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Abstract—On August 24, October 26 and 30, 2016, Central

Apennines (Italy) were hit by three shallow, normal faulting very

strong earthquakes rupturing in an NW–SE striking zone. Event 3

(Norcia) occurred between event 1 (Amatrice) at the SE and event

2 (Visso) at the NW of the entire rupture zone. The rupture his-

tories of the three events, as revealed by teleseismic P-wave

inversion, showed that all were characterized by bilateral rupture

process with stronger rupture directivity towards NW for events 1

and 3 and towards SSE for event 2. Maximum seismic slip of 1.2,

0.8, and 1.4 m in the hypocenter and magnitude of Mw 6.2, 6.1, and

6.5 were calculated for the three events, respectively. DInSaR

measurements based on Sentinel-1 and 2 satellite images showed

ground deformation directivity from events 1 and 2 towards event

3, which is consistent with the rupture process directivity. For

events 1, 2, and 3, the maximum ground subsidence was found

equal to 0.2, 0.15, and 0.35 m. Based on rupture directivity and

ground deformation pattern, we put forward the hypothesis that the

area of the second event was stress loaded by the first one and that

both the first and second earthquake events caused stress loading in

the area, where the third event ruptured. Coulomb stress-transfer

modelling yields strong evidence in favor of our hypothesis. The

stress in the fault plane of event 2 was increased by *0.19 bars due

to loading from event 1. Event 3 fault plane was loaded by an

amount of *2 bars, due to the combined stress transfer from the

two previous events, despite its proximity to the negative/positive

lobe boundary. The three events produced combined stress loading

of more than ?0.5 bar along the Apennines to the NW and SE of

the entire rupture zone. In the SE stress lobe, a series of strong

earthquakes of Mw 5.3, 5.6, and 5.7 occurred on January 18, 2017,

but likely, seismic potential remains in the area. We consider that

in the NW and more extensive stress lobe, the seismic potential has

also elevated due to stress loading.

Key words: Rupture histories, teleseismic P-wave inversion,

stress transfer, DInSAR, central Italy, 2016–2017 earthquakes,

earthquake triggering.

1. Introduction

The area of Central Apennines, Italy, is of high

seismicity with long historical record of strong

earthquakes. Before 2016, at least 16 earthquakes

with magnitude exceeding 6.0 ruptured the area since

the 13th century AD (Rovida et al. 2016) (Fig. 1).

The last event was the lethal L’Aquila shock (Mw 6.3)

of April 6, 2009. During the period August–October

2016, Central Apennines was hit by a series of strong

earthquakes, three of them of magnitude [6. On

August 24, 2016, the first strong earthquake of

moment magnitude Mw 6.2 (Table 1) struck the area

causing extensive destruction and a death toll of

about 300 in the area defined by the towns of Norcia

to the north and Amatrice to the south (Fig. 1). The

seismicity rate remained at high level until another

two strong shocks ruptured to the north on the

October 26th, 2016 with Mw 6.1 the first and on the

October 30th, 2016 with Mw 6.5 the second (Table 1).

All the events were associated with normal faulting

striking NNW–SSE with dip to SW (Table 2). On

January 18, 2017, the strong earthquake activity

repeated with a series of shocks, the three largest

measuring magnitudes Mw 5.3, 5.7, and 5.6, all

occurring at the SE prolongation of the zone activated

with the earthquake of August 24, 2016.

As regard the first strong earthquake of August

24, some first results already appeared. Investigations

included the co-seismic geological effects (Pucci

et al. 2016) and surface ruptures (Albano et al. 2016)

as well as the faults activated (Falcucci et al. 2016).

In addition, the possible impact of the August 24,

2016 Amatrice earthquake on the seismic hazard

assessment in central Italy was statistically examined
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Figure 1
Earthquakes of magnitude exceeding 6.0 that occurred in the area of Central Apennines (Italy) from the 13th century up to the present (data

taken from the CPTI15 historical earthquake data base of INGV by Rovida et al. 2016). Key: solid circles historical earthquake epicentres,

figure near solid circle year of earthquake occurrence, stars epicentres of the three largest earthquakes occurring in 2016 (1 for August 24, 2

for October 26, and 3 for October 30), solid triangle town

Table 1

Focal parameters of the three largest earthquakes in Central Apennines (Italy) during August–October 2016 as determined by INGV (http://

cnt.rm.ingv.it) except magnitudes which are explained below

No. Date Time LAT LONG h (km) Mw (1) Mw (2) Mw (3)

1 August 24, 2016 01:36:32 13.2335 42.6983 8.10 6.00 6.20 6.20

2 October 26, 2016 19:18:05 13.1288 42.9087 7.50 5.90 6.10 6.10

3 October 30, 2016 06:40:17 13.1100 42.8400 9.40 6.50 6.60 6.50

LAT, LON, and h are geographical latitude and longitude of the epicentre and focal depth, respectively. Moment magnitude Mw (1), Mw (2),

and Mw (3) are taken from INGV, Harvard CMT solutions (http://www.globalcmt.org/CMTsearch.html) and GFZ (http://geofon.gfz-potsdam.

de/eqinfo/list), respectively
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by Murru et al. (2016). On the other hand, the slip

heterogeneity and directivity of the Amatrice earth-

quake was approached by rapid finite-fault inversion

and found that the first shock ruptured an NNW–SSE

striking and WSW dipping normal fault (Tinti et al.

2016). This was also the case of the other two strong

earthquakes as it results from moment tensor inver-

sions (e.g., Pondrelli et al. 2016). Tinti et al. (2016)

inverted waveforms from 26 three-component strong

motion accelerometers, filtered between 0.02 and

0.5 Hz, within 45 km from the fault. The inferred slip

distribution was found heterogeneous being charac-

terized by two slip patches up–dip and NW from the

hypocenter, respectively. A bilateral rupture propa-

gation pattern with relatively high rupture velocity of

3.1 km/s was suggested by Tinti et al. (2016). They

also supported that the imaged rupture history pro-

duced evident directivity effects both NNW and SE

of the hypocenter, which is consistent with the anal-

ysis of accelerometric data by Saccorotti et al. (2016).

On the other hand, Lavecchia et al. (2016) investi-

gated the ground deformation and source geometry of

the August 24, 2016 Amatrice earthquake by

exploiting ALOS2 and Sentinel-1 co-seismic DIn-

SAR measurements. Shey extended their analysis by

applying a 3D finite-element approach jointly

exploiting DInSAR measurements and an indepen-

dent, structurally constrained, 3D fault model. They

concluded that their hypothesis of a bilateral rupture

propagating along two en echelon faults connected at

the hypocenter and striking NNW–SSE is well sup-

ported (see also Bignami et al. 2016).

The impressive sequential rupture in Central

Apennines with a series of strong earthquakes

occurring in a time interval of only a few months

raises some important issues. Do they share similar

rupture processes? What has been the role of possible

triggering effects? How the level of seismic potential

has been affected by changes in the stress field of the

area? This paper aims to approach such issues which

are of crucial importance for the seismic hazard

assessment in the area. We approached these issues

by analyzing the rupture histories of the three stron-

gest earthquake events with the inversion of

teleseismic P-wave records along with differential

interferometric synthetic aperture radar (DInSAR)

measurements and results obtained from modelling of

Coulomb stress transfer.

2. Rupture Histories

2.1. Data Used and Methodology for Slip Inversion

All three strong earthquake events, which

occurred in Central Apennines on August 24, 2016

as well as on October 26 and October 30, 2016, were

associated with normal faulting striking NNW–SSE

and dipping towards WSW (Table 2). This is consis-

tent with the regional tectonics of the area and surface

ruptures (e.g., Albano et al. 2016; Falcucci et al.

2016). Alternative hypotheses on the surface ruptures

and the tectonic framework can be found in Bonini

et al. (2016) and Huang et al. (2017). The co-seismic

slip models for the three events were retrieved from

inversion of P waves recorded at teleseismic dis-

tances ranging from 30� to 90�. Waveforms from 30

stations with good azimuthal coverage (Fig. 2) were

used in each case. However, records with no clear

signal (signal-to-noise ratio \ 2) were not utilized.

Table 2

Parameters regarding the P-wave teleseismic inversion of the three strong earthquakes

Date L (km) d (km) v (km/s) t (s) h (km) Rake Rake range Strike/dip Mo (Nm) Mw

August 24 27 12 2.8 0.9 7 -76 -46 to -106 157/43 2.2 9 1018 6.2

October 26 27 12 2.7 0.8 7 -66 -36 to -96 169/46 1.8 9 1018 6.1

October 30 40 12 2.9 1.1 7 -88 -58 to -118 158/44 6.6 9 1018 6.5

Parameters inserted: L and d = fault length and width of the rectangular fault plane used for discretization of the sub-faults; strike, dip, and

rake of the seismic fault are based on the GFZ solutions (http://geofon.gfz-potsdam.de/eqinfo/list); v and t are optimum rupture velocity and

rise time, respectively. Key for parameters received: Mo seismic moment, Mw moment magnitude
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The waveforms were downloaded from the Iris Data

Management Center (i.e., data from GSN, II, IU, and

GE digital networks were used) using the Wilber 3

application. All waveforms were processed to remove

the mean offset and instrument response, band-pass

filtered between 0.02 and 1 Hz using a Butterworth

filter, re-sampled to 0.2 samples/s, and finally inte-

grated in time to obtain displacements.

The kinematic finite-fault inversion scheme of

Hartzell and Heaton (1983) and Mendoza and

Hartzell (2013), which is a non-negative, least

squares inversion method, has been applied to

produce the spatial and temporal evolutions of the

slip on the ruptured fault. The application of the

inversion method starts by constructing a rectangular

fault plane which is discretized to a number of

uniform cells which are called sub-faults. The point

source responses were computed with a code based

on the generalized ray theory (Langston and Helm-

berger 1975). The exact way these synthetics were

constructed followed the discussion in the study of

Heaton (1982). The calculated elementary synthetics

were convolved with an attenuation operation under

the assumption that t* = 1 s for P waves, where t* is

the attenuation parameter of teleseismic body waves

that represents the total body wave travel time

divided by Q along the ray path (Stein and Wysession

2003).

The strike, dip, and rake of the seismic fault as

well as the depth at the hypocenter are the source

parameters needed as input to produce the elementary

synthetics taking into account the time delays for a

rupture front propagating with a prescribed rupture

speed. The amount of slip in successive time intervals

for each sub-fault is lagged in time by the width of

the source. As described by Hartzell and Langer

(1993), the constructed rise time functions are free to

vary as a function of position on the fault plane. The

followed finite-fault inversion approach, with the use

of the multiple time windows, permits the same sub-

fault to rupture multiple times. The final rise time is

obtained by the summation of the individual rise time

functions for each time window. She fit between data

and synthetics is shown in the Appendix (Figs. 11,

12, 13).

2.2. Fault Parameterization

For the series of earthquakes examined several

values of source velocity, varying from 2.6 to 3.3 km/

s, rise time, fault dimensions and time lag were

tested. For each earthquake event, the source of the

elementary synthetics was taken as of trapezoidal

shape and the width of the source was chosen to be

short enough compared to the total rise time on the

fault. The faults were discretized by 108 sub-faults,

18 of them along strike and 6 along dip. The sub-fault

synthetics were computed using the velocity model of

Herrmann et al. (2011) for Central Apennines. For the

kinematic inversion of these three earthquakes, we

Figure 2
Geographical distribution of the stations used for the teleseismic P-wave inversion for the strong earthquakes of August 24 (left), October 26

(center), and October 30 (right), 2016
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used the strike, dip, and rake parameters from the

GFZ focal mechanism solutions taking the nodal

plane with NW–SE direction and dipping to SW as

the fault plane ruptured. The parameters used for, and

obtained by, the inversion procedure for each one of

the three cases are listed in Table 2. We fixed the

fault geometry based on the GFZ parameters and we

did not have to compare the misfit of fault parameters

with all other solutions available (e.g., GCMT,

USGS, and INGV) as the differences between them

were very small (Pondrelli et al. 2016; for fault-plane

solutions comparison see also in EMSC, http://www.

emsc-csem.org/#2). To make the rake vary upon the

fault, we followed the suggestion by Hartzell et al.

(1996) and calculated the synthetics twice with ±30�
from the initial rake (Table 2) using six time win-

dows for the inversion process, each one of them

having a duration equal to the rise time. We consid-

ered the rise time to lightly change with the

magnitude of the events allowing for all cases the

dislocation duration to be long enough to span the

range of expected rise times for earthquakes of this

size (Somerville et al. 1999).

Figure 3
Seismic slip history for the strong earthquake of August 24, 2016 in

six snaps using time intervals of 1.7 s. Results are explained in

Sect. 2.3

Figure 4
Seismic slip history for the strong earthquake of October 26, 2016

in six snaps using time intervals of 1.5 s. Results are explained in

Sect. 2.3
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2.3. Slip Distribution

The co-seismic slip distribution of the three

earthquakes, representing the movement of the

hanging wall in respect to the foot wall, is illustrated

in Figs. 3, 4, and 5. The time evolution of slip is

presented in each case by six snaps using nearly 1.7-,

1.5-, and 2.0-s intervals for the events of August 24,

October 26, and October 30, 2016, respectively. The

slip distributions are smooth as a 2D cone shaped

filter was applied. The simplest solution plotted is the

one succeeded using a trial-and-error process that

balances fitting the data by the Residual Norm

||Ax - b||, with smoothing and minimizing the slip

(Mendoza and Hartzell 2013), where A is the sub-

fault synthetics matrix, b is the matrix of observa-

tions, and x is the solution vector containing the slip

required to reproduce the observations.

The rupture history of the August 24 earthquake

(Fig. 3) shows bilateral propagation mode with strong

rupture directivity, which is consistent with the

results of Lavecchia et al. (2016), Lanzano et al.

(2016) and Tinti et al. (2016). The rupture started at

the hypocenter’s depth and evolved up–dip. The co-

seismic slip took its maximum value of about 1.2 m

close to the hypocenter at a depth of 7 km. The

rupture moved mainly towards NW being concen-

trated in a very shallow layer at depths between 2 and

5 km with seismic slip of about 0.3 m near the

surface. This is consistent with the co-seismic

ruptures observed by the EMERGEO Working Group

(Pucci et al. 2016) down-throw the SW side of

bedrock in the Mt. Vettore Fault System at the north

of the earthquake rupture zone with vertical displace-

ment being mostly below 16 cm and exceeding

35 cm in few locations of its northern portion.

High-rate GPS records at epicentral distances of

*9 km to the SE and *14 km to the NW showed

larger values of peak-to-peak displacements on the

radial component (*16.6 cm) and on the transverse

component (*15.0 cm), respectively (Avallone et al.

2016). According to our inversion, the rupture

directed also towards SE covering smaller area and

shorter distance relative to the NW side, which is

consistent with the analysis of accelerometric data by

Saccorotti et al. (2016). This indicates that the rupture

directivity was much stronger towards NW, where

possibly was associated with a second patch in the

imaged ground velocity inversion shown by Tinti

et al. (2016). Main directivity effect towards NW was

also revealed by the accelerometric data of Lanzano

et al. (2016) and Pischiutta et al. (2016). The rupture

had a length of nearly 13 km. The seismic moment

calculated was found 2.2 9 1018 Nm which corre-

sponds to magnitude Mw 6.2. This is consistent with

Mw calculations by others (Table 1).

The rupture history of the October 26, 2016

earthquake (Fig. 4) revealed that this earthquake had

also bilateral propagation but smaller seismic slip and

rupture length relative to the strong earthquake of

Figure 5
Seismic slip history for the strong earthquake of October 30, 2016

in six snaps using time intervals of 2.0 s. Results are explained in

Sect. 2.3
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August 24. The rupture started with maximum slip

values of about 0.8 m at the hypocenter’s depth and

continued upwards. The slip likely reached close to

the Earth’s surface with small slip values of no more

than 0.1 m. The rupture length was of *12 km. The

rupture of this earthquake, in contrast to that of

August 24, had stronger directivity towards SSE. The

seismic moment was found 1.8 9 1018 Nm which

corresponds to Mw 6.1.

Strong complexity and again a bilateral rupture

propagation was revealed by the rupture history of the

October 30 earthquake (Fig. 5). The main rupture,

having maximum seismic slip of nearly 1.4 m, started

at depth of ca. 5.5 km and propagated upwards close

to the Earth’s surface, where the slip ranged from 0.1

to 0.7 m. The rupture directivity was much stronger

towards NW, where a secondary slip patch became

evident with seismic slip of about 0.7 m at depth of

ca. 3 km and at distance of about 8 km to the north of

the main rupture. A small slip patch possibly ruptured

about 10 km to the SE of the main rupture. The total

rupture had a length of nearly 17 km. Seismic

moment of 6.6 9 1018 Nm was found which corre-

sponds to Mw 6.5. This is consistent with other Mw

calculations (Table 2).

The three rupture histories examined had some

common features such as rupture velocities which

ranged from 2.7 to 2.9 km/s and bilateral rupture

propagation with stronger directivity to a specific

direction which is the same for the August 24 and

October 30 earthquakes, that is from SE to NW,

while for the October 26 event, the directivity was

stronger towards SE. The rupture rise time was 0.9,

0.8, and 1.1 s for the August 24, October 26, and

October 30, 2016 earthquakes, respectively. Rise

time is the time needed for a single particle on the

fault to achieve its final displacements. Since dis-

placement is a function of magnitude and the rupture

velocity increased with magnitude, it is reasonable to

expect rise time to increase also with magnitude

(Somerville et al. 1999).

3. Ground Deformation from DInSAR Based

on Sentinel Imageries

3.1. Measurements and Methodology

Shortly after all the three earthquake occur-

rences, BEYOND Center of Excellence (http://

Table 3

Characteristics of the interferometric pairs processed and for which the corresponding displacement maps are presented in Fig. 6

Figure 6

map

Master

date

Master

satellite

Slave

date

Slave

satellite

Heading Incidence

angle at

centre swath

Temporal

baseline

(days)

Perpendicular

baseline (m)

Height of

ambiguity ha

(m)

Doppler

shift

(Hz)

A August

22,

2016

S1A August 28,

2016

S1B Ascending 39.5� 6 29 536 -120

B October

21,

2016

S1A October

27, 2016

S1B Ascending 39.5� 6 67 230 -54

C October

27,

2016

S1B November

02, 2016

S1A Ascending 39.3� 6 20 769 33

D October

20,

2016

S1A November

01, 2016

S1A Descending 39.4� 12 119 130 -12

Height of ambiguity corresponds to the elevation change (in meter) to produce one fringe in the interferogram. In the case of DInSAR, this

value corresponds to the DEM error that will erroneously produce one deformation fringe. Unfortunately, no descending pass combination

was possible that would include and isolate only the October 30, 2016 earthquake. Therefore, pair D will contain phase contribution from both

the October 26 and October 30, 2016 earthquakes
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beyond-eocenter.eu/), established at the National

Observatory of Athens (NOA), acquired and pro-

cessed Sentinel-1A and Sentinel-1B Single Look

Complex (SLC) imagery, acquired in TOPS Inter-

ferometric Wide Swath mode. The SAR data were

retrieved from the Hellenic National Sentinel Data

Mirror Site (https://sentinels.space.noa.gr/), an ESA

Collaborative Ground Segment operated by NOA

and powered by a dedicated high bandwidth

GEANT communication link operated by GRNET

(the Greek partner of GEANT). Table 3 provides

detailed information on the Sentinel data processed.

The 6-day short revisit time and the short orbital

tube of the mission, secure suppression of the

temporal and geometric decorrelation. In addition,

the high height of ambiguity (ha) of the interfero-

metric pairs corresponds to reduced sensitivity to

digital elevation model (DEM) errors. For the

subtraction of the DEM contribution in the inter-

ferometric phase, we used an SRTM V4 digital

elevation model (Farr and Kobrick 2000) with

nominal accuracy of ±20 m in steep slopes, well

below ha for all pairs.

The SLC SAR imagery was processed using the

SARscape commercial software package from

sarmap. Interferogram filtering was done using

the approach developed by Goldstein and Werner

(1998), while phase unwrapping was performed

with the Minimum Cost Flow algorithm (Costantini

1998) with the aid of Ground Control Points,

manually selected in non-deforming, flat slope

regions. It is worth noting that the deformation is

measured along the observation line-of-sight

(LOS). In the ascending pass, the satellite moves

almost perfectly from south to north (azimuth

direction, approximately 85�) and is looking right

to the east. In the descending pass, the satellite

moves from north to south (approximately -83�)
and is looking right, to the west. The off-nadir

viewing angle is variable in Sentinel-1, ranging

from 18.3� to 46.8�. In this context, the LOS

deformation measurement contains two motion

components, the movement in the vertical direction

and the movement in the east–west direction. The

sensitivity of the interferometer in the north–south

direction is nearly negligible.

3.2. Results and interpretation

The displacement pattern derived for the three

ascending interferometric pairs that independently

contain the three strong earthquakes (Fig. 6a–c) is

remarkably similar. As one moves from east to west,

the deformation sign moves from negative to posi-

tive. This is a first indication that the earthquake

mechanism and likely the fault geometry were the

same for all three shocks, which is the case as

indicated by the earthquake fault-plane solutions

(Table 2). Analyzing the August 24th event, the

maximum negative ascending LOS deformation

(Fig. 6a) is approximately -20 cm, observed west

of Arquata del Tronto. The maximum positive

ascending LOS deformation is ?10-cm SSW of

Accumoli. These values are comparable with the ones

found by Lavecchia et al. (2016) but also with the

displacement amplitude of up to 0.3 m found in the

very shallow layer of 2–5 km from teleseismic

P-wave inversion. The corresponding values for the

October 26th event are -15- and ?11.5-cm NE and

SW of Visso, respectively. For the October 30th

earthquake, the values are -35-cm NNW of

Casteluccio and ?24 cm at Norcia, respectively.

Considering the descending pass that covers both

these earthquakes (Fig. 6d), descending LOS defor-

mation is in the range of -67 cm in Casteluccio and

?22.5-cm east from Casteluccio. The displacement

pattern associated with the descending pass (Fig. 6d)

is dominated by the October 30th earthquake,

although the pattern caused from the October 26th

event is also evident near Visso. These deformation

values are again consistent with the ones found in

very shallow layers by our teleseismic P-wave

inversion, ranging up to 0.1 m for event 2 and from

0.1 to 0.7 m for event 3.

The shape of the spatial displacement distribution

for the August 24 and October 26, 2016 earthquakes

shows that deformation in both events had a direc-

tivity towards the location, where the large

earthquake of October 30 occurred. In fact, the

deformation magnitude increases from south to north

in Fig. 6a, while it increases from north to south in

Fig. 6b. This is further supported by the rupture

directivity but also from the stress-transfer modelling

analyzed in the next section.
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Assuming that the fault network and earthquake

mechanism responsible for all three events is similar,

we analyzed the synthetic deformation for the

October 30 earthquake considering both ascending

and descending passes. The conclusion will be

applicable to the two prior events as well. In our

case, normal faulting is common to the three cases.

Interpreting the complex motion of a deformed

area as observed from two view angles, i.e., the

ascending and descending LOS directions, is not

straightforward (e.g., Boncori et al. 2015). In general,

in normal faulting conditions, subsidence is observed

in the hanging wall of the fault, which implies that

vertical motion component prevails. Then, the LOS

change is in the direction away from the satellite, i.e.,

by convention negative deformation for both heading

passes. On the other hand, when the motion is

predominantly in the eastward direction, then the

LOS change in the ascending track would occur away

from the satellite (negative), while for the ascending

track, it would change towards the satellite (positive).

Thus, a general rule of thumb would be that when

motion of the same sign is detected by both

descending and ascending tracks, then displacement

in the vertical direction is dominant, while when

opposite signs are encountered, east–west movement

is more likely to be occurring.

In Fig. 6c, d, Casteluccio exhibits negative LOS

deformation in both descending and ascending

passes, implying that it subsided during the earth-

quake. The region in the vicinity of Norcia, on the

other hand, has positive LOS deformation in the

ascending pass and negative in the descending,

implying a westward motion. In fact, the descending

product can be used to identify the hanging wall and

the footwall. Both Casteluccio and Norcia lay in the

hanging wall side of the normal fault that deeps west

(BB0 in Fig. 6 is the approximate surface fault trace).

Starting a few kilometers east from Casteluccio

(along BB0) and moving to the west, the descending

pass shows the entire area with a negative LOS. This

is in line with the fact that the area subsided but also

moved to the west, i.e., both motion directions were

away from the descending satellite.

In the ascending pass, however, there are two

LOS zones, first negative (between BB0 and AA0) and

then transitioning to positive (east of AA0). The

transition boundary (AA0) lays in the middle between

Casteluccio and Norcia. This gives us a better

understanding of the actual (not LOS) deformation

pattern. Again, starting a few kilometers east from

Casteluccio (along BB0) and moving to the west up

until the transition boundary (AA0), the area moves in

two directions that are mapped with opposite signs in

the ascending pass: subsidence (negative contribution

to the observed LOS deformation in the ascending

pass) and westward motion (positive contribution to

the observed LOS deformation in the ascending

pass). However, the amplitude of the subsidence

contribution is much larger than that of the westward

motion, and as a result, the zone exhibits negative

LOS. As the subsidence amplitude decays moving

from east to west (east of AA0), the westward

contribution becomes equal and then greater than

the subsidence contribution. Hence, the observed

ascending LOS for this second zone is positive.

In the eastern area, where the footwall is situated

west from BB0, the motion is more straightforward to

derive; the uniformly opposite LOS signs for the

descending and ascending passes suggest that the

entire region moved to the east, which is consistent

with the extensional regime of the area.

4. Coulomb Stress Transfer and Earthquake

Triggering

Strong earthquakes can trigger subsequent earth-

quakes at short distances from the hypocenter by

transferring static or dynamic stresses due to slip

(e.g., Harris et al. 1995; Stein et al. 1997; Gomberg

et al. 2001; Freed 2005; Parsons et al. 2006; Ganas

et al. 2010). This interaction has been widely recog-

nized on crustal faults. Correlations between

earthquake occurrences and stress-transfer processes

in Central Apennines and elsewhere in the Italian

territory have been investigated by several authors

(Cocco et al. 2000; Riva et al. 2000; Basili and

Meghraoui 2001; Jacques et al. 2001; Dalla Via et al.

2003; Perniola et al. 2003; Ganas et al. 2012; Pace

and Calamita 2014; Rovelli and Calderoni 2014). We

investigated possible triggering effects due to stress

transfer from the first earthquake of August 24, 2016

to the second and third strong events of October 26
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and October 30, 2016 as well as from the second

event to the third one. In addition, the potential for

the generation of strong earthquakes due to the

combined stress loading produced by the three

earthquakes was also examined.

4.1. Stress-Transfer Methodology

We computed the Coulomb stress change in an

elastic half space (Okada 1992) by assuming a shear

modulus of 3.0 9 1010 Pa, Poisson’s ratio 0.25, and

effective coefficient of friction l0 = 0.4. Details of

the methodology can be found in previous works such

as Ganas et al. (2008, 2010). The value of l0 = 0.4 is

a good compromise as it has been shown that by

increasing the effective coefficient of friction, DCFF

also increases (Ganas et al. 2010). In this simple

modeling, we ignored pore pressure effects.

The change in the Coulomb failure function

(DCFF, or Coulomb stress change) on target failure

planes was calculated from the formula (Reasenberg

and Simpson 1992):

DCFF ¼ Dsþ l0Drn; ð1Þ

where Ds is the co-seismic change in shear stress on

the receiver fault and in the direction of fault slip,

Drn is the change in the normal stress (with tension

positive), and l0 is the effective coefficient of

friction:

l0 ¼ l 1 � DP=Drnð Þ; ð2Þ

where l is the coefficient of static friction and DQ is

the pore pressure change within the fault. From (2), it

follows that if DP = 0, then l0 = l. DCFF is the

Coulomb stress change between the initial (ambient)

stress and the final stress. If the dislocation model is

thought of as an earthquake rupture, the ambient field

is the field existing before the earthquake and the

total field is the sum of the ambient field plus the

earthquake-induced stresses. Failure on the target

plane is enhanced if DCFF is positive, and is delayed

if it is negative.

4.2. Triggering of the October 26, 2016 earthquake

We computed Coulomb stress change caused by

the August 24, 2016 (Amatrice) event on optimally

oriented planes to regional extension. We use the

method of ‘‘stress on optimal planes’’ (code

STROOP, Simpson and Reasenberg 1994), because

all three modeled faults have similar kinematics, i.e.,

normal slip with predominantly high rake angles,

similar geometry with dip angle of 43�–46�, and

similar strike of 157�–169� clockwise from north. In

addition, all are close in space, i.e., in distances of no

more than *35 km. We expect no significant differ-

ences between the codes STROOP and STROP

(stress on specific planes) in such tectonic settings.

Usually, STROP is used to resolve Coulomb stress on

neighboring faults with different kinematics, e.g., on

thrust faults in the vicinity of strike–slip faults, where

compression is horizontal. For extension azimuth, we

adopted the orientation of the extensional axis N70�E
determined from the GPS data of D’Agostino et al.

Table 4

Principal stress axes as calculated using the NODAL/RAKE software (Louvari and Kiratzi 1997)

Date Depth

(km)

Strike/dip/rake plane 1 Strike/dip/rake plane 2 P-axis

azimuth

P-axis

plunge

T-axis

azimuth

T-axis

plunge

August 24 8 157�/43�/-76� 318�/49�/-103� 164� 80� 57� 3�
October 26 8 169�/46�/-66� 316�/49�/-113� 157� 73� 62� 2�
October 30 9 158�/44�/-88� 335�/46�/-92� 193� 88� 67� 1�

Slip models are after GFZ (http://geofon.gfz-potsdam.de/eqinfo/list)

cFigure 6
LOS displacement maps for the four interferometric pairs of

Table 3. a corresponds to the unwrapped and converted to

ascending LOS displacement for the 24/08/2016 earthquake, b to

the ascending LOS displacement for the 26/10/2016 earthquake,

c to the ascending LOS displacement for the 30/10/2016 earth-

quake, and d to the descending LOS displacement for both the

26/10/2016 and the 30/10/2016 events. A similar displacement

pattern is observed for all three ascending displacement maps. West

of BB0 is the hanging wall and east of BB0 is the footwall for the

30/10/2016 earthquake

G. A. Papadopoulos et al. Pure Appl. Geophys.
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(2001). This orientation is within 8� from the

orientation of the T-axis of the focal plane solution

of the October 26, 2016 event (N62�E; Table 4). The

calculation was done at depth of 8 km. The target

planes are similar in orientation to the October 2016

fault plane, i.e., they strike NNW–SSE and dip either

to the W or to the E. The output consists of six grids,

one for each component of the tensor. Then, the

change in the CFF on optimal failure planes at 8-km

depth was calculated by running STROOP. DCFF

was sampled on a 200 9 200-km grid, with 1-km

grid spacing. We estimated an average strike–slip

displacement, us, of 0.198 m and a dip–slip displace-

ment, ud, of 0.795 m (the ?convention is for

Figure 7
Map of Coulomb stress due to the August 24, 2016 earthquake for optimally oriented faults to regional extension (N70�E) at the depth of 8 km

in the case of effective friction 0.4. Colour palette of stress values is linear in the range -0.6 to ?0.6 bar (1 bar = 100 kPa). White colour

indicates area where transferred stress [5 bar. Yellow stars show the earthquake epicentres. Beachballs indicate moment tensor inversion

solutions for mainshocks (green stars). Yellow squares illustrate aftershock locations by Marchetti et al. (2016)

G. A. Papadopoulos et al. Pure Appl. Geophys.



downward and dextral displacement) for a magnitude

Mw 6.2, using the Hanks and Kanamori formula

(1979):

Mw ¼ ð2=3Þ � ðlog Mo�16:05Þ; ð3Þ

where Mo is the scalar seismic moment of the best

double couple in dyne-cm. Seismic moment is given

by the following equation:

Mo ¼ G � A � u; ð4Þ

where A is fault area, G is shear modulus, and u is

average displacement. We assumed a fault length of

13 km, as determined by our slip inversion, which is

also close to the empirical estimate of Wells and

Coppersmith (1994) for Mw 6.2 ruptures along nor-

mal faults. The fault width was taken 7 km which

matches the down-dip size of the larger slip patch of

Figure 8
Map of combined DCFF for the August 24 and October 26, 2016 earthquakes for optimally oriented faults to regional extension (N70�E) at a

depth of 9 km (hypocentral depth of October 30, 2016 event) for friction l0 = 0.4. Colour palette of stress values is linear in the range -0.6

to ? 0.6 bar (1 bar = 100 kPa). Blue areas indicate unloading, and red areas indicate loading. White colour indicates area, where transferred

stress[2 bar and black colour indicates the area, where stress reduction was\-2 bar. Yellow stars show the earthquake epicentres

Earthquake Triggering Inferred from Rupture Histories, DInSAR Ground Deformation…



both our slip inversion and that of Tinti et al. (2016).

The two components of displacement vector were

calculated from the following formulas given the slip

models, as shown in Table 4:

us ¼ cosðrakeÞ � u; ð5Þ

ud ¼ �sinðrakeÞ � u: ð6Þ

The displacement values are assumed to hold for the

whole fault surface, i.e., we introduced a uniform slip

model. The fault epicentre is set to the dislocation

centre, i.e., in the centroid. We also assumed a

regional extension loading about 4–10 times the static

stress drop of earthquakes in central Italy which

ranges between 20 and 50 bars (Rovelli and Calder-

oni 2014). We modeled the sources as rectangular

dislocations, where the slip centroid, i.e., the maxi-

mum slip location, is placed at the centre of the

rectangle. This is in agreement with the results from

the teleseismic inversion on fault-slip patch patterns.

The crustal loading parameter of 200 bar is set to

satisfy the condition that regional stress used in

STROOP modelling is larger than stress drops in

Italian earthquakes (20–50 bars). When we model

rupture for an M6 earthquake, we generate locally

very large stresses, especially at the fault tips, so we

need to make sure that our regional, i.e., ambient,

stress level is well above the co-seismic stress drops.

More explanations can be found in the paper by

Ganas et al. (2010).

The uniform slip approach was selected, because

it provided a good fit of the fault-slip models to both

the kinematic results of the teleseismic inversion and

the focal mechanism of the main shock. First, in

Coulomb stress modeling, we used the same geom-

etry and kinematics for all three sources with those

used in kinematic inversion of teleseismic data

(compare Tables 2, 4). Then, we used the depth of

8 km for centroid depth of our slip models (9 km for

the Norcia event) as this depth matched satisfactorily

the slip maxima of the teleseismic inversion (between

6 and 9 km; see slip distribution in Figs. 3, 4, and 5).

Third, all three ruptures were bilateral in their

propagation, so the modeled centroid in our analysis

(e.g., Figs. 7, 8) is located approximately at the

middle of the rectangular source. For example, the

event of August 24, 2016 (Amatrice) which ruptured

with slip pattern shown in Fig. 3 can be approximated

by a rectangular dislocation of dimensions 13 by

7 km (length, width; Table 5), which provides a

seismic moment of 2.24 9 1018 Nm or about 2%

higher than the value reported in Table 2. Similar

arguments are valid for the October 26 and October

30, 2016 events.

The parameters considered for the stress change

computation are given in Table 5, while the stress

change map is presented in Fig. 7. The October 26,

2016 epicentre (Visso event) is located nearly 25 km

to the north of the August 24, 2016 centroid, i.e.,

about two fault lengths. The Coulomb stress increase

along the Visso fault plane (event 2; October 26,

2016) was found ?0.19 bar, a value that is consid-

ered as capable to trigger an earthquake along an

optimally oriented fault (see review by Harris 1998; a

small stress perturbation of 0.1 bar can promote

failure in some faults). As the resistance to sliding

along faults is not the same, it is reasonable to explain

the occurrence of the Visso event 4 days before the

Norcia (October 30, 2016) event, despite the prox-

imity of the latter to the Amatrice (August 24) event.

Assuming similar material properties along both

faults, the difference in the activation between the

two faults may be related to the time of the

penultimate event on each fault, which in turn is

related to the stress loading history of each fault. This

time may vary from hundreds up to a few 1000 years.

Table 5

Input parameters used for stress-transfer modelling of the August

24, 2016 earthquake

Poisson ratio 0.25

Shear modulus G = 300,000 bar

Map projection UTM zone 33

Depth of DCFF

calculation

8 km (target is 26/10 hypocenter fault)

plane)

Grid size 1 km

Friction coefficient (l0) 0.4

Horizontal length of

rupture

13 km

Down-dip length of

rupture

7 km

Strike–slip displacement 0.198 m

Dip–slip displacement 0.795 m

Azimuth of extension N70�E
Regional stress 200 bar (extension)

G. A. Papadopoulos et al. Pure Appl. Geophys.



Furthermore, we calculated a combined Coulomb

stress increase of about ?2 bar on the fault plane of

the Norcia event, which represents a factor of 10

increase with respect to the October 26 event. This

was sufficient to overcome the resistance of the fault

to failure.

We also investigated the correlation of August 24,

2016 aftershock locations with positive Coulomb

stress changes illustrated by red lobes in Fig. 7. We

used the aftershock data set published by Marchetti

et al. (2016) which comprises 159 well-located

crustal events following the Mw 6.2 mainshock for

the reporting period from August 24, 2016 to

September 22, 2016. All events have local magni-

tudes of ML C3.5 and most hypocentres are in the

6–10-km range, which is within 2 km of the depth of

calculated Coulomb stress changes in our map

(Fig. 7). We find strong correlation between after-

shock locations and positive stress lobes. Almost all

triggered aftershocks are located inside the modeled

?0.24 bar contour line. Only 32 aftershocks, a

portion of 20% of the data set are located at stress

shadows. This result confirms previous studies on

effects of Coulomb stress changes on aftershock

sequences (e.g., Toda et al. 1998, 2011; Parsons et al.

2012; Ganas et al. 2012, 2013, 2014). Aftershocks

that occurred inside the stress shadows could be due

to heterogeneous slip that modifies the Coulomb

stress-transfer change across the fault, on stress

diffusion in the vicinity of the rupture, which may

represent a brittle microcracking effect (Scholz

1968), as well as on dynamic stress triggering by

body waves (e.g., Kilb et al. 2000).

4.3. Triggering of the October 30, 2016 Earthquake:

Combination of the August 24 and October 26

Earthquakes

The next step was to evaluate if the combined

stress change due to the events of August 24 and

October 26, 2016 can trigger the subsequent event of

October 30, 2016. We computed Coulomb stress

change, on optimally oriented planes, at hypocentre

depth (9 km) of the October 30, 2016 event. The use

of optimal planes refers to the regional extension

which can have a small deviation from the normal to

the strike of the October 30, 2016 fault. The target

planes are oriented NNW–SSE, such as the October

30, 2016 fault plane (Table 4). Similarly, DCFF was

sampled on a horizontal section at 9 km, on a

200 9 200-km grid, with 1 km grid spacing. For

the October 26 earthquake of Mw 6.1, we calculated

from formulas (4) and (5) average strike–slip and

dip–slip displacements of 0.574 and 0.255 m, respec-

tively, while for the August 24 earthquake of Mw 6.2,

we inserted the values already calculated earlier:

average displacement of 0.198 m for strike–slip and

of 0.795 m for dip–slip components. For the October

26, 2016 rupture, we assumed a length of 12 km and

a width of 7 km (rupture area 84 km2), respectively.

Our results (Fig. 8) indicated that the October 30,

2016 event was marginally located inside the area

loaded by the combined static stress field, i.e., very

close to the boundary between the loaded (calculated

load is about ?2 bars) and relaxed Coulomb stress

lobes. This result implies that the solution is sensitive

to the slip model used for the October 26, 2016 event.

4.4. Post-October 30, 2016 Stress Interaction

We also modeled the combined stress field in

central Italy due to the occurrence of the October

30, 2016 (Norcia) event (Fig. 9). We computed

Coulomb stress change, on optimally oriented

planes, at a depth of 8 km. The target planes are

oriented NNW–SSE. DCFF was sampled on a

200 9 200-km grid, with 1-km grid spacing. Using

source dimensions 15 km (length) by 10 km (width),

we estimated an average strike–slip displacement of

0.048 m and a dip–slip displacement of 1.401 m for

the October 30, 2016 earthquake of magnitude Mw

6.5. Displacements were calculated using Eq. (3).

The DCFF shape displays a ‘‘butterfly’’ pattern of

positive stress lobes with stress loading of more than

?0.2 bar along the Apennines, at least 30–50 km on

either side of the activated faults. A 100-km-wide

relaxation region (shadow zone) has formed across

the mountain chain.

The SE lobe of positive stress loading is less

extensive than the north–west lobe, covering the area

between the epicentres of the strong earthquakes of

April 6, 2009 in L’Aquila (Mw 6.3) and of August 26,

2016 (Mw 6.2) in Amatrice (Fig. 9). When writing

this paper, a series of strong earthquakes of
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magnitudes 5.3, 5.7, and 5.6 occurred exactly within

the area covered by the SE lobe, thus verifying that

the seismic potential was still high after the October

30, 2016 earthquake. The potential remaining for

strong earthquake generation is further discussed in

Sect. 5 by taking into account the stress increase

produced also by the L’Aquila mainshock of 2009.

On the other side, the NW lobe of positive stress

loading occupies an area, where significant seismic

potential was concentrated. With the exception of the

September 26, 1997 earthquake of Mw 6.0, no other

strong earthquake of magnitude over 6.0 ruptured

there since AD 1328. This indicates that the potential

for strong earthquake generation may also have

increased due to the stress loading after the October

30, 2016 earthquake.

Figure 9
Map of combined DCFF for the August 24, October 26, 2016 and October 30, 2016 earthquakes for optimally oriented faults to regional

extension (N70�E) at a depth of 8 km for friction l0 = 0.4. Colour palette of stress values is linear in the range -1 to ? 1 bar

(1 bar = 100 kPa). Blue and red areas indicate unloading and loading, respectively. Yellow stars show the three strong earthquake epicentres,

and yellow lines are active faults after Roberts and Michetti (2004). Green stars show the epicentres of the earthquakes that occurred on

January 18, 2017 with magnitudes Mw 5.3, 5.7, and 5.6

G. A. Papadopoulos et al. Pure Appl. Geophys.



5. Discussion and Conclusions

The inversion of P waves recorded at teleseismic

distances showed that the three, normal faulting very

strong earthquakes occurring sequentially in Central

Apennines on August 24 (event 1, Amartice), Octo-

ber 26 (event 2, Visso), and October 30 (event 3,

Norcia), 2016, had seismic moments of 2.2 9 1018,

Figure 10
Map of DCFF contours for the April 6, 2009 earthquake of L’Aquila (south star); north star is the epicentre of the Amatrice earthquake of

August 24, 2016
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1.8 9 1018, and 6.6 9 1018 Nm corresponding to

moment magnitudes of 6.2, 6.1, and 6.5, respectively.

These values are absolutely consistent with magnitudes

determined by various seismological centers (Table 1).

Event 1 had seismic slip s = 1.2 m in the hypocenter

and s0 = 0.3 m near the surface, while values of

s = 0.8 m, s0 = 0.1 m and s = 1.4 m, s0 = 0.7 m were

found for events 2 and 3, respectively. The respective

fault lengths were calculated at about 13, 12, and 17 km.

The values calculated for the seismic slip near the sur-

face are close to the ones received from DInSAR

analysis for the maximum ground subsidence: 0.2, 0.15,

and 0.35 m, for events 1, 2, and 3, respectively. The

combined results received by the inversion of teleseis-

mic P-wave records, measurements of DInSAR Sentinel

1 and 2 satellite images, and Coulomb stress-transfer

modelling provided strong evidence for earthquake

triggering effects in the sequence of the three very strong

earthquakes in Central Apennines.

Quite similar DInSAR displacement patterns

became evident for the three earthquakes which indi-

cate that these earthquakes likely had common faulting

mode and geometry as it became evident from fault-

plane solutions (Table 2). P-wave inversion revealed

that bilateral rupture was also a common feature of the

three events. However, predominant directivity was

observed towards NW and SSE due to events 1 and 2,

respectively. This result implies that the area of event

2 was possibly stressed due to event 1 and that event 3,

which was the largest in the sequence, and very likely

was stressed due to the occurrence of the two previous

earthquakes. DInSAR measurements showed also

ground deformation directivity from events 1 and 2

towards event 3.

Strong evidence for earthquake triggering effects

was provided by Coulomb stress-transfer modelling.

The second earthquake of October 26, 2016 in Visso

area was likely triggered by the August 24, 2016

event (Amatrice), because it occurred along a normal

fault plane with optimal orientation to regional

extension and was loaded by a positive amount of

*0.19 bars. Furthermore, the largest event of Octo-

ber 30, 2016 in Norcia area was stressed by a positive

amount of about 2 bars due to the combined stress

transfer by events 1 and 2. Therefore, we suggest that

very likely, this event was triggered from the cumu-

lative effect of the two previous events, despite its

proximity to the negative/positive lobe boundary. The

sequence of events in a time difference of

*2 months, epicentre distance of *25 km between

events 1 and 2, and 8.5 km between events 2 and 3, in

association with the static stress-transfer model

demonstrates the so-called ‘‘domino-effect’’ in the

earthquake occurrence.

The cumulative Coulomb stress change caused by

the three very strong large earthquakes showed a

‘‘butterfly’’ pattern of positive stress lobes with stress

loading of more than 0.50 bars along the Apennines to

the NW and SE of the entire activated zone. On the

other hand, a relaxation or shadow zone has formed

across the mountain chain. The SE lobe of positive

stress loading occupies the area to the south of the

August 26, 2016 (Mw 6.2) Amatrice earthquake up to

the epicentre of the April 6, 2009 L’Aquila earthquake

(Mw 6.3). On January 18, 2018, a series of strong

earthquakes measuring magnitudes 5.3, 5.7, and 5.6

occurred within the area of the SE positive stress lobe.

This is an evidence that the seismic potential increased

in the area after the three very strong events of 2016 and

that this favored earthquake triggering effect. Due to

the relaxation produced by the series of strong earth-

quakes of January 18, 2017, and because the stressed

area is not very extensive, one may argue at first

approximation that the seismic potential for the

occurrence of more strong earthquakes has reduced.

However, by considering that the cumulative magni-

tude of this series of earthquakes is only *5.88, as

calculated from formula (2), we may consider that

significant seismic potential remains in the area cov-

ered by the SE lobe of stress increase. This is further

supported by the DCFF field produced by the L’Aquila

mainshock (Mw 6.3) of April 6, 2016 (Fig. 10).

Although it seems that the 2009 did not triggered the

Amatrice earthquake of August 24, 2016, the stress

increased in the area, where additional increase was

accumulated by the last earthquake. We do not suggest

that the 2016 sequence was triggered by the 2009

L’Aquila event. However, our combined 2016 stress-

transfer models (Fig. 9) predict Coulomb stress

increase (at least 0.25 bar) in the region south of the

Amatrice, which was already loaded by the 2009 event

(because of the favourable orientation of the latter).

Therefore, in the region between Amatrice and

L’Aquila, the 2016 events imparted stress loading in

G. A. Papadopoulos et al. Pure Appl. Geophys.



addition to the 2009 event. On the other hand, the NW

lobe of positive stress loading occupies a more exten-

sive area. In addition, since AD 1328, only a Mw 6.0

earthquake ruptured there on September 26, 1997. This

indicates that the potential for strong earthquake

occurrence increased after the three 2016 very strong

earthquakes and that important seismic potential has

been accumulated.
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Appendix

See Figs. 11, 12, and 13.

Figure 11
Fit between the records and the synthetics for the earthquake of August 24, 2016
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Figure 12
As shown in Fig. 11 for the earthquake of October 26, 2016
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