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Abstract

We comyputed the horizontal strain rate field for a sector of the Central-Southern Apennines (Italy) from GPS data
collected during yearly repeated campaigns performed from 1994 to 2000 on the GeoModAp (Geodynamic
Modeling of the Apennines) geodetic network. Site velocities were obtained starting from the daily coordinates
and covariance solutions, using a Kalman [ilter approach. The residual velocity field with respect to a Eurasian
fixed reference frame shows two different prevalent motion trends, NE-ward for the eastern sector of the network
and NW-ward for the western one. The mean strain rate tensor, obtained from a least square inversion method,
shows a significant extensional deformation (1.2 x 107" strainfyr) normal to the Apennine chain, in agreement
with seismological and neotectonic data. On the basis of the network dimension, of about 250 km, this value
gives a well constrained estimate of about 3.0 + 0.2 mm/yr of the extensional velocity oriented N55E, normal to
the chain axis. Our results show a transition of the strain rate field from about N-S compression in the Tyrrhenian
side to about NE-SW extension toward the Adriatic, which depicts a more complex deformation pattern.

Key words  geodesy — GPS — Central-Southern deformation can also provide direct tests of geo-
Apennines — strain rate — seismotectonic dynamic models (Ward, 1994a,b). Even with this
great potential, GPS is only beginning to play a
major role in the study of crustal deformation in

1. Introduction the Central Mediterranean area. In Italy, and in
particular in Central and Southern Apennines,

The measure of the space and time pattern of the number of permanent GPS stations is still
tectonic strains by modern geodesy, based on too limited to provide a satisfactory description
GPS surveys performed over geodetic networks of the highly heterogeneous strain field which
devoted to geophysical purpose, can quantify seems to affect this zone, as suggested by geo-
parameters directly linked to potential seismic logical and seismological observations. Thus,
activity even on still unknown seismogenetic the use of non continuous but denser GPS net-
structures. Geodetic measurements of crustal works is still fundamental for geophysical re-

search in the above zone.
This work describes and discusses the re-
sults obtai i i Vi -2000
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quently subjected to large earthquakes in the
past and 1t is still undergoing relatively high
deformations rates (Anderson and Jackson, 1987;
Jackson and McKenzie, 1988; Westaway, 1992;
Bernardini and Gasperini, 1994; Kiratzi, 1994;
Pondrelli er al., 1995; Selvaggi, 1998; Hustand
and England, 1999; Anzidei er al., 2001; Viti
et al., 2001). Moreover, the Central-Southern
Apennines may represents an exciting study area
for applying a multidisciplinary approach to
seismic hazard estimate, since in this region
detailed studies have been already performed
using different geophysical techniques, such as
paleoseismology (Valensise and Pantosti, 2001
and references within), historical and instru-
mental seismelogy and macroseismic studies
(Gasperini et al., 1999).

2. Geodynamic and geological overview

The Mediterranean region is characterized
by a complex mosaic of microplates, moving
one with respect to the other to accommodate
the interaction between Africa/Arabia and
Eurasia. Crustal fragmentation and deformation
are evidenced by the high seismic and volcanic
activity extending from the Azores triple junc-
tion to Anatolia (Dewey er al., 1989; Mantovani
et al., 1997ab, 2000a.b). Along this complex
margin the tectonic setting is highly heterogene-
ous with particular regard to the Italian region
(fig. 1). Inthis context, the Apenninic belt repre-
sents a post-collisional Neogene segment of the
Mediterranean African verging mountain sys-
tem, where compression and extension have co-
existed from late Tortonian to Quaternary times
(Patacca and Scandone, 1989; Hippolyte ef al.,
1994). In this belt subduction is still active be-
neath the Calabrian arc (Amato and Montone,
1997; Chiarabba and Amato, 1997; Lucente
et al., 1999). The Central-Southern Apennines
consist of a pile of thrust sheets forming a
complex duplex system in a tectonic stack
of rock units derived from different Mesozoic-
Paleogene sedimentary basins and shelves, oro-
genically transported over the flexured south-
western margin of the Apulia foreland. The west-
ern part of the chain is formed by Mesozoic and
Cenozoic limestone massifs with peaks reach-
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ing 2000 m, while the front units of the chain are
made of pelagic sedimentary formations, simi-
lar in age. East of the chain, the foredeep basin
is filled with Plio-Quaternary sediments and
was produced by the sinking of the Apulia fore-
land whose Mesozoic limestones crop out only
in the Gargano area. The geodynamic setting of
the chain displays a complex temporal evolution
and the last orogenic phase occurred from the
Late Miocene to the early Quaternary (Philip,
1987; Patacca ef al., 1990; Roure et al., 1991).
The analysis of focal mechanisms for recent
earthquakes indicates dominant normal and
strike-slip movements (Gasparini er al., 1985;
Frepoli et al., 1996; Mantovani et al., 1997b:
Frepoli and Amato, 2000; Viti er al., 2001).
Analysis of fault slip data sets (Hippolyte et al.,
1994, 1995) from Quaternary geological units
provides evidence for a recent change of strain
fields (Early-Middle Pleistocene) that corre-
sponds to a major change in the geodynamic
setting of this zone (Cingue ef al., 1993; Panto-
sti et al., 1993a; Hippolyte er al., 1994, 1995;
Mantovani er al., 1997b; Valensise and Pantosti,
2001). During the Early-Middle Pleistocene, the
end of shortening in the Southern Apennines
occurred together with a major regional change
in the stress regime from compressional-exten-
sional to merely extensional. This work aims at
providing information about the present-day
tectonics of this arca that reflects a new defor-
mation stage in the regional geodynamics (Hip-
polyte et al., 1994, 1995).

3. Crustal structure and seismicity

Information on the crustal structure of the
Apennines mainly comes from gravity data
(Giese and Morelli, 1975; Baldi et al., 1982),
deep seismic profiles (Cassinis ef al., 1979;
Nicolich, 1989; Roeder, 1984) and seismic tom-
ography (Chiarabba and Amato, 1997; Lucente
et al., 1999). All these geophysical observations
reveal a variable Moho geometry (Geiss, 1987).
Beneath the Tyrrhenian Sea the crust is [2 km
thin and the Moho depth increase toward the
Adriatic foreland, where geophysical investiga-
tions suggest depth at 38 km. The P wave tom-
ographic images below the Apenninic belt (Chia-
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Fig. 1. The Central Mediterranean area: sketch of the major tectonic lineaments and structural domains (after
Anzidei ef af., 2001; Mantovani et al., 2000b). 1) Continental (a) and oceanic (b) parts of the Africa/Adriatic and
Eurasian forelands; 2) Tethyan belt constituted by oceanic remnants and intermediate massifs; 3) deformation
belts developed on the African and Eurasian margins; 4) crustal thinning; 5) active thrust fronts; 6) subduction
zones; 7) inactive thrust fronts; 8,9,10) compressional. tensional and trascurrent features; 11) main trends of
compressional deformations in the Mediterranean ridge and Calabrian arc. C = Crati trough; CS = Corsica-
Sardinia block: Ep = Epirus: G = Gargano faul; Ke = Kefallinia fault; IB = Iblean block: M = Messina
trought; MB = Marsili basin; P = Palinuro fault; SC = Sicily Channel; Se = Siracusa escarpment;
Vu = Vulcano fault. The dark gray rectangle represents the sector of the GeoModAp - GPS network object of
this study.
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rabba and Amato, 1997; Lucente ef al., 1999)
provide information on the structure and ther-
mal regime of the deep crust. Generally, there is
a good agreement between tomographic images
and surface geological frame (Patacca and Scan-
done, 1989). A low velocity zone is present
beneath the Latium-Abrutii limestone platform,
ringed by high velocities, suggesting the pres-
ence of a different crust type. The Northern and
Central-Southern Apennines are separated by a
N-S trending lithological transition zone, the
Ancona-Anzio lineament (Castellarin et al.,
1982), which separates the tectonic units of
Umbria-Marche from the Latium-Abrutii plat-
form. The agreement with tomography suggests
that this discontinuity should be considered as a
lateral structural boundary of the subducting
Adriatic lithosphere (Lucente ef al., 1999). The
tomographic images supporl the hypothesis that
the region corresponding to the present Central-
Southern Apennines was a continental promon-
tory extending westward of the Adriatic plate
(Lucente ef al., 1999). The Apulian carbonatic
platform is evidenced beneath the Central-South-
ern Apennines at depth of ~ [0 km by deep
seismic profiles and boreholes (Mostardini and
Merlini, 1986; Amato and Montone, 1997). A
continuous low velocity anomaly is present in
the lower crust underneath the Northern and
Southern Apennines arcs margin (Chiarabba and
Amato, 1997) separated by a second low veloc-
ity anomaly along the Ortona-Roccamonfina
lineament (Patacca et al., 1990). Positive veloc-
ity anomalies are present beneath the Tyrrheni-
an side of the Apennines from the Alban hills
(Latium} to the south (Flegrei fields). A low
velocity belt is found all along the Tyrrhenian
coast, in good agreement with the observed high
heat flow, the thinning of the crust (Geiss, 1987),
and the presence of quaternary volcanoes in the
peri-Tyrrhenian area (Serri et al., 1993).

The present seismicity distribution in the
Italian Peninsula and Sicily (fig. 2) reflects the
Neogene and Quaternary evolution of the Cen-
tral Mediterranean. Seismic activity in the Ital-
ian Peninsula is mainly distributed along three
longitudinal areas. The first is located along the
Tyrrhenian side, with shallow (0-7 km depth)
and small magnitude (M <4.5) earthquakes,
mostly concentrated in the vicinity of the Qua-
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ternary volcanoes and the geothermal areas, such
as Tuscany, Latium and Campania. The second,
belonging to the Apenninic belt, is generally
characterized by stronger (M up to 7) and deep-
er (0-20 km depth) earthquakes, generally with
normal (secondary strike-slip) focal mechanisms.
The last concerns the Adriatic foredeep where
scismic events also display thrust and strike-slip
fault plane solutions in the Northern Apennines
and in the Gargano arca. The Tyrrhenian side is
characterized by high thermal gradient and pres-
ence of magmatic/hydrothermal systems in the
upper crust, which often generates episodes of
vertical deformations (Flegrei fields, Albani
hills). The Apenninic belt shows two distinct
seismic regions, which differ for the total seis-
mic moment, released, the largest magnitude
observed and the faulting mechanism (Gasparini
et al., 1985; Frepoli ef al., 1996; Selvaggi et al.,
1997; Frepoli and Amato, 2000). The diffuse
seismicity distribution within the area separat-
ing these two seismic districts (Cocco et al.,
1993) does not depict this region as a single
tault zone, but rather as a transition zone (Anco-
na-Anzio lineament) between the Northern Ap-
ennines arc of Umbria and the carbonate plat-
form of the Central Apennines. The Central and
Southern Apennines are subjected to a sparse
seismicity, less frequent than in Northern Apen-
nines, but with larger magnitudes and strong
historical earthquakes. Seismicity distribution
in Central-Southern Apennines shows that the
large tectonic discontinuities which played a
fundamental role during the Apenninic built-up,
like the Ancona-Anzio and the Ortona-Rocca-
monfina lineaments (Castellarin et al., 1982:
Patacca et al., 1990), are no longer active, or
that at least the deformation along these struc-
tures could be aseismic. Another interesting fea-
ture of the boundary region between Northern
and Central-Southern Apenninic arcs is the dif-
ferent stress distribution. North of latitude 43°N,
breakout data and focal mechanisms (Frepoli
et al., 1996; Montone et al., 1997; Frepoli and
Amato, 2000) reveal horizontal compression
perpendicular to the thrust front in the external
sector of the arc. At this latitude, a stress rota-
tion is observed both at the external front and
within the belt (Montone er al., 1997), where
NW-SE extension is suggested by fault-plane
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Fig. 2. Distribution of the GeoModAp GPS stations (red triangles) with respect to seismogenetic structures
inferred from geological and geophysical data (blue boxes represent major fault segments and dark gray lines
represent transverse and generic tectonic lineaments as provided by the Database of Potential Sources for
Earthquakes Larger than M 5.5 in Italy, Release 1.0, Valensise and Pantosti, 2000), spatial distribution of
instrumental seismicity from the INGV's bulletin for the time span 1985-1998 (gray circles, proportional to
magnitude) and focal mechanisms for earthquakes with M > 4.0 from the Harvard CMT catalog.

solutions of recent crustal earthquakes (Frepoli Database of Potential Sources for Earthquakes
et al., 1996; Frepoli and Amato, 2000). During Larger than M 5.5 in Italy (Valensise and Panto-
the last ten years new geophysical and geolog- sti, 2000). The Central-Southern Apennines are
ical studies (Valensise et al., 1993; Boschi et al., characterized by a narrow seismic belt, NW-SE
1998; Gasperini er al., 1999; Valensise and Pan- striking and 30 to 50 km wide (Amato and
tosti, 2001) provide a fundamental tool for a Montone, 1997). In this area the seismicity is
better localization and identification of seismo- spatially clustered along the major fault seg-
genetic structures. Figure 2 shows part of the ments (fig. 2) identifying the boundary between
631
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adjacent segments of the main Southern Apen-
nines seismic belt (Valensise er al., 1993; Ama-
to and Montone, 1997; Valensise and Pantosti,
2001). Since this area was a site of large earth-
quakes in the past (Boschi er al., 1993, 1997,
2000), its present low seismicity could suggest
a high seismic hazard. The identification of re-
gions characterized by continuous and low seis-
mic energy release, next to fault segments, which
seems to be currently locked, is actually a very
important theme. We think that only the combi-
nation among geological, seismological, both
historical and instrumental, and geodetic obser-
vations can provide an indispensable database
to understand and to model estimates of the
seismic and aseismic deformations along known
seismogenetic structures, that is an important
tool for seismic hazard reduction.

4. GPS data collection

With the aim of detecting the present day
crustal motions of the Central-Southern Apen-
nines, we repeatedly surveyed the GeoModAp
network (Geodynamic Modeling of the Apen-
nines), set up in 1994 in the frame of an EC
geophysical project (Anzidei er al., 1995a.b,
2001). We selected 15 GPS stations, which
were occupied during several week-long cam-

paigns in 1994, 1995, 1996, 1999 and 2000
(fig. 2, table I).

Some GeoModAp GPS stations belong to
other geodetic networks, and seven new sites
were planned and established during the project
(BUON, CIRP, MIRA, INGR, PIED, SGIO,
SPER), in order to better constraint the defor-
mation field of the chain. The four stations of
Capri (CAPR), Lucera (LUCE), Sant’Angelo
(ANGE) and Tremiti (TREM), are part of to
the first order Italian Geodetic Network and are
coincident with the National GPS IGMY5 net-
work (Surace, 1997); they also belong to the
regional Tyrgeonet GPS network (Anzidei er al.,
2001) together with Ponza (PONZ), Cassino
(CASS) and Capranica Prenestina (CPRN},

All the GPS stations are located on stable
monuments, with self-centering devices for
precise antenna set up, good visibility for GPS
satellites and affordable signal acquisition
(table II).

5. GPSdata processing and velocity modeling

In this paper we followed a new approach in
data processing, velocity adjustment and error
analysis with respect to previous works (Anzi-
dei eral., 2001 and references within) where we
combined the solutions of two spatially differ-

Table I. Complete names and labels used for the GeaModAp GPS stations. Connection with other Ttalian geodetic
networks. Type of monumentation (1 - concrete pillar; 2 - marker screwed in stable outcrops; 3 - stable building:
4 - concrete pillar built on the roof of a stable building). The last five columns describe the receiver-antenna combination

for

each survey.

GeoModAp GPS network

1994

1995

1996

1999

200

Recelver-antenna

Receiver-antenna

Receiver-antenna

Recelver-antenna

Complete name Label  Insttutions  Connected network  Type  Receiver-antenna
Mnt, San’Angelo ANGE 1GM IGM lthoed. - IGMYS 3 ASHLI2-ASHT002284
Buonalberso BUON  INGV 2 TRMSSE-TRM22020.00
Capravica Prenesting - CPRN INGY Colli Albani, Rome 2

Caprl CAPR I0M IGM Ithord. - IGM93 3 SR2MO-LEISR299_INT
Cassano lrpino CIRP INGV Napoli 1 TRMSSE-TRM22020.00
Cassing CASS  ENEA-IGM  Cassino - IGMO3 I ASHLI2-ASHAH228A
INGY INGR INGV Napoli 4

Lucera LUCE 1GM IGM Nthord. - IGM93 1 ASHLI2-ASHT002284
Miranda MIRA INGV 2 TRMSSE-TRM22020.00
Piedimonte Matese — PIED INGY 2

Panza PONZ  IGM-INGV  Ttalian Magnetic Netw. 1 TRMSST-TRM[4332.00
Sun Giorgio SGIO Oss Vesuviano Napoli 2

Sperlonga SPER INGV 2

Tremiti TREM 1GM IGM Ithord. - IGM95 4 TRMSST-TRM14532.00

TRMSST-TRM14532.00
ASHMI2-ASHT0G228D
TRMSSE-TRM22020.00
SR299- LEISR299 INT
TRMSSE-TRM14332.00
ASHMI2-ASHTM225D
TRMSSE-TRM22020.00

TRMSSE-TRM22020.00
TRMSSE-TRM22020.00
TRMSSE-TRM22020.00
TRMSSE-TRM14532.00
TRMSSE-TRM22020.00
ASHMIZ-ASHT00228D

ASHZI2-ASH700228D |
TRMSSI-TRM22020.00
ASHMIZ-ASHTO28D
SR2GY- LEISRI99 INT

TRMSSI-TRM22020.00
ASHZI2-ASHTO0228D

TRMSSE-TRM22020.00
ASHZI2-ASHT00228D

TRMSSE-TRM22020.00
TRMSSE-TRM22020.0
TRMSSE-TRM22020.00
TRMSSE-TRM14332.00
TRMSSE-TRM22020.00
TRMSSI-TRM22020.00

TRMSSI-TRM22020.00
TRMSSLTRM22020.00
ASHZI2-ASHT00228D
TRMSSI-TRM22020.04)
TRMSSI-TRM22020.00
TRMSSI-TRM22020.00
TRMSSI-TRM22020.00
TRMSSI-TRM22020.00
TRMSSL-TRM22020.00
TRMSSE-TRM22020.00
TRMSSETRM22020.00
TRMSSE-TRM22020.00
TRMSSI-TRM22020.00
TRMSSI-TRM22020.00

TRMSSI-TRM22020.00
TRMSSI-TRM22020400
TRMSSI-TRM22020.00
TRMSSI-TRM22020.00
TRMSSI-TRM22020.00
TRMSSI-TRM22020.00
TRMSSETRM2202000

TRMSSI-TRM22020.00
TRMSSI-TRM22020.00
TRMSSE-TRM22020.00
TRMSSI-TRM29659.00
TRMSSI-TRM22020.00
TRMSSI-TRM22020.00
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Table II. Daily occupation table for the GeoModAp network and the 1GS

and other GPS permanent stations

included into the analysis of the primary regional observations.

Survey | GeoModAp GeoMuodAp GeoModAp GeoModAp GeoModAp

1994 1995 1996 1999 2000

Permanent 1GS stations included into the first step analysis

AQUIE & 8 & & 8 & % s s » 8
CAGL LI T T T T T
CAME * * s s * e+ ® s s s @
COSE L R T I R T R * 0+ s
GRAZ & & & o @ 4 & # % & 8 % ® % &4 s @& s @& 8 8 8 8 e & @ & @8 s @ 8w @« @ e s 5 s = »
LAMP @ 8 & ® & & & * @ @+ & & & & + v = @
MATE @ & o s s o & a & a s s s s ®» o & & & 5 & & 8 2 & & & & & & & & 8 & 8 2 % & 8 & o »
NOTO ® * & s s = & 2 & T 8 & T & @& & & s s = a2 s s s 2
UNPG e % = s s 8 s e s » « + 4+ ¢ s s a
UPAD - e = ® s & = 8 8 B2 s+ 8w = s 2 & 8 = = 8 ® ¥ T & s @ 0w L
VVILO « o @ = s e+ s = s @
WEITT @« = e« o s s & » 8 & 5 s s s & ®» & s & & & & &
WTZR ® ® & ® s ® ® s & & » & * ¥ & & T & & v = s = s = ®w

ZIMM & » & # & & + » & 2 % » & & s a = o

GeoModAp GPS stations

ANGE

WON + v v e e e TR

CAGL o & & o

CAPL o . .

CAPR L T « s s = e @ T « 8 4 4+ 8 & s & s =
CASS o o o » « ® s s = . s e L R T ) TR R T

CIRP & o« = o & « v e e 4 . . . LR I e + s s s = 8 & = = a
CPRN P LI T T S T * s v v e

INGR s a4 s s s « s & = . e« 8 s & 8 s 8 2 = 8 8 s &8 W 8 & & *
LUCE . . « s . « .

MIRA o & « s ® = & T . . « v ow . « s & & s
PIED} DR T A ] a s s @« 8 « = = s ® s 8 ® e ®w v 8 8 @

PONZ o o s o o s e e s e D I e e e s e 8 e 8 v e s s e
SGIO P . s+ = @ . .+ 8w s s s

SPER * s & & @ « &+ s+ s 8 &8 s & & & & = a2 @ a s s s ®

TREM s o s o &« C ) LY = s e . « e+ 8 « & 4 & 2 8 2 s ® @
ent networks obtained with different processing We adopted the IGS_I model in the data
schemes and software versions., The obtained processing, in order to take into account the
differences are not statistically significant even antenna phase center variations as a function of
in terms of velocity field and strain rate field, the elevation of satellites (Rothacher and Ma-
except for errors, which are lower in this last der, 1996). This model arbitrarily assumes no
computation due to the extremely self-consist- elevation-dependent terms for Dorne-Margolin
ency of the GeoModAp network and of the data choke ring antennas and applies elevation-de-
processing approach (Dong et al., 1998). pendent variations for other antennas.

We processed and analyzed GPS data fol- Satellite a priori orbits are obtained by nu-
lowing three main computing steps, using the merically integrating the initial conditions (g-
GAMIT/GLOBK (King and Bock, 1995; Her- files) obtained from SOPAC (Script Orbit and
ring, 1999) and QOCA software (Dong et al., Permanent Array Center) products archive. Us-
1998; http://gipsy.jpl.nasa.gov/qoca). ing these satellites ephemerides, along with a

In the first step we used GAMIT to analyze priori values for station coordinates, Earth rota-
the GPS carrier phase data for the regional GPS tion parameters and standard expressions for
network, including some IGS European stations the precession and nutation, GAMIT computes
(at least MATE, NOTO, CAGL, WTZR, ZIMM, theoretical values for the carrier phase observa-
GRAZ) to frame the regional network to the tions at both the L1 and L2 frequencies for each
ITRF coordinate system. station-satellite combination. These values are
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Fig. 3a,b. Time series for the GeoModAp-GPS stations. Coordinates are obtained in the separate mode QOCA
analysis, constraining at the centimeter level some IGS permanent stations to their ITRF97 values.
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Fig. 3a,b (continued).
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then subtracted from the observed ones to form
phase residuals and combined as double differ-
ences (between satellites and between sites) in
a least square analysis to estimate station coor-
dinates, orbital and phase ambiguity parame-
ters (Shaftrin and Bock, 1988). Residual trop-
ospheric effects respects to a reference model
{e.g., Saastamoinen, 1972) are parameterized
by a combination of zenith delay parameters.
The product of the single-session analysis is a
set of loosely constrained parameters estimates
and their covariance matrix. The first step of
the process is the ambiguity resolution, that
is the evaluation of their correct integer num-
bers, in order to eliminate them from the obser-
vation equations. This is performed through a
series of four intermediate solutions, executed
sequentially in a series of scripts of the GAMIT
autematic processing scheme: 1) All parame-
ters are estimated using the ionospheric-free
(LC) combination of the L1 and L2 phase,
imposing thigh constraints on some station
coordinates. 2) Holding the geodetic parame-
ters fixed at the values obtained previously, the
wide-lane (L5) ambiguity parameters are esti-
mated and, it possible, constrained to integer
values; ionospheric refraction is constrained
by the introduction of a further observation equa-
tion in a «geometry-free» combination (Dong
and Bock, 1989). I precise pseudoranges al
both the L1 and L2 frequencies are available,
they are used to help the determination of the
wide-lane ambiguities. 3) The equations of
«iono-free» combination are solved, fixing the
wide-lane ambiguities, and resolving the resid-
ual biases of these observables (narrow lane).
As in solution 1, a reference frame is defined by
imposing tight constraints on some station co-
ordinates. 4) Using the resolved values of both
the wide-lane and narrow-lane ambiguities held
fixed, the final values of geodetic parameters
are estimated from LC observations. In order to
produce the loose constrained parameters esti-
mates, solutions 1 and 4 are repeated with orbit
and position constraints sufficiently tight to
avoid numerically singularity, but sufficiently
loose to avoid the introduction of significant
bias on the estimates (Dong and Bock, 1989;
Dong et al., 1998). Using this processing
scheme, loose constrained solutions for each
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session of the surveys from 1994 to 2000 were
obtained.

In the second step, we combined all the daily
regional loose constrained solutions with the
global loose constrained solutions provided by
SOPAC (h-files) for the same period, solving
the commonly shared parameters, such as the
satellites orbits and the coordinates of the glo-
bal IGS permanent stations included in both the
subsets, by means of the Kalman filter proce-
dure included in the GLOBK software. Oral
(1994) and Zhang (1996) have demonstrated
that the combination of global and regional so-
lutions through an adjustment of their corre-
sponding estimates, and using full covariance
matrices, yields parameter estimates that are
statistically equivalent to a simultaneous adjust-
ment using all the data; this approach is signif-
icantly more efficient and maintains reasonable
homogeneous solutions.

The third step was performed by combining
all regional and global loose constrained daily
solutions as quasi observation to model the ve-
locity of each station, assumed to be constant in
time, by means of the QOCA software. The
combination was performed through the sequen-
tial Kalman filtering, allowing global transla-
tion and rotation for each daily solution. Ran-
dom walk style perturbations were allowed for
some parameters whose errors were correlated
with time, such as the Earth Orientations
Parameters and the antenna heights (Rothacher
et al., 1996; Dong et al., 1998), We first ana-
lyzed the time series in order to detect outliers
which may be due to missing antenna height
record, wrongly fixed cycle slip, severe multip-
ath, poor satellite configuration and other blun-
ders not evidenced during the previous data
analysis. As a rule of thumb we adopted the self-
consistency, so, if one quasi observation is sig-
nificantly inconsistent with the other, this data is
likely to be an outlier. Figures 3a and 3b show the
time series for the 14 stations of the GeoModAp
network, and confirms that the assumption of
a constant velocity is reasonable. The refer-
ence frame is defined only in this last step, and
it affords for a rigorous solution to the problem
of an inhomogeneous tracking network, where
the set of stations changes from day to day and
year to year (Feigl ef al., 1993). Since the fidu-
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Table III. Constraint and perturbations used in the global analysis with QOCA (for more details please see

Dong et al., 1998).

GPS a;a';lg/sis Horizontal Vertical Perturbation
_C()Estraims (m) {m) m/yr
IGS coordinates 0.1 (.5 0.004 (V)
IGS velocities Fixed 0.01 0.004 (V)
GeoMadAp coordinates 10 10 0.004 (V)
GeoMoadAp velocities 1.0 1.0 (0.004 (V)
7Equa[01‘iu] rotation 30 mas o 730 ;1';157/3/1‘ -
Axial rotation 0.5 mas 0.5 mas’/yr
Translation I'm 300 mas'/yr

cial network define the frame to which the esti-
mated vectors are referred, simply compuring a
vector estimated on two days with different net-
works can lead to an inaccurate estimate of its
rate of change. The approach adopted in this
work minimizes the effect of the shifting fidu-
cial geometry by imposing the constraints on
the coordinates and on the velocities in a con-
sistent manner. This is particularly important
for GPS tracking stations that have been used
only few times (as WETT and CAGL). We ob-
tained the velocity field in the ITRF97 reference
frame tightly constraining the velocities of some
European 1GS permanent stations listed in table
I1. The constraints applied and the perturbations
used are listed in table 1L

To assess the accuracy of the velocity field
obtained in this last step we took into account
the complexity of the error spectra of GPS data.
A spatial correlation may be due to the common
orbital, Earth rotation, and regional atmospher-
ic errors (Feigl et al., 1993), while a temporal
correlation is induced by atmospheric distur-
bance, monument instability and orbital misfits
(Zhang et al., 1997; Mao et al., 1999).

Following the error analysis proposed by
Dong et al. (1998), we used the empirical ap-
proach described in Shen et al. (2000). At each
step, when a new data file was added, we consid-
ered the increment of the postfit y due to the
addition of the new data file and the increase of
degrees of freedom in data space, evaluated in a
conventional way (observation number estimat-
ed parameter number). Each data file was then
re-weighted after the iteration using the square
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root of the dy” per quasi observation data file
averaged from forward and backward Kalman
filtering (see tables IV and V). This procedure
allows an adequate relative weighting for the in-
dividual data files. The next step was to evaluate
the increase of the number of parameters caused
by allowing the parameters perturbation in the
Kalman filtering process. The total normalized
RMS has been then be revaluated with an updat-
ed estimate of the number of degrees of freedom
and then the velocity error — has been rescaled.

Sometimes a high value of dy° per quasi
observation should not come from the underes-
timated formal uncertainty, but another possi-
bility is that two adjacent quasi observation files
have close observation epochs but with com-
pletely different rotational status (Dong et al.,
1998). In this case, the assigned global network
parameter perturbation level is not adequate to
account for the different network rotation, so we
enlarged the perturbation level for this quasi
observation file.

In order to give the residual velocity field
with respect to an Eurasian fixed reference frame
(table VI), we rotate our ITRF97 velocity solu-
tions using the rotation pole given by the NUV-
EL-1A model (DeMets et al., 1994). Since we
are mainly interested in the relative movements
between GeoModAp stations for the estimation
of the present-day strain rate of the Apennines,
the definition of a fixed Eurasian reference frame
is out of the scope of this work. Figure 4 shows
the residual velocities of GeoModAp stations
(red arrows) after the rotation into the «Eurasian
fixed» reference frame.
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Table IV. Reference epoch, initial weighting factor, number of observation, dy” per quasi observation, both for

forward and backward filtering and final reweighting factor per quasi observation data file.

QOB Julian QOB Initial Observation Sy’ Sy Final
num. day epoch rew. fact. number forward backward rew. fact.
1 320 1994.8747 1.00 48 0.003 2.446 111
2 321 1994.8775 1.00 51 0.674 2316 1.22
3 322 1994.8802 1.00 48 0.857 3.803 1.53
4 323 1994.8830 1.00 k 0.660 5.863 1.81
5 324 1994.8857 1.00 45 0.751 3.792 1.51
6 168 1995.4579 1.00 30 2758 0.394 1.25
7 170 1995.4606 1.00 33 1.473 0.612 1.00
8 171 1995.4634 1.00 66 0.813 1.071 1.00
9 172 1995.4661 1.00 69 1.166 2.135 1.28
10 173 1995.4689 1.00 69 0.855 1.840 1.16
Il 174 1995.4716 1.00 60 0.669 2.231 1.20
12 175 1995.4743 1.00 66 0.788 2.570 1.29
13 176 1995.4771 1.00 45 0.545 2.521 1.24
14 177 1995.4798 1.00 42 0.453 3.101 1.33
15 170 1996.4627 1.00 42 2.6206 0.555 1.26
16 171 1996.4634 1.00 69 2,799 0.956 1.37
17 172 1996.4682 1.00 66 2,794 1.953 1.54
18 173 1996.4709 1.00 69 1.701 2.696 1.48
19 174 1996.4736 1.00 66 0.503 1.351 1.00
20 175 1996.4764 1.00 63 0.547 2.485 123
21 176 1996.4791 1.00 63 0.734 5.701 .79
22 177 1996.4819 1.00 39 0.671 3.029 1.36
23 137 1999.3730 1.00 42 6.297 0.480 1.84
24 138 1999.3758 1.00 60 5.383 0.621 1.73
23 139 1999.3785 1.00 60 1.220 0.600 1.00
26 140 1999.3812 1.00 63 1.482 0.806 1.09
27 141 1999.3840 1.00 63 2115 1.251 1.29
28 142 19993867 1.00 54 0.811 0.480 1.00
29 143 1999.3895 1.00 48 0.533 0.811 1.00
30 159 2000.4326 1.00 60 3.174 0.242 1.31
gl 160 2000.4353 1.00 63 2.022 0.285 1.07
32 161 2000.4381 1.00 69 2.250 0.377 1.15
33 162 2000.4408 1.00 69 1.301 0.330 1.00
34 163 2000.4435 1.00 69 1.375 0.383 1.00
35 164 2000.4463 1.00 72 2.201 0415 1.14
36 165 2000.4490 1.00 72 1.917 0.178 1.02
37 166 2000.4517 1.00 66 0.810 0.193 1.00
38 167 2000.4545 1.00 54 0.500 0.257 1.00
39 168 2000.4752 1.00 54 0.615 0.257 1.00
40 169 2000.4600 1.00 54 0.651 0.127 1.00
41 170 2000.4627 1.00 42 0.441 0.001 1.00
638
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Table V. Statistic of the final QOCA global solution (OBS = total observation number; SITES = total number
of sites from data files; PARA = total estimate parameters; CONST = constraints reduced parameters dimension;
PERTU = perturbation increased parameters dimension; DOF = degrees of freedom; NRMS = normalized rms);
for more details refer to Dong et al. (1998).

QOB files OBS SITES PARA CONST PERTU DOF NRMS
41 2334 26 163 26.5379 649.7060177  1547.8312 1.22004254

Table VI. Final velocity solution and errors. Velocities are given both in the ITRF97 reference frame and with
respect to an Eurasian Fixed reference frame (NUVEL-1A. DeMets er al., 1994).

Site Long. Lat. Velocity mm/yr Uncertainty Correlation Residual Velocity
ITRF97 mm/yr coefficient mm/yr
East North East North East  North
IGS permanent stations
CAGL 8.973 39.130 20.9 13.1 0.1 0.1 0.002 019  -0.79
GRAZ 15494 47.067 21.8 13.5 0.1 0.1 -0.003 .06 -0.79
HERS 0.336  50.867 17.2 15.0 0.1 0.1 -0.005 -0.16 0.03
KOSG 5.810 52178 17.0 144 0.1 0.1 -0.006 -1.24  0.14
MASL 344367 27.764 16.8 15.3 0.1 0.1 0.001 -i.60 -0.82
MATE  16.705 40.649 235 17.4 0.1 0.1 0.002 1.7¢ 479
NOTO 14990 36.876 21.9 17.5 0.1 0.1 -0.002 0.17 4.59
ONSA 11926 57.395 17.1 13.3 0.1 0.1 -0.010 -1.28 -0.09
UPAD  11.878 45407 21.6 15.7 0.1 0.1 -0.002 1.23 2338
VILL  356.048 40.444 18.3 14.0 0.1 0.1 -0.001 -0.11 -1.37
WTZR 12.879 49.144 20.1 13.5 0.1 0.1 -0.018 0.11 0.22
ZIMM 7.465 46.877 19.2 14.0 0.1 0.1 -0.013 -0.24 -0.06
GeoModAp Stations
ANGE 15952 41.708 23.1 16.6 0.2 0.2 -0.004 1.63 3.86
BUON 14982 41.221 23.3 10.4 0.3 0.3 0.001 1.90 -2.46
CAPR 14224 40545 19.0 16.7 0.2 0.2 0.000 -2.31 3.63
CASS 13937 41542 19.6 14.2 0.3 0.3 0.009 —-1.56 1.12
CIRP  15.024 40.862 21.8 15.8 0.2 0.2 -0.009 0.38 2.93
CPRN 12928 41.881 20.2 15.4 0.3 0.3 0.030 -0.74 2.16
INGR 12515 41.828 20.6 16.6 0.2 0.2 —0.006 -0.29 3:25
LUCE 15473 41517 20.6 14.6 0.8 0.9 -0.018 —-0.83 1.74
MIRA 14266 41.640 22.7 16.5 0.2 0.2 0.011 1.44 3.52
PIED 14369 41.366 23.1 13.7 0.2 0.2 -0.006 1.87 0.74
PONZ 12953 40.908 21.6 14.9 0.2 0.2 -0.001 0.54 1.66
SGIO  14.657  40.777 22.6 159 0.3 0.4 0.080 1.23 2.99
SPER 13464 41.239 20.2 14.3 0.2 0.2 0.007 -0.89 1.13
TREM 15507 42.122 229 16.8 0.2 0.2 -0.001 1.58 3.98
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6. Strain rate computation fined by a group of stations, or over the whole
network. The velocity gradient tensor can be
The relatively high spatial density of the defined as L = E' + W. The symmetric part of L,

GeoModAp network, with respect to the other I, is the strain rate tensor. The anti-symmetric

regional GPS networks presently surveyed in part of L, W, gives a local measure of the vorti-

the Ttalian area (Vespe er al., 2000; Anzidei city, or rate of rotation. For the two-dimensional

etal., 2001), allows us to estimate the strain rate case, L can be written as

for the study area. We used the GPS velocities

weighted by their uncertainties to estimate the i i 0

two-dimensional velocity gradient tensor and = +{ . }

related parameters, such as the strain rate tensor, E, E, -w 0

maximum and minimum eigenvalues, dilatation

and rotation rates (Feigl er al, 1990, 1993). We used two different methods to obtain the

From the velocity field, the strain rate may be planar velocity gradient tensor. The first one

computed solving for the velocity gradient ten- computes the strain rate tensor over the whole

sor L (Malvern, 1969) over a sub-network, de- network, or within subnetworks (Feigl et «l.,
12° 13° 14° 15 16° 17° 18°

[ ———— e — = 43

42" - 42"
I
; i
I Il
41° - 417
MATE
e e G emiyr i e
40° — - — —_— —— & 407
12’ 13° 14° 15° 16° 17° 18°

Fig. 4. GeoModAp residual velocity tield with respect to a fixed Eurasian reference frame (NUVEL-1A model,
De Mets er al., 1994). Error ellipses are at the 95% confidence level. The dark gray line represents the position of
the Ortona-Roccamonfina tectonic line, which separates the Northern Apennines arc from the Southern Apennines
arc. The black line represents the polygon used for the computation of the averaged strain rate plane tensor (biue
arrows). See table VII for numerical values and errors of strain rates.
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Table VII. Strain rate values and errors computed within the whole network and subnetworks (refer to figs. 4
and 3 for subnetworks geometry) using the approach of Feigl et al. (1990).

Long. Lat. E . ok, . E .. ¢ FE. Cw-Spin oSpin Theta oTheta Network

(deg) (deg) (I/y&'} (1/yr) (1/y1) (l/’__vr) (1/yr) (l/yr)  (deg) (deg) name
14,465 41.327 1.37E-08 6.92E-10 —4.74E-09 7.60E-10 9.07E-10 5.15E-10 -25.79 1.601 Full network

i

14.565 41.292  1.22E-08 7.84E-10 —9.87E-09 1.29E-09 4.16E-09 7.51E-10 -35.85 1.950 fig. 4

13,160 41485 1.66E-08 2.07E-09 -223E-08 2.54E-09 22I1E-09 1.64E-09 62.52 2.403 Subnet. A-fig.5

13.826 40.874 —6.37E-09 3.07E-09 —2.90E-08 3.26E-09 2.68E-09 2.18E-09 -21.76 5.497 Subnet.B-fig.5
14.387 41.239 2.56E-08 2.50E-09 —1.16E-08 2.60E-09 1.23E-08 1.75E-0¢ -12.63 2.693 Subnct.C-(ig.5
15.199 41.513 1.45E-08 1.46E-09 —9.57E-10 1.99E-09 259E-09 1.27E-09 112.84 4.519 Subnet. D-fig.5
15.804 41.075 1.56E-08 1.67E-09 —4.06E-09 1.62E-09 —3.65E-09 1.18E-09 -23.72 3.413 Subnet.E-fig.5
12° 13° 14° 15° 16° 17° 18°
43 = = — | 43°
42" - - 42°
&
|
[
|
|
|
41° - 41"
A
40° -l e—— - — — 3 40°
12° 13° 147 15° 16° 17° 18°

Fig. 5. Spatial pattern of strain rates (black arrows) computed using the approach of Shen er al. (1996), within the
transect of the 12 stations used for the computation of the averaged strain rate tensor shown in fig. 4. We subdivided
the area of the GeoModAp network into subnetworks that show a quite homogeneous strain rate field (dark gray
lines), and for each of these subnetwork we computed the plane strain rate tensor solving the over determined least
square problem (Feigl er ail., 1990, 1993). See table VII for numerical values of strain rates and errors,
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1990, 1993). Given the velocities and their ac-
curacies for at least three stations, we can esti-
mate the horizontal velocity gradient tensor L
by solving the inverse problem

(1 0 Ax, Ay, 0 0 - - |u

01 0 0 Ay Ay (|| |y
v

1 0 Ax, AY, 0 0 L“ i,

o1 0 0 Ax, AY, "= v,

s s w8 a o || b,

. I

1 0 Ay, Ay, 0 0 i 2 J u,

01 0 0 Ax, Ay, -7 v,

Where Ax, and Ay, is the east and north coordi-
nates of the /-th station relative to the centroid of
the network. The velocities 1 and v are in the
east and north directions, respectively, with the
zero subscript denoting the velocity of the cen-
troid. Finally, the four components L, are the
elements of the horizontal velocity gradient ten-
sor L. The eigenvalues and eigenvectors of the
strain rate tensor can then be calculated by the
formulae in Feigl er al. (1990). We used this
approach in order to estimate the strain rate over
the 12 stations of the GeoModAp network de-
signed to show the best geometry to detect de-
formations in a NE-SW direction, solving the
over determined problem by the least square
inversion applied to the whole subnetwork
(CAPR, CIRF, SGIO, BUON, LUCE, ANGE,
TREM, PIED, MIRA, CASS, SPER, PONZ;
fig. 4; table VII). In this case we obtained one
estimate of the horizontal principal axes of the
strain rate tensor pertaining to the whole area.

In order to detect changes in the spatial pat-
tern of the strain rate field within this subnet-
work we used a least square inversion method
that interpolates the velocity solution, using the
full covariance matrix, and solves for the veloc-
ity gradient tensor over a regular grid, as de-
scribed in Shen et al. (1996). This method mod-
els strain rates as a continuous function within
the network. By this approach we obtained the
velocity components, rotation rate and strain
rate components at each node of a regular grid,
whose dimension is defined by the spatial distri-
bution of GPS stations (fig. 5). The algorithm
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uses a particular weighting scheme, with smooth-
ing constant with distance, that acts as a filter
for the selection of the number of GPS velocity
vectors that will be included in the least square
inversion, and that downweights the contribute
of the velocities of stations at a certain distance
(for more details see Shen er al., 1996). Since
we are interested in the mean strain rate trend
along this sector of the Apennines, and we think
that the number of available GPS stations does
not allow a significant local analysis, we used as
smoothing constant a value of [00 km, which is
the baseline length computed as average of all
baselines lengths of the network. In this way,
the strain rate mainly represents the average
deformation pattern of the area (fig. 5) and is
poorly sensitive to possible anomalous single
vectors (for example the velocity of BUON).

7. Discussion and conclusions

Geological mesostructural data and paleoseis-
mological studies in the Central-Southern Apen-
nines suggest a major change in the stress field
in the Middle Pleistocene (Valensise and Pan-
tosti, 1992; Pantosti et al., 1993a; Cinque
ef al., 1993; Hippolyte et al., 1994, 1995; Valen-
sise and Pantosti, 2001). Due to the relatively
young age of the actual stress field (0.6-0.7 Myr),
seismic reflection studies do not give a clear
evidence of the active structures associated with
it, but still show the structures associated with
the Apennines mountain building (Mostardini
and Merlini, 1986). Active strain and stress esti-
mations, mainly from seismology (Selvaggi and
Amato, 1992; Frepoli and Amato, 2000; Viti
etal., 2001). breakout in deep wells (Amato and
Meontone, 1997; Montone et al., 1997), in com-
bination with mesostructural data (Hippolyte
etal., 1994, 1995), paleoseismology and quanti-
tative geomorphology (Pantosti and Valensise,
1988; Pantosti et al., 1993a,b; Valensise et al., 1993;
Valensise and Pantosti, 2001). indicate a present
day NE-SW extension in the Central-Southern
Apennines, which seems to be confined to the
upper 10-15 km of the crust. The amount of
extension is still uncertain because of the differ-
ent origin, besides the spatial and time intervals
of the different geophysical observations.
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Westaway (1992), considering instrumental
and historical seismicity since 1650 A.D. and
assuming widespread normal faulting, estimat-
ed an extensional velocity normal to the Cen-
tral-Southern Apennines as high as 5 mm/yr.
Jackson and McKenzie (1988), analyzing the
seismicity from 1908 to 1981 for events with
magnitude M, > 6.0, found a value of 2.1 mm/yr.
Anderson and Jackson (1987) suggest an exten-
sion rate of 2.5 mm/yr on the basis of smaller-
magnitude events in a shorter period, 21 years.
Pondrelli et al. (1995) found a lower value, 1.7
mm/yr, using only CMT solutions in the time
span 1977-1992. Kiratzi {1994), including all
earthquakes from 1870 to 1991, gave an exten-
sional velocity for the Northern-Central Apen-
nines of 3.1 mm/yr. Recently, Selvaggi (1998)
gave an extension rate for the Central-Southern
Apennines of about 1.6 mm/yr and of 0.3 mm/yr
for the Northern Apennines, using historical and
recent earthquakes in an interval of 700 years.
Bernardini and Gasperini (1994), using 25 earth-
quakes with 5.5 < M < 7.1 starting from 1600,
obtained extensional velocities ranging from
3.3 mm/yr to 0.7 mm/yr in the area of the
GeoModAp network, and a total rate of exten-
sion of 2.8 mm/yr for the entire area. The analy-
sis of seismic deformation carried out by Viti
et al. {2001) implies that the extensional strain
rates related to 198 crustal earthquakes, occurred
in the period 1915-1998, are roughly 2.5 mnv/yr
and 4 mm/yr for the Central and Southern Italy
respectively. Finally, paleoseismology gives slip
rates for the known faults that go from few
tenths to [.4 mm/yr (Valensise and Pantosti,
2000D).

Our analysis provides new quantitative in-
formation on the present day strain and velocity
ficlds of the studied area, with well-constrained
error estimates, which can hardly be assessed
by geological and seismological approaches.

As regards the residual velocity field (fig. 4),
the most interesting feature is an average NE-
ward motion for most of the stations located
east and south-east of the Ortona-Roccamonfi-
na tectonic lineament. Among these stations,
CAPR, BUON and LUCE show different resid-
ual velocity directions. For CAPR, this incoher-
ence could be due to local deformations related
to the Campanian volcanism. The motion of
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LUCE is statistically not significant probably
because that during one campaign this station
suffered for antenna instability (fig. 3b). Further
observations in this station will be performed
during repetition campaigns, since this station
lye in a suitable area to detect the relative move-
ments between the Apennines and the Apulian
foreland. BUON displays a clear anomaly of the
residual velocity field not recognized as obser-
vation outlier, as exhibited by the time series
(fig. 3a). This can be due to local active tecton-
ics or site instabilities, which can be revealed
only by a network densification. The stations
located on the Apulian platform, MATE, ANGE
and TREM, show a coherent residual velocity
field, which confirms other evidences on the
relative inner stability of this platform, and indi-
cate a different motion trend of this foreland
zone with respect to the Central Apennines. The
GPS stations located on the chain W and N-W
of the Ortona-Roccamonfina lineament show a
general N-ward to NW-ward motion. Although
the number of stations across this lineament are
not enough to allow a detailed and significant
estimate of its present kinematics activity, seis-
mic or aseismic, our results seem to confirm the
importance of this tectonic lineament as a crus-
tal discontinuity, separating areas with different
motions. A more detailed geodynamic interpre-
tation of the kinematics of this zone may be
achieved from a rigorous combination of local
and regional GPS networks. The processing ap-
proach described in this paper may allow us to
obtain statistically rigorous solutions even us-
ing data derived from networks with different
characteristics and observed in different epochs.

More interesting, from a seismotectonic point
of view, is the strain rate field that we analyzed
following two different approaches. Computing
the horizontal strain rate principal axes over a
subnetwork of 12 stations (within the dark gray
lines of fig. 4) we first estimated the average
deformation in this transect of the Apennines
(blue arrows in fig. 4), which includes different
tectonic domains of the chain. Considering a
SW-NE dimension of the GeoModAp network
of about 250 km, the mean strain rate value
(fig. 4, table VII) gives an extensional velocity
of 3.0 = 0.2 mm/yr, with azimuth (55 = 2)°, and
a significant but lower NNW-SS5E compression,
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roughly parallel to the chain axis. Then, using a
dumped least square interpolation method we
detected the spatial trend of the plane strain rate
principal axes (black arrows in fig. 5). On the
basis of this result, which indicates a transition
from N-S compression in the Tyrrhenian side to
a NE-SW extension toward the Adriatic, and on
the basis of the network geometry, we tentative-
ly subdivided this area into three main subnet-
works. From the site velocities of each subnet-
work, we computed the principal strain rate axes
pertaining to each subnetwork partition (blue
arrows in fig. 5, table VII), by solving the over
determined least square problem (Feigl et al.,
1993). With this approach we obtained in a
different way the spatial change of the strain
rate field, defining areas with quite homogene-
ous deformation fields.

On the basis of our data, the interpolated
strain rate field shows a minimum along the
chain axis, where paleoseismological, geo-
logical and macroseismic data identily the
main seismogenetic structures. On the contra-
ry, the areas lying outside the chain display
higher deformation values. It is worth noting
that this result 1s influenced by the anomalous
velocities of BUON and LUCE stations.

Even if this work shows the first well-con-
strained estimate of extensional velocity in the
Central-Southern Apennines from GPS data, it
is necessary:

— To densify the GeoModAp geodetic net-
work, to achieve a better resolution of the spa-
tial pattern of deformation styles and to evaluate
the present day kinematics of main tectonic struc-
tures, as the Ortona-Roccamonfina lineament,
or of other minor tectonic lineaments, which
may play a major role in controlling the present
day strain field.

— To combine the geodetic observations of
GeoModAp network with those collected in the
Central Mediterranean (using GPS data from
permanent, non permanent, local and regional
networks and following the same computation
approach and) in the frame of the Tyrgeonet
project (Anzidei et al., 1995¢, 2001), including
Northern Africa and Tyrrhenian Sea/Calabrian
arc tectonic system, in order to better under-
stand the ongoing deformation of the Apennine
chain with respect to a wider area.
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The comparison of the geodetic data de-
scribed in this paper, with the instrumental seis-
micity data collected in the area during the time
span of the geodetic surveys, will provide new
insights into the balance between seismic and
aseismic deformations and to contribute to the
seismic hazard reduction in this seismogenetic
area that suffered destructive earthquakes in the
last centuries.
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