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ABSTRACT

The erosionby waves accomplished at different elevations due to glaeisstatic sedevel
FtdzOldzr GA2ya YyR AatlyRaAaQ GSNIAOIT Y20SYSyidax
formation of insular shelvedeatures long known in literaturgince the early papeof Menard
(1983). Howevera systematic study of their morphometric parametarsd evolutionhas seldom
been carried out. This FD project, based on higresolution multibeam bathymetric data and
seismic reflection profilesollected in the last decades by the University of Bolodaversity of
w2YS a[ { IFIGAGSR6Mma&nd By thé Hydrographic Institute of the Portuguese Navy
explores the geomorphologic and structural features of the shelves surrounding the iolcan
islands of Salina, Lipari and Vulcano in the Central Aeolian Archipelago and Santa Maria in the
Azores Archipelagorespectively The mainaim is to increment our knowledge regarding the
processes that influence the formation and the evolution of insudhelves and how these
features might help us to better constraint the volcanic history of such islands. The study of insular
shelves help to improve the evolutionary models of thstudied volcanic islangdsvhich were
previously developed only from thenkwledge of the onshore geology. The information derived
from the measured morphometric parametefimainly theshelf width and the erosive edge depth
were integrated with field studies, allowing to infer, in some cases, the possible location of their
earlier evolutionary stages, as well as to improthe overall geological evolutiomf studied
volcanic islands

In the Central Aeolian sector, whus document the occurrence of presently submerged and
largely dismantled volcanic edifices predating the stdeomplexes located onshore. Unlike the
youngest volcanic edifices, surrounded by narrow shelves and meestlically stable or slightly
uplifting, the older complexes experienced subsidergeusing the insular shelves and the raised
marine terraces mviously found on the flanks of Salina and Lipari as tracers of relativie\ssda
changeswe then quantified the pattern and rates of vertical movements affecting the islands
since their formation. The estimated subsidence ratetive before the Last targlacial has been
adopted as a relative dating tool, attesting an early emergence of the islands. The shift from
subsidence to uplift ebeenpossiblyrelated to a major geodynamic change occurredeaional
scale.

At Santa Maria we adopted the sammtegrated approach to relate the morphologic
characteristics of the shelf with the geology onshore. The submerged marine terraces found
offshore have been related with those exposed subaerially on the western portion of the island,
and we investigated agssible correlation between the formation of the terracése known sea

f S@St OKIy3aSa |yR (KS thHusvete aiiedt@cordttaiNiha &k of thy 2 6 A
subaerial and submarine terraces, which was previously unknamd to better reconstrat the
vertical crustal movements affecting the island in the lagtion years This study also allowed us

to better understand which factors, among the intensity of marine erosion, eustatic and relative
sea level changes and the composition and morpgglof the shelfcontrolled the distribution of

the marine terraces.Overall, he findings of this study in different volcanic islands have been
compared in order to provide a more detailed picture of how the processes affecting the insular
shelves influene their formation and development.
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1.INTRODUCTION
1.1 Overview of the research activity

Several authors (Ablay and Hurlimann, 20@achell et al. 2003, 2012 Chiocci and Orlando, 2004;

Le Friant et al., 2004; Llanes et al., 20Q@artauet al., 2010,2012, 2014 2015h Romagnoli,
2013; Quartau and Mitchell, 2013; Casalbore et al., 2015, 20&Bassed theimportance of
studying the subrarged portion of volcanic islandyften representing their glmost unknown)

early stages of development¥ave erosion shapes theimorphology during glaciahterglacial
sealevel fluctuationscreating lowgradient erosive surfaces, developed from the coastline down
to the shelf edge, known as insular shelvElseir preseniday setting is considered the result of a
continuous balancéetween constructive and destructive processes (Menard, 1983; 1986). Insular
shelves have been recognized as important tools to reconstruct the evolution and vertical mobility
trends of volcanic islands (Quartau et al., 2010, 2014; Romagnoli, 2013). étowey qualitative
analysis of the shelf morphology allows only speculating about the possible earlier manifestation
of volcanism. To better define the insular shelf development and reteesubmerged portion of

the island with its onshorgortions wel R2 LJG SR | aljdzt yGA Gl G§A DS | LILINE
of morphometric parameterssuch aghe shelf width and the erosive shelf edge depth.

This thesis is the result of a Ph.D project carried out at the University of Bologna in
collaboration with Univei A 1@ 2 F w2 YS a-[GAGHf Kofrie larid thé KyBrograjhio
Institute of the Portuguese Navy. It focuses on thstribution and morphologicateatures of
insular shelves in the Aeolian and Azores Archipelagos and the factors that might influemnrce th
development. The dataset is based on recently acquired -feghlution seismic profiles and
multibeam bathymetry collected in the shallow water portions aroalina, Lipari and Vulcano
islands (Central Aeolian archipelago, Tgmian Sea) and Santaa¥la island (Azores archipelago,
Atlantic Ocean)

1.2 Objectives

The study ofthe submarineportions of volcanic islands has beernegrated with the results of
onshore field studies carried out by volcanologists. This integrated approach, already successfully
applied in some volcanic ocean islands (€€gombs et aJ 2004;Llanes et a] 2009;Masson et al
2008; Leat et al, 2010; Quartau et al 2010, 2014}l ebas et a] 2011;Le Friant et aJ 2011;
Mitchell et al., 2012;Romagnoli 2013), allowed us to correlate onshore and offshore features
wherever possible, and to enlarge the knowledge on the overall evolution of volddifices, with
particular regards taheir earlier evolutionary stages.

The Central Aeolian archipelago has been investigatehe first part of the work Its relatively
young islands (< 267 Kgorni et al., 2013are surrounded by insular shelves that represent the
perfect site to understand the complex relationships between islands vertical movements and sea
level fluctuation during the Late Quaternaryhe morphology of their insular shelves were also
used to improe the knowedge of the evolution of these islands.



The secondpart of the thesis isrepresented by the island of Santa Maria in the Azores
Archipelagowhich offered the opportunity to investigate the evolution of insular shelves and Plio
Quaternary marie terraces in a different geodynamic/oceanographic setting. Moreover, being
the island c. 6 Ma old, a comparison of how the erosive processes act at different time scales has
been carried out.

Theresearch activity was carried out pursuing thigiectives summarized below:

U Understand how the depth of the insular shelf edggries around theslands andvhether
it reflects the sealevel depth during glacial/interglacial periods ibiis controlled bylocal
and/or regional vertical movements.

U Compare theshelves morphometric parametefsr islands located in different geodynamic
and marine settings (Mediterranean Sea and Atlantic Ocean) in ordefiswriminate
among the different controlling factors (wave climate, sedimentation rate, $ezel
changes, physiography of the margin, vertical mobility due to volcanic activity deitang
their evolution

U Better constraint the evolution of volcanic islandad their history of vertical movements
focusing orthe earlier stages of development.

1.3 Thesis structure

In order to pursue the proposed objectives, the thesis structure reflects the workflow followed by
the research activity:

Chapter 2 provides a general overview of the literature regarding tfrmation and evolution
of insular shelvesThe state of the artof the researchis presented in 2.1, while the following
sectiors outline the mfluence of sedevel changes oshelves evolution (2.2) and theechanism
driving the sediments distribution on the shelf (2.3)

Information regarding the acquisition and processing of the dataset used in thisistgidgn in
chapter 3. Moreover, this chapter introduces the methodology used to measure the
morphometric parameters of the shelveand associated uncertaintiesA more etailed
description of the methods used to calculate the vertical mobility trends is, insfgadentedin
the manuscripts Ill and V.

In chapter 4the geographical angeodynamic settingof the Aeolian and Azore&rchipelagos
are briefly introducedand, n particular the geologicahistory of the Central Aeoliamslands and
Santa Maria Island are presented, in order to provide a general overview of the study areas.

In chapter 5the morphological characteristics of the shelves around Salina Islamd heen
integrated with the onshoreggeologyand used as proxies for reconstructing the development of
the severalvolcanic compleas that compose the islan@ection5.1, Manuscript ). By exploiting
the same dataset, we provide insights on tletative ®alevel changes experienced Balina in
the last 20 ka, on the base of the distribution, depth range and inner geometry of the sedimentary
bodies { | Y SSkbmarineDepositional TerracésSDT) lying on the shedfection5.2, Manuscript

I1). The contribution of regional/local uplift/subsidence on the vertical mobility trend of Salina is
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also computed and discussed (section 5.3, Manuscript Ill) by comparing the information provided
by subaerial (marine terraces and notches) and submerged (€uge depth, submerged
terraces) markas with published se#evel curves. Moreover, we discussed the possible
mechanism driving the subsidence/uplift trend of the island.

In chapter 6 the approach adopted for Salina was applied to study the morphological
characteristics of the insular shelves of Lipari and Vulcano islastosssing similarities or
differences with respect to Salina Island. The information provided in this section will be further
developed in the future, ancelated manuscripts will be suhitted to peer reviewed journalsThe
island of Lipari has similar sedevel markers to Salina, therefore the vertical behavior of the
variousvolcanic commxes forming Lipari is discusbtand compared with nearby Salina.

In chapter 7the shelf width andthe depth of its edge around Santa Maria Island were
consistently related with the onshore geology and were used as proxiesipttate the
evolutionary model of the island. Moreover, we investigated the complex interplay between
sedimentation, massvastingand tectonics.This chapter is part of a manuscript (Manuscript 1V)
that is going to besubmitted for publication.

Chapter 8concerns the vertical mobility trend of Santa Maria Islahdugh the study of
subaerial and submerged marine terracéis Manusdpt V we deal withthe complex interplay
between glacieeustatic sedevel fluctuations and the island vertical motion trends. In this
fashion, we tried to correlate the formation of different subaerial and submerged terraces with
known sealevel standswith the aim of providing a relative age for the formation of such terraces
understand which factors controlled their formation and preservation &edter constraint the
island uplift.

Chapter9 deals with the comparison of studied insular shelirethe Aeolian Archipelago with
those on the volcanic island of Santa Marie different oceanographic and volcanic settings
discussing how different factors may play a variable role iséhmntexts

Finally,chapter 10 presensthe conclusionsanda briefoverview of possible future research.

The following articleseport the results ofthis work according to the aim and objectives ofth
Ph.D project:

- Manuscript |

Romagnoli C, Casalbore D, Ricchi A, Lucchi F, Quartau R, Bosman A, Tranne CA, Chiocci FL. 201
Morpho-bathymetric and seismestratigraphic analysis of the insular shelf of Salina (Aeolian
archipelago) to unveil its Lat®uaternary geological evolution Mar. Geol. 395: 133151.
http://dx.doi.org/10.1016/].margeo0.2017.10.003.

- Manuscript Il

Casalbore D, Romagnoli C, Adami C, Bosman A, Falese F, Ricchi A, Chiocci $iibr2adBe
Depositional Terraces at Salina Island (Southern Tyrrhenian Sea)laptications on the Late
Quaternary Evolution of the Insular ShelGeosciences 2018- 20; DOI10.3390/geosciences
8010020



- Manuscript Il

Lucchi F Ricchi A Romagnoli C, Casalbore D, Quartau [RateQuaternary paleo sedevel
geomorphological tracer®f opposite vertical movements at Salina volcanic island (Aeolian Arc)
Submitted to Earth Surface Processes and Landforms, under revision.

- Manuscript IV

Ricchi A, Quartau R, Ramalho R, Romagnoli C, Casalbdiee Dnterplay between volcanic,
erosional, depositional, tectonic and masgasting processes: new insights from the study of
Santa Maria Island insular shelfn preparation.

- Manuscript V

Ricchi A, Quartau R, Ramalho R, Romagnoli C, Casalbore D, Ventura da Cruz J, Fradique.C, Vinhas
2018. Marine terrace development on reefless volcanic islands: new insights from -high
resolution geophysical data offshore Santa Maria Island (Azores Archipelaijia. Geol. 406:

42-56; https://doi.org/10.1016/j.marge0.2018.09.002.



2. INSULAR SHELVES

2.1 State of the art
+2f OFLYyAO Aafl yRA highly@ddudive Sed meusisthay ke grbvén atiove the
sealevek 0{ OKYARG 39 { OKY A yuit§egndvoloanicractivity dnanges t& BoreS | NI
stable strombolian/hawadin eruption and allows a submarine volcano to emerge above sea level.
The growth and decay of volcanic islands is due to a combination of several processes, such as the
age of the underline lithosphere (Parsons & Sclater, 1977), surface and subsudadmg
(Menard 193; McNutt & Menard, 1978; Scott & Rotondo, 1983; Schmidt & Schmincke, 2000; Ali
et al., 2003), redistribution of volume due to erosion and landslididgeget al., 1993; Filmeet
al., 1994; Schmincke, 20p4nd hotspot swell dynamic8/énard, 193; Detrick & Crough, 1978;
McNutt, 1988; Sleep, 1990; Morgatal., 1995.

Although volcanic islandare in the order ofsome thousands all around the world, the
evolutionary stages that leads to their formation are simdad relatively welknown. Generally,
the early stages of development are characterized by vigorous volcanic gativiipg which
islands grow above sea level by volcanic construction occurring faster than the effects of
destructive geological processelhe latterprevailduring long periods of quiescenddowever,in
the long term as the island get oldethe erosive processdsecome predominan{Schmincke et
al., 1995; Schmincke, 2004).

Among several simultaneous and/or alternating geological processes (including crustal vertical
movements and sekvel fluctuations) acting during thousands to millions of yeaaye erosion
is one of the most important in shaping the present day morppglof islands It carves useful
geomorphic indicators on the flanks of volcanic islands, such as coastal notches, marine terraces
and shore platforms in coastal areas, and insular shelves on submerged flanks (Quartau et al.,
2010, 2012; Ramalho et al., Z)1In particular, the imprint othesephysical processes in shallow
water areas may provide valuable information for reconstructing the geologic history of volcanic
islands(Fletcher et al 2008;Kennedy et aJ 2002;Mitchell et al, 2008, 2012Quartau et al, 2010,
2012, 2014 Quartau and Mitche]l2013;Babonneau et al 2013;Chiocci et al 2013;Romagnoli
2013;Casalbore et gl 2015).

A significanttechnologicakdvanceof multibeam bathymetric and seismic reflection acquisition
systemsoccurredin the last decades. Thellowed to obtain higkresolution geophysical data that
can be exploited to characterize with very good detail morphological features underwater (Krastel
et al.,, 2001; Bosman et al., 2015tudies performed worldwide aleed recognizing insular
shelves around volcanic islands in various geodynamic settings. In the open sea, researchers have
described shelves in HawdClague and Moore, 200Eletcher et al., 2008), Canaries (Ablay &
Hurlimann, 2000; Mitchell et al., 200Blanes et al., 2009), Azores (Quartau et al., 2010), Surtsey
(Romagnoli & Jakobsson, 2015), Montserrat (Le Friant et al., 2004) and South Sandwich islands
(Leat et al., 200). In the Mediterranean Sea, shelves have been described in the Aeolian Islands
(Romagnoli, 2013), Pontine Archipelago (Chiocci and Orlando, 2004), Linosa (Romagnoli, 2004) and
Pantelleria (Calarco, 2011) islands.



The initiation of an insular shelf starts whre intense volanic activity that characterizebe
early stags of growth of theseislandsprogressively wanesllowingmarine erosionto carvethe
flanks ofthe island(Menard 1983)During stillstandsvave erosioressentially workat a constant
level, carving shore platformIn response to subsequent glaciaterglacial sedevel oscillations
the mechanical wave erosion operatimg the intertidal zone migrates landward and seaward,
turning the shore platform into an insular shéfrenhaileet al. 1989, 2001; Quartau et al., 2010;
Ramalho et al., 2013)its successive development/evolution is mainly driven by the balance
between the processes that progressively enlarge the shelves (maang erosion) and those
that dismantle them (mass wasting) and fill the accommodation space -gvoston volcanic
activity and sedimentation) (Menard, 1983)uartau et al. (201220150 developed a conceptual
model for the morphologic development of insular shelves in volcanic isl&ngs1(.) using Faial
and Pico islands (Azores Archipelago) as case isistés the shelf become wider and more
gently sloping, in fact, waveroded surfaces trend towards a state of equilibrium because wave
attenuation cause erosion rates to decrease through time so that shelves cannot growth
indefinitely (Trenhaile, 2001). Generaliyhere wave erosion dominates and there is not recent
volcanic activity, wide shelves occur, possibly covered by thick sedimentary bodies and facing high
plunging cliffs (Quartau et al., 2014, 2®)5 On the contrary, where the volcanic activity
dominates, the shelves tend to be narrow, characterized by widespread rocky outcrops and are
covered by relatively thin sediment coverhe latter morphology is caused bygterosional
volcanismthat might partially or completely fill the accommodation space left by erosion,
NERdzOAYy 3 (KS &aKSt T g Rubak et al.ga2082 Beded doastsl Racta &St 0S
morphologically immaturecomposed ofow cliffs or even absent due to formation ofvia deltas.

It is commonly accepted that the shelf width reflects the effects of wave erosion occurred
during several relative seavel fluctuations Ablay and Hurlimanii2000),Le Friant et al(2004),
Llanes et al(2009),Menard (1983),Quartau et al (2010) andRomagnol(2013) checked a direct
relationship between shelf age and shelf widtbtudies focused in the AzoreQuartau et al.,
2010, 2012, 2015 2016 and Aeolianislands Romagnoli, 2013addressed the shelf widthsaa
useful tool forreconstructing the original extent of the adjacent volcanic edifice prior to wave
erosion (on shelf sectsnot affected by landslides processes or covered by later volcanic activity)
Accordinglyjt can be used as a proxy of the relative age of the afjasubaerial volcanic edifice
(i.e. the wider is the shelf, the older is the subaerial edifice). However, other factors may control
the shelf width in a specific sector: for instanddanes et al(2009) andQuartau et al (2010)
related shelf sector with to wave exposure. Quartau et al. (2010) checked the shape of the
shelves around Faial Island (Azores Archipelago) through modeling and found disparities between
the modeled and the present shelf, which were associated to varied resistance to erositumit¢e
movements, unrecognized volcarpcogradationand errors in radiometric dates, or to the shape
of the coastline. The role of subsidence in shelves evolution has been also quantitatively discussed
by Trenhaile et al. (2014) and Quartau et al. (2)18sing a wave erosional model they evidenced
that subsidence exacerbates the effects of wave erosion, promoting the enlargement of the
shelves with an almost linear relationship.

10
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Fig. 1.1Conceptual model of the morphologic development of insular shetverolcanic islands (from
Quartau et al. 2012), showing the competition between processes that form them (mainly wave erosion)
and processes that fill the erosional spaces (mainly volcanic progradation and sedimentation) during
different sea levels. Eadiox represents a croshore profile of the shelf with high vertical exaggeration.

The model starts at i_a and develops into the four possible stagesv_a, v_b, v_c and v_d. See Quartau et al.
(2012) for details on the legend. Note changes in the deptiheoshelf edge (black dot).
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2.2 Relative sedevel changeand insular shelves

LG A& 6ARSf&@ I OOSLIWSR GKIG GKS GFNAIFGA2ya 27
YR 20fAljdzAaGe FyR LINBOSaaA Huftuatoms (NMil&nKovitehy T0E0K Q &
being responsible for the alternation of glacial and interglacial periods, especially in the
Quaternary. The periodic modification of ice volumes causes variations of the masses and volume
2F GKS 20SI yad kIS flackiatbes(Gomitz, 2@8zMiller et al., 2005) led

to repeated emergence and submergence of the coastlines. Moreover, due-tandevaterload
variation Kopp et al., 201% gravitational attraction (Hay et al., 2014), sediment contipac
(Torngvistet al., 2008; Marriner et al., 2016) and redistribution (Dalca et al., 2013), tectonics
(Kelsey & Bockheim, 1994; Vacchi et al., 2012; Dura et al., 2016) and vodtateid deformations
(Lambeck, 2011), landmasses may move vertically, gid G KSA NJ O2 y (i NHNevedz(i S
fluctuations. Being regional and/or local in nature, relative -Eel changes may be more
important than the global eustatic signal in controlling the emergence or submerged trend of
coastalareas(Rovere et &, 201§. The imprint left by relative sekevel fluctuations is commonly
evidenced by the occurrence of geological markers and archeological indicators directly connected
with former sealevels(Rovere et al., 2016 Both are widely used to reconstruct paleo deael on

coastal areas, however only geological indicators may allow to reconstruct relativievata
fluctuations occurred several ka or Ma ago (Dutton et al., 2015). These markers are represented
by fossilrfemains (Rovere et al., 2015), erosive and depositional featuresesbdachrocks (Mauz

et al., 2015), coastal notches (Ferranti et al., 2006; Trenhaile, 2015), marine terraces (Zazo et al.,
2002; Lucchi et al., 2043b, Ramalho et al., 201,/insularshelves Quartau et al., 2010, 20)4nd
submarine depositional terraces (Casalbore et al., 2014; Pepe et all). 20k identification of

such markers is fundamental to infer rates of crustal vertical movements and relativievata
changes. Being volo& islands commonly subjected to significant vertical movements (De Guidi
and Monaco 2009; Ramalho et al., 2013),-k»eel markers can often be found both above and
below present sea level.

An important geomorphic feature to this purpose is the insudhelf edge or shelf break, a
(normally) sharp topographic feature that marks a dramatic increase in slope to greatersdepth
(Southard and Stanley, 1976). Being the result ofwh&eerosionthat occurred during lowstands
periods at or close to the wateudace (Trenhaile, 2000, 2001), its depth can be adopted to assess
subsequent vertical movements undergone by the volcanic edifice or part of it, after its
development (Quartau et al., 2014, 204,32016).If the edge of the shelf is shallower than the
maximum eustatic sekevel depth during the island growtit means that (i) the island has
suffered uplift or (iithe shelf is more recent than the last lowstand, starting to form after the MIS
2 (20 ka, i.ethe last lowstand)Conversely, if the edge is deeper thak20/125 m (maximum
depth reached by the sea with respect to the present lenethe pastMa, Bintanja et al., 2005
Miller et al., 2005; Bintanja & Van de Wal, 2008; Raymo et al., 2009; DeeBakr 2010, the
given sector likelpubsided(Quartau et al., 2014; 20b%. This may allow to estimatan average
subsidence rate affectg the related volcanic edifioghich, in turn,can bean important factor in
controlling the development of the sifgQuartau et al., 20118.

12



2.3Sedimentatioron insular shelves

Volcanic islands areonstantly exposed to degradation and the wind/wave actidfaveerosion
strongly influences the shape of the coastline, in particular during the emergent anesipiesd
island stages and when the volcanic activity wanes (Ramalho et al., 20@8hoting the
production of volcaniclastic sediment©n reefless volcanicslands, the island's shape and
orientation relative to the tradevinds may also influence the transport and deposition of
sediments along the coasDespite vavesbeing the dominant agent that aatribute to shelf
sedimentation,other processes likexplosive volcanism, lava quenching when entering the sea
fluvial processes (enhanced by rainfall on the windward siflethe island)and biological
productivity can bealso locallyymportant as sediment sourcelenard, 1983, 1986Quartau et

al., 2012 Salvany et al., 20)2The sediments produced by these processes accumulate along the
coastlineand are transported further down thshelf. In fact, he combination ofwaveinduced

and winddriven currents can rsuspem the sediments, in particular duringhore energetic
seasons (Calhoun et al., 2002; Ogston et al., 2004; Norcross et al., 2002). As a result, sediment (silt
and sand) maye transportedalong and across the shelf remaig for a short time in the
nearshore.

During stormy conditionsyaves poduce high coastal setup against the shore that is commonly
balanced by strong and opposite downwelling bottom currents (Field and Roy, 1984; Hernandez
Molina et al., 2000; Chiocci et al., 2004, Meireles et al., 2Ba&3ed on their observationgjeld
and Roy (1984)Tsutsuiet al. (1987),HernandezMolina et al. (2000)Chiocci & Romagnoli (2004)
and Quartauet al. (2012) suggestethat nearshore sedimentsuspended by the storm waves
induced turbulence,are efficiently transported onto the shelf by stoimduced downwelling
currents. The sediment deposition stasdhere wave agitation declines towards the threshold of
movement, formingmore or less thick deposits offshore, having different geomefriiese
sedimentary wedges are weakcognizable on bathymetry due to their terraced shape, with a
marked (depositional) edge corresponding to the top&etset rollover depth(commonly in the
range of-15/-60 m, depending on the oceanographic setting, MitcH2l12) and thickness in the
order of tens of metres (Chiocci et al., 200Ferraced sedimentary bodies, also reported in
literature asnearshore sand bodies (i.e. Field and Roy, 1984), infralittoral prograding wedges (i.e.
HernandezMolina et al., 2000) r@d submarine depositional terraces (SDT in Chiocci et al., 2004
and Casalbore et al., 201)7aill be hereafter referred as SDTs. They have been recognized around
several volcanic islands such as in the Azores Isl@dartau et al., 2010, 2012, 2014, 2015
Chiocci et al., 2013), the Pontirdrchipelago (Chiocci and Orlando, 1996), the Aeolian Islands
(Chiocci and Romagnoli, 2004; Casalbore et al., 2010; Romagabli 2013, b; Casalbore et al.,
2016) and Linosa island (Romagnoli, 200Relationshipsiave been found betweethe rollover
depth, the fetch and exposition of coastal tracts (Chiocci and Romagnoli, 2004; Mitchell et al.,
2012)and the local wave regime, evidencing the key role played by steawe base level in their
formation (Lobo et al.2005; Barcenas et al., 2015; Casalbore et al., RBHotwvever, @spite their
wide distribution, the physical parameters driving the formation of SDTs are still partially
understood, especially the relationship between their depth, wave energy andeseaposition.

In the Aeolian and Pontine Islands, shakoater clinoforms located in the first 285 m depth,
13



have been interpreted as recent to presetay features (Chiocci and Romagnoli, 2004; Casalbore
et al., 2016a, b), while terraces found close te ghelf edge have been interpreted as lstand
deposits, whichremained relict during sekevel rise(Chiocci & Orlando, 199&hiocci et al., 2004;
Casalbore et al., 2016a, b). Mstielf terraces are generally attributed to stillstands of the relative
sea-level during the last transgression (Casalbore et al., 2017a). However, in the Azores, which are
much more energetic than the Mediterranean, Quartau et al. (2012, 2014, 2015) found SDTs edges
much deeper, down te60 m, which the authors believe to begsentday featuresThe edge of
the SDTs could be alé® used for palaeesea level and vertical movement reconstructibrine
wave energetic regime in which they were formed is taken into account

Being insular shelves often prone to submarine maasting (Casalbore et al., 2015; Quartau
et al., 2018®), the accumulation of sediments within the island shelf is transient, in particular when
submarine canyons cut through the shelf edgaiftAnge et al., 2011; Sisavath et al., 2011;
Romine and Fletchre2013 and during sedevel lowstands, when the islands shelves are reduced
in size Avila et al., 2008a; Quartau et al., 2012onversely, the occurrence of a wide shelf during
highstand conditions might limit the transport of sedimetuslow the shelfedge promoting the
sediment accumulation on the shelf.
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3.DATAETAND METHODS
3.1 Dataset acquisition

This thesis is based on the analysis of sheknnel seismic reflection profiles and higgsolution
multibeam bathymetricdata collected around the Aeolian Archipelago and Santa Maria Istand
the last decades

In the Aeolian Archipelago, data weodbtained bythe University of Romex {LJA S y'thel ¢
University of Bologna and the CNRBAG (Consiglio Nazionale delle Ricert$téuto di Geologia
Ambientale e Geoingegneriaf w2 YS 2y 021 NR GKS NBaSINOK @S3
GaAySNBI wmMEdP ¢KS o0 GKeYSdNKRdireR) vias aoetted dsing R~ ¥
multibeam systems working at frequency range of1®0 kHz depending on the water depth and
recorded using a differential GPS system (see details in Romagnoli et al., 2013). Moreover, shallow
water areas (depth < c. 50 m) were surveyed using a small boat equipped with a Teledyne Reson
7125 multibeam system waing at a frequency of 400 kHz, and a GHE (Real Time Kinematics)
positioning (see details in Bosman et al., 20¥5)grid of 151 highiesolution seismic reflection
profiles wasacquired in 1993 and 201€igure 31). The first dataset was acquired ugia Sparker
0.51 kJ aboard the catamaramcaurina Mariannawhile the latest one was acquired in 2016
aboard the R/ \Minervalusing a Sparkesource working at 0-8.5 kJ around the islands of Salina
and Lipari Figure 3.1 Latest data have been colledt using a DGPS, while older data were
collected using a ncdifferential GPS periodicallyalibrated with a ground statioriThe vertical
resolution of the analyzedSparker profiles can be estimated in the order%fm due to the
emitted frequency and theinging effectsFinally, he subaeriaDigital Terrain ModelsO(TMs) of
the islands (cell size of 0.4 m)sed in the studyave been collected by the Italian Ministry for the
Environment, Land and Se€aotection through LIDAR flights.
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Figure 3.1Dataset used to study the insular shelves around the Central Aeolian sector showing the location
of the seismic reflection profiles (red and yellow lines) and the multibeam bathymetry.

The shallow wateportions | NB dzy R GKS AaftlyR 2F {Fydl al NX
0 S NNX 2 Nighéedolutiors iNdRileam bathymetry and seismic reflection défgure 3.2
were collected in the scope of PLATMAR profBetvelopment of volcanic island shelves: insights
from Sta. Maria Island and implications on hazard assessment, habitat mapping and marine
aggregates managemerftom 24" August to 18 September, 2016nboardthe R/VArquipélago
The multibeam bathymetry was acquired between20 m and c-250 m mostlyparallel to the
coastline using a pole mounted Kongsberg EM204@@stem operating at frequencies ranging
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from 200 to 400 kHand angular coverage of 130°. The vessel position relied on RD@RS
OMNISTAR correctionSound velocityprofiles (SVP) were frequently collected during the survey
using an AML MinosX Sound Velocity Profilen correct variations in sound velocity due to
temperature and salinity changes throughout the water column.

A dense network of 614 higtesolution sésmic profiles (total of 2008 knkigure 3.2 was also
acquired between25 m and-300 m using an Applied Acoustic Engineering AA 200 Boomer plate
and a receiver array consisted of a singt@nnel streamer with 8 hydrophones. Most of the
seismic profilesvere acquired using 100 J or 200 J of output energy, depending on the water
depth. Seismic survey lines parallel to bathymetry were made concurreifythe multibeam
survey, so line spacing varied along depth (between 20 to 200 m), while seismic lines
perpendicular to the coastline were spaced c. 250 m.
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Figure 32 Dataset collected around Santa Maria Island during the PLATMAR 2016 survey. For details see
Manuscript V.
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3.2 Datasetprocessing

In order to create Digital Elevation Models (DEMs), mingdtibeam data collected around the
Aeolian Archiplago were processed using Caris Hips&Sips software byl&NR The cedlize
varies from 0.1 m to 0.5 rat depths <-50 m,from 0.5 m to 10 nbetween-50 and-300 m and
from 15 m to 25 m at deeper depth (1500 m). The earliestanalogic)dataset of seismic
reflection profiles has been digitalized by the University of Rome and successively relocated via
homologous matching of features observed on seismidil@oandmultibeam bathymetrydue to
the low accuracy of the adopted GPS systé&ims work was not necessary for the latest dataset,
since data were DGH®TK positioned.

Themultibeamdatasetcollected around Santa Martzas been processeoly the Hydrograplic
Institute of Portuguese Navy using Caris Hipg% 9.0 software to produce higesolutionDEMs
with variable cells size depending on the water depth (1 m for shallow water to 8 m c. 250 m).
Seismic reflection profiles were recorded iTRAformat and then converted to SEG to be
processedby the IXBLUE DELPH SEISMIC INTERPRETATION software v4.0. Each seismic line w
processed applying the followingocedures

a) Layback correction;

b) Bandpass filter between 320 Hz and 5600 Hz ubbnoise outside the signal bandwidth;
¢) Time Variant Gain (TVG), in orderdégcoverthe signal attenuation witldepth,

d) Swell filter to correct theeffect ofwaves;

e) Automatic Gain Control BQ that balances ouamplitudes across a whole trace;

f) Stacking, in order to improve the sigriatnoise ratiq

g) Water column removal.

To convert from milliseconds to meters, we adopted a sound velocity of 1500 m/s and 1800 m/s
depending on the absence/occurrence of sediments on the shelf, respectively.

3.3 Datasetinterpretation

The shelf width and erosive edge depth were detailed mapped exploiiatgymetric cross
sectionsand seismic profiles, while the comparison of offshore and onshore morphologies was
realized on subaerial DTMs and submarine DEblsalized as shaded reliepntour maps, and-3

D surfaces. In th€entral Aeolian sector, a detailed and continuous mapping of the erosive shelf
edge has been carried out all around the islands through more than 1000 -badhyhological
profiles positionel at 50 mintervals perpendicularly to the coastlin€&igure 3.3 in order to
integrate thelargelyspacedseismic profilesThe dataset of seismic profiles helped to map the
erosive edge depth where sediments (commonly from 10 m to 30 m thick) partiagr the
shelf. At Santa Maria, the dense network of seismic profiles collected across theFspete(3.2
allowed to investigate with high detail the morphological features of the shelf and to map the
distribution of the sedimentary cover and to measuits thickness The uncertainty in the
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definition of the erosive shelf edge depth has been estimated in the order of few meters,
depending on the resolution of theeismic reflection profiles and thaultibeam bathymetry.

Since the shelf in some places is affected by processes responsible for its partial dismantling
that are not directly linked with wave action (landslides, canyons, gullies, etc), only the maximum
values of shelf width and erosive edge depth for each seaterconsideredn the analysesThe
shelf edge associated to ¢hportion carved by mass wasting process have been named eroded
edge, while theedgepreserved by erosion have been named erosive shelf edge.

To study the shelf width and the erosive shealfje depth, the shelf surrounding each island has
been divided in sectors, according to their morphological differencesthrmigh comparison
with the age of the products outcropping onlar{dee Manuscripts | and IVMeasures were
reported in graphs showg the variation of the shelf width and edge depth. An important part of
the thesis encompassed an integrated approach with field data of the subaerial portion of the
studied volcanic islandsThe aim wago better define the links between the onshore/offfsre
geology and toobtain an integrated estimate aothe vertical mobility trend of the islands. To
calculate the uplift/subsidence trends we adopted different apprastwhich are explaied in
detailin Manuscripts Il and V (included in chapt&rand 8respectively)
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Figure3.3 Bathymorphological profiles (black lines) used to measure the shelf width and the erosive edge
depth in the Aeolian Islands.
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4. GEOLOGICAL AND GEOGRAPHICAL SETTING OF THE STUDIED ARE
4.1 The Aeolian Archipelagoregional setting

The Aeolian Archipelago is an articulated-sih@ped volcanic structure located in ti@uthern
Tyrhenian Sea, with aoverall length of about 200 km. Its seven islands (Alicudi, Filicudi, Salina,
Lipari, Vulcano, Panarea and Strompblg.4.1) and surrounding seamounts represent the tip of a
large volcanic structure emerging froi2000/-2500 m on the northern Sicilian slope (Romagnoli et

al., 2013 and reference therein). The formation of the volcanic arc is associated to thadobf

the NWidirected lonian subducting slab below Calabfadcenna et al., 2001; Serpelloni et al.,
2005 Chiarabba et al., 2008Yhe volcanic activity is mainly controlled by regional fault systems
that influence the morphestructural setting andevoluion of the islands (De Astist al. 2003,
2006b; Ventura 2013). Although a detailed chronostratigraphic framework of the subaerial
volcanic activity is well known on the basis of available radiometric ages and regional correlation
of marine terraces andephra layers (Lucclet al, 2013), the ages of the subarine portions are

still mostly unknown. The volcanic activity is considered to be entirely developed during the Late
Quaternary, since the oldest dated rocks, sampled from Sisifo (Beccaluva et al., 1982), Eolo and
Enarete seamounts (Beccaluva et al., 198&re dated at 1.3 Ma and 0.85.64 Ma, respectively.

The Aeolian Archipelago can be divided in three sectors (i.e. western, central and eastern) on the
basis of distinctive structural trends and evolution (De Astis et al., 2003). The westernmost islands
(Aliaudi and Filicudi) are the oldest and mostly influenced by a \ABSE fault system, while the
easternmost and youngest islands (Panarea and Strondrelixligned along NEW striking faults.

The central sector (Salina, Lipari and Vulcano islands) lie ahtérsection between the Tindari
Letojanni NNWSSE oriented volcanic belt and the WNRNE arshaped structure@e Astis et al.,

2003 (Figure4.1).

Information regarding wave and wind conditions in the Aeolian area are scarce, and mostly
based on Cical§2000)for the central and eastern sectors. In the Aeolian Archipelago winds
coming from NW and W are predominant, therefore the most energetic waves approach from
westerly directions. Stons, mostly coming fronthe Tyrrtenian Sea, siike the westerncoastines
with a large fetch (up to 300 nautical miles) and waves up to 6 m height. During autumn and
winter, winds from SEprovenancealso affect the SE and E coastlinks.this thesis particular
attention is given to thecentral Aeoliansector.
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Figure4.1 Shaded relief map showing the location of the Aeolian islantiei®outhern Tyrrhenian Sea and
main structural lineaments (frorBarone et al., 1982; Argnani et al., 2Q00Alicudi (Al), Filicudi (Fi), Salina
(Sa), Lipari (Li), Vulcano (Vu), Pandfea) and Stromboli (St); TL: Tinelagtojanni fault system.

4.1.1 CENTRAL AEOLIAN SECTOR

The islands of Salina, Lipari and Vulcano represent the emerged portion of volcanic edifices whose
base lies at.-1700 m(Figure 4.2 A small depositional basin at-800 m connects Salina with the
nearby Lipari island (SUBgure 4.2, while a shallowvater saddle c. 50 m deep in the shallowest
point 1y26y | a a. BOBJS 4. Rdonnectzl/ultang &ith Ligari conepl

Romagnoli et al., 201and references thereimmapped and recognized insular shelves as a
characteristic morphological elements of the western, central and eastern islands of the Aeolian
archipelago. The shallow water portions around the islands ofcéngral Aeolian sector are, in

fact, characterized by gently slopimdatforms mostly extended in the first 16060 m of depth
(Romagnoli et al.,, 2013). The widest shelves are located off the western flanks of Lipari and
Vulcano and around the westersputh-eastern and nortkeastern corners of Salin&igure 4.2,
marking the oldest volcanic edifices of the islaride Astis et al., 2013; Forni et al., 2013; Lucchi et
al., 201%&, Romagnoli et al., 2013). Below the shelf edge, the flanks of the islandteep and
commonly carved by gullies exhibiting a galdial pattern. The features tend to converge at
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deeper depths forming submarine channel&igure 4.2 Average gradients of the sulamine
flanks ranges from c. 30° to c. 10° in the first 500 m depthile approaching greater water
depths they decrease down tfew degrees (Bmagnoli, 201R
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Figure 42 Shaded relief the subaerial and submarine DEM of Salina, Lipari and Vi8t&dsalinkipari
Basin; BV: Bocche di Vulcano saddle.
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4.1.1.1 Salina

Salina is the highest (962 msd.) and second largest island (26%mf the Aeolian archipelago.

The island is the emerged portion of a volcanic edifice rising #5800 m (Romagnoli et al.,
2013), located at the intersection between tla@cshaped structure of the Aeolian archipelago
and the NNWSSE elongated SalihgariVulcano volcanic bel&gure 4.1

The subaerial volcanic activity of Salina developed between 244 ka and 15.6 ka through six
Eruptive Epochs (EE) (Keller, 1980¢chuet al,, 2013aj Figure 4.3 The earliest stage of the island
buildingis represented by the highly eroded Pizzo Corvo edifice (whichahascertain age and
stratigraphic position) and by the products of Pizzo Capo Volcano (EE22@44), located on the

W and NE portion of the island, respectively. During the EE3/4 the volcanic activity migrated
further south, forming the edifices of Mnte Rivi and Monte Fossa delle Felci (120 ka).
Following a period of volcanic quiescence, a new phase of activity produced the edifice of Monte
dei Porri (7667 ka) on the W side of Salina. The latest volcanic activity (EE6) is located at the
Pollaracrater (3015 kaj Figure 4.3

A succession of raised Late Quaternary (MIS 5) marine terraces, reflecting the interplay between
sealevel fluctuations and longerm vertical movements, crops out along the coastal slopes of
Salina. The downstepping arramgent of the different MIS 5 marine terraces (associated to the
high sealevel peaks of 5.5, 5.3 and 5.1 by Lucchi et24l09), with the oldest located at higher
elevation, allowed_ucchi et al(2013) to estimate an uplift trend for the archipelago ihd order

of 0.3 m/ka in the last 124 ka. However, the occurrence of remnant of raised marine terrace of
likely MIS 7.3 age below the younger MIS 5 terraces, witnesses the occurrence of possible
subsidence before the Last Interglacial (Lucchi et al., &013
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Figure 4.3Simplified geological map of Salina (modified after Lucchi et al., 2013) showing the main volcanic
centers, eruptive epochs and volcanic features, merged on the DEM of the island and the multibeam
bathymetry of the submarine shallow areas.

4.1.1.2 Lipari

Lipari is the largest island of the Aeolian archipelago (total area of 38 Kime present day edifice

is characterized by mugged morphology up to 602 m in elevation (Monte Chirieigure 4.4 and
represents the culmination of a mdynsubmerged volcanic complex controlled by the NISBE
oriented TindarLetojanni Fault System (Mazzuoli et al., 1995; Ventura, 2013). It emerged from
the sea more than 267 ka ago from -4700 m. Offshore, wide insular shelves covered by
volcaniclastic dposits surround the island all along the western and northwestern side and
around the Monterosa promontorin the eastern partwhile along the remaining portions these
shelves are remarkably narrower (Chiocci & Romagnoli 2004; Romagnoli 2013; Ronsgaloli
2013) (Figure 4.4 Lipari is characterized by distinct eruptive centers witnessing the complex
history of the island. Nine Eruptive Epochs (EE afterwards) interspersed by periods of inactivity
and volcanetectonic collapses, have been identifidebfni et al., 2013)Despitethe chronological
estimations ofthe EE1 are incomplete due to the lack of dating, the oldest exposed ‘Ralad
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volcanic centers (267 ka) have been recognized along the west coast and, very subordinately, in
the centraleastern sector Figure 4.4 The EE2 (26¥88 ka) records the renewal of volcanism
FNRBY | ydzYoSNI 2F @2t OFLyAO OSYuSNmB t20FGSR I f
@2t Ol #igu 4.3 distributed along northsouth alignments. During the EES 150 ka) only
M. Chirica renewed its activity. The following prolonged period of volcanic inactivity (c. 30 ka) is
recorded by the widespread marine terraces and fossils of palaeoshoreline I, witnessing the first
episode of marine ingression (MIS 5&41ka). The onset of thEE (119¢ 114 ka) led to a
significant shift of the vent localization towards the central and eastern sectors of Lipari, as
recorded by Monterosa and M. S. Angelo products. The latter, renewed its activity during the EE5
(c. 105 k) after a major quiescence period. This activity was followed by anathEd kalong
period of quiescence that was characterized by further episode of marine ingression and erosion
during the interglacial peak of MIS 5c¢ (100 ka), as recorded byntdréne terrace deposits of
palaeoshoreline Il. The EE6 was characterized by renewed activity ofAvig€élo and M. Chirica,
after whichthe Lipari volcanic complex saw a prolonged period of dormancy covering g#3 81
ka time interval. The episode of mae ingression of MIS 5a (81 ka) occurred during this
guiescence period, and it is recorded in the marine terraces of palaeoshoreline Il in the south
western coastal sector of Lipari, and subordinately, in the area of Monterosa. Renewal of
volcanism occued from vents located in the southern (collapsed) sector of Lipari under the
control of the main NNWSSE tectonic trend during the EE7-§Bka) and EE8 (20 ka). The last
activity ranged fromc. 8.7 ka to medieval ages and created a deiedd in the rorth-eastern
sector of Lipari, characterized by obsidian flqgwgure 4.4

A succession of raised marine terraces dated at MIS 5 are interspersed within the volcanic
succession along the western and, in a lesser extent, the eastern coastal slopesistnide at
elevation varying between 485 m a.s.l. and 12 m a.qLucchi, 2009; Calanchi al. 2002; Lucchi
et al. 2004a). On the base of these raised marine terraces, Lucchi €R@ld) calculated an
average uplift trend of 0.80.34 m/ka for the last 124 ka.
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Figure 4.4Simplified geological map of Lipari (modified after Forni et al., 2013) showing the main volcanic
centers, eruptive epochs and volcanic features, merged on the DEM of the island and the multibeam
bathymetry of the submaringhallow areas.
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4.1.1.3. Vulcano

The island of Vulcano (2Lknf) is the exposed summit of a volcanic edifice sited in the southern
most sector of the Aeolian archipelago. The edifice rises from the sea ffilmor c. -1200 m,
(Romagnoli, 2013) up to themaximum height of 499 m a.s.l. at Monte Ariidure 4.5 The
present day subaerial topography is dominated by two intersecting calderas (La Fossa Caldera and
Il Piano Caldera), both witnessing a complex history of volcanic and veleetonic events that

shaped this volcanic edifice (De Astis et al., 1997, 2006b). Insular shelves surrounding Vulcano are
in general less developed with respect Salina and Lipari, and are mainly located along the
western coastal portion (Romagnoli et al., 2QExjure 45). The geological history of Vulcano is
divided in eight successive Eruptive Epochs (EE) in the time interval between c. 127 ka and
historical times,separated by intervals of quiescence usually associated with the recurrent
volcanaotectonic collapses thigoroduced the multistage Il Piano and La Fossa caldeesAstis et

al., 2013).

The oldest product exposed on the island of Vulcano are lava flows that crop out along the steep
western coastal cliff in the sector of Capo Secco (EE1, cc 123 ka Figure 4.5, a lowsided

shield volcano reaching an elevation of c. 150 m above the present sea level. This former cone is
presently almost entirely dismantled, as suggested by the occurrence of a wide insular shelf here
(Romagnoli, 2013). After a quiescergripd, the eastward shifting of the main feeding system
gave rise to a large centrabnduit stratocone located in the southern sector of the island named

Gt NAY2NRAIf +tol KFiguged.5 th& eaclied elevations higher than 700 m. The
sunmit of the original stratocone was truncated by volcanic collapse, followed by the Il Piano
caldera collapse likely occurred at c. 100 ka. The renewal of volcanism gave rise to a series of
compound lava flows (EE3, 99.5, kagure 4.% that progressivelyfilled the Il Piano caldera
structure. The EE3 was interrupted by a volcanic collapse (occurred between 99.5 ka and 80 ka),
inferred to be the earliest phase of the multistage formation of La Fossa caldera. The EE4 (c. 78 ka
Fig. § took place after a. 10-kalong period of dormancy and erosion. The renewal of activity
(EE5, 712 ka) was characterized by the shifting of the eruptive vents towards the NNW, along
the rims of La Fossa caldera (Monte Rosso, Monte Luccia) and inside its morphologic depression
and within Il Piano caldera. A new collapse resulted in the development of the ceastdrn

sector of the La Fossa caldera and probably interrupted the activity of the EE5. During the-EE6 (28
21 ka Figure 4.% magma was erupted from vents and fisssimostly located along the western

side of Vulcano Island under the control of the outer rims of Il Piano and La Fossa calderas,
attesting for a new shifting of eruptive vents. TE& (21:13 kg Figure 4.5 reported a further
shifting of the active ventén the Vulcano history, passing from the western side towards the
northern sector of the island, within the mujthase La Fossa caldera or along its borders, leading

to development of the main portion of the Monte Lentia dome field. The whole Monte &enti
dome field was later offset by a collapse fault that formed the current western border of La Fossa
caldera. The younger products of Vulcano (EBBka Figure 4.% were erupted from different

vents located along the margins and inside La Fossa cal@leeaactivity in these new eruptive
centers occurred repeatedly at alternating times from c¢. 5.5 ka up to historical times (youngest
products erupted in AD 17398890).
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Figure 4.5 Simplified geological map of Vulcano (modified after De Astis et al., 20b8)ing the main
volcanic centers, eruptive epochs and volcanic features, merged on the DEM of the island and the
multibeam bathymetry of the submarine shallow areas.
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4.2 The Azores Archipelagpregional setting

The Azores Archipelago is madenaie islands (Flores, Corvo, Graciosa, Tercesi@ J8rge, Pico,
Faial, &0 Miguel and Santa Marid&igure 4.% located in mieNorth Atlantic on top of the Azores
Plateau Lourengo et al., 1998; Gente et al., 2003; Miranda et al. 8R0Ihis large triangar-
shaped area is dissected by the Mid Atlantic Ridge (MARgure 4.6, that separates the North
American plate (to the west) from the Eurasian and Nubian plates (to the Emgtre 4.6. The
boundary between these two plates is more diffuse. Thec@iea Rift (TR ifigure 4.% marks the
northern border of this area, while to the south the deformation progressively decrease along the
line that connects the MAR with the Gloria Fault (GFigure 4.6 (Hipolito et al, 2013;Lourergo

et al, 1998;Marques et al, 2013). In the past the Nubigfurasian border was located the now
inactive East Azores Fault Zone (EARAguare 4.5 (Laughton and Whitmarsh, 1974; Searle, 1980;
Madeira and Ribeiro, 1990; Luis et al., 1994; Luis and Miranda, 2008). In this complex tectonic
setting, governed by traction forces and righteral transtensional stressyolcanism is
tectonically controlledand occurs along faults (fissure volcanic systems) or at fault intersections
(central volcanoes) (Madeira et al., 2015; Marques et al., 2013).

30‘: W 25°W

Azores
____Archipelago

800 km

38°N
38° N

’n{c‘ .
. Santa Maria
Island

36° N
36° N

30° W 25°W
Figure 4.6 Shaded relief map showing the geodynamic setting of the Azores Archipelago (islands in
black).Theupper right inset show the location of the Azores Archipelago within the North Atlantic Ocean.
MAR: MidAtlantic Ridge; TR: Terceira Rift; EAFZ: Eastern Azores Fracture Zone; GF: Gloria Fault; NU: Nubian
Plate; EU: European Plate; NA: North American Hratedetails see Manuscript V.
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4.2.1 Santa Maria Island

The island isituated on the eastern edge of the Azores Plateau, at the convergence between the
TR, the GF and the EARAg(re 4.%. Santa Maridsland is roughly elongated i\ direction
extending up to 15 km in length and 9 km in width. It is the emerged part of a larger volcanic
edifice that rises from 2500 m depth. Its easternmost portion is the most ele\ated, reaching

587 m above sea leV at Pico Alto and is characterized by a rugged morphology with plunging
cliffs up to c. 250 m higtFigure 4.7. On the contrary, the westernmost portion of the island is
less steep and exhibits a set of raised marine terraces, giving it a staircasenatognp
progressiveljlowering westward (Ramalho et al., 2Q1Figure 4.J. The geological evolution of
Santa Maria is mostly known from its subaerial edifice, and it is inferred to extend from
approximately 6 Ma to 2.8 Ma ago (Ramalho et al., 261gure4.7).

A complex intermittent volcanic history characterizes the evolution of the island. Products of
the surtseyan and strombolian activity crop out on the western side of the island (Cabrestantes
and Porto FormationsFigure 4.7, attesting the emergete of the island edifice from the sea.
Then, the main building stages occurred betweenm3Ma, 4.13.5 Ma and 3.2.8 Ma. The first
stage formed a subaerial shield volcano (Anjos Volcanic Conijadgie 4.7 that consolidated the
island edifice. Thenfor c. 1 Ma, erosive processes dominatausing the partial or complete
dismantling ofthe island edifice. During this period occasional,-dmlume submarine volcanism
was active in the central and western parts of the island (Touril VolsadanentaryComplex,
Figure 4.7. Alternating vertical succession of submarine and subaerial volcanic products attests
the renewal of the volcanic activity and the-eenergence of the island above skxwel at 4.1 Ma
(Ramalho et al., 2017). During this stage, thanglgrowth occurred mainly to the west and to
east and culminated in the formation of the Pico Alto Volcanic Con{pigure 4.7. At 3.5 Ma, the
subsidence trend that characterized the island up to this point, reversed into uplift, as attested by
the occurence of raised (on the western side of the island) marine terraces (Ramalho et al., 2017).
From 3.5 Ma onwards, the island has been mainly subjected to erosion, although a last stage of
volcanism (3.2.8 Ma Figure 4.7 led to the formation of a set ofow-volume, monogenetic
magmatic and hydromagmatic cones of the Feteiras Formation (Ramalho et al., 2017).
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5. INSULAR SHELVES IN THE CENTRAL SECTOR OF THE AEO
ARCHIPELAGO: MORRPAOCOUSTIC CHARACTERIZATION, CONTROLLINC(
FACTORS AND IMPLICATIONS FOR THE GEOLOGICAL EVOLUTION
SALINASLAND

Although largely documented by Romagnoli, 2013 and Casalbore, 2016a, a detailed morphological
analysis of the insular shelves around Salina Island has not been carried out before. Furthermore,
due to scarce sampling and dating, the age of wide sarme portions of the volcanic edifices
remains largely unknown, unlike the emerged portions for which accurate stratigraphic studies are
available (LucchR009; Lucchet al., 2004; 20133. The following manuscript investigates in detall
the distribution and morphological differences of insular shelves around Salina and integrates the
analysis of the shelf edge depths with the subaerial stratigraphy, in order to infer the relative
chronology and development of the subnged portions of the ishnd. The results of this study
show that the morphological differences of the shelf surrounding a volcanic island are not simply
due to a regular shelf width/age relationship (as suggested by Menard, 1983), but also to other
local controlling factors thdikely influenced the shelf development. Moreover, the integration of
marine geophysical data with onshore field studies allowed investigating a better understanding of
the evolution of Salina Island.

My contribution to thismanuscriptincludedatasetandysis and interpretation andriting.
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ARTICLE INFO ABSTRACT

Keywords: The distribution and morphological characteristics of the shelves around Salina Island have been analyzed and
Multibeam bathymetry integrated with observations from onshore geological field studies in order to improve knowledge about its
]“s‘ﬂs; Shef]f"‘s evolution, and to demonstrate how shelf width/depth can be used as proxies for reconstructing the development
Coastal di

of the volcanic edifice. Insular shelves form essentially through marine erosion of volcanic centres during stages
of reduced or inactive volcanism, and are representative of their original extension. Shelves having larger widths
(commonly > 1000 m) and deeper edges (over 125 m depth) experienced wave erosion during successive cycles
of sea-level fluctuations and subsidence after their formation, thus being indicative of a relatively older age of
the eroded volcanic centres. Accordingly, we document offshore Salina the occurrence of presently submerged
and largely dismantled volcanic centres (namely Pizzo Capo North and Fossa delle Felci South) predating the
oldest subaerial products exposed on the adjacent coastal sectors. These offshore centres have subsided after
their erosion and are no more documented on land. Furthermore, the finding of the largest and deepest shelf
around the subaerial remnants of Pizzo di Corvo volcanic edifice allows relating it to an earlier stage of evolution
of Salina, shedding light on contradictory radiometric ages on land. Narrower shelves (commonly < 1000 m)
indicate a lower evolutionary maturity with respect to the larger ones; they are, in fact, formed along the sectors
of the island where younger volcanic products are exposed, such as to the north and south of Monte dei Porri.
The depths of the shelf edges, mostly at — 110 m (in the areas not affected by later mass-wasting), suggest that
these coastal sectors were relatively stable or even slightly uplifted after erosion during Last Glacial Maximum.
Moreover, several interacting factors (such as lithology of volcanic products, fetch and exposure to prevailing
storms, degree of submarine erosion, relative sea level changes) have been taken into account to explain the
morphological setting of the different shelf and coastal sectors of Salina.

On the whole, our results show the importance of integrated field and marine studies to unravel the geological
evolution of insular volcanoes and to obtain inferences on their vertical mobility.

Sea-level fluctuation
Volcanic island

1. Introduction prolonged periods of dormancy and sudden volcano-tectonic collapses.

Although its subaerial development is considerably well-constrained
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Salina is the highest (962m) of the volcanic Aeolian Islands
(Southern Tyrrhenian Sea) and represents the emerged culmination
(~16% of the total extension) of a larger volcanic edifice that emerges
from the seafloor at — 1300 m (Romagnoli et al., 2013; Casalbore et al.,
2016a). Its subaerial volcanism developed between ~244ka and
15.6 ka through the activity of different stratovolcanoes interrupted by

* Corresponding author.
E-mail address: claudia.romagnoli@unibo.it (C. Romagnoli).

http://dx.doi.org/10.1016/j.marge.2017.10.003

(Keller, 1980; Lucchi et al., 2013a), the submarine growth and the older
stages of the geological evolution of Salina are still poorly understood.

In this study, the shallow-water and coastal portions of Salina are
analyzed and integrated with field studies of the subaerial flanks of the
volcanic edifice, in order to improve our knowledge about its evolution.
The occurrence of submerged shelves around Salina is documented
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(Romagnoli, 2013; Casalbore et al., 2016a), but these features were not
studied with detail. They are formed by sea level fluctuations and
concurrent marine erosion of the volcanic centres, especially during
stages of reduced or inactive volcanism, thus playing a potential role for
paleo-morphological and relative age reconstructions if integrated with
the relative chronology of the products outcropping on land. Sub-
merged shelves commonly surround insular and coastal volcanoes in
different geodynamic settings (Ablay and Hurlimann, 2000; Mitchell
et al., 2003; Le Friant et al., 2004; Llanes et al., 2009; Quartau et al.,
2010). The association of larger and deeper shelves with the older
portions of the volcanic edifices is supported by several papers in the
literature (among which Menard, 1983; Mitchell et al., 2003; Llanes
et al., 2009) and is based on the commonly accepted assumption that
shelf width reflects the cumulated erosive action of waves over different
relative sea-level fluctuations. A number of case studies (well docu-
mented in the Azores islands, see Quartau et al., 2010, 2012, 2015,
2016 and in other Aeolian islands, see also Romagnoli, 2013) proved
that, where erosion dominates over volcanism, the shelf width can be
used as a proxy of the relative age and original extension of the cor-
responding subaerial volcanic edifices and allow reconstructing their
areal extent prior to marine erosion. Moreover, the depth of erosive
shelf break can be related to the paleo sea-level at the moment of its
formation as a tool to assess the vertical movements of the corre-
sponding volcanic edifice that have occurred after its erosion (Quartau
et al., 2014, 2016).

Salina is considered a good case-study to assess the relative role of
different geological and oceanographic factors in controlling the evo-
lution of a volcanic island because its coastal sectors are characterized
by different i) overlapping volcanic centres, ii) ages of exposed products
on land, iii) dominant lithologies (different ratios of lavas vs pyr-
oclastics) and iv) degree of wave exposure. Therefore, we assessed the
role of these local factors on the development and morphology of dif-
ferent coastal and shallow-water sectors of the island, in order to dis-
criminate which of them allow better constraining the evolution of the
island.

2. Geological background

Salina Island lies in the centre of the Aeolian Archipelago (Fig. 1,
inset), at the intersection between its arc-shaped structure and the
NNW-SSE elongated Salina-Lipari-Vulcano volcanic belt that corre-
sponds to the major Tindari-Letojanni strike-slip fault system (see
Ventura, 2013 for a review). Salina is dominated by the Monte Fossa
delle Felci and Monte dei Porri stratovolcanoes, with the older volcanic
edifices of Monte Rivi, Pizzo Capo and Pizzo di Corvo deeply eroded
and collapsed (Fig. 1).

The volcanic history of Salina has been described by Lucchi et al.
(2013a) relying on the radiometric ages of Keller (1980), Gillot (1987),
Calanchi et al. (1987) and Leocat (2011). The subaerial part of the is-
land has grown since ~244 ka through six successive eruptive epochs
(EE) interrupted by prolonged periods of volcanic quiescence, subaerial
erosion, and by recurrent episodes of sea level ingression leading to the
formation of raised marine terraces attributed to the marine oxygen
isotope stage (MIS) 7 and 5 (Keller, 1980; Lucchi et al., 2013a, 2013b).
The strongly dismantled Pizzo di Corvo stratocone in the western side
of the island (Fig. 1) has an uncertain stratigraphic position and
radiometric age (Lucchi et al., 2013a). However, it has been generally
considered as one of the oldest volcanic centres of Salina based on the
high degree of erosion and a basaltic composition similar to the early
products of the island (Keller, 1980; Gertisser and Keller, 2000). We
follow that assumption based on the above evidence, although recent
K/Ar ages of 163-110 ka, with high analytical errors, have been re-
cently proposed by Leocat (2011). The stratigraphically oldest exposed
products of Salina are basaltic lava flows and strombolian scoriae of the
NE-SW-elongated Pizzo Capo composite volcano (EE1-2, 244-226 ka,
Fig. 1) in the NE sector of the island. Marine erosion of the early
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volcanic edifices during MIS 7.3 (Lucchi et al., 2013a) is recorded by
marine terrace deposits (paleoshoreline A) discontinuously recognized
along the northern coastal cliffs (dark blue dots at the coastline in
Fig. 1), at elevations varying between 10 ma.s.l. and the present sea
level. Renewed activity shifted to the central-southern sector of Salina,
where the stratocones of Monte Rivi and Monte Fossa delle Felci were
constructed by basaltic to dacitic pyroclastic successions and lava flows
(EE3-4, 160-121 ka, Fig. 1). These volcanic edifices, together with the
Pizzo Capo volcano, are cut by prominent and laterally-extended ter-
races (light blue dots at the coastline in Fig. 1) attributed to the Last
Interglacial, with inner margins at elevations of ¢. 50 m (paleoshoreline
I, MIS 5e, 124 ka), 25-30 m (paleoshoreline II, MIS 5c¢, 100 ka) and
10-12m as.l. (paleoshoreline III, MIS 5a, 81 ka). Younger volcanic
activity in western Salina built up the basaltic-andesitic to andesitic
Monte dei Porri stratovolcano (EE5, 70-57 ka; Fig. 1). The successive
period of quiescence was characterized by deposition of thick succes-
sions of pyroclastic layers from outside Salina, mostly represented by
the Brown Tuffs from Vulcano and the Ischia Tephra (Lucchi et al.,
2008, 2013a). These were interlayered with epiclastic horizons derived
from erosion and mass-wasting of the existing volcanic edifices, parti-
cularly along the northern and eastern coastal areas. The last phase of
activity is at the Pollara crater located in the NW corner of Salina along
the northern rim of a flank collapse affecting the Monte dei Porri edifice
(Fig. 1). This crater produced the andesitic Punta di Perciato lava flows
and widespread rhyolitic pumiceous successions (EE6, 30-15 ka).

The raised marine terraces along the coasts of Salina are the result of
the interaction between the major Late-Quaternary interglacial high
sea-level peaks and long-term vertical crustal movements during the
Late Quaternary (Lucchi et al., 2004, 2013a, 2013b). In particular, the
MIS 5 terraces are found in a downstepping suite with the older terraces
lying at higher elevations, reflecting an uplift of the island at almost
constant rates from the Last Interglacial (0.35/0.37 m/ka), comparable
to those estimated for Lipari and Filicudi (Lucchi, 2009). Instead, the
MIS 7.3 terrace provides evidence of a subsidence affecting the early
Salina before the Last Interglacial (Lucchi et al., 2013a).

3. Insular shelves and submarine depositional terraces in the
Aeolian Islands

Insular shelves are common features around the Aeolian Islands
(Chiocci and Romagnoli, 2004; Romagnoli, 2013). They constitute
gently sloping erosive surfaces carved in the volcanic flanks of the is-
lands, extending from the coastline to the shelf break, the latter
marking a sharp increase in gradient passing to the submarine slopes of
the islands (typically < 12° steep, up to 20° in some cases). In all the
islands, the wider shelves are commonly found off sectors where the
older volcanic products and centres are located, thus indicating that
these coastal sectors experienced extensive wave erosion processes
during successive cycles of sea-level fluctuations (Romagnoli, 2013).
Consistently, the narrower shelves are found adjacent to sectors where
younger volcanic products crop out, thus reflecting the exposure to
fewer cycles of marine erosion.

The erosive surfaces of insular shelves are generally covered by
volcaniclastic sediments organized in a set of submarine depositional
terraces (hereafter named SDTs), with a wedge-shaped geometry and
internal prograding structure (Chiocci and Romagnoli, 2004). Different
orders of SDTs are recognized on the shelves around the Aeolian Is-
lands, with their depositional edges typically located at depths between
—10m and — 120 m. Their formation is due to seaward transport of
sand from the surf zone and shoreface during storms, similarly to other
sand-rich infralittoral prograding wedges observed on insular and
continental shelves (Field and Roy, 1984; Hernandez-Molina et al.,
2000; Chiocci et al., 2004; Quartau et al., 2010, 2014, 2015; Mitchell
et al., 2012). The shallowest (near-shore) SDT has a depositional edge
at depths between — 10 m and — 25 m, approximately corresponding
to the modern, local storm-wave base level (Chiocci and Romagnoli,



36

C. Romagnoli et al.

LEGEND
I
—
2 £ : A
Ty == Epoch (B cantres o5
AT = <
g, 20
& o Elg o | | == [o potera 3018
Aleudl poofian ) L |
Islands &,“{W@i_mf* Fbt| eroun Tufts
[ 25 it
ges | [Far Monte dei Pori 057
Swon FgRsghorcine L moccs | 1051
"z | Monte Fossa defe Felei
Ees Eﬂ {upper)
Monte Fossa defe Felei L)
g 2 Monte Rivi
; ) Palacshoreling A ferranes
A : "\.,\’\ Soven Flsteline s 220
z} Tvrehenian EE2 pfi
Ses | P20 Gapo 244226
“lhed ESEE, bt B o S DS
, H
’{ i el [#0] Pezodicavo s

14°60'00"

Marine Geology 395 (2018) 133-151

14°5200"

EYMOOLS
Eﬂt) erater im L lava flow :‘5 caldera type
b buried w »/ Collapsz ¥m
RS g =
¢ 3 craterarea i ™) foctorcolapse
\:" buded & rraring depasits
O eruptve fissure S% feederdyke  “%° OfUnceitEin ags

detrital deposit

A g;#di"s & plug dome

Fig. 1. Simplified geological map of Salina showing main volcanic centres and eruptive epochs, and morpho-structural features, merged on a shaded-relief DEM of the island and
submarine shallow-water portions. Elevation is in metres above/below sea-level, respectively. The coastal and shelf areas have been divided into seven sectors, described in the text and
represented in the following Figs. 3. 5, 6, 7, 9, 10 and 11. In the lower left panel: location of the Island of Salina in the Aeolian archipelago in the southern Tyrrhenian Sea. (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

(Modified from Lucchi et al., 2013a)

2004). The deeper SDTs have the same genesis, but during periods
when sea level was stable and lower than the present after Last Glacial
Maximum (LGM) (Casalbore et al., 2017b).

The formation of SDTs can be also affected by wave exposition and
fetch of related coastal sectors (Casalbore et al., 2017b). The most en-
ergetic wave climate approach in the Aeolian Islands is from westerly
directions, since prevailing winds are from the NW or the W (Cicala,
2000). The western flank of Salina is exposed to storms coming from the
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Tyrrhenian Sea, with a typical fetch of 250-300 nautical miles and
waves up to 6 m (Cicala, 2000). Winds from the SE also affect the
southeastern and eastern side of the Aeolian Islands, mainly during the
autumn and winter. In the case of Salina, however, this effect is reduced
in the southwestern sector due to the sheltering effect of the nearby
island of Lipari (Fig. 1, inset).
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4. Data and methodological approach

High-resolution multibeam bathymetric data on the submarine
portions of Salina Island have been acquired since 2001 by CNR-IGAG
(Consiglio Nazionale delle Ricerche, Istituto di Geologia Ambientale e
Geoingegneria), University of Rome (Sapienza) and University of
Bologna. Surveys were carried out mainly aboard the R/V Urania and
Thetis (CNR), using multibeam systems working at frequency from 50 to
100 kHz according to the surveyed bathymetric range, using a differ-
ential GPS position system. A small boat has been used to survey the
shallow-water areas with Teledyne Reson 7125 (400 kHz) multibeam
system, using GPS-RTK positioning (see details in Bosman et al., 2015)
and a local tide gauge station referenced to the Italian national tide
gauge network (www.mareografico.it) for depth correction. Sound ve-
locity probe correction and patch test in areas close to the survey area
were daily acquired on flat and steep targets to increase the accuracy of
the depth measurements. Multibeam data were processed using Caris
Hips& Sips to produce high-resolution Digital Elevations Models
(DEMs) in the UTM projection, zone 33, WGS84. The cell-size varies
from 0.5 m in shallow water (< — 100 m) to 25 m (at over — 1300 m).
The vertical accuracy of the DEMs in shallow water is 0.1 m, while for
the deeper data the accuracy is about 0.5 m. The DEM of the island
(0.4 m-cell size) was obtained through LiDAR flights data of Italian
Ministry for the Environment, Land and Sea.

The shelf width and depth of the shelf break in each sector were
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determined from the bathymetric data using Global Mapper 15 software
(Blue Marble Geographics), along 400 transects plotted at 50 m inter-
vals from the shoreline to the shelf edge, as perpendicularly as possible
to these features (Fig. 1 in Electronic Supplementary Material, ESM).
Fig. 2 shows selected topo-bathymetric sections for each of the studied
sectors, with indication of main morphological features.
Bathy-morphological data are integrated with a grid of 80 high-re-
solution seismic profiles transversal to the shelf interpreted with the
software Kingdom 8.8 (HIS Kingdom Geophysics). Seismic profiles
provide information on the morpho-structural setting of the shelf and
the position and depth of the erosive shelf edge. This information is
particularly relevant because deposits younger than the LGM frequently
cover the erosive shelf surface. A sound velocity of 1500 m/s has been
adopted for the conversion from milliseconds to metres in the seismic
profiles. Seismic data were acquired in different stages: a specifically-
planned survey on board the catamaran Incaurina Marianna was carried
out in 1993 through a Sparker 0.5-1 kJ; positioning was obtained using
a non-differential GPS, periodically calibrated from a ground-base sta-
tion. A more accurate relocation of seismic profiles was obtained
through the homologous matching of features observed on seismic
profiles and multibeam bathymetry. A recent acquisition of new seismic
profiles (Sparker 0.5-1.5 kJ) around Salina Island has been performed
in 2016 aboard the R/V Minerval (CNR), where data were positioned
using a differential GPS. The vertical resolution of Sparker profiles is in
the order of few metres due to the emitted frequency and to the ringing

Fig. 2. Topo-bathymetric cross sections across the sub-aerial and submerged flanks of Salina in the different sectors (S1, S2, S3, S4, S5, S6 and S7).

right shaded-relief DEM map as black lines.
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