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ABSTRACT The CROP95-M18 seismic profile was acquired in 1995 as part of the “CROsta Profonda” 
project, a regional survey carried out to explore the deeper structures of the Earth’s 
crust in Italy. Although the high energy of the source allowed a high penetration depth, 
the vintage stacked section showed some areas of low signal-to-noise ratio, due to the 
acquisition in shallow water environments and related reverberations of surface and 
guided-waves. To improve the quality of the image, we reprocessed the 2D seismic line 
with the up-to-date processing techniques by adopting a specific workflow in time domain 
up to pre-stack time migration. In addition, we created an accurate interval velocity 
model by combining the coherency inversion technique and reflection tomography. This 
resulted in depth migration of the uppermost part of the profile (to a depth of 9 km), 
which was confirmed by the stratigraphy of the Amanda 1bis well. The reprocessing 
significantly improved the image of the profile and enabled new information on the 
seismo-stratigraphy to be gleaned from the vintage data. This was particularly important 
for science and research, as new seismic data with high penetration depths, such as the 
CROP profiles, are currently difficult to acquire.

Key words: CROP, vintage seismic data, seismic processing, velocity modelling, depth imaging, northern 
 Adriatic Sea.
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1. Introduction

The transition to renewable energy and the environmental impacts associated with acquisition 
make new seismic data more difficult to obtain. This problem is particularly acute in the academic 
and public research worlds, especially in the field of Earth sciences. However, a large amount of 
seismic data has been collected over the past 50 years. Therefore, reprocessing old data with 
modern technologies is becoming increasingly important to enhance and renew the value of the 
data. Some examples of seismic reflection reprocessing of different data sets can be found in 
literature, e.g. Sopher and Juhlin (2013); Górszczyk et al. (2015); Nicholls et al. (2015); Munteanu et 
al. (2018); Civile et al. (2021); Brancatelli et al. (2022). In addition, some seismic lines of the CROP 
(“CROsta Profonda”, meaning “Deep Crust”) data set were reprocessed, for example, by Mazzotti 
et al. (2000), Tognarelli et al. (2011), Busanello et al. (2017), and Berra et al. (2019). Depending on 
the type of data (both acquisition configuration and acquisition environment), specific processing 
sequences must be chosen. In this regard, the challenge is to adapt the up-to-date processing steps, 
such as deghosting, removal of multiples, and pre-stack time or depth migration, to the old data.
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In this paper, we present the time reprocessing and depth imaging of the CROP95-M18 seismic 
line acquired in the northern Adriatic Sea. This line is part of the CROP project, an Italian joint 
cooperation between CNR (the Italian National Research Council), ENEL (the Italian National 
Electricity Authority) and ENI-AGIP (an Italian oil company), whose lines were acquired by OGS 
(Osservatorio Geofisico Sperimentale, nowadays OGS - National Institute of Oceanography and 
Applied Geophysics) in the 1980s and 1990s to explore the deep part of the crust, onshore and 
offshore of the Italian peninsula (Scrocca et al., 2003; Finetti, 2005). The line was processed in 1997 
by ENI-AGIP using what was, then, a standard sequence. This included predictive deconvolution, 
multiple attenuation by F-K filtering, velocity analysis, stack and post-stack filtering. The stacked 
section is affected by coherent noise (short- and long-period multiples) caused by the shallow 
water environment (water depth varies between 20 and 26 m along the line, Fig. 1), especially in 
the north-eastern part (below the top of the carbonate platform). Therefore, the objective of this 
study is to improve the signal-to-noise ratio of the seismic line compared to the old processed 
stacked section.

Marine seismic data acquired in very shallow water are usually highly contaminated by 
coherent noise (such as direct waves, surface waves, and guided waves). Some authors exploit 
these undesired coherent events in order to extract accurate near-surface P- and S-wave velocity 
models or physical properties (e.g. Kugler et al., 2007; Boiero et al., 2013; Wang et al., 2016; 
Giustiniani et al., 2020).

Fig. 1 - Location map of the CROP95-M18 profile acquired in the northern Adriatic Sea in 1995. The MCS profile 
CROP95-M18 is represented by the red line with position of every 100 shot points. Bathymetry is represented by a 
grid with cells of 50 m and by contours every 5 m, gridding performed by Zampa (2020), by using grids from EMODnet 
(2018) and Trobec et al. (2018). Digital Elevation Model compiled for Italy [5-m and 10-m cells by IDT-RV (2017) and 
IRDAT-FVG (2017), respectively], Slovenia [10-m cells; Arso (2017)] and Istria [25-m cells; EEA (2017)]. The inset map 
shows the Alpine, Apenninic, Dinaric chains and relative foreland domain, together with the main tectonic structures 
[modified after Dal Cin et al. (2022), tectonic information from Ambrosetti et al. (1987); Galadini et al. (2005); Burrato 
et al. (2008); Zanferrari et al. (2008); Placer et al. (2010); Cucchi et al. (2013); Jurkovšek et al. (2016)]. Map compiled 
by using ArcGis® software from ESRI®; datum WGS84, projection UTM33.
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In this study, we designed a specific processing flow to attenuate the noise (both coherent 
and incoherent) and increase the signal-to-noise ratio in the final seismic image. In addition, we 
adopted a broadband frequency approach to increase both the low and high frequency content 
of the seismic signal. Although the CROP95-M18 line was acquired to investigate the deep crust, 
we tried to improve investigation not only of the deeper part but also of the shallower part of 
the seismic section through an accurate processing flow in time domain with the up-to-date 
techniques. After noise reduction, we focused on seismic imaging firstly by creating a pre-stack 
time migration (PSTM) section through an iterative velocity analysis and, then, we moved to 
the depth domain to perform pre-stack depth migration (PSDM). Since depth imaging requires 
accurate velocity modelling, we used the coherency inversion technique (Landa et al., 1988; 
Yilmaz, 2001) to obtain an initial velocity model that was refined by the layer-based reflection 
tomography. The velocity model was integrated and validated with velocity information extracted 
from the sonic log of the Amanda 1bis well (located in the central part of the CROP95-M18 
profile, Figs. 1 and 2) and with the first-arrival traveltime tomography of the CROP95-M18 data.

The CROP95-M18 profile crosses the northern Adriatic Sea, located in the north-eastern 
corner of the Adria plate, and provides a unique image of the geological history of the area. The 
profile was interpreted by Finetti and Del Ben (2005), who distinguished the lower and upper 
crustal units and used the 7,290-m deep Amanda 1bis well (ViDEPI Project, 2009) to identify 
the sedimentary and magmatic sequences from the late Palaeozoic to the Quaternary. The 
CROP95-M18 profile and the Amanda 1bis well were also used to characterise the occurrences 
of the offshore deep brackish and salty aquifers of the northern Adriatic Sea (Giustiniani et al., 
2022).

The main geodynamic phases of the area consist of:
- the Early Jurassic rifting that separated the extensive late Palaeozoic and Triassic carbonate 

platform, in the Belluno basin to the west and from the shallow water environment to the 
east, where the Friuli-Dinaric Carbonate Platform (FDCP) developed during the Jurassic and 
Cretaceous and, locally, also during the Cenozoic (Cati et al., 1987; Zanferrari et al., 2013);

- the Cenozoic triple vergence flexure that resulted from the early Cenozoic SW-ward 
propagation of the External Dinarides;

- the deposition of the Eocene flysch above FDCP, in the eastern part of the area;
- the mid-late Cenozoic southward propagation of the eastern Southern Alps with the 

deposition of the Miocene marls;
- the late Cenozoic NE-ward shift of the Apennine foreland with the Plio-Quaternary 

sedimentary fill.

2. Data

Between 1988 and 1999, about 1,300 km of seismic lines were acquired onshore and 8,687 
km were acquired offshore as part of the CROP project (Finetti et al., 2005). Eight of these profiles 
were acquired in the Adriatic Sea. In 1995, OGS acquired the CROP95-M18 multichannel seismic 
profile (MCS) with the R/V OGS Explora in the northern Adriatic Sea (Fig. 1).

The acquisition of the whole line (97.3 km) was carried out with a 4,500-m long streamer 
of 180 channels spaced every 25 m (Table 1). A 50-m shot interval was selected, resulting in 
4,500% fold coverage. In 1997, ENI-AGIP completed the processing of the line using a standard 
processing sequence up to a time stacked section (Finetti et al., 2005; ViDEPI Project, 2009). The 
processing included resampling of data to 8 ms, reduction to 90 channels, trace equalisation, 
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predictive deconvolution, multiple attenuation by F-K filtering, velocity analysis, application 
of normal moveout (NMO) and stacking, zero-phase conversion, post-stack F-K filtering, radial 
predictive filtering, and time variant filtering (TVF). This processing sequence resulted in a final 
section where the position of the image targets was not correct and the diffraction hyperbolas 
were not collapsed (Finetti et al., 2005). This is clearly visible in some areas of the vintage 

Fig. 2 - Lithostratigraphy of the exploration well Amanda 1bis (modified after Nicolich et al., 2004; ViDEPI Project, 
2009) and velocity log (modified after Patricelli and Poli, 2020).
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section, such as in the south-western part, between shot point (SP) 300 and 1,000 and between 
3.5 and 6 s TWT (two-way traveltime; Figs. 9 and 11). Moreover, in the eastern part, the top 
of the FDCP surface-related multiples affect the deeper seismic data and the reflection of the 
Carnian unconformity is discontinuous and not so evident. Finally, the reduction to 90 channels 
(by summing two adjacent traces within a shot gather) improved the signal-to-noise ratio at the 
cost of lowering the lateral resolution.

Table 1 - Acquisition parameters for the CROP95-M18 profile, acquired in 1995.

 Source 32 airgun array, 80.4 l volume

 Source depth 8 m

 Streamer length 4,500 m

 Streamer depth 12 m

 Number of channels 180

 Number of hydrophones/group 32

 Shot interval 50 m

 Near offset 150 m

 Sample rate 4 ms

 Record length 17 s (TWT)

 Recording filters Low cut out; High cut 77 Hz 70 dB/oct

The Amanda 1bis well, located 2,250 m SE of the CROP95-M18 seismic line, was drilled 
offshore in 1979 by a joint venture of the oil companies ENI-AGIP, INA Naftapline, SIR, and ELF 
and reached a depth of 7,305 m below sea level (b.s.l.) (ViDEPI Project, 2009). The perpendicular 
line intercepts the CROP95-M18 line at approximately SP 940.

The Amanda 1bis well recovered the Permo-Triassic carbonates, vulcanites, and terrigenous 
sediment topped by the Carnian unconformity, a regional erosional event, which is usually 
well-imaged in seismic profiles. Above the Carnian unconformity, Meso-Cenozoic carbonates, 
approximately 3.5 km thick, were deposited from the shallow Triassic platform to the Jurassic-
Paleocene deep-water basinal environment. With the ending of the carbonate sedimentation, 
the Gallare marls (middle Eocene to Miocene) filled the basin. They were topped by the 
Messinian unconformity, a regional erosional marker related to the sea level drop caused by the 
Messinian Salinity Crisis in the Mediterranean Sea that caused extensive erosion in the subaerial 
environment (Fantoni et al., 2002). Plio-Quaternary sediment covers the Gallare marls (Fig. 2).

In the north-easternmost Adriatic Sea, multichannel seismic investigation provides evidence of 
the FDCP, which developed during the Cretaceous, and was overlain by the terrigenous sediments 
of the Eocene flysch during the Dinaric compression phase (Busetti et al., 2010). During the 
late Oligocene - Middle Miocene, the terrigenous-carbonate sediment of the Cavanella Group 
draped over the Mesozoic FDCP margin and the Gallare marls (Zecchin et al., 2022), representing 
the beginning of the Alpine compression phase.

ENI also acquired the velocity log in the Amanda 1bis well [presented in Patricelli and Poli 
(2020)], while we have no information on the density characteristics of the drilled formations.
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3. Methods

To analyse the CROP line, we performed three main steps: 1) reprocessing of data through a 
modern processing sequence in time domain up to a PSTM section (Fig. 3); 2) velocity modelling 
and depth migration; 3) validation of the interval velocity field and depth migrated section. The 
latter result was achieved using first arrival traveltime tomography and information obtained 
from the Amanda 1bis well (i.e. sonic log and formation top).

Fig. 3 - The adopted processing flow in time domain for the CROP95-M18 line.

Starting with time domain reprocessing, the denoise step aimed to remove all the incoherent 
(random) noise (i.e. amplitude bursts and spikes) and the coherent noise, represented by non-
reflection events such as direct waves, refracted waves (diving and head waves), guided and 
Scholte (1942, 1947) waves (Fig. 4).

Direct and refracted waves significantly affect the first part of the recorded data (reflections 
from the water bottom and shallow sediments). As a matter of fact, considering the very shallow 
water depth (between 20 and 26 m b.s.l.) and the acquisition geometry (offsets and both source 
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and receiver depths), it is possible to calculate the arrival time of the direct wave, which almost 
coincides with that of the water bottom reflection for all the offsets of the shot gathers (the 
maximum deviation is 2 ms). Furthermore, considering a velocity range between 1,600 and 1,900 
m/s for the first sediments below the water bottom, and referring to Snell’s law and the simple 
geometry concerning refraction waves, it can also be concluded that the critical distance (about 
91 m for a sediment velocity of 1,600 m/s or 40 m for a sediment velocity of 1,900 m/s) is lower 
than the near offset (150 m). Scholte waves are interface waves that occur along a solid-fluid 
boundary and propagate along the seafloor at low velocity, low frequency and high amplitude 
(Rauch, 1986). Post-critical multiple reflections trapped into the water layers result in dispersive 
waves called guided waves (Burg et al., 1951; Liner, 2012). Stacking usually attenuates guided 
waves but, in some cases (especially in the shallow parts where useful offsets are limited), they 

Fig. 4 - An example of raw shot gather (a) with its frequency spectrum (d). The same shot gather after the denoise step 
(b) with its frequency spectrum (e). The difference between raw and processed shot gathers (c).
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may still be present and cause degradation of the stack image (Dondurur, 2018). Moreover, if 
guided waves and Scholte waves are not attenuated before stacking, they can adversely affect 
some processing steps, such as deghosting and deconvolution.

Therefore, we first muted data for a shorter time than that of the arrival of the first water 
bottom reflection. Guided waves are visible on the shot gathers of CROP95-M18 at early arrivals 
as parallel lines, just below the first arrival refracted events (Fig. 4a). Since these are linear 
coherent events, we isolated them by using the radial trace transform (Henley, 1999). This tool 
extracts the amplitudes along straight lines by mapping data from the x-t (offset-time) domain to 
the v-t’ (apparent velocity-time) radial domain. Then, the guided waves were transformed back 
to the offset-time domain and adaptively subtracted from the original data (Fig. 4b). To avoid 
the loss of primary signals at high frequencies (particularly important in the shallower part of 
the data), the radial forward and inverse trace transformation was applied only to frequencies 
below 20 Hz.

Scholte waves (Fig. 4a) are characterised by a narrow band spectral frequency (1-5 Hz in our 
data, Fig. 4d). Therefore, we used a band-limited noise reduction device, which decomposes the 
data traces into signal and noise components. The seismic traces were filtered in the 1-5 Hz range 
(by a bandpass Butterworth filter), and the result (noise component) was subtracted from the 
input traces (given the signal component). The envelopes of both components were evaluated and 
compared along time windows, and only where the noise envelope exceeded the signal envelope, 
it was scaled down to match the signal envelope (Robinson and Treitel, 1980; Oppenheim and 
Schafer, 1989). Finally, the signal and scaled noise components were summed to obtain the final 
trace. We also removed noise bursts by comparing the amplitudes of one trace with those of 
neighbouring traces of shot gathers. The comparison of amplitudes was done in overlapping 
time windows of 200 ms, and the anomalous amplitudes were scaled down. Once the denoise 
step was completed, it was possible to note that undesired events were attenuated and that, as 
a result, reflections appeared clearer and showed higher continuity, even in areas where they 
were not visible before (Fig. 4b). The difference between the original and processed shot gather 
demonstrated that noise alone was attenuated and the primary signals were preserved (Fig. 4c). 
Furthermore, the frequency spectrum proved more balanced because the low frequency (1-5 Hz) 
noise had been attenuated while the 10-45 Hz frequency band had been enhanced (Fig. 4e).

After denoising, we applied a deghost algorithm in the frequency domain, which recovered 
the ghost-free wavefield according to the minimum energy criteria (Yilmaz and Baysal, 2015), 
so as to increase the frequency bandwidth and enhance the low frequencies. The complete 
mathematical formulation can be found in Perz and Masoomzadeh (2014) or Yilmaz and Baysal 
(2015). In this paper, we simply recall that the ghost operator in the frequency-wavenumber 
domain can be expressed as g(ω) = 1 + αejωτ, where ω is the angular frequency, α is the sea 
surface reflectivity, and τ is the ghost time delay, which, for normal incidence, is equal to 2d

v  
where d is the streamer (receiver ghost) or source (source ghost) depth and v is the water seismic 
velocity. Therefore, for a given source and receiver depth and seismic water velocity, it is possible 
to develop an inverse filter in the frequency domain to recover the ghost-free wavefield for all 
frequencies. During CROP95-M18 data acquisition, the streamer was towed at a mean depth of 
12 m, while the mean depth of the airgun source was 8 m b.s.l. The deghost section shows an 
enhancement of the lower frequencies (about 5-12 Hz), which is evident in the deeper reflections 
(Figs. 5a and 5b) as well as in the frequency spectrum (Figs. 5c and 5d). The broadening of the 
frequency range is also significant at high frequencies (above 45 Hz).

One of the main challenges in a shallow water environment is the attenuation of multiples 
and short-period reverberations, which can severely degrade the seismic image. In such an 
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environment (very shallow water layer), the state-of-the-art of the multiples removal technique, 
and surface-related multiple elimination [SRME; Verschuur (1992)], cannot provide satisfactory 
results. In fact, the water bottom reflection is not recorded due to the near offset gap, while the 
post-critical reflections at small offsets do not contribute to the prediction of multiples (Hung 
et al., 2010; Verschuur, 2013). On the other hand, predictive deconvolution in shallow and 
flat seafloor waters is usually very effective in attenuating short-period multiples. Hence, it is 
possible to adopt a strategy, which combines predictive deconvolution with SRME as suggested 
by Verschuur (2013). SRME is applied after predictive deconvolution to remove only the mid- to 
long-period multiples related to deep horizons. To optimise the results, we tested multichannel 
predictive deconvolution in both the time domain (Peacock and Treitel, 1969; Taner et al., 1995) 
and the tau-p domain (Taner, 1980; Treitel et al., 1982; Lokshtanov, 1995, 1999). Multichannel 
deconvolution in the tau-p domain has two main advantages. First, in the tau-p domain multiples 
become periodic for each reflection angle (p-parameter), whereas in the time domain this occurs 

Fig. 5 - Portion of stacked section before (a) and after the application of deghost (b) with the corresponding frequency 
spectrum (c) and (d). The blue arrows highlight reflectors where it is possible to note the improvements due to the 
deghost step.
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only for the zero offset. Moreover, by considering a multi-channel deconvolution process, it is 
possible to overcome the limitation arising from the assumption that the medium is supposed 
to be laterally invariant, which is at the base of the single-channel deconvolution (Verschuur, 
2013). Looking at the results, the predictive deconvolution in time domain (Fig. 6b) can be seen 
to slightly attenuate the strong reverberations, while these are largely suppressed in the tau-p 
domain (Fig. 6c). In particular, it is clear that the ringing effect is almost completely attenuated 
with the tau-p deconvolution and that the section shows a sharper definition of the main 
reflectors. Furthermore, if we look at the autocorrelation functions, we can see that most of 
the energy is concentrated in the second zero crossing of the autocorrelation function and that 
reverberations (which appear as straight lines) are largely attenuated.

Fig. 6 - Portion of stacked section (top), with its relative auto-correlation (bottom), before (a) and after the application 
of multichannel predictive deconvolution, applied respectively in time (b) and tau-p domain (c). The black arrows 
depict some areas affected by strong reverberations.

In the eastern part of the section (nearby SP 1600), the top of the FDCP rises to about 250 
ms TWT. This reflector and the overlying reflector (Plio-Quaternary unconformity) have high 
amplitudes that produce long-period surface-related multiples (such as the first “m1” and the 
second “m2” order multiples of the FDCP top, Fig. 7a), which were not removed by predictive 
deconvolution. For these reasons, we muted the water bottom reflections and shallow reflections 
up to 200-250 ms TWT, and only the remaining part of the seismic traces were used to predict 
these multiples with the SRME technique (Fig. 7c). Subsequently, the modelled multiples were 
adaptively subtracted from the original data by using a least-squares matching filter (Abma et al., 
2005), 60 ms long in rectangular windows of 11 traces x 500 ms. In this way, the multiples were 
strongly attenuated into the carbonate layer (Fig. 7b). To further attenuate the steep parts of the 
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residual multiples, we applied dip-filtering to the NMO corrected gathers, but only in a limited 
part of the section (in the eastern part, between SP 1,500 and 1,600). This type of filter, based 
on move-out discrimination between primaries and multiples, was applied in the F-K domain.

After attenuating the coherent noise, the amplitudes were recovered using the spherical 
divergence correction, and the signal-to-noise ratio was further increased by applying the 
random noise attenuation algorithm. We, then, applied a Kirchhoff PSTM algorithm to migrate 
the CROP95-M18 line. A recursive velocity analysis was performed on pre-stack migrated gathers 
until satisfactory quality control (both on the gathers and on the section) was achieved. To 
mitigate migration noise, we regularised the offsets within each common mid-point (CMP) gather 
by applying differential NMOs and correcting each trace for the difference between its original 
and the uniform offset. In this way we obtained CMP gathers of 45 traces, with a constant offset 
range between 150 and 4,550 m. As a final step, to further improve the quality of the PSTM 
section, a predictive Fx-deconvolution was applied, followed by TVF.

In a complex geological setting, depth imaging (achieved through depth migration) is required 
to define the real geometry and depth of the buried structures (Yilmaz, 2001). In addition, 
velocity modelling plays a crucial role in obtaining the best seismic image (Jones, 2018).

We combined the coherency inversion technique (Landa, 1988; Yilmaz, 2001) and reflection 
tomography (Jones, 2010) to build an interval velocity model in a layer-stripping way.

Coherency inversion is a method for estimating layer velocities based on ray theory and, in 
particular, on the inversion of seismic travel times (Landa et al., 1988; Yilmaz, 2001). This method 
involves the construction of a subsurface layer model in the time domain, followed by ray-tracing 
to estimate the associated velocities. Starting from a trial velocity, a time-to-depth conversion 
of the chosen time horizon is calculated taking into account ray tracing at normal incidence. In 
this way, the layer base is obtained and a CMP ray-tracing, that models the travel time for the 
entire offset of a CMP gather, can be performed. Along this modelled trajectory, the coherency 
semblance spectrum is evaluated for the assumed trial velocity (Yilmaz, 2001). By repeating this 

Fig. 7 - A shot gather before (a) and after (b) the adaptive subtraction of the modelled multiples, predicted by the 
SRME technique (c). Top FDCP indicates the primary reflection of the top of the Friuli-Dinaric Carbonate Platform, 
while m1 and m2 indicate respectively its first and second-order surface-related multiple. The inset at the top right 
of panel a represents a simple sketch of a ray path associated with the primary and its first and second order multiple 
reflection of the top FDCP layer.
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procedure for a range of possible velocities, the velocity that gives the highest semblance value 
at all CMP positions, where coherence inversion was performed, can be assigned to the layer. The 
velocity-depth model is built up layer-by-layer, from the shallowest to the deepest interpreted 
horizons. The great advantage of using coherency inversion to obtain a starting velocity model 
is that this technique respects ray bending at layer boundaries, by taking into account non-
hyperbolic CMP travel times. This leads to a more realistic velocity model compared to a simple 
Dix’s velocity conversion of the root mean square (RMS) velocities.

The coherency inversion was performed along five horizons: the seabed, the top of the 
Pliocene SW-ward progradations, the Messinian-Pleistocene unconformity (at the top of the 
Eocene-Miocene Gallare marls to the west and central profile belonging to the Messinian age, 
and at the top of the Cavanella Group and Eocene flysch in the easternmost part of younger 
age), the top of the Meso-Cenozoic carbonate sequences composed of the Scaglia (also known 
as Scaglia Alpina) to the west and the FDCP to the east, the Carnian unconformity (between the 
lower terrigenous and volcanic deposition and the upper Dolomia Principale). These horizons 
were also selected based on the stratigraphy and geophysical logs of the Amanda 1bis well 
(Patricelli and Poli, 2020), as they represent the chief velocity discontinuities that generate the 
main acoustic impedance contrasts visible in the seismic section. The horizons were picked on the 
PSTM section and, then, de-migrated (e.g. Brancatelli et al., 2022). The water layer thickness was 
kept constant at a depth of about 20-25 m with a velocity of 1,520 m/s. Starting from the shallower 
horizon below the seabed, each layer depth and velocity were, therefore, first determined with 
coherency inversion and, then, refined with several layer-based tomography iterations, until a 
low residual error on common image gathers (CIG) was achieved. To check the consistency of our 
velocity-depth model, we analysed the CIGs and performed residual move out (RMO) analysis 
along the horizons (every 160 CIGs). The RMOs represent the input errors in the tomography, 
which updates both the velocity and depth of the interpreted layers at each stage. With the 
updated velocity field, we re-migrated our data and, then, iteratively repeated the layer-based 
tomography to minimise the errors. In the initial phase of our update loop, the RMOs on the CIGs 
were generally high, with areas that showed problems of undercorrection (too high velocity) or 
overcorrection (too low velocity, Fig. 8a). Comparison between the migrated CIGs applying the 
starting (Fig. 8a) and the updated velocity field (Fig. 8b) shows a marked improvement, both 
in the shallow and deep parts of the seismic data. Below the carbonate reflector, it was not 
possible to obtain reliable results with this technique due to the overall low signal-to-noise ratio 
along the line and limited streamer length compared to the larger investigated depth (4,500 
m). Therefore, we assigned the velocities to the deeper part of the model on the basis of the 
sonic log of the Amanda 1bis well. The log shows a velocity inversion in correspondence of the 
Carnian unconformity, where the velocity decreases from 6,500 (carbonate layers) to 4,600 m/s 
(terrigenous and volcanic layers), and, then, increases to 6,000 m/s (carbonatic layers) up to the 
end of the well at about 7,300 m b.s.l. The velocity assigned above the Carnian unconformity is 
noticeably fairly accurate, as the reflections of the Carnian unconformity show a good flatness 
on the final CIGs (see the arrows in Fig. 8b). The final velocity model was used to perform a 
Kirchhoff PSDM of the CROP95-M18 line.

To ensure the accuracy of the velocity model, we carried out travel time tomography of the 
first arrivals using the CAT3D software (Böhm and OGS research group, 2014). We picked the 
first arrivals on 360 shot gathers, taking into account the ray paths associated with the diving 
waves. In this way, only the velocity distribution as a function of depth is updated by the 
tomography (without defining the horizons). The inversion implemented in the CAT3D software 
uses an iterative procedure based on the SIRT (Simultaneous Iterative Reconstruction Technique) 
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algorithm (Gilbert, 1972). The initial model was created with 100-m wide square cells, while the 
final model was obtained after 20 tomographic inversion iterations. The reliability of the result 
achieved was measured by performing a residual analysis (the difference between the observed 
and calculated travel times), which gave an RMS residual percentage of less than 2%.

4. Results and discussion

The reprocessed PSTM section (Fig. 9) benefits from the great efforts made to increase the 
signal-to-noise ratio (attenuating coherent and incoherent noise), the temporal and spatial 
resolution, and the frequency bandwidth. Obviously, on the PSTM section the diffraction 
hyperbolas have been collapsed and this result cannot be strictly compared to the vintage 
processed section (since it is only a stacked section).

The energy penetration is very high, with signals detectable even in the deepest part of the 
section (up to 12-14 s TWT). In general, the vintage section shows more uniform amplitude 
balancing, which makes the interpretation of these signals more difficult; while in the reprocessed 
PSTM section (Fig. 9a), the amplitudes of these deep signals stand out more clearly from the 
background noise. The sub-horizontal reflections at about 8.5 s TWT and 11 s TWT are more 
visible in the reprocessed section (Fig. 9a) than in the original one (Fig. 9b). These events were 
interpreted by Finetti and Del Ben (2005) as the top of the lower crust and the Moho, respectively; 
the latter dipping down to 13 s TWT towards NE. Moving upwards, between 3 s to 6.5 s TWT, 
from SP 300 to 1,000, below the Carnian unconformity reflector, an area characterised by high 
amplitude reflectors can now be better identified (Fig. 10a) compared to the vintage stacked 
section (Fig. 10b), which is highly contaminated by diffraction hyperbolas, thus preventing a 
satisfactory seismic image. The reflections in this area belong to the Permian - Middle Triassic 
units, constituted by carbonates, vulcanites and terrigenous sediment, and arranged in a series of 

Fig. 8 - Comparison of some representative CIGs migrated with the starting velocity model (a) and the final velocity model 
updated by the layer-based tomography (b). The arrows show the reflection associated with the Carnian unconformity.
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sub-basins topped by the terrigenous Travenanzes formation. In addition, the PSTM reprocessed 
profile clearly shows a displacement of approximately 200 ms TWT in the Carnian unconformity 
due to a normal fault (Fig. 10a).

Fig. 9 - The CROP95-M18 section in its PSTM final version (a) and original stacked version (b). The three black rectangles 
(c), (d) and (e) depict the three areas that are magnified and shown respectively in Figs. 10, 11, and 12. The blue 
arrows highlight the deep reflectors interpreted by Finetti and Del Ben (2005) respectively as the top lower crust (TLC) 
and Moho (M).
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Fig. 10 - Blow-up of a portion of CROP95-M18 section [depicted by the rectangle (e) of Fig. 9], in its PSTM final 
version (a) and original stacked version (b). The blue arrows highlight the improved image of the reflector at the top 
of the faint stratified acoustic facies related to the Mesozoic carbonate sequences. The displacement of the Carnian 
unconformity by normal fault by about 200 ms TWT is clearly imaged.

The images of the eastern part of the section call into question the Dinaric foredeep 
where a thick sequence of Eocene flysch overlies the FDCP (Busetti et al., 2010). A significant 
improvement of the reprocessed section (Fig. 11a) compared to the old stacked section (Fig. 
11b) is due to the strong attenuation of the multiples, allowing an improvement in the quality 
of the primary events associated with the top of the flysch and the NE-dipping FDCP (Fig. 11a). 
Downwards, below the Upper Triassic - Early Cenozoic carbonate units, a reflector can be 
detected and followed along the entire section, rising from SW towards NE from about 4 s TWT 
(SP 100, Fig. 9a) to about 1.6 s TWT (SP 1650, Fig. 11a). Thanks to the strategy applied to remove 
multiples and improve the signal-to-noise ratio, this reflector is now visible also below the Meso-
Cenozoic FDCP and represents one of the main results achieved by the reprocessing carried out. 
This reflector, according to the Amanda 1bis well related to the Carnian unconformity, shows a 
polarity inversion (due to a velocity inversion also reported by the sonic log and related to the 
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Fig. 11 - Blow-up of a portion of CROP95-M18 section [depicted by the rectangle (d) of Fig. 9], in its PSTM final version 
(a) and original stacked versions (b). Due to the multiple removal, in the PSTM final version the Carnian unconformity 
is well imaged.

presence of terrigenous sediment of the Travenanzes formation) and a higher continuity over the 
whole section. Above the Carnian unconformity, the low amplitude acoustic facies correspond to 
the Dolomia Principale, an extensive carbonate platform, almost 1,000 m thick, that developed 
during the Norian in NE Italy.

Moving to the shallow part of the section, it is apparent that the reprocessed data show an 
improved resolution and a higher continuity of the main reflectors (Fig. 12). The uppermost 
part shows the Pliocene SW-ward progradation overlain by the NE-ward Pleistocene paleo-
Po progradation (Zecchin et al., 2022). Some shallow reflectors of the Quaternary marine and 
continental sediments (such as the reflector at about 400 ms TWT, at the top of the Pleistocene 
paleo-Po prograding system) are now evident (or more evident compared to the vintage section) 
and continuous along the section.

The final velocity model, obtained by combining coherency inversion and layer-based reflection 
tomography, represents the average interval velocities of the main geological units (Fig. 13). In 
the central part of the line (around SP 940), the velocity field obtained is consistent with the 
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Amanda 1bis sonic log velocities (from Patricelli and Poli, 2020). In particular, the main lithological 
changes, within the stratigraphic sequence, are marked by clear velocity discontinuities in the 
model. As a matter of fact, in the shallower part of the Quaternary Asti sands (e.g. first 550 
m), the velocity model shows an average velocity of about 1,850 m/s. Thereafter, the velocity 
increases to 2,250 m/s up to a depth of about 1,100 m b.s.l. (in this depth range, the stratigraphy 
indicates the presence of Asti sands up to a depth of 800 m b.s.l. and Santerno clays up to 

Fig. 12 - Blow-up of a portion of CROP95-M18 section [depicted by the rectangle (c) of Fig. 9], in its PSTM final version 
(a) and original stacked version (b). The blue arrows highlight the improved image of some reflectors related to the 
Quaternary paleo-Po northward progradations overlain by the subhorizontal marine and continental Quaternary 
sediments.

Fig. 13 - The CROP95-M18 velocity model. The sonic log of the Amanda 1bis well is also shown with its velocity scale 
(modified from Patricelli and Poli, 2020). The velocity discontinuities follow the horizons picked for the coherency 
inversion technique.
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the end of this interval). Between 1,100 m and 1,800 m b.s.l. (where 100 m of Eraclea sands, 
followed by the Gallare marls, are encountered) the mean velocity is approximately 2,900 m/s. 
Deeper than 1,800 m, the velocity increases steeply, first in the Scaglia (with a 100-m thickness) 
and, then, in the Mesozoic carbonates, where the velocity ranges between 5,500 and 6,300 m/s 
down to a depth of 5,300 m b.s.l.

In the eastern part of the section, starting from SP 1500, the carbonate unit velocity 
ranges between 5,600 (below the top of the FDCP) and 6,200 m/s (at the level of the Carnian 
unconformity). Moreover, the flysch unit around SP 1750 has a velocity of about 3,900 m/s, 
which is consistent with other studies such as Dal Cin (2018), Picotti et al. (2018), Accaino et al. 
(2019), Vesnaver et al. (2020, 2021), and Dal Cin et al. (2022).

In the shallow north-eastern part of the profile (down to a depth of about 1,500 m b.s.l.), 
further validation was performed using the first-arrival traveltime tomography (diving wave 
tomography, Fig. 14b). This type of tomography provides a smoother velocity field without 
significant velocity discontinuities, especially in the presence of weak velocity variations. 
Therefore, in the south-western and central part of the profile, characterised by a thick and 
mostly homogeneous terrigenous sediment cover (associated with relatively smaller velocity 
variations), the comparison with the reflection velocity model (Fig. 14a) is difficult. Nevertheless, 
the high velocity contrast associated with the contact between the terrigenous sediments of the 
flysch and the carbonates is well-resolved by the diving wave tomography in the north-eastern 
area and is in accordance with the velocities obtained with the layer-based tomography (Fig. 

Fig. 14 - Comparison between the velocity model obtained by the reflection tomography (a) and the velocity model 
obtained by the first arrival traveltime tomography (b). The dashed black lines represent some velocity discontinuities 
of the reflection tomography velocity model superimposed on the first arrival tomography velocity model.
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14a). In particular, the high carbonates, with their steep flanks and high velocity (5,600 m/s), are 
represented well by both tomographic approaches.

The velocity model obtained after reflection tomography (Fig. 13) was used to perform the 
Kirchhoff PSDM of the seismic data. The lithostratigraphy of the Amanda 1bis well enabled 
the validation of the migration result in the central part of the line. There is close consistency 
between the depths of the main lithostratigraphic units found in the borehole and those 
indicated by the seismic line (Fig. 15). This is particularly evident at the transition zone between 
the Pliocene Santerno clays and Quaternary Asti sands, in correspondence of the Messinian 
unconformity; at the transition between the Gallare marls and the Scaglia (about 1,800 m b.s.l.), 
the Soccher Limestone and the Marne a Fucoidi formation (about 2,600 m b.s.l.), and at the 
Carnian unconformity (about 5,300 m b.s.l.). The latter lies at depths varying between 7,500 m 
(SW) and 4,600 m b.s.l. (NE).

Fig. 15 - The PSDM CROP95-M18 section (a). The black rectangle depicts the area expanded in panel b, where the 
Amanda 1bis well stratigraphy is superimposed on the section. The arrows indicate the main lithological changes, 
corresponding to the horizons used for the coherency inversion technique and reflection tomography.
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5. Conclusions

We reprocessed the CROP95-M18 seismic line through a modern broadband processing 
sequence in the time domain. The final PSTM section shows a significant improvement compared 
to the vintage processed stacked section. In particular, reprocessing enables to increase the 
signal-to-noise ratio by attenuating coherent and incoherent noise. The multiples attenuation 
strategy (by combining multichannel predictive tau-p deconvolution and SRME) applied proved 
particularly effective and enhanced the Carnian unconformity reflector that can now be 
interpreted also below the top of the FDCP. To obtain a reliable interval velocity model down 
to a depth of 4.5 km, we used the coherency inversion technique followed by a layer-based 
tomography approach. Velocity information, extracted from the sonic log of the Amanda 1bis 
well, validated the velocity model in the central part of the CROP95-M18 profile and permitted 
the assignment of reliable velocities to the deeper part of the model (for depths greater than 
4,500 m). Furthermore, the north-eastern part of the velocity model, down to a depth of 1,500 
m b.s.l., was validated by the first arrival tomography velocity field. The analysis of the RMOs 
on the CIGs confirmed the accuracy of the velocity field. In addition, the stratigraphy of the 
Amanda 1bis well enabled the verification of the main reflector depths in the central part of the 
line and confirmed the accuracy of the migration results. All the applied methods demonstrated 
that the value of heritage data can be significantly increased by using the up-to-date processing 
technology. This is particularly important nowadays, as the collection of new data is difficult, 
especially for research institutions. The lack of financial resources (due to the energy transition) 
and limitations (due to environmental impacts), especially for high penetration seismic surveys 
that require a large amount of released energy, impede the acquisition of new data. For all these 
reasons, old regional projects, among which the CROP project, are of great importance to the 
scientific community and need to be constantly updated by reprocessing the data with modern 
techniques to renew their value.
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