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Abstract

The northwestern region of the Sicily Channel hosts a great number of morphological highs, the widest of which is the
Adventure Plateau that is part of the Sicilian Maghrebian Fold and Thrust Belt system, formed since the Neogene. The
Adventure Plateau was shaped in the Early Pliocene by an extensional phase that produced high-angle normal faults
mostly WNW-ESE to N-S oriented. Through these faults, magmatic fluids ascended and produced widespread volcanic
manifestations often associated to fluid flow processes. The interpretation of multibeam echosounder, seismic reflection
(sparker, airgun) and well-log data allow us to identify several features related to the presence of fluids in the study area. The
morpho-structural analysis showed a NW-SE oriented fault system and a string of pockmarks that follow the same trend. A
detailed well-log analysis confirmed the presence of oil traces, at a depth of ~250 m, and gas (i.e., CO,) at a depth of ~450 m.
The seismo-stratigraphic analysis highlighted seismic signals located below the pockmarks, (e.g. seismic chimneys, bright
spots) which suggest the presence of fluids that would rise to a few meters’ depth. Based on the observations, two sources
and two corresponding rising mechanisms have been identified. Morphometric analysis of pockmarks has been performed
to delineate their possible interaction with the bottom currents. A fluids pathway model has been reconstructed, revealing
the source of fluids emissions at depth in the Adventure Plateau, and providing new insights into the identification of fluid
leakage pathways.
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Introduction

Fluid flow and escape processes at the seafloor are widely
and globally investigated phenomena affecting different
geodynamic contexts (e.g., active and rifted continental
margins, compression zones -subductions-, highly
sedimented areas -deltas-), giving rise to diverse types of
seabed morphologies, such as positive (e.g., mud volcanoes)
or negative (e.g., pockmarks) features (Hovland 2011; Judd
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and Hovland 2007) as well as to a range of associated
geological, geochemical and biological processes (Biinz
et al. 2012; Hovland 2011; Judd and Hovland 2007; Sun
et al. 2020).

Submarine fluid emissions occurring at the seafloor can
be cold seeps, if refer to low-temperature emissions, lower
than a few tens of degrees Celsius, and hot hydrothermal
fluids, if reach 200 up to 400 °C. The main emitted gas is
methane (CH,) and secondarily carbon dioxide (CO,) or
nitrogen (N,), either in the form of gas bubbles or dissolved
gas (Claypool and Kaplan 1974; Judd and Hovland 2007).
The methane generally originates from bacterial degradation
of organic matter at low temperatures (biogenic gas) (Whiticar
1999, 2002), or thermogenic fluids produced from organic
precursors at high temperature and pressure (Davis 1992;
Etiope and Milkov 2004), CO, and N, are often related to
hydrocarbon systems developed in proximity of subducting
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slabs or final phases of thermogenic gas generation (Motyka
et al. 1989).

The more recent geophysical tools in oceanic exploration
such as multibeam echosounders, 2D and 3D high-resolution
reflection seismics, imagine the water column, the seafloor
(with information also on backscatter) and the sub-seafloor;
these data allowed the mapping of fluid flow morphologies on
continental margins and to reconstruct the migration patterns
of the fluids to the seafloor. The seafloor depressions related to
fluid flow detected from shallow to deep water via geophysical
methods, direct observations (e.g., ROV images), and sediment
and/or water samplings, are defined as pockmarks (Gentz et al.
2014; Judd and Hovland 2007; Spatola et al. 2017). They are
strongly different in diameters and depths respectively from
150 m up to a few km (Sun et al. 2011), and have circular to
elongate planform shapes, steep flanks, and flat to cone-shaped
bottoms (Ceramicola et al. 2018; Ho et al. 2012; Micallef et al.
2022). The shape of pockmarks can be modified by the erosive
action of the bottom currents (Miramontes et al. 2016; Picard
et al. 2018). Pockmarks can be grouped in classes based on
their size as follows (more deatil in Hovland et al. 2002):

Tectonic lineaments

+ Thrust

— = =
— Strike-slip fault Normal fault

== European/African boundary

Fig.1 Inset A shows the bathymetric map with the main and
structural elements modified after Gasparo Morticelli et al. (2015),
Civile et al. (2018), and Sulli et al. (2021). AP: Adventure Plateau;
ATF: Adventure Thrust Front; ETF: Egadi Thrust Front; GTF: Gela
Thrust Front; GTS: Gela Thrust System; MG: Malta Graben; MP:
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(1) ‘Unit-Pockmarks’ to indicate very small depressions
(1-10 m wide, and up to 0.6 m deep), usually isolated
or organized in groups;

(i1)) ‘Normal pockmarks’ generally bigger (10-700 m
wide, and up to 45 m deep).

(iii)) ‘Giant Pockmarks’ for depressions bigger than 250 m
in diameter.

All the above-mentioned kinds of pockmarks can be found
arranged in strings of pockmarks (up to a few km long). They
often follow the weakness zones near-vertical faults, fractures
or flexures (Hovland et al. 2002).

In the last years, evidence of fluid emissions has been
recognized in the Sicily Channel around the Pantelleria Island,
on the Graham Bank and on the Malta Plateau (Micallef et al.
2011; Savini et al. 2009; Conte et al. 2014; Spatola et al.
2018a, 2018b, 2023; Volpi et al. 2022; Ferrante et al. 2022;
Civile et al. 2023), but the fluid flow process in the area is still
poor known especially the mechanisms of migration of the
fluids from deep sources to the seafloor and the role of the
faults and/or fractures.

500 —

1000 —

Depth (m)

Tectonic Units

I Etna [1 Gela Foredeep
[1 Pelagian Foreland 1 Apenninic-Maghrebian Units
[ Kabilo-Calabrian Units

Malta Plateau; PG: Pantelleria Graben; SC: Sicily Channel; CGSFZ:
Capo-Granitola Sciacca Fault Zone; SRFS: Scicli-Ragusa Fault
System. This map also shows the localization of the study area with a
red dashed box. Inset B shows the geographical localization of Sicily
Island. Source data: EMODnet (https://emodnet.ec.europa.eu/en)


https://emodnet.ec.europa.eu/en

Marine Geophysical Research (2024) 45:15

Page3of20 15

In this paper, we document a large number of pockmarks
located near different types of structures that may act as
pathway for vertical fluid migration. The study, based on
different geophysical datasets, aims (i) to delineate the fluid
flow systems on the Adventure Plateau, (ii) to propose a
potential origin, and (iii) to improve our general understanding
of fluid flow focusing on terms of structural and stratigraphic
controls.

Geological background
Geological setting

The Sicily Channel is a shallow marine region between
Sicily and Africa with a large and gently sloping (generally
less than 1-2°) continental shelf, where the shelf break
is located at depths between ~ 100 m in the central part
and ~ 150 m along the Adventure Plateau and Malta Plateau
(Fig. 1) (Todaro et al. 2022, 2021). The Sicily Channel hosts
several morphologies as ridges, volcanoes (e.g., Nerita and
Graham banks, Pantelleria and Linosa islands) and deep

1 "
Mazara ‘
Ch annel .
Y

Adventure
\ Plateau

Ternble

- Bank

Fig.2 Bathymetric map showing the main morphological elements
from Aissi et al. (2014); the main fluids emission centres from
Spatola et al. (2018a) and the fluid seeps area from Civile et al.
(2023) the Adventure Bank Vortex (ABV, blue arrow) from

basins (e.g., Pantelleria, Malta and Linosa grabens) (Figs. 1,
2).

The Adventure Plateau (Figs. 1, 2) has a maximum depth
of ~150 m and is separated from Sicily by the NW-SE
trending Mazara Channel that, towards the north, joints
into the Marettimo Channel and the Egadi Valley (Fig. 2),
two elongate incisions occurring respectively east and west
of Marettimo Island (Fig. 2). The stratigraphic sequence
is characterized by a thick Triassic—Eocene carbonate
succession (Civile et al. 2014). In the Neogene, the post-
collisional convergence between Africa and Europa plates
caused the emplacement of the Sicilian Maghrebian Fold and
Thrust Belt, which is composed of different tectonic units
(Gasparo Morticelli et al. 2015; Sulli et al. 2021). These
are characterized by (Fig. 1): — the Pelagian-Iblean foreland
with its African crust; — a Late Pliocene—Quaternary narrow
foredeep, called Gela Foredeep (GF); — a complex, south to
southeast-vergent Fold and Thrust Belt. Along the south-
western offshore the main structures of the Fold and Thrust
Belt are the Egadi Thrust Front (ETF) and the Adventure
Thrust Front (ATF) (Catalano et al. 1996; Fig. 1), while
the frontal wedge is called Gela Thrust System (GTS,
Fig. 1). The boundary between this accretionary wedge

Depth (m)

7" Fluid seeps area
@ Gas Chimneys
Gas Flares

[ ~7 Study area

Fortibuoni et al. (2010); and the Levantine Intermediate Water (LIW,
brown arrow) pattern from Santinelli et al. (2015). Source data:
EMODnet (https://emodnet.ec.europa.eu/en)
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Fig.3 Study area location (A); coverage map of the dataset used
(B): HR (High Resolution) seismic reflection profile, HP (High
Penetration) seismic reflection profile, which comprises ViDEPI

Table 1 Summary of processing sequence for HR seismic data

Application order Processing steps

Band pass filter 20 Hz

Despike

Source and receiver deghost
Reflection coefficient inversion
Velocity analysis at 500 m interval
Stacking

Post stack time migration

Post-migration processing

O 00 1 N R WD~

Reference frequency 1000 Hz

—_
(=)

Time Variant Filtering
(200 Hz/36 dB -
1600 Hz/36 dB)

and the GF is represented by the Gela Thrust Front (GTF)
(Fig. 1) (Gasparo Morticelli et al. 2015). The area has been
characterized in the Early Pliocene by a regional extensional
event that formed Malta, Linosa and Pantelleria grabens
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G (HP_1-5) and LS-89-04 (HP_6) seismic lines, ViDEPI wells,
and bathymetric data. Segments of the profiles in related figures are
indicated in red

(Fig. 1) (Catalano et al. 1993; Gardiner et al. 1995; Corti
et al. 2006; Civile et al., 2021). Today, a mild contractional
phase is affecting the Sicily Channel area, in particular the
Malta and Linosa Graben (Maiorana et al. 2023), which,
in further evidence of northern Sicily compressional phase,
suggests a regional plate reorganization and potential
subduction polarity switch north of Sicily (Zitellini et al.
2020; Sulli et al. 2021; Loreto et al. 2021). In the Plio-
Pleistocene high-angle extensional faults, mainly NW-SE
oriented, have modified the original structural setting of this
area (Gasparo Morticelli et al. 2015; Parrino et al. 2023).
The Adventure Plateau hosts some small and isolated
positive reliefs formed of sedimentary or volcanic rocks with
different age (e.g., Tetide, Anfitrite and Galatea in Fig. 2)
(Civile et al. 2014, 2016).

Recent studies highlighted the occurrence of gas
flares and gas chimneys (Fig. 2) by using high-resolution
geophysical data testifying active fluid flow systems all over
the Sicily Channel such as in the Adventure Plateau, Graham
Bank (Coltelli et al. 2016; Spatola et al. 2018b; Ferrante
et al. 2022; Volpi et al. 2022; Civile et al. 2023) and Malta
Plateau (Micallef et al. 2011, 2019; Savini et al. 2009).
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Fig.4 Stratigraphic correlation table between wells Naila, Norma, Nausicaa and Niobe (location in Fig. 3) in the study area

Oceanographic setting

In the Mediterranean region, the water exchange is rep-
resented by a two-layer model which comprises: (i) the
MAW (Modified Atlantic Water), a relatively fresh water
of Atlantic origin, that flows eastward into the eastern
Mediterranean; (ii) the LIW (Levantine Intermediate
Water), a salty water formed in the eastern Mediterra-
nean during winter that flows out as an undercurrent into
the western Mediterranean (Garcia Lafuente et al. 2002).
The MAW is a shallow current that is partly controlled
by topographic features, coastal geometry, and thermo-
haline boundary forcing. In the Adventure Plateau is
divided into two branches: one with a trend towards SE,
and the second one that rises towards the NW following
an anti-clockwise gyre that is established between Sicily
and Sardinia (Istituto idrografico della Marina. Génes,
1982). The path of MAW varies seasonally with the onset

of a large cyclonic eddy (Béranger et al. 2004; Robinson
et al. 2001) over Adventure Plateau, called Adventure
Bank Vortex (ABV) (Fig. 2). The northern branch, called
the Atlantic Ionian Stream (AIS), contributes to the MAW
transport into the eastern Mediterranean off the southern
coast of Sicily. The Levantine Intermediate Water (LIW)
constitutes the main source of water that outflows across
the Gibraltar Strait as Mediterranean Outflow Water. It is
a deep current (usually confined at a depth between 150
and 600 m) that comes from the Ionian Sea and flows
westward crossing the channel south of Malta, occupying
the lower part of the water column (around 250-400 m)
(Lermusiaux and Robinson 2001; Gasparini et al. 2005;
Incarbona et al. 2008; Gauchery et al. 2021). In the west-
ern edge of the Adventure Plateau, it flows following a
NW-trend and, in the proximity of the Egadi islands, it
turns towards the Tyrrhenian Sea (Fig. 2) (Incarbona et al.
2008; Santinelli et al., 2015).
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Materials and methods
Seismic data

This study is based on the interpretation of seismic reflection
profiles calibrated with well-log data and bathymetric
data (Fig. 3). Seismic reflection data comprise variable
resolution and penetration profiles. High-Penetration (HP)
multi-channel seismic profiles made available through
ViDEPI project, were acquired using an airgun as seismic
source with a sampling interval of 4 ms (250 Hz), a 6-7 s
recording window. Well-log data used for well-tie derived
from ViDEPI database as well (Fig. 3). These data were
integrated with a high-resolution (HR) seismic grid (Fig. 3)
acquired with Dura-Spark sparker as seismic source
equipped with 48-channels (150 m long) digital seismic
streamer and a 3.125 m hydrophone group interval. The
data has a dominant frequency of 1 kHz, resulting in ~0.4 m
vertical resolution for thin beds. Tab. 1 presents the final
processing sequence applied to the HR seismic data.

The seismic interpretation was carried out using the
software IHS Markit Kingdom Suite 2021, while the seismo-
stratigraphic and structural analysis was performed using
MOVE 2022.1 software.

Stress analysis

To identify the leakage zones along faults, following the
methodology proposed by Mattos et al. (2016), we evaluated
the Leakage Factor (LF) through the tool “Stress Analysis”
(MOVE 2022.1). The Stress Analysis Module allows the
colour-scaled 3D visualization of the fault planes that are

Fig.5 Stratigraphic succession
of the Niobe well-log used to
calibrate seismic facies units

Niobe

more likely to reactivate and leak. This method was applied
along the main structural element of the study area which
was identified by the seismo-structural interpretation
supported by HP data.

The leakage factor (LF) is (for each geometric portion
of the fault plane) the ratio between the pore pressure (Pp)
and the difference between the normal stress (on) and the
shear stress (7):

LF : Pp/(on—1)

Leakage factor (LF) allows the quantitative modelling
of the fluid transmissivity of faults, identifying faults that
either constitute migration conduits for sub-surface fluid
or, instead, act as local seals (Mattos et al. 2016). It has
been calculated based on the actual stress field of the study
area considering: on = 203 N/m?; z = 123 N/m? (data from
https://www.world-stress-map.org/), and the Pp=1.5 MPa
(data from Niobe well-log).

Morpho-bathymetric data

Bathymetric data have been acquired through MBES system
by using a Teledyne SeaBat T50-P, with a differential
Global Positioning Systems. These data were processed
using the CARIS HIPS and SIPS v.10.4 software and
entailed removal of erroneous beams, noise filtering,
calibration and processing of navigation and correction
for sound velocity. The derived Digital Terrain Model
(DTM) has a bin size of 0.5 m. The interpretation of
the Multibeam Echosounder (MBES) data (Fig. 3) was
performed with Global Mapper (https://www.bluemarble
geo.com/global-mapper/) software to identify and map key

1-4 in the HP_1 seismic profile.

Next to the units are shown

the seismic velocities values
used for conversion from m to s
(TWT) of the main stratigraphic
levels

@ Springer

Seismic Unit Velocity (m/s) Stratigraphic Unit

4 1900 Plio-Pleistocene deposits
(Ribera Fm. ?)

3 2500 Fortuna Fm.

2 2600 Amerillo Fm.

1 3300 Inici Fm.

0 800 m
)
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Fig.6 Seismic units identified
by the seismo-stratigraphic
analysis of HR seismic
reflection profiles

UNIT C3

Low amplitude
sub-parallel reflectors with
good lateral continuity
and low frequency.
Top and base of unit are
indicated by red arrows.

UNIT C2

Medium to low amplitude
sub-parallel reflectors with
good lateral continuity
and high frequency.
Top and base of unit are
indicated by red arrows.

UNIT C1

Medium to low amplitude
sub-parallel reflectors with
good lateral continuity.
Locally onlap ternimations
on Unit B.

Top and base of unit are
indicated by red arrows.

UNITB

Medium amplitude reflectors
with good continuity.
Top and base of unit are
indicated by red arrows.
Locally interruptions of
reflectors in correspondence
of transparent signals.

UNIT A2

Medium amplitude reflectors
with good continuity
characterizing a
faies with parallel geometry.
The top is marked by a
high-amplitude reflector.

UNIT A1

Dicontinuous reflectors
characterizing a
semi-transparent facies.
The top is marked by a
high-amplitude reflector
representing the
acoustic basement
indicated by red arrows.

seabed morphological features associated with fluid flow
phenomena, such as pockmarks.

Morphometric analysis

The morphometric characterization of the pockmarks was
performed using the semi-automatic method for extracting
the main parameters and applied for the first time to study
pockmarks around the Ferdinandea Island (Sicily Channel)

by Spatola et al. (2023). In this study, authors modified
methodologies applied for submarine volcanoes in the
Tyrrhenian Sea (Sulli et al. 2020), in the Canary Islands
(Ruiz et al. 2000), and in the Sicily Channel (Cavallaro and
Coltelli 2019; Spatola et al. 2018b).

The pockmarks boundaries have been manually identified
mapping the sharp breaks in slope, recognised in the cross-
section profiles from the 0.5 m resolution DTM. This method
was used to calculate both their basal surface and different

@ Springer
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Fig.7 Line drawing of the HP_1 seismic reflection profile (location in Fig. 3) showing the deep structural framework of the study area

geometrical parameters (e.g., major, minor, and mean axis).
We also measured other parameters according to Grosse
et al. (2009, 2012), such as:

1) “di” dissection index (di = (Perimeter/2*Surface)
*(\/ (Surface/n)). It quantifies the irregularity or
complexity of the pockmark, relating the perimeter with
the enclosed area.

2) “ei” ellipticity index (ei= (n*(Major Axis/2)%)/Surface).
It quantifies the pockmark's elongation relating the
length of the main axis with its area.

@ Springer

3) “e” eccentricity (e = (\/(Major Axis/2)%-(Minor
Axis/2)*/Major Axis/2). It defines if the pockmark shape
tends to be circular (e =0), or elliptical relating to the
pockmark's major and minor axes.

The last two indexes are two different options to define
the same characters of the external shape of different kinds
of morphologies. In this paper, we prefer to use both since
they are used indifferently in the recent literature (Gafeira
et al. 2012; Grosse et al. 2012).



Marine Geophysical Research (2024) 45:15 Page90of20 15

Results Gas and oil traces have been detected in all the
stratigraphic well-logs (Fig. 4), respectively in:
Well-log analysis

e Niobe well-log, showing the presence of oil traces at a

A well-log analysis has been carried out through a depth of 250 m b.s.1., and gas (CO,) at a depth of 500 m
stratigraphic correlation (Fig. 4) among the well-logs b.s.1., within the Fortuna Fm.;

of Naila, Norma, Nausicaa and Niobe wells (locationin ~® Norma well-log, showing oil traces from 1660 to
Fig. 3), available from ViDEPI database (source https:// 1676 m b.s.L. at the top of the Nilde Fm. and gas traces
www.videpi.com/videpi /videpi.asp). This analysis of undefined composition inside the Terravecchia Fm.;
highlighted the variability of the pre-Pleistocene ® Nausicaa well-log, showing oil traces between 1948 and
substrate in the study area: in fact, it is possible to 1950 m b.s.1. at the top of the Nilde Fm. and gas traces
recognize the transition, from SW to NE, from the Lower of undefined composition inside the Terravecchia Fm.;
Pliocene (Ribera Fm.) to the upper Oligocene (Fortuna ~ ® Naila well-log, showing oil traces between 1885 and
Fm.) and so, the absence of the outcropping Pliocene 1910 m b.s.l. at the top of the Nilde Fm. and gas (CO,)
units in the NE sector of the area. between 1110 and 1875 m b.s.1..

SW HR_A PROFILE NE

Vertical acoustic anomalies

—— Top Unit C3/Seabed
——— Top Unit C2

025 |— Top Unit C1
—— Top UnitB

- —— Top Unit A2

E / Normal faults

wv

0.26

Fig.8 HR_A profile (location in Fig. 3) showing the presence of vertical acoustic anomalies (white polygons) occurring with a vertical arching
of the reflectors. Inset (a) shows the occurrence of buried depression; inset (b) shows a zoom of reflectors arching, interruption and blanking
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HR_B PROFILE NE

ngm\al faults
——

. E——

—— Top Unit C3/Seabed
——— Top Unit C2
—— Top Unit C1
—— Top UnitB
—— Top Unit A2
/ Normal fault
/" Polygonal fault

—Enhanced.
reflection-zone -

Fig.9 HR_B profile (location in Fig. 3) showing the occurrence of
wide vertical acoustic anomaly topped by an enhanced reflection
zone. In the SW sector, an acoustic blanking is also observed. The
inset (a) shows a detail of a shallow buried depression and two

Seismo-stratigraphic and structural analysis

The joint analysis of seismic data of variable penetra-
tion allows us to identify the corresponding seismic units
between the two different dataset and to characterize the
presence of deep and shallow anomalies potentially related
to a fluid occurrence.

@ Springer

Enhanced reflection zone

acoustic blanking zones. In the inset (b), on the left, the zoom of the
enhanced reflection zone and the vertical acoustic anomaly is visible;
on the right, the upper part (from 0.31 to 0.38 s (TWT) of the seismic
trace is shown

High Penetration seismo-stratigraphy and well-tie

A seismo-stratigraphic analysis has been carried out to
identify the seismic units of the HP seismic profiles (location
in Fig. 3). The well-tie has been performed using sonic log
data to obtain velocities for a depth-to-time conversion
(Fig. 5).
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Fig. 10 HR_C profile (location
in Fig. 3) shows the occurrence
of an outcropping depression
limited to the base by an
enhanced reflection zone, also
extending laterally in the SW
sector of the profile. A vertical
acoustic anomaly (downward
arching of reflectors) develops
from 0.55 s (TWT) to the base
of the depression

We identified 4 different units named from 1 to 4, starting
from the bottom (Fig. 5).

e The seismic unit 1 shows low-frequency and high-
amplitude reflectors. This has been attributed, through
the well-tie process, to the Inici Fm. (Fig. 5).

e The seismic unit 2 shows, a medium frequency and
amplitude of the reflectors, that has been attributed to
the Amerillo Fm.

e The seismic unit 3 is characterized by discontinuous and
semi-transparent facies and has been attributed to the
Fortuna Fm.

e The overlying unit 4, shows high frequency and a plan-
parallel geometry of reflectors, with low amplitude and
good lateral continuity, The latter has been attributed to
the Plio-Pleistocene deposits, not registered in Niobe
well-log, but laterally correlated by Nausicaa well-tie
(Fig. 5), and therefore attributed to the Ribera Fm.

High resolution seismo-stratigraphy

The seismic facies analysis of the HR seismic reflection
profiles highlighted the occurrence of three main seismic
units (A, B, C) and five sub-units (A1, A2, C1, C2 and C3)
(Fig. 6), as follows:

Unit A: the lowest unit recognized in the HR seismic
profiles was divided in two sub-units, respectively Unit
A1l and A2. Unit Al is characterized by a high amplitude
reflector representing the acoustic basement, which is the
bottom reflector of Unit A2. The latter is characterized by
semi-transparent facies with parallel reflectors. Its top limit
is marked by a high amplitude reflector.

Unit B: it is characterized by low amplitude reflectors
with medium frequency. Locally anomalies characterized by

.m\."
S
o
—

HR_C PROFILE

Outcropping depression

.

interruptions of reflectors are observed in correspondence
of transparent signals.

Unit C: it consists of medium to low amplitude sub-
parallel reflectors with good lateral continuity, affected
by several faults. Unit C is composed by three sub-units
(C1-3); Unit C1 shows onlap lateral terminations on the
unit B, C2 (with high frequency of the reflectors) and C3
shows an upward progressive diminution of amplitude and
frequency of reflectors.

High penetration seismic reflection profiles
interpretation

The analysis of high-penetration seismic reflection profiles
enables the comprehension of the deep structural geometry
and the identification of pathways for deep-seated fluid
migration within the study region.

The seismic profile HP_1, crossing the study area
from NE-SW, for its proximity, has been calibrated by
projecting of the closely located Niobe (1200 m far) and
Nausicaa (135 m far) well-logs. A NE-vergent thrust dissects
layers from 5 to 1 s (TWT) has been identified, involving
the Inici, Amerillo and Fortuna Fms, in agreement with
compressional tectonics mapped by Milia et al. (2021) in
the same area and with the LS-89-04 seismic line (HP_6
in Fig. 3) interpreted and available in the ViDEPI database.
This main thrust surface turns out to have a Leakage Factor
(LF) of 1.5 which suggests a high permeability potential. In
the southern sector, a significative filling, 1.8 s (TWT) of the
thrust top basin is observed (Fig. 7); this, accordingly to the
Nausicaa well-log, comprises respectively the Terravecchia
Fm. and the Ribera Fm. (Fig. 7). Inside the basin (filled
by Terravecchia Fm.) several thrusts have been observed
(Fig. 7); those appear detached from the underlying level
(Fortuna Fm.) and sealed by the parallel deposits of the
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«Fig. 11 Study area location (A); the inset (B) shows the
geomorphological chart of the study area in which are represented
the bathymetric contours (black lines), the fault scarp (blue dashed
line), the subcircular pockmark filed (light blue polygons) and the
elongated pockmark field (light orange polygon). Inset C and D show
the depressions on the high-resolution DTM with 2 perpendicular
bathymetric profiles

Ribera Fm. Thus, a secondary compressive phase from post-
Oligocene to Lower Pliocene is highlighted in the study area
(Civile et al. 2014).

High resolution seismic reflection profiles
interpretation

New constraints on the stratigraphic setting of the shallower
levels in the study area show an alternation of different
layers located inside the Ribera Fm. Further, the evidence of
vertical acoustic anomalies (e.g. gas chimneys sensu Hustoft
et al. 2010), horizontal acoustic anomalies and buried and/
or outcropping depressions, all generally associated with
fluids indicators (Judd & Hovland 1992, 2007), prove the
occurrence of fluids at shallow layers. The identified vertical
acoustic anomalies in the area present three different seismic
characters: the first one shows clear enhanced reflections,
the second one is characterized by blanking areas and the
last one shows clear reflectors arching; anomalies showing
these all three seismic characters are indicated as gas
chimneys similar to those mapped in the north-western
Sicily Channel (Fig. 2; Spatola et al. (2018a). The identified
horizontal acoustic anomalies in the area present two
seismic characteristics: acoustic blanking and enhanced
reflections. The latter shows a strong increase in seismic
amplitude, with reversed polarity compared to the seafloor
reflection (Fig. 9b). This evidence has been linked to an
abrupt change in the elastic properties of the sedimentary
sequence, attributed to the presence of gas by many authors
(Gay et al. 2007; Tinivella et al. 2009; Pennino et al. 2014).

Normal faults, cutting across units A2 to C1, are sealed
by the subunits C2 and C3 (Figs. 8, 9) and are accompanied
by the presence of vertical seismic anomalies; those
appear as both concave or convex reflectors and are
characterized by semi-transparent facies. These seismic
characteristics, which have high similarity with those
recognized in the nearby Graham Bank by Spatola et al.
(2018b), have been interpreted as seismic chimneys. Thus,
these faults represent a conduit for vertical fluid migration
only within the A-C1 units, not exhibiting fluid escaping
to the seafloor.

The HR_B profile shows also the presence of gas
chimneys within Units B to C interrupted right below an
enhanced reflection zone (Fig. 9). The seismic trace, which
highlights the P wave recorded as amplitude peaks in the
water column, was extracted along the enhanced reflection

zone (horizontal acoustic anomaly), highlighting a signal
inversion at the top of the anomaly (Fig. 9b).

HR_C profile shows the occurrence of an outcropping
depression limited to the base by a horizontal acoustic
anomaly characterized by an enhanced reflection zone,
extending laterally from the depression to the SW sector
of the profile (Fig. 10). Another vertical acoustic anomaly,
characterized by a downward arching of reflectors, has
been detected from 0.55 s (TWT) to the base of the
depression itself.

Analyzing the HR seismic dataset, a total of 15 vertical
acoustic anomalies and 10 horizontal acoustic anomalies
have been mapped. These are often associated with sub-
vertical discontinuities mainly affecting Unit C2 that is
characterized by complex kinematics, with throws between
5 to 20 m and small spacing of up to 500 m, therefore
interpreted as polygonal faults (Berndt et al. 2012). In this
unit, different enhanced reflections have been identified
(Fig. 9). Right beneath the seafloor, in Unit C3, we observed
the presence of acoustic blanking zones (Fig. 9a) and some
buried depressions (Fig. 8a; Fig. 9a). In the whole area 20
acoustic blanking zones were identified. Assuming a sound
velocity of 1500 m/s the width of this anomaly ranges from
50 to 180 m and the heights from 10 to 15 m. The identified
5 enhanced reflection zones appear extended laterally in a
NW-SE direction for about 800 m.

Morpho-bathymetric analysis

The bathymetric data covers an area of ~80 km? with a water
depth ranging between 107 and 344 m (Fig. 11). The study
area is characterized by the presence of a structural high,
evident from the bathymetric contours on the NE sector
of the study area (Fig. 11B) oriented NNW-SSE with a
height of about 40 m. Faults scarps of 20 m high, occupy
respectively the southeasternmost and northwesternmost
sectors of the study area. The bathymetric contours show
an increasing depth towards NW, from ~ 140 m to~340 m,
due to the presence of a morphologically depressed sector

Table2 Measured parameters of mapped depressions in the study
area

Depressions Minimum  Maximum  Mean  Standard
deviation
Sumimt depth (m) 165 243 198 13
Basal depth (m) 166 244 198 13
Depth/Radius 0 2.36 0.07 0.15
Flank slope (°) 0 1.52 0.64 0.27
Ellipticity index 0.96 5.82 1.70 0.98
Dissection Index 1.03 7.42 1.34 1.01
Depth/Surface 0.0008 0.14 0.00 0.01
Eccentricity 0 0.98 0.61 0.23
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in the western part of the study area. The seafloor is
punctuated by 247 depressions of variable depth, that have
been differentiated in “’fields’” based on their morphology.
As visible in the Fig. 11, two different types of depressions
have been distinguished, subcircular and elongated, that
have been grouped into depression fields. Three subcircular
depression fields occur in the northern sector of the study
area, two showing a NW-SE orientation, and the southern
one a NE-SW orientation. In the southern sector of the study
area, a NE-SW oriented elongated depression field has been
recognized.

Morphometric analysis of depressions

Based on the interpretation of morpho-bathymetric data, we
measured and calculated some morphometric characteristics
of the identified depressions such as (1) ellipticity index, (2)
dissection index and (3) eccentricity (Table 2).

with black line, acoustic anomalies projection with a red polygon,
pockmark depression with black dots, subcircular pockmark field
with light blue polygon and elongated pockmark field with light
orange polygon

Figure 12 presents summary graphs, including a vertical
histogram and scatter plots of the measured parameters.
Figure 12a shows the depth distribution of the 247
depressions identified between 160 and 250 m: the most
representative depth range is 180 to 220 m. The depressions’
density map (Fig. 12b) identifies two main trends: a NW-SE
and a NE-SW array, which curves in an E-W direction in the
southernmost part. The highest density of pockmarks (56/
km?) is observed in the northern sector and shows a NW-SE
orientation.

The graph in Fig. 12c shows that the average depth is
mostly less than 1 m, with a surface extension ranging
from ~ 50 to~400 m?.

The surface (m?) vs. depth (m) graph (Fig. 12d) shows
that surface extension increases linearly with the depth of
the depressions. Instead, the ellipticity index vs. basal depth
(m) graph (Fig. 12e) shows that the ellipticity index remains
confined mainly between 1 and 2, indicating that most of
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the depressions have a subcircular geometry. Finally, the
dissection index vs. ellipticity index graph shows that as
the ellipticity increases, the dissection index remains almost
constant (Fig. 12f). In this graph, two groups of values have
been identified. Group A shows an increasing ellipticity
index and a constant dissection index, while Group B shows
a reverse behavior (Fig. 12f).

Morpho-structural analysis

The main morpho-structural elements of the study area,
deriving from both morpho-bathymetric and seismic
reflection profile analysis, are summarized in Fig. 13. The
seismo-structural interpretation of HP profiles shows the
presence of a main buried thrust NW-SE oriented, crossing
the study area (Figs. 7 and 13); close to the top of this
high, buried normal faults with a NW-SE trend have been
identified. Moreover, in the eastern boundary of the study
area, several faults’ escarpments occur, assuming values
ranging from ~ 10 m to~20 m (Fig. 13).

Fields of elongated and subcircular depressions are
observed in correspondence with the 25 seismic anomalies
identified in the HR profiles. Those are located directly
above seismic offsets and fault zones (Figs. 9, 13) and below
the outcropping depressions (e.g., Fig. 10). It is also visible
how different polygonal faults lie inside the depression’s
fields, supporting the hypothesis of a correlation between
the identified structures and the depressions (Micallef et al.
2019).

@ Springer

Discussions

Fluid flow could be responsible of a wide range of seabed
morphological features (Hovland et al. 2010). Among these,
pockmarks are often associated with subsurface anomalies
e.g., gas chimneys or pipes that acts as pathways through the
surface (Cartwright et al. 2007; Lgseth et al. 2009).

The well-log data available, highlighted the presence
of gas (CO, or probably also CH,), in the Terravecchia
Fm., Amerillo Fm. and Fortuna Fm., and the presence of
oil traces at high-to-shallow depth within the Fortuna Fm.
Through the analysis of different resolution seismic data,
we highlighted the occurrence of several acoustic anomalies
on the Adventure Plateau at high to shallow depth. Those
are characterized by both acoustic blanking areas, enhanced
reflections and reflectors arching and their projection
corresponds to buried and outcropping depression fields
where also polygonal faults projection lies (Fig. 13). The
presence of polygonal faults suggests the occurrence of a
dewatering and compaction process (Berndt et al. 2012)
developing from the host sediment composed of the clays
of the Ribera Fm. Such faults, which do not have a tectonic
origin (Cartwright et al., 1994), are tightly linked to the
basin fluid flow system, as they are generated by pore water
expulsion.

Evidence of the occurrence of (i) fluids in the boreholes
recorded at different depths, (ii) acoustic anomalies
branching to the seafloor, sometimes below outcropping
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depressions, and (iii) polygonal faults, allowed us to link
the detected depressions to fluid escape structures and to
interpret them as pockmark. Considering the absence of
gas flares from seismic evidence, we assume that they were
active in recent times, but are no longer active today.

The identified subcircular and elongated depression fields
have therefore been attributed respectively to subcircular
and elongated pockmark fields. The highest density of
pockmarks occurs in the northern sector, where they follow
a NW-SE trend, inside a subcircular pockmark field.

The morphometric analysis highlighted the presence
of two main groups of pockmarks in the dissection index
versus the ellipticity index graph. Group A shows a
linear correlation between dissection and ellipticity index
(Fig. 12f): considering the low value of dissection index,
indicating regular/smooth edges, and growing values of
ellipticity index, we suggest a potential role of the bottom
current in the shaping of these fluid flow morphologies.
Group A corresponds to the elongated depression field in
Fig. 13, reinterpreted as an elongated pockmark field. The
elongated pockmark field shows a major axis orientation,
orthogonal (NE-SW) to the tectonic trend, so their
elongation cannot be attributed to tectonic control. Instead,
the NE-SW direction of the elongated pockmark in Group
A is in agreement with a potential influence of the ABV;
although it is a surface current, given the shallow depth of
the seafloor in the study area, we suggest that ABV could
have effects on shaping the pockmarks morphology.

Conversely, Group B shows very high values of dissection
(irregular edges), and very low values of ellipticity (Fig. 12f)
indicating a subcircular morphology that is therefore not
affected by the bottom current.

Fluid rising model

The fluid rising model we propose reconstructs the source
and the paths of the rising fluids, taking into account the
geometry of sedimentary layers and the occurrence of
permeable and impermeable layers derived from well-log
analysis (Fig. 14).

Based on these observations, two fluid sources were
identified in the study area:

The deepest (i), which does not create outcropping fluids
emission morphologies, is documented by oil traces and
CO, contained in the Fortuna Fm. limestone (Fig. 4). The
buoyancy generated in the ramp anticline at the hanging wall
of the Miocene thrust, induces the migration of the fluids,
which rise by advection to the Terravecchia Fm., thanks
to the positive LF of the thrust. These fluids are locally
confined in small sandy and more permeable lenses of the
Terravecchia Fm. (Fig. 14).

The shallowest (ii) is related to biogenic gases formed in
the impermeable clay layer (Ribera Fm.) as observed in the
Zagara well (ViDEPI), some tens of kilometers to the ENE
from this area.

Based on the observed features, we suggest that these
shallow fluids migrate by two different mechanisms: (a)
dewatering and compaction of sediments confirmed by the
polygonal faults presence (Berndt et al. 2012) and focused
emissions (e.g., gas chimneys); (b) diffusion through sandy
lenses (Fig. 14) that induces the generation of dispersed
emissions on the seafloor, as suggested by the presence of
broad horizontal anomalies (e.g., enhanced reflections) and
paleo pockmarks, similar to those described on the Malta
Plateau by Micallef et al. (2011) (Fig. 14).

Conclusions

This study highlights the presence of two different types of
fluids: (i) one containing mainly gas, identified at 700-820 m
b.s.l., at the boundary between Amerillo Fm. and Fortuna
Fm.; (ii) the second one, mainly composed of oil, identified
at shallower depth, between 242 and 282 m b.s.1., inside the
Fortuna Fm.

Two sources have been identified: one, deeper, unrelated
to the surface, the other, shallower, responsible for pockmark
formation.

The deeper source derives from the Fortuna Fm., rises
through advection in the Terravecchia Fm., and confines in
the sandy layers.

The shallower source, generating the highlighted
pockmarks, is the impermeable clay layer constituting the
Ribera Fm. The shallow fluids produced migrate to the
seafloor with two different mechanisms: in the first one by
dewatering and compaction of sediments, polygonal faults
and focused emissions (e.g. gas chimneys) are generated;
in the second they rise by diffusion through sandy lenses.

The distribution of the pockmark fields is not affected
by structural control. Our morphometric analysis suggests
instead a potential role of ABV current in shaping the
elongated pockmarks field morphology.
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