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A B S T R A C T   

The 3D modeling and representation of geological data have experienced significant growth within last years, 
due to the use of new technologies derived from advancements in land representation methods. These tech-
nologies enable interactive, intuitive and clear geological visualizations. This paper shows how, by using the 
open-source Python software (operable with a simple internet browser) for machine learning (linear and KNN 
interpolations), together with Geographic Information Systems (GIS), it is possible to achieve interactive 3D 
visualizations of geological features in sedimentary basins. This study is performed in the onshore-offshore 
Crotone area (southern Italy) where a large amount of stratigraphic datasets are available from core perfora-
tion and seismic profiles due to the presence of a natural gas extraction field. Thanks to a database of 63 drilling 
lithologic records and 43 check points obtained from 9 interpreted seismic sections, several 3D HTML models 
were constructed defining three stratigraphic units (Pre-Messinian, Messinian, and Post-Messinian). An overlap 
of the Post-Messinian top surface and an erosional truncation of the Messinian top surface toward the N were 
observed, together with a rising of the Pre-Messinian top surface in the northwestern area. This stratigraphic 
architecture may indicate differential subsidence and/or uplifting due to syn-sedimentary fault kinematics in the 
whole studied area. The 3D models with the stratigraphic unit boundary surfaces obtained with KNN interpo-
lation (showing stepped and abrupt edges) allowed the interpretation in terms of structural architecture and syn- 
sedimentary fault kinematics. Three main sets of faults were deduced: N–S; NNW-SSE, and ENE-WSW. A minorly 
represented E-W set was added to the main sets. These faults generated a horsts-grabens structure, and in many 
cases a determinate set of faults caused a progressive lowering or rising of some areas with an “en echelon” 
arrangement. According to previous works, these deduced sets of faults (most of them strike-slip faults) have a 
good agreement with the general structural architecture and defined faults in the area.   

1. Introduction 

In recent years, the traditional 2D visualization methods have been 
updated by three-dimensional (3D) models, providing an improvement 
in the visualization and analysis of geological features. In particular, the 
3D geological modelling of the subsurface allows a comprehensive 
representation of the geological reality by integrating diverse data such 
as geological cross-sections and digital terrain models (DTM). These 
methodologies are increasingly successful due to their accessibility and 
ease of comprehension, compared to traditional visualization models. 
Moreover, the increase of subsurface data (seismic lines, boreholes, and 
other relevant data) and the development of efficient software and 

hardware further contribute to their popularity. Although various 
commercial software options for 3D geological analysis are widespread, 
many are costly and challenging to manage, while free alternative 
provide interesting results. The visualization of 3D geological elements 
by means of Python applications is successfully experimented in the 
interpolation of stratigraphic parameters derived from well drilling or 
classical geological information (Bullejos and Martín-Martín, 2023a, 
2023b). This is testified by Bullejos et al. (2022a,b) and Martín-Martín 
et al. (2023a), who defined methodologies to create interactive 3D 
HTML models viewable through open-source applications. Accordingly, 
the Python applications are increasingly used in different geological 
fields with up-and-coming results in seismic (Bueno et al., 2020; 
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Cavalcanti-Bezerra-Guedes et al., 2022), volcanic risk assessment 
(Tonini et al., 2015), well analysis (Fuentes et al., 2020), groundwater 
investigations (Matot et al., 2011; Memari and Clement, 2021), 
geophysical exploration (Krieger and Peacock, 2014), paleontological 
(Casanova-Arenillas et al., 2020), and mineralogical studies (Scharf 
et al., 2022), geomorphological, and engineering projects (Adamczyk 
and Tiede, 2017; Rivillas-Ospina et al., 2022). The main focus of these 
kind of researches points to the automation and the statistical analysis of 
big datasets from different sources, including the monitoring of physical 
properties (Matot et al., 2011; Adamczyk and Tiede, 2017; Memari and 
Clement, 2021; Rivillas-Ospina et al., 2022), seismic profiles (Krieger 
and Peacock, 2014; Tonini et al., 2015; Bueno et al., 2020; Cav-
alcanti-Bezerra-Guedes et al., 2022), and drilling data (Fuentes et al., 
2020; Casanova-Arenillas et al., 2020). In this article, multiple HTML 
files were generated from boreholes and seismic profiles by means of 
Python applications, that return, as an output, a series of interactive 
multi-perspective 3D models. The project was experimented in the 
Crotone Basin (southern Italy) because of the wide spectrum of data 
availability and the peculiar geological characteristics of the investi-
gated area. These HTML models allowed visualizing the stratigraphic 
architecture of the Neogene sedimentary infill and the structural parti-
tion of the Crotone Basin, simply using a standard web browser. Un-
derstanding the complex subsurface geological structures is essential for 
any land planning and design strategy in the perspective of integrated 
environmental technologies. Therefore, constructing 3D geological 
models is fundamental for both scientific and applied research in the 
earth sciences field, as well as for environmental protection, geological 
risk assessment, and territorial planning. 

2. Geological setting 

The Crotone Basin is one of the most extensively studied Neogene 
basins in Italy (Van Dijk, 1991, 1994; Van Dijk and Okkes, 1991; Van 
Dijk et al., 2000; Zecchin et al., 2013a, 2013b, 2015, 2018, 2020; 
Conforti et al., 2014; Brutto et al., 2016; Tripodi et al., 2013, 2018; 

Critelli, 2018; Critelli and Martín-Martín, 2022, 2024; Mangano et al., 
2023a, 2023b; Martín-Martín et al., 2023b), located between the eastern 
margin of the Sila Massif and the Ionian Sea. It consists of a depocenter 
filled with sediments ranging from deep marine to continental setting, 
with ages spanning from the Serravallian to the Pleistocene. These 
sediments are organized into major and minor tectono-sedimentary 
cycles (Roda, 1964; Van Dijk, 1990, 1991; Massari et al., 2002; Zec-
chin et al., 2003a,b; 2004a, Zecchin, 2005, 2015; Mellere et al., 2005). 
The Crotone Basin is bounded to the northeast and southwest by two 
main left-lateral strike-slip fault zones NW-SE oriented (the Rossano-San 
Nicola, to the north, and the Petilia-Sosti, to the south) but other sets of 
faults E-W (as the Strongoli fault), N–S (as the Melissa fault) and 
WSE-ENE (as the Isola di Capo Rizzuto fault) and SW-NE (as the Rocca di 
Neto fault) oriented are also present (Zecchin et al., 2012, 2013a, 2013b, 
2020). Its development has been associated with the southeastward 
migration of the Calabrian terranes (Critelli, 1993, 1999, 2018; Bonardi 
et al., 2001; Zecchin et al., 2004a, 2011, 2013a, 2013b, 2020; Barbera 
et al., 2011; Perri et al., 2012; Brutto et al., 2016; Tripodi et al., 2013, 
2018; Corrado et al., 2019; Campilongo et al., 2022; Criniti et al., 2023a, 
b; Costamagna and Criniti, 2024), resulting in the subduction of the 
Ionian crust and the opening of the Tyrrhenian Basin, starting from the 
Serravallian/Tortonian (Patacca et al., 1990; Van Dijk, 1990, 1991; Van 
Dijk and Okkes, 1990, 1991; Knott and Turco, 1991; Van Dijk and 
Scheepers, 1995; Le Pera and Critelli, 1997; Mattei et al., 2002; Critelli, 
2018; Critelli and Martín-Martín, 2022, 2024; Criniti et al., 2023a). 

2.1. Main tectonic episodes 

The depositional history of the Crotone Basin has been primarily 
accompanied by a local extensional regime, linked to the extension of 
the forearc region, as evidenced by normal synsedimentary faults during 
the Plio-Pleistocene which also controlled the basins development 
(Moretti, 1993; Massari et al., 2002; Zecchin et al., 2003a,b; 2004a, 
2020). However, this extensional regime has been episodically inter-
rupted by deformative events with a compressional component, possibly 

Fig. 1. Plio-Pleistocene basins formed by compressive tectonic activity (Modified from Zecchin et al., 2015).  
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related to the transpressive activation of the NW-SE strike-slip zones 
during the Messinian, the Zanclean and Piacenzian, and the middle 
Pleistocene (Roda, 1964; Van Dijk, 1990, 1991; Van Dijk and Okkes, 
1990, 1991; Van Dijk et al., 2000; Massari et al., 2002; Zecchin et al., 
2004; Muto et al., 2014, 2017). These movements led to the formation of 
diverse Plio-Pleistocene basins (Fig. 1) during and after the main phases 
of compressive tectonic activity (Zecchin et al., 2015). 

Minor tectonic events are also recorded within the succession. In 
fact, several basin-scale tectonic events were also evidenced (Zecchin 
et al., 2020; Arcuri et al., 2023): (1) the extensional 
Serravallian-Tortonian event coeval with the opening of the southern 
Tyrrhenian Sea and peri-Tyrrhenian basins and with the opening of the 
Crotone Basin; (2) the Messinian compressive or transpressive event 
responsible of the uplift for the Cirò area and the formation of a E-W 
elongated foredeep in the northern part of the Crotone area; (3) the 
extensional or transtensive Pliocene event causing halokinesis dome 
structures of Messinian evaporaites due to normal faulting; and (4) the 
contractional or transpressional Pleistocene event associated with the 
end of the migration of the Calabrian terranes toward the Apulian plate. 
These deformative phases resulted in widespread uplift and the forma-
tion of unconformities (Roda, 1964; Van Dijk, 1990; Zecchin et al., 
2003a,b; 2004a). Throughout Northern Calabria and particularly in the 
Crotone Basin, numerous sets of faults (Fig. 2A) are recognized on a 
regional scale, which can be grouped into three main patterns (Van Dijk 
and Okkes, 1990, 1991): (1) the first pattern includes a set of faults 
related to extensive strike-slip zones NW-SE oriented; (2) the second 
pattern includes a set of faults related to extensive strike-slip zones 
SW-NE oriented; and (3) the third pattern includes all recent sets of 
faults associated with the uplift of the onshore area. For the onshore 
area, the activity of these sets of faults is dated to late Miocene-middle 
Pliocene. The deposits exhibit clear synsedimentary features, and 
numerous indications highlight the role of these faults in generating 
various unconformities that separate sedimentary sequences. The set of 
faults associated with the third pattern can be linked to the uplift of the 
Sila Massif, which began in the Pleistocene. This pattern includes set of 
faults with NE-SW, NNE-SSW, and NNW-SSE orientations, affecting 

rocks from the Messinian to the Recent. 
Since the middle Pleistocene, after the deposition of sandy-silt de-

posits transitioning rapidly to reddish beach sands ("San Mauro For-
mation"; Roda, 1964; Di Grande, 1967), the Calabrian terranes 
underwent significant uplift, leading to the emergence of various basins, 
including large portions of the Crotone Basin. 

2.2. Lithostratigraphy of the Crotone basin 

Since the 1960s, numerous studies have focused on the stratigraphy 
of the Crotone Basin. Based on previous works (Roda, 1964 Critelli, 
1993, 1999, 2018; Barone et al., 2008; Critelli et al., 2011, 2014a,b, 
2017; Arcuri et al., 2023), the stratigraphic succession of the Crotone 
Basin, as exposed, can be summarized as follows (Fig. 2B). The strati-
graphic succession of the Crotone Basin unconformably overlies the 
crystalline basement with a Pre-Evaporitic Unit formed of about 200 m 
in thickness of alluvial conglomerates and breccias of the San Nicola 
dell’Alto Formation (Ogniben, 1955) (Serravallian-Tortonian). At the 
top of this unit lies a marine succession of pelitic-marly and pelitic-sandy 
deposits referred to as the Ponda Marl Clay Formation (Ogniben, 1955; 
Roda, 1964) (Tortonian-Messinian), with an outcrop thickness of about 
200 m, but in some wells, it can reach values exceeding 1 km. In the 
upper part of the Ponda Marl Clay Formation, lies an Olistostrome of 
Variegated Clays, approximately 200 m thick, characterized by a var-
iegated and varicolored clay matrix containing blocks of pelagic lime-
stones, sandstones, and more or less silicified argillites. Above it, the 
clay-marly-diatomaceous formation of the Tripoli Formation (Messi-
nian), that is an excellent stratigraphic marker, occur with a thickness of 
few tens of meters. Above the Tripoli Formation, there is the Messinian 
succession, consisting of two main units: the "Calcareous-Evaporitic” 
Unit and the "Lago-Mare” Unit. The "Calcareous-Evaporitic” Unit is 
represented by the Gypsum Formation (Critelli et al., 2014a,b) of over 
400 m thick, including gypsum clastic facies, from dominant gypsum 
sandstones to gypsum breccias, nodular gypsum, and halite. An exten-
sive erosional surface resulting from a new sea level dropping, separates 
the "Calcareous-Evaporitic” Unit from the subsequent "Lago-Mare” Unit 

Fig. 2. A) Fault sets of the Crotone Basin (Modified after Van Dijk and Okkes, 1990; Van Dijk et al., 2000); B). Stratigraphic section of the Crotone Basin (Modified 
from Roda (1964), Critelli (1999), Barone et al. (2008) e Critelli et al. (2011, 2014a, 2014b). 
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Fig. 3. A) Simplified sketch map of the Crotone area showing the ENI boreholes data and check points deduced from seismic profiles (red points) data; B) Strati-
graphic architecture of the Crotone Basin (Modified from Borrelli et al., 2022). 
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(total thickness of about 250 m), characterized, from bottom to top, by 
alluvial conglomerate of the Carvane Formation. The stratigraphic 
sequence continues with the Plio-Pleistocene succession, characterized 
at the base by the Cavalieri Marls Formation (maximum thickness of 
about 200 m), passing upward to the sandy deposits of the Zinga Molasse 
Formation (Roda, 1964). Successively, there are the Plio-Pleistocene 
arenitic-pelitic formations of the Spartizzo Clays and the Scandale Mo-
lasse formations (maximum thickness of about 200 m both). The entire 
sequence is then covered by the Cutro Clays Formation (Pia-
cenzian-middle Pleistocene), with an outcrop thickness of about 350 m 
reaching up 1200 m in the subsurface, representing a marine environ-
ment. The stratigraphic succession terms with the Pleistocene San 
Mauro Formation (approximately 200 m thick), consisting of predomi-
nantly arenitic deposits representing the infilling of submarine canyons 
formed due to the generalized uplift of the Crotone Basin. In the offshore 
area, the Plio-Pleistocene stratigraphic sequence reaches thicknesses of 
up to 2400 m and is characterized by clayey deposits representing deep 
basin environments referred to as the Crotone Clays Formation (ENI 
nomenclature). Several first-order strata surfaces at the lower Serra-
vallian (basal unconformity), upper Messinian, and mid-Pliocene; as 
well as, second-order ones at the Tortonian, intra-Messinian, Zanclean, 
lower Pleistocene, mid-Pleistocene were proposed (Zecchin et al., 2015, 
2020) separating first-order (Serravallian-Messinian, uppermost 
Messinian-Zanclean, and Piacenzian-upper Pleistocene) and 
second-order (Serravallian-lower Tortonian, Tortonian, lower Messi-
nian, upper Messinian, uppermost Messinian-lower Zanclean, upper 
Zanclean, uppermost Zanclean, Piacenzian-lower Gelasian, upper 
Gelasian-Calabrian, and uppermost Calabrian-upper Pleistocene) strat-
igraphic sequences. 

3. Methodology 

The lithological dataset was built starting from ENI databases, made 
up in collaboration with University of Calabria during the project named 
"Definition of the Geological Model and Geodynamic Phenomena of the 
Crotone Basin". The dataset comprises 63 lithological records obtained 
from drilling exploration located in the study area, including 1 onshore 
and 47 offshore boreholes (Fig. 3). The areas with scarce or without 
information of direct boreholes, were implemented with 43 check points 
obtained from the 9 interpreted seismic sections existing in the area 
(Criniti et al., 2023a; Mangano et al., 2022, 2023a, 2023b). A dataset of 
106 boreholes-check points, representing the whole studied area, are 
explained in Fig. 3A. All the data were carefully reviewed and reproc-
essed with the aim of ensuring that the dataset is free from any anom-
alies and characterized by a homogeneous set of data suitable for the 
intended purpose. In this paper, the deposits belonging to Crotone Basin 
have been renamed and divided into three main units (Fig. 3B). 
Pre-Messinian unit includes all the deposits layer before the Messinian 
salinity crisis event, that passes upward to a Messinian unit, which 
comprises deposits accumulated during the Messinian period. 
Post-Messinian unit (or Plio-Quaternary unit), that encompasses de-
posits formed after the Messinian salinity crisis event. The division into 
these three main units was performed in order to simplify and group the 
deposits and facilitate the analysis and interpretation of the analyzed 
geological data. It is essential to emphasize that this division was 
adopted for demonstrative purposes and should not be interpreted as a 
complete and detailed representation of the complex stratigraphy of the 
Crotone Basin. Another classification may have been made if the pur-
poses were others. 

As shown in Fig. 3B, the stratigraphic architecture of the Crotone 

Basin is much more complex and articulated. Each stratigraphic unit 
comprises multiple formations with lateral passages and/or deletions 
and overlaps due to erosion, that make up the basin. The Pre-Messinian 
deposits are characterized by a transgressive pre-evaporitic unit of 
Serravallian-Tortonian age, overlying a crystalline basement. This unit 
is characterized by Serravallian conglomerates and sandstones 
belonging to the San Nicola Fm (SN), that passes upwards into the 
Tortonian grey clays of the Ponda Fm (P). The latter is followed by the 
diatoms of the Tripoli Fm (Tr), indicating the maximum depth of the 
depositional system (Zecchin et al., 2013a, 2013b; Borrelli et al., 2022). 
The Messinian deposits are characterized by two major units, defined by 
Gindre-Chanu et al., 2020, as "Calcareous-Evaporitic” Unit and "Lago--
Mare” Unit. The "Calcareous-Evaporitic” Unit begins with the Calcare di 
Base Fm (CdB) that indicates the presence of a carbonate-evaporite 
platform-to-slope system (Gindre-Chanu et al., 2020; Borrelli et al., 
2021, 2022). Above it, there is a clastic body characterized by very 
coarse disorganized breccias and debrites comprising gypsum, carbon-
ates, and terrigenous clasts (Borrelli et al., 2022), part of what is known 
as Breccia di Madama Lucrezia (BML). This first unit ends with clays and 
clayey marls covered by sulfates and clay deposits (Petilia Policastro Fm 
– PP). The "Lago-Mare” Unit follows upward with a thick conglomerate 
body (Carvane Conglomerate Fm – Car), covered by clays (Gigli Fm – Gi) 
and sandstones (Arvano Fm – Ar) (Massari et al., 2010; Massari and 
Prosser, 2013; Borrelli et al., 2022). Finally, the Post-Messinian deposits 
(or plio-quaternary deposits) are characterized by clay deposits of 
Plio-Pleistocene age, including the Cavalieri Marl Fm and the Cutro Clay 
Fm (Perri et al., 2024). The data of the defined stratigraphic units 
(Pre-Messinian, Messinian and Post-Messinian) have been compiled into 
an XLS (Excel) file containing the boreholes locations and their position 
on seismic profiles in the form of UTM coordinates and the elevation 
values of the top and bottom of the three defined classes during the data 
homogenization phase. The elevation (Z) is measured in meters, and the 
boreholes coordinates (X and Y) are organized to define a georeferenced 
matrix of geological data projected in space and depth. Once the data are 
in the XLS file the python processing can be made. The methodology 
similar to that given in Bullejos et al. (2022a,b, 2023), Bullejos and 
Martín-Martín (2023a,b), Martín-Martín et al. (2023a) to process the 
data, was used. In particular Pandas package was adopted for data an-
alyses and manipulation with a consequent transformation of the orig-
inal XLS files with the borehole or seismic data are transformed into 
Pandas data frames. The Numpy scientific package was then used for 
scientific computing, Numpy allowed to create and manipulate lists 
which are the basic data for plotting. The interpolation process inter-
ested the Python Numpy extension Scipy, whereas for the plotting of the 
data and for obtaining of the output files with the models, the graphical 
libraries Plotlib and Matplotlib were used. We also defined custom 
functions to do mathematic computations and to automatize plotting 
processes. The coast line in the models is obtained by means of a track 
traced with Google earth. This track was treated to obtain the UTM 
coordinates and the elevation of the points in it. We also used Python for 
this work and in particular the Copernico Python package. Numpy and 
Copernico were also employed to define a grid that cover the study area, 
with a successive linear interpolation to obtain a real topography of the 
area. In the data the lists of points that mark the beginning and end of 
each defined stratigraphic units in each borehole or check-point, is 
present. Two types of interpolation on these points were used, to define 
the surfaces that limit the different defined stratigraphic units. A linear 
interpolation makes smoother the transition between points for strati-
graphic interpretations, and a KNN interpolation modeled sharper sur-
faces that give us clues to deduce the structural architecture of the basin. 
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Thus, both interpolations give relevant geological information on the 
basin. Also, horizontal x-spaced and serial vertical cross-sections have 
been performed again using machine learning K-nearest neighbors al-
gorithm and in particular we used the Python package sklearn.neighbor. 
To use the KNN algorithm we have to fill the gaps in our data by adding 
data in each borehole every meter this makes our data lists much larger 
and unwieldy but python can handle huge amount of data despite which 
increases the computation time. When we used the KNN algorithm we 
have to choose the parameters K and weights. When K = 1 is chosen, as 
we have done, to predict the value of a new point, the algorithm will 
search for the closest point in the data. On the other hand, the weights 
parameter could be ‘uniform’ or ‘distance’. We have chosen ‘distance’ to 
weight the decision. Finally, the solid bodies (volumes) have been also 
calculated using Convex Hulls. The Convex Hull of a set of points X in 
space is the smallest convex polyhedron in three dimensions that en-
closes all points in X the methodology used is similar to that we explain 
in Bullejos et al. (2022a,b, 2023) and Martín-Martín et al. (2023a). With 
this methodology the next 2D or 3D HTML models have been con-
structed: (1) topographic surface and boreholes location including 
check-points from seismic profiles (Fig. 4); (2) horizontal 100 m-spaced 
geological sections (Fig. 5); serial vertical geological cross-sections 
(Fig. 6); boundary surfaces among the stratigraphic defined units with 
linear interpolation (Fig. 7); boundary surfaces among the stratigraphic 
defined units with KNN interpolation (Fig. 8); Convex Hull volumes of 
the stratigraphic defined units (Fig. 9). This information has been later 
analyzed using stratigraphic and structural universal criteria in order to 
obtain details on the stratigraphic and structural architecture of the 
Crotone Basin. So, vertical sections (Fig. 4) and boundary surfaces with 
linear interpolation (Fig. 7) have been reinterpreted in term of strati-
graphic architecture and subsiding areas in Fig. 10. Moreover, vertical 
sections (Fig. 4) and boundary surfaces with KNN interpolation (Fig. 8) 
have been reinterpreted in term of structural architecture and fault 
actuation in the basin in Figs. 11 and 12. 

4. Results 

The dataset has been divided and arranged into three main strati-
graphic units: pre-Messinian, Messinian, and post-Messinian (or Plio- 
Quaternary). By using two different interpolation methods (linear and 
KNN) and the Convex Hull construction we have obtained 2D and 3D 
models with the stratigraphic defined units consisting in: boreholes net 
and topographic surface, serial horizontal sections, serial vertical sec-
tions, stratigraphic surfaces separating the stratigraphic defined units, 
and volumes of the stratigraphic defined units. 

4.1. Boreholes net and topographic surface 

The boreholes and check-points from seismic profiles information 
allowed to construct a 3D HTML model where stratigraphic units were 
represented in the columns with different colors (Pre-Messinian in yel-
low, Messinian in orange, Post-Messinian in grey). From this 3D HTML 
model, Fig. 4 details the topographic and sea-level surface, the boreholes 
and the stratigraphic units from each borehole. In each borehole the 
thickness of each stratigraphic unit can been estimated. 

4.2. Serial 100 m-spaced horizontal sections 

Also, a 3D HTML model with a serial 100 m-spaced of horizontal 
sections representing the three stratigraphic units is presented. Ac-
cording to this model, Fig. 5 was constructed using only 500 m-spaced 
horizontal sections. Examples of Intermediate zenithal-lateral views at 
0, - 500 m, - 1000 m, - 1500 m, - 2000 m, and - 3000 m are shown. Fig. 5 
shows the progressive reduction up to the complete absence of the Post- 
Messinian unit and its replacement by the Messinian and Pre-Messinian 
units. Moreover, Messinian unit is always restricted to the S and central 
area. 

4.3. Serial vertical sections 

Five 2D vertical sections were created in order to cover the study 
area with the boreholes and the check points from seismic profiles. 
These sections were then exported to png files representing the three 
stratigraphic units with a vertical representation from 3.000 m below 
sea level (b.s.l.) to 500 m above sea level (a.s.l.). The transversal sections 
A, B and C(from south to north) were oriented W-E while the longitu-
dinal ones (D and E, from west to east) were oriented S–N. Horizontal 
scales (X–Y) are the same for constructing the 5 sections but vertical 
scale (Z) is enhanced in order to better see the thin Messinian interme-
diate unit. With these vertical cross-sections, Fig. 6 was composed. 
Sections show an overlap of the Post-Messinian unit and an erosional 
truncation of the Messinian unit toward the N. Also, a rising of the Pre- 
Messinian unit in the north area is visible (left part of section C). Sections 
also show important changes in thickness of all stratigraphic units, 
despite no information can be provided about the thicknesses of the 
lower stratigraphic unit since it has been affected by erosion after their 
deposition and because the depth of investigation was limited to 3.000 
m b.s.l. In the case of the Messinian unit changes in thickness are evident 
from one sector to others from about 2.000 m of maximum thickness in 
the left part of sections B and E to about 200 m thick in left parts of 

Fig. 4. Intermediate zenithal-lateral views of the 3D HTML model with the boreholes net (black points) and the check points from seismic profiles (red points) with 
the defined stratigraphic units and topographic and sea-level surfaces: A) view of the full 3D representation with topographic surface and sea-level surface: B) view of 
the 3D representation with topographic surface and the boreholes-check points net; C) view of the 3D representation only with the boreholes-check points net. 
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Fig. 5. Intermediate zenithal-lateral views of the 3D HTML model with 100 m-spaced horizontal sections obtained with KNN interpolation: A) example at 0 m depth; 
B) example at - 500 m; C) example at – 1000 m; D) example at - 1500 m; E) example at – 2000 m; F) example at – 3000 m. 
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section A and D, and right part of section B. A progressive reduction in 
the thickness of the Messinian unit is also testified toward the north and 
east in sections B and E. This stratigraphic unit is completely missing in 
Section C but also in the west part of sections D and E after a progressive 
reduction in thickness (corresponding in all these cases with the 
northern part of the study area). The upper stratigraphic unit is always 
recorder in all sections but it is limited in the left part of section C and 
the middle-right one in section D. The thickness from this unit reaches 
more than 2.500 m in the right part of sections B and C and in the 
middle-right part of section E. In other cases, a very constant thickness of 
about 1.000 m is evidenced. 

4.4. Stratigraphic surfaces obtained with linear interpolation 

A new 3D HTML model was performed by using linear interpolation 
with the topographic surface and the stratigraphic boundary surfaces 
separating the stratigraphic units. In this model, the surfaces are rep-
resented in different colors: the topographic surface is represented in 
bluish colors, the Pre-Messinian top surface in yellowish, the Messinian 
in orangish-brownish, and the Post-Messinian in greyish colors (Fig. 7). 
Fig. 7 was constructed showing intermediate zenithal-lateral views with 
the boreholes and the four surfaces. With this kind of interpolation, the 
surfaces appear to be smooth and progressive. The figure shows different 
extension and changing height of surfaces. So, the Pre-Messinian top- 
surface shows deeper heights in the southern area and shallower up to 
exposed surface in the northern area. The Messinian top-surface is 
restricted to the southern half of the study area. The Post-Messinian top- 
surface (corresponding with the topographic surface) is represented in 
the whole area in the NW corner. Depocenters are inferred for the Post- 
Messinian stratigraphic unit. Nothing can be said about the depocenters 
during the deposition of the two lower stratigraphic units since they 
have been affected by erosion after their deposition and because of the 
depth of investigation was limited to 3.000 m b.s.l. In the case of the 
upper stratigraphic unit, depocenters are located in the right part of 
section B and C, and in the middle-right part of section E. This part 
belongs to the offshore area in front of the coast between Rocca di Neto 
and Cirò Marina. An uplifted area during the deposition of the upper 
stratigraphic unit can be located in the left part of section C and in the 
middle right part of section D. In this area the lower stratigraphic unit is 

raised and the upper two ones are eroded or not deposited. This area 
belongs with the northern onshore area between Cirò and Nicola del-
l’Alto region. 

4.5. Stratigraphic surfaces obtained with KNN interpolation 

A new 3D HTML model, by using KNN interpolation, has been 
inferred with the topographic surface and the stratigraphic boundary 
surfaces separating the pre-and-post-Messinian stratigraphic units. In 
this model the surfaces are also represented with the different colors 
mentioned formerly. Fig. 8 was constructed showing intermediate 
zenithal-lateral and pure zenithal views with the boreholes and the four 
surfaces. With this kind of interpolation, the surfaces appear to be 
staggered and with abrupt steps. Equally to the former, the figure shows 
an overlap of the Post-Messinian top surface and erosion wedging of the 
Messinian top surface toward the N. Also, a rising of the Pre-Messinian 
top surface in the north area is here visible. 

4.6. Recognized lineaments and structure 

The 3D HTML model by using KNN interpolation represents all sur-
faces with stepped shape and net edges. These edges are lineaments in 
much cases corresponding with mapped faults from literature (Zecchin 
et al., 2012, 2013a, 2013b, 2020; Arcuri et al., 2023). Three main lin-
eaments are testified with N–S, NNW-SSE and ENE-WSW oriented, that 
can be completed by a forth, E-W oriented (Fig. 8E to G). The result is a 
complex horts and grabens structure with a push up area in the northern 
onshore sector (between Cirò and Nicola dell’Alto) where the lower 
stratigraphic unit reaches the topographic one (Fig. 8B to D). Lineaments 
and horts-grabens structures are evident in the three represented 
surfaces. 

4.7. Volumes of the stratigraphic units defined with Convex Hull 
application 

Finally, the database also allowed to construct a new 3D HTML 
model by using Convex Hull (Fig. 9) with the volume estimation of the 
stratigraphic units. In this model the volumes are also represented in 
different colors: the Pre-Messinian unit in yellowish, the Messinian in 

Fig. 6. Vertical sections obtained with KNN interpolation and exported as png files with sketch index map in the right-up corner. A to E) sections A to E.  
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Fig. 7. Intermediate zenithal-lateral views of the 3D HTML model with the stratigraphic unit boundary surfaces obtained with linear interpolation: A) topographic 
and Pre-Messinian, Messinian and Post-Messinian top surfaces; B) Pre-Messinian, Messinian and Post-Messinian top surfaces; C) Pre-Messinian and Messinian top 
surfaces; D) Pre-Messinian top surface. 
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Fig. 8. Intermediate zenithal-lateral views (A to D) and zenithal views (E to G) of the 3D HTML model with the stratigraphic unit boundary surfaces obtained with 
KNN interpolation: A) topographic and Pre-Messinian, Messinian and Post-Messinian top surfaces; B) Pre-Messinian, Messinian and Post-Messinian top surfaces; C) 
Pre-Messinian and Messinian top surfaces; D) Pre-Messinian top surface; E Zenithal view with the Post-Messinian top surface and outcropping of the lower surfaces; F) 
Zenithal view with the Messinian top surface and outcropping of the Pre-Messinian top surface; G) Zenithal view with the Pre-Messinian top surface. 
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orangish-brownish, and the Post-Messinian in greyish colors. This model 
was also constructed following procedures by Bullejos et al. (2022a,b, 
2023) and Martín-Martín et al. (2023a) where volumes can be auto-
matically estimated with this methodology. According to the proposed 
model, Fig. 9 was constructed showing intermediate zenithal-lateral 
views of the volumetric balance. Fig. 9 testifies an overlap of the 
post-Messinian unit and an erosion wedging of the Messinian unit to-
ward the N due to an abrupt rising of the pre-Messinian unit in that 
sector. 

5. Discussion 

5.1. Stratigraphic architecture and syn-tectonic sedimentation 

An irregular extension and heights of the top-surfaces are registered 
in the study area (Fig. 7) related to the distribution of the three strati-
graphic units. The defined surfaces are coincident with some of the 
unconformities from Zecchin et al. (2020). In detail, the pre-Messinian 
top surface corresponds with the second-order Tortonian unconfor-
mity, while the Messinian top surface is related to the first-order upper 
Messinian (Zecchin et al., 2020). Moreover, the defined stratigraphic 
units respectively correspond with the CB11-CB12 (Serravallian-Torto-
nian), CB13-CB14 (Messinian), and CB2-CB3 (Pliocene-Pleistocene) of 
Zecchin et al. (2020). This distribution provides further stratigraphic 
implications. Fig. 10 shows lateral views of the 3D HTML model with the 
stratigraphic unit boundary surfaces obtained with linear interpolation. 
In the case of boxes A to C (Fig. 10), the three top-surfaces are repre-
sented in southern lateral-view and correspond to sections A to Cfrom 
Fig. 6. In the case of boxes G to I (Fig. 10), the three top-surfaces are 
represented in eastern lateral-view and correspond to sections D and E 
from Fig. 6. In these boxes (Fig. 10), an overlap of the Post-Messinian top 
surface and an erosional truncation or not deposition of the Messinian 
stratigraphic unit toward the N is observed. Also, a rising of the 
Pre-Messinian stratigraphic unit in the northwestern area is appreciable. 
This onlapping stratigraphic architecture may indicate differentiate 
areas in subsidence and/or uplifting due to syn-sedimentary fault ki-
nematics. To analyze the subsiding and rising areas, boxes D to F (based 
in sections A to Cof Fig. 6) and J-K (based in sections D and E of Fig. 6) 
have been constructed with the thickness by blocks in the vertical sec-
tions. In these boxes, subsiding and rising areas for each stratigraphic 
interval are reported. The Pre-Messinian uplifted area appears in the NW 
corner (boxes F and J in Fig. 10). The Messinian sedimentation is 

restricted to the south half of the study area (boxes D and E, J and K in 
Fig. 10). The Messinian preferential subsiding areas are located in the 
central and eastern areas (boxes D and E, J and K in Fig. 10). The sub-
siding areas of the Post-Messinian interval appear in the central-north 
and eastern areas (boxes E, F and K in Fig. 10). 

5.2. Structural architecture and syn-sedimentary fault actuation 

The 3D HTML model with the stratigraphic unit boundary surfaces 
obtained with KNN interpolation is in Fig. 8. By using this kind of 
interpolation, the surfaces appear with stepped and abrupt edges. 
Figs. 11 and 12 show the analysis in term of fault kinematics inferred 
from this 3D HTML. Both figures show a pure-zenithal view where the 
main set of faults are highlighted and labeled from F1 to F16 in box A. 
Oblique zenithal-lateral view are also represented in box B from both 
figures, with location of vertical cross-sections from Fig. 6 (southern 
view in the case of Fig. 11 and eastern view in the case of Fig. 12). Boxes 
C to D (Fig. 11), and C and D (Fig. 12) show reinterpreted sections A to E 
from Fig. 6 with location of the detected syn-sedimentary faults. These 
faults in the cross-sections are well correlated with the ones highlighted 
in boxes A of Figs. 11 and 12, and are also labeled and drawn in 
continuous line. Other intermediate faults not recognized in the boxes A 
of Figs. 11 and 12, are not labeled but they are drawn with dashed line in 
the cross-sections. Also, faults recognized in the sections and not in the 
3D HTML are drawn with dashed lines in boxes A. Three main sets of 
faults can be inferred (Figs. 11 and 12): (1) the N–S fault set (drawn in 
brown color); (2) the NNW-SSE fault set (drown in green color): and (3) 
the ENE-WSW set (drawn in pink color). Also, a minor additional E-W 
fault set is also evident (drawn in blue color). These faults generated a 
horsts-grabens structure for the study area (boxes B from Figs. 11 and 
12). In many cases a determinate set of faults generate a progressive 
descending or rising area with an “en echelon” major structure (boxes C 
to E from Fig. 11, and C and D from Fig. 12). 

These sets of faults agree with the structural framework of the area 
(Van Dijk et al., 2000; Muto et al., 2014, 2017; Zecchin et al., 2020; 
Mangano et al., 2023a, 2023b) and most of these fault sets are inter-
preted as strike-slip fault ones (Fig. 13), making clear the benefits of this 
methodology by using Python. 

The sedimentary infill of the basin, was allowed by the creation of 
accommodation space for deposition of the three stratigraphic units, 
through the effect of extensional Serravallian-Tortonian tectonic phase 
from Zecchin et al. (2020). The creation of the structure in horts-grabens 

Fig. 9. Intermediate zenithal-lateral views of the 3D HTML model with the Convex Hull volumes: A) Pre-Messinian, Messinian and Post-Messinian volumes; B) Pre- 
Messinian and Messinian volumes; C) Pre-Messinian volume. 
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Fig. 10. Lateral views (A to C from the E; G to I from the S) of the 3D HTML model with the stratigraphic unit boundary surfaces obtained with linear interpolation, 
and thickness analysis of the Post-Messinian and Messinian stratigraphic units deduced from the vertical sections in Fig. 4: A) eastern view of the linear interpolation 
Pre-Messinian top, Messinian and Post-Messinian top surfaces; B) eastern view of the linear interpolation Pre-Messinian top and Messinian top surfaces; C) eastern 
view of the linear interpolation Pre-Messinian top surface; D) thicknesses analysis from section A; E) thicknesses analysis from section B; F) thicknesses analysis from 
section C; G) southern view of the linear interpolation Pre-Messinian top, Messinian and Post-Messinian top surfaces; H) southern view of the linear interpolation Pre- 
Messinian top and Messinian top surfaces; I) southern view of the linear interpolation Pre-Messinian top surface; J) thicknesses analysis from section D; K) thicknesses 
analysis from section E. 
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Fig. 11. Structural analysis with definition of possible faults derived from the 3D HTML model with the stratigraphic unit boundary surfaces obtained with KNN 
interpolation (Fig. 6) and the transversal vertical cross-sections (Fig. 4): A) pure zenithal view of the Pre-Messinian top surface with location of possible faults with 
labeling and location of sections A to C; B) oblique zenithal-lateral (from the S) view of the Pre-Messinian and Messinian top surfaces with location of sections A to C; 
C) Section A with location of possible faults and their labeling; D) Section B with location of possible faults and their labeling; E) Section C with location of possible 
faults and their labeling. Dashed lines indicate faults recognized only in vertical sections or in zenithal view of the 3D HTML model but not in the counter figure. 
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and the growing of the push-up structure between Cirò and Nicola del-
l’Alto area are inferred to be related to the Messinian tectonic phase by 
the same authors. Dome structures generated by halokinesis of the 
Messinian evaporites, inferred to be associated with normal faulting, 
were also documented in the Pliocene tectonic phase (Zecchin et al., 
2003b). Finally, a contractional or transpressional Pleistocene phase is 

related with the ultimate migration of northern Calabria toward the 
Apulian plate, as also proposed by Zecchin et al. (2020). Nevertheless, 
the model presented here shows that the main tectonic lineaments 
related with active faults and the structuring in horsts-grabens affect the 
three defined stratigraphic units (even to the post-Messinian one). This 
leads us to tentatively propose as main responsible of the present 

Fig. 12. Structural analysis with definition of possible faults derived from the 3D HTML model with the stratigraphic unit boundary surfaces obtained with KNN 
interpolation (Fig. 6) and the longitudinal vertical cross-sections (Fig. 4): A) pure zenithal view of the Pre-Messinian top surface with location of possible faults with 
labeling and location of sections D and E; B) oblique zenithal-lateral (from the E) view of the Pre-Messinian and Messinian top surfaces with location of sections D and 
E; C) Section D with location of possible faults and their labeling; D) Section E with location of possible faults and their labeling. Dashed lines indicate faults 
recognized only in vertical sections or in zenithal view of the 3D HTML model but not in the counter figure. 
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structuring the post Messinian tectonic events (Pliocene and Pleistocene 
events), as highlighted also by Zecchin et al. (2020), giving less 
importance to the Messinian one. 

6. Conclusion  

- A dataset comprising 63 lithological records obtained from drilling 
exploration (16 onshore and 47 offshore boreholes) has been used. 
The areas with scarce or without information of direct boreholes, 
were implemented with 43 check points obtained from 9 interpreted 
seismic sections existing in the area.  

- The data were grouped into three units (Pre-Messinian, Messinian 
and Post-Messinian stratigraphic units) and compiled into an XLS 
(Excel) file containing the boreholes locations and the check points 
position on seismic profiles, in the form of UTM coordinates and the 
elevation values of the top and bottom of the three defined units 
during the data homogenization phase.  

- Different 3D HTML models were constructed using Python. Linear 
and KNN interpolation were implemented. Linear interpolation 
makes smoother the transition between points for stratigraphic in-
terpretations, and a KNN interpolation resulting in sharper surfaces 
that give us clues to deduce the structural architecture of the basin. 
When KNN algorithm has been used, the parameters K = 1 was 
chosen.  

- In a first step, the topographic and sea-level surface, the boreholes 
and the stratigraphic units from each borehole were obtained. Later, 
a serial 100 m-spaced of horizontal sections representing the three 
stratigraphic unit with different were implemented. Also, vertical 
sections were also created representing the study area with the 
boreholes and the check points from seismic profiles and exported to 
png files representing the three stratigraphic units. Finally, the 
database also allowed to construct a 3D HTML model by using 
Convex Hull with the volumes of the stratigraphic unit. With our 
procedures, volumes can be estimated. 

- The above-mentioned 3D models also allowed deduce the strati-
graphic architecture and syn-tectonic sedimentation for the study 
area. An overlap of the Post-Messinian top surface and an erosion 

wedging of the Messinian top surface toward the N was observed. 
Also, a rising of the Pre-Messinian top surface in the northwestern 
area was visible.  

- This onlapping stratigraphic architecture may indicate differentiate 
areas in subsidence and/or uplifting due to syn-sedimentary fault 
actuation. The Pre-Messinian uplifted area appeared in the NW 
corner while the Messinian sedimentation was restricted to the south 
half of the study area. The Messinian preferential subsiding areas are 
located in the central and eastern area, and the subsiding areas of the 
Post-Messinian interval appear in the central-north and eastern 
areas. This stratigraphic architecture agrees with the unconformities 
and depositional sequences mentioned in literature.  

- The 3D HTML model with the stratigraphic unit boundary surfaces 
obtained with KNN interpolation (showing stepped and abrupt 
edges) allowed the interpretation in terms of structural architecture 
and syn-sedimentary fault actuation. Three main sets of faults were 
deduced: N–S; NNW-SSE, and ENE-WSW. To these main sets a 
minorly represented E-W set can be added.  

- These faults generated a horsts-grabens structure for the study area. 
In many cases a determinate set of faults generates a progressive 
descended or rising area with an “en echelon” mayor structure. Ac-
cording to literature, these sets of faults have a good agreement with 
the structural cadre and defined faults of the area, making clear the 
benefits of this methodology using Python. 

Websites 

Albion: 3D geological models in QGIS.https://gitlab.com/Osland 
ia/albion. 

GemPy: Open-source 3D geological modelinghttps://www.gempy. 
org. 

GeoPandas. https://geopandas.org/en/stable. 
GISgeography. 15 Python Libraries for GIS and Mapping. https://gi 

sgeography.com/python-libraries-gis-mapping. 
OSGeo: The Open Source Geospatial Foundation. https://www. 

osgeo.org/ 
Parpoil, B. Open source and geology. https://oslandia.com/en/2020 

Fig. 13. Comparison of the structural framework of Crotone area (A) and the results obtained from the structural analysis by KNN interpolation (B and C).  
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