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Chapter 1

Motivation and research purposes

The investigated area by this research project is the central-eastern sector of the Po Plain,

which is a large alluvial plain representing the foredeep of two opposite-verging fold-and-

thrust belts, the Northern Apennines and the Southern Alps. In particular, the attention was

focused on the shallowest portion (down to few hundreds of meters) of the Ferrara Arc, which

is one of the three major arcs of blind, north-verging thrusts and folds forming the external

front of the Northern Apennines. Despite its flat appearance, hydrocarbon exploration (Pieri

and Groppi, 1981) revealed that the external thrusts of the Apennines are buried underneath

a variably thick Pliocene-Quaternary sequence of clastic materials.

As common for other large and tectonically active continental foredeep basins, the Po

Plain is characterized by blind faulting. The issue of blind faulting became widely debated

in the Earth sciences community in 1989, when a series of ’hidden earthquakes’ hit central

and southern California, USA, between 1983 and 1987, and following the October 17, 1989,

Loma Prieta, California, earthquake (MW 6.9) (Burrato et al., 2012). As stated by Stein

and Yeats (1989), "...large earthquakes can take place not only on faults that cut the Earth’s

surface, but also on ’blind’ faults under folded terrain”.

Several authors have supported the hypothesis that the tectonic activity of the frontal

part of the Northern Apennines ceased in Early Pleistocene (Argnani and Frugoni, 1997;

Bertotti et al., 1998; Argnani et al., 2003; Picotti et al., 2008); while other studies have

suggested that some of the anticlinal structures buried in the Po Plain are still tectonically

active, on the basis of geomorphological and cinematic indicators (Burrato et al., 2003;
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Boccaletti et al., 2004; 2011; Scrocca et al., 2007).

This debate found a practical example on May 20 and 29, 2012 when two moderate

earthquakes (MW = 6.1 and 5.9; Pondrelli et al., 2012) hit a wide area of the eastern sector

of the Po Plain, causing 27 casualties, thousands of injuries, severe damages to historical

centers and industrial areas.

The Emilia seismic sequence had a relevant social, cultural, emotional and econom-

ical impact but, from the scientific point of view, represented an important case study. This

research has been realized in the frame of the PhD Spinner Project EGEST (“Effetti geologici

superficiali del terremoto emiliano 2012: studi finalizzati al miglioramento della sicurezza

e sostenibilit dello sviluppo territoriale”; coord. R. Caputo), promoted by the Regione

Emilia-Romgna in the following months after the earthquakes, and of the Seismic Micro-

zoning Project of the Sant’Agostino Municipality (western Ferrara Province). The major

aim of this Ph.D. project was the application of different geological, geotechnical and geo-

physical strategies in order to emphasize the recent tectonic evolution of this sector of the

buried Northern Apennines and improve the knowledge of such properties for the shallow

subsoil, as they play a key role in controlling the coseismic effects of the earthquakes.

A relevant coseismic effect due to the reactivation of reverse blind faults, as in the

case of the Po Plain, is the bending of the topographic surface and the consequent uplift of the

broader epicentral area. The occurrence of active tectonic structures responsible for the local

uplifts and even for the complex interactions with the hydrographic network have influenced

not only the distribution of the sediments on the surface, but also in the subsoil (down to

some tens of meters), thus producing important stratigraphic variations and therefore also

changes in the geophysical properties of the materials. These are particularly evident in the

deeper geology (Pieri and Groppi, 1981; Boccaletti et al., 2004; 2011; Ghielmi et al., 2010),

but they could be also recognized within the shallow deposits (RER & ENI-AGIP, 1998;

Molinari et al., 2007; Calabrese et al., 2012).

The Po Plain, as other alluvial plains, are among the most densely populated areas

worldwide, because of the combination of morphological, hydrological and geological fac-

tors that make them advantageous for human settlements. Considering the wide exposure
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of the Po Plain and its seismogenic potential, it is clear that the seismic hazard is particu-

larly high. Therefore, determining the space distribution of the uplift rate together with the

location of active faults is of utmost concern not only for reconstructing the recent tectonic

evolution of the region, but also to help understanding where active faults are located.

The assessment of the base seismic hazard is not sufficient for the definition of the

seismic action in similar seismotectonic contexts, as it provides an evaluation of ground

shaking for rock or stiff soil conditions (i.e. seismic bedrock) that can be subject to con-

siderable modifications due to local effects, in terms of peak values, duration and frequency

content, showing different values over short distances. Moreover, the near-surface geological

conditions in the upper tens of meters at soft sites are one of the dominant factors in control-

ling the occurrence of coseismic effects and consequently the earthquake damage patterns

(Boatwright et al., 1991; Caserta et al., 1999; Margheriti et al., 2000), as it was observed for

the May 2012 Emilia seismic sequence (Bordoni et al., 2012).

Therefore, the undeniable need of a careful and reliable assessment of site ampli-

fication phenomena led to develop many techniques to identify the main characteristics of

site response in case of soft deposits. The approaches based on numerical simulation (see

Panza et al., 2001 for a review) coupled with dedicated geophysical and geotechnical sur-

veys (penetrometric tests, cross-hole, boreholes, etc.), suffer severe limitations in urbanized

areas because of their cost and environmental impact. Other techniques consist in directly

measuring the site response from earthquake recordings. Although this is the best approach

because it provides an unbiased experimental estimation of the site transfer amplification

factor, its application is restricted to areas with relatively high rates of seismicity and hence

of seismic records (Bonnefoy-Claudet et al., 2006). In general, within the several geophysi-

cal methods applied for the assessment of the site effects, it has been widely accepted that the

shear-wave velocity (Vs) profile can be a good parameter for their quantitative evaluations

(Okada, 1986; Ohori et al., 2002). However, getting the in situ Vs through direct surveys

(e.g. active seismic methods) can be too expensive to carry out over wide areas. Thus, the

application of non-invasive and indirect techniques to assess or supplement the shear-wave

velocity measurements is particularly attractive.
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Since the pioneer work by Kanai et al. (1954), methods exploiting the seismic am-

bient noise have been studied and became very popular as a tool to estimate seismic site

responses because its measurement is much easier than earthquake observations and is suit-

able for inference of spatial variability of seismic site responses (i.e. microzoning). Nowa-

days, two noise-based techniques are largely used to determine site response parameters:

the horizontal to vertical Fourier amplitude spectral ratio (HVSR or H/V) and the more ad-

vanced array techniques (e.g. ReMi, SPAC, ESAC). The HVSR strategy was first proposed in

1970 by Nogoshi and Igarashi, but it became popular after Nakamura’s (1989) contribution.

Notwithstanding the lack of theoretical agreement about the interpretation of this ratio, the

frequency corresponding to the maximum value of the H/V function (f0) was shown to have

a strict correspondence with the local resonance frequency of the sedimentary cover (fr) (see

Bonnefoy-Claudet et al., 2006; Lunedei and Albarello, 2010; Albarello and Lunedei, 2011;

Tuan et al., 2011). This evidence is particularly important because it means that the fr is

directly linked to the thickness of the sedimentary cover. Accordingly, in case some infor-

mation about the local shear-wave velocity profile is available, the H/V curves represent an

effective exploratory tool for seismic microzoning studies and geological surveys, allowing

to obtain the depth of the resonant interface(s). The various array strategies consist in record-

ing the seismic noise by means of an array of sensors. These methods exploit the dispersive

properties of the surface waves for the calculation of the dispersion. Relevant information

concerning phase velocities of waves propagating across the array are obtained from average

cross-spectral matrixes relative to sensor pairs. Afterwards, the Vs profile is obtained from

the inversion of the dispersion curve.

For microzoning purposes, such measurements were generally carried out in a sparse

way, in order to cover the entire territory. The idea was to perform several investigations

along alignments in order to reconstruct reliable pseudo-2D sections, several kilometers-

long, so emphasizing the possible occurrence of lateral shear wave velocity (and amplitude)

variations, which will likely reflect the stratigraphic changes and hence evidences of a re-

cent tectonic evolution. Additionally, through the inversion of HVSR curves, the following

step consisted in retrieving the depth of the major impedance contrast(s) and ’follow’ these
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surfaces along the entire investigated transects.

The most common geotechnical investigations especially in the professional activity,

are the cone penetration tests, which are low-cost indirect surveys that could achieve contin-

uous measurements of some geotechnical parameters of the soil (i.e. tip resistance qc, lateral

fraction fs and, wherever possible, the water pressure u2). The repeatability of such mea-

surements, the opportunity to investigate a huge volume of soil and, as mentioned above, the

continuous measurements of parameters that highlight the stratigraphic features, make these

tests ideal tools for the identification of lithological variations and for the reconstruction of

the stratigraphic profile (Lo Presti et al., 2009). Additionally, coupled with a reliable analy-

sis of the seismic hazard, these surveys provide the basic ingredients for the computation of

the susceptibility to liquefaction of a soil.

The issues previously described were investigated through the application of the

above described methodologies, thus concretising in four case studies briefly described in

the following.

Geophysical pseudo-2D sections. A set of geophysical surveys were carried out

across some major tectonic structures of the eastern Po Plain, belonging to the central sector

of the Ferrara Arc. The investigations included several passive seismic measurements carried

out along a profile running from Cento to Bondeno (western Ferrara Province), ca. 27 km-

long and oriented SSW-NNE, i.e. almost perpendicular to the regional trend of the buried

structures of the Ferrara Arc. Were applied the ESAC strategy (Aki, 1957; 1964) to obtain

several 1D shear-wave velocity profiles, subsequently assembled to reconstruct pseudo-2D

velocity sections providing information about the shallow subsurface (100-150 m depth), and

the HVSR technique (Nakamura, 1989) to infer the resonant frequency(ies) of the investi-

gated sites. Based on a constrained inversion between the Vs profiles and the HVSR curves,

the depth of the major impedance contrast(s) were also estimated.

Tectonic deformation versus site effects. As a consequence of the May 2012 Emilia

seismic sequence, ground deformations were induced at different scales involving areas from

a few meters to several hundred meters in size; they caused horizontal movements up to sev-

eral centimeters (i.e. lateral spreading), and both positive and negative vertical movements,
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the latter generally much more frequent and locally exceeding some tens of centimeters.

These effects on the earth’s surface occurred with a jeopardized pattern, thus influencing

both terrestrial (i.e. High Precision Levelling) and satellite-based techniques (i.e. DInSAR),

albeit in different ways. The comparison of the results of both geodetic techniques sub-

stantially agree, although there were some noticeable local discrepancies along the village of

Sant’Agostino-San Carlo-Mirabello (western Ferrara Province), for which were documented

spectacular and locally very intense liquefaction. Through the analysis of the distribution of

the surface manifestations, geomorphological features and geognostic surveys, it was also

possible to document how local site effects (i.e. liquefaction) can strongly influence the

local elevations even completely reversing the large-scale tectonic signal.

Seismic Microzoning of the Sant’Agostino Municipality. A significant part of my

Ph.D. was carried out in the frame of a dedicated research project financed by the Munici-

pality of Sant’Agostino (western Ferrara Province), aimed to the realization of the Seismic

Microzoning study for the whole territory. Following the seismic sequence of May 2012,

with the Ordinance 70/2012 the President of the Regione Emilia-Romagna predisposed the

realization of seismic microzoning studies, limited to the urbanized areas, for the most dam-

aged municipalities, including Sant’Agostino. Thus, all the activities were carried out in

a complementary and synergistic way with the Geological Survey of the Regione Emilia-

Romagna, in order to provide to the local Administration a refined survey of the entire ter-

ritory. The major outcomes of the microzoning study were represented by a series of maps

where the areas subject to possible coseismic effects (e.g. liquefaction, site fundamental

resonance frequency and amplification, etc.) in case of future seismic events were clearly

delimited.

Quantitative assessment of liquefaction potential. The existing post-earthquake

reports and the availability of geotechnical data provided by in-situ tests allowed to compute

liquefaction potential parameters for two test areas, Mirandola (northern Modena Province)

and Sant’Agostino (western Ferrara Province). In particular, the Liquefaction Potential In-

dex (LPI, Iwasaki et al., 1978) and the Liquefaction Severity Number (LSN, Tonkin and

Taylor, 2013) were evaluated and then correlated by considering liquefaction phenomena ei-
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ther observed on site or not.

As a final comment, in geological and seismotectonic conditions similar to those

characterizing the 2012 Emilia epicentral area, where the seismic bedrock is buried beneath

a thick sedimentary cover and the hydrocarbon exploration provide important information

about the deeper geology, the application of a multidisciplinary approach based on the tech-

niques above mentioned, allows the geological, geotechnical and geophysical characteriza-

tion of the shallow subsurface, therefore indirectly contributing to a better mitigation of the

seismic risk.
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Chapter 2

The Po Plain: an evolving foredeep basin

2.1 Geodynamic and stratigraphic evolution of Northern

Italy

The Po Plain represents the widest flat area of Italy, extending for over 400 km in an approx-

imately E-W direction from the western Alps to the Adriatic Sea, and it corresponds to the

drainage basin of the Po River. The morphological boundaries of the plain are represented

by the contact between the Quaternary alluvium outcropping in the plain, the Southern Alps

to the north and the exposed portion of the Northern Apennines to the south (Fig. 2.1).

The Southern Alps are a post-collisional chain formed by the overlapping of south-

verging Permian-Mesozoic and Tertiary sedimentary succession, thrusted and folded since

the Eocene to Pliocene-Quaternary (Castellarin, 2001). The Northern Apennines are a fold

and thrust belt with northeastward convexity and vergence (Barchi et al., 2001), developed

mainly in Neogene times in the framework of the collision between the European continental

margins (Sardinia-Corsica block) and the Adriatic microplate (e.g. Alvarez, 1972; Reutter et

al., 1980).

Given the lack of exposed structures, the structural setting of the Po Plain was im-

aged for the first time during the past decades by a dense grid of reflection seismic profiles in

the frame of hydrocarbon and water resources explorations (AGIP Mineraria, 1959; Aquater,

1976; 1978; Aquater-ENEl, 1981). Following the results of these researches several authors
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Figure 2.1: Satellite image of the Po Plain.

focused their attention on this area, contributing with their studies to a more detailed recon-

struction of the structural characteristics of the basin and of the sedimentary cover (Rizzini

and Dondi, 1979; Pieri and Groppi, 1975; 1981; Bartolini et al., 1982; Pieri, 1983; Castel-

larin and Vai, 1986; Boccaletti et al., 1987; 1990; 2004; 2011; Bigi et al., 1992 ; Doglioni,

1993; RER& ENI-AGIP, 1998; Amorosi et al., 1999; Castiglioni and Pellegrini, 2001; Moli-

nari et al., 2007; Amorosi, 2008; Fantoni and Franciosi, 2008; 2010; Amorosi et al., 2014).

By the synthesis of these studies it is possible to define the Po Plain as a foredeep basin

originated since the Cretaceous for the progressive migration of the African plate toward the

European one, following the subduction of the interposed Adria microplate (Channell et al.,

1979; Pieri and Groppi, 1981).

The present tectonic configuration (Fig. 2.2) is the result of a series of main tec-

tonic phases listed below (Abbate et al., 1986; Boccaletti et al., 1990; Dalla et al., 1992;

Treves, 1992; Frepoli and Amato, 1997; Centamore et al., 2002; Rosenbaum and Lister,

2005; Carminati et al., 2012):

- the rifting phase, with the opening of the Ligurian-Piedmont Ocean, since Late
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Triassic-Liassic;

- the oceanic convergence phase, with the closure of the Ligurian-Piedmont Ocean

due to the eastward movement of the Iberian block, since Late Cretaceous;

- the Africa-Europe continental collision (Early Eocene to Late Oligocene) during

which the Apennines tectogenesis began (ensialic phase);

- the opening of the Balearic and Tyrrhenian Basins, started with the rifting in an E-W

direction of the continental lithosphere of the Corsica-Tuscany block from Late Oligocene,

has driven the east-northeast shifting of the Apennines thrust-belt-foredeep system that pro-

gressively incorporated more external sectors of the foreland (Late Oligocene- EarlyMiocene

to Late Pliocene);

- the late and post-orogenic phase (from Late Pliocene onward) during which the

evolution of the foredeep was driven by a thrust system evolving in a piggy-back mode

towards the foreland to the northeast.

Since Middle Pliocene, the migration of the flexural margin of the foredeep was

locked by the previously formed opposite verging Southern Alps structures, thus favoring

the development of out-of-sequence thrusts.

The evolution of the Po Basin is strictly connected with the activation of the Mesozoic

carbonate basement (Centamore et al., 1986; Dondi & D’Andrea, 1986; Cresta et al., 1989;

Passeri, 1984) overthrusts and/or developing of new-formed thrusts in the overlying sequence

(Boccaletti et al., 1987).

Starting from the Late Oligocene, the formation of the Apennines chain led to the

development of deep and subsiding foredeep basins, wherein thick turbidites sequences and

low sea deposits were accumulated in marginal basins of modest size (M cycle, Ricci Lucchi

et al., 1982). Therefore, the Po Basin becomes an active continental margin related to the

development of two synorogenic molassic basins: the oldest linked to the formation of the

Alps and a younger one (post-Messinian) related to the Apennines domain (Astori et al.,

2002). Since the end of Miocene, the progressive shift of the Apennines thrust belt caused

flexural collapses in the Po foreland and therefore the development of a strongly subsiding

basin, the Po-Adriatic molassic foredeep (Cremonini and Ricci Lucchi, 1982; Gasperi et al.,
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Figure 2.2: Tectonic setting of Apennines-Tyrrhenian domain. 1) main thrusts, 2) normal

faults, 3) buried tectonic lines, 4) fold axes, 5) volcanic centers, 6a) new-formed oceanic

crust, 6b) deep basins in the African-Adriatic domain and 7) African and Adriatic foreland

(modified from Margheriti et al., 2003).

1984; Castellarin et al., 1985). This deformative phase caused the emersion of the Apen-

nines chain and for the first time a fluvial drainage system start feeding the foredeep basin

(Ricci Lucchi et al., 1982). Between the Late Messinian and Early Pliocene, a complex
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sedimentary cycle (M-P1 cycle, Ricci Lucchi et al., 1982) related to the gradual drying of

the Mediterranean ended (Gelati et al., 1989; Butler et al., 1985; Vai, 1997 ; Cavazza and

Wezel, 2003). This led to a generalized “regression” phenomenon in the basinal area that

favoured the deposition of evaporitic sediments (Dondi et al., 1982; Roveri et al., 2001)

in the marginal sector, whereas in the central part of the basin the turbiditic sedimentation

continued (Castellarin et al., 1985). After the end of the Messinian salinity crisis, the rapid

rise of the sea level restored marine environments above the areas which were previously

emerged. Predominantly pelitic deposition affected these sectors, while in the deepest ones

prevailing arenaceous-pelitic turbidites (Dondi and D’Andrea, 1986). Since Lower Pliocene

(3.9-3.6 Ma), the migration of the deformation front to NE and the subsequent activation of

the buried thrust and folds arcs below the Po Plain (P2 cycle, Ricci Lucchi et al., 1982) led to

a substantial modification in the geometry of the foreland basin. The distribution of different

facies (e.g. sand and conglomerates in the intra-apenninic area and turbidites in the N-NE

sector of the basin) denotes that, from Pliocene onwards, there was not a continuous fore-

deep but several depocenters delimited to the north by the Emilia and Ferrara Arcs (Dondi et

al., 1982; Dondi and D’Andrea, 1986). The transition between Pliocene and Pleistocene is

marked by an unconformity (1.73 Ma) that can be considered as the base of the Quaternary

Marine cycle (Qm, Ricci Lucchi et al., 1982 ).

At the end of Lower Pleistocene (1.1 Ma), the continuous uplift of the Apennines

chain, starting from the western portion of the basin, promoted the marine regression and

thus the development of shallower environments (cartographic unit 4; ; Boccaletti et al.,

2004). Starting from the early Middle Pleistocene (0.8-0.65 Ma) an unconformity high-

lighted a new uplift phase: the deposition of coastal sands (cartographic unit 3; Boccaletti

et al., 2004) along the entire apenninic margin thus ending the Lower Pleistocene Marine

cycle (Qm, Ricci Lucchi et al., 1982). Moreover, the persisting uplift phase led to the defini-

tive development of continental environments marked by the deposition of the Emiliano-

Romagnolo Supersynthem (RER & ENI-AGIP, 1998; Qc cycle, Ricci Lucchi et al., 1982).

In the sheets of the Geological Map of Italy (scale 1:50.000) of the Po Plain, made by the

Regione Emilia-Romagna, the Emiliano-Romagnolo Supersynthem is divided into two syn-
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tems: the Lower (AEI; 0.65-0.45 Ma) and Upper Emiliano-Romagnolo Synthems (AES;

0.45 Ma-Holocene). The former consists of Po fluvio-deltaic facies (i.e. silty clay with sand

intercalations), while the latter of floodplain fluvial facies of Apennines origin (Boccaletti et

al., 2004). The discordance that separates the continental deposits from the marine ones is

generally marked by an angular unconformity, as well as the discontinuity between AES and

AEI Synthems. In addition, also the AES deposits may lie directly above marine ones and

this configuration represents the most recent angular unconformity (0.45 Ma; Boccaletti et

al., 2004). The AES Synthem consists of a series of different depositional cycles, referred

to as subsynthems, whose limits are placed in correspondence of the base of the “transgres-

sive” marine deposits. The ‘transgressive’ basal portion of each subsynthem lies above the

fluvio-deltaic sandy sediments of the underlying cycle and is characterized by the presence

of fine material (e.g. floodplain, marsh and coastal plain clays) with subordinated sandy in-

tercalations. In contrast, the ‘regressive’ portion consists of alluvial plain deposits (e.g. fine

sediments of overflowing river) where channel sands are subordinated in the form of isolated

lenticular bodies. On the top of each cycle channel sands become abundant, thus forming

laterally wider bodies (RER & ENI-AGIP, 1998; ISPRA, 2009). Starting from the bottom of

the AES Synthem it is possible to distinguish at least two depositional cycles that, due to the

lack of information, were grouped together (Upper Undifferentiated Emiliano-Romagnolo

Synthem - AESind, Middle Pleistocene; RER & ENI-AGIP, 1998; ISPRA, 2009). Above the

latter, can be identified three most recent subsynthems that were correlated with just as many

depositional cycles (RER & ENI-AGIP, 1998; ISPRA, 2009), respectively named:

- AES6 (Bazzano Subsynthem, Middle Pleistocene);

- AES7 (Villa Verrucchio Subsynthem, Late Pleistocene);

- AES8 (Ravenna Subsynthem, Late Pleistocene-Holcene).

Locally, overlying the AES8 Subsynthem, it is possible to find out the presence of a few

meters-thick unit (up to 10 m in correspondence of fluvial ridges) named Unit di Mod-

ena (AES8a), mainly characterized by floods river deposits (ISPRA, 2009). Historical and

archaeological data suggest that this unit began its deposition since IV-VI century A.D. (Bon-

desan, 1986; Ciabatti and Veggiani, 1990; Montevecchi and Novara, 2000; Veggiani, 1987).
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In summary, the architecture of the Po Plain filling is characterized by a generally “re-

gressive” trend, interrupted by lesser fluctuations, evidenced by the transition from offshore

Pliocene deposits, to marine-marginal and then to alluvial Quaternary sediments (Ricci Luc-

chi, 1986).

2.2 The buried structures of the Po Plain

The most impressive features of the Po Plain are buried beneath a thick syntectonic succes-

sion, deposited in the Neogene-Quaternary foredeep. This configuration is the result of the

combination of fast subsidence-sedimentary rates and conversely low tectonic ones, which

promoted the deposition of a thick clastic succession, sealing the external fronts of North-

ern Apennines. Indeed, the real Northern Apennines front is located in the central-southern

portion of the Po Plain and is represented by four major arcs, consisting of blind thrusts and

folds: from west to east are distinguished the Monferrato Arc, the Emilia Arc, the Ferrara

Arc and the Adriatic Arc (Costa, 2003; Fig. 2.3).

Figure 2.3: Po Plain and northern Adriatic Sea: the four buried structural arcs and main

tectonic features (from Costa, 2003).

The arcs have a similar structure and asymmetry. The western side strikes NE-SW

to NNE-SSW and is characterized by NW-verging, compressive, low-angle frontal struc-
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tures; conversely, the eastern side strikes WNW-ESE to NW-SE and is characterized by

NE-verging, compressive, high-angle frontal structures (Costa, 2003).

The Ferrara Arc, running from Reggio Emilia to the Adriatic Sea andMarchean coast,

consists of Messinian-Quaternary autochthonous and parautochthonous terrigenous deposits

overlying Mesozoic to Paleogene carbonate units (Pieri and Groppi, 1981; Nardon et al.,

1991).

The outer border of this arc is marked by a set of structural highs originated by fold-

fault system arranged roughly en-enchelon (e.g. Bagnolo, Cavone, Casaglia, Argenta; Pieri

and Groppi, 1981); while the inner and outer portions of the arc are depressed and covered

by a thicker Pliocene-Quaternary sequence. The arc started to develop in Early Pliocene

(Costa, 2003) with widespread uplift of the external margin and the formation of the above-

mentioned structural highs. Activity is still ongoing, as evidenced by the May 2012 Emilia

seismic sequence. As a consequence, the syntectonic Early Pliocene deposits are reduced or

absent in correspondence of the tectonically uplifted areas (Pieri and Groppi, 1981).

For better understanding the present-day subsurface configuration two geological sec-

tions are reported and discussed in the following. Their location is shown in Fig. 2.4a and

they are based on the interpretation of seismic reflection profiles (Boccaletti et al., 2004).

The geological section B-B’ (Fig. 2.4b) extends from Modena to Mirandola. It high-

lights the presence of two major buried tectonic structures: the southern one coincides with

the eastern extremity of the Emilia Arc, while the northern is part of the Ferrara Folds. These

structures are set on the Miocene turbidites units (M in Fig. 2.4b). Below the city of Modena,

between 2 and 6 km-depth, exist a series of thrusts and reverse faults. Moving to the north,

it is possible to recognize the presence of a broad depression, known as Carpi-Cento basin

(Serva, 1990), filled by a few kilometres-thick post-Messinian deposits where the Miocene

turbidites generate an asymmetric syncline. Regarding the Ferrara Arc, the compressive tec-

tonic led to the development of a structural high associated with a fault-propagation-fold

(Mirandola anticline) whose three-dimensional geometry is controlled by synthetic and an-

tithetic faults.

The geological section C-C’ (Fig. 2.4b), running between Bologna and the Po River,
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highlights the progressive thinning of the Miocene turbidites moving toward the Ferrara

Folds. In this area the Meso-Cenozoic carbonate succession is tectonically uplifted almost

to the ground surface as well as the Triassic sequence and the underlying crustal basement,

which lies less than 10 km-depth. These profiles emphasize that the main overthrusts cutting

the Triassic and the Meso-Cenozoic sequences clearly propagate into the Miocene turbidites;

in addition, these structures are connected at depth with compressive structures affecting the

carbonate sequence and the basement (Boccaletti et al., 2004; 2011).
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Figure 2.4: a) Location of two seismic lines that cross the central-eastern sectors of the Po

Plain. b) Interpreted seismic lines (from Boccaletti et al., 2004).
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2.3 Recent tectonic evolution of the Ferrara Arc: evidences

and implications

2.3.1 Seismological and geodynamic evidences

As mentioned before, the developing of the Northern Apennines mainly began during Late

Oligocene and the process is still active, as highlighted by young and evolving morpholo-

gies (e.g. evidences of uplift and subsidence), structural analysis, geophysical studies and

seismological evidences.

According to the latest version of the Italian seismic catalogue (Rovida et al., 2011),

the Ferrara Arc has a centuries-old seismic history (Fig. 2.5). Several events are reported for

the city of Ferrara, as the March 20, 1234 (MW = 5.1, I0 = 7.0; Fig. 2.5, #3) and the February

22, 1346 earthquakes (MW = 4.9, I0 = 6.5; Fig. 2.5, #1) The most relevant historically known

local event is the so-called 1570 Ferrara earthquake (MW = 5.4, I0 = 7.5; Fig. 2.5, #4): this

event was characterized by a complex seismic sequence that started on November 17, 1570

with four strong shocks, went on with closely spaced aftershocks up to early 1572 and then

have gradually run out over the following couple of years (Guidoboni et al., 2007). Few

years after, on March 17, 1574 a moderate earthquake affected the western portion of the

Ferrara Arc, near Finale Emilia (MW = 4.7, I0 = 6.0; Fig. 2.5, #2). On March 19, 1624 a

moderate earthquake (MW = 5.4) struck the southeast sector of the Ferrara Arc, reaching a

maximum intensity of 8-9 MCS close to the town of Argenta (Guidoboni et al., 2007). Two

similarly-sized earthquakes occurred in 1796 (MW = 5.6, I0 = 7.0) and 1909 (MW = 5.5;

I0 = 6.5). In Fig. 2.6 the epicenters of the recorded earthquakes in the Emilia Romagna

Region, in the time span 1983-May 2012 (ISIDe, http://iside.rm.ingv.it/), are shown. The

overall framework of the instrumental seismicity shows that most of the available data are

represented by low magnitude (M � 3) events prevalently located on the exposed sector of

the Northern Apennines chain, in the first 10 km and between 20 and 60 km-depth. The only

exceptions are represented by two areas located in the central-western sector of the Ferrara

Arc, near Reggio Emilia and between Mirandola and Bondeno, where the seismic energy

released in the selected time-span is higher relative to the surroundings areas.
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Figure 2.5: Historical seismicity of the Regione Emilia-Romagna, from 1000 a.C. to 2006

(from Carannante et al., 2015).

Figure 2.6: Instrumental seismicity of the Emilia-Romagna Region between 1983 to May

2012 (data from ISIDe, http://iside.rm.ingv.it/).

46



The most recent evidence of the activity of Ferrara Folds is represented by the May

2012 Emilia seismic sequence, when two such structures WSW of Ferrara were reactivated.

On May 20 and 29, 2012 two moderate earthquakes (MW = 6.1 and 5.9, respectively; Pon-

drelli et al., 2012; Fig. 2.7), followed by a noticeable aftershock sequence (Sara and Pe-

ruzza, 2012; Scognamiglio et al., 2012) hit the central-eastern sector of the Po Plain. In par-

ticular, the two major structures involved in the process are characterized by left-stepping,

largely overlapping geometry and were associated with mainly dip-slip reverse faulting, as

highlighted by the fault plane solutions of the main and aftershocks (Pondrelli et al., 2012;

Scognamiglio et al., 2012).

From 1983 until May 2012, this area was affected by only three low-moderate earth-

quakes: the December 6, 1986 Polesine earthquake (ML = 4.1, Fig. 2.6, #1; ISIDe), the May

8, 1987 Mantova earthquake (ML = 4.0, Fig. 2.6, #2; ISIDe) and the July 17, 2011 Ferrara

earthquake (ML = 4.7, Fig. 2.6, #3; ISIDe).

Figure 2.7: May-June 2012 Emilia seismic sequence (earthquakes location from Massa et

al., 2013).
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A peculiar coseismic effect observed in concomitance with the May 2012 Emilia

seismic sequence was the amplification of the ground motion (Bordoni et al., 2012). As

reported by Stucchi et al. (2011), one of the possible causes is the soil condition of the Po

alluvial basin. Luzi et al. (2013) demonstrated that the structure of the Po Plain can ‘trap’

the incoming direct wavefield and convert the body waves into surface waves, thus producing

relevant ground shaking (Massa and Augliera, 2013).

In Italy, other noticeable examples of site amplification in alluvial basins are the

Gubbio, Citt di Castello, L’Aquila and Fucino basins (Bordoni et al., 2003, Bindi et al.,

2009; Cara et al., 2001; Milana et al., 2011). This behavior was observed and simulated

for other important alluvial basins worldwide, such as for Los Angeles Basin (Hanks, 1975;

Joyner, 2000; Somerville et al., 2004), Osaka Basin (Kagawa et al., 2004) and Kanto Basin

beneath the city of Tokyo (Hisada et al., 1993; Sato et al., 1999).

Aside the ground motion amplification effects, the first shock triggered extensive

liquefaction-induced ground effects at the surface, and caused severe structural damage to

unreinforced masonry and precast industrial buildings within the broader epicentral area.

These effects were particularly diffuse and severe for Sant’Agostino, San Carlo and

Mirabello villages (Fig. 2.8A-D), in the western Ferrara Province, which are built along an

abandoned reach of the Reno River. This sector of the Po Plain is characterized by the pres-

ence of paleo riverbeds, out-flow channels and fans of the maor Apennines streams crossing

the area during the Holocene (Castiglioni et al., 1999). Their occurrence mostly controlled

the distribution of the observed liquefaction phenomena. Therefore, taking into account the

age and type of the deposits, the susceptibility to liquefaction of the geological units within

the investigated area is considered high following the criteria suggested by Youd and Perkins

(1978).

Similar scenarios have been generated in comparable alluvial settings for example

in concomitance of the 1990 Luzon Philippines, the 2007 Niigaten Chuetsu-oki Japan and

the 2010 Darfield New Zealand (Wotherspoon et al., 2012) earthquakes, showing that this

type of geological and geomorphological settings is favorable to earthquake-induced surface

ruptures and liquefaction phenomena.
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Figure 2.8: A) Vent fractures with ejected sandy material. B) Sandy material covering the

courtyard of a settled and shifted house. C) Surface ruptures. D) Evidence of a penetration

of a clayey cap layer by a sandy material (from Caputo and Papathanassiou, 2012) .

Ongoing deformation in the Po Plain is also highlighted by GPS measurements (Ser-

pelloni et al., 2005; Devoti et al., 2011). In Fig. 2.9a the velocity field in northern Italy

is shown, highlighting a N-NE directed convergence between the Southern Alps and the

Northern Apennines. In particular, the north-eastern thrust front (profile 1a-1b, Fig. 2.9b) is

affected by a shortening trend of about 2 mm/y (Devoti et al., 2011).
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Figure 2.9: a) Velocity field in northern Italy expressed with respect to a non moving Adriatic

microplate defined by sites located in the Po Plain. b) Velocity profile 1a-1b (see map), along

Bologna and Venezia (from Devoti et al., 2011).

2.3.2 Geomorphological evidences

The bending of the topographic surface and the consequent uplift of the broader epicentral

area are among the major coseismic effects due to the reactivation of reverse blind faults

as, for example, in the case of the Northern Apennines underlying the Po Plain (Burrato et

al., 2003). As a consequence of the geometry and kinematics of these seismogenic sources,

the rock volume above the rupture is affected by a typical bending process, known as fault-
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propagation folding, which led the uplift of the epicentral area and, therefore, to the defor-

mation of the topographic surface (Bignami et al., 2012; Salvi et al., 2012).

In the case of the main shocks of the May 2012 sequence this phenomenon was

observed in correspondence of the two epicentral areas; (Bignami et al., 2012; Salvi et al.,

2012; Tizzani et al., 2013; Caputo et al., 2015). In Fig. 2.10a is reported the map of the

uplift distribution, obtained by a satellite technology of differential interferometry (DInSAR;

Bignami et al., 2012). The overall deformation pattern, showing a maximum uplift of about

200 mm, is the result of the combination of the individual models associated with the two

mainshocks: the eastern sector of the deformation field is associated with the May 20 event,

while the western one to the May 29 earthquake. Another interesting observation is that the

uplifted sector is surrounded by an area characterized by minor subsidence, which peaked

at ca. 10 mm between Carpi and Cento (Bignami et al., 2012). This pattern is in good

agreement with the expected kinematics of reverse buried faults (Vannoli et al., 2004).

As summarized in Fig. 2.10b, several geological, geomorphic and landscape features

are particularly sensitive to the effects induced by the slip on a blind thrust (e.g. topography,

thickness and shape of the growth strata, erosional/depositional behavior of the drainage

network, geometry of erosional and/or depositional surfaces). Among these, the drainage

network is particularly sensitive to vertical deformation and therefore useful for analyzing

flat areas, where few or no landforms constrain the location of active faults (Holbrook and

Schumm, 1999; Schumm et al., 2000). In particular, the uplifted area is affected by erosion,

lack of drainage and antecedence phenomena, while the subsiding area is characterized by

attraction of drainage and deposition (Fig. 2.10b). River diversions are the most clear indi-

cators that the stream is approaching a rising anticline or entering a syncline. The evolution

of sedimentation and topography and of the geometry of geomorphic features is controlled

by the growth of the anticline and of the syncline, which may or may not have a perceptible

morphologic expression depending on the ratio between tectonic and sedimentation rates.

More specifically, if the rate of vertical tectonic displacement is higher than the sed-

imentation rate, the anticline will have a morphological expression and will be subjected to

erosion, while the syncline will be represented by a depressed area that may be filled up
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Figure 2.10: a) Deformation pattern of the May 2012 seismic sequence (from Bignami et al.,

2012). b) Schematic representation in map view and cross-section of the effects that slip on a

generic blind, low-angle thrust fault may have on geomorphic/sedimentary processes (from

Burrato et al., 2003).

with sediments. The evolution of the tectonic topography created by the growth and lateral

propagation of the anticline is controlled by linear and areal surface processes that tend to

create a smoothed steady-state morphology (Champel et al., 2002). Burrato et al. (2003)

carried out several morphological analyses on the drainage network of the Po Plain. In se-

lected cases, they demonstrated the concomitance of 1) the location of a drainage anomaly,
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2) the existence of a buried anticline, and 3) the occurrence of signi®cant past seismicity, thus

supporting a causative link among these factors. In 2012, Burratoet al. recognized that the

Holocene evolution of the drainage network in the central sector of the Po Plain has followed

a consistent pattern through time, highlighting areas of relatively slight subsidence and uplift

that spatially correspond to the buried anticline-syncline pairs of the Northern Apennines

front (Fig. 2.11).

Figure 2.11: Drainage network evolution in the central part of the southern Po Plain north
of Bologna (from Burratoet al., 2012). The modern drainage pattern is reproduced in the
background of all of the panels. The basemap of the lower-right panel is from Bigiet al.
(1992).

53


