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Introduction

This thesis deals with deformation mechanisms at different time and spatial scales ranging
from tens to millions of years and from one to tens of kilometers, respectively. The study areas are
the Campi Flegrei (Campania region, Italy) and Paola Basin (western offshore Calabria region, Italy).

The Campi Flegrei and its offshore prolongation, the Pozzuoli Bay, represent a natural
laboratory for investigating volcano-tectonic deformations at 1yr-1kyr timescale and 1km spatial
scale related to the dynamics of the Neapolitan Yellow Tuff (NYT) caldera and its intra-caldera
resurgence. Calderas are depressions formed as a consequence of gravitational collapse of overlying
rocks into an emptying reservoir following ignimbrite eruptions (Lipman, 2000). Generally, collapse
of the caldera floor occurs along a ring fault zone that allows a subsidence up to 3 km and provides
a large volume of pyroclastic material. Post-collapse activity includes post-caldera volcanism,
resurgence, sedimentation within the caldera depression and hydrothermal processes. In particular,
resurgence represents the long-term uplift of the subsided caldera floor to form a dome-like structure.
The resurgence develops as dome (Lipman, 2000; R. L. Smith & Bailey, 1968) or disjoint uplifted
blocks of the caldera floor rocks (Acocella et al., 2004; Orsi et al., 1991). According to many authors,
the uplift of the resurgent dome occurs along inward dipping reverse faults (Brothelande et al., 2016;
Kennedy et al., 2004; Mandl, 1988; Orsi et al., 1991; Phillips, 1974; Roche et al., 2000; Walter &
Troll, 2001). The development of the fault system can be controlled by the regional tectonics or
linked to the reactivation of pre-exiting structures related to caldera collapse (Acocella & Funiciello,
1999; De Natale & Pingue, 1993; Folch & Gottsmann, 2006; Kennedy et al., 2004; Petrinovic et al.,
2010; Roche et al., 2000; Saunders, 2004; Vilardo et al., 2010; Walter & Troll, 2001). In the last few
decades, the structural elements of the NYT caldera collapse were investigated through a) field data
(e.g. Di Vito et al., 1999; Orsi et al., 1996; Vitale & Isaia, 2014), b) high- and very-high reflection
seismic data (Alfonsa Milia & Giordano, 2002; M Sacchi et al., 2014), c¢) tomography images (e.g.
Dello lacono et al., 2009; Judenherc & Zollo, 2004), d) analogue modelling experiments (V Acocella
et al., 2004) and e) interferometric synthetic-aperture radar (INSAR) data (e.g. luliano et al., 2015;
Lundgren et al., 2001; Trasatti et al., 2008; Vilardo et al., 2010). Despite numerous research works,
the geometry of the onshore-offshore intra-caldera resurgent dome as well as the relationship
between subsurface structures and ground deformations are still poorly understood. In this study, the
integrated analysis of high-resolution swath bathymetry, single channel reflection seismics and
interferometric synthetic-aperture radar (INSAR) data are used in order to reconstruct the architecture
of the NYT intra-caldera resurgence as well as the geometry and kinematics of structures responsible
for its development. The results of this research provide new insights into the structural style of
restless resurgent calderas.

In order to analyse long term deformations (Myr timescale) occurring at tens of kilometers
spatial scale, this research focuses on the Paola Basin, a forearc basin of the Tyrrhenian-lonian

subduction system. Forearc basins are included in the forearc region formed on the overriding plate
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of a subduction system between the accretionary prism and volcanic island arc. Forearc basins
develop structurally as a consequence of a permanent deformation of the overriding plate in response
to subduction and accretion (Dickinson & Seely, 1979). Their evolution is recorded in the
depositional sequences resulting by a combination of tectonic processes and sediment supply over
millions of years (Laursen et al., 2002; Ryan et al., 2012). The fore-arc region of the Tyrrhenian -
lonian subduction system is located in the area extending from the Aeolian Arc, across the western
Calabrian margin and the Calabrian Arc, to the lonian accretionary wedge. Along the western
Calabrian margin, Paola Basin develops as an asymmetric syncline filled by the largest accumulation
of Pliocene to present sediments of the forearc region. The depositional sequence records various
geological phenomena linked to dynamic interactions between the lower and upper plates of the
Tyrrhenian-Ionian subduction system (e.g. subsidence and uplift events). Thus, the Paola Basin and
the adjacent northern Calabrian Arc provide new insights into tectono-stratigraphic evolution of the
fore-arc region, and its relation with slab roll-back and steepening in a regime of overall convergence.
Despite several research works conducted in the upper plate of the Tyrrhenian - lonian subduction
zone (e.g. Argnani & Trincardi, 1988; Guarnieri, 2006; Milia et al., 2009; Pepe et al., 2010), the
tectono-stratigraphic evolution of the Paola Basin, the source areas of sediments, and the process
responsible for their transport are still poorly known. Furthermore, the mechanisms responsible for
the long-term (10° years) subsidence in the Paola Basin and uplift in the adjacent Costal Chain are
poorly understood and debated as well as the role of contractional, extensional and strike-slip
tectonics inside and along the flanks of the basin. In this research, the integrated analysis of
EMODnet bathymetry data and a grid of high-penetration, multi-channel seismic-reflection data
allows to a) reconstruct the 3D stratigraphic architecture and the Pliocene to Quaternary evolution of
the basin; b) constraint the geometry and kinematics of fault systems; ¢) quantify the vertical
movements experienced by different sectors of the basin. Also, the results of this work are combined
with the literature knowledge on the horizontal and vertical movements experienced by the northern
Calabrian Arc in order to obtain new insights into the long-term deformations of the fore-arc region

and the tectonic role of strike-slip fault system formed along the western Calabrian margin.
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CHAPTER 1

Architecture and kinematics of the Neapolitan Yellow Tuff intra-caldera
resurgence (Pozzuoli Bay, Campi Flegrei): new insights from high-

resolution reflection seismics and DINSAR data

NOTE This chapter is a “working in progress” scientific paper in collaboration with F. Pepe, M.
Sacchi, L. Ferranti & G. Solaro.



Abstract

Resurgence is the late stage, long-term uplift of a collapse caldera floor to form a dome-like
structure. The comprehension of its development and structural pattern is crucial for predicting the
caldera behaviour during periods of unrest. This work investigates the resurgent activity of the
Neapolitan Yellow Tuff (NYT) caldera (Campi Flegrei - Pozzuoli Bay), using an integrated analysis
of high-resolution swath bathymetry, reflection seismic profiles and interferometric synthetic-
aperture radar (INSAR) data. The interpretation of the data shows that resurgence affects a ~ 50 km?
wide almost circular area centred in the Pozzuoli harbor. The resurgent area is surrounded by a ~ 3-
4 km wide structural discontinuity corresponding to the Ring Fault Zone (RFZ) that formed during
the NYT caldera collapse (~15 ka BP). The uplift of the caldera resurgence occurs along a series of
inward-dipping reverse faults of the RFZ characterized by a decreasing-upward inclination of fault
planes from ~70° to ~15°. The development of these structures is controlled by the reactivation and
deformation of pre-exiting normal faults associated with the NYT caldera collapse. Deformation of
reactivated faults often results in folding of overlying and/or juxtaposed strata, in the style of ~ 500
m wide antiformal folds, mostly located along the periphery of the resurgent area. The structural
pattern of the resurgence consists of disjoint uplifted blocks of the caldera floor. Two main structural
elements are detected inside the resurgent area both off- and onshore, separated by a NNE-SSW
trending high-angle normal fault. The most uplifted block comprises the area from Mt Nuovo to La
Pietra, whereas the adjacent uplifted sector extends eastwards to include Mt Spina. The morpho-
bathymetric expression of the two uplifted blocks is represented by a ~5 km wide antiformal
structure, encircled by Bagnoli and Epitaffio valleys. In the hinge zone of the resurgent dome a series

of high-angle normal faults form a small apical graben.

Keywords: Caldera, Resurgence, Reverse faults, Campi Flegrei, Pozzuoli Bay.

1.0 Introduction

Collapse calderas represent the surface expression of explosive eruptions in the order of tens
to hundreds of km® of magma. Following the eruption, a depression forms as a consequence of
gravitational collapse of overlying rocks into an emptying reservoir (Lipman, 2000). Generally,
calderas subside up to 3 km along boundary faults, and extend from a few of kilometres to tens of
kilometres. The caldera shape can be circular or elliptical in plan view, reflecting the influence of
the regional tectonics (Holohan et al., 2005). Five end-members of calderas types are defined on the
basis of the geometry of their collapse (Cole et al., 2005). In particular, piecemeal collapse calderas
consist of several floor blocks and/or multiple collapse centres (Branney & Kokelaar, 1994; Moore
& Kokelaar, 1998).

Post-collapse activity frequently involves post-caldera volcanism, resurgence, sedimentation

within the caldera depression and hydrothermal processes. Among these activities, the resurgence is
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one of the most documented (e.g. Valles, Bonanza caldera, Timber Mountain, Yellowstone, Long
valley, La Pacana, Turkey Creek, Cerro Galan, Bennett Lake, Grizzly Peak caldera, Campi Flegrei,
Toba). Resurgence is defined as the long-term uplift of a caldera floor portion to form a dome-like
structure, up to thousands of meters high. Several authors agree that resurgence results from a
magmatic overpressure associated with a renewed upward migration of magma (du Bray & Pallister,
1999; Gazis et al., 1995; Kennedy et al., 2012; Lipman, 2000; Marsh, 1984; Smith & Bailey, 1968).
The uplift dynamics varies from doming (R. L. Smith & Bailey, 1968) to disjointing in differentially
uplifted blocks of the caldera floor rocks (Acocella et al., 2004; Orsi et al., 1991).

Current models on the deformation pattern related to the resurgence are proposed based on
field studies, geophysical data, remote sensing, numerical and analogue experiments. As the caldera
floor is pushed upward, the intra-caldera deposits fold, fracture, and fault, forming on the whole a
dome-like structure. Frequently, a depression bounded by normal faults forms on top of the dome
structure (Brothelande et al., 2016; Lipman, 1984; Self, Goff, Gardner, Wright, & Kite, 1986). The
uplifted area is confined within pre-existing collapse calderas (Acocella & Funiciello, 1999; De
Natale & Petrazzuoli, 1997; Giuseppe De Natale & Pingue, 1993; Orsi et al., 1991). According to
many authors, resurgent domes are bordered by inward dipping reverse faults (Brothelande et al.,
2016; Kennedy et al., 2004; Mandl, 1988; Moran-Zenteno et al., 2004; Orsi et al., 1991; Phillips,
1974; Roche et al., 2000; Walter & Troll, 2001), but its formation throughout outward dipping
systems is also proposed (Tibaldi & Vezzoli, 1998). The development of the fault system can be
controlled by the regional tectonics or linked to the reactivation of pre-exiting structures related to
caldera collapse (Acocella & Funiciello, 1999; Folch & Gottsmann, 2006; Hon, 1987; Kennedy et
al., 2004; Moran-Zenteno et al., 2004; De Natale & Pingue, 1993; Petrinovic et al., 2010; Roche et
al., 2000; Saunders, 2004; Vilardo et al., 2010; Walter & Troll, 2001). The reactivation of moderately
to steeply (typically 50-60°) dipping normal faults as reverse faults occurs preferentially in the area
of most intense fluid overpressures (Sibson, 1995).

This work focuses on the Campi Flegrei volcanic area and its offshore sector, the Pozzuoli
bay, characterized by ground deformations associated with the dynamics of the NYT caldera
collapse-resurgence system. In the last few decades, the structural elements of the NYT caldera
collapse were inferred on the basis of a) field data (e.g. Orsi et al., 1996; Vitale & Isaia, 2014; Di
Vito et al., 1999), b) high- and very-high reflection seismic data (Milia & Giordano, 2002; Sacchi et
al., 2014), c) tomography images (Dello lacono et al., 2009; Judenherc & Zollo, 2004), d) analogue
modelling experiments (Acocella et al., 2000; 2004). Also, recent ground deformations at Campi
Flegrei were documented using interferometric synthetic-aperture radar (INSAR) technique (e.g.
Lundgren et al., 2001; luliano et al., 2015; Trasatti et al., 2015; Vilardo et al., 2010). INSAR data
highlight that the recent subsidence (1992-1999) and uplift (since 2005) phases are associated with
the development of the resurgent dome in the NYT intra-caldera region. Despite numerous research

works, the geometry of the onshore-offshore intra-caldera resurgence as well as the relationship
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between subsurface structures and ground deformation are still poorly understood. In this study, the
integrated analysis of bathymetric, seismic reflection and satellite data allowed to reconstruct the
architecture of the NYT intra-caldera resurgence as well as the geometry and kinematics of structures
responsible for its development. The results of this research provide new insights into the structural
style of restless resurgent calderas.

2.0 Geological framework
2.1 The Campi Flegrei-Pozzuoli bay volcanic district

The Campi Flegrei represent an active volcanic district placed along the Tyrrhenian margin
of the Campania region (southern ltaly) (Fig. 1). The volcanic area is structurally dominated by a
caldera collapse and a resurgent dome uplifted in the inner caldera region (Florio et al., 1999;
Giudicepietro, 1993; Dello lacono et al., 2009; Judenherc & Zollo, 2004; De Natale et al., 2006; Orsi
et al., 1996; Rosi & Shrana, 1987; Sacchi et al., 2014; 2009; Scarpati et al., 1993; Wohletz et al.,
1995). The caldera structure consists of a ~16 km wide sub-circular depression formed in the central
sector of the Campi Flegrei and its offshore prolongation, the Pozzuoli bay, during the eruption of
the Neapolitan Yellow Tuff (NYT), a 30-50 km3 Dense Rock Equivalent (DRE) ignimbrite dated at
~15 ka BP (Deino et al., 2004). Following the NYT eruption, about 70 monogenic phreato-magmatic
vents developed inside the NYT caldera collapse (Di Renzo et al., 2011; Di Vito et al., 1999; Fedele
etal., 2011; Isaia et al., 2009). The most recent eruption occurred at Monte Nuovo in 1538 A.D. (De
Natale et al., 2006; Rosi & Sbrana, 1987).

According to several authors, NW-SE, NE-SW, and N-S striking faults occurred along the
Campi Flegrei area during and after the development of the NYT caldera (Acocella, 2008; Bruno,
2004; Milia et al., 2003; Orsi et al., 1999; Rosi & Sbrana, 1987). The NE-SW and subordinate NW-
SE extensional faults are the main structures controlling volcanic activity (Fig. 1). In particular, the
NW-SE trending fracture system is the most widespread during the resurgence development
(Acocella, 2010; Orsi et al., 1996).

The NYT inner caldera deformation was explained through a simple-shearing block
resurgence mechanism by Orsi et al., 1991b; 1996. This model consists in the formation of several
blocks bounded by sub-vertical fault planes and characterized by differential vertical displacement.
According to Orsi et al., 1996, the most uplifted area is located between the Pozzuoli harbour and La
Solfatara and bounded by inferred high-angle reverse faults. Some authors found that inner caldera
ground deformation predominantly occurs along re-activated caldera ring-faults, intra-caldera faults,
and eruptive fissures (De Natale & Petrazzuoli, 1997; De Natale & Pingue, 1993; Vilardo et al.,
2010).

Offshore, the caldera collapse led to the formation of concentric normal faults along the Ring
Fault Zone (RFZ) defined by Sacchi et al., 2014 (Fig.1). Diffused occurrence of pore fluids was

recognized within the stratigraphic succession cut by the RFZ, especially in the western sector of the
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bay, culminating in the formation of fluids vents (Carmisciano et al., 2013). The RFZ encircles the
NYT resurgent dome, that displays a diameter of ~ 5 km and is located in the northern sector of the
Pozzuoli bay (Sacchi et al., 2014).

2.2 Ground deformation at Campi Flegrei

Over the last 15 kyrs, ground deformation on long- (resurgence) and short- (bradyseisms)
time scales affected the inner caldera region (Cinque et al., 1985; Isaia et al., 2009; G. Orsi et al.,
1996; Di Vito et al., 1999). The most uplifted part of the caldera floor includes La Starza marine
terrace, presently at 30 to 55 m above sea level (a.s.l). This sector uplifted up to about 90 m with an
average rate in the order of 9-12 mm/year between 10.5 ka PB and 4.0 ka PB (Sacchi et al., 2014).
During the same time, subsidence occurred in the southern part of the Pozzuoli bay (Scandone et al.,
2006).

Historical ground deformation was well documented by marine incrustations on Roman and
Middle Ages edifices as well as submerged archaeological remains. Particularly, the ruins of an
ancient Roman market, the “Serapeum”, recorded a post-Roman subsidence phase in the area of
Pozzuoli harbor (Dvorak & Mastrolorenzo, 1991; Parascandola, 1947) with an average rate of ~1.5—
2.0 cm/year (Troiano et al., 2011). Also, the discovery of Roman archaeological remains at water
depth of ~10 m suggests a post-Roman subsidence along the western coast of the Pozzuoli Bay (Orsi
et al., 1996; Passaro et al., 2013). Several, rapid and intense uplift episodes interrupted the trend of
subsidence, in association with eruptive activity such as the 1538 AD Monte Nuovo eruption
(Bellucci et al., 2006; Dvorak & Mastrolorenzo, 1991; Troiano et al., 2011).

Since 1905, ground-based topographic levelling networks, integrated with a global
positioning system (GPS) monitoring network and interferometric data, record the unrest episodes
of the NYT caldera. The major uplifts of 170 and 180 cm were estimated at Pozzuoli harbor in 1970-
71 and 1982-84, respectively (Battaglia et al., 2006; Dvorak & Berrino, 1991; Del Gaudio et al.,
2010; De Natale et al., 2006). After two decades of prevailing subsidence, the Campi Flegrei area
experienced uplift periods (e.g. 2005-2006; 2012-2013), alternating with subsidence phases or
stationary deformation trends (Bottiglieri et al., 2010; D’ Auria et al., 2015; De Martino et al., 2014;
Del Gaudio et al., 2010). The pattern of recent uplifts was radially symmetric with decreasing
deformation velocity values moving from the Pozzuoli harbor towards the borders of the NYT
caldera (luliano et al., 2015; Samsonov et al., 2014; Trasatti et al., 2015; Vilardo et al., 2010). The
last phase of ground uplift occurred between April 2012 and January 2013, reaching ~11 cm with a
maximum rate of 3 cm/month (Elisa Trasatti et al., 2015). Ground deformation was interpreted as

the effect of magmatic intrusions at shallow depth (D’ Auria et al., 2015).
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3.0 Materials and methods

This study is based on the integrated analysis of a) multibeam bathymetry, b) a grid of high
and very high-resolution seismic reflection data, and c¢) differential synthetic aperture radar
interferometric (DinSAR) data.

3.1 Multibeam bathymetry

The high-resolution grid Digital Terrain Model (DTM) with cell size of ~10 m is a part of
the swath bathymetry data acquired by the IAMC-CNR in the Pozzuoli Bay (see Sacchi et al., 2014
for details of acquisition and processing). The hill-shaded GeoTIFF images of the bathymetry dataset
was created within GeoSuite AllWorks and Global Mapper software. The color ramp for the
GeoTIFF images was scaled between the sea level and the maximum measured water depth. Ambient
lighting is from NNE (30°) at 50° above the horizon, and vertical exaggeration is 4.8x.

3.2 Seismic reflection data acquisition and processing

Seismic data consist of over 600 km of single channel (Geo-Source Sparker, Sub-bottom
Chirp) reflection seismic profiles recorded in the Pozzuoli Bay between 2007 and 2013. Seismic
profiles are primarily acquired along NNW-SSE to NNE-SSW directions and subordinately along
WNW-ESE direction (Fig. 1b). The software used for the acquisition of navigation data is the PDS-
2000 RESON which provides the DGPS positioning data to all the instrumentation operating on
board. High- and very high-resolution data were recorded using a single channel streamer with an
active section of 2.8 m, containing seven high resolution hydrophones, for 1.3 s two-way time (t.w.t.)
at a 10 kHz (0.1 ms) sampling rate. The Sub-Bottom Chirp profiler operated with a 16 transducer
Benthos Chirp 1l system in a wide frequency band (2—7 kHz), with a long pulse (20-30 ms). Sparker
data were acquired using a 1 kJ power supply with a multi-tip sparker array, a ringing-free system
operating with a shot rate of 1.5 s, and a base frequency of ~800 Hz.

Processing of seismic data was performed using the Geo-Suite AllWorks software. The
processing sequence applied to the dataset included the following operators: a) spherical divergence
correction, b) bandpass (300-2000 Hz) filter, ¢) swell filter, d) traces mixing, €) predictive
deconvolution, f) time varying gain and g) muting of water column. Signal penetration was found to
exceed 500 ms (twt). Vertical resolution reached up to 0.5 m near the seafloor.

Seismic interpretation allowed to reconstruct the stratigraphic architecture of depositional
systems and elements. Following the analysis of acoustic facies, the thickness of sediment and
volcanic features were derived from time to depth conversion using velocities of 2000 m/s for the
pre NYT deposits, 1600-1800 m/s for the post-NYT deposits and 1500 m/s for the water column.
Seismic velocity values were derived from the correlation between seismic units and
lithostratigraphic data available in literature (Di Vito et al., 1999; Rosi & Sbrana, 1987). In order to
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better display the internal and external geometry stratigraphic units, the depth-converted sections are

illustrated with vertical exaggeration up to 6x.

3.3 The Campi Flegrei DINSAR data

DINnSAR data were exploited in order to characterize the geometry of the active structures
associated with the intra-caldera resurgence. To do this, the study time intervals were chosen on the
basis of the recent positive bradiseismic crisis documented in the literature (luliano et al., 2015 and
references therein). In particular, we collected a series of ENVISAT and COSMO-SkyMed satellite
SAR images to generate hundreds of interferograms by exploiting the well-developed Small
BAseline Subsets (SBAS) method (Berardino et al, 2002; Trasatti et al., 2008). This method allowed
us to retrieve mean displacement velocity maps and corresponding time series with a standard
deviation of approximately 1 mm/y for each investigated coherent pixel, in agreement with previous
studies (Casu et al.,2006). Interferograms were computed using SAR images acquired by a) the
ENVISAT satellites on ascending and descending orbits in the period July 2005-November 2006; b)
the COSMO-SkyMed satellite on ascending orbit in the period January 2009-November 2016.
Finally, deformation velocity maps were imported into Surfer software to improve data visualization

and interpretation.

4.0 Data and results

4.1. Seafloor morphology of the Pozzuoli Bay

The Pozzuoli bay covers a ~ 30 km? wide area and reaches a maximum depth of ~115 m
below sea level (b.s.l.) close to Nisida Island (Fig. 2). Morpho-bathymetric analysis reveals that the
inner continental shelf varies in width from 1.8 km western offshore of Pozzuoli harbor and 1.6 km
between the Bagnoli district and Nisida Island to less than a few hundred metres offshore Baia. Along
the western sector of the bay, a pronounced break in the continental shelf profile is detected at water
depths varying from~ 30 m b.s.l. to the NW to ~ 40 m b.s.1. to the SE.

A series of stepped terraced surfaces cut the north-eastern sector of the inner continental shelf
over a distance of ~500 m. In particular, three terraced surfaces at depth of 10 m, 17 m and 27 m
b.s.l., extending for ~100 m, are identified between offshore of Pozzuoli harbour and La Pietra
(profile 1 in Fig. 2), whereas, only two terraced surfaces are detected in the inner continental shelf to
the East of La Pietra (profile 2 in Fig. 2). These surfaces lie at depth of 15 and 27 m b.s.l. and extend
for ~180 m.

A convex-upward area was recognized in the northern sector of the bay (Fig. 2). It is
characterized by an elliptical shape, elongated in WNW-ESE direction. The morphological structure
is ~ 50 m high and its flanks have an inclination of less than 3°. Two depressed zones extending in
NNW-SSE (Epitaffio valley) and NE-SW (Bagnoli valley) directions bound the convex-upward
area. At the top, a WNW-ESE ~ 1 km wide depressed zone was detected (profile 3 in Fig. 2).
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4.2. Definition of seismic units

Seven seismic stratigraphic units were defined on the basis of their stratal architecture as
well as seismic characters such as amplitude, lateral continuity and frequency of internal reflectors.
From bottom to top they are named NYT, CF, SRD, GF1, HD1, GF2 and HD2 (Fig. 3). Unit NYT
shows discontinuous, medium frequency and high to moderate-amplitude reflections (Fig. 3a and b,
CDPs 1800-2500). It is bounded at the top by a major unconformity and represents the acoustic
basement for the sparker source in the study area. Unit CF is characterized by layered, continuous,
medium frequency and moderate to low-amplitude reflectors (Fig. 3c). Locally, the occurrence of
fluids reduces reflection amplitudes, fading the base of unit CF as well as its internal pattern (Fig.
3b). Unit SRD displays parallel, continuous, medium to high frequency and low to moderate
amplitude reflectors. Locally, reflections are characterized by a convergent pattern towards the
northern sector of the Pozzuoli bay (Fig. 3c). The top of unit SRD is represented by a well-defined,
high-amplitude reflector. The upper part of the seismic stratigraphic succession (UD in Fig. 3b and
¢) includes units GF1, HD1, GF2 and HD2. Units GF1 and GF2 have medium frequency, moderate
to high-amplitude, and may locally appear transparent due to chaotic reflections (Fig. 3d). In the
eastern sector of the bay, unit GF2 can be divided into two subunits, namely GF2.a and GF2.b (Fig.
4a and b). Subunit GF2.a has a chaotic internal geometry and it is bounded at the top by a high-
amplitude, hummocky reflector. Whereas, subunit GF2.b displays parallel and continuous reflectors.
Units HD1 and HD2 are defined by continuous, parallel and medium to low-amplitude reflections
(Fig. 3d). Unit HD2 is bounded at top by the seafloor, and at bottom by a high-amplitude reflector.
A well-defined, high-amplitude and continuous reflector, labelled VT, is detected from the southern
to the northern sector of the bay. Along the inner continental shelf break, unit HD2 is characterized

by a series of prograding reflectors and exhibits a wedge shape (Fig. 3e).

4.3. Seismic stratigraphic interpretation

The stratigraphic architecture and structures of the NYT caldera-resurgent system were
interpreted along depth-converted seismic sections crossing the Pozzuoli Bay in WNW-ESE and N—
S directions. In all seismic profiles the acoustic basement is represented by unit NYT. This unit can
be correlated with the Neapolitan Yellow Tuff deposits widespread around the whole of Campi
Flegrei and outcropping along the Posillipo hill (Scarpati et al., 1993b). The NYT deposits deepen
from ~ 140 m b.s.l to ~ 230 m b.s.I moving from the southern sector of Pozzuoli offshore to the
central part of the bay (Fig. 3b and 5) and rise up to ~ 70 m b.s.l in correspondence of the antiformal
structure located in the northern part of the Pozzuoli offshore (Fig. 7). The deepening of the NYT
deposits occurs across a series of high-angle normal faults, dipping ~60°—70° towards the inner part
of the caldera (Figs. 3b and 5). The normal fault system defines a curvilinear trend in plan view and

it was recognized in all seismic profiles throughout the bay. The outermost normal fault was inferred
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on the basis of the tilted reflections towards the inner side of the caldera, and it was interpreted as
the structural limit of the NYT caldera. On the whole, the set of normal faults define the Ring Fault
Zone (RFZ) formed as a consequence of the NYT caldera collapse (Lipman, 2000 and references
therein).

Several inner-dipping reverse faults were identified inside the RFZ, close to its inner
boundary. These structures are characterized by fault planes with an upward decreasing inclination
and often associated with synthetic faults that accommodate volcano tectonic deformation. On profile
Msk_112 the reverse fault dips westwards with a decreasing inclination from 65° to 20° upward (Fig.
7b around CDP 500, and c). Whereas, the fault plain changes its inclination from ~50° to 15° upward
in the west-central sector of the bay (Fig. 5b around CDP 56500). Moving to the East, the occurrence
of fluids partially obscure the seismic signal, but the geometry of reflections allows to infer the
presence of the reverse fault (Fig. 5d around CDP 600). Anticline structures form in correspondence
of the reverse faults.

Most of the caldera collapse depression is filled by unit CF. Its maximum thickness is ~ 100
m in the central sector of the caldera and decreases towards the outer boundary of the RFZ, down to
a few tens of meters (Figs. 3b, 5b and d). On the basis of its stratigraphic position, unit CF can be
interpreted as the first volcaniclastic deposits overlying the NYT. Strata of unit CF are cut by the
normal faults forming the RFZ. The seismic signal of unit CF is locally obliterated due to the diffused
occurrence of fluids ascending to the upper layers through the fault system.

Deposits of Unit SRD overlay unit CF with a thickness decreasing from ~ 30 m, measured
in the southern sector of the Pozzuoli Bay, to less than 10 m ten of meters close to the antiformal
structure in the central-northern part of the bay (Figs. 3b, 5 and 7b). Unit SRD displays a convergent
pattern of internal reflections from the anticlines associated to the reverse faults towards the north.
Unit GF1 and GF2 exhibit a lens-shaped geometry and pinch out along the flank of the antiformal
structure located in the northern sector of the bay (Fig. 3b and d). Both units were interpreted as the
seismic expression of gravity flow deposits, on the basis of their external and internal geometries.
The lower gravity flow GF1 is ~ 5 m thick in the western sector of the bay and reaches its maximum
thickness of ~10 m in the central part, while it is absent to the east. The upper gravity flow GF2
displays a minimum thickness of ~10 m in the central sector of the bay and increases up to ~ 16m
and 12m in the western and eastern sector, respectively. GF2 deposits are divided into two distinct
subunits, GF2.a and GF2.b (Fig. 4b). The chaotic internal geometry of GF2.a suggests high energy
and/or turbulence during the sediment transport. Because of the turbulence, the finer sediment
fraction is raised and suspended in the water column. Successively, the well-stratified deposits of
GF2.b form for slow deposition of finer sediments (Fig. 4c). Units GF2.a and GF2.b are interpreted
as representing respectively the body and the tail of the GF2 gravity flow deposits.

The layered units HD1 and HD2 are interpreted as epiclastic deposits widespread in the

Pozzuoli Bay. Unit HD1 separates the gravity flows deposits of unit GF1 from those of unit GF2,
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whereas unit HD2 overlays unit GF2 (Figs. 3b and d; 4d). Unit HD1 is characterized by a thickness
less than ~ 8m, whereas the maximum thickness of HD2 is of ~ 10m reached in the central sector of
the bay. A well-defined, high-amplitude and continuous reflector, named VT, is detected inside the
deposits of unit HD2 from the southern to the northern sectors of the bay (Fig. 3d and e). Along the
shelf break, deposits of unit HD2 form a ~270 m long prograding wedge. It is limited by toplap/offlap
and downlap surfaces at top and bottom, respectively (Fig. 3e). The water depth of the prograding
wedge decreases from 43 m b.s.l. in the eastern sector of the bay to 28 m b.s.l. in the westernmost
side. Landwards, an erosional surface truncates the oblique reflectors of unit HD2 as well as the
underlying units.

The northern area of the Pozzuoli bay is characterized by the occurrence of a broad ~5 km
wide antiformal structure (Fig. 7b). In the hinge zone of the antiformal structure, a series of high-
angle normal faults cut the stratigraphic sequence, reaching the seafloor (Fig. 7d). The average dip
of the faults is ~60°-70° whereas vertical displacement of individual faults is up to ~10 m. Overall,

they form a ~2 km wide “graben-like” structure.

4.4. Deformation velocity patterns at Campi Flegrei

The deformation velocity field of the Campi Flegrei displays positive values for both ERS
orbits from July 2005 to November 2006 (Fig. 6 a and b). An exception is represented by the Vomero
area, where negative values were recorded by the ERS ascending orbit. An elliptical area extending
from the Mt Nuovo to Mt Spina shows higher deformation velocities respect to the surroundings.
Velocity values are in the range from 1 cm/year up to 3.2 cm/year, recorded by both orbits at the
Pozzuoli harbor. The velocity field of the elliptical area can be divided in two adjacent sectors,
labelled S1 and S2, based on the deformation velocity pattern related to both orbits (Fig. 6a).
Particularly, the sector S1 is characterized by a gradual change in velocity from 1 cm/y to 2.5
cm/year, moving from Monte Nuovo to La Pietra zone for a distance of ~ 5 km. Whereas, the sector
S2 displays an abrupt decreasing in velocity from 2.5 cm/year to 1 cm/year from La Pietra zona to
Mt Spina, over a distance of ~2 km.

During the four analyzed periods between 2009 and 2016, the western and central sectors of
the Campi Flegrei display positive values of deformation velocity for the COSMO SkyMed
ascending orbit (Fig. 6c¢, d, e and f). The highest values of deformation velocity reach 2.5 cm/year, 9
cm/year and 6 cm/year at the Pozzuoli harbor, respectively, in the periods January 2009 — December
2011, January 2012 — December 2012, and June 2014 — November 2016. Conversely, negative
velocities are observed in the eastern sector of the Campi Flegrei, including Baia, Fuorigrotta,
Soccavo and Vomero zones. The deformation velocity pattern of the sectors S1 and S2 is recognized
in the maps related to the periods 2009 —2011, 2012, 2014 —2016 (Fig. 6¢, d and f). Velocity values
of sector S1 decrease north-westwards from 2 cm/year to 0.5 cm/year in the period 2009 — 2011,

from 4 cm/year to 2 cm/year during the year 2012, and from 3 cm/year to 1 cm/year in the period
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2014 — 2016. In the sector S2, deformation velocity values decrease abruptly from 1.5 cm/year to 0.5
cm/year in the period 2009 — 2011, from 4 cm/year to 0.5 cm/year during the year 2012, and from 3
cm/year to 0.5 cm/year in the period 2014 — 2016.

A positive velocity field characterizes the Campi Flegrei between January 2013 and June
2014, with the exception of the Fuorigrotta and Soccavo areas (Fig. 6e). Velocity values are lower
with respect to the other study periods, reaching a maximum value of just 1.5 cm/year at the Pozzuoli

harbor. Sectors S1 and S2 do not display different behaviour during this time interval.

5.0 Discussion

5.1. Architecture of the NYT caldera-resurgent system

The NYT caldera is characterized by an almost circular shape in plan view with radius of ~8
km (Fig. 8). The caldera consists of a concentric structure including a ~4 km wide circular ring (RFZ)
and an inner caldera resurgent dome. The RZF is defined by a series of inner-dipping normal faults
that accommaodates a generalized subsidence of the Pozzuoli bay. The outer boundary of the fault
zone extends for about ~9 km from Capo Miseno offshore to Nisida Island. The inner boundary
develops offshore, between Baia and Mt Spina. The normal fault system displays a remarkable
pattern of migration from the inner boundary of the RFZ towards the outer area. This pattern is in
accordance with analogue models that simulate the caldera collapse in which the development of
normal faults formation proceeds from the interior towards the periphery of the caldera structure
(Roche et al., 2000; Walter and Troll, 2001).

An inner-dipping reverse fault system is located in the western, central and northeastern
sectors of the RZF, close to its inner boundary (Figs. 3b, 5, 7 and 8). These structures are
characterized by fault planes with an upwards decreasing inclination from ~60°-70° to ~15°-20°. The
lower part of fault planes show a geometry of normal fault as suggested by a major thickness of CF
deposits in correspondence of the hanging wall (Figs. 3b CDPs 1600-1700; 5b around CDP 56500;
7¢). Fault offsets involve strata from the lower part to unit CF in the western sector (Fig. 3b) and
reaches unit HD1 in the northeastern sector (Fig. 7c). Deformation also include folding of the
overlying units, to form~ 500 m wide antiformal structures (Figs. 3b, 5, 7c). The divergent pattern
of reflectors within unit SRD was recognized from the anticline structures until the top of the
antiformal structure located in northern sector of the Pozzuoli bay (Fig. 3b CDPs 1700-2500). This
pattern suggests that the deposition of unit SRD occurred during the uplift of the antiformal structure.
According to analogue models of resurgent doming superimposed on caldera collapses (Acocella et
al., 2000; Kennedy et al., 2004; Roche et al., 2000; Walter & Troll, 2001) the high-angle inner-
dipping reverse faults can be interpreted as the pre-existing fault system that formed during the
caldera collapse and was inverted during the deformation of the resurgent dome. Most of the
reactivated normal faults are located in the western and central part of RFZ, where pore fluids ascend

through the faults reaching the seafloor. The preferential reactivation of moderately to steeply
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(typically 50-60°) dipping normal faults in the area of intense fluid pressure is in agreement with the
results of previous studies (e.g. Sibson, 1995).

The resurgent structure of the NYT caldera affects a ~ 50 km? wide almost circle area centred
in the Pozzuoli harbor (Fig.8). It extends from the folded zone associated with the reverse faults until
the antiformal structure detected in the northern sector of the Pozzuoli bay (Fig. 7b; 8). The
antiformal structure also has a morpho-bathymetric expression in the most uplifted inner sector of
the resurgent area. Epitaffio and Bagnoli valleys correspond to the depressed areas that form at the
transition between the inner resurgent dome and the anticlines associated with the reverse faults, in
agreement with the structures observed in the analogue models (Acocella et al., 2000 and refers
therein). In the hinge zone of the antiformal structure, a series of normal faults delineate a small
structural depression (i.e. apical graben) (Fig. 7d). Most individual faults of the apical graben deform
the seafloor, suggesting they are active structures. The development of these faults can be explained
as the consequence of the extension regime in the area of maximum convex curvature of the resurgent
area.

An effect of the evolution of the resurgence is clearly expressed by the southward migration
of the basin depocenter through time. The shift of depocenters is recorded by the distribution pattern
of gravity flows deposits of units GF1 and GF2 (Fig. 4d and e) in the western and central sectors of
the Pozzuoli bay. Based on lateral variation in thickness variation and the pattern of bedding dip
within these units, it is possible to classify this area as a migrating growth syncline (sensu Salles et
al., 2011). Conversely, no remarkable shift of basin depocenters is observed in the easternmost part

of the Pozzuoli bay, outside the resurgent area (Fig. 4a).

5.2 The inner resurgent dome of the Campi Flegrei-Pozzuoli bay area

In the Pozzuoli bay the inner resurgent sector of the NYT cadera can be divided in two
adjacent part, labeled A and B, on the basis of series of geo-morphological markers (mostly erosional
and depositional terraces) located at different water depths. Three ~100 m long terraced surfaces
were detected over a distance of ~ 500 m in the sector A, whereas sector B is characterized by two
~180 m long terraced surfaces over a distance of ~ 500 m. Along the inner shelf profile, infralittoral
prograding wedges were identified and mapped (Fig. 8). The high-amplitude reflector VT, was
recognized throughout all prograding wedges (Fig. 3e). This seismic horizon can be correlated with
the tephra layer deposited during the eruption of Vesuvius of 79 AD (Sacchi et al., 2014). Water
depths above the infralittoral prograding wedges decreases from East (~ 40 m b.s.l.) to West (~ 28 m
b.s.l.) in sector A, whereas a water depth of ~ 42 m b.s.l. was recognized in sector B (Fig. 8). These
sectors are divided by a NNE-SSW trending high-angle normal fault (Fig. 5d around CDP 70),
located approximately off La Pietra (Fig. 8). By considering the occurrence of three less extended

terraced surfaces of the sector A compared to two more extended terraced surfaces of sector B as
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well as the westwards decreasing water depth of the prograding wedges of the sector A, the western
and central sectors of the Pozzuoli bay uplift faster than the eastern one.

Onland, the interpretation of the deformation velocity maps of the Campi Flegrei showed
that deformation pattern consists of two adjacent sectors, named S1 and S2, uplifting compared to
the surrounding area. Sector S1 is characterized by higher values of deformation velocity respect to
sector S2 during the period 2005-2016. Sector S1 is placed in the western and central part of the
Campi Flegrei, from Mt Nuovo until the coastal cliff bordering La Pietra zone, whereas S2 extends
eastwards until the slopes of Mt Spina. Sectors S1 and S2 correspond to the onshore extension of
sectors A and B, as defined in the inner continental shelf. Accordingly, the slopes of Mt Spina and
La Pietra are interpreted as the topographic expression of the two structures detected in the seismic
profiles along the continental shelf. The boundaries of the two sectors correspond to areas of high
and medium strain documented by Acocella, 2010 (Fig. 1). Also, the eastern limit of sector S2 lies
along an alignment of recent eruptive vents that postdate the NYT eruption (D’ Antonio et al., 1999;
Smith et al., 2011).

The simple-shearing block resurgence model can explain the formation of the NYT intra-
caldera resurgence. At the beginning of the deformation, pre-exiting high-angle faults define the
edges of the resurgent blocks. Uplift occurs along reverse faults that reactivate normal faults formed
during the NYT caldera collapse. These structures are located along the periphery of the resurgent
area. The inner resurgent sector develops in the form of two major uplifted blocks, separated by a
NNE-SSW trending high-angle normal fault in correspondence of La Pietra zone (Figs. 8 and 9).
Such pattern is observed in ring-fault bounded resurgent structures such as the Ischia, Pantelleria
islands (Orsi et al., 1991; Acocella and Funiciello, 1999) and Bodrum resurgent caldera system
(Ulusoy et al., 2004).

6.0 Conclusions

The analysis of bathymetric and seismic reflection data acquired in the Pozzuoli Bay, coupled with

the interpretation of ground deformation maps of the Campi Flegrei, provided new insights into the

structural pattern of the NYT resurgent caldera. The main results can be summarized as follows:

1) The NYT collapse caldera has an almost circle shape with radius of ~8 km. The structural pattern
consists of the ~3-4 km wide ring fault zone that surrounds an uplifted intra caldera region. The
caldera depression hosts up to 100 m thick stratigraphic succession, including marine epiclastic
sediments, volcaniclastic layers and gravity flow deposits.

2) In the Pozzuoli bay, the ring fault zone corresponds to a series of ~60° inward dipping normal
faults that accommodate the collapse of the NYT caldera floor from ~140 m up to ~230 m
moving from the southern sector of the bay towards its central part. The development of the

normal faults proceeded from the inner region of the caldera outward, causing its enlargement
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3)

4)

5)

through time. In the southern sector of the bay, the ring fault zone is characterized by the
occurrence of fluids that ascend through the faults reaching the seafloor.

The resurgence occurs over a ~ 50 km? wide almost circle area centred on the Pozzuoli harbour.
A ~5 km wide antiformal structure, surrounded by Bagnoli and Epitaffio valleys, was detected
inside the offshore resurgent area. A series of high-angle normal faults forms a graben-like
structure at the crest of the resurgent dome as a consequence of the extension regime in the area
of maximum curvature of the antiformal structure.

An inward-dipping reverse fault system is responsible for the uplift of the resurgence. The fault
planes are characterized by upwards decreasing inclinations from ~70° to ~15°. Both the fault
planes geometry and the thickness of the involved deposits suggest that the reverse faults
reactivate pre-exiting normal faults developed during the NYT caldera collapse.

The resurgence consists of disjoint uplifted blocks of the caldera floor rocks. Two main blocks
are detected inside the resurgent area, separated by a NNE-SSW trending high-angle normal
fault. The most uplifted block includes the area from Mt Nuovo to La Pietra, and the adjacent

uplifted sector extends eastwards until Mt Spina.
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Captions

Figure 1. Morpho-structural map of the Neapolitan Yellow Tuff caldera (after Wohletz et al., 1995;
Orsi et al. 1996; Di Vito et al., 1999; Milia and Torrente, 2003; Bruno, 2004; Sacchi et al., 2014).
Location of eruptive vents younger than the NYT eruption are after D’ Antonio et al. 1999. Strain
distribution in the Campi Flegrei with high and medium wide range of spacing (S) is also shown
(after Acocella, 2010). The direction of elongation of the rectangle indicates the orientation of the
associated structures. a) Location of the investigated area. b) Location of the seismic profile dataset

used in this study.

Figure 2. Morpho-bathymetric map of the Pozzuoli Bay. Abbreviations: EV, Epitaffio valley; BV,

Bagnoli valley; T, thalweg of the EV-BV morpho-structural depression; V.E., vertical exaggeration.

Figure 3. a) Msk_113 Sparker profile. Inset shows its location. b) Depth-converted Msk_113 profile
and its seismic facies interpretation. Boxes show seismo-stratigraphic units recognized on seismic
Sparker (c) and Sub-Bottom Chirp profiles (d and e). Abbreviations: s.b.m., sea bottom multiple;
V.E., vertical exaggeration; ICSB: inner continental shelf break.

Figure 4. a) Depth-converted CAFE_034 Sub-Bottom Chirp profile and its seismic facies
interpretation. b) Particular of the gravity flow deposits (GF unit) showing the two subunits
recognized on the CAFE_034 profile and c) its line drawing. Dark green shading indicates the body
(subunit GF2.a) of the gravity flow. Light green shading indicates sediments deposited by settling of
a suspended material (subunit GF2.b). d) Depth-converted CAFE_028 Sub-Bottom Chirp profile and
its seismic facies interpretation. e) Line drawing of a part of the CAFE_028 profile showing the
migration of the depocenter in the Epitaffio valley. Insets show the location of the Chirp profiles.

Abbreviations: Di, vector velocity; D1 and D2, basin depocenters; V.E., vertical exaggeration.

Figure 5. a) Depth-converted Msk_114 Sparker profile and b) its seismic facies interpretation. c)
Depth-converted Msk_115 Sparker profile and d) its seismic facies interpretation. Insets show the

location of the profiles. V.E., vertical exaggeration.

Figure 6. Deformation velocity maps computed from the a) ascending and b) descending ENVISAT
data acquired between July 2005 and November 2006, and ascending COSMO-SkyMed data (c, d, e
and f) acquired between January 2009 and November 2016. The velocity maps are superimposed on
the DTM of the Campi Flegrei. Abbreviations: B, Baia; N, Mt Nuovo; Ls, La Starza terrace; P,
Pozzuoli harbor; Lp, La Pietra; M, Mt Spina; F, Fuorigrotta; S, Soccavo; V, Vomero.

Figure 7. a) Depth-converted Msk_112 Sparker profile and b) its interpretation. Inset shows the
location of the profile. c¢) Detail of the reverse fault formed by the reactivation of the caldera collapse

normal fault. d) Particular of the graben-like structure on the top of the antiformal structure,
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recognized on Chirp seismic profile. Abbreviations: VD, vertical displacement; V.E., vertical

exaggeration.

Figure 8. Morpho-structural map of the NYT caldera and intra-caldera resurgence. S1 and S2 are
the two main uplifted sectors recognized on the deformation velocity maps of the Campi Flegrei. The
location of the infralittoral prograding wedges derive from the interpretation of Sub-Bottom Chirp
profiles. Abbreviations: EV, Epitaffio valley; BV, Bagnoli valley.

Figure 9. Schematic section across the NYT intra-caldera resurgence from the north-eastern area of
the Campi Flegrei to Nisida Island, in the south-western sector of the Pozzuoli Bay. Inset shows the

location of the section.
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Figure 1. Morpho-structural map of the Neapolitan Yellow Tuff caldera (after Wohletz et al., 1995;
Orsi et al. 1996; Di Vito et al., 1999; Milia and Torrente, 2003; Bruno, 2004; Sacchi et al., 2014).
Location of eruptive vents younger than the NYT eruption are after D’ Antonio et al. 1999. Strain
distribution in the Campi Flegrei with high and medium wide range of spacing (S) is also shown
(after Acocella, 2010). The direction of elongation of the rectangle indicates the orientation of the
associated structures. a) Location of the investigated area. b) Location of the seismic profile dataset
used in this study.
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Figure 2. Morpho-bathymetric map of the Pozzuoli Bay. Abbreviations: EV, Epitaffio valley; BV,
Bagnoli valley; T, thalweg of the EV-BV morpho-structural depression; V.E., vertical exaggeration.
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Figure 3. a) Msk_113 Sparker profile. Inset shows its location. b) Depth-converted Msk_113 profile
and its seismic facies interpretation. Boxes show seismo-stratigraphic units recognized on seismic
Sparker (c) and Sub-Bottom Chirp profiles (d and €). Abbreviations: s.b.m., sea bottom multiple;
V.E., vertical exaggeration; ICSB: inner continental shelf break.
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Figure 4. a) Depth-converted CAFE_034 Sub-Bottom Chirp profile and its seismic facies
interpretation. b) Particular of the gravity flow deposits (GF unit) showing the two subunits
recognized on the CAFE_034 profile and c) its line drawing. Dark green shading indicates the body
(subunit GF2.a) of the gravity flow. Light green shading indicates sediments deposited by settling of
a suspended material (subunit GF2.b). d) Depth-converted CAFE_028 Sub-Bottom Chirp profile and
its seismic facies interpretation. e) Line drawing of a part of the CAFE_028 profile showing the
migration of the depocenter in the Epitaffio valley. Insets show the location of the Chirp profiles.
Abbreviations: Di, vector velocity; D1 and D2, basin depocenters; V.E., vertical exaggeration.
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Figure 5. a) Depth-converted Msk_114 Sparker profile and b) its seismic facies interpretation. c)

Depth-converted Msk_115 Sparker profile and d) its seismic facies interpretation. Insets show the
location of the profiles. V.E., vertical exaggeration.
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Figure 6. Deformation velocity maps computed from the a) ascending and b) descending ENVISAT
data acquired between July 2005 and November 2006, and ascending COSMO-SkyMed data (c, d, e
and f) acquired between January 2009 and November 2016. The velocity maps are superimposed on
the DTM of the Campi Flegrei. Abbreviations: B, Baia; N, Mt Nuovo; Ls, La Starza terrace; P,
Pozzuoli harbor; Lp, La Pietra; M, Mt Spina; F, Fuorigrotta; S, Soccavo; V, Vomero.
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Figure 7. a) Depth-converted Msk_112 Sparker profile and b) its interpretation. Inset shows the
location of the profile. c) Detail of the reverse fault formed by the reactivation of the caldera collapse
normal fault. d) Particular of the graben-like structure on the top of the antiformal structure,
recognized on Chirp seismic profile. Abbreviations: VD, vertical displacement; V.E., vertical
exaggeration.
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Figure 8. Morpho-structural map of the NYT caldera and intra-caldera resurgence. S1 and S2 are
the two main uplifted sectors recognized on the deformation velocity maps of the Campi Flegrei. The
location of the infralittoral prograding wedges derive from the interpretation of Sub-Bottom Chirp
profiles. Abbreviations: EV, Epitaffio valley; BV, Bagnoli valley.
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Figure 9. Schematic section across the NYT intra-caldera resurgence from the north-eastern area of

the Campi Flegrei to Nisida Island, in the south-western sector of the Pozzuoli Bay. Inset shows the
location of the section.
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CHAPTER 2

3D Architecture and Plio-Quaternary evolution of the Paola Basin:

Insights into the Fore-arc of the Tyrrhenian-lonian Subduction System

NOTE This chapter is a scientific paper submitted to “Basin Research” journal. The authors are
the followings: M. Corradino, F. Pepe, G. Bertotti, V. Picotti, C. Monaco & R. Nicolich.
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Abstract

Fore-arc basins are segments of fore-arc regions that form structurally in response to a variety
of subduction zone processes. The sedimentary infill records the complex tectono-stratigraphic
evolution of basin associated with subduction system, and thus, allows deciphering the formation
mechanisms of basins developed in compressional intraplate settings. We analyse these processes in
the Paola Basin, a fore-arc basin of the Tyrrhenian-Ionian subduction system, by using reflection
seismic profiles and bathymetric data. The Paola Basin is a NNW-SSE trending asymmetric syncline,
bounded by the offshore sector of the Coastal Chain to the East and by the regional-scale Paola
Anticline to the West. It hosts up to 5.5 km thick Plio-Quaternary deposits, most of them showing
eastward-dipping clinoforms. These latter are associated to shelfal progradation, supplied from the
north via longshore currents, dispersing sediments from unknown Apenninic/Sila entry points. A
local circulation of longshore currents flowed southwards and dispersed sediments from unknown
Apenninic/Sila entry points. An aggradational internal geometry characterizes the uppermost part of
the sedimentary infill with a thickness decreasing westwards, suggesting a sediment supply from the
Coastal Chain. In the Early Pliocene, the proto Paola Basin extended from the Paola Anticline up to
the western flank of the Sila Massif. Since ~ 3.5 Ma, the uplift of the Coastal Chain shortened the
proto Paola Basin, leading to the separation of the basin from the Crati basin. Short wavelength (~
80 km) lithospheric buckling, caused by a ENE-WSW oriented, arc-normal paleo-stress field, is the
most likely mechanism that explains the pattern of tectonic subsidence of the Paola Basin, the uplift
of the Paola Anticline and part of the uplift experienced by Sila Massif during the Plio-Quaternary.
Kilometre-scale, strike-slip restraining and releasing bends are widely spread over the hinge zone of
the Paola Anticline, defining the Paola Ridge. Their formation is compatible with an NW-SE oriented
maximum stress axis meanwhile strike-slip fault accommodates the arc-parallel component of the
plate motion. The change in direction from ENE-WSW to NW-SE of the maximum stress axis in the
fore-arc region is a consequence of the transition from orthogonal to obligue subduction, associated
to the bending of the Northern Calabria Arc. Regional uplift and folding of the Northern Calabrian
Arc induced tensile stress resulting in the formation of N-S trending normal faults in the extrados of
the Sila Massif anticline. In this context, the Paola Basin can be defined as a “Neutral Accretionary-

type” forearc basin.

Keywords: Calabrian Arc, lonian Sea, Fore-arc basin, Lithospheric buckling, Longshore current

1.0 Introduction
Fore-arc basins are segments of fore-arc region that develop on the overriding plate of a
subduction system between accretionary prism and volcanic island arcs. They form structurally in
response to a variety of subduction zone processes (Dickinson & Seely, 1979). The sedimentary
infill, resulting by interaction of tectonic process and sediment supply, records the evolution of the
fore-arc basin associated with subduction processes (Laursen et al., 2002; Ryan et al., 2012).
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Recently, Noda (2016) proposes a classification scheme for fore-arc basins considering both the
material transfer between the two plates (accretionary or non-accretionary) and the long-term strain
field in the basin (compressional or extensional) and surrounding areas.

The relative movements of the African and European plates and the subduction and retreat of
the Adriatic-Ionian plate mainly controlled the Neogene to Recent tectono-stratigraphic evolution of
the western and central Mediterranean (Carminati & Doglioni, 2005; Carminati et al., 1998;
Faccenna et al., 2001). These movements produced regional shortening leading to the development
of an accretionary wedge. From Oligocene to Pleistocene times, contractional/transpressional and
extensional episodes took place within the existing portion of the accretionary wedge. Extensional
tectonics resulted in the opening of back-arc basins younger towards the East (e.g. Liguro-Provencal,
Vavilov and Marsili basins; Faccenna et al., 2007; Gueguen et al., 1998; Rehault et al., 1987;
Carminati et al., 2004). The retreat of the lonian plate also caused the formation of volcanic
seamounts along arc-shaped structures, which become younger from West to southeast (Argnani &
Savelli, 1999; Locardi, 1993; Savelli, 1988).

The fore-arc region of the Tyrrhenian-Ionian subduction system is located in the area
extending from the Aeolian Arc, across the western Calabrian continental margin and the adjacent
continental domain, the Calabrian arc, to the lonian accretionary wedge (Fig.1a). The latter differ
considerably in length, style of tectonic deformation and regional slope angle moving along the fore-
arc region in the north- and south-east directions (Minelli & Faccenna, 2010; Polonia et al., 2011).
The lithospheric setting of the “Tyrrhenian-Ionian Subduction zone” is generally illustrated through
schematic cross sections in a NW-SE direction extending from the southern Tyrrhenian to the lonian
foreland (e.g. Faccenna et al., 2001; Maesano et al., 2017; Neri et al., 2009). On the contrary, the
structural setting of the overriding plate in the area extending from the Paola Ridge to the Apulia
Escarpment remains poorly documented.

The Paola Basin is an asymmetric syncline that contains the largest accumulation of Pliocene
to present sediments of the fore-arc region (Bigi et al., 1989). The depositional sequences record
various geological phenomena arising from dynamic interactions between the lower and upper plates
of the Tyrrhenian-lonian subduction system (e.g. subsidence and uplift events). Changes in
depositional trends of sediments across the basin occur in response to variations in relative sea level
and/or paleo-current circulation. Thus, the Paola Basin and the continental domain adjacent to its
eastern part, the Northern Calabrian Arc have become areas of great interest to study the tectono-
stratigraphic evolution of segments of the fore-arc region, and their relations with slab roll-back and
steepening in a regime of overall convergence (e.g. Chiarabba et al., 2008; Faccenna et al., 2007).

Despite several studies conducted in the last decades (Argnani & Trincardi, 1988; Gamberi &
Rovere, 2010; Guarnieri, 2006; Loreto et al., 2013; Milia et al., 2009; Pepe et al., 2010), the tectono-
stratigraphic evolution, the main 3D geomorphic and depositional settings of the Paola Basin, the

source areas of sediments, and the process responsible for the sediment transport are still poorly
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known. Furthermore, the role of contractional, extensional and strike-slip tectonics, inside and along
the flanks of the basin, is poorly understood and debated. According to Guarnieri (2006) and Milia
et al. (2009), the Paola Basin segment has experienced extension during the Plio-Quaternary. In
contrast, Argnani & Trincardi (1988) and Pepe et al. (2010), suggest that the subsidence of the Paola
Basin is a consequence of the crustal shortening.

In our contribution, we focus on a crucial segment of the fore-arc region of the Tyrrhenian-
lonian subduction system: the Paola Basin and its western flank, the Paola Ridge. To do this, we
analyze an unpublished grid of multi-channel seismic profiles and bathymetry data. Data and
interpretation allow us to: a) reconstruct the 3D stratigraphic architecture and the Plio-Quaternary
evolution of the basin; b) constrain the geometry and kinematics of fault systems inside the basin and
along its flanks; ¢) quantify the vertical movements experienced by different sectors of the basin.

Integrating our results with the literature knowledge on the horizontal and vertical movements
experienced by the Northern Calabrian Arc, we provide new insights in the long-term deformation
processes of the fore-arc region of the Tyrrhenian-lonian subduction zone. In addition, we define the
role of a strike-slip fault zone formed along the western Calabrian margin in response to an oblique
subduction. Finally, our data provide geological constrains on the evolution of “Neutral Accretionary
Type” fore-arc basins (sensu Noda, 2016).

2.0 Geological background
2.1. Lithospheric Structure

Tomographic images reveal that the deep subsurface of the Tyrrhenian-lonian subduction
system is represented by the lonian slab dipping ~70 — 80° north-westward (Chiarabba et al., 2008;
Piromallo & Morelli, 2003; Wortel & Spakman, 2000). In addition, a nearly detached subducting
lithosphere is inferred beneath the north-eastern Sicily and northern Calabria may reach a depth of >
300 km (Neri et al., 2009). The Southern Tyrrhenian lithosphere is characterized by a thin mantle
with very low Vs values (~4.0-4.2 km/s) underneath the Marsili Basin (Panza et al., 2007; Frezzotti
et al., 2009). On the contrary, moving toward the E and SE, the Adriatic-lonian lithospheric mantle
becomes thicker and acquires higher Vs values. Some authors (Gvirtzman & Nur, 2001)
hypothesized a very thin to absent lithospheric mantle underneath the entire western Calabria
continental margin. The lithosphere is ~130 km thick in the lonian area, (Pontevivo & Panza, 2006).

The information on the deep crustal structures refer to a deep seismic refraction profile
recorded between Apulia (Salento Peninsula) and the Aeolian Islands (Morelli et al., 1975). The
Tyrrhenian Moho results at ~ 10 km depth below the Marsili Basin. It deepens eastwards from ~ 27
km beneath the Paola Basin to ~ 30 km beneath the Sila Massif. The Moho is at ~ 40 km depth
beneath the Apulia continental block (Salento).
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2.2. The upper plate

The upper plate of the Tyrrhenian-lonian subduction system includes the back-arc domain of
the SE Tyrrhenian Sea (Marsili Basin), the Aeolian volcanic arc, the fore-arc region including the
Calabrian-Peloritan Arc (CPA), and farther to the southeast the Calabrian accretionary wedge (CAW,
Fig. 1a).

The Marsili Basin (MB in Fig.1a) is the youngest back-arc oceanic basin developed on the
overriding plate of the subduction system during the Pleistocene (Kastens et al., 1988; Nicolosi et
al., 2006). Domains of thinned continental crust (Sicilian and Calabrian continental margins)
surround the spreading centre. Ring-shaped volcanoes of the Aeolian arc (Al) formed a few tens of
kilometres towards east and southeast of the MB during the Quaternary (Beccaluva et al., 1985;
Gillot, 1987; Santo & Clark, 1994, Fig. 1a). The calc-alkaline to shoshonitic and k-alkaline affinity
of their volcanic products is related to the subduction of the lonian slab beneath the Calabrian Arc
region (Barberi et al., 1973; Beccaluva et al., 1985; Chiarabba et al., 2008; Ferrari & Manetti, 1993).
The occurrence of intrusive and volcanic activity during the Pleistocene was also proved for the area
between the Aeolian arc and the Capo Vaticano promontory (De Ritis et al., 2010; M. F. Loreto et
al., 2015), as well as in correspondence of the northern limit of lonian subducting slab (Cocchi et al.,
2017).

The CPA is an arc-shaped segment of the Mediterranean mountain belt located between the
NW-SE trending southern Apennines and the WSW-striking Maghrebian thrust belts (Fig. 1a). It is
divided into two sectors consisting of different tectonic units and characterized by different tectonic
evolution with opposite vertical axis rotations (clockwise and counter-clockwise rotations for the
southern and northern sector, respectively) documented paleomagnetically for the Neogene to Early
Pleistocene (Mattei et al., 2007). Such contrasting vertical axis rotations are not recorded by geodetic
strain (GPS) with the whole CPA moving south-eastwards with velocities of 1.1-1.7 mm/yr in the
Apulian reference frame (D’ Agostino et al., 2011; Fig.1a).

The Quaternary uplift of the northern CPA was estimated of ~ 1 mm/yr (Carobene, 2003; Ferranti
et al., 2006; 2009; Gliozzi, 1987; Molin et al., 2002), which is thought to result from dominant
lithospheric process, with superposed effects of upper crustal faulting (Ferranti et al., 2006, 2007,
2010; Westaway, 1993). NW-SE trending, sinistral transpressional shear zones (Monaco et al., 1998;
Spina et al., 2011; Tansi et al, 2007; Van Dijk et al., 2000) segment the northern CPA sector. Their
offshore prolongations have been hypothesized both in the Tyrrhenian (Finetti, 2005; A. Milia et al.,
2009) and lonian seas (Del Ben et al., 2008; Ferranti et al., 2014). The northern CPA consists of the
Coastal Chain, Sila Massif and a number of sedimentary basins both at its western (Paola and
Amantea basins) and eastern sides (Sibari Plain, Crotone and Crotone-Spartivento basins; see
paragraph 2.2.1). The Coastal Chain is a N-S elongated narrow mountain belt that lies between the
Crati and Paola basins. The Sila Massif is a rectangular-shaped mountain range plateau up to ~1800
m high, bounded by straight flanks (Robustelli et al., 2009; Tansi et al., 2007). Apatite fission track

51



analysis suggests that its exhumation history is characterized by a rapid cooling of the crystalline
basement rocks between 35 Ma and 15 Ma (Thomson et al., 1998; Thomson, 1994).

The Calabrian accretionary wedge is a few hundred kilometres long accretionary prism
extending in the lonian offshore and laterally confined by the WNW-ESE-trending Apulia and Malta
escarpments. It is composed of a poorly resolved stack of mainly SE-verging thrust sheets with three
recognized wedge portions: a pre-Messinian followed by a Messinian and finally by a Plio-
Quaternary wedge (Minelli & Faccenna, 2010; Polonia et al., 2011; Bortoluzzi et al., 2017). The
CAW wedge differ considerably in length, style of tectonic deformation and regional slope angle
moving along the fore-arc region in the north- and south-east directions. A steep and narrow (40 - 60
km) wedge formed at the front of the Northern Calabrian Arc. On the contrary, a regular and broad
(more than 250 km) wedge composed by a series of imbricate thrust slices developed at the front of

the southern Calabrian Arc. The regional slope angle also decreases in the same direction.

2.2.1 Fore-arc basins

Fore-arc basins formed along the Tyrrhenian and lonian margins of the Northern Calabrian
Arc since the late Oligocene. The Paola Basin is a roughly NNW-SSE trending, ~20 km wide
asymmetric syncline developed on the Tyrrhenian side of the northern CPA sector from the Neogene
to Recent times (Argnani & Trincardi, 1988; Guarnieri, 2006; Milia et al., 2009; Pepe et al., 2010).
The eastern flank of the syncline coincides with the offshore prolongation of the Coastal Chain, while
its western termination corresponds to the Paola Ridge, a NNW-SSE-trending morphological
structure extending more than 70 km (PR in Fig. 1a). Oligocene to Quaternary sediments fill the
basin (Pepe et al., 2010). Oligocene to lower Messinian deposits tend to fossilize pre-existing
topography and reach, therefore, the largest thicknesses (~1200 m) close to the (fault controlled)
basement highs. On the contrary, Messinian evaporites are characterized by a constant thickness of
~ 400 m along the whole western flank of the basin, and abruptly thicken to more than 1000 m
westward to the depocenter of the Paola Basin. Plio-Quaternary deposits display substantial
variations in thickness and tectonic style. They are < 800 m thick along the Paola Ridge, thicken up
to 4.5 km in the depocenter of the Paola Basin, and decrease to ~1.0 km thickness at the eastern
termination of the basin (Fig. 1a). The structural evolution of the basin is controversial. Milia et al.
(2009) suggested that the Paola Basin was controlled by E-W trending, normal faulting and by
approximately N-S transfer faults during the Messinian—Early Pleistocene times. Folding associated
with transcurrent tectonics along a NW-trending left lateral fault affected the basin during the Lower
Pleistocene. Minor pull-apart basins subsequently opened during the Middle Pleistocene. Argnani
and Trincardi, (1988) and more recently Pepe et al. (2010) highlight the importance of regional
shortening in the development of the syncline. Generalized subsidence occurred from the Pleistocene
to Recent times (Milia et al., 2009; Pepe et al., 2010). However, subsidence was not compensated by

sufficient sediment input, leading to the development of the present-day bathymetry.
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Few tens of km south-eastward from the Paola Basin, Upper Serravalian to Messinian deposits
of the Amantea Basin are exposed along the southernmost part of the Coastal Chain (Mattei et al.,
1999; 2002). The younger sequence filling these basins consists of a transgressive succession up to
80 m thick (middle Tortonian to Early Messinian).

The Crati Basin is a roughly N-S trending basin that hosted Upper Miocene to Holocene clastic
marine and fluvial deposits (Fig. 1a and b). The thickness of Messinian and Lower Pliocene deposits
decreases moving eastwards of the Coastal Chain, while Upper Pliocene to Quaternary deposits
thicken (Colella, 1988; Spina et al., 2011). A 60-km long east-dipping normal fault controlled the
evolution of the Crati Basin according to Brozzetti et al. (2017). Persistent seismic activity with
medium-grade seismicity (5.5 <M < 6; Galli & Bosi, 2003; Spina et al., 2009) and focal mechanisms
(Jacques et al, 2001; Orecchio et al., 2015; Tortorici et al., 1995; Totaro et al., 2016) agree with an
extensional origin of the basin. On the other hand, Spina et al. (2011) highlight the importance of
NW-SE trending left-lateral strike-slip faults active during the middle Miocene to middle Pleistocene
tectonic evolution of the Crati Basin. The Sibari Plain represents the northernmost sector of the Crati
Basin. Well data show that the Sibari Plain accumulated Miocene to Pleistocene deposits (Spina et
al., 2011; Fig. 1b).

The Crotone Basin and its offshore prolongation, the Spartivento Basin, developed between
the Serravalian and Tortonian times (Bonardi et al., 2001; Cavazza & DeCelles, 1998). The Plio-
Pleistocene part of the Crotone Basin succession consists of continental, paralic, shallow-marine and
deep-marine deposits organized to form unconformity-bounded strata units that in turn correspond

to two main tectono-stratigraphic cycles (Zecchin et al., 2012 and references therein).

3.0 Data and methods
We based our study on the integration of geophysical datasets including a) EMODnet

bathymetry data, and b) a grid of high-penetration, multi-channel seismic-reflection data (Fig. 1b).

3.1 Multibeam bathymetry

The high-resolution grid Digital Terrain Model (DTM) with cell size of ~ 200 m is a part of
the EMODnet Bathymetry dataset for the European sea regions. The hill-shaded and slope gradients
GeoTIFF images of the bathymetry dataset was created within GeoSuite AllWorks and Global
Mapper software. The color ramp for the GeoTIFF of the marine area was scaled between the sea
level and the maximum measured water depth: ambient lighting from NE (45°) at 45° above the

horizon, vertical exaggeration 5.0 X.

3.2 High-penetration seismic-reflection data acquisition and processing
The seismic data used in the study area consist of eleven (~ 600 km in length) high-penetration,

multi-channel seismic reflection data acquired in an E-W and NNW-SSE directions (Fig. 1b). The
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Osservatorio Geofisico Sperimentale (OGS) of Trieste (Italy) with the DINMA - Univ. of Trieste
and IPGP - Paris recorded the reflection seismic data in the frame of the project SINBUS. A 2975 m
streamer long with 120 active channels recorded signals generated by a standard tuned air guns array
totalling 60 liters. A shooting interval of 25 m allowed a 6000% coverage with 8 s records length and
2 ms sampling interval. Further comparison data have been acquired shooting a single-bubble mode
operated array (Avedik et al., 1996, 1995) with 26 small standard guns accurately chosen and two
Gl guns (total volume: 37 liters). This arrangement directed the acquisition both to a high-frequency
signature suitable for a good resolution of shallow horizons and to deep penetration (10 s the
recording length with a sample rate of 4 ms). The streamer length used to acquire the single-bubble
comparison data was of 3600 m including 144 active channels and a 7200% coverage after a shooting
interval of 25 m.

The adopted processing sequence included the application of the following operators:
amplitude recovery and signature conversion to minimum phase, spike deconvolution, velocity
analysis every 1.5 km; normal move out correction; mute and 60 or 72 fold stack; wavelet shaping
to zero phase. Post-stack processing utilized an FK filter; wave equation migration, time-variant filter
and dynamic trace equalization. The seismic sections were converted from raster to SEG-Y format
using the GeoSuite AllWorks software.

Seismo- and sequence-stratigraphic based analysis facilitated the reconstruction of the
depositional architecture of seismic-stratigraphic units as well as the identification of volcanics.
Following the analysis of acoustic facies, the thickness of sediment and volcanic features were
derived from time to depth conversion using velocities of 1500 m/s and 2100 m/s for the water
column and the Plio-Quaternary deposits, respectively. The latter value corresponds to seismic
velocity analysis along the profiles and to sonic log data available for coeval deposits in wells drilled
in similar offshore settings (see Pepe et al., 2010 for details).

Isopach maps of seismic units were obtained as difference between 2.5D contour maps
computed from spatial interpolation of the time (ms) to depth (m) converted seismic horizons limiting

at top and bottom each units.

4.0 Results

4.1 Seafloor morphology of the Paola Basin and surroundings
Almost all the tectonic structures identified on seismic profiles (see paragraph 4.4) have a
bathymetric expression. Thus, the analysis of the DTM provides information on the prolongation of
morpho-structures developed in the investigated area. The integration of these data with those
obtained by analysing seismic profiles allows us to realize a structural-kinematic map of the Paola
Basin and surrounding areas.
The Paola Basin is a NNW-SSE oriented depression that extends between the volcanic

seamounts pertaining to the Ovidio volcanic field (OS) and the Santa Eufemia Gulf (SEG), bounded
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to the West by the Paola Ridge (PRD) and to the East by the offshore prolongation of the Coastal
Chain (Fig. 2a). Bathymetric data reveal a basin ~ 60 km long and ~ 15 km wide in the northern and
central sectors to ~ 20 km to the South. The depth of the basin floor varies from ~ 400 m b.s.I. in the
northern termination of the basin, to ~ 730 m b.s.l. West of the Paola village (PV and section 1 in
Fig. 2b), to ~ 450 m b.s.l. in the Santa Eufemia Gulf (SEG in Fig. 2a). Here, a series of E-W oriented
channels, formed along a gently (~ 3°) seaward-inclined slope, flow into the Angitola Canyon (Fig.
2a). The transition between continental shelf and slope occurs at ~ 125 m b.s.l., over a distance of ~
5 km from the coastline (Fig. 2a and section 2 in Fig. 2b). The continental slope has an average angle
of ~ 6°- 8° between the north-western edge of the Paola Basin and the Amantea village (AV in Fig.
2), while it increases up to 15° towards the South.

The Paola Ridge consists of a set of bathymetric highs (Sh in Fig. 2a) dissected by saddles and
small- scale basins (sections 2 and 3 in Fig. 2b). One of these basins (PrB, Propeller Basin of Gamberi
& Rovere, 2010) is NNW-SSE oriented. A flat top (Sh1l) bathymetric high, which reaches 100 m
b.s.l., formed on the northern sector of the PrB, gives a horseshoe shape to the basin. The PrB is
surrounded by two narrow, elliptical-shape bathymetric highs, ~ 5-6 km long (Sh2 - Sh10 in Fig. 2a
and profiles 2 and 3 in Fig. 2b). The highest of them (Sh2) rises ~ 500 m from the seafloor forming
a steep escarpment to the North of the PrB (section 3 in Fig. 2b). A series of NW-SE oriented
undulations of the seafloor are observed on top of the most of bathymetric highs. Several escarpments
(es in Fig. 2a) dipping towards the West and South-West with values of 20°, 25° and 10° moving
from North to South, are identified along the western part of the Paola Ridge.

4.2 Definition of seismic units

Three seismo-stratigraphic units, labelled MD, PQ and V from bottom to top (Fig. 3a and b),
were identified by their bounding unconformities and described based on of their architecture and
seismic characters (e.g. amplitude, lateral continuity and frequency of internal reflectors, according
to Damuth, 1980).

Unit MD has subparallel, relatively continuous, medium frequency and high to moderate-
amplitude reflections (Fig. 3a and b). It is bounded at the top by the well-defined, high-amplitude
reflector “M” (in Fig. 3b, ¢ and d), a horizon of regional importance associated with the top of
evaporites deposited during the late Messinian salinity crisis and/or to an erosional unconformity
formed during the late Messinian sea level fall (Malinverno et al., 1981, and references therein).

Unit PQ overlies the M horizon and is generally marked by layered, continuous medium to
high frequency and moderate to high-amplitude reflections (Fig. 3a and b). It can be correlated with
the Plio-Quaternary sedimentary succession widespread in the Tyrrhenian Sea. We have subdivided
unit PQ in four subunits named PQ1-PQ4 from bottom to top, on the base of their internal geometry
and unconformity surfaces recognized at top and bottom. The boundaries of these subunits are shown
on the Line “Section-4” (Fig. 3c) that illustrate clearly the internal configuration and the external

geometry of the subunits, as well as the eastwards reflector terminations onto against the M horizon.
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Subunits PQ1-PQ4 have been identified in all seismic lines by correlating their top and
bottom unconformities to the conformity surfaces.

Moderate to high-amplitude, well-defined laterally continuous reflectors characterize
subunit PQ1 (Fig. 3c). An eastward progradational pattern typifies its internal structure. Onlap and
downlap reflectors terminate onto the M horizon along the western and eastern side of the basin,
respectively.

Moderate amplitude, continuous reflectors distinguish subunit PQ2. They slightly diverge
toward the depocenter of the basin, and display a clinoform internal geometry with downlap
terminations onto the subunit PQ1l (Fig. 3c). Subunits PQ1 and PQ2 are separated by an
unconformity, which formed as a result of an eastwards shift of the offlap breaks of PQ2.

Subunit PQ3 shows discontinuous, moderate-amplitude reflections, which become
continuous and with higher frequency content in the upper part (Fig. 3c). Subunit PQ3 consists of a
series of clinoforms, which bottomsets converge towards the East and downlap the subunit PQ2 (Fig.
3e).

Subunit PQ4 is represented by sub-horizontal, discontinuous and low-amplitude reflections
with parallel geometry and onlap terminations westward directed on top of subunit PQ3 (CDPs 9000-
10500 Fig. 3c). It is limited upwards by the seafloor.

A stack of greatly discontinuous, medium to high-amplitude reflections (Fig. 3a and b)
characterizes Unit V. The upper boundary corresponds to a high-amplitude, locally continuous
reflector characterized by a rough morphology and numerous diffractions (CDPs 4500-6000, Fig.
3b). These figures can indicate the presence of volcanic rocks.

Seismic features LS are characterized by transparent to chaotic reflectors and exhibit a lens-
shaped geometry. We interpret these features as mass transport deposits (CDPs 12000-14000, Fig.
3¢).

4.3 3D architecture of the Paola Basin

The Paola Basin has the shape of an asymmetric syncline well-defined in the north and
central sectors, from the offshore of Belvedere Marittimo to Amantea Village (BM and AV in Fig.
2). The syncline becomes more gentle southwards (Fig. 4a-d). The eastern and western flanks
correspond to the offshore sector of the Coastal Chain and to a limb of a regional-scale anticline,
here defined as Paola Anticline (Fig. 4a). The eastern flank varies in inclination from ~ 20° to the
north (Fig. 4a) to ~ 24° in the offshore of Amantea Village (Fig. 4c) until ~10° to the South (Fig. 4d).
The inclination of the western side of the basin decreases from ~ 18° in the north (Fig. 4a) to less
than 4° in the Santa Eufemia Gulf (Fig. 4d).

The basin infill comprises Plio-Quaternary sediments up to 5.5 km thick, which rest above
the M horizon (Fig. 4a-d). The depth of the M horizon has been estimated to vary between 1 and 2

km along the flanks of the basin, increasing in correspondence of the depocenter of the basin, where
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it reaches ~ 5 - 6 km in the northern and central sectors (Fig. 4a, b and ¢) and ~ 3 km in the southern
sector (Fig. 4d). Geometries, distributions and thicknesses of pre-Pliocene succession are less
constrained by our seismic data. Thus, our research was focused on the reconstruction of the tectono-
sedimentary evolution of the study area during the Plio-Quaternary time interval.

Reflectors of sub-units PQ1, PQ2 and PQ3 show an eastward-dipping clinoforms geometry
with foreset steepness increasing northward up to ~20° (CDPs 7500-9000, Fig. 4a) in the central
sector of the basin, and an aggradational stacking pattern in the area around the Paola Ridge (CDPs
4500-6000, Fig. 4a; 1-4500, Fig. 4b; 1-6000, Fig.4c). In the southern part of the basin, all subunits
show an aggradational geometry with sub-horizontal reflectors (Fig. 4d). Along the eastern flank of
the syncline, sub-units PQ1, PQ2 and PQ3 display onlap reflectors terminating onto the M horizon
both in the northern (offshore of BM, Fig. 5a) and southern sectors (from offshore of AV southwards,
CDPs 10500-13000, Fig. 4c; Fig. 5c). Conversely, sub-units PQ1, PQ2 and PQ3 show downlap
reflectors terminating, respectively, onto the M horizon, top of PQ1 and top of PQ2, in the central
sector of the basin, which corresponds to the offshore prolongation of the Coastal Chain (CDPs
10500-13500, Fig.4b; Fig.5b). Here, subunit PQ3 also displays an eastward convergent pattern of
reflectors (Fig. 2e; CDPs 10500-13000, Fig. 4b).

Subunit PQ4 is characterized by parallel and sub-horizontal reflectors with onlap reflectors
terminating on top of subunit PQ3 (CDPs 7500-8500, Fig. 4a; CDPs 9000-10000, Fig. 4b; CDPs
7500-9000, Fig. 4c). Submarine mass transport deposits (LS) occur in the eastern side of the basin
within sub-units PQ3 and PQ4 (around CDP 12000, Fig. 4a; CDPs 10500-14000, Fig. 4b).

Along the western part of the study area, two erosional surfaces, named Ers1 and Ers2, are
detected in the PQ succession. Ers1 corresponds to the top of PQ2 and extends from the western side
of the Paola Ridge (CDPs 1-2500, Fig.4b) to western flank of the syncline, where cuts the clinoforms
of PQ2 (CDPs 6000-7500 b in Fig.4). In addition, this surface truncates the oldest topsets of PQ3
(CDPs 7500-8000 Fig.4b). The upper erosional surface Ers2 is recognized inside the PQ3 in the
western sector of the basin (CDPs 1-6500 Fig. 4b).

In the northwestern sector of the basin, Unit PQ is intruded by volcanics (Unit V) that locally
reach the seafloor (CDPs 1-3000, Fig.4a; CDPs 1500-3000, Fig. 6b). Volcanic rocks have a mound-
shape extending in E-W direction for about 7 km.

The isopach maps of subunits PQ1, PQ2 and PQ3 show an abruptly decreasing of thickness
moving from the depocenter towards the eastern flank of the basin (Fig. 7 a, b and c). Here, the
thickness of each subunit is less than ~200 m. The depocenter of the basin shifts from the western
side, where PQ1 thickens up to ~1600 m (Fig. 7a), towards the North, where PQ2 reaches the
thickness of ~1800 m (Fig. 7b) and, successively, towards the central sector of the basin where PQ3
shows a maximum thickness of ~2400 m. In particular, subunit PQ3 reaches the highest values of
thickness, ranging between ~1800 m and ~2400 m, in a NNW-SSE elongated zone, which correspond
to the offshore prolongation of the Coastal Chain (Fig. 7¢). The subunit PQ4 presents a different
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trend of the thickness distribution. In fact, the highest value of ~ 800 m was computed along the
eastern flank of the basin (Fig. 7d), and the thickness decreases westwards reaching less than ~ 200
m in correspondence of the Paola Ridge (Fig. 7d; CDPs 45000, 6000-7000, Fig. 4a; CDPs 6000-
8000, Fig. 4a).

4.4 Structural map

The Paola Basin has the shape of a wide syncline structure (Figs. 4a, b, ¢, 8a and b) bounded
by the offshore sector of the Coastal Chain to the East and by the regional-scale Paola Anticline to
the West. The basin has two axes oriented in the NNW-SSE and NE-SW directions. The Paola
Anticline developed since the Late Neogene as a regional-scale NNW-SSE elongated ridge near or
partly above the sea level. Evidences of kilometre scale, tectonic features, formed because of the
Plio-Quaternary deformations, are observed on a ~ 60 km long, ~ 20 km wide zone corresponding to
the hinge zone of the Paola Anticline. Here, seismic profiles show fault-propagating folds (Fig. 8),
positive and negative flower structures, and normal faults (Fig. 9a, b, and c).

Positive flowers structures are associated with transpressive faults that offset MD and PQ
deposits, and as a whole, depict a ~ 4-5 km wide anticline. Faults have tens to hundred meters offset,
and typically converge at depth into high-angle faults (Figs. 7b, 7d and 9a). High-angle normal faults,
dipping ~ 50°-60° to the East and West, offset PQ sediments in the maximum curvature zone of the
positive flower structures (Fig. 9c¢). Most of them reach the seafloor. The convex upwards
morphology of the seafloor above the positive flower structures, and the divergent pattern of
reflectors inside PQ4 deposits close to them (Fig. 9a), suggest that these tectonic features are still
active.

Negative flower structures are associated with transtensive faults forming kilometres scale,
graben-like structures. They developed in the surroundings of the positive flower structures (Fig. 9b;
around CDP 6000 in Fig. 4a; CDPs 1500-5000 in Fig. 4b; CDPs 9000-10500 in Fig. 7b). One of
them consists of several normal faults, dipping ~ 50°- 60° inwards of the graben, which corresponds
to the southern limb of the Propeller basin (Fig. 9b). Overall, positive and negative flower structures
produce a series of bathymetric highs (Shs in Fig. 2a) and lows on the seafloor along the Paola Ridge
(Fig. 9).

Opposite fault-propagation folds, dipping towards the SE are detected in the north-eastern side
of the Paola Ridge (Fig. 8). These faults cut the PQ deposits at different levels, and form ramps with
a dip in the range of ~ 20 - 50°. Above the N-dipping, ramp upper tips some high-angle (~ 70°)
normal faults formed.

Normal faults dipping ~ 60° to the West and South-West, offset MD and PQ deposits, with
displacements ranging from ~ 200 m to ~ 600 m (around CDP 1500 in Fig. 4d; Fig. 9c), along the

south-western side of the Paola Ridge.
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A structural-kinematic map of the investigated area obtained from correlation of tectonic
features inferred on seismic profiles and morpho-structures recognized on the DTM is shown in Fig.
9d. The map highlights the positive flowers structures, which are mainly elongated in the range from
N115° and N145°. The fault-propagation folds are verging in the ~ N315° direction, which is
approximatively perpendicular to the direction of most of normal faults. Overall, they developed over
the hinge zone of the Paola Anticline, defining the so-called Paola Ridge. The formation of such

structures is compatible with a NW-SE oriented maximum stress axis (Fig. 9e).

4.5 Plio-Quaternary evolution of the Paola Basin and adjacent segments of the fore-arc
region

A model for the evolution of the Paola Basin from the Pliocene to Recent was reconstructed
based on of the architecture of the basin and on the stratigraphic and paleo bathymetric interpretation
inferred from the analysis of seismic facies. The evolution is summarized in four cross-sections
displaying geometries and thickness of the Plio-Quaternary deposits inside the Paola Basin soon after
the beginning of the Messinian stage (Fig. 10a) and at moments corresponding to the top of PQ2,
PQ3 and PQ4 (Fig. 10b, ¢ and d). To represent the sections, we have: (1) removed the sediments
younger than the time step; (2) predicted the paleobathymetry; (3) “hanged” to the paleobathymetric
profile the underlying part of the section inclusive of thicknesses of sedimentary bodies and their
internal geometry.

The stratigraphic age of the unconformities bounding the PQ subunits is unknown for the lack
of direct information, such as wells. However, an attempt to infer the age for the top of subunit PQ3
can be done by correlating the Ersl and Ers2 erosional surfaces to the lowstand of the sea-level
calibrated at 3.75 to 3.5 Ma, and 2.85 to 2.6 Ma, respectively (Fig. 10e: see Capozzi & Picotti, 2003
for details). A further assumption considers that the sedimentation rate should not fluctuate trough
time, at the scale of hundreds kyr. Because of the lack of density and lithology data, sediments
thicknesses have not been corrected for compaction. The measure of the sedimentation rate for PQ2
subunit from 3.5 to 2.85 Ma, in the depocenter gives a value of ~ 0.5 mm/yr, similar to other Pliocene
settings of the Mediterranean (e.g. Capozzi and Picotti, 2003). Applying the same rate to the subunit
PQ3, we provide an age for the bottom of the subunit PQ4 of ~ 2.2 Ma.

Based on the reconstruction of the 3D architecture of the basin, and integrated with
stratigraphic and geomorphologic data available in literature, we propose a model for the Plio-
Quaternary evolution of the fore-arc region of interest. The evolution is summarized in three
paleogeographic maps representing the geological setting at the ages of the top of PQ2 (Fig. 11a), of
PQ3 (Fig. 11b), and of PQ4 (Fig. 11c).
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4.5.1 Plio-Quaternary evolution of the Paola Basin and adjacent segments

The Early Pliocene development of the Paola Basin sea-floor morphology is not well
constrained. We assume a generally flat sea bottom in the central and eastern sectors of the proto
Paola Basin, based on the rather constant thickness of Messinian sediments, and the lack of major
erosional and deformational features. At that time, the proto Paola Basin extended from the Paola
Anticline until the western flank of the Sila Massif, including the area of the present-day Coastal
Chain and the Crati Basin that represented the distal part of the Paola Basin progradational system
(Fig. 10a). The eastward thinning of these sediments in the Crati Basin (Spina et al., 2011) agrees
with this hypothesis. In our paleogeographic reconstruction the water depth increases from the Paola
Anticline eastwards (Fig. 10a).

Starting from the Messinian, a generalized subsidence created the accommodation space
necessary for the deposition of a series of east-dipping clinoforms of subunits PQ1 and PQ2, with
their foreset-strike parallel to the paleo-coastline along the Paola Anticline, formed over tens of
kilometres (Fig. 10b). The prograding system was confined between the offshore of the Southern
Apennines and West the Amantea Basin (Fig. 11a). The latter sectors were uplifted during this time
interval (Fig. 11a) as documented by the PQ1 and PQ?2 reflectors onlapping onto the M horizon (Figs.
5a and c). This scenario agrees with apatite fission track data that indicate a late Miocene (<10 Ma)
onset of exhumation of previously deeply buried rocks in the southern Apennines (Mazzoli et al.,
2008 and references therein) and with the end of extensional tectonics in the Amantea Basin during
the Early Pliocene (Mattei et al., 2002). Conversely, in the basinal area between the Southern
Apennines and Amantea, reflectors of units PQ1 and PQ2 display tilted downlap terminations (Fig.
5b), suggesting that this sector was still not uplifted at this stage (Figs. 10b, 11a). To the West, the
Paola Ridge started to develop as an elongated ridge associated with strike-slip tectonics. Left-lateral
strike slip fault systems were active to the East, in the area of the present Northern Calabrian Arc and
surroundings (Fig. 11a).

The western flank of the Paola Basin remains above sea level during the falling stage and
lowstand of sea level occurred from 3.75 and 3.5 Ma. The deposition of eastward prograding
sediments continued in the central sector of the basin and formed the clinoforms of the unit PQ3 (Fig.
10c). An erosional surface developed on the uppermost part of the PQ2 as well as on the oldest
clinoform topsets of PQ3 (Ers 1 in Fig. 10c). During the formation of PQ3, the amount of subsidence
increased in the central sector of the proto Paola Basin (Fig. 6¢). The convergent pattern of PQ3
reflectors towards the East suggests that its deposition occurred during the uplift of the eastern flank
of the basin (Figs. 10c, 11b). Therefore, the uplift of the Coastal Chain is slightly older than 3.5 Ma.
The growth of the Coastal Chain led to the separation of the proto Paola Basin into two sectors
corresponding to the Paola and Crati basins (Figs. 10c and 11b). The eroded Coastal Chain became
the source area supplying sediments to the Crati and Paola basins. Likewise, the uplift rate of the Sila

Massif increased during the Late Pliocene (Olivetti et al., 2012). Consequently, the Northern
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Calabrian Arc formed as we presently see and normal faults grew along the flanks of the Crati Basin
(Fig. 11b).

The deposition of sediments pertaining to the subunit PQ4, which is characterized by an
aggradational geometry in the whole area (Figs. 4a-d and 11c), started at ~ 2.20 Ma (Figs. 10d and
11c). The sediments were supplied by the Coastal Chain, as indicated by the westward decrease in
thickness of subunit PQ4 (Fig. 6d). During this time interval the Paola Anticline deepened as
consequence of the generalized subsidence that affected the western sector of the continental margin
in the final evolutionary stage of the Tyrrhenian Sea, likewise due to oceanic crust cooling in the
Marsili Basin (Pepe, Bertotti, & Cloetingh, 2004, and references therein). Differential subsidence
was locally accounted by the formation of normal faults to the West of the Paola Ridge,
predominantly dipping ~ 60° to the West and South-west (around CDP 1500 in Fig. 4d and Fig. 9c).

Finally, submarine volcanoes (V in Figs. 3b and 4a) formed in the north-western sector of the
Paola Basin, in correspondence of an E-W striking tear faults delimiting the northern side of the
lonian Sea-Calabrian Arc subduction (Cocchi et al., 2017b).

4.6 Role of sediment loading and tectonic subsidence

Part of the subsidence that created the Paola Basin is due to the load exerted by the sediments
deposited in the area. Using standard equations (Allen & Allen, 1990) with the following parameters:
pMmante=3.3 9/CM3, pcrsi=2.8 9/cM3, psedimens=2.253 g/cm?®, pwaer=1.03 g/cm?, and a local isostatic
compensation approximation, we have calculated the position of the M reflection in the absence of
sediments of the unit PQ, which is in a water-loaded. This method allowed us to separate the
sedimentary loading and the tectonic subsidence from the total subsidence. In our analysis, the total
subsidence was computed from the present-day depth of the M reflection, with the sedimentary load
and water column, by assuming that most of the area presently corresponding to the Paola Basin and
its western prolongation was at shallow water or emerged during the Messinian time. We also
consider that in the depocenter of the proto Paola Basin the maximum water depth was of about 500
m during this time interval (see previous section). This assumption implies that the computed values
of the tectonic subsidence are the highest that can be reached in the whole area, but it has no
consequences in the computation of the Plio-Quaternary sedimentary loading because it was
quantified by subtracting the depth values of the M reflector calculated in the absence of sediments
from those presently measured. Finally, the values representing the total, sedimentary and tectonic
subsidence were interpolated onto 2000-m-spaced cells, using the kriging gridding method.

The plot of Figure 12a, shows that in the Paola Basin the higher subsidence is restricted
within an area oriented NNW-SSE. In particular, the highest value of ~ 3.9 km is reached in the
depocenter of the basin, while it decreases west- and east-wards toward the flanks of the basin. Within
the same area, the highest sedimentary subsidence due to the load exerted by the Plio-Quaternary

sediments is of ~ 2.0 km (Figure 12b). Thus, tectonic processes are needed to cause differential
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vertical movements in the Paola Basin and surrounding area, varying from few hundred meters in

the flanks of the basin to > 2.2 km in the depocenter of the basin (Figure 12c).

5.0 Discussion

5.1. Sediment provenance and transport

The prograding systems developed within the Paola Basin during the Pliocene and the early
Pleistocene suggests that a local counterclockwise pattern of longshore currents should have
developed in the restricted gulf among the Sila and the Paola anticline, and the Apennines to the
North (Fig. 11a). In our paleogeographic reconstruction, the Pliocene and Early Pleistocene Paola
Anticline was integrated with the Southern Apennines and maybe the Sila shelves, protruding into
the Tyrrhenian sea and allowing longshore currents to disperse sediments southward, supplied from
unknown Apennine/Sila entry points. Thus, the eastward dipping clinoforms, bordering to the east
the Paola Ridge, represent the basinward progradation of the shelfal system supplied by locally south-
flowing longshore currents. Conversely, in the southern part of the proto-Paola Basin, where the
Paola Ridge ended, clinoforms did not form and sediments deposited with an aggradational internal
pattern (Fig. 4d). The sinking of the Paola Ridge ended the local anticlockwise gyre of longshore
currents and, as a consequence, the dispersal of sediment from the north to form the eastward
progradation (Fig. 11c). The formation of clinoforms on shelf margins far from the main entry points
can be associated with sediment transport dominantly subparallel to the coastline (e.g. Cattaneo et
al., 2003). A similar progradational pattern of the shelf deposits, perpendicular to the effective
direction of the current, was documented for the western Adriatic shelf (Cattaneo et al., 2003; 2007),
the western Yellow Sea (Liu et al., 2007; Qiu et al., 2014), the Guadix Basin, southern Spain (Puga-
Bernabéu, 2010) and the Western Interior Seaway of North America (Li & Schieber, 2018;
Slingerland & Keen, 1999).

5.2. On the crustal folding of the fore-arc region

The previous results integrated with data derived from the published Crop M27 profile (Pepe
et al., 2010, Fig. 13b) show the Paola Basin as a deforming synform, bounded to the West by the
NNW-SSE elongated Paola Anticline (Fig. 13a). On land, East of the Paola Basin, the Digital
Elevation Model shows that the Sila Massif is a convex-upward, regional-scale, topographic high,
with long axis oriented in the same direction of the Paola Anticline (Fig. 13a).

Messinian to early Pleistocene extensional regime controls the subsidence history of the
Paola Basin according to Guarnieri et al. (2006) and Milia et al. (2009). However, extension is an
unlikely mechanism for the formation of the basin because divergent geometry and large normal
faults, usually associated with extension and crustal thinning, are not observed in our data set. Thus,
other processes are required to explain the formation and evolution of the basin during the Plio-

Quaternary interval. Lithosphere folding or buckling resulting from shortening is a potential
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alternative mechanism (Burg & Podladchikov, 2000; Cloetingh & Burov, 2011; Lambeck, 1983;
Stephenson & Cloetingh, 1991). Short wavelength (~ 80 km, Fig. 13c) lithospheric buckling,
resulting from ENE-WSW-oriented compressive stress field, can explain: a) the lack of significant
normal faults bordering the basin; b) the development of ridges (Paola Anticline and Sila Massif)
and deep basin (Paola Basin) with parallel long axes; ¢) the preservation of their relative positions
that do not change over time. Buckling of the lithosphere is expected to exert first-order control on
basin formation and tectonic subsidence, which is about the 50% of the total subsidence recorded
within the basin (see paragraph 4.6), as well as for a component of uplift experienced by the Sila
Massif since the Neogene time.

To initiate buckling of the lithosphere, in-plane compressional stresses and a higher degree
of interplate coupling are required (Cloetingh & Burov, 2011 and references therein). In the region
of interest, high level of stress can be induced by the frontal accretion and retreat of the Apulian-
lonian domains. Thus, the orientation of the maximum compressional stress had to be
approximatively orthogonal to the trench as suggested by the parallel long axis of Paola Anticline,
Paola Basin and Sila Massif (Fig. 9f) and the present-day N130E-oriented trench inferred from
seismic data (Doglioni et al., 1999).

The undulation of the M horizon (Fig. 13e) suggests a lithosphere folding active since the
Miocene times. Large-scale folds with long-axes oriented in the same direction of the ridges and
basins also developed in the central and southern Adriatic domains during the same time interval
(Bertotti et al., 2001). Therefore, lithosphere folding can be considered a mechanism responsible for

the crustal folding in a large sector of the fore-arc region of the Tyrrhenian-lonian subduction system.

5.3. Regional stress variation during the Plio-Quaternary

In the region of interest, lithospheric buckling resulting from ENE-WSW oriented compressive
stress field resulting from trench orthogonal compression. Instead, the orientation of the tectonic
features associated with strike-slip restraining and releasing bends defining the Paola Ridge suggests
that the maximum horizontal stress responsible for their formation was approximately oriented in the
NW-SE direction (Fig. 9d and e). Furthermore, GPS velocity fields in the Apulian plate reference
frame indicate that the Calabrian Arc moves in the N110E direction with velocities of 1.1-1.7 mm/yr
(D’Agostino et al., 2011). Therefore, these data coherently indicate that the orientation of the regional
intraplate stress field in the upper plate of the Tyrrhenian-lonian subduction system varies through
time. Change in direction and magnitude of the stress field in the fore-arc region of interest can result
from the transition from orthogonal to oblique subduction resulting in the partitioning of strain into
trench-parallel and trench-normal tectonics (insets in Fig. 13c). Thus, we propose that trench-parallel
tectonics was responsible for: i) the formation of the NNW-SSE strike-slip zone (Paola Ridge) on
the hinge zone of the Paola Anticline; ii) the syncline within the Paola Basin with axis oriented in
the NE-SW direction; iii) the NW-SE trending zones of strike-slip deformation in the Northern
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Calabrian Arc (e.g. Tansi et al., 2007; Van Dijk et al., 2000), as well as in the Gulf of Taranto along
the Amendolara Ridge (Ferranti et al., 2014).

5.4. On the Quaternary uplift of the Northern Calabria Arc

The Quaternary uplift of the Northern Calabria Arc was estimated of ~ 1 mm/yr (Luigi Ferranti
et al., 2006 and references therein). By considering that buckling of the lithosphere is not expected
to produce the total vertical movement experienced by the Northern Calabrian Arc during the
Quaternary, other processes must be invoked. Analogue experiments of material transfer in
accretionary wedge have demonstrate that high basal friction produces a cyclic behaviour of
alternating frontal accretion and underthrusting of lower plate material underplating beneath the
backstop (Gutscher et al., 1998). The SW—NE cross-section constructed across the back- and fore-
arc region of the Tyrrhenian-lonian subduction system (Fig. 13d) shows that the thickness of the
crust beneath the Northern Calabria Arc increases moving to the East of the Paola Basin and it
reaches the maximum value beneath the Sila massif (Fig. 13d). A comparison of high basal friction
analogue experiments (Kukowski et al., 2002) with this segment of the fore-arc region lead us finding
geometric similarities. Thus, we propose that overriding plate experienced periods of high basal
friction producing an alternation of frontal accretion and underthrusting of lower plate material
underplating beneath Northern Calabrian Arc.

The thickening of the crust implies deviation from isostatic equilibrium and consequent
vertical adjustment. Furthermore, seismic tomography and deep earthquake distribution indicate that
beneath the N-Calabrian Arc the slab is detached from its upper part also causing isostatic rebound
(Westaway, 1993; Wortel & Spakman, 2000). Therefore, three independent processes act at regional
scale during the Plio-Quaternary with variable rates to control deformation and uplift of the N-
Calabrian Arc, respectively: buckling of the lithosphere, underplating/underthrusting, and isostatic

rebound.

5.5. Tensile stress induced by long-wavelength folding of the lithosphere

To discuss the tensile stress induced by long-wavelength folding of the lithosphere across the
Northern Calabria Arc, we constructed an upper crustal cross-section (Fig.13e). It shows the
geometries and thickness of the Plio-Quaternary deposits inside the Paola and Crati basins, the main
transcurrent fault zones and the normal faults bordering the Crati Basin (Brozzetti et al., 2017; Spina
etal., 2011 and references therein). To visualize the Plio-Quaternary vertical movements of this fore-
arc region the M horizon is used as reference. It is plotted at the Messinian and at Present times by
considering the topography of the Calabrian Arc and flexure modelling results derived by applying
a horizontal load to a beam. Results suggest that extensional fiber stresses are expected in the
extrados above the middle-plane of the beam. The tectonic interpretation of flexure experiments is

that the continental crust the Northern Calabria Arc in the extrados of the large anticlines is bent
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enough to cause faulting. Thus, we consider the N-S trending normal faults flanking the Crati Basin
as an effect of these bending stresses.

In the hinge zone of the Calabrian Arc, normal faults activity started during the Top PQ3 time
interval (Fig. 11c), and persisted through the Top PQ4 time interval (Fig. 11d) allowing the Crati
Basin deepening and widening eastward. Field and seismological data coherently indicate that this
fault system is still active (Brozzetti et al., 2017; Cianflone & Calabria, 2015; Orecchio et al., 2015;
Spina et al., 2011; Tortorici et al., 1995).

5.6 The Paola Basin in the new classification scheme for fore-arc basins

Strike-slip deformation systems develop only along the hinge zone of the Paola Anticline
and over the N-Calabrian Arc (Fig. 13¢). On the contrary, the Plio-Quaternary sedimentary infill of
the Paola Basin shows weak deformation (Figs. 4, 7 and 8) as suggested by the less than 5 x 102
compressional strain computed by applying the constant line length restoration method at the M
horizon (Table 1). Similar structural setting was documented for fore-arc basins developed in oblique
subduction systems, such as the Tofino and Eel River basins along the Cascadia margin (Gulick et
al., 2002; Spence et al., 1991), the Atka basin along the Aleutian arc (Ryan et al., 2013), the
Valparaiso basin along the central Chile margin (Laursen et al., 2002) and the Simeulue basin along
the Northern Sumatra arc (Shulgin et al., 2013). According to Noda (2016), oblique subduction may
lengthen rather than widen the basin along the outer-arc high, which represents the uplift sector of
the outer wedge. The occurrence of this process is indicated by the migration of the depocenter of
the basin. Our data shows that the depocenter of the Paola Basin tends to keep its cross-sectional
position (Fig. 4a, b and c), but shifts parallel to the Coastal chain (Fig. 6a, b and c). A similar
evolution was documented for the Sumatra and Valparaiso arc fore-arc basins (Noda, 2013; Laursen
etal., 2002). Therefore, we propose that the Paola Basin can be classified as a “Neutral Accretionary-
type” fore-arc basin (sensu Noda, 2016) on the basis of the oblique subduction, of the major strike-

slip faults found in the areas adjacent the basin, and of the weak deformation of sedimentary infill.

6.0 Conclusions
The interpretation of a grid of high-penetration reflection seismic profiles provides new
insights into the 3D architecture and the Plio-Quaternary evolution of the Paola Basin. Our results,
integrated with data derived from the literature are relevant for the understanding of the long-term
deformation processes of the fore-arc region of the Tyrrhenian-lonian Subduction System. The main
outcomes can be summarized as follows:
1) The Paola Basin is a NNW-SSE trending asymmetric syncline developed in the fore-arc region
of the Tyrrhenian-lonian subduction system. In the Early Pliocene the proto Paola Basin
extended from the regional-scale Paola Anticline until the western flank of the Sila Massif. Since

3.5 Ma, the uplift of the Coastal Chain led to the separation of the proto Paola Basin into two
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2)

3)

4)

5)

6)

subsiding sectors corresponding to the Paola and Crati basins. Presently, the eastern and western
flanks of the Paola Basin correspond to the offshore sector of the Coastal Chain and the eastern
limb of the Paola Anticline, respectively.

The Paola Basin consist of up to 5.5 km thick Plio-Quaternary deposits, most of them (sub-units
PQ1, PQ2 and PQ3) showing an eastward-dipping clinoforms geometry. The prograding
systems suggest that a local counterclockwise pattern of longshore currents should have
developed in the restricted gulf between the Sila Massif and the Paola Anticline, and the
Apennines to the north. Until ~ 2.2 Ma, the south-flowing longshore currents were responsible
for dispersing sediments, supplied from unknown Apennine/Sila entry points. Subsequently, the
Coastal chain provided sediments to the basin as indicated by the aggradational internal
geometry of the uppermost deposits (sub-unit PQ4).

Short wavelength (~ 80 km) lithospheric buckling, resulting from ENE-WSW-oriented
compressive paleostress, is the mechanism that better explain the tectonic subsidence of the
Paola Basin as well as the uplift of the Paola Anticline since the Miocene. Furthermore, this
mechanism exerts a first-order control on the uplift of the Sila Massif.

Tensile stress from uplift of the Northern Calabrian Arc was responsible for the formation of N-
S trending normal faults along the extrados of the Sila Massif anticline. These faults bound the
Crati Basin and allow its widening through time.

Kilometre scale, flower structures, fault-propagation folds and normal faults formed along the
hinge zone of the Paola Anticline, defining the Paola Ridge. The formation of such structures is
compatible with a NW-SE oriented maximum stress axis, which is parallel to the present-day
trench direction in the eastern offshore of the Northern Calabrian Arc. The change in direction
of the maximum stress axis from ENE-WSW to NW-SE is a consequence of the transition from
orthogonal to oblique subduction resulting in the partitioning of strain.

Given the weak deformation of the sedimentary infill and the strike-slip deformation of its
boundaries, associated with oblique component of subduction, the Paola Basin can be defined

as a “Neutral Accretionary-type” fore-arc basin (sensu Noda, 2016).
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Captions

Figure 1. (a) Schematic tectonic map of the Tyrrhenian-lonian subduction system. AEFS: Alfeo-
Etna Fault System; Al: Aeolian Islands; AP: Apulian block; CAW: Calabrian accretionary wedge;
CrSB, Crotone-Spartivento Basin; HB: Hyblean block; MB: Marsili Basin; N-CPA: Northern
Calabria Arc; Os: Ovidio seamounts; PR: Paola Ridge; Ps: Palinuro seamounts; SCA: southern
Calabria Arc; SEG: Santa Eufemia Gulf; SFS: Sangineto fault system; TG, Taranto Gulf; TL.:
Tindari-Letojanni fault. Inset shows the location of the area. (b) Geological sketch map of the
Northern Calabrian Arc (after Monaco et al., 1998; Van Dijk et al., 2000, and Tansi et al., 2007) with
location of the seismic dataset used in this study. 1: Continental and marine deposits (Holocene-
upper Pleistocene); 2: Terrigenous marine deposits (Pleistocene-upper Pliocene); 3: Marine deposits
and calcarenites (lower Pliocene); 4. Marine deposits: clays, sandstone and evaporites (Messinian-
upper Tortonian); 5: Apennines carbonate units; 6: Igneous and continental-derived metamorphic

units; 7: Ophiolitic units; 8: Longobucco cover and Paludi Formation (Paleogene-Mesozoic).

Figure 2. (@) Morpho-bathymetric map of the Paola Basin and surroundings. AV: Amantea Village;
BM: Belvedere Marittimo Village; es: escarpment; PrB: Propeller basin; PRD: Paola Ridge; PV:
Paola Village; SEG: Santa Eufemia Gulf; Sh: Structural high. (b) Bathymetric profiles across the
Paola Basin. ICS: inner continental shelf; ICSB: inner continental shelf break; VE: vertical

exaggeration.

Figure 3. (a), (b) and (c) Seismo-stratigraphic units (MD, PQ and V), and subunits (PQ1, PQ2, PQ3
and PQ4) recognized on seismic profiles. Insets show the location of the profiles. LS, Landslide. (d)
and (e) display parts of the Section 4 at small scale.

Figure 4. Depth-converted EW profiles and their interpretation. MD, Upper Miocene deposits; PQ,
Plio Quaternary deposits, PQ1, PQ2, PQ3 and PQ4 subunits recognized on seismic profiles; V,
Volcanics; Ersl and Ers2: erosional surfaces. Insets show the location of the profiles. Grey pins

indicate the restoration pin lines.

Figure 5. Lateral terminations of the Plio-Quaternary deposits onto the eastern flank of the Paola
Basin. BM: Belvedere Marittimo village; PV: Paola Village; AV: Amantea Village. See Figs. 3b, 4b

and 4d for location of box a, b and c, respectively. Vertical exaggeration 1:2.

Figure 6. Depth-converted “Section-11” profile and its interpretation. PQ1, PQ2, PQ3 and PQ4:
subunits recognized on seismic profiles. Inset shows the location of the profile. VVertical exaggeration
1:2.

Figure 7. (a), (b), (c), and (d) Isopach maps of subunits PQ1, PQ2, PQ3 and PQ4. PV: Paola Village;
AV: Amantea Village.
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Figure 8. Depth-converted profiles “Section-9” and “Section-10 and their interpretation. PQ1, PQ?2,
PQ3 and PQ4 subunits recognized on seismic profiles. Insets show the location of the profiles. No

vertical exaggeration.

Figure 9. Morpho-structural map of the Paola Basin and surroundings. PRD: Paola Ridge; PV: Paola
village; AV: Amantea village. Transpressive, transtensive and normal faults that, overall, form the
Paola Ridge are shown in the boxes (a), (b) and (c), respectively. (e) and (f) Orientation diagrams of
principal stress axes as derived from structural and kinematic data. PDZ, Principal displacement

zone; VE: vertical exaggeration.

Figure 10. (a) Sketch of the proto Paola Basin at the end of the Messinian (Late Miocene). (b), (¢)
and (d) Stages of the Plio-Quaternary evolution of the Paola Basin corresponding to the deposition
of subunits PQ2; PQ3, and PQ4. LS, Landslide; Ers1 and Ers2: erosional surfaces; sl, sea level. See
Fig. 11a, b and c for location of sections b, ¢ and d, respectively. No vertical exaggeration. (e)
Schematic accumulation rate (AR) plot for the subunits PQ1- PQ4 derived from their thickness and
ages assumed for the erosional surfaces (Ers). Inferred age of the top of subunit PQ3 is also reported.

The circle in the inset indicates the location.

Figure 11. Plan view evolutionary model of the interest fore-arc region at the ages of the top of PQ2
(box a), PQ3 (box b), and PQ4 (box c).

Figure 12. Plio-Quaternary (a) total, (b) sediment loading and (c) tectonic subsidence map of the M

horizon in the Paola Basin.

Figure 13. (a) Schematic tectonic map showing the northern trench, the accretionary wedge (CAW)
of the Tyrrhenian-lonian subduction system and the axis directions of the Paola anticline (PA), Sila
Massif (SM) and Paola synclines. The contour level curves from 1300 a.s.l up to 1700 a.s.l of the
Sila Massif are shown in inset 1. (b) Crop M27 profile showing the regional-scale Paola Anticline
(modified from Pepe et al., 2010). (c) Sketches of the effects of lithospheric buckling and shearing
in the early and late stages of deformation of the proto Paola Basin and surroundings. Insets show
the direction of the Tyrrhenian plate (TP) motion vector. (d) Schematic cross-section showing the
lithospheric structure across the back- and fore-arc regions of the Tyrrhenian-lonian subduction
system. Structure of the crust based on the results of the DSS seismic refraction data (Morelli, 1975),
and the time to depth converted and gravity modelled Crop M27 profile (modified from Pepe et al.,
2010). Abbreviations: MB, Marsili Basin; COB, Continent oceanic boundary; VA, Volcanic Arc;
PA, Paola anticline; PB, Paola Basin; CB, Crati Basin; oc, Oceanic crust; cc, continental crust. (e)
The position of the reference M horizon along the Paola Basin and Northern Calabrian Arc at the

Messinian time and at the present-day. Data were derived from the Line Section 4 and by Spina et
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al., 2011. The positions of the main transcurrent fault zone are also shown. V.E., Vertical

exaggeration. Location of sections (d) and (e) are shown in box (a).

Table 1. Crustal shortening across the Paola Basin based on the M horizon recognized of seismic
profiles. Lprd, pre-defromation length of the M horizon; Lpd, post-deformation length of the M
horizon; S, Shortening percentage.
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Figure 1. (a) Schematic tectonic map of the Tyrrhenian-lonian subduction system. AEFS: Alfeo-
Etna Fault System; Al: Aeolian Islands; AP: Apulian block; CAW: Calabrian accretionary wedge;
CrSB, Crotone-Spartivento Basin; HB: Hyblean block; MB: Marsili Basin; N-CPA: Northern
Calabria Arc; Os: Ovidio seamounts; PR: Paola Ridge; Ps: Palinuro seamounts; SCA: southern
Calabria Arc; SEG: Santa Eufemia Gulf; SFS: Sangineto fault system; TG, Taranto Gulf; TL.:
Tindari-Letojanni fault. Inset shows the location of the area. (b) Geological sketch map of the
Northern Calabrian Arc (after Monaco et al., 1998; VVan Dijk et al., 2000, and Tansi et al., 2007) with
location of the seismic dataset used in this study. 1: Continental and marine deposits (Holocene-
upper Pleistocene); 2: Terrigenous marine deposits (Pleistocene-upper Pliocene); 3: Marine deposits
and calcarenites (lower Pliocene); 4: Marine deposits: clays, sandstone and evaporites (Messinian-
upper Tortonian); 5: Apennines carbonate units; 6: Igneous and continental-derived metamorphic
units; 7: Ophiolitic units; 8: Longobucco cover and Paludi Formation (Paleogene-Mesozoic).
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Figure 2. (@) Morpho-bathymetric map of the Paola Basin and surroundings. AV: Amantea Village;
BM: Belvedere Marittimo Village; es: escarpment; PrB: Propeller basin; PRD: Paola Ridge; PV:
Paola Village; SEG: Santa Eufemia Gulf; Sh: Structural high. (b) Bathymetric profiles across the

Paola Basin. ICS: inner continental shelf; ICSB: inner continental shelf break; VE: vertical
exaggeration.
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Figure 3. (2), (b) and (c) Seismo-stratigraphic units (MD, PQ and V), and subunits (PQ1, PQ2, PQ3
and PQ4) recognized on seismic profiles. Insets show the location of the profiles. LS, Landslide. (d)
and (e) display parts of the Section 4 at small scale.
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Figure 4. Depth-converted EW profiles and their interpretation. MD, Upper Miocene deposits; PQ,
Plio Quaternary deposits, PQ1, PQ2, PQ3 and PQ4 subunits recognized on seismic profiles; V,
Volcanics; Ersl and Ers2: erosional surfaces. Insets show the location of the profiles. Grey pins
indicate the restoration pin lines.
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Figure 5. Lateral terminations of the Plio-Quaternary deposits onto the eastern flank of the Paola
Basin. BM: Belvedere Marittimo village; PV: Paola Village; AV: Amantea Village. See Figs. 3b, 4b
and 4d for location of box a, b and c, respectively. Vertical exaggeration 1:2.
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Figure 6. Depth-converted “Section-11" profile and its interpretation. PQ1, PQ2, PQ3 and PQ4:
subunits recognized on seismic profiles. Inset shows the location of the profile. Vertical exaggeration

1:2.
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Figure 7. (a), (b), (c), and (d) Isopach maps of subunits PQ1, PQ2, PQ3 and PQ4. PV: Paola Village;

AV: Amantea Village.

90



NNw 1500 3000 4500 6000 7500 9000 10500 12000 CDP 13500 15000 16500
0 I 1 I h I h i i i h 1

18000 19500 21000 22500 24000
7 - — _7

y SSE
_ Section-10

Depth (km)
s o o W - w ~ —

CNNwW 15003000 4500

6090 7590

9000 15000

105|00 quOOCDPlS?OO 16§00

18900

195‘00

2]|000

22500 24000 sk
Section-9.

w

4

Depth (km)

o w

Figure 8. Corradino et al.
Figure 8. Depth-converted profiles “Section-9” and “Section-10" and their interpretation. PQ1, PQ2,

PQ3 and PQ4 subunits recognized on seismic profiles. Insets show the location of the profiles. No
vertical exaggeration.

91



[a] 1500 CDP3000

Depth (km)

Depth (km)

Depth (km)

[

Transpressive fault ~ Trastensive fault (/ Fault propagation fold

Normal faults on the maximum
curvature of positive flower
structures

f Normal faults *Syncline axis

Figure 9. Corradino et al.

Figure 9. Morpho-structural map of the Paola Basin and surroundings. PRD: Paola Ridge; PV: Paola
village; AV: Amantea village. Transpressive, transtensive and normal faults that, overall, form the
Paola Ridge are shown in the boxes (a), (b) and (c), respectively. (e) and (f) Orientation diagrams of
principal stress axes as derived from structural and kinematic data. PDZ, Principal displacement
zone; VE: vertical exaggeration.
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Figure 10. (a) Sketch of the proto Paola Basin at the end of the Messinian (Late Miocene). (b), (c)
and (d) Stages of the Plio-Quaternary evolution of the Paola Basin corresponding to the deposition
of subunits PQ2; PQ3, and PQ4. LS, Landslide; Ers1 and Ers2: erosional surfaces; sl, sea level. See
Fig. 11a, b and c for location of sections b, ¢ and d, respectively. No vertical exaggeration. (e)
Schematic accumulation rate (AR) plot for the subunits PQ1- PQ4 derived from their thickness and
ages assumed for the erosional surfaces (Ers). Inferred age of the top of subunit PQ3 is also reported.
The circle in the inset indicates the location.
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Figure 11. Plan view evolutionary model of the interest fore-arc region at the ages of the top of PQ2
(box a), PQ3 (box b), and PQ4 (box c).
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Figure 12. Plio-Quaternary (a) total, (b) sediment loading and (c) tectonic subsidence map of the M
horizon in the Paola Basin.
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Figure 13. (a) Schematic tectonic map showing the northern trench, the accretionary wedge (CAW)
of the Tyrrhenian-lonian subduction system and the axis directions of the Paola anticline (PA), Sila
Massif (SM) and Paola synclines. The contour level curves from 1300 a.s.l up to 1700 a.s.l of the
Sila Massif are shown in inset 1. (b) Crop M27 profile showing the regional-scale Paola Anticline
(modified from Pepe et al., 2010). (c) Sketches of the effects of lithospheric buckling and shearing
in the early and late stages of deformation of the proto Paola Basin and surroundings. Insets show
the direction of the Tyrrhenian plate (TP) motion vector. (d) Schematic cross-section showing the
lithospheric structure across the back- and fore-arc regions of the Tyrrhenian-lonian subduction
system. Structure of the crust based on the results of the DSS seismic refraction data (Morelli, 1975),
and the time to depth converted and gravity modelled Crop M27 profile (modified from Pepe et al.,
2010). Abbreviations: MB, Marsili Basin; COB, Continent oceanic boundary; VA, Volcanic Arc;
PA, Paola anticline; PB, Paola Basin; CB, Crati Basin; oc, Oceanic crust; cc, continental crust. (e)
The position of the reference M horizon along the Paola Basin and Northern Calabrian Arc at the
Messinian time and at the present-day. Data were derived from the Line Section 4 and by Spina et
al., 2011. The positions of the main transcurrent fault zone are also shown. V.E., Vertical
exaggeration. Location of sections (d) and (e) are shown in box (a).
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Section Lprd (km) Lpd (km) S (%)
2 17.1 16.28 5.03
3 189 18 4,76
4 19.37 18.7 3.46
5 16.52 16 3.15
6 15.34 14.9 2.86
7 14.46 14 3.18
10 56.04 5511 1.66

Table 1. Corradino et al.

Table 1. Crustal shortening across the Paola Basin based on the M horizon recognized of seismic
profiles. Lprd, pre-defromation length of the M horizon; Lpd, post-deformation length of the M
horizon; S, Shortening percentage.
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Conclusions

The results of this thesis, integrated with data available in literature, are relevant for the
understanding of deformation mechanisms at different time and spatial scales.

Volcano-tectonic deformations at 1yr-1kyr timescale and 1km spatial scale were investigated
in the NYT caldera and its intra-caldera resurgence (Campi Flegrei-Pozzuoli Bay). The analysis of
bathymetric and seismic reflection data acquired in the Pozzuoli Bay, coupled with the interpretation
of ground deformation maps of the Campi Flegrei, provided new insights into the structural pattern
of the NYT resurgent caldera. The NYT collapse caldera displays an almost circle shape with radius
of ~8 km. The structural pattern consists of the ~ 3-4 km wide ring fault zone and an uplifted intra
caldera region. In the Pozzuoli bay, the ring fault zone corresponds to a series of ~ 60° inward dipping
normal faults that allowed the sinking of the NYT caldera floor from ~140 m up to ~ 230 m, moving
from the southern sector of the bay to its central part. The development of the normal faults occurred
from the inner region of the caldera outward, causing its widening through time. The ring fault zone
surrounds the intra caldera resurgence, a ~50 km? wide uplifted area with an almost circle shape
centred on the Pozzuoli harbor. The resurgence develops along a series of inward-dipping reverse
faults characterized by an upwards decreasing inclination of their fault plains from ~70° to ~15°.
These structures formed by the reactivation of pre-exiting normal faults developed during the NYT
caldera collapse. The structural style of the resurgence is expressed by disjoint uplifted blocks of the
caldera floor rocks. Two main blocks are detected inside the resurgent area both off- and onshore,
separated by a NNE-SSW trending high-angle normal fault. The most uplifted block includes the
area from Mt Nuovo to La Pietra, and the adjacent uplifted sector extends eastwards until Mt Spina.
The morpho-bathymetric expression of the two uplifted blocks is represented by a ~5 km wide
antiformal structure, surrounded by Bagnoli and Epitaffio valleys. A series of high-angle normal
faults forms a graben-like structure as a consequence of the extension regime in the area of maximum
curvature of the antiformal structure.

Long-term deformations (Myr timescale) occurring at tens of kilometers spatial scale were
studied along the Paola Basin, a forearc segment of the Tyrrhenian-lonian subduction system. The
interpretation of a grid of high-penetration reflection seismic profiles allowed to reconstruct the 3D
architecture and the Plio-Quaternary evolution of the Paola Basin. The letter is a NNW-SSE trending
asymmetric syncline, bounded by the offshore sector of the Coastal Chain to the East and a limb of
the regional-scale Paola Anticline to the West. The Paola Basin hosts up to 5.5 km thick Plio-
Quaternary deposits, most of them with an eastward-dipping clinoforms geometry. This pattern is
explained with a local circulation of longshore currents that flowed southwards in the restricted gulf
between the Sila Massif, Paola Anticline and the Apennines, and dispersed sediments from unknown
Apenninic/Sila entry points. The uppermost part of the Plio-Quaternary deposits is characterized by
an aggradational internal pattern and a westwards decreasing in thickness, suggesting a sediment

supply from the Coastal Chain. In the Early Pliocene the proto Paola Basin extended from the Paola
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Anticline until the western flank of the Sila Massif. Since 3.5 Ma, the uplift of the Coastal Chain led
to the separation of the proto Paola Basin in the Paola and Crati basins. The tectonic subsidence of
the Paola Basin, the uplift of the Paola Anticline and part of the uplift of the Sila Massif are explained
through the mechanism of the short wavelength (~ 80 km) lithospheric buckling, resulting from
ENE-WSW oriented compressive stress field. The lithospheric buckling, coupled with
underplating/underthrusting, and isostatic rebound controlled the folding of the lithosphere along the
Northern Calabria Arc. The folding induced tensile stress, resulting in the formation of N-S trending
normal faults along the extrados of the Sila Massif anticline. These structures bound the Crati Basin
and allow its widening through time. Kilometre scale tectonic features associated with strike-slip
restraining and releasing bends formed along the hinge zone of the Paola Anticline, defining the
Paola Ridge. Their formation is compatible with a NNW-SSE oriented maximum stress axis. The
change in direction of the maximum stress axis from ENE-WSW to NNW-SSE is a consequence of
the transition from orthogonal to oblique subduction resulting in the partitioning of strain. Based on
a) the oblique subduction of the overriding plate, b) the development of major strike-slip faults in the
areas surrounding the Paola basin, and c) the weak deformation of its sedimentary infill, the Paola

Basin was classified as a “Neutral Accretionary-type” forearc basin.
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