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ABSTRACT

It is commonly believed that the Po Plain is an area of low seismic haz-
ard. This conclusion is essentially a combination of two factors: (1) the
historical record of earthquakes, which shows a relatively small number
of events of moderate magnitude, and only two significant earthquakes,
which occurred in the Middle Ages; and (2) the lack of ad-hoc research
on the geology of earthquakes in this area, as although many studies have
highlighted the local Quaternary tectonics, only a very few of them have
discussed the observed evidence in terms of seismic hazard. In contrast,
the data presented in the present study strongly suggest that the level of
earthquake hazard in the Po Plain is comparable to that of the well-
known seismic areas of the Apennine range, at least in terms of maxi-
mum magnitudes. Indeed, the high population density and the
concentration of industrial facilities make the Po Plain today one of the
more high-risk areas of the Italian territory. The Po Plain represents the
foredeep of two growing mountain belts, the southern Alps and the north-
ern Apennines. Recently, modern active tectonics studies have been con-
ducted along its margins to the south, along the northern Apennine
Piedmont belt, and to the northeast, along the eastern southern Alpine
Piedmont belt. However, in the central and western sectors of the Po
Plain, where the south-verging western southern Alpine front links up
with the north-verging Monferrato, Emilia and Ferrara arcs, the Qua-
ternary history of tectonic deformation and faulting are still relatively
poorly understood. These lie beneath the relatively flat alluvial surface of
the Po River, and provide the evidence for paleoseismicity and the result-
ing seismic hazard. In this review, we compile the data from the literature
to reassess the style and magnitude of the ongoing crustal deformation
and the associated earthquake faulting. This includes detailed informa-
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tion on historical and instrumental seismicity, extensive subsurface in-
formation from the ENI industrial exploration, structural interpretation
of three regional seismic reflection profiles, analysis of novel global posi-
tioning system data, field mapping at selected key areas, and new paleo-
seismological investigations. We show that along the western southern
Alpine belt between Lake Garda and Lake Maggiore, the active tectonic
setting is characterized by a segmented belt of fault-propagation folds.
These are 50 km wide, and are controlled by the growth of out-of-se-
quence, 10-to-20-km-long, north and south verging thrusts. Regional
global positioning system data show ongoing shortening rates of the
order of 1 mm/yr. Quaternary fault slip rates typically range between
0.2 mm/yr and 0.4 mm/yr. Pleistocene shortening is obvious not only
along the western southern Alpine outer fronts that are buried beneath the
Po Plain, but also along the south Alpine foothills between Brescia and
Varese. Similar styles and rates of active folding and thrusting have also
been documented along the frontal sector of the northern Apennine arcs,
from Torino to Ferrara, and along the base of the Apennine mountain
front between Piacenza and Bologna. We selected the Brescia and Como
sectors in the western southern Alps and the Monferrato and Mirandola
structures in the northern Apennines as examples to illustrate the seismic
landscape of the study area, in terms of typical active structural, geo-
morphic and paleoseismic features. We argue that the level of earthquake
hazard in the Po Plain is comparable to that of the Apennine range. On
May 20, 2012, a few days after this review was formally accepted for pub-
lication, a My, 5.9 earthquake ruptured the Mirandola structure. The
seismic sequence following this mainshock is ongoing, and we have added
further information about this event (updated on June 3rd, 2012), which
substantially confirms the conclusions arrived at here.
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1. Introduction

Seismic hazard assessment worldwide is still essentially
controlled by seismological data, which at the very best cover
a time window of 2 or 3 millennia, with various degrees of
completeness. However, relevant seismic events in the past
decade have clearly illustrated the flaws of this approach. For
instance, the devastating seismic sequences that hit New
Zealand and Japan in 2010 and 2011 were regarded as sur-
prises in terms of their dimensions and/or locations, and in
both cases, this was mostly due to the lack of complete geo-
logical and paleoseismological investigations in the epicen-
tral areas. In Japan, paleotsunami analyses [Sawai et al. 2007,
Satake et al. 2008] have already indicated that the segmenta-
tion model adopted for the offshore Tohoku region in the
Japanese National Seismic Hazard modeling [HERP 2009]
might not have been appropriate. In the Christchurch region,
the Darfield, September 4, 2010, My, 7.1, strike-slip surface-
faulting event [Barrel et al. 2011] reactivated a capable tec-
tonic structure that was not recognized before, due to the
lack of both high-resolution seismic reflection profiles and
detailed investigations on paleoliquefaction in the Canter-
bury Plains.

Indeed, these events have emphasized once more that,
"the most important contribution to the understanding of
long-term seismicity, which is critical to the siting and design
of safe structures and to the establishment of realistic build-
ing codes, is to learn more — region by region — of the late
Quaternary history of deformation", which of course in-
cludes evidence for paleoseismicity. This is a quote from
Allen [1975], a study that partly inspired the topic of the pres-
ent review. A retrospective look at the origin of the science
of paleoseismology is surprisingly instructive today, while
we are still shocked by the effects of the 2011 'catastrophic’
seismic crises.

The objective of the present review is to argue that the
approach discussed by Allen [1975] and further developed by
Serva [1996] and Michetti et al. [2005a], among others, is defi-
nitely validated by the observations conducted before and
after the 2011 large earthquakes. These studies introduced
the concept of seismic landscape, and this validation is true
not only for countries that are seismically very active, such as
New Zealand and Japan. Four decades of seismotectonic
studies in the Po Plain teach us the same lesson. This is a re-
gion that is characterized by moderate historical seismicity,
and it is one of the most populated and developed areas of
Europe. The Po Plain also hosts a substantial portion of Ital-
ian industrial production, with many critical infrastructures
and a number of industrial plants that pose high environ-
mental risk.

The Po Plain is the foredeep basin in northern Italy
where the Alps—Apennines junction is located (Figure 1).
Very detailed geological maps, subsurface data, and an ex-
cellent historical database are available for this region, and
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include a very long and high-quality seismic catalog. Efforts
to use these data to understand the neotectonic history and
related seismic hazards were undertaken about 30 years ago,
during the investigations of the Italian program for nuclear
power-plant siting [e.g., ENEL-DCO 1984, Serva 1990, and
references therein], and the related Progetto Finalizzato Geodi-
namica of the CNR (Italian National Research Council) [e.g.,
Bigi et al. 1990]. The seismotectonic knowledge that was
gathered in that period provided the conceptual framework
for the first application of paleoseismic analyses in Italy. Since
then, however, while the active tectonics of the eastern
southern Alps (ESA) [e.g., Benedetti et al. 2000, Galadini et
al. 2005, Burrato et al. 2008, Poli et al. 2008] and the Apen-
nine margin of the Po Plain have been carefully reconsidered
[e.g., Benedetti et al. 2003, Boccaletti and Martelli 2004,
Scrocca et al. 2007, Toscani et al. 2009, Boccaletti et al. 20117,
no systematic detailed studies have been performed in the
region west of Lake Garda.

Neither the southern Alps nor the northern Apennines
are characterized by high seismicity and highly active tec-
tonic structures, especially if compared with other active
mountain belts around the world [for a comprehensive re-
view, see Dolan and Avouac 2007]. Shortening rates in this
sector of the Adriatic foredeep have clearly decreased from
some cm/yr during the Oligo-Miocene to some mm/yr dur-
ing the Pleistocene [e.g., Castellarin et al. 2006, Scrocca et al.
2007, Boccaletti et al. 2011].

The structural evolution of the Po Plain foredeep has
been interpreted in some studies as recording the late Neo-
gene deactivation of both the western southern Alps (WSA)
[e.g., Fantoni et al. 2004, Scardia et al. 2006, and references
therein] and the northern Apennines [e.g., Bertotti et al.
1997, Di Bucci and Mazzoli 2002, Argnani et al. 2003, and ref-
erences therein]. As a result, and also taking into account the
infrequent seismic events in the local catalog [e.g. Postpischl
1985, Boschi et al. 2000, CPTI Workgroup 2004, Guidoboni
et al. 20077, this area is generally considered as one of the
least seismically hazardous regions of the whole Italian
peninsula [Albarello et al. 2000, Stucchi 2004]. In the last seis-
mic source zone model that was adopted for the national
probabilistic seismic-hazard assessment [Meletti et al. 2008],
the Bergamo and Brescia area was included in a low seis-
micity zone, which is regarded as the westward termination
of the ESA seismogenic belt. Surprisingly enough, the Milan,
Como and Varese provinces and the Monferrato arc are in-
cluded in a "zone of low diffuse seismicity". Along the same
lines, the compilation of significant (My;, >5.5) earthquake
sources by Basili et al. [2008] did not consider any seismo-
genic sources or areas for these provinces. In contrast, the
seismic hazard in the ESA is considered to be relatively high
[e.g., Burrato et al. 2008].

We argue here that this contrast might largely be an ar-
tifact, due to: (A) the inherent inadequacy of the historical
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Figure 1. Seismotectonic map of northern Italy. Main tectonic lineaments modified from Castellarin et al. [2006] and Scrocca et al. [2007]. Seismicity from CPTI
Workgroup [2004], except for: the 1222 Brescia event, which is relocated based on Guidoboni and Comastri [2005]; the November 24, 2004, Salo earthquake
epicentral location, magnitude and focal mechanism [INGV 2004]; and the May 20, 2012, Finale Emilia earthquake epicentral location, focal mechanism [INGV
2012] and magnitude (Mw 6.1, USGS 2012; Mw 5.9) [INGV 2012]. Yellow triangles show the areas selected 20 years ago for nuclear power plant siting; boxes
locate the case studies described in this review. WSA, western southern Alps; ESA, eastern southern Alps; WA, western Alps; LEB, Lessini-Euganei-Berici hills.

catalog (even if is very long and of high quality, like the one
that is available in Italy) to correctly depict the level of seis-
micity in such a moderately active region; and (B) the lack
of detailed and specific geological studies on the Quaternary
tectonics and paleoseismicity of the Po Plain. Following an
alternative seismotectonic scenario, geomorphological
analyses, subsurface geology, seismicity and present day
stress fields have been interpreted as suggesting that tectonic
activity of the frontal part of the WSA and the Apennine arc
is still going on [e.g., Serva 1990, Giglia et al. 1996, Burrato
et al. 2003, Boccaletti et al. 2004, Scrocca et al. 2007, Sileo et
al. 2007, Livio et al. 2009a, Livio et al. 2009b, Toscani et al.
2009, and references therein]. This implies that in terms of
the maximum credible magnitude for the reference earth-
quake, the seismic hazard of the Po Plain might be seriously
underestimated.

Our review is therefore aimed at: (1) assessing the style
and magnitude of the recent and ongoing crustal deforma-
tion; (2) inferring the seismotectonic potential for this region;
and, finally, (3) depicting the seismic landscape [Michetti et al.
2005a] for the Po Plain foredeep. To this end, as indicators of
the present-day strain in different sectors of the whole plain,
we have here compiled and combined: (a) subsurface oil ex-
ploration data over a large sector of the study area; (b) pub-
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lished and novel stratigraphic, geomorphic and geodetic ev-
idence of recent and ongoing shortening; and (c) preliminary
paleoseismological analyses at selected sites.

We focus on four case studies: two along the WSA, i.e.,
the Brescia area and the Insubria region (western Lombardy
and Ticino), which are treated in more detail due to the avail-
ability of new fieldwork and paleoseismic analyses; and two
along the northern Apennines, i.e., the Torino hill-Monfer-
rato area and the Mirandola structure in the Ferrara arc,
where our analysis is mostly based on published information.
These case studies show confirmatory evidence of Quater-
nary compressional tectonics, and sometimes of paleoseis-
micity. At all of the selected locations, ENI E&P seismic
profiles of excellent quality provide detailed information on
the deep structural setting.

Although suitable characterizations of each Quater-
nary capable fault and fold [sensu Michetti et al. 2005a] in
Lombardia, Emilia, Piemonte and Ticino are still in their in-
fancy, the results described in the following allow an entire
reconsideration of the evidence of Quaternary shortening
and the associated local seismic potential. More in general,
these allow concern to be raised for better use of the geo-
logical data for earthquake hazard assessment in areas of
moderate seismicity.
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On May 20, 2012, a few days after this review was for-
mally accepted for publication, a My, 5.9 [INGV 2012] earth-
quake ruptured the Mirandola structure, which was one of
the case studies we had selected for this review. This event is
arguably the largest earthquake recorded in the Po Plain since
seismic events of the Middle Ages that occurred near Verona
and Brescia, in 1117 A.D. and 1222 A.D,, respectively. The
seismic sequence that followed the May 20, 2012, mainshock
is ongoing, and we have since added some information about
this event (as updated on June 3rd, 2012), which substantially
confirms the conclusions that we arrived at below.

2. Tectonic and seismological framework of the Po Plain

The study area is the central and western sector of the
Po Plain, which is a predominantly flat fluvial basin that is
elongated in an east—west direction between the mountain
ranges of the Alps and the Apennines. This area is bounded
to the northeast by the Lessini-Euganei-Berici hills (Figure
1, LEB), which separate this sector from the Veneto and
Friuli plains. Towards the western geographic termination,
the Po Plain is dominated by the Torino and Monferrato hills,
which bound and separate the different alluvial sub-basins.

The Po Plain foredeep is characterized by the conver-
gence of two chains that face each other beneath the Po
River floodplain: the WSA and the northern Apennines [e.g.,
Castellarin et al. 1985, Castellarin and Vai 1986, Castellarin et
al. 1992, Doglioni 1993, Giglia et al. 1996, Castellarin and Can-
telli 2000, Fantoni et al. 2004, Carminati et al. 2004, Mosca et
al. 2009] (Figure 1). The WSA are related to the subduction of
Europe underneath the Adriatic plate, whereas the northern
Apennines are generated along the 'westward' subduction of
the Adriatic lithosphere below the Tyrrhenian Basin.

The southern Alps are bounded to the north by the In-
subric Line, and they are the conjugate retro-wedge of the
Alps. They were generated from the early stages of the sub-
duction, and they mainly developed during the collision
stages of the orogeny. In particular, the investigated area was
incorporated into the southern Alps during the Oligocene to
Tortonian tectonic phase [e.g., Castellarin et al. 2006]. In the
WSA, thrusts mainly verge to the south, and these have
geometries that are influenced and partly driven by the ar-
chitecture of the inherited Mesozoic passive continental mar-
gin [e.g., Assereto and Casati 1965, Winterer and Bosellini
1981, Gaetani and Jadoul 1987, Bernoulli et al. 1990, Doglioni
1992, Bertotti et al. 1993, Castellarin et al. 2004, Ravaglia et
al. 2006]. During the Mesozoic rifting stage, this sector was
characterized by north-south trending, listric normal faults
that controlled the transition between the thick successions
of carbonatic platforms and the contemporary basinal sedi-
ments. Afterwards, during the Alpine orogeny, these exten-
sional structures underwent reactivation, with local tectonic
inversion. During the Mesozoic, one of these important in-
herited structures, the Ballino-Garda Line, which lies along
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the Giudicarie System (Figure 1), marked the border be-
tween the Lombardian Basin to the west and the Trento Plat-
form to the east [e.g., Castellarin and Sartori 1983]. This has
successively acted as a rheological boundary since the early
phases of the Alpine orogenesis, which occurred in the late
Cretaceous [e.g., Doglioni and Bosellini 1987]. Following the
indentation of the Adriatic lithosphere against the northern
Alpine orogenic wedge, the southern Alps developed as a
Neogene, south-vergent, fold-and-thrust belt, which is com-
posed of two different tectonic domains: the ESA and the
WSA [e.g., Castellarin et al. 2004]. These two sectors have
independent foredeeps that are filled with a thick succession
of mainly Tertiary units (the Gonfolite Lombarda Group, for
the WSA foredeep) and are separated by the Lessini-Eu-
ganei-Berici structural high [e.g., Castellarin et al. 2006].

The structural front of the northern Apennines is not
coincident with the topographic mountain front, but runs
over 50 km to the north, buried below the Plio-Pleistocene
infilling of the Po Basin. Three main salients can be identi-
fied, from west to east: the Monferrato, the Emilia and the
Ferrara arcs (Figure 1). As for the southern Alps, the geom-
etry of these structures is clearly controlled by the architec-
ture of the deformed Mesozoic continental margin. The last
major phase of thrust growth along the Apennine arcs in the
Po Plain foredeep occurred between the Pliocene and the
early Pleistocene [e.g., Castellarin et al. 1985, Bally et al. 1986,
Ori et al. 1986], in reply to the retreat of the subducting Adria
lithospheric plate. Different views co-exist regarding the late
Quaternary and present-day activity of this province. Ac-
cording to some studies [e.g., Argnani et al. 1997, Bertotti et
al. 1997, Di Bucci and Mazzoli 2002, Argnani et al. 2003, and
reference therein], following a major geodynamic change at
the Early to Mid-Pleistocene transition, the thrusting and re-
lated folding at the front of the Apennines ceased both in the
Po Plain and in the adjacent sector of the Adriatic Sea. This
is supported by both field mapping and interpretations of
seismic reflection lines, which reportedly show thrusts sealed
by almost undeformed Mid-Pleistocene to Holocene alluvial
deposits [e.g., Picotti and Pazzaglia 2008].

Conversely, according to others [including, for instance,
Serva 1990, Giglia et al. 1996, Selvaggi et al. 2001, Burrato et
al. 2003, Boccaletti et al. 2004, Toscani et al. 2006, Scrocca et
al. 2007, Meletti et al. 2008, Boccaletti et al. 2011, and refer-
ences therein], macroseismic information on historical earth-
quakes, seismological data, geomorphic features, subsurface
geology, and present-day stress fields demonstrate that the
frontal part of the northern Apennines accretionary wedge
is characterized by active shallow crustal shortening. The
Apennine mountain front and the adjacent Piedmont belt in
Emilia along the southern edge of the Po Plain show clear
evidence of tilted and offset late Quaternary deposits [e.g.,
Amorosi et al. 1996, Boccaletti et al. 2011]. This is related to
the activity of a regional thrust, the so-called Pede-Apenninic
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Figure 2. Horizontal velocity field in northern Italy, expressed with respect to a nonmoving Adriatic microplate defined by sites located in the Po Plain
(black arrows). Velocity ellipses represent 1-sigma confidence error regions. Lines show the traces of the velocity profiles reported in Figure 3.

Thrust Front [e.g., Boccaletti et al. 1985, Castellarin et al.
1985, Amorosi et al. 1996, Benedetti et al. 2003, Boccaletti et
al. 2011]. Quaternary growth of the fault propagation folds
beneath the Monferrato and Torino hills has been shown, for
instance, by the dramatic drainage changes that affected the
Po, Dora Baltea and Tanaro Rivers in Piemonte [e.g. Forno
1982, Carraro et al. 1995].

In the area between the Pede-Apenninic Thrust and the
external fronts of the Emilia and Ferrara arcs, and also across
the Monferrato arc, an active compressional tectonic regime
has been unequivocally documented by both borehole break-
out data [e.g., Montone et al. 2004], which show a roughly
north-south maximum horizontal stress, and focal mecha-
nisms and other seismological data [e.g. Gasparini et al. 1985,
Giglia et al. 1996, Frepoli and Amato 1997, Selvaggi et al.
2001, Eva et al. 2005, Boccaletti et al. 2011]. Furthermore,
topographic leveling [e.g., Arca and Beretta 1985] and recent
global positioning system (GPS) observations [e.g., Caporali
et al. 2003, Battaglia et al. 2004, Serpelloni et al. 2005, Baldi
et al. 2009, Devoti et al. 2011] have shown uplift and short-
ening of a few mm/yr along and across the Apennine arcs.
All of the described observations, as well as the results of ge-
omorphological analyses, suggest the presence of active
thrust fronts associated with growing fault-related folds [e.g.,
Desio 1965, Serva 1990, Carraro et al. 1995, Giglia et al. 1996,
ITHACA 2000, Burrato et al. 2003, Benedetti et al. 2003,
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Scrocca et al. 2007, Boccaletti et al. 2011]. The same conclu-
sion arose from the interpretation of seismic reflection pro-
files, as discussed, for instance, by Boccaletti et al. [2004,
2011] and Mosca et al. [2009]. The active thrust-related folds
are spatially arranged along seismogenic belts that are nearly
coincident with the buried Monferrato, Emilia and Ferrara-
Romagna arcs. The style of faulting and the GPS data during
the seismic sequence initiated on May 20, 2012, demonstrates
beyond doubt the ongoing tectonic shortening of the Po
Plain foredeep.

It is important to note that long-term Quaternary short-
ening rates decrease westwards along the leading edge of the
Apennine fold-and-thrust belt, from the Ferrara to the Emilia
and Monferrato arcs (Figure 1) [e.g., Pieri and Groppi 1981,
Bigi et al. 1990, Serva 1990, Doglioni 1993, Bartolini et al.
1996, Selvaggi et al. 2001, Bello and Fantoni 2002, Fantoni et
al. 2004, Boccaletti and Martelli 2004, Scrocca et al. 2007].
This is consistent with a similar decrease from east to west
that has been measured in the short-term geodetic strain
rates [e.g., Battaglia et al. 2004, Serpelloni et al. 2005, Devoti
et al. 2011]. Quaternary strain gradients and deformation
rates are also mimicked by the regional temporal and spatial
distributions of historical seismicity [CPTI Workgroup 2004,
Guidoboni et al. 2007] (Figure 1), with moderate earthquakes
(maximum epicentral intensity of VIII to IX on the Mercalli—
Cancani-Sieberg [MCS] scale, and observed magnitude in the
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range of My, 5.5 to 5.8) more frequent in the east (Ferrara)
than in the west (Monferrato) [e.g. Serva 1990, Giglia et al.
1996, Selvaggi et al. 2001, Boccaletti and Martelli 2004].

In the southern Alps, moving along the piedmont belt
from east to west it is possible to observe a similar decrease in
the Quaternary crustal shortening rates. Modern seismicity
and geodetic strain rates also display the same trend, with
higher seismicity levels and strain rates in the east [e.g., Serva
1990, Doglioni 1993, Castellarin and Cantelli 2000, D'Agostino
et al. 2005, Castellarin et al. 2006, Poli et al. 2008]. Based on
the available observations from the historical time window,
earthquakes have higher maximum magnitudes (of the order
of M, 6.5t07) than in the northern Apennines, as illustrated
by the seismicity in the areas of Friuli (e.g., the January 25,
1348, Carnia earthquake) [Slejko et al. 1987, Barbano 1993,
Poli et al. 2008] and Lake Garda (e.g., the January 3, 1117,
Verona earthquake, and the Christmas 1222, Brescia earth-
quake, with macroseismically derived magnitudes M = 7.1
and 6.2, respectively) [Guidoboni 1986, Magri and Molin 1986,
Serva 1990, Galadini et al. 2001a, Galadini et al. 2001b, Sauro
and Zampieri 2001, Burrato et al. 2003, Guidoboni and Co-
mastri 2005, Guidoboni et al. 2005, Peresan et al. 2009]. These
strong historical seismic events show longer recurrence in the
west, near Brescia and Verona, than in the Friuli area. This
trend is consistent with the present-day increasing strain rates
towards the east, as depicted by the available geodetic infor-
mation. As already pointed out, instrumentally derived ve-
locity fields indicate that the southern Alps Piedmont belt has
actively shortened in the east at twice the rate compared to
the west, as a consequence of the anticlockwise rotation of
the Adriatic microplate around a pole located in the western
Alps (some GPS estimates are reported in Weber et al. 2010).

The westwards decreasing of the crustal shortening in
the southern Alps and Apennines does not, however, mean
tectonic inactivity in the westernmost sectors of both of
these chains. As mentioned above, Quaternary tectonic land-
forms, displaced Pleistocene deposits, and relevant seismic
events have been described in the literature [Desio 1965, Car-
raro et al. 1995, Giglia et al. 1996, Zanchi et al. 1997, Burrato
et al. 2003, Giardina et al. 2004, Sileo et al. 2007, Livio et al.
2009a, Livio et al. 2009b, Albini and Rovida 2010]. In partic-
ular, several damaging historical earthquakes occurred near
Brescia (e.g., the above-mentioned Christmas 1222 event),
Monza (November 26, 1396, I, = VIl MCS) [Guidoboni and
Comastri 2005], Lake Iseo (March 12, 1661, [, = VII MCS)
and Valle dell'Oglio (near Soncino; May 12, 1802, I, = VIII
MCS, M, 5.7). In more recent years, focal solutions of low
magnitude seismicity [Vigano et al. 2008] also suggest that
the WSA is characterized by active shortening. These include
in particular the M, 5.2, November 24, 2004, Salo event
[Michetti et al. 2005b, Pessina et al. 2006] (see Figure 1 for lo-
cation and focal mechanism), and the November 13, 2002,
Lake Iseo event (M, 4.2).
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3. GPS data

Studies of seismic cycles and earthquake occurrence
show how earthquakes have a higher probability to be gen-
erated along fault segments with the highest strain rate gra-
dient, enucleating where the strain rate is lower [Doglioni et
al. 2012, Riguzzi et al. 2012]. Currently, the strain rate is ob-
tained from the spatial gradient of the GPS velocity field, as
recently estimated for the Italian area. In our view, the GPS
interseismic velocity field is driven by the dynamics of deep
lithospheric structures that engage the whole lithosphere and
are modulated by the interactions between the brittle litho-
sphere and deeper ductile layers along the brittle-ductile
transition zone [Devoti et al. 2011, Doglioni et al. 2011]. Con-
sequently, knowledge of the GPS velocities and gradients ap-
pears relevant for seismic hazard studies.

To better highlight the kinematics across the Alpine—
Apennine fronts, the horizontal GPS velocity field in north-
ern Italy is expressed with respect to a nonmoving Adriatic
microplate that is defined by sites located in the Po Plain (Fig-
ure 2, black arrows). This represents a portion of the larger
velocity solution of the Italian area that was provided by De-
voti et al. [2011]. The velocity field was estimated by least-
squares inversion, taking into account only GPS sites with
more than 2.5 yr of coordinate determination. We selected
four different profiles (Figures 2 and 3) that cross the fronts
along which we projected the horizontal velocities located
within a distance of 40 km. The projections are computed
from south to north, so that the northwards-oriented veloc-
ities are positive and the southwards-directed velocities are
negative. This representation is useful to distinguish the sites
belonging to the Apennine domain (positive velocity projec-
tions) from those of the Alpine domain (negative velocity
projections). The transition area, which has null projected
velocity, is represented by the sites located in the Po Plain
outside the fronts.

From Figure 3, it is possible to draw the following con-
siderations:

Profile (a): No significant velocity variations are detected
across the fronts; the two sites south of the Apennine front
have large uncertainty values.

Profile (b): Unfortunately, the GPS sites are not as dense
as in other places, and large gaps in the network geometry re-
strain the possibility of having a clear kinematic picture of
this area. Nevertheless, with respect to the Po Plain zero level
(Figure 3, horizontal gray line), the two Apennine sites show
low-level positive velocities (ca. 0.5 mm/yr), whereas the
three Alpine sites show negative velocities (ca. 1 mm/yr).
The low signal-to-noise ratio does not allow a clear kinematic
picture. The total shortening component across the fronts is
about 1.5 mm/yr.

Profile (c): Along this profile, the trend of the projected
velocities assumes a clearer pattern, even if only one site is
representative of the Apennine front domain. The total



SEISMIC LANDSCAPE OF THE PO PLAIN

I [ ! ! B l = T
s 4 3 3 2 252 z -
E 2- i
= °
o
E O I () * ... . -
[
© -2 - —
I [ [ [ | I I
0 40 80 120 160 200 240 280
I; | | S— | S |_c | |
5 E 3 =5 5 235 om = |
E 4 =5 & 6 =2 & éz% %J =
E 2- i
‘c% 0 —e ¢ 1 . . . ¢ . B
[ t * .
o -2 - —
I | | | | I |
0 40 80 120 160 200 240 280
E L ) i
b . _
E 0 L4 ' [ ] T — » B
I B Lje :i 1
R i - —
I I I [ | I I
0 40 80 120 160 200 240 280
L | | | | | |
Z 8 B85 = B E i £% % £3 g
T 43 5 %8 2§ = 33 &g 32 2
F= hd
E 2- ) . ) -
P _
"c'é 0—-~ ¢ g . . - - e [
| r ? e .
T -2 - Y i —
I I I [ ] I I
0 40 80 120 160 200 240 280

Distance (km)

Figure 3. Horizontal velocity projections across the four profiles from Figure 2. Vertical gray dashed lines show the intersections with the fronts (small
dashed, Apennines; large, Alps). The horizontal line identifies the Po Plain reference.

shortening component across the fronts is ca. 2 mm/yr.

Profile (d): This is the profile that shows more defined
kinematics. The sites located near the Apennine front have
the largest projected velocities, with greater shortening with
respect to those of the Alpine front. The total shortening
component across the fronts is about 2.5 mm/yr.

In conclusion, with respect to the Po Plain, the Alpine
front shows a behavior that is spatially continuous from west
to east (apart from the western-most sector), with more or
less the same level of shortening (ca. 0.5 mm/yr). On the
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contrary, from west to east, the Apennine front shows in-
creasing shortening, from ca. 0 mm/yr to about 2 mm/yr.

4. Case study 1: the eastern Lombardy—Brescia area

To check on possible evidence of active shortening and
faulting along the buried fronts of this sector of the WSA,
we reinterpreted a large amount of ENI E&P seismic re-
flection data, which covered an area of ca. 7000 km? in the
central part of the Po Plain (Figure 4a). We used ca. 18000 km
of seismic lines, which were calibrated through about 100



MICHETTI ET AL.

R Surface (0.89 Ma)
Contouring every 50 m

— High : ca. 60 m a.s.l.

i Low : ca. - 600 m a.s.l.

Figure 4. (a) Map of the seismic lines made available by ENI E&P. Solid lines mark the approximate locations of the seismic profiles shown in Figures 7 and
12. The gray area indicates poor signal-to-noise ratio in the seismic reflection data, due to reverberation effects in the local coarse, strongly cemented fluvio-
glacial deposits ('Ceppo Formation') [e.g., Orombelli 1979]. (b) Map of the R-surface (a sequence boundary in the Po Basin subsurface, dated at ca. 0.89 Ma),
redefined using the ENI E&P data. Generally this surface deepens toward the southeast, but in some cases it rises up to the surface (yellow areas show the
more uplifted and eroded parts), driven by the growth of buried thrusts. Therefore, from the R-surface shape it is possible to evaluate the distribution and
geometries of active tectonic structures in the northern Po Plain. The projection on the surface of the buried thrust tip lines is also shown.
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Figure 5. Quaternary buried capable faults along the western southern Alps (WSA) Piedmont belt. The lack of Quaternary structures southwest of Lake
Iseo is due to a lack of information, and work is in progress to interpret the fault geometries and the activity in that area. Alpine structures are in black,
and Apennine structures in blue. The isolated hills encircled by the plain are highlighted in green, The deviations of some main of the rivers, which
appear driven by tectonic activity [e.g., Burrato et al. 2003] are indicated in red. Stars indicate earthquake epicentral locations. CCB, Capriano del Colle
backthrust; CB, Capriano del Colle thrust; CCT, Castenedolo backthrust; CT, Castenedolo thrust; SON, Soncino thrust.

deep industrial boreholes. Two horizons were mapped on
selected seismic lines: (a) the Aptian unconformity (the
upper part of the Maiolica Fm.) [e.g., Bersezio et al. 2002];
and (b) the base of the early Oligocene (the base of the
'Gonfolite Lombarda' Group) [e.g. Sciunnach and Tremo-
lada 2004]. The main detachments are usually located along
these horizons, due to the presence of rheologically weak
layers. These data were used to constrain a first interpreta-
tion and to depict the structural style that characterizes ad-
jacent sectors of the buried chain. We then revised and
contoured four regional marker horizons of known age,
which included from the base: (1) the base of the Pliocene;
(2) a surface dated at ca. the base of the Calabrian (Blue sur-
face - 1.6 Ma); (3) a surface dated at ca. 1.2 Ma; and (4) the
R-surface, a sequence boundary dated at ca. 0.89 Ma (Fig-
ure 4b) [see details in Carcano and Piccin 2002, Muttoni et
al. 2003]. Our study focuses on the analysis of the shallow-
est portions of the readable seismic lines, the re-interpreta-
tion of the base of the slope-basin transition, and the
integration with several water-well stratigraphic logs.

The Blue and R-surface have been analyzed to reveal lo-
calized deformations that were induced by the Quaternary
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activity of buried structures (Figures 4b and 5). We identi-
fied a belt of segmented fault-propagation folds that are 10 to
20 km long and show evidence of Quaternary activity; these
sit above south-verging and north-verging, out-of-sequence
thrusts (Figures 5 and 6). The controlling structures devel-
oped mostly during the Oligo-Miocene Alpine tectonic
phase, and continued to grow later, as demonstrated by the
subtle deformations induced in the Plio-Quaternary syn-
growth sequence (Figure 7) [Burrato et al. 2003, Giardina
2006, Livio et al. 2009a, Livio et al. 2009b].

The Castenedolo backthrust (Figures 5 and 6, CB) is part
of a triangle zone or wedge thrust [e.g. Ishiyama et al. 2004]
that is rooted in a deeper south-verging, out-of-sequence
structure. The backthrust cuts through the Oligo-Miocene
molassic sequence (Gonfolite Lombarda Group) and the
overlying Pliocene marine sediments. The strain at higher
levels is accommodated by the folding of the Quaternary de-
posits, including reflectors imaged at the shallowest levels on
the seismic profiles (Figure 7).

Similarly, at Capriano del Colle hill, another fault-prop-
agation fold formed above a north-verging backthrust (the
Capriano del Colle backthrust; Figures 5, 6 and 7, CCB) ap-
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Figure 6. Three-dimensional perspective view of the Brescia area, focusing on the Castenedolo and Capriano del Colle fault systems. Note the Castenedolo
and Capriano del Colle isolated hills. Vertical exaggeration, ca. 5x.

pears to be rooted in a main south-verging fore-thrust (the
Capriano del Colle thrust; Figures 5, 6 and 7, CCT). The
Quaternary deformation that propagates from the main
deeper structure is accommodated by both the CCB and the
forethrust. The CCT cuts the Oligo-Miocene sequence be-
neath a fault-propagation fold that gently deforms the above
Plio-Pleistocene sequence.

The CT and CCT eventually merge downwards at the
base of the Gonfolite Lombarda Group (ca. 5-6 km in depth),
where slip can occur in response to the rheologically weaker
level of the underlying upper Cretaceous to Eocene marls
and flysch [Fantoni et al. 2004]. In map-view, the CT draws a
ca. 15-km-long arc, which is bounded to the east by an inher-
ited structural high (Figures 5 and 6). The CCT (ca. 10 km
long) is segmented to the west into the Soncino structure
(Figure 5, SON), a south-verging thrust that lacks any linked
back-thrust [Burrato et al. 2003, Ravaglia et al. 2006].

Above the hangingwall anticlines of both the CB and
the CCB, there are two isolated reliefs: the Castenedolo and
the Capriano del Colle hills, respectively (the latter is also
called 'Monte Netto"). Desio [1965] already interpreted the
presence of these isolated areas of higher relief that are cov-
ered by ancient red soils (locally defined as ferretto) as the cul-
mination of growing anticlines. The seismic reflection profile
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across Capriano del Colle hill (Figure 7b) clearly shows, for
example, that the shallow active surface folding is geometri-
cally linked to a secondary flexural-slip fault at a depth of ca.
2 km, which is controlled in turn by the slip of the CCB ata
depth of ca. 5 km.

The Quaternary uplift history of these structures was
investigated through analysis of the associated syn-growth
depositional intervals, as documented in detail by Livio et al.
[2009a, 2009b]. For the most recent time interval resolved
through the available seismic data (0.89 Ma to the present),
Livio et al. [2009a, 2009b] calculated uplift rates of ca. 0.1
mm/yr for both the Castenedolo and Capriano del Colle
structures. Taking into account the deep fault and fold geom-
etry illustrated by the depth-converted seismic lines 1 and 2,
this yields net slip rates of 0.4 mm/yr to 0.5 mm/yr.

Quarry excavation at the Monte Netto site (Figure 8) al-
lowed us to conduct preliminary paleoseismological analyses,
which were supported by trenching and pedostratigraphic in-
vestigations [Livio et al. 2009b]. Two decametric secondary
anticlines were exposed within a middle-to-late Pleistocene
sequence of fluvial gravels and sands, paleosols, and loess de-
posits. The culmination of the northern anticline is charac-
terized by a well-preserved paleoliquefaction feature and it
is deformed by bending-moment faults (Figure 8) that offset
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Figure 7. (a) Seismic section (top) and line drawing (bottom) along seismic line 1 of Figure 4a. The Castenedolo north-verging thrust affects the whole
succession, faulting the Oligo-Miocene and probably part of the Pliocene, and folding all the above strata recognizable in the seismic profiles, up to the
surface. (b) Interpreted seismic section along seismic line 2 of Figure 4a. The Capriano del Colle north-verging thrust affects the whole succession, with
displacement of the Oligo-Miocene strata, and folding in the Plio-Quaternary sequence. The south-verging thrust is also interpreted to fault the Oligo-
Miocene, and fold the overlying Plio-Quaternary strata. The Capriano del Colle hill is located on the surface projection of the north-verging thrust. A more

detailed interpretation can be seen in Figure 3 of Livio et al. [2009b].

all of the sequence up to the Holocene surficial soil. There-
fore, at this site, we can see the cumulative effects of repeated
co-seismic surface deformation and displacement that are
controlled at depth by late Pleistocene to Holocene slip along
a major tectonic compressional structure (the CCB).

The maximum expected magnitude for compressional
structures that are deforming at such low strain rates can be
derived from an analysis of several scenarios of reactivation,
including uncertainties related to each fault geometry. Con-
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sidering the subsurface fault length and width, the fault area
and the net dip-slip rates, the range of derived My, for these
structures can be estimated based on scalar relationships be-
tween fault parameters and maximum expected magnitudes
[e.g., Wells and Coppersmith 1994]. Livio et al. [2009b] cal-
culated a magnitude range derived for each single structure
when considered as a seismogenic source. An additional sce-
nario can be added if we also consider contemporary co-seis-
mic rupturing of both the CCT and the CCB (which implies
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Figure 8. Details of the paleoseismic surface faulting (a) and liquefaction (b) exposed at Capriano del Colle hill in a quarry site [Livio et al. 2009b]. The

size of the grid in (a) is 2 m.

a rupturing area of ca. 600 km?). Indeed, many recent stud-
ies have explored co-seismic moment release and deforma-
tion during recent strong thrust earthquakes [e.g., Guzofski
et al. 2007, Jia et al. 2010], and have demonstrated that sig-
nificant deformation also occurs in the hangingwall and in
the wedge sectors above the main roof thrust. Typically,
these involve seismogenic rupture on both synthetic and an-
tithetic fault planes.

Taking this inherent source complexity into account,
the derived magnitude values can be expanded to a larger,
but more conservative, interval of My, = 5.9 to 6.8. These
values are also consistent with the maximum expected mag-
nitudes derived for these structures by Serva [1990] (MEXp =
6.8 for his "sistema Verona—Brescia") in the framework of
the nuclear power plant siting research for northern Italy.

The area between Lakes Garda and Iseo has been char-
acterized by moderate to strong earthquakes (Figure 1). The
November 24, 2004, Salo earthquake (M, 5.2) [Michetti et al.
2005b, Pessina et al. 2006], the causative structure of which
is a part of the WSA, was the first significant event in the area
for which a focal mechanism has become available, which
showed a thrust-fault solution [Vigano et al. 2008] (Figure 1).
The economic losses produced by this event were >200 mil-
lion euro [Massimo Ceriani, Regione Lombardia, Protezione
Civile, oral presentation at the Meeting Una Nuova Geologia
per la Lombardia, November 7, 2008], and they demonstrate
the vulnerability of the Lombardia urbanized and industrial
setting also to such a low magnitude event. The town of Salo
and its surroundings recorded considerable effects on build-
ings, infrastructure and the environment (I, = VIII on the
MCS and ESI 2007 scales) [Michetti et al. 2007]. The same
area had already been hit by another earthquake of similar
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size, on October 30, 1901, which produced analogous dam-
age and ground effects. Figure 9 compares the macroseismic
intensity field of the November 24, 2004, Salo earthquake
(I = VII-VIII MCS) [INGV 2004] with the intensity informa-
tion available for the largest seismic event recorded in this area:
the December 25, 1222, Brescia earthquake (I, = IX-X MCS)
[Magri and Molin 1986, Serva 1990, INGV 2000, Guidoboni
2002]. Despite the uncertainty that still exists around the
1222 event, its severity was noticeably much larger than for
the 1901 and 2004 earthquakes.

Therefore, the stratigraphic and structural characteris-
tics of the observed surface faulting and liquefaction at the
Monte Netto site clearly show that these features were gen-
erated during strong local earthquakes. Indeed, similar envi-
ronmental effects are typically associated with macroseismic
intensities >IX on the MCS, the modified Mercalli, and the
Medvedev—Sponheuer—Karnik scales [e.g., Serva 1996, Por-
fido et al. 2002, Michetti et al. 2007]. This is consistent with
the environmental effects of an earthquake like the Decem-
ber 25, 1222, Brescia event.

5. Case study 2: the western Lombardy-Insubria area
Despite the low historical and instrumental seismicity
[e.g., CPTI Workgroup 2004, Guidoboni et al. 2007] (Figure
1), evidence of Quaternary tectonic deformation has been
repeatedly described in this area [e.g., Orombelli 1976, Bini
et al. 1992, Zanchi et al. 1997] (Figure 10). In particular, re-
cent studies by Chunga et al. [2007] and Sileo et al. [2007]
presented new geological and geomorphological evidence
of Quaternary tectonic shortening and paleoseismicity.
Field mapping and interpretation of unpublished seis-
mic reflection data was carried out courtesy of ENI E&P, and
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Figure 9. Intensity map (MCS scale) for the December 25th, 1222, Brescia earthquake (a) [after INGV 2000, Guidoboni 2002; modified] and the November
24, 2004, Salo earthquake (b) [after INGV 2004, modified].
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From top: Figure 10. Map of the main thrusts between Como and Varese. The outcropping thrusts are mapped based on geological surveys [Servizio
Geologico d'Italia, in press] and geomorphology, while the buried fronts are from seismic reflection data. Seismic line 3 of Figure 4a is also shown. Yellow
points show the locations of the photographs, as described in the indicated Figures. Figure 11. (a) Seismic reflection line 3, showing the Gonfolite backthrust,
as given in Figure 10. Based on the seismic profiles, it is not possible to evaluate the recent activity because the Quaternary sediments are eroded on top of
the north-verging thrust. Pliocene to Pleistocene activity in this case has been evaluated based on the outcrops of the fault between Novazzano and Como,
and on the geomorphic evidence [Zanchi et al. 1997, Sileo et al. 2007] (Figure 10). (b) Detail of the Gonfolite backthrust at the Novazzano site. The Oligocene
conglomerates of the Gonfolite Lombarda Gr. are juxtaposed against the dragged Pliocene clays of the Castel di Sotto Fm. The thrust is here deflected along
the bedding and is progressively overturned upwards, with the topmost section of the fault showing a 'normal' sense of displacement.

these show that in this region the buried sector of the south-
ern Alps is characterized by a major structure, the Gonfolite
backthrust, which is rooted at the base of the Gonfolite Lom-
barda Group, at a depth of ca. 4-5 km (Figure 11) [e.g.,
Bernoulli et al. 1989]. This structure is segmented by ca.
north-trending transfer faults, which act as lateral ramps or
tear faults for each backthrust segment. The Mount
Olimpino backthrust segment east of Novazzano, and the
Varese backthrust to the west (Figure 10) generate steep and
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quite straight mountain fronts, and clearly control the geo-
morphology of the valley between Como and Mendrisio.
The Mount Olimpino backthrust was initially interpreted by
Bernoulli et al. [1989] as active until the Late Miocene. Sileo
et al. [2007] documented evidence for this structure of re-
verse displacement in the Pliocene, with possibly younger
deposits (Figure 11b). More recently, along the frontal sector
of the Mount Olimpino backthrust, Livio et al. [2011] de-
scribed late Pleistocene to Holocene offset of glacial and la-
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custrine deposits outcropping at the Borgo Vico site, in the
metropolitan area of Como.

Similarly, at the western margin of the Varese back-
thrust, Bini et al. [1992] documented flexural slip faulting and
paleoseismic features, such as broken speleothems and re-
verse displacement of phreatic conduits within the extensive
karst systems of Mount Campo dei Fiori (Figure 12). U/Th
dating of cave deposits constrain the age of these compres-
sional deformations to the Pleistocene [Bini et al. 1992,
Zanchi et al. 1997], and the last documented paleoseismic
event occurred between 52.3 +2.0 and 5.5 £0.5 Ka B.P.

At Albese con Cassano, which is east of Como, the
mountain front is bordered by a WSW-ENE trending ridge
that is 5 km long (Figure 13, Albese con Cassano ridge). In
this area, Orombelli [1976] and Zanchi et al. [1997] inter-
preted the Albese con Cassano ridge as a growing anticline
that shows: (1) uplifted and faulted glacial to fluvioglacial
middle-Pleistocene deposits (Figure 14); and (2) drainage di-
version with the formation of a sequence of wind gaps.

Based on our investigation, the Piedmont belt between
Como and Lecco is characterized by east-west-directed, south-
verging folds that deform the Mesozoic carbonatic sequence.
Field mapping at a 1:10000 scale was performed for the new
geological map of Italy (CARG Project, Geological Survey of
Italy, Sheet n.75, 'Como"). This highlighted that at Albese con
Cassano and Madonna della Neve (Figures 10 and 13), well-
cemented, sub-horizontal polygenic conglomerates that over-
lay chaotic glacial till deposits crop out at elevations between
550 ma.s.l. and 600 m a.s.l. These deposits lie on the southern-
most hills of the South Alpine mountain front, directly facing
the northern fringe of the Po Plain, and they are locally cut by
the morainic amphitheater of the Adda glacier. Based on
stratigraphic correlations and on weathering profiles, these
conglomerates were tentatively ascribed to the Mid-Pleis-
tocene by Orombelli [1976]. This age is in agreement with the
Mid-Pleistocene development of the most important frontal
moraines of the Lake Como ampbhitheatre, while significant
glaciations were apparently lacking during the late Pliocene
and the early Pleistocene [e.g., Muttoni et al. 2003].

As discussed in detail by Sileo et al. [2007] and Chunga
et al. [2007], and based on detailed field mapping and sys-
tematic sedimentological observations conducted for the
CARG project, it has been possible to define the spatial dis-
tribution of these deposits. Facies analysis on these con-
glomerates clearly indicated a sandur-like environment
(well-bedded, well-rounded gravel and sand of an open pro-
glacial alluvial plain). In the field, it is possible to discrimi-
nate these glacial outwash plain fluvial conglomerates from
the kame terrace deposits and from similar conglomerates
formed at the margins of the ice tongue. These latter two
are indeed characterized by more chaotic bedding, with less
rounded and coarser components. Moreover, ice margin con-
glomerates and kame terrace deposits outcrop in very spe-
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Figure 12. Displaced karstic channel in the Moltrasio Fm. Jurassic
limestone at the Frassino Cave, Mount Campo dei Fiori, Varese. Bini et al.
[1992] interpreted this feature as evidence of Pleistocene paleoseismicity
related to co-seismic flexural slip on the Mount Campo dei Fiori thrust.
Photograph courtesy of Paola Tognini.

cific settings, where the geomorphic relations with the feed-
ing ice tongue are evident. On the contrary, the present topo-
graphic locations of the glacial outwash deposits at Albese
con Cassano and Madonna della Neve do not show any ob-
vious genetic relation with the local environment. These de-
posits are hanging on the southern slopes of Mount
Bollettone and Mount Cornizzolo. They are 200 m higher
than the top flat surface of the surrounding Piedmont belt,
at an elevation that is higher than any other relief located to
the south. Figure 13 clearly shows that the present location
of the deposits is not consistent with their original deposi-
tional environment, and cannot be due to ancient paleo-mor-
phologies or post-depositional erosion.

Correlative middle Pleistocene sandur deposits that out-
crop in river gullies and are drilled by shallow exploratory
boreholes dominate the flat Piedmont area at elevations
lower than ca. 350 m a.s.1. The Piedmont plain just south of
the Albese con Cassano hill is indeed part of the wide out-
wash plain, which is locally defined as the 'fundamental plain
level' [Petrucci and Tagliavini 1969]. This formed during the
last glaciation, and it now occupies the entire area between
the southern margin of the Alps and the Po River [e.g., Mar-
chetti 2002]. The polygenic conglomerates of the Albese con
Cassano and Madonna della Neve sites thus represent the
remnants of an ancient, Mid-Pleistocene, fundamental plain
level that is now uplifted to ca. 200 m above the present out-
wash plain. We then propose that the Albese con Cassano
hill is the surface expression of a fault-related anticline that
has recorded ca. 200 m of vertical displacement from the
middle Pleistocene to the present. If we assume an approxi-
mate age of 1 Ma for the Albese con Cassano polygenic con-
glomerates, then this occurred at a cumulative uplift rate of
ca. 0.2 mm/yr, which is a reasonable estimate in our opin-
ion, based on the age of the first major glacial advance in the
Alps [Muttoni et al. 2003].
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Figure 13. Three-dimensional perspective view of the Lake Como area and the adjoining glacial outwash plain. (a) View from the east showing the Albese
con Cassano and Mount Olimpino thrusts, fronting each other near the city of Como. (b) View from the southeast of the Mount Bolettone area, showing
the Albese con Cassano ridge, the Quaternary uplift of which (ca. 200 m) dammed and diverted the local north-south trending drainage. The white
triangles indicate the wind gaps. The yellow patches indicate the distribution of correlative fluvioglacial sediments in this area.
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We then created a forward evolution model to investi-
gate the tectonic structures that might have accommodated
uplift of part of the Mid-Pleistocene fluvioglacial plain,
using structural and kinematics assumptions. These were
derived from a trishear-like fault-propagation folding [e.g.,
Erslev 1991, Hardy and Ford 1997, Allmendinger 1998,
Zehnder and Allmendinger 2000, Johnson and Johnson
2002]. We evaluated the possible deep fault-fold geometries,
consistent with the surface geology of the Piedmont belt
between Como and Lecco, using the Trishear 4.5 code that
was developed by Richard Allmendinger at Cornell Univer-
sity, USA [Allmendinger 1998]. The best fit between the
models and the mapped geology suggest that three fault-
propagation folds developed in sequence from north to
south, which splay from a single south-verging thrust at
depths of ca. 2-3 km [Giardina 2006]. The southern-most
fault-propagation fold caused uplift, but not tilting, of the
Mid-Pleistocene polygenic conglomerates. This is possible
in this case because of the geometry of the fold. Figure 15
shows a sketch model of the possible Quaternary evolution
of the Albese con Cassano ridge.

The Albese con Cassano structure bounds the mountain
front between Como and Lecco, and it is probably seg-
mented into two 10-km-long, arc-shaped faults, as shown in
Figure 13a. Structures similar to the Albese con Cassano
ridge that have comparable length and slip rates in terms of
active faults include Rough Ridge in New Zealand [Jackson
et al. 2002].

Additional evidence for recent growth of these folds in-
cludes paleoseismic liquefaction features that are recorded in
the Mid-Pleistocene pro-glacial lacustrine deposits that crop
out on the Albese con Cassano anticline. These soft sediment
deformations indicate that the region might have experienced
significant strong ground motion, which is interpreted as being
produced by local paleoearthquakes [Chunga et al. 2007].

6. Case study 3: The Torino hill-Montferrato area

The Monferrato arc has often been defined as the "thrust
frontale Padano' in the Italian literature (Figures 16 to 19,
TFEP). It belongs to the northern sector of the Apennines and
is located in the western-most Po Plain and bounded to the
west and to the north by the western Alps, and to the south by
the Ligurian Alps (Figure 1). In the western Po Plain, the Alps—
Apennines junction is characterized by a complex architecture.
The metamorphic Penninic Units of the western Ligurian
Alps are tectonically juxtaposed against the nonmetamorphic
Ligurian Units of the Apennines, along an east-west-striking
regional fault zone, just south of the Torino-Monferrato hills
[e.g., Giglia et al. 1996, Mosca et al. 2009].

The Monferrato area exposes a sequence of Upper
Eocene to Tortonian deposits, which lie on a substratum of
Ligurian Units [Bonsignore et al. 1969]. Along the adjacent
Torino hill there is an outcropping of a sequence of terrige-
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Figure 14. Albese con Cassano site. (a) High-angle reverse faulting in the
Pleistocene glacial deposits. The vertical offset is ca. 5 m. (b) Seismic-
induced soft sediment deformation that affected a middle Pleistocene
glaciolacustrine sequence.

nous units of the Upper Eocene to Tortonian. Torino hill lies
on the hangingwall anticline of an out-of-sequence, north-
verging, breakthrough thrust. Conversely, beneath the Mon-
ferrato hills there has developed an important imbricate and
north-verging thrust sheet. The Rio Freddo Deformation
Zone is a north-west striking transpressive fault zone [Piana
and Polino 1994, 1995], and it separates the Torino hill and
Monferrato structures.

The available seismic lines highlight a considerable low-
ering of the tectonic activity since the Oligocene along the
junction between the Alps and the Apennines, and a con-
temporary progressive activation of out-of-sequence, north-
verging thrusts from the west to the east [e.g., Falletti et al.
1995, Mosca et al. 2009]. These structures cut off older
alpine thrusts along the so-called "Torino hill structural belt'
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Figure 15. Cartoon of the possible Quaternary evolution of the Albese con Cassano growing anticline. The scheme shows a sequence of depositional
and erosive events that repeated during the Mid-Pleistocene. The three-dimensional view of the Mount Bolettone area (top left) shows the possible ice
tongue shape during one of the glacial events in the Mid-Pleistocene. The black line indicates the hypothetical profile trace.

[Mosca 2006] (Figures 16 and 17, TFP).

New data made available by the CARG project [Dela
Pierre et al. 2003a, Dela Pierre et al. 2003b, Festa et al. 2009a,
Festa et al. 2009b] clearly document the progressive off-set
of stratigraphic units and geomorphic paleosurfaces across
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the TFP during the Pliocene and Quaternary, as already hy-
pothesized by the pioneering study of Carraro et al. [1995].

Geomorphic evidence of recent activity can be found
first of all in the isolated relief of Trino, which sticks out from
the Po Plain just north of the Monferrato hills (Figure 18).
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Figure 16. Shaded relief map of the Monferrato area. The main structures of the westernmost sector of the Monferrato arc are in red [modified after
Mosca et al. 2009]. Black dashed arrows indicate the paleo-drainage recognized in this area (see text for details). The yellow line indicates the trace of the
topographic profile shown in later Figures. The green area highlights Trino hill. Note that the area occupied by the paleo-Po river meandering belt has
experienced at least 30 m of differential uplift. The red dashed line indicates a best fitting pre-erosive paleo-surface across the profile. Abbreviations: TFP,
frontal north-verging thrust; RFDZ, Rio Freddo deformation zone; AS, Asti syncline.

The small Trino hill, which is only ca. 20 m higher than the
surrounding alluvial plain, is actually the outcropping crest
of a mostly buried anticline that belongs to the TFP
[Gruppo di Studio del Quaternario Padano 1976]. Moreover,
on the northern slope of Torino hill there are uplifted mid-
dle-to-late Pleistocene fluvial terraces and relics of mean-
dering river courses [Vezzoli et al. 2010]. On this basis,
Barbero et al. [2007] estimated an uplift rate of 0.8 mm/yr
to 1.0 mm/yr (see Table in Figure 19). This is consistent
with the geodetic leveling that was undertaken in the period
of 1897 to 1957, which identified a contemporary uplift rate
of ca. 3 mm/yr for the whole of the Torino hill sector [Arca
and Beretta 1985]. Beneath the Torino metropolitan area,
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thrust faults that belong to the TFP reach the surface, and
the bedrock in the hangingwall is generally only a few me-
ters below the topographic surface (Figures 16 and 17).
Above the bedrock, there is only a thin cover of Latest Pleis-
tocene to Holocene fluvial sediments. In this case deposi-
tional and/or erosional processes have not kept pace with
the tectonic uplift: in the inner sector of the range, the older
features are progressively more uplifted, while in the adja-
cent sector of the plain, there are only incipient reliefs (e.g.,
the Trino isolated relief) or terraces.

A complex rearrangement of fluvial drainage during the
Mid-Pleistocene to Holocene that included the combing and
diverting of major rivers [e.g., Gruppo di Studio del Quater-
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Figure 17. (a) Line drawing of the seismic line across the Torino hill sector interpreted by Mosca et al. [2009], modified and redrawn. (b) Geological cross-
section across the Torino hill [redrawn after Festa et al. 2009a]. Note that the TFP cuts through the whole sedimentary sequence, probably also reaching
and dislocating the Holocene alluvium. The cross-section locations are as indicated in Figure 16.

nario Padano 1976, Forno 1982, Dela Pierre et al. 2003b] tes-
tifies to the important recent tectonic activity of the TFP
(Figure 16). For instance, the Cerrina Valley, which is located
at the northern fringe of the Monferrato hills and is now
drained by the Stura Stream, has to be related to a paleo-
Dora Baltea River course that was successively diverted by
the northward migration of the mountain front [e.g., Gi-
raudi 1981, Carraro et al. 1995]. Fluvial deposits outcropping
in the Cerrina Valley are related to a catchment located in
the western Alps, and the valley morphology is clearly over-
sized compared with the present day Stura Stream flow rate
(Figure 18b). Based on pedostratigraphy of the paleo-Dora
Baltea fluvial deposits, the diversion is related to the begin-
ning of the Mid-Pleistocene [Dela Pierre et al. 2003b]. The
calculated minimum uplift rate is ca. 0.5 mm/yr (see Table
in Figure 19).

Until the end of the late Pleistocene, the Po River
drained eastwards, south of the Torino and Monferrato hills
(Figure 16). This is testified by: (a) the age of the oldest flu-
vial deposits, which are ascribed to the Po River, north of
Torino hill: and (b) the clear traces of a huge meandering
river that are preserved on Poirino Plateau [e.g., Carraro
1976, Forno 1982]. The Po River diversion was caused by the
growing of west-plunging folds (Torino anticline and Asti
syncline), the amplification of which caused a westwards tilt-
ing of Poirino Plateau itself. This tilting was initially com-
pensated for by an eastwards increase in river erosion and by
a progressive southwards migration of the meandering belt.
Finally, the tilting won, and Po River was diverted north of
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Torino hill. This tilting uplifted the western sector of Poirino
Plateau by ca. 40 m to 60 m over a distance of ca. 20 km (Fig-
ure 16). The process can be indirectly dated to the Mid-Pleis-
tocene, based on the Torino hill contemporary uplifting
[Boano et al. 2004]. Moreover, a dated fluvial outcrop is lo-
cated in the easternmost sector of the Poirino Plateau, which
is ascribable to the course of a paleo-Po River. This post-dates
the river diversion and the subsequent plateau erosion at 45
ka to 40 ka B.P. [Alessio et al. 1982]. The Po River diversion
caused, in turn, a change in the Tanaro River course that was
flowing from south to north and abruptly turned to the east
just south of the Poirino plateau; the Tanaro River flows into
the course of the ancient paleo-Po River just southeast of the
Asti hills (Figure 16).

In the Torino hill and Monferrato area, therefore, un-
equivocal geological and geomorphic evidence demon-
strate surface deformation and/or faulting at rates higher
than those of the local depositional/ erosional morphogenic
processes. The relations between the tectonics and the sed-
imentation across the Monferrato arc, and the uplift rates
estimated across the TFP at several locations, are illus-
trated in Figure 19, based on the recent revision published
in Irace et al. [2009].

7. Case study 4: the Mirandola structure—Ferrara arc

The Mirandola structure is one of the recognized seis-
mogenic sources that are buried below the Po Plain sedi-
ments. It is located at the western edge of a group of
thrust-related folds that are defined as the Dorsale Ferrarese



SEISMIC LANDSCAPE OF THE PO PLAIN

SANTHIA

Livorno Ferraris

TRINO HILL

; -." Y . o}
- Casale M.to
== 49 b

Figure 18. (a) Three-dimensional perspective view of the Torino hill and Trino isolated relief. (b) Shaded relief map of the Trino hill and northern
Monferrato area, as indicted in Figure 16. The main structural features of the TFP are also shown. Note the paleodrainage of the Dora Baltea River along

the current trace of the Cerrina Valley.

(Figure 20). The Mirandola structure represents the leading
edge of the northern Apennines, and it began to develop
from the early Pliocene. The Mirandola structure is consid-
ered a capable fault [e.g., [THACA 2000, Burrato et al. 2003,
Boccaletti et al. 2004, DISS Working Group 2005, Toscani et
al. 2009, Boccaletti et al. 2011]. In particular, Scrocca et al.
[2007] studied its Quaternary evolution in detail by integrat-
ing high-resolution stratigraphic data with other constraints
related to the overall stratigraphic and structural architec-
ture [AGIP 1959, 1977, Pieri and Groppi 1981, Nardon et al.
1990, Consiglio Nazionale delle Ricerche 1992, Regione
Emilia Romagna and ENI-AGIP 1998, Baldi et al. 2009]. This

thus provided an accurate description of the tectono-strati-
graphic setting relative to the last 0.65 Ma.

The structural and stratigraphic architecture of the Mi-
randola anticline (Figures 20 and 21) strongly suggest a syn-
sedimentary growth, with clear overlapping geometries also
in Mid-to-Late Pleistocene times (i.e., sedimentation rates
higher than uplift rates). As the geometry of the growth
strata is certainly due to a combination of regional subsi-
dence, sedimentation rates, eustatic history, tectonic uplift,
and compaction effects, Scrocca et al. [2007] corrected the
available stratigraphic data for compaction and compared the
thickness of each stratigraphic interval at the crest of the an-

989



MICHETTI ET AL.

IO

Lombardia
Trino Area

Exploration wells  « Main faults —_—

Main Thrusts

~vv

Geological cross-section

(modified after Irace et al., 2009)

S

Monferrato Hills

N-verging Thrust Front
1,0 km-| TFP

Balzola 1 Sali Vercellese

Po Plain Basin

Cl i jical Units Torino Hill N N N verging Thrust Front
Scale North verging system Po Plain Basin ift
HOLOCENE| 001 M N NS
Upper part of Middie E b E 2
Upper | Pleistocene and Upper L >
PP Pleistocene 28 &g
pLeisTOCENE N
" 3
Middle || ower part of Middie S SC
Lower | Pleistocene and Lower
1.8 My Pleistocene Depth: 100 m Depth: 700 m
Upper
2,6 My Middle - Upper
Pliocene sl
HE
Middle Depth: 400 m Depth: 1400 m NR
4 AR
B 36My S+
<]
b=l
o Middle - Lower
Lower Pliocene
53 My Depth: 600 m Depth: 2500 m
mocene | Upper
Messinian

Cavaglietto 2 | Cavaglietto 1

Pleistocene

Pleistocene

MU
Pliocene

M-L
Pliocene

0 km

5,0 km
(modified after Irace et al., 2009)

MU
Pliocene

ML
Pliocene

Figure 19. Relationships between tectonics and sedimentation across the Monferrato arc during the Plio-Quaternary [modified after Irace et al. 2009], and related
uplift rates over different sectors along the TFP, and over different Plio-Quaternary time windows. The geological cross-section of the Trino Area (Monferrato
Hill eastern sector) is based on detailed lithostratigraphic (exploration wells) and geophysical (seismic lines) data, as fully described in Irace et al. [2009].

ticline and in the adjacent syncline. In this way, although this
domain was affected by an overall regional subsidence, the
Scrocca et al. [2007] estimated a tectonic 'relative uplift rate’
between the fold crest and the adjacent syncline that was due
to the tectonic activity of this thrust-related fold.

The resulting rates of tectonic uplift have decreased over
the last 1.4 Ma, from 0.53 mm/yr to 0.16 mm/yr. This means
that the Mirandola anticline is still growing today, although
it is moving more slowly than it did in the Pliocene. Before
the May 20, 2012, earthquake, the Italian seismic catalog (Fig-
ure 20) did not report moderate to strong earthquakes for
this area, except for the 1346 event, the location of which is,
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however, very poorly constrained.

Nonetheless, continuous surface fracturing and fissure
opening has been reported for several localities along this
structural high (i.e., at Correggio, above the Mirandola anti-
cline, and at other sites along the Ferrara arc) [e.g., Pellegrini
and Vezzani 1978] (Figure 20). A steady creeping behavior
was invoked by Pellegrini and Vezzani [1978], even if other
nontectonic causes might explain the observed features (i.e.,
differential compaction or extension along bending-moment
faults, according to Carminati et al. 2010). If tectonic creep
can be confirmed in further studies, this would be the only
known case for the whole of the Po Plain foredeep.
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Figure 21. Simplified geological cross-section through the Mirandola anticline [modified after Scrocca et al. 2007], with very preliminary interpretation
of the causative faults for the May 20 and 29, 2012, earthquakes. The stars show the tentative hypocentral locations. The trace of the cross-section (A —

A") is as in Figure 20.

As already mentioned, the seismogenic potential of the
Mirandola structure was dramatically illustrated by the May
20, 2012, My, 5.9 [INGV 2012] earthquake and the ensuing
seismic sequence. This occurred a few days after this review
was accepted for publication. We were therefore invited to
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update our description of the Mirandola structure with
some information on the earthquakes that occurred along
the Dorsale Ferrarese using data that was available on June 3,
2012 (see Figures 20 and 21 for preliminary locations of the
two largest shocks)
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Figure 22. Environmental effects accompanying the May 20, 2012, My, 5.9,

Finale Emilia earthquake. The ground failure associated to sand liquefaction
at San Carlo, 30 km ESE of Mirandola. Doriano Castaldini shown for scale.
The photograph was taken on May 21, 2012.

On Sunday, May 20, 2012, at 4.02 am in the night, local
time, an earthquake of My, 5.9 [INGV 2012] ruptured the
Dorsale Ferrarese near Mirandola. The preliminary hypocen-
tral depth was evaluated at ca. 6 km [INGV 2012]. A My;, 5.8
(focal depth ca. 9 km) [INGV 2012] event occurred on May
29, 2012. The seismic sequence affected a WNW-ESE trend-
ing zone that was ca. 40 km long and was mainly located in
the Emilia region. The available focal mechanisms (e.g.,
http:/ /www.bo.ingv.it/italiano/news/meccanismi-focali-
della-sequenza-sismica-emiliana.html) clearly defined a
NNE-SSW nearly pure compression. The focal depths gen-
erally range from very shallow to 10 km to 12 km, with only
a few deeper events that rarely exceeding 20 km in depth.
The May 20, 2012, event occurred in an area of lower GPS
strain rate with respect of the surroundings [Cuffaro et al.
2010], arguably testifying the presence of a locked fault seg-
ment. The death toll was 24 people (seven on May 20, 17 on
May 29), and locally the damage was quite severe, and in par-
ticular in the historical downtown areas.

We visited the epicentral area from May 21, 2012, to map
the environmental effects of the earthquake as part of a joint
emergency team that included ISPRA, the INGV-Emergeo,
the University of Insubria, the University of Modena (Dori-
ano Castaldini), CNR-Firenze (Luigi Piccardi), Salamanca Uni-
versity, and the Spanish Geological Survey. Research is in
progress to systematically survey the whole epicentral area,
and to follow the evolution through time of the observed ef-
fects. The environmental effects observed to date have re-
vealed a complex pattern of ground fractures that are mostly
associated with ejected sand. Blue to gray fine sands from the
fluvial network that crosses the epicentral area were exten-
sively liquefied, to form fields of sand volcanoes; there have
also been common reports in the area of water fountains up
to 1.5 m high. At several sites, the ground water table has been
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reportedly up-lifted by several meters. The distribution of the
ground failure and the liquefaction effects was essentially con-
trolled by the local stratigraphic and geomorphic features. In-
deed, the most severe effects occurred between Sant'Agostino
and Mirabello, along a 6.5-km narrow belt that follows the
northeast-trending ancient embankment of the Reno River.
This ancient embankment was artificially abandoned during
the second half of the XVIII century, to mitigate local flood
risk. Local ground failure and ground fractures damaged the
water pipelines and the hydraulic irrigation network. In par-
ticular, near San Carlo, the liquefaction and lateral spreading
phenomena were truly significant (Figure 22). The macro-
seismic intensity at San Carlo reached IX on the ESI 2007 scale.
These phenomena showed a clear evolution through time,
and this led to the progressive evacuation of most of the vil-
lage. In general, it is possible to argue that the distribution and
amount of damage in the epicentral area were largely con-
trolled by the earthquake environmental effects, and especially
the liquefaction and lateral spreading.

8. Discussion and conclusions

Based on internally consistent fault geometries, struc-
tural segmentation, and evidence for Quaternary surface and
shallow subsurface folding strain, our investigations point to
a coherent seismic landscape in the Po Plain foredeep [Serva
1996, Michetti and Hancock 1997, Michetti et al. 2005a].

The Po Plain is being actively shortened across a num-
ber of thrust and fault-related folds, as testified by GPS
data and highlighted by geological and geomorphological
evidence over a short-to-medium-length time window
(Holocene to Mid-Pleistocene). As indicated by geodetic data
on horizontal velocities, the tectonic strain is mainly taken
up in the Piedmont sectors and by the buried structural
fronts of the two opposite mountain chains. The vertical
component of the strain is highlighted by recent tectonic
landforms, such as isolated reliefs, fluvial diversions, tilted
paleo-surfaces, and displaced fluvial terraces. These causative
structures are typically moving at slip rates ranging between
ca. 0.1 and 0.5 mm/yr and are ca. 10 to 20 km long. Based on
empirical regression relationships [e.g., Wells and Copper-
smith 1994], they are capable of producing a maximum mag-
nitude in the order of My, = 6.0 to 6.8, and they might be
characterized by long earthquake return periods (greater
than 1000 yr) [e.g., Slemmons and DePolo 1986].

As an initial working model, it is thus possible to con-
sider the December 25, 1222, Brescia earthquake Mg =62,
according to Guidoboni and Comastri 2005) as a 'character-
istic' earthquake for these structures, in terms of the earth-
quake magnitude and effects. This event can therefore be
used as the reference earthquake that should be related to
Quaternary structures that can produce surface faulting/
folding in the Po Plain foredeep. Further paleoseismological
research is in progress to verify this hypothesis.
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Figure 23. Three-dimensional diagram showing some examples of the fold-related faulting that is typical of the Po Plain compressive tectonic setting

[modified after Yeats 1986].

The case of the M, 5.2, November 24, 2004, Salo earth-
quake suggests instead that the size of earthquake can be con-
sidered as a 'floating' event for this area. As these kinds of
earthquakes do not cause easily recognizable primary tectonic
effects or other extensive ground effects in the studied tectonic
setting, there are no clear criteria to associate a crustal earth-
quake of M =5 to a specific tectonic structure. Therefore it is
not possible at this stage to exclude that an earthquake in this
range of magnitude can occur anywhere in this region.

Descending from the local seismic landscape, the re-
sulting medium-to-long-term tectonic geomorphology is
mostly dependent on local lithology and surface processes
(i.e., sedimentation/ erosion rates, morphologic contrast),
and on the regional style of faulting. The structural archi-
tecture of each fault zone is another important factor in the
determination of the resulting geological and geomorpho-
logical tectonic imprint. As an example, in Figure 23 we sum-
marize some typical structures of the Po Plain compressive
environment, focusing in particular on fold-related faulting
[e.g. Yeats 1986]. The specific features documented in the
four case histories described above can be easily recognized.

In Figure 24, we propose a model that for the maximum
expected magnitude threshold, illustrates the amount of sur-
face faulting and the nature and distribution of co-seismic ef-
fects (primary and secondary) that are generally associated
with typical earthquakes. The typical rupture length should
range approximately from a few to two dozen kilometers.
The model also accounts for secondary ground effects asso-
ciated with the seismic events, such as landslides and lique-
faction phenomena. Our study suggests that the central and
western Po Plain mirrors these relations.

However, as stated before, local factors can mask the tec-
tonic imprint on the landscape. These factors are essentially
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the rate of erosional and sedimentary processes, which are
controlled by lithology, climate, and the shape of the drainage
network. An ideal ratio between the tectonic (T) and the local
geological and geomorphological (G) morphogenic poten-
tials (Figure 23, T/G) can easily express this concept. High ra-
tios indicate an environment that is particularly promising for
the preservation of tectonic features, while on the other hand,
low ratios are typical of areas where sedimentation/ erosion
tend to conceal/ erase the tectonic input.

Uplift rates can be considered a good proxy for T. The case
histories discussed in this review indicate that ca. 0.1 mm/yr
to 0.5 mm/yr is a credible uplift rate for the whole of the
investigated area. In eastern Lombardy, sedimentation was
predominant at least until the latest glacial epoch. The sed-
imentation rates progressively lowered with the basin infill-
ing, and they are estimated as 0.7 mm/yr during the Jaramillo
period, 0.35 mm/yr during the Brunhes, and 0.15 mm/yr
thereafter, for a location ca. 6 km south of Castenedolo hill
[Scardia et al. 2006]. After the last glacial maximum, no
sedimentation was recorded in the northern fringe of the
Po Plain, while active river entrenching and erosion was
predominant.

Western Lombardy is characterized by a particularly
conservative setting. Indeed, the Albese con Cassano site is
located at a valley deflection and in a sector where the main
ice tongues that repeatedly descended from the central Alps
during the Quaternary resulted in a huge glacial lobe, thus
losing a large part of their erosive potential. In the Monferrato
area, the tectonic evolution is also revealed by the particularly
emphasized morphological evolution. This appears to be con-
nected to the low morphological contrast that characterizes
this area, where dramatic changes in the drainage network
occurred during the Mid-to-Late Pleistocene in response to
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Figure 24. Schematic three-dimensional block diagram illustrating the typical seismic landscape in the Po Plain foredeep. Typical maximum earthquake size
has been estimated as ca. M = 6.5. The geometric parameters of the hypothetical seismogenic structure are shown, as derived from Wells and Coppersmith
[1994]. The vertical exaggeration is ca. 4x. RLD, fault typical subsurface rupture length; RW, fault typical rupture width; RA, fault typical rupture area.

the growth of the Torino hill and Monferrato frontal thrusts.

Along the Mirandola anticline, the sedimentation rates
were calculated over a time window from 1.4 Ma to the pres-
ent [Scrocca et al. 2007]. The range of these calculated values
is from 1.96 mm/yr to 0.86 mm/yr, which is thus slightly
greater than the corresponding uplift rates.

Indeed, the style and magnitude of the Quaternary tec-
tonic deformation and its relation to the seismicity in this re-
gion are still relatively under-investigated topics. Although
several studies have addressed this issue since the 1960's,
there remains the lack of a systematic and integrated inves-
tigation based on modern active tectonics and paleoseismo-
logical techniques [e.g., Serva and Slemmons 1995, McCalpin
1996, Yeats et al. 1997, Michetti et al. 2005a, Audemard and
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Michetti 2011]. A reasonably conservative seismic hazard as-
sessment for the Po Plain should be based on the following
conclusions:

— Although strong earthquakes similar to the intensity
IX to X MCS historical events that occurred in 1117 and 1222
are very rare, they must be considered as credible events
along all of the Quaternary faults throughout the whole Po
Plain foredeep. This is necessary at least until we learn from
geological and geophysical studies how/if the Quaternary
tectonic structures near Brescia are truly different from those
in other areas, such as, for example, the Monferrato arc, the
Insubria region, and the Mirandola sector;

— Mid-Pleistocene to Holocene evidence of tectonic de-
formation is very well preserved throughout this investigated
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area from Emilia to Lombardia and Piemonte (see, for in-
stance, the ITHACA database at http:/ /www.isprambiente.
gov.it/site/en-GB/Projects/ITaly_HAzards_from_CApable
_faulting/ default.html for a compilation of faults that show
such evidence in the Po Plain). This has to be considered to
be the result of the medium-to-long-term seismic history of
this region. The tectonic aseismic creep that has been re-
ported only for the Mirandola structure in the whole Po
Plain has to be discussed and verified before aseismic behav-
ior can be invoked for other areas where there remains a lack
of recent strong earthquakes. Indeed, the tectonic fault creep
on the same structure might be associated with the occur-
rence of strong earthquakes, as illustrated by the seismic se-
quence that started on May 20, 2012, and also along several
other capable faults worldwide;

— The late Quaternary history of deformation, and espe-
cially that of the Holocene, and the local seismic landscape are
far more valuable tools for the estimation of seismic hazard
than has generally been appreciated previously in Italy, as well
as in most parts of the world. The lack of significant earth-
quakes in the Garda region over the last eight centuries, and
for longer elsewhere, must prompt efforts for a much deeper
understanding of the present seismic potential in one of the
most populated and economically developed areas of Europe.

On May 20, 2012, a few days after this review was for-
mally accepted for publication, a My, 5.9 [INGV 2012] earth-
quake ruptured the Mirandola structure. Observations from
the seismic sequence following this mainshock substantially
confirm our conclusions, as illustrated above. Active tecton-
ics and paleoseismological data show that in terms of the
maximum credible magnitude, the Po Plain, and therefore
also the area affected by the present seismic sequence, is no
different from other seismic areas of the Italian territory.
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