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Abstract: The well-known uncertainties in subsurface velocity field definition call for the
integration of all the available data, including vintage seismic profiles, which, despite
typically being in raster or paper format, often contain velocities derived from stacking
and associated interval velocities. This study aims to build a velocity model for the time-to-
depth conversion of an interpreted seismic reflection profile by using the interval velocity
reported on a vintage, paper-format seismic profile and contribute to improving the subsur-
face geological model of the Sicily Channel, Central Mediterranean. Spline interpolation is
used for velocity model building of the shallower part (3.5 sec TWT) of the seismic profile
CS89-01, derived from the stacking velocities of 31 Common Depth Point (CDP) gathers.
This was followed by the Gaussian convolution operator and a data exclusion filter to
improve the accuracy of the velocity model. The time-to-depth-converted seismic reflection
profile is a regional cross-section that covers almost the entire Sicily Channel, crossing
part of the northern margin of the African Plate, from Tunisia to eastern Sicily. This study
provides a new subsurface velocity field that can be applied, or taken into account, to most
parts of the Sicily Channel when structural and stratigraphic interpretations are carried out
at specific sites and where uncertainties in subsurface geological model exist (e.g., in the
present study, the volcanic bodies in the Pantelleria Graben and Lampedusa High).

Keywords: velocity model; time-to-depth conversion; interval velocities; vintage seismic
profiles; Sicily Channel

1. Introduction

The increasing number of public web-databases (e.g., for Italy, ViDEPI, https:/ /www.
videpi.com (accessed on 18 March 2025); SNAP, https:/ /snap.ogs.trieste.it (accessed on
18 March 2025)) and archives of research institutions that contain images of seismic reflec-
tion profiles printed on paper and/or scanned in raster format provide valuable information
on the subsurface geology of different areas [1-4]. This increase in the public accessibility
of vintage seismic profiles is consequential to the decline in the demand for the acquisition
of new seismic reflection surveys and the advancements in the acquisition and processing
techniques that generate higher-quality images; the latter are often unavailable to the pub-
lic. Nonetheless, these data are crucial for studying subsurface geology at various depths,
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providing essential information for water, hydrocarbon, and raw materials exploration,
geohazard analysis, and geothermal field planning.

Seismic profiles characterized by a broad geographical extension, [1,5] acquired and
processed between the 1960s and 1990s, are now widely available and potentially represent
the only public repository of subsurface data in some areas (e.g., VIDEPI database). These
vintage profiles are crucial for geoscience research, as modern high-resolution subsurface
datasets are expensive and not accessible to the public. They help researchers to understand
a region’s tectonic and geological history and can be used for earthquake and geohazard
studies [6-8]. Many vintage seismic reflection profiles are often in paper format, with most
public databases (e.g., VIDEPI website) providing scanned pdf-format profiles. However,
seismic profiles in time do not provide a comprehensive understanding of subsurface
features, as they represent an altered image of the geometries of the subsurface geological
bodies [9-13]. Time-to-depth conversion of seismic horizons and faults through detailed
velocity models is an essential way to improve the accuracy of the subsurface stratigraphy
and structural features, which is executed by using interval velocities [9,14-16]. The interval
velocities provide the average speed of seismic waves traveling through the layers between
two stratigraphic horizons, making them suitable for our analysis. The velocity model
is essential for effective resource management and hazard assessments while planning
for drilling or exploration [15]. It improves the effectiveness of kinematic models in
understanding fault mechanics and structural evolution, leading to improved decision-
making in hydrocarbon exploration and other geological assessments [14,17].

Seismic profiles or their interpretation (most recent non-vintage profiles) in digital
format are easy to convert into depth and can be analyzed using dedicated software (e.g.,
IHS Kingdom of S&P, Decision Space suite of Landmark, PetrelTM of Schlumberger, Oasis
Montaj of Geosoft, MOVE suite of Petex), but the maintenance, licensing, and specialized
functionality costs make them expensive to use for the public and small companies. Be-
cause of these reasons, vintage seismic reflection profiles have recently received particular
attention [8,18,19]. Therefore, the main objective of this work is to develop velocity models
derived from the velocities reported in vintage seismic profiles to convert seismic horizons
and faults into depth for a specific case study: the Sicily Channel in the Central Mediter-
ranean Sea. The velocity models involve the use of interpolation tests (i.e., Kriging, Inverse
Distance Weighted (IDW), and spline) and smoothing techniques (i.e., Gaussian low-pass
filter and data exclusion filter) to achieve good results. The velocity field was calculated for
vintage seismic profile CS89-01 scanned from a paper format version. It was converted from
time to depth for the first time, and it contributed to better constraining the subsurface geo-
logical model of the Sicily Channel, which has recently received attention for CCS [20], and
it is an area favorable for geothermal energy sources due to recent active volcanism [21,22].
In addition, velocity models of the Sicily Channel exist in the literature [23,24], but they
focus on the deeper parts, the crust and mantle, while the velocity models obtained in this
study focus on the shallower part (down to ~ 6 km depth).

The CS89-01 profile crosses the Sicily Channel (Central Mediterranean Sea) from SSE
to NNW, highlighting the stratigraphic and structural setting of the area at a regional scale
and across various basins and sub-basins (Figure 1). Like many vintage seismic profiles,
this is a scanned paper copy not available in digital format in any database, but it contains
the complete suite of stacking velocities (Figure 2a—c) (for a detailed list of velocities, refer
to Supplementary Material S1). Furthermore, this portion of the seismic profile is well
known in the literature (Figure 2a’—c’; [25-27]). For the first time, its seismic interpretation
is converted to depth from time, providing new insights into the geological setting down
to 6 km depth in this sector of the Sicily Channel, which was intensively investigated in the
past and recently [28-37].
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Figure 1. (a) Study area location; (b) structural map of Sicily Channel and the position of Riccio Sud-01

exploration well and multichannel seismic reflection profile C589-01 (after [25-27]). Bathymetry
data extracted from EMODnet (http:/ /www.emodnet-bathymetry.eu/ (accessed on 18 March 2025))
DTM (2022). The white rectangle on the line between shot points 500 and 900 displays the position
where the well is calibrated, with the depth converted to stratigraphic units. The main structural
features are modified from [36]. AP: Adventure Plateau. ATF: Adventure Thrust Fault. CGSFZ: Capo
Granitola—Sciacca Fault Zone. ETF: Egadi Thrust Fault. GTF: Gela Thrust Front. LG: Linosa Graben.
LMI: Lampedusa Island. LI: Linosa Island. MG: Malta Graben. MI: Malta Island, PG: Pantelleria

Graben. PI: Pantelleria Island. SRFS: Scicli-Ragusa Fault System.
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Figure 2. (a—c) Uninterpreted and (a’—c’) interpreted parts of multichannel seismic reflection profile
(CS89-01 (after [25-27]) considered for velocity modeling. The Lampedusa High is flanked by a listric
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fault (approximately between shot points 700 and 900), the Western Linosa Graben located along SSE-
NNW direction is flanked by an NNW-trending major planar normal fault approximately between
shot points 2100 and 2300, and the Pantelleria Graben is intruded by the volcanic body. SPs: shot
points. SP*: shot points corresponding to the position of the Common Depth Point (CDP) gathers
on which the velocity analysis was performed in 1989. ?: uncertainty of volcanic body. VP: Velocity
panels corresponding to respective position (v) on the image along which the stacking was done (for
detail of velocity panels refer to Supplementary Material S1). The highlighted portions of (b,b”) were
considered for the representation of the methodology.

2. Brief Geological Framework of the Study Area

The SE-NW-oriented Sicily Channel (Figure 1) is strictly related to the convergence
of African and Eurasian plates in the Neogene, which played a significant role in the
tectonic evolution of the Central Mediterranean region [38—43]. The Sicily Channel was
developed and shaped by two geodynamic processes: the Neogene formation of the Sicilian—
Maghrebian Chain and Early Pliocene rifting [26,30,32,42,44—47]. This Pliocene rifting
phase paved the way for the formation of the most prominent NW-trending Pantelleria,
Linosa, and Malta grabens (Figure 1; [28-36]. The largest Pantelleria Graben [35,36] is
separated from the Linosa and Malta grabens by the Capo Granitola—Sciacca Fault Zone
(CGSFZ), a wide N-S-oriented transfer zone that originated in the Lower Pliocene and
is characterized by a left-kinematic movement, featuring shallow banks that exhibit the
presence of volcanic bodies (Figure 1; [29,45,48-52]). Plio-Pleistocene rift-related volcanism
evidence is preserved in the Pantelleria and Linosa islands [28,30-39,49,53-55].

Sicily Channel succession consists of a thick crystalline basement [24,36,56,57] overlain
by a Triassic to Jurassic platform carbonate unit followed up by Lower Cretaceous and Upper
Cretaceous to Eocene successions, consisting of limestones with intercalations of marls and
clay [31,32,35,36,51]. The Upper Miocene (Tortonian to Messinian) siliciclastic deposits can be
found in the deeper parts of the Neogene basins of the Lampedusa shelf [26,58,59]. Finally,
the sequence culminates with Plio-Quaternary clayey sediments [26,35,36,51,60].

3. Materials

The 235 km long multi-channel seismic reflection line CS89-01 was acquired by the
Institute of Marine Sciences of the National Research Council of Italy (CNR-ISMAR) in 1989
and is now available only in paper copy. The acquired data were recorded on magnetic
tape in a format that cannot be read anymore. It extends across the Sicily Channel in the
SSE-NNW direction (Figures 1 and 2).

The seismic horizons and faults marked on the CS89-01 time profile by Torelli et al.
(1991, 1995) [25,26] and Argnani and Torelli (2001) [27] were converted to depth from the time
domain using the given interval velocities. The original seismic section has been subjected to
migration, which is a crucial step in refining the seismic data. The ages of the stratigraphic
units are based on the data from the Riccio-Sud-01 well located 60 km away from the line
and the literature, mainly Torelli et al. (1991, 1995) [25,26]. The acquisition parameters and
processing steps for obtaining the seismic reflection profiles in TWT are listed in Table 1. The
interval velocity data for time-to-depth conversion were extracted from 31 Common Depth
Point (CDP) gathers reported on the header of the profile (Figure 2a—); the interval velocities
of these CDP gathers are available in Supplementary Material S1. The interval velocities
represent true seismic wave velocities, which are essential for transforming seismic data into
meaningful geological interpretations [61].
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Table 1. Acquisition parameters, geometry, and processing sequence of CS89-01 multichannel seismic

reflection profile.

Acquisition Parameters Acquisition Geometry Processing
Shot by OGS* Energy source Air gun Bination* 50/62 Hz
Vessel OGS Explora Source depth 6m Trace sum Tracse sum of two
adjacent traces
Recorder SERCEL SN-358 Streamer 2975 m Velocity analysis Stacking velocity
Sample rate 4 ms Streamer depth 12m NMO correction Apphcgtlon of NMO
correction and mute
. . Low 8 Hz . o
Field filters High 77 Hz Shot interval 50 m Stack 3000%
Coverage 3000% Groups interval 25m Filter 200ms zero-phase

bandpass filter

OGS*: Osservatorio Geofisico Sperimentale, Trieste, Italy. Bination*: the technique of removing high-frequency
components from seismic data before the sample is used to prevent aliasing, which occurs when data are sampled

at too low a rate.

Line drawings of the seismic reflection profiles were generated with the graphics

software Adobe Illustrator®, while ArcGIS was used for velocity gridding and interpolation

method testing. Golden Surfer software was used for smoothing (Gaussian low-pass filter

and data exclusion filter); the complete workflow is reported in Figure 3.
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Figure 3. Workflow for the construction of velocity models and depth conversion of seismic horizons

and faults from the interval velocities: (a) Part of the seismic profile representing the exact position
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of stratigraphic horizons (yellow and blue) in time, highlighted in Figure 2b. (b1,b2) Show how the
horizons are moved according to the calculated depth from the interval velocities (for the velocities
associated with CDP n1, n2, and n3, refer to SP* 1695, 1825, 1985, respectively). (c) Interval velocity
grid of (a) based on the data in Supplementary Material S2. (d1,d2) Velocity models generated by
implementing Kriging and IDW interpolation. (e) Spline interpolation velocity model. (f) Velocity
model achieved by the application of Gaussian Convolution and a data exclusion filter with the
depth-converted horizons overlaid on it.

In this study, the interval velocities were taken from the boxes represented on the top
of the profile (CDP gathers with interval velocities obtained from Dix’s formula [62] in
Figure 2a—c and Supplementary Material S1) to construct the velocity models and depth
profile. As a representation of the methodology steps, we considered two seismic horizons
(yellow base of Upper Cretaceous and blue base of Paleogene) and the interval velocities
associated with a part of the profile highlighted in Figure 2b,b” with 3 CDP gathers (n1,
n2, n3). We used the interval velocities from the seismic datum plane (0 m sea level
corresponding to 0 sec TWT) down to the interpreted yellow and blue horizons (Figure 3a)
to convert them to depth (Figure 3b1,b2,c).

4. Methods

The highlighted portion of Figure 2b was considered for the representation of the
methodology (Figure 3a). The base of Paleogene and the base of Upper Cretaceous were
converted to depth using the interval velocities between them (Figure 3b1,b2). The interval
velocities were spatially arranged in a grid (Figure 3c) with respect to the depth of inter-
preted horizons (sea floor surface, base of Plio-Quaternary, base of Paleogene, base of Upper
Cretaceous, and base of Lower Cretaceous); for the interval velocity values of CDP nl1 (SP*
1695), n2 (SP* 1825), and n3 (SP* 1985), see the details in Supplementary Material S2. The
gap of the velocity field of two adjacent vertical lines (corresponding to CDP positions)
was filled with interpolated interval velocities. The spline interpolation model was consid-
ered in this study over the Kriging and IDW models (Figure 3d1,d2,e) because neither of
these interpolation methods were suitable for generating good enough velocity models for
further analysis. The spline interpolation models generated in this study using cubic poly-
nomials (Degree 3) are smoother and more continuous than the models built using the IDW
and Kriging methods (for details, see Supplementary Material S3). Spline interpolation
is a powerful interpolation tool that uses a mathematical function to estimate the values
and results in a model that connects the input data points in a pattern [63]. It effectively
approximates a smooth curve through a set of data points [63-69].

The application of smoothing techniques enhances the quality of the initial velocity
models by suppressing the unwanted noise; the proper adjustment of the control parame-
ters of the smoothing techniques can make their performance more efficient. A Gaussian
filter [70,71] and data exclusion filter [72] were used to improve the accuracy of the model
(Figure 3e,f). A Gaussian convolution filter is a low-pass filter, and it suppressed the noise
and emphasized the large-scale features in the model (Figure 3f; [73-76]). The Gaussian
filter worked optimally and convolved the velocity model with a Gaussian function [70].
The below-mentioned Gaussian convolution mask coefficients were implemented in a
3 x 3 neighborhood on the model, which did not impact its overall intensity and quality.

1

1|,

16
1

N =N

1
2
1

The application of the Gaussian convolution mask improved the velocity model to
a greater extent. However, there still remained some incorrect velocities in the model,
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which originated from the original velocity data. To remove the inconsistent velocities
from the velocity model, the geology of the area along which the line passes was taken
into consideration. The filter works with Boolean expressions [77] to specify the criteria
to remove the inconsistent velocity components. The filter works on an already-saved
grid that contains depth and velocity values as nodes; the inaccurate velocity data points
were specified in the Data Exclusion filter text box for each model. The threshold was
defined based on regional geological knowledge (especially lithology-based) and literature
data [23,24], excluding the velocity values (specific velocity nodes) that were manually
defined (based on depth and distance along a model) for exclusion and are inconsistent
with expected lithologies (clay, marl, sand, and limestone) in the region within the depth
range of 0—-6 km. Thus, the velocity model was updated by eliminating error components
by opting for the data exclusion filter (Figure 3f).

The depth profile was superimposed on the final velocity model (Figure 3f), which
was useful to analyze the model in detail. For details of the interval velocity and depth in
Figure 3f, refer to SP* 1685, 1825, and 1985 in Supplementary Material S2.

5. Results and Discussion
5.1. Velocity Analysis from Velocity Models for Uncertain Portion

In this study, the velocity modeling and time-to-depth conversion of the seismic
interpretation of a vintage seismic reflection profile C589-01 (Figures 1 and 2a—c) was
performed, and three portions were given particularly attention for being representative of
the main different geological features of the Sicily Channel (Figure 4).

In Lampedusa High (Figures 4 and 5a), there is uncertainty regarding volcanic bodies
intruding the high or a carbonatic horst. There were similar uncertainties for Pantelleria
Graben, where the evidence of buried magmatic bodies was finally defined [35,78]. The
geological models defined along the CS89-01 profile reveal a broader range of velocity
values from 1450 m/s to 4900 m/s around Lampedusa High (Figure 5). The velocity model
(Figure 5a) does not feature high velocities at shallow depths, which is congruent with the
absence of volcanic bodies in Lampedusa High.

The velocity models (Figures 4 and 5) are congruent with the velocities presented in
Cassinis et al. (2003) [24] for the lines from different parts of the Sicily Channel, including
Pantelleria Graben, which show that up to ~6 km depth the velocities rise to ~5 km/s.
Figure 5a does not indicate high velocities at a shallow depth, although some igneous
intrusions might occur along the profile. This may be due to the small scale of the volcanic
body, which corresponds to the lack of intruding volcanic bodies in Lampedusa High.
The antiform shape of the high-velocity contours at depth in the Pantelleria Graben (Fig-
ure 5¢) confirms the occurrence of a volcanic body in the graben, as reported in previous
works [28-36,53], which revealed a depleted tholeiitic signature derived from a shallow
mantle source [49]. The positions of Linosa and Pantelleria indicate that Pleistocene to
Holocene volcanism in the grabens of the Sicily Channel is concentrated at their NW limits,
with the greatest magmatic flux at Pantelleria [35]. The volcanic complex in Pantelleria
Graben is vast, with one prominent body that is roughly 46 km long and 20 km wide [36].
A history of notable volcanic eruptions is reflected in this complex, which consists of both
emergent and submerged volcanic formations [55,79].
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Figure 4. (a—c) Final velocity models after the application of the Gaussian convolution operator and
data exclusion filter.

The seismic facies analysis also supports the presence of volcanic bodies in the graben.
The velocity difference at various positions (i.e., ~2 km and ~39 km) at the same ~1 km
depth in the velocity model (Figure 5b) may suggest contrasting sediment compaction
levels or the abundance of clayey sediments of the Plio-Quaternary unit in the Western
Linosa Graben [36,80].
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Figure 5. Depth-converted stratigraphic horizons and faults from velocity models overlaid over
them. (a) No indication of the presence of a volcanic body in Lampedusa High and the calibration
of the Riccio Sud-01 well. (b) Velocity contrast at a distance of ~2km and Western Linosa Graben
at a depth of ~0.8 km. (c) Antiform shape of velocity contours between 20 km and 70 km may be
evidence of the presence of a volcanic body in the Pantelleria Graben. (d) Stratigraphy of the Riccio
Sud-01 well. (e) Magnified image from the depth profile (a) showing the stratigraphic units in good
correspondence with the well data. (d) The depth values mentioned on the right side of the projected
well in (e) indicate the depth of each horizon at that point achieved after depth conversion. See
the location of the line in Figure 1 and refer to Figure 2 for the meaning of stratigraphic horizons

and faults.

5.2. Time-to-Depth Conversion for Stratigraphic and Structural Analysis

The seismic horizons and the faults from the CS89-01 line (in time), which correspond
to different geological contexts in the Sicily Channel, were converted to depth using the
velocity models. Depth-converted stratigraphic horizons using the refined horizontal
variation in the interval velocities (Supplementary Material S52) were overlaid on the
velocity models (Figure 5a—c).

The Lampedusa shelf reveals a complex geological history characterized by signifi-
cant structural features and sediment deposition over time [81]. Stratigraphy is heavily
influenced by extensional tectonics [81], which has led to the formation of the Lampedusa
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High and the associated trough (Figure 5a). The profile features Lampedusa High flanked
by a listric fault (between shot points 700 and 900), which reaches a depth of ~5.2 km
(Figure 5a). In this area, the average thickness of the Lower Cretaceous stratigraphic
unit is 2.3 km (Figure 5a). The Paleogene unit overlies the Cretaceous sediments, with an
average thickness of a ~1 km depth profile. The overlying Tortonian-to-Messinian unit
marked by shifting sea levels affecting sediment deposit has a thickness of ~0.7 km. The
Plio-Quaternary unit caps the complete stratigraphic sequence, with a thickness of ~0.6 km
(Figure 5a).

The ~1 km thick Lower Cretaceous sequence in the Western Linosa Graben is overlain
by ~1 km Upper Cretaceous sediments (Figure 5b). The Paleogene and Tortonian-to-
Messinian units follow the sequence upward, with ~1.3 km and ~1 km thickness, respec-
tively. The top of the sedimentary fill is Plio-Quaternary, which has a maximum thickness
of ~1 km in Figure 5b. The stratigraphic succession from Cretaceous to Plio-Quaternary
appears interrupted by the volcanic bodies towards the Pantelleria Graben (Figure 5c).
The Western Linosa Graben is deformed by a master planar normal fault dipping NW
(approximately between shot points 2100 and 2300) [26]. The model locates the fault down
to ~6 km depth (Figure 5b).

The stratigraphic unit thicknesses in (Figure 5a—c) are consistent with the interpretation
described by Civile et al. (2021) [36], who defined a Plio-Quaternary succession 1.5 km
thick in the main Linosa Graben. In our study, we determined the thickness of another part
of the graben extending from SSE to NNW on the CS89-01 line, which is around 1.1 km
(Figure 5b). For cross-checking this value, we assumed that the stratigraphy of the Riccio
Sud-01 well is representative of the stratigraphy of the Lampedusa shelf, and we projected it
on the modeled seismic profile (60 km to the NW). The depth-converted stratigraphic units
(Figure 5a,e) and the stratigraphy reported in the well log show a good correspondence.

The above results show how the geological model can be improved by velocity
modeling and consequent time-to-depth conversion of seismic horizons and faults of
a raster/vintage seismic reflection profile. The velocity modeling dataset was used to
reduce the uncertainties in the time-to-depth conversion, but still, the input dataset could
be suitable if the seismic profiles are just available in scanned paper form and report the
interval velocities of the CDP (Figure 3).

6. Conclusions

This study suggests that for an old, large-sized and noisy vintage seismic reflection
profile in raster format, the velocity model building and depth conversion of horizons and
faults from stacking velocities is a promising approach.

After multiple steps of interpolation of velocity values and time-to-depth conversion,
the constructed depth profile provides a detailed image of the stratigraphic units and struc-
tural features found across the Sicily Channel from NNW to SSE. The velocity models and
depth-converted seismic profiles provide overall insights into thegeological and structural
information, like the thickness of different stratigraphic successions and the occurrence of
volcanic bodies.

The availability of vintage seismic profiles helps researchers explore renewable energy
sources at a lower cost than investing in modern subsurface data or conducting new surveys.
Time-to-depth conversion of the horizons and faults of these vintage profiles through the
smoothing of velocity models, as proposed in this study, is a requisite to gain cost-effective
information for finding these energy and material resources during this transition time
based on well/better-constrained subsurface geological models.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ geosciences15040114/s1, Supplementary Material S1: The Root Mean
Square (RMS) or stacking velocities and interval velocities represented in the upper boxes (Figure 2a—c)
associated with the respective time intervals were utilized for the calculation of depth. The SP* refers
to the position of the Common Depth Point (CDP) gathers over which the stacking velocity analyses
was carried out. Supplementary Material S2: Calculation of the depth of each stratigraphic horizon by
following the relation: Thickness of individual layer = Interval velocity* (TWT base — TWT top)/2.
Depth = sum of thicknesses for the individual layers. The interval velocities obtained after the
application of Gaussian Convolution and data exclusion filters (Figure 4a—c) were used to calculate
depth of each horizon at all CDP gathers to construct the depth profile (Figure 5a—c). Supplementary
Material S3: (a—c) Inverse Distance Weighted (IDW) interpolation. (d—f) Kriging interpolation applied
for the building of initial velocity models for three parts of the CS89-01 seismic line, which are also
tested by Spline interpolation. The portions displayed with squares in (d—f) represent uncertain
velocities. Both these interpolation methods are not suitable for generating good enough velocity
models for further analysis (e.g., depth profile construction).
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