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Ultra nagy felbontdsu reflexios szeizmikus képalkotds haszna és szépségei: késo-negyediddszaki
tengeri vulkanoklasztos felépitmények a Ndapolyi-6bolben

Osszefoglalds

A Napolyi-6bolben felvett ultra nagy felbontdsu egycsatornds (IKB-Seistec™) reflexids szeizmikus szelvények
korabbi geoldgiai és geofizikai vizsgalatok eredményeivel egyiitt kivételes, eddig soha nem latott felbontdst szeizmikus
leképezését nytjtjak a Flegrei-mezSk és a Somma-Vezuv felszin ald siillyedt kés6-pleisztocén—holocén rétegtani felépi-
tésének. A szeizmikus szelvényeken ldtott geometria és gravitacios magvevdvel nyert iiledékek adatainak 6sszevetésébdl
Campania partkozeli kontinentdlis talapzatdn szdmos olyan iiledékes és vulkdni szerkezet, valamint hidrotermalis
jelenség kertilt leképezésre, melyek a legutolso glacidlis maximum (kb. 18 000 év) 6ta keletkeztek.

A Pozzuoli-6bolben mért Seistec szelvények jol mutatjdk a beomlott kaldera gy(rds vetdjét, a kb. 15 ezer éves
Napolyi Sarga Tufa (NYT) lerakéddshoz vezet$ kitoréskor feldjuld boltozatot, és alatdmasztjak a deformécié késo-
negyedidGszaki kordra és stilusdra vonatkozé hipotéziseket. A szeizmikus szelvényeken ldthaté a NY T rétegeinek toréses
szerkezete, valamint hidrotermalis fluidum-feldramldsok és vulkani/szubvulkdni intrizidk a gy(rds vet6k mentén.

A Somma-Veziiv rétegvulkan el6terében a kontinentélis talapzat felett mért szeizmikus szelvények leképezték a
Vezuvi.sz. 79-es kitorésekor Herculaneum vérosat elpusztitd piroklaszt-dr tengervizbe érésekor keletkezd, gravitdciésan
0sszeomld homokhulldmok szerkezetét is.

A Somma-Vezuv és a Pozzuoli-6bol kozti, buckds felszini Banco della Montagna teriiletén mért szelvények €s
furémagok vulkanoklasztos diapirok sordt tartdk fel. Ezeket a konszoliddlatlan horzsak&bdl 4ll6 testeket a fluidum-
felaramlas és aktiv kigazosodas hatdsara kialakult mélybeli tilnyomds hozta fel a tengerfenékre.

Tdargyszavak: nagy felbontdsi egycsatornds szeizmikus szelvényezés, Campania vulkanizmusa, vulkdni tormelékes iiledék, Flegrei-

mez0k, kaldera vetd, Somma-Veziiv, késd-negyediddszak, Ndpolyi-obol

Abstract

Very high-resolution, single channel (IKB-Seistec™) reflection seizmic profiles acquired in the Bay of Naples, com-
plemented with geological and geophysical data from the literature, provide unprecedented, superb seismic imaging of the
latest Pleistocene—Holocene stratigraphic architecture of the submerged sectors Campi Flegrei and Somma-Vesuvius
volcanic districts. Seismic profiles were calibrated by gravity core data and document a range of depositional systems,
volcanic structures and hydrothermal features that evolved after the onset of the Last Glacial Maximum (~ 18 ka BP) over the
continental shelf on the Campania coastal zone.

Seistec profiles from the Pozzuoli Bay yield high-resolution images of the shallow structure of the collapse caldera-ring
fault — resurgent dome system associated with the eruption of the Neapolitan Yellow Tuff (NYT) (ca 15 ka) and support a
working hypothesis to assess the timing and the styles of deformation of the NYT resurgent structure throughout the latest
Quaternary. Seismic images also revealed the nature of the fragile deformation of strata along the NYT ring fault system and
the occurrence of hydrothermal fluids and volcanic/subvolcanic intrusions ascending along the ring fault zone.

Seismic data acquired over the continental shelf off the Somma-Vesuvius stratovolcano, display evidence of gravit-
ational instability of wavy bedforms representing the submarine prosecution of pyroclastic flows originated from the
Vesuvius during the eruption that destroyed the Roman city of Herculaneum in 79 CE.

At the Banco della Montagna, a hummocky seafloor knoll located between the Somma-Vesuvius and the Pozzuoli Bay,
seismic profiles and gravity core data revealed the occurrence of a field of volcaniclastic diapirs formed by the dragging and
rising up of unconsolidated pumice, as a consequence of fluid overpressure at depth associated with active degassing and
fluid venting at the seafloor.

Keywords: high-resolution single channel reflection seismics, Campania Volcanism, Volcaniclastic settings, Campi Flegrei, Caldera
ring fault, Somma-Vesuvius, Late Quaternary, Bay of Naples
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Introduction

Traditionally, high-resolution marine reflection seismic
data have been acquired using single-channel analogue
methods, for general stratigraphic purposes, geotechnical
applications and prospecting for placer deposits, on rela-
tively small areas (a few km?) (e.g. McGEE 1995, 2000;
SCHREILECHNER & EI1CHKITZ 2015 and references therein).

During the last decades, the demand for digital seismic
reflection profiling techniques suitable for producing exten-
sive, high horizontal and vertical resolution datasets, has
progressively increased (e.g. LERICOLAIS et al. 1990, MOSHER
& SIMPKIN 1999). Innovative system design, such as the
IKB-Seistec system utilising a boomer source and a hydro-
phone group shielded by a focusing cone (SIMPKIN & DAvis
1993), have proven to be able to increase signal/noise ratio
of boomer-based systems providing exceptional combi-
nation of resolution and penetration.

The acquisition of ultra-high-resolution datasets has resul-
ted in a number case-studies where seismic imaging has been
used to support outcrop-scale seismic and sequence stratigra-
phic interpretation of both marine and continental environ-
ments (e.g. AITKEN & HOWELL 1996; SaccHr et al. 1998, 1999;
ScHwaAB et al. 2003; ZECCHIN et al. 2008; REUENSTEIN et al.
2011; CSERKESZ-NAGY et al. 2012; ZECCHIN & CATUNEANU
2013; VisNoviTz et al. 2015a, b; GARCIA et al. 2016).

In recent years, high resolution seismic profiling has been
also applied to the study of marine volcanic systems, aiming at
detecting volcanism-induced products and processes at the
seafloor (PLANKE et al. 2000, ABDELMALAK et al. 2016,
PLANKE et al. 2017, ANGKASA et al. 2017, BISCHOFF et al. 2017)
and analysing mixed siliciclastic-volcaniclastic depositional
systems (e.g. LuccHi et al. 2004; SaccHI et al. 2005; LuccHi et
al. 2007, 2009; SaccHr et al. 2009, 2014; ROMAGNOLI et al.
2018).

In this study, we reconstruct the stratigraphic archi-
tecture of a series of volcanic/hydrothermal structures and
depositional units that formed offshore Campi Flegrei and
Somma-Vesuvius (Bay of Naples) during the latest Pleisto-
cene—Holocene. The research work was based on the use of
ultra-high-resolution (IKB-Seistec) reflection seismics
integrated high-resolution swath bathymetry, and gravity
core data. Main targets of seismic imaging and inter-
pretation included: 1) the stratigraphic architecture of the
caldera collapse-resurgent structure associated with the
eruption of the Neapolitan Yellow Tuff (NYT) of Campi
Flegrei; 2) Secondary sedimentary structures within pyro-
clastic flow deposits along the slope of Somma-Vesuvius
complex; and 3) Structure and composition of the volcani-
clastic diapirs field of the Banco della Montagna.

Campi Flegrei and Somma-Vesuvius are active volcanic
districts of the Eastern Tyrrhenian Margin, and among the
most investigated areas of the Mediterranean Region
(SANTACROCE et al. 2008, CoNTICELLI et al. 2010). However,
most of our understanding of volcanic rocks and structures
of the Campania coastal zone derived so far from geological
and geophysical studies whereas submarine volcanic pro-

ducts and processes off the Bay of Naples are so far much
less understood.

The acquisition of Seistec reflection seismic survey in
the Bay of Naples provides an exceptional opportunity to
analyse the interaction between a primary volcanic system
and its sedimentary environment. High-resolution seismic
stratigraphy may also has relevance for understanding the
source to sink component of sedimentary processes and un-
ravel the correlation among stratigraphic units (SCHNEIDER
etal. 2001, SEGSCHNEIDER et al. 2002, SCHNEIDER et al. 2004,
MANVILLE et al. 2009, NEMETH et al. 2009, MARTI et al. 2018,
NEMETH & PALMER 2018, LuccHi1 2019).

Explosive volcanism produced large volumes of volca-
niclastic sediments over the Campania coastal region, inclu-
ding pyroclastic air-fall deposits and flow/surge deposits
that have been rapidly delivered to sites of deposition, also
causing remarkable lateral facies changes as a result of sea-
ward transformation of pyroclastic flows entering the sea-
water (e.g. LE FRIANT et al. 2009, TROFIMOVS et al. 2012,
JUTZELER et al. 2017).

Due to the commonly high preservation potential of the
marine volcaniclastic record (e.g. LE FRIANT et al. 2009, D1
CAPUA & GROPPELLI 2018), the area of the Bay of Naples do-
cuments key examples for a range of volcanic/hydrothermal
features, characterised by significant magma-water interac-
tion, and their depositional environments. The results of this
research work provide a contribution to assess natural ha-
zards (e.g. volcanism, bradyseism, seismicity and tsunamis)
off the densely populated region of the Campania margin.

Geological setting

The Somma-Vesuvius stratovolcano and the Campi
Flegrei Volcanic District are located in the western part of the
Campanian Plain, a sector of Quaternary extension and sub-
sidence on the Tyrrhenian margin of the Southern Apennines
orogen (Figure 1; SCANDONE et al. 1991). The orogen was
assembled during Miocene—Early Pleistocene E to NE-
directed compression related to subduction and roll-back of
the Adriatic crust, a promontory of the ancient north African
continental margin (DoGLIONI 1991). Contraction was fol-
lowed by coaxial extension on NW—SE trending normal faults
associated to stretching and formation of the Tyrrhenian Sea in
the back-arc sector of the southern Apennines (HORVATH et al.
1981, MALINVERNO & RYAN 1986, PaTacca et al. 1990, OLbOwW
et al. 1993, FACCENNA et al. 1997, JOLIVET et al. 2009). In the
Tyrrhenian margin and the Campania Plain, extension was
also accommodated by E-W to NE-SW striking, listric-
shaped normal faults which trend transversal to the chain
(SaccHi et al. 1994, FERRANTI et al. 1996, MILIA 1999, Figure
1). Displacement on these latter normal faults caused domino-
block faulting and growth of up to ~3.5 km deep extensional
basins (e.g. the Gulf of Naples) segmented by buried ridges
(e.g. Sorrento Peninsula).

Volcanic processes on the Tyrrhenian margin of the
Campania Apennines are related to a combination of sub-
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Figure 1. Geologic sketch-map of the Eastern Tyrrhenian margin of Campania Apennines with location of the study area

1. dbra. A Kelet-Tirrén menti Campaniai-Appenninek foldtani térképvdzlata a kutatdsi teriilet megjelolésével

duction roll-back and back-arc extension, which led to for-
mation of potassic (shoshonitic) and highly silica undersatu-
rated (ultrapotassic) volcanic rock suites dated at least 0.8
Ma BP (PecCERILLO 2005). Onset of volcanism is dated at
0.6 Ma in the northern part of the Campania Plain (CONTI-
ceLLI et al. 2010 and references therein), and since ~150 ka it
led to the formation of the Campi Flegrei Volcanic District
(Ros1 & SBRANA, 1987, BARBERI et al. 1991) and Mt. Somma-
Vesuvius stratovolcano (ROLANDI 1998, SANTACROCE et al.
2008 and references therein) as well as of a number of
submerged vents located in the Naples and Pozzuoli Bays
(Figures 1-2). Magma upwelling and fluid emission are
thought to be controlled by the interaction of NW-SE and
NE-SW striking normal faults (ACOCELLA & FUNICIELLO,
2006). Now buried volcanic activity is testified by borehole
data and tephra layers in the Campania Plain (e.g. BROCCHINI
etal. 2001, DE Vivo et al. 2001, INSINGA et al. 2014).

Campi Flegrei

The Campi Flegrei District (Figures 2-3) is situated
immediately west of Naples and includes the volcanic fields
of Campi Flegrei (e.g. D1 VITO et al. 1999, PAPPALARDO et al.
1999, Scarpati & PERROTTA 2012); Ischia island (e.g.

CASSIGNOL & GILLOT, 1982, VEzZzOLI et al. 2009, CARLINO et
al. 2012, PAOLETTI et al. 2013) and Procida island e.g. (DE
AsTis et al. 2004, PERROTTA et al. 2010). The area has been
active since at least ~80 ka BP (PAPPALARDO et al. 1999,
ScArPATI et al. 2013) mostly with explosive eruptions.

The continental Campi Flegrei area is structurally domi-
nated by a collapse caldera, associated with the eruption of
the Neapolitan Yellow Tuff (NYT), a 30-50 km?® Dense Rock
Equivalent (DRE) ignimbrite (e.g. COLE & SCARPATI 1993)
dated at ~15 ka (DEINO et al. 2004). The caldera is rep-
resented by a quasi-circular depression of ~8 km in diameter
which developed in the central sector of the Campi Flegrei,
including the onshore area and part of Pozzuoli Bay (Figure
4) (Rost & SBRANA 1987; SCARPATI et al. 1993; Orsi et al.
1996; FLORIO et al. 1999; JUDENHERC & ZOLLO 2004; DE
NATALE et al. 2006; DELLO IacoNo et al. 2009; SACCHI et al.
2009, 2014; STEINMANN et al. 2016, 2018). The NYT collapse
was preceded by a high-magnitude (150 km? DRE) eruption,
namely the Campania Ignimbrite (CI; ~39 ka) which was
originated during a larger caldera collapse at Campi Flegrei
(Rost & SBRANA 1987, Orst et al. 1992, WOHLETZ et al. 1995,
DEINO et al. 2004, FEDELE et al. 2016) or alternatively by
fissural events occurring in the Campania Plain (DE V1vo et
al. 2001, RoLANDI et al. 2003, DE NATALE et al. 2016).
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Figure 2. Digital Terrain Model (DTM) of the Campania coastal zone with location of the acquired IKB-Seistec seismic grid and major
volcanic morphostructures in the Bay of Naples (GA = Gaia bank, MP Mariapia bank, PP = Penta Palummo bank, IS = Ischia bank, MI =
Miseno bank, NI = Nisida bank, DP = M. Dolce-Pampano bank, BM = Banco della Montagna). Frames of Figures 3 and 5 are also indicated
2. dbra. Campania partmenti teriiletének digitdlis terepmodellje az IKB-Seistec szeizmikus mérési halozat, valamint a Ndpolyi-obol jelentésebb
vulkdni szerkezeteinek feltiintetésével (GA = Gaia pad, MP = Mariapia pad, PP = Penta Palummo pad, IS = Ischia pad, MI = Miseno pad, NI =
Nisida pad, DP = M. Dolce-Pampano pad, BM = Banco della Montagna). Az dbran feltiintettiik a 3. és 5. dbra kivdgatdt is
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Figure 3. DTM of the Campi Flegrei coastal area with location of major morphostructures off the Pozzuoli Bay. Traces of cartoon section
A-B (Figure 4) and seismic profiles illustrated in Figures 8- 13 are also shown

3. d@bra. A Campi Flegrei partmenti teriilet digitdlis terepmodellje a Pozzuoli-6bol fobb morfologiai elemeinek feltiintetésével. A 4. abran bemutatott
A-B szelvény, valamint a 8- 13. dbrdkon szerepld szeizmikus szelvények helyszinét az dbrdn szintén feltiintettiik
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Post-NYT activity (last 15 ky) was characterised by
hydromagmatic activity associated with the formation of
several small vents and several monogenetic volcanoes inc-
luding tuff rings, tuff cones, as well as a few cinder cones
and lava domes occurred inside the caldera at 3.8—4 ka (D1
VITA et al. 1999, INSINGA et al. 2006, FEDELE et al. 2011, D1
RENzO et al. 2011, SaccHI et al. 2014). The Monte Nuovo
eruption in 1538 CE was the last event, which occurred after
100 years of ground deformation (DE VITO et al. 1999, IsA1A
et al. 2004, D’Or1ANO et al. 2005, BELLuCCcI et al. 2006).

The post-collapse evolution was marked by develop-
ment of a resurgent dome in the central part of the caldera
including the Gulf of Pozzuoli (Figure 4) (OrsI et al. 1999;
AcocELLA 2010; SAaccHI et al. 2014; STEINMANN et al. 2016,
2018; MARTURANO et al. 2018). Dome resurgence resulted in
the emersion of a marine deposit, the so-called La Starza
terrace, which is presently exposed up to ~30 m above sea
level (CINQUE et al. 1985, D1 ViTO et al. 1999, MARTURANO et
al. 2018). During Late Pleistocene—Holocene the large amount
of volcaniclastic material produced at Campi Flegrei is
rapidly delivered into the Pozzuoli Bay in a source-to-sink
system where primary pyroclastic deposits are intimately
interbedded with marine siliciclastic sediments and re-
worked volcaniclastic derivied from the dismantling of
coastal vents (e.g. SACCHI et al. 2014).

Caldera unrest during the last decades is testified by
extensive hydrothermalism, accompanied by two major
episodes (1970-71 and 1982-84) of shallow seismicity and
ground/seafloor deformation originating uplift up to 3.5 m
in 15 years, with maximum rates of 100 cm/year in the
period 1983—-1984 (BERRINO et al. 1984, DVORAK & BERRINO
1991, DE NATALE et al. 2001, BATTAGLIA et al. 2006, BODNAR
etal. 2007, LimMa et al. 2009).
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Figure 4. Cartoon section showing the shallow structure of the Neapolitan
Yellow Tuff (NYT) collapse-resurgent caldera as imaged by offshore seismic
exploration. Interpretation of seismic stratigraphic units is modified after
STEINMANN et al. (2016). Not to scale

4. dbra. Tengeri szeizmikus mérések alapjan készitett szelvényvdzlat a Ndpolyi
Sdrga Tufa (NYT) kaldera szerkezetérol. A szeizmikus sztratigrdfia értelmezes
STEINMANN et al. 2016 alapjan. Méretardny nélkiil

arine units 250
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Somma-Vesuvius

The Somma-Vesuvius is a stratovolcano with alternating
pyroclastic and lava flow deposits, composed by an older
disrupted edifice (Mt. Somma) and an intra-caldera cone
(Mt. Vesuvius; Figures 2 and 5). The Mt. Somma volcano
was formed after the CI eruption (39 ka), and was dismantled
by at least 6 following plinian events, among which the
eruptions of Avellino (~ 3.9 cal ka; SEvINK et al. 2011) and of
79 CE that destroyed the Roman cities of Herculaneum,
Pompeii and Stabiae. These events are well characterised in
the proximal marine setting since they are associated to large
amounts of pyroclastic materials intercalated in the Late
Holocene sequence of the Bay of Naples including extensive
fall, flow and surge deposits along with large volumes of
volcaniclastics related to volcano flank collapses (e.g. MILIA
et al. 2003, SANTACROCE et al. 2008 and references therein)

The following interplinian activity, manifested through 17
eruptive Vesuvian cycles, terminated with the 1944 CE erup-
tion, and was accompanied by the formation of some ec-
centric cones and lava domes (e.g., SANTACROCE 1987, RosI et
al. 1993, PRINCIPE et al. 2004, D1 RENZO et al. 2007, CIONI et
al. 2008, SANTACROCE et al. 2008), whose products are also
found in the distal marine sector (PAOLETTI et al. 2016).

Data and methods

This study is based on the interpretation of an ultra-high-
resolution (IKB-Seistec), single-channel reflection seismic
survey acquired in November of 2013 on the continental shelf
of the Bay of Naples, between Procida Island and the Somma-
Vesuvius offshore (Figures 2, 3 and 5). Seistec profiles were
integrated by geophysical and geological datasets, acquired at
various stages between 2000 and 2014, including multibeam
bathymetry and sedimentological analysis of gravity cores.

IKB-Seistec data acquisition and processing

The seismic dataset presented in this study includes a
grid of more than 100 km of profiles acquired using the IKB-
Seistec profiler (Figures 2, 3 and 5). This single channel ref-
lection seismic system has been designed specifically for
collecting very high-resolution data in shallow water envir-
onments, but it can also be used in water depths >200 m
(SiMPKIN & Davis 1993, MOSHER & SIMPKIN 1999). The
Seistec system comprises a 2.5 m long catamaran sup-
porting both the boomer source and the receiver (Figure 6).
The seizmic source is an IKB model B3 wide band electro-
dynamic “boomer” producing a single positive peak pres-
sure impulse with a primary pulse width of 120 ms. The
receiving system is a line-in-cone receiver located adjacent
to the boomer plate (70 cm). The source emits useful
frequencies in the range 1-20 kHz and, thanks to this wide
frequency band, allows resolution of reflectors spaced 20
cm apart. Penetration can exceed 100 m in soft deep-water
sediments.



376 SaccHl, M. et al.: The use and beauty of ultra-high-resolution seismic reflection imaging in Late Quaternary marine volcaniclastic settings

14°10°00" E 14°15'00" E 14°2000" E 14°25'00" E

NAPOLI Somma-Vesuvius

40°50'00" N

40°45'00" N

.~ Isopachs (m) of the Vesuvius AD 79 pyro- ciis ® i Herculaneum sandwaves
197 clastic flow deposits (from Lirer et al, 1997) oo HSF fielq (after Milia et al, 2008)
BM Banco della Montagna DA1 Volcanic Debris Avalanche DA2 Volcanic Debris Ava_ls_incha
(after Passaro et al, 2016) (18 ka BP) (after Milia et al., 2003) (3.5 ka BP) (after Milia et al., 2003)

Figure 5. DTM of the Somma-Vesuvius coastal area with location of the major volcanic features off the Eastern
sector of the Bay of Naples. Isopachs (m) of the Vesuvius 79 CE pyroclastic flow deposits onshore are from
LireR et al. (1997). Location of profiles and gravity cores shown in Figures 14- 16 is also indicated

5. dbra. A Veziiv tengerparti kornyezetének digitdlis terepmodellje a Napolyi-6bol keleti részének fobb vulkdni
elemeivel. A Veziiv 79-es kitorésének szdrazfoldi piroklaszt rétegvastagsdgat LIRER et al. (1997) alapjan dbrdzoltuk.
A 4. és 16. dbrdkon bemutatott szelvények és gravitdcios magvételi helyeket szintén feltiintettiik

During the survey, on board a
small boat at a speed of about 3 knots,
a STEP power supply was used with a
power of 150 J and a shooting rate of
4-6 shots/s. The position during nav-
igation was determined by a differ-
ential GPS directly mounted at the
CDP point of the IKB-Seistec pro-
filer. The exceptional time resolution
and the fixed source-receiver geo-
metry of the Seistec profiling system,
together with its high sub-bottom
penetration, allow for a quantitative
analysis of the different seismic-
signature shapes and geometries and
signal amplitudes.

Processing and interpretation of
Seistec data was performed using
(ProMAX®), and Geo-Suite
AllWorks® software packages). Sig-
nal penetration was found to exceed
200 ms (TWT). Vertical resolution
reached up to 0.1 m near the seafloor.

Time to depth conversion of the
vertical scale for the seismic records
was obtained by correlation between
stratigraphic units and inferred seis-
mic velocities on the basis of seismic
facies analysis and lithostratigraphy
(Ros1 & SBRANA 1987; D1 VITO et al.
1999; SaccHi et al. 2014; STEINMANN

Figure 6. Set up of the IKB-Seistec boomer system and seismic profiling operations offshore Pozzuoli, Bay of Naples

6. dbra. Az IKB-Seistec szeizmikus mérdrendszer mérésre torténd elokészitése és szeizmikus mérés Pozzuoli eldterében

a Ndpolyi-obilben
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et al. 2016, 2018). A minimum average seismic velocity of
1600 m/s has been assigned to the shallowest stratigraphic
levels, whereas a maximum velocity between 1650 and 1700
mm/s has been assumed for the deepest horizons. Depth-
converted sections were plotted with vertical exaggeration of
6-8x, in order to enhance the visibility of low-angle strati-
graphic boundaries and better display the internal architecture
of stratigraphic units.

Multibeam bathymetry

The multibeam bathymetric survey of the Bay of Naples
has been mostly acquired between 2000 and 2014, using a
Simrad EM 710 multibeam echosounder (Kongsberg©inc.).
Processing of MBES data was carried out with PDS2000
software following the International Hydrographic Organi-
zation standards (IHO 2008). Processing comprised the re-
moval of navigation errors, noise reduction (i.e. de-spiking),
removal of poor quality beams, and tidal and sound velocity
corrections (e.g. DE ALTERIIS et al. 2003). The final DTM

derived from the MBES depth interval 0 950 mb.s.1., covers
an area of ~700 km? with a cell size of 5 m (Figures 2—3 and
5). Topographic data were obtained from the official topo-
graphic grid of the Military Institute for Geography (IGM;
20 m grid cell), acquired between 1985 and 1990 by aerial
photogrammetry (AMADIO 1992).

Gravity coring and laboratory analysis

Stratigraphic calibration of high-resolution, single
channel seismic records was assisted by the integrated
stratigraphic analysis of gravity cores C23, C32, C1016,
C79, C115 and C116 (Table 1 and Figure 7) as a selection
out of a large number of gravity cores, collected in the Bay of
Naples over the last decades (INSINGA 2003; INSINGA et al.
2008; D’ ARGENIO et al. 2004; SaccHI et al. 2005, 2009, 2014;
MouLisso et al. 2010). The study included microscope obser-
vation on selected samples of sieved wet sediment (63-um and
30-um sieves) collected from the core logs and the recognition
of major lithofacies associations, sedimentary structures,

Table I. List of marine gravity cores used for geological calibration of seismic stratigraphic units derived by IKB-

Seistec data

1. tablazat. Az IKB-Seistec reflexios szeizmikus szelvények kalibraldsahoz felhaszndlt gravitdcios magmintdk listaja

Gravity Core I.al;:ude I_nn%_.llude Wau:;n t:eplh (or{er:]:;lghl Reference
23 40°47'10 14°06'45" 103.0 490 Saccur et al. (2014)
12 40°47'10 14°0727" 103.0 382 Saccr et al. (2014)
C 1062 40°47'54" 14706'48" 90.6 265 Saccun et al. (2014)
cm 40°48'08" 14°18'33" 89.0 544 MiLia et.al. (2008)
cll16 40°45'45" 14°14'18" 131.7 57 INSINGA (2003); This work
C115 40°4528" 14°14'19" 136.0 540 INSINGA (2003); This work
z —— Sorting z —— Soring 9 £ —— Sorting Seistec
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Figure 7. Calibration of shallower seismic (IKB-Seistec) reflectors by integrated stratigraphy of gravity core data from the Pozzuoli Bay (after SACCHI et al. 2014, MARINO

2018)

7. dbra. Kis mélységii szeizmikus reflexiok kalibrdcidja a gravitdcios magvevik egységes sztratigrafiai adatai alapjan a Pozzuoli-6bélben (SaccHr et al. 2014 és MariNo 2018

alapjdn)
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palaeontological analysis, and grain-size analysis by laser
diffractometry (Sympatec). Identification and ecological
analysis of foraminifers and molluscs were carried out fol-
lowing PERES & PICARD (1964), LOEBLICH & TAPPAN (1988)
and SGARRELLA & MONCHARMONT ZEI (1993).

Volcanic deposits in core C115 were sampled, wet sieved
and observed at the optical microscope. Glass concentrates
(pumice and glass shards) were selected, rinsed in distilled
water with acetic acid to remove carbonate incrustations and,
finally, they were cleaned with an ultrasonic probe (INSINGA
2003). Major and trace-element content was obtained on
pressed powder pellets using a Philips PW 1400 X-Ray fluor-
escence spectrometer, at DiSTAR, Federico II University,
Napoli, following procedures outlined in MELLUSO et al.
(1997). The correlation of the analysed tephras with proximal
deposits was based on the comparison with published data on
both single glass shards and the rock matrix.

Results

Seafloor morphology of the Bay of Naples

The general physiography of the Bay of Naples is
characterised by a wide continental shelf extending to water
depths of 100-80 m (Figure 2). The shelf width varies from
a maximum of about 20 km in the central part of the bay to
about 2.5 km off the islands of Capri and Procida.

The occurrence of volcanic bedrock and/or volcaniclastic
deposits has an influence in the morphology of the continental
shelf-slope system of the Bay of Naples that displays relatively
high slope angles (~1.0° on average on shelf areas and up to a
maximum of 77° on the upper continental slope).

The NW sector (~110 km?) is characterised by the inlet of
Pozzuoli Bay, and very irregular seafloor morphology due to
the occurrence of several volcanic banks, mostly south of the
Capo Miseno—Nisida alignment (MiLIA 1999, 2010; MILIA &
TORRENTE 2000, 2003; INSINGA et al. 2006; SAccHI et al. 2009,
2014; D1 RENZO et al. 2011; FEDELE et al. 2011; STEINMANN et
al. 2016, 2018; PassAro et al. 2018; Figures 2-3).

A remarkable morphological feature of the inner sector of
the Pozzuoli Bay is represented by a pronounced break in the
profile of the inner continental shelf. This lineament is
elongated in a WNW-ESE direction, ranging water depths
from ~25 to ~45 m b.s.l. towards ESE (Figure 3). A slightly
convex-upward area, with average slope of less than 3°,
connects the inner shelf break to the deeper part of the bay,
where water depth reaches ~115 m. At the foot of the inner
shelf slope, the transition between these domains occurs along
a semi-circular depression extending in NNW-SSE (Epitaffio
Valley) and NE-SW (Bagnoli Valley) directions (Figure 3).

In the north-eastern sector of the Bay of Naples (Figures
2 and 5), the continental shelf is relatively wide and covers
an area of ~380 km?. The seafloor morphology of this region
is dominated by seaward sloping of the south-western flank
of the Vesuvius, reaching into the shallow marine area.
Here, the interaction between volcanism and sedimentary

processes produced a variety of local seafloor morphologies
including (Figure 5) wavy bedforms (MILIA et al. 2008,
PAssARO et al. 2018) and buried debris avalanches (DA 1 and
DAZ2; PassaAro et al. 2018).

Offshore Herculaneum, a 13 km long and 2-3 km wide
region characterised by the occurrence of wavy bedforms
(Herculaneum Sand wave Field) with maximum amplitude
of 10 m and wavelength of 200-250 m can be recognised
(HSF in Figure 5). This is the morphologic expression of
sediment waves displaying a seaward transition from
chaotic morphology nearshore, to asymmetric wavy facies
in the median zone, and smooth wavy stratification in distal
areas (MILIA et al. 2008).

In the area between the Pozzuoli Bay and Somma-Vesu-
vius, ~ 8 km south of the town of Napoli morphobathymetric
data reveal a prominent, dome-like morphology (Figure 5)
represented by a quasi-circular hummocky seafloor relief, ~5
km in diameter (D’ ARGENIO et al. 2004; PASSARO et al. 2014,
2016), known as Banco della Montagna (hereafter BM). The
area extends over 25 km?, at water depths of 100180 m, and is
characterised by an elevation of ~20 m with respect to the
surrounding seafloor. The hummocky morphology of BM is
associated with the occurrence of 280 sub-circular to elliptical
mounds, more than 650 cones, and 30 pockmarks (Figure 5),
along with, a least 37 spots of gas emissions (PASSARO et al.
2016, 2108; VENTURA et al. 2018).

Seismic expression of depositional environments
and volcanic structures

IKB-Seistec profiles were acquired in selected areas of
the Bay of Naples with the aim of complementing previous
intermediate to high resolution single channel and multi-
channel seismic surveys (SACCHI et al. 2014; STEINMANN et al.
2016, 2018). Seistec imaging and interpretation focused on
relevant volcano-sedimentary features occurring in three
main areas of the Bay of Naples: 1) the submerged sector of
the Neapolitan Yellow Tuff (NYT) caldera offshore Pozzuoli
(see later Figures 8—13); 2) sedimentary structures associated
with pyroclastic flow deposits along the submerged slope of
Somma-Vesuvius complex (see later Figures 14—15), and 3)
the volcaniclastic diapirs field of the Banco della Montagna
(see later Figure 16).

Pozzuoli Bay

Seistec profiles acquired in the Pozzuoli Bay were analysed
to image the shallow structure and stratigraphic architecture of
the Campi Flegrei (NYT) collapse-resurgent caldera (D1 ViTo
etal. 1999; CapuaNoO et al. 2013; SaccHi et al. 2014; STEINMANN
etal. 2016, 2018). The WNW-ESE trending, ~6.6-km long line
Seistec 110801 extends from Baia to Nisida Island. The profile
illustrates a cross section of large part of the collapse-resurgent
structure, including the ring fault zone that is intersected along
the eastern part of caldera margin (Figure 8).

The SSW-NNE trending profiles Seistec 111401 (8.5 km)
and Seistec 111402 (8.9 km) provide seismic stratigraphic
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Figure 8. IKB-Seistec profile 110801 and its interpretation. Note the antiformal structure of the NYT caldera resurgent dome
and brittle deformation at the summit of the resurgence (apical graben), as well as the shallow magmatic intrusion along the ring
fault zone (Bagnoli Laccolith; SAccHI et al. 2014, NATALE 2018). Correlation of tephra layers associated with the eruptions of M.
Nuovo (1538 CE) Vesuvius-Pompeii (79 CE) and C. Miseno (~3.9 ka) are calibrated by gravity core data (Figure 7). Uncon-
formities denoted as Uplift 1-5 are interpreted as the result of distinct phases of deformation and uplift of the resurgent structure

during the last ~12-5 ka

8. dbra. 110801 IKB-Seistec szelvény értelmezése. Jol lathato a NYT kaldera szerkezetének kiemelt kupoldja és a toréses szerkezetek a
kiemelt helyzetii drkos szerkezetben (apical graben), valamint a kis mélyseégii, veté menti magmads intriizio (Bagnoli Laccolith, SACCHI
et al. 2014, NataLE 2018). A M. Nuovo (1538), Veziiv-Pompei (79) és C. Miseno (~3,9 ka) kitoréseihez kapcsolodo tefra rétegek
korreldacidja a gravitacios magmintdak adataival kalibraltak. (7. abra). Az Uplift I-5-el jelolt unkonformitdsok az elmiilt ~5- 12 ezer év

sordn tortént deformdciok és kiemelkedések egyes fizisait jelolik

sections, roughly perpendicular to profile Seis-110801 from
the outer continental shelf of the Bay in the South, up to the
coastal shallow waters offshore Pozzuoli in the North. Both
these profiles cross the southern flank of the NYT resurgent
dome and the ring fault-caldera border structure along with the
morphostructural high represented by the alignment of Penta
Palummo (PP) and Miseno (MS) banks (Figures 3 and 9-10).
Calibration of seismic profiles with gravity cores C23, C32
and C1016 (Figure 7) provides age control of the uppermost
reflectors based on the correlation of three tephra layers
namely corresponding, from top to bottom, to the products of
M. Nuovo (1538 CE), Vesuvius-Pompeii (79 CE) and Capo
Miseno (~3.9 cal ka BP; SaccHi et al. 2014).

Seismic interpretation suggests that the thickness of the
caldera fill is in the order of 60-80 m within the Pozzuoli Bay
(Figures 8—10). The inner caldera resurgent dome is imaged as
an antiformal structure covering an offshore area of ~9 km?
with a diameter of ~5 km, associated with a maximum uplift of
atleast ~120 m (SAaccHi et al. 2014, STEINMANN et al. 2016). The
NYT caldera resurgence is ostensibly associated with sig-
nificant deformation and uplift of the inner caldera region, as
indicated by the growth of strata on the flanks of the resurgent
dome (Figure 11) as well as by the marine deposits nowadays
exposed onshore with an elevation of ~30 m a.s.l., onland
Pozzuoli at La Starza (CINQUE et al. 1985, RosI & SBRANA
1987, D1 VIO et al. 1999, Orst et al. 1999). The apical part of
the resurgent dome includes a small collapsed area, or apical

graben (e.g. KOMURO 1987, LiPMAN 1997, COLE et al. 2005)
characterised by a swarm of high-angle normal faults asso-
ciated with minor vertical displacement (5—12 m; Figure 8).
Multibeam bathymetry coupled with seismic data evidences
that the median sector of the Pozzuoli Bay is characterised by a
morphostructural depression surrounding the resurgent dome,
partly represented by the Epitaffio Valley in the western sector
of the Pozzuoli Bay and the Bagnoli Valley to the east (SoMMA
etal. 2016; Figure 3), that correspond to actual segments of the
caldera collar (e.g. LiPMAN 1997, COLE et al. 2005).

A striking feature imaged by profiles Seistec 111401
(Figure 12) and Seistec 111223 towards the inner continental
shelf of the Bay of Pozzuoli (Figure 13) is represented by a
prominent Infralittoral Prograding Wedge (IPW) (sensu
HERNANDEZ-MOLINA et al. 2000), i.e. a sedimentary wedge
consisting of prograding clinoforms that develop in the
shoreface area below the storm wave base (see also PATRUNO
& HELLAND-HANSEN 2018).

Seismic sections show that the main prograding wedger
(IPW #1) develops as a ~5—10 m thick and ~3 km long sedi-
mentary prism elongated in WNW-ESE direction (see also
SaccHr et al. 2014, MARINO 2018). Multibeam data coupled
with seismic imaging indicate that the upper edge of the
IPW clinoforms correspond to a pronounced inner shelf
slope break, that is found at water depths varying from a
minimum of ~ —25 m offshore Baia to a maximum of ~ —45
m offshore Bagnoli-Nisida (Figure 3).
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Figure 9. IKB-Seistec profile 111401 and its interpretation. The profile provides a section across the major structural components
of the NYT collapse-resurgent caldera including (from NNE to SSW): 1) resurgent dome; 2) caldera collar and the underlying
ring fault zone; 3) caldera border. Tephra layers associated with the eruptions of M. Nuovo (1538 CE) Vesuvius-Pompeii (79 CE)
and C. Miseno (~3.9 ka) are calibrated by gravity core C23 (see also Figure 7). Note debris flow units deposited along the
Epitaffio Valley, and fluids ascending through the ring fault zone. Frame of Figure 12 is also indicated
9, dbra. 111401 IKB-Seistec szelvény értelmezése. A szelvény a NYT beszakadt kalderdjan keresztiil (EEK-DDNy irdnyban) mutatja a
f0bb szerkezeti elemeket: 1) kiemelt kupola, 2) a kaldera pereme és az alatta lévé vetézona, 3) a kaldera hatdra. A M. Nuovo (1538),
Veziiv-Pompei (79) és C. Miseno (~3.9 ka) kitoréseihez kapcsolodo tefra rétegek a gravitdcios magmintak adataival kalibraltak. (7.
dbra). Az Epitaffio-volgyben lerakddott iiledékek és a vetézondhoz kotodo fluidumfelaramlds szintén megfigyelhetd a szelvényen. A 12.
dbra kivagatdt is megjeloltiik az dbrdn
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Figure 10. IKB-Seistec profile 111402 and its interpretation. The profile provides a section across the major structural com-
ponents of the NYT collapse-resurgent caldera including (from NNE to SSW): 1) resurgent dome; 2) caldera collar and the
underlying ring fault zone; 3) caldera border. Tephra layers associated with the eruptions of M. Nuovo (1538 CE) Vesuvius-
Pompeii (79 CE) and C. Miseno (~3.9 ka) are calibrated by gravity core C32 (see also Figure 7). Unconformities denoted as Uplift
1-5 are interpreted as the result of distinct phases of deformation and uplift of the resurgent structure during the last
~12-5 ka. Frame of Figure 11 is also indicated.

10. dbra. 111402 IKB-Seistec szelvény értelmezése. A szelvény a NYT beszakadt kalderdjdn keresztiil (EEK-DDNy irdnyban) mutatjia
a fobb szerkezeti elemeket: 1) kiemelt kupola, 2) a kaldera pereme és az alatta lévé vetozona, 3) a kaldera hatdra. A M. Nuovo (1538),
Veziiv-Pompei (79) és C. Miseno (~3.9 ka) kitiréseihez kapcsolodo tefrarétegek a gravitdcios magmintdk adataival kalibraltak. (7.
dbra). Az Uplift 1-5-el jelolt unkonformitdsok az elmuilt ~5- 12 ezer év sordn tértént deformdciok és kiemelkedések egyes fdzisait jelolik.
A 11. dbra kivdgatdt is jeloltiik az dbrdn
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Figure 11. Detail of the IKB-Seistec profile 111402 and its interpretation showing the stratal architecture of seismic units
bounded by unconformities denoted as Uplift 1-5 and calibration at C32 core site of major recent (shallower) tephra
layers associated with the eruptions of M. Nuovo (1538 CE) Vesuvius-Pompeii (79 CE) and C. Miseno (~3.9 ka). (See
also Figures 7 and 10 for more information)

11. dbra. Az értelmezett 111402 IKB-Seistec szelvény részlete az Uplift 1-5-el jelolt unkonformitdsokkal kozrefogott rétegsorok
szeizmikus képével. A sekély tefra rétegek a C32 magminta alapjdan lettek a M. Nuovo (1538), Veziiv-Pompei (79) és C. Miseno
(~3.9 ka) kitoréseihez kalibralva. (A 7. és 10. dbrdk tovibbi részleteket mutatnak.)
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Figure 12. Detail of the IKB-Seistec profile 111401 and its interpretation. A prominent feature of the inner continental
shelf of the Pozzuoli Bay is represented by an Infralittoral Prograding Wedge (sensu HERNANDEZ-MOLINA et al. 2000)
(IPW #1) that formed between ~6-2 ka, likely in response to a relatively long period of stable accommodation space.
Note that IPW #1 is no longer in equilibrium with the present-day hydrodynamic processes and a younger Infralittoral
Prograding Wedge (IPW #2) developed in response to the post-Roman (< 2 ka ) subsidence and drowning of the Pozzuoli
inner shelf area (SaccHi et al. 2014, MARINO 2018). See Figure 9 for location of this inset on seismic profile

12. dbra. Az értelmezett 111401 IKB-Seistec szelvény részlete. A Pozzuoli-0bol belsd kontinentdlis talapzatdnak jellegzetes ele-
me az IPW #1 (belsd drapdlydvi prograddcios sorozat), mely 2-6 ezer évvel ezelott keletkezett, feltehetileg a hosszan fenndllo
akkomoddcios tér hatdasdra. Ldthato, hogy az IPW #1 mdr nincs egyensiilyban. Ennek okai a jelenleg zajlo hidrodinamikai
Jolyamatok, a romai kort kovetd (2 ezer évnél fiatalabb) siillyedés és a Pozzuoli belsd selfov elontése sordn létrejott vij IPW #2
belsd arapalyovi prograddcios rétegsor. A 9. dbra mutatja a szelvényrészlet helyét a teljes szeizmikus szelvényen
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Figure 13. Detail of the IKB-Seistec profile 111223 and its interpretation showing the development of Infralittoral Prograding Wedge
IPW #1 (~6-2 ka). Note the well-developed erosional slope and relatively thin (underdeveloped) IPW #2, likely as a consequence of
limited post-Roman (< 2 ka ) subsidence in the NW sector of the Pozzuoli Bay

13. dbra. Az értelmezett 111223 IKB-Seistec szelvény részlete az IPW #1 (belsé drapdlyovi prograddcios rétegsor) 2-6 ezer évvel ezeldtti
kifejlodeseével. Megfigyelhetd a jol kifejlodott erozios lejtd és a relativ vékony (fejletlen) IPW #2, mely valosziniileg a romai kort kovetd (2 ezer
évnél fiatalabb) korldtozott mértékii siillyedéssel magyardzhatd a Pozzuoli-bil ENy-i részében
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Figure 14. a) IKB-Seistec profile 1111503 across the Herculaneum Sand wave Field (HSF), offshore Somma-Vesuvius, and its
interpretation; b) Photograph of C79 core splits with interpreted lithofacies: 3) clayey silt and interbedded tephra (> CE 79); 4) coarse-
grained pumice, and ash (pyroclastic flow deposits, Vesuvius, CE 79); 5) bioturbated clayey silt (< CE 79). See also the map of Figure
5 showing the onshore and offshore spatial distribution of the pyroclastic flow deposits that entered the sea during the 79 CE eruption
of Vesuvius and location of seismic profile and gravity core C79.

M. dbra. a) Az értelmezett 1111503 IKB-Seistec szelvény a Herculaneum homokdiinéken (HSF) keresztiil, a Veziiv tengeri eldterében. b) A
C79 felnyitott magminta fényképe az értelmezett litoficiesekkel. 3) agyagos kozetliszt és kozbetelepiilt tefra réteg (i.sz. 79-nél idosebb),
4) durva-szemeséjii horzsakd és hamu (piroklaszt-dr iiledékei, Veziiv 79. évi kitorése), 5) bioturbalt agyagos kézetliszt (i.sz. 79-nél fiatalabb).
Vesd dssze a Veziiv 79. évi kitirése sordn tengerbe omlott piroklaszt-ar 5. dbra térképén bemutatott szdrazfoldi és tengeri elterjedésével,
valamint a szeizmikus szelvény nyomvonaldval és a C79 gravitdcios magminta helyével
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Seistec profiles also indicate the occurrence of at least
ayounger prograding wedge (IPW #2) located at shallower
depth in the upper shoreface area (e.g. Seistec 111401;
Figure 12), in a more landward position with respect IWP
#1, suggesting a phase of backstepping of the coastal
system, likely due to increased accommodation space

Somma-Vesuvius offshore

Seistec profiles acquired offshore Herculaneum
(Figure 5) document five, main seismic stratigraphic units
denoted, from bottom to top as 1-5, where units 5 to 3 have
been reached and sampled by gravity core C79 (see MILIA
etal. 2008) (Table 1 and Figures 14—15). Unit 1 is made of

between the development of the two prograding systems.
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5 Post-Pompeii eruption marine deposits (< AD 79)

4 Reworked pyroclastic flow deposits (Vesuvius, 79 CE)

3 Marine siliciclastic deposits

2 Da2 Volcanic Debris Avalance (3.5 ka)
(3.5ka -T9CE)

1 Pre-Avellino eruption
(after Milia et al, 2003) -

marine deposits (> 3.5 ka)

Figure 15. Details of IKB-Seistec profile 1111503 across the Herculaneum Sand wave Field (HSF) and their interpretation. Note wavy
bedforms associated with the seaward modification and gravitational instability of the pyroclastic flow/surge deposits that entered the
sea during the 79 CE eruption of Vesuvius (see also Figure 14)

15. dbra. Az értelmezett 1111503 IKB-Seistec szelvény részlete a Herculaneum homokdiinéken (HSF) keresztiil. A szelvényen ldthatok a Veziiy
79. évi kitorése soran a tengerbe omld piroklaszt-ar gravitdciosan osszeomlo homokhullamainak szerkezete (ldsd még a 14. dbrdt)
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parallel, relatively continuous high-amplitude reflectors
and is overlain by unit 2, represented by a wedge-shaped
geometry and internal chaotic to reflection-free seismic
facies. The unit displays a thickness of 8—15 m and is
locally imaged by parallel, discontinuous reflectors at its
base. Up in the sequence follows unit 3 that displays a
thickness of 5-10 m, with relatively continuous, high-
amplitude internal reflectors in the distal part of the slope
and partly transparent seismic facies towards the coastal
zone. The upper part of this unit (base of gravity core C79)
is represented by laminated sandy silt interbedded with
tephra layers that predate the Vesuvian eruption of 79 CE
(MILIA et al. 2008) (Figure 14). The overlying unit 4 cor-
responds to pyroclastic flow deposits that have been re-
worked in marine environment after entering the seawater
during the 79 CE eruption of Vesuvius. In core C79 the
deposits are mostly represented by coarse grained pumice,

lapilli and ash at the base, and normally graded fine
grained lapilli and ash with parallel lamination in the upper
part of the succession (Figure 14). Unit 4 is mainly char-
acterised by a wavy seismic facies that passes landward to
wavy bedforms, with partially disrupted and chaotic ref-
lections. The unit displays an average thickness of 12 m
and covers an area of ~30 km? (Figures 5 and 14-15),
yielding a volume of ~80 km?. The uppermost part of the
succession is represented by unit 5 that consists of wavy-
parallel reflectors blanketing the underlying unit 4, with a
thickness in the order of 1-4 m. The deposits of unit 5
correspond the uppermost interval sampled at C79 gravity
core station and are represented by a homogeneous, partly
bioturbated very fine sandy silt that postdates the 79 CE
eruption of the Vesuvius.

The planform morphology of the multilayer composed
of units 4 and 5 defines an elongated, s-shaped, channelised
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Figure 16. IKB-Seistec profile 1111507 across the volcaniclastic diapir field of Banco della Montagna and its interpretation. Geological
calibration of seismic units was provided by gravity cores C115 and C116. Seismic stratigraphic units: MS) Post-LGM marine deposits;
PS) coarse-grained, reworked volcaniclastics (mostly pumice). Lithofacies associations of C115 (frame a) and C116 (frame b) core
splits: A) coarse-grained pumice and ash with chaotic texture including reworked products from NYT (ca 15 ka) and/or Pomici
Principali (~12 cal ka BP) eruptions; B) silty sand with mollusks and rhodoliths (13- 10 ka BP); C) clayey silt with interbedded tephra
(<10 ka BP). Red asterisks in photograph of core C115 mark stratigraphic position of samples processed for chemical analyses and

©Ar/¥Ar determinations (INSINGA 2003)

16. dbra. Az értelmezett 1111507 IKB-Seistec szelvény a Banco della Montagna vulkdni diapirién keresztiil. A szeizmikus egységek geoldgiai
korrelacidja a C115 és C116 gravitdcios magmintdk segitségevel tortént. MS) LGM utani tengeri iiledékek, PS) durva-szemcsés, dthalmozott
vulkanoklaszt (foként horzsakd). A C115 (a) és C116 (b) felnyitott magmintdk fénykeépei az értelmezett litofdciesekkel. A) a NYT mintegy 15
ezer éves és/vagy a Pomici Prinicipali mintegy 12 ezer évvel ezeldtti dthalmozott anyagdt tartalmazo kaotikus szovetii, durvaszemcseés
horzsakd és hamu, B) molluszka és rhodolit tartalmii agyagos homok (mintegy 10- 13 ezer éves), C) agyagos kozetliszt kozbetelepiilt tefra-
rétegekkel (10 ezer évesnél fiatalabb). A C115 mag fényképén ldthatd piros csillagok a kémiai vizsgalatokra és *’Ar/*Ar meghatdarozdsra vett

mintak helyeit jelolik (INSINGA 2003 nyomdn)
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field of wavy bedforms, with a length of ~13 km and width
of 2-3 km that spreads away from the Herculaneum shore-
line towards the central sector of the Bay of Naples (HSF;
(Figures 5 and I4—15). Wavy bedforms display maximum
amplitude of ~10 m and wavelength in the order of 200-250
m. In cross section, unit 4 displays basal, parallel reflectors
onlapping an erosional truncation (Figures 14—15). The
internal structure is characterised by asymmetric, mostly
upslope migrating, sediment waves from deep to shallow
water (Figure 15).

Seismic interpretation documents for unit 4 the oc-
currence of three segments, with different internal strati-
graphic architecture. In nearshore settings (1050 m water
depth) where the unit is thicker (ca 20 m) and the slope is
steeper (~30°) sediment waves tend to display a chaotic/
disrupted seismic facies, locally with backward (upslope)
rotated strata (Figure 15a, b).

In median areas, between 70 and 120 m water depth,
with slope in the order of 15°, sediment waves clearly
display their asymmetric geometry and evidence of upslope
accretion of strata (“antidunes”, Figures 14—15). Internal
unconformities bounding individual stratigraphic units
involved in the building and growth of sediments waves can
be recognised. The distal part of unit 4 develops at water
depth of 120-140 m, with an average slope attaining ~8° and
is characterised by a gradual decrease in the amplitude of
sediment waves that become progressively smoother and
thinner, as water depths increases. The asymmetry of wavy
reflectors is locally evidenced by upslope dipping lee side of
sediment waves particularly between 140 m and 120 m of
water depth (Figure 15D).

Banco della Montagna knoll

Seistec profile 111507 (Figure 16) documents two main
seismic-stratigraphic units in the area of the Banco della
Montagna (BM). Both units have been cored in their upper part
by gravity cores C115 and C116 (Table I and Figure 16a, b).

The upper seismic unit (MS) displays sub-parallel
reflectors with high to medium amplitude and lateral con-
tinuity (Figure 16). Analysis of gravity cores indicates this
unit consists, from bottom to top, of two main lithofacies: B)
shallow water (shoreface) bioclastic sand and silty sand with
mollusc shells and rohodolites deposited during the Last
Glacial Maximum (LGM); A) burrowed sandy silt and
clayey silt postdating the LGM.

The lower unit (PS) is represented by homogeneus
coarse grained pumice and ash (lithofacies C in Figure 16a,
b), and it features a chaotic to transparent seismic facies as-
sociated with a series of columnar or hourglass-shape diapirs
(“pagodas”; EMERY 1974, PASSARO et al. 2016). These struc-
tures may locally be covered by the younger deposits or
exposed at the surface where they form a complex set of
seafloor mounds (Figures 2 and 5). Seismic interpretation
also suggest that diapirs of unit PS intrude, deform, and drag
the strata of the above MS unit.

Chemical analysis of selected sediment samples from
C115 core (INSINGA 2003, D’ ARGENIO et al. 2004), showed a
compositional affinity with the Pomici Principali (ca 12 cal
ka BP) and the NYT (~ 5 ka) explosive eruptions of Campi
Flegrei, also in agreement with preliminary “*Ar/*°Ar de-
terminations (Figure 16).

Discussion

The joint acquisition of ultra-high resolution seismics,
gravity core data and swath bathymetry provide unpre-
cedented imaging of the stratigraphic and structural ex-
pression of the recent volcanism offshore the Campania
coastal zone, both in the Campi Flegrei and Somma-
Vesuvius offshore and in the marine sector between them.

Seismic imaging of the Campi Flegrei, NYT
Caldera off the Bay of Pozzuoli

Historical unrest and recent ground deformation
(bradyseism) at Campi Flegrei Caldera have been long
documented in the literature (e.g. ORrSI et al. 1999, DE
NATALE et al. 2001, BATTAGLIA et al. 2006, ACOCELLA 2010).
However, whereas only spotted effects of the bradyseism
can be detected onshore, more easily recognizable are
perhaps the offshore consequences of accommodation
space changes due to seafloor deformation, as they can be
extensively identified on seismic profiles by the stratal
terminations at boundaries of seismic stratigraphic units
(e.g. VAIL 1987, HUNT & TUCKER 1992, CATUNEANU 2019).

Seistec profiles show that the NTY caldera has a broad
ellipsoidal shape in plan view, elongated in WNW-ESE
direction, with axes of ~9 km and ~8 km. Seismic images
allow for the detection and mapping of a distinct caldera
collapse and associated fault zone (ring fault system), along
with an inner caldera resurgent dome that results in an
antiformal structure covering about 9 km? with a diameter of
~5 km. The maximum documented uplift offshore is in the
order of 120-150 m.

The resurgent structure displays relatively limited, internal
brittle deformation, with the notable exception of its central
summit area where a set of normal faults forms an “apical
graben’ as the consequence of extension, in the area of maxi-
mum convex curvature of the antiformal structure, similarly to
other resurgent caldera systems (e.g. Timber Mountain dome,
CARR & QUINLIVAN 1968) (see also LipMAN 1997, COLE et al.
2005).

Towards the borders of the caldera collapse, the ring-fault
structure represents a highly permeable zone allowing for the
ascent of fluids (e.g. Figure 9) locally accompanied by the
emplacement of sub-surficial magmatic intrusions (Figure 8;
SaccHi et al. 2014; STEINMANN et al. 2016, 2018; NATALE 2018).

Seismic interpretation suggest a possible kinematic re-
construction of the NYT caldera during the last 15 ka (SACCHI
et al. 2014, STEINMANN et al. 2016), that can be summarised
into four main stages (Figure 17):
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SSW NNE — Stage B (~13—-6 ky) During this stage,
the concomitant deformation and uplift of

STAGE A the NYT resurgent dome (~12 mm/year on
(~15-~13 ka) average) and the decrease in the rate of the
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Figure 17. Stages of evolution of the NYT collapse-resurgent caldera during the last 15 kys (modified
and redrawn after SACCHI et al. 2014). Vertical exaggeration is 1:8

17. abra. A NYT kalderdjanak fejlodési fizisai. a) 13- 15 ezer éwvel ezelott, b) 6- 13 ezer éwvel ezeldtt, ¢) 6-2 ezer
évvel ezeldtt, d) 2 ezer évvel ezelottol napjainkig. Az abran csillag jeloli az aktiv vetket. A nyilak a kiemelkedést/
siillyedeést jelzik. Az abra vertikalis tiilmagasitdsa 1,8-szeres (SACCHI et al. 2014 utdn modositva)

— Stage A (~15-13 ky) The first phase is characterised
by onset of a rapid sediment filling of the inner caldera col-
lapse, soon after the NYT eruption. The caldera fill reaches
a thickness of 50-60 m and is represented by a succession of
mixed volcaniclastic and siliciclastic deposits mostly fed by
the surroundings of the caldera rim, with water depths
rapidly changing from 80-90 to 30—-20 m, prevailingly as a
response to sediment input during a relatively short time
interval dominated by sea level rise.

10and 12-13).

eustatic sea level rise, result in a progressive
decrease of the accommodation space
within the inner shelf of the Pozzuoli Bay,
causing subaerial exposure of marine strata
between ~8 ka and ~4 ka, along the coastal
cliff (La Starza) (e.g. CINQUE et al. 1985,
AMORE et al. 1988).

— Stage C (~6-2 ky) This period is cha-
racterised by a significant decrease in the
rates of both the uplift of resurgent dome and
sea level rise. The resulting phase of quasi-
equilibrium between the two processes and
the consequent stability of the accommoda-
tion space, creates favorable conditions for
the development of an Infralittoral Prog-
rading Wedge (sensu HERNANDEZ-MOLINA
et al. 2000) (IWP#1) off the Pozzuoli Bay,
with slope break of prograding clinoforms
likely located at an initial water depths of
~20-22 m b.s.l. (FRACcASCIA et al. 2013,
PEPE et al. 2104, SaccHi et al. 2014). The ter-
mination of this stage is constrained by the
occurrence of the 79 CE tephra layer of
Vesuvius eruption, that has been cored in the
Pozzuoli Bay, and can be traced into the
uppermost part of the infralittoral pro-
grading wedge (SACcHI et al. 2014)

— Stage D (Since ~2.0 ka), a distinct
phase of subsidence affects the inner sector
of the NYT caldera as testified by dramatic
drowning coastal settlements and infra-
structures of Roman age (e.g. DVORAK &
BERRINO 1991, DVORAK & MASTROLORENZO
1991). This time interval is characterised
indeed by a period complex ground defor-
mation including asymmetrical subsidence/
uplift (PASsARO et al. 2013). The generalised
inner NYT caldera subsidence that was ac-
companied by an overall tilting of the entire
resurgent structure towards ESE, that caused
in turn the deactivation of the IWP#I
formed during the previous stage (SACCHI et
al. 2014, STEINMANN et al. 2016, MARINO
2018) and the overall landward backstepping

of the shoreface depositional system with formation of a
younger Infralittoral Prograding Wedge (IWP#2) (Figure 9—

Sediment wave field offshore

Somma-Vesuvius

The seafloor morphology offshore Somma-Vesuvius is
largely influenced by the Late Holocene to recent volcanism.
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A major morphostructures is represented by the large
channelised sand wave field (HSF), extending from the
coasts of Herculaneum down to the SE flank of the Am-
montatura Channel (Figure 5). Correlation between the
stratigraphic succession documented onshore Herculaneum
coast (MILIA et al. 2008 and the offshore seismic units
calibrated by gravity core data (Figures 14—15), allow for the
recognition of the following seismic-stratigraphic units: 1)
marine siliciclastic deposits older than 3.5 ka; 2) reworked
pyroclastic flow deposits associated with the Avellino
Plinian eruption (~3.9 cal ka BP; “debris avalanche DA2” in
MiLiA et al. 2003); 3) marine siliciclastic deposits that
formed between 3.9 ka BP and the 79 CE; 4) pyroclastic
flow/surge and fall deposits associated with the 79 CE
eruption of Vesuvius; 5) marine siliciclastic succession de-
posited after the 79 CE eruption (Figures 14—15).

Seismic interpretation suggests that the HSF may be
interpreted as the morphological expression of the subma-
rine counterpart of pyroclastic flow and surge deposits of
the Vesuvian Eruption of 79 CE (unit 4) that entered the
seawater after the destroying of Herculaneum (MILIA et al.
2008, PorpE et al. 2018). Particularly, the massive, homo-
geneous texture of the coarse grained pumice, lapilli and ash
of unit 4 may result from the underwater modification of
primary pyroclastic currents into turbulent flows (FREUNDT
2003, LE FrIANT et al. 2009, TroriMOvs et al. 2012,
JUTZELER et al. 2017, PoPE et al. 2018, SLOOTMAN et al. 2019
and references therein).

We also infer that the internal chaotic seismic facies and
rupture of reflectors within sediment waves (Figures 14-15),
mostly concentrated in the upper part of the HSF at water
depths shallower than 100 m, represent the effect of gravi-
tational instability, locally manifested as slump folding/
faulting of strata within unit 4 along the upper slope. (e.g. POPE
et al. 2018 and references therein).

Volcaniclastic diapirs of the
Banco della Montagna knoll

Previous marine surveys acquired in the volcanic area of
Napoli have documented a large, diffuse number of active
fluid emissions and associated seafloor morphologies, like
pockmarks, cones, and elongated features (PASSARO et al.
2014). Fluid vents are particularly concentrated on a sub-
circular seafloor region located between Campi Flegrei and
Somma-Vesuvius at a depth of 150-100 m, ~5 km SW off
Naples harbor (PASSARO et al. 2016a).

The transparent facies of the columnar diapirs imaged
on seismic profiles (unit PS) suggest a significant degree
of mixing of unconsolidated pumiceous sediments and
upraising gas, which was sampled at various locations
from seafloor vents (PASSARO et al. 2016b). The gas com-
position is comparable with that of the Campi Flegrei and
Somma-Vesuvius fumaroles and it is indicative of a mixing
between a mantle source and shallower fluids associated
with partial de-carbonation of crustal rocks (PASSARO et al.
2016).

The upward migration of gas within the sediments may
also have the effect to scrub the materials included in unit
MS, thus explaining the presence of chaotic structure of
deposits sampled by the gravity cores. The integration of
the results of previous studies (INSINGA 2003, D’ ARGENIO
et al. 2004, PAssARO et al. 2016) with seismic and gravity
core data presented in this study suggest that the columnar
and hourglass diapirs (pagodas) of the BM presumably
formed by the dragging and uprise of unconsolidated
pumice deposits (Pomici Principali and/or NYT erupted
from the Campi Flegrei) from deeper stratigraphic levels to
the surface, as a result of low-temperature degassing of
over-pressured fluids. These layers are upward confined by
a layer of silty deposits (facies C in Figure 16) that formed
during the transgressive phase following the LGM (< 15
ka). The minimum overpressure was calculated to be at 2.4
MPa on average in the last 15 kyrs (VENTURA et al. 2016).

Conclusion

This study provides a series of ultra-high-resolution
seismic images of selected volcanic structures, hydro-
thermal features and volcaniclastic depositional units that
characterise the seafloor morphology and subsurface of the
Bay of Naples off the Campi Flegrei Caldera and Somma-
Vesuvius volcanic districts. Main conclusions may be sum-
marised as follows:

1) The Pozzuoli Bay is characterised by the occurrence of
an active resurgent dome associated with the late stage
evolution of the Neapolitan Yellow Tuff (NYT) collapse
caldera. The resurgent structure underwent a series of relat-
ively rapid uplifts episodes alternating with unrest periods
throughout the Late Pleistocene—Holocene, with a notable
phase of subsidence approximately occurring between 2.5 and
1.5 ka. This style of deformation ostensibly controlled the
long-term trend of ground deformation of the NYT intra-
caldera region throughout the Holocene. The resurgent dome
is bounded at its periphery by a caldera ring-fault zone, locally
characterised by the occurrence of ascending hydrothermal
fluids and volcanic/subvolcanic intrusions.

2) Seismic imaging of the submarine slope of Somma-
Vesuvius volcanic complex showed the occurrence of
diffuse sand wave fields and seafloor instability along the
outer shelf, involving the massive pyroclastic flow deposits
that formed during the 79 CE eruption of Vesuvius and
entered the seawater after destroying the Roman city of
Herculaneum.

3) A hummocky region at the seafloor (Montagna Bank)
has been documented between the Somma-Vesuvius offshore
and the Pozzuoli Bay, ~5 km off the Posillipo hill. The Banco
della Montagna was shaped by the dragging and rising up of
unconsolidated pumiceous deposits (possibly including
reworked material from NYT and Pomici Principali eruptions)
from deeper stratigraphic horizons as a consequence of the
overpressure associated with the emergence of active fluid
vents in the area.
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