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3D geological models from multi-source data (cross-sections, geological maps, borehole logs and
outcrops) are a critical tool to improve the interpretation of the spatial organization of subsurface
structures that are not directly accessible. In this paper, we reconstruct the main geological structures and
surfaces in three dimensions through the interpolation of closely and regularly spaced 2D seismic sections,
constrained by wells data and surface geology. The methodology was applied in the Marche—Abruzzi
sector of the Periadriatic basin, where the more external part of the Apennines fold-and-thrust
belt is mostly buried under a syn- and post-orogenic, Plio—Pleistocene, siliciclastic sequence. The 3D
model allowed us to correlate the main thrust fronts and related anticlines along strike, revealing a general
ramp — flat — ramp trajectory characterizing the main structural trends. This geometric organization
influences the sequence of thrust-system propagation and characterizes the evolution of syntectonic
basins. The obtained 3D model points out several variation occurring along strike: i) main trends
geometric relationships; ii) deformation chronology and iii) displacement distribution. In the northern
sector, higher displacement and structural elevation are reached out by the Nereto—Bellante structure,
whereas in the southern sector the Villadegna—Costiera Structure is the prevalent. All structures show
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a diachronic thrusts activity along strike, younger toward the north.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The development of software for 3D modeling (gOcad, Earth
Vision, Move, Petrel among many others) has opened a new frontier
in the Earth Sciences, leading to a more accurate spatial analysis of
geological structure and to 3D models. Numerous papers deal with
the integration of different kind of data for a 3D reconstruction of
subsurface structures at a regional scale (Ledru, 2001 and refer-
ences therein; Courrioux et al., 2001; Galera et al., 2003; Wu et al.,
2005; Zanchi et al.,, 2009; Salvi et al., 2010). The subsurface data
generally used for 3D reconstruction are the seismic data, inte-
grated with well data log, techniques that has its maximum
development in the hydrocarbon research (Fonnesu, 2000;
Zampetti et al., 2004; Gee et al., 2007; among many others). Inte-
grating geophysical and geological data, from seismic available
database and by geological maps, is possible to define geometrical
and geological constraints in order to create 3D surfaces, closed
volumes and grids from the constructed objects.
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E-mail addresses: alessia.conti@uniromal.it (A. Conti), caseropiero@libero.it
(P. Casero).
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In this work, we integrated 2D reflection seismic dataset,
geological maps and borehole data to reconstruct the buried
structures; this procedure provided the generation of 3D surfaces
taking into account any geometrical constraint derived from the
dataset.

The workflow followed three main steps. The first one was the
construction of a digital database in a GIS environment, followed by
the 2D interpretation of each seismic line; finally we built the main 3D
stratigraphic and tectonic surfaces, working in a 3D space where the
depth is expressed in TWT time. The depth conversion and restora-
tion has been performed in 2D, along the most representative section
derived from the 3D model. Most of the work was carried out with
Kingdom 8.4 (Seismic Micro-Technology) for the seismic interpreta-
tion and Move 2011 (Midland Valley) for the reconstruction of the 3D
model. We applied this approach to a wide sector of the Periadriatic
Basin, between Ascoli Piceno to the north and Pescara to the south, at
the front of the Apennines thrust belt system (Fig. 1). In this area,
which has an extension of about 8000 kmgq, an extensive oil explo-
ration activity has been carried out since '70—'80, and, as a conse-
quence, the related seismic dataset is wide and mostly available,
although not always of high quality (Videpi Project, 2009) (Fig. 2).

The structural setting of this area is the combination of
extremely superficial thrust-related anticlines and their respective
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Figure 1. Geological map of the Central Periadriatic basin. The buried trends are the ones generally mapped in this area (from Structural Model of Italy, 1:1,000,000, modified).

deeper ramps, buried under syn- and post-orogenic, Plio-
Pleistocene, siliciclastic sequences (Artoni and Casero, 1997;
Argnani and Frugoni, 1997; Bigi et al., 2004; Carruba et al., 2006;
Tozer et al., 2006).

A general evolution of the Periadriatic basin has been proposed,
among many others, by Ori et al. (1991), Crescenti et al. (2004),
Artoni (2007). Following Ori et al. (1991), the complex evolution of
the Adriatic foredeep can be resumed in four stages: during the
Messinian stage, the first one, the area was a typical foredeep basin
(sensu DeCelles and Giles, 1996) where a single basin lie parallel to
the structural axes of the mountain chain; the same basin was
affected during the Early Pliocene by thrusting and a more internal
and uplifted zone, still connected to the main basin, called “open
piggy back basins” was defined. The third stage, in the Middle—
Upper Pliocene, was characterized by an increase of tectonic
activity; the fold-related fault grew up until they formed closed
piggy back basins. In the last stage, no longer turbiditic deposition
occurred and the area became a shallow water to continental
depositional plane.

Although the described evolution has been recognized as
a general trend by most of the Authors, a synthesis of the rela-
tionships among each single thrust related-fold throughout the
basin is still a matter of debate. Most of the papers infact analyzed
just a single sector of the basin whereas few or no works deal with
the correlation of each thrust fronts along strike. There are infact
unsolved aspect in terms of geometry, displacements and defor-
mation chronology that can be highlighted by taking into account
a bigger area of investigation and by the 3D reconstruction. Our 3D
model showed that the two main N—S buried tectonic trends

(named Nereto—Bellante Trend and Villadegna—Costiera Trend) are
characterized by deeper ramps in the carbonate sequence, long
flats developed at their top, and shallower ramps and related
anticlines involving the Plio—Pleistocene siliciclastic sequences.
These trends are not cylindrical along strike and show different
displacement distribution and chronology of deformation from
north to south. The Nereto—Bellante Trend reaches the maximum
offset and structural elevation in the northern sector, whereas the
Villadegna—Costiera Trend progressively becomes the main struc-
ture moving to south; in addition, this latter has a very small
displacement to the North, in contrast with the former that shows
maximum displacement in the same sector. The thrusts activity
results diachronic along strike and younger toward the north.

The reconstructed 3D model allowed to better define several
features (displacement, chronology, plunging of the main trends) of
the structural setting of the Periadriatic basin, hard to detect and
visualize only with 2D seismic dataset. Moreover, the 3D approach
improves our understanding of geological structures from the
integration of multi-source data.

2. Geological setting

The Apennines are an E—NE verging fold-and-thrust belt
developed since Late Oligocene and connected to the westward
subduction of the continental Adria plate underneath the European
plate (Malinverno and Ryan, 1986; Ricci Lucchi, 1986; Doglioni,
1991). Thrusts and related folds affected the Mesozoic—Tertiary
carbonate sequence of the Adria continental margin; the over
thrusting and uplifting of the Apennines was accompanied by
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Figure 2. A) Basemap of the used dataset. The available well logs are about 30. All the 2D seismic lines (about 100) were used for the 3D reconstruction, following the procedure
indicated in the text. B) A general figure with the total dataset used for the 3D model reconstruction. The colored lines represents the horizons recognized on each seismic line,
corresponding to the sequences boundaries. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Tyrrhenian back-arc extension and by the synorogenic sedimen-
tation in foredeep basins developed at the front of the chain
(Doglioni et al., 1997; Carminati et al., 1998). Thrusts fronts prop-
agated toward the foreland, involving progressively younger and
easternmost foredeep deposits into the orogenic wedge, and, at the
same time, gradually shifted the depocenters of both foredeep and
wedge-top basins further to the east (Ori et al., 1986; Ricci Lucchi,
1986; Dattilo et al, 1999; Scisciani and Montefalcone, 2006;
Crescenti et al., 2004; Artoni, 2007). The Periadriatic foredeep,
which extends from the Po plain to the north to the Gulf of Taranto
to the south, records the latest evolutionary stages of the Apennines
chain. The study area consists of the Marche—Abruzzi sector of the
Periadriatic foredeep from Ascoli Piceno to the north to Pescara
river to the south, and it is characterized by a non homogeneous

stratigraphy, both in longitudinal and in transversal direction
(Fig. 1).

A Meso—Cenozoic pelagic carbonate succession crops out in the
Montagna dei Fiori—Montagnone ridge to the west, whereas the
carbonate platform of the Gran Sasso—Morrone and the Maiella
tectonic units crop out to the south (Bigi et al., 2009 and references
therein). To the east of this tectonic lineaments, i.e. Montagna dei
Fiori—Gran Sasso—Maiella thrust fronts, foredeep siliciclastic
sequences, progressively younger moving toward the Adriatic sea,
crop out. They corresponds to i) the Upper Messinian turbidites of
the post-evaporitic Laga basin, belonging to the footwall of the Mt.
Fiori thrust (Centamore et al., 1991a,b; Paltrinieri et al., 1982; Di
Francesco et al., 2010); ii) the Lower Pliocene sandstones and
clays belonging to the Cellino basin, in the footwall of the Laga—
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Cellino thrust (Centamore et al., 1991a,b; Casnedi et al., 1976;
Casnedi, 1983; Ori et al., 1991; Patacca et al., 2008; Bigi et al., 2011);
iii) the Middle Pliocene—Pleistocene post-orogenic sequences
deposited within the Periadriatic Basin (Ori et al., 1986; Carruba
et al., 2006).

The definition of the main seismic sequences within these
deposits constituted an important part of our study, that allowed to
date the main deformation and uplift processes of this area and to
quantify the deformation rates. These deposits crop out in an
elongate, roughly north to south oriented narrow trough (some
200-km long and 30-km wide) generally gently dipping eastward,
to form a regular wide monocline. They consist mostly of silt and
clay with coarse grained strata at different stratigraphic position
(Ori etal., 1991; Crescenti et al., 1980; Bigi et al., 1997; Artoni, 2007).
The bottom and the top of these sequences are usually signed by
the occurrence of conglomeratic-sandy neritic transgressive
deposits. The Middle—Upper siliciclastic sequence cropping out in
this sector of the Periadriatic basin can be considered a complete
trangressive—regressive cycle, showing a deepening-upward trend
during the Middle—Late Pliocene p.p. and a shallowing-upward
trend during the Late Pliocene p.p. — Pleistocene. Afterward,
a continental sedimentation occurred. Although it keeps the same
evolutionary trend within all the basin, this succession shows many
facies and thickness variations both horizontally and vertically, and
strong angular unconformities, as a consequence of fold and thrusts
propagation that, in the same time, was active in this area. Different
depositional sequences can be recognized, bounded by unconfor-
mities in the inner parts of the basin, and by correlative confor-
mities in the deepest and distal areas, where the depositional
sequences show maximum thickness and continuity of sedimen-
tation. This sequences are called P2, Qm, Qm1, Qc in Bigi et al.
(1997) and references therein), and MP1, MP2, UP, Q in Ori et al.
(1991), among the others.

The tectonic structures affecting the foredeep deposits during
this time consist of eastward verging thrusts and related folds,
trending roughly N—S. The Montagnone—Montagna dei Fiori
Thrust overlaying the Lower Messinian foredeep deposits of the
Laga Fm. and the pre-orogenic carbonate substratum on the upper
part of the same Laga Fm. (Milli and Moscatelli, 2000). It is a splay of
a regional, N—S thrust named Teramo thrust (Bigi et al., 2011 and
references therein; Fig. 1). This main structure is buried under the
Marne del Vomano Fm. (Lower Pliocene) to the north of the
Vomano River, tectonically places the Messinian foredeep domain,
largely cropping out to the west, onto the Lower Pliocene foredeep
domain, consisting of the foreland meso—cenozoic carbonate
succession and the Cellino Fm. (Lower Pliocene) at the top. To the
south, the more eastern carbonate platform succession of Maiella
anticline over thrusts the Lower Pliocene siliciclastic deposits, and
is unconformably covered by the Upper Pliocene—Lower Pleisto-
cene sediments of the Periadriatic basin.

Eastward of this sector of the chain, two buried thrust-related-
anticlines have been recognized from drilling and seismic-
reflection datasets; they developed roughly NNW—SSE and sub-
divided the foredeep into two narrowed sectors showing different
depositional settings: an internal wedge top basin, showing the
shape of a wide, passively transported, syncline, and a more
external and less deformed, wedge-shaped, foredeep basin (Ori and
Friend, 1984; Flemings and Jordan, 1989; DeCelles and Giles, 1996;
Ford, 2004).

The inner thrust-related anticline trend, named Nereto—
Bellante Trend, delimited the piggy back basin to the west; it is
formed by stacked thrust sheets involving meso—cenozoic carbo-
natic and Messinian siliciclastic succession; the detachment level
can be located within the Triassic evaporites (Bally et al., 1986; Ori
et al,, 1991; Bigi et al., 1997; Patacca et al., 2008).

The outer one, known as Costiera Structure Trend, delimited the
piggy back basin to the east and divides the foredeep s.s from the
undeformed foreland. The Costiera Structure formed an imbricate
E-vergent thrust system, running parallel to the present day coast
line; its sole thrust is located by the Authors in the Messinian
evaporites or in the Cretaceous pelagic sequences (Bally et al., 1986;
Ori et al., 1991; Artoni and Casero, 1997; Bolis et al., 2003; Casero,
2004).

3. Methods

In recent years, thanks to the development of increasingly
sophisticated software, the classical two-dimensional view of
geologic data, such as maps, cross sections, etc, was replaced by
digital three dimensional representations. 3D modeling allows to
detect and analyze complex spatial relationships, leading to
a better characterization of both exposed and subsurface geology. It
is especially useful in cases where the structures are not cylindrical,
when 2D visualization could be not completely useful. The
increasing ability of geological software packages to integrate and
visualize different datasets in a 3D framework allows for a more
critical evaluation and triggers a convergence of interpretations.

3D modeling involves different kind of data, so different
methods can be developed. Here we present a model generated
trough the interpolation between closely and regularly spaced 2D
seismic reflection profiles, integrated and calibrated with borehole
data. The work has been carried out by means of a dataset,
a geographic information system and a geo-modeler (Fig. 3).

The first step consisted into the collection, the selection and the
revision of all the available data, such as geological maps, geological
sections, isochrones maps, seismic profiles and borehole data.

The number of the available seismic profiles are one hundred
(Videpi Project, 2009); besides of them, we also used several
confidential seismic lines, especially in the northern part of the
study area (Ascoli Piceno area). The data was subsequently pro-
cessed in order to build a consistent dataset: seismic line basemaps,
well position and geological maps were geo referenced in
a common coordinate system (European Datum 50) and organized
in a geographic information system in ArcGIS (Esri).

The geological maps and the isochrones maps were used mainly
to define the general stratigraphic and structural framework of the
area. The constraints obtained by this revision were taken into
account during the well log correlation and then during the 3D
reconstruction. Part of the seismic profiles were in raster format, so
we produced .segy files for each raster seismic line in order to be
able to import all the dataset into the interpretation software; this
was achieved using image2segy 2.2.6, a free tool developed by the
Instituto de Ciéncias del Mar (Spain) for Matlab software, that
allows to create a geo referenced seg-y file from a scanned seismic
image.

A total of 1000 km of seismic lines and of 40 wells data were
interpreted, together with the released well logs; exploration wells
are concentrated along the two main structural trends, whereas
less information is available in the other areas. As well as the
boreholes, even the seismic lines distribution is variable; never-
theless the average spacing is about 4 km; where seismic lines are
closer, we interpreted all the lines but used in the 3D modeling the
best quality ones.

Once the dataset was complete and available, we proceeded to
detect the angular unconformity surfaces and the correlative
conformity surfaces on all seismic lines. We define the nature of
reflectors terminations as well as the seismic amplitude, frequency,
geometry of reflectors and of seismic units. Composite well logs
data were used to calibrate the seismic lines, in order to give
a chronostratigraphic constraint to the identified unconformities
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was the base for the seismic interpretation. The second part regards the building of the 3D model, restoration and slip rate calculation.

surfaces. Moreover, in few cases, velocity logs were available for
a direct depth-to-time conversion; in the other cases average
velocity obtained by the analysis of the available logs and from
literature have been used.

Several unconformity-bound units were identified (called S, Sy,
S,...), characterized by homogeneous lithology, stacking patterns
and facies association. The sequences were defined in detail on
best-quality seismic lines and then extended above all the basin by
means of intersections between dip and strike seismic lines. Before
the 3D reconstruction the seismic lines interpretation has been
generalized and extended to all the selected seismic lines where all
the defined sequence boundaries have been recognized and traced.

An export file including all the horizons identified was then
created and the data imported in 3DMove 2011 (Midland Valley)
(Figs. 2B and 4). This software enables geoscientists to create
structural models and provides tools for structural restoration,
validation and analysis. In this case, the “Create surface from
points” toolbox was used to generate surfaces from the imported
horizons.

Fault surfaces were first built, then stratigraphic horizons were
created; the mesh quality depends on the regularity of the line
sampling; the density of triangles within the created surface is
a function of the point density in the original model. Line regula-
rization can be a way to obtain a good mesh quality and the
“resample” tool can be used for later improvement of the surface
mesh.

Fault network divided the model into regions where strati-
graphic horizons are continuous, so it is important to determine
how faults terminate onto each other before considering other
geological surfaces (Caumon et al, 2009). Then, horizons
construction can be made in each region defined by the faults,
paying attention that horizon borders are properly located onto

fault surfaces; an alternative option is to create first each horizon
and then cut it by the faults. Several artifacts may arise during this
operations, so manually re-drawing or editing can be needed.

The modeling in time has been made in order to avoid
discrepancies among lines due to the time-to-depth conversion
eventually applied to each section. The resulting model is poten-
tially ready to be converted in depth using the available toolbox
provided by Move 2011 (Midland Valley), that is likely the next step
of the project. Moreover, performing the depth conversion on
a total volume between two surfaces rather than on each section is
a way to minimize the errors, because they result to be homoge-
nously redistribute on all the model.

4. Seismic stratigraphy

Seismic lines unconformity-bound units reflecting significance
changes at the scale of the whole basin were recognized and
mapped. A detailed seismostratigraphic analysis of the Pliocene—
Pleistocene deposits in terms of geometries and strata termina-
tion was carried out and six seismostratigraphic units (Sg, Sy, Sz, S3,
S4, Ss) were defined. The defined units, each one characterized by
an external geometry and an internal configuration (geometries of
the reflectors, amplitude, frequency, etc), were then correlated
across the seismic lines network and so reconstructed through all
the basin. Next, by means of outcrop and biostratigraphic data and
correlation with well-log stratigraphy, the seismic units were
constrained from a chrono-lithostratigraphic point of view, the
unconformity surfaces were linked to a chronostratigraphic
scheme, and correlated to the seismic stratigraphy already pub-
lished in this area (Fig. 5). So it was possible to divided the Plio—
Pleistocene succession in units which represents different stages
of the Periadriatic basin evolution.
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Hereafter we present the main seismic sequences recognized on
our seismic dataset. The units were defined on those lines where
geometries and chrono—lithostratigraphic correlation were more
evident (Fig. 6); some difficulties were found in the definition of
the deepest units due to the insufficient depth of wells. For
example, is a matter of debate the occurrence of the Messinian
deposits of the Laga Fm. under the recognized sequences, as well as
the stratigraphy of the Paleogene and Mesozoic carbonate. These
horizons has been traced on the internal seismic lines, calibrated to
the available well logs and based on the interpretation of seismic
dataset located more to the west (Bigi et al., 2011 and references
therein); two examples of these lines are shown in Figure 7.
Nevertheless, we focused our work on the Pliocene—Quaternary
evolution of the basin.

4.1. Sy sequence

The lowermost sequence shows a basal unconformity formed by
two high amplitude reflectors, offset by mainly east dipping normal
faults. Using the well log “Fratello 1”, located in the Abruzzi
offshore, this reflectors were interpreted as constituted by the
primary evaporites of the Gessoso Solfifera Formation (Videpi
Project, 2009). The upper unconformity is a surface tilted east-
ward, with reflector’s terminations from top lap to parallel. The
seismic sequence is formed by parallel and continuous reflectors,

showing variable thickness from north to south; east of the Costiera
structure the unit shows the minimum thickness, as a lateral pinch
out against the foreland ramp occurs. Sequence Sy is of difficult
interpretation, as few well logs reaches such depths; however,
seismic facies are recognized as sandstone and clay of turbiditic
deposits, and the unit has been correlated with the Cellino
Formation and the lowermost “Argille a Sphaeroidinellopsis” (Bigi
et al, 1997; Vezzani et al, 2010). It comprises (includes) the
Sphaeroidinellopsis zone (lower Early Pliocene) to the
G. puncticulata p.p zone of Crescenti et al. (1980) and/or
G. margaritae—G. puncticulata zone of laccarino (1985) (upper part
of Early Pliocene). To the east of the Costiera anticline the sequence
is thinner and the seismic facies is recognizable as distal turbiditic
deposits; it is difficult to define whether the all the biostratigraphic
zone is represented in this succession, because no well logs in this
area are available. This unit can be correlated with Unit 1 and Unit 2
of Artoni (2007). It shows a very variable thickness, from about 1.5 s
TWT in the internal syncline up to 0.5 s TWT to the east of the
Costiera Structure (line C of Fig. 6; Line E of Fig. 7).

4.2. Sy sequence
The basal unconformity of the S sequence, to the east of the inner

trend is a surface dipping westward, characterized by the eastern
onlap of the reflectors in the lower portion of the same sequence; the

Fiume Saline 1

Spoltore 1dir
Montesilvano 1

Cappelle 2

(projected N ) S.Silvestro 1

o o e Line A
B X g "\ Colle Corvina
h ) s Wy
<4 Wells
Zh Seismic lines
Cﬁ_ 4 W .,v\
—ary LA Line C
o S um ine =
s A8 ——~oa
et 8
= y E
I .
e N
Gran Sasso
ridge
L

Top Upper Pliocene 0

wmeme (G.inflata), S4, and

Bottom Pleistocene, S5 wood

Top Middle Pliocene

(G. crassaformis zone), S3 Bonil
e Top Middle Pliocene =
(G. aemiliana zone), S2 E

Top Lower Pliocene
(G. puncticulata),S1 4.00 o

Top Lower Pliocene
(G. Margaritae), SO

Gessoso Solfifera Formation
(Messinian)

3.00 S0

4.004 5

5.00 3

=== Gyspum arenites 1.00

m——  thrust and fault plane 200 o

TWT (sec)

Datum Plane: Sea Level
TWT (sec)

3.00 4

4.00 4

5.00 <

Figure 6. Seismic sequences recognized in the area, evidenced in three seismic lines from different part of the basin. The complex structure of the Costiera thrust is also evidenced.
Note the break back sequence of deformation that can be reconstruct at the crest of the anticline.

Geology (2012), http://dx.doi.org/10.1016/j.marpetgeo0.2012.07.005

Please cite this article in press as: Bigi, S., et al., Geological model of the central Periadriatic basin (Apennines, Italy), Marine and Petroleum




S. Bigi et al. / Marine and Petroleum Geology xxx (2012) 1-15

Bottom Pleistocene, S5
Bottom Upper Pliocene

(G. inflata), S4

Bottom Middle Pliocene
(G. crassaformis zone), S3
Bottom Middle Pliocene
(G. aemiliana zone), S2
Bottom Lower Pliocene

(G. puncticulata),S1
Gessoso Solfifera Formation
(Messinian)

Colombacci Formation

and Upper Messinian turbidites
Top Cerrogna Formation
(Middle Miocene)

Top pelagic succession
(Middle Lias - Lower Miocene)
Top Lower Lias

(Upper Trias - Lower Lias)
Top Permo - Trias

(Permian - Middle Trias)
thrust and fault plane
WT (sec)

8
whvE S N, e ] ————
)\ \S Benedetio e
Ascoli el Tronto
Piceno <+ Wells QU
-
zh Seismic lines
| —2 -
.
o -
[*3E o =
Erae ——
T Line - —
Gran Sasso I\ Ortona +
ridge - ..
E)
Kiloretes
. EEmEm]

Line D

Datum Plane: 200 m Altavilla

w

Gyspum arenites
TT Teramo Thrust

NBT Nereto-Bellante Trend VCT Villadegna-CostieraTrend
F. Vomano Campo
Notaresco mare 1, 2

Canzano Castiglione 2 Saggio

Line E

Roccafinadamo

Villadegna 1

Montesilvano
(projected Sud)

Collecorvino

i Ligquorizia
(projected Sud)

S. Antonio

Figure 7. Interpreted seismic sections representative of the relationship between the Nereto—Bellante and the Villadegna—Costiera thrust systems in the central and in the

southern sectors of the basin.

upper boundary is also dipping to the west, so the resulting external
geometry is awedge, gently concave to the top. In some sectors, close
to the Costiera structure, it seems truncated by the lower boundary
of the younger sequence (bottom of S;) (line B, Fig. 6).

This unit is thicker westward, where the reflectors have
a growing fan shape progressively cut by a thrust, and thinner
eastward, where the lateral termination is an onlap onto the lower
boundary surface. The seismic facies is characterized by internal
reflectors showing high amplitudes and good lateral continuity,
mainly in the western part; closer to the Costiera structure, to the
east, these characters are less evident. In the footwall of the Cos-
tiera thrust, this sequence shows a planar geometry; seismic
reflectors are parallel, laterally continuous and sub-horizontal (line
C, Fig. 6). The thickness reaches about 0.6 s TWT in the syncline and
offshore, whereas tends to zero on the top of the Costiera anticline.
This sequence can be referred to the upper part of the
G. puncticulata zone of Crescenti et al. (1980) or to the
G. puncticulata zone of laccarino (1985), due to the occurrence of G.
bononiensis in the shales close to the upper boundary of the unit
(Ori et al., 1991). The basal boundary corresponds to the Montefino
unit of Casnedi et al. (1976), as confirmed by correlation with the
outcropping geology (Vezzani et al., 2010).

The S; unit marks the initial onset of the development of both
the internal and the external ridges; it is poorer of clastic material
than Sp sequence, and consists of turbiditic systems generally less
mature. The S; sequence can be correlated to the Unit 3 of Artoni

(2007), or to the LPI5 of Crescenti et al. (2004) and to part of the
LP2 of Ori et al. (1991).

4.3. S, sequence

The lower boundary of this sequence in the internal sector of the
basin is marked at the base by the concave surface at the top of Sy,
previously described. On this unconformity surface, the internal
reflectors progressively onlap. The upper boundary is also an
angular unconformity tilted to the west, parallel to the internal
reflectors.

The internal reflectors are continuous and characterized by
medium amplitude. They show a thickness reduction toward the
Costiera structure. The S; is strongly wedge shaped, with the
maximum thickness (about 0.5 s TWT) corresponding to the back
limb of the syncline and the minimum thickness over the crest of
the Costiera anticline, where the termination of the reflectors is an
onlap. On the hinge zone the truncation due to the upper uncon-
formity can be observed. To the east of the forelimb of the Costiera
anticline, the upper boundary unconformities passes to
a conformable surface and the thickness progressively decrease
very slowly eastward, due to the onlap of the lower reflectors on the
lower boundary surface. Here the internal reflectors are sub-
horizontal, parallel, with strong amplitude and laterally contin-
uous, whereas in the upper part they show minor amplitudes and
continuity (line C, Fig. 6).
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The seismic facies highlights the occurrence of pelitic deposits
with conglomeratic and sandy bodies located at different strati-
graphic levels. We correlate these bodies to the channeled
conglomerates, sheet conglomerates, sheet sandstones or channel—
levee complexes of Ori et al. (1991). By means of well correlation,
the lower boundary was ascribed to the G. aemiliana (Middle
Pliocene) and the upper boundary to G. crassaformis (Middle Plio-
cene). This sequence is equivalent to the LP2 sequence of Ori et al.
(1991), the MPI1 sequence of Crescenti et al. (2004) and to the Unit
4 of Artoni (2007).

In the seismic lines located offshore immediately below the
upper unconformity is visible a chaotic seismic facies with indis-
tinct and disorganized reflectors; this interval could be related to an
episode of sedimentation of gravitative origin; the unconformity
that bounds this group of reflectors at the top is an erosional, dif-
fractional surface.

4.4. S3 sequence

This unit is similar to the previous one (Sy). In the internal
syncline, it shows a wedge shape geometry, with its maximum
thickness close to the west and the onlap termination on the lower
unconformity surface (about 0.6 s TWT); thickness is minimum on
the hinge of the Costiera anticline. The pinch out on the back limb
of the anticline decreases progressively upward, and the sequence
has a smooth closure to the east. To the east of the Costiera struc-
ture, both the lower and upper boundaries are conformable
surfaces; here has a thickness of about 1 s TWT, that is progressively
thinner eastward.

The lower boundary is referred, as already said, to the
G. crassaformis zone of the Middle Pliocene; the upper boundary is
referred to the bottom of the G. inflata, at the base of Late Pliocene.
The seismic facies is similar to the sequence S, with parallel
horizons, low amplitude and high frequency in the central part of
the syncline, indicating conglomeratic and sandy bodies; the limbs
of the anticlines are characterized by clayey-marls with inter-
bedded conglomeratic lenses at different stratigraphic levels,
referred to channelized fan systems (Ori et al., 1991). A general
trend during Middle Pliocene is the decreasing of the amount of
clastic supply toward the top of the sequence. S3 sequence can been
correlated to the Unit 5 of Artoni (2007), to the MPI2 sequence of
Crescenti et al. (2004) and to part of the MP1 and MP2 sequence of
Ori et al. (1991).

4.5. S, sequence

The lower unconformity of S4 sequence is gently tilted west-
ward, whereas the upper boundary is sub-horizontal; this unit has
a lens shape, thinning both westward and eastward, toward the
Costiera anticline. Internal reflectors are parallel and sub-hori-
zontal, continuous and with medium amplitude; they evidence
a growth geometry on both the limbs of the Costiera anticline.
Toward the foreland the unit boundaries are correlative confor-
mities. The thickness varies from 1.2 s TWT to about 0.2 s TWT.
More in detail, the basal boundary can be clearly identified on
seismic lines because it corresponds to a volcanoclastic level dating
Late Pliocene (Pironon and Champanhet, 1992).

S4 sequence bypasses the hinge of the Costiera Structure (line A
of Fig. 6); the basal unconformity is referred to the G. inflata zone,
whereas the upper boundary is dated to the base of Pleistocene (G.
cariacoensis and G. truncatulinoides excelsa according to laccarino,
1985). This sequence, located within the G. inflata zone, corre-
sponds to the upper part of MP2 sequence of Ori et al. (1991), to the
Unit 6 of Artoni (2007) and to UPI of Crescenti et al. (2004).
According to Ori et al. (1991), S4 sequence has less coarse grained

basal deposits; close to the Costiera structure, it consists of fore-
shore and shoreface deposits, whereas, to the east, it is made of
channeled and than basinal deposits. The occurrence of shoreface
systems suggests shallow water conditions.

4.6. S5 sequence

The most recent unit, Ss, has a tabular geometry, with the basal
unconformity dated to the base of Pleistocene. Internal reflectors
are parallel and continuous, from sub-horizontal to gently tilted
eastward; this sequence bypasses the Costiera structure and seals it
(Figs. 6 and 7). The sequence thickness increases toward the fore-
land; eastward progradation and the occurrence of clinoforms with
sigmoidal reflectors are clearly visible on seismic lines located
offshore (line C of Fig. 6) This unit can been correlated to unit 7 and
8 of Artoni (2007), UP and Q of Ori et al. (1991), and is characterized
by continental/shallow marine coastal facies, passing eastward to
mound turbidites (Ori et al., 1991).

5. The structural setting of the area from the 3D model

The 3D model is based on the interpretation of several key
horizons on 2D seismic lines, constrained with well logs and
surface geology (Figs. 2 and 3). It allows to reconstruct the main
geological surfaces in the Central Periadriatic basin and to define
the relationship among the main recognized geological structures
(Fig. 4).

The main structural setting comprises structural trends roughly
N-S, involving the meso—cenozoic carbonate succession and
buried under the Plio—Pleistocene sequences; in the western
portion of the basin, close to the outcropping thrust front of the
chain corresponding to the Teramo thrust (Bigi et al., 2011 and
reference therein), the internal trend results to be composed by two
tectonic units characterized by different structural elevation to the
north and to the south of the basin: the Nereto—Bellante thrust to
the north and the Villadegna thrust to the south (Fig. 7). Eastward,
along the present coast line, the external trend is constituted by the
Costiera thrust related anticline; this thrust plane is structural
connected with the Villadegna—Costiera Thrust. These two main
trends subdivided the basin in two depocenters: the inner one,
which shows the shape of wide syncline, bounded to the west by
the Nereto—Bellante thrust and the Villadegna—Costiera Thrust to
the east; the outer one, between the Costiera Thrust and the
Adriatic offshore where the sequences have a wedge shape corre-
sponding to the foredeep basin monocline (Fig. 4).

Thrust trajectories are generally the same for all the structural
unit and are characterized by deeper high angle ramps located in
the carbonate sequence followed by long flats at the top of the same
carbonate succession and shallower ramps and related anticlines
involving the Plio—Pleistocene siliciclastic sequence. The first,
deeper ramp is connected to the development of the internal trend
(Nereto—Bellante thrust and Villadegna—Costiera Thrust), whereas
the second ramp controls the external anticline (Costiera Thrust).
The 3D reconstruction allowed us to correlate these main trends
along strike, revealing a variation in the geometric relationships, in
the displacement and in the chronology of deformation.

5.1. The Nereto—Bellante structure

The Nereto—Bellante structure, is characterized by a staircase
geometry evolving toward the south to a single thrust ramp (Figs. 4
and 7). In the southern sector, this ramp cut through the carbonate
succession and has a small displacement along the thrust plane, as
well as the upper flat. The basal detachment is located at 4.5 s TWT,
and the thrust is covered by the Lower Pliocene deposits, that crops
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out in this area. To the north, the lower ramp still offsets the
carbonate pelagic succession whereas the upper ramp progres-
sively affects the siliciclastic deposits of the Upper Messinian and
Lower Pliocene. The frontal zone is quite complex and composed by
several splays with a short continuity along strike; each splay from
the main thrust plane is associated to a hanging wall anticline
(Fig. 7). In the northern sector, a wide anticline develops in the
hanging wall of the splays system; on its forelimb the syn-
kinematics Pliocene deposits onlap progressively (Figs. 4, 6 and 7).

Between the Pescara river and Teramo city, the main direction is
N-S, the anticlines keep a constant structural elevation, and the
crest of the anticlines, corresponding to the top of the pre-orogenic
sequence, located at 1.5—2 s TWT. To the north of Teramo city, the
main direction is N 30°W, whereas to the south, the direction is
mainly N10°—20°E (Figs. 1 and 4).

In the southern sector, to the south of the Pescara river, the
Nereto—Bellante thrust ramp cut through the carbonate succession
and has a small displacement, as well as the upper flat (Figs. 4 and
7). The basal detachment is located at 4.5 s TWT, and the thrust is
covered by the Lower Pliocene deposits, that crops out in this area
(Figs. 1 and 7). To the north, the lower ramp still offsets the
carbonate pelagic succession whereas the upper ramp progres-
sively affects the siliciclastic deposits of the Upper Messinian and
Lower Pliocene. The Nereto—Bellante trend has in this sector an
upper flat that links these fronts to the lower ramp crossing the
carbonate sequences; this flat is located at about 3.5 s TWT,
whereas the basal detachment is located at about 6 s TWT (Fig. 7).

5.2. The Villadegna—Costiera thrust

The Villadegna—Costiera structure is the lowest tectonic feature
in the studied sector; its surface is characterized by a staircase
profile showing an axial plunge toward the north, where it is barely
visible in the seismic lines underneath the NBS thrust front. The
forelimb of Villadegna anticline is characterized by an active axial
surface involving the synorogenic Lower Pliocene Cellino deposits.
Later the axial surface became inactive as shown by the Lower
Pliocene—Lower Pleistocene final onlap on the anticline forelimb,
corresponding to the G. Puncticulata Zone. The Villadegna—Costiera
thrust has a trajectory composed by two main ramp connected by
a long flat developed at the top of the carbonate sequence. In the
southern sector the lower ramp cuts the meso—cenozoic carbonate
sequences, involved in the hanging wall anticlines. This latter
progressively increases its structural elevation and more south-
ward corresponds to the outcropping anticline of the Maiella
Mountain. The plunging to the north is well define in the 3D
reconstruction of the area (Fig. 4). In the northern sector, to the
north of Vomano river, the same lower thrust ramp has a smaller
displacement. The Villadegna—Costiera basal detachment is
generally located at 6 s TWT. The branch line of the deeper ramp is
located vertically under the Nereto—Bellante structure thrust front.
The upper flat is located immediately above the Gessoso Solfifera
Formation and is sub-parallel to the passively transported wide
syncline filled by the syn- and post-orogenic deposits; it also
connects the upper ramp of the Costiera Structure (Fig. 7).

The location of the branch point of the upper flat, connected to
the Costiera thrust-related anticline development, generally
corresponds to an area where the top of the carbonate succession
and the Gessoso Solfifera Formation are offset by a number of
mainly west-dipping small normal faults (Figs. 6—8). This corre-
spondence is quite common along all the basins. The reconstruction
of the Structure Costiera along strike from Ascoli Piceno to Pescara
highlights this growing structure has different structural setting
from south to the north. To the south, where the internal structure
of Villadegna reaches the maximum structural level, the Costiera

structure is quite complex. It is composed by least three E-vergent
thrust ramps and related anticlines, which result to be super-
imposed. Some back thrust are visible and a northern culmination
is observed in the seismic lines. Following the same structure
northward, the thrust ramps progressively reduced their offset and
the whole structure becomes simpler. In the northern sector, close
to Ascoli Piceno the Costiera Structure is located onshore and is
composed by a simple ramp related anticline (Figs. 1 and 8).
Moreover, in this area, the thrust trajectory is simpler even at
depth, where the intermediate flat is poorly developed as well as
the deeper anticline involving the carbonate succession (Fig. 8).

A foreland monocline is imaged by the seismic lines to the east
and south of the Costiera anticline, in the Adriatic offshore. Here,
a thick pile of Pliocene—Pleistocene strata onlap onto a gently
westward dipping reflector corresponding to the top of the Gessoso
Solfifera Fm. and offset by mainly westward dipping normal faults.
This foreland monocline delimits seaward the basin delineated by
the development of the Costiera structure and filled by the Middle—
Upper Pliocene deposits (Fig. 8).

5.3. Displacements distribution and deformation chronology

The occurrence in the study area of a syn- and post-orogenic
successions allowed the reconstruction of the thrusts activity and
of the deformation chronology.

The reconstructed surfaces of the synorogenic deposits to the
west of the Nereto—Bellante Structure show that this front acts as
a single system during the Upper Messinian—Lower Pliocene,
whereas the frontal thrust shows a main activity from the G. Punc-
ticulata Zone until the G. Inflata Zone, which are the first unde-
formed deposits. In the southern sector the Nereto—Bellante thrust
is older than in the north. Here the younger deposits involved in the
deformation are dated at the Middle Pliocene, along the frontal
thrust (Fig. 6).

The Villadegna—Costiera Structure was active from the
G. margaritae—G. puncticulata Zones, and continued propagating
forward and forming the Costiera anticline during the Lower—
Middle Pliocene. More in detail, the activity of the Costiera anti-
cline started during the upper part of Early Pliocene (G. bononiensis
zone) whereas the end is progressively younger toward the North:
in the southern seismic lines the thrust activity associated to the
Costiera Structure offsets the base of Middle Pliocene
(G. crassaformis), whereas moving to the North the basal uncon-
formity of the Upper Pliocene is still offset, suggesting that the final
activity is postponed until the Late Pliocene (Fig. 6).

Moreover, in the southern sector, where the Costiera Structure is
composed by more than one splay, the relationship to the syn and
post-orogenic sequence allows to reconstruct the sequence of
deformation within the same structure (Fig. 6). Based on the offset
chronology of the several boundary sequence, is possible to high-
light that the internal sequence of deformation is a break-back
sequence, where the more external thrust is the older one
whereas the younger ones developed progressively in its hanging
wall, cutting the developing anticline. This deformation sequence
implies the development of an irregular shape of the anticline and
the occurrence of small growing sequences on the hinge zone as
observable in some seismic lines.

6. Geological section, depth conversion and restoration

In order to provide quantitative constraints based on our 3D
model, reconstructed in time through the Periadriatic basin, one
geological cross section has been chosen, converted from time to
depth and restored. The cross section showed in Figure 8 is located
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Figure 8. a) Interpreted seismic cross section in time through the northern sector (see Fig. 2A for location). b) time-to-depth converted section, according to the data of Table 1; c)

restored section. Restoration was performed using Move 2011 (Midland Valley).

immediately to the south of Ascoli Piceno, in the northern sector of
the basin, and crosses all the described structures.

The time-to-depth conversion was based on the velocity logs
data available in the area (provided by Videpi and by other confi-
dential data) and has been performed using the software Move
2011 (Midland Valley). The procedure was to assign an average
velocity value to different areas of the section. The used average
velocity values are listed in Table 1. The resulting section has been
restored in several steps, from the more internal to the more
external ones, following the constraints provided by the observa-
tion obtained from seismic interpretation and from the 3D model,
and already treated. The restoring procedure was organized
dividing the section into two main sections: an eastern segment
and a western one, putting a pin line corresponding to the flat onto
the Gessoso Solfifera Fm (see Fig. 8). The restoration of each thrust-
related anticline included two steps: a) the restoration of the
displacement along each fault plane and b) the unfolding of the
hanging wall anticline. We ignored the flexural response to loading,
although it is an important factor in this technique (Royden, 1988).

The restoration is limited to the Pliocene deformation, recorded by
the pre- and syn-deformation deposits. The Pliocene flexure, rep-
resented by the angle between the Lower Pliocene horizons and the
top of the Gessoso Solfifera Formation (see line C of Fig. 6) is not
taken into account. The angular unconformities onto the limbs of
the anticlines are considered as due to the local control exerted by
thrust activity on sedimentation, as already demonstrated by
forward modeling in the Po Plain (Zoetemeijer et al., 1992). More-
over, Messinian deformation is included only in the unfolding
process of the top of the carbonate successions in the westernmost
sector of the section (indicated as the Messinian Internal Domain),
whereas the unflexed basement is represented by the east-dipping
attitude of the Messinian horizon in the restored section (c in
Fig. 8). The obtained total shortening is about 13% corresponding
to 6 km on a section of 52 km of length (Fig. 8).

On the balanced and restored geological cross section the basal
detachment of the wedge results to be located at about 8 km, closer
to the ramp of Nereto and Villadegna structures and is progres-
sively shallower eastward where the upper flat is at 4 km of depth.
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Table 1

Velocity values used in the time-to-depth conversion of the section of Figure 8. The
column Polygon (age) is referred to the name of the polygon drawn onto the section
and corresponding to the different stratigraphic units. The third column indicates
the location of each area (polygon) in the section (that required the use of different
seismic velocities): (0) generic position; (1) footwall of Costiera thrust and foredeep;
(2) top anticline; (3) internal syncline; (4) hanging wall of Nereto—Bellante thrust.

Polygon name (age) Velocity (m/s)

2000.00

Polygon localization

Pleistocene
Upper Pliocene (G. inflata) 2200.00
Upper Pliocene (G. inflata) 2100.00
Upper Pliocene (G. inflata) 2200.00
Upper Pliocene (G. inflata) 2100.00
Upper Pliocene (G. inflata) 2200.00

Middle Pliocene (G. aemiliana) 2400.00
Middle Pliocene (G. aemiliana) 2500.00
Middle Pliocene (G. aemiliana) 2500.00
Middle Pliocene (G. aemiliana) 2400.00
Middle Pliocene (G. aemiliana) 2500.00
Middle Pliocene (G. crassaformis) 2400.00
Middle Pliocene (G. crassaformis) 2500.00
Middle Pliocene (G. crassaformis) 2500.00
Middle Pliocene (G. crassaformis) 2400.00
)

Middle Pliocene (G. crassaformis 2500.00

ON WL NOOONAMWNDMOWRNMAMAWORLOMWNO=L,MAMWNO=DWN=ONMN

Lower Pliocene (undefined) 2800.00
Lower Pliocene (undefined) 2700.00
Lower Pliocene (undefined) 2800.00
Lower Pliocene (G. puncticulata) 2800.00
Lower Pliocene (G. puncticulata) 3000.00
Lower Pliocene (G. puncticulata) 3000.00
Lower Pliocene (G. bononiensis) 2600.00
Lower Pliocene (G. bononiensis) 2600.00
Lower Pliocene (G. bononiensis) 2600.00
Lower Pliocene (G. bononiensis) 2700.00
Lower Pliocene (G. bononiensis) 2700.00
Lower Pliocene (G. margaritae) 2800.00
Lower Pliocene (G. margaritae) 3000.00
Lower Pliocene (G. margaritae) 3000.00
Pliocene (undefined) 2800.00
Pre-evaporitic succession 3200.00
Colombacci Formation 3100.00
carbonates Apulian platform 5000.00
carbonates Apulian platform 4500.00
Carbonate succession 5100.00
Carbonate succession 5000.00
Carbonate succession 5000.00

The Nereto—Bellante structure is here composed by at least two
planes and by several splays in the more superficial part; their
tectonic activity is documented in this section until the lower part
of the Upper Pliocene (G. inflata Zone). Instead of the largely
developed Nereto—Bellante thrust system, the Villadegna—Costiera
thrust system is represented by the Costiera thrust related anticline
here composed by a very simple growing structure. The lower ramp
of the same system has a dip of about 40°, and a main direction of
20°W (Fig. 4, line D in Fig. 7, and Fig. 8). In this northern sector the
offset connected to this thrust is small, as can be observed on the
section at the structural level of the top of the carbonate succession.
For the Costiera Structure, the detachment consists of the upper flat
of the thrust system, connected to the Villadegna ramp, and is
located between 2 and 3 km, on the top of the carbonate sequences
referred to the Adriatic plate. The top of the Adriatic plate is offset
by pre-Pliocene normal faults that could be reactivated as thrust
plane in a compressive stress field.

The clear relationship between the growing anticline of the
Costiera Structure and the onlapping sequences on the two limbs of
the anticline, allowed the calculation of the slip rate and of the
uplift rate of this structure, using a progressive restoration based on
the restoration of each syn-deformation sedimentary sequence
(Fig. 9). The restoration has been performed steps by steps using
Move 2011 (Midland Valley). The procedure provided for each

seismic sequence, the following steps: a) flattening of the younger
horizon; b) removing the offset along the fault of the restoring
horizon; c) flattening of the obtained horizon. The obtained values,
calculated using the equation proposed by Suppe et al. (1992), are
resumed in Table 2, are in the range of growing rates of most of the
anticline measured in different part of the world (Medwedeff, 1992;
Suppe et al., 1992; Keller et al., 2012 and references therein). These
values show a progressive reduction from Middle Pliocene up to
now (Table 2 and Fig. 9). As is possible to observe by the compar-
ison between the slip and the uplift rates, the slip rate results to be
always lower than the uplift rate suggesting that the growth of the
anticline is an active deformation mechanisms in the evolution of
the Costiera anticline. Only during the deposition of the S;
sequence, the slip rate is higher than the uplift; this moment
represent the time of the onset of the propagation of thrusting
involving the Lower Pliocene foredeep deposits of Sp sequence.
Moreover, the progressive rotation of the horizons as well as of the
thrust trace during the flattening confirms a strong control of the
anticline growth on sedimentation, except for the S; interval.

7. Discussion

The 3D reconstruction of the structural setting in the Periadri-
atic basin between Ascoli Piceno to the north and the Pescara River
to the south, allows to highlight several peculiar features of this
sector of the Apennines chain. Generally, in the Periadriatic basin,
the contractional deformation affected mainly the Pliocene—
Pleistocene siliciclastic cover, where several syn- and post-
orogenic sedimentary sequences can be recognized (Suppe et al.,
1992; Poblet and Lisle, 2011). Thrusts and related folds propa-
gating across the Meso—Cenozoic succession are connected to
a shallow detachment level at the top of the carbonate substratum
(located at depth of about 4 km below sea level). The lower and
upper thrusts acted simultaneously and the compressive defor-
mation migrated toward the ENE. The orogenic contraction was
transferred from the inner and deeper levels toward the shallower
detachment levels in the foreland; at the shallower level, the
shortening was partitioned in a multiple array of thrust ramps and
related anticline (Bigi et al., 2004; Tozer et al., 2006; Scisciani and
Montefalcone, 2006; Bigi et al., 2011). Although the two main
thrust systems recognized in this work, the Nereto—Bellante and
the Villadegna—Costiera thrust systems have both this geometric
organization, at a smaller scale the internal organization is quite
different from north to south. This variation is strictly connected to
the displacement distribution and the deformation chronology and
our results suggest that these two main front, during their devel-
opment, influenced each other their internal structure. Fault
interactions has a broadly influence on the relationships that the
individual faults may have with each other in balancing displace-
ment. The difference of their internal geometry is the main reason
why the internal trend is generally considered as a just one thrust
system, where, instead, it results to be composed by two, complex
systems that overlap along strike. Only their 3D reconstruction and
the possibility to follow them through the basin enables to corre-
late the main thrust related folds along strike, and to highlight, in
this way, their lateral continuity and/or their progressive reduction.
Infact the wide time interval of common activity of the main thrust
front does not help to reconstruct the continuity, because more
than one thrust front is active at the same time, and in some cases,
the occurrence of a break back sequence of deformation make the
interpretation even more difficult.

In the northern sector the more developed structure is the
structurally highest Nereto—Bellante thrust system, that shows
numerous splays in the shallower zone (Figs. 7 and 8), whereas, in
the south it is completely substituted by the Villadegna structure,
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Figure 9. Restoration by steps of the Costiera Structure. The figure illustrates the three step applied to each horizon: a) flattening of the younger horizon (section b), e), g) and i); b)
removing the offset along the fault of the horizon (section, d) and g) followed by a new flattening. 1) bottom of the Pleistocene (Ss sequence) and top of S5 sequence (Upper
Pliocene); 2) Top of S3 sequence (Middle Pliocene); 3) top of S, sequence (Middle Pliocene); 4) top of S; sequence (Lower Pliocene); 5) top of So sequence (Lower Pliocene); 6)

horizon within the Sy sequence; 7) top of the Gessoso Solfifera Formation (Messinian).

that reaches the surface in the Maiella anticline. This interaction
between these two thrust fronts is the results of several peculiar
aspects of the fault activity, as the effective normal stresses acting on
faults due to uplift, erosion, sedimentation and fluid pressure, that
controlled the geometry of the chain at regional and local scale
(Storti et al., 1997; Storti and Poblet, 1997; Bigi et al., 2010 and
references therein). The central zone of the basin, corresponding to

Table 2

Slip rate and uplift rate calculated for the Costiera anticline based on the progressive
restoration resumed in Figure 9. (1) Numerical age indicates the age of the bottom of
the sequences recognized in this work; the cronostratigraphic scale is the same as in
Figure 5. (2) This lower interval is calculated only for the G. puncticulata zone that is
the age of the Sy deposits involved in deformation.

Sequence Shortening My Uplift Slip rate Uplift rate
(m) (1) (m) (mm/y) (mm/y)

Ss 1.8 5 0.0027

S4 787 2.1 174 2.62 0.58

S3 520.42 3.2 142 0.47 0.129

Ss 684 3.6 56 1.71 0.14

S1 30 3.8 180 0.15 0.9

So (2) 641 4.6 46 0.8 0.05

the area of overlap of these two systems, is located in correspon-
dence of a transition zone from a paleogeographic and by a struc-
tural point of view. To the north the carbonate substratum consists
of the highly stratified, meso—cenozoic pelagic succession
(Carminati and Santantonio, 2005) characterized by several
detachment levels corresponding to marls and clay levels,; to the
south, it passes to a slope-to-basin succession and than to carbonate
platform successions, cropping out in the surrounding Gran Sasso
and the Maiella structural unit (Fig. 1). The orientation of this
paleogeographic margin is oriented WNW—ESE, parallel to the main
paleogeographic lineaments recognized in the central Apennines
(Rusciadelli and Ricci, 2008). The structural units involving the
carbonate platform succession are more uplifted, even that this
structural elevation is interpreted in several different ways by the
Authors (Patacca et al., 2008; Masini et al., 2011). In this area of
overlap, corresponding to the Vomano valley, in the central part of
the basin, this paleogeographic organization can control the loca-
tion of the thrust ramp, the development of the hanging wall anti-
cline, and the distribution of the local stress field (Figs. 2 and 7).
While in the overlap zone the two thrust system have
a symmetric organization and the intermediate flat can be well
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define for both the two unit, in the other two section, where just
one unit is well developed, the displacement is locate at the front of
this structure. As is observable in Figure 8 the front of the Nereto—
Bellante is composed by several splays showing a break back
sequence of deformation, and, in Figures 6 and 7, the same orga-
nization is observable for the Costiera Structure. This aspect can be
related to the localization of deformation along a single structure,
and to a progressive unloading during propagation, that usually
triggers the development of new planes in the hanging wall of the
older one (McClay and Whitehouse, 2004).

8. Conclusion

The development of software dedicated to 3D reconstruction
such as the one used in this paper, Move 2011 (Midland Valley),
provided helpful tools to better understand complex geological
subsurface structures and provides useful tools also for their
quantitative analysis in order to define shortening values, slip and
uplift rates. In addition, these techniques are a critical support for
simulation of geological processes such as earthquakes distribu-
tion, volcanic eruptions, fluid migration, in order to exploit natural
resources or to valuate natural hazard.

The geological and structural setting of the Marche—Abruzzi
sector of the Periadriatic basin has been reconstructed in a 3D
model through the interpolation of closely and regularly spaced 2D
seismic sections, constrained by wells data and surface geology
(Figs. 2 and 4). In this area, the main geological structures constitute
the more external part of the Apennines fold-and-thrust belt and
are mostly buried under a syn- and post-orogenic, Plio—
Pleistocene, siliciclastic sequence. The seismic analysis, performed
in 2D allowed to recognized in this succession six seismic
sequences (Figs. 5 and 6). Their reconstruction in the third
dimension allowed to recognize the occurrence of a diachronic
activity along the same thrust front and to define the deformation
chronology of each thrust system. The 3D model allowed us to
correlate the main thrust fronts and related anticlines along strike,
revealing a general ramp — flat — ramp trajectory characterizing the
main structural trends. This geometric organization influences the
sequence of thrust-system propagation and characterizes the
evolution of syntectonic basins.

The literature recognized in this area just two front and related
anticlines; our analysis pointed out that the internal trend is
composed by two different thrust systems, the Nereto—Bellante
thrust system in the north and the Villadegna—Costiera thrust
system to the south. These two have an overlap zone corresponding
to the central part of the basin, in correspondence to a paleogeo-
graphic transitional zone of the Meso—Cenozoic successions. All
structures show a diachronic thrusts activity along strike, younger
toward the north.

The restoration of the geological cross section obtained by the
time-to-depth conversion performed with Move 2011 (Midland
Valley) indicate a shortening value of about 13% corresponding to
6 km on a section of 52 km of length (Fig. 8) for the deformation
acted during the Pliocene time. This value is comparable to the
others shortening values calculated in this area. The forward
restoration of the Costiera Structure from Early Pliocene to
Quaternary allows to measure the variation of strain rate and uplift
rate of this fault-related anticline.
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