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Abstract

The strongest documented seismic disaster ever occurred in the Po Plain area
(January 3, 1117, M = 6.5) involved significant damage over a large zone. The
genetic mechanism of such an event, most probably caused by more than one
earthquake, is still an object of debate. Above all, the sources so far proposed
cannot account for significant features of the observed macroseismic field. In
this work, we suggest that the damage in the Verona zone was caused by the
activation of a fault in the Lessini tectonic district, while damage in the cen-
tral Po Plain may be related to a thrust fault located beneath the Giudicarie
belt. The effects felt in northern Tuscany might derive from the seismic acti-
vation of the presumed SW-ward buried prolongation of the Giudicarie fault.
The presence of such transpressional lithospheric discontinuity in the Adriatic
domain since the upper Miocene and its reactivation (Pliocene-Pleistocene) as
a thrust zone is mainly suggested by an accurate analysis of the observed de-
formation pattern in the central Mediterranean region. The proposed Giudi-
carie source may also help to explain the damage observed in the central Po
Plain on December 25, 1222, which is not compatible with the seismic sources
so far proposed.

Keywords

Northern Adriatic Tectonics, Po Plain, Giudicarie Thrust Zone, January 3,
1117 Earthquake Sources

1. Introduction

On January 3, 1117, considerable damage occurred in northern Italy (Figure 1),
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involving a large part of the Po Plain, possibly affecting northernmost Tuscany
(Figure 2(A), e.g., [1]-[6]). Several attempts have been made at identifying the
possible sources of that event (Figure 2(B)), but none of the proposed sources
can account for the full observed macroseismic field. The Italian seismic cata-
logue [7] tentatively assumes a single earthquake, located near the town of Ve-
rona, but this hypothesis does not explain the damages that occurred in the cen-
tral Po Plain. The effects felt in northern Tuscany are ascribed to an independent
event. The DISS database (e.g., [8] [9]) suggests that the Verona source may re-
late to a Mesozoic extensional fault roughly oriented ENE/WSW, recently reac-
tivated as a reverse fault. This hypothesis is mainly based on the study of the

morphology and drainage pattern of the Adige and Mincio rivers in the epicen-

tral zone [10].

T

8 9 10
Figure 1. Tectonic sketch of the Padanian zone and surrounding belts (modified after [11]). 1, 2, 3, 4)
Main compressional, extensional, transcurrent features and fronts of buried folds (e.g. [12]-[17]). Ad =
Adamello intrusion; BM = Bassano-Montello front; Bo = Bovolone fault; Ga = Garfagnana trough; Lu = Lunigiana
trough; MTP = Margin of the Early-Middle Jurassic Trento platform; NG = North Giudicarie line; No = Nogara fault;
PG = Pusteria-Gail line; RF = presumed Romagna fault; Ro = Rodigo fault; SA = Sant’ Ambrogio fault; SG = South Gi-
udicarie line; SV = Schio-Vicenza fault; TC = Trento-Cles fault; TW = Tauern Window; VS = Valsugana front; VIGB =
Val Trompia-Giudicarie belt.
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Figure 2. (A) Intensity values related to the January 3, 1117 event in the Po Plain and northern Tuscany [6]
reported on the Structural map of Italy [13]. The stars indicate the epicentral locations of the Padania and
Tuscany earthquakes suggested by the seismic catalogue ([4] [7]). (B) Locations of the proposed seismic
sources of the January, 3, 1117 earthquakes [20].

Alternative hypotheses have been advanced to account for the damage observed
in the Verona zone (Figure 2(B)). Some authors [2] [18] [19] [21] suggest the
possible role of reverse faults aligned with the Bassano-Montello compressional
front (Figure 1), respectively located west (Lessini) and east (Thiene-Bassano) of
the Schio-Vicenza fault system. Other epicentral locations, spanning from Lake
Garda to the Verona zone, are suggested by other authors (e.g., [3]). [15] and
[20] suggest two faults in the Lessini zone (Nogara and S. Ambrogio). [22] pro-
poses a source in the Lessini district, although they consider that the January 3,
1117 event remains one of the most problematic cases, both for the location and
estimate of the effects. These authors suggest that the Lessini structure has un-
dergone an articulated anticlinal uparching, with the formation of small blocks
affected by differential uplift and tilting [23] [24]. A roughly N-S direction of
maximum compressional stress is inferred from focal mechanisms by [25]. The
presence of seismogenetic faults in the Lessini district is also suggested by other
authors (e.g., [15] [20] [26] [27]).

To explain the damages observed in the central Po Plain [2] has proposed a
second source involving a thrust fault located along the Emilian buried folds
(Piadena anticline, near the town of Cremona, Figure 2(B)). This author tenta-
tively correlates the anomalies of the Po and Oglio rivers and the migration to-
ward the south of the Po river during historical time with the recent uplift of the
Piadena anticline. However, it must be considered that during the Middle and
Upper Pleistocene, tectonic activity in the Piadena anticline has been characte-
rized by a general decreasing trend [28]. This is shown by the strong decrease of
the uplift rates from 1.20 £ 0.12 mm/yr (in the 1.50 - 1.25 Myr interval) to 0.06 +
0.05 mm/yr, in the last 0.45 Myr, but it is also well documented on a more re-
gional scale ([29] and reference therein). The uplift rate values are systematically
one order of magnitude lower compared to the sedimentation rates in the same

area. This evidence suggests that the development of the Piadena anticline has
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become very elusive since the Middle Pleistocene (e.g. [28]). It must be under-
lined that [2] admits that the source he proposes cannot account for the damages
observed in the Piacenza, Parma and Modena zones.

As regards the event in northern Tuscany, only a few observed intensity
points are available (Figure 2(A)), which implies a considerable uncertainty in
the location of the epicentre and focal depth (e.g., [3] [5]). The CFTI catalogue
[4] indicates an epicenter in the Garfagnana zone, which is north of the observed
maximum damage (Figure 2(A)), while the CPTI catalogue ([7]) provides a ge-
neric epicenter in the Monti Pisani zone. Most authors (e.g., [4]) claim that the
distance (about 180 km) between the worst damage that occurred in Tuscany
and the epicentral zone of the concomitant earthquake in the Po Plain, com-
bined with the lack of information on damage between the two areas, can only
be explained by the occurrence of an earthquake distinct from the one that
caused the effects in the Po Plain.

This work describes an attempt to identify alternative seismic sources able to bet-

ter account for the macroseismic field observed in the Po Valley and Tuscan zones.

2. Activation of Major Fault Zones in the Northern Adriatic
Domain since the Upper Miocene

In the period considered, two major decoupling zones developed in the northern
Adriatic domain (e.g., [30] [31] [32]). The first is the Giudicarie discontinuity
(Figure 3), an old thrust fault that was reactivated as a sinistral transpressional
shear zone around the Tortonian (e.g., [14] [33] [34]). The Neogene Giudicarie
fault system has been interpreted as a lateral ramp (e.g., [35] [36]), but this hy-
pothesis cannot easily be reconciled with major evidence on the Neogenic de-
formation pattern in the central Mediterranean region, as extensively argued in
previous papers (e.g., [17] [31] [32]). Furthermore, lateral ramps alone cannot
explain the complex features and the kinematics of the South Giudicarie belt.
There seems to be an almost unanimous agreement on the fact that the Neogene
kinematics of the Giudicarie system is transpressive (e.g., [14] [33] [37] [38]).

The other major decoupling zone is the Schio-Vicenza fault system (SV in
Figure 3(C)), an old weakness zone of the northern Adriatic foreland that was
reactivated as a sinistral strike-slip fault around the Late Messinian ([39] [40]).
The geodynamic context and the tectonic evolution that led to the development
of such discontinuity (Figure 3) have been discussed in a number of papers (e.g.,
[30] [31] [32] [41] [42] [43] [44] [45] and references therein).

In the Middle Miocene (Figure 3(A)), buoyancy forces in the Adria-Eurasia
collision zone (Alps) are shown to have strongly counteracted to any further
crustal shortening, due to the large amount of light upper crustal material ac-
cumulated during the long phase of plate convergence (e.g., [46]). Such critical
situation was overcome by exploiting the presence of a weak lateral constraint in
the Carpathian-Pannonian area (e.g., [47] [48] and references therein, [42] [49]),
which favoured the eastward expulsion of wedges lying North of the Pusteria-Gail
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Figure 3. Proposed evolutionary reconstruction of the central Mediterranean area ([30] [32] [41]). (A) Middle
Miocene. The Adriatic promontory collides with the European domain. Blue arrows indicate the proposed kine-
matic pattern (e.g., [50]). Ad = Adamello intrusion; PG = Pusteria-Gail line. (B) Upper Miocene. After the reacti-
vation of the Giudicarie fault system (Gi), the northern Adriatic promontory undergoes a NE ward motion and
clockwise rotation, releasing its previous internal deformation. The divergence between that promontory and the
stable Corsica-Sardinia block induces crustal extension in the interposed Alpine-Apennine belt, with the formation
of the Northern Tyrrhenian basin (NTB). ESA = Eastern Southern Alps; NAp, SAp = Northern and Southern Ap-
ennines; TW = Tauern Window; WPP = Western Po Plain. (C) Pliocene. A large part of the Adriatic promontory
(Adria) decouples from Africa, by major discontinuities in the Pelagian and Ionian zones, the Sicily Chan-
nel-Medina (Me)-Victor Hensen (VH) fault systems, and from its Po Plain sector (PP), by the Schio-Vicenza (SV)
fault system. 1) Continental Eurasian domain; 2, 3) continental and thinned continental African and Adriatic do-
mains; 4) old oceanic domains; 5) Alpine belt; 6) other orogenic belts; 7, 8) tectonically thinned and oceanized zones;
9) Adamello pluton; 10) outer fronts of belts; 11, 12, 13) compressional, extensional and transcurrent features.

line (PG in Figure 3(A)). In the wake of such extrusion extensional deformation
developed, with the exhumation of the Tauern window complex (TW in Figure
3(B), e.g., [37] [51] [52]). This lateral escape of orogenic material favoured the
roughly NNE-ward displacement of the main Adriatic plate (estimated in about
10 - 12 km, [14] [33] [53] [54]), after decoupling from its northwestern protu-
berance, which was accommodated by the left-lateral transpressive reactivation
of the Giudicarie fault system (e.g., [14] [34] [37] [55]). This hypothesis ([30]
[31] [32] [41]) is consistent with the fact that since the Tortonian the shortening

rate in the Alpine sector lying west of the Giudicarie fault system underwent a
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considerable slowdown (e.g., [14] [56]), while thrusting mostly occurred East of
the Giudicarie fault system (Valsugana thrust front). During this phase, tran-
spressional deformation developed in the Giudicarie and Val Trompia belts (e.g.,
[14] [38]). Other information about the timing of this major decoupling mecha-
nism may be inferred from the exhumation history of the Adamello intrusion, in
particular the fact that such process was characterized by a phase of maximum
activity around the Tortonian (8 - 9 My, [57]).

The displacement of the northern Adriatic domain caused lowering of its
subducted margin (buried below the Apennine belt), as tentatively reconstructed
in Figure 4.

The subsequent subsidence of this structure with respect to the domain lying
west of the Giudicarie discontinuity caused the onset of a pronounced vertical
throw (Figure 5(B)).

The presence of a greater dip in the eastern Po Plain Adriatic monocline, with
respect to the western domain (underlying the central Po Plain) is testified by
cross sections (Mesozoic units in Figure 6) and is suggested by some authors
(e.g., [8] [58] and references therein). A different structural setting in the eastern
and western Po Plain is evidenced by other authors (e.g., [59] [60]), which indicate
the Giudicarie discontinuity as a possible boundary between the two regions.

The other decoupling discontinuity in the northern Adriatic area, the Schio-

Vicenza (SV) fault system, developed around the Messinian (e.g., [39] due to the

MIDDLE MIOCENE
Alpine Belt Apennine Belt

NE
__ Adriatic Foreland

Northern Tyrrhenian Northern Apennines

UPPER MIOCENE

—— :: -

Figure 4. Tentative reconstruction of the lowering that the Adriatic slab may have undergone in response to the

NE ward displacement of its shallowest domain. (A) Middle Miocene slab configuration along the section through

the northern Apennines (red trace in the map). (B) The NE to NNE ward displacement of the Adria plate causes

lowering of its subducted margin, forming a pronounced offset at the Giudicarie fault (Figure 5(B)). The dashed

line indicates the presumed Middle Miocene configuration of the slab.
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Figure 5. Perspective view of the Adriatic domain, evidencing the major fault systems that developed in this continental structure.
(A) Middle Miocene: the Adriatic/African promontory moves roughly Northward (blue arrow), causing thrusting along the Alps.
The red spot indicates the Adamello intrusion (Ad). (B) Upper Miocene: the lateral escape of Alpine wedges creates a weak
boundary zone (Tauern window = TW) along the northeastern Adriatic front, inducing shear stress at an old Adriatic weak zone
that reactivates as a left lateral transpressive fault system (Giudicarie = Gi). This fault allows the Adriatic promontory to decouple
from its northwestern protuberance and move NE ward. TH = Trento Horst; VS = Valsugana front; PG = Pusteria-Gail line. (C)
Pliocene-Quaternary: the Adria plate, no longer connected with Africa (Figure 3), tends to move roughly NNW ward, under-
thrusting the Eastern Southern Alps. The strong resistance encountered by the Adriatic plate in the central Alps (Trento Horst and
Adamello intrusion) required the activation of a major strike-slip fault system (Schio-Vicenza = SV) that allowed the main Adri-
atic plate to decouple from its Po Plain sector. Due to the compressional regime induced in this zone by the Adria plate, the
Giudicarie discontinuity (characterized by a vertical offset) becomes a thrust zone, where the eastern Po Plain Adria domain un-
derthrusts the western one. BM = Bassano-Montello front.

NORTHERN APENNINES LOMBARD SOUTHERN ALPS
Western Emilia
accretionaryac LOMBARD BASIN

W

Pede alpine zone

NORTHERN APENNINES LOMBARD SOUTHERN ALPS
Western Emilia
accretionaryarc LOMBARD

BASIN Pede alpine zone

NORTHERN APENNINES Schio-Vicenza line - Ligurian units
Easlt Emilia Mantova monocline Eugang\lN -e Il_lessml
accretionary arc |:| Plio-Pleistocene units
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Figure 6. Cross-sections in the Po Plain region, tracks as plotted in the map [62]. The different deeps of the Mesozoic layer lying
west (A) and (B) and East (C) of the Giudicarie belt are compatible with the presumed vertical throw at that discontinuity (See
text).
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reactivation of an old weakness zone in the Adriatic foreland (e.g., [61]).

This event developed in the framework of a major tectonic reorganization in
the whole central Mediterranean region [30] [31] [32] [41], which involved a
decoupling of the Adria plate from Africa, by the Sicily Channel-Medina-Victor-
Hensen fault zone (Figure 3(C)), and from the western Po Plain domain, by ac-
tivating the SV fault system which was more suitably oriented for the NNW-
ward motion trend of the newly independent Adria microplate (Figure 3(C)).
The peculiar location of the SV decoupling fault was mainly influenced by the
fact that in the Miocene (Figure 3(B)) the resistance against the northward mo-
tion of the Adriatic plate was considerably lower in the eastern Southern Alps,
facing the Tauern window (Figure 3(B)) than in the central Alps, where more
rigid structures were located, such as the Adamello intrusion and the Trento
Horst (Figure 5(B)) well connected with the underlying basement (Figure 3(C)
and Figure 5(C)). The shear stress induced by such different resistances in front
of the Adriatic indenter led to the activation of the SV fault system (e.g., [14]
[31] [34]). The hypothesis that the Adamello intrusion acted as an undeformable
body has been suggested by some authors (e.g., [63]). The important role that
this intrusion may have played in the evolution of the northern Adriatic zone is
suggested by the locations of the two main decoupling fault systems (Giudicarie
and SV, Figure 3). In the Upper Miocene, the Giudicarie fault activated just East
of the Adamello body, which allowed the Adria domain (moving roughly North
to NNE-ward) to avoid the resistance of that strong structure (Figure 3). In the
Messinian, the SV fault system activated just East of the Adamello to bypass that
obstacle. Another evidence in this regard may be the fact that the Lessini forel-
and Adriatic outcrop lay just in front of the Adamello magmatic body. The
above interpretation is consistent with the fact that exhumation of the Adamello
intrusion has considerably slowed down or halted in the last 6 My [57], that is
when the motion trend of Adria considerably changed, after the activation of the
SV fault system.

Since the formation of the SV decoupling fault system, the main Adria domain,
lying East of that fault, has moved roughly N to NNW ward by underthrusting the
eastern Southern Alps, while the western domain, Ze. the Po Plain, lying between
the SV and Giudicarie fault systems, has faced the central Alps (Adamello intru-
sion) and the Giudicarie belt (Figure 1). This convergence can explain why a part
of the Adriatic foreland is now outcropping in the Lessini zone, characterized by
transpressional faults [15] [27], and why compressional deformations are recog-
nized in the Giudicarie belt (e.g., [20]) and the underlying crust (Figure 5 and
Figure 7). Due to the different vertical behaviors of the Adriatic domains lying
East and West of the Schio-Vicenza fault, such discontinuity has developed a ver-
tical throw, progressively growing northward (e.g., [40]).

The hypothesis that the eastern Po Plain domain is underthrusting the west-
ern domain, roughly beneath the Giudicarie belt (Figure 7), may find support in

geodetic evidence of the present vertical displacement field (Figure 8), which
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Figure 7. Structural setting along two sections (red lines) beneath the Giudicarie belt (A-A’, [53]) and
the western Po Plain domain (B-B’). Ad = Adamello intrusion; BG = Ballino-Garda fault; SV =
Schio-Vicenza fault system. The light band in the section B-B’ indicates the Cretaceous succession,
whose strong deformation evidences horizontal shortening and a possible underthrusting process be-
low the Giudicarie belt (Malpaga). Depth in msec (Modified after [64]).
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Figure 8. (A) Vertical movements measured in the period 1897-1957 by terrestrial geo-
detic techniques [65]. Red and blue isolines respectively relate to upward and downward
motions (mm/y), after [66]. (B) Vertical kinematic field in the Po Plain based on GPS ob-
servations [67] [68].

indicates uplift in the overthrusting domain (western Po Plain) and intense sub-
sidence in the underthrusting domain (eastern Po Plain). This kinematics is in-
dicated by terrestrial techniques (Figure 8(A)), which suggest uplift of 1 - 3
mm/y in the western Po Plain area and subsidence rates, up to 7 mm/y, in the
eastern one. This last evidence [65] is particularly significant since such mea-
surements have been carried out in a period (1897-1957) when the effects of
anthropic activities were more limited.

Subsidence in the eastern Po Plain is mostly attributed to a long-term effect
(about 1 mm/y), due to the compaction of Holocene sediments [69] [70], and to
a recent and more significant effect (up to about 10 mm/y), induced by anthrop-

ic activities (e.g., [68] [71]). Considering that long-term and short-term subsi-
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dence may also affect (even if with lower rates) the western Po Plain, the almost
null vertical motion indicated by GPS data (Figure 8(B)) may imply that such
zone is undergoing a contemporaneous uplift of a few mm/y. [69] suggests that
vertical motions in this area are mainly influenced by the retreat of the Adriatic
subduction. However, the implications of that driving force can hardly be recon-
ciled with the major Neogene tectonic processes recognized in the central Medi-
terranean region (e.g., [17] [30] [31] [32]).

3. Present Geodynamic/Tectonic Setting and Possible
Sources of the 1117 Earthquakes

The evolutionary history of the study area suggests that tectonic activity in the
northern Adriatic region is driven by the northward motion of the Adriatic plate
with respect to Europe (e.g., [30] [31] [32] [41]). Displacement of the Adria do-
main lying East of the Schio-Vicenza fault system is triggered by major trans-
pressional and compressional earthquakes in the Eastern Southern Alps and
Northern Dinarides (Figure 9).

The Po Plain sector of Adria moves coherently with the main plate (from
which it is only partially decoupled by the SV fault), but its motion is slower, due
to the presence of rigid bodies in the Central Alpine belt, as discussed earlier.

Displacements of this Po Plain domain are triggered by significant earthquakes

? 9 11

Figure 9. Major earthquakes occurred in the study area since 1000 A.D. [7] [72] [73] re-
ported on the tectonic sketch in Figure 1.
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along the dextral transpressional faults recognized in the Lessini district (e.g.,
[15] [27]), as the Valle D’Illasi event in 1891 (M = 5.9), as well as by the activa-
tion of thrust faults beneath the Giudicarie belt (Figure 5(C) and Figure 7),
which might well have occurred on January 3, 1117.

On the basis of the above considerations, we propose that the 1117 destruction
was produced by three almost simultaneous earthquakes, one located in the Les-
sini district, another in the thrust fault presumably lying below the Giudicarie
belt and a third one in the southward buried prolongation of the Giudicarie li-
thospheric discontinuity, underlying northern Tuscany.

To tentatively identify the location and hypocentral parameters of the 3
sources that best account for the observed macroseismic field (Figure 2), we
have adopted the following strategy. For the source in the Lessini zone (L in
Figure 10) we have assumed the location and hypocentral parameters provided
by the seismic catalogue [7]. In the central Po Plain, we have taken into account
two possible segments (G1 or G2 in Figure 10) of the thrust fault lying below the
Giudicarie belt. For the Tuscany event, the possible sources are located along the

buried sector of the proposed lithospheric discontinuity (T1 or T2 in Figure 10).

Giudicarie

L)
western Po Plain ‘ eastern Po Plain S’

!

Figure 10. (Top) Location and hypocentral parameters of the seismic sources used to de-
termine the macroseismic fields shown in Figure 11. L = Lessini fault, M = 6.5, focal
depth = 10 km [7], G1 = Northern sector of the Giudicarie thrust fault, M = 6.5, depth =
15 km; G2 = Southern sector of the Giudicarie thrust fault, M = 6.7, depth = 25 km; T1 =
northern sector of the buried tear fault under northern Tuscany, M = 6.5, depth = 30 km;
T2 = southern sector of the buried tear fault under Northern Tuscany, M = 6.7, depth =
50 km. (Bottom) Section evidencing the proposed thrust fault system beneath the Giudi-
carie belt.
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Then, we have calculated the intensity values (represented by isolines) related to
different sets of 3 sources, by using the Magnitude-Intensity relationship given
by Rovida et al (2019) [7] and the attenuations laws suggested by Decanini and
Mollaioli (1997) [74].

The results obtained (Figure 11) indicate that, among the solutions consi-
dered, the best agreement between the computed intensities and the observed
ones is obtained by taking into account the three sources identified by L, G2 and
T2 (Figure 11(D)). It can be noted that such solution could even account for the
relatively high intensity values felt in the Modena zone, since such zone is roughly
located where the combined effects of the three sources considered (mainly the
VII and VII-VIII intensity values) may produce a local high in the macroseismic
field.

The hypothesis that the January 3, 1117 disaster was caused by the activation

(€] o ] e ¥ o
VIE VIEVIE VIIE VX IX % % VIL VIEVIE VIE VIHIX X

® . e o o
VI VIVIE VI VIH-IX X VI VIEVIE VIl VI-IX IX
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Figure 11. Each picture shows the intensity isolines related to three sources (Figure 10), one located in the Lessini
zone, one in the Giudicarie belt (G1 or G2) and one under Northern Tuscany (T1 or T2). The colors of the com-
puted isolines correspond to those of the small colored points at the bottom of each picture, related to the ob-
served intensities (Figure 2).
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of a Lessini fault and two segments of the Giudicarie discontinuity could help to
explain what happened in January 2012, when in a few days three significant
earthquakes (with focal depths increasing southward) occurred in 3 zones lying
fairly close to the sources here proposed (Figure 12). This example may be in-
teresting since it involved a subcrustal earthquake (depth = 72 km) beneath
northern Tuscany, which is not a very frequent event.

The presence of an additional seismogenic fault located under the Giudicarie
belt (for instance the one indicated by G2 in Figure 10) might also help to ex-
plain the damage caused by the December 25, 1222 event in the central Po Plain
(Figure 13). The macroseismic field documented for that earthquake indicates

that the source of most intense damage was in the Brescia zone, as suggested by
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Figure 12. (A) Epicentres of the earthquakes that occurred in the study area on January
2012 [7]. (B) Possible hypocentres of the shocks shown in (A), reported on a tentative
perspective view of the Adriatic domain.
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Figure 13. Macroseismic map (coloured circles) of the December 25, 1222 earthquake (Io
=IX, [3]). The two sets of isolines tentatively delineate the fields related to one source in
the zone of maximum damage (near Brescia) and another possible source in the central
Po Plain.
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most authors (e.g., [4] [5]). However, that source cannot easily account for the
effects observed in the central Po Plain. The fact that intensities of VI-VII degree
were felt at distances greater than 150 km from the most intense effects (Figure
13) would suggest a non-shallow focal depth for the sources involved.

The tectonic context here proposed implies that the accelerations of the main
Adriatic plate, triggered by major earthquakes at the right-lateral (Northern Di-
narides), left-lateral (Northern Apennines) and frontal (eastern Southern Alps)
boundaries of such plate, may lead to an increase of stress in the zone where the
eastern Po Plain Adriatic domain (a portion of the main Adria plate) is bounded
by the Lessini structure and the Giudicarie belt (Figure 14). This tectonic con-
nection might involve some correspondences between the most intense seismic
phases in the Lessini - Giudicarie zone (1693, 1781-1810, 1866-1904, 1932-1951,
1968-1976, 2003 evidenced by blue bands in Figure 14) and the main seismic
periods at the boundaries of the northern Adria domain (1684-1700, 1775-1794,
1873-1895, 1917-1936, 1963-1976, 1998-2004, Figure 14).

4. Conclusions

In literature, the genetic mechanism of the most intense documented earthquake
in the Po Plain is still surrounded by considerable uncertainty. The sources so
far proposed cannot account for the observed macroseismic field, in particular
for the damages observed in the central Po Valley area. In this work we suggest
that the above problem could be overcome by considering the geodynamic evo-
lution of the northern Adriatic zones, which provides that a major thrust zone
has developed beneath the Giudicarie belt since the late Miocene. Here we sug-
gest that the activation of this fault system could have considerably contributed
to the 1117 disaster and that the southward deep prolongation of the lithospher-
ic discontinuity lying beneath the Giudicarie belt could have generated the
earthquake that produced the damages observed in Tuscany just after the main
shock in the Po Valley. The evidence and arguments that can plausibly and co-
herently support the generation of the Giudicarie transpressional discontinuity
in the Upper Miocene and then its evolution in a thrust zone around the late
Miocene are extensively described in a number of papers (cited) and synthesized
in the first section of this work. In summary, we suggest that the 1117 seismic
disaster was caused by the almost coeval activations of three sources. The first
was located in the Lessini district, where several transpressional faults are clearly
recognized. The second was located beneath the Giudicarie belt, where the east-
ern Adriatic domain underthrusts the western domain (Figure 7). The coeval
effects observed in northern Tuscany are tentatively attributed to the activation
of the lithospheric discontinuity that developed beneath the Giudicarie zone in
the Upper Miocene (Figure 10 and Figure 11).

The proposed geodynamic setting in the study area implies close tectonic/ki-
nematic connections between the seismic sources cited above, which may help to

explain the almost simultaneous activations of such fault zones on January 3,
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Figure 14. Seismicity patterns (since 1600, [7] [72] [73] [75]) in the tectonic zones that surround the main
northern Adriatic domain (A, B, C diagrams) and in the Lessini-Giudicarie zone (D diagram), where the
eastern Po Plain domain (EPD) interacts with the western domain (WPD). The main tectonic elements in the
zones considered for the diagrams are shown in the map. The decoupling between the Adria plate and the
Northern Apennines is allowed by major earthquakes at the boundaries of the Romagna-Marche-Umbria
wedge (RMU), as argued in previous works (e.g., [31] [76] [77]). The blue bands highlight the main seis-
mic phases. The dashed bar related to the 1775 earthquake in the northern Dinarides evidences the uncer-
tainty about the magnitude value reported for that event [73] [75]. AVT = Alta Valtiberina trough; ESA =
Eastern Southern Alps thrust front; GTZ = Giudicarie thrust zone; LE = Lessini fault system; ND = North-
ern Dinarides transpressional fault system; RA = Rimini-Ancona front; RF = presumed Romagna fault.
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1117 and the almost simultaneous activations of three similar sources on January
2012 (Figure 12).

The presence of a seismogenetic fault beneath the Giudicarie belt might also
help to explain part of the macroseismic field (not compatible with the other
sources so far proposed) that was caused by the December 25, 1222 earthquake
(Figure 13).

The proposed geodynamic context in the northern Adriatic regions suggests
that the occurrence of major earthquakes along the northern front (eastern
Southern Alps) and the lateral constraints (Northern Dinarides and Northern
Apennines) of the Adria plate may increase stress, in the zones (Lessini and Gi-
udicarie) where the eastern Po Plain domain interacts with the western one. This
hypothesis is compatible with the fact that the periods of most intense seismicity
in the above zones fairly well correspond to the phases of intense activity at the
boundaries of the northern Adria plate (Figure 14).

The seismic history of the Po Plain area [7] indicates that the occurrence of
strong earthquakes in the Lessini-Giudicarie fault systems is a very rare event, in
line with the expected low velocity of the eastern Po Plain Adriatic domain. The
difference between the velocity of the main Adria plate and that of the slower Po
Plain domain could be accommodated by an increase of the vertical offset at the

Schio-Vicenza fault zone.
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