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Abstract

This study presents a preliminary review of the instrumental seismicity of the Norcia-Amatrice area (central
Italy) during the years preceding the on-going seismic sequence started on August 24th 2016 with a Mw
6.0 earthquake and occurred close to Accumoli village; a Mw 5.9 happened on October 26th, two months
later, 3 km West of Visso and finally a Mw 6.5 on October 30th, 6 km North of Norcia, the largest earthquake
recorded in Italy since the Mw 6.9 1980 Irpinia event.

The clustering of earthquakes in time and space has been investigated by analysing seismic catalogs for the
period 1981-2016, the CMT (Centroid Moment Tensor) catalogue and the TDMT (Time Domain Moment
Tensor) solutions.

The seismicity of this region is characterized by different types of activity: single events, minor sequences
and swarms with hypocenters within the upper 15 km of the crust.

A minor sequence on March 2007 (with maximum Muw 3.9 not followed by significant seismicity) affected
the area East of Norcia close to the August 24th Mw 5.4 and close to the October 30th Mw 6.5. In the
central area, near Accumoli, and in the southern sector close to Amatrice, minor seismic sequences occurred
on February 2014 with a Ml 3.5 mainshock and on November 2013 with a Mw3.7 mainshock, respectively.
We integrated hypocentral locations and fault plane solutions to give a first look at the main features of the
instrumental seismicity compared to the present seismic sequence in order to relate seismicity patterns to

the seismogenic structures of the target area.

Key words: small magnitude earthquake, seismic sequence, central Apennines

1. INTRODUCTION

zone of the central Apennines, an high

hazard region, characterised by wide-
spread seismic activity. Figure 1 shows the epi-
centers of the earthquakes with M > 5.0 related
to the most important seismic sequences oc-
curred in the target region over the last 35 years
and the maximum expected values of peak
ground acceleration. These seismic sequences
activated a 150 km long and continuous sector
of the chain occurring on SW-dipping normal
faults. The seismic sequences of Norcia 1979,
Colfiorito 1997, and L’Aquila 2009 occurred at
the edges of the seismogenic zones that caused

The study area is located in the seismogenic

the 2016 seismic sequence; the Amatrice earth-
quake was not forerun by a standard foreshock
sequence differently from the 1997 Colfiorito
[Chiaraluce et al., 2003] and the 2009 L’ Aquila
sequence [Lucente et al., 2010; Valoroso et al.,
2013].

The analysis of the background seismicity is
based on two different catalogs: the Catalogue
of the Italian Seismicity [CSI, Castello et al.,
2006; http:/ /csi.rm.ingv.it/] for the period
1981- 2002, and the Bollettino Sismico Italiano
of INGV [Bollettino Sismico Italiano
doi:10.13127 /BOLLETTINO/2016.01, ISIDe
working group, version 1.0; Amato and Mele,
2008] for the period 2003-2016.
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Figure 1. Epicenters of the earthquakes with M > 5.0
(white stars) related to the most important seismic se-
quences occurred in the target region over the last 35 years
and the maximum expected values of peak ground acceler-
ation. In 2004, it was published the seismic hazard map of
Italy (http:/[zonesismiche.mi.ingv.it) that provides a pic-
ture of the most hazardous geographic regions. The seismic
hazard map of Italy (GdL MPS, 2004; rif. Ordinanza
PCM del 28 aprile 2006, n. 3519, All. 1b) provides the
10% probability of exceedance in 50 years of the horizontal
acceleration at rock sites (i.e., Vs30>800 m/s; cat. A, 3.2.1
of the D.M. 14.09.2005) - units of gravity (g=9.81m/s2).

More than 8900 earthquakes are available for
the selected area. However, the quality of loca-
tions, the magnitude completeness (Mc) and the
lower magnitude threshold (minimum detec-
tion) strongly changed both in space and time,
essentially due to the increasing number and
improved distribution of seismic stations
[Michelini et al., 2016].

The crustal seismicity data shown in Figure 2
represents the instrumental seismicity (M > 1.5)
recorded from the 1981 to the 23th August 2016,
few hours before the mainshock of the starting
of the Amatrice sequence. This seismicity is
mainly related to the 1997 Colfiorito seismic se-
quence to the North, and to the L’ Aquila 2009
seismic sequence to the South. Major instru-
mental earthquakes in this area are related to
W-dipping normal faults associated with intra-
mountain basins that represent the surface ex-
pression of the extensional strain field. This

area of the central Apennines is in fact charac-
terized by a Quaternary extensional regime
overprinting NE-verging thrust-sheets [i.e. Vai
and Martini, 2001 and references therein] and it
was affected by several historical earthquakes
(Figure 2, 1627, 1639, 1672, 1703; Rovida et al.,
2016).
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Figure 2. Top: Map showing the distribution of seismicity
(1981 - 23th August 2016) in the central Apennines.
Squares: historical earthquakes, I>=VIII. Faults: V-B (Mt
Vettore-Bove) Fault; N (Norcia) Fault; A (Amatrice)
Fault; Cm (Campotosto) Fault; Ua-Pa (Upper Aterno-Pa-
ganica) Fault; Cp (Capitignano) Fault). Bottom: Vertical
section (thickness 15 km) of seismicity reported on the Top;
Green circles for CSI Catalogue, Red circles for Bulletin
catalogue (trace in the upper panel).

The aim of this paper is a preliminary analysis
of the space-time distribution of seismicity oc-
curred from 1981 up to 23th August 2016 in the
Amatrice-Norcia area, central Italy, as recorded
and located in the available earthquakes cata-
logs CSI, and BSI, the RCMT catalog [Pondrelli
et al. 2006] and the TDMT catalog [Scognami-
glio et al., 2009]. The distribution of instrumen-
tally recorded earthquakes with magnitude M
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> 3.5 (Figure 3, top), compared to the CMTs of
the most relevant seismic sequences found in
the area, allows to observe that though the stud-
ied area was struck by several historical earth-
quakes, there are few seismic events recorded
in the last 35 year with magnitude M > 4.0.
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Figure 3. Top: Earthquake fault-plane solutions of major
events (CMT solutions) and patterns of seismicity with
M1 >=3.5 in the central Apennines, Italy, from 1981 to the
23th August 2016. CMT solutions for the mainshock and
greater aftershock of the Amatrice seismic sequence. Red
lines represent the faults mapped by EMERGEO Working
Group, 2016. Bottom: the Magnitude of the earthquakes
has been projected onto a NW-SE vertical spatial section
(15 km thick) along the trend of the Apennines (trace in
the upper panel) underlying the lack of strong seismicity
in the study area.

II. SPACE-TIME DISTRIBUTION OF SMALL
EARTHQUAKES

Earthquake catalogs and their content undergo
many changes in time due to changes in the
seismic networks, data processing techniques,
changes in triggering conditions (e.g. number of

stations triggered to start location procedures)
or attenuation relations. On the basis of the
Gutemberg-Richter relationship, the complete-
ness magnitude is Mc=1.5 for the CSI catalogue,
and Mc=1.8 for the BSI catalogue [Castello et al.,
2006; Moro et al, 2008].

The seismic events with M = 3.5 occurred in the
area in the past are shown in Figure 3: the ob-
served seismicity recorded in the last decades
by the Italian National Seismic Network (RSN)
in the area activated by the 24th August 2016
Mw 6.0 mainshock is sparsely distributed in
space, with the exception of some minor seismic
events. This is confirmed by the distribution of
the number of the events versus the Magnitude
and versus time, both for the whole area and for
the area of the 2016 seismic sequence (Figure 4a,
4b).
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Figure 4. a) Magnitude — earthquake number histogram
both for central Apennines (green) than for Amatrice re-
gion (orange); b) Time — earthquake number histogram
both for central Apennines (green) than for Amatrice re-
gion (orange).

Seismicity has also been projected onto a NW-
SE vertical spatial section along the axis of the
Apennines belt (Figure 3, bottom), highlighting
the lack of intense seismic activity in the study
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area, the presence of only some earthquake
with M > 3.5 and identifying the possible
mainshocks of the minor seismic sequences ac-
tivated in the past.

According to such preliminary analysis of the
spatial and temporal distribution, the earth-
quakes in Norcia-Amatrice area can be gener-
ally classified into three groups: small-magnitude
seismic sequences, earthquake swarm and solitary
events.

Small-magnitude seismic sequences are typically
characterized by a foreshocks sequence, a
mainshock and an aftershocks sequence; an
earthquake swarm consists of a group of events
where the maximum event does not dominate,
which occur in a short time window and within
a small hypocentral volume; solitary events are
mostly singles, sometimes twins, and they are
not accompanied by small events.

In the present work only the first case is dis-
cussed, since further more detailed study of
clustering is needed to better understand the
fault architecture within the fault zone

III. THE SMALL-MAGNITUDE SEQUENCES

The Amatrice epicentral area is located between
two NNW-SSE-trending regional systems of ac-
tive normal faults. The western system devel-
ops from Colfiorito to Norcia to L’Aquila; the
eastern system develops from Mt. Vettore to
Amatrice-Campotosto to Gran Sasso Mts.
[Boncio et al., 2004a; 2004b]; Calamita and Pizzi,
1992; Cello et al., 1997; Galadini and Galli, 2000;
Pizzi and Scisciani, 2000; Lavechia et al., 2002
and references therein].

Earthquakes with M > 3.5, and related seismic-
ity, preceding the 2016 Mw 6.0 have been iden-
tified and analyzed by dividing the target area
in three sectors. Earthquake parameters dis-
cussed in the text are in Table 1A-D and Table
2.

Box1: Northern Area

In this area we identify a minor seismic se-
quence occurred on 29th March 2007 at 04:37
(UTC), when a seismic event of Mw 3.9 hit the
zone of Castelluccio Plain (yellow star in Figure
5-BOX1) (Table 1A), an hamlet of Norcia town,
close to the August 24th Mw 5.4 and close to the
October 30th Mw 6.5, in the plane, at the base of
the western Mt. Vettore slope. Here, recent ac-
tivity of the Mt. Vettore fault affecting a Late
Pleistocene-Holocene alluvial fan has been evi-
denced [Galadini and Galli, 2000).
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Figure 5. Epicentral map, hypocentral distribution (cross
section) and focal mechanisms of the: BOX 1, 2007 Castel-
luccio seismic sequence, yellow star: February 2007 Mw
3.9 earthquake; BOX2, 2014 Accumoli seismic sequence,
yellow star: February 2014 Ml 3.5 earthquake; BOX3,
2013 Amatrice seismic sequence, yellow star: November
2013 Mw 3.7 earthquake.

Earthquakes followed the main event and
lasted for more than 8 months, alternating in-
tense activity (March and August) and relative
quiescence periods. Such pattern consists of low
energy events closely clustered in time and
space. About 350 earthquakes (0.5<=M<=3.9)
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were recorded from February to September
2007 by the RSN; among them, only 5 events
had Md >= 3.0 (see Table 2). Earthquakes are
clustered within an area of 70 km2 and their hy-
pocentral depths range from 4 to 12 km. The
two focal mechanisms available from TDMT
catalogue (Table 1C) show a prevalence of nor-
mal dip-slip solutions with a strike component.

Moreover, on 15th March 2012 at 03:29 (UTC) a
seismic event of Mw 3.7 hit the same zone acti-
vated during the 2007 sequence. For this seismic
event CMT and TDMT solutions are available,
showing a normal faulting mechanism (Figure
3 and Table 1B and 1C for parameters) con-
firmed by the fault plane solution computed by
P-wave first motion reading [FPFIT code,
Reasemberg and Oppenheimer, 1985] (Table
1D).

This event was not followed by significant seis-
micity, pointing out the occurrence of different
types of seismicity in a region characterised by
a complex system of normal faults such as the
central Apennines [Amato and Ciaccio, 2012].

Box2: Central Area

This is the area where the 24th August 2016
earthquake occurred and it is characterized by
the presence, in the past decades, of less seis-
micity than the surrounding areas. In the cata-
logues we find only one earthquake with M >
3.5 occurred on February 2014 Ml 3.5 (yellow
star in Figure 5-BOX2; Table 1A).

More than 200 events were identified from Feb-
ruary to July 2014, essentially clustered into two
confining zones: the first is located 10 km to the
West of the 2016 Mw 6.0 mainshock, and the se-
cond is above the hypocenter, near the Ac-
cumoli village. Hypocentral depths are con-
fined mostly between 7 and 11 km of depth: in
the cross-section the hypocenters delineate ap-
proximately a SW-dipping plane ranging from
8 to 14 km depth and a vertical dipping plane
from 7 to 11 km depth on the western side of the

selection. The relationship between this latter
cluster of seismicity and the M1 3.5 2014 event is
not clear (see Figure 5, BOX2). The TDMT solu-
tion shows a normal dip slip kinematic, with
lateral component (Table 1C) confirmed by the
focal mechanism computed by P-wave polari-
ties (Table 1D).

Moreover, on October 1999 a M > 3.5 event oc-
curred in the area with RCMT showing a nor-
mal-faulting with strike slip component (Figure
3). This event is located in the southern portion
of Box 2 with slightly different locations in CSI
catalogue and in the RCMT and with large dif-
ferences in Magnitude value (3.8 and 4.7 respec-
tively) (Table 1A-1B).

Box3: Southern Area

For this area we have data from catalogs and
from literature. This third zone shows the high-
est seismicity rate in the past with several M >
3.5 earthquakes. Two seismic events with M3.6
occurred on 10th and 12th August 1981. In
Boncio et al. [2004a] three minor sequences
have been described occurring on August 1992
(M3.9), June 1994 (M3.7), and October 1996
(M4.0). The 1996 mainshock, in particular, is lo-
cated at about 12 km depth and shows a normal
dip slip kinematics, with a slight left-lateral
component. The minor sequence is clustered at
depths between 10 and 14 km WSW-dipping.
The focal mechanisms have a prevailing exten-
sional kinematics, with nearly-horizontal T-
axes trending from WSW-ENE to WNW-ESE.
Location parameters for the 1996 earthquake
are reported in Table 1A and 1B for INGV Bul-
letin and CMT catalogs.

Moreover, we selected and analyzed the seis-
mic activity started on 2013 (Table 1A and 3A):
more than 350 seismic events occurred in this
box from October 2013 to May 2014. The strong-
est earthquake was a Mw 3.7 and occurred on
November 30th 2013 (yellow star in Figure 5-
BOX3): during this day, 22 seismic events oc-
curred with low magnitudes (M < 2.0) except

5
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for one earthquake with M1 3.0 and three earth-
quakes with Ml 2.0. This activity has been pre-
ceded by more than 100 micro earthquake in the
two months before. A swarm of earthquakes
with M < 2.0 occurred on April-June 2014 in the
south-western part of this area. The cross sec-
tion shows hypocentral depths between 8-15
km, a near vertical aligned for the cluster to the
West of the area and no clear alignment for the
cluster to the West of Amatrice. The focal mech-
anism available for the Mw 3.7 shows a normal-
faulting mechanism (Table 1C).

IV. CONCLUSIONS

In this paper we focused on the instrumental
seismicity from 1981 to 2016 identifying first or-
der relationships with the recent intense seismic
sequence of Amatrice 2016 and active faults of
the region.

The seismicity of the central Apennines is char-
acterized by the occurrence of strong earth-
quakes, as well as by minor sequences and seis-
mic swarms of low energy. Our analysis of
space-time distribution of the instrumental seis-
micity in the Amatrice epicentral area revealed
that in the last 35 years, the seismic activity con-
sists of rare M > 4 events, and few sequences
occurred without triggering large events before
2016. The seismicity related to the three small
seismic sequences occurred in 2007, 2013 and
2014, refers to a background activity in the
depth interval of 4 — 15 km, with no large
mainshocks associated, consisting prevalently
of low energy series of events with maximum
magnitude M3.9 and spread microseismicity
with fluctuations in the seismic energy release
rate. Hypocenters of these minor sequences
deepen from North to South similarly to what
observed for the aftershocks distribution of the
2016 sequence (Michele et al., 2016).

The background seismicity testifies seismic en-
ergy release along some of the outermost active
normal faults of the central Apennines consid-
ered as “silent” [Galadini and Galli, 2000; Fal-
cucci et al.,, 2016], the Amatrice-Campotosto
normal faults and Mt. Vettore normal fault.

For further inferences, a relocation of the iden-
tified seismic sequences and a direct compari-
son with the fault system as revealed by the
Amatrice 2016 activation is needed.
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TABLES

Table 1A. Data from INGV Catalogs:

Date Lat Lon Depth M
1996-  42.550 13.250 11.9 4.1 -
10-20 Mi
1999-  42.633 13.217 4.6 3.8 -
10-10 Mi
2007-  42.829 13.202 44 3.9 -
03-29 Mw
2012-  42.797 13.201 43 3.7 -
03-15 Muw
2013-  42.631 13.206 10.0 3.7 -
11-30 Muw
2014-  42.698 13.123 8.2 3.5 -
02-13 Mi

Table 1B. Parameters (strike, dip, and rake of the first
and second nodal planes) of moment tensor available
European - Mediterranean RCMT Catalogue [Pon-
drelli et al., 2006; http://www.bo.ingv.it/RCMT/]:

Date Strikel Strike2 Dip2 ~ Mw
Depth Dipl Rakel  Rake2

1996-10-20 128 31 341 63 - 4.7
10.0 -119 74

1999-10-10 348 50 112 55 - 4.7
10.0 -47 129

2012-03-15 297 36 128 54 - 3.9
6.0 -99 83

Table 1C. Parameters (strike, dip, and rake of the first
and second nodal planes) of TDMT available [Scog-
namiglio et al., 2009 - http://cnt.rm.ingv.it/tdmt]:
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Date Strikel Strike2 Muw
Depth Dipl Rakel  Dip2 Rake2
2007-02-08 318 52 - 11940-105  3.63
9.0 78

2007-03-29 119 64 - 146 -38 3.88
3.0 129

2012-03-15 346 85 -7 76 83-175 3.69
7.0

2013-11-30 338 54 - 16136 -88  3.67
7.0 92

2014-02-13 214 62 - 32556 -145 3.31
7.0 39

Table 1D. Parameters (strike, dip, and rake of the first
and second nodal planes) of focal mechanisms com-
puted in this study from the P-wave first-motion polar-

ity data:
Date Strikel Strike2 Muw
Depth Dipl Rakel  Dip2 Rake2
2012-03-15 9040 -50 336 71 -54 3.69
9.1
2014-02-13 158 48 -121 20 50 -60 3.31

9.0

Table 2. 2007 Castelluccio data from INGV Catalogs,

M>3.0:

Date Lat Lon Depth M
2007- 42.799 13.209 6.4 3.2-
02-08 Mi
2007- 42.775 13.018 7.3 3.4 -
08-12 Ml
2007-  42.811  13.117 8.2 3.5 -
08-16 Mi
2007- 42.793 13.176 10.0 3.6 -
02-08 Muw
2007- 42.829 13.202 44 3.9 --
03-29 Mw




