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Abstract 

The central Italy seismic sequence, started with the Mw = 6.0 Amatrice earthquake on August 24th 2016, is 
the first significant one after the Italian Seismic Bulletin (BSI) changed its analysis strategies in 2015.  
These new strategies consist on the release of the BSI every four months, the review of the events with ML ≥ 
1.5 and the priority on the review of events with ML ≥ 3.5. Furthermore, in the last year we improved the 
bulletin tools and made possible the analysis of all the stations whose data are stored in the European Inte-
grated Data Archive (EIDA). The new procedures and software utilities allowed, during the first month of 
2016 emergency, to integrate, in the Bulletin, the temporary stations installed by the emergency group 
SISMIKO, both in real–time transmission and in stand-alone recording. 
In the early days of the sequence many of the BSI analysts were engaged in the monitoring room shifts, 
nevertheless at the end of August all events occurred in those days with ML ≥ 4 were analyzed; the largest 
event recovered and localized is a ML = 4.5 event immediately following the main shock.  
In September 2016, 83 events with ML ≥ 3.5 were analyzed and re-checked, the number of pickings greatly 
improved. The focal mechanism of the main shock was evaluated using first motion polarities, and com-
pared with the available Time Domain Moment Tensors and Regional Centroid Moment Tensor.  
The first eight hours of the day on August 24th, the most critical for the INGV surveillance room, were 
carefully analyzed: the number of located events increased from 133 to 408. The magnitude of complete-
ness, after the analysis of the BSI, has dropped significantly from about 3.5 to 2.7. The mainshock focal 
mechanism and the relative locations of the first 8 hours’ aftershocks give clues on the initial fault activa-
tion.  
The seismic sequence in November 2016 is still ongoing; it included a mainshock of Mw = 6.5 on October 
30th and 3 events of magnitude greater than 5.0 one on August 24th and two on October 26th.  
 

 
I. INTRODUCTION 

 
he Mw = 6.0 earthquake occurred on Au-
gust 24th 2016 at 01:36 UTC in central Ita-
ly near the Amatrice village triggering a 

seismic sequence which in the first month 
counts about 12000 events.  
Locations and magnitudes of earthquakes 
recorded by the stations of the Italian Na-
tional Seismic Network 
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(doi.org/10.13127/SD/X0FXNH7QFY), are 
evaluated in real-time in the surveillance 
room of the Istituto Nazionale di Geofisica e 
Vulcanologia (INGV) in Rome and made 
immediately available on the webpage of the 
Earthquakes National Center [Centro Na-
zionale Terremoti - CNT, (cnt.rm.ingv.it/]. 
These events are then revised by the analysts 
of the Italian Seismic Bulletin (Bollettino 
Sismico Italiano - BSI), who double check the 
parameters, insert weights and polarity of 
seismic phases arrival times and finally inte-
grate all the data available in the INGV ac-
quisition system.  
Starting in 2015 the BSI changes its strategies 
of revision: the events with ML ≥ 3.5 are 
quickly reviewed while the standard review 
is done only for events with ML ≥ 1.5 [Nardi 
et al., 2015]. Moreover, the analysts can read 
signals from all the seismic stations available 
in the archive EIDA [European Integrated 
Data Archive,(eida.rm.ingv.it/), Mazza et al., 
2012]. 
The Amatrice earthquake is the first major 
earthquake since we introduced these new 
BSI strategies of analysis; in the following we 
report the main actions undertaken and the 
results of the first month of the BSI group’s 
work. These actions were partially codified 
in the emergency training test carried out by 
INGV in November 2015 [Pondrelli et al., 
2016]. 
In the days immediately following the main 
shock, location and magnitude computation 
of the two most significant events occurred 
on August 24th were performed. Furthermore, 
we sought any significant shock in the early 
hours after the main shock, when it is quite 
common to fail in detecting significant 
events. Finally, we revised all events with ML 

≥ 3.5, from 24 August to 23 September 2016 
and located all the events (between 00:00 and 
08:00 UTC on August 24th) recorded by the 
automatic system operating at the surveil-
lance room in Rome, but not analyzed in re-
al-time. Preliminary analysis on the com-

pleteness and on the hypocenters distribu-
tions of these “new” events are described 
hereinafter. 
 

II. ITALIAN SEISMIC BULLETIN: STRATEGIES  
The BSI has been produced for decades by 
INGV. From 2015, BSI is publishing every 4 
months and is available at cnt.rm.ingv.it/bsi; 
the contents of the 4 months are described in 
a technical document [Italian Seismic Bulle-
tin 2015_1; 2015_2; 2015_3; 2016_1]. The cur-
rent BSI format is QuakeML: it contains the 
locations with the error estimations, the 
magnitude (MW, ML, Md), the readings of P 
and S phases arrival times and the Time 
Domain Moment Tensor (TDMT).  
The CNT developed some web services (web-
services.rm.ingv.it/ws_fdsn.php) to facilitate the 
reading of QuakeML and to make the bulle-
tin accessible to the national and internation-
al scientific community. In addition, the BSI 
data contribute information to the Interna-
tional Seismological Centre, which integrates 
INGV data within the European bulletin.  
The BSI locations (1985-2016) are available in 
the database ISIDe [ISide Working Group, 
2016] and in the web list of the CNT 
(cnt.rm.ingv.it/).  
The magnitude threshold for which it is pos-
sible to locate an event in any part of the Ital-
ian territory (except for Sardinia and a few 
other exceptions) is approximately ML = 1.7 
[Amato and Mele, 2008]. However, the real-
time integration of data from various dense 
networks with data recorded by RSN (IV, doi 
.org / 10.13127 / SD / X0FXNH7QFY; MN, 
doi.org/10.13127/SD/FBBBTDTD6), provides, 
in some areas, the location of a very large 
number of smaller events. Since the end of 
2014, the BSI Working Group decided to re-
view only the events with ML ≥ 1.5, to main-
tain a certain homogeneity throughout the 
national territory and to make the work of 
the BSI analysts faster, hence allowing the 
quarterly releases.  
Since January 2015, BSI analysts elaborate 
events with ML ≥ 3.5, i.e. “strong events”, 
quickly in the days immediately following 
their occurrence, to provide better data in a 
short time. To analyze "strong events", dedi-
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cated tools have been developed, allowing 
the location of the events using only the 
nearest stations, but maintaining the associa-
tion of all the arrival times to even the most 
distant stations (these readings are important 
for the studies on the deep structure of the 
Italian and European lithosphere and for 
more elaborate location analysis in 3D mod-
els). This new procedure gives greater com-
pleteness to the main product of the BSI, that 
is, the readings of the P and S arrival times, 
still allowing to get good localizations, de-
spite the used crustal velocity model is ex-
tremely simple (see Tab. 1). 
 
Table 1. Velocity model used by the INGV seis-
mic surveillance and by the BSI analysts 

Thickness (km) VP (km/s)  VS (km/s) 
11.1 5.00   2.89 
26.9 6.50   3.75 

half-space 8.05   4.65 
 
In the last year it was also refined a tool that 
allows the analysts to manually read the 
amplitudes of the Wood-Anderson synthetic 
seismograms to improve the evaluation of 
ML. This improvement was necessary to min-
imize the mistakes made by the automatic 
system in the presence of multiple consecu-
tive events, which is very common during a 
seismic sequence. Another paramount im-
provement was achieved at the beginning of 
2016; since then BSI analysts can include in 
the bulletin all the stations stored in EIDA 
(eida.rm.ingv.it,www.orfeus-eu.org/data/eida/) and 
thus even temporary stations installed dur-
ing the emergencies by SISMIKO [Moretti 
and SISMIKO Working Group, 2016; Moretti 
et al., 2014]. This new procedure ensures, 
during seismic emergency, the integration of 
the Italian National Seismic Network with a 
great number of stations installed near the 
epicenter and, therefore, a greater accuracy 
in the estimation of hypocenters (however 
the absolute value of the hypocenter depth is 
always function of the velocity model used). 

III. EVENTS WITH MAGNITUDE ML ≥ 3.5 
In the days following the Mw = 6.0 Amatrice 
earthquake on August 24th many of the BSI 
analysts were employed in the shifts of the 

INGV surveillance room; nevertheless, they 
organized to quickly review the location of 
the main shock and of the second event with 
magnitude ML = 5.4. Moreover, they immedi-
ately started searching for significant shocks 
that eventually occurred in the hours after 
the main shock. By August 30th the main 
shock and all the events with ML ≥ 4.0 were 
analyzed. The new determination of the 
main shock hypocenter was published on 
August 31st, after a formal communication to 
the Department of Civil Protection (DPC). In 
the same day an event with ML = 4.5, oc-
curred at 01:37:26 UTC, less than a minute 
after the Mw = 6.0 event, but not localized in 
the monitoring room being hidden inside the 
seismogram of the previous shock, was rec-
ognized by the BSI analysts and published.  

 
Figure 1 Continuous recordings (from 00:00 to 
08:00 UTC of August 24th, 2016) of a RSN station 
located at some distance from the main shock epi-
center: station CESX (Terni), about 50 km SW 
apart from the epicenter and about equidistant 
from Norcia and Amatrice. 

The review of all aftershocks with ML ≥ 3.5 
from August 24 to September 23, 2016, con-
tinued in September checking the list of 
earthquakes localized in the monitoring 
room. These were found to be more than 70  
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(see Table A in supplementary electronic ma-
terial), one with ML ≥ 6.0, one with a 5.0 ≤ ML < 
6.0, and 14 events with 4.0 ≤ ML < 5.0. For all 
these events, BSI analysts reassessed the hy-
pocenter’s parameters and magnitude (Table 
A in supplementary electronic material); the 
latter, in some cases, was lower than the val-
ues estimated in the monitoring room. At the 
same time BSI analysts operated a visual in-
spection on the continuous recordings of 
some selected stations (i.e. Fig. 1); some 
events, initially processed in the surveillance 
room with magnitude below the ML = 3.5 
threshold were re-analyzed. Events triggered 
in the automatic acquisition systems of Rome 
having ML above 3.5 were also checked. 
Moreover the BSI Working Group took ad-
vantage of the preliminary analysis done by 
the CNT monitoring group in the office of 
Ancona which performed automatic loca-
tions and magnitude estimations analyzing 
continuous data of INGV stations.  

Figure 2: Map of the epicenters of the central Italy 
seismic sequence (24 august- 23 september 2016); 
the two red stars are the main shock and the larg-
est, the orange star are events with ML≥ 4.0, the 
red circles are events 3.5  ≤ML <4.0. The black lines 
show the main faults [EMERGEO working group 
2016]. First polarities focal mechanism is shown 
together with TDMT and RCMT of mainshock 
and of larger aftershock.. 

The review of these "strong events" involved 
the analysis of the temporary seismic sta-
tions seismograms (18 stations T12 ** - Net-
work IV [Moretti and SISMIKO Working 
Group, 2016] 1 station AM05 - Network XO 
[EMERSITO working group, 2016]). 

In summary, 83 events with ML ≥ 3.5 were re-
vised (see Table A supplementary electronic 
material). Among these, 76 had been located 
in the monitoring room and 7 amended their 
ML in a value below 3.5 after the review,  3 
events were retrieved and reviewed by the 
BSI analysts and then published in the first 
days after the main shock (including the ML  
4.5 occurred one minute after the main 
shock) and also other 4 events, with ML ≥ 3.5, 
were retrieved. The arrival times associated 
with hypocenter determinations of these 83 
revised events increased by 8074 pickings for 
the P waves and by 463 pickings for the S 
waves; also, the amplitudes used to evaluate 
the magnitude increased by 1292 readings. 
The depths of the revised “strong events” 
range between about 6 and 12 kilometers, a 
very reduced variability if compared to the 
locations of the surveillance room, mainly 
thanks to the integration of temporary 
SISMIKO stations. The absolute values of the 
depth are, however, dependent on the veloc-
ity model used for location. The revised 
events (red and orange stars and red circles 
in Fig. 2) are located mainly to the North of 
the main shock, near Norcia, and, in general, 
are concentrated in the external fault sectors, 
the ones that experienced lower slip during 
the main shock [INGV Working Group, 
2016]. Particular attention was paid to the 
analysis of the main shock focal mechanism 
using first polarity techniques. We improved 
the number of polarities of the first arrivals 
(150 polarities, 85 of them from stations in 
the distance range < 200km) and we were 
able to get a well-constrained focal mecha-
nism [Hypoellipse code; Lahr, 1989; Reasen-
berg and Oppenheimer, 1985]. 

Norcia

Amatrice
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Table 2. Comparison between the first polarities 
focal mechanism, the TDMT and the RCMT for 
the mainshock 

The resulting solution is very robust (quality 
factors Qp = A, Qf = A) and shows a signifi-
cant strike slip component. Moreover, we 
compared it (Figure 2, Table 2) with the 
TDMT (cnt.rm.ingv.it/tdmt) and to the Quick 
RCMT (www.bo.ingv.it/RCMT/searchRCMT.html), 
both of them showing pure normal fault-
ing(see Fig. 2 and Tab. 3). The different 
mechanism suggests that the rupture started 
as transtensive and then evolved in pure 
normal faulting.  

IV. REVISION OF THE FIRST HOURS OF THE 
SEQUENCE 
In a seismic surveillance room, the hours 
immediately following a strong earthquake 
are the most critical, when the frequency of 
seismic events is greatest and support staff, 
provided in emergencies, is not yet opera-
tional [Pondrelli et al., 2016]. 
This circumstance leads to an inevitable in-
completeness of the earthquake catalogue in 
the list of events located by the seismologists 
on shifts. For this reason, in September, we 
focused our analysis on the first eight hours 
of August 24th (from 00:00 to 08:00 UTC; Fig. 
2). In particular, we revised all automatic lo-
cations performed by the Earthworm system 
[Pintore et al., this volume]. In these eight 
hours of the day the monitoring room locat-
ed 133 events while the BSI located 408 
events (light blue circles in Fig. 1). Then we 
performed a relative hypocenter location. 
The pickings of the BSI of the first eight 
hours of the day were analyzed using the 
HypoDD technique [Waldhauser and Ells-

worth, 2000] to understand which portions 
of the faults have been activated by after-
shocks in the early hours of the sequence 
(Fig. 3). 
 

Figure 3: Map of the epicenters of the central Italy 
seismic sequence (earthquakes in the first 8 hours 
of August 24th, 2016 00:00 - 08:00 UTC); the loca-
tions are made using relative location technique 
HypoDD; the two stars are the main shock and 
the largest aftershock of August 24th; other after-
shocks are represented by circles, whose size is 
proportional to their magnitude while the color is 
a function of time. Cross sections show the hypo-
centers at depth (thickness of the sections 10 km). 
 
As illustrated in the map of figure 3 in the 
first 8 hours the seismicity already spread 
over quite a large volume about 30-km long 
and 15-km wide, from Norcia to Amatrice. 
The fault system is quite simple toward S, 
while it gets more complicated toward N 
near Norcia.  
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Method  Lat.       Lon.  Depth Mag. Strike Dip Rake 

FPFIT 42.696 13.235   8.1   Ml 6.0 130   40   -40 

RCMT 42.71   13.22  10.0  Mw 6.2 140   46   -106 

TDMT 42.706 13.223   5.0   Mw 5.96 155   49   -87 
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Finally, we estimate the completeness mag-
nitude (Mc) and the b-value (b) of the Guten-
berg-Richter law for both the revised (Rev) 
and the not-revised (NRev) catalogues in the 
first 8 hours of the sequence. This is a tricky 
issue, given the complex magnitude distribu-
tion and the moderate number of events (Fig. 
4). We estimate Mc by applying two different 
methods, all based on the maximum likeli-
hood estimation of b-value. The Goodness of 
Fit method [GFT; Woessner and Wiemer, 
2005] measures the probability prMc that the 
Gutenberg-Richter law explains the data 
above Mc. It identifies ML = 2.7 for the Rev 
catalogue as the best value of Mc, giving 
prMc=94% (Fig. 4a, green line with stars). The 
probabilities prMc are above 90% for Mc vary-
ing from 2.3 (b=0.7) to about 3.1 (b=1.0), but 
we judge that values smaller than ML 2.5 are 
unlikely, giving the low related b-values, be-
low 0.8 (Fig. 4a, blue line with stars).  The 
value Mc = 2.7 is confirmed by the Com-
pleteness Magnitude and B-value Stability 
Method [MBS; Woessner and Wiemer, 2005], 
that measures the stability of the estimated 
b-values for Nbin consecutive magnitude 
bins. We apply the MBS method for Nbin 
varying from 5 to 15, finding almost stable 
results (Fig. 4b). The correspondent values of 
Mc for the NRev catalogue are far larger. The 
GFT method gives values of prMc lower than 
90% and identifies as the best value Mc = 3.0 
(prMc=86%). Anyway, the shape of the magni-
tude histogram (Fig. 4c) and the small b-
values (0.7-0.8) for Mc < 3.4 (Fig. 4a) suggest 
that the completeness magnitude might be 
close to Mc= 3.5.  
In summary, we conclude that the most like-
ly value of Mc is 2.7 (b=0.9) for the Rev cata-
logue, but that some incompleteness might 
exists up to ML 3.1. The small size of the 
NRev catalogue does not allow us to reach 
conclusive results, but we judge that values 
of Mc below 3.5 are almost unlikely. 
 

 
Figure 4: Estimation of the Completeness Magni-
tude Mc of the first 8 hours of August 24th. a) GFT 
method for both the Rev and the NRev cata-
logues: the blue and green lines mark the maxi-
mum likelihood b-values and the probabilities 
prMc, respectively, as function of Mc. b) MBS meth-
od for both the Rev and the NRev:  the values of 
Mc, as function of Nbin, are shown.  c) distribu-
tion of magnitudes for the Nrev catalogue: the 
histogram of event magnitudes (for bin of 0.1) and 
the cumulative magnitude distribution (red stars) 
are shown; the green line marks the Gutenberg-
Richter law for the most likely value of Mc. d) The 
same of panel c) but for the Rev catalogue.  
  
V. CONCLUSIVE REMARKS 
In this work we tried to give a comprehen-
sive view of the steps that are necessary to 
validate data in order to include them in a 
seismic bulletin. We describe the work done 
by the analysts of the BSI during the first 
month of the central Italy seismic sequence 
which started on August 24th with an Mw = 6.0 
near Amatrice town.  According to the strat-
egies defined by the BSI, we reviewed all the 
events with ML ≥ 3.5 in the period 24/08 - -
23/09. Moreover we focused our analysis on 
the first eight hours of August 24th and esti-
mated locations and magnitudes of this 
seismicity following the mainshock to get an 
idea of the fault system activated by the 
earthquake and made some statistical analy-
sis to validate our work.  
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The seismic sequence in November 2016 is 
still ongoing, it includes a mainshock of  
Mw = 6.5 on October 30th and 3 events of 
magnitude greater than 5.0 one on August 
24th and two on October 26th. The seismic 
monitoring room has located more than 
30000 earthquakes; the work of the BSI ana-
lysts has just begun! 
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