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ABSTRACT

The 2012 earthquakes sequence stroke a wide area of the alluvial plain in
the Emilia-Romagna Region and triggered a new research interest on the
role of the subsurface stratigraphic architecture and petrophysical prop-
erty distribution in the modulation of the local seismic effects. Few direct
shear wave velocity V¢ data were however available below the depth of
50m. The only available V; measurements were obtained from an anti-
cline area, characterized by a reduced stratigraphic thickness and pecu-
liar sedimentary facies, hardly representative of the majority of the
alluvial plain subsurface. The study provides the first V¢ profile available
from middle-upper Quaternary successions deposited into a fast subsid-
ing syncline area of the Apennine Foredeep Basin. The P-wave velocity
Vpand the S-wave velocity V logs fill in the previous data gap on the geo-
physical parameters needed for the estimation of the local seismic re-
sponse. Both V, and Vg logs were continuously acquired to the depth of
265 m. The log records a velocity increase with depth, punctuated by
sharp increases at some stratigraphic discordance surfaces. The value of
800 m/s that characterizes the “seismic bedrock”, as defined by the Ital-
ian building code [NTC 2008] was never reached at any depth. The in-
vestigated succession records a depositional evolution from deltaic-marine
to alluvial plain conditions, punctuated by six glacio-eustatic depositional
cycles, developed in Middle-Upper Quaternary times. The stratigraphic
units described in the syncline log were correlated at a regional scale, with
the thinner anticline succession of Mirandola. Correlatable units de-
posited into syncline and anticline areas reveal similar shear wave veloc-

ity values, supporting the regional extrapolation of the measured values.

1. Introduction

In May 2012, several medium-large earthquakes
impacted on a wide portion of the alluvial plain of north-
ern Italy (Figure 1), belonging to the Lombardy, Veneto
and Emilia-Romagna regions. The strongest earth-

quake (M, 5.9) occurred close to Finale Emilia, while
the second largest one (M; 5.8) took place near Miran-
dola [Pondrelli et al. 2012]. The causative faults belong
to the Ferrara Arc thrust system [Bonini et al. 2014,
DISS Working Group 20157, forming the external por-
tion of the Apennines Chain (Figure 1). The earth-
quake effects were modulated by the changing seismic
amplification, associated with the largely variable Plio-
Pleistocene successions [GeoMol Team 2015]. The
thickness of the post-Miocene units varies from several
kilometres in syncline areas, to 200 m, in anticline zones,
near Mirandola and Casaglia (Figure 1). Large lateral
variations in stratigraphic thickness are visible also within
the upper Quaternary units [GeoMol Team 2015]. The
seismic acceleration induced pervasive sand liquefac-
tion phenomena within Holocene fluvial bodies [Ca-
puto and Papathanasiou 2012, Papathanassiou et al.
2012, Emergeo Working Group 2013].

The 2012 earthquakes triggered a widespread in-
terest on the seismic hazard assessment in the alluvial
plain area of the Emilia-Romagna Region [Di Manna
etal. 2012, Malagnini et al. 2012, Meletti et al. 2012, Mi-
lana et al. 2014, Papathanassiou et al. 2015, Tonni et al.
2015]. The available data on the subsurface were how-
ever scanty. The regional administration therefore col-
lected many previously performed shallow logs, such as
cone penetration tests, stratigraphic corings and water
well stratigraphies, available from the shallow subsur-
face, and performed several new investigations, reach-
ing an average depth of 30-50 m [Martelli and Romani
2013]. Only few data were however available from
deeper levels. A measurement of the shear wave veloc-
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Figure 1. Altimetry map of the study alluvial plain area with the position of the discussed logs. Some of the major subsurface overthrusts
are schematically illustrated. The line A-A’ depicts the location of the geological profile of Figure 2.

ity V5 was not normally available at depths exceeding
30-50 m. A crucial parameter for the estimation of the
local amplification was thus widely lacking. Direct V
measurements exceeding the depth of 50 m were ac-
quired only at two sites, near Medolla and Mirandola
(Figure 1), down to the depths of 101 m and 127 m re-
spectively [Martelli and Romani 2013, Paolucci et al.
2015, Garofalo et al. 2016]. These two sites are less than
4 km apart and belong to an anticline area [Tarabusi and
Caputo 2016]. The logs therefore show comparatively
thin stratigraphic successions, with sedimentary facies
quite different from those accumulated into the vast
majority of the Emilia-Romagna Region (Figure 2).
The extrapolation of the aforementioned geophys-
ical data to the thick successions accumulated into the
syncline areas was therefore uncertain. Direct V meas-
urements from syncline regions were clearly needed to
improve the accuracy of the local seismic response
studies. The present research, for the first time, pro-
vides a V¢ distribution acquired from a deep down-hole
test carried out in a syncline area. The investigation was
performed in the middle-upper Quaternary succession
accumulated into the fast subsiding syncline zone south-

west of Ferrara, between the villages of Mirabello and
San Carlo (Figure 1).

2. Structural and stratigraphic framework

The study area belongs to the external part of the
Apennines Chain, buried beneath the recent alluvial
plain. This portion of the chain consists of blind thrust
and fold structures [Pieri and Groppi 1981, Boccaletti
et al. 2004], generated through Neogene and Quater-
nary times [Ghielmi et al. 2013, Vannoli et al. 2015].
The fast regional subsidence of the southern portion
of the foredeep basin is superposed to the ongoing
fault-fold deformation [Carminati et al. 2010]. The syn-
cline areas thus record much larger subsidence values
than the anticline ones. The lateral variation of the sub-
sidence rate strongly influenced the stratigraphic thick-
ness (Figure 2), the sedimentary facies architecture and
the petrophysical parameters distribution [Bigi et al.
1992] and thus the seismic wave propagation properties
of the Plio-Pleistocene units. The Quaternary of the
region records the impact of active tectonic deforma-
tion and of massive climatic and eustatic fluctuations.
The whole of these factors induced key stratigraphic
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surfaces that support the subdivision of the sedimen-
tary successions into allostratigraphy units, organized
in different hierarchical levels [Regione Emilia-Ro-
magna et al. 1998]. Two main synthems are separated
by a discordance surface, associated with a structural
reorganization of the foredeep basin area. The syn-
thems are further subdivided into a number of sub-
synthems (Figure 2), recording the large glacio-eustatic
and climatic fluctuations. The transgressive surfaces in-
duced by the eustatic rises associated to deglaciation
were chosen as the subsynthem basis. The base of each
subsynthem unit corresponds to the deactivation of the
synglacial coarse-grained sedimentation, accumulated
into middle alluvial plain environments. Syn-transgres-
sive units are capped by organic-rich marsh mud, de-
posited into lower alluvial plain settings, or, in the
deeper portions of the successions, by marine-deltaic
sediments. The regressive trend of the alluvial plain
successions culminates into a new interval of synglacial
lowstand sands. The ongoing transgressive-regressive
cycle has been ascribed to the Ravenna Subsynthem
(AESS), the base of which correlates with the Stage 1 of
the global Marine Oxygen Isotope curve [Martinson et
al. 1987], corresponding to the base of the Holocene
(about 14 ka). The lower boundary of the underlying
Villa Verucchio Subsynthem (AES?) is assigned to the
Marine Oxygen Isotope Stage M.O.LS. 5e, (about 120 ka)
whereas the base of the previous Bazzano Subsynthem
(AES6) correlates with M.O.LS. 7 (about 240 ka). Moving
downwards, two further depositional cycles are ascribed
to the undivided lower portion (AESi) of the Upper
Emiliano-Romagnolo Synthem and lack a formal strati-
graphic terminology. The Lower Emiliano-Romagnolo
Synthem shows several transgressive-regressive pulses,
recording a globally shallowing evolution.

3. Data acquisition methodology

The Mirabello drill (Latitude: 44.8100°; Longitude:
11.4264° WGS84) crossed a middle-upper Quaternary
succession, reaching a depth of 372 m. The deep bore-
hole was used to perform a down-hole test, hereafter
named DH Deep. Both compressional (V},) and shear (V)
wave velocities were measured, down to the depth of 265
m. Figure 3 shows a schematic plan layout of the seis-
mic sources, surface geophones and the core location.

A grout mixture was pumped into the core and a
PVC pipe, with an internal diameter of 162.8 mm, was
installed, down to 265 m. An additional steel casing,
with an internal diameter of 263 mm, was emplaced in
the upper 18 m. Three different seismic sources were
used (Figure 4): an impulsive source of 250 kg, hitting
vertically a steel square from a height of 3 m, to gener-
ate compressional (P) waves; two symmetric pendulum
hammers, hitting horizontally a steel rectangular base
pressed vertically against the soil, to produce horizon-
tally polarized shear waves (SH).

The seismic sources triggered a data recording sys-
tem measuring the travel time of the wave train from
sources to receivers. The deep DH receivers consisted
of three uniaxial, one vertical and two horizontal, 10 Hz
geophones. Seven 14 Hz geophones, three vertical and
four horizontal, were placed at the surface, to support
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Figure 3. Schematic plan layout of the down hole seismic investi-
gation.
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Figure 4. The three sources of seismic waves energized at the sur-
face (see text).

the rephasing correction to the recorded DH seismo-
grams. The system recorded 2000 samples, at a sampling
time interval of 0.5 m/s. The P and S waves arrival time
was interpreted according to ASTM D7400-14 [2014].
The DH Deep data were acquired from the depth of
18 m down to 265 m, because of the steel casing of the
uppermost part of core. An estimation of the Vg in
the uppermost 18 m was derived from the closest
down-hole sounding, the DH M1 (Figure 1). The latter
sounding was performed in 2012 by the Regione
Emilia-Romagna, about 2800 m to the north-east of the
DH deep site. The two adjacent logs are in good agree-
ment in the shared 18-30 m stratigraphic interval and
therefore a reasonable level of confidence can be esti-
mated for the interpolation of the upper 18 m of the
study log. Figure 5 provides the seismograms acquired
at the 265 m depth, produced by the vertical hammer
blow (black line “P-wave shot”) and by the horizontal
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Figure 5. Seismograms acquired at 265 m from the DH deep test
(Figure 6a).

hammer blows striking the anvil on the two opposite
sides (red line “S-right wave shot” and blue line “S-left
wave shot”). The acquired stratigraphic and geophysi-
cal data are illustrated by Figure 6.

4. Stratigraphy and seismic velocities

The stratigraphic succession logged in Mirabello
was correlated with the V, and V¢ profiles plotted over
depth at the same site (Figure 6a). The velocity logs ac-
quired in Mirandola [Martelli and Romani 2013, Garo-
falo et al. 2016] were associated with our stratigraphic
interpretation (Figure 6b) of the published lithology
log [Regione Emilia-Romagna et al. 1998, Martelli and
Romani 2013], based on our direct examination of the
sediment cores and the knowledge of the regional
stratigraphy framewok.

The correlation of successions drilled at Mirabello
and Mirandola were based on published information,
mainly deriving from the national geological mapping
project (CARG) [Cibin and Segadelli 2009] and from re-
gional geological profiles [Martelli and Romani 2013].
The logs provided also some dating evidence, particu-
larly through '*C analysis from the younger intervals.
Several continuously cored logs were studied in prox-
imity of the Mirabello drilling site, within the frame-
work of the geological mapping project [Cibin and
Segadelli 2009]. Particularly useful was the compara-
tive analysis of the log 203/89, providing an allostratri-
graphic framework of the sedimentary succession to
the depth of 220 m and reaching the Lower Emiliano-
Romagnolo Synthem. The succession crossed by the
core 203-S9 shows thicker correlative stratigraphic units
than that revealed by the Mirabello drilling (203/S9 unit
bases: AES8 21 m, AES7 68 m, AES6 98 m, AESi 187 m).
From the core 203 /89, significant palaeo-environmental
and micropalaeontological data were derived [Fiorini
and Colalongo 2009]. The stratigraphic interpretation
and dating of the upper portion of the study drilling was
improved by the correlation with other two adjacent logs,
the 203-S6 and the 203-S13 (Figure 1) reaching the depth
of 34 and 68 m respectively. The correlation with the sec-
tion cored at Mirandola has been based on our direct
sedimentological and stratigraphical examination of
the continuous cores, on the published lithological logs
[Martelli and Romani 2013], and on the correlation with
published stratigraphic profiles [Pao-lucci et al. 2015].

The regional correlation demonstrates that the
Mirabello drilling crossed the entire Upper Emiliano-Ro-
magnolo Synthem and Lower Emiliano Romagnolo Syn-
them and a large portion of the Marine Quaternary.
Within the succession, each subsynthem has an average
thickness of about 35 m and shows a similar internal or-
ganization. The drilled succession records a globally shal-
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Figure 6. Stratigraphic column and seismic velocity logs from the Mirabello (a) and Mirandola (b) sites. The map shows the location of the
two log sites and a schematic representation of the main syncline and anticline axis in the region.

lowing evolution, from marine environments to alluvial
plain systems, spanning over a time period of roughly
600,000 years.

The stratigraphic organization correlates with the
measured velocity values. The V}, log (Figure 6a) con-

firms the presence of fully water saturated deposits be-
tween 18 m and 265 m, providing an average value of
1500-2000 m/s through the investigated depth. The V
increases gradually with depth, from 116-200 m/s, in
the Ravenna Subsynthem, to 310-525 m/s, in the Lower
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Emiliano-Romagnolo Synthem (Table 1).

In the Mirabello succession, the Ravenna Subsyn-
them AES8 frames the first 22 m of subsoil and consists
of outcropping Reno river sands, soft organic-rich marsh
muds, with very low S-wave velocities, and older pedo-
genized continental silts, showing comparatively higher
V values. Fine-grained sediments dominate the Villa
Verrucchio Subsynthem AES7 (23-58 m), associated with
some fluvial sand intercalations, deposited by Apennine
rivers. The AES7 unit top is associated with a sharp in-
crease of the S-wave velocities, while at the lower por-
tion of the unit a further Vg increase is recorded,
probably associated to pedogenized levels enriched in
carbonate concretions. Thick bodies of fluvial sands de-
posited by the Po River [Cibin and Segadelli 2009] dom-
inate the Bazzano Subsynthem AES6 (59-85 m), but
finer-grained sediments are nevertheless well developed
in the lower portion of the unit. The underlying AESi
unit (86-162 m) consists of two transgressive-regressive
cycles, separated, at about 127 m, by a transgressive sur-
face. Foraminifera, palecypod bioclasts and gastropods
(Turritella) were sampled from the marine portions of
the unit. The lower part of the upper cycle (105-127 m)
is associated to a further increase of the S-wave velocity.
At about 161 m, the study well crossed the top of the
AEI Synthem. The synthem consists of thick sandy or
argillaceous bodies, deposited into marine, deltaic and al-
luvial plain environments. The fine-grained unit below
210 m correlates with a marine interval preserving in-
fralittoral zone foraminifera [Fiorini and Colalongo
2009]. The unconformity marking the unit top corre-
lates with a sharp increase of the Vg values, almost
reaching 500 m/s. Few further peaks of V are associ-
ated to underlying thick layers of sand (160-165 m and
255-260 m). The AEI unit contains biogenic methane
that could have affected the lowering of both V, and V
values, at depths between 235 and 260 m.

The correlative anticline succession of Mirandola
is much thinner than the Mirabello one. From the pre-
viously described correlation, we can confidently as-
sume that AES unit is about 100 m thick, is enriched in
fluvial sands, and lacks any marine influence. The suc-
cession nevertheless records S-wave velocity trends and
values [Garofalo et al. 2016] similar to the Mirabello
ones (Table 1, Figure 6a). The correlation between the
AEI unit in Mirabello and the pebbly sands drilled at
Mirandola (Figure 6b) below 100 m, showing clasts of
Palaeozoic acidic volcanites with porphyric structures,
is uncertain. The lowermost portion of the Mirandola
succession, underlying a sharp unconformity surface,
was ascribed to the Lower Pliocene [Paolucci et al. 2015,
Tarabusi and Caputo 2016]. This unit consists of lithi-
fied turbiditic sands, clays and marls, deposited into deep

Unit Mirabello Mirandola

AES8 116 — 200 (161) 158 — 213 (174)
AES7 207 — 326 (281) 218 — 308 (251)
AES6 310 — 356 (334) 284 339 (312)
AESi 355 — 464 (394) 284 — 460 (375)
AEI 310 — 525 (434) 430 — 449 (439)

Table 1. V; values (m/s) measured within correlative stratigraphic
units in the syncline site of Mirabello (Figure 6a) and in the anti-
cline succession of Mirandola (Figure 6b). For each stratigraphic in-
terval, the lowest, highest, and average values are indicated.

marine environments, and shows the highest V values,
above 600 m/s[Garofalo et al. 2016]. These are the high-
est values recorded from the study successions, but they
are still lower than the values officially assumed for the
“seismic bedrock” [EN 1998-5 2004, NTC 2008].

5. Discussions and conclusions

The deep down-hole test performed in Mirabello,
reaching a depth of more than 250 m below surface,
has provided a unique deep seismic log from a tectonic
active syncline area of the Apennine Foredeep Basin.
No direct V; measurements deeper than 50 m were pre-
viously available in the syncline areas affected by the
2012 Emilia earthquakes. The new log, integrated by
the correlation with the previous logs available in the
region, supports a well constrained seismo-strati-
graphic model of the interval spanning from the Lower
Emiliano-Romagnolo Synthem to the Recent outcrop-
ping sediments (Figure 6). A good correlation is visible
between the shear wave velocity distribution and the
stratigraphic organization of the depositional succession.
Stratigraphic discordance surfaces are related to sharp
increases in the V values, particularly at the boundary
between the Lower and Upper Emiliano-Romagnolo
Synthems. The logs from the syncline area of Mirabello
was correlated with the thinner succession of Miran-
dola, deposited into an anticline area. Mirandola was the
only site in the Emilia-Romagna Region where direct
V, measurements were previously available from a deep
level, and where down-hole and cross hole tests were
performed and validated by different international re-
search groups [Garofalo et al. 2016].

Correlatable units in the Mirabello and Mirandola
boreholes show very similar S-wave velocity trends and
values (Table 1, Figure 6a,b). The good agreement con-
firms the reliability of the deep down-hole interpreta-
tion at the Mirabello site. The small variations detectable
between the two logs can be explained considering both
the variation in sedimentary facies and lithologies and
the different effective stresses of the Mirabello and Mi-
randola subsoils. The stronger compaction affecting the
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deeper argillaceous intervals at Mirabello influences
the development of V values similar to those recorded
in correlative coarser grained intervals preserved at
shallower level in the Mirandola succession.

The average seismic values recorded in Mirabello
can be extrapolated with some confidence to the wide-
spread syncline successions, through large portions of the
alluvial plain. The new dataset here provided can sup-
port the definition of the input parameters for the seismic
response analyses in similar Emilia-Romagna strati-
graphic context, characterized by the absence of deep V
profile and the presence of a deep seismic bedrock.

Neither the Mirabello log nor the Mirandola one
reached a Vg value of 800 m/s, which officially defines
the “seismic bedrock” into the European Building Code
[EN 1998-5 2004] and the Italian building code [NTC
2008]. Some extra investigation, based on indirect sur-
face approaches, as large 2D passive seismic arrays [e.g.
Di Giulio et al. 2016], can be useful to obtain deeper ve-
locity profiles, which, even if less accurate [Garofalo et
al. 2016], will integrate the provided direct seismic ve-
locity measures, supporting a better constrained and
more reliable ground response analysis.

Acknowledgements. Special thanks to the Protezione Civile,
to the Regione Emilia-Romagna, and to the Mirabello Municipality,
for funding the seismic microzonation of Mirabello. We thank also
Luca Martelli and Paolo Severi (Emilia-Romagna Region) for pro-
viding data from the Emilia-Romagna geological database, and Fer-
ruccio Laurenti for providing the access to the site of the Mirabello
deep borehole.

References

ASTM D7400-14 (2014). Standard Test Methods for
Downbhole Seismic Testing, ASTM International.

Bigi, G., G. Bonardini, R. Catalano, D. Cosentino, F.
Lentini, M. Parlotto, R. Sartori, P. Scandone and E.
Turco (1992). Structural model of Italy, 1:500.000,
Edizioni Consiglio Nazionale delle Ricerche, Rome.

Boccaletti, M., M. Bonini, G. Corti, P. Gasperini, L.
Martelli, L. Piccardi, C. Tanini and G. Vannucci
(2004). Seismotectonic Map of the Emilia-Romagna
Region, 1:250000, Regione Emilia-Romagna, Con-
siglio Nazionale delle Ricerche.

Bonini, L., G. Toscani and S. Seno (2014). Three-di-
mensional segmentation and different rupture be-
havior during the 2012 Emilia seismic sequence
(Northern Italy), Tectonophysics, 630, 33-42; doi:10.
1016/j.tect0.2014.05.006.

Caputo, R., and G. Papathanasiou (2012). Ground fail-
ure and liquefaction phenomena triggered by the 20
May, 2012 Emilia-Romagna (Northern Italy) earth-
quake: case study of Sant’Agostino - San Carlo -
Mirabello zone, Natural Hazards and Earth System

Sciences, 12 (11), 3177-3180; doi:10.5194/nhess-12-
3177-2012.

Carminati, E., D. Scrocca and C. Doglioni (2010). Com-
paction-induced stress variations with depth in an
active anticline: Northern Apennines, Italy, Journal
of Geophysical Research: Solid Earth, 115, B02401;
doi:10.1029/2009JB006395.

Cibin, U, and S. Segadelli, eds. (2009). Note Illustrative
della Carta Geologica d’Italia alla scala 1/50000,
Foglio 203 Poggio Renatico. ISPRA, Servizio Geo-
logico d’Italia, 104 p. (in Italian).

Di Giulio, G., R. de Nardis, P. Boncio, G. Milana, G.
Rosatelli, E Stoppa and G. Lavecchia (2016). Seismic
response of a deep continental basin including ve-
locity inversion: the Sulmona intramontane basin
(Central Apennines, Italy), Geophysical Journal In-
ternational, 204, 418-439; doi:10.1093/ gji/ ggv444.

Di Manna, P, L. Guerrieri, L. Piccardi, E. Vittori, D.
Castaldini, A. Berlusconi, L. Bonadeo, V. Comerci, F.
Ferrario, R. Gambillara, F. Livio, M. Lucarini and
AM. Michetti (2012). Ground effects induced by the
2012 seismic sequence in Emilia: Implications for
seismic hazard assessment in the Po Plain, Annals
of Geophysics, 55 (4), 697-703; doi:10.4401/ag-6143.

DISS Working Group (2015). Database of Individual
Seismogenic Sources (DISS), Version 3.2.0: A com-
pilation of potential sources for earthquakes larger
than M 5.5 in Italy and surrounding areas; http:/ / diss.
rm.ingvit/diss/; doi:10.6092/INGV.IT-DISS3.2.0.

Emergeo Working Group (2013). Liquefaction phe-
nomena associated with the Emilia earthquake se-
quence of May-June 2012 (Northern Italy), Natural
Hazards and Earth System Sciences, 13 (4), 935-947;
doi:10.5194/nhess-13-935-2013.

EN 1998-5 (2004). Eurocode 8: Design of structures for
earthquake resistance - Part 5: Foundations, retain-
ing structures and geotechnical aspects, CEN Euro-
pean Committee for Standardization, Bruxelles,
Belgium.

Fiorini, E, and M.L. Colalongo (2009). Micropaleon-
tologia del sondaggio 203-S9, In: U. Cibin and S.
Segadelli (eds.), Note Illustrative della Carta Geo-
logica d’Italia alla scala 1/50000, Foglio 203 Poggio
Renatico, ISPRA, Servizio Geologico d’Italia, 104 p.
(in Italian).

Garofalo, E, S. Foti, FE. Hollender, PY. Bard, C. Cornou,
B.R. Cox, A. Dechamp, M. Ohrnberger, V. Perron,
D. Sicilia, D. Teague and C. Vergniault (2016). In-
terPACIFIC project: Comparison of invasive and
non-invasive methods for seismic site characteriza-
tion. Part II: Inter-comparison between surface wave
and borehole methods, Soil Dynamics and Earth-
quake Engineering, 82, 241-254; doi:10.1016/j.soil



MINARELLI ET AL.

dyn.2015.12.009.

GeoMol Team (2015). GeoMol - Assessing subsurface
potentials of the Alpine Foreland Basins for sustain-
able planning and use of natural resources - Project
Report, Augsburg, L{U, 188 p.

Ghielmi, M., M. Minervini, C. Nini, S. Rogledi and M.
Rossi (2013). Late Miocene-Middle Pleistocene se-
quences in the Po Plain - Northern Adriatic Sea (Italy):
The stratigraphic record of modification phases af-
fecting a complex foreland basin, Marine and Petro-
leum Geology, Special Issue: The Geology of the
Periadriatic Basin and of the Adriatic Sea, 42, 50-81;
doi:10.1016/j.marpetgeo.2012.11.007.

Malagnini, M., R.B. Herrmann, I. Munafo, M. Butti-
nelli, M. Anselmi, A. Akinci and E. Boschi (2012).
The 2012 Ferrara seismic sequence: Regional crustal
structure, earthquake sources, and seismic hazard,
Geophysical Journal International, 39 (19); doi:10.10
29/2012GL053214.

Martelli, L., and M. Romani (2013). Microzonazione
sismica e analisi della condizione limite per I'emer-
genza delle aree epicentrali dei terremoti della pia-
nura emiliana di maggio-giugno 2012 (Ordinanza
del commissario delegato n. 70/2012), Relazione II-
lustrativa (in Italian); http:/ /ambiente.regione.emi
lia-romagna.it/ geologia/archivio_pdf/sismica/MS
ord70_relazione.pdf/at_download/file/MSord70_re
lazione.pdf.

Martinson, D.G., N.G. Pisias, ].D. Hays, J. Imbrie, T.C.
Moore and N.J. Shackleton (1987). Age dating and
the orbital theory of the ice ages: Development of
a high-resolution 0 to 300,000-year chronostratigra-
phy, Quaternary Research, 27 (1), 1-29.

Meletti, C., V. D’Amico, G. Ameri, A. Rovida and M.
Stucchi (2012). Seismic hazard in the Po Plain and
the 2012 Emilia earthquakes, Annals of Geophysics,
55 (4), 623-629; doi:10.4401/ag-6158.

Milana, G., P. Bordoni, F. Cara et al. (2014). 1D velocity
structure of the Po River plain (Northern Italy) as-
sessed by combining strong motion and ambient
noise data, Bulletin of Earthquake Engineering, 12,
2195; doi:10.1007/510518-013-9483-y.

NTC (2008). Norme tecniche per le costruzioni, Mini-
stero delle Infrastrutture e dei Trasporti, Decreto
Ministeriale del 14 gennaio 2008, Supplemento or-
dinario alla Gazzetta Ufficiale n. 29 del 4 febbraio
2008 (in Italian).

Paolucci, E., D. Albarello, S. D’Amico, E. Lunidei, L.
Martelli, M. Mucciarelli and D. Pileggi (2015). A
large scale ambient vibration survey in the area
damaged by May-June 2012 seismic sequence in
Emilia Romagna, Italy, Bulletin of Earthquake En-
gineering, 13 (11), 3187-3206.

Papathanassiou, G., R. Caputo and D. Rapti-Caputo
(2012). Liquefaction phenomena along the paleo-
Reno River caused by the May 20, 2012, Emilia
(northern Italy) earthquake, Annals of Geophysics,
55 (4), 735-742; doi:10.4401/ag-6147.

Papathanassiou, G., A. Mantovani, G. Tarabusi, D. Rapti
and R. Caputo (2015). Assessment of liquefaction
potential for two liquefaction prone areas consider-
ing the May 20, 2012 Emilia (Italy) earthquake, En-
gineering Geology, 189, 1-16; doi:10.1016/j.enggeo.
2015.02.002.

Pieri, M., and G. Groppi (1981). Subsurface geological
structure of the Po Plain, Italy, Consiglio Nazionale
delle Ricerche, Progetto finalizzato Geodinamica,
sottoprogetto Modello Strutturale, pubbl. n. 414,
Rome, 13 p. (in Italian).

Pondrelli, S., S. Salimbeni, P. Perfetti and P. Danecek
(2012). Quick regional centroid moment tensor so-
lutions for the Emilia 2012 (northern Italy) seismic
sequence, Annals of Geophysics, 55 (4), 615-621;
doi:10.4401/ag-6146.

Regione Emilia-Romagna, Servizio Geologico Sismico
e dei Suoli, ENI-AGIP (1998). Riserve idriche sotter-
ranee della Regione Emilia-Romagna, scala 1:250.000,
Bologna.

Tarabusi, G., and R. Caputo (2016). The use of HVSR
measurements for investigating buried tectonic struc-
tures: the Mirandola anticline, Northern Italy, as a
case study, International Journal of Earth Sciences;
doi:10.1007/s00531-016-1322-3.

Tonni, L., G. Gottardi, S. Amoroso, R. Bardotti, L.
Bonzi, A. Chiaradonna, A. d’Onofrio, V. Fioravante,
A. Ghinelli, D. Giretti, G. Lanzo, C. Madiai, M. Mar-
chi, L. Martelli, P. Monaco, D. Porcino, R. Razzano,
S. Rosselli, P. Severi, F. Silvestri, L. Simeoni, G. Van-
nucchi and S. Aversa (2015). Analisi dei fenomeni de-
formativi indotti dalla sequenza sismica emiliana del
2012 su un tratto di argine del Canale Diversivo di
Burana (FE), Rivista Italiana di Geotecnica, Patron
Editore, Bologna, Anno XLIX, n. 2, 28-38; ISSN
0557-1405.

Vannoli, P, P. Burrato and G. Valensise (2015). The seis-
motectonics of the Po Plain (Northern Italy): tec-
tonic diversity in a blind faulting domain, Pure and
Applied Geophysics, 172, 1105-1142; doi:10.1007/s0
0024-014-0873-0.

*Corresponding author: Luca Minarelli,
Geotema srl, University of Ferrara spin-off company,
Ferrara, Italy; email: minarelli@geotema.it.

© 2016 by the Istituto Nazionale di Geofisica e Vulcanologia. All
rights reserved.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
    /AndaleMono
    /Apple-Chancery
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /CapitalsRegular
    /Charcoal
    /Chicago
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /GadgetRegular
    /Geneva
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /HelveticaInserat-Roman
    /HoeflerText-Black
    /HoeflerText-BlackItalic
    /HoeflerText-Italic
    /HoeflerText-Ornaments
    /HoeflerText-Regular
    /Impact
    /Monaco
    /NewYork
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /Palatino-Roman
    /SandRegular
    /Skia-Regular
    /Symbol
    /TechnoRegular
    /TextileRegular
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.10000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.10000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.08250
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /ITA <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


