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The interpretation of approximately 1300 km of multichannel seismic data, acquired in the northern Adriatic
Sea, revealed that the Apennine foredeep in the northern Adriatic does not show any evidence of tilting since
Early Pliocene, suggesting that slab retreat cannot be the geodynamic driving force for the northern Adriatic
subsidence and for the northern Apennine kinematic since that time. Moreover, the presence of two fault systems
that developed since the Pliocene indicates that the northern Adriatic underwent intraplate deformation during
the Plio-Pleistocene. These considerations suggest that, since Early Pliocene, subduction below the northern
Apennine ceased, and that the Adria Plate movements were mainly driven by the kinematics of the adjacent
plates, particularly by the Nubia-Europe convergence. At present, on the basis of the foredeep setting, four
distinct sectors can be recognized in the Adriatic foreland: Po Plain, northern, central and southern Adriatic,
separated by major tectonic lineaments. The northern Adriatic diﬀers from the two adjoining sectors because its
foredeep deposits are still well preserved. In the Po Plain in fact, the Adriatic foredeep is almost totally incorporated into the Alpine and Apennine chains while in the central Adriatic, it is aﬀected by a considerable
intraplate deformation (e.g. the Mid Adriatic Ridge). In this framework, the northern Adriatic region may be
regarded as a triangular shaped sector indented below the Southern Alps to the north and the northern Dinarides
to the north-east and bounded to the west by the Schio-Vicenza fault system and to the south-east by the Kvarner
fault.

1. Introduction
The northern Adriatic region, which includes the northern Adriatic
Sea and the Friuli-Veneto Plain, is part of the Adria Plate, which represents the relatively stable foreland of the surrounding ApennineAlpine-Dinaric orogenic belts. Due to its key role in the Mediterranean
geodynamic evolution, the Adria Plate has been largely investigated,
mainly to understand the relationships with the complex system of
orogenic belts developed along its borders.
Despite the huge amount of studies, many questions on the geodynamics of the Adria Plate are still unsolved, particularly the postMiocene interaction, along its western margin, between the Adria Plate
and the Apennine chain. In fact, almost all the geodynamic processes
involving active margins have been suggested to take place here, including continental subduction with slab retreat (Selvaggi and Amato,
1992; Carminati et al. 2003, 2012; Devoti et al. 2008, 2011; Rosenbaum
and Lister, 2004), delamination retreat (Chiarabba et al., 2014),
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lithospheric buckling (Bertotti et al., 2001), passive response to the
kinematics of the surrounding plates, mainly Nubia and Anatolia
(Mantovani et al., 2015) and either a passive or an active plume-related
rifting (Lavecchia and Creati, 2006). At the origin of these diﬀerent
models are the controversial presence and role of a west-dipping Adria
slab below the Apennines. In fact, except for the Calabrian Arc
(southern Italy), deep earthquakes are absent along the whole Apennine
chain, and seismic tomography images are not unequivocally interpreted (Scaﬁdi and Solarino, 2012).
The northern Adriatic region is an essential piece in the puzzle of
the Adria Plate geodynamics but, due to the lack of data, it is also the
less studied. Although stratigraphic information is available from many
industrial wells, multichannel seismic data were limited to only two
proﬁles, i.e., CROP M-18 and M-17. Recent multichannel seismic surveys carried out by OGS, integrated with onshore surveys (ENI courtesy) and with borehole data (Fig. 1), allowed to reconstruct the
structural setting of the northern Adriatic region. Moreover, they
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Fig. 1. A) Structural map of the northern Adriatic region
from this study. Thin green and black dotted lines show the
locations of the ENI and OGS seismic surveys, respectively,
red dotted lines are CROP 17 and 18 seismic lines. Big green
dots represent cited wells: 1) San Stino 1; 2) Assunta 1; 3)
Amanda 1 bis; 4) Triglia Mare 1; 5) Rachele 1; 6) Amira 1; 7)
Arlecchino 1; 8) Ametista 1; 9) Agata 1; 10) Codigoro 1; 11)
Ada 1. Well data utilized for this paper are from the
“Visibility of Petroleum Exploration Data in Italy” ViDEPI
Project http://unmig.sviluppoeconomico.gov.it/videpi/) and
from Mancin et al., (2016). B) Kinematic framework of the
northern Adriatic region with a simpliﬁed version of the
structural map from Fig. 1A and a reasonable extrapolation of
the main faults. NS: North-south fault system; EW: East-west
fault system; Red lines: main thrusts of Apennines, Alps and
Dinarides; BJ: Buje Fault. Black line shear zones: PA: Periadriatic fault; SVFS: Schio-Vicenza fault system; KV: Kvarner;
PR Predjama, ID: Idrija, RV: Ravne and ZL: Želimlje faults
Purple area: Cenozoic magmatism (E: Euganei, B: Berici and
L: Lessini). GPS data indicate site velocities in the Eurasian
reference frame and derive from a comparison of the solutions reported by diﬀerent authors (Altiner et al., 2006;
Grenerczy et al., 2005; Serpelloni et al., 2005; Altiner et al.,
2006; D'Agostino et al., 2008; Weber et al., 2010; Devoti
et al., 2011; Metois et al., 2015). Seismological data derive
from the seismic bulletins of the Regional Seismometric
Network of north-eastern Italy (www.crs.inogs.it/bollettino/
RSFVG/), and from the Italian earthquake catalogue “Catalogo Parametrico dei Terremoti Italiani – CPTI15” (Locati
et al., 2016; Rovida et al., 2016). Squares and circles represent historical, since 1000 A.D, and instrumental seismicity, respectively. The epicentral macroseismic intensity
considered for the historical events has been greater than or
equal to VI (Mercalli-Cancani-Sieberg, MCS scale) while the
considered magnitude for the instrumental seismicity has
been ≥ 5.0. The dashed blue square contains the S. Stino
sequence, which consists of low-magnitude earthquakes. .
(For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the Web version of this article.)
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3. Geological setting

Table 1
Acquisition parameters of OGS multichannel seismic surveys (STENAP and
GANDI projects) performed in the Northern Adriatic Sea.

Source type
Volume
Pressure
Nominal source depth
Shot point interval
Streamer type
Streamer length
Streamer depth
Number of channels
Channel interval
Minimum oﬀset
Fold
Sample rate
Record length

OGS STENAP

OGS GANDI

Sleeve gun
1180 cu.in.
2000 psi
5 m ± 0.5 m
12.5 m
Sercel Seal
600/1200 m
3 m and 0.5 m
48/96
12.5
9/25 m
24/48
1 ms
4s

GI-gun
840 cu.in.
2000 psi
5 m ± 0.5 m
25 m
Sercel Seal
1500 m
3 m and 0.5 m
120
12.5 m
25 m
24
1 ms
8s

In the Norian, Adria was part of the African Plate, characterized by
the deposition of a thick, shallow-water carbonate succession (Dolomia
Principale). From the Late Triassic (Rhetic) to Late Liassic, rifting
phases produced the progressive drowning of large portions of the
shallow-water carbonate succession, with the formation of the Belluno
Basin. Shallow-water conditions persisted up to the Cretaceous-Eocene
to the north (Istria and Friuli areas), to the east (Dalmatia) and to the
south (Apulia), as testiﬁed by the deposition of the thick, shallow-water
carbonate successions (Cati et al., 1987; Vlahović et al., 2005).
Since the Late Cretaceous, the northern Adriatic region has been
involved in the evolution of three orogenic belts (Fig. 1): 1) External
Dinarides, from the Late Cretaceous to Early Oligocene, when ophiolite
and Palaeozoic–Triassic nappes were emplaced on the Friuli-Istria
carbonate platform, which consequently was deformed and thrusted
(Tari, 2002; Placer et al., 2010); 2) southern Alps, from the Early
Miocene to the present, as a consequence of the Nubia-Europe convergence and the following indentation of the northern Adriatic region
below the European Plate (Schönborn, 1999; Castellarin and Cantelli,
2000); and 3) northern Apennines, whose geodynamic evolution since
the Late Oligocene is the result of oceanic lithosphere subduction and
slab retreat that produced migration and counter-clockwise rotation
(CCW) of the Apennine front (Carmignani et al., 2004 and references
therein).
Since the Middle Miocene, after the consumption of the oceanic lithosphere, the Adria continental lithosphere approached the trench and
subduction in the northern and central Apennines has slowed down or
even ceased (Wortel and Spakman, 1992; Di Bucci and Mazzoli, 2002;
Molli, 2008).
In the northern Adriatic Sea, the most prominent record of the postMiocene tectonics is the Apennine foredeep succession, which formed
since the Early Pliocene and those ramp dips approximately 2° (Ghielmi
et al., 2013) reaching a depth of 6.000 m below the Apennine front
(Bigi et al., 1990).
The seismicity in the Adriatic region is unevenly distributed along
its margins, with moderate to strong earthquakes mainly concentrated
along the Apennines, the Dinarides and the eastern sector of the
southern Alps (Kastelic et al., 2013) (Fig. 1B). Fault plane solutions and
ﬁeld studies carried out in the northern Adriatic region and surrounding
area (D'Agostino et al., 2008; Placer et al., 2010; Caporali et al., 2013;
Sani et al., 2016; Serpelloni et al., 2016; Bressan et al., 2018) document:
1) an active convergence along the fronts of the eastern-southern Alps
and the Apennine chain, and 2) a right-lateral strike-slip tectonic regime in the northern Dinarides developed along a NW-trending, and a
70 km-wide, shear-zone; 3) an extensional regime across the Apennine
hydrographic divide.
Global Navigation Satellite System (GNSS) data establish that, relative to Eurasia, Adria is moving towards NNE with velocities that are
in the range of 5–7 mm/yr in southern Italy and decrease to 2–3 mm/yr
and 0–1 mm/yr in the north-eastern and north-western regions, respectively (Serpelloni et al., 2005; Weber et al., 2010; Cenni et al.,
2012; Caporali et al., 2013). These data have been often modelled
adopting a simple rigid Adria microplate with an Eulerian pole of rotation in north-western Italy (Grenerczy et al., 2005; Serpelloni et al.,
2005). On the other hand GNSS data are not unequivocally interpreted.
Many experiment, based on GNSS numerical modelling, integrated with
earthquake slip vectors and geological data, highlights that the rotation
of a single plate with no internal deformation cannot explain the velocity ﬁeld observed in the Adria Foreland. As a consequence, some
diﬀerent models have been proposed: 1) the existence of two microplates, Adria to the north and Apulia to the south, separated by the
Tremiti Line (Favali et al., 1993; Battaglia et al., 2004; D'Agostino et al.,
2008; Metois et al., 2015) or by the Mid Adriatic Ridge (Sani et al.,
2016); 2) the presence of a complex tectonic boundary separating the
northwestern Adria, with GPS velocities comparable to the Eurasian

provide new insights in two challenging questions: 1) Which geodynamic model better ﬁts with the Plio-Pleistocene tectonic evolution of
the northern Adriatic region? 2) Is Adria a rigid lithospheric plate or
undergoes signiﬁcant intraplate deformations?

2. Material and methods
The results presented in this paper derive from the seismo-stratigraphic and structural interpretation of a wide multichannel seismic
dataset acquired in 2009 and 2014 by Istituto Nazionale di
Oceanograﬁa e di Geoﬁsica Sperimentale (OGS) by the R/V OGS
Explora in the framework of the STENAP (Seismostratigraphic and
Tectonic Evolution of the northern Adriatic Sea in the Plio-Quaternary)
and GANDI (Gas Emissions in the northern Adriatic Sea) projects (thin
black lines in Fig. 1). Table 1 illustrates the acquisition parameters for
the two OGS surveys.
The OGS dataset was integrated with a set of multichannel seismic
proﬁles acquired in the Venice lagoon and surrounding area by ENI
(thin green lines in Fig. 1) and already reported in Tosi et al. (2012) and
Zecchin and Tosi (2014). The tectonic setting of the north-eastern
sector of the study area is based on the results reported in Busetti et al.
(2010).
A standard data processing sequence has been applied to the OGS
data in order to obtain migrated sections. The most relevant organized
noise in the seismic data consists of a short period ringing, less than
100 ms. To attenuate this ringing, deconvolution has been applied twice
before stack, ﬁrstly in the common oﬀset domain and then in the
common midpoint domain; 2-D dip ﬁlter in the F-K domain has been
applied for the mud-roll attenuation. The ringing noise still aﬀecting
the data has been further reduced by applying a post-stack predictive
deconvolution. Finally, before the residual amplitude compensation
and the ﬁnal time-variant ﬁltering, a post-stack time migration has been
applied. The used algorithm performs migration in the time-space domain through the Kirchhoﬀ method.
Three versions of the ﬁnal sections have been produced: Stack,
Migrated with FX deconvolution and Migrated without FX deconvolution.
The seismic dataset has been uploaded and analysed using the
Kingdom Suite ® seismic package. Interpretation of the seismic data was
based on the ENI chronostratigraphy, which includes the Gelasian in
the Upper Pliocene. This choice allows a straightforward correlation
with borehole data and with most of the cited references.
The CROP M-18 and M-17 seismic proﬁles and information from
hydrocarbon wells (green dots in Fig. 1A) are made available through
the ViDEPI project (http://unmig.sviluppoeconomico.gov.it/videpi/).
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system can be interpreted as an inherited Mesozoic structure that reactivated during the Neogene shortening of the area and that has been
mainly active during the Plio-Quaternary.
To the east (Fig. 1), the N-S fault system progressively becomes
NNW-oriented, thus sub-parallel to the margin of the Istria carbonate
platform. These faults, located in the central portion of the study area,
exhibit minor, both extensional (Fig. 4A) and compressional (Fig. 4B)
component of movement. The northern and southern development of
the N-S fault system cannot be clearly constrained due to the scarcity of
available seismic data, and the presence, to the north, of the thick
Mesozoic Friuli-Istria carbonate platform covered by a thin Cenozoic
succession.
The E-W fault system consists of a 15 km-wide and at least 70 kmlong deformation zone, which extends onshore and oﬀshore close to the
border of the Friuli-Istria carbonate platform (Figs. 1 and 2). This fault
system is composed by two branches approximately 15–20 km-long,
characterized by compressional movements. The western branch, with
an WSW-direction, is imaged north-east of Venice (Fig. 5A), where it
produces a positive structure deﬁned by (i) a southern compressional
side aﬀecting the Plio-Pleistocene succession and (ii) a northern extensional side, which aﬀects only the pre-Messinian deposits. This
structural setting indicates a post-Miocene change in the stress ﬁeld in
this area. Seismic data documents that, to the west, this branch terminates in the Venice lagoon, against the western portion of the N-S fault
system (Fig. 1A). The position and orientation of the structure imaged
on the seismic line 4 (Fig. 5A) suggest that such a structure develops
along the South-Alpine forebulge, which formed inside the Adriatic
foreland in the Middle-Upper Miocene due to the strong advancement
of the South- Alpine thrust front (Zattin et al., 2003; Toscani et al.,
2016); it also marks the division between the South Alpine and the
Apennine foredeeps (Figs. 2 and 7B).
The eastern branch of the E-W fault system consists of a set of subparallel faults with a WNW direction (Fig. 1). These faults constitute a
pre-Messinian pop-up structure (Fig. 5B), reactivated during the PlioPleistocene, which is located near the base of the slope of the FriuliIstria carbonate platform. The margin of this platform represents the
hinge between the Apennine and the Dinaric foredeeps (Fig. 2A).
The Apennine foredeep occupies most of the study area and approximately corresponds to the southern portion of the Mesozoic
Belluno Basin. Seismic proﬁles and well data show the sub-horizontal
and sub-parallel architecture of the Middle Pliocene-Pleistocene foredeep succession (Porto Corsini, Porto Garibaldi and Carola formations,
and Asti Group), which presents onlap terminations on the foredeep
ramp. The Middle Pliocene-Pleistocene fore deep succession does not
show any evidence of wedging and tilting (Fig. 6). These observations,
as also demonstrated by Ghielmi et al., (2013), indicate that the foredeep ramp formed in the Early Pliocene, and that it has not been further
aﬀected by tilting since then.

block, from the southeastern Adria, whose velocities are related to the
northward motion of Africa (Oldow et al., 2002); 3) a partition into
three diﬀerent deformation zones (i.e., northern, central, and southern)
but without a clearly demonstrated fragmentation into sub-blocks
(Altiner et al., 2006).
The main fault systems that have been considered responsible for
intraplate deformation and/or fragmentation of the Adria Plate are: the
Schio-Vicenza Fault System (SVFS) (Castellarin et al., 1992; Massironi
et al., 2006; Pola et al., 2014), the Kvarner Fault (KF) (Korbar, 2009;
Placer et al., 2010; Surić et al., 2014), the Mid-Adriatic Ridge (MAR)
(Argnani and Frugoni, 1997; Scisciani and Calamita, 2009; Pace et al.,
2015), and the Tremiti Fault System (TFS) (Milano et al., 2005; Pace
et al., 2015; Teoﬁlo et al., 2016).
The deﬁnition of the Adria Plate kinematics is still under debate
mainly because the GNSS velocities are very low (Serpelloni et al.,
2005, 2016; Weber et al., 2010; Cenni et al., 2012; Caporali et al.,
2013) and the availability of GNSS data is limited to the onshore area
which covers only a small portion of the Adriatic foreland. Moreover,
the GNSS stations are located at the northern (Istria and Friuli) and
southern (Apulia) sectors of the Adriatic foreland, at more than 500 km
distance, thus representing a limit for the accuracy of the kinematic
models based on GNSS data.
4. Results
The correlation between seismic proﬁles and the available well data
(Figs. 1A and 2) has allowed to identify six seismic units (Ghielmi et al.,
2013; Donda et al., 2015; Mancin et al., 2016; Zecchin et al., 2017):
SU1, deep-water Mesozoic carbonates of the Belluno Basin, heterotopic
to the east and the north with the shallow-water carbonates of the
Friuli-Istria platform; SU2, turbidite deposits of the Eocene to Late
Miocene Gallare Marls Group, with a top boundary generally marked by
the Messinian erosional unconformity; SU3, shallow-water terrigenous
and carbonate deposits assigned to the Early-Middle Miocene Cavanella
Formation, well documented onshore but almost entirely eroded oﬀshore during the Messinian low-stand; SU4, hemipelagic deposits of the
Plio-Pleistocene Santerno Group that record the re-establishment of
open marine conditions after the Messinian salinity crisis. The top of the
Santerno Group is a time-transgressive unconformity that also represents the onlap surface for the Apennine foredeep deposits; SU5,
Apennine foredeep deposits, consisting of turbidite successions belonging to the Early Pliocene to Middle Pleistocene Porto Corsini and
Porto Garibaldi formations; SU6, Middle to Late Pleistocene shallow
marine sandstones, passing southward to relatively shallow turbidites
(Asti Group). SU6 marks the deﬁnitive inﬁlling of the foredeep; the
uppermost part of this unit is composed of the northeast ward prograding palaeo-Po deltaic system that grades upward into Upper
Pleistocene-Holocene alluvial plain sediments.
Seismic data indicate that faults aﬀecting the Plio-Pleistocene deposits are characterized by a very modest throw and low continuity.
This possibly reﬂects the very low stress rate that currently aﬀects the
northern Adriatic Sea (less than 10−8 yr−1 according to Sani et al.,
2016), and of the presence of poorly consolidated Plio-Pleistocene sediments. The envelope of the identiﬁed fault segments forms two preferential N-S and E-W fault systems (Fig. 1).
The N-S fault system includes sub-vertical tectonic lineaments with
a variable trend between N-S and NNW-SSE. These faults, which locally
are the result of a tectonic inversion or reactivation of inherited
Mesozoic extensional faults (e.g. Fig. 2) are up to a few tens of kilometres long and show a modest component of vertical displacement (up
to a few tens of metres, see Fig. 4). The westernmost faults belonging to
the N-S fault system are Plio-Pleistocene in age and they exhibit a
compressional component of movement (Fig. 3). The direction and
distribution of these faults appear to be comparable with that of the
SVFS, black lines in Fig. 1A, which consists of a roughly 20 km wide
shear-zone. According to Pola et al., (2014), the Schio-Vicenza fault

5. Discussion
5.1. Structural framework
Integration between the tectonic structures identiﬁed in the present
study and structural, GNSS (Weber et al., 2010; Devoti et al., 2011) and
seismological data (Rovida et al., 2016) from literature is shown in
Fig. 1B. Based on the characteristics described in the previous section,
the N-S-trending fault system is interpreted as the result of a strike-slip
intraplate deformation that involved a large portion of the northern
Adriatic Sea during the Plio-Pleistocene. We infer a left-lateral sense of
motion for this system based on two considerations: 1) the aﬃnity of
the westernmost part of the system with the SVFS, which is characterized by a left-lateral kinematics, 2) a right-lateral strike-slip kinematics would contradict the largely accepted counter-clockwise rotation of the northern Adriatic region. Notably, the easternmost part of
the N-S fault system is not far from the boundary recognized by Oldow
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Fig. 2. Geological sections across the northern Adriatic region based on the seismic and well dataset. See Fig. 1B for the position. In A), the hinge of the Dinaric
ﬂexure coincides with the margin and slope of the Friuli-Istria carbonate platform. Note the positive inversion tectonics of the N-S fault system at the Triglia 1 and
Ada 1 wells. In B), the margin of the Friuli-Istria carbonate platform is buried beneath the South Alpine thrusts, and the hinge of the South Alpine ﬂexure corresponds
to the E-W structure of Fig. 5A. Note also that the thickness of the Asti Group (approximately 1.000 m) is almost constant across the section, which indicates that
Pleistocene subsidence has been uniform across the Apennine foredeep. C) Stratigraphic sections from three wells representative of the sedimentary setting of the
study area.

along the SVFS.
The absence of seismicity along the SVFS might be the consequence
of the stress distribution over a broader area that includes the SVFS and
the N-S fault system, which would prevent any signiﬁcant stress accumulation. The KF is also characterized by absence of seismicity, and
therefore, it is not considered as an active structure. However, the
tectonic signiﬁcance of this fault is inferred by the seismicity associated
with the “greater Rijeka epicentral area”, which includes also the
Kvarner region. This area is known for the frequent occurrence of minor
to moderate earthquakes (Markušić et al., 1998; Ivančić et al., 2006;
Kastelic et al., 2013), and it is much more active than Istria peninsula
(Fig. 1B). Two fault-plane solutions available in this area show rightlateral motions with a normal component of movement along NEtrending and NW-dipping fault planes (Markušić et al., 1998; Ivančić
et al., 2006). This interpretation is compatible with the KF mechanism
inferred from ﬁeld studies by Placer et al. (2010), and supports the
hypothesis that this fault played an important rule for the intraplate
deformation of Adria.
It is worthwhile to highlight that also the northern boundary of the
Adria Plate, i.e. the Periadriatic Lineament, is characterized by very low
seismicity (Rovida et al., 2016). In fact, the seismicity at the northern
sector of the Adria Plate is mostly concentrated along the South-Alpine
thrust fronts, and along the northern Dinaric strike-slip fault system

et al. (2002), between the north-western and south-eastern Adria located near the coast of the Istria Peninsula. However, based on the
interpretation of the seismic dataset, the presence of a plate boundary
in this area cannot be supported. In our reconstruction the N-S fault
system represent a minor intraplate deformation, consequence of the
roughly northward displacement of this sector of the Adriatic foreland.
The E-W trending fault system develops in areas characterized by
lithospheric weakness, as at the Mesozoic platform-basin transition or
at the Alpine and Dinaric forebulges. This system generated pop-up
structures that partially accommodate the northward movement of the
Adria Plate.
From Fig. 1B, the eastern branch of the E-W fault system appears as
the oﬀshore prosecution the Buje Fault, considered by Matičec (1994)
and Placer et al. (2010) as the frontal thrust of the External Dinarides.
We cannot support this correlation because the observed faults do not
show thrust-related features (Fig. 5B).
According to the presented tectonic framework, the SVFS and the
KF, which converges southward beneath the easternmost portion of the
northern Apennines, deﬁnes a triangular sector (area “B” in Fig. 7). The
progressive northward displacement of this sector during the PlioQuaternary times, produced: 1) compression along the South-Alpine
front; 2) right lateral, strike-slip movement in the north-western external Dinarides and along the KF; 3) left lateral, strike-slip movement
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Fig. 3. Interpretation of the multichannel seismic proﬁle ST-14. It crosses the western part of the N-S fault system that shows an overall NNW-trending that we
associate with the Schio-Vicenza fault system (SVFS). This part of the N-S fault system shows a positive structure bounded by reverse faulting inverting an extensional
Mesozoic structures during Plio-Pleistocene time. See Fig. 1A for the position of the seismic proﬁles and boreholes. See Fig. 2 for the stratigraphic relationships
between the formations reported in the legend.

eastwards, from MALJ, ROVI and PULA stations; Fig. 1B).
A diﬀerent tectonic setting occurs in the Po Plain and in the central
Adriatic. The Po Plain (area “A” in Fig. 7) lies to the west of the SVFS. In
this zone, the Alpine and Apennine thrusts totally cannibalize the Adria
foreland and GNSS data indicate that this area is in–built with the
European Plate (Serpelloni et al., 2016). The central Adriatic (area “C”
in Fig. 7), bound by the KF and TFS, is characterized by minor but not
null seismicity (Kastelic and Carafa, 2012), testifying that the MAR
release a certain amount of the regional compressive stress by internal
deformation. Northern and central Adriatic also show a diﬀerent setting
of the foredeep. In fact, while the Apennine foredeep in the northern
Adriatic has not been tilted after the Early Pliocene, the Pleistocene
deposits of the central Adriatic are eastward-dipping, in contrast with
the westward dipping of the foredeep ramp. This setting is a possible
consequence of the isostatic rebound of the Adria foreland (Del Ben and
Oggioni, 2016) and is also in accordance with the presence of a slab
window beneath the central Apennines (Wortel and Spakman, 2000;
Faccenna et al., 2014).
Based on GPS campaigns, Altiner et al. (2006) recognize three

(Fig. 1B). According to the seismic lines shown in Fig. 5, the northward
displacement in the northern Adriatic sea is only slightly accommodated by the E-W fault system. However, even if the role of the E-W
fault system is negligible in the regional kinematics, its presence could
account for the historical and recent seismicity in this area, such as the
1284 and 1373 earthquakes in Venice, and the 17 September 1968 MW
4.16 earthquake in the northern Adriatic (Rovida et al., 2016). From the
seismological point of view, it could be noteworthy to point out that the
S.Stino sequence, that occurred between November 1975 and February
1976 (blue square in Fig. 1B), seems to be located near an area of
possible intersection between N-S and E-W faults. This area develops
along the margin of the carbonate platform. The S.Stino sequence, even
if consisting of low-magnitude earthquakes, is important because it
proceeded the strong and destructive May 6, 1976 Friuli earthquake
(Mw = 6.4) and, up to now, this sequence has not yet been explained
(Finetti et al., 1979; Carulli and Slejko, 2005).
Deformation within the northern Adriatic region may also account
for the diﬀerent direction of GNSS velocities in Veneto (i.e., northwards, from VENE, PADO and TEOL stations) and in Istria (i.e., north692
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Fig. 4. Interpretation of the multichannel seismic proﬁles ST-08 and GA-09. These proﬁles crosses the eastern part of the N-S fault system. These faults are
characterized by sub-vertical plans and strike-slip motion both with extensional and compressional component of movement: A) the faults show an extensional
component of movement; B) the faults present a compressional component of movement. See Fig. 1 for the position of the seismic proﬁles and boreholes, and Fig. 3
for the legend.

5.2. The Apennine foredeep

deformation zones inside the Adria Plate: northern, central and
southern Adriatic, roughly corresponding to B, C and D areas reported
in Fig. 7. However, as previously mentioned, these authors are unable
to demonstrate the fragmentation of Adria into sub-blocks. In fact, the
northern and southern parts of the active boundaries between the deformation zones (KF and TFS), exhibit movements with similar magnitudes and directions. The magnitude of the movement across these
structures must be necessarily very small, because the overall kinematics of Adria is modest (few mm/year). Furthermore, diﬀerential
movements across the boundaries described above can hardly be detected by GPS campaign because the surveys are limited to the onshore
area while most of these boundaries lay oﬀshore (Fig. 7).

A key element for understanding the northern Apennine-northern
Adriatic dynamics is the evolution of the foredeep. A large portion of
the northern Apennine foredeep was involved into the Apennine
thrusts, but an undeformed Middle Pliocene-Pleistocene succession
occurs in the northern Adriatic. The northern Apennine chain developed through rapid pulses, followed by relatively long periods of
quiescence. In particular, two main tectonic phases, Zanclean and
Gelasian in age (Ghielmi et al., 2013), were recorded during the PlioQuaternary. In the northern Adriatic region, most of the subsidence and
tilting aﬀecting the foredeep ramp took place in a relatively short time,
i.e., only during the Zanclean tectonic phase (Ghielmi et al., 2013).
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Fig. 5. The E-W fault system. This system is characterized by an overall compressional style that may assume the reverse faulting style in A) or the pop-up structure in
B). See Fig. 1 for the position of the seismic proﬁles and boreholes, and Fig. 3 for the legend.

Afterwards, the foredeep was gradually ﬁlled by the turbiditic deposits
of the Porto Corsini and Porto Garibaldi formations, and by the clastic
deposits of the Asti Group. These successions show a sub-horizontal and
sub-parallel depositional architecture (Fig. 6), indicating that further
tilting episodes did not occurred, particularly during the Gelasian tectonic phase. Based on these considerations, geodynamic processes involving slab retreat could not represent the driving force during this
tectonic phase. The slab retreat in fact necessarily require tilting of the
foredeep ramp (Carminati et al., 2003) and consequently of the overlying sediments.
Sedimentological data indicate that in the Early Pleistocene, the
northern Adriatic region, including the Alpine and Apennine foredeeps
and, to a minor extent, also the Dinaric foredeep (see Asti Group in

Fig. 2A and B) was aﬀected by a signiﬁcant subsidence phase (Massari
et al., 2004; Ghielmi et al., 2013; Zecchin et al., 2017). This widespread
Early Pleistocene subsidence event has been interpreted as a consequence of the NE-ward migration of the Apennine foredeep
(Carminati et al., 2003). We believe that, due to the involvement of
several tectonic domains and the absence of tilting in the Apennine
foredeep, the Early Pleistocene subsidence in the northern Adriatic
region can be hardly connected to the evolution of the Apennine foredeep. Alternative processes, as the lithospheric ﬂexure controlled by
horizontal stresses should be evaluated. In our case, the stress could be
produced by the northward motion of the Adriatic foreland, those
northern sector is indented below the Alpine-Dinaric system.
In summary, the geodynamic models for the Adria Plate, can be
694
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Fig. 6. The Apennine foredeep. In this seismic section the
foredeep deposits (Middle Pliocene to Middle Pleistocene
turbidites of the Porto Garibaldi Formation and Asti
Group) onlap the deep-water Early Pliocene to Early
Pleistocene sediments of the Santerno Formation. The
sub-horizontal setting of the Porto Garibaldi and Asti
Group testiﬁes that the foredeep has not been aﬀected by
tilting since the Middle Pliocene. See Fig. 1 for the
seismic section and wells locations and Fig. 3 for the legend.

Pliocene, as a consequence of the Middle Miocene consumption of the
Adria oceanic lithosphere and the entering of continental Adria into the
trench. This process produced a progressive slowing and ﬁnally, by the
Early Pliocene, the ceasing of the subduction in the northern Adriatic
sector of the Apennines.
I. Our conclusion is in contrast with the largely adopted models, see
the introduction, that invoke the subduction and retreat of the Adria
lithosphere beneath the northern Apennine belt as the main driving

grouped into two main categories: 1) the driving forces are totally external to Adria, and its kinematics only depend on the movements of the
surrounding plates (Mantovani et al., 2015); 2) the driving forces are
mostly internal to Adria, e.g., subduction beneath the Tyrrhenian sector
(Carminati et al., 2012).
Based on the discussed data, we believe that the driving forces determining the kinematics, and the consequent deformation of the Adria
Plate, were external to the microplate. This occurred after the Early

Fig. 7. The North Adriatic region in the framework of a
structural and kinematic summary of the Adriatic area.
SVFS: Schio-Vicenza Fault System, NSFS: North-South
Fault System, PA: Periadriatic lineament, EDS: External
Dinarides strike-slip system (e.g. Predjama, Idrija, Ravne
and Želimlje Faults), KF: Kvarner Fault, MAR: MidAdriatic Ridge, TFS: Tremiti Fault system, MF: Mattinata
Fault. The direction of the stress ﬁeld has been achieved
by structural analysis of active faults and seismological
data reported in Sani et al. (2016). A, B, C and D indicate
the Po Plain (A), and the northern (B), central (C) and
southern (D) portions of the Adriatic.
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Appendix A. Supplementary data

mechanism for the Middle Pliocene-Quaternary surface deformation.
These models do not take into account some geological and geophysical
evidences, shortly summarized as the following:

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.marpetgeo.2019.06.049.

II. Both deep seismic data and recent tomographic analyses suggest the
absence of a well developed Adria slab beneath the northern
Apennines (Scaﬁdi and Solarino, 2012; Chiarabba et al., 2014);
III. Seismic activity deeper than 60 km beneath the northern Apennines
is very weak and absent below 100 km (Chiarabba et al., 2014).
This evidence can hardly be reconciled with the presence of a tectonically active, well-developed slab that requires deep (up to
400 km) earthquakes;
IV. lab-retreat requires a substantial density contrast between the lower
and the upper plates, and it is inhibited when continental lithosphere descends in the subduction zone, due to its buoyancy force.
There are no evidences of such a contrast between the Adria continental lithosphere and the Apennine (Finetti et al., 2005)
V. The presence within the Apennine chain of a very rare middle
Pleistocene carbonatite-potassic melilitite rock association, exclusively found in the intra-continental rift context. This association
is substantially incompatible with the partial melt, which is necessarily associated with subduction (Lavecchia and Creati, 2006).
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The present study adds two new evidences to the previous points
that are:
1. The sub-horizontal setting of the Apennine foredeep deposits in the
northern Adriatic, after the Early Pliocene, is not compatible with
the slab retreat process, that require a progressive tilting of the
overlain sediments;
2. The presence of the N-S strike-slip fault system testiﬁes the northward displacement of the northern Adriatic region. This is not
compatible with the eastward movement expected from the subduction beneath the Apennines.

6. Conclusions
Based on our reconstruction, it is inferred that the sub-horizontal
setting of the Middle Pliocene-Pleistocene sediments of the Apennine
foredeep in the northern Adriatic is not compatible with geodynamic
processes produced by slab retreat in the northern Apennine. It is
suggested that after the Early Pliocene, when the Adria subduction
beneath the northern Apennines ceased, the kinematics of the Adria
Plate has been almost totally driven by the surrounding plate's kinematics.
Moreover, the Adriatic foreland might consist of four sectors,
characterized by a diﬀerent setting of the Plio-Pleistocene deposits: Po
Plain, northern, central and southern Adriatic, separated by the SchioVicenza fault system, the Kvarner and Tremiti faults. The stress ﬁeld
induced by the surrounding plate movements is not entirely transmitted
to the Adria borders, instead, it is partially accommodated by internal
deformation, which, in the northern Adriatic region, led to the development of N-S and E-W trending fault systems.
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