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In this study we analyse the main potential seismic sources in some axial and frontal sectors of the Northern Ap-
ennines, in Italy. This region was hit by a peculiar series of earthquakes that started in 1916 on the external thrust
fronts near Rimini. Later, in 1917-1921, seismicity (up to Mw = 6.5) shifted into the axial zone and clearly mi-
grated north-westward, along the belt of active normal faults. The collection of fault-slip data focused on the ac-
tive normal faults potentially involved in this earthquake series. The acquired data allowed us to better
characterize the geometry and kinematics of the faults. In a few instances, the installation of local seismic net-
works during recent seismic sequences allowed the identification of the causative faults that are hinted to be
also responsible for past earthquakes, particularly in the Romagna region and north-eastern Mugello. The Cou-
lomb stress changes produced by the historical earthquakes generally brought closer to failure all the faults
that supposedly caused the main seismic events of 1916-1921. However, the stress change magnitude is gener-
ally small and thus the static stress interaction among the main seismic sources is not supported by a significant
seismic correlation. Significant stress change loading may be instead inferred for the triggering of a number of
seismic events on neighbouring normal faults by the Garfagnana 1920 earthquake. In addition, the computation
of the seismic stress changes suggests that seismic events with magnitude > 6 may transmit stresses from the
axial normal faults to specific external thrusts and vice versa. It is possible that a correlation may be made be-
tween loading applied by the major 1917-1920 extensional ruptures and the increased seismicity on the distal
external thrusts.
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1. Introduction belt, which is about 40-60 km far from the former sector (Fig. 1a;

e.g., Basili et al., 2008; DISS Working Group, 2015). The axial sector is

Long-term seismic activity is clearly governed by geodynamic pro-
cesses resulting from interactions along plate boundaries. On the other
hand, different seismic sources may interact with each other in the
short-to-middle term by transferring static and dynamic stresses pro-
duced during earthquakes. Mutual interaction and stress transfer be-
tween seismogenic structures with different kinematics and also
between faults and volcanoes have long been identified (e.g., King
et al., 1994; Nostro et al., 1998; Lin and Stein, 2004; Lin et al., 2011).
Here, we focus on the Northern Apennines fold-and-thrust belt, where
the seismicity is essentially caused by active thrusting along the exter-
nal Adriatic fronts and by normal faulting along the axial zone of the
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characterized by a belt of Quaternary intramontane basins that bound
the main watershed to the southwest. This area represents the major
seismic zone of the Northern Apennines, where a few historical earth-
quakes have reached a macroseismically-derived magnitude of
Mw = 6.5 (Rovida et al., 2011). The highest macroseismic magnitude
estimated along the external thrust fronts is of Mw ~ 6.1 instead.

A sequence of moderate-to-strong seismic events hit the Northern
Apennines and clustered in the period between 1916 and 1920
(Fig. 1b). This earthquake cluster started with an intense series of earth-
quakes along the external compressive fronts, which culminated in two
main seismic events of Mw ~ 6-6.1 (May and August 1916). The loca-
tion of the main shocks then shifted into the axial sector: here the main
seismic events showed a clear time-space migration from southeast to
northwest, as indicated by the macroseismically-derived earthquake
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Fig. 1. Time-space cluster of earthquakes that hit the Northern Apennines (Italy) between 1916 and 1921. The open blue circles indicate the epicentres of the 1916-1921 main earth-
quakes. The open green circles indicate the main seismic events (Mw > 5 4 0.25) within the study area (dashed black box) in the period between 1900 and 1915 (thus before the
main 1916-1921 earthquake cluster) (macroseismic data from Rovida et al., 2011). (b) Magnitude Mw of earthquakes in the period between 1900 and 1950 in the Northern Apennines,
plotted against the cumulative magnitude (purple line). Note the marked step in the cumulative magnitude in 1916. The seismicity is calculated over the study area (dashed black box in

panel a).

parameters (CPTI11; Rovida et al.,, 2011) by using the boxer code after
Gasperini et al. (1999, 2010). These events are represented by the
Mw = 5.9 Valtiberina earthquake of April 26, 1917, the Mw =~ 5.9 Ro-
magna earthquake of November 10, 1918, the Mw = 6.3 Mugello earth-
quake of June 29, 1919, and the Mw = 6.5 Garfagnana earthquake of
September 7, 1920 (Fig. 1a). Two earthquakes with Mw =~ 4.7 occurred
in 1921 northwest of Garfagnana (Lunigiana). Although their magni-
tude is smaller than that of the 1917-1920 events, they denote a clear
progression of the normal faulting toward the northwest (Fig. 1a).
Therefore we consider such events as the continuation of the series of
earthquakes along the axial zone.

The large release of seismic energy in such a relatively short time
span may suggest an interaction among the various seismic sources,
and also indicate that the main earthquakes of the cluster were trig-
gered in some ways by previous events. In particular, published numer-
ical models (Viti et al., 2012) of elastic-viscous post-seismic relaxation
have taken into account the role of the Mw = 7.0 Avezzano earthquake
that struck the Fucino basin (in the central Apennines) on January 13
1915. This seismic event occurred more than 200 km south of the
fault that ruptured in 1917 (Fig. 1a), and the results of numerical model-
ling allowed the assumption that the Avezzano earthquake caused a

significant increase of seismicity in the Northern Apennines (Viti et al.,
2012), possibly in relation to a long-distance interaction between seis-
mic sources (Mantovani et al., 2010). There is also a growing body of ev-
idence suggesting that small permanent static stress changes in the
crust due to an earthquake can accelerate the failure of neighbouring
faults and trigger aftershocks and large earthquake sequences up to
few fault lengths away from the epicentre area (e.g., King et al., 1994;
Stein, 1999). In the present work, we explore the role that static stress
changes may have played in the activation of the earthquake cluster in
1916-1921 and successive seismic events. Our aim is to use the knowl-
edge gained from analysing the past events to develop improved future
scenarios. This study may be relevant in helping understanding how
earthquakes may influence the development of other earthquakes.
More specifically, this study aims to explore the mutual relationships
between the generation of normal earthquakes in the axial zone and
the earthquakes on the external thrusts.

After reviewing the main seismic sources involved in the consid-
ered series of seismic events, we describe the method, and then we
proceed in assessing the possible interactions between axial normal
faults and external thrusts, and the relative roles of static stress
changes.
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2. Methods
2.1. Coulomb models, assumptions and limitations

The change in Coulomb failure stress caused by earthquakes on
other faults is expressed in the Coulomb Failure Function (e.g., Stein
et al,, 1992; Reasenberg and Simpson, 1992; King et al., 1994; Harris,
1998; Stein, 1999; Cocco and Rice, 2002; Kilb et al., 2002) as:

ACFF = AT + WA, + AP), (1)

where AT and Aoy, are respectively the shear and normal stress change
components acting on the ‘receiver’ fault, ptis the friction coefficient and
AP is the change in pore pressure within the fault. The change in Cou-
lomb failure stress is commonly rewritten as (King, 2014, and refer-
ences therein):

ACFF = AT + wAoy, (2)

where ! is the apparent coefficient of friction that comprises the role of
pore fluid pressure as well as the material properties of the fault zone.
The Coulomb stress change is therefore the algebraic sum of the changes
in shear stress and normal stress that promote (ACFF positive) or inhibit
(ACFF negative) shear failure on a given fault set. The distribution pat-
tern of increases and decreases of Coulomb stress changes commonly
shows fault-end and off-fault stress lobes (e.g., King, 2014). Stresses
are computed in a homogeneous elastic half-space (Okada, 1992), in
which the elastic body is assumed to have the following properties
(based on King et al., 1994; Lin and Stein, 2004; Toda et al., 2005,
2011): Poisson's ratio v = 0.25, Young's modulus E = 8 x 10° bar (im-
plying shear modulus, G = 3.2 x 10° bar). The apparent coefficient of
friction is assumed as 0.4, which is the average in the 0.0-0.8 range of
possible values (King et al., 1994). The shear and normal stresses pro-
duced by a ‘source’ earthquake are resolved onto specific ‘receiver’
faults, which are defined by their strike, dip, and rake. The source faults
are assumed with tapered slip to prevent unrealistically high stress con-
centration at the edges of the fault. The calculations of Coulomb stress
changes were performed using the Coulomb 3.4 software (http://
www.coulombstress.org; Toda et al., 2011). The analyses of seismic se-
quences indicate that aftershocks can be promoted or halted by stress
changes of just £0.1 bar (10 kPa), with delays in the response that
may vary from seconds to years (e.g., Reasenberg and Simpson, 1992;
King et al., 1994; Stein, 1999). In some cases even the small stresses pro-
duced by solid Earth tides (~0.01 bar) appear to play a role in the trig-
gering of earthquakes (e.g., Cochran et al., 2004; Tanaka et al., 2004;
Meétivier et al., 2009).

A number of assumptions and simplifications were introduced in the
computation, specifically the one considering the system as a homoge-
neous and linearly elastic material. In addition, the results may be af-
fected by uncertainties related to hypocentre and epicentre location,
the precise earthquake magnitude, and the geometry and kinematics
of the causative fault (i.e., rake, dip or strike). Therefore, even small dif-
ferences in the parameters of the fault source may have a significant im-
pact on the calculation of the static stress changes. This problem is
particularly evident for historical earthquakes whose instrumental
data are lacking and whose location is generally known with the limited
accuracy typical of macroseismic data. In particular, in the near field the
uncertainty in the macroseismic localization may lead to extremely dif-
ferent and contrasting results, whereas these effects are more limited in
the far field. For this reason, we have not calculated static stress changes
for historical seismic events whose epicenters fall along the boundary
between positive and negative lobes of the Coulomb stress changes.

Another shortcoming in this analysis is the hypocentral depth,
which is generally not included in the CPTI11 catalogue (Rovida et al.,
2011) that has provided the macroseismic magnitude of the historical
earthquakes considered in this study. The hypocentral depth represents,

therefore, an important source of uncertainty when evaluating histori-
cal earthquakes. We have tackled this problem by conducting a sensitiv-
ity analysis that consisted in the iterative calculation of the Coulomb
stress changes at the upper and lower boundaries of a potential
seismogenic layer, referred to respectively as D! and D2 The upper
(shallower) boundary D has been fixed at 4.5 km depth, based on the
hypocentres calculated for some of the historical earthquakes consid-
ered in this study (i.e., the 1920 Garfagnana event; Solarino, 2005).
The lower (deeper) boundary D? is calculated from the 75% of seismicity
cutoff at depth, taking into consideration the seismic events falling in
cells with 0.1° of latitude and longitude. Importantly, the 75% cutoff
has been documented to be reliable for establishing the vertical extent
of the seismogenic layer in the Northern Apennines (Chiarabba et al.,
2005). For the more external thrust faults the depth of the seismogenic
layer computed by the cut-off of seismicity appears to be less
constrained (Chiarabba et al., 2005), and thus we use the data reported
in the DISS Working Group (2015) database.

In general, we determined the length and width of fault ruptures
using the empirical relation of Wells and Coppersmith (1994) and
used the inferred hypocentre as the fault centre, for both focal depths
D' and D By using this approach, we have obtained four stress change
values for each source-receiver pair, which have been processed to ob-
tain an average value and its associated standard deviation indicating
the level of uncertainty.

In addition, for large earthquakes (Mw > 6) and for a focal depth
D' = 4.5 km, considering that the fault top depth is above the topo-
graphic surface, D! has been adapted to fulfil the Wells and
Coppersmith's (1994) criterion. This approximation also neglects the
role of composite seismic sources (i.e., more ruptures of any size up to
Mwpax; €.g., Pantosti and Valensise, 1990) that likely triggered some
of the main seismic events of the Northern Apennines. Keeping in
mind the above limitations, we nonetheless infer the static stress
changes potentially produced by past earthquakes on the basis of avail-
able geological, structural and subsurface data. In some cases we have
used the seismic sources reported in the DISS database (Basili et al.,
2008; DISS Working Group, 2015), while in other cases we have consid-
ered minor or substantial differences with respect to the DISS catalogue,
or we have proposed new seismic sources, such as for the Romagna and
Mugello.

2.2. Fault-slip data collection

In the attempt to minimize the problems deriving from the ambigu-
ity or the lack of data on the seismic sources, we have conducted a geo-
logical and structural study to address the kinematics and geometry of
the potential source faults in the Northern Apennines. The obtained
field data on active faults have been compared with those reported in
recent databases of Italian seismic sources (ITHACA, Michetti et al.,
2000; DISS Working Group, 2015; Basili et al., 2008). Specifically, vari-
ous types of kinematic indicators (mechanic striations, shear veins,
slickensides, etc.) have been collected on fault planes. In this analysis,
we have distinguished fault-slip data collected on the master fault
plane, in the fault core, and in the fault damage zone, which represents
the volume of rocks containing subsidiary faults on either side of the
fault core. We have also distinguished mesoscopic faults not clearly con-
nected to a major fault, that may have clustered in deformation bands
outside the damage zones (Table 1). The rake of a supposedly active
fault (following the Aki and Richards' 1980 convention) has been deter-
mined through the statistical distribution of the measured fault slip
vectors. It is worth noting that slip on single normal faults may vary de-
pending on the position along the fault plane, with dip-slip and oblique-
slip movements being dominant in the centre and the tips of the fault,
respectively; the oblique-slip at the fault tips is typically directed to-
ward the fault centre (e.g., Roberts and Michetti, 2004; Philippon
etal, 2015). To minimize this kind of problems, we have primarily con-
sidered in our calculations the kinematics determined in the central part
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Table 1

Fault-slip data collected from selected sites of measurement along the axial zone of the
Northern Apennines. The terms ‘master fault plane’ and ‘damage zone’ refer respectively
to the fault core and subsidiary faults in the fault damage zone, whereas the term
‘mesoscopic faults’ indicates brittle elements not clearly connected to a major fault (see
text for details).

Site Locality Coordinates Kind of Number
number LatN Long E structure of
structures

Valtiberina

1 Il Carmine 43.5678 12.0242 Mesoscopic 3
faults

2 San Leo 43.5289 12.0817 Damage zone 6

3 Fighille 43.5228 12.1011 Damage zone 7

4 Sansepolcro 435818 12.1367 Master fault 4
plane

5 San Giustino 43.5550 12.1781 Damage zone 2

Romagna

6 Premilcuore 439742 11.7674 Mesoscopic 11
faults

7 Premilcuore 43.9706 11.7653 Mesoscopic 7
faults

8 Cabelli 439291 11.8525 Mesoscopic 6
faults

9 Cabelli 439316 11.8595 Mesoscopic 6
faults

10 Gamberini 43,9044 11.9656 Master fault 6
plane

11 Montegranelli 43.8807 11.9731 Damage zone 15

Mugello

12 Brasimone 44,1222 11.1026 Master fault 16
plane

13 Rasora 441151 11.1381 Damage zone 4

14 Mt. Altuzzo 44,0410 11.3849 Mesoscopic 8
faults

15 Case di Risolaia 44.0258 11.4109 Damage zone 14

16 Santa Maria a 43.9986 11.4600 Damage zone 17

Vezzano

17 Gattaia 43.9927 11.4754 Damage zone 4

Garfagnana

18 Cerretoli 441073 10.3742 Damage zone 6

19 Careggine 441233 10.3324 Damage zone 12

20 Lake Vagli 44.1294 10.3047 Mesoscopic 12
faults

21 Corfino 44.1803 10.3845 Master fault 7
plane

Lunigiana

22 Groppodalosio 444198 9.9472 Damage zone 5

23 Vignolo 44.3798 9.9805 Damage zone

24 Vignolo 443683 9.9718 Damage zone 11

25 lera 443333 10.0406 Damage zone

26 Crocetta 443122 9.8508 Damage zone

27 Montereggio 442968 9.8379 Master fault 10
plane

28 Villa (Tresana) 442534  9.8997 Master fault 8
plane

of the fault. When data on active faults were not available in the Cou-
lomb stress elaborations we have considered a rake of 90° and —90°
for thrust and normal faults, respectively. In order to constrain the sub-
surface geometry of the causative faults, we have integrated the surface
geological data with information from available seismic reflection pro-
files and instrumental seismicity recorded during specific seismic se-
quences (see below Section 2.3).

2.3. Earthquake location using dense seismic networks

The most recent seismic sequences that have occurred in Mugello
(March 2008, Mwyjax = 4.5; April 2009, Mwyax = 4.2) and in Romagna
(July 2011, Mwpax = 4.15) have been recorded by dense seismic net-
works, giving us the opportunity to constrain the geometry of the caus-
ative active faults. Seismic measurements have been performed using

Lennartz 3D/5s seismometers characterized by a sensitivity of 400 V/
(m/s) and eigenperiod of 0.2 Hz. Seismic data have been recorded at
100 Hz using Guralp CMG-DM?24 digitizers characterized by 24-bit res-
olution, and equipped by GPS for time synchronization. We recorded a
total of 274 earthquakes with local magnitude ranging between
0.2 M, and 4.2 M, that have been located by manually picking the P-
wave arrival times at all stations and by applying the least-square gen-
eralized inverse method (Lay and Wallace, 1995) considering a homo-
geneous half space. The uniform velocity model approximation can be
considered valid since all stations are located within an epicentre dis-
tance range comparable with the earthquake depths. We assumed an
average compressional wave velocity Vp of 7.2 km/s, calculated using a
Vp/Vs ratio of 1.8 and an S wave velocity of 4 km/s (Piana Agostinetti
et al.,, 2002). The error in the hypocentre location is <144 m, which
has been calculated by considering the average misfit between pre-
dicted and measured times of P wave arrivals and the average compres-
sional P-wave velocities.

3. Main seismic sources in the Northern Apennines

Seismic sources that have potentially generated past earthquakes in
the Northern Apennines are described following the time-space pro-
gression of the main earthquakes during 1916-1921. In the following
study, we start by describing the structures along the Pede-Apennine
margin of Po Plain, and then we continue toward the axial zone, describ-
ing 6 key areas from southeast to northwest.

3.1. Pede-Apennine thrust and external thrust fronts

The Pede-Apennine margin is an important morphotectonic feature
that separates the exposed thrust wedge on the southwest, from the to-
pographically flat Po Plain on the northeast (Fig. 1a). The Pede-
Apennine margin corresponds to a ~300 km-long system of NE-
verging stacked thrust sheets, which is referred to hereinafter as Pede-
Apennine thrust (Pieri and Groppi, 1981; Piccardi et al., 1997; Rossi
et al., 2002; Bonini, 2013). Commercial seismic reflection profiles re-
vealed the existence of well-developed systems of SSW-dipping blind
thrust faults buried beneath the Po Plain deposits (Pieri and Groppi,
1981). The buried structures controlled the deposition of thick
syntectonic sequences with maximum thickness of 7-8 km in the
Pliocene-Quaternary infill (Pieri and Groppi, 1981; Barberi and
Scandone, 1983; Fantoni and Franciosi, 2010). These structures exhibit
arcuate traces in map view, and define the main Ferrara arc that repre-
sents the buried leading edge of the fold-and-thrust belt (Pieri and
Groppi, 1981; Fig. 1a).

Earthquake fault plane solutions, macroseismic data of historical
earthquakes and morphostructural investigations along the Pede-
Apennine margin and in the Po Plain suggest that both frontal thrusts
and lateral thrust ramps are active and potentially seismogenic
(e.g., Piccardi et al., 1997; Benedetti et al., 2003; Boccaletti et al., 2004,
2011; Ciaccio and Chiarabba, 2002; Michetti et al.,, 2012; Burrato et al.,
2003; Scrocca et al. 2007; Picotti et al., 2009; Gunderson et al., 2013;
Vannoli et al., 2015a; Maesano et al., 2015) (details of focal mechanism
solutions are given in Table S1). The recent seismic sequence of May
2012 (Mwypax 5.9 to 6.1 depending on the bibliographic source), nucle-
ated on the western sector of the buried Ferrara arc thrust front, exem-
plifies the ongoing activity of this thrust system (e.g., Vannoli et al.,
2015a). The last seismic event represents the highest earthquake mag-
nitude recorded in this sector of the thrust belt. The highest
macroseismic magnitude of historical seismic events along the Pede-
Apennine margin approaches Mw = 6, such as for the earthquakes of
1501 (Mw = 5.98) and 1781 (Mw = 5.94) (Rovida et al., 2011). The
1781 Cagli earthquake (Mw = 6.42) is one of the strongest events,
and struck an area located a few tens of kilometres southwest of the
Pede-Apennine margin (Fig. 2a). This earthquake has been considered
to have slipped along a deep thrust (Basili et al., 2008; DISS Working
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Group, 2015), an interpretation that is consistent with the presence of
deep thrust earthquakes in the sector next to the axial extensional
belt (Fig. 2a). Other authors instead are in favour of a genetic link of
the Cagli earthquake with the low-angle extensional ‘Altotiberina fault
system’ (Brozzetti et al., 2009).

A main seismic sequence hit offshore Rimini in 1916, with the seis-
mic events that nucleated approximately in the area between the
Pede-Apennine thrust and the more external buried thrusts (Fig. 2a).
The 1916 sequence was characterized by the two main seismic shocks
of May 17 (Mw = 5.94) and August 16 (Mw = 6.14). Many other seis-
mic events with Mw < 5.5 had hit the area the day before, the same day,

and few days after the August 16 main shock. Other relevant earth-
quakes occurred south-eastwards along the same external thrust sys-
tem, particularly the Mw = 5.36 Mondolfo earthquake of January 2,
1924 and the Mw = 5.81 Senigallia earthquake of October 30, 1930
(Basili et al., 2008; Rovida et al.,, 2011; Vannoli et al.,, 2015b) (Fig. 2a).
The deep seismic profiles CROP03-M16 cut across this active thrust sys-
tem south of Rimini, and the interpreted architecture of the structures
may provide some hints for the construction of a geodynamic and
seismotectonic model. More specifically, the CROP03-M16 profiles
allow to image the frontal thrust system, forming the active leading
edge of the chain (Finetti et al., 2001, 2005), which apparently has
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produced the earthquakes of Rimini 1916, Mondolfo 1924 and
Senigallia 1930 (Fig. 2b). The growth of coastal anticlines driven by
blind-thrust faulting (Vannoli et al., 2004) and the deformation of the
Adriatic Sea floor in correspondence of a thrust fault (Finetti et al.,
2001) clearly point to an ongoing activity of the thrust front (Fig. 2a, b).

3.2. Valtiberina

The Valtiberina basin (or Upper Tiber basin; Fig. 3) hosts part of the
upper course of the Tiber River, and is connected to the major Tiber
basin that extends for more than 100 km to the south. Transverse faults
segment this major basin, such as those that delimit the Valtiberina to
the northwest (e.g., Bonini, 2009). The study of the region acknowl-
edges an intense seismicity and historical earthquakes with high
macroseismic magnitude, as exemplified by the events of 1352
(Mw = 6.44), 1389 (Mw = 5.99), 1458 (Mw = 5.78), 1789 (Mw =
5.84),and 1917 (Mw = 5.89) (Rovida et al., 2011) (Fig. 3). The seismic

activity is predominantly related to an extensional domain (Ciaccio
et al.,, 2006), and is most probably tied to the presence of active NW-
SE-trending normal faults that bound both margins of the Valtiberina
basin (Tanini, 1998; Delle Donne et al., 2007; Brozzetti et al., 2009;
Barchi and Ciaccio, 2009; Sani et al., 2009). To be more specific, the
Tiber River is flowing in a central depression that is bounded by two ac-
tive normal fault systems, the SW-dipping ‘Sansepolcro fault system’ on
the northeast and the NE-dipping ‘Anghiari fault system’ on the south-
west (Figs. 3 and S1a). The latter is considered the basin master fault
and is part of the regional low-angle Altotiberina fault system (Boncio
et al., 2000; Barchi and Ciaccio, 2009; Brozzetti et al., 2009). Fault-slip
data collected along the trace of active basin-bounding faults indicate
an average dip-slip normal kinematics, with limited left-lateral compo-
nent (average rake = —85°) (see stereonets 1-5 in Fig. 3; Table 1). The
ongoing activity of these faults is suggested by their control on the
drainage network as well as by the deformation and architecture of
the late Pleistocene-Holocene deposits (Cattuto et al., 1995; Delle
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Donne et al., 2007; Sani et al.,, 2009). The most relevant indications of ac-
tive faulting have been identified on the NE-dipping normal faults on
the southwestern basin margin; here the displacement of stratigraphic
markers and syntectonic sedimentary wedging of Middle Pleistocene-
Holocene deposits on the fault hangingwall are imaged through high-
resolution shallow seismic profiles and well logs (Delle Donne et al.,
2007; Sani et al., 2009). The seismic line interpretation suggests that
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the Anghiari fault on the southwestern margin dips ~50° to the north-
east (cf. Barchi and Ciaccio, 2009; Brozzetti et al., 2009; Sani et al.,
2009), and is characterized by an average slip-rate of ~0.25 mm/year
(Delle Donne et al., 2007).

In agreement with the DISS Working Group (2015) catalogue, we
therefore consider the NE-dipping Anghiari fault system as the most
probable seismogenic source of the 1917 earthquake (e.g., Sani et al.,
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2009) (Fig. 3). Macroseismic evidence shows indeed that the highest
damaged area associated with this earthquake occurred on the south-
western basin margin and suggests a NW-SE orientation of the causa-
tive fault (Valensise and Pantosti, 2001). Interestingly, Oddone (1918)
reported the presence of some NW-SE-trending co-seismic fissures
that formed near Monterchi during the 1917 earthquake (Fig. 3). In par-
ticular, this fissure system displayed vertical ground displacement
(~25 cm), and localized into a 6 m-wide, 1 km-long belt situated ap-
proximately along the surface trace of NE-dipping normal faults on
the southwestern basin margin (Fig. 3). The above information hints
therefore that the NE-dipping Anghiari fault system is to be considered
the seismogenic source that ruptured during the 1917 earthquake.

3.3. Santa Sofia in Romagna

The Romagna region (Fig. 4a) is characterized by historical earth-
quakes with notable macroseismic magnitude, namely: 1584 (Mw =
5.80), 1661 (Mw = 6.09), 1768 (Mw = 5.87), and 1918 (Mw = 5.88)
(Rovida et al, 2011) (Fig. 4a). However geological and
morphostructural evidence of active structures are scarce in the area.
According to previous geological-structural studies (Benini and
Farabegoli, 1991), the 1918 Santa Sofia earthquake has been attributed
to a NNE-striking sinistral transpressional fault system running approx-
imately along the Bidente valley (Mantovani et al., 2009; Viti et al.,
2012). Landuzzi (1991) referred instead the neo-tectonic activity in
the sector to ~NW-SE-trending normal faults. In the field survey, we
have identified further significant ~NW-SE-trending normal faults be-
tween Santa Sofia and San Piero in Bagno (Fig. 4a, Table 1). These nor-
mal faults outline an extensional zone, referred to herein as ‘Santa
Sofia fault zone’ (SSFZ), which is located northeast of the main
watershed.

A local seismic network was installed south of Santa Sofia just after
this area was hit by five small-to-moderate seismic shocks
(Mwypiax = 4.15) on July 12,2011 (Fig. 4a, Table S1). The seismic record-
ing lasted 5 days from July 14 to July 18,2011 and was conducted using
seven broadband seismic stations specially deployed within an area of
5 km radius centred on the main-shock epicentre (Fig. 4a). These re-
cordings provided a dataset consisting of 145 aftershocks with local
magnitude ranging between 0.5 and 3.1 M.

In plain view, the recorded epicentres cluster along a NW-SE-
trending alignment that is sub-parallel to the SSFZ (Fig. 4a). The micro-
seismic events extend up to ~7 km depth, but concentrate essentially in
the 2-5 km depth range; the depth distribution of these events allows
the identification of a normal fault dipping ~65° toward north-
northeast (Fig. 4b). This fault is not associated with a distinctive surface
fault scarp, but instead we have surveyed several outcrop-scale NNE-
and SSW-dipping normal faults with small vertical throw along the
SSFZ, which encompass the surface projection of the 2011 seismogenic
fault (Fig. 4a). This suggests that the seismogenic structure is only par-
tially outcropping, and the minor faults would mostly represent splays
of the main normal fault, or accommodate the surface extensional de-
formation in the form of antithetic structures that may mimic the
hangingwall fall during normal faulting (e.g., Doglioni et al., 2014)
(Figs. 4a, b and Fig. S1b). Fault-slip data collected on these minor faults
indicate a dominant dip-slip kinematics with slight dextral components
(see stereonets 6-11 in Fig. 4a), which we also assume to be valid for the
main fault segment (average rake = —95°).

The microseismic events of 2011 illuminate a ~4.5 km-long fault
segment, whereas the outcrop-scale normal faults occur over a belt ex-
tending for a length of more than 15 km to the southeast of the 2011
events. Notably, the macroseismic epicentres of three important histor-
ical earthquakes (i.e., the events of 1584, 1768, and 1918) are aligned
along this belt (Fig. 4a). Two recent earthquakes (Mwyax = 4.7) with
extensional focal solution and shallow focal depth (<10 km) hit the
south-eastern sector of the SSFZ on January 26, 2003 (Piccinini et al.,
2009; Fig. 4a). The group of associated microearthquakes defines a

broad SW-dipping fault plane (Piccinini et al., 2009), which is compati-
ble with the presence of the nearby SW-dipping normal fault
(Montegranelli area; Fig. 4a). Another extensional seismic event with
similar characteristics (Mw = 4, focal depth ~ 8 km) occurred on July
11, 2013 ~ 6 km southeast of San Piero in Bagno (see Fig. 2a and
Table S1).

The spatial distribution of the minor normal faults and the associated
morphologic features seemingly reflect the trace of the main fault,
whose length would be compatible with that of the ruptures produced
by the historical earthquakes (with magnitude up to ~6). On this
basis, we suggest that the NNE-dipping normal fault may represent a
possible, shallow (<10 km) seismic source for some of the Mw =~ 6 Ro-
magna earthquakes. The attribution of the Mw ~ 6.1 1661 earthquake,
whose epicentre is located more to the northeast with respect to the
SSFZ appears to be more dubious (Fig. 4a). If the position of the 1661
earthquake is correct, we should also consider the possibility that this
event was linked to the thrusting connected with the Pede-Apennine
margin (see Fig. 2). Compressive seismic events with deep focal depth
(20-30 km depth range) may indeed occur in this area, such as the
Mw = 4.3 event of April 16, 2006 (focal depth ~25-27 km) whose
epicentre is situated only 5 km southwest from the one of 1661
(Fig. 4a; Table S1).

3.4. Mugello

The Mugello sector (Fig. 5a) is characterized by a rather high seis-
micity with historical earthquakes having the highest macroseismic
magnitude of Mw = 5.94 (1542) and Mw = 6.29 (1919) (Rovida
et al, 2011). The main feature is the intramontane continental Mugello
basin that is inferred to have developed in Late Pliocene-Early Pleisto-
cene under a compressive regime and was later affected by normal
faults as the compressive regime ceased around the Early-Middle Pleis-
tocene transition (Sani et al.,, 2009). A large SSW-dipping normal fault
system, referred to as ‘Ronta fault systen’, affects the pre-basin substra-
tum mostly made of Miocene sandstones, and delimits the north-
eastern basin margin (Sani et al., 2009; Figs. 5a and S1c). This fault sys-
tems is ~25-30 km long and displays a remarkable morphostructural
evidence (Fig. 6a). An average long-term vertical slip-rate of 0.16 to
0.37 mm/year has been estimated along the Ronta fault system (Sani
et al., 2009). Fault-slip data indicate dip-slip normal kinematics with a
minor left-lateral component (average rake = —85°; stereonets 15—
17) (Figs. 5a and 6b, Table 1). A system of NE-dipping antithetic normal
faults bounds the southwestern margin of the basin (Benvenuti and
Papini, 1997; Sani et al., 2009) (Fig. 5a). This fault system is believed
to control the asymmetric location of the Sieve River on this side of
the basin (Benvenuti and Papini, 1997), even though the morphologic
expression of these faults is scarcely pronounced. Previous studies
have interpreted this fault system as the basin master fault (Martini
and Sagri, 1993), which would be connected to the regional NE-
dipping low-angle Etrurian normal fault system (Boncio et al., 2000).
The DISS Working Group (2015) catalogue follows this model and sub-
divides the southwestern basin margin into a north-western and south-
eastern fault segments, which are inferred to have caused the earth-
quakes of 1542 and 1919, respectively (Basili et al., 2008) (Fig. 5a).
Transverse faults at the north-western and south-eastern basin margins
are inferred to represent other potentially active structures (Delle
Donne, 2005).

The installation of local seismic networks has allowed the recogni-
tion of another seismic structure on the north-western Mugello basin
margin (Amato et al., 2008; Ripepe et al., 2008). The networks were
installed after three small-to moderate seismic shocks (Mwyax = 4.5)
struck this sector on March 1, 2008, with a hypocentral depth of ca.
12 km being (TDMT, Time Domain Moment Tensor; Scognamiglio
et al., 2009). The recorded microseismic events occur in a 2-16 km
depth range, are well clustered, and outline a steep normal fault dipping
(~75°) toward the NNE (Amato et al., 2008; Ripepe et al., 2008)
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are likely to interfere with each other. Note however that the geometry of the two faults shown in panel (b) cannot be used to infer their superposition relationships for the reason
that the two series of earthquakes have been projected from different profiles located nearly 4 km apart (i.e., profiles CD and EF, whose trace is reported in panel a).

(Fig. 5b). The surface projection of this fault occurs a few kilometres
northeast of the Ronta fault system, approximately along the ridge
forming the main watershed. Previous structural analysis has
highlighted a minor extensional deformation consistent with the kine-
matics and geometry detected for this NNE-dipping fault (Bonini,

2013). The field survey conducted for the current study has revealed
the existence of other minor NNE-dipping fault scarps (stereonets 12—
14), in which the extensional deformation may be occasionally accom-
modated by the reactivation of existing joints (stereonet 14; Fig. 5a).
This fault could have generated the recent sequence of January 2015
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Cerretoli _

Fig. 6. Morphological evidence of some normal faults in the axial zone of the Northern Apennines. (a) Lateral view of the main SW-dipping Ronta normal fault (indicated by the tips of
white triangles) in Mugello (north of Ronta; location in Fig. 5a). The normal fault is likely to reactivate the SW-dipping thrust carrying the Early Miocene Cervarola sandstones s.l. (CE)
over the Middle Miocene Marnoso Arenacea sandstones (MA). (b) Slickensides on a shear plane near to the master fault plane of the Ronta normal fault; the open arrow indicates the
movement of the missing block (site 15). (c) View of the main NE-dipping fault of the Careggine fault system in Garfagnana (location in Fig. 7a). The fault exposes rocks of the Late
Triassic-Late Oligocene Tuscan Unit (TU) on the footwall and downfaults the tectonically overlying Late Cretaceous Ligurian Units s.l. (LIG), over which the Villafranchian continental
deposits unconformably lie. (d) Lateral view and interpretative tectonic sketch of the SW-dipping Corfino normal fault in Garfagnana (location in Fig. 7a); MS, Mesozoic Massiccio
limestone; MC, Tertiary Macigno sandstones. (e) Detail of striations on the Corfino master fault plane (site 21).

(Mwypiax = 4.3; TDMT), and also some moderate historical earthquakes
(Mwpax = 4.8; Rovida et al.,, 2011) whose macroseismic epicentres fall
on the watershed ridge northeast of the Mugello depression (Fig. 5a). A
further seismic sequence (Mwpax = 4.2; TDMT) hit the Mugello de-
pression on September 14, 2009. The local seismic network belonging
to the Prato Ricerche Foundation (formerly Istituto Geofisico Toscano)
allowed one to locate several aftershocks (Piccinini et al., 2014; see

seismic bulletin of Prato Ricerche, downloaded at http://www.
pratoricerche.it/), whose depth distribution defines a SSW-dipping nor-
mal fault referable to the Ronta fault system (Fig. 53, b).

From these observations, it appears that there is a number of seismic
sources that may potentiality produce earthquakes in the Mugello area.
Coseismic rupturing of the ground surface by east-west-trending frac-
tures was observed in the central-eastern part of the Mugello
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depression (Villa Ricci, near Rostolena) during the seismic event of 1919
(Capacci, 1920), and liquefaction phenomena are reported nearby the
Sieve river (Galli and Meloni, 1993) (Fig. 5a). Unfortunately, the location
of these deformation features does not allow one to properly identify
the source fault of that earthquake, which may be composed by more
than one structure that could have ruptured during the event. Specifi-
cally, the distribution of the sites with highest damage may suggest
that a transverse fault may have also been activated by the 1919 event
(Delle Donne, 2005; Sani et al., 2009).

On the basis of length, lateral continuity, and its clear morphological
evidence, we consider the Ronta fault system as the most likely source
of the biggest earthquakes that hit the Mugello area, including the
1919 event. This interpretation is strengthen by the presence of

historical and recent seismicity on the northeastern basin margin, par-
ticularly the 2009 events connected with the slippage along the Ronta
fault system (Fig. 5a and Table S2). The distribution of the 2009 epicen-
ters delineates a NW-trending belt that is remarkably parallel to the
Ronta fault system. More specifically, the 2009 sequence localized
near the northwestern tip of the SSW-dipping Ronta fault system,
where a minor transverse fault system seemingly separates the latter
from the splays connected to the steep NNE-dipping fault (Fig. 5a, b).

3.5. Garfagnana

The Garfagnana region (Fig. 7) is characterized by important seismic
activity represented by several moderate-to-strong historical seismic
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events, particularly the Mw = 5.81 event of 1837 and the Mw = 6.48
(Rovida etal,, 2011) and Ms = 6.48 (Margottini et al., 1993) earthquake
of September 7, 1920, which is one of the strongest in the Northern Ap-
ennines. The Garfagnana area is characterized by a tectonic depression
bounded on both margins by two oppositely-dipping NW-SE-trending
fault systems and, for this reason, it is commonly referred to as the
Serchio graben (e.g., Dallan and Nardi, 1974) (Figs. 7 and S2a). The nor-
mal faults bordering the Serchio graben were proven to be active during
the late Quaternary (Bartolini et al., 1982). Recent geomorphic analysis
of the fluvial network confirms the recent activity and the potentially
seismogenic character of these faults (Di Naccio et al., 2013).

Calistri (1974) assumed the NE-dipping fault system being the mas-
ter fault, based on the dominant SW-directed tilting of the basin de-
posits, while Eva et al. (1978) considered the SW-dipping fault system
as the most important one. More recently, the master fault has been
identified with the NE-dipping fault system bounding the southwestern
basin margin, referred to herein as ‘Careggine fault system’, which is in-
ferred to represent a sector of the regional Etrurian fault system (Boncio
et al.,, 2000). The NE-dipping faults on the southwestern basin margin
are characterized by strong morphologic evidence (Di Naccio et al.,
2013) (Fig. 6¢), and two NE-dipping fault segments have been identified
as the main seismogenic structures, the north-western fault being rec-
ognized as the causative source of the Mw ~ 6.5 earthquake of 1920
(Basili et al., 2008; DISS Working Group, 2015). Fault-slip data collected
along the master fault planes indicate an essentially dip-slip kinematics
of the normal faults (average rake = —95°) (stereonets 18-20; Fig. 7,
Table 1).

The SW-dipping high-angle normal faults on the north-eastern basin
margin, referred to herein as ‘Corfino fault system’, also show a very
clear morphologic signature that hints to its recent activity (e.g., Di
Naccio et al., 2013) (Fig. 6d, Table 1). Striations on the master fault
plane indicate dominant dip-slip kinematics with minor dextral compo-
nent of movement (average rake = —95°) (site 21; Fig. 6e). Two of the
three sites with the highest MCS Intensity produced by the 1920 seismic
event (Iyax = X MCS; Rovida et al., 2011) are close to the trace of
the Corfino fault system. This raises the possibility that this system
was activated during the 1920 earthquake, or simply that the highest
amplification was localized on the north-eastern basin margin. In the
present study, we basically follow the DISS source fault model and
assume the NE-dipping Careggine fault system as the causative source
of the seismic event of 1920. Solarino (2005) estimated a focal depth
of 4.5 km for the Mw ~ 6.5 1920 earthquake; in our analysis we have
used a focal depth of 6.5 km, based on the Wells and Coppersmith's
(1994) relationships.

NE-ENE-trending transverse fault zones break the lateral continuity
of the main graben-bounding faults (e.g., Molli et al., 2016). One of these
structures delimits the Garfagnana graben to the northwest, whereas
the other is internal to the graben (Fig. 7). In 2013 two moderate earth-
quakes nucleated on these transverse fault zones, particularly the
Mw =~ 4.8 and Mw = 5.1 seismic events of January 25 and June 21, re-
spectively (Fig 7 and Table S3). The macroseismic epicentre of the
Mw = 5.1 earthquake of September 6, 1920 — which hit the day before
the large M = 6.5 earthquake - is roughly located on the transverse fault
zone that ruptured on June 21, 2013 (Fig. 7). For this reason, in further
elaborations (see below Section 4.2) we have arbitrarily assumed that
the source parameters determined by Stramondo et al. (2014) for the
June 21, 2013 earthquake are also valid for the seismic event of Septem-
ber 6, 1920. Another transverse fault zone is likely to run along the
Serchio valley that delimits the Garfagnana graben to the southeast
(Fig. 7). Such a transverse structure seemingly transfers displacement
on the ~10 km-long SW-dipping normal fault south-southeast of
Borgo a Mozzano (cf. Bartolini et al., 1982). The macroseismic epicentre
of the Mw = 5.8 earthquake of October 27, 1914, for which Solarino
(2005) has estimated a focal depth of 4.5 km, is almost coinciding
with the trace of this normal fault, therefore we speculatively assume
that the latter was the causative source (Fig. 7).

3.6. Lunigiana

The Lunigiana area (Fig. 7) is characterized by a significant historical
seismicity, particularly the Mw = 5.55 and Mw = 5.83 events of 1481
and 1834 (Rovida et al., 2011). Similarly to the Garfagnana one, the
Lunigiana area hosts a graben bounded by oppositely-dipping normal
faults with Quaternary activity (Bartolini et al., 1982). The most impor-
tant graben-bounding fault systems are referred to as ‘Groppodalosio’
and ‘Mulazzo’ on the north-eastern and south-western margins respec-
tively (Bernini and Lasagna, 1988; Bernini and Papani, 2002) (Figs. 7
and S2b). Bernini and Lasagna (1988) considered the Groppodalosio
fault system as the basin master fault. More recently, the Mulazzo
fault system has been determined to accommodate more than 2500 m
of vertical displacement, while the vertical throw across the
Groppodalosio fault system may reach ~2000 m, therefore identifying
the basin master faults as those on the southwestern margin (Artoni
et al., 1992; Bernini and Papani, 2002). Accordingly, Boncio et al.
(2000) have considered this normal fault system as the surfacing of
the regional NE-dipping Etrurian fault system. A similar geometry has
been inferred on the basis of the interpretation of a regional seismic pro-
file linking the Lunigiana graben to a NE-dipping extensional detach-
ment (Argnani et al., 2003). This setting is also consistent with the
distribution of the seismicity that from the Lunigiana graben deepens
(~30°) to the northeast, parallel to the basement top (Eva et al., 2014).
The mechanical connection of the low-angle detachment with the ex-
ternal thrusts may be problematic, but this issue is beyond the purpose
of the present study.

The Mulazzo and Groppodalosio systems are arranged en-echelon
and are characterized by fresh morphostructural features (Piccardi
et al., 1999), and relationships with the drainage network point to re-
cent and ongoing fault activity (Di Naccio et al., 2013). The DISS data-
base considers the main seismogenic sources of Lunigiana to be
represented by two NE-dipping fault segments on the southwestern
basin margin, the north-western fault segment (next to Pontremoli)
being identified as the causative source for the Mw ~ 5.8 earthquake
of 1834, and the south-eastern fault segment (beside Aulla) for the
Mw = 5.5 seismic event of 1481 (see Fig. 7a; Basili et al., 2008; DISS
Working Group, 2015). Basically, we assume the DISS source fault
model, and attribute an average rake of — 100° to the Mulazzo fault sys-
tem, based on the surveyed fault kinematics (stereonets 26-28; Fig. 7,
Table 1). Fault-slip data collected along the master fault planes of the
Groppodalosio system indicate a dip-slip kinematics with a minor, but
systematic, dextral component of the normal faulting (average
rake = —105°) (stereonets 22-25; Fig. 7, Table 1). This fault kinematics
matches well with the fault-slip data reported in Bernini and Lasagna
(1988) for the Groppodalosio fault system.

The Mw = 4.7 and Mw = 4.6 seismic events of May and November
1921 followed the large Garfagnana earthquake of September 1920, and
closed the north-western propagation of the normal fault seismicity.
Based on the distribution of the macroseismic epicentres and the
macroseismic intensity (Rovida et al., 2011) it is suggested that the
first and the second events occurred respectively on the Mulazzo and
Groppodalosio fault systems.

4. Evaluation of Coulomb stress changes
4.1. Idealized stress transfer interaction among seismic sources

We investigated the elastic stress interaction between seismic
sources along the external thrust fronts and the axial seismogenic belt
under the assumption that small Coulomb stress changes can promote
earthquakes when the faults are close to failure. The thrusts forming
the external Adriatic fronts show a trend roughly similar to that of the
normal faults in the axial zone. In particular, the historical datasets sug-
gest that the belt of seismogenic normal faults and the Pede-Apennine
thrust have the potential to create earthquakes with magnitude up to
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~6.5 and ~6.1. We explore the conditions under which earthquakes on
the thrust and normal fault systems can promote failure on surrounding
faults of the same system, as well as how one system can influence the
other. We thus analyse a series of faulting configurations between
source (SF) and receiver (RF) faults representative of the study area.
In the present analysis we do not consider the deep and strong thrust
earthquakes hypothesised to nucleate close to the axial extensional
belt (i.e., the 1781Mw = 6.4 Cagli earthquake; see Section 3.1).

We took into consideration two main cases, specifically when the
source fault is (1) an external thrust segment or (2) an axial normal
fault. In the first case, the simplest condition happens with a planar
source thrust and a normal fault dipping either (a) parallel (synthetic)
or (b) oppositely (antithetic) to the thrust. The Coulomb stress changes
produced by an external thrust segment load both synthetic and anti-
thetic distal normal faults, with the stress change magnitude evidently
increasing with the decreasing distance between the source and the re-
ceiver (Fig. 8a, b). In particular, a hypothetical Mw = 6.1 rupture along
the Pede-Apennine thrust may produce stress changes up to ~0.15-
0.2 bar at a distance of 35-40 km, which is the minimum distance be-
tween the Pede-Apennine thrust and the axial normal faults. In another
case we considered adjacent thrust faults, the thrust fronts being com-
posed of several adjacent along-strike segments (Fig. 8c). An along-

Table 2

strike receiver thrust is brought closer to failure by the contiguous
source thrust, but the stress decays rapidly at distances greater than
about one rupture width (Lin et al., 2011). In particular, the stress
changes are raised mainly on the half part of the receiver close to the
rupture (Fig. 8c).

The second case we considered regards the stress changes caused by
an Mw = 6.5 normal-fault earthquake on receiver distal thrusts dipping
either (d) parallel or (e) oppositely to the source fault (Fig. 8d, e). A
Mw = 6.5 rupture can produce a positive Coulomb stress change on a
receiver thrust dipping both parallel and oppositely to the source. The
configuration with parallel source and receiver faults is however more
favourable for transmitting stresses (cf. Fig. 8d and Fig. 8e).

Finally, we consider the effects of a Mw = 6.5 normal fault rupture
on adjacent and parallel along-strike or an-echelon normal faults
(Fig. 8f). The distance between normal fault segments is variable in
that in-basin normal faults are close whereas faults may occur at few
tens of kilometres away in an-echelon basins. In the considered case,
the Coulomb stress changes are raised on both the adjacent and an-
echelon receiver fault, but with higher magnitude in the former case
(Fig. 8f). In these conditions the stress falls off less rapidly than in the
case of adjacent thrust segments — i.e., the stress propagates much be-
yond one source width (cf. Fig. 8c and Fig. 8f). The results also suggest

Seismic source parameters of the main earthquakes (bold) of the time-space cluster of seismic events that hit the Northern Apennines in the period 1916-1920. The list also includes:
(i) selected moderate earthquakes (Mw 2 5 + 0.25) that struck the study region in the period 1900-1915, before the onset of the 1916-1920 seismic cluster, (ii) the large Avezzano earth-
quake of 1915, and (iii) the moderate events of Lunigiana in 1921 (see also Fig. 1a). The Coulomb stress changes (ACFF) are calculated at the lower and upper boundaries of a seismogenic
layer defined by an upper boundary D', fixed at 4.5 km depth (based on Solarino (2005)), and a lower boundary D? calculated from the 75% of seismicity cutoff (e.g., Chiarabba et al., 2005).
Fault parameters (including depth) for the more external thrust faults are taken from DISS Working Group (2015). The cumulative Coulomb stress changes (ACFFq,m) for a given earth-
quake are reported as a range of minimum and maximum values obtained from Eq. (3) using the mean and standard deviation associated with each source-receiver pair. The values are
relative to cumulative ACFF., loading each structure over two different time windows (1900-1915 and 1916-1921). The ACFF value loading each receiving structure by each earthquake

is reported in Table S4.

Locality Earthquake Mw LatN Long E Causative/receiver fault Cumulative ACFF
(bar)
Strike (deg) Dip (deg) Rake (deg) Depth (km) 1900-1915 1916-1921
D! D?
Garfagnana 1902 03 05 4.96° 44,0932 10.463% 320" 60" —95P 45° 10.5°
Garfagnana 1902 08 04 5.14% 44.200° 10.200% 320" 60" —95P 45" 10.3°
Lunigiana 1903 07 27 5.25? 44.329° 9.953% 330° 60° —100° 45" 10.0°
Reggiano 1904 02 25 5.05% 44.490° 10.640° 115° 35° 90® 45° 28.6"
Frignano 1904 06 10 5.03% 44,2007 10.842° Uncertain source
Pistoia 1904 11 17 5.15% 43,964 10.820° Uncertain source
Po Plain 1909 01 13 5532 44,579 11.688° 115° 30° 90° 45" 10.0°
Murlo 1909 08 25 5.37¢ 43.150* 11.403° Uncertain source
Romagna 191102 19 5.28° 44.117° 12.075° 120° 35° 90° 45" 17.5°
Romagna 191103 20 5.29° 44.133° 12.100° 120° 35° 90° 45" 17.5°
Rimini 191103 26 5.00° 44.061° 12,5072 132¢ 30° 90° 3.0 6.0
Chianti 191109 13 5.19? 43436 11.343? Uncertain source
Val Lamone 1913 07 21 4,78 44.041° 11.762° Uncertain source
Val Taro 1913 1125 4.84° 44.551° 10.195% 98P 35° 90° 45" 27°
Garfagnana 1914 10 27 5.76% 43911° 10.598° 125° 60" —90° 45" 8.9"
Avezzano 191501 13 7.00° 41.961¢ 13.606° 135° 60° —90°¢ - 10.0°
Reggio E. 191510 10 5.02° 44.732° 10.469° 110° 30° 90° 45" 15.9°
Rimini 1916 05 17 5.95° 44.092¢ 12.659" 132¢ 30° 90° 3.0 7.0¢ —0.019/—0.003
Rimini 1916 08 16 6.14° 44.039° 12.741° 132¢ 30° 90° 3.0° 7.0° 0.602/1.566
Adriatico® 1916 08 16 5.50° 44.039° 12.741¢ 132¢ 30° 90° 3.0¢ 7.0¢
Adriatico® 1916 08 16 5.40° 44.039° 12.741¢ 132¢ 30° 90° 3.0 7.0¢
(4 events)
Valtiberina 1917 04 26 5.89% 43.479¢ 12.177¢ 315°¢ 50° —85° 45" 8.7" 0.006/0.006 0.048/0.058
Romagna 1918 11 10 5.88% 43.917% 11.933° 310° 65° —95° 45" 10.0° 0.024/0.042 0.017/0.035
Mugello 1919 06 29 6.29° 43.957% 11.482° 118° 65" —85° 5.5" 14.7° 0.006/0.012 0.009/0.021
Garfagnana 1920 09 06 5132 44.250° 10.283% 2444 524 —84¢ 45P° 10.7° —0.005/0.011
Garfagnana 1920 09 07 6.48° 44.179¢ 10.315¢ 320° 60° —95° 6.5" 10.2° 0.024/0.034 —0.009/0.031
Lunigiana 1921 05 07 4.73° 44.369° 9.908° 330° 60° —100° 45" 10.0° 0.163/0.596
Lunigiana 19211129 4,637 44.376° 9.987% 135° 60° —105° 45" 10.0° —0.103/0.724

2 CPTI11 catalogue (Rovida et al.,, 2011; http://emidius.mi.ingv.it/CPTI11/).

" This study.

¢ DISS Working Group (2015) (version 3.2.0; http://diss.rm.ingv.it/diss/).

d

e

Source parameters assumed from Stramondo et al. (2014).
Group of earthquakes with Mw = 5.5 and Mw = 5.4 assumed with the same hypocentral position as the Mw ~ 6.1 main shock of August 16, 1916.
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that the Coulomb stress changes produced by a normal fault rupture
tend to unload at a distance across-strike normal faults falling in the
negative lobes of static stress changes - regions called stress shadows
(Harris, 1998) — where the Coulomb stress is reduced (see Fig. 8f).
The geometric setting of the two main fault systems is thus func-
tional for the existence of a ~ 40-60 km-wide coupling zone in which
the earthquakes produced by the axial normal faults possess the ability
to transmit stresses on the external thrusts and vice versa, in a similar
fashion of what inferred for the interactions between normal faulting
earthquakes and eruptions of Mount Vesuvius (e.g., Nostro et al.,

1998). The axial normal faults are expected to produce earthquakes
with magnitude higher than the external thrusts, and are therefore be-
lieved to transmit their perturbation on the correspondent receiver
faults at comparatively higher distances.

4.2. Coulomb stress changes associated with the seismic events of 1916-
1920

We tested the scenarios discussed above (Section 4.1) by computing
the Coulomb stress changes for the seismic events in the period
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Fig. 8. Idealized cases of possible stress transfer interaction among axial normal faults and external thrusts. We have arbitrarily taken 60 km as reference distance between the source (SF)
and receiver (RF) faults, which is the approximate distance between the Valtiberina normal fault and the closest external thrust of the Pede-Apennine margin. The source fault has a
tapered slip, and the apparent coefficient of friction | is assumed to be 0.4. Coulomb stress changes caused by a Mw = 6.1 thrust earthquake on distal normal faults dipping either
(a) parallel or (b) oppositely to the source fault. (c) Coulomb stress changes caused by a Mw = 6.1 thrust earthquake on adjacent, along-strike thrusts dipping parallel to the source
fault. Coulomb stress changes caused by a Mw = 6.5 normal-fault earthquake on distal thrusts dipping either (d) parallel or (e) oppositely to the source fault. (f) Coulomb stress
changes caused by a Mw = 6.5 normal-fault earthquake on adjacent along-strike and en-echelon normal faults with same strike, dip, and rake as the source fault.
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between 1916 and 1920 (see methods in Section 2.1). The results are il-
lustrated in chronologic order (i.e. from the oldest to youngest), and
focus on the effects that a given earthquake may have produced on suc-
cessive fault ruptures. The results are summarized in Table 2 (the com-
plete dataset is reported in Table S4), where the cumulative Coulomb
stress changes ACFF., for a given earthquake is reported as a range

obtained using the following equation:

=N i=N
ACFFeym = |3 (ACFF, —ACFFsrp);, S (ACFFy, + ACFFsp);

i=1 =1
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normal faults (specified fault: strike = N310°, dip = 60°, rake = —90°; depth: 7 km). The causative fault is that inferred to have produced the Mw = 6.1 Rimini earthquake of August 16,
1916. The open red circles indicate the epicentres of main earthquakes that hit the Pede-Apennine margin and Po Plain in the period 1920-1950 (after catalogue CPTI11; Rovida et al.,
2011). Details of earthquakes and related causative faults are reported in Tables 2 and 3. (c) Coulomb stress change patterns superposed onto parts of seismic profiles CROP03 and
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where ACFF,, and ACFFsyp are the mean and the standard deviations of
the ACFFs calculated for each source-receiver pair, and N is the number
of earthquakes considered in the stress summation.

The results of this sensitivity analysis show that the Coulomb stress
changes have a tendency to be affected by the depth variations imposed
to both the source and the receiver faults (see Section 2.1). For this rea-
son, we have not considered in the analysis those cases in which the
minimum and maximum values of cumulative ACFF have opposite
sign. Our results suggest that the 1915 Mw = 7.0 Avezzano earthquake
produced little effects, the magnitude of Coulomb stress changes being
less than that of solid Earth tides. More specifically, the stress changes
slightly discouraged faulting along the thrust segments that ruptured
offshore Rimini in 1916, and loaded a little the axial normal faults that
ruptured in 1917-1918 (Tables 2 and S4).

The 1916 sequence started with the Mw = 5.95 event of May 17,
which loaded with more than 1 bar the nearby thrust fault. This then
ruptured on August 16 producing an earthquake with Mw ~ 6.14
(Tables 2 and S4). Both earthquakes and other minor seismic events
(with Mw < 5.5) raised the stress on both the Valtiberina and Romagna
faults, with a magnitude of the Coulomb stress changes of the order of,
or only slightly above, tidal stresses. The rupture of the Romagna fault
in 1918 produced a similar increase in Coulomb stress changes on the
Mugello fault that ruptured in 1919. The latter caused in turn a very

small increase in stress (less than Earth tides magnitude) on both the
transverse fault and the main normal fault that produced the
Mw = 5.1 and Mw = 6.5 seismic events of September 6 and 7, 1920
(Tables 2 and S4). The Mw = 6.5 seismic event, in turn, loaded with
more than 0.1 bar (with maximum values of ~0.5-07 bar) the graben-
bounding faults in Lunigiana, which produced two moderate earth-
quakes in 1921 (Fig. 7; Tables 2 and S4).

In general, the static stress changes computed for the various earth-
quakes are modest, and even considering the contribution of the differ-
ent seismic events, which should be additive, the cumulated stress
changes only seldom exceed the ‘conventional’ threshold of 0.1 bar
(Tables 2 and S4). Some studies though have reported a correlation be-
tween stress changes caused by solid Earth tides and earthquakes
(e.g., Cochran et al., 2004; Métivier et al., 2009).

Regarding the patterns of Coulomb stress changes, the results are
similar to the cases idealized in Fig. 8. The stress changes diffuse both
along-strike and orthogonally to the strike of the causative fault and
can load or discourage faulting depending on the type and position of
the receiver fault with regard to the source fault. In particular, earth-
quakes on external Adriatic thrust fronts are favourably oriented for
transmitting positive Coulomb stress changes on both along-strike, ad-
jacent thrust faults and distal normal faults of the axial seismogenic belt
(Fig. 9a, b). The May 1916 earthquake clearly loaded the August 1916
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Fig. 10. Time-space progression of thrust ruptures along the external Apennine thrust front in the period 1916-1930, and the related Coulomb stress changes. (a) Mw5.95 Rimini
earthquake of May 17, 1916; ACFF is computed on the adjacent thrust that ruptured on August 16, 1916 (specified fault strike = N132°, dip = 30°, rake = 90°; depth: 5.5 km).
(b) Mw6.14 Rimini earthquake of August 16, 1916; ACFF is computed on the thrust that ruptured on January 1924 (specified fault: strike = N122°, dip = 30°, rake = 90°; depth:
7 km). (c) Mw5.36 Mondolfo earthquake of January 2, 1924; ACFF is computed on the thrust that ruptured on October 30, 1930 (specified fault: strike = N142°, dip = 30°, rake =
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etal,, 2011). Details of earthquakes and related causative faults are reported in Tables 2, 3, S4 and S5.
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source, and both earthquakes loaded slightly the thrust faults that rup-
tured around Senigallia in 1924 and 1930 (Fig. 10; Table S5). The earth-
quake progression of May 1916, August 1916, January 1924 and October
1930 would suggest the possibility of along-strike stress transfer be-
tween the external thrusts, but the small values predicted for the

1924 and 1930 events introduce uncertainty to this hypothesis. As pre-
viously discussed, the Rimini seismic sequence of 1916 would have
raised the stresses on some axial normal faults, particularly the
Valtiberina (Fig. 9b). This process is also illustrated through the projec-
tion of the Coulomb stress change patterns onto a geological section
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based on the interpretation of the deep seismic profiles CROP03-M16
(Finetti et al., 2001, 2005; Fig. 9c).

In the same way, earthquakes produced by the axial normal faults
may bring other along-strike normal faults and also distal thrusts closer
to Coulomb failure (Fig. 11a, b). The lateral transmission of stress on
other normal faults is generally limited, while the effects on distal
thrusts may be the most significant (see Section 5.1). The potential ef-
fects of the Mw =~ 6.5 Garfagnana earthquake on thrusts of the Pede-
Apennine margin and the Po Plain are illustrated in cross-section
(Fig. 11c). The earthquakes on the axial normal faults have also the ef-
fect to produce negative Coulomb stress changes on other normal faults
falling in static stress shadows orthogonal to the strike of the causative
fault (see Fig. 8f). For instance, the 1919 the Mugello earthquake pro-
duced negative stress changes that would have discouraged faulting in
the Firenze basin to the southwest (Boccaletti et al., 2001; Fig. 11a).
These effects would be largest near the earthquake epicentre. More spe-
cifically, in an intramontane basin, negative Coulomb stress changes are
conceivably highest on the normal faults that bound the margin oppo-
site to the ruptured fault.

5. Discussion

5.1. Role of earthquakes that preceded or followed the 1916-1920 seismic
cluster

A number of earthquakes predated the main seismic events of 1916-
1921. We consider those in the period between 1900 and 1915. Four
earthquakes with magnitude between ~5 and ~5.8 struck the
Garfagnana and Lunigiana between 1902 and 1914, and two earth-
quakes with Mw = 5.3 hit the Romagna in 1911 (Table 2). These events
may have brought some normal faults closer to failure, particularly the
Romagna and Garfagnana faults (Tables 2 and S4). There are however

Table 3

other moderate earthquakes that could have produced some stress per-
turbation on the faults that ruptured in 1916-1920. Unfortunately, the
geometry and kinematics of many of these seismic sources are un-
known or speculative (see Table 2).

After the Mw = 6.5 earthquake of September 7, 1920, the seismic ac-
tivity was localized in both the axial zone and the external sector. In par-
ticular, the seismicity in the external sector consisted of a series of
moderate earthquakes (Mwyax =~ 5.3) that nucleated along both the
Pede-Apennine thrust and more external thrusts underneath the Po
Plain (Tables 3 and S5). Seismicity along the axial zone consisted of
moderate earthquakes (Mwyax =~ 5.2) that were most likely generated
by normal faults (Tables 4 and S6). The boundary between the two sec-
tors is assumed to coincide with the most internal (i.e., south-
westernmost) active thrust reported in the DISS Working Group
(2015) (Fig.12a).

The distribution of the released seismic moment through time may
help to decipher the possible interrelations between the 1916-1920
earthquakes and the post-1920 seismicity, part of which may have
been triggered by the previous seismic events. The seismic moment
M is calculated using the relationship in Hanks and Kanamori (1979),

Mo = 10M+161) [qyne cm) @)

where Mw is the moment magnitude. The seismic moment is calculated
over the period between 1900 and 1950 and encompasses the 1916-
1920 earthquake cluster, during which the released seismic moment in-
creased dramatically (Fig. 12b). The graph also shows that the post-
1920 seismic activity is essentially equivalent to the pre-1916 one. The
cumulative number of earthquakes increased in 1927 up until 1932.
Similarly, the cumulative seismic moment increased slightly in 1927
until 1932, after that it decays to values lower than those of pre-1916
(Fig. 12b). The delayed (post-1927) increase in the number of

Earthquakes (period 1920-1950) that hit the external sectors of the Northern Apennines and Po Plain after the major extensional ruptures of 1917-1920 in the axial zone (macroseismic
data from Rovida et al. (2011). The seismicity is calculated over the area indicated in Fig. 12a. The cumulative Coulomb stress changes (ACFF.,,) imparted by axial normal faults and/or
external thrusts on the inferred receiver faults are reported. The ACFF.,, for a given earthquake is reported as a range of minimum and maximum values obtained from Eq. (3) using the
mean and standard deviation associated with each source-receiver pair. The ACFF value loading each receiving structure by each earthquake is reported in Table S5.

Locality Earthquake Mw LatN Long E Inferred receiver fault Causative faults Cumulative ACFF¢ym
Strike (deg)  Dip (deg)  Rake (deg)  Depth (km) (bar)
D! D?

Modigliana 19200608  4.49°  44.100°  11.800° 110" 35° 90° 45° 248"  Axial normal faults ~ —0.090/0.059
Ferrara 19220524  4.34°  44.821°  11.408°  110° 30° 90° 4.5° 95"  Axial normal faults ~ 0.013/0.013
Adriatico 19221011 450" 43.700° 13450 122" 30° 90° 3.0° 6.5¢  External thrusts -
Formigine 19230628  4.88* 44595  10.799°  107° 30° 90° 45° 151" Axial normal faults ~ 0.03/0.044
Mondolfo 19240102  536°  43.751°  13.096°  122° 30° 90° 3.0 7.5¢  External thrusts 0.016/0.022
Adriatico 19280530  4.88"  43.724°  13.063°  122° 30° 90° 3.0° 7.5 External thrusts —3.453/0.712
Carpi 19280613  4.78%  44.797°  10.872°  80° 30° 90° 45° 100"  Axial normal faults ~ 0.012/0.013
Apiro 19290122  4.72*° 43383  13.150°  120° 20° 90° 45°  10.0°  External thrusts 0.001/0.001
Bologna 19290410  5.03*  44.447° 11385 110 45° 90° 2.0° 8.0°  Axial normal faults ~ 0.018/0.030
Bologna 19290412 510  44.500° 11333 98P 35° 9o° 2.0° 8.0°  Axial normal faults ~ 0.016/0.024
Bologna 19290420 534  44477°  11.157° 98¢ 35¢ 90° 2.0° 8.0°  Axial normal faults  0.006/0.012
Senigallia 19301030  5.81%  43.643°  13.260°  142° 30° 90° 3.0 7.5¢  External thrusts 0.007/0.012
Ferrara 19310327  481°  44.821° 11764 110 30° 90® 45°  10.0°  Axial normal faults  0.012/0.013
Faenza 19310405  4.80°  44.194° 11.710° 105" 30° 90° 45" 248"  Axial normal faults ~ —0.061/0.174
C.S. Pietro 193104 11 510°  44.417°  11.600°  110° 30° 90° 45°  10.0°  Axial normal faults  0.042/0.058
Mondolfo 19310625 451  43800°  13.100°  122° 30° 90° 3.0 7.5 External thrusts —0.861/0.667
Vignola 19340918  457° 44495  11.012°  98° 30° 90° 45" 279"  Axial normal faults  0.001/0.013
Faenza 19350605  5.16°  44.260° 11.876°  120° 30° 90° 4.5° 7.8°  Axial normal faults ~ 0.046/0.066
Adriatico 19370226  4.43*  43900°  13.100°  122° 30° 90° 3.0 7.5¢  External thrusts —0.011/0.054
Mondolfo 19371122  443%  43.833° 13.083*  122° 30° 9o° 3.0 7.5  External thrusts —0.073/0.151
Modenese 19371210  5.17° 44334 10.834° 105" 30° 90° 45" 266  Axial normal faults ~ —0.013/0.026
Noceto 1940 05 01 515  44.800°  10.183" 125" 30° 90° 45°  10.0°  Axial normal faults ~ —0.011/—0.009
Urbania 19401010 4,722 43.700° 12.500? 130¢ 30°¢ 90°¢ 4.5° 19.1° External thrusts —0.105/0.037

Axial normal faults 0.008/0.037
Adriatico 19491206  4.50°  43.700°  13.400°  122° 30° 90° 3.0 6.5°  External thrusts —0.391/—0.054

@ CPTI11 catalogue (Rovida et al., 2011; http://emidius.mi.ingv.it/CPTI11/).
b This study.
¢ DISS Working Group (2015) (http://diss.rm.ingv.it/diss/).
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earthquakes and the rate of seismic moment release may be partly ex-
plained by static stress transfer produced by the large 1916-1920
earthquakes.

To test this hypothesis, we calculated the static stress changes pro-
duced by the various seismic sources on the inferred receiver faults,
and then we considered separately the behaviour of seismic moment
for the external sector (Po Plain and Pede-Apennine margin), domi-
nated by thrusting, and the internal sector characterized by normal
faulting. Static stress changes have been calculated assuming the aver-
age strike of the receiver thrust or normal fault in the epicentre area
(Tables 3, 4, S5 and S6). Interestingly, many of the macroseismic
epicentres of the earthquakes along the axial belt occur within fault-
end Coulomb stress rise lobes (Fig.11a; Tables 4 and S6). This correlation
is particularly evident northwest of the 1920 Garfagnana rupture, in
Lunigiana, where the predicted positive stress changes approach and
often exceed 0.1 bar (Fig. 11a and Table 4). In this case, static stress
changes are large enough to suppose that they have triggered the
most part of the seismicity.

This hypothesis would also agree with the trend of the seismic activ-
ity estimated for the area. This trend decays just after the large 1920
earthquake but then shows a subtle but clear increase in 1929, which
is also matched by the marked increase in the number of earthquakes
(Fig. 12c). However, a number of seismic events also occurred in the
negative lobes of static Coulomb stress changes one or two decades
after the 1919 and 1920 ruptures (Fig. 11a). The causes of these delayed

Table 4

earthquakes that appear in the stress shadows are not straightforward.
Some of these events may be a possible effect of dynamic stresses, even
though delay times between arrival of the dynamic waves and the onset
of locally triggered seismicity generally vary from seconds to weeks
(Hill and Prejean, 2014). The fluid flow along sub horizontal o,-
parallel permeability that characterizes normal fault settings (Sibson,
2000) might have contributed to the triggering of a part of the events
in the stress shadow near the ruptured fault.

Regarding the effects of the 1917-1920 extensional faults on the ex-
ternal thrusts, we have considered the part of the external sector where
these ruptures are estimated to have produced some perturbation (the
region extending from Parma to the south of Faenza), excluding the area
where the thrust earthquakes have been dominantly loaded by larger
thrust events (Fig. 12a and Tables 3 and S5). Notably, many
macroseismic epicentres of thrust earthquakes fall in the Coulomb
stress rise lobes of the axial normal faults (Fig. 11b, Tables 3 and S5).
The hypothesis that the axial faults acted as potential triggers is corrob-
orated by the striking increase in 1929 - a few years after the 1917-
1920 series of large earthquakes - of both the released seismic moment
and the number of earthquakes (Fig. 12d). Conversely, the seismic
events of 1922-1937 around Rimini and Senigallia would have been
loaded dominantly by the thrust earthquakes of 1916, 1924, and 1930
(Figs. 2a, 9a and 10; Table 3). The effects on the triggering caused by
the Mw =~ 5.5 Po Plain thrust earthquake of 1909 (Table 2) are
negligible.

Earthquakes that hit the axial zone of the Northern Apennines during the period from September 7, 1920 (the day of the Mw = 6.5 earthquake) to 1950 (macroseismic data from Rovida
etal. (2011)). The seismicity is calculated over the area indicated in Fig. 12a. The cumulative Coulomb stress changes (ACFF.,,) imparted by the 1917-1920 major extensional ruptures on
the inferred receiver normal faults are reported. The ACFF,, for a given earthquake is reported as a range of minimum and maximum values obtained from Eq. (3) using the mean and
standard deviation associated with each source-receiver pair. The ACFF value loading each receiving structure by each earthquake is reported in Table S6. Owing to the uncertain hypo-
central localization, static stress changes are not calculated when the seismic events fall along the boundary between positive and negative lobes of Coulomb stress changes (see Fig.11a).

Locality Earthquake Mw Lat N Long E Inferred receiver fault Cumulative ACFF

Strike (deg) Dip (deg) Rake (deg) Depth (km) (bar)

D! D?

Garfagnana 1920 09 07 4.96° 44.250° 10.283% 135° 60" —90° 45 10.7° ¢
Garfagnana 1920 09 07 4.68° 44.250° 10.283% 135° 60" —90° 45" 10.7° ¢
Garfagnana 1920 09 07 4.73? 44317° 10.283% 320° 60° —90° 45" 13.7° 0.329/1.145
Garfagnana 192012 27 4.76° 44.250° 10.283% 135° 60° —90° 45 10.7° ¢
Castiglione 1921 04 05 4.72° 43.300° 12.500% 1304 204 —904 45" 9.0° 0.011/0.021
Lunigiana 1921 05 07 4.73° 44.369¢ 9.908¢ 330° 60° —100° 45" 10.0° 0.099/0.144
Lunigiana 19211129 4,63° 44.376° 9.987% 135° 60° —105° 45" 10.0° 0.111/0.174
Pievepelago 1922 08 02 4.68° 44.200° 10.700* 305" 60" —90° 45° 16.2° —0.133/0.059
Fanano 1924 06 12 4.86° 44.167° 10.733% 305" 60° —90° 45" 14.8° -
Frassinoro 192503 15 4522 44,282° 10.286% 125° 60° —90° 45" 10.7° —1.026/4.329
Bagnone 1926 1118 451° 44.300° 10.000% 135° 60° —105° 45" 10.0° 0.169/0.335
Bedonia 1927 1028 4.88° 44.520° 9.590% 300° 60° —90° 45" 10.9° 0.018/0.014
Cervarezza 1927 1120 4.68° 44.400° 10.400* 305° 60° —90° 45" 23.9° —0.281/0.13
Mt. Leto 1927 1130 4.72° 43.400° 12.500% 130° 60° —90° 45" 8.6" 0.034/0.047
Varese L. 1928 02 21 4397 44.440° 9.611° 300" 60° —90° 45" 11.3° 0.022/0.026
Val di Taro 1928 07 20 4.46° 44,508° 9.587% 300° 60° —90° 45" 10.9° 0.015/0.018
Fivizzano 1928 08 03 4512 44.200° 10.200% 320° 60° —95P 45" 10.3° -
Mugello 1929 07 18 5.02% 43.988° 11.507% 118" 65" —85P 45" 9.5" —6.165/4.448
Fiumalbo 1930 05 24 4.81° 44.136° 10.724% 320° 60" —90° 45" 14.8° —0.049/0.1049
Fivizzano 19310125 4.68° 44.250° 10.100% 135° 60° —105° 45" 10.1° 0.082/0.488
Mugello 1931 09 05 4.80° 44.057° 11.367% 293P 75" —90° 45" 12.5° 0.023/0.222
Mugello 19311215 4.85° 44.070° 11.494% 300" 60" —90° 45" 11.0° —3.313/0.286
Val di Taro 1934 06 13 4997 44.438° 9.725° 300° 60° —90° 45" 11.1° 0.028/0.034
Pavullo 1937 12 10 5.17° 44.334° 10.834% 300° 60° —90° 45" 26.0° —0.101/—0.037
Mugello 193902 11 5.01° 44.002° 11.4312 118° 65" — 85" 45 11.0° —16.69/4.219
Garfagnana 19391015 5.08% 44119° 10.255% 320° 60" —90° 45° 10.2° —9.797/—0.257
Versilia 193910 31 4.99° 44.233° 10.200° 320° 60° —90° 45" 10.3° -
Corniglio 1940 01 24 5.03% 44.467° 10.100% 310° 60° —90° 45" 23.8° 0.078/0.112
Valtiberina 1948 06 13 5.05% 43,598° 12,1272 130° 50° —90° 45" 9.6" 0.155/0.246
Firenzuola 1949 03 09 476 44.100° 113832 310° 60° —90° 45" 18.7° 0.129/0.355
2 CPTI11 catalogue (Rovida et al.,, 2011; http://emidius.mi.ingv.it/CPTI11/).
b This study.
€ ACFF not calculated because the seismic event lies along the boundary between positive and negative lobes of Coulomb stress changes.
d

DISS Working Group (2015) (http://diss.rm.ingv.it/diss/).
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Fig. 12. (a) Distribution of seismicity in the period between 1920 and 1950 (from catalogue CPTI11; Rovida et al., 2011). (b) Cumulative number of earthquakes and seismic moment
(Hanks and Kanamori, 1979) calculated over the area shown in panel (a); the magnitude of the single earthquakes is shown in Fig. 1b. Note the sharp increase in the rate of seismic
moment release during the period between 1916 and 1920. (¢) Cumulative number of earthquakes and seismic moment calculated over the internal sector of the Northern Apennines
(yellowish area), characterized by normal faulting. (d) Cumulative number of earthquakes and seismic moment calculated over a part of the external sector of the Northern
Apennines, where the 1917-1920 extensional axial ruptures are inferred to have raised the stress on the active thrust faults (pink area). The part of the external sector where the
thrust earthquakes have been dominantly triggered by larger thrust events (grey area) is not considered in this analysis. The boundary between the internal and external sectors is
assumed to coincide with the most internal (i.e., south-westernmost) active thrust in the DISS catalogue (code n. ITCS027; DISS Working Group, 2015). (e) Time distribution of earth-
quakes (bin size is 5 years) that occurred in areas (both pink and yellow sectors in panel a) with positive or negative ACFF created by the main extensional ruptures of 1917-1920.
The earthquakes with positive ACFF show the main frequency peaks during 15 years after the major triggering seismic events, and then the number of events decreases with time.
This analysis has concerned only those cases (reported in Tables 3 and 4) for which the minimum and maximum values of cumulative ACFF have the same sign.
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Fig. 12e shows a simple time distribution of earthquakes falling in
areas with positive or negative ACFF created by the main extensional
seismic events of 1917-1920 (the area considered for this analysis in-
cludes both the pink and yellow sectors in Fig.12a). In this analysis we
have considered only the events (reported in Tables 3 and 4) that
show the minimum and maximum values of cumulative stress change
range with the same sign. The majority of the earthquakes occur in
areas with positive ACFF. In particular, the earthquakes with ACFF >0
show the main frequency peaks over the 15 years after the main trigger-
ing seismic events, and afterwards the number of earthquakes decays
with time. The number of earthquakes with ACFF < 0 is subordinate
and, these ones occur in a single cluster 15 years after the supposed trig-
gering events (Fig. 12e).

5.2. Considerations on the role of Coulomb stress changes in the 1916-1920
earthquake cluster

All the faults that ruptured during 1916-1921 were brought closer
to Coulomb failure by the coseismic stresses produced by previous
earthquakes. The possibility to relate this series of earthquakes to a
domino-like behaviour is appealing but equivocal in that, apart from a
few exceptions, the magnitude of the Coulomb stress changes is modest.
The cumulated Coulomb stress changes, in fact, rarely reach the thresh-
old of 0.1 bar that has been suggested in a number of case studies of
earthquake triggered by static stresses (e.g., Stein, 1999). In the majority
of cases, the static stresses are only somewhat higher than tidal stresses,
while some earthquakes transmitted little or no calculated stress
changes. For instance, the 1918 Romagna earthquake loaded the
Mugello faults very weakly, and similarly the 1919 Mugello earthquake
loaded the Garfagnana faults with very low stress changes, making it
difficult to infer a causative relationship for these seismic events
(Tables 2 and S4).

Notwithstanding the modest magnitude, Coulomb stress changes
have loaded all the ruptures occurred between 1916 and 1921, there-
fore we cannot exclude that these stresses have played some role in
the triggering of at least part of the seismic events. In addition, if the
Coulomb stress changes produced by any earthquake are cumulative,
even small stress increases may ‘advance the clock’ of the next seismic
event. It is however unknown whether the considered faults exhibit
such a sensitivity. Nevertheless, the increase in seismic activity ob-
served in both the internal and the external sectors a few years after
the 1916-1920 ruptures, and the location of many earthquake
epicentres in the lobes of Coulomb stress rise (see Section 5.1), seem
to support the action of permanent static stress changes. The dynamic
stresses due to the passage of seismic waves should not produce perma-
nent changes in stress, unless they modify the mechanical properties of
the crust, or involve the transport and excitation of the crustal fluids.

We unfortunately lack information on the stress conditions of the
normal faults and thrusts prior to failure. The 1916 earthquakes along
the compressive external Adriatic belt raised the stress on the
Valtiberina fault more than at any other normal fault. This fact may be
compatible with the activation of this fault as the first of the series of
strong earthquakes that continued with the north-westward propaga-
tion of the faulting along the belt of intramontane basins (Table 2). It
is also worth noting that some earthquakes raised the stress on the Ro-
magna and Garfagnana normal faults prior to 1916 (see Section 5.1;
Tables 2 and S4), and thus may have prepared the faults to be triggered
off. Last but not least, other mechanisms could have interacted with the
static stress changes and contributed to the triggering, particularly the
significant clock advance potentially produced by dynamic stress
changes (e.g., Hill and Prejean, 2014), and the strain and strain rate per-
turbation caused by viscoelastic relaxation of coseismic shear stresses
(Viti et al., 2012).

The results of our numerical modelling suggest that, regardless of
the 1916-1920 seismic events, earthquakes along the thrust faults - if
of suitable magnitude - may have the ability to transfer stress on normal

faults settled in the interior of the chain and vice versa. As a corollary,
earthquakes produced along the compressive thrust fronts may initiate
earthquake sequences in more internal sectors of the belt situated
roughly orthogonal to the source fault strike, as could have happened
for the loading of the Valtiberina fault by the Rimini earthquakes of
1916. The correlation between the stress changes produced by the
1917-1920 extensional ruptures and the earthquakes on the external
thrusts finalizes the hypothesis of a two-way interaction between exter-
nal thrusts and axial faults. This study is certainly not conclusive, and for
many aspects it represents only a working hypothesis. The acquisition
of more detailed data on magnitude, location and geometry of the
source faults could contribute to achieve a clearer picture of the causes
that led to the lethal chain of seismic events of 1916-1920.

6. Conclusions

Geological and structural data collected on the active faults in the
axial and the frontal sectors of the Northern Apennines allowed us to
better characterize their geometry and kinematics. The Coulomb stress
changes produced by the large earthquakes that hit the Northern Apen-
nines in the period between 1916 and 1920 have been evaluated on the
basis of the source faults reported in the literature and surveyed and/or
determined in this study. The results suggest the existence of a ~40-
60 km-wide coupling zone in which the earthquakes of magnitude ~6
or higher produced by axial normal faults can load thrust segments of
the external thrust fronts and vice versa. The static stress change pat-
terns produced by earthquakes along the Adriatic thrust fronts are
favourable for transmitting positive Coulomb stress changes on both
along-strike, adjacent thrust faults and distal normal faults of the
seismogenic axial belt. Earthquakes produced by the axial normal faults
may bring other along-strike normal faults as well as distal thrusts
closer to Coulomb failure. The faults that generated the main seismic
events between 1916 and 1921 were brought closer to failure by previ-
ous earthquakes, but the magnitude of the Coulomb stress changes is
generally modest or even negligible, and only seldom exceeds the con-
ventional threshold of 0.1 bar. The role of Coulomb stress changes in the
development of the 1916-1920 earthquake cluster is at the moment
equivocal, even though stress changes would have played a role in the
triggering of specific earthquakes of this series, particularly the events
of Rimini (August) 1916, Lunigiana 1921, and perhaps Valtiberina
1917. In addition, preparatory seismic events loaded some of the faults
that ruptured between 1917 and 1920 (particularly Romagna and
Garfagnana), thus raising the possibility that the peculiar time-space
progression of the main seismic shocks between 1916 and 1921 was
fortuitous. We are also aware of the problems resulting from the uncer-
tainties about the parameters of the historical sources, which obviously
affect the calculation of the Coulomb stress changes. Therefore, the ex-
ercise carried out in this study should be viewed only as an attempt to
elaborate a model based on the status of the present knowledge. More
detailed information on the parameters of the seismic sources
(i.e., location, geometry, kinematics and earthquake magnitude) may
refine/improve the results and provide further insights for deciphering
the dynamics and the conditions that led to this harmful succession of
seismic events.
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