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1. Introduction

The Ferrara 2012 seismic sequence was characterized
by two main compressional events, which occurred on May
20 and 29, 2012, with M,, 6.1 and M,, 6.0, respectively
(quick Regional Centroid Moment Tensor [RCMT] at http://
autorcmt.bo.ingv.it/ quicks.html). These events were fol-
lowed by five events with My, >5.0 (two on May 20 and three
on May 29, 2012) and by hundreds of events of lower mag-
nitudes distributed along a WNW-ESE-elongated area of
ca. 500 km? (ISIDe database at http://iside.rm.ingv.it/
iside/standard/index.jsp.). The ongoing activity of the north-
ward-verging fold-and-thrust structures of the Ferrara-Ro-
magna Arc (Figure 1A) and the eastward-verging Coastal
Adriatic Arc (referred to as the Outer Thrust System [OTS]
in Lavecchia et al. 2003) has been a debated topic in the Ital-
ian literature. Some have considered the OTS to be inactive,
on the basis of seismic reflection evidence of undeformed
Middle Pleistocene-Holocene deposits sealing the buried
thrust fronts [Argnani et al. 1997, Bertotti et al. 1997, Di
Bucci and Mazzoli 2002, Picotti et al. 2009]. Others have con-
sidered the OTS to be active and possibly seismogenic, as
they recognize an associated pattern of compressional and
strike slip earthquakes with P-axes mainly radial to the
thrust-front direction [Lavecchia et al. 2003, Lavecchia et al.
2004, Scrocca et al. 2007, Boncio and Bracone 2009, Toscani
et al. 2009, Carminati et al. 2010, Boccaletti et al. 2011, Sgroi
et al. 2012]. Recent geodetic data also support the ongoing
NNE motion of the Apennine compressional units above the
Adriatic foreland [Serpelloni et al. 2005, Devoti et al. 2011].

The Ferrara 2012 seismic sequence activated the central,
nearly E-W striking, sector of the broad Ferrara Arc. Over
the past 1000 years, there have been no strong (M =5.0) earth-
quakes associated with this portion of the Arc (Figure 1B,C).
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Apart from minor events (My,, <4.5) in the epicentral area of
the 2012 seismic sequence (Figure 1B, dotted line), the his-
torical and instrumental catalogs report five earthquakes with
My, between 4.5 and 4.7 (in 1561, 1574, 1978, 1986, 1987)
[Castello et al. 2005, CPTI11 catalogue at http:/ /emidius.mi.
ingv.it/ CPTI; ISIDe database]. Conversely, the eastern, NW-
SE striking segment of the Ferrara Arc has been activated by
several historical earthquakes: 14 events localized around Fer-
rara of 4.5 < My, < 5.5, including the highly damaging Fer-
rara 1570 earthquake (My;, 5.5, lo VII-VIII) and the Argenta
1624 earthquake (My, 5.5, Io VII-VIII).

The western, WSW-ENE-striking segment of the Fer-
rara Arc was activated at its southern end by two earth-
quakes of My, 5.5 in 1831 and 1832, and more recently by
the Reggio-Emilia 1996 earthquake (M, 5.4). Since instru-
mental measurements have been used, a number of seismic
sequences that originated at mid-to-lower crustal depths (of
ca. 20-25 km) have been reported, which activated the basal
thrust of the Ferrara Arc (e.g., 2008, My, 5.5) [Bragato et al.
2012] or its antithetic splays (e.g., Faenza 2000, My, 4.8;
Monghidoro 2003, My, 5.3) [Ciaccio and Chiarabba 2002,
Lavecchia et al. 2003, Piccinini et al. 2006]. The focal mecha-
nisms of all of the instrumental events possibly associated
with the Ferrara Arc show prevalent reverse and reverse-
oblique kinematics (Figure 1C), with P-axes nearly perpen-
dicular to the average structural trend [Boncio and Bracone
2009, Montone et al. 2012].

This study aims to provide a preliminary interpretation
of the earthquake-fault association(s) of the Ferrara 2012 seis-
mic sequence. First, on the basis of the literature data, a sim-
plification of the complex pattern of possibly active and
interconnected fold-and-thrust structures, which characterizes
the Ferrara Arc, is attempted. This simplification is achieved
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Figure 1. Seismotectonic framework of the Ferrara Arc 2012 earthquakes. (A) Schematic map of the Padan-Adriatic thrust belt of northern Italy, with
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534



STRUCTURAL CONTROL OF THE FERRARA EARTHQUAKES

through a geometric hierarchization among the various struc-
tures involved. Secondly, the most likely seismogenic sources
are preliminarily identified. Finally, the coseismic ground rup-
tures and the possible driving factors are discussed.

2. Fault segments activated during the May-June 2012
seismic sequence

2.1. Ferrara Arc geometry and kinematics

A comprehensive seismotectonic synthesis of the
Emilia-Romagna region can be found in Boccaletti et al.
[2011]. Many geological maps of the Ferrara Arc are pro-
vided by the
(http:/ /ambiente.regione.emilia-romagna.it/ geologia).
Also, a large number of seismic sections is available, which
reveal the deep geometry of the buried thrusts [Pieri and
Groppi 1981, Castellarin et al. 1985, Cassano et al. 1986]. The
Ferrara Arc consists of northward-verging fold-and-thrust
structures (Figure 1A), which are progressively involved in
the Pliocene-Quaternary tectonic phases and are completely

Emilia-Romagna Geological Service

buried by Late Quaternary deposits. In Figure 1C, the Fer-
rara Arc is schematically subdivided into three major kine-
matic units; these are denominated from north to south as
the Ferrara, Mirandola and Modena ridges. Each major ridge
consists of an anticlinorium of carbonate Mesozoic terranes
overthrusted above a synclinorium filled with thick piles of
Plio-Pleistocene terrigenous deposits. Perpendicular to the
strike, each ridge is organized into distinct and subsidiary
folds and thrusts. Along the strike, the folds show periclinal
closures. As a whole, the broad Ferrara Arc changes in strike
from SW-NE to W-E, then to NW-SE, moving from W to E,
but not all of the fold-and-thrust structures show the same
rotation. For example, the Mirandola anticline axis is strongly
bent (Figure 1C), and it is coaxial to its basal thrust. In other
cases, the fold axes are oblique compared to their basal
thrust, which implies a strike-slip component and possibly
an orocline nature of the arcuate system. Given the overall
prevailingly NNE-SSW-trending direction of the P-axes from
focal mechanisms and borehole breakouts [Montone et al.
2012], we can assume that an almost pure dip-slip kinemat-
ics characterizes the central portion of the Ferrara Arc, a left
lateral component the western portion, and a right-lateral
component the eastern portion.

2.2. The Ferrara 2012 seismic sequence

The May 20, 2012, earthquake M, 5.9, My, 6.1) occurred
close to the buried area of the Ferrara Arc, nearly 30 km
WNW of the town of Ferrara and east of the Mirandola mu-
nicipality (in the Modena Province) (Figure 2). This event was
preceded by a M, 4.1 event on May 19, 2012, then followed by
four aftershocks with 4.8 < M;=5.1 within a few hours, and
then eventually by 11 events with 4.0 < M, < 4.5 from May 20
to 23, 2012 (ISIDe database). From May19 to 23, 2012, the seis-
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mic sequence covered an epicentral area extending to the
WNW-ESE direction for a length of ca. 25 km and a width of
10 km, from north of San Felice sul Panaro to Mirabello. Dur-
ing May 24 to 28, 2012, this extended further westwards for
ca. 15 km, towards Novi di Modena. The May 29, 2012, earth-
quake (M, 5.8, My, 6.0) originated close to the Medolla mu-
nicipality, nearly 12 km WSW of the May 20, 2012, event.
Within a few hours, this event was followed by four after-
shocks with 4.7 < M, <5.2; on June 3, 2012, another M, 5.1
event occurred within the same epicentral area. The after-
shock sequence of the May 29, 2012, event covered an area
elongated by ca. 25 km along the WNW-ESE direction and
arranged in a left-stepping en-echelon pattern with respect to
the May 20, 2012, epicentral area. The kinematics of the May
19, 2012, foreshock and the May 20 and 29, 2012, major events
were almost pure thrust slip, with P-axes trending N10° and
sub-perpendicular to the thrust front (Figure 2). The May 20,
2012, fault dipped towards N200° at an average angle of 30°,
with a NNE-SSW oriented P-axis (trend/plunge 013/15), and
the May 29, 2012, fault dipped towards N200° at an average
angle of 20° (P-axis 010/26).

The RADARSAT images that covered the time interval
from May 12 to June 5, 2012, show two distinct en-echelon, el-
lipse-shaped uplifts that are associated with the two events. The
InSAR data from COSMO SkyMed [Salvi et al. 2012, this vol-
ume] that covered the time interval from May 27 to June 4,
2012, provide more details on the May 29, 2012, event. The epi-
central area of the May 20, 2012, earthquake underwent an up-
lift over an area 29 km long (in a N120° direction) and 10 km to
12 km wide, with a maximum ground displacement of 15 cm
between Sant'Agostino and Bondeno. The epicentral area of
the May 29, 2012, earthquake underwent an uplift over an area
28 km long (in a N105° direction) and 10 km to 12 km wide,
with a maximum ground displacement of 12 cm near Medolla.

2.3. Fault sources activated during the Ferrara sequence

Figures 2 and 3 compare the surface and depth distribu-
tions of the major events (from the ISIDe database) to the
geometry of the fold-and-thrust structures, and provide a
preliminary seismotectonic interpretation (Figure 3, sections
A, A', B). We considered previous interpretations of the line
ENI, App. East-1 [Toscani et al. 2009, and references therein],
as well as the geological section across the Mirandola anti-
cline that was reconstructed by Martelli and Molinari [2008]
and constrained by the Concordia 1 well (Section A). Both
the map (Figures 1C and 2) and section views (Figure 3) in-
dicate the presence of a small anticline, here named the
Quarantoli anticline, between the Ferrara and Mirandola
major ridges. We interpret the basal thrust of such a struc-
ture as an inner splay of the Ferrara thrust.

The May 20, 2012, event and its aftershocks activated the
central WNW-ESE striking portion of the Ferrara ridge basal
thrust, as shown in the map and section view (Figures 2, 3B).
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Figure 2. Seismicity and focal mechanisms related to the May 20 and 29, 2012, main events [ISIDe database and Quick RCMT catalog].

The epicentral area of the May 29, 2012, event was shifted sev-
eral kilometers WNW-wards along-strike and SSW-wards
along-dip. This observation might suggest the activation of
the basal thrust of the Mirandola structure, which had previ-
ously been identified as a potential seismogenic source in the
area [Carminati et al. 2010]. Nevertheless, on the basis of the
preliminary hypocentral locations used in this study, we ob-
serve that the May 29, 2012, major events were not focused
around the basal thrust of the Mirandola anticline (Figure 3A),
but rather around the Quarantoli thrust (Figure 3B), which
splays from the Ferrara basal thrust at a depth of nearly 10 km,
and mainly develops within the Late Paleozoic-Early Triassic
sedimentary sequence. In the map view of Figure 2, the Quar-
antoli thrust develops along the strike further west than the
Ferrara thrust, thus justifying the westwards propagation of
the seismic activity. It is interesting to observe that some re-
cent earthquakes (e.g., Figure 1C, 2008 My, 5.5, 2008 My, 4.9)
that have occurred nearly 70 km SW-wards of the Ferrara 2012
epicentral area show similar kinematics and attitude to the
Ferrara 2012 events and lie just on the down-dip continuation
of the Ferrara basal thrust, at depths of 20 km to 25 km [Bra-
gato et al. 2012]. Therefore, we can hypothesize that the Fer-
rara Arc basal thrust is active both at upper and mid-to-lower

crustal depths. This geometry is equivalent to that shown by
the Adriatic basal thrust [Lavecchia et al. 2003], which is the
southern continuation of the Ferrara thrust.

3. Coseismic ground ruptures: morpho-lithologic control,
tectonic origin, or both?

Soon after the May 20 and 29, 2012, earthquakes, we car-
ried out two geological surveys within a large area approxi-
mately coinciding with the boundary of the VI MCS
mesoseismal area, to determine the occurrence of coseismic
surface ruptures (Figure 4A). The large prevalence of ground
fractures was associated with soil liquefaction phenomena that
occurred within loose or poorly dense Quaternary alluvial
sandy deposits, which prevailed along the suspended paleo-
levees of the abandoned river channels (e.g., the Reno, Panaro
and Secchia Rivers). The most intense liquefaction processes
were associated with the May 20, 2012, event and were ob-
served between the villages of Sant'Agostino and Mirabello,
along the paleo-channel of the Reno River. The liquefaction
processes associated with the May 29, 2012, event were less
important and mainly concentrated close to the new epicen-
ter, with some reactivation in the area between the May 20
and 29, 2012, epicenters (e.g., Finale E., San Felice S.P).
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(M, =24.0). (B) Regional cross-section along the line ENI, App. East-1 [modified from Toscani et al. 2009] compared with the May 29 to June 12, 2012,

earthquake distribution (M 24.0).

The observed coseismic ground deformation can be
subdivided into three broad classes based on their features.
Class 1 comprises linear or en-echelon opened fractures, e.g.,
diaclasis, with openings of up to 80 cm, with or without a
vertical offset (maximum observed offset of 60 cm), and
often, but not systematically, accompanied by liquefaction
(alignment of sand blows, sand volcanoes, ground settle-
ments). Locally, major alignments of fractures with the ver-
tical offset originated graben-like structures (e.g., between
Sant'Agostino and Mirabello). Class 2 comprises linear
ground cracks, e.g., fissures, that are generally much shorter
than class 1 fractures, with very small or unappreciable open-
ing, and generally not accompanied by liquefaction. Class 3
comprises scattered liquefaction phenomena that are not di-
rectly related to fractures (isolated or aligned sand volcanoes,
well overflows). In general, the fractures cut indistinctly
through farmland and human structures (e.g., roads, paved
areas, buildings), and their orientations were locally condi-
tioned by man-made structures (e.g., anthropic scarp edges)
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or natural features (e.g., levees). The kinematics was pre-
dominantly extensional (e.g., opening mode fractures).

To analyze the geometric patterns of the coseismic
ground fractures, we integrated our field data with those col-
lected by other investigators (Figure 4, and references therein).
The strike distribution of the compiled fracture dataset varies
over a wide range of directions, from N15° to N135°, with a
dominant set oriented NE-SW (see Figure 4B, for rose dia-
grams of all of the data). The genetic interpretation of the
fractures is not straightforward. It is clear that: 1) they are not
surface expression of the seismogenic faults; rather, they are
nearly perpendicular to them; and 2) their direction correlates
well with the prevailing orientation of the present and paleo-
river channels (Figure 4A). Nevertheless, the evidence suggests
that the fractures — at least the longest and most continuous
ones — might be of tectonic origin. The major fracture zones
(FZ) are located between Sant'Agostino and Mirabello (SA-
MFZ, ca. 6 km long) and near Cavezzo (CFZ, ca. 2 km long,
N20-40) (Figure 4A). The InSAR data show that the ground
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surface was folded coseismically, forming two hanging wall
anticlines above the aftershock zones of the May 20 and 29,
2012, main shocks (Figure 4A). The domal uplift climaxes near
the center of the anticlines, although it rapidly decreases when
it is perpendicular and parallel to the hinge line (periclinal
folds). The SA-MFZ crosses the eastern anticline close to its
culmination, and the CFZ crosses the southern flank of the
western anticline (Figure 4B). Both the SA-MFZ and the CFZ
are nearly orthogonal (80°) to the cross-cut InSAR hinge line,
with the western anticline rotated 15° anticlockwise compared
to the eastern anticline. The hinge of the western anticline is
also parallel to the mean direction of the minimum horizon-
tal stress from the borehole breakouts (Shmin; i.e., 0,) [Mon-
tone et al. 2012]. Based on these geometric relationships, we
infer that the evolution of the tectonic stress regime towards
the near surface during the coseismic folding phase might
have been at least one of the causes of the surface fractur-
ing (Figure 4C). During periclinal folding, we can reasonably
expect flexure-induced, near-surface tensional stresses oriented
both orthogonal and parallel to the fold hinge. The tensional
stress orthogonal to the hinge is also parallel to the nearly
N-S regional maximum compression (0,) that drives the geo-
dynamics of the area. Therefore, the component of tension is
probably largely overcome by the regional compression, and
is not sufficient to originate hinge-parallel tensional fractures,
as observed. Conversely, tensional stress parallel to the hinge
is nearly parallel to the regional 0, and might be sufficient to
reduce the 0, to 0, which produces hinge-orthogonal tension
fractures. In other words, the observed fractures can be inter-
preted as the near-surface cross-jointing of the coseismic folds.

A recent seismic survey across the Sant'Agostino—Mira-
bello fracture zone has pointed out that the surficial fault-
ing/fracturing structures possibly extent to a depth of 400
meters [Borgatti et al. 2012, this volume]. Based on such ob-
servation another genetic hypothesis is here advanced. The
cosesimic fractures oriented perpendicular to the fold axis
may be interpreted as dilation fractures enhanced by hy-
draulic fracturing which may occur if the difference in mag-
nitude of the vertical least principal stress (0,) and of the
intermediate principal stress (0,), equals or exceed the tensile
strength [Price and Cosgrove 1994].

4. Final remarks

The integration of subsurface geological data, histori-
cal seismicity, and the hypocentral locations of the seismic
sequence of Ferrara 2012 has allowed us to develop a seis-
motectonic interpretation of the May 20 and 29, 2012, com-
pressional earthquakes (My, 6.1, My, 6.0).

Among the closely spaced and interconnected fault sys-
tems that affected the epicentral area, we have identified two
potentially seismogenic sources: the Ferrara basal thrust and
its Quarantoli hanging-wall splay. Considering the May 20,
2012, event, after rupturing the SSW-dipping Ferrara basal
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thrust at depths between 3 km and 7 km with nearly pure
dip-slip kinematics, it propagated WNW-wards towards its
SW-NE striking lateral ramp. For the May 29, 2012, event,
the rupture jumped on an inner splay (the Quarantoli thrust)
and started to again propagate WNW-wards with nearly
pure dip-slip kinematics. The basal thrust of the Mirandola
anticline appears to have been only subordinately involved
in the sequence as, conversely, suggested by other authors
[Bignami et al. 2012, this volume].

The recent compressional events that occurred at depths
of 20 km to 25 km (e.g., 2008, M, 5.5 and My, 4.8) and the
July 2011 earthquake (M, 4.8, ca. 2 km in depth) can be as-
sociated to the Ferrara basal thrust, as well. These findings
suggest that the system has a crustal-scale, thick-skin geom-
etry, with the seismogenic activity possibly controlled by the
rheological stratification of the crust (the seismogenic layers
in sedimentary cover and in the upper part of the lower
crust) [Lavecchia et al. 2003].

Finally, we suggest a possible link between the major co-
seismic ground fractures, which extend nearly perpendicu-
lar to the seismogenic fault structures and to the associated
domal uplifts, and local switches of the principal stresses.
Nevertheless, the fractures often strike parallel to river or
paleo-river channels and are associated with liquefaction phe-
nomena, which indicates that other local mechanisms also
controlled the ground ruptures, such as the river morphol-
ogy and facies distributions. Therefore, the fracture pattern
was probably controlled by a combination of both tectonic
and morpho-lithologic conditions.
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