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Abstract

The Po Valley (Northern Italy) is a composite foreland—foredeep basin caught in between the Southern Alps and Northern Apennine mountain belts.

By integrating the 3D structural model of the region with the public earthquake dataset, the seismo-tectonics of the basin is shown at different scales of observation.

The three-dimensional geo-volume is used to review the seismicity around the region and validate the structure—earthquake association for such a complex tectonic framework.

Despite the overall uncertainty due to the original data distribution-quality as well as the crustal scale model dimension, the direct correlation between structures and seismicity a) confirms the Po Valley region as an active
tectonic system; and b) allows the whole structural architecture to be revised by a unique three-dimensional perspective and approach.

This study also indicates that 3D methodology is a powerful tool for a-better understanding of highly complex seismo-tectonic situations at both regional and local seatescales.
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1 Introduction

Italy is an active tectonic province within the Mediterranean geodynamic puzzle. In the region, the major structural units and the related crustal scale geological boundaries are clearly revealed by the current stress field and the important
seismicity (e.g. Carminati & Doglioni, 2012; Di Bucci & Angeloni, 2013 and reference therein). Through geological time, both pre-Alpine (Mesozoic and pre-Mesozoic) and Alpine (mainly Cenozoic) tectonics have interacted to create the current
structural and stratigraphic setting (Elter and Pertusati, 1973; Laubscher, 1996; Castellarin, 2001; Castellarin and Cantelli, 2010; Cuffaro et al., 2010; Mosca et al., 2010; Carminati and Doglioni, 2012 and reference therein). As a result, the Po

Valley (Fig. 1) represents the north-westernmost buried sector of the Apulian indenter (or Adria plate: Channell et al., 1979, Dewey et al., 1973, Dercourt et al., 1986), the foreland/foredeep domain to the Alpine and Northern Apenninic belts and,



ultimately, one of the major hydrocarbon provinces of continental Europe.
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Fig. 1 Digital topography and tectonic framework (modified from Nicolich, 2010) around the Po Valley region. (PV) Po Valley; (SA) Southern Alps; (NA) Northern Apennines; (WA) Western Alps; (EA) Eastern Alps; (D) Dinarides; (J) Jura Mountains; (A) Adriatic; (T) Tyrrenhian; (1) Insubric Line; (2)
Giudicarie Line; (3) Schio-=Vicenza Line; (4) Sestri-—Voltaggio-=Villavernia Lines; (a-=e) buried thrust fronts: a = Milano Thrust Front; b = Monferrato Thrust Front; ¢ = Emilian Thrust Front; d = Ferrara-——Romagna Thrust Front; e = Ancona Thrust Front. TPB = Tertiary Piedmont Basin. Latitude and

Longitude values are North and East of Greenwich. Grid in the irsertinset map is 500 km.

Historical and instrumental earthquakes across the Italian peninsula are recorded, collected and reviewed by the Istituto Nazionale di Geofisica e Vulcanologia (INGV; National Institute for Geophysics and Volcanology). The derived
catalogues are constantly updated at each new seismic event and both initial and (re)processed data are available to the public, on the institution's website (http://www.ingv.it/it/).
While earthquakes happen continuously all through the country, the northern part of Italy is characterized by patchy hypocentre occurrence with highly concentrated clusters (Fig. 2a). Magnitude (local) of the reported earthquakes across

the region is between 0 and 7 while depth of the events is between 0-=70 km. Focal mechanisms from the available literature (Fig. 2b) indicate mainly rerth-sesthnorth—south active shortening with thrust-related and strike—slip structures, these

being supported by regional stress, thrust—slip rates, GPS-derived maps and geomorphological criteria (Burrato et al., 2003; Montone et al., 2004; Maesano et al., 2010, 2011; Rovida et al., 2011; Burrato et al, 2012; Carminati & Doglioni, 2012;

Michetti et al., 2012; Di Bucci & Angeloni, 2013; Maesano et al., 2013, 2014; and all references therein).



Fig. 2 a-—b——Instrumental (black) and historical (red) earthquakes (0 < M < 7) against the Po Valley tectonics (see Fig. 1 for &its-unit distribution and name). Green squares in Fig—2panel a are deep wells which have penetrated the Mesozoic Carbonates. In Fig—2panel b the focal mechanisms of

the major events (M > 5; from Di Bucci and Angeloni, 2013) are indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.

Three-dimensional sedetirg-modelling is an important tool to tackle highly complex geological structures. Although such technique has become a standard procedure especially for oil and gas exploration (Mitra and Leslie, 2003; Turrini
and Rennison, 2004; Dischinger and Mitra, 2006; Mitra et al., 2005, 2007; Valcarce et al., 2006; Turrini et al., 2009; Lindsay et al., 2012; Vouillamoz et al., 2012; Shao et al., 2012 and reference therein), groundwater aquifer studies (Berg et al.,
2004 and references therein) and ore deposit analysis (Han et al., 2011, and references therein), the application of 3D models to seismo-tectonic studies is rare (e.g. Bechtold et al., 2009; Burrato et al., 2014; Carena et al., 2002; Maesano et al.,

2014). Hence, schematic cross-sections or simple map-view projections constitute the classic tools for the analysis of structures-versus-earthquakes associations.
As follow-up to the recent Po Valley 3D model (Turrini et al., 2014), this study aims to illustrate and discuss the structures and the seismicity of the region from crustal to local scale.

Noteworthy, given the range of uncertainty in both the 3D model and the original earthquake dataset, this study does not aim to offer a quantitative seismological analysis about the selected structural domains. Conversely, the final 3D

geo-volume may represent a powerful tool in the urareveting-unravelling of the basin seismo-tectonic complexity.

2 Regional framework of the Po Valley



2.1 Structures, stratigraphy & exploration

Structures across the Po Valley region mainly refer to the external domains of the Southern Alps and the Northern Apennines and intervening foreland, this latter being a major obstacle to the propagation of large and buried tectonic arcs (Pieri and

Groppi, 1981; Castellarin and Vai, 1982; Bartolini et al., 1996; Cassano et al.. 1986Gassane-etal;1+986;; Castellarin et al., 1986; Ricci Lucchi, 1986; Perotti, 1991; Perotti and Vercesi, 1991; Bertotti et al., 1997; Argnani and Ricci Lucchi, 2001; Carminati and

Doglioni, 2012; Ahmad et al., 2014; Toscani et al., 2014; Turrini et al., 2014, and reference therein). Provided the well results and the outcrops around the region, the Po Valley sedimentary successions are defined by Mesozoic carbonates, clastic Cenozoic
deposits and a crystalline basement essentially composed of Hercynian metamorphic rocks. The final tectonic features evolved from late Triassic-——early Jurassic extension to late Cretaceous-—Cenozoic compression, this providing inversion of the pre-existing
extensional structures and shortening across both the foreland and the surrounding orogenic belts (Bertotti et al., 1993; Fantoni et al., 2004; Jadoul et al., 1992).5- During such a deformation history, sedimentation of the carbonates kept pace with the overall
tectonics so that shelf, marginal and basin type deposits developed as part of the northern Africa derived Adria micro-plate. Triassic—early Jurassic rift-related structures were locally inverted by Cretaceous contraction with reactivation of some of the existing N-=S
and E-=W trending normal faults (Dal Piaz et al., 2004; Ravaglia et al., 2006; Schmid et al., 2004). Onset of the foreland flexure at the front of the western Southern Alps is suggested by the deposition of Oligocene turbidites (Gonfolite basin; Gelati and Gnaccolini,
1982; Castellarin and Vai, 1986; Roure et al., 1989, 1990). Finally, in Miocene and Pliocene times, the basin became the foreland of the Alps and the Apennrires-Apennine belts and the Mesozoic rocks were deeply buried beneath the

Pateegene-Palaeogene-Neogene clastics and the associated feredeeps-foredeep wedges (Fantoni et al., 2004; Trumpy, 1973).

Since the end of the 20th century a number of hydrocarbon fields have been discovered and developed inside the Po Valley basin (Pieri, 1984). Among others, the Villafortuna-——Trecate field, 30 km west of Milano, has been the most successful so far as
it produced 240 MMbbls from a Triassic carbonate reservoir, 5000 m below the mean sea level. By the acquisition of modern 2D/3D seismic surveys and the drilling of deep wells (green dots in Fig. 2a), the oil business strongly contributed to the understanding of
the basin tectonics, sedimentology and geochemistry (Bello and Fantoni, 2002; Bongiorni, 1987; Casero et al. 1990; Cassano et al., 1986; Errico et al, 1980; Fantoni et al., 2004; Lindquist, 1999; Mattavelli and Margarucci, 1992; Mattavelli and Novelli, 1987;
Nardon et al., 1991; Pieri, 1984; Pieri and Groppi, 1981).

2.2 Seismo-tectonic setting

Summarising active tectonic studies and all those works useful for the seismo-tectonic eharaeterisatien-characterization of the Po Valley region is difficult, due to the size of the area and the number of papers. Indeed, numerous research projects have

increasingly tackled the Po Valley neotectonic setting, this being especially due to the recent earthquake activity in the region (Michetti et al., 2012; Vannoli et al., 2014).

Previous studies discussed the region as part of the larger ltalian seismo-tectonics in terms of seismicity (Chiarabba et al., 2005), seismogenic source characteristics and processes (Basili et al., 2008), present-day stress field and focal mechanisms (Di
Bucci and Angeloni, 2013; Montone et al., 2004), and GPS analysis (Serpelloni et al., 2005, 2012, 2013). At the same time, other studies have concentrated on selected areas or specific seismo-tectonic-related topics across the Po Valley and the surrounding

regions. Among these many studies, below we put emphasis on those which provided key constraints to the performed 3D modelling, loosely grouped by tectonic domain (foreland, Southern Alps, Northern Apennines).

In the foreland, Castaldini and Panizza (1991) illustrated one of the first irvertery-inventories of active faults, yet restricted to the eastern sector of the region. Burrato et al. adopted a geomorphological approach, based on the detailed analysis of the
drainage network (2003), and pseudo 3D models (2012 and 2014) to contribute to the assessment of the seismic hazard across the basin. Carminati et al. (2007) utilized historical sources to discuss the feasibility of liquefaction-induced subsidence in Venice and
the possible associated earthquake phenomena. Livio et al. (2009268443, 2014) used seismic reflection profiles, field data, exploratory trenching and geomorphic and structural analysis to characterize the Quaternary growth history of selected inferred active
buried thrusts. Bresciani and Perotti (2014) used field surveys, well data and a detailed interpretation of a depth-converted seismic line, to reveal the seismo-tectonic characteristics of a partially buried structure, still active in recent times (the Romanengo
anticline). Toscani et al. (2014)Feseantetal{26+4) investigated the kinematics of the central sector of the Po Valley foreland—foredeep units, between the Southern Alps and the Apennines, by structure restoration and analogue models. Recently, Maesano et
al. (2010,2011, 2013, 2014) presented the compilation of a slip-rate database about the Plio-—Pleistocene blind thrusts of the outer Northern Apennines fronts, these being potential sources of strong earthquakes. North of Milan and at the transition between the

Southern Alps and the foreland units, Scardia et al. (2014) documented the tectonics and earthquake activity which deformed that domain since the Pliocene to the present day.

Along the eastern Southern Alps and especially in the Friuli region, seismo-tectonic structures have been investigated using: stress orientation data and focal mechanism inversion (Bressan et al., 1992, 1998, 2003), structures—earthquake association
(Carulli and Ponton, 1992), earthquake relocation and hypocentral probability (Poli et al., 2002), seismogenic sources (Barba et al., 2013; Burrato et al., 2008; Galadini et al., 2005), strain accumulation and stress transfer by numerical investigation (Cassola et al.,

2007), site velocities from continuous GPS observations and 3D medelirg-modelling (Bechtold et al., 2009), finite-fault synthetic seismograms and fault models (Moratto et al., 2012), and seismic monitoring experiments (Chiaraluce et al., 2009).

On the southern side of the Po Valley basin, the seismicity of the Northern Apenninic front and the derived buried tectonic arcs has been the subject for different studies (Benedetti et al., 2003; Boccaletti et al., 2011; Di Giovambattista and Tyupkin, 1999;
Gunderson et al., 2013; Ponza et al., 2010; Toscani et al., 2006, 2009). In particular, given the recent and important earthquake activity, various techniques have been used to unravel the seismo-tectonic framework of the western sector of the Ferrara tectonic arc,

namely the Cavone-—Mirandola area (Carminati et al., 2010; Bignami et al., 2012; Di Manna et al., 2012; Marzorati et al., 2012; Scognamiglio et al., 2012; Carannante et al., 2013; Maesano et al., 2013; Bonini et al., 2014; Govoni et al., 2014).

Noteworthy, given the apparent lack of important seismicity, no particular research has tackled the seismo-tectonics of the extreme western Po Valley (i.e. west of Milan). Nevertheless and exceptionally, Delacou et al. (2004) integrated that region as part

of the seismo-tectonics analysis of the western/central Alps using a synthesis of the available and most reliable focal mechanisms.



3 Data & methodology
3.1 Data

The data used to build the performed 3D model are derived from public literature and the archives of the Italian Ministry of Energy (http://Junmig.sviluppoeconomico.gov.it, namely the ViDEPI Project, n.d). As such they refer to geophysical and geological

maps, cross-sections, well composite logs and stratigraphic columns. No seismic data have been used during the model building process. A complete description of the whole dataset, and its distribution across the basin, is provided in Turrini et al. (2014).

Conversely, the earthquake data comes from the catalogues available to the public on the INGV website (http:/bollettinosismico.rm.ingv.it; http:/iside.rm.ingv.it). Hypocentres in the database, described by location, magnitude (Mw and Mi for historical

and instrumental earthquake respectively) and depth, can be essentially classified as:

1. Historicak if their location was derived from the analysis of the damage pattern. They are included in the CPTI11 Catalogue (Rovida et al., 2011; http://emidius.mi.ingv.it’CPTI11/). There are earthquakes from 1000 to 2006, those occurred from 1980 to 2006 are also included in the
instrumental catalogues. This is a parametric catalogue with epicentral coordinates, but not depth, and magnitude expressed as moment magnitude (M,,).

2. Instrumental if it occurred after 1980 and registered by the ltalian seismic Network (that was established after the 1980 Irpinia earthquake). Usually all these earthquakes were located in semi real time and re-located manually. These earthquakes are included in different catalogues

since the ISN was developed during the time and changed also a little bit the procedure to {eeated-locate them. From 1981 to 2001 they are included in the CSI 1.1 Catalogue (Castello et al., 2006; http://csi.rm.ingv.it/). From 2002 to April 2013 they are included in the Bollettino Sismico

Italiano and downloadable from http://bollettinosismico.rm.ingv.it/ and http://iside.rm.ingv.it/. The latter web-site includes also the real-time seismicity not revised by the analyst seismologists (April 2014 up to now).

3.2 Methodology

The methodology adopted so far refers to four different phases of data collection, editing and analysis.

Phase I: the available data from the literature have been integrated/geo-referenced to a common geographical system and used to build the Po Valley 3D structural model (Turrini et al., 2014). Four layers have been gridded all across the region while

key cross-sections, depth-slices and isopach maps have been constructed to aratyse-analyze the final model. Both the model building and the related analysis have been performed using the MOVE software.

Phase IlI: in order to a) review the regional 3D model layers, b) improve them across selected structural domains inside the basin, and c) build the final 3D fault pattern, the Kingdom 2D3D package (http:/www.ihs.com/products/oil-gas/geoscience-
software/kingdom-seismic-interpretation/index.aspx) has been used after creation of a regular grid of SEGY pseudo-seismic lines and import of the MOVE depth grids, these being hence better suitable for re-picking, tie to wells and local modifications.

Specifically, the fault building process was performed by:

1. projection of public map fault traces on the model grid layers
2. analysis and slicing of the structural geometries from the 3D model depth-grids and along the available well paths

3. gridding of the final 3D fault plane.

Further, the Kingdom surface-validation tool was used to allow the 3D surface compatibility of the freeeteed-modelled faults to be checked during real-time picking on the pseudo-segy lines.

Phase llI: the 3D structural model has been populated with the earthquake data from the INGV eatategs-catalogues and a 3D seismo-tectonic model could be obtained. For ease, both historical and instrumental events were divided and graphically
scaled in different magnitude classes (0 < M < 7). The final 3D seismo-tectonic models have been accurately sliced and analyzed versus the hypeeenterhypocentre distribution, the single shock events being eventually coloured by depth and projected onto the

model vertical slices from the most suitable distances.

Phase IV: 3 selected 3D seismo-tectonic sub-models and the derived earthquake-=structures associations have been aratysee-analyzed by map view, systematic vertical slicing and fypeeenter-hypocentre projection. The MOVE software was used for

3D visualization and rendering of the model structures and earthquake events.

4 Model and data uncertainty
The uncertainties associated with the 3D structural model have been discussed by Turrini et al. (2014)Furrini-etal+26+4} and can be considered to increase as we move downscale from the crustal to the field scale. In order to refine
the interpretation and reduce the related uncertainties, the MOVE grids have been reviewed and improved using Kingdom software, where interpretation of horizons and faults can be more easily managed by cross-picking and wells, such as is

done for conventional seismic interpretation. Since no seismic data have been used during the model building, any issue related to the Po Valley litho-tectonic units velocities is directly inherited from the original depth-data (maps, cross-



sections, wells; see specific papers referenced in Turrini et al., 2014) so that the related uncertainty is then accepted as part of the 3D structural model one.

Uncertainty concerning the location and magnitude of earthquakes within the extent of the final 3D model can be larger than the structural uncertainty. This is mainly due to the data recording and processing. In particular, depth
conversion of the events is critical as the final error will essentially depend on the difference between the selected velocity model and the true, yet unknown, velocity distribution through the Earth. Despite any effort and reviewing by the INGV
experts, uncertainty about 3D location (horizontal and vertical) and magnitude of the kypeeenters-hypocentres remains a major issue within the Po Valley seismicity database (e.g. Chiarabba et al., 2005), although various filtering of the data may
represent a way to reduce it: 1) magnitude cut-off (i.e. > 5, ref=Vannoli et al., 2014), 2) selection of the events characterized by a minimum error in the INGV catalogues, and 3) selection of the events recorded by a maximum number of stations.
Eventually, although aware of the aforementioned concepts and given the general scarce and patchy seismicity of the Po Valley domain, we have chosen to use the entire INGV earthquake dataset. As a consequence the possible seismo-
tectonic scenarios have been analyzed in #ke-light of the performed 3D perspective and our experienced/knowledge of the basin. The process suggested that:

1. The validity of the Po Valley structure-—earthquake integration seems, at present, acceptable at the regional scale, whereas it should be considered possible at a smaller scale (e.g. across the selected sub-domains);

2. The distance of projection of the earthquakes (HPD =Hypocentre Projection Distance) on the selected cross-sections or maps is based on a) an average 2--5km horizontal—vertical error (http://www.ingv.it/it/), b) the structural domain specifications (e.g. mainly

compression/extension?), c) the 3D structures (geometries, dimensions), and d) the distribution/density of the surrounding earthquakes;

3. This indicates that the earthquakes-=structures integration and the derived comparative analysis have the potential to act as a decisive tool for uncertainty reduction and reciprocal validation of the data used to build the final Po Valley 3D seismo-tectonic model.

5 Seismo-tectonics across the 3D Po Valley geo-volume
5.1 3D model and regional seismicity

Once the outcrop structural trends and the subsurface model layers are put against the entire earthquake dataset, the 3D seismo-tectonic framework across and around the Po Valley is immediately revealed.

In general, the model confirms the positive correlation among the crustal tectonics and the most important earthquake events (Fig. 3a).
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Fig. 3 Images from the 3D seismo-tectonic model. a) Moho and top Mesozoic Carbonates grid-layers with earthquake (3 < M < 7) eetered-coloured by depth (sea eotor-colour scale bar in Fig—3panel c). Perspective view looking NW; b) map view of the Moho units (EM = European Moho, AM = Adria

Moho, TyM = Tyrrenian Moho; white dot line is the northern boundary of the Adria Moho; see Turrini et al, 2014) against contour map of the Po Valley top Mesozoic Carbonates and major tectonics. Earthquakes (3 < M < 7) are eetered-coloured by depth (sea ester-colour scale bar in Fig—3panel c).

NA = Northern Alps, WA = Western Alps, SA = Southern Alps, Nap = Northern Apennines; c) all instrumental earthquakes (0 < M < 7) eeteres-coloured by depth to show active tectonics across the Northern Apennines and the Southern Alps._(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

In detail, inspection of the 3D model by depth rendering, contouring and perspective visualization of the fayerslayer/fautis-fault grids and the earthquake events illustrates a number of observations:
1. Most of the events are concentrated at the upper-crust level, between the top basement and the top Mesozoic carbonates (Fig. 3b; red events);

2. Only a minor part of the shocks occur in the lower crust or close to the Moho interface (Fig. 3b; orange and green event);

3. The Adria plate boundary is actively interacting with the Tyrrhenian—Ligurian plate below the Northern Apennines (Fig. 3a; see also Fig. 7c-=d) so that the earthquake events can be followed from surface down to 70 km below the Northern Apennines (Fig. 3a and c; see also

Fig. 7c=d);

4. Conversely, along the Southern Alps belt, the tectonic interaction between the Adria and the Europe plates appears currently frozen at the deep crust and Moho levels whereas deformation of the upper crust is confirmed by the intense seismicity across the Mesozoic and upper

basement units (Fig. 3a and c; see also Fig. 7a=—d);



5. At the southern and northern boundaries of the eastern Po Valley domain, overthrusting of the Southern Alps and the Northern Apennines onto the Po Valley Mesozoic foreland controls the earthquake concentration at the buried and segmented front of the two belts (Ferrara arc, Friuli

domain) (Fig. 4a);

6. Structures across the Cenozoic clastic successions and above the base-Pliocene surface (Fig. 4b) show poor instrumental seismicity (e.g. in the NW sector the Ferrara tectonic arc).
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Fig. 4 Images from the 3D seismo-tectonic model. a) Top Mesozoic Carbonates contoured 3D grid and major thrust surfaces at the Northern Apennines (Nap) and Southern Alps (SA) segmented external front; instrumental earthquakes coloured by depth (colour scale bar in Fig. 3c); b) eastern Po
Valley Base Pliocene 3D structures (see irsertinset for location) and the associated instrumental earthquakes in the Cavone region. Outcrop geometries (purple) and thrust front of the Northern Apennines (black stipple line) are shown._(For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Seismicity can also be correlated to the Mesozoic Carbonates units which is the main exploration target in the area (see Turrini et al., 2014 for detailed discussion). Indeed, because the earthquakes especially concentrate at the upper-crust level (see
Fig. 3b), the final Carbonates-earthquake map-view (Fig. 5a-=b) can be taken as representative of the Po Valley foreland seismo-tectonics. The derived picture illustrates the major structures of the eastern and western domain as they stand against a general poor

and patchy seismicity: nearly absent west of the Giudicarie lineament and rather intense although extremely localized to the east of that lineament.
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Fig. 5 Po Valley top Mesozoic Carbonates 3D grid by contouring and depth colouring, earthquakes and tectonics: map view; a) structures against all instrumental and historical earthquakes. Location of sections and selected domains ein_Figs. 7, 8,

o |

and 9 are-is indicated; b) structures against
instrumental earthquakes (4 <M < 7) coloured by depth. Horizontal net dimension is 80 km. Latitude and longitude values are North and East of Greenwich.

5.2 Faults and earthquakes

At present, our seismo-tectonic model is populated with 66 fault surfaces. Most of them are thrust faults (with possible local oblique component of slip) related to Alpine shortening. Nevertheless, a part of those faults can be associated to both extension
and compression that occurred through Triassic to present (Turrini et al., 2014 and all references therein). Few faults in the current 3D model are extensional faults only.

In detail, the 3D model faults can be divided into 4 groups (Fig. 6) mainly defined according to their location and depth and each characterized by specific earthquake population:
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Fig. 6 3D fault surfaces, coloured by depth, against all earthquake events: see text for description of each fault-group. Horizontal net dimension is 80 km. Latitude and longitude values are North and East of Greenwich.

Group 1 (Fig. 6a): these faults are part of the western Po Valley structural domain and they exclusively cut across the Mesozoic carbonates and their underlying basement (Cassano et al, 1986; Fantoni et al., 2004; Ravaglia et al., 2006). Depth to the fault
plane is comprised between 3 and 15 km. Dip is really variable depending on the related structure orientation and tectonic significance (see Turrini et al. 2014, and reference therein). Most of the Group_1 faults appear free from important earthquake activity with

the exception of isolated faults to the east of Milan and those below the Monferrato belt (see cross-section AA1 in Fig. 8 and related discussion).

Group 2 (Fig. 6a): faults of this group belong to the eastern Po Valley structural domain, namely the buried front of the Northern Apennines (Ferrara arc). These faults deform the Mesozoic carbonates and propagate into the overlying Cenozoic clastic
successions (Pieri and Groppi, 1981; Cassano et al., 1986; Castellarin et al., 1986; Bonini et al, 2014 and all referenee-references therein). Basement involvement by some of the more internal faults is a long-standing debate, yet it seems to be eventually
demonstrated by recent earthquake activity (Govoni et al., 2014 for the most recent analysis of relocated hypocentres). Depth to the fault plane is comprised between 3 and 15 km. Dip is mainly towards the SW. Inside the group, the faults that deform the NW

sector of the Ferrara tectonic arc can be correlated with intense earthquake clusters (see Section 5.4.2 and related references). Only a weak seismicity is recorded along the 3D fault surfaces that have been medeted-modelled across the SE sector of the arc.

Group 3 (Fig. 6b): these faults are again part of the western Po Valley domain yet they are shallower than the ones described for group 1 and mechanically detached from them (Bello and Fantoni, 2002; Cassano et al., 1986; Fantoni et al., 2004; Turrini

etal., 2014 and references therein). In particular they:



1. displace the South Alpine allochthonous basement (fault *SAb*)
2. displace and imbricate the South Alpine carbonate units (fatits=fault ‘SAc’)
3. induce thrusting of the clastic sediments at the front of the western Southern Alps (fault *SAw*)

4. displace the Northern Apennine Ligurides units in the Monferrato region (fault *“NAm*)

5. deform the clastic succession of the Emilia and Milano buried fronts (faults “NAe! and “SMf respectively).

Seismicity around those faults is poor and the related magnitude values vary from low to moderate as we move from west to east, towards the Giudicarie lineament and the NW sector of the Ferrara buried arc.

Group 4 (Fig. 6b): faults in this group define the Veneto and Friuli Southern Alps domains, the latter being deformed by both the Alpine and Dinaric tectonics (see Section 5.4.1, this paper, and references therein). Depth to the fault planes varies between

1 and 15 km as their dip is mostly towards the NNW (Alpine faults) and NE (Dinaric faults). Seismicity around the fault planes can be intense with high magnitude values (see Section 5.4.1).

5.3 3D model slicing and earthquakes

Vertical slicing of the model provides further insights about the final 3D seismo-tectonic geo-volume and the methodology as well.

The crustal-scale sections in Fig. 7 supply good examples of the Po Valley structure—earthquake associations moving from the western domain (seetier-sections ‘a’ and *b*) to the eastern one (seetier—sections ‘¢’ and “d"). The hypocentres from the
INGV database have been projected perpendicularly from a distance of 10 km, on the same cross-sections which have been already discussed in terms of structural geometries by Turrini et al. (2014). The negative and positive correlations between structures
and instrumental seismicity are straight-forwards across the region at all of the stratigraphic levels. Once again the major tectonic zones are the loci of important earthquake clusters in the eastern Po Valley domain (seetiern-sections ‘c” and *d*). Conversely the

western domain structures (seetier-sections ‘a” and “b*) appear nearly earthquake-free, even considering the historical event distribution (red dots at depth = 0 on all of the cross-sections).
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Fig. 7 Crustal-scale cross-sections from Turrini et al.; (2014) against the INGV earthquake dataset; black dots: instrumental hypocentres (0 < M < 7); red dots: historical hypocentres (M = 3-=7). HPD = Hypocentre Projection Distance. Deep red dots in section ‘d’ are historical hypocentres relocated

by depth. Section ‘a’: 1 = Near Top Basement; 2 = Near Top Triassic; 3 = top Mesozoic Carbonates; 4 = Cenozoic succession; 5 = Base-Pliocene unconformity; NA = Northern Apennines; Atteehterets(Allochthonous Ligurides); TPB = Tertiary Piedmont Basin sediments; LA = Ligurian Alps;
SA = Southern Alps; IFZ = Insubric Fault Zone; M = Moho. Section ‘b’ 1 = Northern Apennines (AftleehteretsAllochthonous Ligurides); 2 = Southern Alps; 3 = Western + Northern Alps. Section ‘c: 1 = Near Top Basement; 2 = Near Top Triassic; 3 = top Mesozoic Carbonates; 4 = Cenozoic
succession; 5 = Base-Pliocene unconformity; NA = Northern Apennines; SA = Southern Alps; v = volcanics; IEF = Inverted extensional fault. Section ‘d": 1 = Near Top Basement; 2 = Near Top Triassic; 3 = top Mesozoic Carbonates; 4 = Cenozoic succession; 5 = Base-Pliocene unconformity;

NA = Northern Apennines; SA = Southern Alps; IFZ = Insubric Fault Zone; M = Moho. See Fig. 5a for location of sections._(For interpretation of the references to colour in this figure legend. the reader is referred to the web version of this article.)

In order to focus on the seismo-tectonic interpretation of the foreland structure while showing the impact of the earthquake distance of projection on the derived uncertainty, the AA1 cross-section in Fig. 8 has been sliced from the 3D model and the

related structure-—earthquake associations have been analysed-analyzed and compared to one another.
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Fig. 8 Vertical slice across the seismo-tectonic 3D model to show the possible structures—earthquakes associations as a function of the hypocentres projection distance: a) section location on the top Mesozoic Carbonates grid layer and all earthquake dataset; red line = vertical slice path, stipple

lines =5, 10 and 20 km Hypocentre Projection Distance for b, ¢, and d earthquake projection sensitivity; b) 2d structures and earthquakes (0 < M < 5) projected from 5 km normal to the section; ¢) 2d structures and earthquakes (0 < M < 5) projected from 10 km normal to the section; c) 2d structures

and earthquakes (0 < M < 5) projected from 20 km normal to the section._(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The cross--section runs through the Monferrato arc, the Gaggiano-Lacchiarella domain, the external front of the Southern Alpine belt (and the related foreland units) and the Veneto carbonate platform unit (Fig. 8a). The overall structural setting basically

refers to a) Triassic-—Jurassic extension which controlled the Mesozoic block-faulting and the related thickness distribution and b) Cretaceous-to-Pliocene contraction which reactivated part of the extensional faults, inverted some of the Jurassic basins and
displaced the Apennines and Southern Alps towards the Po Valley foreland (Turrini et al., 2014 and all references therein).

Three different distances of projection of the surrounding earthquakes have been considered with respect to the structure orientation and dimensions (see Fig. 8a and figure caption for explanation). The associated magnitude, variable between 0 and 5



has been rendered using different eeters-colours and dimension of the points representing the shocks in the area.

When the projection distance of the events on the cross-section is 5 km (Fig. 8b), no major shock is shown across the structures. Conversely three shocks with 3 < M < 4 occur in the Veneto Platform domain: near the top of the Mesozoic Carbonates and
in the lower crust, at approximately 20 km depth below the mean sea level. One shock with similar magnitude occurs close to the Moho below the Monferrato belt, in correspondence to a strong “fold” of the Moho. A cloud of shocks with 0 < M < 3 is loosely
distributed to the ENE of the well Chiari 1, between the topography and—- 10 km depth. Eventually, some isolated shocks can be picked below the Asti 1 well, in the Monferrato region. The picture, despite the absence of major earthquakes, provides a
reasonable imaging of the seismo-tectonic of the area with an increasing seismicity from SW to NE.

Using a 10 km (Fig. 8c) distance of projection a couple of 4 < M < 5 events can now be associated with the basement faults which deform the Veneto Platform. The 3 < M < 4 earthquakes are spread over a wider area, below and to the east of the Chiari
well, both in the foreland and within the Southern Alps units. A few of them also appear close to the Moho: close to the Moho interface between the Lacchiarella inverted structure and the Monferrato belt, and near to the top of the basement, below the Asti 1 well.
The seismo-tectonic architecture suggested using a 5 km distance of projection is here confirmed and possibly reinforced: a) seismicity gets stronger from west to east, b) the Southern Alps thrusts do correlate with some shock events, ¢) some of the extensional

faults in the foreland can be correlated to isolated shocks (Chiari basin) and some other are nearly shock-free (Lacchiarella basin), and d) there seems to exist a seismogenic layer above the Moho interface.

Using a 20 km distance (Fig. 8d), the 3 <M <5 earthquake clusters previously described are substantially the same while the 0 <M < 3 events increase in density as a sort of background-seismicity-noise across the crust to the east and west of the

Gaggiano--Lacchiarella zone.
From the performed analysis we conclude that:
1. With any of the earthquake projection distance we have chosen, the overall seismo-tectonic picture always indicates moderately active Veneto-Platform and Southern Alps domains and a low active Monferrato domain, the two being separated by a nearly silent zone which covers the
Gaggiano-=Lacchiarella structural domain.
2. Along the selected cross-section path, increase in the projection distance from 5 to 20 km results to an increase of the structure seismicity for all of the domains with no visible inconsistency among the different tests.

3. Nevertheless, given the geometry of the structures (dimension and orientation) and the distribution of the available earthquakes, a projection distance of 10 km appears to be the most reasonable for the selected model slice to produce a most likely representation of the possible seismo-

tectonic system. Conversely the 5 and 20 km earthquake projection distances seem to account for the extreme situations (minimum or maximum earthquake events), those not allowing the studied case to be completely/correctly represented in its seismo-tectonic elements.

5.4 Seismo-tectonics of selected structural domains around the Po Valley basin

In order to test the final 3D seismo-tectonic model and the related methodology, two domains on the opposite sides of the Po Valley basin, the Friuli domain and the Ferrara arc (Figs. 9-=13), have been selected for further and more refined analysis.



Fig. 9 Selected domains from the Po Valley 3D seismo-tectonic model: a) Friuli domain: section location, tectonics and earthquakes; IFz = Insubric Fault zone, SAf = Southern Alps thrust front, Df = Dinarides thrust front, SAD = Southern Alps-=Dinarides Interference zone. Horizontal net dimension is
80 km. Latitude and longitude values are North and East of Greenwich; b) earthquake distribution by number and depth against approximate crustal scale stratigraphy (Mz = Mesozoic carbonates, B = basement; M = Moho); blue shadow area to suggest vertical uncertainty of the earthquake

distribution; c) Ferrara arc domain: section location, tectonics and earthquakes; d) earthquake distribution by number and depth against approximate crustal scale stratigraphy (Mz = Mesozoic carbonates, B = basement; M = Moho); blue shadow area to suggest vertical uncertainty of the earthquake

distribution._(For interpretation of the references to colour in this figure legend. the reader is referred to the web version of this article.




Fig. 10 Seismo-tectonic sections in the Friuli domain of the eastern Southern Alps to show structures=—earthquake associations in the region (location in Fig. 9a; modified from Ponton, 2010; HPD = Hypocentre Projection Distance; note different HPD for the same a1 and a2 cross-seetionsections:

see text for discussion). Deep red dots are relocated hypeeentershypocentres. (For interpretation of the references to colour in this figure legend. the reader is referred to the web version of this article.
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Fig. 11 3D visualization of the Friuli domain seismo-tectonics: 4 < M < 7 earthquakes against 3D fault surfaces; a) earthquakes in the footwall of major thrust plane, perspective view looking NW; b) same earthquake cluster ef-Fig—t+in panel a at the Southern Alps—Dinarides structural interference

(IF = interference zone; SATh = Southern Alps thrust; DTh = Dinaric thrust:: see text for discussion). Perspective view looking NW.
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Fig. 12 Seismo-tectonic sections sliced across the 3D volume (location in Fig. 9b) to show structure—earthquake association across the Ferrara tectonic arc; HPD = Hypocentre Projection Distance; see text for discussion.
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Fig. 13 3D visualization across the Ferrara domain; a) earthquake stratigraphy, conformable with the model layers; perspective view looking SSW; b) earthquakes (cubes eetered-coloured by depth; dimension proportional to magnitude) versus folds and thrusts in the Cavone field area; perspective

view looking NW. c) transfer zone, overlapping thrusts and earthquake distribution between the Cavone field and the Ferrara anticline (cross sections from Cassano et al., 1986). Perspective view looking SW; see text for discussion.

5.4.1 The Friuli domain

The Friuli domain is located at the transition between the eastern sector of the Southern Alps-Dinaric fronts and the associated Po Valley foreland (Fig. 9a; see also Fig. 5). The tectonic setting is related to a poly-phase history which created the present
tight architecture and the associated arc-shaped configuration, convex towards the north. In this region, N-=S faults, transported within the belt and buried in the foreland, mainly refer to Mesozoic extensional episodes, while two different thrust families result from
the progressive interference between the Dinaric (end Cretaceous—Eocene) and Alpine (from end Oligocene onwards) mountain belts (Castellarin et al., 1992, 2006; Doglioni & Bosellini, 1987; Ponton, 2010; Venturini, 1991). The Dinaric structures are
particularly evident in the eastern sector (Julian Pre-Alps), with NW-—SE oriented folds and thrusts (Placer, 1999; Placer et al., 2010) The Dinaric thrusts appear truncated in the central sector (Gemona) by a dense system of neo-Alpine E=W imbricate thrusts
which locally and partially re-use the pre-existing Dinaric ones. In the western sector (Carnian Pre-Alps) NE-—=SW thrusts, neo-Alpine in age (Upper Miocene onwards), can be observed together with NW-—SE coeval dextral strike-=slip faults of the eastern zone
(Slovenia). Across the area, rocks pertain to both metamorphic and non-metamorphic rocks. The basement is metamorphic to the west, while in Carnia (Central and Eastern Friuli zone) it corresponds to a non-metamorphosed Paleezeie-Palacozoic succession which
has however been deformed by Variscan tectonic phases, and to a late-orogenic Permo-Carboniferous sequence (Ponton, 2010 and reference therein). The sedimentary succession which covers the basement is about 10 km thick. There are two important

evaporitic layers: in the Permian (up to 250 m thick) and in the Carnian (up to 250 m thick); Mid-Triassic massive carbonates (up to 1000 m thick) or terrigenous successions; late Triassic to Cretaceous very thick massive carbonates (up to 3500 m thick); at the top



clastic deposits refer to the Dinaric foredeep; (Paleegere-Palacogene turbidites, 2500 m), and to the South Alpine forebulge; (Miocene clastics, up to 2500 m).

The domain is seismically active and is classified at the top risk level in the seismic hazard map of northern ltaly. Seismicity (Fig. 9a; see also Fig. 5) is distributed in clusters along the mountain fronts and both earthquake concentration and depth
decrease towards the foreland. The largest cluster of events is shown in the central pre-Alps, at the interference between the Dinaric structures and the neo-Alpine ones. In this area, most of the hypocentres are reported to be approximately concentrated between
1 and 30 km depth (Fig. 9b) (Carulli & Ponton, 1992; Merlini et al., 2002; Moratto et al., 2012; Ponton, 2010). The associated focal mechanisms (see Fig. 2b) (Burrato et al., 2008; Di Bucci and Angeloni, 2013; Michetti et al., 2012) indicate a) compressional
tectonics and N-=S oriented principal stress direction in the central sector of the domain, b) compression with NNW-=SSE oriented principal stress direction and locally sinistral shear in the western sector (Bechtold et al., 2009; Bressan et al., 1998, 2003; Burrato
et al., 2008; Galadini et al., 2005; Peruzza et al., 2002; Poli et al., 2002), and c) dextral strike-=slip shear movements in the eastern sector (Slovenia) (Kastelich et al., 2008; Ponton, 2010). Both the stress and GPS-related displacement fields, confirm the afore-

mentioned tectonics and the present kinematics (see also Serpelloni et al., 2005, 2012, 2013; Bechtold et al., 2009; Devoti et al., 2011; Michetti et al., 2012).

The 3D analysis of the Friuli domain has been performed using selected cross-sections from recent literature (Fig. 10; Ponton, 2010). These sections have been imported into the Po Valley 3D model so that some of the key thrusts could be digitized, built

as three-dimensional surfaces and integrated within the final geo-volume. Hence, the whole setting has been checked for special geometrical compatibility so that the 3D Po Valley model and the 2D cross-sections could be reciprocally validated.

Noteworthy, within this domain, some of the historical hypocentres have been relocated by the INGV specialists and their depth has been assigned (deep red dots in sections ‘a-=d’ of Fig. 10).

Section +a*

This section is oriented ENE-=WSW across the belt (see location in Fig. 9a). It represents a strike line to the Alpine structures and, simultaneously, a dip-line to the Dinaric ones. As such thrusts refer to these two diachronous and distinct structural families
thus revealing the derived interference and overprinting kinematics (Ponton, 2010). Given the high-density hypocentre cluster which the section intersects in the NE of the area, an initial earthauekes-earthquake projection distance of 1 km has been chosen. The
resulting picture (Fig. 1048a1) shows low-to-high seismicity in correspondence of the strong thrust-stacking which has been interpreted in the eastern sector of the section, with depth between 5 and 10 km, within the Triassic units and above the basement. Few
and isolated minor shocks appear in the central and western sectors, close to the top basement. Interestingly, when the earthquake projection distance is 2 km (Fig. 10+8a2), the results show a slightly different structures—earthquakes association, so that: 1) the

cluster in the eastern part of the section is denser, 2) a number of hypocentres occur at higher levels of the eastern tectonic stack (Upper Triassic and Jurassic levels), and 3) some important shocks can be observed in the basement, both below the thrust-related

imbricates and in the central part of the section.
Section +b*

This section can be approximately considered as an oblique line to both the Alpine and Inner Dinaric structures, and a dip line to the Outer Dinaric structures and a dip line to the external Dinaric fronts (see location in Fig. 9a). It also intersects a couple of
strike—=slip zones in its internal part. The interpreted fault pattern clearly shows the related structural interference (high angle and low angle thrusts cross-cutting each others). Using a variable 2-=5 km projection distance (NE and SW of the Bernadia well
respectively), the section allows the central Friuli earthquake cluster to be illustrated and compared with the one provided by the previous strike line. The resulting hypeeenter-hypocentre distribution confirms the correlation between the deep thrust-stack and the
seismicity in the area. The main shocks appear to occur at the top of the Middle Triassic units, at the bottom of Upper Triassic carbonate units and, locally, within the basement. Remarkably, the high-angle (NW-=SE) strike—slip faults here seem not to tie with any

earthquakes, yet their SE segments are highly seismogenic (Burrato et al., 2008; Ponton, 2010).
Sections ¢’ and ‘d’
Both the sections are dip-lines with respect to the Alpine structures and cut through the entire Alpine belt (see location in Fig. 9a). The earthquake projection distance is 2 km for section ¢ and 5 for section d.

On section *c* (see Fig. 10c) the earthquake events are widespread over a large part of the central sector and, once again, they seem to occur 1) especially within the mid-Triassic carbonates and 2) close to the top of the basement. A positive correlation

among the projected shocks and the interpreted thrusts is really evident at the footwall of the basement units.

On section *d* (see Fig. 10d), seismicity is weak and displays a decreasing trend from north to south of the belt. The positive correlation among instrumental hypocentres and thrusts is impressive at the deep ramp segment of the more external thrust

surface. The outer and shallow thrust-anticline can be likely associated with the historical shocks (i.e. 0 m depth).
3D visualization

The seismo-tectonic pattern of the region is outstanding when observed in the 3D volume (Fig. 11). In particular, the anatomical analysis of the model confirms that the central Friuli high-density earthquake cluster:

1. is localized in the footwall of a major thrust zone whose footwall volume has been imbricated by the recent active tectonic (Fig. 11a)



2. is related to the interference between Alpine and Dinaric structures and the derived overlapping thrust surfaces (Fig. 11b), those being locally active during the *same* geological interval (i.e. the Alps and the Dinarides are active belts at present).

5.4.2 The Ferrara domain

This domain is located at the front of the eastern sector of the Northern Apennines, in the Ferrara arc (Fig. 9c; see also Fig. 5). Structures refer to #hrustee-thrust folds, displaced towards the NE and deforming both the Mesozoic and Cenozoic deposits (e.g.

Turrini et al., 2014 and references therein). The structural style is debated yet major evidence supports mainly thin-skinned tectonics with some partial/local involvement of the basement. Nevertheless, a conclusive thin—thick skinned tectonics can now be
admitted, resulting from the interference between possible Mesozoic extensional faults (approximately N-=S oriented; Turrini et al.. 2014Furrini-et-at26+4) and Cenozoic thrusts, WNW-—ESE oriented. From top to bottom, the rock package refers to Cenozoic
terrigenous successions, Mesozoic carbonates and metamorphic basement (Cassano et al., 1986). An important detachment level made up of evaporite (Burano Formation); enhances the mechanical decoupling between the basement and the Meso--Cenozoic
package (e.g. Cassano et al., 1986). Conclusively, the interaction among faults (normal and reverse), mechanical stratigraphy and the flexure-related Pio-=Pleistocene subsidence does control the present-day kinematics and mechanics of deformation across the

entire domain.

The Ferrara arc is a seismically active domain as testified by the 2012 Emilia seismic sequence (Bonini et al., 2014; Govoni et al., 2014; see all references therein). Earthquakes are mainly concentrated in the west sector of the arc while they are sparse
in the eastern sector (Fig. 9c). Focal mechanisms suggest compression and, locally, strike-=slip deformation (see Fig. 2b). Magnitude from the available earthquake dataset is comprised between 0 and 6 (historical: 3.5-=6; instrumental: 0-=6). Depth of the
hypocentres varies from 0 to approximately 40 km (Fig. 9d) so that both main shock and aftershock clusters occur 1) within the clastic sediments, 2) inside the Mesozoic carbonates, 3) in the basement and locally 4) below the Moho. In the area the present day
tectonic behaviour is supported by the regional stress field, GPS studies, INSAR results and thrust slip analysis (Bonini et al., 2014; Govoni et al., 2014 and reference therein). Following the Mirandola recent earthquake event (29 May 2012; M = 6) the area has
been monitored by the temporary seismograph net deployed by INGV (Marzorati et al., 2012). Despite the updated and the re-located hypocentre distribution, a great uncertainty still needs to be accepted about both the location of the seismogenic sources and

the related thrust plane geometry.

Vertical slicing of the performed 3D model grids (horizons and faults) allowed the systematic projection of the available earthquakes to be performed on regularly spaced cross-sections and the structure-—earthquake associations to be recognised

(Fig. 12).
Section ‘a’

This section is oriented WNW-—ESE, perpendicular to the regional transport direction of structures. Earthquakes, projected from 2 km distance on the chosen vertical plane, are asymmetrically distributed. As such they occur especially in the western
sector, this representing one of the lateral ramp of the Ferrara arc. The hypeeenrters-hypocentres can be observed from the Moho level to the base Pliocene horizons. They tend to disappear in the central sector of the arc. Few events appear in the eastern sector, the

eastern lateral ramp domain of the Ferrara arc. On this cross-section no particular correlation can be defined between earthquakes and the faults sliced from the 3D model.
Sections-’b- to-1*

All sections from *b* to *f* are oriented perpendicular to the structural geometries and parallel to the regional shortening and transport direction. Given the earthquake density and the section spacing, the hypeeerter-hypocentre projection distance is 500 m

for seetier-'sections ‘b, “c’ and “d*. Itis 1 km for section *e and 10 km for section *f*.

On section “b*, cutting across the western Ferrara lateral ramp domain (the Cavone field area), the projected earthquakes seem to fall in the footwall of the thrust-related imbricates and they occur a) close to the basement level, b) mainly within the

Mesozoic carbonate layers and c) subordinately inside the Oligo-——Miocene layers. The shallower main shock and some of the minor events can be correlated with the 3D model thrusts.

The structural units are more open on section ¢’ as we move away from the aforementioned lateral ramp domain. Here (the Mirandola area), the earthquakes occur around the outermost thrust fold where they locally correlate with the model frontal
thrust. A few of the projected hypeeenters-hypocentres occur across the crust below the Mesozoic. Close to the basement level a number of events rather suggest that the detachment level of the fold-and-thrust structures is seismically active, propagating the

deformation towards the NE.

Section d* is cut near to the central sector of the Ferrara arc and close to the possible transfer zone which appears at both the 3D model Mesozoic carbonate layer and the base Pliocene one (Turrini et al., 2014). Again, like for section ¢, the earthquake
events are projected around the external thrust and its footwall. The more internal structure seems not to be active. Across the basement and down to more than 20 km below sea level the hypeeenters-hypocentres are dispersed across a large zone where, so far, no

major faults have been medelee-modelled inside the 3D seismo-tectonic volume.

Section e runs across the aforementioned Ferrara arc transfer zone. Structures are even more open than in section “d*. Across the Mesozoic carbonate unit, the projected earthquakes loosely correlate with the external thrust while the internal fault

appears nearly inactive. Minor kypeeenters-hypocentres below the top basement level confirm that the crust is likely undergoing some seismogenic tectonics (Vannoli et al., 2014).



Seismicity in the eastern sector of the arc is generally sparse. As such we used only one section to represent the seismo-tectonic setting in the region. Indeed, in section * the projected earthquakes are again loosely dispersed from the Moho model
level to the Plio-=Pleistocene sedimentary unit. While in the Meso--Cenozoic succession they do not show any obvious positive correlation with the model faults their presence and distribution below the top basement would allow active deformation to be inferred

at great depth in the crust (Vannoli etal., 2014).
3D visualization

3D visualization of the Ferrara arc units can better show the complex seismo-tectonics across the region. The selected perspective views (Fig. 13)

1. confirm a possible layering of the seismicity a) close to the top basement, b) within the Mesozoic carbonate unit and c) above the base Pliocene layers of the model (Fig. 13a)
2. allow partitioning of the shocks to be observed across the faulted structures, apparently in the footwall of the major faults (Fig. 13b)

3. illustrate the distribution of the hypeeenters-hypocentres around and across the thrust surfaces that form the tectonic stack in the western Ferrara arc (Fig. 13c). Here, as the thrusts are progressively anastomosed and tightened towards the lateral ramp domain (the Cavone field area),

deformation and the associated earthquakes are transferred across the different, overlapping thrusts and the intervening rely-zones.

6 Discussion
6.1 Methodology

The first point which obviously needs to be discussed is the methodology so far used to build and analyze the performed Po Valley 3D seismo-tectonic model.

As already mentioned (Turrini et al., 2014 and Section 3.4) the model suffers from different types of uncertainties. Indeed, we acknowledge that it is based on public data only (yet filtered and organized through the long experience of the authors aboul
the region), those being sparse and derived from various sources (i.e. they need systematic cross-check and QC). Also, the model covers a very large region (from crustal to field scale) so that it necessarily represents one solution in the possible spectrum which

could be derived from the chosen model building workflow. Conclusively, errors may refer to both structure building/interpretation and earthquake parameters (magnitude, vertical and horizontal location).

Once those points are accepted we still need to stress that all of the model layers and the associated fault patterns are reasonably well-constrained by the collected dataset and they do show fair three-dimensional compatibility, at all scales. Hence they
do represent a robust framework thanks to which the earthquake family can be analyzed while looking for the most likely interpretation, despite the complex tectonics of the region. Furthermore, starting from the current geo-volume, the 3D model can and will be
continuously updated and progressively refined in more and more detail by using different software (MOVE, Kingdom; basin fmedeting-modelling by the Themis-Genesis software is in progress; the magnitude volume across the whole basin has been recently built

using the GOCAD software— — Turrini et al., 2015).
In terms of specific earthquakes-=structures integration and analysis, let us have a look at the major improvements that the performed model provides with respect to the past results.

Among the many papers that have investigated the seismo-tectonics of the Po Valley basin, none has ever represented the derived framework using a complete 3D approach. So far, the seismo-tectonic setting of the region has been essentially
illustrated by maps and cross-sections. Results are that a) on map view the shallow events can drastically hide the deep ones; and b) the hypocentres projected on the cross-section may easily be not representative of the cross-section tectonics. Remarkably,
most of the papers use one cross-section (often modified/simplified from the literature) and the related hypeeenter-hypocenire projection distance (HPD in Figs. 7,8,10,.12) is not always indicated. On those sections stratigraphy is approximated from the

referenced literature (i.e. not directly tied to the well data) or completely absent. Faults are commonly represented as simple 2D segments so that their three-dimensional consistency is difficult to be checked against the earthquake occurrence.

However, we acknowledge that most of the works are particularly rich with details and measurements that, at the moment, are completely lacking from our model. It is certainly evident that the seismicity dataset that has been imported and used into/within
the basin 3D geological volume is still rough and a better selection of the earthquakes can be performed as a base to the final interpretation. With that respect, the precise definition of each eventin terms of the related parameters and the associated uncertainties
would represent a step forwards while aiming for the perfect 3D seismo-tectonic meeeting-modelling of the region. Furthermore, data/interpretation about the active deformation such as growth strata around the key structures, slip rate along the major thrusts, GPS

analysis, focal mechanisms and geomorphological indicators (see references in Section 2 of this paper) could definitely bring to the 3D model immense benefit and improvement.
This might be the road ahead for future development and improvement of the model.

6.2 Po Valley 3D seismo-tectonics

The results from the performed 3D model confirm that the Po Valley is a geological province rather discontinuous and not-homogeneous in terms of tectonic activity. The derived associations between structures and earthquakes clearly suggest that there

are regions which at present show an important seismicity (i.e. the Northern Apennines) while others appear relatively quiet, at least silent (i.e. the western Po Valley, from Milano to Torino). Further to that, regions that were silent in the past became



suddenly/recently active causing great damage to the country and the population (i.e. the western sector of the Ferrara arc). Ultimately, at the same map location there are shallow portions of the crust which are seismically active whereas the corresponding deep

levels appear seismically frozen (i.e. the Friuli area).

Causes of such a patchy seismo-tectonic system can be multiple as they likely refer to a) the complex geodynamics that meeetee-modelled the region through time and space, b) the present fault-related tectonics, c) the inherited pre-Alpine

pateegeegraphy-palacogeography and d) the region earthquake-mechanical stratigraphy.

All those elements have or should show a corresponding earthquake imprinting. Although being totally aware of the possible bias related to the data uncertainty and the complexity of the overall geodynamics, those causes are addressed here below to

raise questions and discussion.

6.2.1 Earthquakes versus Po Valley geodynamics

Extension due to passive margin formation and the successive shortening due to counter-clockwise rotation of the Adria plate towards and against the Europe one are definitely the long-standing events considered as responsible for the overall Po
Valley tectonics (see references in Turrini et al., 2014; Weber et al., 2010, and references therein). Such a dynamic started in Triassic time and is believed to be continuing these days. The related long standing deformation process has hypothetically been
intermittent in both time and space with sudden pulses of energy relaxation especially within/across specific domains: a) around the well-known rotation pole of the Adria plate, b) above the subduction/indentation regions and c) along the possible associated

transverse zones.

The junction between the Western Alps and the Northern Apennines is represented within the 3D structural model by a combination of complex deep and shallow tectonics at the extreme south-western Po Valley basin (Turrini et al., 2014). The
earthquake distribution in the western Po Valley illustrates a frozen domain to the north of the Monferrato belt and a moderate active domain to the south of the Monferrato. Seismicity is increasingly more active towards the Ligurian Alps that is in the region where

the possible pole of rotation for the Adria/Po Valley plate motion is inferred (Vignaroli et al., 2008).

The subduction/indentation tectonics are evidenced by the performed 3D seismo-tectonics without much of a discussion: a) at the Europe-—Adria convergent boundary, the active shallow Southern Alps units float on a deep frozen Moho geometry, those
two structural levels being identified by intense and nearly no earthquakes respectively (ref—aise-Castellarin et al., 2006); b) simultaneously, the present Northern Apennines seismicity confirms active deformation of the crust from the topography down to
approximately 70 km of depth (see Fig. 3c). It is noteworthy to suggest that gridding of the base of the earthquake data below the central and eastern Northern Apennines results in a surface which largely corresponds to the Adria Moho layer of the 3D model.
Such an envelope surface is dipping 45° below the Apennine belt yet, although such a geometry would support some subduction dynamics, the subduction type process remaining is still debatable (intra-crustal or sub-crustal; see discussion in Turrini et al.,
2014).

Ultimately, the crustal transfer zones (see Vannoli et al., 2014, for previous/alternative interpretation) that would enhance the aforementioned rigid yet non-homogeneous roto-translation process, obliquely oriented to the entire Po Valley-
~—Alps-—Apennines tectonic system, can be locally illustrated by some possible structure-—earthquake association. These mainly occur across the Northern Apennines belt where horizontal (NNE-=SSW) and vertical hypocentre clusters are observed. On the other
side of the Po Valley, the Giudicarie transverse lineament and the associated NE-—SW aligned earthquake clusters are likely representing the expression of both the Adria geodynamics and the pre-Alpine peleegeesraphy-palacogeography (Castellarin and Vai,

1982).

6.2.2 Earthquakes versus Po Valley faults

Provided that better knowledge about the faults of a region means better understanding of their seismogenic potential, the faults-——earthquakes issue is likely the most important from the performed 3D seismo-tectonic model.

The fault pattern supplied by the Po Valley 3D structural model contains all of the major faults which can be derived from the available sub-surface literature, mainly derived from seismic interpretation and tied to the well velocities (see Turrini et al., 2014

for dataset references). As such, they should suggest reliable geometries which actively concur to define the basin tectonic architecture yet they do not necessarily suggest any active seismogenic discontinuity.

In terms of 3D faults versus earthquake distribution, the overall picture appears to support the final seismo-tectonic zonation made of active, silent and frozen domains which have been above suggested as a consequence of the Adria geodynamics:

1. The extreme western Po Valley, south and west of Milanos (see Figs. 5 and 6) stands as a frozen or silent domain where faults are generally sealed by the top Messinian unconformity (Cassano et al., 1986; Pieri and Groppi, 1981). In the area, the high number of faults is remarkably in strong

contrast with the apparent lack of important recent seismicity (see Figs. 5 and 6);
2. the western Po Valley domain east of Milan is a relatively active domain with low-to-moderate seismicity localized along selected faults (see Fig. 8 and text for discussion);

3. in the southern part of the eastern Po Valley, the Ferrara arc is an active-to-silent domain as we move from the NW to the SE sectors (see Figs. 5, 6, 9, 12). Faults which overlap to form the north-western lateral ramp zone of the arc account for intense seismogenic activity (see Fig. 13c),

whereas the eastern sector faults are only expressed by very local/sparse seismicity;



4. in the northern part of the eastern Po Valley, the Friuli domain is definitely an active shallow domain with intensively seismogenic faults across the upper crust of the belt (Figs. 3c, 5, 6, 7d, 9a and 10).

6.3 Earthquakes and paleogeographical-palaecogeographical framework

The extensional fault pattern of the Po Valley is made of mainly NS oriented faults and, subordinately, EW oriented ones (Turrini et al., 2014 and reference therein). On section AA1 efin Fig. 8 the inversion and reactivation of pre-alpine extensional faults
is-are clearly illustrated by two examples: the Chiari and the Lacchiarella domains. Despite the similar deformation history, the seismicity that has been recorded across the two domains is strikingly different: in the Chiari zone some of the faults appear to show
weak seismicity whereas faults in the Lacchiarella area, although clearly reactivated (Fantoni et al., 2004), do not seem to correlate to the available kypeeenters-hypocentres within the model. Given a similar orientation of the existing faults with respect to the
present regional stress field direction (both approximately NS), the observed different structure-—earthquake associations could be related to a) their proximity to active crustal scale lineation, b) important facies changes in the Mesozoic sediments, c) the
basement architecture, and d) the interplay among a-=b-—c factors. In such a perspective a) faults across the Chiari structural domain would result as the most potentially seismogenic faults, those being located at the front of the Southern Alps and close to the
Giudicarie crustal lineaments; b) the same Chiari faults occur at the regional platform-to-basin facies transition which separates the western Po Valley domain from the eastern one (see also Fig. 8); and c) the Chiari unit evolves as a Liassic basin so that at the

end of Mesozoic it defines the footwall (low-basement feature) to the Veneto basement high (see also Fig. 8).

The control of the pre-alpine structural fabric on the Po Valley seismicity observed in the Lacchiarella—Chiari region (Fig. 8), can eventually be illustrated by the correlation between the earthquake dataset and some of the 3D model isopach maps, these

already presented and discussed in Turrini et al. (2014).

If we consider the Mesozoic isopach map (Fig. 14a), some of the N—S basin-and-high features (blue to red areas in the figure), mainly Jurassic in age, can be associated with the final 3D model N-—S oriented earthquake trends, transversal to the main

NE-—SW and NW-=SE oriented ones. Among them the most prominent earthquake-patee—palaeo-structure association is definitely the Giudicarie one.
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Fig. 14 —a) Mesozoic isopach against present-day tectonics (compare with Figs. 1-=2 and 5; SA and NA are outcropping Southern Alps and Northern Apennines thrust fronts, respectively) and all earthquakes; H1-=3 are High units (see text for discussion); b) Triassic-—early Liassic isopach against

major earthquakes (4==7 magnitude): VP = Veneto platform carbonate domain, FP = Friuli platform carbonate domain (see text for discussion).

When the Triassic—Early Liassic isopach map is considered (Fig. 14b), the distribution of the platform carbonate facies seems to have a strong control on the current seismicity recorded across the Po Valley region. Indeed while the Ferrara arc seismicity

appears to happen at the southern margin of the Veneto Platform, earthquakes in the Friuli region are clearly distributed along the Friuli Platform margin (Ponton, 2010).

6.4 Earthquakes and mechanical stratigraphy

Results from the performed seismo-tectonic model suggest a crustal-scale earthquakes stratigraphy (Fig. 15a) which, together with the regional mechanical stratigraphy (Fig. 15b), would control the final Po Valley structural style.
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Fig. 15 Earthquake stratigraphy and mechanical stratigraphy from the Po Valley basin; a) crustal scale earthquake distribution; b) simplified mechanical stratigraphy (note detachment levels and lithology profile by qualitative strength of the different units); c) generic Po Valley thrust geometry and most

likely earthquake shocks derived from this study (dimension of red star by earthquake magnitude)._(For interpretation of the references to colour in this figure legend. the reader is referred to the web version of this article.)

At the basin scale the derived earthquake stratigraphy shows a maximal ypeeenterhypocentre concentration between 0 and 13 km with a decreasing trend between 15 and 40 km depth below the sea level. When such values are compared with the
regional cross-sections sliced from the model (see Figs. 7 and 8) it follows that the 0—15 km earthquake layer can be approximately related to the upper crust structures (mainly within the Mesozoic carbonate layer) with a possible preferential detachment level at
about 10 km (near top of the basement?). With increasing depth, the deeper 20-=35 km seismogenic layer should possibly refer to some lower crust tectonics in the foreland (see seismicity close to the Moho interface in Fig. 8) and below the Northern Apennines

belt (see Fig. 3b and c).

A similar situation is revealed for both the selected Po Valley domains which have been discussed in Section 6 (Friuli and Ferrara arc). By looking at the different earthquake stratigraphy diagrams (Fig. 9b and d), seismicity is mainly localized 1) across

the competent Mesozoic carbonates, 2) close to the top of the basement and subordinately 3) within the upper crust.

Following the previous considerations, we can conclude that the combination of earthquake and mechanical stratigraphy supports the structural distribution and the associated structural style that can be observed across the whole Po Valley basin (see

discussion in Turrini et al., 2014). Indeed a thick—thin skinned tectonics likely fits the described earthquake-layering, so that a Po Valley seismogenic thrust surface (Fig. 15c) would progressively develop as fettewfollows:




1. nucleate along a mid-crust detachment level
2. ramp across the upper crust

3. flatten near the top basement interface

4. ramp again across the carbonates

5. flatten at the base of the Tertiary succession

6. ramp across the Mio—Pliocene sediments.

Depending on the available lithologies and sediment thickness (i.e. the mechanical stratigraphy) the propagating fault zones would generate major earthquake events at the various ramp-segments and minor events at the transition between the

basement and the Mesozoic layer (Figs. 15¢c and 16). Seismicity may also eeetrs-occur along the flat-segments yet eventually be reduced

1. at the Upper-Triassic level; (i.e. the Burano evaporites, a major detachment in the Apennines)

2. at the base of the Tertiary clastic successions where fluid overpressures are reported (Bosica and Shiner, 2013) and likely to be expected nearly all through the Po Valley basin.
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Fig. 16 Crustal section across the Po Valley and main seismogenic zones (light blue shadows). T: Tertiary sediments; Mz: Mesozoic sediments; B: basement; M: Moho. HPD = Hypocentre Projection Distance; v:h = 2.5:1. (For interpretation of the references to colour in this figure legend. the reader is

referred to the web version of this article.

Eventually, given the described pateepalaco-tectonics (see Fig. 14) the fault zone geometry may deviate in both the horizontal and vertical gireetierdirections.

7 Conclusions



The integration of the Po Valley 3D structural model (Turrini et al., 2014) with the earthquake data available from the INGV catalogues resulted in a comprehensive and unique 3D seismo-tectonic geo-volume of the region.

Nevertheless, given the final uncertainty, extreme caution needs to be considered in the definition of the possible structure—earthquake associations, that uncertainty inereasing-increases as investigation is performed across restricted

structural domains.

Despite any uncertainty, the 3D model has been proven to be a valuable and reliable tool particularly in the rendering and evaluation of the Po Valley crustal scale seismo-tectonic template. Indeed, it confirmed that the major tectonic
features around the region do account for the strongest earthquake events recorded by the INGV catalogues. In that respect, the seismicity localized by a) the Southern Alps shallow units and their thrust front from Milano to the Friuli area, b)

the Northern Apennines belt in their crustal roots (down to 70 km) and at their burial front (e.g. the Ferrara domain), and c) the reactivated Giudicarie gateepalaco-lineament, is revealed with great evidence by the performed perspective analysis.

Furthermore the reconstructed crustal framework also suggests that there might exist an earthquake-stratigraphy where the Moho, the top basement and the Mesozoic package seem to better concentrate the seismic activity. Such an

earthquake stratigraphy works with the well-known Po Valley mechanical stratigraphy to develop the final variable structural style.

At the scale of some selected domains, the 3D model looks more capable than the previous 2D investigations to illustrate the complex structures that have been likely responsible for strong earthquakes: a) the active interference

between Alpine and Dinaric structures in the Friuli area, in the footwall of the regional Valsugana fault zone, and b) the relay zones among the en-echelon thrust planes in the Cavone region, are clear examples of such a situation.

Ultimately and notwithstanding, the model seems to suggest that the Mesozoic (pre-Alpine) litho-stratigraphy and the related fault pattern are the most likely key elements in controlling the major structure-—earthquake associations in the

region. In particular it seems interesting to note that important facies and thickness changes in the Mesozoic sediment distribution could eventually trigger medium-to-strong earthquake events more efficiently than pre-existing faults.

Future updating and improving of the model may rely on more refined selection of the earthquake data, integration of geomorphological interpretation, detailed analysis about the sifsyn-tectonic growth of the identifiable seismogenic

structures, and new software applications for an alternative elaboration of the earthquake dataset.
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« A comprehensive and unique 3D representation of the seismo-tectonic architecture of the Po Valley basin
« Structure—earthquake associations are illustrated to review and discuss the complex seismicity across the region.

« A major step in the analysis of the Po Valley seismo-tectonics with respect to the previous studies
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