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A B S T R A C T   

The Gulf of Trieste (GT), northeastern Adriatic, sits at the rigid edge of the Adria microplate representing the 
foreland of the adjoining Meso-Cenozoic External Dinarides and Southeastern Alps. The Adria-Eurasia plate 
boundary extends along the GT eastern coastline, depicted by the Karst Thrust, outer ramp of the SW-verging 
Dinarides. This separates the Cretaceous-Paleogene carbonates outcropping hundreds of meters on the Karst 
Plateau (hanging-wall) from their counterparts buried in the eastern gulf. Although the thrust has no evidence of 
historical and instrumental seismicity, a detailed seismic velocity field is needed to quantify reliable geometries 
in the foredeep, embedded in a tectonically active area where Adria is moving NNW-ward. Availability of a 
newly acquired marine multichannel seismic dataset, allowed us to provide the first well-constrained 3D P-wave 
velocity and depth model in the footwall of the Karst Thrust. Two iterative techniques, traveltime reflection 
tomography and depth seismic imaging, were applied on the data surveying the Dinaric foredeep. Our findings 
provide mean velocity values of 1700 m/s for the Quaternary sediments, 2900 m/s for the upper Eocene flysch 
turbidites, 4500 m/s for the lower flysch, 5000 m/s for the upper carbonates. The maximum flysch unit thickness 
results in about 1500 m and the top carbonates depth reaches about 1600 m below sea level, 1.7 km offshore 
Trieste, revealing the thrust is responsible for a minimum 1600–1800 m vertical throw. This study provides 
benefits for Adria geodynamic models and give new constraints for the geological and tectonic setting assess
ment, in a region settled over a currently active continental margin.   

1. Introduction 

The northeastern edge of the Adria microplate is settled in a complex 
structural framework, as it lies at the southern junction of the Meso- 
Cenozoic SW-verging External Dinarides and S-verging Southeastern 
Alps, originated by Adria-Eurasia continental collision (Dewey et al., 
1989; Carminati and Doglioni, 2012; Faccenna et al., 2014 and refer
ences therein). This rigid corner of the Adria block, comprising the 
Venetian-Friulian plain and the northern Adriatic Sea, represents the 
eastern foredeep and southeastern distal foreland of Alpine and Dinaric 
thrust-fold belts, respectively (inset - Fig. 1; e.g., Burrato et al., 2008; 
Galadini et al., 2005; Placer et al., 2010; Zanferrari et al., 2008). 

In the frame of the Mediterranean geodynamic evolution, the Adria 
microplate has a prominent role due to its subduction to the E (Dinaric) 

and W (Apenninic) and northward indentation into the Alpine orogen (e. 
g., Handy et al., 2015; Schmid et al., 2004), that induce varying styles of 
crustal deformation along its margins. The ongoing NNW-ward Adria 
motion relative to Eurasia, up to 4 mm/yr (Vrabec and Fodor, 2006; 
Weber et al., 2010), is accommodated by active compressive tectonics 
resulting in deformation of Pleistocene deposits and present-day seis
micity at the frontal ramps of the Southern Alpine domain (Galadini 
et al., 2005; OGS, 2017; Patricelli and Poli, 2020; Poli et al., 2015; 
Rovida et al., 2020; Viscolani et al., 2020). The northernmost Dinaric 
fault system shows recent displacement along NW-SE striking structures 
(as Idrija and Raša faults) reactivated in dextral transcurrent kinematics 
and responsible for historical and instrumental earthquakes (Fitzko 
et al., 2005; Vičič et al., 2019). Neotectonic transcurrent and trans
pressional deformation is observed also within the Dinaric-Alpine 
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foredeep in the easternmost Friulian plain (Accaino et al., 2019; Burrato 
et al., 2008). 

It is well established that understanding the geodynamic evolution of 
tectonic plates and associated geohazards relies in the integration of 
studies examining both deep and shallow Earth’s processes. Geophysical 

research on mantle (e.g., Guidarelli et al., 2017; Stipčevič et al., 2011) 
and crustal (e.g., Castellarin et al., 2006; TRANSALPWorking Group, 
2002) structures contributed to improve the knowledge on the poly
phasic architecture and deformation history of the region (e.g., Handy 
et al., 2015; Schmid et al., 2004). Although the surface expression of 

Fig. 1. Map of the eastern Gulf of Trieste with the area (black rectangle) in which the tomographic 3D velocity depth model was calculated. The analyzed 
multichannel seismic reflection profiles belong to the 2009 and 2013 surveys (purple and yellow lines, respectively), collected onboard the R/V OGS Explora. The 
purple and orange circles show position of Grado geothermal wells. Bathymetry with 50 m cells, gridding performed by Zampa (2020) by using grids from Italy, 
Slovenia (Trobec et al., 2018) and Croatia (EMODnet Digital Bathymetry, 2018). Onshore geology is represented for Friulian Plain and Italian Karst Plateau (GEO- 
CGT, 2013), Slovenian Karst Plateau (Jurkovšek et al., 2016), Istria (Placer et al., 2010). Digital Elevation Model compiled for Italy (10 m cells; IRDAT-FVG, 2017), 
Slovenia (10 m cells; Arso, 2017) and Istria (25 m cells; EU-DEM, 2017). Inset: chains and foreland domains of the region surrounding the Gulf of Trieste. Inset: chains 
and foreland domain of the region with main tectonic lineaments (Burrato et al., 2008; GEO-CGT, 2013; Galadini et al., 2005; Jurkovšek et al., 2016; Placer et al., 
2010; Zanferrari et al., 2008). Map compiled in ArcGIS® software by Esri, datum WGS84, projection UTM33. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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deformation gives insights into the mantle convection processes, 
reconstructing complex crustal geometries in highly deformed plate 
margins and subducting microplates, as for the Adria plate, remains a 
challenging task. A variety of different geological and geophysical data 
is required, and difficulties generally rely in their different time and 
space distribution and resolution, along with the feasibility of their 
combined analysis (e.g. Faccenna et al., 2014; Le Breton et al., 2017; 
Brancolini et al., 2019). 

In the past decades, tectono-stratigraphic evolution of the upper 
crust in foreland domain has been mainly reconstructed through oil 
industry (ENI) wells and medium-deep penetration multichannel 
seismic (MCS) data, collected in the 1970s and 1980s in the Venetian- 
Friulian plain (e.g. Fantoni et al., 2002; Fantoni and Franciosi, 2010; 
Nicolich et al., 2004). Over the central part of the northern Adriatic, the 
deep crustal structure of the foreland domain was explored by the ma
rine active seismic CROP95-M18 profile, recorded in 1995 (Finetti and 
Del Ben, 2005; Scrocca et al., 2003). The northeastern tip of Adria plate 
in submarine setting, namely the Gulf of Trieste (GT), has been only 
recently surveyed thanks to the collection of a dense network of 
medium-high resolution MCS reflection data by the National Institute of 
Oceanography and Applied Geophysics – OGS (Busetti et al., 2010a, 
2010b, 2013; Zgur et al., 2010, 2013). This approach unlocked a win
dow into the crustal deformation of the Adria basin close to the Dinaric- 
Alpine intersection, where the present-day structural style is mainly 
determined by the rheological contrast between the ductile Eocene 
turbiditic deposits of flysch and their rigid NE-ward flexured Cretaceous- 
Paleogene carbonate bedrock. The eastern sector of the gulf represents 
the footwall of the outermost front of the Dinarides orogen, that is the 
Karst Thrust extending along the eastern rocky coastal area (Fig. 1). The 
hanging-wall of the thrust is represented by the Classical Karst Plateau, 
rising some hundreds of meters above sea level on the adjacent eastern 
onland (Busetti et al., 2010a, 2010b, 2013). While the geodynamic 
reconstruction of Adria microplate is beyond our aims, the availability of 
this latest seismic dataset in the GT offers today the novel and unique 
possibility to extract quantitative geophysical parameters and geome
tries of the buried Adria upper crustal structure in the proximity of a 
highly deformed collisional domain. 

We perform advanced tomographic techniques, on MCS reflection 
profiles in the eastern GT, involving Traveltime Reflection Tomography 
(TRT) (Böhm et al., 1999, 2000; Vesnaver and Böhm, 2000) and Depth 
Seismic Imaging (DSI) (Yilmaz, 2001), to propose the first well- 
constrained 3D P-wave velocity-depth model of the External Dinarides 
foredeep. 

The same methodologies have been successfully applied to deter
mine accurate seismic velocities and reconstruct the structure at depth 
in presently active convergent plate margins over the world. Some ex
amples concern the Nankai Trough where the Philippine Sea Plate is 
subducting beneath the Eurasian Plate (Park et al., 2002), the frontal 
ramp of the Main Himalayan Thrust (Liu et al., 2020), the Kodiak fault 
zone of the Alaskan convergent plate boundary between the Pacific and 
North American plates (Krabbenhoeft et al., 2021). 

Our aim is to estimate the seismic velocities of three main sedi
mentary units (Plio-Quaternary sediments, Eocene flysch and 
Cretaceous-Paleogene carbonates) and the reconstruction in depth of 
their top surfaces. Although the fault plane of the Kast Thrust is not 
imaged by data, the accurate reconstruction of the seismic velocity field 
in its footwall is crucial to quantify its significant vertical throw. This 
information can be extrapolated throughout the eastern Friulian plain, 
where industrial seismic data (e.g., Merlini et al., 2002; Nicolich et al., 
2004) have lower resolution and spatial distribution, but where litho
logical and tectonic setting is analogous. This is represented by the 
Dinaric foredeep delimited to the E by the Panzano and Palmanova 
thrusts (Fig. 1), that are the Karst Thrust’s northward external Dinaric 
frontal ramp prosecution, with NW-SE orientation and WSW-ENE lateral 
ramps and with the Palmanova Thrust recently reactivated by the 
Neoalpine orogeny phase (Merlini et al., 2002; Zanferrari et al., 2013). 

Neither historical nor instrumental seismological activity has been 
related to the Karst Thrust, but this is located in a tectonically active 
region (e.g., Meletti et al., 2021; Rebez et al., 2016; Santulin et al., 2017; 
Visini et al., 2021). Therefore, the outcomes of our analysis can provide 
valuable input for enhancing neotectonics research in a strongly ur
banized and industrialized coast. The coast of the eastern gulf hosts tree 
major shipping harbors that, from N to S, are: Monfalcone (it serves also 
as high tonnage shipyard) Trieste and Koper. The Free Port of Trieste (e. 
g., Memorandum of London, 1954; Treaty of Osimo, 1975) is the main 
oil terminal in the Mediterranean. Both the Trieste and Koper harbors 
are international hubs for trade with central and eastern Europe and 
they represent major blue-economy infrastructures, being the first ports, 
in Italy and Slovenia respectively, for total cargo and rail traffic to major 
European destinations through the TEN-T Baltic-Adriatic and Mediter
ranean core network corridors (European Commission, 2021; Port 
Network Authority of the Eastern Adriatic Sea, 2021). Moreover, this 
study can give a contribution in understanding wide scale processes 
occurring in a complex tectonic and geodynamic patchwork, where 
Adria is currently sliding along inherited Dinaric lineaments and it is 
colliding against the Alps. 

2. Geological background 

The GT is located in the northeastern Adriatic Sea and it is bounded 
to the N by the eastern Friulian Plain (Italy), to the E by the Classical 
Karst Plateau and to the S by the Istria peninsula (Slovenia, Croatia). It 
represents the foredeep of the adjacent External Dinarides and the distal 
foreland of the Southeastern Alpine chain (Busetti et al., 2010a, 2010b, 
2013; Nicolich et al., 2004) merging to the north and NW-SE and E-W 
oriented, respectively (Fig. 1). 

During the Mesozoic, a rifting stage affected the Upper Triassic 
Dolomia Principale carbonate platform and allowed the aggradation of 
the Mesozoic-Paleogene Friuli-Dinaric Carbonate Platform (FDCP) (Cati 
et al., 1987; Fantoni et al., 2002). Onland investigation described the 
carbonate platform units outcropping on the Karst Plateau (see GEO- 
CGT, 2013; Jurkovšek et al., 2016 and refences therein) and buried 
under the Friulian Plain (Cati et al., 1987; Nicolich et al., 2004; Zan
ferrari et al., 1982, 2008, 2013). 

A major offshore geophysical investigation took place recently, with 
collection of a dense network of MCS reflection data by the R/V OGS 
Explora (Busetti et al., 2010a, 2010b; Busetti et al., 2013; Zgur et al., 
2010, 2013), (Fig. 1). 

Moreover, core drilling operations at geothermal sites (e.g., Della 
Vedova et al., 2014), seismological (e.g., OGS, 2017) and secular-term 
geodetic observations (e.g., Braitenberg et al., 2006) have been car
ried out over the last four decades. 

These geophysical investigations evidenced the following main 
characteristics:  

1. Polyphase tectonics and sedimentation. Analysis of seismic data 
revealed polyphase tectonics of the area, since the Late Mesozoic 
(Busetti et al., 2013). The Late Cretaceous-Paleogene Dinaric 
compressional phase produced a complex fold-thrust system, NW-SE 
oriented. The related foredeep migrated progressively SW-ward, 
involving, in the final stage, the eastern part of the GT. Here, the 
carbonate platform was flexured E-ward and the turbiditic sediments 
of flysch filled the basin during Eocene (Busetti et al., 2010a, 2010b, 
2013). Two main steps of deposition can be distinguished. The first 
allowed thicker sequence of turbidities infill the depocenter, the 
second led to sedimentation of a thinner sealing package. The entire 
unit is W-ward pinching out on the peripheral bulge of the system 
(Busetti et al., 2010a, 2010b). The top of the Paleogene carbonates is 
intercepted by the Grado-1 and Grado-2 geothermal wells at a depth 
of 616.5 and 630.0 m, respectively, overlying the Cretaceous lime
stones occurring at a depth of 1006 and 1004 m. At the borehole 
sites, the thickness of the flysch is about 100 m (e.g., Della Vedova 
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et al., 2014). The marine regression during the Messinian Salinity 
Crisis, allowed sub-aerial erosion to shape the top flysch in valleys 
and ridges (Busetti et al., 2010a, 2010b). In the gulf, sub-areal con
ditions lasted until the Plio-Quaternary, when marine and conti
nental sediments covered progressively the Messinian unconformity 
from W to E, draping the easternmost part in the Middle Pleistocene 
(Busetti et al., 2010a, 2010b; Zecchin et al., 2022). The northern 
onshore area adjacent to the gulf (Friulian plain) is covered by 
continental and marine Plio-Quaternary deposits.  

2. Tectonic asset - main faults. The most external expression of the 
External Dinarides is represented by the Karst Thrust, running sub- 
parallel and near to the Karst coastline. The thrust is limited to the 
north by the anti-Dinaric (NE-SW) trending left lateral transtensional 
Sistiana fault and continues towards NW as the Panzano Thrust, with 
a W-ward offset of about 1–2 km; while it continues SE-ward, in the 
Slovenian onshore, as the “Črni Kal Thrust” (Busetti et al., 2010a, 
2010b; GEO-CGT, 2013; Placer et al., 2010). The Karst Thrust dis
locates the carbonates and the flysch with a very important vertical 
throw. The footwall of the thrust lies in the eastern part of the gulf. 
The hanging-wall of the Karst Thrust is represented by the Classical 
Karst Plateau, rising some hundreds of meters above sea level and 
settled on a wide asymmetric anticline, with NW-SE axis, that brings 
the outcropping carbonates above the younger Eocene flysch (Busetti 
et al., 2010a, 2010b).  

3. Neotectonics. With Adria microplate moving NNW-ward, seismicity 
occurs in the southeastern Alps and External Dinarides domains (e.g., 
Meletti et al., 2021; OGS, 2017; Santulin et al., 2017; Visini et al., 
2021). Recently, Vičič et al. (2019) discovered swarms and 
swarm-like seismic sequences happening at depth between 8 and 16 
km along the NW-SE oriented strike-slip Raša Fault, that has a 
geomorphological expression on the Karst Plateau. Furthermore, 
secular-term geodetic observations of the Karst Plateau, over the last 
four decades, indicate a regional tilting NW-ward, that has a tectonic 
origin (Braitenberg et al., 2006). In the GT, neotectonics and reac
tivation of inherited faults, with dextral transcurrent activity, are 
suggested in the MCS data by evidence of fluids within the 
Plio-Quaternary sediments (Busetti et al., 2013; Giustiniani et al., 
2022; Vesnaver et al., 2020, 2021a). Fluid migration is probably 
driven along fault planes towards the seabed, where fluids seepages 
in the water plumes, metric mud volcanoes and pockmarks occur, as 
evidenced by high resolution sub bottom profiler/Chirp data (Gor
dini et al., 2004; Busetti et al., 2019; Vesnaver et al., 2021b). 
Moreover, geomorphological investigations along the coast highlight 
recent tectonic movements (Furlani et al., 2011). In particular, in the 
northeastern coast, the Authors report that the Post-Roman age tidal 
coastal notches carved in the limestones deepen NW-ward, with a 
steep downdrop from about 1.2 to 2.3–2.8 m north of the trans
tensive Sistiana Fault. The displacement possibly occurred in 
response to creeping, within a regional NW tilting, and it is probably 
still active today. 

3. Multichannel seismic profiles 

The analysis performed in this work involved an area of 154 km2, in 
the eastern GT (i.e., Dinaric foredeep) covered quite uniformly by 132 
km of MCS profiles, belonging to the 2009 and 2013’s R/V OGS Explora 
surveys in the GT. The average spacing between lines is 1.5 km, while 
the nearest distance from the eastern and southern coast is about 1.7 km. 
The distance from the northwestern Friulian Plain coast is about 5 km 
(Fig. 1). 

The 2009 survey collected MCS reflection profiles entirely in Italian 
waters (Busetti et al., 2010a, 2010b; Zgur et al., 2010). 

The 2013 survey, carried out by OGS in collaboration with the 
University of Ljubljana and Harpha Sea d.o.o. of Koper (Slovenia), ac
quired MCS profiles that cover the southern part of the gulf, between 
Italian and Slovenian waters (Busetti et al., 2013; Zgur et al., 2013). 

During acquisition of both surveys, the roll-along method was 
employed. During the 2009 survey, a 600 m long (48 receiver groups) 
and 1200 m (96 receiver groups) streamer was used for the NW-SE and 
NE-SW trending profiles, respectively. The 1200 m long digital streamer, 
with 96 receiver groups, recorded all the 2013 lines. The data acquisi
tion was targeted to recover information with a medium-high resolution 
(theoretical vertical resolution for shallow layers of about 5 m). 
Acquisition parameters are listed in Table 1. 

The pre-stack data processing in time domain encompassed geome
trization, quality control and trace editing, band pass filtering for low 
and high frequency noise, spherical divergence amplitude correction, 
predictive deconvolution for reverberation coherent noise removal. 
Subsequently, after the sorting from shot point (SP) to common depth 
point (CDP) gathers, the processing involved velocity analyses, normal- 
moveout correction and stretch mute, stack, post stack deconvolution 
for multiple removal, automatic gain control, time migration (Zgur 
et al., 2010, 2013). 

4. Methods: traveltime reflection tomography and imaging in 
depth 

The construction of a detailed and reliable seismic velocity field is 
crucial for an accurate estimation of the spatial distribution of geological 
elements and can also provide information on underground petrophys
ical properties. 

Seismic reflection tomography represents a versatile tool for the 
estimation of the interval velocity field and the depth of the interpreted 
horizons. Compared to the conventional velocity analysis, it allows a 
better resolution of vertical and lateral velocity variations, which are 
very important for the better definition of the correct geometries. 

In this work we employed two methods to build the velocity-depth 
model: the Traveltime Reflection Tomography (TRT) and Depth 
Seismic Imaging (DSI) techniques. 

The TRT method (Böhm et al., 1999, 2000; Vesnaver and Böhm, 
2000) estimates the velocity field and reflector structure in sequence, 
from the shallower to the deeper horizon (layer stripping method) by 
using the following iterative inversion procedure (schematized in 
Fig. 2a): 

Table 1 
Acquisition parameters of the 2009 and 2013 seismic campaigns conducted in 
the Gulf of Trieste, onboard the R/V OGS Explora. Deployed streamer was 600 m 
long (48 receiver groups) and 1200 m long (96 receiver groups) for the 2009 
profiles NW-SE and NE-SW oriented, respectively (Busetti et al., 2010a, 2010b; 
Zgur et al., 2010, 2013).  

Acquisition parameters 2009 SURVEY 2013 SURVEY 

Vessel R/V OGS EXPLORA R/V OGS EXPLORA 
Recording date October 2009 March 2013 
Location Gulf of Trieste Gulf of Trieste 
SOURCE 
Type Sleeve guns GI-gun Sercel 
Volume 1180 cu.in. 840 cu.in. 
Depth 5 m ± 0.5 m 4 m ± 0.5 m 
Shot point interval 12.5 m 12.5 m 
Maximum Frequency 150 Hz 187.5 Hz 
STREAMER AND RECORDING SYSTEM 
Type Sercel Seal Sercel Seal 
Length 1200 m/ 600 m 1200 m 
Channel number 96/ 48 96 
Group interval 12.5 m 12.5 m 
Depth 3 m ± 0.5 m 4 m ± 0.5 m 
Near offset 25 m 25 m 
Maximum fold 48 48 
Sampling rate 1 ms 1 ms 
Frequency response flat from 2 Hz to 1 kHz flat from 2 Hz to 1 kHz 
Filters 3 Hz (low cut) – Anti Alias 3 Hz (low cut) – Anti Alias 
Record Length 4 s 4 s  
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1 picking of the traveltimes corresponding to the interpreted horizons 
for various source-receiver position;  

2 definition of an initial model;  
3 forward modeling in the initial model, to compute the travel times by 

performing a ray-tracing for each source-receiver couple. Calculation 
of the difference between the picked and the modeled travel-times;  

4 traveltime inversion, by which the velocity and horizon geometries 
are upgraded;  

5 return to step 3 using the new model, until the difference between 
this model and the previous one is small enough. 

The procedure starts with an initial model for the velocity field and 
interface structure, generally consisting of homogeneous layers and flat- 
parallel surfaces. The inversion procedure, performed by the CAT3D 
software (OGS, 2014), uses the observed travel-times to perform a 
minimum-time ray tracing. The path between each source and receiver 
couple is defined through an iterative process following the Fermat’s 
principle (Böhm et al., 1999). The procedure continues for travel-time 
inversion, by applying the Simultaneous Iterative Reconstruction 
Technique (SIRT) and computes the seismic velocity through an itera
tive process that minimizes the travel-time residuals (Stewart, 1991; Van 
der Sluis and Van der Vorst, 1987). Then, the depth and geometry of the 
new interfaces are estimated following the principle of minimum 
dispersion of the reflected/refracted points (Carrion et al., 1993), where 
the travel-time residuals associated to each reflected/refracted event is 
converted into depth by using the velocity field updated in the first step 
of any iteration. 

The loop ends when the variations, of the resulting model with 
respect to that of the previous step, are sufficiently small. This occurs 
when the dispersion of the estimated reflection points reaches a mini
mum, so that the reconstructed interface geometry does not vary 
considerably anymore. 

The reliability of the tomographic result can be evaluated by 
computing the time residuals, that represent the differences between the 
picked and the computed travel times (Zelt and Smith, 1992). Further
more, another measure for the reliability of the tomographic inversion is 
the null space energy, based on the singular value decomposition of the 
tomographic matrix (e.g. Vesnaver, 1994). This parameter not only 
depends on the number of rays crossing each pixel, but it is a measure of 
the linear dependence of the equations associated to the tomographic 
matrix, and therefore of the matrix rank. 

Pre-stack data are generally characterized by seismic signal that is 
unfocused and exhibits low signal-to-noise ratio. Hence, the detection of 

primary events at far-offsets can be difficult and relies only on the first 
traces, especially when the depth of the target exceeds the streamer 
length adopted for the acquisition. This may result in a rough velocity 
filed detection and too high dispersion of the estimated depth interfaces. 
In these difficult cases, pre-stack depth migration is suitable as it fo
calizes the seismic energy along the reflector, enhancing the signal 
response and enabling for an easier identification of deeper structures or 
weak impedance contrasts (Yilmaz, 2001). 

Therefore, to further refine the obtained velocity model, we 
employed the DSI method consisting in an iterative imaging technique 
involving Pre-Stack Depth Migration (PSDM), residual move-out anal
ysis and tomography (Fig. 2b), by using the Paradigm® GeoDepth® 
software. Residual move-out analysis uses semblance sections computed 
vertically or along interpreted horizons on Depth Migrated Gathers 
(DMG), to assess the remaining error in the velocity field (Fig. 2c). In 
other words, the degree of non-flatness of the reflection events on the 
DMG is a measurement of the error in the model (Yilmaz, 2001). To
mography is then performed to refine the velocity-depth model: 
following the grid- and/or horizon-based approach, it uses residuals as 
input and attempts to find an alternative model which will minimize the 
errors in the velocity field and horizon depth to produce flatter gathers 
(Yilmaz, 2001). Then, the iterative flow proceeds with a new pre-stack 
depth migration, and it goes on until the residuals become sufficiently 
small, which means a model with a flat sequence of events (Fig. 2b). In 
this case, the velocity field is estimated with enough accuracy, allowing 
to obtain an optimally focused depth image. In our case, the initial 
model of the refining procedure is that obtained from the tomographic 
inversion computed by CAT3D software (OGS, 2014). At every iteration 
both velocity and reflector geometries are updated, until the two sets of 
parameters reach a good degree of stability and consistency. A new 
horizon interpretation can eventually be done by picking the migrated 
section at each iteration. Subsurface imaging is finally obtained by pre- 
stack depth migration, which uses the refined velocity field to convert 
the seismic data in an image of the subsurface. The more reliable is the 
velocity field, the more realistic will be the migrated image. 

The time stacked and migrated profiles were also interpreted, by 
using the IHS Markit® Kingdom® software. The interpreted surfaces 
were then gridded in the three dimensions by a dedicated algorithm 
available in the CAT3D software (OGS, 2014). 

The final 3D P-wave velocity-depth model of the eastern GT was built 
throughout a combination of the above described techniques. The 
detailed workflow steps and related results are described in the 
following Section 5. 

Fig. 2. a) Flow-chart of iterative reflection tomography procedure adopted by the CAT3D (OGS, 2014) software; b) flow-chart of a typical iterative depth imaging 
procedure and c) residual move out analysis on Depth Migrated Gathers (DMG), adopted by the Paradigm® GeoDepth® software (2017). 
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5. Results 

The aim of this study was the reconstruction in depth domain of main 
surfaces and sedimentary units characterizing the sedimentary sequence 
buried under the Gulf of Trieste, at the northeastern Adria-Eurasia 
collisional plate boundary. The assessment of their spatial variability 
and geometrical relationship was done through the integration of 
different geophysical methodologies (Section 4). The analysis was con
ducted on several available multichannel seismic reflection lines, 
located over an area of about 154 km2 in the eastern part of the Gulf of 
Trieste. 

Starting from the interpretation of the reflected events on time 
migrated profiles, it was constructed a time 3D time model for the 
seabed, inner flysch, top flysch, and top carbonates horizons (Section 
5.1). Seismic data organized by common shot and offset gathers were 
also interpreted to obtain, through the TRT method, a reliable 3D P- 
wave velocity-depth model (A) for the seabed and the top flysch surfaces 
(Section 5.2). 

Since the top of the carbonate could not be picked continuously 
along the analyzed seismic data, a first 2D tomographic inversion for the 
top carbonates was performed by using the TRT method (Section 5.3) 
and the obtained velocity field was then refined by applying the DSI 
procedure (Section 5.4). This allowed to resolve and image the deeper 
part of the top carbonates in the eastern study area. Further information 
came from the refracted event related to the top of the flysch (Section 
5.5). 

Finally, a 3D P-wave velocity-depth model (B) was constructed by 
gathering all the information obtained (Section 5.6). The final model 
bears information about seismic velocities of seawater, Quaternary 
sediments, upper and lower Eocene flysch, upper Mesozoic-Paleogene 
Friuli-Dinaric Carbonate Platform together with the depth and geome
try of these geological units’ top surfaces. 

5.1. Traveltimes interpretation and 3D time model 

Point 1. of the TRT method consisted in picking the reflected P-wave 
arrival times related to the seabed and to the top flysch, on pre-stack 
seismic data sorted by common SP gathers (Fig. 3). The shot gather 
picking interval represents the number of shot gathers between those 
gathers on which traveltimes of the main events were observed and 
detected (picked). This interval was chosen according to the geological 

structural variabilities detected on common offset or stacked and 
migrated time sections. Generally, the picking interval was smaller in 
zones of higher lateral geological variability (e.g., picking interval every 
5 shot gathers or less, in correspondence of a steep top carbonates ho
rizon); whereas the interval was larger in correspondence of areas 
characterized by flat horizons and smoother structures. However, 
detection of the top carbonates hyperbolas was challenging on part of 
2009 data, as the signal is covered by reverberations from shallow 
seabed (<20 m). The primary events of the top carbonates were detected 
with higher confidence in 2013 data, on short offsets (maximum 100 m, 
4th trace) and at shallower depths than about 0.6 s two-way time (twt). 
The refracted P-waves arrivals from the top flysch, clearly aligned along 
a straight event, were also picked on raw pre-stack data. This allowed to 
directly calculate refraction velocities of the shallower part of the flysch 
unit (Fig. 4 a,c,e). The resulting horizontal P-wave velocities vary from 
3100 and 4200 m/s, with an average value of about 3700 m/s for the 
entire analyzed dataset. This will be used to obtain average reflection 
velocities presented in Section 5.5. 

The seabed, top flysch and top carbonates, characterized by strong 
reflection coefficients, were interpreted on the time post-stack migrated 
data, together with an inner flysch horizon (Fig. 4 b,d). The latter has 
generally a relative higher amplitude response with respect to that 
characterizing the upper and lower flysch packages (here named upper 
and lower flysch, respectively). The resulting 3D time model is shown in 
Fig. 5. The irregular top flysch surface evidences a general deepening 
NW-ward and ranges between 0.15 s twt, in the southeastern sector, and 
0.3 s twt in the opposite northwestern side. The inner flysch surface 
ranges between 0.2 and 0.4 s twt and it mimics the above lying top 
flysch, but it shows more pronounced irregularities. The top carbonates 
are flexured towards NE, deepening to 0.8 s twt in the easternmost part 
of the gulf. 

5.2. 3D P-wave velocity-depth model A 

The first obtained 3D P-wave velocity-depth Model A (Fig. 6) is 
relative to the top of the flysch and its overburden. The TRT method was 
applied to invert the reflected traveltimes of the seabed and the top 
flysch. The initial 3D model was defined by a regular grid made up of 2 
horizontal interfaces and 3 homogeneous layers (representing the ve
locity field). The initial average interval velocities, estimated from the 
stacking velocities were 1500, 2000, 2500 m/s for water column, 

Fig. 3. Pre-stack raw data sorted by common shot gathers of MCS profiles a) GT13–27 (streamer length of 1200 m, 96 channels), b) GT09–11 (streamer length of 
1200 m, 96 channels) and c) GT09–15 (streamer length of 600 m, 48 channels). Hyperbolas related to the reflection from the seabed and the top flysch and refraction 
from top flysch (blue, brown, orange arrows, respectively) can be identified with good certainty. Reflection from the top carbonates (green arrow) is hardly 
identifiable in 2009 pre-stack raw data, due to reverberations from shallow seabed and high reflection coefficient at top flysch surface. The inset map shows the 
location of the common shot gathers, displayed in a), b) and c), along their respective seismic profiles. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Quaternary sediments and upper flysch, respectively (Picotti et al., 
2018). These values are typical velocities for the considered formations 
(e.g., Schön, 1996; Mavko et al., 2009). Each layer was discretized by a 
series of 14 voxels along the NW-SE axis and 11 voxels along the NE-SW 
axis. 

After having obtained the velocity of the seawater and the geometry 
of the seabed, the reflected traveltimes of the top flysch were inverted to 
define the velocity of the Quaternary sediments and update the top 
flysch surface geometry. For this latter, the inversion procedure was 
stopped after 80 iterations, with resulting mean acceptable traveltime 
residual of 1.5% and 0.003 s. The degree of dispersion of the estimated 
reflection points in depth, along the top flysch surface exhibits accept
able low values along all the profiles. 

The resulting average P-wave velocity of the seawater and underly
ing layer are 1510 m/s and 1700 m/s, respectively. The estimated 
depths range is 22–25 m bsl for the seabed and 50–220 m bsl for the top 
flysch. The former shows an almost flat surface, with highest depths 
located in the central part of the modeled area. The latter is 

characterized by irregular morphology, superimposed on a gradual 
deepening towards NW. The shallowest part of the surface is in the 
southeasternmost part of the model (along profile GT13–27), about 1.7 
km offshore the Trieste coastline. 

5.3. 2D P-wave velocity-depth model of the GT13–27 profile 

Fig. 7a shows the 2D result of TRT method applied to the eastern part 
of the GT13–27 (from km 10th to 21st). This is a key profile, as it is 
almost perpendicular to the northeastern coastline, ending just 1.7 km 
offshore the city of Trieste. It offers the opportunity to estimate 
maximum depth of the top carbonates in the footwall of the Karst Thrust. 
However, the crucial reflection is hardly visible, where it exceeds about 
0.6 s twt, in both the analyzed raw pre-stack and stacked data in time 
domain (Figs. 3a and 7b). 

The initial 2D model was constructed similarly to that of Model A, 
but with a two-dimensional grid (regular) having 3 interfaces and 4 
layers. The initial P-wave velocity were (from top to bottom) 1500, 

Fig. 4. 2D P-wave velocity depth model for the MCS profiles a) NE-SW oriented GT09–10 and c) NW-SE oriented GT09–15 obtained with CAT3D (OGS, 2014) and 
represented as time migrated sections in b) and d), respectively. Seabed and top flysch, along with seawater and Quaternary sediments velocities, were reconstructed 
by means of reflection tomography. The horizontally varying velocity field of the upper flysch unit was estimated by refraction analysis. On the time migrated 
sections, the seabed, top flysch, inner flysch (dashed yellow line) and top carbonates horizons were interpreted, by using the IHS Markit® Kingdom® software (2014). 
e) Calculated refraction velocity values for the upper flysch, along the distance of the GT09–10 (left) and GT09–15 (right) profiles, with the best fit interpolation 
(black line). f) Position map. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2000, 3500, 4000 m/s. Each layer was discretized by a series of 30 pixels 
along the SW-NE axis. 

Once reconstructed surfaces geometry (seabed, top flysch) and ve
locities of their overlaying layers, the reflected traveltimes of the top 
carbonates were inverted to detect the flysch unit velocity and to define 
the top carbonate depth. 

Fig. 7c displays dispersion of the reflection points along the distance 
of the profile: at shallower depth of the top carbonates, time residuals 
(Fig. 7d) are acceptable for both short and long offsets (dispersion mean 
values of about 6 ms). This condition occurs in the southwestern part of 
the section, where the estimated surface lies between 500 and 800 m bsl. 
P-wave velocity values for the flysch unit here range between 2800 and 
3750 m/s. As the depth of the horizon increases (towards NE), the 
dispersion of reflected points (picked only up to the 4th trace) increases 
and the correspondent traveltime residuals reach peaks of 20 ms, indi
cating that results are not reliable. 

5.4. 2D Depth seismic imaging of the GT13–27 profile 

To upgrade and refine the P-wave velocity field and geometry, for the 
different geological units, the DSI method was applied to the analyzed 
MCS profiles. Despite the typical low reflectivity of inner flysch beds, in 
this case the reflectivity at the top-mid flysch unit is high enough to 
apply the velocity refining procedure. 

The final PSDM of the GT13–27 profile is shown in Fig. 8. Three it
erations were needed to flatten the depth migrated gathers and therefore 
to obtain an optimal focused seismic imaging, also for the inner flysch 
beds. 

Well defined P-wave velocity vertical gradients are detected for main 

sedimentary units: 1600 to 2100 m/s for the Quaternary sediments, 
2900 to 4500 m/s for the Eocene flysch unit, and 4600 to 5300 m/s for 
the FDCP. 

Considering the profile of Fig. 8a, the top FDCP dips gradually 
northeastward, with a mean real angle of 5◦ along the profile direction 
(N60◦E). The horizon reaches a maximum depth of 1600 m ± 50 m bsl, 
in the easternmost gulf. The error is estimated by considering an 
amplitude coherence of 70%, although seismic vertical theoretical res
olution at that depth is about 30 m. The flysch unit shows maximum 
thickness of about 1500 m (top surface at 100 m bsl), that gradually 
decreases SW-ward. Erosive truncations are clearly visible at the top 
surface, that is overall depicted by irregular shape. At km 7 and depth of 
200 m bsl, the flysch closes against the top of the carbonates and has sub- 
verticalized layers concordant with the top carbonates surface. 

At 4.8 km depth, in correspondence of DMG 455, the average interval 
velocity reaches 4800 m/s and a quite well focused reflection is high
lighted (Fig. 8b). 

Seismically, it is characterized by a strong amplitude and reverse 
polarity. We exclude that this event can be associated to the multiple 
reflection of the top carbonates, because it occurs at a two-way time 
value (about 2 s twt) that is much larger than the double of that of the 
top carbonates (about 1.5 s twt, in correspondence of DMG 455 on the 
GT13–27 profile). Whereas, the reverse polarity is related to a velocity 
inversion. This is validated by the stratigraphy and sonic log of the 
Amanda 1bis well (Nicolich et al., 2004; ViDEPI-Project, 2009; Patricelli 
and Poli, 2020), located in the central part of the northern Adriatic, 
some tens of kilometers W from the presented GT13–27 profile and 
reaching 7305 m depth. The well crosses the basinal Meso-Cenozoic 
carbonate sequence (thus it does not intersect the FDCP carbonate 
units occurring in the GT). The sonic log carried out in this well shows a 
velocity drop of about 1000 m/s at a depth of about 5300 m, according 
to the reversed polarity of the reflected event in our data. Although it is a 
well-known seismostratigraphic horizon extending through the north 
Adriatic and Venetian Friulian Plain (e.g., Nicolich et al., 2004; Zan
ferrari et al., 2008), this deep and strong reflected event is well detect
able only in some local areas on the analyzed profiles. The seismic 
discontinuity is due to the fact that the event sits at a depth that is much 
larger than the maximum offset of the multichannel profile. This ham
pers the move-out sensitivity for the accurate reconstruction of the ve
locity field in the deeper formations. Moreover, the event occurs below 
an almost flat top carbonate surface (as in the correspondence of DMG 
455 of the GT13–27 profile), in correspondence of which the incident 
rays are little deflected and the seismic energy is better focused. The 
same regards the seismic tomography which cannot estimate horizons at 
much higher depth with respect to the maximum offset. The velocity 
inversion is related to the change in the stratigraphic sequence: from the 
upper Triassic - Paleogene Carbonates to a 700 m thick upper Triassic 
package rocks of dolostones intercalated by pelitic layers locally rich in 
organic matter (Monticello Fromation), alternation of sands, marls and 
clays, evaporites (Trevenanzes Formation), dolostones (Dolomia Cassi
ana), hyaloclastites (Wengen Formation) and basic lavas (Vulcaniti), 
underlain in turn by a Permo - middle Triassic Carbonate sequence 
(Nicolich et al., 2004). 

5.5. 2D P-wave velocity-depth models from top flysch refraction 

The horizontally varying velocity field of the upper flysch unit was 
estimated by refraction analysis (Fig. 4 a,c,e), described in Section 5.1. 

The analysis, performed on all the seismic profiles, evidences a 
marked discrepancy between the average reflection (almost vertical) 
and refraction (almost horizontal) velocities at the upper flysch layer, 
which are about 2900 m/s and 3700 m/s, respectively. 

This large discrepancy can be interpreted as a pronounced aniso
tropic effect, due to the laminated internal structure of the flysch unit. 
Most geological systems can be modeled as fine layering at seismic 
frequencies, which occurs when the dominant wavelength of the pulse is 

Fig. 5. 3D time model of the investigated area showing twt (s) surfaces of the 
top flysch, inner flysch and top carbonate, after interpretation of time post-stack 
migrated data. Gridding (29 × 21 voxels, 483 m × 523 m cell) performed by the 
OGS CAT3D (OGS, 2014) software, after the interpretation of the horizon on 2D 
time migrated profiles. The inset map shows the location of the profiles used to 
produce the 3D time model. 
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much larger than the thicknesses of the single layers. Picotti et al. (2018) 
validated the large discrepancy between the two tomographic velocity 
values by considering the flysch composed of a thin-layer periodic 
sequence of loose shale and cemented sandstone, and by applying the 
averaging theory by Backus (1962). Because of the inner flysch beds are 
almost horizontal, except for some locally tectonized sectors, the 
anisotropic model has a symmetry axis which is almost vertical, and the 
medium can be considered VTI (i.e., Vertical Transverse Isotropic; 
Picotti et al., 2018). 

In other words, the difference between the average reflection and 
refraction velocities at the upper flysch layer, in the study area, can be 
interpreted as the anisotropic effect due to the laminated internal 
structure of the flysch unit. 

5.6. 3D P-wave velocity-depth model B 

The final 3D P-wave velocity-depth Model B (Fig. 9) was built by 
combining the below listed outcomes: 

a) average P-wave velocity of about 1510 m/s and 1700 m/s for the 
seawater and for the Quaternary sediments, respectively. Both 
belonging to Model A, obtained by the TRT technique, providing also the 
seabed and top flysch depth geometries; 

b) P-wave vertical velocity ranging between about 2800 and 3100 
m/s for the upper flysch unit, calculated from the horizontally varying 
refraction P-wave velocity by using the flysch anisotropic coefficients 
obtained by Picotti et al. (2018). These velocities are therefore used to 
convert into depth the inner flysch surface of 3D time model; 

c) average P-wave velocity of 4500 m/s for the lower flysch unit, 
obtained from the DSI method performed on the GT13–27 profile. This 
average P-wave velocity is therefore used to convert into depth the top 
carbonates surface of the 3D time model. 

The Model B shows the general NE-ward deepening of the top FDCP. 
Its depth ranges between 1450 and 1550 m bsl, along the northeastern 

side of the model, close to the coast. It gradually rises to 1000 m and 800 
m in the northwestern and southwestern edges of the model, respec
tively. The surface shows a pattern of high and low morphologies, whose 
longitudinal axis is NW-SE oriented. 

The top carbonates, interpreted along the PSDM GT13–27 profile, is 
shown within the Model B (yellow line in Fig. 9). There is a good degree 
of approximation (considering the large depth of this surface), except 
from some local discrepancies (up to ±90 m), as those in correspon
dence of the northeastern most part of the PSDM profile, where the local 
difference is about ±75 m. These differences are due to the fact that the 
2D interval velocity model of the GT13–27 profile was refined using the 
iterative depth imaging procedure described in Section 4 and Fig. 2b. 

6. Discussion 

Considering the resulting depth models, the thickness of the marine 
and continental Quaternary sediments, characterized by well-organized 
reflective packages, reaches a minimum in the eastern part, while they 
increase towards W-NW, in accordance with Busetti et al. (2010a, 
2010b). Thickness values range from a minimum of about 50 m in the 
eastern part of gulf and a maximum of 190 m in the opposite side within 
the analyzed volume. 

The DMG455 analyzed by the DSI procedure, together with the 
adjacent gathers within a 2 km segment of the PSDM section (Fig. 8b), 
shows a strong 4.8 km deep event, representing the base of the upper 
Triassic - Paleogene carbonate sequence (in the GT comprising the 
Dolomia Principale and the FDCP units, see also Section 5.4). It can be 
estimated that the thickness of the sequence, at least in the southeastern 
gulf, is around 3200–3400 m. This strong and deep event is a well- 
known seismostratigraphic horizon occurring at a basin-scale in the 
north Adriatic and Venetian Friulian Plain (e.g., Nicolich et al., 2004; 
Patricelli and Poli, 2020; Zanferrari et al., 2008). Since this reflection 
represents a seismically discontinuous horizon along the analyzed 

Fig. 6. Model A. Results of TRT performed by using CAT3D (OGS, 2014): a) 3D P-wave velocity depth model of the top flysch surface. The Quaternary sediments 
have an average velocity of 1720 m/ s. b) 3D depth model of the top flysch surface, characterized by irregular morphology with minimum and maximum depths of 
50 m and 220 m, respectively. The inset map shows the location of the profiles used to produce the 3D P-wave velocity-depth model A. 
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profiles, it could not be modeled and presented in the final 3D model. 
Therefore, the estimated thickness of the upper Triassic - Paleogene 
carbonate sequence represents a local value, but in agreement with the 
Amanda 1bis well stratigraphy. This event is locally evident also in other 
parts of the profiles and this demonstrates the good compromise be
tween resolution and penetration provided by the analyzed MCS 
reflection lines. 

Fig. 10 integrates the results with the onland geology known from 
literature, combining different structural domains separated by the Karst 
Thrust (Dinaric foredeep to the W and External Dinarides to the E). The 
flysch reaches its maximum thickness of about 1500 m in the eastern 
side of the tomographic model, where it fills the Dinaric foredeep in the 
footwall of the thrust. The unit thins towards W where it is about 600 m 
thick. Further W, it pinches out on the top carbonate surface. The top 
flysch surface deepens from 50 m to 220 m depth bsl NW-ward. The 
depth imaging profile shows that the upper part of the flysch is char
acterized by internal layering that bends upwards from sub-horizontal to 
sub-vertical dip westward. This configuration can be interpreted as the 
effect of compressive deformation SW-ward verging, during the final 
stages of the Dinaric tectonic phase occurring in the Paleogene. The 
upper flysch unit results to be about 250 m thick. Its base is represented 
by the inner flysch surface that, with respect to the top flysch surface, is 
more uneven. This may reflect different intensities of tectonic defor
mation, as suggested by Busetti et al. (2010a, 2010b). 

The top of the Meso-Cenozoic FDCP, buried in the gulf, deepens 
gradually towards NE and it is characterized by smooth ridges and 
valleys SW-NE elongated and few meters wide. The different style of 

deformation between the two units reflects their rheological contrast: 
ductile for the turbiditic flysch and rigid for the tilted carbonate 
bedrock. 

At about 1.7 km from the Trieste coast, the top FDCP reaches a 
maximum depth of 1600 ± 50 m below sea level (bsl). The resulting 
depth in Model B fits, with a good degree of approximation, the depth 
revealed by the PSDM (maximum misfit: ± 90 m). Local discrepancies 
(Fig. 9) are anyhow due to the interval velocity function, detected by the 
PSDM within the flysch unit, that is vertically and horizontally detailed 
with higher accuracy through DMG residual analysis, while in the 3D 
model the lower flysch unit has constant velocity. An example related to 
this difference can be seen near to the Trieste coast: here the top car
bonates surface reaches a depth 1550 m bsl in the 3D surface of model B, 
while it is about 75 m deeper according to the PSDM result. 

In the footwall of the Karst Thrust system, the depth of the top FDCP 
can be extrapolated, using the average inclination of 5◦, down to 1740 m 
bsl in correspondence of the Trieste shoreline. The Karst Thrust system, 
NW-SE oriented and SW vergent, extends along the rocky coast and 
continues southeastward as the Črni Kal (in Istria) and northwestward as 
the Panzano Thrust (in the northern gulf and southeastern Friulian 
Plain). Moreover, at sea, the Sistiana left transtensive fault offsets the 
tectonic lineament few kilometers westward (Fig. 10a). 

Along the shoreline and in the correspondent hinterland Karst 
Plateau, the Mesozoic-Paleogene lithostratigraphic units are structured 
in a Dinaric anticline (NW-SE axis) elevating between 0 and about 600 m 
asl on the eroded topographic surface (with a general lowering trend 
NW-wards). This represents the hanging-wall of the Karst Thrust, that 

Fig. 7. a) 2D P-wave velocity depth model for the northeastern MCS profile GT13–27, NE-SW oriented, performed by CAT3D (OGS, 2014). b) time stacked MCS 
profile GT13–27 c) Plot of estimated reflection points (red and green refer to longer and shorter offsets, respectively) for top carbonates surface estimation along the 
distance of the profile. d) Plot of the observed and computed travel times (for the 4th traces, 100 m offset) for top carbonates surface estimation, along the distance of 
profile and position map. The inset map shows the location of the analyzed seismic profile. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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brings the carbonate units above the younger Eocene flysch (structured, 
towards the coastline, in almost vertical dipping layers). The geological 
profile of Fig. 10d represents this structural setting. It was reconstructed 
along the SW-NE pre-stack depth migrated GT13–27 profile and its 
imaginary linear prosecution across the entire Karst Plateau up to the 
Vipava Fault. The onshore section is built by using jointly the geological 
maps published by GEO-CGT (2013) and Jurkovšek et al. (2016). The 
GEO-CGT (2013) covers the Classical Karst geology for the Italian 

territory, while the Slovenian part of the Karst is covered by the 
geological map by Jurkovšek et al. (2016). No wells are available in the 
area. Moreover, the depth extensions of the Divača, Tomačevica and 
Raša faults are reported from analyses of the seismicity in the area by 
Guidarelli et al. (2017) and Vičič et al. (2019). Despite the fault plane of 
the Karst Thrust is not imaged by seismic data, we can assume a ge
ometry similar to the thrust system buried below the Friulian Plain and 
imaged by exploration seismic profiles (e.g., Merlini et al., 2002; 

Fig. 8. Result of the depth seismic imaging procedure (Pre-Stack Depth Migration, PSDM, vertical exaggeration about x4) on the GT13–27 profile, with super
imposed the refined P-wave velocity field. The top carbonates surface reaches a depth of 1600 m below sea level, 1.7 km far from the coast of the city of Trieste. The 
black star indicates position of the depth image gather (DMG) nr. 455 represented in detail in b) where, from left to right are shown: detail of the PSDM up to a depth 
of 5 km (the base of the Upper Triassic-Paleogene carbonate reflection is highlighted), with superimposed interval velocity section, the residual moveout panel with 
velocity function (black line) and the corresponding flat sequence of reflected events of the DMG. In this DMG, the hyperbolic events which have not been flattened 
correspond to multiples of the base flysch-top carbonates interface. The flattening of these events leads to much lower velocities values than those of the geological 
unit (carbonates) at that depth. Performed by using Paradigm® Geodepth® (2017) software. The inset map shows the location of the analyzed DMG and 
seismic profile. 
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Nicolich et al., 2004) and constituting the system to which the Karst 
Thrust belongs. Assuming the tectonic style of the buried thrusts, the 
Karst Thrust is considered to significantly displacing the FDCP. The top 
carbonate cut off at the hanging wall could be estimated to be around 
100 m asl (Fig. 10d). Based on these evidences, the vertical throw, in 
correspondence of the coast, given by the Karst Thrust could be esti
mated in about 1800 m. Fig. 11 shows the three-dimensional geological 
setting over the surrounding onshore of the gulf (from 3D depth model 
B), where the Karst highland and southeastern Friulian Plain (Digital 
Elevation Model by IRDAT, 2017) are represented together with 
outcropping faults and lithologies (from the geological maps by GEO- 
CGT, 2013; Jurkovšek et al., 2016). Whereas, in adjacent marine fore
deep (eastern gulf), the top flysch and top FDCP depth surfaces are 
represented and gridded from the MCS pre-stack depth migrated profiles 
processed in this work. Fig. 11 is part of the 3D video multimedia 
uploaded as Supplementary data to this article. 

7. Conclusion 

This study provides the first well-constrained 3D elastic P-wave ve
locity and depth model of the sedimentary sequence in the submarine 
Dinaric foredeep, adjacent to the northeastern collisional boundary 
between Adria and Eurasia. This was done by applying and integrating 
different advanced tomographic techniques on a recently acquired MCS 
reflection dataset, located over an area of 154 km2 in the eastern GT. The 
combined traveltime reflection tomography and depth seismic imaging 
procedures yielded detailed seismic velocities for the Quaternary sedi
ments, Eocene turbiditic flysch and Meso-Cenozoic Friuli Dinaric Plat
form Carbonates. Therefore, depth and geometries of top flysch, inner 
flysch and top carbonates surfaces are quantitatively assessed in the 

foredeep of the External Dinarides. The resulting P-wave velocity field 
provides mean values of 1510 m/s for the seawater, 1700 m/s for the 
Quaternary sediments, 2900 m/s for the upper flysch, 4500 m/s for the 
lower flysch, 5000 m/s for the carbonates. The outcomes reveal that the 
top of the Meso-Cenozoic carbonates is an inclined plane that reaches a 
maximum depth of 1600 ± 50 m bsl, about 1.7 km offshore the city of 
Trieste. If linearly extrapolated in correspondence to the shore, the ho
rizon depth reaches about 1740 m bsl. Considering the Karst Plateau 
elevating up to 600 m asl, and the possible top carbonate cut off at the 
hanging wall at about 100 m asl, the Karst Thrust is responsible for a 
vertical throw of about 1800 m, in correspondence to the Trieste coast. 
Moreover, the 3D velocity-depth model and the depth imaging reveal 
that the maximum thickness of the flysch unit, filling the External 
Dinaric foredeep at the footwall of the Karst Thrust, is about 1500 m. 
The Gulf of Trieste is yet devoid of major known earthquakes in the 
historical and instrumental periods, but it is embedded over a deformed 
continental margin, where neotectonic activity is proven by a wealth of 
geophysical and geomorphic data and it is due to the active NNW-ward 
motion of Adria microplate. Therefore, these new quantitative outcomes 
offer enhanced constraints for neotectonic evaluation in this highly ur
banized and industrial area. Resulting velocities of main units represent 
reference values for advanced seismic processing and data analysis to 
reconstruct buried geometries under the southeastern Friulian Plain, 
where geological setting is analogous, being the Panzano Thrust 
considered the northwestward continuation of the Karst Thrust. More
over, the accurately reconstructed depth geometries of main sedimen
tary units, in the External Dinarides foredeep and Southeastern Alps 
foreland, provide new insights into the Adria lithospheric processes, that 
are prominent players within the Mediterranean geodynamics. 

Supplementary data to this article can be found online at https://doi. 

Fig. 9. Hybrid Model B, that is the final results from the applied tomographic techniques: a) 3D velocity depth model of main units in the eastern GT. The Quaternary 
sediments, the upper flysch, the lower flysch and the carbonates have an average P-wave velocity of 1720 m/s, 3100 m/s, 4500 m/s, respectively. b) 3D depth model, 
built using the CAT3D (OGS, 2014) software, of (from top to bottom): the top flysch, inner flysch and top carbonates depth surfaces. The yellow line, along the top 
FDCP, represents the top carbonates picked horizon along the PSDM of GT13–27 profile. The inset map shows the location of the profiles used to produce the 3D P- 
wave velocity-depth model B and the GT13–27 profile on which the yellow line of the top carbonates horizon was interpreted. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 10. Integration of geophysical results with surrounding geology. Maps of a) the top carbonates and b) the top flysch depth surfaces, obtained from the 3D depth 
model B, within the eastern side of the Gulf of Trieste. Offshore depths are represented by the graded colour scales (contours every 50 m and 10 m, respectively). c) 
Geological map with location of the cross section shown in d). d) Offshore-onland geological section crossing the Dinaric foredeep in the gulf and the entire Karst 
Plateau along SW-NE direction. Composed by the PSDM result for the GT13–27 profile and adjacent classical geological section reconstructed from onland geological 
information (GEO-CGT, 2013; Jurkovšek et al., 2016). The top of the carbonates reaches the depth of 1.6 km at the NE end of the GT13–27 profile, and it is estimated 
to reach about 1740 m bsl under the city of Trieste. The carbonate units outcrop on the Karst anticline up to an elevation of 600 m asl, with the cutoff at the hanging 
wall at around 100 m. As consequence, the vertical throw related to the Karst Thrust, in correspondence of the coast, could be estimated to be about 1.8 km. Maps 
compiled by using ESRI® ArcGis® (2016) software; datum WGS84, projection UTM33. 
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