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We studied the motion of the Adriatic microplate using Eurasian-referenced GPS-derived velocities from
Istria Peninsula (Slovenia, Croatia) and Po Plain (Italy) sites and earthquake slip vectors around its edges
from a Regional Centroid Moment Tensor catalogue. We explored kinematic parameters by inverting GPS
velocities using a variety of site combinations and comparing results. Our best-fitting GPS Adria–Eurasia
angular velocity vector (Euler pole) comes from 7 Istria Peninsula (Slovenia, Croatia) and 10 Po Plain (Italy)
sites; it locates at 45.03°N, 6.52°E, with a 0.297±0.116°/Myr counterclockwise rotation rate. This new GPS-
derived pole locates and overlaps with our earthquake slip-vector-derived pole. An Adriatic microplate
interpretation is at odds with Neogene geologic features that indicate recent convergence across the
Apennines and Alps. The neotectonics–geology mismatch probably signals the recent birth of the Adria
microplate upon termination of the Nubia–Eurasia Alpine collison and Adria slab break-off beneath
the Apennines.
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1. Introduction

The Mediterranean region is a complex tectonic patchwork of
arcuate collisional mountain belts (Alps, Dinarides), old unsubducted
Tethyian oceanic lithosphere (Ionian Sea), young oceanic rift basins
(Tyhrrenian Sea), active (Calabrian Arc) and aborted subduction
zones, accretionary prisms (Appenines), and microplates (Fig. 1). This
level of complexity is surprising given the nearly head-on and long-
lived Nubia–Eurasia collision that drives the system (Dewey et al.,
1973; DeMets et al., 1990,1994). Much of it is related to unexpected
“sideways” (plate-margin parallel and oblique) motions that reflect
local tectonic escape, upper-plate effects from slab pull and hinge roll
back, and microplate motion.

McKenzie (1972) first proposed the existence of an Adriatic
microplate that moves independently of both Africa (Nubia) and
Eurasia in the Mediterranean. Anderson and Jackson's (1987) analysis
of earthquake slip-vectors determined for the large (mb>5.5) earth-
quakes that rimmed the deforming edges of the aseismic Adriatic core
showed consistent NE–SW extension in the Apennines, N–S shorten-
ing in northern Italy, and NE–SW shortening in Croatia and Albania,
suggesting the presence of a microplate rotating counterclockwise
about a nearby pole. Despite this relatively coherent slip-vector
pattern, the microplate model was not widely accepted, in part,
because it is at odds with Neogene geologic features that indicate
recent convergence across the Apennines and Alps (e.g., Platt et al.,
1989; Selvaggi and Amato, 1992; Favali et al., 1993; Italiano et al.,
2000; Wortel and Spakman, 2000).

Most of the stable aseismic interior of Adria is submerged beneath
seawater, impinged on by young thrust faults, and, in the Po Plain,
covered by a thick blanket of young unconsolidated alluvial sediment
(Fig. 1). Even with the inherently limited distribution of available sites
andpotential for alluvial site instability, seminal space geodetic studies
began to corroborate the existence of an Adriatic microplate, and,
using more and better data, geodetic studies are now beginning to
refine the Anderson and Jackson (1987) model (Ward, 1994; Calais
et al., 2002; Battaglia et al., 2004; Grenerczy et al., 2005; Serpelloni
et al., 2005; Devoti et al., 2008; D'Agostino et al., 2008). Slip-vectors
from a recent and up-to-date Regional Centroid Moment earth-
quake catalogue (Pondrelli et al., 2006; http://www.bo.ingv.it/RCMT/
Italydataset.html) also provide additional high-quality kinematic
constraints (D'Agostino et al., 2008).

Ward (1994), using VLBI data, published the first space geodetic
study of the Adria microplate. Calais et al. (2002) simultaneously
inverted GPS velocities from only two continuous GPS sites in the Po
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Fig. 1.Map showing circum-Adriatic topography, seismicity, and earthquake focal mechanisms taken from the 1976–2008 Italian CMT dataset (Pondrelli et al., 2006; http://www.bo.
ingv.it/RCMT/Italydataset.html) and the 1997–2008 European-Mediterranean RCMT database (http://www.bo.ingv.it/RCMT/). The heavy grey lines separate the Adriatic microplate
(largely aseismic; diagonally patterned) from possible additional microplates (not shown) and Nubian (African) lithosphere to the south, and Eurasian lithosphere to the north, east,
and west. The Gargano–Dubrovnik zone (GDZ) is taken as the southern boundary of the Adriatic microplate. Green line shows deformed (thrust) margin front around Adriatic region
(part active; part inactive) with sawteeth on upthrust side. Yellow stars depict published locations of Adria–Eurasia Euler poles: A&J—Anderson & Jackson (1987); WES—Westaway
(1992); WAR—Ward (1994); CAL—Calais et al. (2002); BAT—Battaglia et al. (2004) Northern Adriatic; GRE—Grenerczy et al. (2005) Northern Adriatic; SER—Serpelloni et al. (2005);
DEV—Devoti et al. (2008); AG1—D'Agostino et al. (2008) GPS-derived solution; AG2 D'Agostino et al. (2008) slip vector-derived solution.

Table 1
Continuous GPS sites on the Po plain, Italy and data spans processed in this study.

Continuous
site name

Latitude
(°N)

Longitude
(°E)

Height
(m)

Data interval
processed

Data span
(yrs)

Network

BOLG 44.500 11.357 99.67 04Sept–08Nov 4.2 Unknown
CANV 46.008 12.435 965.92 04May–08Aug 4.2 FredNet
CAVA 45.479 12.583 47.77 01Jul–08Nov 7.3 Venezia
COMO 45.802 9.096 292.27 04May–08Nov 4.5 Unknown
IENG 45.015 7.639 316.62 04Jan–08Nov 4.9 Unknown
MDEA 45.924 13.436 165.70 03Jan–08Sept 5.6 FredNet
MEDI 44.520 11.647 50.02 96Mar–08Nov 12.2 Euref
PADO 45.411 11.896 64.69 01Nov–08Nov 7.0 IGS
TORI 45.063 7.661 310.75 97Apr–08Nov 10.7 Euref
TRIE 45.710 13.763 323.42 03Feb–08Aug 5.5 FredNet
UDI1 46.037 13.253 149.30 06Apr–08Aug 2.4 FredNet
UDIN 46.037 13.253 146.03 02Jun–06Sept 4.2 FredNet
UPAD 45.407 11.878 84.09 95Feb–01Nov 6.8 Euref
VENE 45.437 12.332 67.20 96Aug–07Jul 10.1 Euref
VOLT 45.385 11.911 53.41 01Jul–08Nov 7.3 Venezia
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Plain, UPAD and TORI, together with Anderson and Jackson's (1987)
slip vector data set, deriving an Adria–Eurasia angular velocity vector
similar in position to Anderson and Jackson's (1987) pole of rotation.
Calais et al. used this constraint, together with the inferred curved
western Adria–Eurasia boundary (Fig. 1), to explain the unexpected
dextral shear and extension that they observed geodetically in the
western Alps, where clearly collision and thrusting seem to have
ceased. Battaglia et al. (2004) used ~50 circum-Mediterranean GPS
sites to simultaneously study Adria motion and elastic strain along
model edges, and to test whether Adria could be separated into two
blocks north and south of the Gargano–Dubrovnik zone (Fig. 1);
Grenerczy et al. (2005) and Serpelloni et al. (2005) performed
similar wide-aperture GPS studies; and D'Agostino et al. (2008) and
Devoti et al. (2008) presented recent robust kinematic analyses and
developed models using data from a large number of GPS sites.

Battaglia et al.'s (2004) and D'Agostino et al.'s (2008) analyses
suggested an Adria-southern microplate (Apulia) boundary in the
central Adriatic along the Gargano–Dubrovnik seismic belt (Fig. 1).
Oldow et al. (2002) however presented a very different and testable
view of Adriatic kinematics. By combining GPS velocities from their
Italian Peri-Tyrrhenian Geodetic Array (PTGA) and the EUREF network
with those from the eastern Adriatic CRODYNnetwork (Altiner, 2001),
they reproposed that the Adriatic is an African (Nubian) promontory
that is fragmenting along a complex boundary into a Eurasia-attached
northwestern block and a Nubia-attached southeastern block. We
follow Battaglia et al. (2004) and D'Agostino et al. (2008) here
and treat only the northern segment of Adriatic lithosphere north of
the Gargano–Dubrovnik zone. Using new, previously unavailable
data from the Istria Peninsula (Croatia and Slovenia) we explored
whether the microplate, now well defined in the Po Plain by the
studies described above, extends eastward to Istria across Oldow
et al.'s (2002) sub-block boundary.

If microplate or block boundaries are well defined, techniques that
simultaneously estimate the angular velocity of the block or micro-
plate and edge (boundary) effects associated with elastic strain accu-
mulation may be preferred. However, if block boundaries are not
well defined or are diffuse (as is likely in the northeastern Adriatic), it
may be advisable to take a more conservative approach, using only
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geodetic sites that are located in the stable interior to define the block
or microplate angular velocity. We took a middle-ground approach
in this study. We assessed kinematic parameters and estimated
microplate motion by first deriving site velocities using publicly
available data from a large number of continuous GPS sites in the Po
Plain (Table 1), and new data from seven episodic Istria Peninsula GPS
sites (Fig. 2).Wenext inverted various subsets of these data for angular
velocity vectors, transformed the velocities into a stable Eurasian
reference frame, and compared and assessed results using goodness of
fit criteria and residuals. A major contribution of this study is that we
present and use previously unavailable GPS data from seven episodic
sites in the Istria Peninsula (Slovenia and Croatia), which is the largest
land promontory not covered by alluvium that extends into the rigid
interior of the microplate (Fig. 1). We derived velocities for these sites
using high-quality and long-duration GPS data collected between
1994 and 2003–2004 (Fig. 2). The 2003–2004 data were collected as
Fig. 2. GPS time series plots in the IGSB00 reference frame for the seven episodic Istria
components of horizontal velocity.
part of the more extensive PIVO-2003 Slovenia GPS campaign that is
described in Weber et al. (2006). Finally, we tested our best-fitting
GPS-derived Adria–Eurasia angular velocity vector with a pole derived
using earthquake slip vectors from Pondrelli et al.'s (2006) Regional
Centroid Moment Tensor catalogue.

2. GPS data and data analysis

We analyzed both continuous and campaign-style GPS data fol-
lowing the methods outlined in Dixon et al. (1997) and Sella et al.
(2002). We used the GIPSY software and Jet Propulsion Laboratory
(JPL) satellite ephemeris and clock files (Zumberge et al., 1997). We
processed all data that we had available for continuous sites, which, in
some cases extended back to 1996 (Tables 1 and 2). To increase
the accuracy of velocity determinations, we inserted offsets where
significant jumps were observed in continuous time series, and solved
peninsula sites showing measurement history, data span and quality, and calculated



Table 2
GPS sites and data spans processed to define stable Eurasian plate reference frame.

Site name Latitude
(°N)

Longitude
(°E)

Height
(m)

Data interval
processed

Data span
(yrs)

Network

ARTU 56.430 58.560 247.57 99Aug–03Jul 3.9 NEDA
BOGO 52.476 21.035 149.62 97Jan–03Jun 6.5 EUREF
BOR1 52.280 17.073 124.37 94Sep–03Jun 8.7 EUREF
GLSV 50.364 30.497 226.33 98Feb–03Jun 5.3 EUREF
GOPE 49.914 14.786 592.59 95Sep–03May 7.6 EUREF
JOZE 52.097 21.032 141.50 93Aug–03Jun 9.8 EUREF
KSTU 55.993 92.794 210.02 97Aug–03Jun 5.8 IGS
LAMA 53.892 20.670 187.02 94Dec–03Jun 8.5 EUREF
MDVO 56.027 37.224 254.86 95Feb–03Jan 7.9 EUREF
NYAL 78.930 11.865 78.52 93Jan–03Jun 9.2 EUREF
POTS 52.379 13.066 144.42 94Oct–03Jun 8.7 EUREF
TIXI 71.634 128.866 47.06 98Oct–03Jun 4.7 NEDA
WROC 51.113 17.062 180.81 97Apr–03May 6.1 EUREF
WTZR 49.144 12.879 666.04 96Jan–03Jun 7.4 EUREF
ZWEN 55.699 36.759 205.01 95Apr–03Mar 7.9 EUREF

Fig. 2 (continued).
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for site velocities around, rather than across, the jumps. We derived
site velocities for the episodic Istria sites using the entire time series of
data available for each site (Fig. 2). Data collection for these sites
began in 1994, and repeat measurements were made in 1995, 1996,
1997, 1998, 2001, and 2003–2004. Data were collected in 3–15 day
sessions. Many days involved 12–24 hour observation sessions.

We first derived site velocities in IGSB00, which is approximately
equivalent to the global ITRF-2000 reference frame (International
Terrestrial Reference Frame 2000) (Boucher et al., 2004). Site velocity
uncertainties were estimated following Mao et al. (1999) and Dixon
et al. (2000).

We next followed Sella et al. (2002) in defining a Eurasian refer-
ence frame, and used 15 continuous GPS sites on the stable Eurasian
shield and platform south of the northern zone of rapid post-glacial
rebound, and north of the southern Alpine–Himalaya deforming zone.
Table 2 lists the 15 Eurasian reference sites, gives approximate
locations, and lists the data spans that we processed for each.



Table 3
Istria and Po plain GPS site velocities and uncertainties in IGSB00 and Eurasian reference frames.

IGSB00 Stable Eurasia

Site ID Latitude (°N) Longitude (°E) Vn (mm/yr) Ve (mm/yr) Vn (mm/yr) Ve (mm/yr)

BOLG 44.50 11.36 17.50±0.40 19.60±0.70 3.79±0.42 −1.40±0.73
CANV 46.01 12.44 15.60±0.60 20.70±0.40 2.00±0.62 −0.16±0.44
CAVA 45.48 12.58 16.60±0.20 20.80±0.20 3.01±0.24 −0.20±0.28
COMO 45.80 9.10 12.70±0.40 19.90±0.40 −1.23±0.43 −0.43±0.45
IENG 45.02 7.64 14.10±0.40 19.80±0.30 0.04±0.43 −0.46±0.36
MALJ 45.50 13.64 16.70±0.80 21.10±0.70 3.23±0.81 −0.07±0.73
MONT 45.25 13.73 14.90±0.60 23.40±0.80 1.44±0.82 2.16±0.61
MDEA 45.92 13.44 16.60±0.30 20.40±0.20 3.11±0.33 −0.64±0.28
MEDI 44.52 11.65 16.30±0.20 23.00±0.20 2.62±0.24 1.95±0.29
PADO 45.41 11.90 15.20±0.30 21.10±0.20 1.54±0.33 0.21±0.28
PULA 44.87 13.85 15.70±0.80 23.20±0.80 2.25±0.92 1.86±0.81
ROVI 45.08 13.63 14.60±1.20 22.20±1.10 1.13±1.21 0.94±1.21
SMKP 45.55 13.72 16.30±1.00 22.20±1.10 2.84±1.12 1.03±1.01
SOCE 45.59 13.87 16.70±0.80 22.40±0.90 3.25±0.92 1.21±0.81
TORI 45.06 7.66 14.80±0.20 20.30±0.20 0.74±0.25 0.05±0.28
TRIE 45.71 13.76 16.60±0.30 20.60±0.30 3.14±0.33 −0.54±0.36
UCKA 45.28 14.20 15.50±0.40 23.40±0.90 2.09±0.92 2.09±0.42
UDI1 46.04 13.25 15.90±0.70 21.50±0.60 2.39±0.71 0.51±0.63
UDIN 46.04 13.25 16.80±0.50 20.30±0.50 3.29±0.52 −0.69±0.54
UPAD 45.41 11.88 16.00±0.40 21.90±0.30 2.34±0.42 1.01±0.36
VENE 45.44 12.33 16.20±0.30 21.70±0.30 2.59±0.33 0.74±0.36
VOLT 45.38 11.91 16.00±0.20 20.60±0.20 2.34±0.24 −0.30±0.28
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3. Angular velocity vector inversions

We derived angular-velocity vectors describing the motion of the
Eurasian Plate and the (northern) Adria microplate relative to IGSB00
using the formal inversion procedures outlined in Ward (1990) and
Mao (1998). In an attempt to identify and isolate possible edge effects,
e.g. elastic strain accumulation on locked active plate-boundary faults
(many of which are still under investigation in the northeastern
Adriatic), we inverted separate sets of GPS velocity data from: the
seven Istria sites, ten presumed microplate interior sites in western
Istria and the central Po Plain, seventeen Istria and Po Plain sites that
exclude farwestern and far southern Po Plain sites near themicroplate
edges, and all twenty-two sites (Table 4). We used χ2 tests, assessed
rate residuals, and used geologic reasoning to decide which site
Table 4
Summary of published Adria–Eurasia angular velocity vectors and those determined in this

Solution Latitude
(°N)

Longitude
(°E)

Rotation rate
(°/Myr)

Error e
max (°

Anderson and Jackson 45.80 10.20 N.D. N.D.
Westaway 44.5 9.5 N.D. N.D.
Ward 46.8±2.5 6.3±3.8 0.29 N.D.
Calais et al. 45.36 9.10 0.520 N.D.
Battaglia et al. (NAd)† 46.3±0.4 8.1±0.7 0.90 N.D.
Grenerczy et al. (NAd)† 46.1 6.9 0.35 1.1
Serpelloni et al. 44.07 6.53 0.244 N.D.
Devoti et al. 45.29 7.65 0.216 1.0
D'Agostino et al. 45.79 7.78 0.309 0.3
This study 7-site GPS§ 46.51 10.22 0.450 3.64
This study 10-site GPS# 45.06 4.63 0.217 6.13
This study 17-site GPS⁎ 45.03 6.52 0.297 1.74
This study 22-site GPS†† 45.20 6.99 0.341 0.62
This study slip-vector solution 45.59 6.29 N.D. 3.51

Note: also see Fig. 1, 6.
N.D.=not determined.
†NAd=Northern Adriatic.
§Istria Peninsula sites-only (MALJ, MONT, PULA, ROVI, SMKP, SOCE, UCKA) solution.
#Western Istria Peninsula (MALJ, MONT, PULA, ROVI, SMKP) plus central Po Plain (CAVA, P
⁎Statistically best-fit solution (CANV, CAVA, MALJ, MDEA, MONT, PADO, PULA, ROVI, SMKP
COMO, IENG, MEDI, TORI).
††All Istria Peninsula plus Po Plain sites solution (BOLG, CANV, CAVA, COMO, IENG, MALJ, MD
VENE, VOLT).
All uncertainties (except this study, slip-vector solution given at 1D, 2σ level) given at 1D,
combination provided the best-fitting Adria angular velocity and to
explore the position and nature of the microplate boundaries. Our
best-fitting and test solution strategies are listed in Table 4.

4. Earthquake slip vectors

Earthquake slip vectors from plate boundaries provide information
on relative plate motion across the boundaries. Inverting slip vectors
can give a pole location and rotation sense, but no rotation rate. Such
data provide an important independent test of GPS-derived Euler pole
positions (e.g., D'Agostino et al., 2008). Following Battaglia et al.
(2004) and D'Agostino et al. (2008), we drew the southern boundary
of the Adria microplate at the Gargano–Dubrovnik zone (Fig. 1). Using
the formal inversion techniques discussed above, we inverted
study.

llipse
)

Error ellipse
min (°)

Az
(°)

Rotation rate
sigma

χν
2 Mean rate residual

(mm/yr)

N.D. N.D. N.D. N.D. N.D.
N.D. N.D. N.D. N.D. N.D.
N.D. N.D. 0.06 N.D. N.D.
N.D. N.D. N.D. N.D. N.D.
N.D. N.D. 0.20 N.D. N.D.
0.5 −77.6 0.07 3.14 N.D.
N.D. N.D. 0.017 N.D. N.D.
0.4 90 0.022 1.72 0.023
0.2 −81.0 0.021 1.2 0.35
0.44 −63.1 0.556 1.1 1.0
0.62 85.4 0.236 2.7 1.0
0.40 82.2 0.116 2.3 1.0
0.37 82.8 0.056 4.8 1.1
0.88 95.1 N.D. N.D. N.D.

ADO, UPAD, VENE, VOLT) microplate interior site solution.
, SOCE, TRIE, UCKA, UDI1, UDIN, UPAD, VENE, VOLT)=all (see †† below) minus (BOLG,

EA, MEDI, MONT, PADO, PULA, ROVI, SMKP, SOCE, TORI, TRIE, UCKA, UDI1, UDIN, UPAD,

1σ, but are plotted on Figures at 1D, 2σ level.



Fig. 3. GPS-derived twenty-two-site solution with Euler pole plotted at 1D, 2σ uncertainty, observed site velocities (blue arrows) with 1σ uncertainties, and predicted model site
velocities (red arrows). Site velocities are shown in the Eurasian reference frame discussed in text.
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earthquake slip vectors from Pondrelli et al.'s (2006; http://www.bo.
ingv.it/RCMT/Italydataset.html) Regional Centroid Moment Tensor
catalogue for events north of the Gargano–Dubrovnik zone and along
Fig. 4. GPS-derived seventeen-site solution with Euler pole plotted at 1D, 2σ uncertainty, o
velocities (red arrows). Site velocities are shown in the Eurasian reference frame discussed
the other inferred microplate boundaries. We derived an earthquake
slip-vector pole to compare with our GPS-derived pole positions. The
raw slip-vector data and solution are shown together on Fig. 5.
bserved site velocities (blue arrows) with 1σ uncertainties, and predicted model site
in text.
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5. Results

5.1. Eurasian reference frame and GPS site velocities

The Eurasia-IGSB00 angular velocity reference vector we derived is
located at 57.86°N, −101.56°E, with a 0.252±0.003°/Myr rotation
rate; the long axis of the 1−σ error ellipse is oriented toward 34.2°
with a length of 1.14° and a short axis length of 0.28°. Site velocities
determined in both the Eurasian and IGSB00 reference frames are
given in Table 3. Sites on the Istria Peninsula move slowly relative to
Eurasia, only a fewmm/yr, but the motions are statistically significant
and systematically oriented toward the NNE. The Eurasian-referenced
site velocities for Po Plain sites are also slow and statistically signifi-
cant, orient consistently toward the N, and systematically decrease in
magnitude westward (Figs. 3 and 4). The systematic and consistent
motions observed for the ensemble of Po Plain sites near Venice
(CAVA, PADO, UPAD, VENE, VOLT) gave confidence that these are
tectonic motions, not simply motions related to local lagoonal sinking
(Figs. 3 and 4).

5.2. Adria–Eurasia angular velocity vectors

Results from the GPS velocity and earthquake slip-vector inver-
sions are summarized in Table 4, shown in Figs. 3, 4, 5 and 6, and
discussed below. Table 4 also gives a complete list of the sites used in
each GPS solution.

Inversion of GPS velocities from the seven Istria peninsula sites
yielded a well defined angular velocity vector, closest in position to
the pole of Anderson and Jackson (1987) (Fig. 6), with a low mean
rate residual, a low χ2 (1.1), and no apparent systematic misfits.
Residuals for sites MALJ and SOCE were slightly higher than the mean.
Fig. 5. Earthquake slip-vector-solution with Euler pole plotted at 1D, 2σ uncertainty, observe
are taken from the 1976–2008 Italian CMT dataset (Pondrelli et al., 2006; http://www.bo.in
This solution (46.51°N, 10.22°E, 0.450±0.556) had high uncertainties
in position and rate due to the small number of sites used and their
limited geographic distribution.

In a ten-site solution, we inverted velocities from an ensemble of
presumed microplate interior sites that were most distant from
microplate boundaries, which could be accumulating elastic strain.
Ten western Istria (MALJ, MONT, PULA, ROVI, SMKP) and central
Po Plain (CAVA, PADO, UPAD, VENE, VOLT) sites were chosen. Rate
residuals considerably above the mean, and systematic misfits,
indicated that the velocities observed for MONT and ROVI, two of the
five western Istria sites used, were misfit by this model; the χ2 value
obtained was 2.7, and this pole position (45.06°N, 4.63°E, 0.217±
0.236) shifted several hundred km from that for the seven-site
solution discussed above (e.g., Fig. 6). Like the seven-site-solution, this
solution had high uncertainties in position and rate due to the small
number of sites used and their limited geographic distribution.

In our next solution,we used data from all twenty-two Po Plain and
Istria sites. This solution provided the broadest geographic coverage
available, but could have been affected by elastic or coseismic strain
effects along the microplate edges. This solution has a high χ2 (4.8)
and edge sites BOLG, COMO, MONT, ROVI, and UCKA do indeed have
rate residuals that exceed the mean (Fig. 3). In addition, the observed
velocities at the southernmost Istria sites PULA, ROVI, UCKA, and
MONT are systematically misfit by the model, and orient east of the
predicted velocities, but generally fall within the observed uncertain-
ties. Nonetheless, to demonstrate that adding data from the seven
Istria sites improved estimation of the pole, we also ran a solution
using data from only the fifteen Po Plain sites; this solution resulted in
a higher χ2 value of 5.7.

Our best-fitting, seventeen-site result (45.03°N, 6.52°E, 0.297±
0.116°/Myr counterclockwise rotation rate) was obtained using an
d slip vectors (blue arrows), and predicted model slip vectors (red arrows). Slip vectors
gv.it/RCMT/Italydataset.html).

http://www.bo.ingv.it/RCMT/Italydataset.html


Fig. 6. Summary diagram showing observedGPS site velocities used in this study (with 1σ uncertainties), Adria–Eurasia Euler poles (diamonds: slip-vector-derived; stars: predominantly
GPS-derived) determined in this study (green: GPS-7, GPS-10, GPS-17, GPS-22, and SV correspond to 7-, 10-, 17-, and 22-site GPS solutions and slip-vector-solution) and previously
published (yellow): A&J—Anderson& Jackson (1987);WES—Westaway (1992);WAR—Ward (1994); CAL—Calais et al. (2002); BAT—Battaglia et al. (2004); GRE—Grenerczy et al. (2005);
SER—Serpelloni et al. (2005); DEV—Devoti et al. (2008); AG-GPS—D'Agostino et al. (2008) GPS-derived solution; AG-SV D'Agostino et al. (2008) slip-vector-derived solution.
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ensemble of the seven Istria sites together with ten Po Plain sites that
exclude Po Plain sites (BOLG, COMO, IENG, MEDI, TORI) along the far
western, southern, and northern edges of the microplate (Fig. 4). This
result yielded a mean rate residual of 1.0 mm/yr, close to the velocity
uncertainty, and a χ2 of 2.3. Four of the Istria sites (MONT, ROVI,
PULA, and UCKA) had rate residuals that were slightly above themean
and the same systematic direction misfits described above, again
indicating either elastic strain accumulation along the eastern
boundary of the microplate, inadequate determination of site
velocities, or both (Fig. 4). The large observed velocity uncertainties
for these three sites currently precludes a better interpretation.

Our earthquake slip-vector pole (45.59°N, 6.29°E E; counterclock-
wise rotation senses), is given in Table 4 and shown in Figs. 5 and 6,
and within uncertainty, overlaps with our best-fitting GPS-derived
Euler pole.

6. Discussion and conclusions

The Pondrelli et al. (2006) catalogue lists a series of M 4 thrust
earthquakes that occurred during a two-week period in 2000, and a
M 5.3 thrust that occurred in 2003, which locate within 50 km of the
BOLG and MEDI sites. These events coincide in time with the span of
GPS data that we processed for MEDI, but occurred before that which
we processed for BOLG (Table 1). No obvious offsets were treated in
the continuous time series for either site, but that for MEDI could
contain subtle coseismic offsets. These observations suggest that
elastic (interseismic) strain related to on-going thrusting affects the
velocity at BOLG (Fig. 3). Similarly, the velocity at COMO is also likely
affected by elastic strain accumulation related to on-going thrusting
along the northern edge of the microplate. The high residuals and
systematic misfits for the three eastern Istria sites in the seventeen-
site-solution (Fig. 4) could be due to elastic strain accumulation along
the eastern edge of the microplate, imprecise determination of site
velocities using episodic data, or some combination. Acquiring
additional GPS data at these sites, or adding data from continuous
GPS sites in Istria should help to shrink velocity uncertainties and
better resolve this issue.

That the new Eurasian-referenced Istria and Po Plain GPS motions
change smoothly and uniformly across the region, and are well fit by a
microplate model, strongly support that the entire region north of
Gargano–Dubrovnik moves as a single block or microplate and is not cut
by amajor block-bounding fault (Fig. 1). A lack of data quantity and limited
geographic spread caused inversions involving small subsets of data (our
seven- and ten-site solutions) to give Euler pole positions that shifted by
hundreds of km (Fig. 6). Better-defined Adria–Eurasia angular velocity
vectors with overlapping pole positions and rates were obtained using
more data, with a broader geographic spread (i.e. the seventeen- and
twenty-two-site solutions) (Figs. 3, 4 and 6). Earthquake slip-vector
inversions using high-quality data also gave an overlapping pole position
(Fig. 5). Mean rate residuals for these seventeen- and twenty-two-site
solutions suggest that themicroplatemaybe rigid towithinabout1 mm/yr
(Table 4).

Previously published Adria–Eurasia pole positions together with
our new estimates are summarized in Table 4 and plotted in Fig. 6.
With the exception of those from a few of the earliest studies, we
observe that pole position estimates have moved generally westward
as the GPS and earthquake slip-vector data have increased in quality
and quantity. Nonetheless, it is difficult to assess which of the poles in
this cluster to choose as the best estimate.

Some logical steps for continuing to narrow this search would be:
1) to add more data for the episodic sites on the Istria Peninsula, and
to add data from continuous GPS sites in Istria, 2) to add more data in
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general from GPS sites in the eastern Adriatic, and 3) to add more GPS
velocities from sites outside of the Po Plain-Istria region treated here,
determine and compile spatially and geometrically accurate micro-
plate boundaries, and simultaneously invert for Adria–Eurasia Euler
poles and elastic plate-edge effects (see e.g. Battaglia et al., 2004).

The ~3 Ma timeframe NUVEL-1A geologic plate motion model
predicts 9 mm/yr of 348°-directed relative Nubia–Eurasia plate
motion near the Adriatic today (DeMets et al., 1990, 1994). The mag-
nitude and direction of this predicted motion is distinctly different
from the smoothly varyingmotionswe observe across our Istria and Po
Plain sites where a single microplate model fits the observed motions
very well. This, plus the neotectonics—Neogene geology mismatch
introduced above, implies that we are witnessing the end of the
Nubia–Eurasia Alpine collision and the end of sub-Apennine subduc-
tion and the birth of a new microplate. The normal faults along the
crest of the Apennines in Italy thus likely bound the western edge of
the Adria microplate and do not reflect crustal extension in the upper-
plate of an active Apennine-Adria subduction system. Sub-Apennine
slab break-off within the past few Myr, together with a pinning of
buoyant Adria lithosphere in the northern Po Plain, seems like a
reasonable way to start Adria moving as an independent microplate
(Malinverno and Ryan, 1986; Hippolyte et al., 1994; Wortel and
Spakman, 2000; Stein and Sella, 2006). That the motion of Adria, not
Nubia, drives active deformation in the northern Adriatic, has
important implications for seismic risk assessment in the region—
motion across Adria's boundary zones increase in a predictable way
with distance from its pole of rotation. Our newGPS-based best-fitting
angular velocity vector predicts extension in the central Appenines at
rates of up to about 4 mm/yr, convergence in the Dinarides at≤5 mm/
yr, and is consistent with the right-lateral extrusion inferred along the
northeastern (Slovenia) corner of the microplate (Fodor et al., 1998).
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