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1. Introduction
In July 2011, at the borders of the Veneto, Lombardia and
Emilia-Romagna regions, the strongest seismic sequence
recorded in this area since the development of modern digital
seismometric networks in Italy (in the late 1980s) occurred.
The main event on July 17, 2011 (MW 4.7, Figure 1A, white
star; Table 1) was widely felt over the whole of the Po Plain,
with maximum effects in the Mantova and Modena Plain (V
Mercalli-Cancani-Sieberg [MCS], based on web questionnaires
of the Istituto Nazionale di Geofisica e Vulcanologia (INGV;
National Institute of Geophysics and Volcanology), www.
haisentitoilterremoto.it). Other widely felt events occurred on
September 13, 2011 (ML 3.7), in the Veneto Piedmont area,
and on October 29, 2011 (ML 4.4), at the northwest border of
Verona Province (Avio), about 70 km from the July sequence.
In January 2012, other earthquakes occurred in the Verona
foothills and in the Parma area (Figure 1A, green and blue
stars). In May 2012, a heavily damaging earthquake sequence
started in the Emilia-Romagna Region (Figure 1A), where five
earthquakes with ML >5 occurred in less than two weeks
(Table 1, Nos. 16, 21, 33, 37, 44; Figure 1A), with casualties on
May, 20 and 29, 2012. The seismic activity progressively migrated westwards, and then decreased (Figure 1B, C).
We were particularly interested in the Emilia 2011 seismic sequence, as it alerted the population of the southern
Veneto Region, and Istituto Nazionale di Oceanografia e di
Geofisica Sperimentale (OGS, National Institute of Oceanography and Experimental Geophysics), provides seismic monitoring and alarm services to the local Civil Defence Agency.
We wished to understand if the sudden increase in local seismicity should be considered a common fluctuation in the activity rates or if it could warn of the preparation of a major
event, as one of the strongest events occurred in northern
Italy in the XII century. Indeed, on a January 3, 1117, an earthquake with MW 6.7 struck the Po Plain [Rovida et al. 2011,
CPT11 hereinafter]. Recent historical studies reinterpreted
the damage of the 1117 earthquake as from multiple small

events over a wide area of the plain [Guidoboni et al. 2005,
2007]. Also, paleoseismological analyses have suggested controversial causative sources, with the activation of south
Alpine structures in the Thiene-Bassano area, north of Vicenza [Galadini et al. 2005], or of a blind thrust in the northern Apennines, east of Parma [Galli 2005]. Conversely, the
historical seismicity of the Emilia Region has been well documented since the XVI century: over the last 200 years, earthquakes have not exceeded the first damage threshold (VI
MCS). The most recent events occurred on February 20,
1956, northeast of Ferrara [De Panfilis 1959], and on December 6, 1986, and May 8, 1987 (both MW ca. 4.6 in CPTI11);
for these last events, the macroseismic effects and the magnitudes reported were similar to the July 17, 2011, event. Two
other perceptible events (ML >3.5) are reported in the Italian
instrumental catalogs [Castello et al. 2006], on November 29,
1991, and December 1, 2001. These are both missed in
CPTI11, where the minimum magnitude threshold is higher
than MW ca. 4.0. For the causative faults, the frontal overthrusts of the northern Apennines, which are buried under
thick alluvial deposits, have been extensively investigated by
borehole break-out data and seismic stratigraphy [Montone
and Mariucci 1999, Fantoni and Franciosi 2010, and references
therein], and recently, a geomorphological study on river diversions suggested seismogenic sources in the area [Burrato
et al. 2009, DISS Working Group 2010] (see Figure 1A).
Nowadays, the seismicity of the Emilian sector of the
Po Plain is detected by the INGV network [i.e., Amato and
Mele 2008], and partially by the OGS seismic network [Priolo et al. 2005, Bragato et al. 2011a]. We followed the evolution of the 2012 phenomena through the OGS permanent
network (Figure 1C), which was increased by eight temporary stations that were installed near to Ferrara from May
21, 2012 [Priolo et al. 2012, this volume]. The data recorded
by our network were used for real-time locations and computation of moment tensors that were published on the
website of the OGS Centro Ricerche Sismologiche (Seis647
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Figure 1. A. Instrumental seismicity (dots and stars) for the Po Plain, from May 1, 2012, to July 16, 2012, located inside a rectangular area of latitude 44.545.5 ˚N, longitude 10.0-12.5 ˚E. Locations are from ISIDe. Stars, MW >4.6 events, numbered as in Table 1, modelled as source faults in the Coulomb analysis. Orange shaded area, DISS 3.1.1 composite sources; blue rectangles, individual sources; bluish areas, debated sources. B. Magnitude versus time for the
Emilia sequence, by INGV (ISIDe). C. As for (B), as reported by the OGS (RTS) databases. The ISIDe data are manually revised locations (2,277 events,
656 with M ≥2.5; data); the RTS data are mostly automatic solutions (946 events, 578 with M ≥2.5;). All of the locations are preliminary, as on July 17, 2012.

mological Research Center; http://rts.crs.inogs.it).
In this study, we revise the moment tensors of the seismicity that occurred from June 4, 2011, to June 15, 2012,
using the waveforms collected by the OGS, and we report
only the good quality fault-plane solutions of 49 events
(ML >3.6). Our focal mechanisms are then used for preliminary estimates of the Coulomb elastic stress changes, to detect potential intermediate-distance fault interactions, and to
study the main features of this complex structural system.

2. Focal mechanisms by moment-tensor analysis
The algorithm used to compute the moment tensors is
the Time-Domain Moment Tensor Inverse Code [Dreger
2002, and references therein], which was implemented at the
OGS within a project supported by the Italian Civil Defence
Agency (2007-2009 INGV-DPC-S3 project). The algorithm
has been working routinely since 2009, to compute moment
tensors in real-time [Saraò et al. 2007, Bragato et al. 2011a],
and the results are published on-line on the OGS Centro
648
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Table 1. Dataset of the focal mechanisms released for this study. Gray highlighted events are used as source faults for the Coulomb stress analysis. Locations are taken from ISIDe, except for event Nos. 7, 9, 11 and 47, which are taken from OGS bulletins. Mo, seismic moment; Mt, moment tensor; VR, variance reduction; FPS, fault plane solution.
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Ricerche Sismologiche website. The seismicity that occurred
in the Emilia-Romagna region was well detected by the OGS
network, also because of the Moho reflection effects recognized in the Po Plain [Bragato et al. 2011b], which amplify
the recorded signals at hypocentral distances between 90 km
and 150 km. This effect favors the recording of good quality
data by the northeastern Italy stations, also at long periods.
The data used in this study are broadband waveforms
that were recorded by stations belonging to the north-eastern
Italy seismic network, which is managed by OGS and is designed to monitor the seismic activity of north-eastern Italy
and its surroundings. This includes 14 digital broadband stations that are equipped with Streckeisen STS-2 and STS-1 or
Nanometrics Trillium 40 and 120 seismometers, coupled
with Q330 and Q128 Quanterra data loggers. The data quality is routinely checked, to maintain a good level of signal-tonoise ratio. Data from other Institutes (e.g., INGV, Austrian
ZAMG, Provincia Autonoma di Trento, Provincia Autonoma
di Bolzano) are commonly exchanged in real-time with the
OGS [see Bragato et al. 2011a, for futher details], and they
are used to better constrain inversion results.
For the present study, we computed the moment tensors
of more than 80 events with ML >3.6 that occurred from June
4, 2011, to June 15, 2012. Only good quality solutions that
were obtained by more than four stations and with a variance
reduction >50 were used, as reported in Table 1. The vari-

Tangential

ance reduction is a quality index of the waveform fit between
the observed and the synthetic seismograms, and it is equal to
the sum of the squares of the difference in amplitude normalized by the observed waveforms (100% is the best fit).
The recorded waveforms were sampled at 100 sps and
extracted in 600 s time windows, starting 2 min before the
origin time of each event. After correction for the instrument
response, the waveforms were integrated, to obtain the displacement, resampled at 1 sps, and bandpass filtered in the
frequency band of 0.02 Hz to 0.05 Hz, to reduce the structural model effects. All of the main parameter solutions are
reported in Table 1. As an example, Figure 2 shows the moment-tensor solution and waveform fit for the mainshock of
the Emilia 2012 sequence.
Sensitivity tests on the algorithm used to compute the moment tensors [i.e. Dreger and Helmberger 1993, Saraò 2007]
revealed that the source mechanism can be obtained confidently from sparse stations despite possible errors in source location, and that full azimuthal coverage is not required when
three-component station data are used and the structural
model is adequately known. We used the one-dimensional velocity model of Bressan [2005], and for the Emilia 2012 sequence, the velocity model recently proposed for the Po and
the Venetian Plains by Vuan et al. [2011]. This last model was
reconstructed from oil exploration data, deep seismic soundings, and seismic reflection measurements, and it was validated
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Figure 2. Waveform fit and moment-tensor solution for the May 20, 2012, event at 02:03:52 (MW 6.1). Details about the stations can be found on the OGSCRS website (http://rts.crs.inogs.it/).
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by comparing recorded waveforms from medium-sized earthquakes in the period range from 1 s to 40 s.
Since the OGS stations coverage was not optimal to robustly constrain the depth locations of the events by moment-tensor computation, for the Coulomb stress analysis
we preferred to use the depth locations on line published in
the Italian Seismological Instrumental and Parametric Database (ISIDe hereinafter) [ISIDe Working Group 2010] as extracted on July 17, 2012, for all but event Nos. 7, 9, 11 and 47
(Table 1), which occurred within the OGS network coverage
area. Concerning event No. 7, we used the deep location
given by the OGS bulletin (16.8 km, versus the 2.4 km in the
INGV bulletin), chosen because no damage was reported for
this event, and the decay of macroseismic intensity with distance was not as sharp as expected from a surficial earthquake (see http://www.haisentitoilterremoto.it/repository/
2218487900/index.html, depth assigned at 8.1 km). However, the nearest stations available at the time of the earthquake were at about 20 km (GAZZ for OGS) and 30 km
(RAVA for INGV) distance, and therefore it was difficult to
constrain the depth correctly.

considered an acceptable approximation, given the magnitudes
of the events. The cross-sections on the ca. 2,700 preliminary
hypocenters of the Emilia 2012 sequence (as located on July
17, 2012) suggested a global pattern of an S-dipping volume,
although they did not enhance peculiar alignments on fault
traces, or sometimes showed fake alignments due to locations
forced to a fixed depth. Therefore we started our analysis by
imposing on all the source faults the E-W striking, S-dipping
solution, in agreement with the geological interpretation of
the sources (composite and individual) given in DISS 3.1.1
(Figure 3A), and with the results of the preliminary analysis of
the Synthetic Aperture Radar (SAR) data [Atzori et al. 2012].
Then, with a trial and error procedure, we modified some
source orientations using the antithetic fault plane as well. We
ran the cumulative stress change of all the previous events to
the subsequent one iteratively, and mapped the redistribution
after the occurrence of all of the 10 considered sources, at
given depth and on some cross-sections, as shown in Figure 3.
Different friction values were tested, and a simple quantitative
estimate of the goodness of the modeling is given by the
Coulomb index [Hardebeck et al. 1998], which accounts for the
percentage of events that occur on positive stress changes. We
present here only the more significant tests carried out.
The cumulative Coulomb stress-change map at 7 km in
depth is plotted in Figure 3A, and was obtained considering
the S-dipping planes of the focal mechanisms of the 10
sources. Figure 3B was obtained by modeling eight S-dipping
planes and the two main events of May 20 and 29, 2012, by antithetic faults (N-dipping, high angle). They look quite similar,
although some differences appear in the E-W oriented crosssections spaced 5-km apart (Figure 3C, D). The correlation of
the hypocenters with the areas of enhanced Coulomb stress
obtained by modeling the main events by antithetic faults
(Figure 3B, D, reddish zones) show that more than 80% of the
selected earthquakes were in a positive Coulomb shadow;
i.e., a higher percentage than that obtained by the model of
Figure 3A, C. Quantitative computation of the normal and
total Coulomb stress on the focal mechanism solutions enabled us to select the preferred plane, and to statistically select
the best model; these results will be compared with high-quality relocated events as soon as they are available.
Sources 7, 13 and 14 were active before the 2012 sequence. The sources in the Parma district (13, 14) are too far
and too deep to interact by static stress changes with the system of faults activated during the Emilia 2012 sequence. The
deep events that occurred before the main shocks (e.g., July
17, 2011) were located in stress shadows of the global stress
representations (Figure 3C, D, bluish areas). To constrain the
results, additional time-dependent representations and a
more complex system interactions that take into account, for
instance, the fluid components too [i.e., Nostro et al. 2005],
remain necessary. A set of well-constrained hypocenter locations is necessary to confirm these results.

3. Coulomb stress change analysis
We investigated elastic stress changes using the set of
focal mechanisms reported in Table 1. These were spread
over a large area, and cover about one year of monitoring, as
the initial intent of our study was to investigate potential intermediate-distance fault interactions; e.g., similar to what
was proposed by Nostro et al. [2005], and more recently by
Okada et al. [2011]. To achieve our goal, we used the
Coulomb 3.2 code [Lin and Stein 2004, Toda et al. 2005]. We
selected 10 events (Table 1, highlighted in gray; Figure 1,
stars) with MW >4.6 as source faults, assuming that these
sources impart stress to the surrounding crust and faults.
This assumption appears relatively strong, as it implies that
all of the other events have a negligible role in earthquake
interactions, whereas some studies have demonstrated the
importance of small events for stress redistribution [e.g.,
Helmstetter et al. 2005, Marsan 2005]. However, interactions
act on volumes proportional to the rupture dimension: the
literature [e.g., Hardebeck et al. 1998] and the tests we carried out show that the static stress changes vanish at 1-3times the rupture length; in our case, for magnitude smaller
than 4.5, the interaction distances are of the same size as the
earthquake location uncertainties (about 1 km for the horizontal errors, and higher values in depth assessments). Moreover, we chose a magnitude cut-off to guarantee a complete
dataset of source faults. Indeed, we rejected some low-quality moment-tensor solutions, and our focal-mechanism database (Table 1) is not complete for ML <3.8.
Fault size and slip were computed by the Wells and Coppersmith [1994] relationships embedded in the code (reverse
faults for all but event No. 13). The uniform slip distribution is
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Figure 3. Coulomb stress change analyses in the Po Plain hit by the Emilia 2012 sequence. A. Coulomb stress change map at 7 km depth, with the fault
model given by 10 S-dipping sources. Pink rectangles, ruptures; numbers of the source, written beside the hypothetical intersection of the planes at
the surface (green traits); small black circles, focal mechanism dataset. B. As for A), but sources No. 16 and 33 are modeled by N-dipping fault planes.
C. Coulomb stress change profiles for the model of Figure 3A, with the position of the sections given in Figure 3B. D. As for (C), using the fault model
of Figure 3B. Black sub-horizontal traits in some profiles, ruptures intersected by the profile (apparent inclination).

4. Conclusions
High-quality moment-tensor solutions of 49 events
(ML >3.6) are provided within this study, and they were used
to perform a first Coulomb stress analysis. Even if this is still
preliminary, for the two most energetic events that occurred

on May 20 and 29, 2012, our modeling of the Emilia sequence
suggests the possible activation of the auxiliary plane of focal
mechanisms with respect to the S-dipping plane traditionally
given by geological interpretation of seismogenic sources.
The Emilia 2012 sequence was formed by several events of
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medium-to-small magnitude. As in a homogeneous elastic
crust the stress vanishes at about the same distance as the rupture dimension, the analysis should be performed on a very
local scale; lateral variations are notable even in the order of
a few kilometers. Therefore, the uncertainties related to the
hypocenter locations have to be taken into account correctly.
A careful statistical evaluation of these early results is still ongoing, although a set of well-constrained hypocenter locations is mandatory to confirm our hypotheses, with some
testing by heterogeneous slip distribution. Additional representations of the time evolution of the sequence will shine a
light on the complex phenomena, like, for instance, the possible role of fluids. Our initial intent to verify the potential
medium-distance interactions between the 2011 events that
were on both sides of the Po Plain did not obtain an answer
within this study. Of course, multidisciplinary investigations
based on geophysical measurements are needed to study the
role of the Emilia sequence in promoting, or inhibiting, a
major earthquake by static stress changes.
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