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CHAPTER 1
INTRODUCTION

1.1. Aims

The proposed scientific project aims at reconstructing the Late Messinian-Pleistocene 3D architecture
of the Po Plain-Northern Adriatic foredeep-foreland basin, studying its regional step-wise evolution.
The foredeep-foreland basins evolution is a wide and fundamental topic for a number of geological
studies and applications because their deposits architecture contains abundant information about
tectonic, sedimentary and climate processes that occurred through times on the scales of the entire
basin in collisional settings. The 3D shape of a foreland basin is, in fact, the result of the interaction
among thrust belt deformation/uplift, consequent accommodation space creation, iv) sediment
supply, erosion and eustacy/climate processes. All these processes are recorded in the study area
which is the shared foreland-foredeep of two thrust belts (The Southern Alps and Northern
Apennines) with opposite vergence. Moreover, the Po Plain has been one of the most important
continental oil and gas province in the western Europe and is the most densely populated region in
Italy. In such a region, basin architecture impacts, for instance, on water resources, seismic hazard
and subsidence distribution (both natural and induced). All these elements ensure that a 3D
reconstruction of the late Messinian-Pleistocene fill of the Po Plain and the study of its controlling
processes can be not only an important scientific contribution but also a useful tool for different
activities (land management, natural resources exploitation/protection, and seismic hazard
assessment).

Thanks to the huge amount of subsurface data mostly provided by hydrocarbon exploration (Eni
Upstream private property), the geodynamic system formed by the Po Plain foreland basin enclosed
by the Southern Alps and Northern Apennines is an ideal laboratory to investigate the relationships
between deep and surface processes in driving the architecture of foreland basins. Previous

studies starting from the early 80s, different scientific projects and researches have been carried out

to describe the structural framework of the Po Plain area (Pieri & Groppi, 1981; Bigi et al., 1986;
Cassano et al., 1986; Bigi et al., 1990, Fantoni and Franciosi, 2010; Turrini et al., 2014, 2016). All
these studies, mainly coming from or being devoted to hydrocarbon exploration, did not describe the
most recent stratigraphic architecture of the Po Plain. All of them in fact, taking advantage of a limited
number of seismic reflection profiles and cross sections, describe the main buried structures and the
general architecture of the basin, without giving details about the most recent (last ca. 6 Ma) tectonic
and stratigraphic evolution of the central Po Plain-Northern Adriatic basin. This lack of information
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and data has been partially compensated in the last 10 years by recent papers that described in detail
the facies distribution of the Plio-Pleistocene sediments of the Po Plain (Ghielmi et al., 2010, 2013;
Rossi et al., 2015). Nevertheless, the basin-scale 3D architecture of the topmost part of the Po Plain-
Northern Adriatic sedimentary infill remains largely undetermined.

The chief objective of this project is to perform and illustrate, for the first time, the central-eastern Po
Plain and Northern Adriatic basin 3D stratigraphic model of the late Messinian-Pleistocene
sedimentary infill, from 3D lithospheric to 1D scale with some focus on the Venetian Friulian basin.

The main objects of the present Thesis are itemized as follow:

e Analysis of the 3D step-wise tectono-sedimentary evolution of the Po Plain-Northern Adriatic
Basin subsurface by 2D seismic analysis, 3D time-to-depth conversion and reconstruction of
isopach maps.

e Reconstruction of the paleotopography of the Po Plain during the Messinian salinity crisi
maximum sea level drop through backstripping analysis.

e Description of the Venetian-Friulian and Northern Adriatic basin detailed Plio-Pleistocene
stratigraphic evolution through 2D seismic interpretation, well correlation and 1D geohistory
analysis.

e Discussion of the Tectonic Vs Climate control on sediment supply through time.

This Thesis is organized into chapters; the third, fourth and fifth ones are three different extended
papers. They are scientifically independent, still related to the same study area but focusing on various
aspects of the Po Plain-Northern Adriatic basin analysis by means of diversified methods (i.e., seismic

interpretation, well-log analysis, 3D modeling, numerical modeling, backstripping analysis).

1.2. Research project relevance

A detailed description of the tectonostratigraphic architecture of the Po Plain area has filled a
knowledge gap regarding the latest c. 6 Ma. Indeed, a detailed knowledge of this 3D stratigraphic
record is of important for different aspects. It hosts important natural gas reservoirs, aquifers, and
storage sites, it is also responsible for natural subsidence affecting the Po Plain and for seismic site
effects (i.e. amplified surface ground motion) due to geotechnical conditions of surficial geological
layers (e.g. Ronald Abraham et al., 2015).

The Po Plain subsurface has long been studied, described, explored and exploited, being of strategic

relevance mainly for the oil and gas production. Up to less than 20 years ago, the Po Plain was one
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of the main oil and gas province in Western Europe and also at present is a target for natural gas

research and exploitation.

In this view and for these reasons, a vast scientific literature dealt with these sectors of the Po Basin
(Lindquist, 1999; Casero, 2004; Ghielmi et al., 2008; Eni, 2009; Bertello et al., 2010; Ghielmi et al.,
2010, 2013; Cazzini et al., 2015 and reference therein), where oil traps are located, typically structural
highs and fault-related anticlines in Mesozoic carbonate sequences.

A more limited number of scientific researches dealt with the entire extension of the Po Plain and
with its buried structures and subsurface architecture. Moreover, the few studies considering the
whole Po Plain give a mostly qualitative description of the basin architecture providing a very general
picture frame of the subsurface. The even more restricted number of studies concerning the Po Plain
with a more detailed and quantitative approach, provide data with a resolution not sufficient for
further studies devoted to volume calculations, seismic risk assessment, slip rates calculations.

In addition, since these detailed studies are carried out in different times, by different research groups,
with different datasets, surveying different stratigraphic levels or time periods and taking advantage
of different velocity models, all these studies are often intrinsically scientifically rigorous and
sometimes also extremely detailed but very inhomogeneous among themselves. Moreover, these
studies often do not contain the original data (i.e. seismic reflection profiles or well logs) but only
redrawn wells, maps and cross sections, in many cases georeferenced with different coordinate
systems and projections.

For all these reasons, the attempt of merging them in a coherent 3D model would not only be

extremely time consuming but also scientifically impossible or extremely imprecise. Below, a list of

some basin-scale studies dealing with the entire Po Plain is reported in order to give a general (but
not exhaustive) view of the available scientific products. For each of them, a brief description of the
data contained will be given, along with the explanation of the reason(s) why they are not suitable for

a complete and detailed description of the late Messinian-Pleistocene architecture of the Po Plain.

e Pieri and Groppi, 1981: this paper contains 14 regional profiles that allow a good description
of the buried structures in the Po Plain. It has been for years the reference publication dealing
with the Po Plain as it contains also structural maps of the buried Northern Apennine main
thrusts and structure contour maps of the bottom Pliocene. Notwithstanding the fundamental
importance of this first complete description of the Po Plain subsurface, its level of resolution
and the space between data does not allow any constrained 3D reconstruction of the Plio-
Pleistocene stratigraphic sequence

e (assano et al., 1986: a few years later Cassano et al. published 13 regional cross sections,



with similar (in some cases coincident) traces of those from Pieri and Groppi. In addition to
this, Bouguer anomalies and gravimetric maps were provided in order to better constrain the
deep structures, usually the goal for oil and gas exploration. Once again, given the purpose of
the study and the object of the research, the Plio-Pleistocene interval have been detailed
following the same approach of Pieri and Groppi.

e Bigieta., 1992, Structural Model of Italy: this regional map provides a detailed picture of the
buried faults in the Po Plain along with a structure contour map of the bottom Pliocene
(contour lines every 500 m). Also in this case, only the base Pliocene surface has been
reconstructed with a 1:500.000 scale, not suitable for quantitative detailed analysis.

e Fantoni and Franciosi, 2010: 8 regional profiles describe the main structures in the Po Plain
and in the Adriatic foreland. 5 of these 8 regional cross sections are located in the Po Plain
and the Plio-Pleistocene stratigraphic sequence is subdivided into 4 intervals. Anyway, also,
in this case, the space between the regional cross sections is of tens of kilometres so that a 3D
reconstruction starting from these data is impossible.

e Ghielmi et al. 2010 and 2013: these two recent papers describe the stratigraphic record and
the tectonic evolution in the Po Plain and Northern Adriatic Sea area from Messinian to
Middle Pleistocene times. The authors considered an impressive amount of seismic profiles
and well logs and the result is the most detailed published facies distribution within the Plio-
Pleistocene time interval. Nevertheless, no basin-scale information was given neither on the
thickness of different units nor on the depth of the key stratigraphic horizons.

e Turrini et al. 2016: in this paper, the authors provide an isopach map of the Plio-Pleistocene
deposits, useful for basin/regional analysis, but whose level of resolution (space between

original data) is sufficient for qualitative descriptions, not for quantitative ones.

From this brief review of papers and maps regarding the entire Po Plain, it is evident that several deep
stratigraphic levels (e.g. bottom Pliocene, top of Mesozoic carbonates) have been reconstructed
and/or described by some of the previous authors (according to quality, spacing, and confidentiality
of data). At the same time, an equally evident gap of knowledge regarding the 3D architecture of the
Plio-Pleistocene deposits comes out also from a first scientific literature check. This is justified and
comprehensible considering that Plio-Pleistocene deposits have been the main target for hydrocarbon
exploration (especially for gas) in the Po Plain, thus dataset was not released to the scientific
community. These deposits are of fundamental importance not only from the applied point of view

but also from the scientific one. This project aims at filling the gap of knowledge regarding the most

recent and shallowest levels in the Po Plain, in this way giving also a contribution to the



comprehension of the complex thrust-fold belt/foredeep and climate VS tectonic relationships.
Further outcomes that can be taken into account after the end of the project, both from Academia and

industry, are:

e to evaluate and study new geopotentials.
o the detailed 3D model can support further studies for subsidence analysis for hydrogeological

and hydrocarbon extraction.



CHAPTER 2
GEOLOGICAL SETTING

2.1. Geodynamic Setting

The geological setting of the Po Plain-Northern Adriatic region (Fig. 1) has been deeply investigated and
described by several authors through the last 40 years (Cuffaro et al., 2010; Fantoni and Franciosi, 2010;

Turrini et al., 2016 and reference therein); this chapter tries to briefly summarize the state of art.

Figure 1. Digital elevation model of the study area: Po Plain and Northern Adriatic Sea (Fontana, 2012).

The Italian peninsula is defined as the result of complex geodynamics where both pre-Alpine (Mesozoic
and pre-Mesozoic) and Alpine (mainly Cenozoic) tectonics have interacted through time to create the
current, high-complex structural and stratigraphic puzzle (Castellarin, 2001; Castellarin and Cantelli,
2010; Cuffaro et al., 2010; Mosca et al., 2010; Carminati and Doglioni, 2012 and reference therein) (Figs.
2, 3). Within this inherited geological setting, the Po Valley (hereafter, also Po Plain or Po basin) together
with the Northern Adriatic Sea, corresponding to the northernmost buried sector of the Adria plate, is
approximately 40,000 km?” large. This region is the shared foreland-foredeep domain of three different
orogens: it represents the foredeep and foreland of the SW-directed Apennines subduction (Carminati et
al., 2003) (Fig. 2), the retrobelt foreland of the SE-directed Alpine subduction (Doglioni and Carminati,
2002; Dal Piaz et al., 2003; Kummerow et al., 2004) and the foreland basin of the NE-directed Dinaric
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subduction (Di Stefano et al. 2009) (Fig. 3). Each subduction is associated with different vertical motions,
e.g., subsidence in the foreland basin and uplift in the belt. All three belts propagated toward the Adriatic
lithosphere (Panza et al. 2003, Barbieri et al., 2004; Cuffaro et al., 2010 and reference therein), gradually

reducing the area of the plate.

Figure 2. The Po Plain and surrounding tectonic units, Adria plate subduction in evidence (modified from Carminati and Doglioni.
2012).

Indeed, the tectonic history of the region likely started at the end of the Paleozoic and is still going on as
accounted by recent studies and the latest earthquake-activity in the central and eastern parts of the basin:
the Apennine front currently concentrates seismogenetic structures either along blind thrusts buried
beneath the Po Plain, or along the partially exposed structures forming the mountain front that bounds
the plain to the southwest (Burrato et al., 2003; Carminati et al., 2003, 2010; Toscani et al., 2006, 2009;
Picotti and Pazzaglia, 2008; Livio et al., 2009; Fantoni and Franciosi, 2010; Maesano et al., 2013).
Thanks also to this peculiar tectono-stratigraphic setting, the Po Plain-Northern Adriatic regions is one
of the major hydrocarbon provinces of continental Europe (Casero, 2004; Picotti et al., 2007; Fantoni

and Franciosi, 2010; Cazzini et al., 2015).
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Figure 3. Interference between Alpine and Dinaric subductions (modified from Cuffaro et al. 2010).

Remarkably, a large part of the geological knowledge in the region is related, directly or indirectly, to
the oil business (Pieri and Groppi, 1981; Bongiorni, 1987; Cassano et al., 1986; Mattavelli and Novelli,
1987; Mattavelli and Margarucci, 1992; Casero et al., 1990; Lindquist, 1999; Bello and Fantoni, 2002;
Fantoni et al., 2004; Ghielmi et al., 2010, 2013).

The Po Valley deep subsurface architecture resulted from a Mesozoic extensional tectonic phase,
developed in the western Tethys realm related to Upper Triassic-Lower Jurassic rifting, with evidence
for Cretaceous to Paleogene structural inversion during Alpine pre- and syn-collisional tectonic phases
(Bertotti et al., 1993; Masetti et al., 2012 and reference therein). Then, since late Miocene, compression
affected the foreland and the surrounding orogenic belts, due to Apennine north-to-northeast migration
(Fantoni and Franciosi, 2008; 2010; Ghielmi et al., 2013; Turrini et al., 2014).

The subsurface stratigraphic succession of the Po basin (Fig. 4) (Jadoul and Rossi, 1982; Lindquist, 1999;
Argnani and Ricci Lucchi, 2001; Bertotti et al., 1993; Mellere et al., 2000; Fantoni and Franciosi, 2008,
2010 and reference therein) overlies the Variscan crystalline basement and, from base to top is made by:

1) late Paleozoic—Mesozoic evaporitic—siliciclastic sediments during the Lower Triassic rifting;



i) Middle Triassic carbonate depositional system, articulated in platforms and intra-platform
basins filled with mixed siliciclastics and carbonate sediments;

ii1) pelagic systems developed during the maximum deepening and widening of the North-South-
trending basins formed during the Upper Triassic-Jurassic extensional phase (Bertotti et al.,
1993; Sarti et al., 1993);

v) syntectonic Tertiary siliciclastics produced when the Alpine deformation involved the
Mesozoic carbonates and the overlying clastic sequences;

V) high and low efficient turbidites during the entire late Miocene-middle Quaternary, time when
the area was involved only in the Apennines deformation, causing the southward-dipping of
the entire foreland and progressive depocenters filling (see geological sections in Pieri and
Groppi, 1981; Bigi et al., 1986; Cassano et al., 1986; Fantoni and Franciosi, 2010; Toscani et
al., 2014; Ghielmi et al., 2013 and reference therein).

Details on the late Messinian-Pleistocene tectono-sedimentary are contained in the following section 2.2.



. e
[,

@red msr et

Figure 4. Schematic stratigraphic column of the Po Plain (modified from Linququist, 1999; Casero 2004 and Turrini et al., 2014).
MS = major unconformity. On the right, only the hydrocarbon system related to the Mesozoic oils is described (Turrini et al., 2014). Colour
code from International Stratigraphic Chart, 2017.
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Across the region, the buried structural geometries mainly refer to the external domains of the Southern

Alps and the Northern Apennines, created tectonic arches and controlled the sediment infilling

geometries of the respective foredeep-basins (Pieri and Groppi, 1981; Cassano et al., 1986; Castellarin

et al., 1985; Carminati and Doglioni, 2012; Argnani and Ricci Lucchi, 2001; Bartolini et al., 1996;

Bertotti et al., 1997; Castellarin and Vai, 1986; Perotti, 1991; Perotti and Vercesi, 1991; Ricci Lucchi,

1986; Fantoni et al., 2014; Toscani et al., 2014; Scardia et al., 2015 and reference therein) (Fig. 5).

PP B L ="

M e

-
~ e

“ '
~

_&

[

|-, m—e~
b —

Bl N
— sy e

i T b

St A A A A A1)
-

Figure 5. Po Plain - A: Northern Adriatic tectonic setting (modified from Toscani et al., 2014). B: structural map of the central-eastern
Po Plain (modified from Scardia et al., 2015). C: Geological profile, see box A for location (modified from Toscani et al., 2014).
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2.2. Late Messinian-Pleistocene tectono-stratigraphic evolution of the Po Plain-Northern

Adriatic Basin

Recently, fundamental steps forward on the Po Plain-Northern Adriatic basin tectono-sedimentary
architecture have been done thanks to new seismics and well-log data released by Eni’s research group
in a few papers collecting multidisciplinary results from the last 15 years of study (Fantoni and Franciosi,
2010; Ghielmi et al., 2010, 2013; Cazzini et al., 2015; Rossi et al., 2015). The main output is a detailed
2D basin-scale tectono-stratigraphic model described by several time-related lithofacies association
maps.

This chapter attempts to summarize the state of the art from the papers above cited; the renewed overview
of the Po Plain-Northern Adriatic Basin (hereafter PPAF) became also the fundamental starting point for
this Thesis work and its outcomes.

The maps from Ghielmi et al. (2010, 2013) will be described separately and only the thrust fronts and
faults which were active or present at the corresponding sequence time will be shown.

The late Miocene to Pleistocene tectono-stratigraphic setting of the PPAF has to be primarily attributed
to the Northern Apennine structural evolution, therefore, in spite of the three competing subductions
acting along the northern Adriatic plate boundaries, the flexure of the Apennines slab controlled almost
completely the subsidence of the northern Adriatic area (Carminati et al., 2003, 2005). As a consequence
of the severe Apennine compressional synsedimentary tectonics, the Adria foreland basin changed its
shape through depocenter migration towards the foreland located to the northeastern regions, i.e. Veneto
and the Northern Adriatic Sea, including the former Marnoso-Arenacea basin, located in the Emilia-
Romagna Apennines, into the thrust-and-fold belt. According to Ghielmi et al. (2010, 2013), this
migration occurred through alternating stages of simple and fragmented foredeep (Fig. 6).

The structural evolution of the Northern Apennine N to NE-verging blind arcs was not simultaneous
across the whole Po Plain: while the Emilia arc started deforming in the Tortonian, experienced its
maximum uplift activity in Piacenzian—Gelasian times and reached its present-day configuration in the
Zanclean (Toscani et al., 2014 and reference therein), to the east the outward propagation of the Ferrara—
Romagna arc was active since the Messinian and continued until the Zanclean—Piacenzian and the
Gelasian, for the inner and for the outer Ferrara arcs respectively (Boccaletti et al., 1985; Bigi et al.,

1992; Ghielmi et al., 2010, 2013: Maesano et al., 2015).
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The continuing Quaternary tectonic activity, although associated with an elusive topographic expression,
is recorded by deformation and tilting of river terraces and exposed syntectonic sediments (Boccaletti et
al., 1985; Boccaletti et al., 2011; Picotti and Pazzaglia, 2008; Wegmann and Pazzaglia, 2009; Ponza et
al., 2010). Conversely, out in the plain there are only a few exceptions to the general blind geometry of
the buried outer fronts of both the SA and NA chains.

A partial exception is represented by the Mantova Monocline (MM) not involved in the foredeep
migration during the Pliocene (the last migration took place during the Intra-Messinian Phase). This
anomaly is probably related to the local presence of a rigid substratum (Trento Plateau) that hampered

the thrust migration towards the foreland.
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Figure 6. Model of the Po Plain-Adriatic Foredeep (PPAF) depocenters migration (modified from Ghielmi et al. 2010)

Ghielmi et al. (2010, 2013) and Rossi et al. (2015) based their tectono-stratigraphic analysis of the PPAF
on the recognition of large-scale tectono-stratigraphic units, the allogroups (NACSN 1983). The
allogroups are bounded by major tectonically induced unconformities produced by high magnitude basin
modifying tectonic phases (Fig. 5, 6). Their boundaries also correspond to abrupt major changes in the
type and gross distribution of depositional systems.

For instance, in the foreland and foreland ramp areas these major tectonic phases are marked by
drowning-platform unconformities recording sharp relative sea-level rises in most of the areas; on the
contrary, in the Northern Apennine thrust-and-fold belt, the same tectonic phases were responsible for

severe uplift and tilting of the thrust-top basins, corresponding to abrupt relative sea level falls and by
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sharp basinward shifts of the coastal and marginal marine depositional systems.

Component unconformity-bounded sub-units are the Large-Scale Sequences (LSS), according to
Ghielmi et al. (2010, 2013). LSSs can be recognized within the allogroups and they are usually produced
by lower magnitude tectonic phases corresponding to important sedimentary facies changes; during the
middle-late Quaternary they are also influenced by climate driven sea-level fluctuations.

Allogroups and LSSs unconformities are synchronous along the basin, from the piggy-back basins
through the foredeep and foreland ramp, because related to the same deformation phase. Accurate
datation of the events and the unconformities corresponding to allogroup and sequence boundaries, were
carried out by Eni’s research group by means of paleontological analysis of foraminifera and
nannoplankton assemblages and magnetostratigraphy (i.e. Muttoni et al., 2003), both for supporting and
verifying the well and seismic correlations as well as the environmental interpretation. On Messinian
succession, palynological analysis was also performed.

These deformative events generated four major tectonically controlled basin-scale unconformities: Latest
Tortonian Unc. (not investigated during this Thesis), Intra-Messinian Unc. (ME3) at the base of allogoup
LM, Intra-Zanclean Unc. (PL2) at the base of allogoup EP and base Gelasian Unc. (PL4) at the base of
allogoup LP, plus four LSSs maps: base Pliocene (PL1), Intra-Piacentian (PL3), ca. base Calabrian (PS1)
and base middle Pleistocene (PS2) (Fig. 7, 8).

The PPAF allogroups span in time 1.5-2.5 Ma and are represented by deposits which are some thousands
of meters of present-day thickness in the foredeep depocenters; the LSSs instead, span in shorter time
0.15-1.3 Ma.

In order to avoid confusion with previous papers (Ghielmi et al., 2010, 2013; Rossi et al., 2015), in the

following chapters, this Thesis will use same names and colour code for allogroups and LSSs.
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Figure 7. The Messinian-Pleistocene stratigraphic framework of the PPAF along an idealize oblique transect located in the central-eastern
Po Plain from Emilia (SW) to Venetian Basin (NE) (modiefied from Ghielmi et al. 2013). Vertical scale in geological time. Quaternary base
is modified after Gibbard et al. (2010).
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From a sedimentological point of view, the Messinian—Pleistocene sedimentary infill of the PPAF is
mostly represented by thick sequences of turbidites deposited in deep-marine environments (water depths

usually exceeding 1,000 m) (Fig. 8).
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Figure 8. Simplified stratigraphy of the turbidite systems of the PPAF (modified from Ghielmiet al. 2013). Quaternary base according with
Gibbard et al. (2010).

These turbidite deposits can be referred to two main types of turbidite systems: Type I and II (sensu
Mutti, 1985; Mutti et al., 1999) (Fig. 9).
Sand-rich Type I highly-efficient turbidite systems (Fig. 9A) were volumetrically dominant in PPAF.

These basin-scale systems were characterized by very large dimensions (basin-scale) and remarkably
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tabular geometry, width up to 50—70 km and length usually exceeding 200/250 km, with thicknesses of

several hundreds of meters.
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Figure 9. Depositional elements in turbidite systems of the PPAF. A) highly-efficient (Type 1) turbidite system. B) Poorly-efficient (Type
1l) coalescing turbidite sustems (modified from Ghielmi et al., 2010).

They are almost entirely composed of sand/sandstone lobes (volumetrically largely predominant),
expressed by thick-bedded sand/sandstone facies, passing downcurrent into basin plain deposits, made
up of mud/mudstones with thin-bedded fine-grained sands/sandstones. The paleocurrents, parallel to the
foredeep main axis, are from NW towards SE. Thin sequences of mud and marl deposited on the foreland
and foreland-ramp may be present at the base of the turbidite succession.

Poorly-efficient Type II turbidite systems (Fig. 9B) fed by lateral entry-points are also present in PPAF.
These turbidite systems predominated in the foredeep in the lower Pliocene (i.e Canopo Fm.) and mostly
consist of thick-bedded coarse-grained channel-lobe transition deposits (thick-bedded coarse-grained
sandstones and pebbly-sandstones extensively channeled and scoured) that grade downcurrent into lobe
deposits.

Huge volumes of clastics were supplied by major fluvio-deltaic systems active along the Alps margins
of Lombardia and Veneto and in particular by the paleo-Adda, paleo-Mincio and paleo-Adige rivers.
Only a subordinate contribution of clastics was instead provided by the northern Apennine belt, mostly
due to local submarine erosion and resedimentation of recent deposits from the active structural fronts.
The thrust fronts of the Apennine margin were entirely submerged until Calabrian time when the high
condensed marine sedimentation was replaced by continental deposits, thus they were not affected by
continental exposure and erosion during the entire Pliocene-early Pleistocene time.

Deep piggy-back basins, developed in the Reggio-Emilia-Bologna-Ravenna area, worked as sediment

traps for the clastic detritus coming from exposed most internal southern margin thus, no important
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sediment supply from the Apennine region contributed to the Po basin infilling.

The style of the depositional systems underwent dramatic changes particularly during the Messinian in
relation to the combined effects of the salinity crisis (Hsii et al., 1978; Roveri et al., 2014; Sternai et al.,
2017 and reference therein) and the morpho-structural reshaping due to tectonic basin modification
(Artoni, 2003, Artoni et al., 2010; Ghielmi et al., 2013; Rossi et al., 2015). During the syn-evaporitic
Messinian (Sequence ME2), the evaporative drawdown generated a basinward shift of the coastal onlaps
over the toesets of the pre-evaporitic Messinian coastal wedges; basinward, in deep piggy-back basins
and their transition toward the foredeep, gypsum and anhydrite change laterally to dolomicrite and anoxic
mudstones in close stratigraphic relationships with turbidite systems. Well-log and seismic data suggest
that the PPAF depocenters remained in relatively deep-water conditions and were mainly interested by
turbiditic sedimentation during the whole Messinian salinity crisis (syn- and post-evaporitic Messinian).
Nevertheless, the evaporative water loss since the onset of the salinity crisis promoted a network of
incised valleys, submarine canyons and slump scars developed in relation to the Intra-Messinian
unconformity, which can be seismically traced above the primary evaporites. This unconformity
(corresponding to LM allogroup boundary) is overlain, at basin margins (in particular in the northern
Apennine thrust-top basins) by chaotic complexes of the Sequence ME3 containing large amounts of
Cretaceous to Miocene olistoliths and gypsum breccias. This was mainly in relation to the uplift
generated by the Intra-Messinian Phase, leading to the erosion and destabilization of the primary
evaporites. Along the Southern Alps margin, fluvio-deltaic systems turned from normal regression to
forced regression. In the foredeep, this turning point is highlighted by a dramatic increase of
sedimentation rates in post-evaporitic sequences, almost one order of magnitude higher than in the pre-
evaporitic sequence. The erosive depressions are filled by upper Messinian systems when
accommodation increased after the forced regression phase. More marginward, lower Pliocene deposits
unconformably overlie lower Messinian or older rocks.

During the Pleistocene, the eastern Po Plain and the Northern Adriatic Sea were interested by the
impressive progradation of slope, shelfal and coastal deposits of the Ravenna Fm., i.e. the Po Plain
Prograding Complex. It rapidly advanced along the foredeep axis towards SE from the Lombardia as far
as its present-day position just SE of Ancona causing the almost complete infilling of the PPAF (Ghielmi
et al., 2010; Garzanti et al., 2011). During its fast advance towards SE, it progressively merged with the
active Apenninic and Alpine-Dinaric lateral progradations from the inner and outer foredeep margins,

respectively.
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LM allogroup

The boundary of LM Allogroup (late Messinian—early Pliocene) corresponds to a marked tectonic
unconformity produced by the so-called ‘‘Intra-Messinian Phase’’. This tectonic event was responsible
for the reactivation and uplift of the Emilia and Romagna arcs with the migration of the foredeep toward
the foreland.

The main consequences are i) the inner depocenter of the former fragmented EM foredeep is incorporated
within the northern Apennine thrust-and-fold belt as a system of large piggy-back basins;

i1) the creation of a new simple foredeep in a more external position with respect to the Emilia and
Romagna arcs and partially superposed on the outer depocenter of the former EM fragmented foredeep.
During this time, the foredeep extended from the MM to the northern Adriatic Sea for over 200 km in
length and 25-40 km in width.

In the LM allogroup, three component LSSs are identified: ME3, ME4 and PL1.

The post-evaporitic ME3 and ME4 Messinian foredeep deposits consist of 1,000 m of turbidite
sandstones and conglomerates of the Fusignano Fm. These sediments are mostly referred to highly-
efficient turbidite systems and are volumetrically dominated by sandstone lobes. The main source area
was probably located along the outer foredeep margin in the eastern Lombardia, where both the fluvial
valleys and the submarine canyons underwent reincision, while the fan delta systems became largely
dominated by progradation and forced regression. Fluvial reincision of the early Miocene valleys
occurred during the maximum sea level drop developing, across the Intra-Messinian Unconformity
(ME3) an extremely thick, semi-arid, argillic paleosols (Minervini, 1999; Fantoni et al., 2001). Close to
the ME4 sequence boundary instead, a change to semi-humid paleosols is recorded, suggesting the
presence of a periodically higher water table. Other important entry-points have been recognized more
eastward, where large incisions cut the foreland ramp. The steeper gradients recorded after the Intra-
Messinian phase led to the local erosion and remobilization of primary evaporites and to a renewed clastic
input; the uplift and consequent readjustment to a lower base level generated a network of incised valleys
and canyons. The Sequence ME3 records a major basin-modification phase and an increasing rate of
differential subsidence, whereas the Sequence ME4 records a dramatic reduction of tectonic subsidence
at the regional scale.

The Sequence ME3 (Fig. 10) is mainly characterized by large and locally very thick chaotic complexes
which form, where present, the lower stratigraphic portion of the Tetto Fm. (Selli, 1954), called also

Colombacci Fm. (Selli, 1952), corresponding with post-evaporitic brackish-freshwater succession
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(Bassetti et al., 2004) in the Apennine thrust-top basins (Gelati et al., 1987; Rossi and Rogledi, 1988;
Ghielmi et al., 1998; Roveri et al., 1998; Rossi et al., 2002; Artoni et al., 2010).
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Figure 10. Facies associations distribution map of the post-evaporitic ME3 sequence (LM Allogroup) (Ghielmi et al., 2013)
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These depositional units lie at the base of the tectonic slopes, typically containing slide blocks, slumps
and large olistoliths made of evaporites and Epi-Ligurian rocks. The reworking index becomes very high
in this setting, involving also Cretaceous Ligurian units. Typically, the mass-transport evaporites evolve
downcurrent into high-density turbidites made of gypsorudites and then gypsarenites (Rossi et al., 2002;
Minervini et al., 2008; Artoni et al., 2010). Anoxic mudstones occur both in the thrust-top and in the
foredeep basins, and locally can be characterized by bottom current reworking. In the foreland of the
Veneto Plain and the Northern Adriatic Sea, the allogroup boundary is represented by a deep erosional
unconformity controlled by flexural tilting and local uplift over the peripheral bulge. This generated a
relative base-level fall related to the Intra-Messinian phase. The erosion of large-scale incised-valleys
developed over the whole area during the period of subaerial exposure, passing basinward into a network
of submarine canyons. The truncated stratigraphic succession includes pre- and syn-evaporitic Messinian
clastics and evaporites and older Miocene deposits, and locally reaches a maximum thickness of 400—

500 m. This impressive system of valleys and canyons acted as by-passing areas for conveying large
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volumes of coarse-grained clastics into deeper waters until it became filled in its more basinal portion
since latest Messinian time (Sequence ME4).
In the foreland, the Sequence ME4 (Fig. 11) is represented only by thin sections of fluvial conglomerates
deposited in the valley floors. Both in the northern Apennine thrust-top basins and in the Southern Alps
margin, the Sequence ME4 records the deposition of fluvio-deltaic systems dominated by catastrophic
fluvial floods and developed in relation to the combination of low-accommodation at basin margins and
low-salinity of basin waters, brackish- to fresh-waters typical of the ‘‘Lagomare’’ event (Cita et al., 1975;
Casati et al., 1976; CIESM, 2008). These deposits, referred in the subsurface as the Sergnano Fm. in the
Southern Alps margin (Fantoni et al., 2001; Minervini et al., 2008) and as the Cortemaggiore Fm. in the
northern Apennine margin (Rossi et al., 2002, 2015), formed active prograding wedges characterized by
an increasing rate of by-passing and forced regression.
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Figure 11. Facies associations distribution map of the post-evaporitic ME4 sequence (LM Allogroup) (Ghielmi et al., 2013)

The Miocene—Pliocene boundary represents a well-known regional marine ingression event, although its
nature is not completely clear yet (Gennari et al., 2008; Garcia-Castellanos et al., 2009; Bache et al.,
2012 and reference therein).

The PL1 sequence boundary (Fig. 12) corresponds to this impressive flooding surface along the inner
and outer margins of the northern Apennine foreland basin, areas where the lower Pliocene
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unconformably overlies the regressive wedge of the ME4 Sequence or older Messinian or pre-Messinian
deposits. Basinward in the foredeep, where conformable relationships occur at the Miocene—Pliocene
boundary, the basal portion of this lower Pliocene sequence probably contains also, topmost Messinian
deposits.

The Sequence PL1 is represented, in the foredeep, by 500—700 m of alternating thick-bedded sand,
sandstone and polygenic conglomerate of the Canopo Fm. These deposits were deposited in a 20/25 km-
wide (35/40 km in MM) and more than 220 km-long foredeep extending from the MM (eastern
Lombardia) to the Adriatic Sea. The coarse-grained channel-to-lobe transition deposits and the
sand/sandstone lobes are the predominant facies associations. On the basis of the facies types and their
distribution, these sediments may be interpreted as a complex of laterally coalescent sand-rich poorly-
efficient Type II turbidite systems (Ghielmi et al., 2008). These systems were fed by several sedimentary
entry-points located both on the inner and the outer margins of the foredeep generally with local
paleocurrents transversal to the main foredeep axis. Two main source areas have been recognized: the

MM foreland (the most important), and along the inner foredeep margin of the eastern Romagna area.
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Figure 12. Facies associations distribution map of the Zanclean PL1 sequence (LM Allogroup). The map representative of the top of the
sequence, shows the facies at ca. 4 Ma (Ghielmi et al., 2013).

In the meantime, a relatively thin section of clay interbedded with coarse-grained turbidite facies (Type
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IT systems) of the Caviaga Fm. (Dondi et al., 1982; Ghielmi et al., 1998, 2008) was deposited in the
central Lombardia and in the western MM, which represented a relative paleo-high at this time,
subdividing the PPAF from the westernmost depocenters of the Western Po Plain Foredeep.

After the basal Pliocene abrupt transgression, marine clays of the Santerno Fm. (Dondi et al., 1982) were
deposited over a large area of the foreland. In the upper part of Seq. PL1, a predominantly southward
progradation of slope, shelfal, coastal (Eraclea Fm., Eni subsurface lithostratigraphy) and continental
depositional systems took place over the whole foreland area from Lombardia, in the W, to the northern
Adriatic Sea, in the E. In a large area of the northern Adriatic Sea foreland, the Messinian incised- valleys
were filled in by fine-grained turbidite sand and sandstone passing southward to alternating sand and
clay of the Gisella Fm. (Eni subsurface informal lithostratigraphy). These deposits, 200/300 m-thick, are
referred as belonging to sand lobe and lobe fringe/ basin plain depositional environments, respectively.
The lower Pliocene prograding complex passes basinward to turbidites deposited in a deep-water
foreland area, rich in dolostone and limestone rock fragments, provided by the prograding complex. In
the piggy-back basins of the northern Apennine belt, the Seq. PL1 is predominantly represented by
basinal turbiditic-emipelagic clays. A progradation from the southern basin margins developed towards

NE in the upper part of the sequence also in this area.

EP allogroup

The unconformable boundary of the EP Allogroup (early-upper Pliocene) corresponds to a severe
Pliocene Apennine tectonic event: the so-called Intra-Zanclean Phase. The main consequences of this
tectonic phase are (Ghielmi et al. 2008): i) the deformation of the innermost structural element of the
Ferrara fold-belt, which led to a significant change of the basin geometry with a partial migration of the
foredeep that, in the Romagna sector, was split into two separate sub-basins (fragmented foredeep); ii) a
phase of rapid subsidence (generating an abrupt relative sea level rise) in the Lombardia and Veneto
foreland; iii) the activation of an important thrust front system in the Romagna offshore area; iv) a phase
of severe uplift and tilting of the piggy-back basins of the northern Apennine thrust-and-fold belt.

In the EP allogroup, two component LSSs are identified: PL2 and PL3. During the deposition of the
Allogroup EP the foredeep still extended from the MM to the northern Adriatic Sea with a total length
of over 300 km and a total width of about 50 km. The western part of MM and the central Lombardia
still represented a gentle paleo-high of the foredeep, where a mud-dominated turbiditic sedimentation
was locally intercalated with coarse-grained turbidite facies (poorly-efficient Type II turbidite systems)

fed by local entry-points located in the foreland. The Intra-Zanclean Phase was also recorded by a
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dramatic change in the depositional regime with the sedimentation of the impressive Type I turbidite
systems of Porto Corsini and ‘‘inner’” Porto Garibaldi Fms. (Ghielmi et al. 2008b). About 2,000 m of
stacked sand lobes were deposited in the present-day onshore portion of the foredeep. In the northern
Adriatic Sea, these sediments grade downcurrent into muddier basin plain deposits.

The sedimentary infill of the Sequence PL2 foredeep (Fig. 13), 30-45 km wide and over 260 km long,
comprises the lower-upper Pliocene turbidites of the Porto Corsini Fm. In the eastern Po Plain, this
foredeep succession mostly consists of alternating thick-bedded coarse to fine-grained sands and mud

with a maximum thickness in the foredeep depocenters of 1,100 m.
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Figure 13. Facies association distribution of the Zanclean-Piacentian PL2 Sequence (EP Allogroup). The map representative of the top of
the sequence shows the facies at 3.4/3.3 Ma. (Ghielmi et al., 2013)

These sediments are currently interpreted as proximal and distal turbidite sand lobe and basin plain
deposits. The northern Adriatic Sea foredeep area was interested by the deposition of mud with
intercalations of thin to thick-bedded fine-grained sand and referred to basin plain and distal sand lobe
facies associations. In the Mantova Monocline (MM), close to the northern foredeep margin, thick-
bedded coarse-grained turbidites of proximal lobe and channel-lobe transition have been recognized. In
the MM and western Veneto foreland ramp, large-scale submarine canyons were incised into the PL1

lower Pliocene prograding wedge due to the turbidity currents erosional activity. During the Intra-

24



Zanclean Phase, the whole foreland area was interested by a major marine transgression related to the
active subsidence. As a consequence, the PL1 prograding complexes were abruptly drowned. The
foreland and foreland ramp were characterized by a non-depositional hiatus or by a condensed deposition
of clay (Santerno Fm.). An up to 50 m-thick succession of skeletal packstone were deposited by relatively
shallow-water carbonate systems in the Venice sector, a relative high area of the foreland away from the
main clastic inputs. Along the inner foredeep margin, the Apennine belt underwent a severe phase of
deformation during the Intra-Zanclean Phase with the reactivation of the already formed structural fronts.
As a consequence, the sedimentation of condensed clay on large paleo-high areas occurred in this sector,
while basinal fine-grained deposits were deposited only in narrow depocenters. Skeletal packstones of
relatively shallow-water carbonate systems were deposited on top of the highest structural fronts (i.e.
piggy-back margins and peripheral bulge).

The lower boundary of the Sequence PL3 is represented by a tectonic unconformity (Fig. 14). In the
foredeep the deformative event caused to the formation of new structural fronts in the northern Adriatic
Sea and in the easternmost onshore area, along with the reactivation of the former structures.
Furthermore, this deformative event marked a sharp forestepping of the turbidite systems of the middle
Pliocene ‘‘inner’’ Porto Garibaldi Fm. The deposition of thick-bedded coarse to fine-grained sand of
proximal and distal sand lobes facies association occurred over most of the foredeep, while the basin
plain deposits were limited to the northern Adriatic Sea. In the MM, turbidite coarse-grained sand and
gravel of channel-lobe transition and proximal lobe were deposited. On the northern foredeep margin of
this area, a large-scale channels complex has been identified through seismic interpretation and well data.
The PL3 foredeep was, at this time, 45-50 km wide and over 300 km long and with a sedimentary infill
about 1,000—1,100 m thick. In the Emilia area, due to the aggradation of a thick turbiditic succession, the
thrust folds of the inner foredeep margin are gradually onlapped and, in the upper part of the sequence,
finally overpassed with the foredeep turbidity currents overflowing also into the piggy-back basin. In the
MM and western Veneto foreland and ramp domain, siliciclastic sedimentation started again after the
period of non-deposition or condensation of the Seq. PL2.

The succession is represented by an overall regressive cycle with, in the lower part, ramp to shelfal clay
(Santerno Fm.) and, in the upper part, predominantly southward prograding shelfal and coastal systems.
On the contrary, the northern Adriatic Sea and the eastern Veneto ramp and foreland were still interested
by very low sedimentation rates or by non-deposition and the sequence is represented by a thin section
of marine clay (Santerno Fm.) or by a non-depositional hiatus.

In the piggy-back basins of the Emilia-Romagna area, the PL3 succession mostly consists of fine-grained
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basin plain deposits. Only in the southeastern piggy-back depocenters, the upper part of the PL3

succession is represented by turbidite sand lobe deposits and basin plain interbedded clay and sand.
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Figure 14. Facies association distribution map of the Piacentian-Gelasian PL3 Sequence (EP Allogroup). The map representative of the
top of the sequence, shows the facies at about 2.4 Ma (Ghielmi et al., 2013).

The deposition of turbidite sands in this area was due to the local flowing of the foredeep sand-rich
turbidity currents into the piggy-back basin and thus passing over the thrust fronts of the inner foredeep

margin.

LP allogroup

The foredeep geometry dramatically changed again in relation to a regional tectonic event that marks the
base of LP Allogroup (early Pleistocene according to the updated time scale, Gibbard et al. 2010): the
Gelasian Phase.

In the LP allogroup, three component LSSs are identified: PL4, PS1 and PS2.

This event is correlated with the full structuration of the Ferrara fold-belt and the related uplift of its NW
and SE lateral ramps and the uplifting/tilting toward SW of the whole present-day Bologna area (Ghielmi
et al., 2008b); deeper carbonate units were also involved (Turrini et al., 2014). A severe phase of

deformation also interested the northern Adriatic thrust-and-fold belt. The Gelasian Phase of deformation
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produced a dramatic change of the Po Plain and the northern Adriatic Sea paleogeography. Most of the
former foredeep area, including the onshore Emilia-Romagna sector and the south-western and inner
sector of the northern Adriatic Sea, were isolated and incorporated within the Apennine thrust-and-fold
belt as large piggy-back basins. To the west, the MM area was separated by the growth of the Ferrara
NW lateral ramp and included in the westernmost Western Po Plain Foredeep (Minervini et al. 2008). A
new foredeep (up to 350-km long, 80-km wide) formed to the east, in the area of the present-day eastern
Veneto Plain and the northern Adriatic Sea (Ghielmi et al., 2008). Up to 2,800 m of mostly highly-
efficient Type I turbidite sand lobes belonging to the ‘‘Outer’’ Porto Garibaldi (Sequence PL4) and
Carola Fms. (Sequences PS1 and PS2) were deposited in the north-western sector of the foredeep. These
proximal deposits grade towards SE into distal thin-bedded and fine-grained basin plain deposits. During
the late Pliocene—early Pleistocene, the central-eastern Veneto foreland was the main source area for the
foredeep turbidite systems of the Sequences PL4 and PS1 (Ghielmi et al. 2008). In the middle
Pleistocene, as a consequence of eastward Po Plain progradation and the infilling of the MM, the main
source area changed and the turbidite systems of the Sequence PS2 were fed directly from the Po River
delta.

The Sequence PL4 (Fig. 15) is composed by early-middle Pleistocene sediments; the new foredeep,
mostly located in the northern Adriatic Sea, overlie the external part of the former foredeep and the
middle-late Pliocene foreland ramp. It shows a simple elongated shape and a length of over 200 km and
a width of 3545 km (20-25 km in the SE sector). The sedimentary processes were dominated by sand-
rich highly-efficient turbidity currents. The entry-points were located in the south-eastern Veneto and the
main paleocurrents were from NW, parallel to the main foredeep axis. Also, the PL4 foredeep succession,
which reaches about 1,200 m of thickness, shows an evident down-current evolution towards SE from
thick-bedded amalgamated coarse- to fine-grained sands of proximal and distal turbidite lobes to
alternating clay and fine-grained sand of basin plain. Along the inner foredeep margin, submarine
collapses from the active fronts of the northern Adriatic fold-belt provided minor volumes of sediments
to poorly-efficient turbidite systems. In the foreland and foreland ramp the PL4 boundary was outlined
by a transgressive episode generated by a tectonic tilting of the area (the Gelasian Phase).

In the northern MM, this transgressive episode was followed by a regressive cycle made up of ramp- to-
foreland clay (Santerno Fm.) and by coarser-grained shelfal, coastal and deltaic deposits. In the northern
Adriatic Sea ramp and foreland the Seq. PL4 is represented by condensed clays. A wide area of the
Emilia-Romagna was included in a large piggy-back basin bordered by the Ferrara fold-belt to NE and
by the Ligurian Units to SW.
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Figure 15. Facies association distribution map of Gelasian-Calabrian PL4 Sequence (LP Allogroup). The map representative of the top of
the sequence, shows the facies at the Gelasian-Calabrian boundary (Ghielmi et al., 2013).

This basin was characterized by an exceptional extension in comparison to the other Messinian-to-
Pleistocene thrust-top basins of the northern Apennine belt: about 140 km in length and 20-30 km in
width. Its unusual extension was due to a middle Pliocene gradual tectonic deactivation of the Bologna
thrust fronts which were completely onlapped by a thick aggradation of upper Pliocene-lower Pleistocene
turbidites. Another large piggy-back basin is represented by the Ravenna Syncline. The infill of both
depocenters (about 600-700 m thick in the Bologna depocenter) consists in the NW area of thick-bedded
sand lobes that grade laterally (towards SE) into alternating fine-grained sand and clay of distal sand lobe
and basin plain, and, finally, into distal basin plain mud.

These turbidites were deposited by highly-efficient turbidite systems fed by the Ferrara fold-belt lateral
ramps. In the Emilia piggy-back basins a northeastward progradation of slope, shelfal and coastal systems
occurred in relation to an important tectonic uplift of the northern Apennine margin, while basin plain
mud was still deposited in the basin depocenters.

The Sequence PS1 (Fig. 16), is bounded at the base by a tectonic-controlled unconformity and consists
of lower Pleistocene deposits. After the severe upper Pliocene tectonics, a gradual decrease of the
Apennine compressional deformation occurred during the lower Pleistocene as indicated by a reduced
growth of the existing structures and by the formation of only a few new structural fronts in the Veneto

onshore area. As a consequence, the PPAF paleogeography of the Sequence PS1 was very similar to the

28



previous Sequence PL4 with a simple foredeep depocenter (50-70 km wide, over 260 km long) located

in eastern Veneto Plain and the northern Adriatic Sea.
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ngufe 16. Facies association distribution m_ap‘of theEarly-rhidd7e Pleistocene PS1 Sequence (LP Allogrbz};). The map is representativeT Ef
the facies distribution of the middle-upper part of the sequence and is referred at about 1.2/1.1 Ma (Ghielmi et al., 2010).

The Ligurian Units of the Bologna-Reggio Emilia sector experienced an important northeastward
displacement probably driven by thin-skinned gravity tectonics (Argnani et al., 2003). The foredeep
succession, up to 700/800 m thick, consists of turbidite sand and mud of the upper part of the ‘‘outer’’
Porto Garibaldi Fm. and of the lower part of the Carola Fm. The Veneto foreland still represented the
main source-area of the sediments and the main paleocurrents are still parallel to the foredeep axis. The
PS1 sequence corresponds to the phase of minimum efficiency and backstepping of the foredeep Type 1
turbidite systems of the LP allogroup, as indicated by the limited extension of the sandier facies
associations. The reduced efficiency was probably also related to the decreasing tectonic activity during
lower Pleistocene. The Veneto and the northern Adriatic foreland were interested by the deposition of
mud of the Santerno Fm. In the piggy-back domain most of the structural highs were progressively
onlapped by the PS1 deposits due to the combination of reduced thrust fronts uplift and high turbiditic
sedimentation rates. In the upper part of the lower Pleistocene, the combination of these factors generated
a single depocenter (about 160 km long and 25-40-km wide) limited by the Ferrara thrust-and-fold belt
to NE and by the emerged northern Apennines Chain to SW. Probably, also this large basin was

predominantly characterized by highly-efficient turbidite systems with mainly longitudinal
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paleocurrents. A partial connection with the MM, now included in the Western Po Plain Foredeep, took
place during the lower Pleistocene. An active progradation of slope, shelfal and coastal/deltaic systems
extensively occurred from the Apennine margin with the in- filling of the marginal depocenters behaving
as piggy-back basins since the late Messinian. A coeval progradation is also recorded in the northern part
of the MM.

The Sequence PS2 (Fig. 17) consists of middle-upper Pleistocene deposits. Also, the middle Pleistocene
was characterized by a reduced Apennine compressional deformation and no new thrust front was
activated. A remarkable exception is represented by the Bologna-Reggio Emilia Ligurian Units that still

continue to move northeastward, probably driven by thin-skinned gravity tectonics (Argnani et al., 2003).
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Figure 17. Facies association distribution map of the late Pleistocene PS2 Sequence (LP Allogroup). The map is representative of the facies
distribution of the middle-lower part of the sequence (base of PS2b) and is refererred at about 0.6 Ma (Ghielmi et al., 2013).

In the foredeep, the PS2 sequence boundary is marked by an abrupt forestepping of the turbidite lobes as
indicated by the superposition of sand lobes deposits on basin plain and distal lobe alternating clay and
sand of the former Sequence PS1.

This sharp facies change was probably originated by a number of concurrent factors (in order of
magnitude): i) the onset of Pleistocene glaciations in the Alps caused an abrupt increase of the grain-size
and volume of the sediments (Muttoni et al. 2003); ii) during this time interval, the Po River system

began to feed directly the PPAF, after the complete infill of the MM depocenter with turbidites, and with
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slope-to-coastal deposits of Po Plain Prograding Complex (occurred during the Sequence PS1); iii) a
minor Apennine compressional phase roughly coincident with the major climatic change.

The type of turbidite sediment grades towards SE into thinner-bedded and finer-grained basin plain
deposits, with a dispersal pattern from NE still longitudinal to the foredeep axis.

The Sequence PS2 was affected by a progressive decrease of the turbidity currents efficiency, with
highly-efficient Type I turbidite systems in the lower part of the sequence and deposits of lower efficient
turbidite systems in the upper one. During the Sequence PS2, the progradation of slope, shelfal and
coastal deposits of the Ravenna Fm. extensively occurred in the study area, as a consequence of the
prolonged lowstand phases of the middle Pleistocene glacial episodes and of the huge volume of
siliciclastic deposits produced during the stages of climatic degradation. Also, the reduced compressional
deformation favored the progradation of the Po Plain Prograding Complex rapidly advanced
southeastward along the foredeep axis reaching, from the central Veneto, its present-day position just SE
of Ancona with an average shelf-edge advancement towards SE. As a consequence of the slope
progradation, the foredeep depocenters of the Sequence PS2 rapidly migrated towards SE reaching the
central Adriatic Sea. During its advancement towards SE, the axial progradation progressively merged
with the active Apenninic and Dinaric lateral progradations from the inner and outer foredeep margins,
respectively. During the Sequence PS2, the deep-water sedimentation was limited to the foredeep and to
part of the ramp and foreland areas, while the deposition of continental (i.e. fluvial and floodplain
deposits), coastal, shelfal and slope deposits took place over large areas. In the foredeep, the PS2
succession reached about 1,500 m of thickness, including turbidites and the overlying slope-to-
continental deposits. During this interval, the inner and the outer foredeep boundaries were, respectively,
represented by the toe of the slope of the lateral Apenninic progradation and by the onlap of foredeep
turbidites on a low-angle dipping foreland.

The combination of the gentle dip of the foreland and of the high sedimentation rate was responsible for
a rapid extension towards NE of the foredeep which rapidly reached its maximum extension with a width
up to 75 km and a length of over 275 km. It is probable that the Po River flowed always to the north of
the Ferrara thrust-and-fold belt with a lower-middle Pleistocene course roughly similar to the present day
one. This assumption is supported by the available subsurface data: 1) the large Bologna and Ravenna
synclines were infilled during the lower-middle Pleistocene (Sequence PS1 and lower part of the
Sequence PS2) by an Apenninic progradation towards NNE (and not towards SE); ii) in the same
synclines the turbidites underlying the progradation are pre- dominantly fine-grained (Fig. 20); iii) on

the contrary, the presence in the Pleistocene foredeep at NE of the Ferrara thrust-and-fold belt of a thick

31



turbiditic succession of amalgamated sand lobes confirm the presence of a major fluvio-deltaic system

(the Po system) immediately to the west.

2.3. Late Messinian-Pleistocene hydrocarbon plays

The PPAF is one of the most prolific area for hydrocarbon (HC) exploration in Italy (the most important
for gas). After a pioneering phase in the 30 and ’40, Agip and its minor controlled oil companies
conducted an intense exploration campaign in the PPAF between the 60 and the ’90. The campaign
result was the discovery and development of a large number of gas fields. At the present, the PPAF
represent a mature area for HC exploration (Casero, 2004; Ghielmi et al., 2008; Eni, 2009; Cazzini et al.,
2015 and reference therein).

Two plays are effective for gas exploration in PPAF: the Plio-Pleistocene Gas Play and the Messinian
Play. The Plio-Pleistocene Gas Play is the main explorative target in the area. The targets are the turbidite
sandstones of the Plio-Pleistocene Turbidite Systems of Canopo Fm. (Early Pliocene), Porto Corsini Fm.
(Early Pliocene), Porto Garibaldi Fm. (Middle Pliocene-Early Pleistocene), Carola Fm. (Early-Middle
Pleistocene). Thick-bedded sand lobes and thin-bedded fine-grained basin plain deposits are the main
facies associations of the reservoirs. The Plio-Pleistocene turbiditic-hemipelagic clay interbedded to the
turbidite sand is both the effective seal of sandy reservoirs and the source-rocks of the biogenic gas. The
organic matter is vegetal of continental origin (kerogen type III). The gas accumulations are usually
associated with seismic direct hydrocarbon indicator (DHI, i.e.: Bright Spot, Pull-down, Polarity
Reversal, etc.) which represent a key support for exploration. The main traps are structural: 4-way
closures in the fault propagation folds (e.g.: Selva-Minerbio, Alfonsine, Ravenna e Pomposa Gas Fields
in the onshore area; Angela-Angelina, Porto Corsini, Porto Garibaldi, Cervia Gas Fields in the offshore
area). In the offshore area, a second important structural trap is represented by 4-way closures due to the
draping of the turbidite succession on highs of the pre- Pliocene substratum. The traps were subsequently
generated by differential compaction.

The mixed (structural-stratigraphic) traps are the secondary target of the play in both onshore and
offshore foredeep sectors. Two mixed trap types are present: the onlap of the turbidite reservoirs on the
flanks of a fault propagation fold (dip closure toward the basin) (e.g.: San Potito, Tresigallo Gas Fields),
and along the outer foredeep margin the turbidite sand onlap on the foreland ramp (e.g.: Naomi, Pandora

Gas Fields). In both cases the trap shows a dip closure toward the basin. The residual potential of the
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Biogenic Gas Play in the PPAF is mainly associated with mixed traps. The Messinian Play is an important
play in the onshore area of the foredeep. The reservoirs consist of Messinian fluvio-deltaic to gravity-
dominated shelf deposits of the Lanzano (Early Messinian), Sergnano and Cortemaggiore Fms. (Late
Messinian). The Messinian reservoirs are sealed by the Early Pliocene clay (Santerno Fm.). The source
rocks are the Oligocene and Miocene shales for the thermogenic hydrocarbons, Early Pliocene turbiditic-
hemipelagic clay (Santerno Fm.) for the biogenic gas. The organic matter is vegetal of continental origin
(kerogen type III). The HC phases are mixed (biogenic-thermogenic) gas and condensate. Due to the
lithology of the Messinian reservoirs (conglomerate and sandstone) the HC presence is only occasionally
supported by DHI. The main traps are structural: 4-way dip closures in the fault propagation folds (e.g.:
Cortemaggiore, Bordolano Gas Fields), and Messinian erosional remnants sealed by Early Pliocene clay
(e.g.: Sergnano, Romanengo Gas Fields) (Fantoni et al., 2001; Ghielmi et al., 2008, 2010; Bertello et al.,
2010; Cazzini et al., 2015).
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CHAPTER 3
BASIN-SCALE ARCHITECTURE OF THE PLIOCENE-PLEISTOCENE
FILLING OF THE PO PLAIN-NORTHERN ADRIATIC FORELAND BASIN

3.1. Abstract

The Pliocene-Pleistocene tectonic and sedimentary evolution of the eastern Po Plain and northern
Adriatic Foreland Basin (PPAF) (extended ca. 40,000 km”) was the consequence of the severe
Northern Apennine compressional activity and climate-driven changes of sea-level and sediment
supply.

According with the 2D seismic interpretation, facies analysis and sequence stratigraphy approach by
Ghielmi et al. (2013 and references therein), these tectono-eustatic phases generated six basin-scale
unconformities referred to Base Pliocene (PL1), Intra-Zanclean (PL2), Intra-Piacenzian (PL3), Base
Gelasian (PL4), base Calabrian (PS1) and Late Calabrian (PS2).

Here, it is presented a new 3D model of the PPAF derived from the mapping of these six
unconformities by means of a dense network of ca. 8,000 km of seismic lines, correlated with more
than 200 well stratigraphies (complete dataset provided confidentially by Eni Upstream).

The interpolated TWT surfaces have been depth-converted using the 3D velocity model calculated
with Vel-IO3D, a tool for time to depth conversion. The obtained depth-converted surfaces

Up to date, the produced 3D depth-surfaces of the PPAF represent the largest and most detailed
reconstruction of the Plio-Pleistocene architecture of the northern Italian subsurface. From the model,
it is possible to calculate 6 isopach maps that are fundamental outputs to inspect step-by-step the
basin paleogeographic evolution occurred through alternating stages of simple and fragmented

foredeep together with high sedimentary supply and climate instability.
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3.2. Introduction

The foreland-foredeep basins evolution is a wide and fundamental topic for a number of geological
studies and applications. Foredeep deposits and their architecture contain abundant information about
tectonic, sedimentary and climate processes that occurred at basin scale through time. The 3D shape
of foreland and foredeep basins are, in fact, the result of the interaction among i) thrust belt tectonic
load, ii) subsidence and consequent accommodation space creation, iii) sediment supply and iv)
climate/eustacy processes. The interest in foreland-foredeep basins evolved also together with their
incredible natural resources and geopotentials and geological knowledge increased as fast as the
economic and scientific investments.

All these characteristics are recorded in the study area, the Po Plain-Northern Adriatic basin (PPAF),
located in the Northern Italy, a nearly E-W elongated basin which developed as the foreland of the
Northern Apennines to the South, and the retro-foreland of central Alps to the North. The PPAF is
also one of the largest European onshore-offshore strategic targets for oil and gas exploration
(Ghielmi et al., 2008; Cazzini et al., 2015).

3D modeling techniques are the most advanced frontiers of geological representation and basin
analysis, considered as key tools in the understanding of the subsurface geological structures,
evaluation and sustainable management of the subsurface resources (water, geothermal energy, oil
and gas) and potential usages (e.g. storage activities, i.e. CO2 and CH4). The Northern Apennine
region has to deal also with seismic hazards, as demonstrated by the Emilia seismic sequence of May-
June 2012 with M, max 6.1, and coseismic induced effects at the surface, such as the liquefactions
related to an overpressure of shallow-depth aquifers (Di Manna et al., 2012; Emergeo Working
Group, 2013).

Due to this complex socio-economic and geological framework, the sedimentary succession and
tectonic setting of the study area have been the target of several studies (i.e. Basili et al., 2008; Fantoni
and Franciosi, 2010; Fantoni et al. 2010; Ghielmi et al. 2010, 2013; Toscani et al., 2014; Turrini et
al., 2014; DISS Working Group, 2015; Maesano et al., 2015; Maesano and D’ Ambrogi, 2016 and
reference therein). Nevertheless, very few depth-converted 2D and 3D reconstructions of the Po Plain
subsurface at basin scale are presently available. Unfortunately, some of them focus on the base
Pliocene only, others refer to deeper layers and are derived from a sparse 2D lines seismic coverage
(i.e. Pieri & Groppi, 1981), which is not appropriate to investigate with high-resolution the Po basin
evolution through the recent time.

In the following, the most important key studies are reported:
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e Pieri & Groppi (1981): 2D cross- and along strike depth converted seismic sections of the
entire stratigraphic succession (Mesozoic to recent) and base Pliocene map (1 km contouring)
which is the only one completely mapped over the entire Po Plain and Northern Adriatic Sea.
Up to date this remains the key reference for every study of the Po Plain subsurface.

e Bigi et al. (1992): Base Pliocene isobaths map (0.5 km contouring) from “Structural Model
of Italy and Gravity map” 1:500,000.

e Fantoni and Franciosi (2010): 2D depth converted seismic sections.

e Turrini et al. (2014, 2016): 3D depth converted Mesozoic geometries and base Pliocene

surface by means of public dataset only.

Although a complete review of the literature on the subject since the last decade is beyond the scope
of'this Thesis work, for more details, it could be worth to mention D’ Ambrogi et al. (2010) and Turrini
et al. (2014, 2016) and all reference therein.

New data were provided by EU-funded GeoMol project (www.geomol.eu) (Diepolder et al., 2014,
GeoMol Team, 2015; Maesano & D’ Ambrogi, 2015; Maesano et al., 2015). The project used a newly
designed and implemented workflow for 3D model management and 3D time-to-depth conversion
(i.e. Vel-10 3D by Maesano and D’ Ambrogi, 2017). One of the project’s pilot area to investigate was
a portion of the central Po Plain (about 5,700 km” wide area) by means of very dense seismic grid
provided confidentially by Eni Upstream. The result was a very accurate depth-converted 3D model
that include 15 horizons, from the top of Permian-Triassic to Pleistocene and more than 150 faults.
Moreover, when these results were compared with precedent models, they demonstrated the
inaccuracy and limitations of previous investigations.

It’s clear, then, that a complete 3D detailed stratigraphic and velocity for the entire Po Plain-Northern
Adriatic basin is still missing. This Thesis attempts to fill this knowledge gap for the Plio-Pleistocene
stratigraphic interval, presenting a new 3D model of the PPAF (about 40,000 km® wide area) based
on the interpretation and mapping of six basin-scale unconformities on ca. 8,000 km seismic lines,
calibrated with more than 200 wells (complete dataset provided confidentially by Eni Upstream).
The Plio-Pleistocene sedimentary framework traced in seismic is consistent with the PPAF tectono-
eustatic driven allogoups and large-scale sequences recognised by Ghielmi et al. (1998, 2010, 2013)
and Amore et al. (2004). These unconformities are referred to Base Pliocene (PL1), Intra-Zanclean
(PL2), Intra-Piacenzian (PL3), Base Gelasian (PL4), Base Calabrian (PS1) and Late Calabrian (PS2).
The 3D architecture derived from TWT seismic lines has been depth-converted using of the Vel-10
3D software developed by Maesano and D’Ambrogi (2017) and successfully tested in the GeoMol
project area (GeoMol Team, 2015; Maesano & D’Ambrogi, 2015; Maesano et al., 2015).

The final result is an accurate depth-converted reconstruction of the 3D stratigraphic architecture of
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the Po Plain-Northern Adriatic basin during the latest ca. 6 Ma and the sediment thickness during
each evolutionary step which are both fundamental in petroleum geoscience and in seismotectonic

analysis.

3.3. Dataset

3.3.1. Seismic dataset

The input dataset used in this study (courtesy of Eni Upstream) is part of the impressive subsurface
database, property of Eni Upstream collected over 60 years of exploration activity on the entire Po
Plain and northern Adriatic basin. It consists of about 5,000 seismic lines and thousands of wells
(Ghielmi et al., 2008; Fantoni and Franciosi, 2010). About 8,000 km of seismic lines have been
selected as the basis for the geological model; in detail, the seismic grid is composed of 327 regional
TWT seismic lines, covering ca. 43,000 km? of the central-eastern Po Plain and the northern Adriatic

Sea (Fig. 18).

Figure 18. Black lines: Seismic line dataset provided by Eni Upstream. Red lines: tectonic framework of the Northern Apennine and
Southern Alpine after Ghielmi et al. (2010). Bold blue line: perimeter of the study area.

The mapped key horizons correspond to the six main unconformities (allogroups and LSSs) defined
by Ghielmi et al. (1998, 2010, 2013) and Amore et al. (2004), according with the stratigraphic scheme
and correlation used by Regione Lomabrdia & ENI (2002), Muttoni et al. (2003), Garzanti et al.
(2011) through Plio-Pleistocene succession. The intra-Messinian unconformity (ME3 unc.) has been

also traced and included into the 3D time-model. Unfortuntaly it could not be depth converted because
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the late Messinian is rarely recordered into the wells located into the deeper portion of the foredeep
and poorly preserved in foreland.

The seismo-stratigraphic interpretation of the seismic lines is based on the description and
interpretation of well logs coupled with the analysis of seismic geometries and facies. Bounding
surfaces of different order and importance were correlated, at the basin scale, using well and seismic
data and applying principles (Vail et al., 1977) and procedures (Catuneanu et al., 2009 and references

therein) of seismic stratigraphy.

3.3.2. Well dataset

The interpretation and the time-domain stratigraphic calibration of the seismic profiles has been done
by more than 200 explorative wells stored into the Eni Upstream's database and ViDEPI Project
(available from http://unmig. sviluppoeconomico.gov.it/videpi/); thus (Fig.19). It was possible to
integrate the seismic interpretation with stratigraphic markers and well-log curves (e.g. resistivity,

spontaneous potential and sonic log).

Figure 19. Green points: hydrocarbon wells from Eni's private dataset and VIiDEPI Project. Black lines: Seismic line dataset provided
by Eni Upstream. Red lines: tectonic framework of the Northern Apennine and Southern Alps after Ghielmi et al. (2010). Bold blue
line: perimeter of the study area.

Eni's dataset is a coherent source of information and the 3D model building process did not require
harmonization. The well data are digitized and stored in a database; they are marked by some primary

keys like seismic unit, formation name, age and sometimes foraminifer biozones that enable the
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correlation between well logs and data deriving from the seismic picking. This integrated approach
supports the check of the line drawing during seismic interpretation, using a swift depth-time

conversion of the well markers.

3.3.3. Seismic velocity dataset

Due to the large amount of seismic survey acquired and the onshore and offshore well fields, the Po
Plain and the northern Adriatic Sea have a unique seismo-stratigraphic record, in particular of the
Plio-Quaternary clastic succession, showing a great potential for 3D modeling analysis.

Moreover, 65 wells were used in order to support the 3D velocity model construction and
optimization (Fig. 20). The extracted well log include velocity data i.e. interval velocity and average
velocity, from which velocity-depth curves and all the parameters needed as input values for Vel-10
3D, the tool used for 3D velocity model construction, optimization and time-depth conversion

(Maesano and D’ Ambrogi, 2017)

Figure 20. Black points: wells with velocity data used for 3D velocity model, from Eni's private dataset. Red lines: tectonic framework
of the Northern Apennine and Southern Alpine after Ghielmi et al. (2010).
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3.4. Methods
3.4.1. Workflow

The methodological approach is based on the construction of a 3D model using interpretation of a

dense grid of seismic lines calibrated and converted with well log data and time-depth tables. The

designed workflow (Fig. 21) is articulated in two different domains of the vertical Z axis, time and

depth. Each domain is characterized by separate successive steps, sometimes connected.
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Figure 21. 3D model production workflow and software used during each step.

The main phases of the workflow can be summarized as follows:

1.

A O i

Seismic and well log data selection from private (Eni Upstream) and public database (ViDEPI
Project)

Interpretation of the key horizons in 2D seismic lines and well log analysis.

Interpolation of the 3D model in time domain (Delaunay Triangulation)

Calculation of the 3D velocity model.

Time-depth conversion.

Construction of the final 3D depth-converted model and refinement.
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3.4.2. 2D seismic interpretation

The first step of the 3D modelling in depth domain is the construction of a 3D model in time based
on the picked points, from 2D seismic reflection grid interpretation (Fig. 17, 21). Seismic line
selection (from the huge Eni’s private database composed of almost 5000 profiles) and complete
interpretation were performed during 60 days at the Eni’s Data Room only (offices located in San

Donato Milanese, Milan) (Fig 22).
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Figure 22. Geographic maps with seismic grid where is shown in colour the TWT interpretation of the key-horizon. Each map
corresponds to one Plio-Pleistocene allogoup or LSS boundary. Name and age are indicated into the maps according with Ghielmi et

al. (2010, 2013). Light blue lines: Po river drainage pattern.

Horizon interpretation was realized following seismic stratigraphy principles (Vail et al., 1977) and
sequence stratigraphy according to Mutti et al. (1994), Catuneau (2006). Seismic sequences first

needed to be defined by recognizing the surfaces of unconformity or correlative conformity from
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reflection terminations, i.e. allogoups and Large Scale Sequence (LSS) boundaries, described by
Ghielmi et al. (2010, 2013). The Intra-Messinian (ME3) unconformity is not shown in Fig. 22 because
fragmented and not extended basin scale as the other Plio-Pleistocene surfaces. These key-horizons
separate packages with concordant reflections whose parameters (configuration, amplitude,
continuity, frequency and interval velocity) differ from adjacent groups. Each seismic sequence
represents a depositional sequence with its own particular stratal geometry, thickness pattern,
recording step by step the basin evolution.

Eni Upstream research groups dated physically the sequences by means of biostratigraphy
(nannofossils and forams, pollen) and magnetostratigraphic methods integrated with log data as
lithology, velocity and depositional facies (Muttoni et al., 2003, 2007; Ghielmi et al., 2010, Garzanti
et al., 2011; Ghielmi et al., 2013, Scardia et al., 2015; Rossi et al., 2015). Improved accuracy results
because a grid of seismic sections, although having considerably lower resolution than electric logs,
provides a continuous profile of stratigraphy. However, electric logs must be correlated from well to
well to depict the stratigraphy. All information has been applied also to environmental setting,
depositional environments and the potential sand-shale content of the strata generating the seismic
facies reflection pattern (see section 2.2, this Thesis, or full detail in Ghielmi et al. 2010, 2013) (Fig.
23).

In seismics, these units, with genetically related strata and geometry, are bounded by: Intra-Messinian
unc. (ME3) (Fig. 23A), Base Pliocene (PL1) (Fig. 23B), Intra-Zanclean unc. (PL2) (Fig. 23C),
Piacentian unc. (PL3) (Fig. 23D), Gelasian unc. (PL4) (Fig. 23E), Calabrian unc. (PS1) (Fig. 23F)
and late Pleistocene unc. (PS2) (Fig. 23G). Delineation of allogroups and LSSs boundaries is repeated
on all intersecting lines in the grid of seismic data until the boundaries have been correlated and tied
throughout the entire grid. This process tends to verify the regional extend of major discontinuity

surface.

Figure 23 (next pages). Seven lithofacies maps (from Ghielmi et al., 2010, 2013) showing the geological setting of the PPAF basin
during the seven tectono-eustatic events occurred in the area since the late Messinian (section 2.2, this Thesis). A) Intra-Messinian
(ME3) unconformity and base of LM allogroup. B) base Zanclean (PL1) unconformity. C) Intra-Zanclean (PL2) unc. and base of EP
allogroup. D) Piacentian (PL3) unc. E) Gelasian (PL4) unc. and base of LP allogroup. F) Calabrian (PS1) unc. G) late Pleistocene (PS2)
unc. Blue line: study area perimeter. Bold black lines: seismic profiles in figs. 24, 25, 26. Orange line: cross correlation section Fig.
250. Green points: hydrocarbon wells Fig. 25P.
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Figure 23. Seven lithofacies maps (from Ghielmiet al., 2010, 2013) showing the geological setting of the PPAF basin during the seven
tectono-eustatic events occurred in the area since the late Messinian (section 2.2, this Thesis). A) Intra-Messinian (ME3) unconformity
and base of LM allogroup. B) base Zanclean (PL1) unconformity. C) Intra-Zanclean (PL2) unc. and base of EP allogroup. D) Piacentian
(PL3) unc. E) Gelasian (PL4) unc. and base of LP allogroup. F) Calabrian (PS1) unc. G) late Pleistocene (PS2) unc. Blue line: study area
perimeter. Bold black lines: seismic profiles in figs. 24, 25, 26. Orange line: cross correlation section Fig. 250. Green points:

hydrocarbon wells Fig. 25P.
In this sub-paragraph, some published and unpublished 2D seismic lines, and a cross section, are
shown (Figs. 24, 25, 26, 27, 28, 29) and described in order to give a few examples of the most
meaningful features of the studied sequences in terms of seismic facies and geometries. Particular

relevance is given to the seismic facies of turbidite deposits, useful to predict sand-shale content.
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Seismic traces are distributed in the study area in order to give examples of each sector of the PPAF
basin, i.e. onshore depocenters (Figs. 24-25-26), deformed Northern Apennine buried chain (Figs.
24-25-26-27), offshore Adriatic foreland ramp (Figs. 27-28) and Venetian-Adriatic foreland (Fig. 29).
Each panel will be described separately in the following. Seismic lines from Eni private database
(Figs. 24-25-26) are cut below 3000 ms to respect the industry policy for data publication. Names

and colour code of the unconformity horizons according with Ghielmi et al. (2010, 2013).

Figure 24. (next page). A) geographic map for location. Blue line: study area perimeter. Red lines: buried tectonic architecture after
Ghielmi et al. (2010). Black lines: seismic lines traces. Orange line: cross correlation profile in Fig. 25P. Green points: hydrocarbon
wells from Eni private database, details in Fig. 25P. B-1) 2D seismic lines from Eni private database. Horizon colour code in according
with Ghielmi et al. (2010, 2013). Light green line: Intra-Messinian (ME3) unconformity and base of LM allogroup. Light blue line:
base Zanclean (PL1) unconformity. Orange line: Intra-Zanclean (PL2) unc. and base of EP allogroup. Dark blue: Piacentian (PL3) unc.
Dark green line: Gelasian (PL4) unc. and base of LP allogroup. Yellow line: Calabrian (PS1) unc. Red line: late Pleistocene, PS2a
unconformity (ca. 900 kyr). Dark red line: latest Pleistocene, PS2b unconformity (ca. 600 kyr). Dashed red lines: faults.
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Fig. 24 B: this seismic line (see Fig. 24A for location) along the most external Apennine thrust front,
migrated to N-NE sector during the early-middle Pleistocene tectonic phase (Fig. 23F).

Note: deformed onlap surface of the Plio-Pleistocene sequences on the thrust anticline. The late
Messinian sequence is represented by coastal, shelfal and slope deposits (Fig. 23A) with complex
subparallel and converging seismic reflector. The Pliocene turbidite deposits (PL1, PL2, PL3:
Canopo, P.to Corsini, “inner” P.to Garibaldi Fms. respectively) are thinner to the NW because during
the entire Pliocene, the area near the present-day Po river mouth was a south-dipping foreland ramp.
Since the early Pleistocene instead, the deposition of PL4-PS1 sequences (“outer” P.to Garibaldi and
Carola Fms. respectively) appear highly condensed to the NW because deposited on a submarine
structural high. Vice versa, the sequences thicken to the SE with high amplitude and continuity
subparallel reflection configuration pattern. During the Gelasian tectonic phase the eastern foredeep
depocenter moved to the NE, reaching the present Po river mouth area. Pleistocene turbidites are fed
from a major entry point to the NW with depositional direction to the SE (Fig. 23E).

The PS2 unconformity lies at the base of the middle-late Pleistocene Po Plain prograding Complex
(Ravenna Fm.) because the profile shows the basin plain setting, far from the PS2 shelf-edge located
to the west, in the Bologna-Ferrara area (Ghielmi et al., 2010, 2013) (Fig. 23G). Prograding
clinoforms are very well visible because the trace is nearly perfectly parallel to the direction of
progradation. Bottomset beds evolve in distal deep-water sand-rich turbidites (at ca. 1 sec TWT).
Dashed red line: Apennine inverse faults.

Fig. 24 C: this seismic line located into the central depocenter, almost E-W oriented (see Fig. 24A
for location), near to the Piadena anticline (Maesano & D’Ambrogi, 2015). Strong differences in
amplitude and seismic pattern are visible. The late Messinian ME3 sequence is composed of
subparallel to hummocky reflection configuration pattern with the highest amplitude to the west,
thinning and grading low amplitude phases to the east. This heterogeneous seismic sequence
corresponds to the west to a proximal sand lobe (Fig. 23A) and to slope ramp deposits to the east.
PL1 unit (Canopo Fm.) appears completely different from the others, characterised by converging
reflectors with high noisy signal. On the basis of the facies types and their distribution, these
sediments may be interpreted as a complex of laterally coalescent sand-rich and coarse grained
poorly-efficient Type II turbidite systems (Fig. 23B-C), fed by a main entry-point located on the outer
margin, south-east to the Garda Lake, probably Adige-Mincio paleo system. PL3, PL4, PS1
sequences pattern changed to parallel reflector with high lateral continuity, corresponding to fine
grained lobe fringe and basin plain deposits of the “inner” P.to Garibaldi Fm. (PL3 sequence) and

proximal and distal (subordinated) sand lobe of “outer” P.to Garibaldi (Fig. 23D) and Carola Fm.
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(PL4 and PS1 sequence respectively) (Fig. 23E, F). The PS2 unconformity lies above the prograding

complex topsets.

Figure 25. See Fig. 24A for location. D-E-F) 2D seismic lines from Eni's private database. Horizon colour code in according with Ghielmi
et al. (2010, 2013). Light green line: Intra-Messinian (ME3) unconformity and base of LM allogroup. Light blue line: base Zanclean
(PL1) unconformity. Orange line: Intra-Zanclean (PL2) unc. and base of EP allogroup. Dark blue: Piacentian (PL3) unc. Dark green
line: ca. base Gelasian (PL4) unc. and base of LP allogroup. Yellow line: Calabrian (PS1) unc. Red line: late Pleistocene, PS2
unconformity (ca. 900 kyr). Dashed red lines: faults.
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Fig. 25 D: this seismic line is the eastern prolongation of the seismic profile in Fig. 24C, crossing the
north margin of the basin. In fact, all the units show similar reflection pattern features like the high
amplitude PL1 and PL2 sequences made by coarse-grained proximal lobe, fed by entry points along
the Mantova Monocline (MM) (stable source during the Zanclean-Calabrian time) and parallel, lateral
continuous Pleistocene PL4 and PS1 seismic sequences, due to turbidite sand and shale interbedded
layers.

Fig. 25 E: to the S, there are two reverse faults, probably splaying from the same thrust plane,
belonging to the most external front of the Emilia arcs. In this area, the tectonic deformation started
during late Tortonian (EM Allogroup, Ghielmi et al., 2010). The submarine structural high, caused
condensed sedimentation until Calabrian, when the top of the anticline was overlain by coastal, shelfal
and slope deposits. To the NE, during Messinian-Calabrian time evolved a deep foredeep depocenter
filled mostly with highly-efficient sand-rich turbidite systems.

Fig. 25 F: this seismic line is the northward prolongation of the seismic line in Fig. 25E, covering
from the south, the deformed Apennine chain with the depocenter and northward the foreland ramp
(Garda Monocline). The foreland ramp, with pre-Messinian extensional faults, has Messinian and
early Pliocene drowning unconformities occurred because of the increasing rate of subsidence related
to the outward shift of new foredeep depocenter. The Pleistocene Prograding Complex (upper PS1
and PS2 sequence) have an apparent opposite progradation direction, visible in in figures 25 E and
25 F. The system from the Apennine margins and the north one from the South Alps, both prograding
towards the foredeep centre. The overall Pleistocene Prograding Complex migration is to E-SE. The
basement is characterized by chaotic seismic patter corresponding to the pre-collision Permian

basement and Mesozoic carbonate succession.
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Figure 26. See Fig. 24A for location. G-H-1) 2D seismic lines from Eni's private database. Horizon colour code in according with Ghielmi
et al. (2010, 2013). Light green line: Intra-Messinian (ME3) unconformity and base of LM allogroup. Light blue line: base Zanclean
(PL1) unconformity. Orange line: Intra-Zanclean (PL2) unc. and base of EP allogroup. Dark blue: Piacentian (PL3) unc. Dark green
line: ca. base Gelasian (PL4) unc. and base of LP allogroup. Yellow line: Calabrian (PS1) unc. Red line: late Pleistocene, PS2
unconformity (ca. 900 kyr). Dashed red lines: faults.
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Fig. 26 G: this seismic line shows thrust-fold in the subsurface near to the Reggio Emilia town is
shown, with syntectonic sedimentation demonstrated by deformed onlaps and growth strata at the top
of the anticline. The anticline, with steep limbs, was growing since early-middle Pliocene (PL2 Intra-
Zanclean phase) until recent time. The PS2 fully continental sequence is folded with lateral onlaps
on the crest (visible at 300-400 ms), this deformation has also led to differential compaction. There
are two high angle reverse faults, evolved in different periods as evidenced by different unit
thicknesses at the footwalls. First, the SE-dipping one migrated in the middle Pleistocene (PL3
sequence) while the N-dipping back-thrust formed only in the early Pleistocene (Fig. 25E). Because
the seismic section is cut under 3 seconds it is not visible the S-dipping basal thrust, required to
accommodate the shortening at depth.

Fig. 26 H: the seismic section is located between the most external Emilia thrust front and the
southern Alps, close to the Piadena anticline. From the SW, the large syncline near to the southern
margin corresponds to Apennine thrust footwall. The anticline instead, is the lateral expression of
Piadena structure (Fig. 26I). The Piacentian-Calabrian parallel-bedded, high-amplitude and high-
continuity reflectors represent the turbidite infill. The early Pleistocene clinoforms (upper PS1 seq.)
of the prograding complex appear not well developed due to the profile orientation, parallel to the
shelf-edge and almost perpendicular to the progradation direction (Fig. 25F). The progressive upward
anticline widening denotes reduction of the Piadena tectonic activity thought time.

Fig. 26 I: this seismic section (modified from Ghielmi et al., 2013) shows the Messinian—Pleistocene
succession in the Cortemaggiore piggy-back basin of the Apennine thrust -fold belt (see Fig. 24A for
location). It is possible to observe the following features:

1) the prominent angular unconformities, caused by the uplift of the Cortemaggiore front (to the SW),
that characterized in particular the LM (ME3 unc.) and EP (PL4 unc.) allogroup boundaries;

i1) the presence at the base of the LM allogroup (ME3 unconformity) of a thick chaotic complex
consisting of Ligurian and Messinian units resedimented through mass-transport processes (Artoni et
al., 2010);

iii) the condensation that characterized the Cortemaggiore submarine high during Pliocene as
indicated by the convergence of the PL2, PL3 and PL4 sequence boundaries;

iv) the progradational seismic geometries of the Pleistocene succession (sequences PS1 and PS2);

v) the local direction of the Pleistocene progradation are towards NE. Pliocene thrust faults related to
the NE-ward propagation of the Apenninic deformation;

vi) the Piadena structure, forming an anticline, is clearly controlled by the underlying thrust and the
PS1 horizon shows also the closures of the anticline towards NW and SE. The ongoing activity of the

fold during the Calabrian is recognizable by the presence of syntectonic growth strata during this time
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interval;
vii) Plio-Pleistocene turbidite sandstone lobes and lobe fringes are recorded by parallel-bedded, high-
amplitude and high-continuity reflectors.

Figure 27 (above and next pages). Unpublished (L) and published seismic profiles and well log cross section (M-P) (Modified from
Ghielmi et al., 2013; Cazzini et al., 2015). See text for details. Horizon colour code in according with Ghielmi et al. (2010, 2013). Light
green line: Intra-Messinian (ME3) unconformity and base of LM allogroup. Light blue line: base Zanclean (PL1) unconformity. Orange
line: Intra-Zanclean (PL2) unc. and base of EP allogroup. Dark blue: Piacentian (PL3) unc. Dark green line: Gelasian (PL4) unc. and base
of LP allogroup. Yellow line: Calabrian (PS1) unc. Red line: late Pleistocene, PS2a unconformity (ca. 900 kyr). Dark red line: latest
Pleistocene. PS2b unconformitv (ca. 600 kvr).
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Fig. 27 L: linedrawing of a composite seismic profile, SSW-NNE oriented, across the Bologna-
Ferrara thrusts toward the foreland ramp on the Veneto region (see Fig. 24A for location).

Note: 1) to the SW is evident a deep piggy-back basin, subsiding since the early Pliocene, filled with
remarkable thickness of Plio-Pleistocene sequences;

i1) high sediment condensation and deformation at the top of the Ferrara arcs which started uplifting
since the intra-Zanclean (PL2) tectonic phase;

iil) the progressive tectonic activity decreasing since Calabrian time. In this location, the most recent
PS2 continental sequence, middle-late Pleistocene Po Plain Prograding Complex, is deformed (e.g.
folded or tilted) but not displaced by thrust faults. In grey is the pre-Pliocene, Meso-Cenozoic
substratum, deeply involved in the tectonic deformation (Fantoni & Franciosi, 2008, Toscani et al.,
2009; Fantoni & Franciosi, 2010).

Fig. 27 M: this seismic section shows the Plio-Pleistocene succession in the northern Adriatic Sea
fold belt (vertical scale in milliseconds, modified from Ghielmi et al., 2013) (see Fig. 24A for
location).

It is possible to observe: 1) the frontal part of the northern Apennine thrust and fold belt;

i1) the substantially undeformed foredeep of the LP allogroup (PL4, PS1 and PS2 sequences);

ii1) the progradational seismic geometries of the Pleistocene Progradation Complexes. Note also the
partial submarine truncation of the PL3 seq. along the thrust front n.2 occurred mainly during the
Base Gelasian phase (Ghielmi et al., 2013). PS2b late Pleistocene surface, is the base of the youngest
prograding sequence and is robustly dated in the Adriatic offshore at ca. 600 kyr, just above the
Gephyrocapsa sp. 3 LO (Ghielmi M. personal communication). This youngest depositional sequence
is best recognized at the eastern edge of the Po Plain, e.g. in the Venetian area (Kent et al., 2002).
Fig. 27 N: this Seismic section shows the Plio-Pleistocene succession in the northern Adriatic Sea
(modified from Ghilemi et al., 2013) (see Fig. 24A for location).

Note: 1) the most external and recent thrust-propagation folds of the northern Apennine thrust and
fold belt;

i1) the undeformed to slightly deformed foredeep of the LP allogroup limited along the inner margin
by the thrust front system n. 3;

ii1) the onlap of the turbidites of the P.to Corsini (PL2 seq.), “inner” and “outer” Porto Garibaldi (PL3
seq. and PL4 seq. respectively), and Carola (PS1 seq.) Formations on the SW-dipping foreland ramp;
iv) the remarkable high lateral continuity and tabular geometry of the highly-efficient turbidite
systems of the same formations and sequences listed above;

v) the Messinian sequences reduce in thicknesses moving to NE, towards the shelf-coastal area of the

foreland domain where also evaporitic sediments deposited;
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vi) the seismic progradational geometries of the Pleistocene progradations (upper part of seismic
section).

It is possible to observe also the merging between Pleistocene Apenninic Prograding Complex
(Calabrian-middle Pleistocene in age at this location) from the southwest margin of the basin, and the
axial Po Plain Progradation Complex (middle Pleistocene), the local directions of progradation are
towards the NE and towards the SE respectively. Both the progradations consists of slope, shelfal and
coastal deposits of the Ravenna Formation. The thrust front n. 1, uplifted during the Intra-Zanclean
Phase, represented during the Zanclean-lower Gelasian the inner limit of the EP allogroup foredeep
(PL2 and PL3 sequences). The more external thrust front system n. 3 was involved in a first phase of
activity at PL3 sequence boundary but reactivated and completely uplifted during the Gelasian Phase,
representing the inner limit of the Pleistocene LP allogroup foredeep (PL4, PS1 and PS2 sequences).
The gradual decrease of the thrust propagation in the PPAF area during Pleistocene, after the latest
Tortonian-Gelasian intense activity, is suggested by the gradual onlap of the PS1 turbidites on the
front n. 3, and by the substantially undeformed sediments of the PS2 seq. deposited above the same

front (Ghielmi et al., 2013).
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Figure 28. See Fig. 24A for location. O) Seismic lines modified from Ghielmi et al. (2010), P) Cross correlation panels
modified from Cazzini et al. (2015). Horizon colour code: see Fig. 24 caption. See text for details.
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Fig. 28 O: composite seismic section of the Pleistocene turbiditic succession of the LP allogroup
foredeep (sequences PL4, PS1 and PS2) (see Fig. 24 A for location). This seismic section runs parallel
to the well correlation of Fig. 25P and extends for about 220 km roughly parallel to the main foredeep
axis.

Note: i) the remarkable high lateral continuity and tabular geometry of the highly-efficient turbidite
systems of the ‘‘outer’’ Porto Garibaldi and Carola Fms.;

i1) the onlap onto the foreland ramp of the “outer” P.to Garibaldi turbidites (Sequence PL4);

ii1) the gradual progradation towards SE of the Po Plain Prograding Complex made up of slope, shelfal
and coastal deposits of the Ravenna Fm. (Ghielmi et al., 2010).

Fig. 28 P: well correlation (vertically exaggerated) of the Pleistocene turbiditic succession of the
allogroup LP foredeep (sequences PL4, PS1 and PS2). The correlation extends for about 220 km
roughly parallel to the main foredeep axis and to Fig. 250 (see Fig. 24A for location) (modified from
Cazzini et al., 2015).

Note: 1) the remarkable high lateral continuity and tabular geometry of the highly-efficient turbidite
systems deposits of the ‘‘outer’’ P.to Garibaldi and Carola Fms;

i) the progressive downcurrent transition (towards SE) from proximal thick-bedded sand lobes to
thin-bedded fine-grained distal basin plain deposits;

iii) the gradual progradation towards SE of the Po Plain Prograding Complex consisting of slope,

shelfal and coastal deposits of the Ravenna Fm.
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Fig. 29 Q: regional composite seismic profile (see Fig. 24A for location) (modified from Ghielmi et
al., 2013) showing the stratigraphic relationships between coastal wedges developed from latest
Tortonian to Zanclean (Early Pliocene) around the peripheral bulge separating the Southern Alps and
the Northern Apennines foredeeps. High-magnitude relative base-level changes can be estimated (see
text for discussion). The coastal wedges are later onlapped by Plio-Pleistocene aggradational turbidite
systems of the PPAF.

Fig. 29 R: 2D seismic section (modified from Ghielmi et al., 2013) of the uppermost Messinian-
Pleistocene succession in the Venice Lagoon (see Fig. 24A for location). The local directions of
progradation are towards S for the lower Pliocene (e.g. Eraclea Fm.) and towards NE for the middle
Pleistocene Po Plain Prograding Complex. The LM, EP and LP allogroup boundaries are laterally
interpreted to a greater extent than the boundaries of the component PL1 and PS2 large-scale
sequences. Note the high amplitude Upper Messinian conglomeratic incised valley fill.

Fig. 29 S: Seismic section (vertically exaggerated) of the uppermost Messinian-to-Middle Pleistocene
succession in northern Adriatic Sea (see Figs. 24A for location) (modified from Ghielmi et al., 2013).
Note: 1) the irregularity of the LM unconformity produced by the Late Messinian subaerial exposure;
i) the Lower Pliocene Progradation (PL1 seq.) whose local direction is towards the SSE;

iii) in this offshore foreland area, the Early Pliocene turbidite sedimentation (PL1 seq.) was confined
into the Messinian paleo-valleys. These poorly-efficient turbidites, directly fed by the progradating
wedge, were deposited in a foreland setting;

iv) in this area, the LP allogroup boundary is represented by a surface of no deposition-condensation.
At this location, the hiatus/condensed section comprises the sediments of the PL4 and PS1 sequences

and of the basal part of the PS2 sequence.

3.4.3. From 2D to 3D-time modeling

Correlation though the seismic grid results in an accurate framework of superposed seismic
sequences. The widespread use of three-dimensional modelling software, capable of processing and
displaying large quantities of different surface and subsurface geological data, allows the user to view
and understand the spatial relationships among structural or stratigraphic features (among many
others, De Donatis, 2001, 2002; D’ Ambrogi et al., 2004; Dhont et al., 2005; Fernandez et al., 2004;
D’Ambrogi & Doglioni, 2008; Kaufmann & Martin, 2008; Fernandez et al., 2009; D’ Ambrogi et al.,
2010).
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In the present Thesis, the software used to manage data, to perform seismic interpretation and to
construct 3D geological models in time and depth domain, are:

e Move™ by Midland Valley Exploration Ltd.

e DecisionSpace® (Landmark) by Halliburton
The Delaunay triangulation is the chosen method to create a three-dimensional time-surface from the
2D interpretation. This method honours all the input points, optimizes the geometry of the triangles
and fulfills the nearest neighbour relation. The 3D model in time includes also some fault segments,
but they were not interpolated in surfaces and not converted in depth domain because a detailed
structural analysis was not the aim of this Thesis.
To respect the tectonic deformation, footwall and hangingwall geometries have been traced
continuously, producing single 3D surface per each horizon.
After the triangular interpolation, the surfaces have been smoothed and resampled with 1 km cell size.
Smoothing is a common technique useful to improve the quality and eliminate some punctual errors
derived from previous steps. The points of gridded surfaces (e.g. XYZ coordinates) will be the input
data for the time-depth conversion (3.4.3 section, this Thesis). Both Move™ and DecisionSpace®
software allow to honor the multi-scale approach proposed in this work combining, in a single 3D
environment, different types of spatially referenced data from local to regional, enabling the user to

integrate data across a wide range of scales within a single comprehensive model.

3.4.4. 3D Time-to-depth conversion

Maesano & D’Ambrogi (2017) designed a workflow for 3D velocity model production only from
subsurface data: Vel-10 3D. The tool, developed in ArcGIS, allows the management of velocity data
and the calculation of a 3D instantaneous velocity model, that are the most difficult steps for the 3D
model building. Furthermore, Vel-10 3D workflow was tested already in a portion of the central Po
Plain during GeoMol Project (2014) (Maesano & D’Ambrogi, 2015) thus, it seems to be the ideal
tool for the present case study, according to the abundant availability of subsurface data.

The idea behind Vel-10 3D script is to assign the velocity model parameters to each point of X and
Y coordinates within the 3D model in time domain and then perform the calculation and interpolation
of the depth value (Z). The tool works following three main steps:

1) 3D instantaneous velocity model building;

i1) velocity model optimization and

ii1) depth conversion.
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Figure 30. A) Velocity two layer-cake scheme used for the velocity model: key-horizon and unit names refer to the main unconformity
surfaces (see section 2.2, this Thesis or Ghilemi et al., 2013). B) example of the interval velocity plot of well. C) Example of
instantaneous velocity model; V and k are respectively the initial velocity and the velocity gradient of each layer.

The PPAF subsurface 3D instantaneous velocity model performs velocity analysis and interpolation;

to simulate the Po Plain-Northern Adriatic basin a two layer-cake model has been chosen, dividing

the Pliocene from the Pleistocene volume by selected key-horizons (Fig. 30A).

After the 3D TIME model building, the chosen key-horizons are: the base of allogroup LP, the PL4

unconformity surface, base Gelasian in age (corresponding to the top of the second one) and the base

Pliocene PL1 unconformity, that is the base of the entire model.

In order to convert correctly the offshore area, the bathymetry of the Adriatic Sea is added into the

3D TIME model as an uppermost layer (Fig. 31).

Figure 31. Bathymetry of the northern Adriatic Sea converted in time domain. Black points: wells with velocity attributes used for the
depth-conversion. Black lines: external buried thrust fronts of the northern Apennine. Blue line: study area perimeter.
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The 3D bathymetry in time domain has been obtained from the conversion of the bathymetry in depth
domain from SRTM30 (Becker et al., 2009) using the constant velocity of the sound in water: 1500
m/s.
To make use of Vel-IO 3D and perform velocity analysis some inputs are requested, i.e.: velocity
parameters and their spatial variation for each key-horizon, calculated from velocity analysis on the
selected wells (Fig. 20), following the linear equation (1) and respective Correlation coefficients (R?)
are applied to each layer to be converted:

V(Z)=V( +kZ 1)
Where V(Z) is the velocity (m/sec) at Z depth (m) and V() and k (1/sec) are respectively the initial
velocity at the top of the considered layer (i.e. at the key horizon) and the gradient describing the
velocity variations with depth (Ravve and Koren, 2006) (complete theory of the method in Maesano
& D’Ambrogi, 2017 and supplementary materials).
In the present study, the cake model is composed of two main layers thus, the velocity parameters

and correlation coefficients are:

e V= acoustic velocity in water, 1500 m/s

KO0 = constant gradient of the water velocity-depth curve.

V = initial velocity at the top of the Pleistocene layer: at the surface datum or well.
e Kl = gradient of the velocity-depth curve into the Pleistocene thickness.

e R’ = coefficient of correlation of the layer] (Pleistocene), accepted only if >0.5.

e K2 = gradient of the velocity-depth curve into the Pliocene thickness.

e 'V, =initial velocity at the top of the Pliocene layer (PL4 unc.) in well.

e R’ = coefficient of correlation of the layer2 (Pliocene), accepted only if >0.3.

e PL4 in twt: Pleistocene key-horizon, unconformity surface from 3D TIME model.
e PLA4 depth in well: depth calibration of the unconformity.

e PLI in twt: Pliocene key-horizon, unconformity surface from 3D TIME model.

e PLI1 depth in well: depth calibration of the unconformity.

The southern margin of the Po basin is an area with the litho-facies and thickness variations due to
the irregular geometry produced by the northern Apennine fronts. During the 3D velocity model
building, the major problems were encountered, where the tectonic setting is more articulated and
generate abrupt velocity changes and high gradients. To not affect the more regular and homogeneous
depocenter zone (in terms of less variability both in the initial velocity values and in the gradient)

with errors derived during velocity interpolation, a barrier is imposed located along the external
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fronts, to divide and isolate the model calculation into two different settings: the foredeep-foreland to

the north-east and the thrust anticlines, thrust-top basins to the south (Fig. 32).

Figure 32. Purple lines: velocity model barrier located along the most external Apennine buried thrust fronts. Blue line: study area
perimeter. Black points: wells with velocity attributes used for the depth-conversion. Red lines: tectonic setting after Ghielmi et al.
(2013).

A model optimization follows the first velocity model building. In order to improve the consistency
of the obtained velocity model. During the optimization, new independent points (V, and k values
derived from measured depths in wells) are added to the model to reduce the geometrical uncertainties
in the areas located far from the original velocity data. These additional points (e.g. wells) works as
“control points”; the best V and k values found for each horizon during the optimization are then
associated to the control points coordinates and are used, together with the existing velocity data, to
calculate optimized grids of the velocity model.

During the optimization, data were accepted only into a vertical range of 50-100 m. This vertical
resolution is chosen because relative to the vertical seismic resolution, which is the raw data of the
model.

Eventually, the tool runs the time-depth conversion of any object (all the six unconformities described
by Ghiemi et al. 2013 and reconstructed in the 3D TIME model, see section 3.4.2, this Thesis). The
input data are the optimized velocity model and the surfaces from 3D TIME model to be depth
converted.

Since the points of each surface represent a node obtained after the time-depth conversion procedure
they can be re-imported into the 3D environment, for instance Move, DecisionSpace, ArcGIS

software, as meshes with preserved boundaries and no further basic editing is needed.
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3.5. Results
3.5.1. TWT-maps

In this chapter, the basin-scale distribution and geometry of the stratigraphic units forming the 3D
building blocks of the late Messinian-Pleistocene sedimentary infill (Fig. 33) are described by means

of isochronous maps of each key surfaces.

X

Figure 33. 3D block in different views, x20 vertical exaggeration. Top: vertical lateral view from the west. Bottom left and right: tilted
3D block. The seven key surfaces are in time domain. The topography is from TOPO30 (30 arc-sec resolution) Black arrow: north
direction. From the bottom of the 3D model: light green surface: ME3 unc.; Light blue surface: PL1 unc.; Orange surface: PL2 unc.;
Blue surface: PL3 unc.; Green surface: PL4 unc.; Yellow surface: PS2 unc.; Red surface: PS2 unconformity.

The surface grid of the unconformities coming out from the interpolated seismic interpretation need
to be carefully checked and refined in order to avoid intersections between surfaces or inconsistencies
due to interpolation. It’s possible that two unconformities overlap or cut each other, in particular near
the study area boundaries or even in sectors where lack of seismic reflection profiles force the
interpolation algorithms to work with few/sparse data. In these cases, structure contour lines and/or
cross-sections need to be carried out and modified in order to obtain geologically consistent results.

Here, only the obtained maps that homogeneously cover the whole basin area are shown, contour

lines are every 500 ms for the ME3, PL1, PL2, PL3 and PL4 unconformities and every 250 ms for
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the Pleistocene PS1 and PS2. In the case of the Messinian surface (ME3), only the western depocenter
can be converted into a continuous surface.

The 3D maps in figs. 34-40, show the interpolated maps corresponding to the seven studied
unconformities. Nevertheless, even in time domain, some qualitative considerations can be made on
the basis of the stratigraphic record and of the mapping results.

The deeper unconformity, the Intra-Messinian unconformity (ME3 unc. and base of LM allogroup)
(Fig. 34), and the above late Messinian depositional sequence are not everywhere preserved. In fact,
in most of the basin margin and the foreland the entire post-evaporitic Messinian succession is
missing (due to erosion or non-deposition) or highly condensed thus, in that areas the late Messinian
unconformity corresponds to the base Pliocene (PL1 unc.). In the western foredeep, on the contrary,
late Messinian deep-water turbidites filled the local basin left after the sea level drop, occurred during
the Messinian Salinity Crisis acme (Hsii et al., 1977; Rossi et al., 2015; Vai, 2016 and reference

therein).
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Figure 34. Map view of the 3D Intra-Messinian unconformity (ME3) in time domain, interpolated after seismic interpretation.

In fig. 35, the base Pliocene (PL1) surface is reported. This unconformity corresponds to the regional
Zanclean marine ingression, following the end of the Messinian Salinity Crisis in the whole
Mediterranean basin. The most of the Apennine deformation has already involved the relieves to the
southern margin of the basin, near the boundary of the study area.

A foreland ramp is located to the north, i.e. southern Alps margin, the present-day Veneto region and
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northern Adriatic Sea; these areas remained almost completely undeformed during the successive
tectonic events. The deformation, in fact, acted only into the central sector of the study area, stacked
to the north by the Trento Plateau.

In fig. 36, the PL2 Intra-Zanclean unconformity and base of EP allogroup is shown. During this
intense early Pliocene tectonic phase, the PPAF recorded a strong change in basin shape and
geometry. To the west, the Piadena thrust-fold deformed the early Pliocene PL1 depocenter. To the
SE, the Ferrara most external arc migrated towards NE, fragmenting the foredeep and starting forming
a deep basin, at that time still connected with the foredeep axis. The foreland ramp and foreland is
similar to the previous scenario because the PL2 sequence ends on the PL1 top sequence in onlap or

is preserved with minor thickness.
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Figure 35. Map view of the 3D base Pliocene (PL1 unc.) in time domain, interpolated after seismic interpretation.
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In fig. 37 is mapped the Intra-Piacentian (PL3) unconformity and its shape, testifies the ongoing NE
Apennine migration and depocenters deepening. Due to the PL2 and PL3 tectonic phases, it is evident
the almost complete separation between the western depocenter (south the Garda Lake) and the
eastern Adriatic one.

In fig. 38, the base Gelasian (PL4) unconformity and base of the LP allogroup is shown. It marked
the return to a simple foredeep after the fragmentation of the foredeep axis due to the evolution and

uplift of the Bologna-Ferrara arcs and the progressive infill of the isolated piggy-back basins.
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In fig. 39 the early Calabrian PS1 unconformity is represented. This surface is also labelled as Om 1
in Maesano and D’ Ambrogi (2015). This horizon is particularly important to date the tectonic activity
into the western depocenter because it does not show a displacement due to Piadena fault propagation.
The contouring is every 250 ms to appreciate the irregularities, even if the surface appears smoothed
respect the deeper ones.

The map in fig. 40 describes the PS2 late Pleistocene horizon, named also “R or Red Unconformity”
(Regione Emilia-Romagna and ENI-Agip, 1998; Muttoni et al., 2003; Garzanti et al., 2011) or Qc/
in Maesano and D’ Ambrogi (2015). This is the upper and youngest 3D surface reconstructed. As for

the PS1 horizon, the contouring is every 250 ms.
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Figure 36. Map view of the 3D Intra-Zanclean surface (PL2 unc.), base of EP allogroup, in time domain, interpolated after seismic
interpretation.
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Figure 37. Map view of the 3D Piacentian surface (PL3 unc.), in time domain, interpolated after seismic interpretation.
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Figure 38. Map view of the 3D base Gelasian surface (PL4 unc. and base of LP allogroup), in time domain, interpolated after
seismic interpretation.

68



P Yt TTHT)
™Y f e N s
Comtowr s svary 250

¢ i. "soA

Figure 39. Map view of the 3D Calabrian surface (PS1), in time domain, interpolated after seismic interpretation.
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Figure 40. Map view of the 3D late Pleistocene surface (PS2 unc.), in time domain, interpolated after seismic interpretation.
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3.5.2. Isobath-maps

In the following, the isobaths maps of the key-horizons with a basin scale extension and good lateral
continuity, depth-converted by means of VEL-IO 3D tool by Maesano and D’ Ambrogi (2017) are
presented. These surfaces are all in the Plio-Pleistocene sedimentary volume: PL1, PL2, PL3, PL4,
PS1 and PS2 (Figs. 41-46). Each of them will be briefly described, highlighting the most
important/evident geometrical features, e.g. morphologic peculiarities. All horizons are characterized
by onlap geometries on the marginal foreland sectors of the basin, i.e. Venetian foreland and Mantova
Monocline (MM) and by correlative conformities in the deep portion, e.g. foredeep basin.

These maps define the overall architecture of the Pliocene-Pleistocene filling of the western Po Plain-
Northern Adriatic region; they are released within contour lines and geographic references to be
“user-friendly”, in order to share them with the scientific community (both academy and industry).
Colour scale range has been set differently for the maps for two main reasons, 1) because maximum
and minimum elevation values change significantly and ii) to appreciate small variations of the
Pleistocene shallower horizons (i.e. PS1 and PS2) with smoothed morphologies than the Pliocene

surfaces.
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Figure 41. Isobath map of the base Pliocene unconformity (PL1). Black lines: contouring every 500 m.
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The deepest subsurface is the base of the Pliocene (PL1 unc.) (Fig. 41); it is also the most deformed
horizon. The base Pliocene can record different ages: the Sphaeroidinellopsis spp. acme interval is
not present everywhere because of the increase hiatus along the onlap surface going towards basin
margin, due to the Zanclean marine transgression.

This buried topography locally reaches the maximum depth of ca. 7 km (dark blue shades) in the
junction between Emilia and Ferrara folds, the Ferrara syncline and Rimini offshore to the east.
Shallow articulated morphologies (0-2 km) correspond to the Ferrara arcs, northern foreland ramp
and Trento Plateau. The north-eastern foredeep margin, Garda ramp and Mantova Monocline (MM),
shows steep and irregular slopes (close contour lines) with incisions. The eastern foreland ramp
(Venetian and the northern Adriatic Sea) is wider, gently S-dipping but with erosive features similar
to the western incisions. The Trento Plateau (Mt. Lessini area) is a rigid carbonate substratum, neither
involved into the southern Alpine nor in northern Apennine thrust and fold belt propagation.

In fig. 42, the Intra-Zanclean (PL2) surface, base of the EP allogroup is reported; it is dated between
3.94 and 4.13 Ma, because recognised in the upper MPI3 planktonic foraminifer biozone and into the

MNN14-15 nannofossil biozone (Reticulofenestra pseudoumbilicus) (Eni's internal report).
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Figure 42. Isobath map of the Intra-Zanclean unconformity (PL2), base of EP allogroup. Black lines: contouring every 500 m.
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Due to the progressive tectonic deformation and basin infill (the corresponding tectonic phase is one
of the most intense), the depocenters are about 1-1.5 km shallower respect to the PL1 unc. The horizon
maximum depth is 6-6.5 km. On the foreland and foreland ramp areas (MM, Trento Plateau and
Venetian-northern Adriatic basin) the Intra-Zanclean-lower Piacentian deposits (sediments between
PL2 and PL3 unconformities) onlapped directly the base Pliocene surface.

In fig. 43, the Intra-Piacentian (PL3) unconformity, dated 3.3 Ma (note: the colour scale range is
different from the previous ones) is visible the foredeep progressive fragmentation, with two
depocenters (eastern onshore and western in the Adriatic sector) and a deep piggy-back in the Ferrara
subsurface.

The piggy-back is still partially connected with the depocenters by NW-SE oriented channels; the
western is located in the subsurface corresponding to the actual Reggio Emilia town and the eastern

near the town of Ravenna.
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Figure 43. Isobath map of the Intra-Piacentian unconformity (PL3). Black lines: contouring every 500 m.

The base Gelasian (PL4) unconformity (Fig. 44), base of the LP allogroup, is dated at 2.4 Ma by
means of biostratigraphy (lower MP15c) (Ghielmi et al., 2010, 2013 and Eni's internal report) and
corresponds to the last strong tectonic phase responsible for the complete isolation of the Ferrara
thrust-top basin. The extended reddish colours (in the range of 0-1.5 km depth) highlight the complex
thrust and fold Apennines’ architecture and the shallower foreland areas. Maximum depths, in the

range of 3-5 km, still correspond to the western onshore and eastern offshore depocenters observed
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in the previous maps. The distance between contour lines is larger respect to the PL3, meaning a
smoother and more regular geometry, due to the sedimentary infill.

The base Calabrian PS1 horizon (1.8-1.5 Ma) (Fig. 45) is related mainly to marine (Carola Fm.) to a
transitional environment (Ravenna Fm. of the Pleistocene Prograding Complex). The tectonic activity
is greatly reduced as evidenced by the decreasing morphological complexity of the Piadena anticline
in the central part of the western depocenter, highly prominent during the Pliocene (note the colour
scale range is 0-3 km). At the base Calabrian, the western depocenter does not record yet a continental
shelf; the delta front prograding from W to E is still confines into the recent Piemonte region. Marine
conditions persisted in the eastern sector. Aggradation and progradation of deltaic sediments of
middle-late Pleistocene Prograding Complex upon this unconformity produced the later infill of the

eastern part of the basin.

5.100.000
= =
S o
S o
= =
t=) o
S o
0
1500
o
3000 maml
-
0 L4500
£6000
PL 4 surface 4.900.000]—

Depth range 0/-6000 m

Contour lines every 500 m
N

0 50 100 km A
I 00 |

Figure 44. Isobath map of the base Gelasian unconformity (PL4), base of LP allogroup. Black lines: contouring every 500 m.

The infill of the western and central Po Plain can be considered complete, at the time of unconformity
PS2 (0.87 Ma) (Fig. 46). The PS2 horizon (Ghielmi et al., 2010, 2013) coincides with the R surface
traced in the Lombardia region (REGIONE LOMBARDIA & ENI, 2002; Muttoni et al., 2003) and
Qcl unconformity (Maesano and D’Ambrogi, 2015). This unconformity marks the transition from
marine to continental sedimentation in a wide sector of the Po Basin, nearly corresponding to the

present onshore sector (Muttoni et al., 2003; Ghielmi et al., 2010, 2013).
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In this interpretation, at the time of the unconformity formation, the studied sector should have
represented a continental shelf passing eastwards from continental area to coastal and marine facies
in the Adriatic region, as confirmed by the paleo-coastline reconstruction of Ghielmi et al. (2010),
Garzanti et al. (2011) and Scardia et al. (2012) (around 1 km depth). This upper key-horizon is
characterised by low topographic gradients, generally controlled by the paleodrainage. In seismics,
the corresponding reflector is a top-lap surface representing the transition to shallow marine and

continental deposits (Muttoni et al., 2003).
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Figure 45. Isobath map of the base Calabrian unconformity (PS1). Black lines: contouring every 200 m.
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Figure 46. Isobath map of the late Pleistocene unconformity (PS2). Black lines: contouring every 200 m.
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3.5.3. Isopach-maps

Following the morphological description of each depth-converted horizon, the actual not
decompacted thickness of the sediment sequences are here represented through six isopach maps
(Figs. 47 A-F). Each map is displayed with 1kmx1km cell grid and contours are every 300 meters.
These maps show, in a quantitative way, the depocenters migration through time in response to
tectonic activity, climate change and subsequent change in sedimentary supply.

Each map describes the sediment thickness bounded by two mapped unconformities (i.e. sequences).
The PL1 sequence (Fig. 47 A), for instance, is bounded at the base by the basal Zanclean PL1
unconformity and at the top by the Intra-Zanclean PL2 unc. (base of EP allogroup). This volume
contains all formations (i.e. Canopo Fm., Santerno Fm.) deposited in that time span, confined by two
horizons. The upper and most recent PS2 unit, includes sediments deposited from 0.87 Ma to recent.
The unit is limited at the base by the PS2 unc. (or R Surface, Muttoni et al., 2003) and at the top by
the present-day topography.

The color scale range is equal for all maps, in order to easy compare the areal distribution and
magnitude variation of the thickness through time.

Fig. 47 A, B and C show three steps of the Po Plain-Northern Adriatic basin during the entire Pliocene
epoch. Between 5.33-2.4 Ma, highest values remain in the narrow and elongated foredeep sector,
parallel to the northern Apennine orogen. The maximum thickness (ca. 2 km) is recorded in the PL1
sequence, in the foredeep area; remarkable values in the range of 300-600 m are also present in the
north-eastern sector, the Venetian-northern Adriatic basin. In this area in fact, between 5.33-4 Ma
developed a S-prograding delta complex (Eraclea Fm.) fed from the eastern Alps.

The Pleistocene step-wise scenario starts with the Base Gelasian sequence (Fig. 47 D), genetically
related to the last and strong Apennine migration phase that caused the complete separation of the
elongated foredeep in two deep depocenters; the western basin with ca. 2 km thick sediments and the
eastern one with ca. 1km of sediment thickness. In figs. 47 D, E is still well visible the piggy-back
evolved behind Ferrara arcs, which was filled completely during the middle-late Pleistocene (upper
PS1 sequence), when the Prograding Complex initiates to prograde towards east.

This important change of the basin, from marine to continental, started during the upper PS1 phase
and characterized the PS2 sequence, after the Alpine glaciation onset at ca. 0.9 Ma (Muttoni et al.,
2003). This last sequence was able to smooth the previously articulated morphologies, filling all the

available onshore accommodation space.
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Figure 47. Isopach maps. A) Early Zanclean PL1 sequence (base Zanclean to ca. 4 Ma). B) Intra-Zanclean-Piacentian, PL2 sequence
(ca. 4-3.3 Ma). C) Piacentian-Base Gelasian PL3 sequence (3.3-2.4 Ma). Black lines: contour lines every 300 m.
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Figure 47. Isopach maps. D) base Gelasian-base Calabrian PL4 sequence (ca. 2.4-ca.1.5 Ma). E) middle-late Pleistocene PS1 sequence
(1.5-0.89 Ma). F) late Pleistocene PS2 sequence (0.89 to recent time). Black lines: contour lines every 300 m.
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3.6. Discussion

The isobath and isopach maps carried out in the present thesis represent the most detailed basin-scale
picture of the Plio-Pleistocene succession of the Po Plain-Northern Adriatic Basin. Therefore, a
comparison with the previous literature is possible only limitedly to a few sectors of the analysed
basin.

The only surface available in literature and comparable, for areal dimension with the results from this
Thesis, is base of Pliocene deposits from Structural Model of Italy (Bigi et al., 1989, 1992) (Fig. 48
A, B), that covers the entire Italian peninsula at 1:2,000,000 and 1:500,000 scale respectively. The
base of Pliocene (Bigi et al., 1989, 1992) is equivalent to the interpreted base Pliocene PL1 horizon.
On the contrary, in the Structural Model of Italy (Bigi et al., 1992) (Fig. 48 B) there is no reference
to the used velocity model. Maesano and D’ Ambrogi (2017) found that a homogeneous velocity value
of 3000 m/sec allows obtaining the best fit with the base Pliocene surface from Bigi et al. (1992).The
applied workflow with Vel-10 3D tool (Maesano and D’ Ambrogi, 2017) proposed in this study for
the time-depth conversion and the construction of the final 3D model in depth domain has major
impact on the horizons, respecting lateral and vertical velocity variations in order to reflect as much
as possible the real morphology, especially in the sectors where no velocity data or well markers are
available.

This comparison highlights a very close fit in the northern part of the study area (Southern Alps) and
at the top of the Ferrara-Romagna Arc. Some differences, in the order of some hundred meters, are
located in the central part of the study area, at the footwall of the Ferrara-Romagna Arc, possibly due
to both the difficulties in the correlation of the unconformity and the use of a different time-depth
conversion. However, moving to the south of the Ferrara-Romagna Arc, in the depocenter between
Ferrara and Bologna, the discrepancies increase up to 2000 m. The maximum depth of the base
Pliocene by Bigi et al. (1989) is 7 km (Fig. 48 A, C) and 9-9.5 km by Bigi et al. (1992) (Fig. 48 B).
The equivalent PL1 interpreted in the present model reaches locally 7.5 km depth (Figs. 41, 49) but
a definite calibration is not possible due to the lack of well log data recording the base Pliocene in the
depocenters. These differences are related to the different velocity model adopted for the time-depth
conversion. Since there is variability between the foreland and the thrust-top basin depocenter, the
use of a single velocity value can produce inconsistent geometries on the surface of base of Pliocene
and also affects the geometry of the thrust-related anticline. This consideration points out the
importance of the use of a 3D optimized velocity model to obtain a 3D geological model consistent
for applications that are deeply influenced by the accurate relative position and depth of the horizons
and faults, for instance, seismotectonic analysis (Maesano and D’ Ambrogi, 2016, 2017).

Before this Thesis, the GeoMol Project (European project run from 2012 to 2015) applied Vel-lo 3D
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to the realization of a very high-resolution 3D model (private Eni database), in a small area located
in the central Po Plain (Maesano & the Italian GeoMol Team, 2014; GeoMol Project report, 2015;
Maesano and D’ Ambrogi, 2016).

In fact, some surfaces are common to both models:

1) base Pliocene (PL) (Fig. 49A) and PL1 (Fig. 49B);

i1) Gelasian surface (GEL) (Fig. S0A) and PL4 (Fig. 50B);

ii1) marine Quaternary (Qm1) (Fig. 51A) and PS1 (Fig. 51B);

iv) the uppermost continental Quaternary (Qcl) (Fig. 52A) and PS2 (Fig. 52B).

A good fit exists between the published maps and the corresponding maps worked out in this Thesis,
which were based on the same dataset.

The only substantial difference is found in the Base Gelasian surface (Fig. 50 A, B). The surface by
GeoMol Report (2015) (GEL, fig. 50 A) shows a very similar morphology but is considerably
shallower than the analogue PL4 surface (Fig. 50 B) interpreted in this Thesis. On the basin margin,
the vertical offset is ca. 1 km that reach 2 km towards the basin depocenter. This significant
discrepancy might be linked to a different initial seismic interpretation of the Base Gelasian key-
horizon and not to the velocity model because lower and upper surfaces are in good agreement after
depth-conversion.

In this Thesis, the Base Gelasian unconformity has been interpreted in wells within the biozone MPI5c
with Globorotalia gr. crassaformis (Eni internal report) and not into MP16 biozone with Globorotalia
inflata. Following these biostratigraphic constrains, it is not possible to agree with the previous

interpretation proposed by GeoMol Team (GeoMol Project report, 2015).
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Figure 48. Published base Pliocene regional maps. A) Synthetic Structual-Kinematic Mao of Italy, 1:2,000,000 from Bigi et al. (1989).
B) Structural model of Italy and Gravity Map, 1:5,00,00 by Bigi et al. (1992). C) 3D view of the map from Bigi et al., (1989) digitalized
by Turrini et al., (2014).
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Figure 49. Comparison between the GeoMol 3D modelling of the base Pliocene (A) and the PL1 surface modeled in the present
thesis (B). White line in box. B: GeoMol study area.
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Figure 50. Comparison between the GeoMol 3D modelling of the Gelasian unconformity (A) and the PL4 surface modelled in the
present thesis (B). White line in box B: GeoMol study area.
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Figure 51. Comparison between the GeoMol 3D modeling of the base Calabrian (A) and the PS1 surface modelled in the present
thesis (B). White line in box B: GeoMol study area.
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Figure 52. Comparison between the GeoMol 3D modeling of the late Pleistocene QC1 (A) and the PS2 surface modelled in the
present thesis (B). White line in box B: GeoMol study area.
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3.7. Conclusions

The principal aim of this project was to produce a high-resolution 3D stratigraphic model of the late
Messinian-Pleistocene sedimentary infill of the Po Plain-Northern Adriatic basin (PPAF).

The model was worked out by means of seismic interpretation and well log analysis of a
homogeneous dataset, entirely provided by Eni Upstream, applied to an uncommonly wide area (ca.
40,000 km*) which has never been attempted to investigate before.

Through the interpretation of ca. 8,000 km seismic lines and hundreds of wells, seven surfaces have
been interpolated and the Plio-Pleistocene horizons depth-converted with a calibrated velocity model,
newly developed ad hoc with Vel-10 3D software (Maesano and D’ Ambrogi, 2016, 2017).

The results make finally possible to do an important step forward to the complete knowledge of the
PPAF subsurface. Several potential applications in geoscience can be summarized as follows:

1) The isobath maps, every ca. 1 Ma, integrated with published data (Ghielmi et al., 1998, 2010, 2013;
Maesano et al., 2015; Rossi et al., 2015) reveal the geological setting and the step-wise evolution of
the basin through time. Collectively, all this information might be further used to support applications
in basin analysis such as thermal history, geohistory and for exploiting subsurface resources
(geothermal, gas storage).

i1) The isopach maps are useful to investigate the depocenters migration due to the Apennine tectonic
activity and study the basin deformation.

iii) The calibrated 3D velocity model is also a fundamental input for any seismological studies, in
particular for the analysis of ground motion shaking, i.e., relocating seismic events and seismological
simulations.

iv) The workflow worked out by Maesano and D’Ambrogi (2016) is based on sequential 3D
restoration-and-decompaction and can be easily applied to the present 3D model. The following
results will be the calculation of sedimentation and uplift rates of the PPAF, highlighting the

interaction between Plio-Pleistocene tectonics and sedimentation.
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CHAPTER 4
RESTORED TOPOGRAPHY OF THE PO PLAIN-NORTHERN ADRIATIC
REGION DURING THE MESSINIAN BASE-LEVEL DROP

4.1. Abstract

The Messinian Salinity Crisis (hereafter MSC) involved the isolation of the Mediterranean Sea from
the Atlantic between 5.97-5.33 Ma. MSC caused a sea level fall whose maximum magnitude and
regional distribution remains strongly debated, spanning between about 200 m to more than 1500 m.
We present a new paleo-topographic reconstruction of the Po Plain-Northern Adriatic region during
the intra-MSC peak desiccation event. It is based on the map of the latest Miocene unconformity
traced in the subsurface through seismic and hydrocarbon well data. The map has been restored to its
Messinian state by means of a flexural backstripping numerical modeling. The result supports the
idea that a maximum water level drop of 800-900 m occurred in the studied region during the MSC.
The resulting landscape is consistent with stratigraphic and sedimentologic data, with a modeled
shoreline separating areas with marine deposits from subaerially eroded lands, two relatively deep
marine depocenters (ca. 700 and 1300 m deep), and steep V-shaped incisions along the Southern Alps
margin giving some clues on the MSC imprint on the present day Alpine drainage pattern. These
results strongly suggest that during the maximum MSC base-level drop the Mediterranean region was

divided in sub-basins with different base-level and water budgets.

4.2. Introduction

The Messinian Salinity Crisis (MSC) is one of the most extreme and debated Cenozoic environmental
changes (Rouchy and Caruso, 2006; Roveri et al., 2014; Vai, 2016 and reference therein). Diagnostic
evaporitic deposits (Selli, 1960) and erosional unconformities (Lofi et al., 2005, 2011a, b) across the
entire Mediterranean enable to date this event between 5.33-5.97 Ma (Krijgsman et al., 1999; Manzi
etal., 2013). Several erosional unconformities merge together into a single polygenic surface (usually
referred to as the Messinian Erosional Surface - MES sensu CIESM, 2008; Lofi et al., 2011) in the
upstream of deep and intermediate basins, thereby providing evidence for high erosion in the
peripheral basins. Many of the key depositional units and erosional markers of the MSC, however,

are buried underneath km-thick seawater and/or sediment columns (Lofi et al., 2011a, b; Urgeles et
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al., 2011; Thinon et al., 2016), while other outcrops are strongly deformed by late-Cenozoic tectonics
(e.g. Sicily, Butler et al., 1995).

Therefore, the magnitude of the strongest drawdown and the resulting paleogeography of the
Mediterranean area during the MSC acme is still strongly debated (e.g. Blanc, 2006; Meijer and
Krijgsman 2005; Jolivet et al., 2006; Clauzon et al., 2007; Garcia-Castellanos et al., 2009; Lofi et al.,
2011a, b; Bache et al., 2012; Sternai et al., 2017).

In this paper, we analyse public and private (courtesy of Eni Upstream) subsurface data (Fig. 53 A)
to carry out a 3D reconstruction of the subaerial and submarine landscape of the Po Plain-Northern
Adriatic area of the Mediterranean during the maximum MSC sea-level drop, i.e. during the stage 2
of the crisis according to the scheme reported by Roveri et al. (2016, and references therein). Even if
the isostatic response of the lithosphere to the MSC-related sea-level drop has been the subject of
several studies (e.g. Ryan, 1976; Meijer and Grijgsman, 2005; Govers et al., 2009), previous works
mainly focus on the Mediterranean-scale deformation rather than on the sub-basin-scale, moreover,
the value of sea-level drop is crucial to these kinds of reconstructions. Here we rely on geological
constraints from additional subsurface data relative to the Po Plain-Northern Adriatic basin during
the MSC to produce new estimates tailored for the study area.

The restored paleotopography worked out through this modeling provides a completely new scenario
that improves our understanding of the broader Mediterranean paleogeography during the MSC,
giving also information about the role of this extreme environmental event in shaping the present-day

river drainage pattern of the Po Plain region.

i
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Figure 53. A) Study area and complete dataset. Red lines correspond to the Eni Upstream seismic grid, while black dots
are wells and black lines correspond to the seismic profiles by public dataset. B) and C) represent the areas where the
dataset has been integrated with observations from the literature. D) top Mesozoic carbonate surface modified from
Turrini et al. (2014, 2016). Black lines are contour lines every 1 km.

Figure 54. 1D and 2D conceptual model of the backstripping procedure. The volume to be decompacted is represented by the
top Cretaceous-late Messinian sediments. The basement is the top of Mesozoic carbonate formations (Fig. 53D).
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4.3. Geological setting and previous works

Tectonic shortening affected the Po Plain-Northern Adriatic region at different times and with
variable directions during the Cenozoic. The middle-late Miocene to Pleistocene convergence in the
Northern Apennines, in particular, resulted in the formation of the Western Po Plain Foredeep
(WPPF) and the Po Plain-Northern Adriatic Foredeep Basins (PPAF) (Fantoni and Franciosi, 2010;
Ghielmi et al., 2013; Rossi et al., 2015). Previous studies provide evidence for coastal onlaps as well
as an intricate dendritic paleo-drainage network converging toward the Adriatic foredeep axis in the
Adriatic offshore (Ghielmi et al., 2010, 2013; Rossi et al., 2015). Toscani et al. (2016), in addition,
mapped the landward connections of two main late Messinian incised valleys in the Friulian-Venetian
basin (FVB) onshore, which constrains the extent of subaerial fluvial erosion during the MSC Stage
2 (Fig. 55 A). Such connections within the FVB were also recognized in the proximal offshore by
Donda et al. (2013) and Zecchin et al. (2017). Ghielmi et al., (2013) suggested a maximum relative
sea level lowering in the Po Plain—Northern Adriatic region of less than 900 m. The isostatic response
of the lithosphere to the MSC-related sea-level lowering has been the subject of several studies (e.g.
Ryan, 1976; Meijer and Grijgsman, 2005; Govers et al., 2009). However, most previous works focus
on the Mediterranean-scale rather than the local deformation. Here, we rely on geological constraints
from additional data relative to the Po-Adriatic basin during the MSC, to produce new estimates

tailored on the PPAF.
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Figure 55. A) Depth-converted late Messinian unconformity with 500 m contouring. B) buried Messinian surface along the
Southern Alps margin compared with the modern river network.
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4.4. Dataset and methods

Our reconstruction of the paleotopography results from a vertical restoration of the latest Messinian
unconformity through a backstripping procedure (Fig. 54), calculations made with TISC by Garcia-
Castellanos et al. (2002, 2003). The analysis accounts for the decompaction and the 2D (planform)
flexural isostatic adjustment associated with unloading of the post-Messinian sediments and the water
column missing during the MSC acme.

The vertical restoration of the tectonic deformation of the basin has been carried out removing the
vertical component of the main Plio-Pleistocene thrusts and anticlines of the Northern Apennines and
Western Southern Alps, determined from published uplift data (Scrocca et al., 2007; Toscani et al,
2014; Maesano et al., 2015; Bresciani and Perotti, 2014). We also considered the additional erosional
unload of the European Alps throughout the Plio-Quaternary (and the associated isostatic adjustment)
by using the pre-glacial topography proposed by Sternai et al. (2012) to reconstruct the most plausible
paleotopography of the Alpine chain. The sediment properties (i.e. initial porosity, exponential
compaction coefficient and bulk density), were defined based on the analysis of well log data
(unpublished data courtesy of Eni Upstream and ViDEPI public database). We performed a detailed
parametric study involving, in particular, the amount of sea level lowering (0/-500/-800/-850/-900/-
1500 m) and the lithospheric elastic thickness (between 10-45 km) to account for most previously
proposed MSC scenarios (e.g., Manzi, 2005; Ryan and Cita, 1978; Urgeles et al, 2010 and reference
therein) and rheological conditions (Moretti and Royden, 1988; Barbieri et al., 2004). The most

relevant results are described and discussed in the following sections.

4.4.1. Workflow

We performed a backstripping-flexural analysis of the Po Plain-Northern Adriatic basin, constrained
by new seismic and well log data (from Eni Upstream private data) and a novel workflow that we
outline hereafter (Fig. 56). We apply the backstripping-flexural model to a detailed reconstruction of
the stratigraphic architecture, considering also the tectonic deformation of the Po Plain-Adriatic

Foreland Basin (PPAF) during the Messinian sea level drop.

91



‘s

) Ll Sl IR LS T A oo T
MO NMRCIL LRI R e P a2 ey MK |
T e Yes Ny >

N geidim -
Yows i _Nin

Y PR— T} § Shlr slse 4
L T e s L T

. A - "
E

AR NN 10 2 el

e almy  w

™
| 8 W RS

A
FUADR/LVIERIMNG /AT LI a2 sy s
D g g Fande “snviovmme 00 000

A

Qe
[Py —————

[0 i A N o

Wi o L
e AT T
i L

Figure 56. Workflow chart followed in this study.

4.4.2. Tectonic correction

To model the morphology of the Po basin at the Latest Messinian time, we removed the vertical
component of the Northern-Apennine thrust fronts showing a Plio-Pleistocene tectonic activity and
the Pliocene uplift of the western Southern Alps thrusts. We derived the total uplift for each analyzed
key-structure based on slip/uplift rates published by Scrocca et al. (2007), Maesano et al. (2015) and
Bresciani & Perotti (2014) (Tab. 1).
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Structure References Fault Total Age Interval Vertical component

dip slip (m) (Ma) to be removed (m)
MI Scrocca et al., 2007 - - 1.4-0 570
TS5FF Maesano et al., 2015 40° 1659 3.6-0 1059
T6FF Maesano et al., 2015 25° 750 1.81-0 315
TI9RF in Maesano et al., 2015 30° 3178 3.6-0 1589
TORF out Maesano et al., 2015 30° 1425 3.6-0 815
T2EF Maesano et al., 2015 40° 703 3.6-0 1400
T3EF Maesano et al., 2015 40° 340 1.81-0 950
Romnerwo || Brecm &t 26| s

Tab.1. Structure code-name and location in Maesano et al. (2015); geometric features of the fault and the vertical component
considering the age interval of the tectonic activity.

We used constraints from the literature (Perotti, 1991; Bigi et al. 1995; De Donatis, 2001; Toscani et
al. 2014) to estimate the horizontal shortening in the Po basin since the late Messinian along the
Apennine front. We found that the average shortening ranges between 10-20km along strike (Fig.
57), which is minor with respect to the size of the basin and, therefore, we neglect this correction in

the peleogeographic reconstruction.

Figure 57. Red lines represent the late Messinian Southern-Alpine and Northern Apennine thrusts in their present-day position. In
bold black, the restored late Messinian thrust fronts according with the shortening deduced by bibliography (see text).

4.4.3. Numerical Modeling

The backstripping follows the procedure by Sclater and Christie (1990) while flexural isostasy is
performed by TISC program (Garcia-Castellanos et al., 2002, 2003). applying numerical solution
from Van Wees and Cloetingh (1994), Watts (2001) and Turcotte and Schubert (2002).
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The input dataset is composed by:

1) Topography (DEM) by GTOPO30 (https://Ita.cr.usgs.gov/GTOPO30).

2) Late Messinian unconformity derived from regional scale interpretation and time-to-depth
conversion of a net of seismic lines from Eni private dataset (Fig. 53 A) integrated with bibliographic
data from Pieri and Groppi (1981), Bigi et al. (1992), Turrini et al. (2014) and Toscani et al. (2016)
(Fig. 53 B, C respectively).

3) Top of Mesozoic carbonates, derived from Turrini et al. (2014, 2016) whose 500m depth-
contouring have been digitized (Fig. 53 D).

We assigned a uniform surface porosity (@), bulk density and porosity-depth exponential coefficient
(c) to the analyzed volumes. To characterize the lithologic properties of the modeled succession, we
derived stratigraphic and electric log data over a hundred wells, from the Po Plain and Adriatic Sea
(provided by Eni Upstream and ViDEPI database) (Fig. 53 A). The average lithologic properties to
be used into the modelling calculation are similar to “Shaley Sandstone” lithotype, defined by Sclater
& Christie (1980) (Tab. 2). The most representative lithologies into the Paleogene-late Messinian
volume to are: the Paleogene-Miocene marine marls (i.e. Scaglia s.l and Gallare Group) and Miocene
sandstones (i.e. Gonfolite Group and latest Tortonian-syn-evaporitic Messinian sand-poor turbidites
of Bagnolo Fm.). We model this volume with a lithology-type of 75% shale and 25% sand; porosity
fraction and lithologic properties are measured directly by modeling the proportion with Basin
Mod2014 software, by Statoil (Tab. 2). We derived the mean bulk density from grain density values
come by Sclater & Christie (1980) and BasinMod 2014 library (by Platte River Ass.).

The density of the removed seawater and the volume survived during the MSC drop, is assumed to
be 1030 kg/m’ like the current average seawater density at the surface (Beicher, 2000). We decided
to use this value because the Po Plain during the MSC was not a fully evaporitic basin and there is
not gypsum or halite precipitated into the WPPF and PPAF depocenters. The basement density was
set to 2850 kg/m’.

References Lithology L.it!lology (D“. Com:axcl.)Coeff D(i;:iiltly d]esllllslil;y
type Mixing (%) | (fraction) (1/km) (kg/m’) (kg/m’)
Chsricslgt;rl‘gggo Sandstone | 100% Sand 0,49 0,27 2650 2096
Chsrfslfffg‘g o | Shale | 100%Shale | 0,63 0,51 2720 2140
ChsrsszteirlggSO Sasrf?slfo};e 55(())%) ssﬁgli 0,56 0,59 2680 2115
Ba“ll’ﬂgN[r‘;fyzom Sﬁglde}; 7255(:,//‘; ﬁfg 0,563 0,45 2700 2149

Tab.2. Values from Basin Mod2014 software and used for decompaction and uplift calculation.
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4.4.4. Topographic correction

During Pliocene time, the glacial activity was subordinated to tectonics due to the Northern Apennine
migration (Toscani et al., 2014; Maesano et al., 2015) and Southern Alps uplift (Livio et al., 2009).
Therefore it was not considered in this work.

During the last 2.6 Ma on the contrary, the tectonic component was negligible in the Alps (Fantoni
& Franciosi, 2010) and the isostatic adjustments, due to the Quaternary glacial erosion, was
particularly effective in the European Alps (e.g., Sternai et al., 2012).

To reconstruct the most plausible topography of the Alpine chain bordering the Po Plain-Northern
Adriatic basin including the glacial-driven isostastic adjustment, we used the paleotopography of the

European Alps prior to glaciations as reconstructed by Sternai et al. (2012) (Fig. 58).

Figure 58. Red contour lines: uplift from Sternai et al. (2012). Black contour lines: uplift resulted from the backstripping-flexural
preferred model (Te 20 km and a sea level drop of 850 m).

The uplift by Sternai et al., (2012) (Fig. 58) presents a very low gradient in the Po basin area and
maximum value is focused on the alpine belt, approximately parallel to the northern peripheral bulge
estimated in our modelling (corresponding to the black bold line 0 m), along the Alpine chain. Thus,

the influence on Po-Adriatic basin uplift and coastline is minimal.
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4.5. Results

The Alpine rivers carved deep valleys across the modern Po Basin and incised far into the Alps, the
erosional surface can be followed into the Po Plain subsurface by means of seismic sections (Fig. 55
A, B). The comparison between the modern river network and the late Messinian buried incisions
suggests that the Messinian erosional event controls the present-day drainage pattern of Southern-
Alps (Fig. 55 B). Thus, the Southern-Alps drainage network dates back (at least) to the maximum
drawdown during the MSC, confirming also a late Messinian origin (and not glacial) of the Alpine
lakes crypto-depressions inferred by Bini et al. (1978) and Finckh, P.F. (1978).

In the case of no drawdown, the most of the Po Plain, the Friulian-Venetian basin (FVB) and the
Northern Adriatic region remain below sea level throughout the entire MSC. On the contrary,
assuming a sea-level fall up to 1500 m, the western Po Plain (WPPAF) and the Friulian-Venetian
Basin are under continental conditions, implying subaerial exposure of marine structures such as the
observed basinward-stepping coastal wedges (i.e: Fig. 9 in Ghielmi et al., 2013; Fig. 21 in Rossi et
al., 2015).
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Figure 59. Restored late Messinian landscape applying a 850 m sea-level drop, 200 m contouring. In the inset TWT amplitude color
map of a subaerial drainage network (after Ghielmi et al., 2013). Red line refers to the Fig.9 into Ghielmi et al. (2013) including a
late Messinian marine-coastal system.

We find that the facies distribution recognized by Ghielmi et al. (2013) and Rossi et al. (2015; in
press) is best matched when the relative sea level fall is imposed as ~800-900 m (Fig. 55 shows the

case of relative sea-level lowering by 850 m).
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Accordingly, to our preferred model, the maximum water depth in the western depocenter (WPPF) is
nearly 700 m, while a wider WNW-ESE elongated depocenter (PPAF) was present to the east, with
modeled paleobathymetry reaching up to 1300 m. In the eastern sector, the backstripping analysis

shows the maximum uplift (995 m) in correspondence with the depocenter (Fig. 56).
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Figure 60. Map of the estimated isostatic uplift in response to sediment-water unloadina

To the NE, the Friulian-Venetian Basin was exposed during the Messinian Stage 2. The proposed
fluvial origin of the onshore incised valleys and offshore drainage network described by Donda et al.
(2013), Ghielmi et al. (2013) and Toscani et al. (2016) agree with the landscape obtained from our
preferred model. Consistently with our preferred model. a wide portion of the Mesozoic Istrian-
Dalmatian platform was exposed (Veli¢ et al., 2015), as suggested by unconformities interpreted from
the Adriatic Sea (from NW to SE: Ornella 1, Raffaella 1, Gladiolo 1, Glenda 1 and Alessandra 1
wells, from public ViDEPI Project; Fig. 59).

4.5.1. Parametric study

The parametric study related to the uplift modeling focused on the: (1) sediments volume, (2)
lithospheric elastic thickness (Te) and sea level fall.

1) Sediments volume: we tested different lithologic characteristics of the Cenozoic volume and the

latest Messinian-Quaternary volume, considering different sand-clay proportions: 100% shale, 100%
sand, 75% shale - 25% sand, 50% shale - 50% sand (Tab. 3).
2) Elastic thickness (Te): the lithospheric elastic thickness (Te) controls the flexural rebound of the

plate under the basin; all values considered for the sensitivity analysis (10, 15, 20, 25 and 45 km) are
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collected from bibliography (Moretti & Royden, 1988; Royden, 1988; Watts, 1992; Picotti et al.,
1997b; Buiter et al., 1998; Kroon, 2002; Barbieri et al., 2004) (Tab. 3).

In our reference model, we assume an average constant elastic thickness of 20 km (Moretti & Royden,
1988; Barbieri et al., 2004).
3) The amount of sea level fall: 0, -500, -800, -850, -900 and -1500 m (Tab.3).

Cenozoic vol. Te Uplift (m) Uplift (m) Uplift (m) Uplift (m) Uplift (m) Uplift (m)
Porosity (km) (0 m drop) |[(-500 m drop)| (-800 m drop) (-850 m drop) ((-900 m drop)| (-1500 m drop)
50-50 10 1047.4 1202.8 1292.8 1306.7 1320.4 1451.9
75sh-25s 10 1047.4 1202.9 1292.6 1306.6 1320.2 1452.1
100%shale 10 1047.4 1202.4 1289.9 1303.3 1316.3 1441
100%sand 10 1047.4 1203.2 1295.6 1310.2 1324.6 1467.3
50-50 15 890.6 1040.5 1121.4 1133.2 1144.6 1248.1
75sh-25s 15 890.6 1040.5 1121 1132.7 1144 1247.7
100%shale 15 890.6 1039.5 1116.4 1127 1138.1 1235.6
100%sand 15 890.6 1041.4 1126.1 1139 1151.4 1264.8
50-50 20 771.6 912.5 985.2 995.6 1005.4 1092.2
75sh-25s 20 771.6 912.4 984.6 994.9 1004.6 1091.3
100%shale 20 771.6 911 979.5 989.1 998.2 1079.7
100%sand 20 771.6 913.9 990.6 1002.1 1013 1108.5
50-50 25 677.2 807.6 872.9 882.2 891 966.6
75sh-25s 25 677.2 807.3 872.2 881.4 890.1 965.6
100%shale 25 677.2 805.8 867.3 875.9 883.9 954.7
100%sand 25 677.2 809.2 878.1 888.3 898.1 981.9
50-50 45 448.2 543.2 588.8 595.4 601.7 655.4
75sh-25s 45 448.2 543 588.2 603.4 601.1 654.4
100%shale 45 448.2 544.7 584.9 599.7 597.1 646.9
100%sand 45 448.2 541.7 592.6 608.3 606.4 665.7

Tab.3. Table of Maximum Uplift variations under different input parameters. In this table, for easier reading, we vary the Cenozoic

volume parameters only keeping the combinations with fixed porosity for latest Messinian-Quaternary sediments (as in Tab. 2).
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Figure 61. Profiles along the Po Plain foreland (A) and foredeep (B). Black bold line: basement of the model (corresponding to the
top of the carbonate formations). Color lines: late Messinian surfaces modeled with different elastic thickness (Te) of the plate
(others parameters like sea level drop and porosity remain fixed to show different uplift due to the Te variation only).

Sea level variation seems to be a relevant source of additional uplift only if its magnitude is
significant. For given Te and porosity value, the uplift gains ca. 30% if we consider 1500 m sea level
drop. Instead, for a sea level variation of only 100 m the uplift increases by 2% (< 30 m).
Furthermore, for a given Te and sea level drop, varying only porosities combinations of the Cenozoic-
Quaternary volume, influence results by less than 20 m (Tab. 3).

The landscape resulting from models with Te=20 km considering no sea level drop and 1500 m
drawdown are shown in figures 63 A, B respectively.

The shoreline migration for models with Te=10, 20, 45 and different sea level drops (0, -500, -800, -
850, -900, -1500) is shown in Fig. 63 C, D, E.
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Figure 62. Data from Tab.3 are plotted to describe the uplift values from Te, porosity ratio and sea level drop variations. All the trend
lines are Logarithmic with R°=0.99.
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Figure 63. Paleogeographies by modeling two extreme cases (both with Te 20 km): (A) no sea level drop and (B) 1500 m drawdown.
C, D, E: examples of shoreline shifts produced by modelling different drops on three different Te values.
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4.6. Discussion

According to our best-fit model the main tracts of the restored late Messinian landscape with two
major marine depocenters subject to deep-water turbiditic deposition throughout the Messinian
contoured by exposed marine shelves and localized hypersaline basins on top on piggy-back northern
Apennine basins (Artoni et al., 2007; 2010; Rossi et al., 2015). The proposed drop of 800-900 m is
significantly lower than the 1300-1500 m drawdown suggested by several authors (e.g. Ryan and
Cita, 1978; Gargani, 2004; Gargani and Rigollet 2007; Bache et al., 2009; Urgeles et al., 2010) based
on morphological evidences from the Western Mediterranean (i.e., Gulf of Lions, Ebro margin) or by
numerical modeling. Thus, during the MSC acme, we interpret the Po Plain-Northern Adriatic basin
as a restricted elongated foreland basin physically disconnected from the rest of the Mediterranean
by means of some thresholds, as suggested by Blanc (2006) according to independent hydrological
balance considerations.

This result opens the question about where the morphological divide separating the Po Plain-Northern
Adriatic basin from the rest of the Mediterranean basin could have been placed. With this respect, in
agreement with the pioneeristic paper by Cita and Corselli (1990) and afterwards with Santantonio et
al. (2013), and Pellen et al. (2017), we infer that a sill could have been probably located between the
present day southern Italian peninsula and the southern Adriatic Sea. This interpretation agrees with
the late Messinian geodynamic context of the Central Mediterranean region proposed by Jolivet et al.
(2006) and Barone et al. (2006), in which the southern Italy-Adriatic Sea area was a tectonically
active composite puzzle made of submerged/exposed continental blocks. Seismic data and well log
analysis of southern Italy onshore and offshore (de Alteriis, 1995; Scrocca, 2010, Santantonio et al.,
2013) reveal a stratigraphic hiatus of late Messinian age that further supports this scenario.
Although, the timing of closure and re-opening of the southern Adriatic sills during the late Messinian
is beyond the purpose of this work. The presence of marine bio-events (e.g. the FO of Turborotalita
multiloba and the Neogloboquadrina acostanesis sx/dx coiling change) in the pre-MSC sequences
(Sierro et al., 2001; Blanc-Valleron et al., 2002; Gennari et al., 2013; Caruso et al., 2015), the
reconstruction for the near Tertiary Piedmont Basin based on the Lower Evaporites gypsum (Dela
Pierre, 2011) and the quasi-uniform °’Sr/*°Sr values of the Lower Evaporites throughout the
Mediterranean (Schildgen et al., 2014; Roveri et al., 2014) suggest that the Po-Adriatic basin should
have been connected the rest of the Mediterranean at least during the pre-evaporitic and evaporitic
phases (MSC stages 1 and 2). In turn, this suggests that the isolation of the Po Plain-Northern Adriatic
region could have been reached only after the deposition of the Lower Evaporites, during the

maximum sea-level drop correlated with the TG12 or both TG12 and TG14 glacial intervals
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(Cosentino et al., 2013).

This means the integrated balance between river discharge, precipitation, evaporation and uplift rate
could have changed quite rapidly and dramatically both through time and from place to place during
the step wide base level change and should be taken into account to fully understand the Messinian
evolution of this part of the Mediterranean basin. A high freshwater budget may prevent salt
saturation and explain why halite or other high soluble K-rich salts did not accumulate in this region
during MSC. The Po Plain-Northern Adriatic syn- and post-evaporitic Messinian deposits may indeed
reflect a complex equilibrium between high fresh-water input provided by the large rivers draining
the Alpine belt and the progressive increase in salinity due to the MSC. This would cause precipitation
of gypsum and anhydrite only in restricted basins in the northern Apennine, like the TPB, piggy-back
basin and/or very localized sectors of the Adriatic foreland (Rossi et al., 2002; Dela Pierre, 2011;
Ghielmi et al., 2013; Rossi et al., 2015), coeval with massive deep-marine clastic deposition in the

residual, quite deep depocenters (Rossi et al., 2015).

4.7. Conclusions

Within the uncertainty inherent to the modeling technique, the restored landscape obtained for the
moment of the maximum sea-level drop occurred during the MSC in the Po Plain — Northern Adriatic
Basin of the Mediterranean region allows drawing the following main conclusions.

e Our flexural-backstripping modeling best matches the available subsurface stratigraphic and
facies distribution data when an 800-900 m drawdown is imposed; thus, the sea-level fall
related to the MSC maximum lowstand in the study area is smaller than what was inferred for
the eastern and western Mediterranean (about 1500 m or more), but also significantly larger
than the one (about 200 m) proposed by other authors for the entire Mediterranean area.

e We argue that this result implies that, at a broader scale, the Mediterranean was divided into
at least three sub-basins (Po Plain-Northern Adriatic, Western and Eastern Mediterranean
Basins), with independent base-level evolutions and water budgets at least since the maximum
MSC sea-level drop. This can be the reason for the lack of halite deposits in the Adriatic Sea.

e The buried late Messinian incised valleys cutting the Southern Alps margin fits quite well with
the present-day fluvial network draining the not only the Southern Alps belt but also the Po
River alluvial plain. This proves that the fluvial network draining the southern side of the Alps
today dates back at least to the late Messinian, confirming previous interpretations suggesting

the origin of South Alpine Lakes V-shaped valleys during the MSC drawdown. In addition,
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the fact that many rivers running today in the Po alluvial plain follow Messinian deeply buried
incised valleys suggests that the Messinian imprint is a controlling factor not only in the
mountain valleys belt but also in the alluvial plain; we argue that this is probably due to
differential subsidence between incised valley fills and interfluvial areas.
Finally, our results suggest that at least during a period of the MSC, different parts of the
Mediterranean basin should have had independent base levels, water budgets and possibly similar but
heterochronous evolution, as the effects of the MSC could have been recorded differently in each
sub-basin at least during the main drawdown phase. Therefore, caution should be used in performing
numerical model at the whole Mediterranean scale (i.e., salinity and water budget calculation). This
is the reason because we support the generation and use of smaller-scale high-resolution stratigraphic

models rather than Mediterranean-scale litho-stratigraphic correlations in the MSC studies.
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CHAPTER S
CHRONOLOGICALLY CALIBRATED PLIOCENE-PLEISTOCENE
ARCHITECTURE OF THE COASTAL PRISM IN THE VENICE REGION:
EVOLUTION UNDER CHANGING CONTROLLING FACTORS

5.1. Abstract

The Friulian-Venetian Basin (FVB) is the north-eastern portion of the wider Po Plain-Adriatic
foreland, bounding the whole Italian peninsula to the east.

This work provides a new high-resolution chronostratigraphic framework integrated with 1-D
backstripping analysis on available wells by means of new paleobathymetric data merged with
seismics, direct (bottom cores) and indirect (electric well logs) sedimentological proxy analysis.
The reconstruction of the Plio-Pleistocene coastal prism accumulated in the Venice area is based on
the proposed new age model, calibrated with a complete chronostratigraphic revision of the
continuously cored Venezia 1 well and the sequence stratigraphic analysis, organised in allogroups
and their lower rank units.

Results allow to discuss the engine and the causes (e.g. tectonic vs climate) for sediment production,
provenance and stratigraphic evolution. For instance, the 1D backstripping modeling suggests a major
tectonic control on sedimentation and basin accommodation space during the entire Pliocene-early
Pleistocene time, strongly influenced by the northern Apennine thrust fronts migration. During
middle-late Pleistocene on the contrary, climate forcing started to be the main factor controlling the
sedimentation rate coupled with a progressive decrease of tectonic activity into the basin; during this
time-span, 100 kyr Milankovitch-type cyclicity have been observed into sedimentary record,
interpreted as orbitally-controlled transgressive-regressive cyclothems and correlated basinward by

means of the well electric signals, lithological log analysis and seismics in the offshore area.

5.2. Introduction

The town of Venice and its lagoon have been included since 1987 in the UNESCO human heritage
list. They are famous worldwide due both to the beautiful buildings of the town and its peculiar
location into a barrier island lagoon system that developed 6-7 Kyr BP, during the Flandrian

transgression occurred after the last glacial maximum (Brambati et al., 2003) (Fig. 64).
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This transgression was the last step of the complex environmental evolution suffered by the Venice
region after the reestablishment of an open marine condition occurred at the end of the Messinian
salinity crisis. That environmental evolution was driven by the interplay of a several factors, such as:
1) a fairly continuous (but with a variable rate) subsidence experienced by the region during the whole
Pliocene-Pleistocene time span (Carminati et al., 2005; Barbieri et al., 2007);

i1) the progressively decreasing tectonic activiyy linked to the Northern Apennines migration (Fantoni
et al., 2002; Toscani et al., 2016 and references therein);

ii1) the increasingly oscillating sea-level induced by the glacio-eustatic cycles (Miller et al., 2011)
and;

iv) the changing sediment supply mostly due to climate change and the onset of alpine glaciations
(Muttoni et al., 2003, 2007; Garzanti et al., 2011).

As a result, a complex coastal sedimentary prism has developed progressively filling the available
accommodation space.

Here, we present a nwe, high-resolution, chronologically-calibrated reconstruction of the
stratigraphic architecture of the Pliocene-Pleistocene sedimentary prism forming the stratigraphic
substratum of the coastal area around Venice, providing a detailed picture of the paleo-environmental
evolution of the area. It was obtained through the integration of published and unpublished seismic
data, information from 13 hydrocarbon wells (courtesy by Eni Upstream), paleobathymetric
constraints provided by micropaleontologic analyses and 1-D geohistory performed on 6 of these
wells, combined with the high-resolution chronological calibration obtained by the correlation with
the entirely revised Pliocene-Pleistocene reference section formed by the combination of the 915 m
thick section provided by the continuously cored wells Venezia 1, and Venezia 1Bis, (hereafter VE1
and VE 1Bis; e.g. Kent et al., 2002 and references therein; Massari et al., 2004) and the close and
correlatable stratigraphy of the Lido 1 hydrocarbon well (Barbieri et al., 2007).

The obtained reconstruction provides a key for onshore-offshore correlations in the Pliocene-
Pleistocene sedimentary sequence of the Northern Adriatic region. However, it allows to discuss the
relative role of the different factors controlling Pliocene-Pleistocene environmental evolution (e.g.
climate instability) of a Venice coastal area and eventually provides a robust stratigraphic base

necessary for intervention programs facing the problem of natural subsidence of Venice.
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Figure 64. Map of the study area and well locations. EA: eastern Alps. ED: External Dinarides. NA: Northern Apennines. Red line:
cross correlation panel A, explained in Fig. 77 A. Yellow line: cross correlation panel B, explained in Fig. 78 B. Green line: cross
correlation panel C, explained in Fig. 78C.

5.3. Tectonic setting

Venice is located in the north easternmost sector of the Adria microplate (Fig. 64) at the boundary
between the Friulian-Venetian Basin and the Norther Adriatic Basin (hereafter VFB and NAB
respectively; Mancin et al., 2016; Toscani et al., 2016).

The starting point of the VFB and NAB evolution can be fixed at the paleotopographic arrangement
inherited since the Mesozoic extensional evolution with the carbonate platform (Friulian platform),
abruptly passing south-westwards to the deep Belluno Basin (Fantoni et al., 2002; Turrini et al., 2014;
Toscani et al., 2016). From this starting point, the north-easternmost sector of the Adria microplate
played the role of foreland basin for each of the collisional systems developed around it in different
times. From the oldest to the youngest, the Dinaric, the eastern South Alpine and the Northern
Apennines system (Fantoni et al., 2002; Caputo et al., 2010 and reference therein; Carminati and
Doglioni, 2012 and reference therein).

Notwithstanding this complex tectonic setting, after Messinian time the deformation in the region

was rapidly decreased and become almost absent during Pleistocene time (Fantoni et al., 2002), thus
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preserving sediment filling geometries mostly driven by the balance between accommodation space

and sediment supply (Carminati et al., 2005; Mancin et al., 2009, 2016; Toscani et al., 2016).

5.4. Stratigraphic framework

Several recent publications (Mancin et al., 2009; Ghielmi et al., 2010, 2013; Zecchin and Tosi, 2014;
Rossi et al., 2015; Tosi et al., 2015; Toscani et al., 2016; Zecchin et al., 2016) provided new insights
on the subsurface stratigraphy of the area. Specifically, Ghielmi et al. (2010, 2013) based on detailed
well-log correlations on the Po Plain-Northern Adriatic Basin (PPAF), integrated with seismic
interpretation of both 2D and 3D seismic surveys (from Eni private dataset), provided a new overall
stratigraphic framework consisting of units bounded by regional scale unconformities and correlative
conformities of different order and importance.

The basin reconstruction proposed in this thesis chapter is based on this stratigraphic framework,
which is described as follows.

According to the cited authors, in the case of PPAF, allogroup boundaries are produced by major
compressional tectonic phases and are usually related to the creation of new foredeep depocenters
related to the north-east migration of the Northern Apennines fold-thrust belt. Allogroup boundaries
can be recognised in wells and seismic from abrupt major changes in type and distribution of the
depositional systems showing that the Apennines deformation strongly influenced the sedimentation
by controlling the elevation and gradient of basin margins, the extension of the drainage areas, the
location of the main clastic entry-points, and the extension, shape and depth of the deep-water
depocenters (Ghielmi et al., 2010; 2013).

The entire Plio-Pleistocene sedimentary succession is bounded, at the bottom, by the regional scale
erosive Messinian Unconformity Surface and by the present-day topographic surface at the top;
according to the cited authors 3 allogroups can be distinguished (Fig. 65): LM (Late Messinian-
Zanclean), EP (late Zanclean-base Gelasian) and LP (Gelasian-Holocene), divided by the PL2 (Intra-
Zanclean) and PL4 (base Gelasian) major unconformities.

The allogroups can be further subdivided into lower rank unconformity bounded units: the largest of
these sub-units are named Large-Scale Sequences (LSS). The LSS boundaries are as synchronous
along the basin as the allogoup boundaries; in the foreland sector (e.g. the Adriatic Sea and Venice
region) the LSS sedimentary units, bounded by tectonic or eustatic-driven sequence boundaries,
correspond to relative sea level changes and significant lithofacies changes. In order to avoid
confusion with previous papers, as for allogroups, we use here same names and color code for LSS

boundaries (PL1, PL3, PS1, PS2a, PS2b; Fig. 65), even if, according to Gibbard et al. (2010) the base
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of Quaternary has been moved to the base of the Gelasian, differently respect to the original papers
of Ghielmi et al. (2010 and 2013).

Due to the late Messinian sea-level drop (Hsii et al., 1978; Roveri et al., 2014; Sternai et al., 2017 and
reference therein), a huge subaerial erosion affected the Venetian-Northern Adriatic area, generating
deep incised valleys and channels (Donda et al., 2013, 2015; Toscani et al., 2016) locally filled by

few meters of latest Messinian fluvial conglomerates (Ghielmi et al., 2010, 2013; Rossi et al., 2015).
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Figure 65. The Plio-Pleistocene stratigraphic framework of the study area along an idealized oblique transect located in the central
portion of the basin, from NW to SE. Vertical scale in geologic time, Quaternary base updated after Gibbard et al. (2010) (modified
from Ghielmi et al., 2013).

Regarding the studied area, in the early Pliocene, the foreland and foreland ramp were characterized
by a non-depositional hiatus or by a condensed deposition of hemipelagic clay (Santerno Fm.) and a
southward prograding shallow-marine complex (Eraclea fm.); Eraclea fm. evolves basinward into the
foreland fine-grained turbidites system of Gisella fm. (contained also into the PL1 sequence), always

confined into Messinian incised valleys (Ghielmi et al., 2013). During late Zanclean-Piacentian time
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(PL2+PL3 sequences), shallow-water bioclastic packstones with an upward increasing in siliciclastic
fraction were deposited in the area surrounded by Venezia-Lido-Assunta wells due to some
favourable warm climatic conditions (last warm Pliocene peaks before the Quaternary climatic
deterioration). These characteristic carbonates (Lido fm.) are yielding abundant Amphistegina
generally associated with Elphidium spp. (Barbieri et a., 2007; Ghielmi et al., 2010, 2013). This
particular calcarenite levels are widespread through the Mediterranean during the Pliocene (Di Bella
et al., 2005 and reference therein); in Italy, coeval levels are recorded in the northern Apennines
piggy-back basins (Capozzi and Picotti, 2003; Ghielmi et al., 2010, 2013), central Italy (De Amicis
1886; Conti et al., 1983; Barberi et al., 1994; laccarino et al., 1994) and Sicily (Catalano et al., 1998).
This foramol carbonate platform (Lido fm.) is locally overlain the Zanclean shallow-water sandstones
of Eraclea fm., heteropic and overlaid by the early Plio-middle Pleistocene foreland gravity-flow
deposits of Dolo fm.

In the middle Pleistocene (PS1 and PS2 sequences), a drowning (started since the base Gelasian time)
of the basin to bathyal depth led to mostly turbidite sedimentation (Carola fm.) (Massari et al., 2004;
Ghielmi et al., 2010, 2013; Zecchin and Tosi, 2014) followed by a generalized south-eastward
progradation trend in response to the sediment delivered by the paleo-Po River (PS2 sequence). This
overall regressive evolution is represented by a thick succession of slope silty clays overlaid by
shelfal, coastal and fluvio-deltaic silts and sands of the Ravenna fm.

Since the late Pleistocene, cyclic alternation between shallow-marine to continental deposits resulting
from glacio-eustatic changes became the dominant stratigraphic style (Kent et al., 2002; Stefani,
2002; Massari et al., 2004 and reference therein). These cycles form the uppermost unit (UNIT I in
Massari et al. 2004) characterised by at least five cycles, including marine shelf and coastal deposits
recording maximum flooding stages and related slope ramp sediments (Barbieri et al., 2007).
Thanks to the multidisciplinary method and high-resolution seismics and well log data, eventually, it
was possible to detail the middle-late Pleistocene sandy complex, commonly known as “Sabbie di
Asti” (Lindquist, 1999; Mancin et al., 2009; Zecchin and Tosi 2014; Toscani et al., 2016; Zecchin et
al., 2016; Zecchin et al., 2017). Indeed, sedimentary bodies with different depositional facies and

environmental meaning are usually labelled as "Sabbie di Asti".
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5.5. Methods and dataset
5.5.1. Chronostratigraphic calibration

In order to reconstruct a high-resolution chronologically calibrated evolution of the Plio-Pleistocene
sedimentary prism in the coastal area around Venice, we accounted for published seismic data
(Muttoni et al., 2003; Ghielmi et al. 2010, 2013; Zecchin et al., 2014) and 2D lines from Eni’s private
database (Figs. 66, 67, 68, 69) integrated with well logs in the area roughly bounded by the perimeter
formed by Eraclea, Assunta 1, Lido 1, Dolo 1, S. Angelo Piove di Sacco 1, Legnaro 1 dir, Codevigo
1, Civé land Arcobaleno 1 wells (from public ViDEPI project), integrated by unpublished
supplementary information (well logs; courtesy of Eni Upstream) deriving from Jesolo 1, Ada 1 and
Chioggia Mare 1 wells. These wells were chosen because they provide the most complete Plio-
Pleistocene stratigraphic sections through the basin. Well logs represent concise and detailed plots of
formation parameters versus depth. In particular it is also possible to extract the relationship between
porosity, permeability and fluids saturations. Stratigraphic data and well logs are particularly useful
in providing additional information for interpreting depositional environments and seismic
sequences: abrupt changes in gamma-ray and sonic logs (only available in Arcobaleno 1 well),
spontaneous potential (SP) and resistivity (common to all wells) correspond to sharp lithological
breaks associated with unconformities and sequence boundaries (Krassay, 1998; Catuneanu, 2006)
(Fig. 70).

The chronological calibration was achieved through a complete revision of the 1-km long reference
stratigraphic section provided by the continuously cored Venezia 1 well (CNR, 1971), integrated with
the nearest correlatable onshore Lido 1 well and by well log data with other onshore (Legnaro 1 dir,
Cive 1, Dolo 1 and S. Angelo Piove di Sacco 1) and offshore wells (Assunta 1, Arcobaleno 1, Ada 1
and Chioggia Mare 1). The updated high-resolution age model from the Venice-Lido section was also
correlated with the Global Sea level curve by Miller et al. (2005) and the standard isotopic oxygen
curve by Lisiecki and Raymo (2005) (Fig. 71). In addition, the transgressive-regressive cyclothemes
occurring at the top of VE-1 well (0-300 m deep, referred as UNIT I in Massari et al. 2004) and
recognizable in other 8 wells and seismic sections (Eni E&P dataset), were used to date the uppermost
cyclic unit deposited during the last 600 kyr.

Biostratigraphic dating of PS2a and PS2b unconformities were also calibrated in the Adriatic offshore
and correlated in the Venetian basin by mean of seismics and well log data. In detail, PS2a, also
named the “Red surface” (Regione Lombardia and ENI-AGIP, 2002; Garzanti et al., 2011) dated
onshore by Muttoni et al. (2003), in offshore it is always included into the MNN19f nannofossil

biozone. The PS2b surface, in turn in the Po basin onshore corresponds to the base of the youngest
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prograding sequence and was confidently traced in the Adriatic offshore at ca. 600 kyr, just above
the last occurrence of Gephyrocapsa sp. 3 (Eni Upstream data). This younger depositional sequence

is best recognized at the eastern edge of the Po Plain, e.g. in the Venetian area (Kent et al., 2002).

Figure 66. (Next page) Location map and 2D seismic profiles modified from Ghielmi et al. (2010, 2013). Well logs are projected on
the seismic lines only if very close to the profile (e.g. less than 2 km distance). The interpreted key horizons represent allogroup
and large scale sequence (LSS) boundaries also recognised in Ghielmi et al. (2010, 2013. In this Thesis, they are expressed with the
same name and colour code as in Ghielmi et al. (2010, 2013). Light blue: base PL1 Zanclean sequence. Orange: base of EP allogroup
and intra-Zanclean PL2 sequence. Blue: Piacentian PL3 sequence, clearly traceable only in seismic profile C, in the Venetian
offshore. Dark green: base of LP allogroup and Gelasian PL4 sequence. Yellow: early Calabrian PS1 sequence. Red: Pleistocene
PS2a sequence. Dark red: late Pleistocene PS2b sequence. The uppermost horizon PS2b, dated ca. 600 kyr, is newly interpreted in
this Thesis. Formations names and stratigraphic details are shown in Fig. 65.

A) 2D seismic section of the Plio-Pleistocene succession in the Venice Lagoon (modified from Ghielmi et al., 2013). Note i) the high
amplitude Upper Messinian conglomeratic incised valley fill; ii) the local direction of progradation is towards south for the Lower
Pliocene Progradation (Eraclea fm. into PL1 sequence) and towards the NE for the Middle Pleistocene Po Plain Prograding
Complex; iii) in this area the prograding complex corresponds to the PS2b sequence and the PS2a sequence is represented by the
Carola Fm. turbidites onlapping towards north on the Venetian foreland ramp; iv) the Pleistocene PS2a shelf break, between 1000-
1100 ms, on the right side of the seismic profile. The Plio-Pleistocene succession lies on the Oligo-Miocene southwards prograding
complex.

B) Regional composite seismic profile, modified from Ghielmi et al. (2013). The coastal wedges visible on the southern margin
(latest Tortonian) are later onlapped by Plio-Pleistocene aggradational turbidite systems of the Po Plain-Adriatic Foreland basin,
i.e., “inner” (PL3 sequence) and “outer” (PL4 sequence) Porto Garibaldi Fms., deposited during Piacentian-Calabrian time and
middle-late Pleistocene Carola Fm. On the left side of the profile, between 600-1500 ms, the PS2a and PL1 shelf break are visible.
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ismic dataset analysed. Panels A-B-C are 2D seismic profiles modified from Ghielmi et al. (2010,

Figure 66. Location map of the se

2013).
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Figure 67. C) 2D seismic profiles modified from Ghielmi et al. (2010, 2013). D) linedrawing modified from Muttoni et al. (2003). See
figure 66 for trace locations.

C) Seismic section, modified from Ghielmi et al. (2013). Note: i) the Lower Pliocene Progradation of Eraclea Fm. (PL1 sequence) whose
local direction is towards SSE; ii) in this offshore foreland area the Early Pliocene turbidite sedimentation, Gisella Fm. (also included
in the PL1 sequence) was confined into the Messinian paleo-valleys. These poorly-efficient turbidites, directly fed by the progradation,
were deposited in a foreland setting; iii) in this area the LP allogroup boundary (PL4) is represented by a subaqueous surface of no
deposition-condensation (Ghielmi et al., 2013). At this location, the hiatus/condensed section comprises the sediments of the PL4
and PS1 Sequences and the basal part of the PS2 sequence (Ghielmi et al., 2013). Here, the Piacentian PL3 sequence is present and
confined into the offshore foreland; this unit is not expressed in the onshore sector.

D) linedrawing, modified from Muttoni et al. (2003) where is evident the shelf break of the PS2a horizon. The vertical axis is in depth
domain (m). LP is the base of the Pleistocene allogroup which contains the Calabrian progradation phase, under the PS2a sequence
boundary/basal surface produced in response to sea level lowering due to the Alpine glaciation during MIS 22.
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Figure 68. Seismic lines from Eni Upstream private dataset (vertical scales in TWT). See Fig. 66 for location. Wells are projected on
the seismic lines only if very close to the profile (e.g. less than 2 km distance). The interpreted key horizons represent allogroup and
large scale sequence (LSS) boundaries also recognised in Ghielmi et al. (2010, 2013). In this Thesis, they are expressed with the same
name and colour code as in Ghielmi et al. (2010, 2013). Light blue: base PL1 Zanclean sequence. Orange: base of EP allogroup and
intra-Zanclean PL2 sequence. Blue: Piacentian PL3 sequence, clearly traceable only in seismic profile C, in the Venetian offshore. Dark
green: base of LP allogroup and base Gelasian PL4 sequence. Yellow: early Calabrian PS1 sequence. Red: Pleistocene PS2a sequence.
Dark red: late Pleistocene PS2b sequence. The uppermost horizon PS2b, dated ca. 600 kyr, is newly interpreted in this Thesis.
Formations names and stratigraphic details are shown in Fig. 65.

E) this section shows the inland closure and thinning of the Pliocene-middle Pleistocene sequences on the SW margin of the Venetian
basin. Legnaro 1 dir and S. Angelo Piove di Sacco 1 wells record the condensed Pliocene succession and the late Pleistocene
cyclothems. Since the seismic trace orientation is nearly parallel to the strike of the Pleistocene Prograding complex, this sequence
appears horizontal or gently dipping. Instead, the early Pliocene Eraclea fm. (PL1 sequence) southwards progradation direction is
visible.

F) here, is well visible the early Pliocene southwards prograding complex and the opposite Pleistocene northwards onlapping
complex.

G) eastern Venetian basin higher margin where all the Plio-Pleistocene sequences pinch-out against the western sector. There is also
visible the PS2a shelf-break.
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Figure 69. Seismic lines from Eni Upstream private dataset (vertical scales in TWT). See Fig. 66 for location. Wells are projected on
the seismic lines only if very close to the profile (e.g. less than 2 km distance).

H) 2D seismic line from Eni dataset, modified and reinterpreted from Zecchin et al. (2014) according with the new
chronostratigraphic interpretation of the Venetia 1 well and the Venetia-Friulian Plio-Pleistocene basin infilling, proposed in this
Thesis.

1) here, is visible: i) the PS2a shelf break; ii) the PS2a sequence is made of the Pleistocene southwards Prograding Complex (visible

on the left side of the profile) and the turbidites of Carola fm. onlapping towards north on the Pliocene-Calabrian eroded margin
(similar features are visible in Fig. 66 A, B).
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Figure 70. Examples of well logs projected on 2D seismic lines, from Eni private database. A) Lido 1 well. B) Assunta 1 well. C)
Venezia 1 well. D) Dolo 1 dir well. Wells location in figs. 70 and 66.
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5.5.2. Micropaleontological analysis

In order to refine the chronological frame and to obtain entirely new paleobathymetric information
necessary to perform geohistory analysis, further micropaleontological analyses were performed (in
collaboration with Nicoletta Mancin) on ca. 60 samples picked within the Plio-Pleistocene record of
four key wells: Eraclea 1 and Jesolo 1 onshore, and Ada 1 and Assunta 1 offshore (core data courtesy
of Eni Upstream).

Each rock sample (mostly cuttings integrated, limitedly to the Ada 1 well, by wall cores) was prepared
as washed residue and analysed under a stereomicroscope in its foraminiferal content (both planktonic
and benthic taxa) according to the analytical procedures described in Mancin et al. (2016). These data
provide also an independent control on palacodepth information that can be obtained by geometries

(e.g. clinoforms) visible in seismics.

5.5.3. Geohistory

1D-backstripping analysis on the Plio-Pleistocene sequence where performed in order to investigate
the sedimentation rate from the decompacted sedimentary succession and unravel some clues on the
basin history, in this case on the interplay between sediment supply, tectonics and climate. This
analysis was done using BasinMod2014 software (by Platt River Associates) on wells where
palaeobathymetry data were available (Venice 1, Eraclea 1, Jesolo 1, Ada 1 and Assunta 1 wells)
(Tab. 4, 5,6,7, 8).

The software follows the quantitative approach and algorithms proposed by Van Hinte (1978) and
Allen and Allen (1990). The following input data were used for the geohistory analysis: ages of the
sequence boundary (according with the new age model), unit present thickness, rock properties (i.e.
lithology expressed in percentage of sand, shale and limestone from the well log analysis), porosity
curve (only available in the case of the case of Venice 1, CNR 1971) and the average palaco-water
depth provided through micropaleontological analysis. Also, we used the global eustatic curves from
Haq et al. (1987) and Miller et al. (2005) for late Quaternary, as a reference for global sea-level
changes during the last 5 Ma.

Calculation are performed on individual units with different decompaction algorithms based on
lithologic and facies analysis: exponential method (Sclater and Christie, 1981) for high sedimentation
rate units (e.g. turbidites), reciprocal method for low sedimentation rate units (Falvey & Middleton,

1981) and the Baldwind & Butler (1985) equation for shales.
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ADA 1
WELL Paleobathymetry (m)
End age | top depth Present Decompaction
. . . o .
Unit type (Ma) (m) thl:ll;l;ess Lithology (%) algorithms Min Average Max
mis 5 Formation 0 0 127 sand 72 - shale 28 EXP 0 25 50
mis 7 Formation 0.123 127 50 sand 68 - shale 32 EXP 0 25 50
mis 9 Formation 0.217 177 43 sand 63 - shale 37 EXP 0 25 50
mis 11 Formation 0.325 220 55 sand 60 - shale 40 EXP 0 25 50
mis 13 Formation 0.41 275 100 sand 68 - shale 32 EXP 0 25 50
upper .
Formation 0.504 375 225 sand 74 - shale 26 EXP 100 150 200
Ravenna
lower .
Formation 0.53 600 70 sand 66 - shale 34 EXP 100 350 600
Ravenna
Upper .
Formation 0.58 670 100 sand 82 - shale 18 EXP 100 350 600
Carola
lower .
Formation 0.6 770 644 sand 68 - shale 32 EXP 600 800 1000
Carola
PS2a Formation 0.87 1118414 66 sand 68 - shale 32 EXP 600 800 1000
PL4-Upper | ¢ ation 1.6 1118480 104 sand 92 - shale 8 EXP 200 600 1000
Santerno
PL2 Formation 2.4 1118584 46 Shale 100 BB 600 1300 2000
PL1 Formation 4 1118630 67 Shale 100 BB 600 1300 2000

Tab.4. Input table for geohistory analysis of Ada 1 well. EXP: exponential method (Sclater and Christie, 1981). BB: Baldwind & Butler
(1985) equation.

ASSUNTA
1 WELL Paleobathymetry (m)
top Present .
Unit type End age depth | thickness Lithology (%) Decompactlon Min Average Max
(Ma) algorithms
(m) (m)
mis ormation san - Shale
is 5 F i 0 0 100 d 30 - shale 70 EXP 0 25 50
mis 7 Formation 0.123 100 45 sand 69 - shale 10 EXP 0 25 50
mis 9 Formation 0.217 145 40 sand 75 - shale 25 EXP 0 25 50
mis 11 Formation 0.325 185 35 sand 86 - shale 14 EXP 0 25 50
mis 13 Formation 0.41 220 90 sand 75 - shale 25 EXP 0 25 50
upper Formation 0.504 310 90 sand 33 - shale 67 EXP 100 150 200
Ravenna
lower Formation 0.53 400 140 sand 20 - shale 80 EXP 100 350 600
Ravenna
UPPermost | - g ation 0.58 540 60 sand 70 - shale 30 EXP 100 350 600
Carola
upper Formation 0.6 600 175 sand 80 - shale 20 EXP 100 350 600
Carola
C"}fglla . Formation 0.87 775 25 sand 20 - shale 80 EXP 100 350 600
C"}fﬁf . Formation 1.7 800 73 sand 90 - shale 10 EXP 100 350 600
Lido-PL2 | Formation 2.4 873 53 l?griiizf;;z;’e RCP 0 50 100
PLI Formation 3.9 926 499 sand 74 - shale 26 EXP 600 1300 2000

Tab.5. Input table for geohistory analysis of Assunta 1 well. Yellow values are data reconstructed from the adjacent Ada 1 well. EXP: exponential
method (Sclater and Christie, 1981). RCP: reciprocal method (Falvey & Middleton, 1981).
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ERACLEA 1
WELL Paleobathymetry (m)
End top Present Decompaction
Unit type age depth thickness Lithology (%) p Min | Average | Max
algorithms
(Ma) (m) (m)
mis 5 Formation 0 0 95 sand 95 — shale 5 EXP 0 25 50
mis 7 Formation 0.123 95 32 sand 72 — shale 28 EXP 0 25 50
mis 9 Formation 0.217 127 22 sand 77 — shale 23 EXP 0 25 50
mis 11 Formation 0.325 149 41 sand 85 — shale 15 EXP 0 25 50
mis 13 Formation 0.41 190 100 sand 81 — shale 19 EXP 0 25 50
upper Ravenna Formation 0.504 290 65 sand 83 — shale 17 EXP 100 150 200
upper Ravenna Formation 0.53 355 130 sand 79 — shale 21 EXP 100 350 600
Carola Formation 0.58 485 120 sand 82 — shale 18 EXP 100 350 600
Dolo Formation 0.87 605 135 sand 87 — shale 13 EXP 100 350 600
Upper Eraclea Formation 2.4 740 45 sand 82 - shale 18 EXP 100 350 600
Lower Eraclea Formation 4 785 55 sand 90 — shale 10 EXP 0 50 100
lower Eraclea Formation 4.09 840 100 sand 85 — shale 15 EXP 100 350 600
Gisella Formation 425 940 160 sand 70 — shale 30 EXP 200 600 1000

Tab.6. Input table for geohistory analysis of Eraclea 1 well. Yellow values are data reconstructed from the adjacent Assunta 1 well.

EXP: exponential method (Sclater and Christie, 1981).

JESOLO 1
WELL Paleobathymetry (m)
top Present .
Unit type End age depth thickness Lithology (%) Decompactlon Min Average Max
(Ma) algorithms
(m) (m)
Cyclothems Formation 0 0 250 sand 88 - shale 12 EXP 0 25 50
upper Formation 0.5 250 65 sand 88 - shale 12 EXP 100 150 200
Ravenna
lower .
Formation 0.53 315 191 sand 82 - shale 18 EXP 100 350 600
Ravenna
Carola Formation 0.6 506 119 sand 71 - shale 28 EXP 100 350 600
Dolo Formation 0.87 625 115 sand 74 - shale 26 EXP 100 350 600
(Santerno)
Upper Formation 2.4 740 115 sand 69 - shale 31 EXP 0 50 100
Eraclea
Lower Formation 4 855 80 sand 59 - shale 41 EXP 100 350 600
Eraclea
Gisella Formation 4.25 935 135 sand 36 - shale 64 BB 200 600 1000

Tab.7. Input table for geohistory analysis of Jesolo 1 well. EXP: exponential method (Sclater and Christie, 1981). BB: Baldwind & Butler

(1985) equation.
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5.6. Results

5.6.1. High-resolution chronologic calibration

Pleistocene subsurface succession of the central Po Plain and northern Adriatic Sea is well time-
constrained by biostratigraphic markers (Eni's internal studies) which combined with
magnetostratigraphic analysis (Kent et al., 2002; Muttoni et al., 2003; Scardia et al., 2006, Garzanti
et al., 2011), allows to track the main horizons through the entire basin.

In the Venetian basin instead, owing a very high core recovery (90%), the deep test core Venice 1
(CNR, 1971) has been described and analysed in detail (e.g. Kent et al., 2002; Massari et al., 2004;
Barbieri et al., 2007 and reference therein). Specifically, the key-study by Kent and co-authors
proposed two possible age models, due to the possible meanings given to the bioevent
Pseudoemiliana lacunosa HO (highest occurrence) at 562.4m depth and its relation with the
Pseudoemiliana lacunosa last-appearance datum (LAD) astro-chronologically calibrated at 0.467 Ma
(Lourens et al., 2004, 2005; Raffi et al., 2006).

The two models result in different chronostratigraphic calibrations of the uppermost 600m of the
Venice section, and particularly of the uppermost unit from 0 to 300m depth (UNIT I in Massari et
al. 2004). This unit is poorly constrained by bioevents, as the only two robust chronological key-
points are provided by the presence of Eemian pollens at -77.8m depth in correspondence with a
transgressive-regressive surface, dated 0.123 Ma related to MIS 5.5 peak (Bassinots et al., 1994,
Mullenders et al., 1996) and by a superficial paleosoil (named Caranto, at 7.7m depth) dated between
0.018-0.007 Ma through C'* (Bortolami et al., 1977). When P. lacunosa HO is considered to fit its
LAD, the model outcome (Age Model 2 in Kent et al. 2002) shows an isolated uplift event during the
late Pleistocene (in particular in the last 200 kyr; Kent et al. 2002) difficult to explain in the given
tectonic setting. Furthermore, in the resulting time span there are too many transgressive-regressive
cycles recorded in the Venice core to be easily correlated with major glacio-eustatic features
occurring in the global curve. By contrast, if the highest occurrence of P. lacunosa in the Venice core
occurred earlier respect to its LAD, the correlation of the transgressive-regressive events and the
pollen datum (Mullenders et al., 1996; Kent et al., 2002) recorded by the Venice section fit with the
most important global glacio-eustatic highstands and lowstands occurred during the last 500 kyr
(Miller et al., 2005) and the subsidence trend does not show any late Quaternary isolated uplift peak
(Kent et al., 2002).

Considering the absence of independent evidence for tectonic activity during late Pleistocene in the
Venice area that could account for such uplift peak (Fantoni et al., 2002), suggested also by the

gradual onlap of the Calabrian PS1 turbidites on the foreland ramp and by the undeformed sediments
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of the PS2 Seq. deposited above (Ghielmi et al., 2013), we decided to not consider valid the P.
lacunosa LAD and thus apply the Age Model 1 proposed by Kent et al. (2002), differently respect to
several other recent papers (e.g. Barbieri et al., 2007; Zecchin and Tosi 2014; Zecchin et al., 2016;
Zecchin et al., 2017).

According to this preliminary review, in this work a complete chronostratigraphic update of the Age
Model 1 by Kent et al. (2002) was performed according with the most recent Neogene magneto-bio-
cyclostratigraphy ATNTS 2004 by Lourens et al. (2004), Muttoni et al. (2003), Cita et al. (2008) and
Bertini et al. (2010) and Eni's internal report.

The resulting new age model provides the chronological key-point to calibrate the time-surfaces in
the entire Venetian- Northern Adriatic basin (Figs. 66, 67, Tab. 4, 5, 6, 7, 8).

A peculiar problem is the chronological calibration of the uppermost cyclic unit; due to the lack of
magnetostratigraphic and biostratigraphic constraints, it can be achieved through the correlation with
Marine Isotope Stages, (Shackleton, 1995; Lisiecki and Raymo, 2005, 2007) and the eustatic curve
(Miller et al., 2005). Five lithologic cycles (cyclothems) made by marine-continental deposits are
clearly recognizable in the Venice core. These cyclothems have been for the first time laterally
correlated from onshore to offshore through well-log diagnostic expressions of TR cycles particularly
clear looking at the resistivity curve, and available for all wells. This cyclicity is supposed to be driven
by the strong late Quaternary climatic oscillations, punctuated by several major transgressive
intervals; it is completely expressed in Legnaro 1 dir, S. Angelo Piove di Sacco 1 dir, Venezia 1, Lido
1, Assunta 1, Eraclea 1, Arcobaleno 1 and Ada 1 wells, and can be referred to the MIS 13, MIS 11,
MIS 9, MIS 7, MIS 5e, MIS 1 of the global isotopic curve. Only northwestward (Legnaro 1 dir well)
it is possible to recognize one older cycle, referable to the MIS 15. In Chioggia 1 and Dolo 1 wells
only the 5™ cycle, referable to the MIS 13, is recorded due to the lack of the upper part of the section
while, in Codevigo 1 and Jesolo 1 wells the available electric and lithologic record starts deeper than
the cyclothems unit.

As a result, the proposed new age model linking each transgressive-regressive (TR) cycle to
Milankovitch 100 kyr frequencies (Laskar et al., 2004) supporting the strong influence of allocyclic

parameters on Venetian basin sedimentation during middle-late Pleistocene (Fig. 65).
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Depth in core

New Age

Stage (m) Events (Ma) MIS New References
o } 0.007- Kent et al., 2002 (age model 1);
5 0-7.7 0.018 MIS 1 Massari et al., 2004
% 77 Pleistocene/Holoc Kent et al., 2002 (age model 1);
T ’ ene Hiatus Massari et al., 2004
. Kent et al., 2002 (age model 1);
§ = 7.7 0.018 MIS 2 (peak) Massari et al., 2004
5.8
e . Kent et al., 2002 (age model 1);
77.8 Eemian flora 0.123 MIS 5.5 (peak) Massari et al., 2004
110 2nd Cycle 0.217 7 this work
153 3rd Cycle 0.325 9 this work
199 4th Cycle 0.410 11 this work
248 5th Cycle 0.504 13 this work
Lourens et al., 2004, 2005; Kent et
,§ 558.6-559.1 sapropel Sa 0.553 MIS 14 al., 2002 (age model 1)
§ 560 PS2b 0.59 MIS 15 this work
571.05-571.68 HO Gephyrocapsa sp.3 0.597 MIS 15 Lourens et al., 2004, 2005
572.62-573.4 sapropel Sb 0.618 MIS 15/16 Lourens et al., 2004, 2005
727.28 Brunhes/Matuyama 0.781 MIS 19 Lourens et al., 2004, 2005
745 PS2a 0.87 MIS 22 Muttoni et al., 2003
750-758 LO Gephyrocapsa sp. 3 0.963 MIS 25/26 Lourens et al., 2004, 2005
Neogloboquadrina Lourens et al., 2004; Cita et al.,
72 pachyderma sx PE 1.21-1.22 MIS 36 2008
HO Large Gephyrocapsa .
778.98-780.86 spp 1.245 MIS 37/38 Cita et al., 2008; Raffi et al., 2006
780 HIATUS Massari et al., 2004
783.23-783.5 sapropel VS03 1.378 MIS44 Laskar et al., 2004
Neogloboquadrina 1.367- .
783.48-784.95 pachyderma sx PB 137 MIS 44 Cita et al., 2008
784.87-784.97 sapropel VS04 1.4 MIS 45 Laskar et al., 2004
786.2-786.4 sapropel VS05 1.43 MIS 47 Laskar et al., 2004
787.94-788.57 sapropel VS06 1.452 MIS 47 Laskar et al., 2004
789.85-790.21 sapropel VS07 1.473 MIS 48/49 Laskar et al., 2004
795.90-796.62 sapropel VS08 1.566 MIS 53 Laskar et al., 2004
= 797.88-798.68 sapropel VS09 1.586 54/55 Laskar et al., 2004
g 799.22-799.4 sapropel VS10 1.605 MIS 55 Laskar et al., 2004
<
8 800.83-801.46 | 1O Large S(;if’hy rocapsa 1‘16228' MIS 55 Raffi et al., 2006; Cita et al., 2008
800.95-801.52 sapropel VS11 1.624 MIS 56 Laskar et al., 2004
802.32-802.59 sapropel VS12 1.644 MIS 57/58 Laskar et al., 2004
806.04-806.07 sapropel VS13 1.663 MIS 58 Laskar et al., 2004
808.04-808.54 sapropel VS14 1.718 MIS 60/61 Laskar et al., 2004
809.4-809.98 LO Gephyrocapsa 1.718 MIS 60/61 Massari et al., 2004
oceanica s.l
808.89-809.35 sapropel VS15 1.738 MIS61 Laskar et al., 2004
809.89-810.35 sapropel VS16 1.759 MIS 62/63 Laskar et al., 2004
812.5-814.1 FCO Neogloboquadrina 1.79 MIS 64 Cita et al., 2008
pachyderma sx
812.42-812.67 sapropel VS17 1.8 MIS 65 Laskar et al, 22%01‘8 Bertini et al.,
818 PS1 ca. 1.8 Ghielmi et al., 2010, 2013
2 - 8872 top Reunion 2108 MIS 81 Kent et al., 2002; Lourens et al.,
© S 2005
© 940 PL4 24 MIS 94 Ghielmi et al., 2010, 2013

Tab.8. Biomagnetostratigraphic age control points for the Venice succession from Kent et al. (2002) and Massari et al. (2004). Events
depth in core by Massari et al. (2004). Sapropel layers of the Venice succession, with a correlation with Site 967 (Lourens et al., 1998a),
Vrica section of Crotone Basin (Lourens et al., 1996b) are reinterpreted and correlated with insolation cycles from Laskar et al., (2004).
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Figure 71. Chrono-magneto-bio-stratigraphic cross correlation section of Venezia 1 and Lido 1 wells. Name and colour code from
Ghielmi et al. (2010, 2013). PL2: intra-Zanclean sequence boundary; PL3: intra-Piacenzian sequence boundary; PL4: Gelasian
sequence boundary; PS1: early Calabrian sequence boundary; PS2a, PS2b: middle-upper Pleistocene sequence boundaries.

B) Age model of Venezia 1 well.
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5.6.2. Paleobathymetry of Plio-Pleistocene depositional units

As a whole, samples picked in the studied depositional units contained quite abundant foraminiferal
assemblages, diverse and well preserved. Displaced depth-constrained benthic species were quite rare
and limited to particular stratigraphic intervals (e.g., Gisella and Santerno formations in the lower
portion of the PL1 sequence, Figs. 66, 67); thus, foraminifera assemblages provided reliable paleo-
water depth information.

The Zanclean PL1 sequence has been recorded in all the four studied wells (Figs. 72, 73, 74, 75).
Foraminifera recovered in the foreland turbidites of the Gisella fm. were characterized by very
abundant planktonic taxa, with percentages around 80% in the lower portion of the unit then sharply
decreasing upwards, reaching values of 5% in the upper part (Assunta 1 well, Fig. 72). Benthic
foraminifera were less abundant and represented by deep-water index species such as: Oridorsalis
umbonatus, Lenticulina spp., Marginulina spinulosa, Gyroidinoides neosoldanii, and Uvigerina
peregrina, indicative of middle-lower bathyal bathymetries (ca. 600-2000 m) and corresponding to a
supposed average paleo-water depth of ca.1300 m. In the upper portion of the unit, the deepest benthic
index species (e.g. O. umbonatus) disappeared and middle bathyal indexes (mostly Lenticulina and
Marginulina) increased in abundance, indicating a probable decrease in the paleo-water depth, that
reached values of ca. 600-1000 m. Note that towards NE, in the onshore Eraclea and Jesolo wells,
similar turbiditic deposits contained quite different foraminiferal assemblages: planktonic taxa were
less abundant whereas benthic taxa were dominated by shallower upper-middle bathyal indexes
(Lenticulina and Marginulina costata), lacking also the deepest species O. umbonatus. This result
has been interpreted as indicative of shallower bathymetries (ca. 200-1000 m) probably due to a
deeper in the basin of the stated wells with respect to the Assunta 1 well. Southwards, in the Ada 1
well (Fig. 73), the time-equivalent fine-grained deposits of the Santerno fm. contained foraminiferal
assemblages very similar to the ones recorded in the turbidites of the Gisella fm. (Assunta well).
Planktonic taxa were quite abundant (ca. 60-70%) and benthic taxa were mostly represented by deep-
water index species (Oridorsalis umbonatus and Lenticulina spp.) indicative of middle-lower bathyal
bathymetries (ca. 600-2000 m) with a supposed paleo-water depth of ca. 1300 m.

Moving upwards in the upper PL1 sequence (Eraclea fm.), foraminifera assemblages progressively
changed, testifying a probable shallowing upward paleobathymetric trend (Assunta 1, Eraclea 1 and
Jesolo 1 wells, Figs. 72, 74, 75). In the lower portion of the Eraclea fm., corresponding to prograding
slope deposits (Assunta land Eraclea 1 wells), foraminiferal assemblages were rare but still
characterised by deep-water benthic species, such as the genera Lenticulina and Marginulina and the

species Uvigerina peregrina, indicative of upper-middle bathyal bathymetries (average depth of
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ca.600 m); these deep-water species were sometimes mixed with reworked upper neritic taxa (the
genera Ammonia, Amphistegina and Elphidium) transported down-slope by currents. Up to top,
within the shelf deposits of the upper Eraclea fm., most of the deep-water taxa were replaced by
neritic indexes (e.g. miliolids, Elphidium, Ammonia) indicating a further progressive decreasing
paleobathymetry that probably reached depths of ca. 100 m. Southwards, in the Ada 1 well (Fig. 73),
foraminiferal assemblages from the time-equivalent basinal deposits of the Santerno fm. did not
register any significant change, indicating a probable constant deep-water environment with a
supposed average paleo-depth of ca. 1300 m during the whole PL1 sequence.

Even the upper Zanclean-Piacenzian PL2-PL3 sequence has been recorded in all the four studied
wells although represented by different time-equivalent sedimentary units. Offshore, in the Assunta
well, the PL2 sequence is formed by skeletal carbonates (Lido fm.) that laterally pass towards NE, in
the onshore Eraclea 1 and Jesolo 1 wells, to terrigenous platform deposits (upper Eraclea fm.) while,
towards SE, in the offshore Ada well, the time-equivalent sedimentation is represented by fine-
grained basinal deposits belonging to the Santerno fm.. Foraminifera recovered in the PL2 sequence
mirror this depositional variation; in particular foraminiferal assemblages from the carbonatic Lido
fm. were dominated by upper neritic indexes (particularly the larger symbiont-bearing genus
Amphistegina, in assemblage with Elphidium and the species Asterigerinata planorbis) together with
very rare planktonics (usually less than 5%). This assemblage is indicative of average palaeo-water
depths not exceeding 50 m, probably even shallower, around 20-25 m. Similar bathymetries can be
hypothesised also for the time-equivalent shelf deposits recorded in the Eraclea and Jesolo wells
containing very similar foraminiferal assemblages still dominated by the upper neritic indexes
Elphidium and Ammonia. On the contrary, foraminifera from the basinal Santerno group were mostly
represented by middle-lower bathyal indexes (O. umbonatus, Heterolepa bellincionii, Gyroidinoides
soldanii and Uvigerina peregrina) still indicative of average paleo-depths of ca. 1300 m.

The Piacenzian-lower Gelasian PL3 sequence is highly condensed and difficult to recognize in the
studied wells, while the overlaying Pleistocene PL4-PS2 sequences have been recorded in all the
studied wells. In particular, foraminifera recovered in the Gelasian PL4 sequence, southwards
represented by the Santerno group (Ada 1 well), showed a moderate decrease of lower bathyal indexes
(O. umbonatus and Lenticulina spp.) coupled with an increase of middle-upper bathyal indexes (H.
floridana, H. bellincionii, G. soldanii and Bulimina marginata) with respect to the assemblages from
the underlying deposits of the PL2 sequence. This datum has been interpreted as indicative of
shallower bathymetries probably with average palaco-depths of ca. 600 m. To note, however, that
these bathyal indexes were mixed with displaced upper neritic taxa (particularly the genus Elphidium

in assemblage with miliolids, Cibicides lobatulus and Asterigerinata planorbis) probably transported
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down-slope by currents. Due to high sedimentation rate, in such a depositional context, it is quite
common that most of the foraminiferal faunas occurring within cuttings has been transported down
slope by gravity currents, within the deeper faunas thus, we cannot definitely exclude a deeper
bathymetry (ca. 1300 m) for these foreland deposits, similar to the one hypothesized for the
underlying PL 2 sequence. Towards NE, the time-equivalent deposits of the PL4 sequence are
represented by foredeep sand-rich turbidites (Carola fm.; Assunta 1 well) containing foraminiferal
assemblages characterised by less abundant planktonics (ca. 10%) and lower neritic-upper bathyal
indexes (B. marginata, H. bellincionii, H. baltica, P. arimenensis) indicative of average paleo-depths
of ca. 350-400 m. Unfortunately, in the onshore Eraclea 1 well, the Pleistocene sequences were not
sampled. In the very close Jesolo 1 well only one sample from the lowermost portion of the Carola
fm. was collected at 740 m depth. This sample contained foraminiferal assemblages characterised by
abundant lower neritic-upper bathyal indexes (Heterolepa bellincionii, H. floridana, Hyalinea
baltica, Planulina ariminensis, Pullenia bulloides and Uvigerina spp.) identical to the ones recorded
in the Assunta well and indicative of supposed average paleo-depths of ca. 350 m.

Moving upwards, within the PS1 and PS2 sequences (foredeep turbidites of the Carola fm.; Ada 1
well) foraminiferal assemblages gradually changed. At first, planktonic taxa increased in abundance
(values of over 70%), particularly in the lower-middle portion of the unit (corresponding to the PS1
and PS2a sequences) and then, they sharply decreased (5-10%) in its upper part (lower PS2b
sequence), testifying a probable increasing-decreasing paleobathymetric trend. Benthic foraminiferal
assemblages support this interpretation. In the lower-middle portion of the Carola fm. (PS1-PS2a
sequences, Ada 1 well) benthic taxa were mostly represented by middle bathyal indexes indicative of
palaeo-depths of ca. 600-1000 m then replaced up to top in the lower PS2b sequence, by lower neritic-
upper bathyal indexes that also strongly increased in abundance (U. peregrina, H. baltica,
Cassidulina neocarinata and Bulimina marginata) testifying a progressive decrease of bathymetry
with supposed paleo-depths of ca. 350 m. Similar results can be inferred from the time-equivalent
turbiditic deposits of the upper Carola fm. recorded in the adjacent Assunta 1 well (Fig. 72).

The shallowest portion of the middle-upper Pleistocene PS2b sequence (corresponding to the
deposition of the Ravenna fm. and upper Pleistocene cyclothems) has been studied in its foraminiferal
content only in the Ada 1 well (Fig. 73). Foraminifera from the slope deposits forming the lower
Ravenna fm. were identical to the ones recorded in the underlying turbidites of the upper Carola fm.
and were characterised by less abundant planktonics (10-15%) in assemblages with abundant lower
neritic-upper bathyal benthic index such as the species Hyalinea baltica, Cassidulina neocarinata
and Bulimina marginata. Moving upwards in the shelf to coastal deposits of the upper Ravenna fm.,

the assemblages progressively changed (planktonics further decreased in abundance and upper
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bathyal indexes disappeared or were replaced by lower neritic indexes) a paleobathymetric testifying
decreasing trend with supposed palaeo-water depths of ca. 100-200 m. This regressive trend is
accentuated in the overlying upper Pleistocene deposits (Cyclothems), where planktonic foraminifera
were totally absent and benthic taxa were rare and exclusively represented by shallower upper neritic

indexes such as the littoral genera Ammonia and Elphidium and the species Cibicides lobatulus

indicative of very shallow bathymetries (0-50 m depth).
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Figure 72. Biostratigraphic and paleobathymetry analysis of Assunta 1 well.
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Figure 73. Biostratigraphic and paleobathymetry analysis of Ada 1 well.
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Figure 74. Biostratigraphic and paleobathymetry analysis of Eraclea 1 well.
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Figure 75. Biostratigraphic and paleobathymetry analysis of Jesolo 1 well.
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5.6.3. Geohistory

The 1D-backstripping analysis was performed to extract decompacted sedimentation rates (m/Ma),
in order to study the Venice coastal prism evolution during Pliocene-Pleistocene time.
Sedimentation rate curve is calculated on each well using average, minimum and maximum water
depths from palacobathymetry analysis. For sake of simplicity, here will be described only the curves
obtained for the average palaco-water depth (Fig. 76).

In this work, the total and tectonic subsidence will be not commented, because it is not the aim of this
study to stress on the magnitude and deep-sources of the tectonic compound and subsidence and uplift
response (e.g., slab retreating).

In the Venetian-Friulian and Northern-Adriatic basins the base of the Zanclean PL1 sequence cannot
be completely described for two reasons: i) the sedimentation was highly condensed during the
Zanclean regional mega flooding, occurred in the Mediterranean basin at the end of the Messinian
Salinity Crisis (Garcia-Castellanos et al., 2009); ii) not the entire well dataset reach the bottom
Pliocene.

The average sedimentation rate starts with a peak of ca. 500 m/Ma (maximum value ca. 1000 m/Ma
recorded in Assunta 1 well), presumably correlated to the early Zanclean prograding prograding shelf-
slope deposits of Eraclea Fm.. The prograding geometry is well visible in the seismic lines in figures
66, 67, 68, 69. In turn, at the end of the Zanclean PL2-PL3 sequence, low average sedimentation rates
(ca. 400 m/Ma in average) are recorded. A higher peak during Piacenzian, about 1000-1500 m/Ma
average value (maximum value of 2000 m/Ma recorded in Assunta 1 well), precedes a long period
with lower rates (average lower than 100 m/Ma). This low sedimentation rate occurred for almost 2
Ma, until middle-late Quaternary. In fact, during Gelasian time, the PL4 sedimentary unit was
lithologically represented by the condensed foreland clays of Dolo fm. and foramol carbonate
platform (Lido fm.)

Following these low values, a sedimentation rate high peak increased from Calabrian, recording the
turbidite sediments of Carola fm. and the Po Plain Prograding Complex (PS2 sequence).
Sedimentation rate increased rapidly from 900 kyr up to the highest average value of 7000 m/Ma,
reached between 600-500 kyr (the highest value of ca. 10,000 m/Ma is recorded in Ada 1 well).
During the last 500 kyr, sedimentation rates decreased, oscillating between ca. 500 and 1000 m/Ma

in average.
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Figure 76. At the top of the figure is represented in dark grey the global sea level curve from Miller et al. (2005) and the dashed red
curve is the same curve with a moving average window every 100 kyr. The lower part of the figure shows the geohistory outputs. Solid
black bold line is the average sedimentation rate, obtained from decompacted thickness, of the analysed wells: Assunta 1, Ada 1, Eraclea

1, Jesolo 1 and Venezia 1 wells.
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5.6.4. Shelf edge trajectories

We plotted the well-log correlations into three cross correlation panels (Figs. 77, 78), including
complementary information on shelf break geometries provided by seismic interpretation (Fig. 66,
67, 68, 69), parallel and transversal oriented to the main sedimentary prograding bodies present in
the study area (i.e., PL1 sequence with Eracela fm., and PS2 seq. with the Middle Pleistocene Po
Plain Prograding Complex). Thus, the three resulting subsurface panels can be considered as depth-
calibrated geological profiles, useful to trace shelf edge migration and progradation directions since
the base Zanclean marine transgression to late Pleistocene (Figs. 79, 80).

In Fig. 79, shelf edge at PL1, PS2a, PS2b time-sequence (Ghielmi et al., 2010; Scardia et al., 2012;
Ghielmi et al., 2013) are shown in map view. In Fig. 80 in turn, it is possible to quantify the basin-
scale Plio-Pleistocene regressive cycle through the horizontal km-shift of the shelf edge (landward or
basinward).

Since late Miocene the PPAF was a deep, subsiding foredeep basin: during the early Zanclean (PL1
sequence) the Emilia-Romagna and Ferrara arcs were not structured yet and the central-eastern Po
Plain appeared as a Northern Adriatic gulf, with a shelf break ca. WNW-ESE oriented, parallel to the
foredeep axes (Ghielmi et al., 2010, 2013).

In the VFB instead, a coeval early Zanclean complex (Eraclea fm.) developed prograding towards S-
SE; PL1 sequence shelf break curved northwards into the recent Adriatic offshore, 25-50m far from
the present coastline (Figs. 79, 80). The Eraclea fm. shelf edge and slope are visible in seismic (Figs.
66, 67, 68, 69), we interpret the sandstones in Codevigo 1, Lido 1, Legnaro 1 dir, S. Angelo Piove di
Sacco 1, Assunta, Jesolo 1 and Eraclea 1 wells as shelf and coastal deposits into PL1 unit.

During the Pleistocene, due to Gelasian and Calabrian tectonic phases (forming LP allogroup with
PL4, PS1 and PS2a sequences) the PPAF was affected by important geometrical modification due to
the Emilia, Ferrara-Romagna syn-sedimentary thrust NE-migration together with a very high
sedimentary input which progressively filled the fragmented foredeep depressions (Maesano and
D’Ambrogi, 2016). This last Pleistocene tectonic PS2a phase (less intense than the previous ones)
affected the PPAF contemporaneously with the onset of Alpine glaciation, dated 0.87 My according
with Muttoni et al. (2003), causing a relative sea-level regression, continental exposure of the Venice
shelf-slope break and early Pleistocene prograding complexes located far inland out from the study

area (Figs. 79, 80).
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Figure 78. Cross correlation panels from well logs correlations. B) Transect ca. W-E. C) Transect ca. N-S. Wells and the transects
locations in Fig. 77. Colour code of the stratigraphy in Fig. 65.
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Figure 79. Shelf edges of the PL1, PS2a and PS2b sequences, reconstructed by means of seismic interpretation (Ghielmi et al., 2010,

2013; Scardia et al., 2012) shown in map view. Light blue, red and dark red arrows indicate the progradation direction at each time.
Black arrow is useful to suggest the counter-clockwise shelf-edge rotation from Pliocene to late Pleistocene.

In the subsurface, seismic lines (modified from Ghielmi et al. 2013 and Muttoni et al. 2003) show the
PS2a shelf edge, recorded only in the north-westernmost Legnaro 1 dir well at ca. -400 m from the
datum level. The top of PS2a sequence, 0.6 Ma in age, corresponds to the base PS2b cyclic sequence.
The PS2b shelf edge traced by seismic analysis and well log calibration in Ghielmi et al. (2010, 2013)
(Figs. 66, 67, 68, 69), has been correlated by means of well-log data in agreement with the new age
model and cyclostratigraphic interpretation proposed in this work. The PS2b shelf edge in the VFB,
runs parallel to the PS2a, about 15 km basin ward, with foreset SE-progradation direction and curve
geometry similar to the present Venetian coast. In the Po Plain area instead, during the same time
step (900-600 kyr), a strong horizontal eastwards shift (ca. 100 km) occurred, reaching the final
position at less than 10 km offshore from the today coastline (Figs. 72, 73).
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Figure 80. Quantification of the transgressive (landward) regressive (basinward) trend through Plio-Pleistocene time.

5.7. Discussion
4.7.1. Interplaying factors driving the Pliocene-Pleistocene sedimentation in the

Venice area

The Plio-Pleistocene sequences accumulated in the study area document the depositional
physiographic history of the Venetian-Friulian (VFB) and Northern Adriatic basin (NAB) and the
main events that controlled the sedimentary rate and stacking pattern.

During the early Zanclean in the VFB developed a complete transitional setting (from continental to
marine environment) but in the study area records only the shelf-slope and prograding complex (i.e.,
PL1 sequence with Eraclea fm.).

At the same time the southern margin of the Po Plain, the early Pliocene regional uplift occurred as
the main consequence of the Northern Apennine PL1 tectonic phase, characterised by fold and thrust
belt uplift, tilting and foredeep deepening (Ghielmi et al., 2010; 2013).

In the Po Plain, a following rapid uplift began since late Zanclean to Piacenzian time (PL2 and PL3
sequences), due to the external Apennine thrust fronts migration toward north-eastern sectors, and
relative foreland bulge (Vai et al., 1987; Ghielmi et al., 2013; Maesano et al., 2015; Maesano and
D’Ambrogi, 2016) located exactly in the FVB (Barbieri et al., 2007; Mancin et al., 2004; Mancin et
al., 2016; Zecchin at al., 2017).
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In the northern sector of the study area, PL2-PL3 sequence is lithologically represented by the
foreland condensed clastic deposits of Dolo fm. and locally by a foramol carbonate platform (Lido
fm.). The skeletal carbonate platform deposited into a limited zone, and survived into a fully clastic
setting, due to local shallow-water condition (0-50 m palaeo-water depth). Condensed foreland
sedimentation and localized carbonate production led to argue the occurrence of a paleo-high,
probably related to a peripheral bulge concomitantly with a warm condition (D1 Bella et al., 2005;
Barbieri et al., 2007; Mancin et al., 2016). The chronostratigraphic constrain of the Lido carbonate
platform comes from coeval and analogue deposits spread into Mediterranean basin (Di Bella et al.,
2005 and reference therein). In particular, these relatively shallow-water skeletal packstones seem
very similar to others lying on top of the highest Apennine structural fronts described by Capozzi &
Picotti, (2003) and Roveri and Taviani (2003), deposited until late Pliocene cooling at about 2.7 Ma
(Lisiecki & Raymo, 2005, 2007 and references therein).

In the Northern Apennine, the base Gelasian PL4 tectonic phase and related sequence boundary was
outlined by the strong regional uplift due to the Emilia-Romagna thrusts fronts configuration and also
depocenters deepening and foreland tilting (Ghielmi et al., 2013; Maesano et al., 2015; Maesano and
D’Ambrogi, 2016). The unconformity at the top of Lido fm. can be interpreted as a tectonic-related
regressive episode. A relative sea-level change, together with a climate cooling peak occurred at 2.7
Ma, contributed to carbonate production end.

The following base Calabrian PS1 tectonic activity produced large clastic volumes (km-thick),
recorded in the Po basin foredeep (Ghielmi et al., 2010, 2013) but the Venetian foreland shows low
to moderate sediment rates and fixed provenance area from the eastern Southern Alps (Stefani, 2002)
for the entire Pliocene-early Pleistocene period. This means that sediments from the central and
western Alps did not reach the Venetian foreland because they deposited and confined into deep Po
basin foredeep, filling the available accommodation space.

Furthermore, the sediments eroded from the exposed southern Apennine margin and those reworked
during the tectonic deformation, where probably stored into the evolving subaqueous piggy-back
basins that worked as sediments traps.

Subsurface data analysis from Fantoni et al. (2001), Ghielmi et al. (2010, 2013) and Cazzini et al.
(2015 and reference therein) show evidence of an overall compressive deformation decrease in the
Po Plain-Norther Adriatic foreland basin (PPAF) area during the middle-late Quaternary. Turbidites
of Carola fm. and Po Plain Prograding Complex (Ravenna fm.) (PS1 and PS2 sequences) rapidly
advanced along the PPAF foredeep as far as its present-day position, reaching also the study area
(Ghielmi et al., 2010, 2013; Zecchin and Tosi, 2014; Tosi et al., 2015; Toscani et al., 2016; Zecchin
etal., 2017).
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In the Venetian-Friulian basin, at least 700 m thick of Carola fm., was responsible for the sedimentary
infill of the deeper portions of the basin and the consequent accommodation space reduction. PS1-
PS2 sequences can be described as an overall basin-scale regressive cycle mainly driven by climatic
changes coupled with large availability of siliciclastic sediments from western, central and eastern
Southern Alps (Stefani, 2002). In fact, at about 1.8 Ma the average eustatic level started falling due
to climate deterioration, characterised by long periods of sea-level lowering alternated with fast sea-
level rise (Lisiecky and Raymo, 2005; Miller et al., 2005, 2011).

The glacial acme MIS 22 (Rohling et al., 1998; Miller et al., 2005, 2011), interpreted as the onset of
major glaciation in the Alps region (Muttoni et al., 2003), was responsible for an intense continental
erosion phase expressed with a huge clastic volume delivered into the Po-Adriatic basin. Consistently,
into the VFB and NAB, the highest sedimentation rate is recorded (PS2a sequence).

The maximum peak (7000 m/Ma at 600-500 kyr, between MIS 16-12 lowstands) is in correspondence
of an important basin facies shift: from foredeep turbidites to delta-type prograding deposits, typically
marked by high accumulation rates. It is possible to infer that, the fast development and migration of
the Po Plain Prograding complex shelf edge during the middle-late Quaternary (Fig. 79) is due to the
favourable coupling between stable tectonic setting and high sedimentary supply derived from both
eastern Southern Alps and Paleo-Po rivers (Barbieri et al., 2007; Garzanti et al., 2011), confirmed
also by petrofacies analysis (Stefani, 2002).

This change in supply source, from a single western-central Southern Alps area (typical Po signal,
Stefani et al. 2002) to mixed source within eastern Southern Alps (i.e., paleo-Brenta, paleo-
Bacchiglione and paleo-Adige) may be due to the rapid northward shifting of the paleo-Po river into
the Venetian basin, favoured by the progressive Po Plain accommodation space reduction of the
western sector during the Calabrian (e.g., during the sedimentation of Carola fm.).

The strong ciclicity signal into the upper PS2b sequence, recognised in the Venice 1 core by Kent et
al. (2002) and Massari et al. (2004), has been preserved into sedimentary record by low-to-absent
tectonic activity and high sedimentation rates, favoured by compatible subsidence rates. The whole
modern Adriatic Sea shelf setting generally meet those requirements (Patruno et al., 2015).
According with the presented new age model, 100 kyr frequency is the most efficient climate factor
in modulating sea-level fluctuations and consequently the shape of the topmost sequence architecture
into the VFB and NAB.

This climate frequency is indicative of the more extreme glacial events during the last ca. 1 Ma, with
greater impact on the amplitude of sea-level changes (Shackelton, 1997; Raymo et al., 1997; Muttoni
etal., 2003; Lisiecky and Raymo, 2005, 2007). Examples of similar overall progradational-regressive

units providing evidence of 100 kyr sequences of the past 500-600 kyr, from diverse settings, have
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been reported in several margins in the Mediterranean and nearby areas (Rabineau et al., 2005;
Trincardi and Correggiari, 2000; Lobo et al., 2013 and reference therein), but they have never been
described and dated in such detail in the Venetian-Friulian and Northern Adriatic basin.

The shelf-edge step-wise migration (Fig. 80) through the Plio-Pleistocene, highlights the incredibly
fast south-east progradation occurred over the last 900 kyr. In fact, in the Adriatic Sea the
progradation system is fed with sediments provided by Po river and all rivers draining the eastern
Southern Alps. The clinoforms develop above a complete filled Po-Adriatic foredeep and foreland

basin where the accommodation space can increase only by lower sediment compaction.

5.8. Conclusions

Combined seismics and well-log analysis with palacobathymetry and subsidence trends, allowed to
better understand the Venetian-Friulian basin and Northern Adriatic Sea evolution and controlling
factors on sedimentation during Plio-Pleistocene time.

In summary:

e This work provides, for the first time, a reliable key for an onshore-offshore chronostratigraphic
correlation of the Pliocene-Pleistocene sedimentary sequence in the Venetian-Friulian and
Northern Adriatic region. It can be considered as a robust stratigraphic base necessary for future
intervention programs, for instance the problem of natural subsidence of Venice.

e The influence of the migrating Northern Apennine fronts probably drives the accommodation
space of the VFB for the entire Pliocene-Calabrian time.

e During middle-late Quaternary, the stratigraphic architecture was mainly driven by climatic-
related processes (e.g., variation of sediment supply during climate change). The onset of major
Alpine glaciations promoted an acceleration in both erosion and sediment supply, leading to a
rapid progradation of paleo-Southalpine and paleo-Po alluvial fans.

e In the Venetian-Friulian and Northern Adriatic shelf, the PS2 progradational unit shows
sequences with rhythmic variations in shape and thickness. The most evident cyclostratigraphic
signature reflects a 100 kyr frequency, influenced by the middle-late Quaternary climatic
cyclicity.

e Overall counter clockwise shelf-edge geometries rotation is evidenced. This is interpreted due to
the Po basin accommodation space progressive reduction since Pliocene-middle Pleistocene. A
relevant shelf-edge km-shift is occurred during PS2 phase, caused by the west-to-east

progradation of the Po Plain Prograding Complex.
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e [t is possible to highlight the incredibly fast south-east shelf-edge migration (and relative
progradation rate) in the Adriatic Sea, occurred during the last 900 kyr respect with the Plio-

Pleistocene evolution.
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CHAPTER 6
GENERAL CONCLUSIONS AND FUTURE OUTLOOKS

The results from this three-year Ph.D project can be briefly summarized as follows:

Detailed 3D surfaces in TWT covering for the first time the entire central and eastern Po-
Adriatic basin (ca. 40,000 km?), obtained through interpretation of 2D lines (8,000 km in total)
and subsequent interpolation.

The 3D-model was depth-converted using a novel and calibrated velocity model; the obtained
3D depth-model allows to quantitatively study the subsidence of Po-Adriatic foredeep and its
evolution during the Northern Apennine thrust front migration.

Six chronologically calibrated isobath maps, every ca. 1 Ma, reflecting the step-wise
morphological evolution of the basin.

Six isopach maps for the Plio-Pleistocene units were calculated: these maps are useful tools
to understand the depocenters thickness and their migration through time.

Late Messinian paleotopography of the study area was reconstructed by means of
backstripping-flexural modeling.

The resulted landscape can sustain a new geological model of the Mediterranean basin
evolution during the Messinian Salinity Crisis maximum drawdown. In fact, stratigraphic
features and the modeling can prove that the Po plain-Northern Adriatic basin was an isolated
basin where the marine environment was persevered under a water column hundreds of meters
thick, even during the sea level fall. It was possible because of a sill located in the Southern
Italy (Santantonio et al., 2013) that protected the Adriatic Sea from the estimated 1.5 km sea
level fall, recorded along the western Mediterranean margin (i.e., Gulf of Lions, Lofi et al.,
2005, 2011).

2D detailed chronostratigraphic correlations of the Venetian-Friulian and Northern Adriatic

basin were performed by means of seismic interpretation and well log analysis. This study
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will be very useful to correlate the Adriatic and Po basin subsurface sequences and increase
the knowledge on the complete foredeep-foreland basin system and its evolution.

e ID-backstripping analysis on five wells in the Venetian area in order to calculate the
decompacted sedimentary rate through time and discuss climate VS tectonic efficiency in
sediment production. In detail, in the Venetian-Northern Adriatic basin, the sedimentation rate
during the last 1 Ma is higher than during Pliocene time. The results are useful to understand
the erosion potential of different processes and sediment sources, both acting in a poorly
deformed sedimentary basin. In this case, the basin architecture is strongly influenced, during
Pliocene, by the Apennine orogeny which controlled the accommodation space available with
flexural subsidence-uplift phases. During the middle-late Quaternary (time with negligible
tectonic activity) the variability of the sedimentation rates is correlated to the onset of Alpine
glaciation and change in sediment source from a single south-eastern Alpine input to the
coupling with the huge Po Plain Prograding Complex (paleo Po river) from the west.

In conclusion, a number of results allow presenting, for the first time, the basin scale 3D architecture
of the Po Plain-Northern Adriatic basin with a high-resolution and areal extension respect with the
previously published studies.

Thanks to the high quality of the seismics and well log data, focus studies were performed to
investigate more in detail some particular issues, for instance: 1) effects of the dramatic regional event
like the Messinian Salinity Crisis and ii) Quaternary climate instability.

Both these side-projects connect the local results found in the Po Plain-Northern Adriatic basin with
Mediterranean-scale insights. In fact, geological processes like climate variability and lithospheric
interplay are valid also for other places in the Mediterranean basin.

Nevertheless, none of the above-cited results would have been achieved without a continuous and
fruitful collaboration among Academy (Italian and international) and industry. This apparently non-
scientific result, indeed, deserves to be highlighted and take as a positive example for future

collaborations between different partnerships.
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Each of these represent the starting point for future outlooks and collaborations, some of which are

already in progress. The 3D architecture in depth domain is also the base for further numerous

scientific applications, such as:

1)

2)

3)

4)

5)

structural history of the recent evolution of the basin. A dedicated study on the deformation
of the upper and recentmost isobath surface, dated ca. 900 kyr, will contribute toward better
understanding of the recent seismicity and quantifying the slip rates to produce seismic hazard
reports.

fault restoration and decompaction for calculation of long term slip rates. This workflow has
been successfully applied on a restricted area of the Po Plain by GeoMol team (2014) but a
complete study of the whole basin is lacking.

sediment flux calculation might be worked out decompacting the 3D surfaces and calculating
the restored volume of the successions. The sedimentary flux trend through time might me
fundamental for estimating the erosion activity and give more information for mass balance
study.

provenance analysis. The petrographic analysis coupled with a morphological description of
the target surface will be decisive in provenance analysis and characterization of clastic bodies
(i.e., potential reservoirs).

basin analysis thermal modeling, fundamental in Oil Industry to study the hydrocarbon
generation study and for both Industry and Academia, for a higher understanding in

geothermal model.
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