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Abstract: High-resolution seismoacoustic data represent a useful tool for the investigations of gas-
charged sediments occurring beneath the seabed through the identification of the diagnostic
intrasedimentary features associated with them. Acoustic blanking revealed shallow gas pockets in
the seismostratigraphic units of the inner shelf off the Northern Cilento promontory. Six main
seismostratigraphic units were recognized based on the geological interpretation of the seismic
profiles. Large shallow gas pockets, reaching a lateral extension of 1 km, are concentrated at the
depocenter of Late Pleistocene-Holocene marine sediments that are limited northwards by the
Solofrone River mouth and southwards by the Licosa Cape promontory. A morphobathymetric
interpretation, reported in a GIS environment, was constructed in order to show the main
morphological lineaments and to link them with the acoustic anomalies interpreted through the
Sub-bottom chirp profiles. A newly constructed workflow was assessed to perform data elaboration
with Seismic Unix software by comparing and improving the seismic data of the previously
processed profiles that used Seisprho software. The identification of these anomalies and the
corresponding units from the offshore Cilento promontory represent a useful basis for an
assessment of marine geohazards and could help to plan for the mitigation of geohazards in the
Cilento region.

Keywords: high-resolution seismic profiles; shallow gas; seismic processing; acoustic anomalies;
Cilento promontory; Southern Tyrrhenian Sea

1. Introduction

Reflection seismics is an important tool for shallow-gas investigations as it provides
a rapid mean for detecting and mapping gas accumulations [1-4]. Over the last decades,
high-resolution seismic exploration data (sub-bottom and Sparker) have been very useful
for shallow-gas evaluations [5-7] (among others).

Shallow gas pockets are often limited upwards by a strong seismic reflector, totally
masking the underlying sediments, which look absolutely transparent. Acoustically
transparent zones that are well shown by high-resolution reflection profiles are often
related to gas-charged sediments [8,9]. Hovland and Judd [8] have described in detail the
acoustic anomalies related to gas occurrence. Various seismic signatures of gas within
sediments have been recognized, including acoustic blanking, bright spots, and enhanced
reflections. For the aims of our paper, the most significant acoustic anomaly is acoustic
blanking. The reflection or absorption of acoustic energy by gas prevents the recording of
reflections from lower sediment layers. Although acoustic blanking is widespread on
several of the world’s continental margins, it is not always found in close association with
pockmarks [8].
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The acoustic anomalies related to the occurrence of gas within the sedimentary
record have been studied in detail, both in the central Adriatic Sea [10] and in the central
Mediterranean Sea [11]. Geletti et al. [10] have highlighted gas seepages, fracture systems,
and deep salt structures based on the interpretation of Sub-bottom chirp profiles. Spatola
et al. [11] have shown the acoustic anomalies related to gas occurrence in the Sicily
Channel based on the geological interpretation of Sub-bottom profiles, consisting of
vertical blanketed areas characterized by acoustically transparent seismic facies.

The acoustic anomalies associated with gas seepage have been observed both within
the sediments and at the seabed [12]. Cold seeps are a seafloor expression of the migration
of fluids through sediments from the subsurface to the sea bottom and into the water
column until they arrive in the atmosphere. They may be generated by microbial activity
in the sediments or by thermal processes involving deeper layers. These geological
processes mainly ensue on portions of the seafloor, where the expulsion of free and
hydrated gas, including methane and other hydrocarbons, occurs. These structures have
been recognized globally on active and passive continental margins. On the active
continental margins, they have been found in subduction zones and in deltaic
environments, where the rapid deposition of sediments and high subsidence have been
found. Cold seeps are widespread features of passive continental margins, including the
northern US Atlantic Margin. Methane seepage is expected to intensify at these relatively
shallow seeps as bottom waters warm and underlying methane hydrates dissociate.

Missiaen et al. [6] have shown seismic evidence of shallow gas. The most evident
acoustic anomaly observed on the seismic profiles is acoustic blanking, appearing as
diffuse and chaotic seismic facies masking all the other reflections. Acoustic blanking has
been observed in the upper sequence and occasionally reaching up to the seabed.
Although the acoustic turbidity reaches the surface locally, the sea-floor morphology does
not reveal any pockmark.

Andreassen et al. [7] have analyzed shallow gas and fluid migration on the Barents
Sea continental margin based on three-dimensional seismic data. The occurrence of gas is
inferred from bright spots, while the fluid migration is inferred from vertical zones of
acoustic masking and acoustic pipes. The most important indicator of fluid migration is
acoustic masking, represented by an area with low seismic reflectivity. It indicates a
scattering of the acoustic energy caused by interstitial gas bubbles in the sediments.

The occurrence of gas in Holocene sedimentary successions is of interest both because
of shallow-gas accumulations, which may reduce the shear strength of the sediments and
pose a hazard to hydrocarbon exploration and development, and because the occurrence
of shallow-gas accumulations, and the underlying indications of fluid flow may point
towards deeper prospective reservoirs [5,13].

Marine geohazards include fluid flows [13]. Fluid flow through marine sediment is
an ordinary process appearing when water from the underlying sediment is removed,
when the sediments have been buried and fossilized, biogeochemical processes,
hydrothermal activity, or the migration of deep-seated fluid from the acoustic basement.
In most cases, fluid accumulates under the sediment when there is rapid sedimentation.
Secondary fluids (water and gases) will be added by several geological processes,
including the decay of organic matter.

The aim of this paper is to show the occurrence of shallow gas pockets and acoustic
anomalies in the inner shelf of the Cilento offshore area based on the geological
interpretation of Sub-bottom chirp profiles. A processing sequence has been constructed
by reading the seismic sections through Seismic Unix software [14]. Then, this sequence
was applied to the seismic record in order to highlight the acoustic anomalies, indicating
the occurrence of Quaternary marine deposits enriched by gas. These anomalies include
acoustic blanking and the occurrence of wide, acoustically transparent seismic units
corresponding to seismic units filled by gas. The location of the study area is shown in
Figure 1.
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Figure 1. Sketch map showing the location of the seismic profiles analyzed in this paper. Based on
the location of the seismic profiles, three main areas have been distinguished, characterized by
distinctive acoustic anomalies that are genetically related to the occurrence of gas. The inset on the
upper left side shows the general location map of the study area. GIS base was modified after Aiello

and Caccavale [15].

New geologic, seismostratigraphic, and sedimentological data have been recently
shown, highlighting the depositional environments in the Cilento offshore are based on
marine geological data [15]. An onshore-offshore DEM off the Cilento promontory has
been constructed by superimposing the geological results of the marine geological survey
at the 1:25.000 scale. Moreover, the geological interpretation of Sub-bottom chirp profiles
has shown the occurrence of shallow gas pockets. However, in a previous paper, the
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acoustic anomalies related to the occurrence of gas have not yet been discussed in detail;
this will be the subject of this paper. Herein, we have improved the quality of previously
processed seismic profiles (Seisprho) [16] by assessing a new workflow for the seismic
processing of Sub-bottom data with the Seismic Unix software. This has allowed us to
improve the previously obtained results on seismic stratigraphy [15] and to focus on the
identification of acoustic anomalies related to gas occurrence by constructing new
thematic maps in a GIS environment showing the distribution of the shallow gas pockets
in the Cilento offshore area.

Our study will allow us to solve the contrasting hypotheses on the occurrence of
shallow gas in the study area, which was not previously singled out based on the
bathymetric and geomorphological data recently published on the Cilento offshore area
[17]. Violante [17] has carried out a computer-aided geomorphologic seabed classification
and habitat mapping of the Punta Licosa Marine Protected Area. The Punta Licosa habitat
map shows several marine landforms, including spurs of coralligenous bioconstructions,
wave-cut terraces with a mixed organogenic cover, slopes with mixed organogenic
sediments, depositional terraces, rocks, deep terraces with bioclastic covers, ledges with
coralligenous shelf muddy plains, and sandy fringes with bioclasts and offshore
transitions [17]. The pockmarks or other seabed structures that are genetically related to
gas occurrence have not been highlighted. Since basic geophysical studies on gas and
related seabed structures have suggested that pockmarks are not necessarily associated
with the shallow gas occurring in the subsurface [6,7] (among others), our study will
integrate the existing knowledge on shallow gas and the corresponding acoustic
anomalies from the offshore Cilento promontory.

2. Geologic Setting

The origin of the sedimentary basins and their subsidence along the Campania sector
of the eastern Tyrrhenian margin has been the subject of various studies based on
geological field observations and on seismic and well data in the subsurface on land and at
sea [18-30]. In this geological context, an important lineament is represented by the 41st
parallel line, separating the Northern Tyrrhenian Sea from the Southern Tyrrhenian Sea [31-
35].

Along the Campania margin, south of the Aurunci Mountains, the coastal basins are
represented by the Garigliano Plain, the Campania Plain, and the Sele Plain. In this sector
of the Tyrrhenian margin, the extensional phases were active along the NE-SW trending
normal faults, ranging in age from the Late Pliocene to the Quaternary [25,26,36-38]. A
chronostratigraphic calibration of the five seismic profiles has been carried out by using
data provided by some exploration wells located along the Latium-Campania margin
(Michela 1; Mara 1) [25,27].

The continental shelf between the Gulf of Gaeta and the Gulf of Policastro is the
seaward prolongation of the alluvial coastal plains (Campania Plain, Sarno Plain, and Sele
Plain), bounding the Tyrrhenian sector of the Apennines, which is controlled by high rates
of tectonic subsidence [37].

These coastal plains, whose continuity is interrupted by structural highs with a NE-
SW trend and by volcanic complexes (Phlegrean Fields and Somma Vesuvius), are limited
northeastwards by the inner reliefs of the Apennines. Their sedimentary fill consists of
marine and continental clastic deposits, alternating with abundant volcanic products. The
acoustic basement is represented by Meso-Cenozoic carbonates (“Campania-Lucania
carbonate platform”) [39—41] and by Cenozoic-deformed sequences and the related flysch
deposits (Cilento Flysch; Sicilide Units; Liguride Units: Figure 2) [42-45].

The Tyrrhenian offshore area between the Sorrento Peninsula and the Cilento
promontory, including the half-graben of the Salerno Valley [46,47], is characterized by a
wide continental shelf, extending up to 25 km westwards of the Cilento coast, with thin
sedimentary cover that becomes thick from a few tens of meters up to a few hundreds of
meters.
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Southwards of the Sorrento Peninsula, a narrow continental shelf occurs, which is
associated with steep slopes, bounding the structural depression of the Salerno Basin. The
individuation and the tectonic setting of the Salerno Basin have been mainly controlled
by the regional fault Capri-Sorrento Peninsula, with a WSW-ENE trend and an average
throw of 1500 m, bounding southwards to the structural high of the Sorrento Peninsula-
Capri Island. This fault is composed of several coalescent segments and controls high
submarine hazards in the Gulf of Naples [48].

A geological map of the northern Cilento promontory was constructed and imported
into a GIS environment (Figure 2).

In this map, several geological units were mapped, including the Quaternary
undifferentiated deposits, the S. Mauro and Pollica Formations, which are Langhian—Early
Tortonian in age, the Liguride and the Sicilide Units, which are Cretaceous—Early Miocene
in age, the Piaggine, Bifurto and Cerchiara Formations, which are Langhian-Aquitanian in
age, the Trentinara Formation (limestones and marls), which is Langhian—-Aquitanian in
age, and the shallow water limestones, which are Late Cretaceous-Liassic in age (Figure 2).
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Figure 2. Geologic sketch map of the northern Cilento promontory. Note: the occurrence of main
geological units, including the undifferentiated Quaternary deposits, the Cilento Flysch deposits (S.
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Mauro and Pollica Formations), the Liguride and Sicilide Units, the Trentinara Formation, and the
Mesozoic shallow-water limestones. GIS base was modified after Aiello and Caccavale [15].

3. Materials and Methods

A scientific theme was developed to carry out the acquisition, processing, and
geologic interpretation of a densely spaced grid of high-resolution seismic profiles (Sub-
bottom chirp) collected by the CNR-ISMAR onboard the R/V Urania (National Research
Council of Italy). The grid of the Sub-bottom chirp seismic sections is reported in Figure
1, which has been constructed in a GIS environment. The chirp linear frequency
modulated signals of 2-7 kHz or 8-23 kHz and 4 kW provide high-resolution soundings,
reaching up to a 10-30 cm resolution within the uppermost marine sediments, according
to the resolution values reported for chirp data by Gasperini and Stanghellini [16]. The
obtained data, recorded onboard with a SEG Y format, have been processed by using the
software Seismic Unix [14].

The CWP/SU: Seismic Unix is an open-source seismic utilities package that was
originally created by the Center for Wave Phenomena at the Colorado School of Mines
[14]. This software has been used to convert the seismograms between the SU standard
file and the SEG Y files.

Simple processing has been applied to the seismic sections of the Cilento offshore
area, consisting of the application of a linear vertical gain along the seismic section, which
has allowed for a significant improvement in the quality of the seismic data. The file
recorded in the field by the oceanographic cruise was converted from the SEG Y format
to the SU format, used by the Seismic Unix software.

The workflow of the processing of the seismic sections consisted of the following steps:

1) Conversion of the seismic traces from SEG Y to SU;

2) Spectral analysis of the frequencies of the seismograms, in order to reconstruct the
distribution of the frequencies;

3) Application of fast Fourier transform (FFT) for the visualization and the analysis
of the frequencies of the seismic signal. In particular, the Fourier transform converts
waveform data in the time domain into the frequency domain. The Fourier transform
breaks down the original time-based waveform into a series of sinusoidal terms, each with
a single magnitude, frequency, and phase. This process converts a waveform in the time
domain that is difficult to describe mathematically into a more manageable series of
sinusoidal functions that, when added together, exactly reproduce the original waveform;

4) Application of a high-pass filter with a low-cut frequency at 150 Hz in order to
eliminate the seismic noise and the dark signal. A significant improvement in the
visualization of the seismic reflector of the sea bottom was obtained by using the frequency
of 150 Hz;

5) Application of a uniform gain on each seismic trace;

6) Application of a time-variant gain (TVG) in order to improve both the seismic
signal of the deeper seismic reflectors and the whole visualization of all the seismic
profiles;

7) Output of the seismic profiles with Seismic Unix in order to obtain the final files,
which were plotted using a graphic interface.

The geological interpretation of the Sub-bottom chirp data was carried out based on
the seismostratigraphic criteria [49-51]. The basic principle of seismic stratigraphy is that
the seismic reflectors, determined by the contrasts of acoustic impedance, correspond to
the strata plans. Perhaps, the geometry of the seismic reflectors corresponds to the
depositional geometry. The contrasts of acoustic impedance, which are the product of the
seismic velocity for the density of the crossed grounds, control the location of the seismic
reflectors and are located along the strata surfaces or other discontinuities, having a
chronostratigraphic meaning. The strata surfaces represent the old depositional surfaces
and perhaps are coeval in the depositional area.



J. Mar. Sci. Eng. 2022, 10, 1992

7 of 36

The discontinuities are old erosional or nondepositional surfaces, corresponding
with significant stratigraphic gaps. Even though they represent events that vary over
geological time, the discontinuities are chronostratigraphic surfaces because the layers
overlying the discontinuity are younger than the underlying layers [49-51].

4. Results

The study area represents a wide continental shelf, for which the outer margin is
located at a water depth of 250 m. While the continental shelf northwards of the Licosa
Cape has uniform gradients, the marine area surrounding the Licosa Cape represents an
E-W trending structural high, characterized by the remnants of the terraced surfaces,
which erode the rocky basement. A break in slope at water depths ranging from 60-80 m
marks the passage from the structural high of the Licosa Cape to the outer shelf through
a steep slope. Towards the Policastro Gulf, the continental slope is characterized by an
articulated morphology and high gradients at water depths ranging from 10-110 m [15]
(Figure 3).

The relict morphologies that are NNW-SSE to E-W trending occur both
northwestwards and southwestwards of the Licosa Cape and are genetically related to the
Middle-Late Pleistocene continental shelf [15] (Figure 3). The palimpsest deposits are of
an emerged-submerged beach form of elongated dunes, composed of well-sorted sands
and gravels that are often cemented, with abundant bioclastic fragments that are
sometimes overlain by thin drapes of bioclastic sands of the outer shelf. On the Sub-
bottom chirp lines, the relict sands appear as deaf units with slightly inclined clinoforms,
with offsets truncated at the sea bottom by polycyclic erosional surfaces [15].

The sedimentological analyses show the grain-size distribution of the sediments on
the seafloor, including sandy gravels, gravelly sands, sands, silty sands, muddy sands,
sandy silts, silts, and muds [15]. Ternary plots of the sea bottom samples were constructed
(shales-sands-silts and gravels-sands-silts) in order to improve the processing of the
sedimentological data. Fine-grained sands are widespread along the coast in the northern
region and in the offshore area of the Licosa Cape. Coarse-grained sands are located in the
offshore area of the Licosa Cape.

A sketch of a morphobathymetric map and a geologic map was constructed in a GIS
environment, aimed at showing the main morphostructural features of the studied area
(Figure 3) [15]. The main geomorphological features are represented by channels, abrasion
terraces, an acoustic substratum, and sandy bodies. Important channels start from the 20
m isobaths on the inner shelf from the Pagliarolo Cape towards the Licosa Cape, while
other channels start from the outcrops of the acoustic substratum surrounding the Licosa
Cape (Figure 3) [15]. A wide outcrop of the acoustic basement that is elongated in shape
and E-W trending is located offshore to the Licosa Cape promontory, reaching water
depths exceeding 100 m (Figure 3). Northeastwards of the main outcrop, two minor
outcrops occur that are, respectively, NE-SW and NW-SE trending (Figure 3) [15].
Otherwise, southwards, another outcrop has been detected (Figure 3). For a detailed
description of the Quaternary marine deposits, refer to the paper of Aiello and Caccavale
[15].
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Figure 3. Sketch of a morphobathymetric and geologic map of the analyzed area. The main
geomorphological lineaments occurring in this area have been reported, coupled with Quaternary
marine deposits (modified after [15]).

Three areas were distinguished based on seismic interpretation in order to highlight
the different acoustic features recognized in the Cilento offshore area (Figures 1 and 3).

A sketch table has been constructed in order to improve the understanding of the
areas involved by gas and other corresponding acoustic features (Table 1).
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Table 1. Sketch table showing the areas of the acoustic features, the corresponding seismic sections
and the related shot points, and the acoustic features recognized based on seismic interpretation.

Seismic Sections Shot Points Acoustic Features
400-550;
1 B33_1 800-1100; acoustic blanking
1450-1750
1 B33a_1 350-490 acoustic blanking
1250-1400
1 B35_1 1900-2100 acoustic blanking
2350-3100
0-380
1 B35a_1 1600— 1255% 29280_2 800 acoustic blanking
3200-3400
1000
1 B37_1 2500 acoustic blanking
3500-4000
700-800
1 B38 230 0_1225%% ; 5 8 8_3 600 acoustic blanking
4550-5100
100-500
700-750
1100-1400 2400-2550
1 B39 3100-3400 acoustic blanking
3900-4000
4400-4600
5000-5400
shallow gas
2 B43 2900-3200
pockets
2 B45 no feature
2 B46 no feature
2 B47 no feature
2 B48 no feature
2 B49 2000-2500 shallow gas
pockets
2 B51 0-0.1 (x10%) shallow gas
pockets
0-0.18 (107 seismic units
2 B52 0.25-0.45 (x104) impregnated of gas
0.7-0.85 (x10%)
” B53 0.4-0.7 (x10%) seismic units
0.75-1.1 (x10%) impregnated gas
3 B61 0.3-0.45 (x10%) seismic units
0.45-1.2 (x10%) impregnated gas
3 B62a 1;311; E:}gg shallow gas pockets
3 B63 0.1-0.48 (x10%) seismic units
0.55-0.7 (x10%) impregnated gas
3 B64 0.2-0.5 (x10%) shallow gas pockets
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0.5-0.7 (x10%) seismic units
impregnated gas
180-400
3 B65 500 shallow gas pockets
600-800
3 B65. 1 0-0.8 (x104) seismic units

impregnated gas

Based on the identified features, the first area is located offshore from the Licosa Cape
promontory at water depths ranging between 30 and 90 m (Figure 1). It is composed of
seven seismic sections (B33_1, B33a_1, B35_1, B35a_1, B37_1, B38, and B39), whose distinc-
tive acoustic features are represented by acoustic blanking, controlled by the occurrence
of gas. The wide occurrence of rocky acoustic basements composed of the ssi unit corre-
sponding with the seaward prolongation of the Cilento Flysch, widely cropping out in the
adjacent coastal sector, can be singled out. In fact, the seismic lines appear to be located
on the flank of a wide outcrop of the rocky acoustic basement, distinguishing the offshore
sector (Figure 3) [15].

The second area is, instead, located in the northern Cilento promontory from the sea-
ward prolongation of the Paestum Plain, proceeding southwards up to the Tresino Cape
(Figure 1). It is composed of nine seismic sections (B43, B45, B46, B47, B48, B49, B51, B52,
and B53), whose distinctive acoustic features are represented by shallow gas pockets (Ta-
ble 1). The seismic sections have highlighted the occurrence of thick sedimentary cover,
organized in several seismostratigraphic units, mainly Holocene in age [15].

The third area is located on the northern Cilento promontory, starting from the off-
shore prolongation of the Paestum Plain up to the Licosa Cape promontory, at water
depths ranging between 10 and 60 m (Figure 1). It is composed of six seismic sections (B61,
B62a, B63, B64, B65, and B65_1; Table 1), whose distinctive features are represented by
shallow gas pockets and by the seismic units impregnated by gas (“gassy sediments”).

A seismic analysis of the Sub-bottom chirp profiles has allowed us to study the seis-
mostratigraphic characteristics of the Cilento offshore area between the Solofrone River
mouth and the Licosa Cape. The main outcrops at the sea bottom of the rocky acoustic
basement have been bounded relative to the sedimentary covers, which are composed of
coarse-grained sands, grading towards middle-fine-grained sands and fine-grained
sands. The sandy facies are prevalent in the sector of the continental shelf located between
the Solofrone River mouth and Agropoli, where they form a wide system of coarse-
grained sandy belts with an N-S trend parallel to the isobaths and are located at water
depths ranging between 10 m and 17 m. In the same area, the rocky outcrops have a lim-
ited extension and occur at water depths ranging between 15 m and 20 m.

The rocky acoustic basement (ssi) widely crops out next to the shoreline from Ag-
ropoli to the Tresino Cape and from the Tresino Cape to the Pagliarolo Cape (Figure 3),
where it represents the seaward prolongation of the coastal cliffs incised in the deposits
of the Cilento Flysch [41,43,45].

The seismic lines B51, B52, and B53 have been taken as an example among the exist-
ing seismic lines in order to highlight the occurrence of wide shallow gas pockets and to
show the significant improvement in the seismic lines obtained by introducing the Seismic
Unix processing with respect to the processing carried out with the Seisprho [15].

In the northern Cilento offshore area, between the Solofrone River mouth and the
Licosa Cape, the seismostratigraphic analysis showed that the recent sedimentary cover,
ranging in age between the Late Pleistocene and the Holocene, is organized into three
main seismostratigraphic units, overlying the undifferentiated acoustic basement (ssi).

The seismic interpretation (Figure 4) shows that the first unit (seismostratigraphic
unit 1) is characterized by acoustically transparent seismic facies and ranges in thickness
between 7 m and 10 m. Unit 1, probably composed of sands, unconformably overlies the
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undifferentiated acoustic basement (ssi). Its top is strongly eroded, forming palaeochan-
nels in which the seismostratigraphic unit 2 was deposited.

The second unit (seismostratigraphic unit 2; Figure 4) is distinguished from alternat-
ing acoustically transparent intervals and continuous intervals, probably corresponding
with alternating sands and shales, for a whole thickness of about 10 m. The unit forms the
filling of the palaeochannels individuated at the top of unit 1 and the erosional depres-
sions located at the top of the ssi substratum.

The third unit (seismostratigraphic unit 3; Figure 4) is characterized by acoustic facies
with parallel and discontinuous reflectors of high amplitude, and represents the recent
filling, Holocene in age.
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Figure 4. (top) Sketch location map of the Sub-bottom chirp profiles; (middle) Sub-bottom chirp
profiles B51, B52, and B53 and (bottom) corresponding geologic interpretation. Note the occurrence
of the three main seismostratigraphic units (1, 2. 3) overlying the undifferentiated acoustic basement
(ssi; see the text for further description).

The seismostratigraphic setting of the first area, as shown in Table 1 and in Figure 4,
is exemplified by the seismic interpretation of the seismic sections shown in Figures 5-7.

The seismic profile B33_1 crosses a wide outcrop of the acoustic basement (ssi unit),
which is genetically related to the Cilento Flysch (Figure 5). On the north-western side of



J. Mar. Sci. Eng. 2022, 10, 1992 13 of 36

the seismic section, three wide areas of acoustic blanking have been identified, suggesting
the occurrence of gas impregnations (Figure 5). The seismic profile B33a_1 (area 1) has
shown the wide outcrop of the acoustic basement (ssi unit), overlain by a recent sedimen-
tary cover (Figure 5). The interpretation of the seismic section has suggested the occur-
rence of a wide area of acoustic blanking between the shot points 350 and 480, highlighting
the occurrence of gas impregnations (Figure 5).
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Figure 5. (top) Sketch location map of the Sub-bottom chirp profiles of area 1; (middle) Sub-bottom
chirp profiles B33_1 and B33a_1 and corresponding geologic interpretation (bottom).

The seismic profiles B35_1 and B35a_1 show a similar stratigraphic setting, with wide
outcrops for the acoustic basement (ssi unit), overlain by the recent sedimentary cover
(Figure 6). The interpretation of the seismic sections has shown the occurrence of several
areas of acoustic blanking (Table 1) with gas impregnations.
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Figure 6. (top) Sketch location map of the Sub-bottom chirp profiles of area 1; (middle) Sub-bottom

chirp profiles B35_1 and B35a_1 and the corresponding geologic interpretation (bottom).

The seismic profiles B37_1, B38, and B39 show wide areas of acoustic basement (ssi
unit) overlain by a thin recent sedimentary cover. All three seismic sections have highlighted
the occurrence of shallow gas pockets, as shown by the seismic interpretation (Figure 7).
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Figure 7. (top) Detailed location map; (middle) Sub-bottom chirp profiles B37_1, B38, and B39 and
the corresponding geologic interpretation (bottom).

The seismic profiles B43 and B45 (area 2: Figure 8-top) show a stratigraphic setting
characterized by three main seismostratigraphic units, corresponding with Holocene ma-
rine deposits, Holocene coastal and marine sands, and coastal sands, which are Late Hol-
ocene in age (Figure 8-middle). On the seismic profile B43, a wide shallow gas pocket was
identified (Figure 8-middle).
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Figure 8. (top) Sketch location map of the Sub-bottom chirp profiles of area 2; (middle) Sub-bottom
chirp profiles B43 and B45 and the corresponding geologic interpretation (bottom).

The seismic profile B46 shows three main seismostratigraphic units, respectively, cor-
responding to the Holocene marine deposits, with coastal and marine sands that are Hol-
ocene in age, and coastal sands, which are Late Holocene in age (Figure 9). The coastal
and marine sands are interpreted as a wide seismic unit of gassy sediments due to their
seismic facies. The interpretation of the seismic profile B47 shows the occurrence of four
main seismostratigraphic units, respectively corresponding with the ssi unit, interpreted
as the Meso-Cenozoic acoustic basement that is genetically related to the Cilento Flysch,
with the marine deposits (Holocene in age), and with the coastal sands. The coastal sands
represent the filling of a wide palaeodepression since they thicken toward the center of
the depression and thin toward both the sides (Figure 9).
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Figure 9. (top) Detailed location map; (middle) Sub-bottom chirp profiles B46 and B47 and the cor-
responding geologic interpretation (bottom).

The seismic profiles B48 and B49 (Figure 10) show the occurrence of five main seis-
mostratigraphic units, respectively, represented by the ssi unit (Meso—Cenozoic acoustic
basement, genetically related with the Cilento Flysch), marine deposits, the coastal and
marine sands (both Holocene in age), a seismic sequence filling the palaeochannels, and
by the coastal sands (Late Holocene in age) (Figure 10).
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Figure 10. (top) Detailed location map; (middle) Sub-bottom chirp profiles B48 and B49 and the
corresponding geologic interpretation (bottom).

The seismic profiles B61 and B62_a show the occurrence of five main seismostrati-
graphic units (Figure 11). The ssi unit constitutes a small morphostructural high occurring
in the central part of the seismic section from the shot point 1.2 to 1.8. Proceeding onshore,
this seismic unit prolongates on the side of the morphostructural high, below the seismo-
stratigraphic unit of the coastal and marine sands, representing gassy sediments below
the coastal sands (Late Holocene in age). On the seismic profile B62_a, the same unit com-
poses a small outcrop. The coastal and marine sands (Holocene in age) represent a wide,
acoustically transparent seismic unit, interpreted as gassy sediments (Figure 11). Moreo-
ver, the coralligenous deposits are interpreted as facies hetheropy with coastal sands (Hol-
ocene in age) (Figure 11).
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Figure 11. (top) Sketch location map of the Sub-bottom chirp profiles of area 3; (middle) Sub-bottom
chirp profiles B61 and B62_a and the corresponding geologic interpretation (bottom).

The seismic profiles B63 and B64 show the wide seismostratigraphic units of coastal
sands, interpreted as gassy sediments, seismostratigraphic units for channel filling, and
seismostratigraphic units for coralligenous deposits in facies hetheropy with coastal sands
(Figure 12).
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Figure 12. (top) Detailed location map; (middle) Sub-bottom chirp profiles B63 and B64 and the
corresponding geologic interpretation (bottom).

The seismic profiles B65 and B65_1 show the seismostratigraphic units of coastal and
marine sands (Holocene in age) overlain by coastal sands (Late Holocene in age) (Figure
13). Two wide areas of acoustic blanking were detected at the shot points between 200 and
800 (Table 1). Moreover, the seismic profile B65_1 shows wide outcrops of acoustic base-
ment (ssi unit). The seismostratigraphic units of channel filling are characterized by dis-
rupted seismic reflectors controlled by the occurrence of gas (Figure 13).
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Figure 13. (top) Detailed location map; (middle) Sub-bottom chirp profiles B65 and B65_1 and the
corresponding geologic interpretation (bottom).

5. Discussion

The interpretation of the seismoacoustic data has shown that significant gas impreg-
nation affects the Holocene marine deposits, whose stratigraphic architecture is charac-
terized by four or more main seismostratigraphic units overlying the ssi unit, which rep-
resents the acoustic basement (Figures 4-13). The number of seismostratigraphic units
varies in the three areas distinguished in this paper (Table 1), namely area 1 (Figures 5-7),
area 2 (Figures 8-10), and the area 3 (Figures 11-13).

Seismostratigraphic unit 1 is probably composed of sands and overlies the rocky
acoustic basement through erosional unconformity. Significant variations in thickness
have been observed in correspondence with this unit. These variations could have been
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controlled by the occurrence of a rough palaeomorphology, in which unit 1 was deposited.
Moreover, strong erosional processes were probably active after the deposition of unit 1,
as suggested by the erosional unconformity located at its top, triggering the individuation
of the palaeochannels, in which seismostratigraphic 2 was deposited (Figure 4). These
filled palaeochannels were observed (Figure 4), from which seismostratigraphic unit 2 is
characterized by bidirectional onlaps. The thickness of this unit seems to be quite constant
and is in the order of tens of meters. Unit 2 is characterized by acoustically transparent
intervals alternating with parallel and continuous seismic reflectors and deposits in the
palaeochannels (Figure 4). Seismostratigraphic unit 3 is distinguished by parallel and dis-
continuous seismic reflectors, interpreted as the first phase of the Holocene basin filling.
Seismostratigraphic unit 4 is characterized by a seismic facies with parallel and continu-
ous—discontinuous seismic reflectors, interpreted as the second phase of the Holocene ba-
sin filling (Figure 4).

The seismostratigraphic units of area 1 were recognized based on the geological in-
terpretation of the corresponding seismic sections (Figures 5-7). The two main seis-
mostratigraphic units were distinguished, including the ssi unit, which represents the
rocky acoustic substratum that is genetically related to the Cilento Flysch, overlain by the
recent sedimentary cover. Based on this stratigraphic architecture, it may be suggested
that this area represents a structural high whose stratigraphic setting was controlled by
the occurrence of the Cilento structural high onshore.

The seismostratigraphic units of area 2 are shown by the corresponding seismic sec-
tions (Figures 8-10). Five seismostratigraphic units were distinguished, including the ssi
unit, representing the rocky acoustic substratum that is genetically related to the Cilento
Flysch, the marine deposits (Holocene in age), the coastal and marine sands (Holocene in
age), the seismic sequence filling the palaeochannels, which is correlated with seismo-
stratigraphic unit 2 (previously described), and coastal sands (Holocene in age). Based on
this stratigraphic setting, it may be supposed that this area represents a shallow coastal
environment, hosting coastal and marine sandy sedimentation spanning the Holocene
and Late Holocene. The seismic unit composed of coastal and marine sands, Holocenic in
age, is interpreted as gassy sediments.

The seismostratigraphic units of area 3 were interpreted based on the corresponding
seismic profiles (Figures 11-13). The six main seismostratigraphic units were distin-
guished based on seismic interpretation. They include the five seismostratigraphic units
of the area 2, while the sixth seismic unit is represented by coralligenous deposits (Holo-
cene in age). Based on this seismostratigraphic setting, this area can be interpreted as a
coastal and marine area in which the coralligenous deposits locally grew.

The observed stratigraphic architecture suggests that the inner Cilento continental
shelf from the Solofrone River mouth to Agropoli represents a depocenter of marine de-
posits, showing mainly as sandy grain in size. From Agropoli to the Licosa Cape, the con-
tinental shelf clearly represents a structural high. Both from a physiographic and deposi-
tional point of view, it is included in the domain of the Licosa Cape morphostructural
high. This is highlighted by the wide outcrops of rocky acoustic basement at the sea bot-
tom from Agropoli to the Tresino Cape and from the Tresino Cape to the Pagliarolo Cape.
The occurrence of the rocky outcrops has favored the growth of coralligenous deposits,
appearing as tabular seismic units cropping out at the sea bottom and overlying the rocky
acoustic basement.

The seismic interpretation shows a significant improvement over the seismic data, as
processed with the Seismic Unix software, with respect to the same seismic dataset previ-
ously processed with the Seisprho software [15]. In fact, the seismic lines processed with
Seismic Unix have allowed for the identification of new seismostratigraphic units, includ-
ing the “gassy sediments” and the coralligenous deposits, among others. These units were
not previously distinguished within the seismic data processed using the Seisprho soft-
ware [15] due to the lower resolution of the seismic data.
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The gassy sediments were interpreted as occurring in a wide, acoustically transpar-
ent seismic unit (Figures 4-13), represented by coastal and marine sands that are Holocene
in age. The characteristics of the gassy sediments have been deeply studied in several ar-
eas of the world [11,52-55]. Yuan et al. [52] studied the acoustic and physical characteris-
tics of the gassy sediments in the western Irish Sea based on seismic interpretations of
Sub-bottom and Uniboom seismic profiles. Broad areas of acoustic blanking have been
highlighted, which were probably controlled by a high content of gas in the fine-grained
Holocene sediments. This kind of situation can be compared with the gas-charged sedi-
ments occurring in the northern Cilento promontory. These gassy sediments have been
basically highlighted in two large areas, with a few smaller pockets in between. Similar to
our seismic sections and located in three areas distributed between the northern Cilento
Promontory and the Licosa Cape, one of the most predominant acoustic features is repre-
sented by acoustic blanking. Seismic and well log evidence have suggested that the gas in
the western Irish Sea is probably biogenic in origin and has accumulated in situ in the
fine-grained sediments.

Coralligenous deposits were observed in several of the seismic sections in the third
area (Figures 11 and 12), outcropping at the sea bottom as localized seismic units and in
facies hetheropy with the recent coastal deposits. These kinds of deposits have been re-
cently singled out offshore to the Licosa Cape promontory based on habitat mapping and
multibeam bathymetric analysis [17]. It can be suggested that the seismic units observed
in Sub-bottom chirp profiles correspond to several coalescent coralligenous bioconstruc-
tions (Figures 11 and 12).

In the Cilento offshore area, several acoustic anomalies were identified based on the
seismic interpretations. The acoustic features are mainly represented by acoustic blanking,
which was mainly detected in the first area, located offshore to the Licosa Cape promon-
tory at water depths ranging between 30 and 90 m (Figure 1), by the shallow gas pockets,
which were mainly observed in the second and in the third areas, and by the seismic units
impregnated with gas, namely the “gassy” sediments, which were observed both in the
second and in the third areas (Table 1). The second and the third areas are located in the
northern Cilento promontory from the seaward prolongation of the Paestum Plain, pro-
ceeding southwards up to the Tresino Cape, and the third area is located on the northern
Cilento promontory, starting from the offshore prolongation of the Paestum Plain up to
the Licosa Cape promontory, at water depths ranging between 10 and 60 m (Figure 1).

A sketch map was constructed in order to show the distribution of the acoustic anom-
alies based on the seismic interpretations (Figure 14). This map was constructed in a GIS
environment, mapping the shot points where the main acoustic anomalies were detected
based on the seismic interpretations (acoustic blanking, shallow gas pockets, and gassy
sediments, see also Table 1). Based on this map, significant acoustic anomalies occur in
the depocenter located from the offshore of the Paestum Plain to the Tresino Cape (north-
ern Cilento offshore) and on the outer shelf offshore area to the Licosa Cape. Scattered anom-
alies occur on the inner shelf offshore to the S. Maria di Castellabate Plain (Figure 14).
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Figure 14. Sketch map showing the distribution of the acoustic anomalies (yellow stars) in the study
area based on seismic interpretation.

The origin of gas in the Cilento offshore area also needs to be discussed. Gas in shal-
low marine sediments has two main potential sources, including the biogenic gas pro-
duced by the bacterial degradation of organic matter at low temperatures and the ther-
mogenic gas produced by the high-temperature degradation and cracking of organic com-
pounds at considerable burial depths [6]. The geology of the study area does not suggest
any possible deep thermogenic sources, and it can be hypothesized that the gas has accu-
mulated in situ in the shallow organic-rich sediments. Further core and well log data are
required to test this hypothesis since only one core is available from the literature in the
study area (Licosa core) [15], but this core has mainly shown relict and palimpsest deposits
and organogenic deposits [15]. It is possible that shallow marine and coastal deposits
hosted a layer that was rich in organic matter, favoring the development of biogenic gas.
In addition, the abundant presence of fine-grained muddy sediments and the high sedi-
mentation rates (resulting in fast burial of the organic matter) also formed an ideal basis
for the generation of biogenic gas, but further studies are necessary.

Literature studies have shown several cases in which the pockmarks are not neces-
sarily associated with the occurrence of shallow gas in the subsurface, as shown by the
significant acoustic anomalies identified in the seismic profiles. Missiaen et al. [6] have
highlighted that although acoustic blanking locally reaches the surface for the seismic pro-
files, the seabed morphology does not reveal any clear gas-related features. Hovland and
Curzi [9] have shown that acoustic blanking, assumed to represent gas-charged sedi-
ments, is not associated with pockmarks but with a locally elevated seabed (mounds or
ridges), as controlled by mud diapirism. Hovland and Judd [8] have stated that although
acoustic blanking is widespread in the North Sea, including the pockmark areas, it is not
ubiquitous, neither is it always found in close association with pockmarks. In the present
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work, the whitened band on the seismic profiles does not arrive at the seafloor; it arrives
at the seabed only locally. This should mean that the gas does not escape into the water
column that generates the pockmarks; these features are not present in the high-resolution
bathymetry [17]. In that case, the pockmarks are not associated with the occurrence of gas
in the Cilento offshore area, but buried gassy sediments have been detected. A number of
studies on the subject under consideration using modern software exist. Among them, a
significant study has been recently carried out by Bosikov and Klyuev [56], highlighting
that the use of modern computer-aided methods, in particular the use of the Micromine
software, is an important part of the integrated research for the determination of deposit
prospects for various ores. This study has analyzed the prospects and estimation of re-
serves for open-pit and underground mining in the Berezkinskoye ore field, demonstrat-
ing the high potentiality of modern software, as it was in this paper.

The occurrence of gas in the Campania offshore area is not novel. Important struc-
tures linked to gas occurrence have been previously described in the Campania region, in
particular, the offshore of the Volturno River mouth. Distinct sites of vertically focused
flows, marked by columnar zones of amplitude that mask and disrupt reflectors, reached
the seabed at the outer shelf and corresponded with the alignment of elongated pock-
marks [57]. In that case, acoustic anomalies are associated with pockmarks.

6. Conclusions

High-resolution seismoacoustic data provide an appropriate technique for studying
gas-charged sediments through the recognition of the diagnostic intrasedimentary fea-
tures associated with the occurrence of gas in marine deposits.

The acoustic anomalies of the Cilento offshore area were studied based on the geo-
logical interpretation of Sub-bottom chirp profiles. Acoustic blanking, shallow gas pock-
ets, and gassy sediments, occurring as wide, acoustically transparent seismic units, were
identified in the study area. The occurrence of these features, however, suggests that the
northern Cilento promontory represents an interesting area whose features need to be
studied in more detail in subsequent research in order to relate these relationships with
marine geohazards.

A processing sequence was constructed by using the Seismic Unix software and was
applied to the seismic record in order to highlight acoustic anomalies, indicating the oc-
currence of Quaternary marine deposits that are impregnated with gas. A new processing
sequence for high-resolution seismic data was applied to Sub-bottom seismic profiles lo-
cated in the northern Cilento offshore area by using Seismic Unix software [14]. The work-
flow allowed us to plot the Sub-bottom profiles using Seismic Unix, therefore obtaining
high-resolution seismic sections. This processing sequence has allowed for a significant
improvement in the seismic profiles with respect to the previous versions obtained
through Seisprho (Figure 4) [15].

A sketch morphobathymetric map was constructed through GIS (Geographic Infor-
mation System) in order to show the morphostructural features of the study area. These
features consist of the outcrops of the rocky acoustic basement (ssi unit), sandy ridges—
representing relict and palimpsest deposits occurring both northwestwards and south-
westwards of the Licosa Cape promontory-channels, and abrasion terraces. This map has
been integrated into another map and constructed in the GIS environment, reporting the
location of the main acoustic anomalies of the Cilento offshore area based on seismic in-
terpretation.

In the Cilento offshore area, three areas were distinguished, typified by different
acoustic features (Figure 1; Table 1). In the first area, located offshore from the Licosa Cape
at between 30 and 90 m of water depth, the distinctive acoustic feature is represented by
acoustic blanking controlled by the occurrence of gas [6,7]. The second area is in the north-
ern Cilento promontory, from the seaward prolongation of the Paestum Plain to the Tres-
ino Cape, and the distinctive acoustic features are represented by shallow gas pockets.
The third area is located on the northern Cilento promontory, from the offshore
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prolongation of the Paestum Plain up to the Licosa Cape at water depths ranging between
10 and 60 m; the distinctive acoustic features are represented by shallow gas pockets and
by the seismic units impregnated by gas (“gassy sediments”).

The seismostratigraphic setting of the Cilento offshore area was reconstructed based
on the geological interpretation of Sub-bottom chirp profiles, highlighting the different
seismostratigraphic units of the three areas. While the first area represents a structural
high, the second and the third areas represent shallow coastal and marine environments,
where coralligenous deposits locally grew. In this geologic setting, and taking into account
similar case histories, we may suppose that the gas is biogenic in origin, but further stud-
ies are necessary.
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