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study the coseismic deformation related to the May 20 and
29 mainshocks, and provide preliminary models of the two
seismic sources, as inverted from consensus GPS coseismic
deformation fields.

1. Introduction
In May-July 2012, a seismic sequence struck a broad area
of the Po Plain Region in northern Italy. The sequence included two ML >5.5 mainshocks. The first one (ML 5.9) occurred near the city of Finale Emilia (ca. 30 km west of
Ferrara) on May 20 at 02:03:53 (UTC), and the second (ML 5.8)
occurred on May 29 at 7:00:03 (UTC), about 12 km southwest of the May 20 mainshock (Figure 1), near the city of
Mirandola. The seismic sequence involved an area that extended in an E-W direction for more than 50 km, and included seven ML ≥5.0 events and more than 2,300 ML >1.5
events (http://iside.rm.ingv.it). The focal mechanisms of the
main events [Pondrelli et al. 2012, Scognamiglio et al. 2012,
this volume] consistently showed compressional kinematics
with E-W oriented reverse nodal planes.
This sector of the Po Plain is known as a region characterized by slow deformation rates due to the northwards motion of the northern Apennines fold-and-thrust belt, which is
buried beneath the sedimentary cover of the Po Plain [Picotti and Pazzaglia 2008, Toscani et al. 2009]. Early global positioning system (GPS) measurements [Serpelloni et al. 2006]
and the most recent updates [Devoti et al. 2011, Bennett et al.
2012] recognized that less than 2 mm/yr of SW-NE shortening are accommodated across this sector of the Po Plain,
in agreement with other present-day stress indicators [Montone et al. 2012] and known active faults [Basili et al. 2008].
In the present study, we describe the GPS data used to

2. Available GPS data
In and around the epicentral area, several continuous
GPS (cGPS) stations managed by different private and public
institutions were operating before and after the seismic sequence that started on May 20. Figure 1 shows the distribution of these cGPS stations and their affiliations, together with
the instrumental seismicity recorded after May 20. With the
exclusion of the cGPS stations at Concordia sul Secchia
(CONC), for which the last data available before the May 20
mainshock was on April 19 all of these stations recorded data
continuously across the May 20 mainshock. This allowed for
direct measurements of the three-dimensional coseismic displacement of the Earth surface.
Within two days of the May 20 mainshock, we installed
six GPS units on existing benchmarks belonging to the IGM95
network (http://www.igmi.org/geodetica) of the Italian Istituto Geografico Militare (IGM; Military Geographic Institute).
This choice was related to difficulties in installing new GPS
stations in an area characterized by unconsolidated soils and
by the absence of a shallow rock basement, and the need for
the collection of post-seismic data as rapidly as possible. We
chose the IGM95 points (see Figure 1) based on their positions
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Figure 1. Distribution of instrumental seismicity that occurred from May 20 to June 5, 2012 (from http://iside.rm.ingv.it), together with the distribution of the GPS stations discussed in this work. Circles
show events with 3≤ML<5 and stars show events with ML>5. The May 20 (ML 5.9) and May 29 (ML 5.8) epicenters are the blue and orange stars with thicker lines, respectively. Seismicity is colored depending
on hypocentral depths. The blue to purple color scale refers to earthquakes occurred in the May 20-28 time interval, and the yellow to black color scale refers to earthquakes occurred after May 29. The grey
lines show the main thrust front of the Northern Apennines. The green triangles show the distribution of IGM95 points occupied from May 21. Close to station CONC (purple square), we installed a GPS
station on an existing benchmark (CON6). The green square shows the position of a new site in San Prospero sul Secchia (SNPR) installed on June 5.
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with respect to the May 20 epicenter and taking into account
the monument descriptions from the IGM log sheets. Unfortunately, the number of relatively good quality IGM95 benchmarks in the area was rather limited. The green triangles in
Figure 1 show the distribution of the IGM95 points measured
after May 20. With the exclusion of the point at Nonantola
(5903), which was disinstalled before May 29 because of clear
increasing instability of the antenna mount with respect to the
geodetic benchmark, the other five IGM95 stations recorded
continuously across the May 29 ML 5.8 mainshock. After May
29 another two points were installed in the western sector of
the aftershock area (Figure 1, SNPR and CON6).
It is worth noting that many of the cGPS stations were
collecting data at higher sampling rates than the standard 30 s
(at sampling frequencies from 1 Hz to 20 Hz), and they
recorded the dynamic displacements related to the two mainshocks over a wider area in northern Italy [Avallone et al.
2012, this volume].
The daily, 30-s-sampling, RINEX files of the Istituto
Nazionale di Geofisica e Vulcanologia (INGV; National Institute of Geophysics and Volcanology) Rete Integrata Nazionale
GPS (National Integrated GPS Network) stations and of the
IGM stations occupied after May 20 described and used in
the present study are available at the following anonymous
ftp address: ftp://gpsfree.gm.ingv.it/emilia2012/static.

groups. The BERNESE analysis was performed using double-difference phase observations with ambiguity resolution,
adopting the absolute phase center model, and applying tight
constraints on the International Global Navigation Satellite
Systems (GNSS) Service (IGS) orbits and Earth orientation
parameters (EOPs). The analysis of a wider network was distributed on several subnets, realizing the International Terrestrial Reference Frame (ITRF)08 position-time series using
a set of 10 core stations located in Europe. The GAMIT
analysis was performed using double-difference phase observations with ambiguity resolution, adopting the absolute
phase center model for receiver and satellite antennas, although in this case the IGS orbits and EOPs were loosely constrained and re-estimated together with the station positions,
realizing the ITRF08 position-time series using the global
IGS08 core stations as internal constraint stations. The GIPSY
analysis was performed using the precise point positioning
strategy (module gd2p.pl, GIPSY, version 6.1) developed at the
Jet Propulsion Laboratory ( JPL, California, USA), which includes absolute antenna phase center modeling and ambiguity resolution [Bertiger et al. 2010]. By using the JPL final
fiducial orbits and clocks, the position time series was obtained
directly in the ITRF08 reference framework.
The three data-analysis groups provided the ITRF position-time series of daily station positions as SINEX and
STACOV files, which were used to independently estimate
the three coseismic displacements. Thus, the combination
of the individual solutions was obtained by solving for the
combined offsets (unknowns) in a least squares sense [see
Devoti 2012]. The weighted root mean squares (WRMS) of
the differences between the three solutions is 2.1 mm and
4.2 mm for the horizontal and vertical components, respectively, for the May 20 event, and 2.6 mm for both components for the May 29 event.

3. GPS data analysis
The available GPS data in the form of 24-h, 30-s-sampling, RINEX files, were processed by three different GPS
data-analysis groups using different software and analysis
procedures. It is worth noting that several aspects can affect
the level of daily repeatability for different geodetic solutions
(e.g., the number of phase ambiguities fixed to integer values, different levels of a-priori constraints on the geodetic parameters, the way the reference framework is realized), thus
potentially providing different estimates of the coseismic offsets from separate sets of daily position time-series. This is
particularly important when the offsets are small; i.e., of the
order of magnitude of the daily repeatability.
Given the small displacements expected at most of the
GPS stations (in most cases below the centimeter level), due
to the relatively moderate magnitude of the two mainshocks
and the distances of most stations from the epicenters, a
combination procedure was adopted, with the goal being to
minimize any possible systematic processing-dependent errors [see Devoti 2012, this volume], and to realize a single consensus dataset of the coseismic deformations related to the
May 20 and 29 mainshocks. In particular, in this study, the
GPS data were analyzed using the BERNESE (http://www.
bernese.unibe.ch), GAMIT (http://www-gpsg.mit.edu/~
simon/gtgk) and GIPSY (http://gipsy.jpl.nasa.gov/orms/goa)
software. We refer to Avallone et al. [2010] for more detailed
descriptions of the procedures of the three data-analysis

4. Coseismic displacement and fault models
Figure 2 shows the combined horizontal coseismic displacements for the May 20 and 29 mainshocks. The vertical
coseismic displacements are presented in Figure 2 only for
the May 20 mainshock, where reliable vertical offsets were
estimated, while for the May 29 event, no significant vertical
patterns were observed. For co-located GPS stations, or
groups of stations where the short inter-distance does not
justify significantly different coseismic offsets, we constrained these stations to have the same coseismic offset during the least-squares estimate. The coseismic displacement
fields, with their related uncertainties, for the May 20 and
29 events are available on-line, as ASCII tables, at the following addresses:
1) ftp://gpsfree.gm.ingv.it/emilia2012/static/Emilia
CombinedRed120520_ver4.dat
2) ftp://gpsfree.gm.ingv.it/emilia2012/static/Emilia
CombinedRed120529_ver1.dat
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Figure 2. Horizontal coseismic displacements with 68% error ellipses, as obtained from the combination of the three independent GPS solutions (see
Section 2) for the May 20 (red arrows) and May 29 (blue arrows) events. The seismicity is drawn as in Figure 1. Upper-right inset: vertical displacements
associated with the May 20 event.

For the May 20 event, the largest displacements were
measured at Finale Emilia (MO05), which moved to the SSW
by ca. 3 cm and uplifted by ca. 7 cm. San Giovanni in Persiceto (SGIP, PERS) moved NNE-wards by ca. 2 cm, whereas
Sermide (SERM), which was located north of the aftershock
distribution, moved southwards by ca. 1.5 cm. The other stations moved horizontally by <1 cm in a radius of ca. 50 km
from the epicenter (e.g., Bologna and Modena moved NNEwards by ca. 7 mm). We measured reliable vertical displacements (>1 cm) also at San Benedetto Po (SBPO, ca. 1 cm)
and Concordia sul Secchia (CONC, ca. –2 cm). Due to the
already mentioned data gap at CONC before May 20, 2012,
the coseismic displacements at this station were less constrained than for other sites. The errors associated with the
coseismic displacements represent the formal 1v uncertainties of the least-squares estimates [see Devoti 2012, for more
details], and were generally <0.5 mm in the horizontal com-

ponents, while for the vertical component, they were between 1.5 mm and 4.0 mm.
For the May 29 event, we measured coseismic displacements at a greater number of sites, as data was also available
from the IGM95 stations installed soon after the May 20
event, although the displacements were in general smaller
than for the May 20 event. They were also all <1 cm in the
horizontal components, with the exception of CONC, which
was close to the epicenter of the May 29 mainshock.
It is worth noting that all of the GPS stations discussed
in this study were mounted on buildings or on small manmade concrete infrastructures, although of different natures. For the two stations closest to the two mainshock
epicenters, MO05 and CONC, after visual inspections of the
GPS monuments, we found significant damage only to the
building hosting the CONC antenna, which was damaged
after the May 29 mainshock, and for this reason this station
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20 May

Length
(km)

Width
(km)

DepthTop
(km)

DepthBottom
(km)

Dip
(˚)

Strike
(˚)

CF Lon
(˚E)

INGV1

8.7 15
6

6.5 12
6

5.2

INGV2

17.3 35
5

4.4 20
2

INGV3

12.5 20
5

MEAN

9.3 14
6

38.8 50
25

106 110
95

11.293 11.32
11.20

44.866 44.90
44.80

4.6 15
0

7.2

37.6 50
10

112 130
90

11.299 11.73
10.73

44.853 45.39
44.39

80 100
10

85.8 110
70

6.10

5.0 15
5

4.9 15
0

7.9

36.7 60
30

110 110
80

11.294 11.48
11.12

44.857 45.08
44.72

101 102
0

86.5 180
0

6.11

12.8

5.3

4.9

8.1

37.7

86.0

6.13

INGV1

9.6 12
5

7.1 12
6

2.4

INGV2

14.2 35
5

5.0 20
2

INGV3

14.3 15
5

MEAN

12.7

109

CF Lat
(˚N)

11.295

44.859

Slip
(cm)

Rake
(˚)

116 (free) 85.7 (free)

99

MW

6.12

29 May
6.3 10
6

33.3 45
25

102 105
90

11.075 11.1
10.9

44.828 44.9
44.8

39 (free) 83.0 (free)

5.86

3.0 15
0

6.0

37.5 60
20

99.6 125
65

11.068 11.59
10.59

44.806 45.35
44.35

35 100
10

5.84

5.1 15
5

2.9 15
5

5.8

34.9 50
25

104 105
95

11.069 11.48
11.12

44.793 45.08
44.72

35 100
0

5.7

2.8

6.1

35.2

102

11.071

44.809

36

83.1 110
70
90 (fixed)

5.85

85.4

5.85

Table1. Coseismic fault parameters obtained by the three independent uniform-slip inversions for the May 20 and May 29, 2012, events. Subscript and superscript numbers are the lower and upper bounds of the geometric fault parameters used in the non-linear inversions and, eventually, the bounds of the
kinematic parameters used in the linear slip inversions. DepthTop and DepthBottom, depth of the top edge and bottom edge of the rectangular source, respectively. CF Lon and CF Lat, the longitude and latitude of the center of the rectangular source. INGV1 inversion performed by L.A. and E.S. (at INGV,
Sezione di Bologna); INGV2 inversion performed by D.M and V.C. (at INGV, Sezione Roma 1), and INGV3 inversion performed by D.C. (at INGV, Centro Nazionale Terremoti). The MEAN solution was obtained by averaging the parameters values obtained from the three independent inversions. The
mean DepthBottom and MW are derived from the average (MEAN) values.

has not been used in the further modeling.
A few hours after the May 20 mainshock, different groups
started studying the seismic source using the preliminary estimated GPS displacements. In the present study, we report on
the results obtained from the three data-analysis groups affiliated with different INGV Departments, with the goal of providing consensus fault models for the May 20 and 29 sources,
starting from a shared dataset of coseismic GPS displacements. It is worth noting that the number and distribution of
GPS stations, which were particularly missing in the nearsource, did not allow for a reliable study of the variable distributions of the coseismic slip on the fault planes, so we limited
our analysis to the inversion of uniform-slip faults.
Table 1 gives the summary of the results obtained by
uniform-slip inversions using rectangular dislocations in a
uniform half-space [Okada 1985]. After some very preliminary model inversions, the three data-analysis groups
adopted similar non-linear inversion algorithms, and particularly those based on simulated-annealing techniques. Inversions performed with no a-priori constraints on the
geometric and kinematic parameters show the presence of
several local minima and strong parameter correlations. In
particular, for the May 20 event the stations with the largest
displacements were roughly aligned along a direction nor-

mal to the fault strike and crossing the center of the fault (derived from the aftershock distribution), making it difficult to
separately resolve the fault, strike and rake. For this reason,
a-priori constraints derived from seismological data (e.g.,
focal solutions, aftershocks distributions) and geological information (e.g, fault databases, seismic lines) were used in
the nonlinear inversions. In particular, the dip (towards the
south) and the fault strike nonlinear search were limited to
realistic ranges for both of the sources. Table 1 shows the
lower and upper bounds for each fault parameter that were
adopted in the source inversions.
Independent inversions of the combined displacement
fields for the May 20 and 29 events provided comparable results (see Table 1 and Figure 3). Small differences among the
three fault solutions, however, can result from different tuning of the non-linear inversion algorithms, and from the use
of different fault boundaries in the inversions (see Table 1).
We provide consensus fault models for both the May 20 and
29 events, through the averaging of the geometric and kinematic parameters that were inverted independently by each
of the three data-analysis groups (see Table 1).
For the May 20 event, our study indicates that the mainshock occurred on a N-verging, ca. 38˚ S-dipping, ca. 109˚ striking fault plane, with a thrusting mechanisms (rake, ca. 89˚)
763

Figure 3. Observed and modeled horizontal coseismic displacements for the May 20 (left) and May 29 (right) mainshocks, obtained by the three independent model inversions (Table 1). The red arrows and
box show the results obtained by the INGV1 group, the green arrows and box show the results obtained by the INGV2 group, the blue arrows and box show the results of the INGV3 group. The bottom
panels show cross sections conducted about the normal to the strike of focal solutions of the May 20 and 29 mainshocks (see dashed boxes in top panels), where the blue and red beach balls show the Time
Domain Moment Tensor [Scognamiglio et al. 2012] and Quick Regional Centroid Moment Tensor [Pondrelli et al. 2012] focal solutions, respectively. The seismicity (from http://iside.rm.ingv.it) and the topography are also shown in the profiles. The colored triangles show the surface projection of the different coseismic faults, with respect to the surface projections of the ITCS050 (Poggio Rusco-Migliarino)
and ITCS051 (Novi-Poggio Renatico) composite seismogenic sources from the DISS database (http://diss.rm.ingv.it) [Basili et al. 2008].
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and a slip of ca. 99 cm, confined between about 5 km and 8 km
in depth, giving MW 6.1. The derived source model is in agreement with the distribution of aftershocks and focal solutions
(see Figure 3). For the May 29 event, our study indicates that
the mainshock occurred on a N-verging, ca. 35˚ S-dipping,
ca. 102˚ striking fault plane, with a thrusting mechanisms
(rake, ca. 85˚) and a slip of ca. 36 cm, confined between about
3 km and 6 km in depth, giving MW 5.8. The derived fault
model is geometrically in agreement with the focal solutions,
although offset SW-wards (by ca. 5 km) with respect to the
distribution of the seismicity with depth (see Figure 3).

limit on the source inversion. However, it is worth considering that only when better constrained, precisely relocated,
aftershocks will be available, will a comparison between
space-geodetically derived source faults and seismicity distribution be meaningful.
An integration of the GPS coseismic displacement fields
with denser InSAR displacements [eg., Salvi et al. 2012, this
volume] is needed to solve for the variable slip distribution
on the two fault segments activated during this sequence, and
to better understand the geometric relationships between the
geodetically derived fault planes, the aftershock distribution
with depth, and the known geological structures.

5. Discussion and conclusions
We have studied the crustal deformation caused by the
two mainshocks of the earthquake sequence that started on
May 20 in the Emilia Po Plain (northern Italy), as measured
by continuous and campaign GPS stations. We have modeled
the observed coseismic displacements, provided in terms of
the consensus deformation fields obtained from the combination of independent geodetic solutions, through inversions
based on elastic deformation theory, using the standard
Okada formulation. The availability of GPS stations continuously recording across moderate magnitude earthquakes,
although of relatively lower data and monument quality, as
the ones installed on the IGM95 benchmarks after the May
20 event, allows accurate (sub-centimeter) estimates of the
horizontal coseismic displacements, and provide valuable
data to constrain the source faults.
The modeled source faults fit the N-NNE-verging blind
thrusts of the external Ferrara-Romagna Arc both geometrically and kinematically. Inversions of the GPS data confirm
that the May 20 and 29 earthquakes ruptured two independent segments of this blind structure. The two inverted sources
show a gentle counterclockwise rotation of the fault strike,
from ca. 109˚ to ca. 102˚, which is consistent with the rotation of the arc and shows mostly pure reverse faulting kinematics, in agreement with focal mechanisms and known
seismotectonic and geological features of the area.
Although preliminary, the source faults inverted from
available GPS data can be tentatively associated to segments
belonging to the ITCS050 'Poggio Rusco-Migliarino' (for the
May 20 event) and a segment of the ITCS051 'Novi-Poggio
Renatico' (for the May 29 event) composite seismogenic
sources of the Database of Individual Seismogenic Sources.
However, while for the May 20 event we find relatively good
agreement between the model fault plane and the distribution of the aftershocks, for the May 29 event the modeled
fault plane imaged by GPS is shifted by ca. 5 km to the SW
with respect to the crustal volume affected by the aftershocks. The lack of near-source GPS stations (especially for
the May 29 event, after the decision not to use the displacements measured at the CONC station, which was the only
near-source station available for that event) was certainly a
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