitheater andits adjacent funnel shaped Valle di Archirafi (VdA).
The morphology hosts a variety of incised gulliestahe proximal areas of VdA, whereas the transitiorto
the structural high at the amphitheater headwall isdominated by N-S ridges. Onshore Tectonics after
Bonforte et al. [2011] See dashed blue box on Fig. 2 for location of mdg) Reflection seismic profile M86-
2-p243 and its interpretation across VdA, the strutural high at the amphitheater and the steep headwhbof
the amphitheater (See Fig. 6a for location. The wesn part of the profile shows the eastward dipping
sedimentary infill of the VdA, which comprises someeastward dipping normal faults. The transition
towards the local structural high / horst is charaterized by an abrupt change in seismic facies antié onset
of westward dipping sedimentary units. The onset ovestward dipping normal faults is imaged. Within te
first 200 ms TWT, the structural high/horst features westward dipping normal faults in its western reém,
whereas the eastern realm, close to the amphitheateeadwall, is characterized by eastward dipping nonal
faults. Except for a thin well stratified sedimentay drape on top of the structural high/horst, the nternal
structure is dominated by a high amplitude, low cobrent substrate.
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The internal sedimentary architecture of VdA extsilBeaward dipping units, that abut against the
structural high (Fig. MI-6b, MI-6¢). They are cheterized by well-stratified continuous seismic
reflector packages interlayered with chaotic tagmarent sections. Some reflectors in the lowergdar
the section indicate diverging reflection patteswards the west. Towards the structural high, east-
dipping normal faults appear to produce small dispinents in the lower part of the strata. Sediments
of VdA are separated from the structural high ®ehst by a set of westward dipping normal faults a

a change in seismic facies. The structural highhigracterized as a horst close to the edge of the
amphitheater headwall (Fig. MI-6). The internakgac facies is dominated by high-amplitude units,
which reveal a low coherency. The structural hggtiraped by a thin sedimentary cover with a thiskne
of ~150 ms TWT and can be separated into two n@ganains (Fig. MI-6b). The western domain is
characterized by west-dipping normal faults, whertde eastern domain is characterized by east-
dipping normal faults. The surface expression bfaallts observed in the seismic lines correlatéh w

topographic lows in the pattern of the north-sduthding ridges described above (Fig. MI-6a).

3.4 Timpe Plateau and Catania Canyon

The Timpe Plateau (TP) comprises the southern iseftbit Etna’s offshore bulge (Fig. MI-7). Its

morphological expression is dominated by east-saghtrending channel- and gully systems cutting
up to 60 m into the underlying strata (Fig. MI-7ahe older sedimentary units making up the TP have
a thin (up to 0.25 s TWT) undisturbed cover. Togtlsern boundary of TP is marked by the incision of
the Catania Canyon (CC) (Fig. MI-7a). The topogiapidge immediately north of CC hosts a

lineament at its crest with a 292° strike direct{dig. MI-7a). This lineament can be traced over a
distance of ~9.5 km down to the depositional badirthe toe of the continental slope. It forms a
morphological depression about 20 m deep. The dsjoreis about ~850 m wide close to the coastal

zone and narrows down to ~200 m at the easterwasdand.

High-resolution reflection seismic data show aoéaults just south of the topographic depressaoml

on the northern flanks of Catania Canyon (Fig. M)-7Fault attitudes and offsets point towards a
positive flower structure with only a few meterswartical displacement of the strata in the seismic
section (Fig. MI-7c). Positive flower structuresetheir geometry to transpressive movements across
a strike-slip fault. The geomorphic expressionhef fault system is restricted because of the Hmybes
gradients and indications for a strong overprinsblgmarine mass movement events and bottom current
activity [Gross et al. 2014 — this thesis]
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Figure MI-7: a) Bathymetry of the proposed southernboundary of Mt Etna’s moving flank. Chiocci et al.
[2011] described the 292° striking lineament at the cregtorth of Catania Canyon as an indicator for the
outcropping boundary fault of the moving flank. Location of map is shown as dashed yellow box in Fig.
b) Seismic Profile M86-2-p246 crossing Catania Cay and the northern ridge showing the subsurface
structure of the lineament mentioned above (See Filyll- 7a for location). The profile shows a positive floer
structure with faults outcropping underneath the olserved lineament.
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4 Discussion

4.1 The architecture and limits of the continentakgin

Mt Etna is located adjacent to the coast of eashtily. For a comprehensive understanding of the
tectonic setting of the volcano it is thereforevitable to include offshore structures and morpbis

and their link to onshore processes. The areataffelsy the build-up of Mt Etna can generally be
subdivided into three major regimes (Fig. MI-8) elWolcanic edifice of Mt Etna that cover the entire
onshore part of the volcano but also extend ingcstiallow marine realm formed as a result of requeat
volcanic activities during the last ~500 KBranca et al. 2011] The upper and middle parts of the
eastern continental margin of Sicily form the immagel foundation of the volcano and are described as
the continental margin regime. The morphology heharacterized by an east oriented convex bulge
that hosts high slope gradients of up to 25°, aé agemultiple deeply incised gullies and channels
between the cities of Catania and Fiumefre@loocci et al. 2011)Fig. MI-8). This bulge may display

a response of magmatic inflatip@hiocci et al. 2011]or the result of thrust faultingArgnani et al.
2013). The third tectonic regime is the toe of the aoerital margin with a relatively flat morphology
and several sedimentary basins, accumulating thimeats transported eastward over the slopes of the
continental margin, and sediments with a northeongnance channelized through the Strait of Messina
(Fig. MI-8).
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Figure MI-8: New tectonic map including high-resoldion bathymetry and traced tectonic features. The
offshore structures were derived from our new refletion seismic dataset. Onshore information was take
from Bonforte et al. [2011]
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The tectonic systems, confining the onshore volctaok movements, are well documentexg.
Bonforte et al. 2011)Fig. MI-8). Hence, we will here concentrate om thffshore realm, mostly
expressed by the continental margin off East Sidihe bulge can be subdivided into 7 different kéoc
(Fig. MI-8), which are defined by their morphologi@xpression or their tectonic origin; these bfock

are discussed in the following.

Riposto Ridge is located at the expected seawakhsion of the left-lateral Pernicana-Provenzana
Fault System (PFS). PFS is supposed to displayhdingnern boundary of Mt Etna’s moving flank
[Bonforte and Puglisi, 2003; Bonforte and Pugli€id5; Bonforte et al. 2007{Fig. MI-8). Riposto
Ridge was postulated to be a submarine extensidheothrust of the Appennine Chain, which was
confined by dredging of hard rocks at the northitank of Riposto RidggGabbianelli et al. 1995;
Bousquet et al. 1998]n contrast to the brittle deforming PFS onsh®&iposto Ridge is affected by a
diffuse grade of internal deformatigArgnani et al. 2013](Fig. MI-3). Riposto Ridge thus likely
represents the northern boundary of Mt Etna’s oemtial margin slope instability. Due to a lack of

high-resolution data, its exact role in the geodyicacontext is still to evaluate.

The Timpe Plateau (Figs. MI-8, MI-9) is consideeedthe seaward extension of the Hyblean Plateau
[Argnani et al. 2013]Jand is dominated, as the entire bulge, by seawaedted gullies and channels
(Fig. 8).Chiocci et al. [2011]considered the ESE lineament at the seaflooreasutface expression of
the offshore extension of the Tremestieri-Trecast&@ult System, which was mapped by InSAR
measurements onshdferoger et al. 2001]and is considered as the southern boundary ahthwng
flank [e.g. Bonforte et al. 2011]Fig. MI-8). The seismically imaged positive flowstructure
underlying the ESE seafloor lineaments (Fig. MIstjongly supports the interpretation of a
transpressional regime underneath the ESE lineai@ensidering the slip motion of the onshore fault,
this fault likely represents a right lateral traregsive fault. Farther to the south, the seisniefaof

Catania Canyon implies a major tectonic discontynu this area (Fig. MI-7).

The central realm of the offshore continental nratgilge is described by the Valle Di Archirafi ated
adjacent local structural high (Figs. MI-8, MI-Q/hereas the structural high is characterized by a
substrate underneath a thin sedimentary drape & 50 m, Valle Di Archirafi (VdA) hosts major
seaward dipping mass transport units, which ar&reeshtowards the structural high (Figs. MI-6). Bds

on a seismic facies analysis, VdA likely represemtsaccommodation basin that catches debris from
onshore sector collapses and submarine mass wastimgs. The entire area is dominated by normal

faulting leading to overall subsidence of the Va&éspect to the structural high (Fig. MI-6).

The amphitheater is a semi-circular structure esiatp Riposto Depression (Fig. MI-8). It is
characterized by extensional tectonics towardssteep headwalls (Fig. MI-6). We consider it as an

ancient structure, which is strongly overprintedregent tectonic events such as the formation ef th
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adjacent structural high and a possible rotatiothefentire continental margin in a counter-clodewi
rotation at its southern boundary (Figs. MI-8, MI-Blinor failures occurred at the steep slopedef t
amphitheater, creating small-scale mass transpEpbgits in Riposto Depression and its adjacent
sedimentary systems. The small-scale mass trandgpasits can be traced within upper first ~100 m
of the sedimentary recofross et al. 2014 — this thesisAs it is still unclear, whether a large scale
mass wasting event, the tectonic setting of théimental margin or a combination of both has formed

this semi-circular amphitheater: Further investma have to be carried out in this area.

Anticlines A and B are open upright folds, whiclke &cated in concave-shape in front of the contaden
bulge (Fig. MI-8, MI-9). The anticlines are onlyenain by a thin sedimentary cover, attesting tong

or active processes of deformation. Both appebetdeep-seated compressive structures indicating an
east-west shortening of the sediments making updhtnental toe off eastern Sicily. It is not egly
resolved if these anticlines are rollover struciuoka larger extensional detachment system. Howeve
the detachment would have to be relatively shaljpven the small wavelength of the structures, and
should be imaged in our seismic sections if presémt West- and Central Basins (Figs. MI-4, MI-5)
are small basins, which act as sediment traps dehanevolving anticlines. The concave shape of the
anticline’s fold axial plane in front of the corgimtal margin indicates a compressional regimeeatah

of the continental margin. Its semi-circular westivapening arrangement stands in strong contrast to
the eastward opening semi-circular structures, kvitian be observed on- and offshore. As these
anticlines at the toe of the continental marginraretraceable south and north off Mt Etha, we wers

these structures to be bound to the presence &fthdt

4.2 Coupling of volcano flank gliding and contingintnargin
spreading

As observed at passive continental margins, grajiting, gravitational collapse as well as spragdi
play an important role at continental margjesy. Morley et al. 2011; Peel 2014As the continental
margin displays a bulge, which is only observeframt of Mt Etna’s edifice offshore east Sicily, we
consider a strong connection of processes leadingltano buildup and bulging at the continental
margin. The origin of the bulge is still debatedhiocci et al. [2011]suggest an intrusive inflation of
the bulge related to Mt Etna’s magmatic feeder,re@gArgnani et al. [2013]interpret it as a response
to thrusting. Our new data show extensional strestwithin the upper ~500 m of the sedimentary cove
at the continental margin bulge which are displaggcdormal faults (Figs. MI-8, MI-9). Furthermore,
the entire bulge is affected by a high grade otildation. As the observed fault systems display aeéw
and landward dipping fault planes, we consideraaitational collapse and spreading rather tharre pu

gliding to be present at the continental margirggFiMI-8, MI-9). The anticlines at the toe of the
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continental margin indicate contraction, off thatean flank of Mt Etha. We interpret these antiein
as the eastern limit of the observed continentaigmanstability (Fig. MI-9). The anticlines show
highest level of compression and more distinctleeaexpressions in their Northern- and Centratgpar
(compare Figs. MI-5a and MI-5b). This is most likel result of higher flank movement rates at the
Northern and Central blocks of the volcano ediffeig. MI-8), which is in good agreement with onshor
observations byAcocella and Puglisi [2013]Furthermore, we see clear implications for a tedip
gravitational instability of the volcano edificedathe continental margin, which could be the restilt

a dipping substrate-décollemgwlooller et al. 2004] as the southern flank boundary can be traced over
the volcano edifice at the Tremestieri-Trecast&gnilt System into the offshore realm to the linegime
at the continental margin (Fig. MI-9). The coupéstifice- and continental margin instability is |ieul
towards the north by the Pernicana-Provenzana BadlRiposto Ridge and towards the south by the
Tremestieri-Trecastagni Fault System and its offsloontinuation, north of Catania Canyon (Fig. MI-
9). The continental margin instability extends dotenthe continental toe, were the two concave

anticlines display the eastern limit of the movaygtem (Fig. MI-9).
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a) Southern Boundary Mt. Etna Northern Boundary of the Moving Flank
of the Moving Flank at Pernicana-Provenzana Fault System
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Figure MI-9: a) Model for the volcano edifice and ontinental margin instability. The limits of the moving
flanks are described as two anticlines indicating lortening in this regime. The prominent half graben
observed in front of the continental slope is a prEtnean feature, which can be traced south of the
prominent continental bulge and is only partially nfluenced by the instability observed at the volcam and
its adjacent continental margin. b) Sketch (not tescale) across the Volcano Edifice, the continentatargin
and the sedimentary basins in the lonian Sea. Thentre volcano flank is bound by the Pernicana-Fault
System in the north and the Tremestieri-TrecastagnFault System in the south. The volcano edifice is
dominated by seaward dipping normal faults like theTimpe Fault System, but landward dipping faults ca
be traced at the continental margin as well. Thismplies a gravitational collapse and spreading at th
continental margin off Mt Etna’s edifice. As some b the faults like the Tremestieri-Trecastagni Fault
System can be traced from the volcano edifice ovéine continental margin, we interpret the entire syeem
as a coupled volcano edifice- and continental mangiinstability. The coupled instability is limited at two
concave anticlines, which are located in front oftte continental toe. The basin east of the anticline bound
by a growth fault and is rather related to the regonal tectonic setting, as it can be traced furtheto south
in continental margin areas not affected by Mt Etna Based on our data, we cannot decide, if the engr
system is underlain by a constant décollement or deupled.
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4.3 Sedimentary- and tectonic systems at the tdfeeofontinental
margin

East Basin with its distinct growth fault reveasilt displacements of up to 550 m (-0.75 s TWTthim
upper 1 s TWT,; it is located east of the two améd (Figs. MI-4, MI-5, MI-8). This asymmetric half
graben is one of the graben systems, which camaoed farther south to an area east of the Malta
EscarpmeniHirn et al. 1997; Bianca et al. 1999; Nicolich at. 2000; Argnani and Bonazzi, 2005]
Several authors suggest that the growth faults playimportant role in generation of hazardous
earthquakes like the 1693 Catania Earthq(Blanca et al. 1999; Argnani et al. 2012]

In contrast to deep reflection/refraction seisnatad our high resolution dataset only images theup
1000 ms TWT (~750 m) of the sedimentary successiaking it impossible to constrain deep tectonic
features. Therefore, we do not have the abilityntage and analyses deep tectonic features in the
working area. Additional deep seismic data andedlfigh-resolution seismic datasets are necessary
to evaluate the trend of a possible STEP fault.(Miz1l) [Polonia et al. 2012; Gallais et al. 2013:
Argnani 2014]in this area and to investigate if a distinct aoef feature matches with this postulated

crustal scale tectonic feature.
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5 Conclusions

We analyzed new high-resolution seismic datasetder to investigate near surface processes affsho

Mount Etna, which are controlled by deep tectorattdires as well as regional tectonic regimes.

- In front of the toe of the continental margin,otwertical concave anticlines result from ongoing
seaward migrating gravitational spreading of thetio@ntal margin. In contrast, normal faults sugges

an extensional regime for the upper continentalgmar

- The southern boundary of Mt Etna’s moving flagkriost likely located north of Catania Canyon. The
entire area is underlain by a positive flower s, indicating a transpressional regime in théaa

The mapped fault system is the prolongation of oreslobserved fault movements. The exact location
of the northern boundary of the moving flank idl ti evaluate, as Riposto Ridge shows rather @efus

deformation, then a distinct boundary fault.

- The structural high west of the amphitheater inedids characterized by prominent ridges, whioh ar

the surface expression of a normal fault system.

- The sedimentary basins at the toe of Mt Etnafginental margin have to be addressed to a preatne

genesis.

All findings show that the continental margin offse Mt. Etna’s edifice is strongly overprinted by
recent tectonic activity. We consider a coupledccanb edifice / continental margin instability to be
present, which can be traced from the toe of tidimental margin towards the volcano edifice. Asimo
of the models for Mt Etna’s flank instability bas@ onshore observed and monitored data, we

emphasize the need of advanced models, in whicbahinental margin spreading is addressed.
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Abstract

Flank instability of onshore Mt Etna is a well-knoywhenomenon which is investigated and monitored
by means of geodetic stations and INSAR measuremeardontrast, little is known about the contirant
margin, affected by the buildup of Mt Etna, offsidhe coast of East Sicily though extensional and
compressional tectonic features imaged by bathyoretid seismic data suggest a strong connection of
volcano flank instability and continental margistability. We acquired a new high-resolution P-@abl
3D reflection seismic cube during RV Meteor crui$®6/2 in order to investigate tectonic controls for
postulated spreading and gravitational instabditghe submarine continental margin east of Mt Etna
The 3D cube is located at the transition betweerfuhnel shaped depositional system of the Valle di
Archirafi and the steep headwalls of an amphithestieicture observed offshore Mt Etna. The steep
headwall of the amphitheater is directly locatest @ a structural high, which is strongly overpeih

by a normal fault-controlled block system dippirgvards the scarp of the amphitheater. Valle di
Archirafi shows indications for repeated mass tpantsdeposits but is tectonically less overprinige
transition between the structural high and the &/dil Archirafi shows a strong heterogeneity of its
morphological and internal structures. A negatige/ér structure suggests a right-lateral transtavadi
regime for this area. Our findings indicate that tientral part of the submarine continental magegist

of Mt Etna is strongly influenced by gravitationabllapse and spreading as expressed by intense
normal- and transtensional faulting. As this te@ystem seems to be highly active and directly
adjacent to a massive amphitheater headwall, wsidenthe system as prone to future catastrophic

slope failures.
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1 Introduction

Mt Etna, Europe’s largest volcano, rises to a heift8323 m (Fig. MII-1). The composite volcanic
edifice sitting on top of continental cr&virtzman and Nur 1999js highly active with an eruption
history of ~500 kgBranca and Del Carlo 2004; Branca et al. 2004{s recent volcanic unrest is
documented by several eruptions per year duringp#is¢ decadef8ranca and Del Carlo 2004]Mt
Etna’s geological setting is characterized by tbmmex compressional tectonics of the Appenine-
Maghrebian Fold and Thrust Belt to the south (Mitil-1), and the northwest dipping Calabrian
subduction zone to the southef@sg. Doglioni et al. 2001]The Malta Escarpment (Fig. Mll-1), a large
northward trending crustal discontinuity betweestean Sicily’s continental crust and the oceanirscr
making up the lonian Sea, is a prominent morphokigfeature at the seafloor. It can be traced
southward and passes east of the Maltese Isldeatini et al. 2006; Argnani and Bonazzi 2005]
thereby affecting the subduction regime undern&stabria (Fig. Mll-1)[e.g. Gvirtzman and Nur
1999; Argnani and Bonazzi 2003)ue to its regional importance as a deep-seatdd & link between
the Malta Escarpment and Mt Etna’s edifice has hgeposedRust and Kershaw 2000However,
the complex structure and morphology of the Timfgdau (Fig. Mll-1) makes it difficult to trace the
Malta Escarpment as far north as Mt Etna’s coasdtahore extension, and into the onshore volcanic
edifice[Argnani and Bonazzi 2005; Nicolich et al. 2000]
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Mt Etna shows clear signs of gravitational instigpht its eastern and southern flank, which west fi
described byBorgia et al. [1992].Today, Mt Etna’s unstable flank is one of the besnitored and
studied examples for volcano flank instability, Wdevide (e.g. Bonforte et al. 2011fvidences for both,
episodic and continuous flank movements, were tedfe.g. Froger et al. 2001; Acocella et al. 2003;
Bonforte and Puglisi 2003]Explaining flank instability of Mt Etna is partitarly challenging as
deformation due to magma overpressure reachesadismum at the summit, whereas the larger
subsidence and seaward movements are recorded #iengoast/Acocella and Puglisi 2013]
Moreover, displacement measurements are yet limt¢lde onshore volcano flank. The volcanic flank
does not have a significant offshore continuatiast @f the main edifice but it is proposed that the
offshore continental margin east of Mt Etna is sty affected by the volcano build{ghiocci et al.
2011; Argnani et al. 2013]

In contrast to the well-studied volcano edificdviifEtnaje.g. Branca et al. 2011pnly few information

is available about the offshore continental maggist of Mt Etha. A first multi-beam bathymetric map
showed several prominent morphologic features énattea off Mt EtngMarani et al. 2004] but the
first detailed interpretation of high-resolutiortipgmetric data was carried out @iocci et al. [2011]
Chiocci et al. [2011]described intense bulging of the continental nmangifront of Mt Etna’s edifice,
which could not be mapped further north towardsStrait of Messina and further south, next to the

prominent Malta Escarpment (Fig. MlI-1).

Chiocci et al. [2011]nterpret the bulge to be a response to intrusil@ion of a pre-Etnean continental
margin. FurthermoreChiocci et al. [2011]proposed the idea of an upslope propagating iilisgab
caused by a large scale mass wasting event offéfioEgna, which created a prominent amphitheater
(Fig. MII-1) offshore the village of Riposto (Fiylll-1). Argnani et al. [2013]interpreted the bulge at
the continental margin as the northernmost extétheHyblean Foreland, as reflection seismic data
indicate that the offshore area around the voleadominated by extensional faulting with thrusilta
close to the coast and towards the distal extethefcontinental margin. Therefor&rgnani et al.
[2013] interpret the bulge rather to be generated bysthmg than by simple inflation due to magmatic
intrusion related to volcanic activity of Mt Etnghe limits of the continental margin are describgd
Gross et al. [2014 - This Thesis].

The semi-circular amphitheater is one of the mosimnent structural expressions at the continental
margin off Mt Etna (Fig. MII-1)[Chiocci et al. 2011; Gross et al. 2014 — this tkgslt is a semi-
circular, concave shaped feature opening towardgdst, which is clearly visible on bathymetricadat
(Fig. 1)[Chiocci et al. 2011] The crest of amphitheater is dominated by bemiiegs (Fig. MlI-1),
which strike in the same direction as the steegaeom amphitheater headwglross et al. 2014 — this

thesis} The area east of the headwall can be describadoasl structural high, as it reveals significant
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higher altitudes than its surroundings (Fig. Mll-Chiocci et al. [2011]proposed the amphitheater to
be the remnant of an ancient slope failure, as saati-circular scarps are known as typical headwall
of submarine mass transport events at volcanicesl@pg. Moore et al. 1989; Whelan and Kelletat
2003] and continental margirje.g. Lindberg et al. 2004; Vanneste et al. 200G}wards the north, the
amphitheater is restricted by the E-W striking &lirte of Riposto Ridge, which most likely is a resmi

of the Apennine OrogerfBousquet et al. 1998JFig. MIl-1). Towards the south, it is confined &yV-

E channel adjacent to the Timpe Plateau (Fig. NMIFhe western edge of the rim of the amphitheater
is characterized by a sharp boundary towards ttie YaArchirafi (Fig. MlI-1). Valle di Archirafi 5 a
funnel shaped depositional system offshore Mt Eim& opens up between the villages of Santa Tecla
and Riposto directly at the shoreline of the Gidkfedge (Fig. MII-1)Bonforte et al. 2011 which is

one of Mt Etnha’s moving blocks and is limited todsithe west by the prominent Time Fault System
(Fig. MIl-1). Valle di Archirafi covers an area 65 knt (Fig. MII-1). At its proximal parts, Valle di
Archirafi is dominated by SE-ward trending gull@sting into the seafloor, whereas its distal pares
characterized by elongated SE-ward trending ridggs. Mll-1, MII-2). The continental margin is not
only known for its bulging and instability; furthraore, mass transport deposits were mapped at the
continental slope and the continental fi@areschi et al. 2006; Chiocci et al. 2011; Grossak 2014 —

this thesis]

Especially the transition from the Valle di ArcHirbowards the steep headwall of the amphitheater
structure and its adjacent structural high revaasiking seafloor morphology (Fig. Mll-1). In @ndto
investigate this remarkable system, a new highluésa 3D reflection seismic volume was acquired.
This study aims to describe and characterize tiginasf this eye-catching area at the central pathe
continental margin, as the entire morphology of Madle di Archirafi and the amphitheater headwall
seems to be strongly overprinted by recent tectawiivity. The obtained tectonic and structural
implications will be used to present insights taitimental margin deformation and spreading offshore
Mt Etna.
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2 Methods: 3D Seismic Acquisition and Processing

During RV Meteor Cruise M86/2 from December 201January 2012, a new seismic and hydro-
acoustic dataset was acquired offshore Mt [mastel et al. 2014] For 3D seismic acquisition, the so
called P-Cable systefRlanke et al. 2009; Petersen et al. 201@s used to image subsurface features
in the working area offshore Mt Etna with high resion. The system has been successfully used for a
comparable geological setting at Montsej@atitchley et al. 2013]The P-Cable system was configured
with 13 streamers; each streamer was a 12.5 m8ecigannel streamer. The streamers were towed
between two paravanes behind the vessel at a désdightly less than 10 m between the streamers. A
single 1.7 | GI Gun was operated at ~200 bar asttbainterval of 4 s resulting in a shot point spgc

of ~ 6 m at 3 knots. Sub-bottom penetration wakouf0.5 s TWT (Two-Way-Travel-Time) (~375 m).
With the help of this system, it was possible tguaie a high-resolution 3D seismic cube with a cage

of 26.6 knt, offshore Mt Etna (Fig. MII-1). A bin size of 5 with an average fold of 2-3 was achieved
during 3D seismic processing, resulting in 665maisnlines and 1600 seismic crosslines. As the P-
Cable System operates with numerous short streainisraot capable of a dedicated velocity analysi
Therefore a constant velocity of 1500 mi*was applied to the dataset during Normal-Move-Out
corrections and migration. Data interpretation wasgied out by using the commercial software IHS

KingdomSuite.

During seismic attribute analysis, the similarityribute was calculated for the 3D cube by using th
open source software OpendTect. A time window @B+4ms was chosen, to generate a similarity cube,
which was then loaded into IHS KingdomSuite. By neeaf similarity attribute mapping, it is possible
to show time slices, which illustrate the cohereofcselected areas. This coherency / similarity piragp

is a common tool to carry out facies- and / ortfaupping. The similarity / coherency is definedaby
specific point in the dataset, which is then coradawith its neighboring data points. High simikgarit
can be observed at continuous seismic facies dikénated sediments. Low similarities show a high
grade of discrepancy of coherency of the neighigodiata points. This can be the result of disturbed
sediments or fault offsets. This statistical apphoia then carried out for specific depths overdhtre
dataset (Fig. MII-3).
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3 Results

3.1 Seafloor Morphology of the 3D Cube Area

The 3D seismic reflection cube is located at thadition between the funnel shaped Valle di Ardhira
and the steep headwall of the amphitheater-likecire at the continental margin offshore Mt Etna
(Figs. MII-1, MII-2). Although covering an area ohly 26.6 km?, the seafloor morphology in the 3D
cube area displays a strong heterogeneity (Fig-:2Y1IThe western region of the 3D cube comprises
the easternmost extent of the Valle di Archirafiaain, which can be traced towards the shorestéea
Sicily (Figs. MII-1, MII-2). Valle di Archirafi hots an eastward inclined seafloor with dip angle@°<1
which is further characterized by positive elevdteté shaped features at its seafloor (Fig. MlIT)e
seafloor in the central area of the 3D cube is dated by S-N striking asymmetric ridges, featuring

steep slope gradients of up to 30° at their westand up to 10° at their eastern slopes.

b)

o ',;‘F.\ .
-Tim}&i'pleate\au ‘

Figure MII-2: a) Bathymetric map of the 3D seismicreflection cube area (colored) and the surrounding
seafloor (grey shaded). Location of seismic profileshown in this manuscript are marked as dashed red
lines. b) Slope aspect map of the seafloor in theem covered by the 3D cube. c¢) Slope gradient map the
seafloor in the area covered by the 3D cube
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To the east of these prominent asymmetric ridgespnset of a structural high is visible, whiclslie
adjacent to the steep headwall of the amphithdi&tstructure. The structural high towers abowe th
Valle di Archirafi for up to 175 m (Fig. MlI-2). Sdéloor morphology of the structural high is domitht
by less continuous NE striking ridges, which arepsuallel to the headwall of the amphitheater (Figs
MII-1, MII-2).

3.2 Sub-seafloor structure in the area coveredié3D Cube

The heterogeneous surface morphology of the areared by the 3D cube continues into the sub-
surface (Fig. MII-3). A shallow onset of high antptie reflectors, here referred to as the substrate,
reduces the penetration of the seismic signals atiaatly. This seismic unit was identified beforg b
Argnani et al. [2013JandGross et al. [2014 — this thesj$ is described in more detail at a later point
in this study.
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Figure MII-3: Similarity Attribute time slices of t he 3D volume and their interpretation. Similarity
attributes show the fault strike and seismic faciehomogeneity/heterogeneity at a specific depth. @8 s,
1.024 and 1.204 s were chosen as representative tthep A clear separation based on similarities exist
between the Valle di Archirafi and the structural high. The transition is characterized by deeper-roatd
faults, which are the expression of a flower structre bound to the Valle Di Archirafi Fault. The faults are
colored according to their Fault Hierarchy — see tet for further description of Fault Hierarchies.
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Seismic similarity attribute maps show a strongtageneity of the subsurface structures (Fig. MII-3
Furthermore, the entire 3D cube is dominated bgtarbgeneous set of faults. For better comparison,
we subdivide the individual faults into differenetarchies (Figs. MII-3 and following). Hierarchy |
faults host the highest vertical offsets and shodeap-rooted origin. With the help of our high-
resolution 3D cube, an offset calculation is imjass as the hanging- and footwall show high
discrepancies in their seismic facies. Hierarchfalllts are branches of Hierarchy | faults or fault
which can be traced deep into the substrate. Hileydil faults are shallow faults with indicatiofsr
deeper-rooted structures and are mostly visibiflearsedimentary drape of the structural high. Hama

IV faults are shallow faults, which only affect thpper ~0.2 s TWT sub-seafloor depth and reveall sma

vertical displacements of less than 10 m; they oaha traced into the seismic facies of the sutestra

As already observed in bathymetric data, also timélagity attribute map (Fig. MII-3) and seismic
profiles (Fig. Mll-4) show significant differencegtween the Valle di Archirafi, the transition betm

the Valle di Archirafi and the structural high,vasll as the structural high itself.

The Valle di Archirafi region shows only few shaillmormal faults, which are arranged perpendicular
to the slope gradient of the funnel-shaped basig. (Al1l-3). The entire basin of Valle di Archirafi
shows wedges characterized by a chaotic seismiesfarhich are typically interpreted as submarine
mass wasting deposits. The transition between \dalechirafi and the onset of the structural high
characterized by a sharp boundary, illustratedrbgtaupt increase in similarity, indicating the enaf

a different seismic facies. The onset of northwasttliking faults that dip both, east- and westwards
(Figs. MII-3, MII-4) can be observed in this ard@hese faults correlate with the asymmetric seafloor
ridges (Figs. MII-2, MII-6). These ridges and theonnected faults are the surface expression of a
negative flower structure (Figs. Mll-4b, MII-6). €megative flower structure is bound to a deepeaot
normal fault, which can be traced into the substra@his fault is referred to as the Valle di Aréliiir
Fault in the following (Figs. MII-3, MII-4). The sictural high is characterized by a set of norraalts,
intersecting the well-stratified drape on top a&f Bubstrate. The faults are imaged as a faultivbith

is dipping towards the steep headwall of the arhglaiter (Fig. M1I-3). Some of the faults can beerdac
into the substrate, which is underlying the wealkstied sedimentary drape on top of the structhigh

(Figs. MII-3, MII-4). The individual areas of th®2cube are described in more detail in the follayvin
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Figure MII-4: a) Seismic Inline 4995 of the 3D Volmme and interpretation. The southwestern part of the
profile shows the deposits in the Valle di Archiraf which are subdivided into four units U-1 — U-4.The
units display a chaotic to transparent seismic faes, which are separated by high amplitude continuau
reflectors. The structural high west of the amphitteater is visible in the northeastern part of the pofile. It
is characterized by a thin well-stratified sedimerdiry drape. The sediment drape is underlain by high
amplitude chaotic seismic facies, which is referredo as the substrate. The transition between Valldi
Archirafi and the structural high is marked by normal faulting and a blanking of reflectors towards tre
southwest. b) Seismic Inline 4515 of the 3D volunamd interpretation. A chaotic seismic facies is imged in
the distal parts of the Valle di Archirafi (southwestern part of profile). The transition between Valke di
Archirafi and the structural high is marked by a negative flower structure, the branches of which are
striking-out close to the seafloor. In the northeagrn part of the profile, the structural high displays a
sediment drape above the high amplitude, low cohen¢ substrate. The realm of the structural high is
strongly overprinted by normal faulting. The seaflmr expressions of these faults are asymmetric ridge
visible on bathymetric data. The faults are colorediccording to their Fault Hierarchy — see text forfurther
description of Fault Hierarchies.
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3.3 The Valle di Archirafi

Four seismic units with a chaotic to transparersnsie facies (U-1 to U-4, Figs. Mll-4, MII-5) careb
observed in Valle di Archirafi. They are interbeddsy high-amplitude continuous reflector packages
(Fig. MII-5). These units can also be observedchim geismic similarity maps and can be classified as
submarine mass transport deposits (Fig. MIl-3) cKiesses of the individual seismic units decrease
towards distal parts of Valle di Archirafi and thg direction of the unit boundaries changes from
seaward- to landward dipping units with increasthigtance to the coast (Fig. MII-5). Internal
deformation in all units increases in the distatgaf Valle di Archirafi, making it harder to défentiate
between the individual units (Figs. MIl-4, MII-3n comparison to the proximal areas close to tlasico
(Fig. MII-1), the distal parts of Valle di Archiriaére overprinted by positive flute-shape sedimgnta
bodies, which can be observed within the first9TWT of the seismic record (Figs. MlI-4, MII-5).
Due to limited penetration of the seismic signtiis,base of Valle di Archirafi is not resolved (Figl-

5).
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Figure MII-5: Seismic Crossline 5155 crossing theESpart of the 3D volume and interpretation. The prdile
images the Valle di Archirafi sediments, which areharacterized by major chaotic seismic units sepatad
by high amplitude reflectors with high coherency. e faults are colored according to their Fault Hiearchy
— see text for further description of Fault Hierarcies.
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3.4 The transition of Valle di Archirafi towardsetistructural high

The transition of Valle Di Archirafi towards thewttural high represents the central part of theGbe
(Figs. MlI-2, M1I-4, M1I-6). Whereas the Valle digrchirafi shows a few buried eastward dipping fault
the transition towards the structural high showstward dipping faults, which are connected to the
westward dipping steep escarpments of the S-N-atieth asymmetric ridges (Figs. MlI-2, MII-6). The
internal seismic facies of these asymmetric riddesv a thin sedimentary drape of ~0.2 s TWT above
the high amplitude, low coherency substrate (Fis4, MI1-6). Seismic profiles show the major (Hau
Hierarchy I) Valle di Archirafi fault (Figs. MII-3MII-4, MII-6) at the transition of Valle di Archafi
towards the structural high. Whereas the Valle dihnkafi fault seems to propagate deeply into the
substrate (Fig. MII-3), the branches (Fault Hiengrd) of this fault are connected to the asymnuetri
ridges at the seafloor east of this fault (Figsl-8/IMII-6). In general, a clustering of normal fesu
close to the Valle di Archirafi fault can be obssdlythese faults feature only small values of gatti
displacement (Fig. MII-6). The general fault pattsuggests a negative flower structure and we densi
the Valle di Archirafi fault as master fault of shhegative flower structure, dominating the entire
transition from the Valle di Archirafi towards tk&uctural high (Fig. MII-3, MlI-4, MII-6).
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Figure MII-6: Arbitrary line through the transition between Valle di Archirafi and structural high and
interpretation. A clear presence of eastward and waward dipping faults can be recognized. The upperwst
0.2 s TWT of the section is dominated by well-bedde medium coherent units, which are underlain by a
high amplitude reflector masking most of the structires beneath. The transition between Valle di Archifi
and the structural high is marked by a prominent ngative flower structure. The master fault of this gstem
is the Valle di Archirafi fault, which is also obseved in the similarity time slices (Fig. M1I-3). The faults are
colored according to their Fault Hierarchy — see tet for further description of Fault Hierarchies.

3.5 The structural high and the adjacent steepwaadf the
amphitheater

The structural high is located directly adjacentite prominent headwall of the amphitheater (Figs.
MII-1, MII-2). Seismic data illustrate a well-sti&d, high amplitude sedimentary unit with a tmelss

of ~0.2 s TWT, overlaying a low coherent subst(&igs. MII-3, Mll-4a). The onset of the substragte i
marked by a high amplitude reflector (Fig. MII-7).

As observed in similarity attribute maps (Fig. N)i- the entire structural high is strongly overpgth
by a set of normal faults (Fault Hierarchy Ill)pding towards the steep headwall of the amphitiheate
like structure. These faults are connected to ddfapés in the substrate, which host nearly suttical

dip angles. As these deep fault segments can bedtt@mwards the negative flower structure at the
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transition of the Valle di Archirafi towards thesttural high (Figs. MII-3, MII-6), they are claBsd

as Fault Hierarchy Il faults (Fig. 7). Some of #aésults show a distinct surface expression, asdhe
outcropping at morphological escarpments at th@®@a(Fig. MII-7). The internal structure of the
sedimentary drape is heavily deformed and rotatethbese faults, which is expressed by elongated
domino-style arranged blocks on the structural iiigs. MII-3, M1I-7). Undisturbed sediments can be
observed in the western part of the structural ;higbse undisturbed sediments are underlain byt Faul
Hierarchy Il faults, which have not propagatedtigh the sediment drape (Fig. MlI-7).
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Figure MII-7: Seismic Crossline 6155 crossing the B part of the 3D volume and interpretation. The prdile
shows eastward dipping normal faults resulting in dmino-style arranged rotated blocks. The faults are
colored according to their Fault Hierarchy — see tet for further description of Fault Hierarchies.
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3.6 The substrate at the structural high

The substrate underneath the structural high isackerized by a seismic facies of high-amplitude an
low coherency reflectors. The morphology of thesttdie’s onset is dramatically deformed and bound
to faults (Figs. Mll-4, MII-7), which can be obser/in the sedimentary drape, too (Figs. Mll-4, MlI-
7). The sedimentary drape on top of the substiadevs thicknesses between ~25 m and ~175 m
assuming a sediment sound velocity of 1500 m/shésigsediment thicknesses of ~175 m are observed
at the un-deformed section of the drape in thehmagstern part of the 3D volume, whereas the tilted
and rotated blocks reveal a strong heterogeneisgdiment thicknesses of ~150 and ~25 m (Fig. Mll-
9).

a) Bathymetry b)  Substrate c) Sediment Cover

-400m -600 m -800m -550m -700 m -850m 175m 125m 75m 25m

Figure MII-8: a) Bathymetry of the 3D cube b) Depthmap of the substrate calculated with a sound
velocity of 1500 m/s c) Sedimentary drape on top diie substrate calculated with a sound velocity df500
m/s.
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4 Discussion

The new high-resolution 3D reflection seismic detas the continental margin offshore Mt Etna inzage
the transition from the sedimentary conduit andodéjpnal system of Valle di Archirafi towards a
structural high, which is located directly adjacémtthe massive amphitheater structure described
offshore Mt Etna. As the morphology and the tectorgime changes dramatically within a few
kilometers, we consider this region as a highlyadble site at the continental margin offshore Mt
Etna.

4.1 Sediment and debris deposition

Valle di Archirafi hosts major mass transport degsosvhich built up most of the bulk composition of
the sedimentary basin (Units U-1 to U-4, Figs. MlIMII-5). The undisturbed high amplitude reflestor
between the disturbed units may represent the lbaeikd sedimentation in Valle di Archirafi including
tephra layers related to volcano eruptions of MtaEand hemi-pelagic / terrestrial sediments. As the
basin is directly adjacent to the onshore Giarrediféeand the edifice of Mt Etna (Fig. MII-1), we
consider the basin to be a conduit and depositisystlem for periodic debris and mass movement
deposits, generated during volcano buildup andeelaector collapses. This type of sediment input
dominates and overprints the hemi-pelagic backgiaedimentation. Seafloor morphology, seismic
facies mapping and fault patterns imply a strorffpdintiation between the sedimentary basin of the
Valle di Archirafi and the structural high (Fig. M3). The structural high is covered by a thin
sedimentary unit, which is up to ~175 m thick amdeals well-stratified sediments indicating
continuous hemi-pelagic sedimentation without amyommass transport deposits. The entire structural
high is overprinted by ongoing extensional defoioratesulting in a set of normal faults (Fig. M-7
Whereas Valle di Archirafi shows a strong seafladtector, which was impossible to penetrate with
gravity corers (Fig. MII-APPENDIX-2). The structlitsigh was easy to sample during gravity coring
[Gross et al. 2014 — this thesidpue to the seismic facies discrimination of the systems, we consider

Valle di Archirafi and the structural high as twifferent sedimentary systems.
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Figure MII-9: Schematic sketch of the 3D volume diided into the three regions of the Valle di Archirdi,

the transition towards the structural high with its fault bound ridges, and the structural high. Valledi

Archirafi is characterized by a depositional systemcatching debris from mass wasting events from orand
offshore. The transition towards the structural high is marked by a thin sedimentary drape, which revals
a high grade of internal deformation caused by norral faulting. The structural high reveals a homogenos
sedimentary drape and is characterized by well-striified seismic units. The entire structural high is
overprinted by a set of normal faults, creating a dmino-style imbricated block system. The faults, diding

the blocks from each other, show increased fault g at the onset to the substrate. These deeper faubare
connectable to the Hierarchy Il faults, which are anches of the negative flower structure, forming e
prominent ridges at the transition between the Vak di Archirafi and the structural high. Seismic evidence
for a sedimentary discrimination between Valle di Achirafi and the structural high is given by the low
coherency between these two systems.

4.2 Tectonic controls on the Valle di Archirafi atie structural high

The Valle di Archirafi is only affected by shallavermal faulting. The onset of intense normal faugjti

is observed at the transition of the Valle di Arafiitowards the structural high. This region shaws
negative flower structure; the fault planes areeteht with the steep western slopes of the asynenetr
ridges exposed at the seafloor (Figs. Mll-2, MIIMIJ-9). We consider this negative flower structure
to be bound to a growth fault resulting in the stdasce of the basin in relation to the structuighh
The fault geometry of eastward bending fault plaaethe onset of the structural high implies this
negative flower structure to be the surface exppassf the deeply rooted Valle di Archirafi
transtensional fault (Figs. MII-3, MII-6, MII-9). W consider this transtensional fault system ad-righ
lateral, as the faults at the structural high slotear lateral displacements towards the amphitheate
headwall (Figs. MII-3, MII-7, MII-9). As most of ehfault planes of the negative flower structure are
continuous and are expressed by prominent asynumitges at the seafloor, we consider this fault to
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be highly active and growing faster than the sediamy deposition. Due to relative subsidence Valle
di Archirafi can be considered as an import sedimelebris conduit / catcher in the area offshdre o
the Mt Etna edifice (Figs. MII-3, Mll-4, MII-5, MIB). The structural high is affected by a strong
overprint of extension and consequent normal fagltiThe location of the structural high at the
amphitheater headwall and its relative positiveraien in comparison to its surroundings may imply
that the structural high i) represents an anciergthwhich is less affected by subsidence andasing,

or ii) is an area, which is affected by a deepshfault leading to the relative uplift of the ar@ag.
MII-9). As the bounding faults of the blocks at #teuctural high reveal higher fault dips at theetrof

the substrate, we consider the entire system tbdsurface expression of deeper-rooted sub-vertica
faults; these deeper-rooted faults, however, ateasolved by our high-resolution 3D seismic system

due to limited penetration.

The surveyed area at the structural high revdalteral extension of up to 340 m (Fig. MII-APPENDIX
1), which is oriented towards the amphitheateradwall in the east and the distal parts of Valle di
Archirafi towards the south. This measured extensioly includes the spreading caused by the fault
system imaged in the upper sedimentary drape. éeltkerved sedimentary drape hosts indications for
internal deformation and thinning (Fig. MII-7), wensider even higher values for total lateral esitam

at the structural high area. The substrate at #stasn edge of the structural high is cut by fautsch

do not propagate trough the sediment drape, bwt slagtile deformation at the upper strata (Fig.-Mli
7). Hence, we consider the fault system to evategressively upslope. This implies a recent #gtiv

of the fault system, which may lead to future slopstability at the structural high close to the
amphitheater's headwall (Fig. Mll-1, M1I-10). Howey the uppermost ~200 m of sediments of the
structural high display extensional processes, whre not consistent in direction. The northernisec

of the structural high exhibits an eastward dippiiogmal fault system, whereas the central secton i
strongly influenced by the transtensional Valle Atchirafi Fault (Fig. MII-10). The strike slip
movement along the Valle di Archirafi Fault bente faults and related blocks towards the south,

leading to a westward dip of associated faults.

These insights to the central part of the contalemirgin offshore Mt Etna imply a strong extension
tectonic overprint in the near surface, resultingpreading of the continental margin. Extensioth an
spreading is not the only process present towaelsutnphitheater’'s headwall and the continental toe;
furthermore westward dipping normal faults and tdigiteral transtensional faults display the
heterogeneous stress regime in this area. In casopato the overall gravitational spreading, which
affects the volcano flarfle.g. Borgia et al. 1992&nd the continental mardi@hiocci et al. 2011, Gross

et al. 2014 - this thesisthe new 3D seismic data implies a coherent smafieeading system to be
present. These findings imply the overprint of aoselary spreading center at the structural high,

directly at the steep amphitheater’'s headwall. §hawitational instability and spreading is effagtihe
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central part of the continental margin and leadgh&ohigh heterogeneity of the offshore realm of Mt
Etna.

4.3 Relevance of the Valle di Archirafi and thaustural high in the
regional tectonic context

Mt Etna’s eastern onshore slope is strongly ovetpd by volcano-tectonic processes, creating
prominent blocks as a result of its flank instapilfFig. Mll-1). These blocks are bound by faults
controlling different movementBonforte et al. 2011] The Timpe Fault System is one of the most
prominent fault systems dividing the central-bldokm the Giarre Wedge at the center of the slope
(Figs. MII-1, MII-10). The Timpe Fault System feets the same strike direction as the Malta
Escarpment, which is observed in the lonian Sethaafithe volcano edifice of Mt EtrfArgnani and
Bonazzi 2005{Fig. MII-1). Chiocci et al. [2011]interpret the Timpe Fault System to be a nearaserf
tectonic expression of a tectonic basement faattdeveloped as a response to a steep slope. Amalog
modelling studies by.e Corvec et al. [2014kuggest the interplay of the Timpe Fault Systewh an
potential thrust faulting offshore Mt Etna duringdaafter magmatic intrusions at Mt Etna.

Mt. Etna's eastern flank

Structural High
Riposto

Amphitheater Headwall

Figure MII-10: Schematic Model for the Timpe Fault System in relation to the offshore Valle di Archirdi
Fault System. The Timpe Fault System reveals an gasrd dip, whereas the deeper rooted structures of
the structural high show westward dips. The Timpe Bult System and the Valle di Archirafi Fault generae
a basin, which is described as the onshore Giarre #¥dge and the offshore Valle di Archirafi block.
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Our new data shows that the Valle di Archirafi @hd structural high close to the amphitheater's
headwall are strongly overprinted by a negativerfiostructure, which strikes in the same direct@ass
the Timpe Fault System. Hence, we consider a caiomebetween the Timpe Fault System and the
Valle di Archirafi Fault as likely though our datktes not provide direct proof for this hypothesis
because of the limited penetration (Fig. MII-10heTTimpe Fault system and the Valle di Archirafi
Fault system might be responsible for the moveroétite Giarre / Valle di Archirafi block (Fig. MlI-
10) due to a pull-apart like opening. The growthltgof this basin are described by the Timpe Fault
System towards the west and the Valle di Archirafult towards the east (Fig. MII-10). The resulting
basin implies strong extensional domains at the sagace, which are controlling the continental
margin off Mt Etna. Ad.e Corvec et al. [2014proposes a possible thrust fault at the locatiothe
structural high, the structural high might displlag uplifted response of this thrust fault. Duéh®lack

of a deep penetration of the used seismic systaaman@ not able to display the deeper parts of the
structural high and a possible thrust fault in thigion. Nevertheless, landward dipping reflectoithe
distal parts of Valle di Archirafi (Fig. MII-5) mig be related to a deep thr{istgnani et al. 2013]or
magmatic inflation of the continental bulgghiocci et al. 2011] Both processes would lead to an uplift

of the structural high and subsidence of Valle dibAafi, respectively (Figs. MII-9, MII-10).

The substrate displayed in our data shows low @&stogr which is an indicator for a high grade of
disintegration. This disintegration can be caus#@teeby intense faulting or may display an ancient
mass transport deposNicolosi et al. [2014]shows implications for a pre-Etnean basement latels
underneath Mt Etna’s edifice, which is promoting tdifice’s movement towards the east. As the
observed substrate features high amplitudes anacédwerency in stratification, this unit may display
the distal extends of such a pre-Etnean mass wagdéposit, which is strongly overprinted by recent
tectonic activities. However, we would like to poiaut that other processes, such as tectonic

deformation or small-scale landsliding may genesagemilar seismic facies of the substrate.

4.4 Hazard potential of the observed extensionrasdlting instability

The entire submarine continental margin off Mt Eisaconsidered to be highly overprinted by
extensional fault§Chiocci et al. 2011; Argnani et al. 2013nd submarine mass transport deposits
[Pareschi et al. 2006; Gross et al. 2014 — thissibg Our new high-resolution 3D seismic data suggests
recent extension affecting near surface sedimeaitiish points to ongoing tectonic activity, espelgial

at the headwall of the amphitheater structure. e see a connection between features formed by
volcano tectonic processes like the Timpe Faultteé®ygsand offshore continental margin tectonic
processes at the Valle di Archirafi and the stmadthigh. This tectonic setting implies a strongpant

of volcano tectonics on the adjacent continentalgmeaof the lonian Sea east of Mt Etna’s edificer O
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new data show faulted blocks immediately upslopheheadwall of the amphitheater structure, which
may be potentially unstable and could fail in théufe. Possible triggers for such a failure include
regional seismic activitje.g. Orecchio et al. 2014pr seismicity related to volcanic procesfes
Giudice et al. 1992; Hirn et al. 1997]

The combination of Mt Etna’s well-documented ongheastward and southward migrating slope
movemenie.g. Bonforte et al. 20113nd the observed recent fault activity at the sarme continental
margin directly east of Mt Etna’s edifice imply arggrally instable system extending from the tathef
continental margifiChiocci et al. 2011]Jup to the crest of Mt Etna’s edifie.g. Borgia et al. 1992]
This instability is documented by extensional fasystems outcropping at the seafloor and at the
onshore volcano flank. Therefore, we do see a fiatdrazard for submarine mass wasting events at

the continental margin east of Mt Etna, which caalkb affect the onshore realm of Mt Etna.

5 Conclusions

New high resolution 3D seismic data show that thectural high at the amphitheater offshore Mt Etha
is separated from the depositional basin of ValleAdthirafi by an active fault system. Several
asymmetric ridges at the seafloor are the surfapeession of this fault system. This fault systemat
only controlling the subsidence of the Valle di Airafi in respect to the structural high; furthemamd
shows a right-lateral transtension, leading toveast and westward spreading at the submarine ¢entra
continental margin east of Mt Etna. The structhiigh is draped by a thin sedimentary layer featurin

a domino style, imbricated fault system dipping aods the steep amphitheater headwall. This fault
system indicates recent activity at the prominestagpment of the amphitheater headwall and may
represent a precursor for potential slope failatethe continental margin offshore Mt Etna. Valie d
Archirafi is a conduit and depositional systemchatg debris and mass transport deposits fromimh- a
offshore. As the eastern growth fault of VValle dclirafi exhibits the same strike direction asTimape
Fault System onshore, we see indications for aledugctonic system creating the Giarre / Valle di
Archirafi basin. This implies a strong connecticgtvileen tectonics observed at the onshore volcano
flank and the continental margin offshore Mt EtRarthermore, we consider the structural high at the
amphitheater’'s headwall to display a secondaryesfing center at Mt Etna’s continental margin, which
contributes to the overall gravitational insta@ilibbserved at the volcano edifice onshore and the

continental margin, offshore.

As the region at Mt Etna is seismically highly setdue to regional tectonics and the volcano bpildu
we consider the hazard potential for submarine massing as relatively high. In order to evaluis t
hazard and related risks, further studies like neageodetic measurements need to be carried the in

future.
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Figure MII-APPENDIX-1: Vertical fault displacement and lateral fault displacement in the sedimentary
drape of the structural high. The vertical fault displacement of individual faults varies between ~3t~88 m
assuming a sediment sound velocity of 1500 m/s. Byeasuring the lateral offset at the reference horn at

the structural, high values for lateral fault offse and coherent extension was measured between ~5aril 50

m. The rates of total vertical and lateral displacenents, measured at the reference crosslines 596916,

6065, 6115, 6165 at the onset of the structural ligThe total lateral displacement varies between 55 m

and ~390 m.
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Figure MII-APPENDIX-2: PARASOUND line across the Vale di Archirafi, the transition and the
structural high. Whereas Valle di Archirafi is characterized by a hard seafloor reflector with no sigal
penetration, the structural high shows well-stratifed sediments. During gravity- and box coring it wa not
possible to penetrate Valle di Archirafi. Exampledor cores from the structural high can be found inGross
et al. [2014 — this thesis]
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Chapter 27
Evidence for Submarine Landslides Offshore
Mt. Etna, Italy

Felix Gross, Sebastian Krastel, Francesco Latino Chiocci, Dominico Ridente,
Jorg Bialas, Julia Schwab, Julio Beier, Deniz Cukur, and Daniel Winkelmann

Abstract Mt. Etna is the largest and one of the best-studied volcanoes in Europe.
It represents a highly active basaltic volcano on top of the active Apennine
thrust belt. The instability of its eastern flank has been described as an important
preconditioning factor for the occurrence of submarine mass wasting events. In
order to better understand the processes that may cause submarine slope failures,
a new dataset including seismic, hydroacoustic and core data was collected during
RV Meteor cruise M86/2 from December 2011 to January 2012. Seismic profiles
and sediment cores reveal repeated mass transport deposits (MTD), indicating a
long history of landslides in the working area. Some of the sampled MTDs and their
surrounding strata contain volcaniclastic debris, indicating that slope failures may
be controlled by volcanic and non-volcanic processes. Several tephra layers directly
cover MTDs, which is regarded as an indicator for the possibility that several flank
failures occur immediately before or very early during an eruption.
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27.1 Introduction

Mt. Etna (Sicily, Italy) is known as the largest active volcano in Europe (Fig. 27.1)
(Gvirtzman and Nur 1999). It represents a highly active basaltic volcano overlying
the active plate boundary between the African and Eurasian Plate (Chiocci et al.
2011; Doglioni et al. 2001), and builds up on continental crust (Gvirtzman and
Nur 1999).

The eastern flank of Mount Etna is well known for its instability (Branca and
Ferrara 2013) and its ongoing deformation (Argnani et al. 2012), which is controlled
by spreading of an extensional fault system (Borgia et al. 1992). Chiocci et al. (2011)
consider this ongoing deformation as an important factor controlling subaerial and
submarine mass wasting events. Pareschi et al. (2006) postulate a long-lasting
history of mass movements after the built-up of Mt. Etna, as long run-out debris
slumps could be imaged offshore Mt. Etna. Chiocci et al. (2011) observed a large
bulge offsetting the margin that is deeply affected by widespread semicircular
steps, which have been interpreted as being associated with large-scale gravitational
instabilities.

MTDs within the upper 150 ms TWT|

w0 i d 3 — i . e « | Gravity Core MTD in Riposto Depression
© | Gravity Core shown in this chapter MTD in Fiumefreddo Valley
| 2d Seismic Profile Near Shore MTD
39° ) [ 2d Seismic Profile shown | kesaas Block

inthischapter | Burried MTD

e —
0km 5km 10km | reeees Channel related MTD

37°45'N

37°40N

-1000 m

-1500 m 37°35'N

—2000 m

—2500 m

i 37°30N

15°10'E 15°15'E 15°20'E 15°25'E 15°30'E

Fig. 27.1 Bathymetric map showing locations of seismic profiles collected during cruise M86/2
offshore Mt. Etna. Dashed colored lines display near-surface MTDs (Mass Transport Deposits).
The inset map shows the general location of the working area. RR Riposto Ridge, FV Fiumefreddo
Valley, EFV Extension of Fiumefreddo Valley, RD Riposto Depression, CC Catania Canyon
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A variety of processes leading to a destabilization of the flank and possible
catastrophic slope failures may act in addition to the ongoing deformation in
the working area. These mechanisms include tectonic activity due to frequent
earthquakes in the Calabrian Arc (e.g. Azzaro et al. 2000; Ferreli et al. 2002),
high recurrence rate of volcanic eruptions and volcanic tremor (e.g. Simkin and
Siebert 1994), and liquefaction of tephra layers, which was observed in comparable
settings, e.g. by Harders et al. (2010). Furthermore, widespread incised gullies
indicate ongoing highly variable hydrodynamic and gradational activity (Micallef
and Mountjoy 2011), controlling the recent morphology in this area.

All these implications reveal that the area east of Mount Etna is a region, which is
highly prone to submarine mass wasting. Several questions, however, remain open,
including the spatial distribution of mass wasting and the role of abundant and
widespread tephra layers. Based on new data collected during RV Meteor cruise
M86/2 (December 2011/ January 2012), we focus on the relationship between
widespread tephra layers and MTDs as well as on the identification of large- and
small-scale features contributing to slope failures off Mt. Etna.

27.2 Data

All data presented in this manuscript are newly collected during RV Meteor cruise
M86/2 (December 2011 to January 2012) and are presented here for the first
time. High-resolution 2d reflection seismic data were acquired using a 1.7 1 GI-
Gun and a digital Geometrics GeoEel 104-channel streamer with a total length
of 162.5 m and a hydrophone spacing of 1.56 m. Seismic data were processed
with GEDCO Vista Seismic Processing V.11 including setting up the geometry,
frequency filtering, normal move correction (NMO) with a constant velocity,
stacking and time migration. Bin size was set to 2 m resulting in an average fold of
10. Bathymetric data were collected using the hull mounted Kongsberg EM 120 and
Kongsberg EM710 multi-beam echo-sounders. Parasound sediment echo-sounder
data were acquired by an ATLAS DS-3/P70. In addition, a 10 m gravity corer was
used for sediment sampling. All sediment cores were only examined visually as a
detailed sedimentological analysis of the cores is not objective of this manuscript.

27.3 Results

27.3.1 Morphology of the Eastern Flank of Mt. Etna

Fiumefreddo Valley (FV) and its southern prolongation (EFV) (Fig. 27.1) mark the
northern boundary of the eastern flank of Mt. Etna. This valley system hosts a wide
spread hummocky topography, which is a strong implication for mass transport
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Fig. 27.2 2d reflection seismic profile M86-2-p407 and Parasound echo-sounding zoom-in of the
Riposto Depression. The seismic section shows the distribution of proximal and distal sedimentary
units and illustrates steep slope gradients. The Parasound echo sounding shows near-surface
transparent units intercalated with well-stratified reflectors in the Riposto Depression. See Fig. 27.1
for location of profile

deposits (MTDs) at the seafloor. Riposto Ridge (RR) represents a major ridge in
the North, which extends offshore in a curved shape towards the southern part
of Fiumefreddo Valley; RR is strongly reworked by submarine canyon- and gully
structures (Fig. 27.1).

Riposto Depression (RD, Figs. 27.1 and 27.2) is a flat depression, which covers
an area of 7.25 km? and is surrounded by an amphitheater-like structure. This
structure most likely represents the remnant of a major flank failure (Chiocci et al.
2011). Ridges surrounding the Riposto Depression show slope gradients of up to
20°. Large blocks and MTDs are visible especially on its eastern margin (Fig. 27.1),
which can also be observed in seismic profiles (Fig. 27.2). The near-shore areas are
characterized by funnel-shaped sedimentary systems, which host several incisions
running down-slope to the East (Fig. 27.1). The southern boundary of the deforming
part of Mt. Etna is marked by the Catania Canyon (Chiocci et al. 2011). In
general, the entire flank offshore Mt. Etna is characterized by numerous small
scale gully- and canyon like structures carving into the background morphology,
which is commonly observable at steeply dipping continental margins (Micallef and
Mountjoy 2011; Vachtman et al. 2013).
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27.3.2 Seismic Evidence for MTDs

Most of the seismic units displaying high amplitude and discontinuous reflectors
can be interpreted as MTDs. Profile M86-2-p407 (Fig. 27.2) represents a typical
cross-section from the near shore areas to the southern extension of Fiumefreddo
Valley. The profile shows four different settings:

* The Riposto Ridge is characterized by slope angles of up to 20° and prominent
deformed ridges. The slope shows headwall-like structures, as indicated by
widespread erosional truncations. Most of the depressions show an interlayering
of chaotic seismic units interpreted as MTDs, and well-stratified sediments.

* The Riposto Depression is a small basin with a complex internal structure. The
seismic record (Fig. 27.2) images well-stratified sediments in the uppermost
100 ms TWT underlain by three major high amplitude discontinuous units,
which can be found below 2,150 ms TWT in the seismic record (Fig. 27.2).
We interpret those units as MTDs. Parasound echo-sounder data allow a detailed
view of the upper ~50 m of the sediments illustrating transparent units close to
the sea floor as well as inter-bedded well stratified sediments (Fig. 27.2). The
transparent/discontinuous units are interpreted as MTDs.

* The transition from Riposto Depression to the southern prolongation of
Fiumefreddo Valley shows a rough topography. It reveals a field of blocks
outcropping at the seafloor (Figs. 27.1 and 27.2). This hummocky topography
may be formed as a result of one major or several smaller slope failures.

* The southern prolongation of Fiumefreddo Valley is imaged as a half-graben-
like feature on the seismic profile (Fig. 27.2). The upper units are characterized
by high amplitudes, discontinuous and more or less horizontal reflectors, while
the lower units show a clear tilt. Further to the North, Fiumefreddo Valley is filled
by high amplitude reflectors with varying continuity (Fig. 27.3).

A profile showing widespread MTDs around the Fiumefreddo Valley (Fig. 27.1)
is shown in Fig. 27.3. Several chaotic units interpreted as MTDs are inter-bedded
with well-stratified reflector packages representing the undisturbed background
sediments. The area NE of Fiumefreddo Valley is of special interest. Billi et al.
(2008) interpreted the morphology in this area as a large MTD originating from the
head region of Fiumefreddo Valley based on an older data set. They considered a
major sediment slide in this area as a potential trigger mechanism for the devastating
tsunami, which followed the 1908 Messina earthquake. This hypothesis is strongly
doubted by Argnani et al. (2009) based on modern bathymetric data. Argnani et al.
(2009) show, that the morphology of the area is a product of long-lasting erosion
without any trace of a 100 year-old large-scale landslide. The interpretation by
Argnani et al. (2009) is well supported by the new seismic data. Thick stratified
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Fig. 27.3 2d reflection seismic profile M86-2-p404 traversing the northern edge of the survey
area in a SW to NE direction. Especially the section from offset 8,000-14,500 reveals a stratified
sedimentary unit, which is underlain by a large MTD. See Fig. 27.1 for location of profile

sedimentary units are found immediately below the sea floor (Fig. 27.3). These units
are underlain by large MTDs, which were most likely deposited during the evolution
of the Fiumefreddo Valley but not in present times. The buried MTDs indicate a long
history of mass wasting at the eastern flank of Mt. Etna.

27.3.3 MTDs and Tephra Layers in the Sedimentary Record

Gravity cores were taken at several locations in order to sample near surface
MTDs. Most of the cores show clear indications for MTDs, all of which host major
tephra layers. To illustrate some typical features, sediment cores M86/2-007-01 and
M86/2-015-01 were chosen. Gravity core M86/2-007-01 (Fig. 27.4a) with a total
length of 433 cm was recovered southwest of the amphitheater structure at the
eastern flank off Mt. Etna edifice (see Fig. 27.1 for location of core). It reveals
a strong variation of deposits through the sediment column. Major tephra fallout
deposits can be observed at 20-22, 58—61 and 325-331 cm (Fig. 27.4). In addition,
two chaotic facies can be identified yielding intraclasts of up to 6 cm in diameter.
Most remarkable feature in this gravity core is the section between 325 and 370 cm
(Fig. 27.4b), as it bears a tephra layer with a thickness of ca. 6 cm, which is directly
underlain by a ca. 40 cm thick chaotic unit.

Gravity core M86/2-015-01 (Fig. 27.4c) with a total length of 356 cm was
recovered at the western edge of the amphitheater structure. Especially the lower
section from 270 to 328 cm is of special interest, as it hosts a similar succession
of MTD and tephra as described for the core M86/2-007-01 (Fig. 27.4d), as this
MTD is directly overlain by a tephra layer. This chaotic layer features intraclasts of
up to 9 cm in size with different compositions. Most prominent are tephra- as well
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Fig. 27.4 (a) Gravity core M86/2-007-01 (b) Close up of Gravity Core M86/2-007-01 from 300
to 390 cm (¢) Gravity core M86/2-015-01 (d) Close up of Gravity Core M86/2-015-01 from 270
to 328 cm
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as clasts made out of fine to medium sands. As the composition of this chaotic unit
hosts a mixture of sedimentary material available at the submarine slope of Mt. Etna,
we consider this chaotic unit as a representative MTD for this region.

27.4 Discussion

27.4.1 MTD Distribution and History of Sliding

As previously described and discussed by Pareschi et al. (2006) and Chiocci et al.
(2011), the entire survey area is strongly affected by submarine mass wasting.
The new M86/2 high-resolution dataset reveals new insights into a long history of
mass wasting and its strong connection to morphological features like the Riposto
Depression. Especially seismic profile p404 (Fig. 27.3) provides indications for one
or more ancient slope failure, as the prominent MTD is overlain by a well-stratified
sedimentary unit with a thickness of ca. 200 ms TWT. Furthermore, Fiumefreddo
Valley and its prolongation to the South (Figs. 27.1 and 27.2) seems to act as an
important conduit. It collects debris and MTDs from the eastern flank of Mt. Etna
and appears to restrict the sedimentary transport to the East and the Ionian Sea. The
analysis of all available seismic data allows to document the regional and temporal
distribution of large and small scale MTDs. Distal areas such as the southern
prolongation of Fiumefreddo Valley show relatively small mass wasting deposits
in the deeper sediment record, whereas high amplitude, discontinuous reflectors
in the upper sediment column indicate larger scale MTDs in more recent times.
For proximal areas, larger scale MTDs can be traced in sediment units deeper than
200 ms TWT. These MTDs can especially be traced within the Riposto Depression
(Fig. 27.2), which shows a focus of large MTDs in the lower sedimentary units.
The Riposto Depression represents a basin, which is strongly affected by mass
wasting. It collects large amounts of transported sediments from the surrounding
amphitheater structure with flank gradients of up to 20°.

Exposed and buried MTDs imply a long history of sliding and recent MTD
generation in the working area strongly support the hypothesis of large-scale
gravitational instabilities (Chiocci et al. 2011) and a long time activity of mass
movements as run-out debris slumps (Pareschi et al. 2006).

27.4.2 Relationship between Tephra Layers and MTDs

The entire survey area is strongly affected by MTDs. Most general factors con-
trolling slope failures include strong tectonic control and associated seismicity,
over steepening of flanks due the deformation of the flank (Chiocci et al. 2011),
volcanic eruptions, and possible liquefaction of tephra layers, which may act as a
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slide plain and therefore entrain overlying sediments (Harders et al. 2010). Here
we would like to focus on the role of tephra layers, as the identified succession
of tephra layers directly on top of MTDs may be important for understanding
possible slide triggering mechanisms in the working area. Harders et al. (2010)
suggested for a comparable setting at the Middle America Trench that tephra layers
act as detachment planes due to liquefaction during seismic activity. Nevertheless,
no indication for such a process could be found in the working area offshore
Mt. Etna. On the contrary the location of tephra layers immediately above the
MTDs suggest a close link between emerging volcanic activity and slope failure.
Volcanic tremor before an eruption may induce high seismicity and may trigger
slope failures. Deformation of volcanic flanks during the rise of magma before
an eruption and associated hydrothermal activity may further contribute to slope
instability (van Wyk de Vries et al. 2000). Hence a slope failure would be followed
by an eruption and the deposition of a tephra layer would occur immediately
afterwards on top of the MTD. The consecutive succession of deposits was observed
at several cores at different locations. No correlation between cores is possible
but the different compositions of the tephra layers overlying MTDs suggest that
different stratigraphic intervals were cored at different locations. We are aware that
tephra does not behave like other particles in the water column (Carey 1997) as it
may build vertical gravity currents, which lead to an inhomogeneous distribution of
the widespread tephra layers. However, we are convinced that we sampled several
slides with different ages, which show the typical succession of a MTD covered
by a tephra. Hence, we consider the triggering of MTDs during emerging volcanic
activity as being of general importance for the eastern submarine flank of Mt. Etna.

We also identified MTDs without a tephra layer on top indicating that other
processes for slope stability are important as well. They may include oversteepening
of the slope, toe erosion in areas with deep incisions, seismicity not related to
volcanic activity, and high sediment accumulation rates. We also would like to point
out that we have not cored any of the large MTDs identified in the seismic record
as they cannot be reached without deep drilling. The clear indications even between
small near-surface MTDs (identified in the cores) and volcanic activity let us assume
that large failures are triggered by volcanic activity in a similar matter though a time
lag between the MTD generation and the settling of tephra could lead to a similar
observation in the sedimentary record.

27.5 Conclusion

Widespread MTDs could be mapped off the eastern flank of Mt. Etna edifice.
MTDs at different stratigraphic levels indicate a long history of mass wasting. The
distribution of MTDs is mainly controlled by pre-existing morphology. A typical
succession of MTDs directly overlain by tephra layers indicate that volcano induced
seismicity and flank deformation prior to an eruption act as important trigger
mechanisms for slope failures on the eastern flank of Mt. Etna. This observation
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was established at relatively small scale slides with thicknesses of up to 50 cm and in
sediment depth less than 5 m. Seismic data show significantly larger buried MTDs,
which were most likely triggered by similar volcanic processes in the past.

Acknowledgments Many thanks to the crew of RV Meteor for their help during the collection
of data. The authors are thankful to Dina Vachtman and Klaus Reicherter for their reviews and
constructive comments. This project was funded by the DFG and the Cluster of Excellence “The
Future Ocean”.

References

Argnani A, Chiocci FL, Tinti S, Bosman A, Lodi MV, Pagnoni G, Zaniboni F (2009) Comment on
“On the cause of the 1908 Messina tsunami, southern Italy” by Andrea Billi et al. Geophys Res
Lett 36:L13307

Argnani A, Mazzarini F, Bonazzi C, Bisson M, Isola I (2012) The deformation offshore of
Mount Etna as imaged by multichannel seismic reflection profiles. J Volcanol Geotherm Res
251:50-64

Azzaro R, Bella D, Ferreli L, Michetti AM, Santagati F, Serva L, Vittori E (2000) First study of
fault trench stratigraphy at Mt. Etna volcano, Southern Italy: understanding Holocene surface
faulting along the Moscarello fault. J] Geodyn 29:187-210

Billi A, Funiciello R, Minelli L, Faccenna C, Neri G, Orecchio B, Presti D (2008) On the cause of
the 1908 Messina tsunami, Southern Italy. Geophys Res Lett 35:L06301

Borgia A, Ferrari L, Pasquare G (1992) Importance of gravitational spreading in the tectonic and
volcanic evolution of Mount Etna. Nature 357:231-235

Branca S, Ferrara V (2013) The morphostructural setting of Mount Etna sedimentary basement
(Italy): implications for the geometry and volume of the volcano and its flank instability.
Tectonophysics 586:46-64

Carey S (1997) Influence of convective sedimentation on the formation of widespread tephra fall
layers in the deep sea. Geology 25:839-842

Chiocci FL, Coltelli M, Bosman A, Cavallaro D (2011) Continental margin large-scale instability
controlling the flank sliding of Etna volcano. Earth Planet Sci Lett 305(1-2):57-64

Doglioni C, Innocenti F, Mariotti G (2001) Why Mt Etna? Terra Nova 13:25-31

Ferreli L, Michetti AM, Serva L, Vittori E (2002) Stratigraphic evidence of coseismic faulting and
aseismic fault creep from exploratory trenches at Mt. Etna volcano (Sicily, Italy). In: Ettensohn
FR, Rast N, Brett CE (eds) Ancient seismites, Geological Society of America Special Paper
359, Geological Society of America, Boulder, pp 49-62

Gvirtzman Z, Nur A (1999) The formation of Mount Etna as the consequence of slab rollback.
Nature 401:782-785

Harders R, Kutterolf S, Hensen C, Moerz T, Briickmann W (2010) Tephra layers: a controlling
factor on submarine translational sliding? Geochem Geophys Geosyst 11(5):1-18

Micallef A, Mountjoy JJ (2011) A topographic signature of a hydrodynamic origin for submarine
gullies. Geology 39:115-118

Pareschi MT, Boschi E, Mazzarini F, Favalli M (2006) Large submarine landslides offshore
Mt. Etna. Geophys Res Lett 33:L13302

Simkin T, Siebert L (1994) Volcanoes of the world. Geoscience Press, Tucson, 349 pp

Vachtman D, Mitchell NC, Gawthorpe R (2013) Morphologic signatures in submarine canyons
and gullies, central USA Atlantic continental margins. Mar Pet Geol 41:250-263

van Wyk de Vries B, Kerla N, Petley D (2000) Sector collapse forming at Casita volcano,
Nicaragua. Geology 28:167-170

109



7 Conclusions and Outlook

7.1 Conclusions

A new 2D/3D hydro/seismo-acoustic acquired during Reteor cruise M86/2 allows a detailed
investigation of the architecture of the bulgedtowmntal margin east of Mt. Etna in order to evédua
its proposed instability. The thesis combines thaysis of tectonic- and sedimentary processes, bot
playing an important role for large-scale contimémbargin instability. The main conclusions of this

thesis are:
i) Architecture of the continental margin east of M Etna’s edifice:

The morphology of the continental margin east oB¥ta is dominated by a prominent bulge visible in
morphological data. This bulge cannot be obsentdtieacontinental margin north and south of the
volcano edifice. The entire margin is overprintgdrbultiple channels and gullies indicating a high
grade of denudation. The central part of the cemtial margin east of Mt. Etna is dominated by an
amphitheater-like structure; the semi-circular healtlis directly adjacent to a structural high. The
structural high was mapped by means of 3D seisiaia dnd shows a high grade of extensional and

strike-slip tectonics.

It was possible do trace the limits of the conttaémargin instability with the new dataset. The
Southern boundary is found as submarine continmaifathe onshore Tremestieri-Trecastagni Fault
System. The submarine continuation of the onsleark $ystem is imaged as a positive flower stregtur
indicating a transpressional tectonic regime nofitine Catania Canyon. A prominent lineament at the
top of an anticline is visible on bathymetric mathss lineament is the morphological expressiothef
fault imaged by seismic data. The fault can beetldowards the toe of the continental margin. The
northern boundary of the instability is describedtze Pernicana-Provenzana Fault onshore but is not
traceable as a distinct sharp boundary into thehofie realm. The prominent sedimentary Ripostoé&idg
is observed at the expected submarine continuafidghe Pernicana-Provenzana Fault. The Riposto
Ridge does not show any indications for brittleodefation in its uppermost strata, but is charazneeki

by a diffuse grade of ductile deformation. In frarftthe toe of the continental margin, two concave
anticlines were mapped and interpreted as theredstdt of the moving flank. The sedimentary basin
at the toe of Mt Etna’s continental margin are added to a pre-Etnean genesis as they can be toaced
the south of the volcano edifice though they migitoverprinted by the continental margin spreading
east of Mt Etna. A new model summarizing the aeditre of the continental margin is shown in Fig.
19.
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Figure 19: The model of continental margin and volano flank instability generated in this thesis (See
Chapter 4 MANUSCRIPT | for more information). The southern boundary of the volcano flank is located
at the Tremestieri-Trecastagni Fault System and carbe traced as a transpressional fault over the
continental margin towards the continental toe. Thenorthern boundary at the Pernicana-Provenzana Faul
cannot be traced as a sharp feature into the offshe realm. Moreover, its movement is compensated by
ductile and diffuse deformation in Riposto Ridge. e seaward extension of the moving flank is limitedt
two sub-vertical anticlines, in front of the contirental margin. Whereas the eastern flank of the Mt EFha’s
edifice and the entire continental margin is affecd by gravitational spreading and related instabily, a
secondary spreading center was mapped at the strustl high directly west of the amphitheater headwadl
The entire dataset implies a high grade of activityas most of the observed faults and folds revealdistinct
surface expression at the seafloor. Furthermore, fumarine mass transport deposits, traced at the
continental margin and its toe, indicate a high regrrence rate of mass wasting events at the contintai
margin offshore Mt Etna.
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if) Characterization of continental margin instability:

The new data shows that the submarine continengabim east of Mt. Etna is overprinted by
heterogeneous sets of faults. Furthermore, thedrdee central continental margin east of Mt. Etna
shows an area definitely not created by simpleityrayliding of the entire continental margin, as a
secondary spreading center with indications foviggtional collapse and spreading is imaged by the
new 3D seismic data. This implies a highly hetenegeis spreading mechanism, which is driven by
gravity from the volcano edifice and gravity spregdat the structural high west of the prominent
amphitheater. Nevertheless, a pre-Etnean décolleongtide plane could not be reliably mapped with
our high-resolution seismic system due to a limjgedetration. The distal extension of the contialent
margin spreading is marked by two concave antisliaethe continental toe east of Mt Etna; these
anticlines are adjacent to a system of half grabaidch are related to rollover-anticlines. The
continental margin spreading is highly active, asstrof the observed faults are outcropping at the

seafloor.

iii) Link between volcano flank instability and cortinental margin instability:

The most important onshore structures of the eastaicanic edifice of Mt. Etna are the Pernicana-
Provenzana Fault system as the northern boundatiyeobolcano flank instability, the Tremestieri-
Trecastagni Fault System as the southern boundadythe Timpe Fault System in the center of the
eastern volcano edifice. Whereas the northern aryrgbems to be dispersed into the offshore realm,
it was possible to trace the submarine continuatiotme Tremestieri-Trecastagni Fault System down
to the toe of the continental margin. Furthermtre,new data implies a strong connection between th
onshore Timpe Fault System and the newly mappelé daArchirafi Fault system, as they are creating
the Giarra / Valle di Archirafi Wedge, which can traced on- and offshore. This theory is strongly
supported by analogue modellinglaf Corvec et al. [2014]which suggests a connection of the Timpe
Fault System to an offshore fault system. In addijttwo concave anticlines are only observed at the
continental toe east of Mt Etna but cannot be ttdaether north or south. All these findings imgly

first order linkage of the volcano edifice and éoantal margin instability and gravitational spriged

iv) Submarine mass transport deposits at the contental margin and the continental toe:

Widespread mass transport deposits were mappetheféastern flank of Mt. Etnha edifice. Mass
transport deposits at different stratigraphic lsveldicate a long history of mass wasting. The
distribution of mass transport deposits is mainttoolled by pre-existing morphology. A typical

succession of mass transport deposits directlyi@weby tephra layers indicates that volcano induce

seismicity and flank deformation prior to an eroptiact as important trigger mechanisms for slope
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failures on the eastern flank of Mt. Etna. Thisarliation was established at relatively small sskdies
with thicknesses of up to 50 cm and in sedimentldigss than 5 m. Seismic data show significantly
larger buried mass transport deposits, which werst fikely triggered by similar volcanic processes
the past. The new dataset does not support theytbgdilli et al. [2008] that the 1908 tsunami was
triggered by a submarine slide related to massimddlide deposits on the continental margin north o
Mt Etna. The proposed slide deposits are overlgin bS50 m in-situ strata, which is strongly rewatke
by erosive processes of the adjacent canyons ostéke slopes of the continental margin east of Mt.
Etna. The mass transport deposits proposeBilbyet al. [2008] seem to be the product of an ancient

landslide event much older than 100 years.

Another striking feature in terms of submarine massisports is the massive amphitheater-like
structure, observed at the continental margin ofisiVt Etna because such semi-circular structunes a
commonly connected to massive submarine mass terggposits formed during major slope failures.
However, it was not possible to link a major maasgport deposit to the amphitheater-like strugture
only small-scale mass transport deposits were ntappan enclosed basin (Riposto Depression) and
its surroundings downslope of the amphitheater-Bkeicture. Nevertheless, it is still to evaluate,
whether the amphitheater-like structure is an antgearp of a massive submarine landslide or thatre

of the complex teconic setting and the transteradifault between Valle di Archirafi and the struetiu
high.

The new findings imply a high geo-hazard potentiilthe entire area offshore Mt Etna, as the
gravitational spreading of the continental margin tead to slope over-steepening and the generation
of weakened sedimentary units due to intense deftbom Within the sedimentary succession, the new
dataset shows a variety of small- to medium scassitransport deposits at the continental margin an
the continental toe. Especially the geo-hazardntiateat the steep amphitheater headwall has to be
considered, as the domino-style fault system direxttits scarp implies a retrogressive growthhaf t
fault system. Destabilization directly at the ste@gpes of the amphitheater can result in futuresma

wasting events and may lead to a destabilizatidhegntire structural high next to Valle di Arcfir
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7. 2 Outlook

The submarine continental margin east of Mt. Etspldys a high grade of recent deformation, which
illustrates the activity of a coupled gravitatiomadtability. Onshore flank dynamics have been plese

and monitored for more than 20 years and reveagla geo-hazard potential due to sector collapses
related to flank instability. However, only a fewudies on Mt Etna’s adjacent continental margin
instability were carried out so far. One main outeoof this thesis is the setup of an enhanced model
for the architecture and near surface tectonicgeees of the onshore volcano flank and the offshore
continental margin. The findings imply significamtgoing tectonic activity as most of the faults ged

in seismic data do show a surface expression ase¢hd#ioor. Nevertheless, the kinematic control,
displacement rates, displacement velocities, aadittk of offshore faults to the onshore faults and
structures are still uncertain, as geodetic and\Ri&easurements are limited to onshore regions. The
development of marine geodesy networks is a newoapp to measure relative fault displacements at
the seafloor; marine geodesy is one of the mogniging approaches for future fault and landslide
monitoring in the submarine realm. The setup ofaaime geodetic network at the continental margin
east of Mt. Etna would allow quantifying severattoé processes suggested in this thesis. Henh@g-a s
time proposal for the deployment of the new GEOMgdddetic stations was submitted based on the

results of this thesis. The specific objectiveshef proposed survey are:

i) Assignment of the movement of the continental nmaggid its link to the well-studied and
monitored onshore flank

i) Measuring of displacement rates along the southetmdary of Mount Etna’s unstable
flank and determination of its limits

iii) Validation of the hypothesis that the onshore @iaiWedge and the offshore Valle di
Archirafi Wedge are controlled by the faults of fhiempe Fault System and the Valle di
Archirafi Fault System. This includes monitoringtbé individual fault systems during and
after volcanic activity.

iv) Determination of the stability of the amphitheatdsadwall and its prominent fault

displacement rates.
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In addition to the deployment of a marine geoded¢itvork, further studies need to be carried othet
continental margin offshore Mt Etna. Especially thass wasting deposits identified in the Valle di
Archirafi may document potential sector collapsedo Etna, such sector collapses are an important
process during the volcanic evolution of Mt. Etmal aepresent a significant geo-hazard. Furthermore,
the high grade of denudation at the continentagmaeads to the formation of a variety of channels
and gullies. A sediment budget study would shedesbght on the erosional processes acting at Mt
Etna’s continental margin. These findings wouldphi understand the complex sediment transport

pattern of volcanic and non-volcanic debris towalastoe of the continental margin.
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