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The frontal thrusts and folds of the northern Apennines - Italy - are mainly covered under the alluvial deposits of
the Po Plain. Some of these structures show geological evidence of Late Quaternary activity, thus posing the need
for an accurate seismic hazard assessment due to widespread housing settlements, industries, lifeline in-
frastructures, and large towns. We present new morphostructural, geophysical, and seismological data to discuss
the recent activity of the Broni-Sarmato fault, an 18 km-long outcropping section of the north-verging Stradella
thrust, located 50 km south of Milan, along the Pede-Apennine thrust front (PTF) in the rear of the Emilia Arc
thrust system. The new geoelectrical surveys across the fault scarp show deformation of the shallow deposits. The
outcropping deformations, with a fault scarp ranging up to 25.8 m, are investigated within the seismotectonic
framework of the PTF and the Emilia Arc. The analysis of the associated seismicity and new focal mechanisms
highlight two seismogenic contractional volumes dipping at low-angle southwest-ward, at upper (<12 km) and
lower crustal depths (~20-30 km). The shallow seismicity partially illuminates the Stradella thrust and its along-
strike southeastward prosecution along the extent of the Stradella-Salsomaggiore Arc. Subordinately, it also il-
luminates some of the Emilia Arc thrust planes. The deeper seismogenic volume shows large patches of the basal
thrust of the Emilia Arc fault system. We interpret the above multi-scale data as evidence of ongoing tectonic
activity of the outer fronts of the Emilia Arc under a regional NNE-oriented compressional stress field, with some
evidence of thrust involvement along the Pede-Apennine front. In our 3D fault-model reconstruction, all the
analyzed thrust structures appear as expressions of a thick-skinned deformation that controls earthquake release
at different structural levels.

1. Introduction

Investigating active tectonics and structural style of potentially-
seismogenic structures at the outer front of active orogenic belts is
particularly challenging when the frontal structures are buried and
slowly deforming. Moreover, correlating the seismicity to the tectonics
structures is not straightforward when ruptures prevalently occur at
seismogenic layers that are several kilometers deep (e.g., Ito, 1999;
Lavecchia et al., 2003; Watts and Burov, 2003; Turrini et al., 2015;
Tsereteli et al., 2016; Ferrarini et al., 2021). Nevertheless, the complex
seismotectonic framework, above described, may be well recognized in

the blind fold-and-thrust belts surrounding the Padanian foreland in
Northern Italy and developing across one of the most populated and
industrialized Italian region (Lavecchia et al., 2003; Boncio and Bra-
cone, 2009; Visini et al., 2010; Boccaletti et al., 2011; Bonini, 2013;
Turrini et al., 2015; Vannoli et al., 2015; Martelli et al., 2017) (Fig.1).

The Alps and the Apennines are the results of the Europe-Africa still
ongoing collision, occurring at a rate of 6-8 mm/yr (DeMets et al., 1990,
1994; Mazzoli and Helman, 1994). The convergence is accommodated
within a broad plate boundary zone characterized by diffuse seismicity
(Chiarabba et al., 2005; Mazzoli et al., 2015) and a complex deformation
field (Vannoli et al., 2015).
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In the Northern Apennines, convergence is accommodated by
thrusting and folding (Benedetti et al., 2000, 2003; Burrato et al., 2003;
Basili and Barba, 2007; Picotti and Pazzaglia, 2008; Wilson et al., 2009;
Boccaletti et al., 2011; Zuffetti and Bersezio, 2020; Lavecchia et al.,
2021), which also involved a thick pile (locally up to 7-8 km) of
Pliocene-Pleistocene deposits. Although the deformation is mainly
accommodated by blind structures, the characteristic fold-and-thrust
geometry is well known due to extensive hydrocarbon exploration
consisting of regional studies based on industrial seismic reflection
profiles and deep well logs (Pieri and Groppi, 1981; Cassano et al., 1986;
Cazzini et al., 2015; Fantoni and Franciosi, 2010; Ghielmi et al., 2010,
2013; Turrini et al., 2015 and references therein).

These regional seismic profiles allow insights into the crustal struc-
ture, but they lose resolution when approaching the near-surface zone,
corresponding to the last hundreds of meters. Moreover, at a shallow
level in the Po Plain, the deposits are very young; thus, they have
recorded lower amounts of deformation, possibly at the limit of the
seismic resolution. Generally, the investigated crustal succession is
made of deposits older than the Late Pleistocene, preventing relying on
the offset of young deposits.

Also, due to the relatively poor historical seismicity along the
Northern Apennine outer fronts (Rovida et al., 2022), the evidence of
activity in late Quaternary times has long been questioned until the
Emilia 2012 (My 6.1) thrust sequence that definitively demonstrated
the ongoing compressional activity of the Ferrara Arc and its capability
of releasing destructive earthquakes (Lavecchia et al., 2015; de Nardis
et al., 2014; Govoni et al., 2014; Vannoli et al., 2015) (Fig.1).

The seismotectonic potential of the Emilia Arc, located west of the
Ferrara Arc, is also poorly defined. Earthquakes from 1000 to 2020 CE
highlight a modest seismic activity with events up to ca. M 5.0 and only
in correspondence of the arc's western and eastern lateral segments
(Rovida et al., 2022) (Fig.1). The seismicity is mainly concentrated
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southward of the inner thrust Pede-Apennine Thrust Front (PTF, sensu
Boccaletti et al., 1985), which borders the Miocene Northern Apennines
outcropping fold-and-thrust belt. Along with the PTF westernmost
segment, a relevant Late Quaternary fault-scarp, known as Stradella
thrust, extending for an overall length of 35-40 km, is outlined in the
literature (Benedetti et al., 2003) and considered a debated seismogenic
source of the DISS national database (DISS Working Group, 2021).

The instrumental seismicity is mainly concentrated at two distinct
hypocentral ranges within the upper and the lower crust (Vannoli et al.,
2015; Turrini et al., 2015), the latter extending mainly in the volume
beneath the PTF domain.

No detailed geometric/kinematic and earthquake/fault association
reconstruction is available for the Stradella thrust and the Emilia Arc.
This paper is aimed to offer an update on the analysis of the seismogenic
role of the emergent Stradella structure and to investigate its relation-
ships with the buried Emilia Arc through a 3D seismotectonic recon-
struction of the overall system that takes into account also new surface/
shallow data.

We propose a multi-scale and multidisciplinary approach by
combining local-scale morphotectonic (high-detailed GPS profiles,
LiDAR images, and Unmanned Aerial Vehicles images) and geoelectric
(Electrical Resistivity Tomography profiles, ERT) data, acquired on a
key segment of the Stradella Thrust (Fig. 2), with the spatial-kinematic
analysis of the seismicity occurred in a large study area centered on the
Emilia Arc. Moreover, with a 3D methodological approach, we recon-
struct the geometric-kinematic features of the Emilia Arc major thrusts
and discuss their control on earthquake activity. For such purposes, we
merged geological and geophysical data from the literature with new
geological and seismological data. A digital model of major nonplanar
fault surfaces was built, from near surface up to about 30 km deep.
Original seismotectonic zoning was derived from the map-view projec-
tion of the seismogenic segments of the newly built 3D fault surfaces.
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Fig. 1. Location map of the Stradella thrust and Emilia Arc in the Pliocene-Quaternary tectonic framework of northern Italy (after Benedetti et al., 2003). The
smallest black and dashed white boxes show the location of Fig. 2a and b, respectively; the large black box shows the location of Figs. 3a, 4a,c, 5a,b, 6a, and 7a.
Epicenters within the dotted white rectangle from 1000 CE to 2020 are from CPTI15 v.4 (Rovida et al., 2022); SSA stays for Stradella-Salsomaggiore Arc.
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Fig. 2. Tectonic context and morphotectonic features of the Stradella-Salsomaggiore Arc. a) Fault trace of the Stradella thrust (from Rivanazzano to Sarmato) and of
other structures of the Stradella-Salsomaggiore Arc as proposed in the present paper (see Fig.6), based on a critical review of available maps (e.g. Bigi et al., 1990;
Martelli et al., 2017; CARG, 2016, Voghera sheet n.178); the black rectangle indicates the focus area including the Broni-Sarmato segment of the Stradella thrust. b)
Geological and geomorphological map of the study area (small white rectangle in Fig. 1 and black rectangle in Fig. 2a), simplified from Benedetti et al. (2003),
Pellegrini and Vercesi (1995) and original observations. Colours emphasize Paleogene, Miocene-Pliocene and Quaternary deposits. The area is characterized by
fluvial terraces (T1, T2, T3) distinguishable by their elevation and weathering degree. TO represents the coalescence surface of Apennines rivers deposits. Apennines
rivers present strong erosional activity south of the Broni-Sarmato scarp, creating alluvial fans and fluvial ridges north of it. Triangular facets identified from the
analysis of LiDAR (http://www.pcn.minambiente.it/mattm/progetto-pst-dati-lidar/) data are reported. The heights of the minor scarp (red numbers, in meters) of
the Broni-Sarmato structure are reported. DTM layer is from Geoportale Regionale Regione Lombardia (https://www.geoportale.regione.lombardia.it/) and Geo-
portale Regionale Regione Emilia-Romagna (https://geoportale.regione.emilia-romagna.it/) both with a resolution of 5 m/pix. ¢) Location of high-precision GPS
profiles (purple lines), ERT surveys (yellow and orange lines), and 3D model reconstructed from Unmanned Aerial Vehicles surveys (black square). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2. Geological background
2.1. Regional structures

The Apennines fold-and-thrust system of Northern Italy results from
a northeastward migrating collisional process active since the Miocene
and articulated in major well-distinct tectonic pulses and phases (Barchi
and Beltrando, 2010). The latest one is late Pliocene-Quaternary in age
and is involved in the deformation of the sedimentary deposits of the
Pliocene-Quaternary foredeep (Pieri and Groppi, 1981; Castellarin and
Vai, 1986; Bigi et al., 1990). The corresponding compressional belt is
formed by four major structural arcs, the Monferrato Arc, the Emilia Arc,
the Ferrara Arc (Fig. 1), and the Adriatic Arc . These arcs show younger
ages of activity onset (see Ghielmi et al., 2013; Maesano et al., 2015) and
progressively increasing amounts of shortening from west to east.

During the last 1.81 Ma, the cumulative slip-rate was ~0.70 mm/yr
for the Emilia Arc, ~0.95 mm/yr for the Ferrara Arc, and up to ~1.40
mm/yr in the Adriatic Arc (Maesano et al., 2015). Such eastward in-
crease is coherent with the counterclockwise rotation of the Northern
Apennines during their emplacement (Bally et al., 1986; Cibin et al.,
2003; Boccaletti et al., 2011; Carminati and Doglioni, 2012) and well
matches the GPS observations (Devoti et al., 2011; Michetti et al., 2012).
These data show a clear increase of the shortening across the Northern
Apennines fronts passing from a low value (about 0.5 mm/yr), calcu-
lated along the Emilia Arc, to a higher one (about 2.4 mm/yr) calculated
across the Ferrara Arc.

All arcs display strong asymmetry with shorter western limbs and

more extended, smoother eastern ones (Cassano et al., 1986; Castellarin
and Vai, 1986). This configuration is attributed to the presence within
the Adria foreland of pre-existing Mesozoic tectonic discontinuities. The
latter affected the subsequent foredeep basin infilling and controlled the
progressive advance of the Apennine thrust front, leading to the present-
day setting characterized by re-entrants separating the Northern Apen-
nines arcs (Livani et al., 2018; Amadori et al., 2019).

Along with the Emilia Arc, the NNE-striking Pavia lateral ramp drove
the NNE migration of the late.

Miocene to Quaternary Apennine contractional structures, whose
outermost north-verging front is now located a few kilometers south-
ward from the south-verging Alpine front (Gobetti and Perotti, 1990;
Perotti and Vercesi, 1992; Benedetti et al., 2003; Toscani et al., 2006;
Boccaletti et al., 2011; Michetti et al., 2012; Ghielmi et al., 2013; Vercesi
et al., 2015; Maesano et al., 2015; Zuffetti et al., 2018a, 2018b) (Fig.1).

In fact, since the Late Miocene, the Po Plain foredeep was progres-
sively reduced by the advance of the two opposite vergence belts
(Fantoni and Franciosi, 2010; Toscani et al., 2014).

In a more internal position is located the Pede-Apennine thrust front
(PTF), which runs along the southern margin of the Po-Plain and
morphologically separates the outcropping foothills of the Apennines
Mountain chain from the buried sector of the belt. The PTF also
tectonically separates an internal Apennine domain, having the onset of
the deformation in late Messinian-early Pliocene, with an external
domain mainly deforming during Late Pliocene and Quaternary (Pieri
and Groppi, 1981). Drainage anomalies and isolated reliefs highlight
deformation in the last 1.8 Ma of both the PTF and Emilia Arc (Burrato


http://www.pcn.minambiente.it/mattm/progetto-pst-dati-lidar/
https://www.geoportale.regione.lombardia.it/
https://geoportale.regione.emilia-romagna.it/

A. Tibaldi et al.

et al., 2003; Galli, 2005; Toscani et al., 2006; Maesano et al., 2015). The
PTF, located in the rear of the Emilia Arc, is characterized by a north-
ward convex arcuate shape, in this paper referred to as Stradella-
Salsomaggiore Arc (SSA in Fig. 1). The western and central sector of
such an arc, known in the literature as Stradella thrust, shows a relevant
Late Quaternary fault-scarp for an overall length of about 40 km (Ben-
edetti et al., 2003).

The uplift of the Stradella structure, along the northern termination
of the Emilia PTF, was active at least since Late Pleistocene times and
caused the outcropping of Messinian calcarenites within the Po River
bed (Tellini et al., 2001).

An ongoing, although buried, fold-and-thrust activity in the Late
Pleistocene of the Emilia Arc is revealed by the San Colombano Structure
(Zuffetti and Bersezio, 2020; Figs. 1 and 2a). The Colombano hill rep-
resents an anticline hinge zone and coincides with a change in the di-
rection of the Emilia Arc; the arc is characterized by a NE-SW trend
within the Po Valley up to San Colombano, where it switches to an NW-
SE direction.

Active shortening along the Emilia Arc and, possibly, the Pede-
Apennines system in correspondence with the Stradella thrust, is indi-
cated by the presence of moderate seismicity, whose focal mechanism
solutions indicate compression (Gasparini et al., 1985; Boccaletti et al.,
1985; Anderson and Jackson, 1987; Pondrelli et al., 2006, 2011; Lav-
ecchia et al., 2015; Boncio and Bracone, 2009; Ciaccio et al., 2021;
Peruzza et al., 2021) and by GPS measurements (Serpelloni et al., 2005,
2007; D'Anastasio et al., 2006; Cenni et al., 2008; Devoti et al., 2011;
Bennett et al., 2012). Furthermore, active stress data and studies on
breakout boreholes show a good match between the mean NNW-SSE
striking maximum horizontal stress and the WNW-ESE direction of the
Emilia Arc frontal thrust direction's (Carafa and Barba, 2013; Montone
and Mariucci, 1999; Montone et al., 2012).

The instrumental seismicity highlights a prevalence of activity at
lower crustal depths (Vannoli et al., 2015; Turrini et al., 2015), making,
however difficult its association with the near surface structures.

2.2. Previous morphotectonic studies on Stradella thrust

The Stradella thrust, first outlined by Benedetti et al. (2003), is a late
Quaternary south-dipping emerging thrust locally associated with a
clear morphotectonic feature. It extends in the WSW-ENE direction from
Rivanazzano to Broni and in the E-W direction from Broni to Sarmato,
for a total length of about 40 km (Fig. 2a).

Geological, geomorphological, and hydrographical features indicate
recent tectonic activity, especially clear for Broni-Sarmato segment
(Fig. 2b). This segment is associated with a morphotectonic scarp that
extends for ~14 km in the WSW-ENE direction from Montebello to
Broni, about 13 km in the E-W direction east of Broni, and another ~4
km from Castel San Giovanni to Sarmato in the E-W direction (Pellegrini
and Vercesi, 1995; Benedetti et al., 2003) (Fig. 2b). According to Ben-
edetti et al. (2003), the fault scarp shows cumulative surface throws of 2
to 25 m. Based on the scarp degradation analysis, the same authors
suggest a minimum uplift rate of 0.3 mm/yr in a time interval of 35 ka.
Furthermore, they attribute the activity to a N-S to N°15 W direction of
shortening, which would determine prevailing dip-slip kinematics on
the E-W segments and a relevant left-lateral component on WSW-ENE
segments.

The Broni-Sarmato topographic high identifies a topographic-
structural obstacle that precluded the deposition of Pliocene marine
sequences and Pleistocene continental deposits (Pellegrini and Vercesi,
1995). Alluvial terraces of Quaternary age are mainly developed be-
tween Stradella and Castel San Giovanni (Pellegrini and Vercesi, 1995)
(Fig. 2b).

Benedetti et al. (2003) showed that Apennines tributaries of the Po
River generated terraces T1, T2 and T3 (Fig. 2b) due to the continuous
uplift of the area during Middle Pleistocene (terraces T2 and T3) and the
latest Pleistocene (T1). The thrust escarpment delimits to the north
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terraces T1 and T2 and bounds to the south the TO surface resulting from
the coalescence of the Apennines rivers deposits.

3. Methods and techniques
3.1. Geomorphological survey

We investigated in the field the Broni-Sarmato segment of the Stra-
della thrust for a total length of 18 km (Fig. 2b). In order to better define
the geometry of the associated scarp previously investigated by Bene-
detti et al. (2003) and to select the best site for geoelectric surveys, we
carried out a new detailed geomorphological analysis using high-
resolution remotely-sensed images and aerial photos. This allowed us
to identify and map the morphostructures characterizing the investi-
gated area. Aerial photographs at 1:20,000 scale were acquired by the
General Aerial Photography Company in 1980. Each photo overlaps
60% along the acquisition direction and 25% in the transversal direction
with the other photos. Morphostructures have thus been mapped using
stereoscopic techniques.

To obtain a more precise depiction of the scarp and to evaluate the
variation of the vertical displacement, 31 perpendicular-to-fault
morphological profiles were carried out using a DTM derived from
LiDAR data available on the Italian National Geoportal (http://www.
pen.minambiente.it/mattm/progetto-pst-dati-lidar/), relative to the
Lombard portion of the fault from Broni to Monteacuto (Fig. 2b). Data
are characterized by an altimetric accuracy of 15 cm and a planimetric
accuracy of 30 cm. These LiDAR profiles were thus focused on a more
localized 11 km-long segment with respect to the analysis carried out by
Benedetti et al. (2003), who considered 12 GPS profiles for the whole
length of the Stradella thrust.

Due to the extent of the fault and its proximity to several urbanized
areas, it has been possible to survey by an Unmanned Aerial Vehicle
(UAV) only very limited portions of the scarp. The used UAV is a
quadricopter DJI Spark equipped with a 12 Megapixel stabilized camera,
an integrated GPS satellite positioning system, and a flying autonomy of
16 min without wind. The UAV captured images every 2 s during a
constant velocity flight of 3 m/s at an altitude of 30 m using the
Structure from Motion (SfM) technique. Each acquired photo is char-
acterized by lateral and vertical overlap of 90% with the others. Using
the procedure suggested in the literature (Bonali et al., 2019), these
images have been processed with the aid of Agisoft Photoscan to create
DTM (Digital Terrain Model), DSM (Digital Surface Model), and shaded
models for the study areas.

The scarps were also studied by high-resolution GPS surveys, capable
of achieving centimeter precision. All data were acquired at a distance of
5 m from the others, maintaining a fixed position for two minutes each,
to minimize the position error and increase data accuracy; measure
points were positioned along an ideal straight line. The collected data
have been subsequently corrected, taking the stationary position of the
base station PAVI as reference: this correction is needed because the
base-GPS distance was >15 km for all the analyses time (Takasu and
Yasuda, 2009).

3.2. Geoelectrical surveys

Three Electrical Resistivity Tomography (ERT) profiles with NNE-
SSW orientation and different lengths were acquired at two selected
test sites (location in Fig. 2¢) located on the fault-scarp section between
Broni and Pavesa, which is especially well evident and marked by
triangular facets. The ERTs were located roughly orthogonal to the
thrust scarp. A 470 m long (ERT1) and a 329 m long (ERT2) profiles
provided great depth of investigation (down to approximately 70 and
50 m, respectively). A shorter profile (ERT3, 94 m long) provided high
accuracy at shallow depths (approximately 15 m). Profiles ERT2 and
ERT3 were acquired on 21st September 2020, and profile ERT1was
acquired on 28th January 2021 (for locations, see Fig. 2c). The profiles
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were obtained using 48 electrodes spaced 10, 7 and 2 m apart, respec-
tively, in profiles ERT1, ERT2, and ERT3.

Each profile was collected using 306 Wenner-Schlumberger array
quadrupoles which ensure high vertical resolution and signal amplitude,
and 328 dipole-dipole array quadrupoles, which provide enhanced
lateral resolution. A fully automatic multi-electrode resistivity meter
SYSCAL Jr. Switch-48 by IRIS Instruments was used for data collection.

Data inversion was performed using ERTLab Solver (Release 1.3.1,
by Geostudi Astier s.r.l. - Multi-Phase Technologies LLC), based on
tetrahedral Finite Element Modelling (FEM). Tetrahedral discretization
was used in both forward and inverse modelling. The foreground region
was discretized using a 5 m cell size for profile ERT1, a 3.5 m cell size for
profile ERT2 and a 1 m cell size for profile ERT3, i.e., half the electrode
spacing, to give the model higher accuracy. The background region was
discretized using an increasing element size towards the outside of the
domain, according to the sequence: 1x, 1x, 2x, 4x and 8x the fore-
ground element size.

The forward modelling was performed using mixed boundary con-
ditions (Dirichlet-Neumann) and a tolerance (stop criterion) of 1.0E-7
for a Symmetric Successive Over-Relaxation Conjugate Gradient
(SSORCQG) iterative solver. Data inversion was based on a least-squares
smoothness-constrained approach (LaBrecque et al., 1996). The noise
was appropriately managed using a data-weighting algorithm (Morelli
and LaBrecque, 1996) that allows the adaptive changes of the variance
matrix after each iteration for those data points the model poorly fits.
The inverse modelling was performed using a maximum number of in-
ternal inverse Preconditioned Conjugate Gradient (PCG) iterations of 5
and a tolerance (stop criterion) for inverse PCG iterations of 0.001. The
amount of roughness from one iteration to the next was controlled to
assess maximum layering: a low value of reweight constant (0.1) was set
to generate maximum heterogeneity.

The resistivity models were obtained by merging and jointly
inverting datasets from different arrays, which can deliver better
detectability and imaging and, hence, provide more accurate models
(Szalai et al., 2009; Torrese, 2020) and more reliable ERT imaging
(DelaVega et al., 2003). Inversion involved the application of homoge-
neous starting models that set the average apparent resistivity value at
each node. The final inverse resistivity models were chosen based on the
minimum data residual (or misfit error).

3.3. Seismicity analysis

We aim to define the active deformation field and the seismotectonic
context of the Stradella Thrust in the Emilia Arc and the more internal
Stradella-Salsomaggiore Arc frame (Figs. 1, 3, 4, and 5). In order to
contribute to constraining the active deformation field and the depth
geometry of the involved tectonic structures, we analyzed the instru-
mental seismicity that occurred between 1985 and 2020 (Fig. 3a),
recorded by the National Seismic Network (RSN) and the Regional
Seismic network of North-western Italy (RSNI) (Fig. S1). We used data
from the Italian Seismic Bulletin (ISB) spanning from 1985 to 2020
(ISIDe Working Group, 2007), also considering the RSNI bulletin
(1990-2018) and the events falling in our study area relocated by
Peruzza et al. (2021). The dataset includes nearly 3500 earthquakes
with 0.4 < My, < 4.9 (Fig. 3a and b).

We followed a multi-step analysis that consists of: 1) general char-
acterization of seismicity; 2) spatial analysis; 3) focal mechanism
compilation from literature and computation of new ones; 4) kinematic
analysis.

1) We first described the seismic activity in terms of daily seismicity
rates, cumulative number of earthquakes, and cumulative moment
release (Figs. 3¢, d). Then, the statistical analysis was performed using
the ISB without filtering the seismic catalog to avoid losing information.
We computed the parameters of the frequency-magnitude relationship
on the Gutenberg and Richter (1956) model (GR) and the completeness
magnitude (Mc) (Fig. 3e); we estimated Mc using the best combination
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of Mc95, Mc90, and Maximum Curvature (Woessner and Wiemer, 2005)
and its uncertainty with the bootstrap technique (Wiemer and Wyss,
2000). We defined the GR parameters applying the maximum likelihood
method (Aki, 1965; Utsu, 1965) using ZMAP software (Wiemer, 2001).

2) We identified spatial seismicity clusters by using the Kernel
Density Estimation (KDE), which is a common approach for exploring
spatial point patterns in geospatial analysis (Brunsdon, 1995; Baddeley
et al., 2015; Zhang, 2022). The clusters were detected by applying the
ArcGis processing tool that calculates the density in a circular neigh-
bourhood around each seismic event considering the kernel function
proposed in Silverman (1986). The final map was obtained by setting the
search radius to 8 km (Fig. 4a). For each selected cluster, we examined
the depth distribution and the energy release (ER) (Fig. 4b and c).

We analyzed the depth distribution of events by using histograms
and the probability density function (pdf) computed via non-parametric
density estimation (KDE) with a gaussian kernel function and a band-
width value of 2. The histograms are plotted with a bin of 1 km only to
show the distribution of the dataset underlying the pdf function
(Fig. 4b). Finally, we computed ER applying the magnitude — energy
relationship (log E = 9.4 + 2.14M|, + 0.054M?, Richter, 1958) valid for
M, < 4.5 (Fig. 4c) (Okal, 2019) only to highlight the areas with higher
magnitudes.

3) We collected the focal mechanisms solutions (FMs) available in
the study area from RCMT, TDMT, and detailed papers (Frepoli and
Amato, 1997; Montone and Mariucci, 2016; Scognamiglio et al., 2006;
Eva et al., 2014; Pondrelli et al., 2020), and we detected the most en-
ergetic events, belonging to the selected clusters, to compute other focal
mechanism solutions (Fig. 5a and S2). To this aim, we considered the
waveforms of the selected events recorded by the RSN and RSNI. We
gathered an amount of 1888 three-component recordings that were
analyzed by visual inspection considering only the waveforms associ-
ated with the seismic stations falling within a ray of 130 km by the
centroid of the study area (Fig. S1). The P polarities are inverted by using
the FPFIT standard procedure (Reasenberg and Oppenheimer, 1985).
We selected the solutions from this data set with a minimum number of
eight clear observations homogeneously distributed on the focal sphere
and with less than two discrepant polarities. The selection was further
checked based on the two quality factors (Q) of the FPFIT code,
decreasing from A to C; these are the degree of polarity misfit (Qf) and
the range of uncertainties of the strike, dip, and rake (Qp) in a solution,
respectively. The new focal mechanisms parameters (details in Table S1
and Fig. S2) and the collected focal mechanism solutions from the
literature are listed in Table 1.

4) We computed the P, T, and B axes of the FMs and performed a
kinematic classification applying the criteria of Zoback (1992) (Fig. 5b).
Finally, we concluded the kinematic analysis by computing, when
possible, the average focal mechanism (AFM) for each cluster. The AFMs
were evaluated by applying the Bingham statistical procedure (All-
mendinger et al., 2012) used to describe axial data on a sphere. This
approach, applicable when there are no large differences in magnitude,
allows finding the best-fit axes (the common extension, intermediate
and shortening axes) of an ensemble of FMs and consequently to define
the representative one (AFM).

3.4. Fault alignments identification and 3D-fault model building

To build a 3D-geometric fault model of the Stradella thrust, of the
overall Stradella-Salsomaggiore Arc and the Emilia Arc thrust systems,
as depicted in Fig. 6, we integrated geological and seismological data
following the methodological approach of the Community Fault Model
of Southern California (Nicholson et al., 2014; Plesch et al., 2007). In
particular, we adapted to a buried thrust context, the procedure recently
applied to the intra-Apennines extensional faults (Lavecchia et al., 2017;
Castaldo et al., 2018; Bello et al., 2021; Cirillo et al., 2021).

Without continuous seismicity patterns extending from the surface to
the base of the seismogenic layer, the fault geometry at depth
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Fig. 3. Characterization of the instrumental seismicity in the study area (see location in Fig. 1) and neighboring regions. a) Epicentral distribution of earthquakes
from the Italian Seismic Bulletin occurred between 0 and 74 km in the period 1985-2020 (0.4 < ML < 4.9). The depicted geological structures are: 1- north-verging
buried thrust front of the Emilia Arc, 2- lateral transfer fault of the Emilia Arc; 3- Pede-Apennine thrust front along the Stradella-Salsomagiore Arc. b) depth dis-
tribution of the seismicity represented as probability density function (pdf, red line) and in terms of magnitude. The black dots represent the events, over the
completeness magnitude, considered for the pdf calculation. C) Daily and cumulative number of events. The yellow stars represent earthquakes with ML >4.0. d)
Cumulative moment release; yellow stars are the most energetic events that highlight the greatest seismic moment releases. E) Completeness magnitude vs. time. F)
Gutenberg—Richter slope evaluated with the 3500 events represented in panels a); in blue, the completeness magnitude Mc. (For interpretation of the references to
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Fig. 4. Geospatial earthquakes analysis. A) Map of the seismicity clusters (1-16) detected by the Kernel Density Estimation computed using the data of the Italian
Seismic Bulletin (time period 1985-2020; 0.4 < ML < 4.9; depth 0-74 km); fault key as in Figure3. b) Depth earthquake distribution of the clusters 1-16 represented
as histograms and as probability density function (pdf, red line). The focal mechanisms plotted in the panels are the Average Focal Mechanisms (AFM) representing
the kinematics of each cluster. The position and the border colour of AFM represents the depth association following the colour code as in Fig. 3a). Seismicity clusters
and Focal Mechanisms (FMs) used in the AFMs calculation are specified on the right side of each panel, together with Maximum Magnitude (M;, max) and Energy
Release (ER). C) Map of the energy released (ER) by each selected cluster. (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. 5. Focal mechanism and P, T axes. A) Map of the calculated (yellow colored border) and compiled focal mechanisms (FMs) reported in Table 1, fault key as in

Figure3. The FMs colour refers to the Zoback kinematic classification (NF = Normal fault, NS = Normal oblique fault, SS = Strike Slip fault, TF =

Inverse fault, TS =

Inverse oblique fault, UK unknown solution). B) Map of the P and T axis distribution of FM solutions; the left lower inset represents the average axes of the reverse/
reverse oblique and normal/normal oblique FMs, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

exclusively derived from seismological data can be ambiguous, and
various solutions can be obtained. To better constrain the deep geom-
etry, we connected the shallow-depth fault surfaces derivedfrom
geological data with the clusters of seismicity favouring geometries that
interpolate (a) the maximum density of earthquakes, (b) the maximum
magnitude events and (c) homogeneous kinematic hypocentral volumes.

The procedure is articulated in five steps:

Step 1 - In the first step, we collected and organized, on a GIS plat-
form, the available multi-scale geological information across the study
area, also redrawing part of it. Specifically, we compiled a georeferenced
raster database of geological structural maps and sections: Sheets of
Geological Map of Italy at scale of 1:100,000; Structural Model of Italy at
scale of 1:500,000 (Bigi et al., 1990); regional geological and seismo-
tectonic maps at scale of 1:250,000 (Martelli et al., 2017); structural
maps from selected papers (Pieri and Groppi, 1981; Cassano et al., 1986;
Fantoni and Franciosi, 2010; Boccaletti et al., 2011); geological tran-
sects from Pieri and Groppi (1981) and many other papers reported in
Figs. S3 and S4. Subsequently, we created new shape files redrawing: a)
the traces of the collected cross-section and transects (Fig. S3 with ref-
erences); b) the depth contour lines of the Pliocene deformed foredeep
domain derived from the Structural Model of Italy (scale 1:500,000)
with associated anticline and syncline hinges and major thrust structures
(Fig. 6a). Integrating the above information, we identified and drew the
buried traces of first-order master fault alignments which delimited well
distinguished kinematic blocks with a northward rejuvenating age in the
offset phase (Fig. 6b). The along-strike segmentation of these alignments
was defined considering both sharp variation in trend, axial culmina-
tion, depression, as well as the length of the hanging-wall anticlines.

Step 2 - After importing the described data on the MOVE 3d platform
(MOVE suite software by PetEx Ltd., version 2019.1), we built the 3D
shallow fault surfaces of the identified fault alignments by extruding
them to depths of a few kilometers (4-5 km) after deriving the dip angle
from the collected geological cross-sections and regional transects.

Step 3 - The seismicity was suitably filtered (RMS < 0.5 s, gap <180,
phase readings N > 10, vertical error < 4 km; horizontal error < 3 km)
and then projected along the geological sections of Figs. S3 and serial
closely spaced transects (Fig. S5) perpendicular to the structural trends
assuming a variable half-width (5 and 10 km). Next, using the MOVE
software section view tool, we draw the fault traces connecting the
shallow fault surfaces with the hypocentral volumes corresponding to
the seismicity clusters and the background seismicity.

Along the traces of four regional transects (sec 0, 1, 2, and 3 in Figs. 7
and S5), corresponding to interpreted seismic lines (Pieri and Groppi,
1981) (Fig. S4), we also adopted a section-view density contour repre-
sentation of identified hypocentral clusters lying within semi-widths
between 15 and 25 km from the fault traces (Figs. 7 and S5); the den-
sity contours were obtained applying the Kernel Density Estimation
(KDE) in geospatial analysis (Brunsdon, 1995). Such a representa-
tionhighlights the areas with the highest number of earthquakes,
sometimes hidden by the diffuse background seismicity, and is helpful in
better correlating the seismicity with the surface position of the thrust
system. Along the four transects, we also projected the focal mechanisms
of events after the 2000s, whenever sufficiently well constrained at
depth (Table 1).

Step 4 - Using the Delaunay triangulation method (Delaunay, 1934;
Okabe et al., 1992) of the MOVE suite, we interpolated in a 3D space the
map and section view traces of the fault alignments to build nonplanar
fault surfaces down to the base of the seismogenic layer. From the 3D
fault models, we extracted two km-spaced smoothed depth contour lines
of each fault surface.

Step 5 — In the final step, we performed a validation and reliability
evaluation of the reconstructed 3D geometries considering that it de-
pends on 1) the spatial uncertainty of the position of the buried fault
alignment and their shallow depth extrapolation, 2) the earthquake
distribution (seismic gaps, diffuse or clustered events) and the formal
errors of seismic locations.
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Table 1

Summary of the source parameters of the focal mechanisms computed in this study and available in the literature.
Date time Long Lat depth ML/Md Mw Strike Dip Rake P_tr P_pl T_tr T_pl Kin Ref-(ID)
15/05/1951 22.54.28 9.33 45.33 6.0 - 5.0 235 73 -171 98 18 190 6 SS 1-(1)
16/05/1951 02.27.01 9.33 45.33 6.0 - 4.5 123 64 -17 84 30 350 7 SS 1-(2)
15/07/1971 01.33.22 10.34 44.78 8.0 - 5.3 346 42 8 308 26 196 36 UK 2-(3)
25/10/1972 21.56.13 9.92 44.45 40.0 - 5.2 195 51 —24 165 41 63 11 NS 2-(4)
15/04/1974 21.49.00 9.55 44.63 5.0 - 4.6 296 81 —-175 160 8 251 2 SS 2-(5)
16/11/1975 13.04.00 9.52 44.75 20.0 - 4.8 312 62 —-32 275 42 185 0 NS 1-(6)
22/08/1976 02.49.00 9.52 44.67 8.0 - 4.6 351 32 —133 166 60 292 18 NF 2-(7)
23/12/1980 12:01:03 9.94 44.71 10.0 - 4.6 35 61 —20 358 34 263 8 SS 1-(8)
09/11/1983 16:29:51 10.36 44.64 28.1 - 5.0 14 43 29 324 16 215 49 TS 1*-(9)
01/10/1986 19:53:41 10.13 44.27 23.6 4.1 4.5 135 43 —-91 245 88 46 2 NF 1*-(10)
31/10/1991 09:31:18 10.01 44.95 4.5 4.0 - 180 70 140 237 11 137 42 TS 3-(11)
01/01/1992 10.12.19 9.96 44.95 3.3 3.4 - 150 35 150 19 22 139 51 UK 3-(12)
02/01/1992 13.44.59 9.96 44.96 1.3 3.4 - 170 40 170 28 28 143 38 UK 3-(13)
11/02/1995 4.22.26 9.98 44.95 7.6 3.1 - 75 60 30 23 3 290 41 TS 4*-(14)
14/06/1995 05.27.03 9.83 44.81 8.5 3.2 - 120 45 100 23 0 116 83 TF 4*-(15)
21/02/2002 10.33.12 9.44 44.90 14.6 3.1 - 235 50 60 346 1 78 67 TF 1 N-(16)
11/04/2003 09:26:58 8.86 44.75 8.2 4.5 4.8 297 75 —165 160 21 250 0 SS 1*-(17)
21/09/2004 10.51.05 9.41 44.96 11.7 3.3 - 115 60 100 198 14 50 73 TF 2 N-(18)
18/04/2005 10.59.18 9.34 44.70 30.2 3.7 4.0 336 34 -35 330 54 208 21 NF 1*-(19)
07/04/2006 14.01.16 9.86 44.43 8.5 3.3 - 335 60 30 283 3 190 41 TS 4*-(20)
09/05/2007 06:03:49 10.48 44.73 22.6 - 4.2 258 45 63 187 3 88 71 TF 1*-(21)
30/07/2007 19:05:43 10.02 44.80 27.8 - 297 67 66 45 19 171 61 TF 2*%-(22)
31/12/2007 10.05.00 10.25 44.49 22.1 3.1 - 330 25 120 218 22 6 64 TF 4*-(23)
26/03/2008 09:19:30 9.81 44.34 72.2 - 4.0 243 66 61 354 16 112 58 TF 5-(24)
23/12/2008 21:58:25 10.34 44.51 24.6 - 5.5 295 34 97 200 11 0 78 TF 1*-(25)
23/12/2008 23.37.06 10.28 44.57 25.4 4.0 4.9 286 34 84 200 11 38 78 TF 1*-(26)
25/12/2008 03.08.29 10.31 44.56 26.1 3.9 115 60 80 212 14 0 73 TF 4*-(27)
19/10/2009 10.08.50 9.83 44.80 15.0 - 3.9 250 60 80 347 14 135 73 TF 3 N-(28)
08/09/2011 13.17.27 10.19 44.62 19.4 - 3.6 103 66 115 175 17 51 61 TF 5*%-(29)
20/10/2011 06:11:18 9.42 44.53 6.6 4.0 4.2 278 34 62 208 14 78 69 TF 1*-(30)
25/01/2012 08.06.36 10.50 44.87 30.3 - 5 335 46 -16 306 39 198 21 UK 1*-(31)
27/01/2012 14.53.13 10.03 44.48 60.8 - 4.9 286 63 87 18 18 189 72 TF 2*-(32)
05/03/2012 15.15.06 9.35 44.48 20.6 - 44.3 297 19 -114 64 62 226 27 NF 1*-(33)
03/10/2012 14.41.29 9.66 44.75 21.3 - 4.5 25 80 —-20 340 21 73 7 SS 4 N-(34)
03/10/2012 17.18.01 9.70 44.75 24.0 3.2 - 90 65 90 180 20 360 70 TF 5 N-(35)
19/10/2013 16.21.57 8.99 44.77 22.3 - 3.3 58 86 54 177 31 296 38 UK 4*-(36)
21/11/2013 10:36:49 9.02 44.91 5.4 - 4.0 86 27 44 30 24 253 59 TF 1*-(37)
30/11/2014 09.34.25 9.42 44.57 12.0 - 3.6 315 57 —58 280 63 23 7 NF 5*%-(38)
19/11/2017 12.37.44 10.03 44.66 22.0 - 4.4 344 64 136 43 8 304 49 TS 5*%-(39)
22/05/2019 14.37.36 9.92 44.82 18.0 3.5 - 60 50 110 136 3 35 74 TF 6 N-(40)
19/04/2020 09.53.41 9.20 44.99 28.0 3.7 - 252 71 21 23 1 114 28 SS 7 N-(41)

1 = Montone and Mariucci, 2016; 2 = Pondrelli et al., 2020; 3 = Frepoli and Amato, 1997; 4 = Eva et al., 2014; 5 = TDMT Scognamiglio et al., 2006; * = location from
CSI/seismic bulletin; N = new focal mechanisms computed in this study). Key: P_tr = trend of P-axes, P_pl = plunge of P axes, T_tr = trend of T-axes, T_pl = plunge of T
axes, kin = kinematic associated to each focal mechanism following Zoback (1992) classification (TF = thrust, TS = thrust-strike, SS = strike, NF = normal, NS =

normal strike.

Since the near-surface fault traces are almost all buried, we evaluated
the uncertainty on the alignment position considering the average
spatial variations observed in different structural maps for the same
structural element. Then, we considered the maximum vertical formal
error of the dataset as depth uncertainty since the seismic events used to
define the depth geometry were previously filtered. Finally, we
considered the availability and quality of the geological and seismo-
logical input data and attributed to the major segments of each fault
alignment a quality parameter per data typology defined as Constrained
(C), Poor Constrained (PC), Extrapolated (E) (see Table S2).

The inner blue clusters represent upper crust extensional seismicity
located along the northward buried prosecution of the Lunigiana fault
system; the light-green clusters represent shallow-to-deep crustal seis-
micity associated with the high angle SE dipping Pavia left-lateral ramp;
orange clusters are associated to the Stradella-Salsomaggiore Arc; the
green, purple and violet ones are related to the outermost frontal thrust
of the Emilia Arc and its hanging-wall splays, respectively; the pink
cluster highlights a possible antithetic splay to the outermost thrust.

4. Results
4.1. Morphostructural data

Integrating the newly collected data, we reconstruct the surface ge-
ometry of the Broni-Sarmato fault-scarp in more detail than previously
done.

i) The trace of the morphological feature extends 18 km along-strike
in an average E-W direction, following the contact between the Miocene
marls and the Quaternary sands and clays. The trace is not continuous,
as previously reported in the literature (Benedetti et al., 2003). Indeed, it
is characterized by one first-order right-stepping with a perpendicular-
to-strike separation of 1.8 km between the villages of Casa Olmo and
Castel San Giovanni (Fig. 2b) and by diffuse second-order left- and right-
steps with a total of 4 segments. These have along-strike extent between
1.5 and 9 km with small separation gaps (perpendicular to strike) in the
order of 60 to 260 m. The en-échelon steps show a gradual decrease of
the scarp height at the tips of the onlapping segments. These segments
exclude those that coincide with interruption of the fault scarp due to
river erosion.

ii) A secondary scarp is located at the foot of the main one, parallel to
it. It extends for 13.5 km in length, as can be seen from the points of
measurements in Fig. 2b (red numbers). The second scarp does not
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Fig. 6. GIS reconstruction of regional thrust align-

0-1000 [
1000-2000 [2/7
2000-3000
3000-4000
4000-5000
5000-6000
6000-7000
7500-8000

ments in the Emilia Arc region. a) Depth contour lines
of the Pliocene Padanian foredeep deposits redrawn
and georeferenced from Structural Model of Italy
(scale 1:500.000) (Bigi et al., 1990); traces of asso-
ciated buried thrust and fold hinges are reported.
White rectangle is detailed in panel b. b) Major thrust
alignments based on integrating information from the
above map, Videpi well distribution, other available
regional maps (Pieri and Groppi, 1981; Martelli et al.,
2017), and a large number of geological cross-
sections reported in Figs. S3 with references. The
thrust front of the Stradella-Salsomaggiore Arc is
largely outcropping; all the others are almost exclu-
sively buried. In the blue box, the Broni-Sarmato
scarp shown in Fig. 2b. (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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perfectly follow the full extent of the principal scarp, emerging only
locally; in some sectors, the minor scarp coincides with boundaries of
farmland, whereas in other sectors, it is in the middle of homogeneous
cultivated fields (e.g., in Fig. 8d) and thus it does not coincide with
farmland boundaries. A possible reason for the high discontinuity of the
second scarp could be the anthropogenic activity in the area and the
presence of several farmlands.

10

iii) To measure in detail the height of the two scarps, along the Broni-
Sarmato structure we made 30 perpendicular to scarp high-precision
topographic profiles (examples in Figs. 8a-c) acquired by GPS in-
struments. We integrated these data with 31 profiles obtained by the
LiDAR images (Fig. S6). The height values of the main scarp, obtained as
vertical distance of the terraces separated by the scarp, range up to 25.8
m, while those of the minor scarp range from 0.55 to 3.85 m.
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iv) With the DTM from LiDAR data we reconstructed the along-strike
profile of the main scarp (Fig. 9b). Most of the low values measured
along the profile are in zones where the original scarp has been partially
eroded by river activity or correspond to right- or left-stepping zones
where the scarp height was originally lower. As a whole, the values of
the scarp height tend to decrease eastward, with several irregularities.

4.2. Geoelectrical surveys

Three NNE-SSW directed Electrical Resistivity Tomography (ERT)
profiles were acquired across the Broni-Sarmato fault-scarp at two
selected test sites, referred to as Valle Muto and Pavesa (profile traces in
Fig. 2¢).

In the inverse resistivity models (Fig. 10), warm colours (from green
to red) are associated with freshwater-saturated clayey-to-sandy de-
posits, cool colours (from purple to blue) are associated with brackish
water-saturated sandy deposits or freshwater-saturated clays. This is
consistent with results from Torrese and Pilla (2021) who carried out a
geophysical study for the delineation of aquifer geometry and the
detection of saline paleo-water contaminations at a test site located
about ten kilometers away from our study area. This is also consistent
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with results from Pilla and Torrese (2022) who carried out an integrated
hydrochemical and geophysical study of the saline paleo-water uprising
into the alluvial aquifer over a larger area.

The obtained geoelectrical images point out the presence of zones of
the subsoil affected by brackish water contaminations (Fig. 10). The
origin of these Na—Cl rich waters is connected to the brines (very high-
density fluids) that are remnants of evaporated marine waters in the late
Messinian (Late Miocene), trapped at the bottom of the Po Plain aquifer
(Conti et al., 2000). The uprising of saline waters is facilitated by these
structural discontinuities which represent preferential flow paths and
facilitate the flow towards the surface and the mixing of deep saline
waters with shallow fresh waters (Pilla et al., 2010; Torrese and Pilla,
2021; Pilla and Torrese, 2022). This is evident from the low resistivity
values (purple colour) that are found along the discontinuities A, D, E in
Fig. 10, and that extend towards the surface, on profiles ERT1 and ERT2
and even on the more detailed profile ERT3.

Horizontal interruption and vertical dislocation of a shallow, high
resistivity layer (dislocated into Z and Y, X and W bodies in Fig. 10)
allowed the recognition of structural discontinuities B, C and F in
Fig. 10. These discontinuities appear to be associated with the uprising
of brackish water to a lesser extent than the other discontinuities, as
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the north.

revealed by the detailed profile ERT3.

Among the discontinuities revealed by the inverse resistivity models
we identified the main discontinuity (A) which is clearly recognizable on
all profiles. Discontinuity A is associated with minor structures B and C
which are found on all the profiles; other two small, shallow structures
(Fig. 10) are revealed by ERT3 alone. Integrating the topographic
analysis and the geoelectrical profiles, we identify the Broni-Sarmato
segment as a wide zone of deformation at the shallowest level extend-
ing from point B to point D in Profile ERT1 of Fig. 10. The depth of
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investigation of the profiles is not enough to understand if and how these
structures possibly merge at deeper level.

4.3. Earthquake distribution and kinematics

The analyzed instrumental seismicity (Figs. 3-5), occurring in the
1985-2020 time interval, is characterized by small-to-moderate-sized
earthquakes with magnitude 0.1 < M, < 4.9 and a low seismicity rate.
In instrumental time, unlike the Ferrara Arc, which experienced the
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2012 Emilia seismic sequence (Mw 6.1), the study area was not affected
by significant seismic activity but only by minor events that never
exceeded magnitude M; 4.9 (Fig. 3a). The major seismic sequence
occurred in December 2008 at lower crustal depths (~20 km, My, 4.9).
The other event of My, 4.9 that affected the area occurred in 2012 at a
sub-crustal depth (60 km).

The completeness magnitude of the Italian Seismic Bulletin
(1985-2020) is about Mj 2.4 (Fig. 3e), and although the National
Seismic Network (RSN) improved significantly after 2005 and 2009
(Amato and Mele, 2008; Schorlemmer et al., 2010), better-quality
earthquake detection capabilities and the lowering of the earthquake
catalog completeness threshold, was observed only after 2015 (from ~
My 2.5 - to - ~ M, 1.8). The parameters of the Gutenberg-Richter
relationship (GR), are estimated from the available data, i.e., the annual
a value (4.35) and b value (1.17).

The frequency-depth histogram of Fig. 3b, computed considering the
seismicity over the completeness magnitude, depicts a bimodal pattern
with maxima centered around 8 km and 26 km. About 70% of the events
occur within the upper crust at depths less than ~12 km. About 30%
occur within the lower crust, at depths between 12 and 30 km, and the
remaining 2% occur at subcrustal depths. From an energy release point
of view, we can observe that also the deepest events, albeit in much
smaller numbers, in the analyzed time window, have magnitude com-
parable to the shallower ones (Fig. 3b).

Due to the seismic network configuration, the shallow seismicity
(<10-12 km) along the Emilia Arc is not well constrained, while the
deeper earthquakes, prevailingly occurring at lower crustal depths
(20-30 km), as well as the events occurring in the southern part of the
study area are better located (Fig. S1).

The seismicity is not uniformly distributed but instead clustered in
specific zones, mainly close to known active faults (Fig. 4a). Moreover, it
is much less frequent in the western part of the study area with respect to
the eastern part. The cluster analysis (Fig. 4a and b) highlights 16 groups
characterized by different energy release (ER) and mainly located in the
study area's south-eastern portion (Fig. 4c).

The compilation of 34 FMs from the literature and 7 from this study
(Tables 1 and S1; FMs with yellow border in Figs. 5 and S2) highlights
three distinct kinematic domains. The seismic events with reverse so-
lutions are predominant in the central-eastern sector of the study area at
the lower crust and subcrustal depths (see red-bordered group of FMs in
Fig. 5). The southern-western events present a normal kinematics
compatible with the northward prosecution of Lunigiana extensional
fault systems (Fig. 5a); the strike-slip solutions characterize the western
flank of the outer buried front of the Emilia Arc. The P and T average
kinematics axes show a sub-horizontal SSW-NNE and SW-NE- trend,
respectively (Fig. 5a and b).

The average focal mechanisms for each cluster or set of clusters,
computed with the Bingham statistics (Allmendinger et al., 2012), are
detailed in Fig. 4b. Taking into account the epicentral distribution and
prevailing depth range and kinematics, it is possible gathering the
clusters into the following groups:

1- shallow tensional clusters (8, 9, 10, 11), along with the termina-
tion and northward prosecution of the Lunigiana extensional fault sys-
tem (Figs. 4a, 5a);

2- shallow compressional clusters (1, 4, 12), on the hanging-wall side
of the Stradella-Salsomaggiore Arc;

3- shallow compressional clusters (6, 16), on the footwall side of the
Stradella-Salsomaggiore Arc;

4- lower crust compressional clusters with almost pure dip-slip ki-
nematics and an average NE-SW P-axis (3, 12, 13, 14, 15), localized in
the footwall of the Stradella-Salsomaggiore Arc;

5- shallow to lower crust strike-slip clusters (5 and 7) in the Emilia
Arc's north-western side possibly associated with the Pavia left-lateral
ramp (Fig. 6), with NNE-SSW-trending P-axis.
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5. Unknown attribution (Cluster 2)

Cluster 6, located between Parma and Piacenza towns, and cluster
15, with reverse kinematics, are the most significant clusters in energy
released among shallow and deeper earthquakes, respectively M; max
4.0, 1991 and Mj, max 4.9, 2008 in Fig. 3a.

The western extensional shallow clusters (8, 10, 11) are character-
ized mainly by swarms of tens of days of durations and energy less than
the ones released in the eastern groups. For example, cluster 10 is the
most significant in terms of n° earthquakes per unit area, but not of
energy. The described extensional clusters show NE-SW trending T-axes.

5.1. 3D fault model

Following the conceptual procedural steps illustrated in Section 3.4,
we reconstructed, in a georeferenced frame, the 2D and 3D geometry
and kinematics of the largely outcropping Stradella-Salsomaggiore Arc
and the buried various thrusts making up the Emilia Arc. We did not
further analyze the extensional seismological data of the Lunigiana area,
as they were out of our target.

5.1.1. Fault alignments and segmentation

The Stradella-Salsomaggiore Arc (SSA in Fig. 1 and A in Fig. 6b)
extends for about 120 km along the strike. Following the thrust hierar-
chy proposed by Caputo and Tarabusi (2016), it may be defined as a
second-order structure of the PTF. From west to east, it is articulated
along strike in two third-order structures: Stradella Arc (S1, S2, and S3)
and Salsomaggiore Arc (S4 and S5). In turn, the latter are organized in
fourth-order individual thrust segments (S1 = Salice Terme-Broni, S2 =
Broni-Sarmato, S3 = Casaliggio; S4 = San Giorgio Piacentino, S5 =
Fornovo di Taro) (A in Fig. 6b). In this paper as in the literature (Ben-
edetti et al., 2003; DISS Working Group, 2021), the generic term Stra-
della thrust includes segments S1 and S2.

The Emilia Arc is a thrust system having a more complex fault
pattern and consisting of three well-distinguished arcuate thrust align-
ments. From south to north, we call them:

- Piacenza Arc (Rivanazzano-Belgioioso-Piacenza- Cortemaggiore-
Soragna) (B in Fig. 6b),

- Cremona Arc (Sant'Angelo Lodigiano-San Colombano-Cremona-
Parma) (C in Fig. 6b),

- Voghera-Lodi-Piadena Arc (Voghera-Lodi-Caviaga-Soresina-Pia-
dena) (D-D’ in Fig. 6b).

The along-strike continuity of the thrust front of the Piacenza Arc
also its central portion, although not so evident, may be inferred from
the extent of the Piacenza syncline at its footwall (Fig. 6a).

The Voghera-Lodi-Piadena alignment bounds outward the Emilia Arc
and consists of the lateral Pavia ramp (D’ from Voghera to Bescape), with
prevailing left-lateral kinematics, and of the Lodi to Piadena frontal
thrust (D). As a matter of fact, all arcs have an asymmetric shape, with a
longer NE side and a shorter NW side. This configuration is controlled by
an ESE-dipping high-angle oblique-slip (left-lateral and dip-slip) shear
zone bordering the west side of all arcuate alignments. Following Caputo
and Tarabusi (2016) criteria, it may be classified as a second-order
structure of the Adriatic-Padan arcuate belt. Along strike it is articu-
lated in third-order structures. From west to east, we identify the Pavia
lateral ramp along the Voghera-Bescape alignment, the Cornegliano-
Caviaga thrust, the Soresina Arc, and the Piadena arc, as shown in
Fig. 6 and schematised in Fig. S7.

As observed in other sectors of the outer Apennine fold-and-thrust
belt, the timing of the onset of the thrust alignments rejuvenates
northward and outward from Late Miocene to Late Pliocene and Qua-
ternary (Ghielmi et al., 2010; Livani et al., 2018; Amadori et al., 2019;
Panara et al., 2021).

5.1.2. Depth geometry definition
The hypocentral distribution of seismic events and the focal
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mechanisms allow us to identify cluster of seismicity with reverse/
strike-slip kinematics mainly concentrated in the ranges 8-12 km and
20-30 km along the down-dip prosecution of the identified fault align-
ments as shown in Fig. 7.

The highest densities and the most energetic events, which occurred
between 1985 and 2020, are mainly located within the lower crust
(clusters 3, 12, 13, 14, 15, 16), except the Cortemaggiore seismic
sequence (1991, My max 4.0, cluster 6) occurred within the upper crust.
The section-view depth geometry and the possible earthquake/fault
association are evident in the four transects of Figs. 7 and 11 and along
the eleven radial cross-sections of Fig. S5.

The westernmost transect (sec. 0) shows that at depths between 5
and 30 km, the seismicity can be correlated with high-angle strike-slip
deformation along the Voghera segment of the Pavia transfer fault. At
upper-crustal depths, it also correlates with the SSE-dipping Broni
segment (S1 in Fig. 12) of the Stradella-Salsomaggiore Arc.

Transects 1 and 2 show that at upper crust depths (< 12-14 km), the
earthquake activity is relatively well connected with both the SSW-
dipping San Giorgio Piacentino segment (S4 in Fig. 12) of the
Stradella-Salsomaggiore Arc and the nearly parallel SSW-dipping Pia-
cenza Arc. In contrast, at lower crustal depth (17-18 km to 30-32 km),
the seismicity can be well correlated with the lower crust segment of the
outer front of the Emilia Arc along the down dip-prosecution of the Lodi-
Piadena Arc (D) and, eventually, the lowermost portions of its splays (B
and C) (Fig.7). Transect 3 highlights an SSW-dipping significant clus-
tering between 20 and 30 km that can be associated with the outer front
of the Emilia Arc (Figs. 11-13).

In summary, based on the seismicity clustering, the more energetic
seismic events, and focal mechanisms, we highlight that at a depth
between16-22 km, the basal thrusts of the three Emilia arcuate

Tectonophysics 857 (2023) 229853

alignments (B, C and D-D’) merge on a common basal detachment from
here onwards called Emilia Arc Basal Thrust (EBT). At depths from 17 to
18 km to 30-32 km, the EBT itself is seismogenic. On the contrary, the
Stradella-Salsomaggiore Arc, does not converge with EBT but identify an
independent low-angle thrust. In any case, the earthquake distribution
highlights synchronous activity in the present times of both regional
arcs.

The reconstructed 3D fault model of the Emilia Arc consists of three
major near-parallel and well-distinct thrust surfaces (Piacenza Arc,
Cremona Arc, Voghera -Lodi-Piadena Arc). Axial culmination and
depression or sharp lateral bends characterize the along-strike extent of
such arcuate structures, which thus result in being articulated in smaller
individual segments. At lower crust depth, the three arcs are connected
with a common basal detachment, here referred to as Emilia Arc Basal
Thrust (EBT), which propagates with staircase trajectories from the
Permian-Triassic basement (15-16 km depth) up to near-surface depths,
with a characterizing fault-propagation fold-structural style as those of
the Ferrara Arc (Astiz et al., 2014; Lavecchia et al., 2015).

The Lodi-Piadena frontal thrust of the Emilia Arc (e.g., D in Fig. 12)
extends for about 130 km in the average WNW-ESE direction and
propagates down-dip to depths of ~30-32 km, with an average dip-
angle of 25°. The Pavia left-lateral ramp (D’ in Fig. 12) extends for
about 50 km in the NNE-SSW direction with an average SE-dip of 70°
down to depths of ~30-32 km. The southern portion is illuminated by a
distinct earthquake volume associated with focal mechanisms with near
pure left-lateral strike-slip kinematics (Fig. 7).

The frontal and lateral thrusts of the Emilia Arc cross the entire crust
with a thick-skinned style, deforming from top to bottom Cenozoic
terrigenous successions, Cenozoic and Mesozoic carbonate successions,
Triassic evaporites, and underlying crystalline basements. Well-evident

Average Dip Azimuth 203°
Average Dip 37°

Depth from 0 to 14 km
Seismogenic patch from 5 to 13 km

A=Stradella-Salsomaggiore Arc Basal Thrust

D-D’=Emilia Arc Basal Thrust
Average Dip Azimuth 201°

Average Dip 24°

Depth from 2.5 to 32 km
Seismogenic patch from 17 to 32 km

Fig. 11. 3D nonplanar fault models of the Stradella-Salsomaggiore Arc (A) and Emilia Arc Basal Thrusts (D-D’) as reconstructed in this paper integrating geological
and seismological data. The two thrusts surfaces are intersected with the earthquake density contour profiles elaborated along the hypocentral sections 0, 1, 2, 3 in
Fig. 10. Along dip, the outer structure of Emilia Arc consists of (I) an upper crust portion shallower than 5-6 km, that have been interpreted from geological maps and
transects (Voghera-Lodi-Piadena Arc in Figs. 6b, S3 and S5); (III) a lower crust portion, between 17 and 18 and 31-32 km, built from earthquake distributions in
section views (EBT in Figs. 12 and S5); (II) an intermediate portion graphically interpolated between the previous two (EBT in Fig. 12).
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represent the historical seismicity from Rovida et al. (2022); the blue one is the Cremonese event inferred by Galli (2005). Events with Mw > 4.0 are shown only for
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and Maximum Horizontal Stress direction (6pmax - colored bar); black bars are 6ymax from Borehole Breakouts (Mariucci and Montone, 2020). b) Rose-diagram
representation of maximum horizontal stress as derived from the focal mechanisms (red), borehole breakouts (black), and merged dataset (yellow). c)
Section-view of the 3D fault surfaces of Fig. 12 along the trace of Section 2, with some shallow geological detail and with schematic mechanical layering: the upper
crust geologic limits are redrawn from Pieri and Groppi (1981) and correspond to section number 7 in Fig. S5; the Moho depth boundary is derived from Di Stefano
et al. (2009). The two diagrams on the right represent the depth distribution of the instrumental seismicity and the energy released by the events lying within the
boundaries of the seismotectonic zones given on the map. (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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compressional seismogenic patch characterizes the central and eastern
areas of the frontal thrust at depths between ~18 and 32 km (Fig. 11;
Fig. S7).

The Stradella-Salsomaggiore Arc extends along strike for about 110
km and propagates along dip to depths of about 14 km, with an average
dip-angle of 25° (Figs. 7 and 11).

5.1.3. Fault model building validation

Following the criteria specified in section 3.4 (Step 5), we assigned to
different depth intervals of each surface of the 3D Fault model (Fig. 12),
a quality ranking based on the availability and quality of geological and
seismological input and on the coherence between them (Fig. S7 and
Tables S2). As a result, the surfaces at the upper crust (0-12 km) and the
lower crust (18-32 km) were classified as Constrained (C), Poor Con-
strained (PC) and Inferred (I). Generally, no information was available
at mid-crust depths, and the corresponding fault surfaces were inferred
by interpolating the upper crust and lower crust geometries. Fig. S7
gives a map-view representation of the available constraints on the fault
model's geometry based on evaluated seismological constraints derived
from background seismicity and clusters.

6. Discussion
6.1. The Stradella thrust

About 20 years ago, Benedetti et al. (2003) highlighted the possible
recent activity of the Stradella thrust at the northwestern termination of
the Pede-Apennine thrust front (PTF). The tectonic origin of the Stra-
della scarp versus natural (gravitational) or anthropogenic processes is
still questioned (DISS Working Group, 2021).

Based on the seismic interpretation by Pieri and Groppi (1981),
Benedetti et al. (2003) associate the investigated fault scarp with a
south-dipping high-angle thrust active since the late Messinian that
branches from the Emilia Arc Basal Thrust at a depth of about 10 km.
Toscani et al. (2006) interpreted the Stradella structure as a fault-related
anticline developed in Messinian times at the hanging wall of the Pede-
Apennines frontal thrust, and displaced in Late Pliocene-Pleistocene by
two north-dipping back-thrusts detaching from the south-dipping Emilia
Arc Basal Thrust.

The link at depth of the Stradella thrust and, in general, of the PTF
with the Emilia Arc are controversial. Two different interpretations have
been proposed: 1) the Stradella thrust and the whole PTF represent a
splay structure branching at ca. 10 km-depth from a major basal
detachment (Pieri and Groppi, 1981), which is common also to the outer
splays/frontal ramps in the frame of a thin-skinned tectonic style. 2) The
PTF, to which the Stradella thrust belongs, is associated with a thick-
skinned tectonic style and intersects the active basal detachment at
about 20-25 km depth (Bonini, 2013).

In this paper, we contribute to the above discussion, at the local and
regional scale, on one side zooming with a morphotectonic and geo-
electric approach on a particularly well-exposed segment of the Stra-
della thrust, i.e., the Broni-Sarmato fault-scarp, on the other side
modelling the 3D geometry at depth of the Stradella thrust by inte-
grating seismological and geological data.

6.1.1. The Broni-Sarmato fault-scarp

Recent tectonic activity along this scarp was indicated by previous
authors based on geological and geomorphological surface evidence
(Pellegrini and Vercesi, 1995; Benedetti et al., 2003).

Our integrated geomorphologic-geoelectric study of the Broni-
Sarmato fault-scarp (Fig. 2) supports its tectonic origin and shows a
sub-soil image of the fault near-surface deformation zone. Furthermore,
the offset of the terraces, and the presence of hanging valleys and
triangular facets along the scarp, and the diffuse presence of over-incised
river valleys in the block south of the scarp, are all morphostructures
classically ascribed to recent tectonic fault scarps (McCalpin, 2009;
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Tibaldi et al., 2017; Tibaldi and Ferrari, 1992).

We add that the scarp is linear in map view, with a number of small
left- and right-stepping geometries, and one large right-stepping. These
steps are characterized by gradually decreasing scarp height at the tips
of the onlapping segments, a geometry incompatible with the Broni-
Sarmato scarp's river origin.

We also recognize a minor scarp, with a length of 13.5 km located at
the footwall of the main one. Most segments of this minor scarp are
located at the boundaries of farmlands. Although we recognize the
presence of deformation in the sub-soil image in the geoelectric profiles,
we are more inclined to consider that the minor scarp might be instead
of anthropogenic origin.

The main scarp zone corresponds to a strip of near-surface defor-
mation, where shallow fault splays may be present, as found elsewhere
(e.g., Ghisetti et al., 2007). In the Broni-Sarmato case, this geometry is
consistent with the presence of several electrical discontinuities in the
same zone as highlighted by the geophysical surveys (Fig. 5). The extent
of brackish water contamination at depth revealed by the long geo-
electrical survey (profile ERT1 in Fig. 5) suggests the presence of a wide
zone of deformation that represents a preferential flow path for deep
saline waters and facilitates the flow towards the surface. The extent of
brackish water contamination is comparable to that reported by Torrese
and Pilla (2021) and Pilla and Torrese (2022) and related to another
important tectonic discontinuity located 5-10 km NNW of Stradella, in
the Oltrepo Pavese plain sector (Po Valley, Northern Italy) (Fig. 1 in
Torrese and Pilla, 2021). Even this tectonic discontinuity, buried below
alluvial deposits, is responsible for the uprising of deep, saline paleo-
waters. Although the brackish water contamination does not provide
any direct evidence of the recent Broni-Sarmato segment activity, we
stress that there are other more direct clues coming from the geo-
electrical surveys, which are the horizontal interruptions and vertical
dislocations of a shallow, high resistivity layer (Fig. 10). These features
are present along the geoelectrical surveys at sites located in corre-
spondence of the major scarp, indicating possible deformation along
SSW-dipping high-angle discontinuities.

Taking into account that the deformed deposits belong to unit TO,
and that the uplifted units T1-T3 have a Middle-latest Pleistocene age
(Benedetti et al., 2003), our geoelectrical surveys are consistent with the
conclusions of these authors that along the Broni-Sarmato scarp there is
the presence of shallow deformation of tectonic origin that lasted until
the latest Pleistocene and, probably, the Holocene.

6.1.2. The Stradella-Salsomaggiore Arc

The Broni-Sarmato scarp represents the central E-W segment of the
Stradella Arc (Figs. 2a and 6) as reconstructed in this paper integrating
the available geologic and seismologic information (Figs. 2, 6b). The
Stradella Arc continues towards SE with the Salsomaggiore Arc (Figs. 6
and 12). According to our reconstruction, the overall Stradella-
Salsomaggiore Arc consists of five along-strike well-distinguished fault
segments, possibly laterally interconnected at a depth of about 5 km
(Fig. 12) and belonging to the PTF. All five segments show an evident
westward-dipping low-angle seismogenic volume at a depth between a
few kilometers and 12-14 km, along with the down-dip prosecution of
their surface trace (Figs. 7 and S5). The Salice Terme-Broni and San
Giorgio Piacentino segments (S1 and S4) show the most relevant asso-
ciation with instrumental seismicity (Fig. S5). Information on the
earthquake kinematics is limited to a few compressive focal solutions
with an average NNE-striking P-axis associated with the Salice Terme-
Broni (S1), Broni-Sarmato (S2), San Giorgio Piacentino (S4) and For-
novo di Taro segments (S5) (Fig. S7, Table S2).

Although a modest seismic activity, available earthquake data are all
geometrically and kinematically coherent to constrain the overall
Stradella-Salsomaggore Arc as an upper crustal structure, thus excluding
a direct connection with the underlying EBT=
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6.2. The Emilia Arc

According to our 3D reconstruction (Figs. 11 and 12), a character-
izing geometric seismotectonic feature of the Emilia Arc is a regional
scale well-evident lower crust basal detachment that undergoes seis-
mogenic compression at depths between 18 and 32 km (Figs. 7 and S5).
This tectonic structure is here called the Emilia Arc Basal Thrust (EBT)
(Fig.13) and may be geometrically reconnected with the outer front of
the Emilia Arc (Voghera-Lodi-Piadena Arc). Some more internal upper
crust segments (Cremona and Piacenza Arcs) splaying from the EBT are
highlighted from geological interpretations of seismic lines (e.g., tran-
sects in Figs. 7 and S4). Overall, the Emilia Arc depicts a thick-skinned
tectonic style for this sector of the Northern Apennines.

Although only a few earthquake data are attributed to the Emilia Arc
within upper crustal depths, we identify at least two shallow clusters
(number 6 and 16 in Fig. 7 and Table S3) that indicate shallow activity
along the splay structures. Similar thick-skinned crust-scale geometries
with an alternance of seismic and aseismic layers and the presence of a
poorly seismogenic middle crust layer, have already been observed
along the Marche-Adriatic Arc, where it is also constrained by a near
vertical seismic reflection profile (Lavecchia et al., 2003, 2007; Visini
et al., 2010; de Nardis et al., 2022).

Although more schematic, Turrini et al. (2015) highlighted a similar
thick-skinned style, identifying sub-crustal seismicity across the Po
Valley basin linked to the deep propagation of near-surface thrusts.

In contrast, Vannoli et al. (2015) points out that the Northern
Apennines deep crust earthquakes are not directly related to upper crust
thrust tectonics but independently occur below the basal detachment of
the Northern Apennines and represent subduction-related settings. In
particular, the DISS 3.3.1 database (DISS Working Group, 2021)
reconstruction shows subduction-related depth contour at depths be-
tween 8 and 20 km, lying more or less beneath the PTF hanging wall
area. Furthermore, the seismic dataset analyzed in this paper (Figs. 7
and S5) suggests that such depth interval corresponds to a poorly seis-
mogenic crustal layer (Fig. 13).

A different interpretation of the Emilia and Ferrara Arcs is proposed
by Livani et al. (2018) based on boreholes and seismic lines. These
Authors describe the arcs as thin-skinned salient-recess configurations,
consisting of an alternate of advanced and less advanced segments,
controlled by the pre-existing paleogeographic configuration and pro-
gressively developed during the outward growth of the system (Ghielmi
et al., 2010). Costa (2003) attributes the non-cylindrical deformation to
lateral strike-slip deformation paths that control differential shortening
along the frontal and lateral segments.

Different from DISS Working Group (2021), but following Martelli
et al. (2017), we stress the regional seismotectonic role and relevance of
the Voghera-Lodi-Piadena Arc (D-D’ in Figs. 6, 7 and 12) along its overall
extent and at multi-depths. In conclusion, we confirm and detail the
evidence of an earthquake stratigraphy highlighted by Turrini et al.
(2015) and characterized by at least two distinct syn-kinematic seis-
mogenic layers, one within the mainly Mesozoic sedimentary succession
and the other across the upper part of the lower crust.

6.3. Inferences for a new seismotectonic zonation

The 3D fault models built for the Stradella-Salsomaggiore and the
Emilia Arc (Figs. 11 and 12) represent relevant results that could
contribute to revising the seismotectonic zonation for SHA analyses. For
example, in Fig. 13a, the identified seismotectonic zones correspond to
the map-view projection of the upper (3 to 12 km) and lower (18 to 34
km) crust portions of the nonplanar fault surfaces reconstructed in
Fig. 12.

Both the Stradella-Salsomaggiore Arc and the Emilia Arc show
ongoing deformation coherent with a regional NNE-oriented compres-
sion, thus implying dip-slip kinematics along the SSW-dipping struc-
tures, a minor right-lateral component on the SW-dipping segments, a
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prevailing left-lateral strike-slip component along the ESE-dipping Pavia
transfer fault.

The historical seismicity (Mw >4, 1005-2020, Rovida et al., 2020) is
projected on the map together with the focal mechanisms (Mw 3 to 5.5)
analyzed in this paper (Fig. 4) and with the borehole breakouts (Mar-
iucci and Montone, 2020), represented as maximum horizontal stress.
The areal distribution of these data highlights as the historical and
instrumental activity is mainly focused on the southeastern sector of the
area, in association with NNE-directed compression of both the upper
and lower crust of the Emilia Arc structures, and, subordinately, with the
Salsomaggiore Arc.

In particular, a concentration of moderate events is observed at the
hangingwall of SW-dipping segments of Piacenza and Cremona Arc
between the localities of Cortemaggiore and Parma (1438, Mw 5.6;
1738, Mw 5.1; 1818, Mw 5.2; 1898, Mw 5.4; 1940, Mw 5.0; 1971, Mw
5.5; 1983, Mw 5.0; 1991-1995). Conversely, the Reggio Emilia 1831
(Mw 5.5) and 1832 (Mw 5.5) events and the 2007-2008 Langhirano
deep earthquakes (Mw 5.4) are better correlated with the SSE-dipping
segment of the EBT.

The moderate seismicity characterizing the Lodi-Piadena area (e.g.,
Pianura Lombarda 1786, Mw 5.2; Pianura Lombarda 1885, Mw 5.0),
including the 3 January 1117 destructive Cremonese event (Galli,
2005), might be attributed to the shallow upper crustal segments of the
outer Emilia Arc front (e.g., the Lodi Piadena Arc), as similarly observed
for the Ferrara Arc (Lavecchia et al., 2015). Considering the proposed
reconstruction, we wonder whether, similarly to the Oltrepo Pavese
events occurred in 1828 (Mw 5.7) and 1945 (Mw 5.1), the Caviaga 1951
strike-slip earthquake (Mw 5.4, depth ~ 30-32 km, Caciagli et al., 2015;
Peruzza et al., 2021), might be attributed to the activation at lower crust
depth of the Pavia left-lateral ramp, rather than to the south-Alpine
thrust (see Fig. S5). Alternatively, whenever it would have a shallow
depth (5 km, Caloi et al., 1956), it might have been released to the Lodi-
Piadena Arc.

Fig. 13 offers a view of the proposed geologic model and seismo-
tectonic zonation, summarizing the information in the paper. The two
diagrams on the right of the c panel represent the depth distribution of
the instrumental seismicity and energy released by the events lying
within the boundaries of the seismotectonic zones given on the map and
well support the proposed seismogenic layering.

In light of the availability and quality of input data, some seismo-
tectonic supply maps are offered in the supplementary material with a
specific quality zoning and a corresponding excel data table to validate
the proposed model.

7. Conclusions

The paper is an example of a multi-scale and interdisciplinary
structural approach to the seismotectonics of a poorly exposed and
slowly deforming region at the outer front of an orogenic belt in a highly
populated and industrialized region relevant for seismic risk evaluation.

The local problem is implementing the information on the near-
surface geometry, the sub-soil image, and down-dip prosecution of a
debated seismogenic thrust source (Stradella thrust), whose Late Qua-
ternary fault-scarp is exposed for a length of ~40 km not far from the
metropolis of Milan (Italy), along the southern border of the populated
Po Plain. The regional problem is to frame the debated Stradella thrust,
which belongs to the Stradella-Salsomaggiore portion of the Late
Miocene-Quaternary Pede-Apennine thrust front, in the 3D geometric,
kinematic and seismotectonic context of the Late Pliocene-Quaternary
Emilia Arc in the Northern Apennines.

Results and open problems are summarized in the following points:

1) Integrated morphotectonic and geoelectric analyses of the Stradella
fault support the tectonic thrust-related origin of the structure and
details the exposed and sub-soil geometry (Figs. 2, 8-10).
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2) Hypocentral data illuminate the down-dip prosecution of the Stra-
della thrust to depths of 12-14 km along an SSW-dipping low-angle
discontinuity (Fig.7).

3) Hypocentral data illuminate a low-angle regional structure, defined
as Stradella-Salsomaggiore Arc (SSA), that includes the Stradella
thrust and extends along the Pede-Apennines thrust front (PTF) for
about 120 km along strike and 12-14 km along dip (Figs. 7). It has an
average dip-angle of 25° and never converges at depth with the
underlying Emilia Arc Basal Thrust. The SSA fault geometry is rela-
tively homogeneously defined, but only a few compressional focal
mechanisms indicate the ongoing kinematics.

Hypocentral data illuminate the Emilia Arc Basal Thrust (EBT) at

depths between 18 and 32 km, highlighting the potentially relevant

seismogenic role of both the frontal, reverse, and the lateral strike-

slip, thrust segments (D and D1 in Fig. 12).

Geological and seismological data in a 3D framework highlight a

thick-skinned style of the Quaternary and active compressional

deformation for the Emilia Arc, with a basal thrust developing across

the entire crust (Figs. 11 and 12).

The mechanical layering strongly controls the Emilia Arc seismic

release, and it is mainly concentrated within the upper crust (<12

km) and the upper part of the lower crust (18-32 km).

Since historical times, the upper crust fault segments of the Emilia

Arc appears to be silent with respect to the lower crust ones.

Nevertheless, we do not forget that the neighboring Ferrara Arc was

almost aseismic at upper crust depth until May 2012, when it sud-

denly released a destructive multi-event thrust sequence.
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Finally, we wish to stress that in the case of slowly deforming and
blind fault systems, a multi-scale and multi-disciplinary methodological
approach is suitable to solve the seismotectonic puzzle, at least in part,
and to contribute to a better knowledge of the individual structures
capable of producing seismic hazards and risk in populated areas.
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