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1 INTRODUCTION AND AIMS OF THE

STUDY

SUMMARY

This work aims to explore the ongoing tectonic activity of structures in the outermost sector
of the Northern Apennines, which represents the active leading edge of the thrust belt and is
dominated by compressive deformation. We have applied the Persistent Scatterer Interferom-
etry (PSI) technique to obtain new insights into the present-day deformation pattern of the
frontal area of the Northern Apennine. PSI has proved to be effective in detecting surface
deformation of wide regions involved in low tectonic movements. We used 34 Envisat images
in descending geometry over the period of time between 2004 and 2010, performing about
300 interferometric pairs. The analysis of the velocity maps and of the PSI time-series has
allowed to observe ground deformation over the sector of the Po Plain between Piacenza and
Reggio Emilia. The time-series of permanent GPS stations located in the study area, validated
the results of the PSI technique, showing a good correlation with the PS time-series. The PS
analysis reveals the occurrence of a well-known subsidence area on the rear of the Ferrara arc,
mostly connected to the exploitation of water resources. In some instances, the PS velocity
pattern reveals ground uplift (with mean velocities ranging from 1 to 2.8 mm yr~') above
active thrust-related anticlines of the Emilia and Ferrara folds, and part of the Pede-Apennine
margin. We hypothesize a correlation between the observed uplift deformation pattern and the
growth of the thrust-related anticlines. As the uplift pattern corresponds to known geological
features, it can be used to constrain the seismo-tectonic setting, and a working hypothesis may
involve that the active Emilia and Ferrara thrust folds would be characterized by interseismic
periods possibly dominated by aseismic creep.

Key words: Interferometry; Radar interferometry; Seismicity and tectonics; Continental
tectonics: compressional; Dynamics: seismotectonics.

compressional structures have been extensively explored through
commercial seismic reflection lines and well logs for the petroleum
industry.

This work aims to study the recent tectonic activity of the outermost
structures of the Northern Apennines, namely the Pede-Apennine
thrust front (PTF), which coincides with the morphological bound-
ary between the Northern Apennines and the Po Plain. Lines of
thrust folds are buried beneath the thick sedimentary infill of the
Po Plain, which forms the shortened foreland of both the North-
ern Apennines and the Southern Alps. Since 1950s, the buried

This sector is characterized by historical and recent seismicity,
with earthquake magnitude up to 6 (Rovida ez al. 2011), such as for
the 2012 Emilia seismic sequence that nucleated at the toe of the
Apennine wedge (e.g. Pondrelli et al. 2012). Compressional strains
are prevalent in the Po Plain, as shown by the fault plane solutions of
instrumental earthquakes (e.g. Pondrelli et al. 2006; Scognamiglio
et al. 2012), in agreement with geological and GPS evidence
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(e.g. Devoti et al. 2011; Cenni et al. 2013). The strain rates are
however rather low (Valensise & Pantosti 2001; Burrato et al. 2003;
Basili et al. 2008; Maesano et al. 2015).

Assessing the seismic hazard of the external Northern Apen-
nines is crucial due to the concentration of cities, infrastructures
and industrial activities that occurs in this sector of the Emilia
Romagna Region. In addition, the strong impact of human activity
on this area has locally caused significant vertical ground motions
(e.g. Stramondo et al. 2007; Bitelli ez al. 2014), which complicates
the understanding of the seismo-tectonic setting of the Northern
Apennines margin.

Since 1990s, the Differential Synthetic Aperture Radar Inter-
ferometry (DInSAR) has been extensively used for active tectonic
deformation assessment and it proved to be a powerful tool for
providing detailed information about the nature of the deformation
caused by the release of seismic energy (Massonnet et al. 1993; Mas-
sonnet & Feigl 1998; Price & Sandwell 1998; Lyons & Sandwell
2003; Wright et al. 2004). DInSAR technique measures the ground
displacement in the line of sight (LOS), which is the slant vector
between a pixel on the ground and the side-looking SAR sensor.
The main limitations are related to the temporal and geometric
decorrelation which causes a loss in coherence and prevents to de-
rive measurements at every pixel position within the analysed area.
The temporal decorrelation is caused by physical changes of the
terrain or objects on the ground in the time span between the two
acquisitions. The geometric decorrelation consists of variations in
reflectivity of the targets, as a function of the incidence angle at the
time of the SAR acquisitions (Zebker & Villasenor 1992; Hanssen
2001). In fact a drawback of the classical DInSAR techniques is the
possible lack of coherence of the radar signal on vegetated areas and
in different climatic conditions. An efficient solution to these prob-
lems has been provided by the multi-interferometric approaches
grouped in the name of Persistent Scatterers Interferometry (PSI)
techniques. These latter were exploited from the early 2000s to go
beyond the conventional DInSAR methods by correcting for atmo-
spheric, orbital and DEM (Digital Elevation Model) errors in order
to obtain very accurate displacement and velocity measurements at
specific points on the ground with millimetric precision (Ferretti
et al. 2001, 2007; Werner et al. 2003; Crosetto et al. 2008). These
techniques require a high number of satellite SAR data to provide
mean deformation velocities and time-series of ground deformation
over selected pointwise targets, the so-called PS or Persistent Scat-
terers (Ferretti et al. 2001). The PS are points which preserve the
phase information in time and normally correspond to man-made
objects (e.g. buildings) or single outcrops. PSI technique strongly
minimize the loss of coherence between the acquisitions, but unfor-
tunately limits the measurement points mainly to urbanized areas.

PSI has been widely applied for hydrogeological hazards inves-
tigations (Berardino et al. 2003; Hilley et al. 2004; Strozzi et al.
2005; Righini et al. 2012, Del Ventisette et al. 2014) and to recon-
struct the history of deformations through PS time-series analysis
(Bovenga et al. 2006; Colesanti & Wasowski 2006; Meisina et al.
2008; Righini et al. 2011). PSI has been also proved to be effec-
tive in detecting surface deformation of wide regions involved in
low tectonic movements (where it is possible to find a consider-
able amount of PS) in various geodynamic environments, includ-
ing orogenic fronts (Biirgmann et al. 2006; Massironi et al. 2009;
Vilardo et al. 2009; Bell et al. 2011; Grandin et al. 2012; Béjar-
Pizarro et al. 2013; Peyret et al. 2013). Besides to the original
Permanent Scatterer technique (PSINSAR™) patented by Ferretti
et al. (2001), many different techniques have been developed to
process multitemporal SAR data stacks such as the Small Baseline
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Subset (SBAS) described by Berardino ef al. (2002) and Lanari
et al. (2004), the SqueeSAR method proposed by Ferretti et al.
(2011) or other methods, see Costantini ez al. (2000), Hooper et al.
(2004), Kampes (2006) and Mora et al. (2003).

In this work, we applied the PS approach (PSIG procedure),
implemented at the Geomatics Division of the Centre Tecnologic
de Telecomunicacions de Catalunya (CTTC; Crosetto ef al. 2011;
Devanthéry et al. 2014), to obtain new insights into the present-
day deformation pattern and anthropogenic subsidence of the sector
between Piacenza and Reggio Emilia (Fig. 1). In this region, satellite
interferometry techniques (DInSAR, SBAS and SqueeSAR™) have
been previously used to analyse the coseismic deformation of the
2012 Emilia seismic sequence (e.g. Bignami et al. 2012; Pezzo et
al. 2013; Tizzani et al. 2013), as well as for studying the Po Plain
subsidence (e.g. Strozzi et al. 2001; Stramondo et al. 2007; Bitelli
et al. 2014; Pezzo et al. 2014). Finally, in order to validate the PSI
measurements we compared our results with GPS data.

2 GEOLOGICAL SETTING AND MAIN
ACTIVE STRUCTURES OF THE
EXTERNAL NORTHERN APENNINES

The study area extends for about 100 km in northwest—southeast
direction between Piacenza and Reggio Emilia, and comprises the
Pede-Apennine margin and a wide part of the Po Plain (Fig. 1). The
Po Plain is a syn-tectonic sedimentary wedge filling the Pliocene—
Pleistocene Apenninic foredeep (Pieri & Groppi 1981; Cremonini
& Ricci Lucchi 1982).The current geological setting of this area
results from the activity of the outer thrusts in the foreland basin
(Pieri & Groppi 1981; Boccaletti et al. 1985, 2004). The latter
shows a monoclinal setting and corresponds to a large and unde-
formed structural element (Mariotti & Doglioni 2000). Along the
Apennines—Po Plain margin, the outcropping rocks belong mainly
to the Messinian evaporites and the post-evaporite succession
(Tetto Formation, Colombacci Formation and Argille Azzurre For-
mation), sealed by the Pleistocene continental deposits of the Po
Plain. The sedimentary sequence of the Po Plain consists of syn-
tectonic deposits, with a general regressive trend that marks the
transition from a marine to a continental environment (Ricci Lucchi
et al. 1982). The continental sequence ends with the deposition of
the Upper Emilia-Romagna Synthem (SERS, Reg. Emilia-Romagna
1998), which mainly consists of fluvial sediments (450 000 yr to
present).

In the study area, three major systems of active structures can
be distinguished, namely (i) the Pede-PTF, (ii) the Emilia folds and
(iii) the Ferrara folds (Figs 1 and 2). The PTF separates the exposed
portions of the Apennine wedge from the structures buried be-
neath the sediments of the Po Plain (Boccaletti et al. 1985; Toscani
et al. 2009). This NE-verging thrust system is rather continuous
and exhibits stacked thrust sheets (Pieri & Groppi 1981). How-
ever, the geomorphic surface expression of the PTF can be iden-
tified only in some zones, such as near Bologna and southwest of
Reggio Emilia (Bonini 2007). Moderate to strong historical and re-
cent earthquakes hit this sector (Fig. 3). Ongoing thrust activity is
suggested by seismic data (Basili et al. 2008; DISS Working Group
2010), SAR interferometry (Stramondo et al. 2007), geomorpho-
logical analyses (Benedetti et al. 2003), as well as by the evolution
of the erosional—depositional system along the Apennines foothills
(Amorosi et al. 1996) and the displacement of Holocene terraces
(Boccaletti ef al. 2004, 2011; Gunderson et al. 2014). The presence
of mud volcanoes along the Pede-Apennine foothills is indicative of
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Figure 1. Structures and subsurface geology of the study area (grey box) (from Bigi ez al. 1983).

large overpressures, which are essential for allowing the movement
along the steeply dipping thrust faults composing the PTF (Bonini
2012).

The Emilia and the Ferrara folds systems are buried below the
foredeep sediments (see cross-sections in Fig. 2), and include a
series of thrusts and related folds that have a typical arcuate shape
in map view (Fig. 1). The large sedimentation rate of the foredeep
was accommodated by a considerable subsidence across the whole
Po Plain, caused by the load of the Northern Apennines tectonic
stack (e.g. Bartolini et al. 1996; Ghielmi et al. 2013). Tectonic
subsidence rate was up to 2-3 mm yr~! (Arca & Beretta 1985;
Carminati & Martinelli 2002; Stramondo et al. 2007; Cuffaro et al.
2010).

Historical and instrumental catalogues (Fig. 3; ISIDe Working
Group 2010; Rovida et al. 2011) show that the seismicity concen-
trates along the buried thrust fronts (Emilia and the Ferrara folds).
The earthquakes registered in the area in recent times are charac-
terized by moderate seismicity and compressive/transpressive focal
mechanism solutions (e.g. Pondrelli ef al. 2006). The main recent
seismic events in the area are the earthquakes of 1996 October 15
(Ciaccio & Chiarabba 2002) and 2012 May 20 and 29 (Pondrelli et
al. 2012). Seismicity is not evenly distributed, but increases from

west to east, following the similar increase in the convergence rates
across the whole Po Plain suggested by geodetic, seismological and
tectonic evidences (D’ Agostino ef al. 2008; ISIDe Working Group
2010; Rovida et al. 2011; Maesano et al. 2015). In particular, the
cumulative slip rate (calculated over the past 1.81 Ma) are ~0.70
mm yr~! and 0.95 mm yr~! for the Emilia and the Ferrara thrust
front, respectively. Such an eastward increase in the strain rate (see
also Boccaletti et al. 2011) matches the GPS observations, which
document an increase of shortening from about 0.5 mm yr~! across
the western Emilia thrust front to about 2.4 mm yr~! across the Fer-
rara thrust front (Michetti et al. 2012; Maesano et al. 2015) as well
as the number of historical earthquakes and the released seismic
moment (ISIDe Working Group 2010; Rovida et al. 2011; Burrato
et al. 2012; Vannoli et al. 2015).

3 PSI TECHNIQUE: KEY ISSUES

The Persistent Scatterers Interferometry technique takes advantage
of long temporal series of SAR data, acquired over the area of inter-
est along the same satellite orbit, to filter out atmospheric artefacts
and to identify points, that is, PSs, where high-precision measure-
ments can be carried out. PSs are points on the ground (buildings,
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Figure 2. Transverse geological cross-sections of the external Northern Apennines (modified from Pieri & Groppi 1981). The traces of cross-sections are
indicated in Fig. 1. Q: Quaternary; Plms: Upper Middle Pliocene; Pli: Lower Pliocene; Ms: Upper Miocene; Mm: Middle Miocene; Mi: Lower Miocene; PG:
Paleogene; Mz: Mesozoic; L: Liguride.

20 May 2012

&
'IEDI'.'-.'E:II:(_IIET'15‘35‘
[

-
]

Instrumental  Histarical
earthquakes earthquakes
Magzmtuda Magnitude
Ml" } M :
e 30-35 - -
® 35-40 T
O 40-45 1 40-45 #
0 45-50 [Jas-50 ga
O s50-55 [ls0-55

()ss-80 []ss-s0 2

Figure 3. Seismotectonic map of the study area. The main structural elements are modified from the Structural Model of Italy (Bigi et al. 1983). Earthquake
epicentres between 1985 and 2015, instrumentally recorded by the Istituto Nazionale di Geofisica are represented by green shades circles (ISIDe catalogue;
http://iside.rm.ingv.it). The ISIDe catalogue contains instrumental earthquakes with different magnitude scales (i.e. My, My and My,). Historical events (M)
are indicated by blue shades squares (CPTI11 catalogue, http://emidius.mi.ingv.it/CPTI11/; Rovida et al. 2011). Black crosses represent the orientation of
the minimum horizontal stress (Sh min) deduced from breakout and focal mechanism analysis (Montone ef al. 2012). Focal mechanisms are deduced from
Regional Centroid Moment Tensor (RCMT, Pondrelli et al. 2006) and from the Quick RCMT online project of the Italian Istituto Nazionale di Geofisica e
Vulcanologia (INGV) (available at: http://autorcmt.bo.ingv.it/quicks.html).
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Figure 4. Flow chart representing the general scheme of the used PSI data analysis procedure.

rocks, etc.), which show a stable interferometric phase behaviour
over time, that is, do not change their signature with time. PSs there-
fore can be used to estimate motion of the ground surface along the
satellite LOS (about 23° tilted from the vertical axis for Envisat
satellite). Very high PS densities are concentrated in urban environ-
ments, while low density occurs in agricultural landscape, vegetated
area and in zones affected by foreshortening, layover and shadowing
effects on the related SAR images. PS velocity values are relative to
areference point, chosen within the PS data set, which is considered
stable. The precision of the resulting velocity estimates can range
from 0.1 to 1 mm yr~! depending on the dispersion of amplitude
(DA) of a specific PS pixel (Ferretti et al. 2007), as well as on the
linearity of the movement that we are measuring, and decreases with
distance from the reference point.

In this work, the PS approach implemented at the CTTC has
been applied. The main steps of the procedure are shown in Fig. 4.
Crosetto et al. (2011) provide a detailed description of the proce-
dure. However, for sake of completeness, here below the key aspects
of'the applied approach for the particular case study of this work are
briefly discussed. The starting point is a set of N single look com-
plex SAR images from which a set of M interferograms is calculated
(M > N).

e Point selection: The point selection criterion is based on the
DA. The DA index is a statistical parameter that evaluates the tem-

poral variability of the scatterer response for each point and can
be used to evaluate the phase noise (Ferretti et al. 2001). The PS
analysis was applied to points with DA lower than 0.3.

e Atmospheric phase and orbital error components estimation
and removal from the original interferograms: This step consists in
the estimation and removal of the APS (Atmospheric Phase Screen)
contribution to the phase. It is performed by applying a sequence
of spatial and temporal filters based on the assumption that the
atmospheric component is characterized by smooth spatial phase
gradients and a random behaviour in time. Moreover the PSI defor-
mation velocity maps can be affected by tilts, which can be caused
by uncompensated orbital errors, by the Envisat oscillator drift
(Fattahi & Amelung 2014) and by the effect of the reference frame
(Béhr et al. 2012), or uncompensated low-frequency atmospheric
effects (e.g. see Bateson ef al. 2010). These effects would result
in a phase ramp, having a corresponding effect in the deformation
time-series, and therefore they have been estimated and removed
during the PSI analysis.

e Linear deformation velocity and RTE estimation over the at-
mosphere free interferograms: This step provides for each selected
point three parameters: (i) the deformation velocity using a linear
model of the deformation during the measured period and with
respect to a reference point, (ii) the height of each measured PS
with respect to the DEM used to calculate the network of differen-
tial interferograms (residual topographic error or RTE) and (iii) an
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Table 1. List of the used Envisat descending images (spanning from 2004
September and 2010 September).

Number of Date of Number of Date of
images acquisition images acquisition

1 2004 September 30 18 2007 August 16

2 2004 November 4 19 2007 October 25

3 2004 December 9 20 2007 November 29
4 2005 January 13 21 2008 January 3

5 2005 February 17 22 2008 March 13

6 2005 April 28 23 2008 May 22

7 2005 July 7 24 2008 July 31

8 2005 September 15 25 2008 October 9

9 2005 November 24 26 2008 December 18
10 2006 February 2 27 2009 February 26
11 2006 April 13 28 2009 July 16

12 2006 June 22 29 2009 September 24
13 2006 August 31 30 2009 December 3
14 2006 November 9 31 2010 February 11
15 2007 January 18 32 2010 April 22

16 2007 March 29 33 2010 July 1

17 2007 June 7 34 2010 September 9

associated statistical parameter named temporal coherence ranging
between 0 and 1 that evaluates the agreement between the observed
interferometric phases (interferograms) and the linear deformation
model. In this work, only the points with temporal coherence higher
than 0.7 have been used. Although this rather high threshold can
drive to a critical loose of measurements in areas affected by strong
non-linear deformations, the authors consider that this is not a crit-
ical issue for this study, because we are interested mostly on linear
deformation pattern. An in-depth description of the algorithm used
to estimate the velocity and the RTE can be found in Biescas et al.
(2007).

e 2 + 1D phase unwrapping: In this step, the deformation time-
series are derived. It consists in two steps: a 2-D phase unwrap-
ping, performed interferogram wise which aims to solve the 27
ambiguity (due to the fact that the interferometric phase is mea-
sured modulo 277) adding the correct integer multiples of 27, and
a temporal 1-D phase unwrapping. This procedure is described in
detail in Monserrat (2012) and Devanthéry (2014). Note that in
this step, the contribution of the RTE and the atmosphere has been
removed from the original interferograms in order to derive the
deformation measurements. The result of this step is, for each se-
lected point, the temporal evolution of the phase along the measured
period.

For our study, we selected 34 Envisat images in descending ac-
quisition geometry (track 437 and frame 2709), spanning from 2004
September to 2010 September (Table 1). We computed a large num-
ber of all theoretically possible pairs (about 300 interferograms),
setting a maximum threshold for the perpendicular baselines of
500 m. The major part of the topographic phase has been removed
by using the 90-m pixel size SRTM DEM.

The procedure delivers two major outputs: the deformation ve-
locity map that provides the deformation rates in millimetre per
year for each measured PS, and the deformation time-series de-
scribing the PS behaviour during the measured period. Finally, we
geocoded the data and represent the deformation velocity map by
averaging pixels within an area of 100 m x 100 m. In Fig. 5,
the number of PSs included in each pixel of 100 m x 100 m is
shown.

Ground deformation in the Po Plain 1445

4 DATA ANALYSIS

Fig. 6 shows the PSI linear deformation velocity map of ground
movements of the PSs projected onto the satellite LOS. The ref-
erence area has been selected at Collecchio, where a GPS station
(COLL) measured no significant deformation between 2007 and
2014. The reference area has been obtained averaging the PSs val-
ues within ~200 m radius. The linear deformation velocity map is
characterized by a high density of PSs in the cities and in the urban
settlements, while PSs density gradually degrades outside. This can
be explained by the frequent surface changes due to agricultural
activities in the Po Plain, which affect the temporal correlation of
the SAR signal.

The velocity map (Fig. 6) shows some clear patterns ascribable to
different phenomena. The red zones (negative values) have moved
away from the satellite and the blue parts of the map (positive values)
indicate zone that moved toward the satellite. Although in principle
every deformation acts in three dimensions (e.g. Samieie-Esfahany
etal.2010), we assume a mainly vertical deformation, given that the
LOS is inclined at an angle close to the vertical and the horizontal
displacements are significantly underestimated. This implies that
the red zones are indicative of subsidence, while the blue zones
indicate a relative ground uplift. Given the sensitivity of the sensor
and the standard deviation analysis of the velocity values for the
stable areas, the values of velocity between —1 and 1 mm yr~! have
been substantially considered as stable (green colour).

The time-series for each PS have been computed to estimate the
temporal evolution of the deformation. In particular, the time-series
show the relative LOS displacement of each PS relative to the first
image. The analysis of the displacement time-series have also been
useful for the comparison with GPS data (for a description of the
time-series results, see the following Section 4.1).

4.1 PSI and GPS data comparison

Owing to the capability to detect millimetric displacements over
long periods and large areas, advanced DInSAR techniques can be
considered complementary to conventional techniques (levelling,
GPS) for monitoring ground movements. Moreover, most of the PSI
validation activities were based on the comparison of deformation
velocities and time-series with estimations acquired by levelling or
GPS measurements (Hanssen et al. 2008; Crosetto et al. 2016).

In particular, advanced DInSAR analyses make it possible to ob-
tain very precise vertical displacement results on a dense network of
measurements point, without installing any ground equipment. The
integration of different methodologies have been widely employed
to map land deformation in different contexts, such as tectonic as-
sessment (e.g. Biirgmann et al. 2006; Wright et al. 2012; Peyret et
al. 2013; Fuhrmann et al. 2015), volcanic activity (e.g. Pagli et al.
2006; Lagios et al. 2013) and subsidence phenomena (e.g. Zerbini
et al. 2007; Bock et al. 2012; Caro Cuenca et al. 2012).

In order to improve the reliability of the outcomes shown in the
previous paragraph, we compared the PSI results with those derived
from the analysis of the permanent GPS stations that are present
in the study area (Fig. 7). The GPS benchmarks occur at Parma
(PARM) and Reggio Emilia (REGG) cities and in the Collecchio
(COLL) and Gualtieri (REO1) towns (Fig. 8a; Baldi et al. 2009,
2011; Cenni et al. 2013).

The daily position time-series of these four sites have been esti-
mated (together with several permanent stations located in the Ital-
ian peninsula and surrounding regions) with the method described
in Cenni ef al. (2013). The GPS time-series result from a series of
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Figure 5.
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Figure 6. PS linear velocity map in the satellite LOS, from Envisat archives in descending orbit. The reference zone of the PSI linear deformation velocity is
also shown (black star). The data have been plotted onto a shaded relief from a 10 m pixel Digital Terrain Model provided by the Regione Emilia-Romagna.
Isobaths of SERS (Upper Emilia-Romagna Synthem) are modified form Boccaletti et al. (2004).
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Figure 7. Comparison between the PSI and the GPS time-series (from 2004 September to 2010 September) projected along the satellite LOS, taking site

COLL as reference.

coordinate components (north, east and vertical) of the site position,
cleared up for outliers and steps due to instrument changing or/and
earthquakes (see Cenni et al. 2012, 2013 for the processing details).

In order to compare the PSI time-series with the GPS ones, the
latter have been projected along the Envisat LOS in descending
geometry.

As stated earlier, owing to its roughly stable pattern, the area
around site Collecchio (Cenni et al. 2012, 2013; COLL in Fig. 8a)
has been chosen as reference area (supposed motionless) for the PSI
data processing. In order to refer SAR and GPS at the same reference
point, we subtracted the north, east and vertical components of site
COLL from each of the remaining GPS stations included in the
study area. Successively, we compared the LOS GPS time-series of
these stations obtained through this procedure with those estimated
from the PSI data (Fig. 7). The PSI time-series shown in Fig. 7
represent the average of the pixels closest to the GPS stations,
within an area of 200 m x 200 m around the estimated position of
the GPS receiver, as it may be difficult to identify a radar target in
the same location of a GPS station. It is worth noting that the GPS
time-series also contain a periodicity, which is not evident in the PSI
time-series. This periodicity may be due to the characteristics of the
substrate or to the characteristics of the mount of the GPS antenna.
Periodic effects in GPS time-series may be related to temperature,

rain or atmospheric loading effects (Davis et al. 2012). Seasonal
differences between winter and summer may, for instance, result in
thermal expansion of the mount of the antenna.

The pattern of the GPS and PSI time-series are well compa-
rable. Specifically, the PARM and the REGG time-series show
a good agreement (Fig. 7). A lower correlation exists for the
REO1 time-series (Fig. 7). The PSI time-series is rather noisy
and may be influenced by some issues affecting the quality of
the data: the REO1 station is indeed located on the edge of the
frame, where the spatial filter used to remove the atmospheric er-
ror may not have correctly operated. Also, in this area the number
of PSs is lower in comparison to the areas around the other GPS
stations.

4.2 PSI results overview and interpretation

In order to better observe the areas affected by ground deformation
and to interpret the results, we have interpolated the velocity values
to obtain an iso-kinematic map (Fig. 8a). In order to prevent extrap-
olation, the isolated (hence noisy) points have been excluded from
the interpolation. Therefore, all the points over a distance >1.5 km
from the neighbouring point have been filtered. The iso-kinematic
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Figure 8. (a) Interpolated LOS linear deformation velocity map (Kriging method). The GPS stations REO1, COLL, REGG and PARM are indicated in blue;
for SERS isobaths legend, see Fig. 6. The dashed boxes (~3.3 km wide) contain the velocity points used to build the LOS velocity profiles of Fig. 10. (b)
Frequency histogram showing the statistical distribution of velocity values and the classification criterion of the PS velocity values.

map was derived in GIS environment by using the geostatistical
Kriging technique. This interpolation method predicts the value at
a given point by computing a weighted average of the known values
in the neighbourhood of the unknown point. The weights used for
the average depend on the spatial relationships between the mea-
sured values in the neighbourhood of the unknown point. We adopt a
spherical semi-variogram model, with an interpolation search radius
of 200 m, which has been chosen iteratively. The velocity values
were subdivided into four classes to highlight the ground deforma-
tion patterns (see histogram in Fig. 8b). In order to interpret the
possible causes of the observed ground deformation, the PSI results
were compared with the geological, tectonic and seismological data
available in literature.

We observe negative values of velocity that correspond to strong
subsidence patterns in a wide area of the Po Plain, located in the east-
ern part of the study area, particularly around the cities of Reggio
Emilia, Correggio and Carpi. The detected maximum subsidence
rates are, respectively, —12, —14 and —13 mm yr~'. The subsi-
dence detected in the eastern part of the study area is a well-known
phenomenon, which had already been highlighted by other studies
(Strozzi et al. 2001; Carminati & Martinelli 2002; Stramondo et
al. 2007, Baldi et al. 2009, 2011; Bock et al. 2012; Bitelli et al.
2014). The subsidence in the Po Plain is due to both natural and
human-induced causes. Natural subsidence is the result of sediment
compaction and loss of interstitial fluids produced by loading and
tectonics. The detected amount of such displacement is of the order
of 2-5 mm yr~! in the area close to the piedmont Sabbiuno anti-
cline, nearby Bologna (Stramondo et al. 2007). The human-induced
causes can be identified in the hydrocarbon and groundwater ex-
traction, producing sediment compaction with at least one order of
magnitude higher than that due solely to long-term natural processes

(Carminati & Martinelli 2002). Near Bologna, industrial and agri-
cultural activities lead to a larger exploitation of water resources,
and therefore the surface subsidence rates reaches 40-50 mm yr™!
(Stramondo et al. 2007). It is possible that a tectonic subsidence
signal may also exist in the study area, but the remarkable negative
velocity values (13—14 mm yr~! of subsidence) are dominantly at-
tributable to the exploitation of water resource. More specifically,
this pattern is mainly concentrated where the thickness of soft sed-
iment is greater (i.e. at the towns of Correggio and Carpi) and the
depth of the base of Pliocene increases (Figs 6 and 8a), particularly
in correspondence of the large syncline south of the Ferrara arc
(Fig. 1).

Our results were also compared with the vertical surface velocity
map of the Po Plain sector of the Emilia Romagna Region for the
period 2002-2006, created through the use of Envisat and Radarsat
data (Bissoli et al. 2010; http://www.arpa.emr.it/) and with the up-
dated regional subsidence map for the period between 2006 and
2011, obtained with the integrated use of continuous GPS stations
and SqueeSAR™ analysis of Radarsat images (Bitelli ez al. 2014).
Both the shape of the areas subjected to subsidence, and the detected
mean velocity values (e.g. from —12.5 to —17 mm yr~! of subsi-
dence in the towns of Correggio and Carpi) are well comparable to
our results (i.e. 13—14 mm yr~! of subsidence).

A relative uplift pattern has been detected in several zones of the
study area, where the deformation velocities are moderate and range
from 1 to ~2.8 mm yr~' (Fig. 8a). Interestingly, most of the uplift
areas occur in correspondence of structures belonging to the main
thrusts systems described above, particularly the PTE, the Emilia
and the Ferrara folds. Given this spatial coincidence, we infer a
correlation between the activity of some thrust-related anticlines
buried below the Po Plain deposits and the surface deformation
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Figure 9. PSI time-series of the uplift zones in the analysed time span (from 2004 September to 2010 September). The filtered time-series are obtained through

an average moving window with six samples.

pattern immediately above these structures (Fig. 8a). Pezzo et al.
(2014) studied a wide area in the Po Plain through the use of ERS,
Envisat and COSMO-SkyMed images processed with the SBAS
technique. Importantly, they observed a rough correspondence be-
tween the growth anticline and the positive velocity values. Our
study area overlaps with the velocity map of Pezzo ef al. (2014)
between Parma and Reggio Emilia, and we find a good agreement
for most of the observed ground deformation. In addition, most of
the uplifting areas over the Emilia folds detected in this study have
been also reported as local zones of tectonic uplift in the geomor-
phological map of Castiglioni et al. (1997).

Fig. 9 shows the time-series of the uplift zones, representing the
LOS motion component of PSs as a function of time. The time-series
were calculated as an average of the four pixels centred in each zone
of uplift (i.e. the time-series were averaged on an area of 200 m x
200 m) in order to represent the general deformation pattern of each
uplift zones. Most of the time-series have an approximately linear
trend with constant angle of slope (that represents the mean velocity
value), indicating a roughly constant movement towards the satellite
during the six years of measurements. Such patterns may represent
a relatively slow tectonic movement, although other movements in-
volving the superficial layers of the subsoil may superimpose on
the tectonic signal. Specifically, the cessation or a significant re-
duction of water pumping (e.g. Gambolati & Teatini 2015) could
be invoked to explain the origin of the ground uplift movement in
the surveyed areas. The uplift induced by the groundwater recov-
ery after long-term intensive pumping originated from relaxation of
elastically compressed aquifer materials (elastic rebound; Allen &
Mayuga 1969; Waltham 2002; Martin ef al. 2014) has been moni-
tored through InSAR technique (Schmidt & Biirgmann 2003; Bell
et al. 2008). This phenomenon is characterized by a transition from
subsidence to uplift (Chen et al. 2007), as reported in Venice, Italy
(e.g. Gatto & Carbognin 1981). This specific trend is not present in
the time-series (Fig. 9), nor it is reported in literature for the study
area, and thus we have no evidence to support this hypothesis.

Another anthropogenic factor that may cause ground uplift may
be related to underground gas storage. The storage of natural gas
can be realized in depleted gas fields, which are present in the inves-
tigation area. However, the concession areas of storage shown in the
map of the mineral rights in force of the Emilia Romagna (downl
oaded at http://unmig.sviluppoeconomico.gov.it/unmig/cartografia/
cartografia.asp; updated to 2013 August 31) do not correspond to
those affected by uplift, and therefore this possibility can be ruled
out.

The zones affected by uplift are described below by reference to
the main thrusts systems:

e Pede-Apennine thrust front: The surface deformation pattern
of the morphological boundary between the Apennine and the Po
Plain is characterized by a stable setting during the investigated time
span (2004-2010). There are however some important exceptions,
particularly the town of S. Giorgio Piacentino, in the westernmost
part of the study area, is characterized by an uplift pattern covering
an area of ~30 km?, reaching a maximum velocity of about 2.8
mm yr~! (Figs 6 and 8a). These uplift values are in agreement with
the vertical surface velocity map of Bitelli et al. (2014), which in-
dicate for this area values between 2.5 and 5 mm yr~'. As shown
in Figs 6 and 8(a), the ‘S. Giorgio Piacentino uplift zone’ is located
over the hangingwall of a thrust fault. Moderate negative velocity
values (mean of about —2 mm yr~') are instead detected at the Taro
Valley and around Salsomaggiore. This pattern may be related to a
deformation (pumping-induced subsidence due to the compaction
of the river sediments) or rather to a residual atmospheric distur-
bance due to the particular location of this zone, which is between
the hilly region and the plain, at the border of the study area. Owing
to these conditions, the spatial filter used to remove the atmosphere
component might have not worked correctly, therefore we have not
enough information to discard the presence of an atmosphere dis-
turbance.

e Emilia folds: A relatively large area (approximately 45 km?)
of the Po Plain between Parma and Fidenza shows an uplift pattern
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that ranges from 1.3 to 2 mm yr~! (Figs 6 and 8a). This area also
includes the small village of Fontanellato and is here referred to as
‘Fontanellato uplift zone’. Several thrust faults in this area form a
morphological high (Bigi ez al. 1983) and some faults are considered
to be active (Boccaletti et al. 2004, 2011). This sector is however
essentially devoid of instrumentally recorded earthquakes, while it
was hit by the historical earthquake of 1438 (M,, =~ 5.6, Guidoboni
et al. 2007) (Fig. 3). These faults affect the sedimentary succession
up to the most recent levels, as illustrated in the interpreted seismic
profile 1-1" (Fig. 10a), in which the SERS reflectors are clearly
deformed.

Cross-section A—A’ in Fig. 10(a) represents an LOS velocity
profile traced parallel to the seismic section 1-1'. The velocity
profile has been projected onto the seismic line (about 3 km to the
west) along the structural strike, that is, the mean trend of the thrust
faults. The underground structural setting in correspondence of the
velocity profile is supposed to look similar to the seismic section.
The velocity profile A—A’ across the ‘Fontanellato uplift zone’ is
shown by plotting all the measuring points lying inside a 3.3-km-
wide strip (dashed box in Fig. 8a), parallel to cross-section A—A’.
The comparison between the LOS and the seismic profiles shows
that the ‘Fontanellato uplift zone’ coincides with the crest of the
buried thrust anticline (Fig. 10a).

The Monticelli village and surrounding areas (Figs 6 and 8a) are
affected by uplift from 1.6 to 2 mm yr~!. This zone is clearly located
at the top of a thrust anticline that represents a morphological high
of the substrate, such that the Quaternary sediments are here only
10 m thick (Petrucci et al. 1975; Calda et al. 2007). The Monticelli
anticline is connected with an active thrust fault (Boccaletti et al.
2004), and is well imaged along a seismic reflection profile 2-2’
(Fig. 10b). In particular, the Monticelli uplift zone occurs over
the same thrust imaged in the seismic line 2—2’, which is situated
almost 5 km to the east. Cross-section B-B’ in Fig. 10b (obtained
using the same procedure as for section A—A") illustrates an LOS
velocity profile along a transect crossing the Monticelli anticline,
and parallel to the seismic section 2—2'. The comparison between
the LOS profile and the seismic section shows that the ‘Monticelli
uplift zone’ corresponds to the crest of the thrust-related anticline
(Fig. 10b).

An uplift zone of ~30 km? occurs east-southeast approximately
along the same structure near Cavriago and in the southwestern part
of Reggio Emilia city. In this sector, ground uplift ranges from 1 to
1.8 mm yr~!, and occurs over an area close to a NW-SE trending
thrust system. A number of historical earthquakes struck the Reggio
Emilia city, the largest of which was the M,, = 5.14 of 1547 (Fig. 3;
Guidoboni et al. 2007). It is possible that the structures producing
the current uplift are the same that originated the historical earth-
quakes. Finally, a moderate uplift signal affects the northwestern
part of Parma.

e Ferrara folds: Although the area of study comprises only the
western part of the Ferrara arc, it is worth noting that some sig-
nals of uplift (up to 1.5 mm yr~') occur in correspondence to the
arcuate-shaped main thrust front at the town of Novellara. Several
instrumental and historical earthquakes are reported in this zone
(Fig. 3), and together with geomorphic data mentioned in the previ-
ous paragraphs (Castiglioni et al. 1997; Burrato et al. 2003; Scrocca
et al.2007; Boccaletti et al. 2011), indicate that this structure is po-
tentially seismogenic.

To summarize, the PSI results reveal that some buried thrust
anticlines along the Pede-Apennine margin and Po Plain are
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characterized by surface uplift. In these structural settings, ground
uplift is often taken as evidence for ongoing tectonic activity (e.g.
Massironi et al. 2009; Champenois et al. 2012; Grandin et al. 2012;
Perrone et al. 2013; Peyret et al. 2013). This interpretation is in good
agreement with the geological, seismological and morphological ev-
idence supporting the activity of these structures (e.g. Benedetti et
al. 2003; Burrato et al. 2003; Boccaletti et al. 2004, 2011; Basili
et al. 2008). The areas of surface uplift are also characterized by
historical and current seismic activity. In particular, the macroseis-
mic epicentre of several historical earthquakes are localized along
the Emilia folds, and partly along the Ferrara folds. The instru-
mental earthquakes are instead rather infrequent along the Emilia
folds, whereas the Ferrara folds show large clusters that followed
the main seismic events of 1996 October and 2012 May. On the
basis of these observations, a working hypothesis may involve that
the active Emilia and Ferrara thrust folds would be characterized
by interseismic periods basically dominated by aseismic creep. The
analysis of the 2012 seismic sequence apparently corroborates this
possibility, in that the area above the thrust fault rupture was uplift-
ing before the earthquake, but it was essentially devoid of previous
instrumental events. In particular, the analysis of the deformation
maps of Pezzo et al. (2014) and of Bitelli er al. (2014) reveals
that the areas above the thrust faults that ruptured on 2012 May
20 and 29 (just outside our area of study) were slightly uplifting in
the period 1992-2010, prior to the earthquakes. Cenni ez al. (2013,
2014) identified minor uplift of the order of ~0.5 mm yr~! in the
zone of Mirandola through GPS data, for the period 2001 January
1-2012 April 30. Also the GPS vertical velocities map of Devoti et
al. (2011) indicate minor positive values for this area. On this basis,
a preliminary interpretation of the 2012 earthquake sequence would
be that fault rupturing was preceded by aseismic uplift. The lessons
from the latter case may suggest that the nowadays uplifting thrust
folds discussed in this study may exhibit a similar behaviour, even
though we cannot establish whether these will accommodate defor-
mation through aseismic creep or through episodic earthquakes. A
further possibility that we should take into account to explain the
aseismic ground uplift above anticlines would be connected to fold
amplification mechanisms (e.g. fault-propagation folding).

5 CONCLUSIONS

The Pede-Apennine margin of the Northern Apennines and the
southern part of the Po Plain are tectonically active areas. This
work has attempted to correlate the superficial deformation signals
measured by radar satellite-based sensor with the known geological
features. On the basis of the analysis of both the linear deforma-
tion velocity maps and the PSI time-series, the ground deformation
has been analysed over a wide sector of the Po Plain, specifically
between Piacenza and Reggio Emilia. The PS analysis reveals an
important subsidence area, which is primarily linked to the ex-
ploitation of water resources. The areas subjected to the maximum
velocities of subsidence approximately coincide with a large syn-
form south of the Ferrara arc, where the sedimentary package is
thicker. The results also revealed some areas of relative ground
uplift with velocities ranging between 1 and 2.8 mm yr~!. The up-
lift deformation zones are mostly located in correspondence of the
belts of subsurface active thrust folds, and thus we hypothesize a
correlation between the observed uplift deformation pattern and the
growth of the thrust-related anticlines. As the uplift pattern corre-
sponds to known geological features, it can be used to constrain the
seismo-tectonic setting. However, ground uplift has been detected in
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correspondence of only a number of active thrust folds. Since thrust
fold activity is likely to be episodic, the short time span of analysis
may allow to capture only a part of the ongoing deformation. The
ongoing uplift identified for some thrust folds does not imply that
this will necessarily lead to an earthquake, yet the results of the cur-
rent analysis should be taken into proper account when evaluating
the seismic hazard of the study region. In this regard, Sentinel-1
satellites will provide new high-quality data (i.e. improved SAR
data availability, larger coverage and shorter temporal sampling)
for developing and testing models of the earthquake preparation
processes, which will generate a strong increase in the observation
of crustal deformation worldwide (e.g. Tolomei et al. 2015).
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