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Abstract

The recent development of GNSS networks in ltalkesdt possible to define an increasingly detailed
spatial and temporal resolution of the ongoing taudeformation and to visualize the complex
interplay between different orogens in the Africar&sia collision zone. We have analyzed all the
available GPS raw data in the time span 1998-2@i&iring the coordinate time series in a common
reference frame. We have finally produced the \slofield providing a detailed picture of the
kinematics and deformation pattern of the Italiaraa The horizontal velocities with respect to
Eurasia are within 7 mm/yr; vertical rates reacbutb mm/yr along the Apennines and Alpine belts,
and -10 mm/yr in the Tyrrhenian backarc area. Tldordhation rates are greater than 100
nanostrain/yr in volcanic areas and within 80 n&a@r®yr along the Apennines.
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Redes GNSS para geodinamica en lItalia

Resumen

Las recientes mejoras de las redes GNSS en haliahecho posible definir con mayor detalle la
resolucion espacial y temporal de la deformacidmacde la corteza terrestre, asi como también
visualizar la compleja interaccion de las cordikeen la zona de colision de Africa y Eurasia. Los
datos GPS registrados entre 1998 y 2013 han sal@ados con el fin de obtener las series tempora-
les de coordenadas en un marco de referencia cdamaoias al calculo del campo de velocidad se ha
obtenido un esquema detallado de la cinematical patedn de deformacion del area Italiana. Las
velocidades horizontes con respecto a Eurasia seeetran dentro de 7 mm/afio, mientras que
las verticales alcanzan aproximadamente los 5 fiov#a el cinturén Alpino y el cinturén Apenino y
-10 mm/afio en el area de retroarco Tirrénico. & de deformacion es mayor de 100 nanostrain/afio
en las zonas volcanicas y 80 nanostrain/afio ado kde los Apeninos.

Palabras clave: redes GNSS, area Italiana, campo de velocidad, datdeformacion.
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Introduction

The Italian peninsula is a rather interesting redtlmboratory for geodynamical
investigations since its tectonic evolution is drivby the interaction of the African
and Eurasian plates. The entire area is charaeteby a complex tectonic setting
generating slow crustal deformations (at the few/ynrievel) and velocity spatial
gradients (strain rates) changing rapidly from p&anpoint. In this perspective, the
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rapid development of GNSS networks, with relativielw cost and high accuracy
positioning, provides great advances in geodyndmntaaies.

The first attempt to build an Italian nation-widentinuous GPS network was
undertaken by the Italian Space Agency (ASI) inldte 1990’s. Since then, ASI
delivers continuous GPS data from about 30 sitésnaaintains the regional refer-
ence frame in cooperation with the European reterérame consortium (EUREF).
In 2001, the Istituto Nazionale di Oceanografiaeofsica Sperimentale (INOGS)
started installing a local GPS network in the Friegion (northeastern Italy) and in
2004, the Istituto Nazionale di Geofisica e Vuldagi (INGV) started the con-
struction of the first national GPS network (RIN@voted to geophysical studies
(Avallone et al., 2010).

At present, the RING network consists of about &&Qions. More recently an
increasing number of permanent GPS sites have ibstlled by regional admin-
istrations and private companies, dedicated mamlppographic applications and
commercial services. These networks have not beeseived to measure long
term ground deformations, and the GPS stations hega constructed on a variety
of different monument types operating in fairlyfdient environmental conditions,
i.e. in the towns or industrial settlements, in tpen field or mountain regions.
Nevertheless they demonstrate a performance colipamGPS stations purpose-
ly designed for geophysical monitoring, therefoseful to increase the backbone of
more reliable geodynamic networks (Devoti et alpiiess).

All these datasets are currently archived and segk at INGV providing over
600 raw-data files per day for a mean geometrieridistance of about 20 km over
the whole country, thus realizing a strong and able dataset for geodynamical
studies.

1. Short geodynamic background
The African-Eurasian convergence is a large sdale gollision processes estimat-
ed by the NUVEL-1A plate motion model at about 7 iymmalong the northwest—
southeast direction (DeMets et al., 1994); thixpss produces in the central Medi-
terranean a diffuse area of deformation and fragatiem of lithosphere in sub-
plates and includes a varied complexity of tectgmtterns such as subduction,
backarc spreading, rifting, thrusting, normal atrike-slip faulting and volcanism.
The Italian area is characterized by a complexotéctsetting where two very
different orogens, the Alps and the Apennines,riate and cause vast areas to
deform in a compound way (figure 1). These two ermybelong to larger systems
of mountain belts bordering the basins of the Meditnean region: the Alps—Betics
and Dinarides and the Apennines—Maghrebides anga@aans, respectively
double-vergent and single-vergent belts. The Alps eelated to the east-
southeastward subduction of the Eurasian plate raedéh the Adriatic plate,
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whereas the Apennines are the accretionary pristheofvestward subduction of
the Adriatic plate.

The Apennines subduction retreated eastward gemgae arc from the north-
ern Apennines to Sicily, and continuing westwardvtorocco along Maghrebides.
The eastward migration of the arc was and stilagsompanied by the backarc
extension with Tyrrhenian basin opening, and hanbeterpreted as consequence
of Apennines subduction rollback rather than retatonvergence between Africa
and Eurasia. The mechanism of eastward retreafifgdnatic slab has been as-
cribed to eastward mantle flow (Doglioni, 1991)pbyhesis supported by seismo-
logical observations of mantle anisotropy (Lucegttal., 2006).
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Fig. 1. The interaction between the Africa and Bisrglates generates a diffuse area of
deformation and plate fragmentation in the Itaia@a where Alps and Apennines interact.

The interaction between the northern Apennine attemd the central-western
Alps slab produces bending of lithosphere with egent subsidence, mostly
evident in the Po plain (Carminati et al., 20049ttBthe subduction zones experi-
ence seismicity, which is more pronounced alongithge of the Apennines, and in
the foothills of the Alps. The Apennines subductiercharacterised by compres-
sional seismicity east of the chain, in the fromiatretionary prism, and extensional
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tectonics to the west, associated to the openingeofyrrhenian backarc basin and
slab rollback (Pondrelli et al., 2006).

At present, eastern Alps are characterized by e®ih5 compression with short-
ening rates of about 2 mm/yr (Devoti et al., 20DlAgostino et al., 2005); the
whole Apennine belt displays variable deformatityles, in fact the Adriatic slab
retreat generates compression along the frontalndpes accretionary prism,
moving towards NE at a rate of 2-3 mm/yr, and esitean along the Apennines
chain (Serpelloni et al., 2005; Devoti et al., 20B&nnett et al., 2012). All these
mechanisms generate an inhomogeneous deformatiprcharacterized by spatial
gradients of velocity field, regardless the extenal or compressive tectonic style
(Riguzzi et al., 2012).

The analysis of active stress field in Italy ushgyehole stress measurements,
earthquake focal mechanisms and kinematic indisator faults confirms these
observations (Montone et al., 2004).

2. GNSS networks and data analysis

At INGV we currently archive and process daily datam 21 different Italian

GNSS networks. The regional analysis is furthernaemgted with other 50 sites
belonging to EUREF and/or IGS networks that are dwgeneously distributed in
Europe and used for the ITRF2008 reference frarfinitien (figure 2).

ITP (205)

RIN (181)

Fig. 2. Number of analyzed sites for each netwd®kN: RING (INGV), ASI, FRE:
FREDNET (INOGS), EUR (EUREF and IGS). The remainingoagms represent networks
established by regional administrations and pricataepanies.

The analyzed networks, established for various gagp, using a variety of dif-
ferent monument types and operating in fairly défé environmental conditions,
cover all the Italian area.

Figure 3 shows all the analyzed GPS stations (bdat&) and the color maps the
distance from the nearest GPS site: in most sextius distance is between 10 and
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20 km and in any case it is nowhere greater thakmdOln this picture, northwest
Italy is slightly sparser populated, since mosthef INGV stations were planned to
monitor the seismically active Apennines chain, ertheless the number of new
contributing stations is still increasing over timed we foresee a 30% increase of
GPS stations in the next two years.
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Fig. 3. Distance from the nearest GPS site on alaegrid of 0.1x0.1degrees. Black dots
are the stations.

The number of analyzed sites has grown during &aesyin a non-linear fashion,
following the deployment of networks and the auality of GPS observations
(figure 4). At present we analyze, on average, ffatm about 600 sites per day,
this number is variable because of data gaps dufferent causes (real missing
data, “bad” data not passing a preliminary qualhgck).
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Fig. 4. Growth of analyzed site number.
In figure 5 we report, for each network, the rdt&ween the average number of
daily RINEX actually analyzed and the total numioérexpected daily RINEX,
accounting for the network performance in termawdrage data presence.
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Fig. 5. Average percentage of daily RINEX per netwdhe percentage is given by the
number of daily RINEX actually analyzed divided thettotal number of daily RINEX
expected. The performance of most networks (lighé-tbars) is comparable with the one of
EUREF/IGS sites (EUR, dark-blue bar).

We process data using the Bernese GNSS softwdr® \(Beutler et al., 2007),
following the EUREF Guidelines for the Europeanr®ament Network Analysis
Centres (http://www.epncb.oma.be).

The GPS orbits and the Earth’s orientation pararaetee fixed to the combined
IGS products and aapriori loose constraint of 10 m is assigned to all siterdi-
nates. The elevation-dependent phase centre domreand absolute phase centre
calibrations are applied. The troposphere modedimugists in an a priori dry-Niell
model fulfilled by the estimation of zenith delagrections at 1-hour intervals at
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each site using the wet-Niell mapping functionaofdition one horizontal gradient
parameter per day at each site is estimated. Tusphere is not modeled a priori,
it is removed by applying the ionosphere-free Imaambination of L1 and L2. The
ambiguity resolution is based on the QIF baselifmevanalysis. The final network
solution is solved with back-substituted ambiguitig integer; otherwise ambigui-
ties are considered as real valued measuremeisbias

Thus the daily GPS solutions are not estimated givan apriori reference
frame but computed in a loosely constrained refsxdrame. The coordinates are
randomly translated or rotated from day-to-day #redr covariance matrices have
large errors (on the order of meters) as a conseguef the loose constraints
applied to the a priori parameters.

To express the coordinate time series in a unigerence frame and to com-
pute the real covariance matrix, we perform twomm@aansformations. First the
loose covariance matrix is projected into a wefirted reference frame imposing
tight internal constraints (at millimeter leveljycathen coordinates are transformed
into the ITRF2008 by a 4-parameter Helmert tramstdion (translations and scale
factor); the proper set of constraints is drivently rank deficiency of the normal
matrices, as discussed in Devoti et al. (2010). Hibknert transformation uses 45
sites located in central Europe as anchor stafionghe regional reference frame
realization.

Site velocities are estimated fitting simultaneguslinear drift, episodic offsets
and annual sinusoids to all the coordinate timeseOffsets are estimated when-
ever a change in the GPS equipment induces a isigmiftransient in the time
series, whereas seasonal oscillations are accofondy annual sinusoids. At this
stage outliers are rejected whenever the weigtgeidiual exceeds three times the
global chi squareyf). Finally the common mode error signal is filtermat with a
procedure similar to that adopted by Wdowinskile(097).

After the common mode filtering the time seriestisradecreases by 25-35%,
for the overall analyzed network the final mediagighted-root-mean-square of the
residuals (WRMS) in the vertical and horizontal gaments are 4.3 and 1.4 mm
respectively. In figure 6 we report the mean valolethe WRMS for each network,
separated for the vertical and horizontal compa)eatcounting for the network
performance in terms of time series quality.
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Fig. 6. Mean WRMS values for the vertical (blueshand horizontal components (red bars)
of each network. All the networks, except CAT, h&WBMS better than EUREF/IGS (EUR,
darker bars).

3. Velocity and strain rate fields

The estimated horizontal velocity field with resptxa fixed Eurasian plate of the
Italian area is shown in figure 7. The formal véipaerrors obtained after the

inversion have been rescaled site by site withctireesponding normalized vari-

ance factors. Each GPS site spans different hifiedi so that we show in the figure
all those with a minimum observation time of 4 yedrhe reference Eurasian plate
has been realized by minimizing the rigid motion1&f selected EUREF stations
located in stable central Europe.

Figure 8 shows the vertical velocity field with pest to the reference ellipsoid.
The vertical velocities are interpolated with Then@ric Mapping Tool (Wessel et
al., 2013) using a continuous curvature surfacddgng algorithm with an adjusta-
ble tension factor of T=0.25.

The 2D strain rate tensor has been computed frerpldnar GPS velocities and the
associated uncertainties by a distance-weightedoapp using all stations on a
regularly spaced grid down-weighting velocitiestwihe function W=exp(-dx?),
where d is the distance between each node andatiens andx is the smoothing
distance parameter, that depends on the spatidbdison of GPS sites (Shen et al.,
1996; Shen et al., 2007).

Figure 9 shows the strain rate second invarianérsoyposed to the SRTM to-
pography (Rodriguez et al., 2005); it has been adeth on a regular grid of
0.1x0.1 degrees, applying a smoothing distanceimitie distance interval 25-350

km; the second invariant is the scatae (£ +£%+22) accounting for all the 2D

strain rate tensor components, thus representiagatal amount of deformation
rate.
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Fig. 7. Horizontal GPS velocity field with respdot Eurasia. Sites with a minimum time
span of 4 years are shown.
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Fig. 8. Vertical velocity field with respect to tiheference ellipsoid (uplift in red, subsidence
in blue). Sites with a minimum time span of 4 yeaes shown.
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Fig. 9. Second invariant of the strain rate tersor regular grid of 0.1x0.1 degrees, maxi-
mum values (> 100 nanostrain/yr) are detected loawic areas and fewer along the Apen-
nines.
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4. Conclusions

The increased number of GNSS networks allows markraore detailed spatial

and temporal resolutions of the ongoing crustabeétion, providing an unprece-

dented map of intra-plate kinematics of the Italiegion. Since the first attempts to
measure the convergence rate between Africa anasiuat large scale, based on
space geodetic methods, see for instance Drew@3)18urrent GNSS networks

enable us now to study the deformation procesaudt §cale level (Riguzzi et al.,

2013).

At present, the estimated horizontal and vertiedbeity fields show interesting
features: Apennines and Alpine belts are charaedry general uplift that follows
the topographic ridge, whereas the Po Plain shogradually increasing subsid-
ence from west to east. The Apennines belt dispdaysificant extension (50-80
nanostrain/yr), while compressive tectonics charams northern Sicily, eastern
Alps and the northeast front of the northern Apeasi (25-50 nanostrain/yr).
Second-order deformation patterns, on large scalelgngth (~100 km) have been
detected on the accretionary prism of central amgthern Apennines that are
highly correlated with other geophysical data aelhted to deep rooted sections
(70-100 km), marked by different subduction regimigparently, at this scale-
length the observed deformations are governed éyittosphere as a whole. We
interpret these deformations as a result of diffeseibduction mechanisms, such as
variations of the subduction rollback velocity aftiag different segments of the
subduction zone and/or to mantle flows in proxinafythe slab edges (Devoti et al.,
2011).
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