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Abstract: We present a detailed map of ground movement in Italy derived from the combination
of the Global Navigation Satellite System (GNSS) and Satellite Synthetic Aperture Radar (SAR)
interferometry. These techniques are two of the most used space geodetic techniques to study
Earth surface deformation. The above techniques provide displacements with respect to different
components of the ground point position; GNSSs use the geocentric International Terrestrial Reference
System 1989 (ITRS89), whereas the satellite SAR interferometry components are identified by the Lines
of Sight (LOSs) between a satellite and ground points. Moreover, SAR interferometry is a differential
technique, and for that reason, displacements have no absolute reference datum. We performed
datum alignment of InNSAR products using precise velocity fields derived from GNSS permanent
stations. The result is a coherent ground velocity field with detailed boundaries of velocity patterns
that provide new information about the complex geodynamics involved on the Italian peninsula and
about local movements.

Keywords: geodesy; geodynamics; GNSS; SAR; DINSAR; Persistent Scatter Interferometry;
calibration

1. Introduction

GNSSs and radar interferometry are the most common space geodetic techniques used to study
ground and Earth crust deformations. The first GNSS networks were installed in the early 1990s,
and since that time they have recorded a collection of long-term high-quality data around the world
that contribute to the definition of accurate geodynamic modelsand a consistent basic infrastructure
for accurate positioning systems [1-3]. Radar interferometry from space has provided very accurate
observations of the Earth since 1992. It proves useful for mapping ground movement for detecting
deformations such as landslides and subsidence [4-7]. Maps of surface deformations provide useful
information to local authorities who are planning safe and durable infrastructure as well as for
mapping risks to existing infrastructures. Landslides are a natural hazard of special relevance in
mountain regions and hilly areas and produce severe damage to human lives and infrastructure.
The European remote sensing satellites ERS and ENVISAT can provide radar image that allows the
detection of deformations to within centimeters, which are made available for mapping and monitoring
ground movements [8]. By combining two or more radar images of the same area, positional changes
are revealed. This technique, which is called Differential Interferometric Synthetic Aperture Radar
(DInSAR), has been improved by deformation analysis uses two main categories of backscatter:
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Persistent Scatterers (PS) and Distributed Scatterers (DS). While PS [9,10] are point solutions of sparse
ground targets characterized by the long-term stability of the electromagnetic spectral backscattered
signal and high reflectivity, DS [11,12] possess a medium-low electromagnetic spectral back-scatter
signals derived by the reflection of a homogeneous group of pixels. PS and DS are both differential
methods; all the SAR images involved in the determination of DInNSAR displacements are aligned
using reference points that are supposed to be stable and unmoving and by imposing the maximum
coherence between pairs of SAR images. For that reason, the DINSAR technique is ideal for local
movements such as landslides [13], but it is not ideal for studying larger areas involved in phenomena
such as subsidence and uplift zones. In the study of a large area, it is necessary to geo-reference a
DInSAR using GNSS permanent stations displaced in the area of study or around it. GNSSs provide
Cartesian geocentric coordinates in the International Terrestrial Reference Frame and GNSS velocity
vectors can be transformed to the local system established at each site such that the vertical axis is
normal to the international ellipsoid (GR80), the horizontal plane is perpendicular to the normal,
and north is orientated in the meridian direction passing through the site. A similar transformation
should be applied to DInSAR to project the measurements along the LOS directions (descending and
ascending orbits) to horizontal and normal components. In the last years, some studies have been
conducted to combine the two techniques over of small areas and local phenomena such as tectonic
slips, landslides, and subsidence [14-16]. We present a robust method to validate DInNSAR with GNSS
based on geospatial statistical analyses to determine the first map of ground movements of the whole
Italian peninsula at a fine scale.

2. Area of Study—The Italian Geological Framework

Italy is placed in the middle of the recent extensional Western Mediterranean domain, the basins
of which are paved with extended continental crust and Neogene oceanic crust emplaced in a
marginal basin-like tectonic environment and the far older Eastern Mediterranean domine, which is
characterized by Mesozoic oceanic crust that represents the last remnant of the ancient Tethys ocean
crust (Figure 1). From the Upper Eocene, the complex formed by Corsica-Sardinia, Calabria and the
Western side of the Apennines split from Europe along the current French and Iberian coasts, which
also triggered the exhumation of the deep crust of the Western Alps [17]. This anti-clockwise rotation
was related to roll-back of the subjacent Ionian slab and back-arc extension because opening occurred
at a higher speed than that of the Africa-Eurasia convergence (more than 30 mm/a vs. 10-20 mm/a).
The opening of the Liguro-Provencal basin decoupled the alignment of Sardinia with the Balearic
Islands. Its opening ceased when the splitting-off movement of Sardinia, Corsica, and the Northern
Apennines became impossible due to the resistance of the Adriatic plate crust in the east, and expansion
continued in the southern sector with the splitting-off of Calabria from Sardinia and the opening of the
Tyrrhenian Sea during the last 5-6 Ma. This change is testified by strong modifications of the Sardinian
volcanism [18]. The end of the roll-back in the Northern sector triggered the breakup of the slab; now,
the fossil slab of the Northern Apennine reaches a depth of only ~300 km and remains connected to
the surface [19], but it is now separated from the Calabrian slab by a several hundred kilometre wide
gap. This gap can be referred to as the result of a lateral tear [20] or a subduction transform fault [21].
In addition, to the north of the Calabria, there is no slab at present. Thus, the Calabrian slab is limited
by two tectonic lines along which huge volcanic activity has occurred (Palinuro seamount chain) or
continues to occur (Etna and Vulcano) [22]. The roll-back ended 700 Ka, since the Calabro—Peloritan
arc also crashed against the northern Greece crust. Now the deformation occurs in the Ionian Sea off
Calabria, and it is a matter of debate whether the residual 2 mm/a movement of the area is related
simply to a slowdown of the rollback [23] or to gravitational collapse of the upper part of the thickened
Calabrian crust [24].
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Figure 1. Map of individual seismogenic sources in the Alpine Mediterranean area provided by
Database of Individual Seismogenic Sources DISS [25]. Active faults are shown with red lines, active
folds in orange. Composite seismogenic sources (formerly seismogenic areas) represented with the

coupling of orange and red stripes are based on geological and geophysical data and are characterized
by geometric (strike, dip, width, depth) and kinematic (rake) parameters.

3. Current Tectonics of Italy

In Northern Italy, Austria and the Balkan Peninsula, the indentation of the Adriatic plate into
Eurasia has decoupled the Carpathic sector from the Eastern Alps [26]. This movement remains
ongoing and is the cause of the compressional seismicity along the southern edge of the chain from
Lombardy to Friuli and the extrusion of a wide area from Southern Austria to Slovenia that is
accommodated by an array of transcurrent faults [27]. Italy is also affected by the fragmentation
of the Adria plate in three distinct parts—western, north-eastern and south-eastern [28]—thus the main
seismic belts are placed along the limits of those three subplates; because NE and SE Adria display a
larger E component of velocity and slower N component with respect to Western Adria, where the
limit of W Adria has a NS trend (Central Apennines), the seismicity is related to extensional faulting,
and where the chain is NW-SE-directed, seismicity is related to the activity of thrusting. The seismicity
of the Central Adriatic Sea instead is related to the movements between NE and SE Adria. West of
Lombardy, the background seismicity is far lower than in the Apennines chain, but the historical record
also shows destructive earthquakes in that area, especially in the Maritime Alps sector from the Po
plain and Ligurian sea to SE France. In Northern Sicily, Africa pushes on the Thyrrenian crust, giving
rise to a compressional belt that extends into the Sicilian submerged platform, whereas the sea south
of the island shows extensional movements.

4. Comparison of Techniques

GNSS and SAR techniques present complementary characteristics. GNSS data recorded by
permanent stations are continuous in time and have high temporal and low spatial resolutions. SAR
presents a low temporal solution due to period of orbital cycle of the satellites and a high number of
point solutions. Furthermore, their sensitivities to the components of ground movements are different
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and complementary; SAR has a higher precision but a lower accuracy to vertical motion than GNSS.
The latter provides accurate measurements in both horizontal components, whereas SAR detects
only movements along the east-west direction that are of lower precision than those of GNSS. Any
information regarding movements along the north-south direction could be difficult to be obtained
with SAR because they are almost parallel to the satellite orbit, and then their projection along the LOS
is negligible for ascending and descending orbits.

GNSS permanent networks were developed in the early 90s to realize an Earth geodetic reference
system. Combined with other geodetic technologies such as VLBI, SLR, and DORIS, GNSSs play an
important role for the determination and distribution of International Terrestrial Reference Frame
(ITRF) products, which are the realizations of the International Terrestrial System (ITRS). Currently,
a high number of networks with good distribution is covering many regions, including the Italian
peninsula, which is the study area of the present research.

Persistent Scatters Interferometry (PSI) is a technique applied to SAR image series that yields as
results the velocities of sparse ground points called Persistent Scatters (PS). PS represent the long-term
stability of electromagnetic spectral back-scatterers [29], and their distribution follows the presence of
artificial and natural reflecting elements. PSI is a differential technique similar to conventional DInNSAR
that processes multiple interferograms to determine surface deformation. A unique master image
over the same area is selected by maximizing the joint correlation of all the images. The remaining
SAR images are used as slave images as in the DINSAR procedure. DINSAR accuracy depends on
several factors, which are phase noise, atmospheric effects, orbit indetermination (baseline errors) and
possible phase unwrapping (PU) errors. Phase discontinuities are processed on the assumption that
the unwrapped phase field is continuous and varies slowly. Systematic uncertainties of precise satellite
orbits that cause baseline errors are reduced in each image scene by using reference ground points
at known coordinates [30]. The atmospheric phase effect changes due to the delay of propagation
of the microwave signal through the atmosphere are sometimes misinterpreted as surface changes
in SAR Interferometry. Atmospheric phase effects are spatially correlated in a single SAR scene but
become uncorrelated over long periods. Moreover, the surface motion is almost strongly correlated
in time. Thus, averaging out the temporal fluctuations, the atmospheric effects can be estimated and
removed by combining data from long time series of SAR imagery. The PSI technique is a differential
method, which means that the deformation time-series and their estimated velocities are relative to a
reference point and not absolute values. For that reason, PSI is applied to study local movements in
limited areas. The identification of PS involves procedures of selection, estimation, and integration of
scatterers. In the estimation step, a network of neighboring PS similar to a classical geodetic network is
constructed to estimate displacement parameters and Digital Elevation Model (DEM) error differences
between nearby points to reduce the atmospheric signal. The absolute velocity rates of the PS can
be obtained only by using a set of reference points with known velocities. If the velocities of the PS
reference points are unknown and then set to zero, only the relative velocities can be estimated.

5. GNSS and PSI Datasets

The main goal of the present work is the determination of the ground movement velocities
on the Italian peninsula from geodetic data that cover the last two decades. We assume that
crustal movements and anthropogenic activities are linear in the arc of decades, and for that reason,
we analyzed only GNSS sites and PSI points those present linear velocities. In our case, the two-time
series temporally overlap for two years, which is a sufficient period to determine accurate velocities.
Regarding the different spatial distributions of GNSS sites and SAR points, the problem is solved using
spatial interpolation.

5.1. GNSS

The GNSS velocity field of Italian peninsula (Figure 2) was derived by two of the most recent
studies concerning the geodynamics of the Italian peninsula for a total of 621 GNSS sites. The first
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consists of the set of permanent GNSS stations that realize the Italian Geodetic Network and the
velocities were calculated for a period of 6.5 years [31,32] from 2008 to 2014. This processing was
carried out using Bernese GPS Software [33], involving a new absolute model of antenna phase center
correction (igs08), precise orbits recomputed in 2014, and a new model to calculate the tropospheric
delay [34]. The error analysis was performed using the Maximum Likelihood Estimation Technique [35]
to consider the correlated noise through a combination of flicker and white noise. The second velocity
solution [36] consists of 379GNSSpermanent stations with more than 2.5 years of observations from
1994 processed using the GAMIT/GLOBK software packages [37]. Raw observations were reduced to
loosely constrained daily solutions, and velocity uncertainties were estimated using the first-order
Gauss-Markov extrapolation algorithm proposed by Herring [38]. The second solution was integrated
with 80 non-permanent stations and 199 published site. Both processingstacked daily-free normal
equation solutions to produce a single weekly normal equation.Weekly positioning time series collected
in the two datasets were analyzed for linear velocities, removing annual and semi-annual components
and discontinuities. The two velocity solutionswere compared by treating the velocity differences
as a stochastic process. A rigid rotation and translation were applied to minimize the differences of
velocities between the 112 common stations of the two datasets by using a least squares approach [39].
Then, the dataset that contains784GNSS site velocitieswas aligned to the Eurasian reference frame.

5°E 10°E
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Figure 2. Top—Horizontal velocity residuals with respect to the European reference system (ETRS89)
and their uncertainty ellipses at 95% confidence level. The map shows also GNSS velocities of the sites
displaced around the study area. Bottom—Map of single components (North, East, Vertical) of ground
surface velocity derived by GNSS permanent stations of the study area.
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5.2. PSI

The ground surface deformation measurements were calculated by PSINSAR™ [10] processing
using all available ENVISAT data from the Italian peninsula. These SAR displacement measurements
are part of the “Not-Ordinary Plan of Remote Sensing” program [40] developed by the Italian Ministry
of the Environment for the purpose of mapping and preventing geo-hazards. The ENVISAT mission
presents a temporal resolution of 35 days (which represents the satellite’s repeat cycle) and covers a
long continuous period from 2003 to 2012. PSI velocity components are determined by the combination
of ascending and descending LOS velocities calculated for the cells that present both values for a
regular grid with cells of 0.25 km x 0.25 km.

6. PS Velocity Transformation from LOS to Local Geodetic Systems

SAR velocities are measured along the LOS direction, and the angle is referenced to the vertical
direction from the SAR satellite. For that reason, SAR velocities must be transformed to local geodetic
systems normal to the ellipsoidal surface to represent the velocities by North, East and Up components.

The velocities v; og measured by the SAR technique can thus be represented by the direction cosine

S = [SNorths SEast, Svert] that represents the path from the ground to the satellite (LOS direction),
which is defined as

VLOS = UNorthSNorth + UEastSEast + UVertSvert (1)
where [|S|| = 1, and the velocities measured by the SAR satellite in ascending and descending orbits
can be written as

ONorth
OAsc _ SNarth,Asc SEast,Asc SVert,Asc 2
= S S S UEast (2)
UDes North,Des East,De Vert,Des

OVert

Equation (2) can be written as a function of the inclination of the orbits with respect to the equator,
{, and the mean off-nadir, &:

. o v
Vs —sinecos{ —sinesin{ cose North
= OEast 3)

UDes sinecos{ sinesin{  cose o
Vert

For ENVISAT satellites, the inclinations of the orbits of which with respect to the equator are 98.5°
and with mean off-nadir angles of 23°, and the S components are [0.05, 0.38, 0.92].

Equation (3) is a system of two equations with three variables and is thus not solvable.
Displacements occurring along the north—-south direction are almost parallel to the satellite orbit
and therefore cannot be measured accurately, as their projections along the LOS are negligible for
both ascending and descending orbits. The statement to consider negligible the projection of the
north component of the velocity along the LOS introduces an acceptable error of 2.5% over the East
component of velocity, and Equation (1) can be approximated to the 2-D unit vector T pointing from
the ground to the satellite:

VL0S = VEast TEast + OVert TVert (4)

where the components of T are [0.39, 0.92] for ENVISAT satellites. The approximation is negligible can

Vasc \ ~ [ —Sine cose VEast 5)
UDes sine  cose VVert

be applied true because it
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The vertical velocity vy, and the East component of velocity vg,s can be calculated as

VEast | ~ 1 —C0Se  COSE U Asc ©)
VVert 2sinecose sine  sine UDes

Ground surface velocity maps determined by the combination of LOS velocities are shown in

Figure 3.
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Figure 3. East component (a) and the vertical component (b) of the surface ground velocity derived by
PS radar interferometry determined the combination of ascending and descending LOS velocities.

7. PS Velocity Calibration and Calibration

The calibration is based on the comparison of ground point velocities determined using both
techniques (Figure 3). The easiest way is to compare each of the GNSS sites’ velocities with PS
velocities located around each of them. Because the probability that a PS point overlaps a GNSS station
is low, an exponential inverse distance weighting interpolation [41,42] was applied for the velocity
determination involving the PS displaced around 1000 m from each of the GNSS sites.

The comparison of the GNSS and SAR velocity components (Figure 4) shows a strong decorrelation
because all the SAR images involved in the determination of PS velocities are aligned to a set of ground
reference points that are supposed to be stable and unmoving. The estimation of linear dependence
between the two techniques was calculated with the Pearson correlation coefficient defined as:

, @)

(A B) = TACR \/(AZ.—Z) .(Bz‘—B)2

where A and B, 04 and o are respectively the means and the standard deviations of two random
variables A and B. It presents a coefficient of 0.19 for the vertical component and 0.028 for the

east component.
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Figure 4. Comparison of the GNSS and SAR velocity components (vertical—a, East—b) calculated for
each of 621 GNSS sites. The SAR velocities were calculated by applying exponential inverse distance
weighting [41,42] to a cloud of points 1000 m from each GNSS site. The blue lines represent the Pearson
correlation between the two techniques. The Pearson correlation coefficient is 0.19 for the vertical
component (top-left) and 0.028 for the east component (top-right).

The hypothesis that relative motion between ground reference points is constant introduce an
error that can be negligible within a restricted area of study, but it will affect the study of larger areas
(i.e., on the regional, continental or worldwide scales) and for this reason it is necessary to geo-reference
InSAR dataset using GNSS permanent stations displaced in the area of study or around it.

The velocity calibrations determined for the vertical vcy;up and East vcg i pas velocity
components to apply to the PSI dataset were performed for each i-GNSS permanent site as the
difference of velocities determined by the two techniques:

Ucalij = UGNSS,ij — UPSLij j = [East, Up] ®)

The sparse points set vcy ;; was interpolated with a multilevel B-spline model [43] to create a
smooth surface of vertical vpscorr,up and East vpsjcorr,east velocity corrections (Figure 5).

10°E 15°E 20°E 10°E 15°E 20°E
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- ]
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Figure 5. East (a) and vertical component (b) of velocity correction to apply to PS radar interferometry
velocities derived by their calibration with GNSS permanent stations.

Multilevel B-spline is suited to interpolate sparse points by using a hierarchical structure at
different refinement levels providing a C? continuous bi-cubic interpolation surface. A smooth surface
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for vertical and East corrections was achieved with eight levels of iteration, which provided sufficient
accuracy and avoided the surface picking up the finer details (Figure 6). The velocity corrections were
applied to all PS points and this set of PS was integrated with GNSS. The final continuous velocity
maps (Figure 7) were calculated by a weighted B-spline interpolation.

PSI PSI
Vertical velocities East velocities
after correction [mm/a] after correction [mm/a]
5 i 6
(%} [}
1%} (%)
z z
o (G}
-6
-5 0 5
PSI
(a) (b)

Figure 6. Comparison between GNSS and SAR velocity components after the correction vpgicorr
(vertical—a, east—Db) calculated for each GNSS site. The Pearson coefficients (blue lines) after the
correction changed from 0.19 to 0.95 for the vertical component (a) and from 0.028 to 0.94 for the east
component (b).

10°E 15°E 20°E

vi
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Figure 7. Horizontal velocity map derived by the combination of GNSS and PS radar interferometry
aligned with respect to the Eurasian reference system(ETRS89), with 95% confidence level
uncertainty ellipses.

8. Results—Current Italian Geological Characteristics

The maps derived by combining the SAR and GNSS datasets (Figure 7) present important and
new information regarding the geodynamics of the Italian peninsula. The GNSS velocities clearly
demonstrate that the Apennine axis constitutes a clear boundary between an area along the Tyrrhenian
that is rather stable with respect to the Eurasia plate and an eastern sector with a 3-5 mm/a NE
component (Figure 8a). In this frame, the Western Alps, Corsica, Sardinia, and the same Tyrrhenian
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Sea show low residual velocities such as the Tyrrhenian belt (the area covered by the sea being
treated through interpolation and not with direct data) [31]. The major seismicity of the Central
Apennines is nested along this Iso-Kinematic Border (IKB, the limit between two zones of different
kinematics [44]).This velocity difference between Western Adria and its NE and SE counterparts
increases progressively southward. The velocities are even larger in Sicily, for example, the part facing
the African continent, and all of the island is moving towards the NNW at approximately 5 mm/a in
comparison with the stable parts of Europe, but the most northeastern area, the Calabrian Tyrrhenian
sector is moving towards the NE at approximately 3.5 mm/a [31].

10°E 15°E 20°E

Figure 8. Cont.
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Figure 8. Velocity field components derived by the combination of GNSS and PS radar interferometry

related to the Eurasian reference system(ETRS89). a—North component: velocities higher than 5 mm/a
toward the North are plotted in a red scale color, white for velocities around 2.5 mm/a and stable
part are in blue, no movements toward the South are recorded. b—East component: the values in red
indicate movement towards the East, and values in blue indicate movement towards the West; the
relative stabilities are plotted in white. c—Vertical component: Cyan represent uplift, green represents
the stable part, and colors from yellow to violet represent a downward increase.

Therefore, most of Sicily and the whole of Calabria — NE Sicily are moving away from each
other at over 2 mm/a in the East component (Figure 8b). The separation is along a line that our
workplaces in a slightly different position than the former literature. Even if SAR can detect E-W and
up-down movements but not the N-5 component, the enormous quantitative difference in the number
of singular points allows a more detailed map of ground movements, and we therefore present a
demonstration that PSI velocities can be a primary tool for the reconnaissance of some geological,
geomorphological and tectonic characteristics through the study of four cases. The vertical components
(Figure 8c), however, are driven by combined tectonic and sedimentary processes and are also affected
by anthropogenic subsidence driven by water and gas exploitation [45].

8.1. Northern Italy

In the central E-W trending sector of the Alps, the chain and the Po plain show general eastward
velocities in the EW SAR component, but at the Alps / Po plain border and in the chain, there are some
iso-kinematic zones that show an opposite, W-directed component (WKZ, West-directed Kinematic
Zones). Those areas, which have different stratigraphic and structural settings, are associated with
tectonic or morphologic singularities. They are the areas that show the greatest seismic activity,
a circumstance that also occurs for the seismic zone placed in a WKZ along the Apenninic chain at the
border between Piedmont, Lombardy and Liguria and centered among Alessandria, Oltrepo Pavese,
and Genoa. It is noticeable that the largest seismic record in Lombardy belongs to the Brescia and
Oltrepo Pavese areas, and the other main historical earthquake in the region is referred to Monza
(1396 A.D.), that city being close to the Lake Como WKZ. Most of the proposed epicentres of the 1177
Verona earthquake fit a WKZ well [46], which is also the case for the traces of a huge M>6 earthquake
that occurred in the 3rd century AD and a previous, mid-3rd millennium BC event in the Adige Valley
near the Egna—Neumarkt village between Trento and Bolzano [47]. This jigsaw WKZ mode and
normal E-kinematic zones (EKZ) at the base of the chain also characterize the eastern sector of the Alps
from Verona to Friuli but will be presented in the next work.



Remote Sens. 2019, 11, 394 12 of 21

In addition, the NS trending Western Alps show some kinematically different zones, but in those
WKZs, the velocities are slower. We have chosen the Biella and Brescia anomalies along the Central
Alps border.

8.1.1. Biella—OrtaWestern Kinematic Zone

Placed along the Alps—Po plain border in the Eastern Piedmont Alps, this WKZ (Figure 9)
lies on the periphery of the Pennidic dome, an area in which PS vertical velocities show a strong
uplift as detected in past decades using “classical” geodetic methods [48] and that corresponds to the
higher peaks of the entire Alpine mountain range. However, this WKZ shows stronger uplift than the
surrounding areas. There is good agreement between the Western Iso-Kinematic Boundary (IKB) and
a “normal” EKZ, the NNW-SSW valley of the Dora Baltea river and a scarp north of the Viverone lake
in the morainic hills.

145°30°

“145°30'

453014 45°30)%

8°15"

Figure 9. East (a) and vertical (b) velocity components between the cities of Ivrea and Biella placed
along the border between the Po Plain and the Eastern Piedmont Alps. The boundary that separates
the two kinematic zones that run along the morainic ridge is represented by a light grey line.

8.1.2. Brescia

The second selected area of subalpine WKZ is Brescia (Figure 10). East of the city, the IKB is
characterized by strong inversions in the E/W PSI and N/S GPS velocities. In the plain, the IKB
lies in a NS direction, prolonging from the Val Trompia. The western IKB, which is placed along the
Orco river course, is also barely associated with a difference in the vertical components: subsidence
characterizes the Brescia WKZ eastward, whereas the Bergamo “normal” EKZ (East-directed Kinematic
zone) is currently uplifting. Intriguingly, the uplift stops near the IKB with the WKZ placed south of
Como Lake. The westward movement of the Brescia area could be the origin of this uplift. This area
hosts one of the highest seismic activities of the entirety of Lombardy; Brescia was hit by destructive
earthquakes (Mw > 5) on 27 March, 1065, and 25 December, 1222, the latter having a Mw > 6. Another
main shock of Mw 5.7 occurred near the town of Soncino on 12 May, 1802, which is located on the IKB.
It is interesting to note that the 1222 and 1802 events were the only earthquakes with Mw > 5.5 located
west of Lake Garda in the central—northern part of the Po Plain [49].

A tectonic explanation of this situation must consider the complexity of the area, characterized by
multiple and opposite thrusts imaged by seismic profiles, and that seismic activity is mostly related to
blind faults that are buried under a thick cover of Plio—Pleistocene sediments, even if since 1965 some
lightly isolated uplifts in the plain such as the Castenedolo and the Capriano del Colle uplift, the second
also being the presumable epicenter of the 1222 earthquake, have been referenced to tectonic activity
and not to geomorphological processes [50]. We can tentatively propose, however, that the anomaly
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might be confined in the Capriano del Colle Fault System, which is comprised of a south-vergent
thrust in the plain and an associated high angle back thrust located at the border between the plain
and the chain [51].

10°15'

I S shlrs (S N 2 o TR

45°30'f 145°30"

45°15' 45015
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Figure 10. East component of the velocity field in Brescia and the main historical earthquakes (years
1065, 1222, and 1802). The black line marks the boundary of the two kinematic zones that run in
opposite directions.

8.2. Central Italy

We have selected two areas in Central Italy, Abruzzi and Southern Latium, where PSI data fit the
historical seismicity well, and propose an interesting view on local tectonics (Figure 11). Data suggest
that the Central Apennines are a mosaic of many crustal wedges created by the Middle Pleistocene
shortening along the Adriatic plate border [52].

8.2.1. Abruzzi

The Abruzzi Dome (AD) is an area of good agreement between topography, where the highest
peaks of the Apenninic chain are grouped, and the vertical velocities, which show clear uplift. The AD
barely corresponds also to a EKZ, with the exception of its north-western part, which belongs to a WKZ.
The uplift of the AD can be explained by the horizontal velocity field; the SE limit is also an IKB between
the EKZ of the AD and the channel of prevalent west-directed velocities of the Ortona—Roccamonfina
system, marking the transition between Central and Southern Apennines [53]. In addition, the other
borders of the AD are placed along main geological features: the Velino transtensive fault to the west,
the Sibillini thrust front to the north, and the border between the Apennine belt and the deformed
Adriatic foreland deposits to the East. More, the Velino fault is placed just over the Moho depth
discontinuity that runs parallel to the Apenninic chain, marking in the Northern Apennines the limit
between the extensional Tuscan domine and the compressional and uplifting Adriatic domine.
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Figure 11. Map of the dynamics of Central Italy and the main earthquakes that have occurred in recent
years [1990-2017]. The red line identifies the Moho deep discontinuities [25], the black lines mark the
discontinuities, and the blue arrows represent the main horizontal velocity trends derived by GNSS
stations and represented with respect to the Eurasian reference frame (ETRS89). The background colors
represent the vertical velocities of PS corrected by GNSS.

8.2.2. Southern Latium

PSI E-W data reveal a strong IKB, and there is also an IKB in the N-5 GNSS components (even if
they are not coincident, the much greater density of PSI data could explain the difference). This area is
characterized by two Apennine—directed topographic lows, the Valle Latina and the Pontina plain,
that are separated by the Lepini-Ausoni—Aurunci ridge. The PSI E-W IKB is clear and crosses these
structures from the NW corner of the Valle Latina near Olevano Romano to the Tyrrhenian coast.
Therefore, this IKB can be referred to as a possible southern continuation of the Olevano-Antrodoco
thrust, with a reprise of the former structure in a new tectonic regime. The Italian Earthquake
Parametric catalog [54] has poor records in this area, but it is interesting to observe that the epicenters
of the few recorded events (16 January 1161 and 9 May 1170 Frusinate earthquakes and 15 October
1160 and 13 September 1348 Subiaco earthquakes) lie near this IKB. The 16 February 2013 M 4.8 Sora
Earthquake epicenter (the major event between the 2009 and 2016 seismic sequences that affected the
Central Apennines) instead lies near the eastern IKB of the isolated WKZ of SE Ernici mounts, like the
24 August 1877 Mw 5.2earthquake. These data suggest, as for the Brescia IKB, a relation between
seismic activity and the variations in the velocity field.

8.3. Southern Italy

In southern Italy, we have chosen NE Sicily (Figure 12), where the PSI data have a good chance
of resolving the debate about the surface expression of the STEP fault (Slab Tear Edge Propagator)
limiting the Ionian subduction slab to the SW, which also coincides with the limit between the
extensional western side of the Calabro-Peloritan Arc (CPA) and the compressional belt of the Sicilian
Fold-and-thrust-belt (SFTB). The CPA, which is sometimes considered to be an exotic terrane [55],
is a nodal sector of the Apenninic—Maghrebid chain and is placed between the NW-SE-trending
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Southern Apennines and the EW—trending Siculo—Maghrebid chain. It differs from the adjoining
sectors of the orogen because of the wide occurrence of the pre-Mesozoic crystalline basement that is
not seen in either the southern Apennines or in the Siculo—Maghrebid chain and because it is the only
segment of the whole orogen that still shows a wide submerged and deforming accretionary prism.
The SFTB is made by the allochthonous nappes of the Neotethyan accretionary wedge that is thrusted
onto the previously rifted passive margin of Africa. Offshore NW Sicily, Neotethyian units have been
overthrusted by European margin units such as those of the CPA [56]. Post-Tortonian deformational
events related to the opening of the Tyrrhenian Sea modified the pre-existing thrust geometry through
the activation of a NW-SE-oriented dextral transcurrent fault system, affecting both offshore and
onshore northern Sicily [57].
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Figure 12. East component of velocity field in Eastern Sicily and main historical earthquakes occurred
since 1700.

The hugely different earthquake mechanisms around this area demonstrate its tectonic complexity:
extension in Calabria and NE Sicily, compression in northern Sicily and in the adjoining continental
shelf, and strike-slip in the examined zone [28]. If there are no doubts that in the southern Thyrrenian
continental platform the line beginning at Salina island arrives in the Patti Gulf area through Lipari
and Vulcano, many authors have attempted to understand the position of this fault in NE Sicily and
its prolongation in the Ionian Sea. This problem is still debated. The literature shows two solutions:
the Tindari-Letojanni fault and the Taormina line. The Taormina line, proposed for example by Gallais
et al. [58], is the thrust boundary along which the Calabrian units are superposed onto the Maghrebian
(Sicilian) units.

The Tindari-Letojanni line crosses NE Sicily from the Tyrrhenian coast of the Gulf of Patti to the
Jonian coast near Taormina Most of the authors prefer the Tindari—Letojanni as a segment of the
Aeolian-Tindari-Letojanni Fault System (ATLFS) due its position along the Lipari—Vulcano volcanic
alignment and the clustering of other major earthquakes in the Patti Gulf (Mw = 6.2, 10 March 1786
and Mw = 6.1 16 April 1978) and large numbers of minor events also on the mainland. This zone
of deformation consists of a broad NNW trending system of faults that includes sets of right-lateral,
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left-lateral, and extensional faults as well as early strike-slip faults reworked under late extension [59].
Instead, the Taormina Line shows neither a similar market seismic activity nor current evidence of
right-lateral decoupling [60].

The GPS velocities have clearly established that the CPA moves toward the NE, whereas the
SFTB moves toward the NW. This is an ideal situation for a study of the EW component of the PSI
data, which must well discriminate between a WKZ to the west (Madonie) and a EKZ to the east
(Messina), the relative IKB being the surface expression of the STEP fault. The estimated motion of
approximately 3.6 mm/a along the direction of 126° azimuth [61] results in a dextral transtension
on the NNW-striking ATLF. The proposed surface expression of the ATLF is the Tindari-Novara
fault zone [62], which is the western border of the Tindari-Barcellona triangular depression (TBTD),
a lowland area filled with Plio-Quaternary sediments [63]. For many works the ATLF crosses the
Ionian coast near Letojanni; for example, between the two GPS sites named "TAOR’ and "9532’, both
stations being close to the city of Taormina [61].

This placement of the STEP makes the interpretation of the Etna and Hyblean volcanism
problematic when they are considered as a product of the decompression of the mantle under the
described transtensional conditions. This situation has been hypothesized before the STEP concept
was theorized [64], but in this scenario, they are too far from the line, which causes the modeling of
these magmas ascending in this very lateral position to be uncertain and difficult [65].

Instead, the PSI data suggest a different scenario either in the Tyrrhenian or on the Ionian coast.
In the Patti gulf, the STEP crosses the coastline in a more easternmost position than previously thought,
near Tonnarella di Furnari, just in front of the epicenter of the M 6.0 16 April 1978 earthquake, making
the decoupling of the ATLF hypothesized near the coast [62] no longer necessary. In our scenario,
the border fault of the TBTD is simply one of the various faults belonging to the transtensional deformed
belt. Recent works show the lack of evidence of the ATFL south of Novara [63]; our data are poorer in
this part, but the entirety of the Alcantara valley from Francavilla di Sicilia downstream clearly belongs
to the Messina EKZ. Moreover, the occurrence in the Alcantara valley of the 28.6 & 4.7 ka Monte Moio
eruption cinder cone is worth noting; this volcanic structure is placed immediately proximate to our
IKB, and since that eruption occurred in a very peripheral area of the Etna volcano and produced >10%
pyroclasts, its batch of magma was a volatile-rich magma derived from depth and was not directly
linked to the central conduit of the Ellittico volcano [66].

This volcanic episode occurred before the current Mongibello activity and during the former
activity of the Ellittico volcano when magma-intrusion processes were unaffected by either the large
Valle del Bove depression or the preferential weakness zones that facilitated the intrusion of magma
along the slopes of the current volcano edifice. In this framework, flank eruptions as at Mt. Moio that
were located outside the volcanic edifice were strictly controlled by the regional tectonic stress field.
Moreover, the orientation of the Mt. Moio eruptive fissure is in agreement with the direction of the IKB,
suggesting a correlation between this activity and the occurrence under it of the STEP fault bordering
the Calabrian slab.

For these reasons, we can infer that the surface expression of the STEP fault line south of Novara
di Sicilia will continue toward Castiglione di Sicilia, in the Monte Calcinera ridge, disappearing a few
kilometers southward and buried under Mount Etna volcanic, as in Govers and Wortel (2005) [67]:
we therefore propose a new name for the surface expression of the edge of the Calabrian slab:
the Aeolian-Tonnarella-Castiglione di Sicilia Fault System (ATCFS). In this scenario, Etna Volcano also
lies on the edge of the surface projection of the Calabrian slab, and moreover, the occurrence of the
volcano can be referenced to the point at which the southward prolongation of the Ionian slab meets
the other transtensionalthat is barely perpendicular to the Kumeta—Alcantara line, which is another
main tectonic lineament of Sicily that runs parallel to its northern coast some 20 km inland. Therefore,
the magmatic activity can be related to a pressure drop in the mantle at the intersection of these
two transtensive lines. Because PSI data cannot be collected offshore, we are unable to discriminate
between the three main proposed solutions for the currently debated continuation of the slab limit in
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the Ionian Sea; it continues near Mt. Etna as the Hyblean-Maltese escarpment fault (HMEF),which,
for several authors [63], is an old lineament that has been rejuvenated many times the Etna-Alfeo
fault [68] and the Ionian fault [69].Our work, which moves the point at which the line crosses the
Ionian Sicilian coast from Letojanni (as in the literature) far to the south, placing it south of Catania,
supports the picture of the southern continuation of the Calabrian slab limit along the HMEF.

9. Conclusions

GNSSs represent powerful instruments to realize global reference systems and to collect data
for geodynamic interpretation. The DINSAR interferometric analysis represents a well-known and
powerful technique used to detect and monitor surface motions of unstable areas at detailed scales
such as those of unstable buildings [70-72] and landslides [4,6,13,15] as well as more widespread
phenomena such as the subsidence and uplift zones [5,7,16,45].

Because it is impossible to know a priori the velocities of the ground reference points used for
stacking the acquired SAR images, knowledge of the relative motion between the ground reference
points of SAR images plays a fundamental role in obtaining correct DInSAR velocities: if the
relative motion between ground reference points can be assumed constant within a restricted area,
this hypothesis is not suitable for larger areas (i.e., on regional, continental or worldwide scales), and
the GNSS geodetic velocity field must be applied to achieve a correct result.

In the present work, a method for creating a single and unique surface motion map by merging
different datasets is presented. In this method, geodesy plays an important role in the datum alignment
of the SAR products.

Combining these techniques (GNSS and SAR) improves researchers” knowledge of surface
movements for the following reasons:

1.  The surface movement maps present detailed and correct information that is coherent at a wider
scale. It improves knowledge of geodynamic processes such as crustal dynamics, subsidence
and uplift.

2. The geodynamics can be improved by SAR data that verify the stability of GNSS sites. In fact, it
can be used to check and highlight possible local movement involving a given GNSS site and
then exclude it for geodetic purposes (i.e., crustal dynamics and reference frame).

3. The SAR interferometry maps can be corrected for constant movements and for the low wave
number components of the velocity field before being aligned to geodetic data.

4.  Because the different systems of acquisition used in SAR satellite missions produce velocity
surfaces with different characteristics, it is necessary to create a unique surface motion map.
Geodesy plays a fundamental role in the alignment of data before stacking SAR maps. The
method of data analysis presented in this work should be applied taking account of other
technologies such as LIDAR and leveling networks and particularly for validating DInSAR from
newer SAR systems such as Sentinel-1, Cosmo-SkyMed SAR, and TerraSAR-X.

5. The present work can be the base for the determination of a detail strain rate map of the
Italian peninsula that plays an important role for a better understanding of geodynamical and
geophysical processes [73].
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