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Abstract 

We compare the moment tensor solutions data of the last Amatrice seismic sequence with the correspond-
ing forecasts computed with independent information for the same territory derived from both focal mech-
anism catalogue and the present-day stress data (latest release). The knowledge of expected focal mecha-
nism at the site is important to reduce the uncertainty of the Ground Motion Prediction Equation models 
used. For this purpose, we apply a procedure to compute, for each spatial cell, the probability to observe in 
the future a Normal, Reverse, and Strike-Slip event, the average distribution of the P, T, B axes and the re-
lated SHmax, for each of these types of earthquake. 

 
 

I. INTRODUCTION 

he seismic sequence of Amatrice (Central 
Italy) is characterized by a main-shock 
Mw 6.0 at a shallow depth of 8 km (ISIDE, 

http://iside.rm.ingv.it/), that struck the epi-
central area at 1:36 a.m. (UTC) of August 24th 

2016, about 10 km southeast of the town of 
Norcia in the Umbria region (Fig. 1). The main-
shock has been followed by about 1500 after-
shocks Ml 0.7 - 4.8 over the next 48 hours 
(ISIDe, 2016: http://iside.rm.ingv.it/) includ-
ing a Mw 5.4 at 2:33 a.m. (UTC). The epicentral 
area consists of old historic towns and many 
small ancient villages densely populated. In-
cluding tourists and residents, nearly 300 peo-
ple died although the two main shocks can be 
considered belonging to “moderate” earth-
quake magnitude class. The geological and 

structural setting of the Apennines is due to 
the complex geodynamics mainly related to 
the continental collision between Africa and 
Eurasia plates combined with smaller inter-
vening microplates. In this convergence condi-
tions (started in the Early Tertiary), the litho-
sphere subduction beneath the Alps (to the 
north), Dinarides (to the east) and Apennines 
(to the west) has been established [e.g. Malin-
verno and Ryan 1986; Faccenna et al. 2001]. 
Nowadays stress indicators (such as borehole 
breakouts, earthquake focal mechanisms and 
active faults) point out that the axial part of the 
Apennine belt is characterized by a general ex-
tension about NE oriented [Lavecchia et al., 
1994; Montone and Mariucci, 2016]. The epi-
central area of Amatrice seismic sequence is 
located in the central sector of Apennines 
characterized by several NW-oriented fault 
systems (among the others Norcia, Mt. Vettore 
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and Laga Mts. in Figure 1) showing remarka-
bly well exposed scarps associated 
 

 
Figure 1: Location map of the study area in which are 
represented the focal mechanism data with Mw ≥ 3.9 re-
lated to the Amatrice seismic sequence, red and green 
colours represent normal and strike-slip faulting regime, 
respectively; the numbers close to the beach-balls are re-
lated to the Mw values associated [Scognamiglio et al., 
2016]. The black lines are the main fault systems [Cen-
tamore et al., 1992; Pierantoni et al., 2013]. Yellow 
squares indicate some municipalities. 
 
with the recent activity responsible for the 
moderate to strong seismicity [Tondi and Cel-
lo, 2003]. It is well known that an earthquake 
on a fault segment may increase the state of 
stress on neighbour fault segments promoting 
the occurrence of other major shocks [Gupta 
and Scholz, 2000, and references therein]. Slip 
data from these fault structures [Cello et al., 
1997] show that roughly N–S trending left-
lateral strike–slip and transtensional/normal 
(from NNW–SSE to WNW–ESE trending) 
faults are all kinematically consistent with the 
existence of a Late Quaternary remote stress 
field characterized by a NE–SW-oriented min-

imum horizontal stress (sigma 3/or maximum 
extension) and by a NW–SE trending maxi-
mum horizontal stress (sigma 1/or maximum 
compression). The presence of a moderate his-
torical seismic activity in the epicentral area is 
well documented in the last version of Para-
metric Catalogue of Italian Earthquakes 
[http://emidius.mi.ingv.it/CPTI15-DBMI15/] 
as Norcia 1979 (Mw 5.8), Umbria-Marche Ap-
ennines 1997 (Mw 5.6 and 6.0), L’Aquila 2009 
(Mw 6.3) among the others. The seismic haz-
ard connected to this area has been well con-
strained according to the last Italian Seismic 
Hazard Map MPS04 [MPS Working Group 
2004]; the magnitude value of 24th August 
main-shock is within the magnitude limits of 
moderate-strong earthquakes occurred in the 
past in this region. The Ground Motion Predic-
tion Equations (GMPEs) are useful to obtain 
information about the expected PGA values in 
a given site and hundreds of them are present 
in literature and applied in different region in 
the world [Douglas, 2011]. The use of GMPEs 
represents a source of uncertainty in the Prob-
abilistic Seismic Hazard Analysis (PSHA). The 
reduction of this epistemic uncertainty is also 
linked to the expected focal mechanism type 
associated to the next large earthquake at the 
given site [Convertito and Herrero, 2004; 
Strasser et al., 2006; Roselli et al., 2016]. Thus, 
GMPEs would become more accurate if the 
expected style of faulting is known. In this re-
gard, we apply a procedure to compute (for 
each spatial cell) the probability to observe in 
the future a normal (NF), reverse (RF), and 
strike-slip (SS) faulting event, and the average 
distribution of the P, T and B axes for each of 
these types of earthquake [Roselli et al., sub-
mitted]. In this paper, we present an applica-
tion to the Amatrice epicentral area of the pro-
cedures proposed and applied by Roselli et al. 
[submitted] to obtain the focal mechanism 
forecasts, the derived maximum horizontal 
stress (SHmax) for whole Italian territory and 
to compare them with the main shocks of the 
sequence.  
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II. DATA  

The study area is between 13°-13.50° E and 
42.50°-43° N, where we select and process the 
focal plane parameters related to 93 earth-
quakes (Mw ≥ 4) occurred from 1908 and 2015 
mainly derived from the European RCMT cat-
alogue 
(http://www.bo.ingv.it/RCMT/searchRCMT.
html) and used in the stress map [Montone 
and Mariucci, 2016; Table S2a]. After perform-
ing a careful classification based on the inter-
val range of P, T and B stress axes plunges fol-
lowing Zoback [1992], we assign the stress re-
gime to 93 earthquakes with 71 NF, 16 RF and 
6 SS events in order to compute the expected 
focal mechanisms parameters (forecasts). We 
compare these forecasts with the 17 focal 
mechanism parameter data (Mw ≥ 3.9) of the 
recent Amatrice seismic sequence (until 30th 

September) achieved by Scognamiglio et al. 
[2016]. By using the same data selection criteria 
previously used, they are classified as 16 NF 
and 1 SS. 

III. METHODOLOGY APPLIED 

We implement the computation of the focal 
mechanism forecasts by using the Total 
Weighted Moment Tensor (TWMT) method [Ro-
selli et al., 2015; Roselli et al., submitted] that 
has been applied to forecast the focal mecha-
nisms for the next large earthquake in Italy. 
This application is mostly rooted on the as-
sumption that the focal mechanism of earth-
quakes in the same (small) region remains the 
same through time [Kagan, 1992, 2000] and the 
tectonic stress field components are assumed 
to be constant in time for each region. The 
TWMT is inspired by the Cumulative Moment 
Tensor technique proposed by Kostrov [1974], 
subsequently exploited by Selva and Mar-
zocchi [2004]. We apply the TWMT procedure 
for each spatial cell (0.1° x 0.1° spaced) in 
which we compute the probability to observe 
in the future a NF, RF, and SS event and the 
average distribution of the P, T and B axes for 

each of earthquake focal mechanism catego-
ries. In particular, we apply equation (1) to cal-
culate the average moment tensor for each 
possible focal mechanism α = NF,RF,SS{ }  
where NF, RF and SS mean normal, reverse 
and strike-slip faulting, respectively. In other 
words, we average only the tectonically ho-
mogeneous information defining the Total 
Weighted Moment Tensor (TWMTk

(α ) )  
 

          (1) 
 
where  is the weight dependent by the 

inverse of squared distance of the l-th earth-
quake,  is the number of past earthquakes 
at a distance  from the k-th each cell. 

The diagonalization of  allows us to 
estimate the average  for the k-th 
cell. In details, we estimate the seismic mo-
ment tensor parameters collecting past-data 
located at a maximum distance of 50 km from 
the centre of each cell. Then, we sum and me-
diate the contributions by weighing them ac-
cording to inverse of squared distances. From 
the diagonalization of the mean moment ten-
sor matrix obtained, we extract the P, T and B 
axes. Moreover, following the Zoback [1992] 
criteria, we assign a stress regime and then the 
weighted azimuths of SHmax, for each cell. 
The last step of our analysis is to assess the 
conditional probability of the focal mechanism 
type (for each cell) that satisfies the Kolmogo-
rov axioms [Kolmogorov, 1956] and can be in-
terpreted in the Bayesian perspective of bet 
quotient. For details see Roselli et al. [2015], 
Roselli et al. [submitted]. 
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IV. AMATRICE CASE STUDY 

The aim of this study is to compare the Time 
Domain Moment Tensors (TDMTs) computed 
during the Amatrice seismic sequence [Scog-
namiglio et al., 2016] with the forecasts ob-
tained by the TWMT method. In Figure 2, we 
show the forecast focal mechanisms NF and SS 
types calculated for each cell (the respective 
seismic moment tensors, are shown in Table 1 
and 2) in red and green, respectively. The yel-
low beach-balls represent the TDMTs of Ama-

trice sequence with Mw ≥ 3.9 (see Figure 1). 
The pie charts located at the centre of the cells 
are representative of the conditional probabil-
ity that a NF (light-red) or SS (light-green) 
large earthquake occurs within each one of 25 
cells. In this case, the most events occurred re-
veal a NF mechanism according to the per-
centages expressed by the pie charts (about 
90% NF, 10 % SS); only one event is character-
ized by a SS mechanism despite the very low 
probability associated to the forecast.  
 

 

Figure 2: Location map of Amatrice seismic sequence focal mechanisms (yellow beach-balls). The forecast beach balls are 
prevalently NF (red) and prevalently SS(green) in the left and right panel, respectively. The cells with the pie charts are 
used for the comparison. The slices of pie charts in the centre of cells show the percentage associated to normal (red slic-
es) and strike-slip (green slices) expected stress regime that is mainly NF with a SS percentage in the range 0 - 10 % (or 
less than 10%). 
 

We observe a general fitting between observed 
and forecast data in terms of axis orientations 
of both NF and SS fault plane solutions. In 
Figure 3, we plot the forecast SHmax azimuths 
(black bars) compared with the observed NF 
(red bars) or SS (green bar) focal mechanisms. 
In Table 3 are shown the related orientations of 

the forecast SHmax. We note a prevalent ac-
cordance between the NW-SE oriented SHmax 
forecasts and almost the whole real data orien-
tations. However, the SHmax of some earth-
quakes seems to follow a different trend, more 
N-S and NNE-SSW (the yellow dashed bars in 
Figure 3). Finally, we show the SHmax N171 
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and N164 obtained from the borehole 
breakouts in the only two wells present in that 

area [Mariucci et al., 2010]. 

 

Table 1: Seismic moment tensors obtained for each of 25 cells in Figure 2, for Normal Faulting focal mechanism type. 

Lon (°) Lat (°) Depth (Km) mrr mtt mff mrt mrf mtf 

13.05 42.55 10.469 -0.8112 0.3464 0.4647 -0.1905 -0.0943 -0.3938 

13.05 42.65 10.293 -0.8087 0.3380 0.4707 -0.1336 -0.0750 -0.4141 

13.05 42.75 10.751 -0.7912 0.3060 0.4852 -0.0680 -0.0743 -0.3747 

13.05 42.85 10.586 -0.7773 0.3476 0.4297 -0.1726 0.0175 -0.4117 

13.05 42.95 10.047 -0.8321 0.4124 0.4198 -0.0795 -0.0002 -0.4336 

13.15 42.55 10.565 -0.8317 0.3371 0.4945 -0.1389 -0.1310 -0.4263 

13.15 42.65 10.213 -0.7774 0.2997 0.4777 -0.2428 -0.1558 -0.5110 

13.15 42.75 9.990 -0.8181 0.3671 0.4510 -0.1246 -0.0425 -0.4180 

13.15 42.85 9.752 -0.8295 0.4079 0.4217 -0.1021 0.0159 -0.4073 

13.15 42.95 10.011 -0.8271 0.3952 0.4320 -0.0656 -0.0100 -0.4285 

13.25 42.55 10.363 -0.8415 0.4045 0.4371 -0.0167 -0.2626 -0.4656 

13.25 42.65 10.284 -0.7964 0.3037 0.4927 -0.1572 -0.2189 -0.4776 

13.25 42.75 9.626 -0.8320 0.3920 0.4400 -0.1467 -0.0312 -0.4355 

13.25 42.85 8.997 -0.8535 0.4587 0.3948 -0.1207 0.0482 -0.4277 

13.25 42.95 9.840 -0.8319 0.4026 0.4293 -0.0613 -0.0064 -0.4303 

13.35 42.55 11.251 -0.8875 0.3784 0.5090 -0.1224 -0.1121 -0.4569 

13.35 42.65 10.558 -0.8299 0.3177 0.5122 -0.1124 -0.1727 -0.4410 

13.35 42.75 10.084 -0.8304 0.3562 0.4742 -0.1373 -0.0649 -0.4309 

13.35 42.85 9.836 -0.8338 0.4009 0.4329 -0.0926 -0.0262 -0.4352 

13.35 42.95 9.866 -0.8344 0.4101 0.4244 -0.0648 -0.0105 -0.4363 

13.45 42.55 11.315 -0.8689 0.3165 0.5524 -0.1477 -0.0942 -0.4368 

13.45 42.65 10.780 -0.8437 0.3063 0.5374 -0.1375 -0.1070 -0.4312 

13.45 42.75 10.342 -0.8356 0.3244 0.5112 -0.1320 -0.0669 -0.4264 

13.45 42.85 10.130 -0.8268 0.3767 0.4501 -0.1116 -0.0566 -0.4345 

13.45 42.95 9.811 -0.8275 0.4115 0.4160 -0.0924 -0.0200 -0.4339 
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Table 2: Seismic moment obtained for each of 25 cells in Figure 2, for Strike-Slip focal mechanism type. 

Lon (°) Lat (°) Depth (Km) mrr mtt mff mrt mrf mtf 

13.05 42.55 18.002 -0.1710 0.6876 -0.5166 0.2196 -0.5945 -0.4626 

13.05 42.65 13.851 -0.0668 0.0322 0.0347 0.0913 -0.1879 -0.6403 

13.05 42.75 19.414 0.1025 -0.3917 0.2892 0.2551 0.0822 -0.7713 

13.05 42.85 18.245 0.0935 -0.4145 0.3210 0.2200 0.0955 -0.7754 

13.05 42.95 17.478 0.0480 -0.3493 0.3012 0.1785 0.0682 -0.7233 

13.15 42.55 18.001 -0.1710 0.6876 -0.5166 0.2196 -0.5945 -0.4626 

13.15 42.65 14.566 -0.0848 0.1450 -0.0603 0.1134 -0.2579 -0.6097 

13.15 42.75 19.289 0.1015 -0.3941 0.2926 0.2513 0.0836 -0.7717 

13.15 42.85 18.406 0.0947 -0.4114 0.3167 0.2248 0.0936 -0.7749 

13.15 42.95 19.655 0.0186 -0.2128 0.1942 0.2224 0.0013 -0.6513 

13.25 42.55 18.001 -0.1710 0.6876 -0.5166 0.2196 -0.5945 -0.4626 

13.25 42.65 18.001 -0.1710 0.6876 -0.5166 0.2196 -0.5945 -0.4626 

13.25 42.75 13.601 -0.0606 -0.0071 0.0677 0.0836 -0.1635 -0.6509 

13.25 42.85 21.824 -0.0091 -0.0799 0.0891 0.2668 -0.0639 -0.5816 

13.25 42.95 21.899 -0.0282 -0.0386 0.0668 0.2599 -0.0826 -0.5541 

13.35 42.55 18.001 -0.1710 0.6876 -0.5166 0.2196 -0.5945 -0.4626 

13.35 42.65 18.001 -0.1710 0.6876 -0.5166 0.2196 -0.5945 -0.4626 

13.35 42.85 19.652 -0.1327 0.0945 0.0382 0.1517 -0.1364 -0.4410 

13.35 42.95 23.889 -0.0798 0.1363 -0.0566 0.2884 -0.1662 -0.4539 

13.45 42.55 18.000 -0.1710 0.6876 -0.5166 0.2196 -0.5945 -0.4626 

13.45 42.65 18.002 -0.1710 0.6876 -0.5166 0.2196 -0.5945 -0.4626 

13.45 42.75 18.002 -0.1710 0.6877 -0.5166 0.2196 -0.5946 -0.4626 

13.45 42.85 31.001 -0.3238 0.8829 -0.5591 0.3627 -0.5195 -0.0129 

13.45 42.95 23.571 -0.1987 0.3667 -0.1680 0.2246 -0.2687 -0.2932 
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Figure 3: Location map of the forecast maximum hori-
zontal stress (SHmax) orientations (black bars) computed 
for each cell; the real SHmax orientations extracted by the 
TDMTs are shown for NF (red and yellow dashed bars; 
see text for more explanations) and SS (green bar) focal 
mechanisms. The grey bars show the SHmax trend in-
ferred from borehole breakouts. 

 

Table 3: Coordinates and azimuths of SHmax inferred from the forecast moment tensor parameters, for each cell shown 
in Figure 3. 

 
Lon (°) Lat (°) Azimuth (°) 

13.05 42.55 138.314 

13.05 42.65 139.169 

13.05 42.75 141.874 

13.05 42.85 136.509 

13.05 42.95 134.988 

13.15 42.55 140.412 

13.15 42.65 139.076 

13.15 42.75 137.335 

13.15 42.85 135.060 

13.15 42.95 136.060 

13.25 42.55 138.541 

13.25 42.65 142.054 

13.25 42.75 135.778 

13.25 42.85 132.425 

13.25 42.95 135.740 

13.35 42.55 139.119 

13.35 42.65 142.215 

13.35 42.75 138.411 

13.35 42.85 135.744 

13.35 42.95 135.307 

13.45 42.55 142.361 

13.45 42.65 142.515 

13.45 42.75 140.823 

13.45 42.85 137.084 

13.45 42.95 134.817 
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V. DISCUSSION AND CONCLUSIONS 

In this paper, we have compared the ex-
pected and observed orientation of fault 
plane solutions for some earthquakes of the 
Amatrice seismic sequence. Applying a 
methodology named Total Weighted Mo-
ment Tensor [Marzocchi and Selva, 2004; Ro-
selli et al., 2015; Roselli et al., submitted], for 
each spatial cell (0.1° x 0.1°), we have calcu-
lated the mean weighted moment tensor for 
each NF, RF and SS focal mechanism type, 
separately; then, we have computed the 
probability of occurrence associated to each 
of them and the related SHmax orientations 
(forecasts). Finally, we have compared the 
information extracted by real focal mecha-
nisms of the major events occurred during 
the Amatrice seismic sequence (until 30th Sep-
tember) with these forecasts. The results 
show a complete agreement of the expected 

and observed focal mechanism types for 
most earthquakes. The expected SHmax is 
NW-SE oriented and most observed SHmax 
data are aligned with this trend. Only a few 
earthquakes have a different NNW-SSE ori-
entation that seems more compatible with 
the borehole data. This variation in the ob-
served trend seems to suggest a possible lo-
cal rotation of the stress field. Further data 
and investigation are needed to support this 
latter evidence. As the study area is located 
in the Central Apennines, characterized by a 
NE-SW oriented extension, we expected a 
prevalent NF focal mechanism type and a 
∼NW-SE trend of SHmax. Nevertheless, the-
se observations suggest the reliability of the 
TWMT methodology that can be applied in 
more complex regions were the expected 
moment tensor parameters are not well de-
fined and classified. 
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