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ABSTRACT

We present the bathy-morphological map at a scale of 1: 50,000 of the area around the
submerged Ferdinandea Island, the ‘Neverland’ of the Sicily Channel (central Mediterranean
Sea). We investigate an area of 100 km? between 10 and 350 m, which is part of a
triangular morphological high, 360 km? wide, representing the SE-wards prolongation of the
Adventure Bank. The study is based on the morphometric analysis based on high resolution
multibeam, and sub-bottom CHIRP profiles collected in 2015. The area around the remains
of Ferdinandea Island is morphologically shaped by the interplay between volcanic, tectonic,
fluid seepage, and oceanographic processes. Since the study area is considered a hot spot
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of biodiversity affected by maritime traffic (especially in Ferdinandea Channel) and hosting
communication pipelines, this map provides insights both for habitat mapping purposes
and preliminary marine geohazard assessment due to the occurrence of historically active
submarine volcanoes, pockmarks, and mass transport deposits.

1. Introduction

The Sicily Channel is a shallow marine sector between
Sicily and Africa, characterised by a large and gently
sloping (generally less than 1-2°) continental shelf
(Figure 1). The shelf break is located at depths between
~ 100 m in the central part and ~ 150 m along the
Adventure Bank and Ragusa Offshore (Todaro et al.,
2021). The southern Sicilian coast with its several
small touristic villages represents an important contri-
bution to Italian tourism and to the economy of the
island.

Since the Plio-Pleistocene, the Sicily Channel is
characterised by both terrestrial and marine volcanic
activity: the former ones is mainly concentrated in
Pantelleria and Linosa Islands (Rotolo et al., 2006),
whereas marine activity is mostly localised along the
submarine banks such as Adventure Bank, Graham
Bank, Nameless Bank, and many other minor submar-
ine banks (Lodolo et al., 2012; Spatola et al., 2018a;
2018b), even if also the 1891 eruption of Pantelleria
was submarine (Conte et al., 2014).

The Graham Bank is a small submarine volcanic
region located in the upper slope of the north-western
Sicily Channel (Figure 1), which was affected by

numerous volcanic eruptions in the last 200 years
(Calanchi et al., 1989), and where fluid escape
phenomena (both cold and hydrothermal) controlled
by faults (Figure 2(a)) are documented (Coltelli
et al., 2016; Spatola et al., 2018a; 2018b). One the
most well-known volcanic event (in the historical
time) was in the 1831 when the emergence and
rapid disappearance of the ‘Ferdinandea Island’
occurred (Calanchi et al., 1989; Colantoni et al.,
1975; Washington, 1909). The recent acquisition of
high resolution multibeam bathymetry data associated
with high resolution acoustic profiles enhanced the
knowledge of submarine volcanic areas all over Sicily
Channel as well as the Graham Bank (Cavallaro & Col-
telli, 2019; Civile et al., 2008; Coltelli et al., 2016; Spa-
tola et al., 2017; 2018b).

In the last decades, great attention has been devoted
to the characters of the flanks in active geologically
areas such as active insular (Chiocci & De Alteriis,
2006) and in active/young submarine volcanoes
(Camargo et al., 2019) because they can be a potential
geohazard for infrastructures and surrounding coastal
communities. In this regard, the study area is an
important communication path, with intense ship
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Figure 1. Location of the study area (blue box) and main physiographic features of the Sicily Channel (e.g. Plio-Pleistocene graben
systems in red dashed lines). Background bathymetry from EMODnet bathymetry (http://www.emodnet-bathymetry.eu). In the
lower left inset the spatial coverage of the high resolution multibeam data and sub-bottom CHIRP profiles (black lines).

transit and four pipelines connecting the minor
islands and the Maltese archipelago (Figure 2(b)).

Recent studies demonstrated that volcanic banks
represent, in the framework of the ‘Sicily Channel
Ecological or Biological Significant Area’, unknown
hot spots of biodiversity (Figure 2(c)) (Consoli
et al., 2016; 2021; D’Elia et al,, 2009) potentially
threatened by human activities (Altobelli et al.,
2017). They also have a great importance as main
spawning area for important commercial fish species
e.g. European Anchovy (Engraulis encrasicolus)
(Basilone et al., 2020), and other species of high econ-
omic value of the commercial fishery (Altobelli et al.,
2017). This is highlighted by the high maritime traffic
especially during summer touristic season (Figure 2
(d)).

Considering the biological, geological, and econ-
omic importance of the area and nearby volcanic
bank (Romagnoli et al., 2021), the aim of this study
is to provide the first bathy-morphological map of
the seafloor around the submerged remains of Ferdi-
nandea Island at 1:50,000 scale, based on the morpho-
metric analysis of the seafloor features using high
resolution Digital Elevation Model (DEM). The map
can be an important base tool for different issues,
such as habitat mapping or first assessment of marine
geohazard (Figure 2).

2. Materials and methods
2.1. Data

In this work, we used different types of high resolution
geophysical data acquired during the ACUSCAL
cruise (Inset in Figure 1), carried out in 2015 aboard
the R/V Minerval, in the framework of the RITMARE
Project (CNR IAS Capo Granitola section).

(1) Multibeam echosounder coverage of ~ 100 km? of
seafloor was obtained using the Reson SeaBat
7160, which generates 512 beams at a nominal fre-
quency of 44 kHz. Positional data were provided
by differential Global Positioning Systems
(dGPS) by FUGRO SEASTAR. Bathymetric data
were processed with PDS-2000 software, encom-
passing removal of erroneous beams, noise filter-
ing, processing of navigation data, and correction
for sound velocity. The final Digital Elevation
Model (DEM) was obtained by gridding the
soundings with a final cell size of 5 m. The DEM
was exported as ASCII ESRI files to QGIS.
ASCII ESRI files were transformed to raster files
which were used to generate the main map as
well as the figures in this paper. The multibeam
data appears not correctly rollcalibrated or the
sound velocity profile is not correct because it
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Figure 2. (a) Main faults (Spatola et al., 2018b) and earthquake epicentres recorded between 1981 and 2020 (http://iside.rm.ingv.
it) overlaid on morpho-bathymetric map; (b) Distribution of pipelines (https://www.emodnet-humanactivities.eu) overlaid on
slope map; (c) Distribution of the main habitats on shaded relief map (data from Consoli et al., 2021); (d) shipping density in
the study area (interpolating data after https://www.emodnet-humanactivities.eu). Isobaths are drawn at 25 m intervals.

was acquired in very bad weather conditions.
During the post-processing, we reduce the level
of the noise to a minimum.

(2) A grid composed of 25 high resolution acoustic
profiles (~ 200 km) was acquired using a hull-
mounted 16 transducer Teledyne/Benthos
CHIRP III profiler with frequencies ranging
between 2 and 7 kHz, a ping rate between 250
and 750 ms, Tx power between 5 and 7, a pulse
length of 10 ms and 30—42 db of gain. The profiles
were processed and interpreted using Kingdom
and GeoSuite Work software packages. Time-
depth conversions of the sub-bottom CHIRP
profiles have been made using the interval velocity
described Spatola et al. (2018b).

2.2. Morphometric parameters

The morphometric characterisation of seafloor fea-
tures was performed by using a semi-automatic
method for extracting the main parameters according

to the recent literature in submarine volcanic settings
in the Tyrrhenian Sea (Sulli et al., 2020), in the Canary
Islands (Ruiz et al., 2000), and in the Sicily Channel
(Cavallaro & Coltelli, 2019; Spatola et al., 2018b) for
an accurate morphological characterisation of the
area. We used this morphometric approach to identify
different family of seafloor morphologies (i.e. volcanic
edifices and pockmarks) to be assessed. The inte-
gration of their morphological trends with geological,
and geophysical data can be a good tool to better
understand the volcano and pockmark evolution
models in the area.

Volcanic edifices. The limit of the volcanic edifices
was manually performed based on the sharp breaks
in slope recognised in the cross-section profiles. The
edifice limit is used to calculate both the enclosed
basal surface and a number of linear parameters (e.g.
major, minor and mean axis). We also measured the
summit area as the area within the bathymetric con-
tour above which slopes strongly decrease as they
reach the summit, and the summit diameter as the
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width of a circle with an area equal to that of the sum-
mit area (more detail in Grosse et al., 2012).

Finally, other parameters were calculated such as:
(1) flatness (f=(ds / 2) / d), (2) diameter flank slope
(fs=arctan (2 h / (D — d))), (3) ellipticity index (ei
= (m*(Major Axis/2)%)/Surface), (4) dissection index
(di= (Perimeter/Z*Surface)*(\/ (Surface/m))), and (5)
eccentricity (e= (\/ (Major Axis/2)*-(Minor Axis/2)?/
Major Axis/2)) (Grosse et al., 2009, 2012; Spatola
et al., 2018). To estimate the volume of the volcanic
edifices and lava field, we used the ‘Cut and Fill’
tool in ArcMap (http://www.esri.com/arcgis/). The
bases of the features were identified by sharp breaks
of slope in the cross-sectional profile using the high
resolution multi-beam data.

Pockmarks. For each pockmark, we extracted the
different morphometric parameters from the high res-
olution bathymetric data according to the recent lit-
erature (e.g. Chen et al,, 2015): Mean water depth
(m), Mean diameter (m), Perimeter (m), Surface
(km?), Surface (m?), summit water depth (m), basal
water depth (m), Deepness (m), Max slope (°), Mean
slope (°), Long axis orientation (°). We also calculated
some of the above-mentioned parameters.

3. Regional setting

The Sicily Channel (central Mediterranean Sea) is a
foreland element of the Africa compressive margin
resulted from the collision between Africa and Europe
(Figure 1) (Catalano et al., 2000; Corti et al., 2006).
Stratigraphically, Sicily Channel is made up of a ~
7 km-thick Meso-Cenozoic carbonate platform, with
igneous intercalations (mostly basalts), overlie by pela-
gic deposits (Jongsma et al., 1985; Osler & Algan,
1999), and then by 2-2.5 km of Miocene-Pliocene sili-
ciclastic, evaporitic and limestone deposits (Todaro
et al., 2021; 2022). The succession is finally covered
by Quaternary pelagic deposits (Jongsma et al., 1985;
Osler & Algan, 1999).

Structurally the Sicily Channel is mainly character-
ised by the presence of NW-SE-oriented sub-vertical
Neogene-Quaternary normal faults which are part of
the Sicily Channel Rift Zone (Agius et al., 2022). The
rifting generated a thinning of the continental crust
(5-18 km) since the Early Pliocene, enabling both
the opening of three large elongate depressions
known as Pantelleria, Malta and Linosa Grabens and
widespread volcanism with the formation of subaerial
and submarine volcanic morphologies (e.g. Pantelleria
and Linosa volcanic Islands, Graham and Nameless
Banks, Figure 1). The Sicily Channel is affected by seis-
mic activity with My < 3.5 and hypocentres up to 20
km deep (Galea, 2007).

In the Sicily Channel, two main water masses inter-
act: the superficial Modified Atlantic Water (MAW: 0—
200 m), entering by the Adventure Bank and flowing

eastward, and the deeper Levantine Intermediate
Water (LIW: 200-400 m), which is saltier and flows
westward (Lafuente et al.,, 2002; Millot, 1999). The
MAW splits in two sub-currents: the Atlantic Ionian
Stream (AIS) and the Atlantic Tunisian Stream
(ATS). The AIS flows to the south of the Adventure
Bank and proceeds south-eastward while the ATS
flows along the African coasts; locally it forms loop
currents such as the Adventure bank vortex, and the
Maltese Channel Crest (Lermusiaux & Robinson,
2001).

4. Geomorphological map of the Graham
Bank region

The study area is the westernmost part of a triangular
morphological high, ~360 km® wide, comprising the
Graham (—10m), Nerita (=16 m), and Terrible
(—20 m) Banks (Figure 1). We focus on the seafloor:
(1) around the submerged remains of the ‘Ferdinan-
dea Island’ and associated cones, (2) the N-S channel
(Ferdinandea Channel) and (3) the plateau to its
southwest (Figure 3). The study area covers a surface
of ~100 km®> between 10 and 350 m water depth.
Both multibeam and CHIRP data allow to identify
and map different morphological features, linked to
different geological processes (i.e. volcanic, tectonic,
oceanographic, mass-wasting, and fluid flow pro-
cesses) that interact in shaping of the seafloor topogra-
phy of the study area.

In the following section we divide the description of
the area into two sectors showing marked differences
in terms of morphology and related processes: (1)
the eastern sector where the volcanic activity is the
main agent and (2) the central/western sector where
erosive-depositional, mass-wasting, oceanographic
and tectonically-controlled fluid escape processes
prevail.

4.1. Eastern sector

The eastern sector, due to its volcanic nature, has a
rather rougher seafloor especially if compared to the
neighbouring central/western part. It is characterised
by the occurrence of scattered positive reliefs (e.g. iso-
lated blocks, auxiliar cones) ranging in size from
metres to sub-metre, which are visible in the multi-
beam data (Figures 3 and 4).

The most relevant seafloor features are six volcanic
edifices with different shapes and sizes (V1-6 in Figure
4). These submarine volcanoes have mean axis ran-
ging from ~ 0.5 and 2 km, heights from ~ 100 and
170 m, and areas from 0.2 and 3.2km’ All the
measured morphometric parameters of the six volca-
nic edifices are tabulated in Table 1.

V1-6 mainly occur as isolated features apart from
V2 and V3 that are partially coalescent at their base,
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bathymetric data likely shows in the southern flank of
V4 the presence of a saddle ~ 20 m deep and ~ 15°
steep, with U-shape in cross-section bordered by an
annular ridge interpretable as the remains of an
older and larger volcanic edifice (Figures 3 and 4).

V5 is a volcano 115 m high and 770 m wide. It rises
from a gentle sloping seafloor at ~ 190 m depth and is
bordered by strong inclined flanks with 22° of average
slope. It is rimmed on the top by a small plain surface
of about 150 m wide with a slope of 8°.

V6 is a volcano 139 m high and 1 km wide at the
bottom and ~ 121 m at the top. It rises from a sloping
seafloor at 210 m depth and is bordered by very steep
flanks with slopes of about 25°.

4.2. Central/Western sector

The central sector is dominated by an asymmetric
channel, that we named ‘Ferdinandea Channel’,

covering an area of ~ 12 km” wide and crossing the
whole investigated area (Figures 3 and 4). The Ferdi-
nandea Channel is a fault-controlled morphology
(Spatola et al, 2018b), oriented NW-SE, up to
1.5 km wide and more than 10 km long (according
to the EMODnet Bathymetry). The water depth ranges
from 200 m at the head to 350 m at southern end in
the study area. Its cross-sectional profile is asymmetric
with walls from 30 to 80 m high with slope gradients
from 3 to 7°.

The longitudinal profile of the Ferdinandea Chan-
nel is almost linear interrupted by a morphological
step in the central part forming a break of slope up
to 20 m high (MPS Figure 4). The western wall of
the Ferdinandea Channel is also marked by the occur-
rence of a NW-SE fault escarpment, ~ 650 m long
forming a relief of ~ 30 m (ESI in Figures 3 and 4).

The seafloor in the Ferdinandea Channel is charac-
terised by smooth morpho-acoustic facies, and it
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receives a tributary channel (CHI in Figure 4) orig-
inating from V4 edifice. CH1 is ~ 1.5 km long, up to
250 m wide and has a U-shaped cross-section. In the
central part, the seafloor of Ferdinandea Channel is
locally punctuated by 10 sub-circular pockmarks
with axis between ~ 45 and 130 m and depths between
2 and ~ 12 m (Figures 3 and 4). They are predomi-
nantly V-shaped in cross-section and organised either
as isolated, clustered, or only in few cases aligned
along a NW-SE trend.

Six bigger sub-circular pockmarks (P1-5, 16) with
axis up to 540 m, and depths up to 22 m (Figure 3
and Table 2) are recognised at the seafloor of the
western sector, which displays a flat morphology
(slope gradient between 1.2 and 1.5°). The CHIRP
profile shows the occurrence of a very smooth mor-
pho-acoustic (Figure 3) due to the presence of hemi-
pelagic Upper Pleistocene-Holocene deposits
making up the uppermost part of the subsurface
(Figure 6(a)). These negative features are very similar
in size and shapes to the pockmarks documented all
over the Sicily Channel (Micallef et al., 2019). We
classified the fluid flow negative features in normal
and giant pockmarks (Table 2), on the basis of
their parameters (i.e. size and depth), according to

the recent nomenclature (Hovland et al., 2002;
Judd & Hovland, 2007).

As for as morphometry of pockmarks is concerned,
normal pockmarks are more circular than giant pock-
marks (except P16) that are marked by high ellipticity
values (Figure 7(a,b)), and high axis ratio values (Table
2). This morphological character is also confirmed by
the scatter plots b that relates the depth of the pock-
marks with their eccentricity. Their eccentricity is
probably influenced by the loop currents (Lermusiaux
& Robinson, 2001) forming the elongated mound drift
recognised by Spatola et al. (2018b) and the bedform
fields described by Cavallaro and Coltelli (2019)
around the Graham Bank (Figure 3). The elongate
mound drift that shows high similarity with the con-
tourite drift deposits documented in the south-central
Mediterranean Sea (Micallef et al., 2019; Spatola et al.,
2021). It consists of an internal aggradational stacking
pattern with mounded packages of continuous, mod-
erate to high amplitude seismic reflectors, and is
internally composed by a mix of hemipelagic Upper
Pleistocene-Holocene deposits (Figure 6(b)).

In the study area, pockmarks tend to be larger
where they are less dense, smaller where they are den-
ser as in the UK sector of the North Sea. Scatter plots ¢



Table 2. Measured/computed morphometric parameters of Pockmarks P1-17 (see ‘Materials and methods’ and Figure 3).

Major axis Minor axis Mean axis Mean Axis Deepness ~ Surface  Perimeter Summit Basal Depth/ Flank Ellipticity Dissection Depth/ Morphological
Pockmarks (m) (m) (m) radius (m)  ratio (m) (m?) (m) depth (m)  depth (m)  Radius slope (°) index index Surface  Eccentricity type
P1 370 242 306 153 1.53 14 70933 1016 221 235 0.09 1.516 1.5158 1.0764 0.0002 0.7564  Giant
P2 320 220 270 135 1.45 15 58813 918 213 228 0.1 1.522 13675 1.0681 0.0003 0.7262  Giant
P3 325 225 275 138 1.44 22 59083 925 202 224 0.16 1.538 1.4041 1.0738 0.0004 0.7216  Giant
P4 520 356 438 219 1.46 18 143939 1448 196 214 0.08 1.530 1.4754 1.0769 0.0001 0.7289  Giant
P5 240 161 201 100 1.49 3 29378 652 192 195 0.03 1.327 1.5399 1.0734 0.0001 0.7416 Normal
P6 86 84 85 43 1.02 2 5436 270 323 325 0.05 1.320 1.0686 1.0333 0.0004 0.2144  Normal
P7 72 56 64 32 1.29 2 3274 228 311 313 0.06 1.260 1.2436 1.1243 0.0006 0.6285 Normal
P8 69 67 68 34 1.03 6 3502 217 278 284 0.18 1.485 1.0678 1.0347 0.0017 0.2390 Normal
P9 127 112 120 60 1.13 5 11874 401 313 318 0.08 1.458 1.0668 1.0384 0.0004 0.4715 Normal
P10 125 106 116 58 1.18 5 10273 376 309 314 0.09 1.453 1.1946 1.0468 0.0005 0.5300  Normal
P11 69 49 59 30 1.41 4 3041 206 297 301 0.14 1.397 1.2296 1.0541 0.0013 0.7041 Normal
P12 90 79 85 42 1.14 5 5690 283 297 302 0.12 1.457 1.1181 1.0586 0.0009 0.4791 Normal
P13 82 80 81 141 1.03 3 5058 267 301 304 0.07 1.402 1.0441 1.0593 0.0006 0.2195 Normal
P14 90 78 84 42 1.15 4 6181 290 326 330 0.10 1.428 1.0292 1.0408 0.0006 0.4989  Normal
P15 53 45 49 25 1.18 12 1903 160 310 322 0.49 1.522 1.1593 1.0349 0.0063 0.5283 Normal
P16 540 440 490 245 1.23 13 194404 1634 198 211 0.05 1.524 1.1781 1.0457 0.0001 0.5797  Giant
P17 115 93 104 52 1.24 8 8179 335 202 210 0.15 1.494 1.2699 1.0452 0.0010 0.5882 Normal
Pockmarks Major axis Minor axis Mean axis Mean Axis  Depth (m)  Surface  Perimeter Summit Basal Depth/ Flank Ellipticity Dissection Depth/  Eccentricity
(m) (m) (m) radius (m) ratio (m?) (m) depth (m)  depth (m)  Radius slope (°) index index Surface
Minimum 53 45 49 25 1.02 2 1903 160 192 195 0.03 1.26 1.0292 1.0333 0.0001 0.2144
Maximum 540 440 490 245 1.53 22 194404 1634 326 330 0.49 1.54 1.5399 1.1243 0.0063 0.7564
Mean 194 147 170 85 1.26 8 36527 566 264 272 0.12 1.45 1.2337 1.0579 0.0009 0.5503
Standard 162 114 138 69 0.17 6 55424 458 54 50 0.10 0.08 0.1703 0.0231 0.0015 0.1833
deviation

6 G SdYW 40 T¥YNYNOr
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and d in Figure 7 show that the normal pockmarks are
mainly localised in the deepest part of the study area.
The presence of giant pockmarks at shallower depths
could be related to the texture of the sediments (Ellis
et al., 1986; Uchupi et al., 1996) or to the thickness
of the ‘pockmarkable’ sediment (or both) as evi-
denced by the presence of Late Pleistocene-Holocene
hemipelagic deposits (Figure 6). On the other hand,
normal pockmarks in the Ferdinandea Channel are
well matched with coarser grain size and cyclical
fluid emissions (Hovland et al., 2002) through subver-
tical normal faults with seafloor morphological
expression (e.g. ES1 in Figures 3 and 4) (Spatola
et al.,, 2018b). Evidence of recent tectonics is recog-
nised in the north-western part as small quasi-linear
escarpment-oriented NW-SE up to 700 m in length
and up to 35 m high (ES2 in Figure 3). Finally, mass
transport deposits with irregular blocky topography,
related to gravity-driven mass flows, are documented
across the study area (Figure 6(b)).

5. Conclusions

The main outcome of this paper is the morphological
map at a scale of 1:50,000 that better defines the geo-
logical character of area around the submerged
remains of the Ferdinandea Island, the ‘neverland’
of the Sicily Channel (central Mediterranean Sea). It
provides insights for habitat mapping since the study
area is an important hot spot of biodiversity especially
for the spawning of different fish species (e.g. Euro-
pean Anchovy (Engraulis encrasicolus)).

The study area shows marked morphological differ-
ence between the eastern sector controlled mainly by
volcanic activity and the central/western sector
where sedimentary factors (such as oceanography,
mass-wasting, and fluid flow processes) dominate.
The eastern sector is characterised by the occurrence
of four conical volcanic cones (V1-4,5,6) and two
flat-topped volcanic cones V2-3 (Graham Bank) with
at their top large marine terraces formed by wave



erosion. The central/western sector is dominated by
the ‘Ferdinandea Channel’ and is locally punctuated
by seventeen normal and giant pockmarks and mass
transport deposits.

In conclusion, in view of the biological, geological,
and economic importance of the study area, the map
represents an important base tool for different scientific
studies such as for the geomorphological and habitat
mapping or for the marine geohazard assessment
especially considering the high maritime traffic and
the occurrence of communication pipelines in the area.

Software

PDS2000 was used to process multibeam data and to
generate the marine DTM, while Global Mapper was
used to visualise data using shaded relief maps, con-
tour maps and slope gradient maps to perform mor-
phological analyses and extract morphological
features from the DTM. The design of the final map
presented in this work was produced using QGIS
and ArcGIS with additional refinement using the
open source Inkscape software.
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