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Abstract The Adriamicroplate is the foreland of the oppositely verging Apennines and Alps or Dinarides
fold‐thrust belts associated to the related subduction zones. Along its western margin, the Adria plate
hosts the active Northern Apennines accretionary prism, which is buried under the Adriatic Sea and the Po
Plain. The interpretation of seismic reflection profiles and borehole data allowed us to define the
geometry of the transition from the Apennines fold‐thrust belt to its undeformed foreland. Moreover,
continuous GPS (CGPS) data from offshore hydrocarbon platforms anchored to the seabed of the northern
Adriatic plate allow to measure present‐day kinematics. Although the CGPS signals are affected by
non‐tectonic components associated with hydrocarbon extraction, the integration of geodetic analysis,
subsurface geological reconstructions, and analytical modeling allowed us to constrain the ongoing tectonic
activity. Shortening is currently accommodated by aseismic slip along the basal detachment, likely
accumulating elastic energy along the frontal ramp that may eventually seismically slip. Our
multidisciplinary study suggests that the study area may not be sheltered from relevant seismic sequences
similar to the Mw 6 Emilia 2012 events and that the occurrence of potential seismogenic sources in
the area should be carefully evaluated. Similar studies may be useful to constrain the present‐day activity in
other marine areas and to identify potential and hitherto unrecognized seismogenic sources along the
entire Apennines belt and other accretionary prisms worldwide.

1. Introduction

Continuous GPS data analysis efficiently and routinely quantifies active deformation in seismically active
areas of Italy and elsewhere (Bennett et al., 2012; Devoti et al., 2008; D'Agostino, 2014; Hammond
et al., 2016; Kreemer et al., 2014), contributing to seismic risk assessment (Bird et al., 2010, 2015;
Gualandi et al., 2017; Riguzzi et al., 2012). In contrast, the absence of available offshore seismic and CGPS
data is reflected by a lesser knowledge of the tectonic activity in marine areas and, consequently, by a
poor quantification of the seismic hazard affecting the nearby coastal areas. In Italy, one of those areas is
the northern Adriatic Sea, where the lack of offshore CGPS data prevents from unequivocally constraining
present‐day deformation, leading to diverging opinions regarding the activity or inactivity of the most exter-
nal thrusts of the Apennines belt (Argnani, 1998; Basili & Barba, 2007; Coward et al., 1999; Di Bucci &
Mazzoli, 2002; Frepoli & Amato, 2000; Kastelic et al., 2013; Vannoli et al., 2004) (Figure 1). In particular,
in the study area (see gray circle in Figure 2), the thrust front is located offshore. Available onshore geodetic
data do not allow scientists to constrain the eventual occurrence of strong strain rate gradients, typical of
actively deforming areas (e.g., Doglioni et al., 2015). As a consequence, despite the recognition of
NE‐verging thrust faults similar to those recognized in the adjacent sector of the frontal Apennines thrust
belt and despite the instrumental (http://terremoti.ingv.it/) and historical (Rovida et al., 2020) seismicity,
no seismogenic sources were so far hypothesized in the area focus of this study (Figure 2; Diss Working
Group, 2018).
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With the aim of filling this knowledge gap, we present an integrated study of geodetic and subsurface geo-
logical data from the northern Adriatic Sea (Figures 1–3). Analyses of available borehole and seismic reflec-
tion profiles are linked for the first time with CGPS data acquired on offshore hydrocarbon production
platforms. These data were recently released by Eni S.p.A. company in the framework of “CLYPEA:
Innovation network for future energy” Program, as part of the “Subsoil Deformations” Project
(Antoncecchi et al., 2018, 2019). We also performed an analytical model in order to evaluate the control of
main regional faults on the horizontal and vertical motions constrained by geodetic data. Although the influ-
ence of hydrocarbon production on the CGPS time series cannot be fully neglected, our results provide use-
ful evidences to fill up the geodetic observational gap and provide an insight into the active thrust fronts
offshore the northern Apennines. Similar multidisciplinary studies may prove to be useful also in other off-
shore thrust‐fronts worldwide, where CGPS stations on hydrocarbon platforms are used mainly for monitor-
ing the vertical seafloormotion related to hydrocarbon exploitation (Dacome et al., 2015; Haines et al., 2013),
to define present‐day deformation and possibly identify potential and hitherto unrecognized seismogenic
sources.

2. Geological Setting

The tectonic evolution of the Africa‐Eurasia convergent margin in the central Mediterranean has been dee-
ply controlled by the inherited irregular geometry of the opposing plates and by the existence of Adria, a
small continental plate that indented the Eurasian margins (Dewey et al., 1989; Doglioni, 1991;
Malinverno & Ryan, 1986). The paleogeographic affinity of Adria and its kinematic relationship with major
plates has been debated for decades. Adria microplate was interpreted either as a promontory of Africa

Figure 1. General setting of the study area and location of the CGPS stations (dark gray dots) in the northern Adria microplate (AD), within the structural
framework proposed by Fantoni and Franciosi (2009) (dark red segments). High‐resolution bathymetry of the Adriatic Sea is from the Emodnet database
(http://www.emodnet.eu/). The dashed black box is the location of Figure 2. Inset: AF and EU stand for Africa and Eurasia plates, respectively, whereas C. Arc
stands for Calabrian Arc. The 30, 15, and 0 Ma plate tectonics reconstructions are modified after Carminati et al. (2010). Dashed lines are the location of the
present‐day coastlines reported as a reference. The position and lateral extent of undeformed Adria are shown.
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(Channell et al., 1979; Muttoni et al., 2001) or as an independent microplate (Battaglia et al., 2004; Dercourt
et al., 1986). Since late Mesozoic time, the margins of Adria have been progressively involved in the ongoing
deformation connected with the Africa‐Eurasia convergence. Since Cretaceous time, the eastward subduc-
tion and the indentation of Adria have been decisive in the development of the W‐verging Dinarides
fold‐thrust belt (Schmid et al., 2008). At that time, the northern portion of Adria became an active margin
(Handy et al., 2010), owing to the E‐SE‐ward subduction of the ocean that separated Adria from Eurasia.
Slices of Adria basement and cover (i.e., the Austro‐Alpine nappes; Laubscher, 1989) overthrust the develop-
ing accretionary wedge toward the north. Compressional tectonics thenmoved to the south, with Paleocene‐

Figure 2. Potential seismogenic sources (http://diss.rm.ingv.it/diss/), historical (https://emidius.mi.ingv.it/), and
instrumental (http://terremoti.ingv.it/) seismicity of the northern Adriatic area with depth <20 km. The historical
earthquakes in the study area are reported. The dashed black box is the location of Figure 3a.
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Figure 3. General view of subsurface data. (a) Location map of the data set used to reconstruct the subsurface structural framework of the northern Adriatic area.
(b) 3‐D view of the data set used for the reconstruction of the subsurface structural setting of the northern Adriatic area. Seismic reflection profiles,
boreholes (in blue), and location of the CGPS stations (black dots) are shown. In the supporting information (ftp://ftp.ingv.it/pub/giuseppe.pezzo/TECT_
2020TC006425/) we provide a dynamic 3‐D view of the interpreted seismic profiles (Figure S1).
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Holocene south‐directed thrusting in the Southern Alps and Po Plain (Carminati et al., 1997; Roeder, 1989).
To the west, the Adria margin began to be affected by compressional deformation in the Neogene time, with
the onset and retreat of the W‐directed Apennines subduction (Carminati et al., 2012; Patacca et al., 1990;
Ricci Lucchi, 1986).

The undeformed part of the Adria plate shrank through time (Figure 1), consumed by the advancing
trenches of the Apennines and Dinarides subduction zones and of the thrust front of the Southern Alps
(Carminati et al., 2010). At present, part of Adria located below the Adriatic Sea and below the recent depos-
its of the Po Plain is still undeformed, whereas its margins have been involved in thrust tectonics associated
with the Apennines, Dinarides, and Southern Alps orogens (see inset in Figure 1). Owing to this complex
tectonic setting, the actual size of the Adria unaffected by compressional deformation (i.e., the foreland) is
still debated. Geophysical investigations show that the opposite compressive fronts of the Dinarides and
Apennines are almost in contact in the central Adriatic domain (Scisciani, 2009; Scrocca, 2006). Similarly,
beneath the central and western Po Plain, the opposite Southern Alps and Apennines compressive fronts
are almost in contact (Fantoni & Franciosi, 2010; Pieri & Groppi, 1981; Toscani et al., 2016; Turrini
et al., 2015, 2016), with the Apennines thrust front characterized by an undulating geometry due to the
development of salients and recesses controlled by lateral facies variations and/or the presence of regional
strike slip faults (Castellarin & Vai, 1986; Costa, 2003; Cuffaro et al., 2010; Livani et al., 2018; Perotti, 1991).

Thus, the largest sector of the Adria foreland is located in the northern Adriatic Sea and in the eastern Po
Plain (see Figure 1). Based on seismic exploration data analysis, the outermost Apennines thrust faults were
identified in the northern Adriatic Sea beneath the synorogenic deposits dated Early Pliocene‐Quaternary
(Argnani, 1998; Bally, 1986; Bigi et al., 1992; Casero, 2004; Del Ben, 2002; Di Bucci & Mazzoli, 2002;
Fantoni & Franciosi, 2009; Franciosi & Vignolo, 2002; Kastelic et al., 2013; Scrocca et al., 2007). Thrust fault
geometry is controlled by two main detachment levels: a deeper one, located at the bottom of the
Mesozoic‐Paleogene sedimentary cover (within Triassic evaporites), and a shallower one, located in Early
Miocene deposits (at the bottom of the Schlier Fm.) of the Neogene foredeep clastic succession
(Barchi, 1998; Maesano et al., 2013; Massoli et al., 2006). Contractional structures are mainly represented
by NE‐verging and NW‐SE‐trending thrust‐related anticlines (Argnani, 1998; Bally, 1986; Casero, 2004;
Fantoni & Franciosi, 2009), strongly deforming the sedimentary succession up to the lower Pleistocene
(Casero, 2004; Coward et al., 1999; Di Bucci & Mazzoli, 2002; Fantoni & Franciosi, 2009). In the northern
area, in correspondence to the latitudes of Rimini and Ravenna, the most external (eastern or north‐eastern)
thrust front of the Apennines was proposed to be located 35 km offshore (Casero, 2004). Moving to the south,
the interpretation of seismic‐reflection data set (Bally, 1986; Maesano et al., 2013) allowed the identification
of several blind thrusts with the most external thrust front located 30 km off Pesaro. Fault planes associated
with these structures are deemed to be potential sources of moderate to large earthquakes in this region and
are included in the DISS database (DISS Working Group, 2018; Figure 2). In our study area (i.e., offshore
Cesena and Ravenna; gray circle in Figure 2), instrumental seismic catalog (http://terremoti.ingv.it/) shows
seismic activity along the whole collision front. Historical seismic record (CPTI15v2.0; Rovida et al., 2020)
reports earthquakes in both the proximity of our study area and the collisional front. AnMw 5.74 earthquake
struck the Rimini offshore on 17 March and 16 August 1916 in the same area (Figure 2) damaging the city of
Rimini and its surroundings (Camassi et al., 1991 and reference therein; Rovida et al., 2020). Furthermore,
the historical catalog reports anMw 4.57 earthquake on 8 August 1970 occurred in the northern sector of the
Adriatic Sea (Molin et al., 2008; Rovida et al., 2020). However, owing to the incompleteness of historical
records for offshore areas, the DISS database shows no potential seismogenic sources, which are instead pre-
sent a few kilometers to the south and to the northwest. This gap makes our study relevant for many geos-
cientists, particularly those working on active tectonics and related hazards. Moreover, our study can
contribute to identify potential lateral continuities between seismogenic sources, redefining fault planes
dimensions, crucial for seismotectonics and hazard assessments.

3. Data and Methods
3.1. Seismic Reflection Profiles and Borehole Composite Logs

To properly define the structural setting of the area, we used an integrated approach combining geological
and geophysical data. Most data used in this work derive from the ViDEPI public database (http://www.
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videpi.com), mainly consisting of 2‐D seismic‐reflection profiles from the “A” Italian commercial zone
(northern Adriatic area), borehole composite logs, and structural maps in the time domain (Figure 3;
seismic reflection profiles from the ViDEPI project organized in a 3‐D environment by means of Move®
software are available in the GFZ Data Services Repository: http://doi.org/10.5880/fidgeo.2020.027,
Maffucci et al., 2020). Furthermore, we collected seismic profiles, structural geological maps, and
geological profiles from Bally (1986), Argnani (1998), Franciosi and Vignolo (2002), Casero (2004), Finetti
and Del Ben (2005), Fantoni and Franciosi (2009), Kastelic et al. (2013), Wrigley et al. (2015), and Amadori
et al. (2019).

The quality of the seismic profiles is inhomogeneous as they were acquired across a wide time span (since
about the 1960s to present) using different acquisition systems and parameters. The tracks of the geological
and seismic profiles available both from the literature and the ViDEPI database were georeferenced and orga-
nized in a geographic information system (QGis software, version 2.18.16). In particular, we georeferenced 88
seismic‐reflection profiles and 35 borehole logs, which were then imported into a 3‐D environment using the
MOVE® software (Midland Valley, version 2016.2) that was used for the interpretation phase (Figure 3b). We
used available time/depth charts for selected borehole logs, seismic interval velocities from the literature
(Bally, 1986; Montone & Mariucci, 2015), and isochrone maps (http://www.videpi.com) to tie the seismic
horizons. We interpreted and drew the following stratigraphic units (from top to bottom; Figures 4, 5, and
S1 in the supporting information): the top of the Early Pleistocene (top Gelasian); the top of the Pliocene fore-
deep succession; the pre‐Pliocene unconformity (corresponding to the top of theMessinian Gessoso‐Solfifera
Formation; Selli, 1973; Roveri et al., 2001) represented by a continuous reflector characterized by a high
reflection coefficient; and, where recognizable, the top of the lower part of theMesozoic carbonatemultilayer
(corresponding to the near top of the Marne a Fucoidi Fm.; Galluzzo & Santantonio, 2002 and reference
therein). We also interpreted and drew the external front of the Apennines fold‐and‐thrust belt, that is, the
envelope of the most external (eastward) contractional structures (Figure 4).

To elaborate an analytical model of fault‐related deformation, we produced a geological cross section com-
bining data from a depth‐converted seismic profile, interpreted within this project (i.e., seismic line A‐214;
Figure 4) and a portion of a previously published geological cross section (cross section n. 5 in Fantoni &
Franciosi, 2009) mainly located onshore (Figures 7 and 8). To depth‐convert the A‐214 seismic profile, we
used the interval velocities extracted by Bally (1986) and Montone and Mariucci (2015).

3.2. CGPS Data

A wealth of CGPS stations is on duty in the onshore Peri‐Adriatic area, not all providing standardized
high‐quality data. Both scientific and commercial institutions installed such networks several years ago for
different purposes, and nowadays, these networks deliver, on a regular basis, raw GPS data to the public
and scientific community. The majority of stations is located along the north‐western border of the
Adriatic plate. A combined velocity solution for the onshore CGPS stations was published by Devoti
et al. (2017). In this work, in the aforementioned network, we include 31 onshore and offshore CGPS stations
installed on onshore sites and on offshore hydrocarbon platforms of the Adriatic Sea. The platforms and
related CGPS stations are operated by the Eni S.p.A. company (see Figure 1). A subset of available offshore
CGPS time series was selected by Eni, excluding those that, due to hydrocarbon exploitation, largely deviate
from the average regional tectonicmotion. The raw data consist of CGPS observations sampled at 30 seconds,
using high precision geodetic antennasmounted onboard of the offshore hydrocarbon platforms and onshore
on deep‐rooted concrete pillars. The CGPS data were processed by several processing centers in the frame-
work of the CLYPEA project activities, each center producing highly precise geodetic solutions. Here we
handled CGPS time series provided by the GAMIT and BERNESE processing software, whose solutions
are both obtained from double differences of phase observables. All modeling parameters are consistent with
the ITRF2008 standard, whose reference frame is established using at least 40 EUREF stations located on the
Eurasian Plate. The Eni CGPS time series cover an overall time span of 19 years, from 1998 to 2017 (minimum
3.3 years and average 11.9 years). Details on modeling parameters, reference frame realization, and assess-
ment of the obtained solutions are available at https://doi.org/10.1594/PANGAEA.914358 (Palano
et al., 2020).

We estimated linear velocities of both GAMIT and BERNESE solutions, together with the annual signal.
Daily residuals with respect to the linear drift amount approximately to 5 and 2 mm in the vertical and

10.1029/2020TC006425Tectonics

PEZZO ET AL. 6 of 21

http://www.videpi.com
http://doi.org/10.5880/fidgeo.2020.027
http://www.videpi.com
https://doi.org/10.1594/PANGAEA.914358


Figure 4. Results of the seismic profile interpretation. (a) Schematic structural map of the study area with the main tectonic domains recognized in the present
work, that is, from west to east: fold‐thrust belt, proto‐thrust domain, and foreland, where the proto‐thrust is the transitional domain between the fold‐thrust
belt and the foreland. Thrust traces from previous works (see text for references) are also drawn for comparison. The CGPS stations are distinguished with
different colors according to the related tectonic domain: red for the fold‐thrust belt, orange for the proto‐thrust domain, and green for the undeformed foreland
domain. The thick black line shows the location of the A‐214 seismic profile and its depth‐converted geological section shown in panels b and c,
respectively. (b) A‐214 seismic profile uninterpreted (above) and interpreted (below). The CGPS stations close to the seismic profile are perpendicularly projected
onto the profile and distinguished with different colors according to the related tectonic domain (red, orange, and green for fold‐thrust belt, proto‐thrust,
and foreland domain, respectively). In this seismic profile, the following major structural features can be recognized: the fold‐thrust belt (west), the undeformed
foreland (east), and the slightly deformed proto‐thrust domain between the fold‐thrust belt and the foreland. (c) Geological section after depth conversion of
the A‐214 seismic profile. Vertical exaggeration = 2.
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Figure 5. Uninterpreted and interpreted versions of the western part of two seismic reflection profiles. Location is shown
in Figure 3. Pliocene slightly folded horizons belonging to the proto‐thrust domain are well visible in both profiles.
They are localized between the compressional structures of the fold‐thrust belt domain to the west and the undeformed
foreland to the east (seismic profile A‐212). The foreland monocline, gently dipping toward the west, is affected by
several normal faults dissecting the Miocene deposits and sutured by the Plio‐Pleistocene deposits (seismic profile A‐220).
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horizontal directions, respectively, after filtering for the annual signal. We combined the two velocity solu-
tions into a unified velocity field, following the velocity combination strategy adopted by Devoti et al. (2017).
Differences between the combined velocity and the BERNESE and GAMIT velocity fields are at the level of
0.2 mm/yr (Weighted‐Root‐Mean‐Squared, WRMS) that are consistent with the average velocity standard
deviation of 0.3 mm/yr. To include the regional velocity field of Devoti et al. (2017), we rotated and scaled
the combined velocity solution on the regional velocity field, thus including the offshore velocities in the
same regional reference frame. To express the velocity field with respect to the Adria plate, we selected 21
CGPS stations representative of the Adria undeformed rigid plate and estimated the relevant Eulerian pole
(see supporting information for details at ftp://ftp.ingv.it/pub/giuseppe.pezzo/TECT_2020TC006425/). The
complete CGPS velocity field given in the Adria‐fixed frame is shown in Figure 6.

At the time scale of a few years, Adria plate kinematics can be considered as a stationary process (Anderlini
et al., 2020; D'agostino et al., 2005, 2008; Devoti et al., 2008). Therefore, we consider the linear velocity model
as the most suitable description of the tectonic displacement at the CGPS points; however, the offshore plat-
forms may be affected by local ground deformation due to the exploitation of gas fields, and CGPS velocities
may thus vary with time. Depending on the hydrocarbon production rate as well as on the geometry, depth,
and geological setting of the reservoir, CGPS receivers may measure subsidence and, to a lesser extent, hor-
izontal non‐tectonic displacements correlated with hydrocarbon production (i.e., reservoir depletion).
Unfortunately, daily well production parameters are currently not freely accessible. The available produc-
tion data quantify the cumulated monthly production of the entire reservoir, thus referring to several plat-
forms. Moreover, offshore platform CGPS time series systematically started after the onset of reservoir
production, making it difficult to discriminate anthropic contributions from the natural ones and impeding
any modeling attempt. We, instead, used a nonlinearity indicator to quantify the deviation from the linear
behavior of the tectonic signal. The nonlinearity index (INL) corresponds to the ratio between the standard
deviation of the smoothed time series and the standard deviation of its intrinsic noise:

INL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑N

i¼1 Fi − F
�� ��

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑N

i¼1 Ri − R
�� ��

q

where i = 1…N is the number of data and F and R (with mean values F and R) are the smoothed and the
residual observations, respectively.

An estimate of the intrinsic noise may be achieved by computing the standard deviation of residuals with
respect to a smoothed curve that approximates the low frequency behavior. We smoothed the time series
using a moving average filter with a sliding window of 1 year, so that the residuals will contain most of
the high frequency noise. INL values ≤ 0.5 reflect time series with pure linear behavior and will increase
as the time series deviate from any linear trend. Consequently, assuming the tectonic process as linear in
our observable time windows, for subsequent tectonic modeling we consider three quality classes (A, B,
and C) for CGPS time series with INL ≤ 0.5, 0.5 < INL ≤ 1.0, and INL > 1.0, respectively (Table 1 reports
the INL values of each time series and of each component).

3.3. Modeling of Fault‐Related Deformation

In order to estimate the current slip rate of the major identified faults, we simulated the surface deformation
associated with an uniform slip over the regional thrust detachment, by using a simple 2‐D modeling
approach, largely applied to different tectonic domains worldwide (e.g., Anderlini et al., 2020;
Fialko, 2006; Pezzo et al., 2012; Ponraj et al., 2019; Vergne et al., 2001). The computation of a 2‐D profile
model allowed us to simulated an infinite wide (perpendicular to the profile) regional thrust detachment,
avoiding lateral deformation effects (Figure 6). The approach adopts Okada's (1985) formalism and allows
to predict the surface displacements due to the slip of a fault plane embedded in an isotropic elastic half‐
space. We assumed an isotropic elastic Poisson solid for the crustal half‐space with Young's Modulus of
8 × 105 bars and Poisson's ratio of 0.25. We used the COULOMB software (Toda et al., 2011), which calcu-
lates shear and normal components of the static stress change and associated vertical and horizontal displa-
cements on a 3‐D grid, caused by the prescribed slip along a fault. The geometry of themodeled thrust fault is
based on the depth‐converted seismic profile of Figure 4 (A‐214 seismic profile) integrated with a regional
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Figure 6. (a) Horizontal ground displacement velocity map from CGPS data referred to an Adria‐fixed reference frame. The Euler vector parameters for the Adria
plate have been estimated using 21 CGPS stations located in the Po plain (partially indicated in red) and onshore in the northern Adriatic region. Estimated
Euler vector parameters are reported in the supporting information (ftp://ftp.ingv.it/pub/giuseppe.pezzo/TECT_2020TC006425/). The surface deformation
associated with the slip along the regional detachment is simulated using the COULOMB software (Toda et al., 2011). Red lines and the related polygon identify
the geometry of the modeled fault (see Figures 7 and 8). (b) Vertical component of the CGPS ground displacement velocities.
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profile published by Fantoni and Franciosi (2009; see their cross section no. 5). Based on the reconstructed
subsurface geology, we calculated the ground displacement velocity profile (Figures 7 and 8) assuming a
uniform slip rate along the basal detachment thrust fault (dipping 6° toward the west, with the top tip
point at a depth of 5.6 km and the bottom tip point at 11 km) (Figures 7 and 8). For this thrust front
portion, Maesano et al. (2015) evaluated slip rates varying from 0.11 to 2.23 mm/yr distributed along
different structures (thrust and back thrust) in different time interval (since 3.6 Myr). In our simple
model, we explored current aseismic slip rate in a range from 0.1 up to 3.5 mm/yr occurring along a weak
portion of the detachment, whereas its upper portion is forced to be locked (Figures 7b and 8b). However,
models characterized by slip rate <1.5 mm/yr or >2.5 mm/yr are not able to fit the observed ones (see
Figure S2). On the other hand, models taking into account slip rate values ranging between 1.5 and
2.5 mm/yr show velocity profiles compatible with CGPS observations.

4. Results
4.1. Subsurface Geology

The interpretation of the seismic profiles (see supplemental material in the external repository at http://doi.
org/10.5880/fidgeo.2020.027 (Maffucci et al., 2020) allowed us to reconstruct the structural framework of the
northern Adriatic domain and to define the tectonic setting where the CGPS stations are located (Figures 1–

Table 1
Kinematic and Tectonic Attributes and Location of the CGPS Stations in the Northern Adriatic Area

Station Lon. Lat. Height E Vel. N Vel. H Vel
E
INL

N
INL

H
INL

AT
INL

INL
class

Time
span

Tectonic
setting

Seismic
profiles

(deg) (deg) m mm/y mm/y mm/y ‐ ‐ ‐ ‐ A,B,C (y)
AGOB 12.47 44.55 67 1.0 ± 0.1 −1.0 ± 0.1 −7.5 ± 0.2 0.41 0.61 0.74 0.51 B 14.2 P‐T A208
AMEB 12.66 44.41 73 −1.0 ± 0.1 −0.5 ± 0.1 −2.3 ± 0.4 0.55 0.19 0.45 0.37 B 19.1 P‐T A214. A239
ANBL 13.08 44.23 77 0.1 ± 0.1 0.7 ± 0.2 −4.0 ± 0.3 0.61 0.71 0.90 0.66 B 10.4 F A222
ANEB 12.70 44.23 64 −1.0 ± 0.1 −0.2 ± 0.1 −4.4 ± 0.3 0.34 0.97 0.36 0.66 C 10.4 F‐T A218
ANGA 12.34 44.39 73 0.5 ± 0.1 1.8 ± 0.1 −16.8 ± 0.3 1.09 1.04 1.61 1.07 C 19.1 F‐T …
ANLS 13.11 44.17 63 −0.9 ± 0.1 0.3 ± 0.1 −4.4 ± 0.4 0.51 0.30 0.66 0.41 B 10.2 F A223/A239
ANTA 12.45 44.39 73 −0.9 ± 0.1 0.4 ± 0.1 −5.4 ± 0.3 0.76 0.54 0.79 0.65 B 12.0 F‐T …
ANTO 12.78 44.21 68 −0.7 ± 0.1 0.7 ± 0.1 −2.6 ± 0.3 0.39 0.46 0.33 0.43 A 10.4 P‐T A219
ARIA 12.63 44.31 69 1.3 ± 0.1 0.3 ± 0.1 −10.9 ± 0.3 0.35 1.15 0.70 0.75 C 13.6 F‐T A215
ARMI 12.45 44.48 73 0.2 ± 0.1 0.02 ± 0.1 −4.9 ± 0.4 0.53 0.40 0.40 0.47 A 9.1 F‐T A209
AZAB 12.72 44.17 78 0.2 ± 0.1 0.8 ± 0.1 −4.0 ± 0.3 0.33 0.34 0.49 0.34 A 12.5 F‐T A219
CERA 12.64 44.29 68 0.8 ± 0.1 0.6 ± 0.1 −11.9 ± 0.2 0.72 2.48 0.50 1.60 C 14.2 ‐
CLAE 14.07 43.78 66 −1.3 ± 0.1 −2.3 ± 0.1 −14.7 ± 0.4 1.30 1.82 0.37 1.56 C 10.0 F‐T …
ELEO 14.16 42.84 73 0.04 ± 0.3 −0.1 ± 0.5 −0.3 ± 1.0 0.24 0.32 0.17 0.28 A 5.0 F‐T …
EMIL 14.24 42.93 66 −0.3 ± 0.2 0.0 ± 0.4 −2.8 ± 0.5 0.34 0.30 0.28 0.32 A 8.8 F‐T …
FALC 13.36 43.64 46 0.5 ± 0.1 0.8 ± 0.2 −0.7 ± 0.3 0.29 0.36 0.26 0.33 A 10.1 F‐T …
FANO 13.04 43.81 51 0.1 ± 0.1 1.1 ± 0.1 −0.2 ± 0.3 0.48 0.54 0.28 0.51 B 10.1 F‐T …
FAUZ 13.55 44.06 67 −1.4 ± 0.4 1.4 ± 0.5 −7.1 ± 1.6 0.24 0.10 0.32 0.17 A 3.3 F A228/A229/

A238
FIUN 12.53 44.40 44 7.0 ± 0.1 −2.1 ± 0.1 −14.5 ± 0.2 3.11 1.44 1.26 2.28 C 15.8 ‐
GARB 12.53 44.49 66 −0.8 ± 0.1 0.0 ± 0.1 −7.0 ± 0.3 0.71 0.59 0.82 0.65 B 14.2 P‐T A209/A210
GARC 12.52 44.53 73 −1.6 ± 0.1 −0.1 ± 0.1 −7.8 ± 0.3 0.52 0.58 0.67 0.55 B 14.2 P‐T A209
MANA 12.23 44.75 44 0.2 ± 0.1 −0.2 ± 0.1 −3.3 ± 0.3 0.55 0.52 0.26 0.54 B 12.5 … …
NAID 12.75 44.34 62 −1.4 ± 0.1 −0.1 ± 0.1 −3.8 ± 0.3 0.45 0.40 0.53 0.43 B 12.5 P‐T A215/A217
NAPA 12.85 44.69 69 0.0 ± 0.1 −0.3 ± 0.1 −2.6 ± 0.3 0.72 0.40 0.29 0.56 B 15.5 F A235. A212/

A214
PCCP 12.56 44.39 72 1.5 ± 0.1 −0.9 ± 0.1 −4.5 ± 0.3 0.46 0.42 0.40 0.44 A 12.5 F‐T A212. A240
PCTA 12.27 44.49 45 2.2 ± 0.1 2.2 ± 0.1 −7.5 ± 0.3 1.08 1.16 0.79 1.12 C 15.7 F‐T …
PCWC 12.37 44.51 72 0.5 ± 0.1 −0.5 ± 0.1 −4.9 ± 0.3 0.34 0.36 0.77 0.35 B 14.7 F‐T …
RUBI 12.41 44.15 47 0.2 ± 0.1 1.7 ± 0.1 −2.6 ± 0.3 0.54 0.48 0.69 0.51 B 10.1 F‐T …
SMAR 12.25 44.59 44 −0.6 ± 0.1 0.3 ± 0.1 −6.4 ± 0.3 0.45 0.28 0.60 0.37 B 15.7 F‐T …
TEAL 13.02 44.50 66 −1.7 ± 0.1 0.6 ± 0.2 −4.8 ± 0.3 1.10 1.14 0.71 1.12 C 10.1 F A218/A237
TREV 12.25 45.67 70 −0.4 ± 0.1. −0.4 ± 0.2 −0.7 ± 0.3 0.29 0.26 0.23 0.28 A 10.0 ‐ …

Note. Abbreviations of tectonic settings are as follows: P‐T, proto‐thrust; F, foreland; F‐T, fold‐thrust belt. The “Height” column indicates the GPS vertical posi-
tions above the WGS84 ellipsoid; E, N, H, and AT INL represent the nonlinearity indexes of the eastern, northern, vertical, and along track directions,
respectively.
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Figure 7. Horizontal CGPS velocities andmodeling results along a geological profile. (a) Geological cross section along the profile trace shown in Figure 4 obtained
merging the cross section of Figure 4c and the cross section no. 5 in Fantoni and Franciosi (2009). Vertical exaggeration = 2. (b) Geometry in section view of the fault
modeled with COULOMB software. The solid red line represents the portion of the detachment activated. Vertical exaggeration = 2. (c) Modeled cross section
velocity vectors along the geological transect as shown in panel (a) and (b); no vertical exaggeration is applied. (d) Horizontal observed CGPS (black to gray
dots) and modeled velocities (red line) projected along the same profile of (a). The CGPS stations have been classified according to their nonlinearity indicator to
quantify the deviation from the linear behavior of the tectonic signal; INL values ≤ 0.5 reflect time series with pure linear behavior. The red band represents the
horizontal velocities estimated from models taking into account slip rate values in the 1.5–2.5 mm/yr interval (see the text for details).
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Figure 8. Vertical CGPS velocities and modeling results along a geological profile. (a) Geological cross section along the profile trace shown in Figure 4 obtained
merging the cross section of Figure 4c and the cross section no. 5 in Fantoni and Franciosi (2009). Vertical exaggeration = 2. (b) Geometry in section view of the
fault modeled with COULOMB software. The solid red line represents the portion of the detachment activated. Vertical exaggeration = 2. (c) Modeled cross
section velocity vectors along the geological transect as shown in panel (a) and (b); no vertical exaggeration is applied. (d) Vertical observed CGPS (black to
gray dots) and modeled velocities (red line) projected along the same profile of (a). The CGPS stations have been classified according to their nonlinearity indicator
to quantify the deviation from the linear behavior of the tectonic signal; INL values ≤ 0.5 reflect time series with pure linear behavior. The red band
represents the vertical velocities estimated from models taking into account slip rate values in the 1.5–2.5 mm/yr interval (see the text for details).
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3). The study area is characterized by compressional structures to the west, represented by thrust faults and
related folds in their hangingwall, and by the undeformed foreland to the east (Figures 4 and 5). The foreland
monocline gently dips toward the west as shown by the visible inclined reflector of the pre‐Pliocene
unconformity, which is recognizable in all the investigated seismic profiles. The foreland monocline is
affected by a series of extensional faults (Figures 4b and 4c and A‐220 seismic profile in Figure 5)
confined within the pre‐Messinian deposits and upward sutured by the Plio‐Pleistocene deposits. A
reconstruction of the main thrust front (Figure 4a) is obtained by the interpolation in a 3‐D environment
of closely spaced seismic profiles (Maffucci et al., 2020). In particular, we reconstructed two external NW‐
SE‐trending thrust planes (Figure 4a). According to the cross‐cutting relationships between
seismic‐reconstructed horizons and thrusts, the tectonic activity occurred since (at least) Gelasian time.
Due to low resolution of seismic data, particularly in the shallow portion of the seismic profiles, we are
not able to establish with confidence (only with the structural interpretation) whether the tectonic activity
lasted until recent‐present times.

A particular feature that we observed along several seismic profiles in the northern portion of the study area
is the occurrence, to the east of the most external (the easternmost one) thrust, of Pliocene slightly folded
seismic horizons (Figures 4b, 4c, and 5). Figure 4 shows one of the most interesting seismic profiles high-
lighting all the structural features of the area. In this seismic profile, we identified two blind thrusts with
a minor splay to the west and the flexure of the pre‐Messinian sedimentary sequence dipping toward the
west. Furthermore, we observed the folded sector in front (east) of the external thrusts, which involve
Pliocene sediments and are detached along the Messinian deposits. Based on the aforementioned
seismic‐reflection evidence, we identified three different tectonic domains (from west to east): the
fold‐thrust belt, the proto‐thrust domain, and the undeformed foreland. The CGPS stations studied in this
paper are distributed over these three tectonic domains and are shown in detail in Figure 4 (Table 1).

4.2. CGPS Velocities Compared to Analytical Models

Observed andmodeled horizontal velocities are characterized by curved positive (moving toward NE) values
along the onshore portion of the profile (between 0 and 40 km). From the 40th to 70th km along the profile,
velocities steeply decrease down to zero, associated with the Apennines‐Adria compression. From the 70th
km to the end of the profile (east), velocities are almost null, indicating negligible deformation. The modeled
velocity profile fits well the class A (INL≤ 0.5) CGPs stations velocities. Data fit decreases with increasing INL,
as observable for class B (0.5 < INL ≤ 1.0) and C (1.0 < INL) stations, highlighting how tectonic velocity mod-
els well reproduce present‐day linear velocities and promoting the INL as a good indicator of the data relia-
bility for tectonic studies. The slip rate along the basal detachment thrust fault is not fully constrained
because of the large scattering in the CGPS velocities, and we can only take into account values from 1.5
to 2.5 mm/yr (Figures 7 and 8). Into this window of slip rate values, we are not able to favor for a single
model, and the best fitting value of 2 mm/yr should be considered approximate.

Modeled vertical velocities indicate negligible values along the entire profile, with a small gentle bulge
(about 1 mm/yr) between the 30th and 60th km along the profile. On the contrary, observed velocities show
an important subsidence pattern covering a large portion of the profile. Higher vertical velocities are
observed for the class C stations, characterized by higher nonlinearities in the time series, highlighting
the nonlinear behavior of the anthropogenic signal in geodetic records.

5. Discussions

The external fronts of the Apennines fold‐thrust belt are characterized by NE‐verging blind thrusts, which
cut and deform the sedimentary succession up to at least the Gelasian deposits (Figures 4, 5, 7, and 8).
Our interpretation of the seismic profiles is coherent with previous works (Argnani, 1998; Bally, 1986;
Bigi et al., 1992; Casero, 2004; Del Ben, 2002; Di Bucci & Mazzoli, 2002; Fantoni & Franciosi, 2009;
Franciosi & Vignolo, 2002; Kastelic et al., 2013; Scrocca et al., 2007); however, the proposed position of
the frontal thrusts is slightly different from that of previous works (Casero, 2004; Fantoni &
Franciosi, 2009). In the study area, considering the spacing between the seismic profiles, the external fronts
(except for two isolated small thrusts) are apparently continuous, reaching 40 km in length, and oriented
nearly parallel to the coastline. The central portion of the study area (close to the AZAB CGPS station in
Figure 4) is characterized by a gap of the seismic profiles (except for one seismic line from the literature;
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Argnani, 1998), and it is not possible to properly define the position of the frontal thrusts. Moving toward the
foreland, in the footwall of the most external thrust fault, Pliocene sediments are slightly folded in a rather
continuous sector, interpreted as a proto‐thrust zone (Gulick et al., 2004; Moore et al., 1995, 2005), between
the foreland to the east and the fold‐thrust belt to the west (Figures 4 and 5). The foreland is gently dipping
toward W‐SW, and it is cut by normal faults sealed by Pliocene sediments because of the foreland bulging.

Interpreting seismic profiles, some authors suggested that shortening along the external front of the
Apennines chain in the central and northern Adriatic Sea ceased between middle Pliocene and the early
Pleistocene time (e.g., Argnani, 1998; Coward et al., 1999; Di Bucci & Mazzoli, 2002), whereas others, cou-
pling seismological, geophysical, and geological analyses, concluded that shortening, possibly accommo-
dated by seismogenic faults, may still be active nowadays (Basili & Barba, 2007; Frepoli & Amato, 2000;
Kastelic et al., 2013; Montone & Mariucci, 2016; Vannoli et al., 2004). In summary, although in recent years
evidences for active tectonics along this part of the Apennines thrust front seem to prevail, no smoking guns
have been found. Based on previously discussed offshore CGPS data, the active/inactive nature of thrust
fronts will be addressed in the following.

The velocity vectors calculated for the CGPS stations in the Po Plain represent the stable ADRIA plate
motion (red arrows in Figure 6). Deformation becomes progressively compressional in the Apennines fold
and thrust belt, as highlighted by the sharp velocity gradients (black arrows in Figure 6). The WRMS of
the horizontal velocities of the Adria plate is in the order of 0.25 mm/yr, which represents the noise level
of the velocity field in this representation. As expected, the offshore velocity vectors are less coherent than
the onshore ones because of their intrinsic nonlinear behavior connected with non‐tectonic processes. For
this reason, we used the INL that rapidly allowed us to classify CGPS based on their nonlinear behaviors
of the corresponding time series. By projecting the horizontal velocities along a transect across the
fold‐thrust belt toward the Adriatic Sea (Figure 7), we observe that class B and C stations (higher INL) are
badly fitted by the tectonic model and show stronger subsidence patterns, likely due to hydrocarbon produc-
tions activities (Figure 8). On the contrary, our tectonic model well reproduces the class A stations (lower
INL) velocities. CGPS data indicate a decrease of velocities associated with active shortening between the
40th and the 70th km along the profile of Figure 7 (active contraction in the frontal part of the Apennines
toward the east) and negligible velocities from the 70th km to the end of the profile (Adriatic foreland).
This velocity gradient clearly indicates the eastward transition from active thrust faults to proto‐thrusts
(i.e., incipient thrusting/shortening) and undeformed foreland areas (Figure 9).

The shape of the observed CGPS horizontal velocity profile mirrors that predicted by our model (Figure 7d).
This means that, in the regional analysis that we are addressing, most of the movement highlighted by CGPS
data can be explained by the slip along the basal detachment surface and that the effect of the slip along the
ramp is rather negligible. Based on this analysis, we hypothesize that some (mainly aseismic) slip along the
detachment fault may explain the current horizontal velocity field in the northern Adriatic region. Such slip
activated, in the geological past, the ramp at the thrust front, probably with a stick‐slip behavior, whereas it
produced only folding and fracturing in the proto‐thrust area. At present, the frontal thrust ramp is locked,
as indicated by the described steep horizontal velocity gradient. We speculate that the ongoing slip along the
detachment might elastically load the locked ramp at the thrust front, which may possibly fail and seismi-
cally slip, although no inferences can be made on the timing. Coupling our reconstruction of the geological
structures geometry with the CGPS data analysis and modeling, we propose that deformation of the external
Apennines fold‐thrust belt is presently active, in agreement with some previous works (e.g., Basili &
Barba, 2007; Kastelic et al., 2013; Vannoli et al., 2004), extending the active external front of the
Apennines chain also in this sector of the Adriatic Sea. In this view, the outermost ramp of the northern
Apennines belt in the studied marine regionmay be a potential seismic source, although other more internal
thrust faults could be potentially seismic as well. Considering the detachment depth (Petricca et al., 2019),
we cannot exclude, along these structures, seismic events, similar to the Mw 6.0 and Mw 5.8 2012 Emilia
earthquakes (e.g., Govoni et al., 2014; Pezzo et al., 2013, 2018) and to those reported in the historical seismic
catalog (e.g., Camassi et al., 1991 and references therein, Molin et al., 2008), even though seismic reflection
profiles in our and previous studies (Di Bucci & Mazzoli, 2002 and references therein) show no evidence of
active tectonic deformations. This lack of evidences in the recent Quaternary deposits could be related to the
effect of the large increase of sediment supply in the foredeep during the Quaternary eustatic low stand,
which eventually produced a smaller apparent fault throw or masked the internal tectonic deformation
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(Scrocca et al., 2007). Indeed, Doglioni and Prosser (1997) highlight the interplay between regional foredeep
subsidence, anticlines uplift rate and sedimentation rate in the study area, where regional subsidence is
higher than anticlines uplift rates and sediments fill this space. Furthermore, it is worth mentioning that
blind thrusts are typical in regions characterized by slow convergence rates (Petricca et al., 2018), like
those observed in the study area. In this case, fault propagation at depth is possibly associated with a fault
propagation fold (Suppe & Medwedeff, 1990), showing an exiguous folding of the shallow sediments and
without any brittle deformation at surface (no evidence of capable faults; Petricca et al., 2018).

Concerning the vertical component, CGPS data show strong subsidence, up to 10–15 mm/yr (Figure 6b and
Table 1). Modeled velocities do not fit the observed ones (Figure 8d), indicating that aseismic tectonic slip
along the detachment fault is not the main process controlling vertical displacements in this area, even at
the class A stations (INL ≤ 0.5) that measure vertical velocities < 5 mm/yr and, as previously evidenced,
are less prone to anthropic displacement signals.

Although on long‐term spans, the effects of earthquakes on the vertical deformation patterns cannot be
ruled out (Carminati et al., 2007), a significant amount of the natural subsidence in this region is related
to the active flexure of the Adriatic plate associated with the northeastward retreat of the Adriatic subduc-
tion (Carminati et al., 2005). The asymmetry of the Apennine foredeep implies subsidence rates up to 10
times higher with respect to the Alpine and Dinaric ones (Doglioni, 1993; Mariotti & Doglioni, 2000).
Moreover, sediment load/compaction and deglaciation‐related ice melting also contribute to the subsidence,
resulting in a total (along coast) natural subsidence rate of about 3 mm/yr (Carminati et al., 2003). This value
is expected to decrease significantly moving offshore, toward the foreland of the Apennines, where the
Adriatic plate flexure is expected to reduce significantly. Unfortunately, this pattern cannot be exactly quan-
tified due to the current lack of reliable data; however, by analogy with what occurs along a transect from the

Figure 9. Conceptual sketch. 3‐D conceptual sketch showing the relationship between the CGPS velocities, the surface deformation from the numerical model,
and the geological structures.
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Apennines to the foreland across the Po Plain (Cuffaro et al., 2010), we expect a natural subsidence decrease
of 2 mm/yr in the offshore, at a distance of 100 km from the coast. With the exception of a few offshore GCPS
stations in the area (ITRN, RMN2, ROBI, ANTO, AMEB, and NAPA), the other stations indicate subsidence
rates largely exceeding these natural subsidence rates. For these stations, other causes for subsidence need to
be investigated, such as anthropic activities.

6. Conclusions

In the northern Adriatic Sea, the interpretation of subsurface geological and CGPS data allowed us to iden-
tify the previously unrecognized kinematically active transition from the Apennines fold‐thrust belt, to the
west, to the Adriatic foreland, to the east. In particular, based on geodetic and subsurface geological data
analysis, modeling, and interpretation, we detected the Apennines‐Adriatic foreland transition along a
NW‐SE oriented 30 km wide zone where the CGPS velocities gradient allows us to constrain a shortening
of 1.5 mm/yr. Toward the east, this transition involves a fold‐thrust domain moving eastward at 1.5 mm/
yr. The frontal thrusts fade away into a region of proto‐thrusts (incipient thrusting) moving eastward at
0.5 mm/yr, gradually decreasing down to zero into the undeformed Adriatic foreland. Our 2‐D analytical
models across the thrust front well reproduce the observed velocity profile, estimating a slip rate between
1.5 and 2.5 mm/yr. Concerning vertical velocities, the observed subsiding pattern can be partly explained
by the Adria subduction‐related subsidence in the foredeep basin and partly by anthropic activities such
as hydrocarbon exploitation, which must be further studied to be fully understood.

Offshore geodetic data coupled with seismic reflection and geological data provided new insights into the
active tectonics and contribute to define the current activity of the thrust front area, currently accommo-
dated by aseismic slip along the basal detachment, likely accumulating elastic energy along its upper portion
and the frontal ramp, which may eventually slip seismically. However, although seismic activity charac-
terizes this offshore sector of the Apennines fold‐thrust belt, no potential seismic sources are considered
in published databases.

For these reasons, we conclude that the studied portion of the external front of the Apennines fold‐thrust
belt in the northern sector of the Adriatic Sea is still active. Despite the fact that the incompleteness of his-
toric seismic catalog prevents a clear identification of potential seismogenic sources, our results suggest that
the study area may not be sheltered from relevant seismic events and, although further work is needed to
assess its seismogenic potential, that the presence of potential seismogenic sources in the area should be
carefully evaluated.

Offshore CGPS data are crucial to identify, characterize, and quantify the ongoing kinematic processes
worldwide, where other measurement methodologies are not applicable, and the only infrastructures are
the hydrocarbon platforms. In this work, we show how CGPS data acquired on offshore hydrocarbon plat-
forms can provide useful information on active tectonics even though the geodetic signal could be affected by
anthropic activities such as oil/gas exploiting‐related deformation.

Data Availability Statement

All data needed to evaluate the conclusions in the paper are present in the paper itself and/or the associated
supporting information. All these data are also freely available in external repositories and previous articles.
In particular, the geodetic data are available in Palano et al. (2020) (https://doi.pangaea.de/10.1594/
PANGAEA.914358). The seismic reflection profiles organized in a 3‐D Move® file/project are available in
Maffucci et al. (2020) (http://pmd.gfz‐potsdam.de/panmetaworks/review/aaf30ce1d97be14e03c64b5a638
334ed0c40007bc91f6029b83a149727f47c5f). Supporting figures (Figures S1 and S2) and tables are available
online (ftp://ftp.ingv.it/pub/giuseppe.pezzo/TECT_2020TC006425/). In the data repository, we make avail-
able the subsurface geophysical data set used to classify the tectonic domains of the studied CGPS stations
(i.e., fold‐thrust belt, proto‐thrust domain, and foreland). The data set is organized into the Move® software
(Midland Valley) environment, version 2016.2 and includes 60 public 2‐D multichannel seismic reflection
profiles deriving from the ViDEPI database (http://www.videpi.com). The dataset and its full description
is available on the following link: http://doi.org/10.5880/fidgeo.2020.027 (Maffucci et al., 2020); CGPS data
and its full description is available on the following link: https://doi.org/10.1594/PANGAEA.914358 (Palano
et al., 2020).
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