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Fault Geometry and Active Stress from Earthquakes and Field Geology Data Analysis: The

Colfiorito 1997 and L’Aquila 2009 Cases (Central Italy)

F. FERRARINI,1 G. LAVECCHIA,1 R. DE NARDIS,1,3 and F. BROZZETTI
2

Abstract—The fault segmentation pattern and the regional stress

tensor acting since the Early Quaternary in the intra-Apennine area of

central Italy was constrained by integrating two large geological and

seismological fault-slip data sets collected for the areas struck by the

two most energetic seismic sequences of the last 15 years (Colfiorito

1997, Mw 6.0 and L’Aquila 2009, Mw 6.1). The integrated analysis of

the earthquake fault association and the reconstruction of the 3D

shape of the seismogenic sources were exploited to identify homo-

geneous seismogenic volumes associated with subsets of geological

and focal mechanism data. The independent analysis of geological

and seismological data allowed us to observe and highlight similari-

ties between the attitude of the long-term (e.g., Quaternary) and the

instantaneous present-day (seismogenic) extensional deformations

and to reveal their substantial coaxiality. Coherently, with the results

from the kinematic analysis, the stress field inversion also noted a

prevailing tensional seismotectonic regime associated with a sub-

horizontal, NE–SW, minimum stress axis. A minor, very local, and

shallow (\5 km) strike-slip component of the stress field was

observed in the Colfiorito sector, where an inherited N–S oriented

right-lateral fault was reactivated with sinistral kinematics. Instead, an

almost total absence of strike-slip solutions was observed in the

L’Aquila area. These results do not agree with those indicating

Quaternary regional strike-slip regimes or wide areas characterized by

strike-slip deformation during the Colfiorito and L’Aquila seismic

sequences.

Key words: L’Aquila and Colfiorito earthquakes, structural

analysis, kinematic analysis, stress inversion, active deformation,

central Italy.

1. Introduction

The inversion of fault-slip data and focal

mechanisms is commonly used to infer the orienta-

tion and relative magnitude of the principal stress or

deformation axes in tectonically active areas (TWISS

and UNRUH 1998). Previous investigations in central

Italy dealt with this subject at different scales,

focusing on the active strain and stress fields from

seismological and geodetic data, from borehole

breakouts and numerical modelling (D’AGOSTINO

et al. 2009; DEVOTI et al. 2011; MONTONE et al.

2012; PIERDOMINICI and HEIDBACH 2012; CARAFA and

BARBA 2013, FERRARINI et al. 2013). Starting with

the Norcia 1979 earthquake (Mw 5.8), the following

Gubbio 1984 (Mw 5.6) and Barrea 1984 (Mw 5.9)

extensional events, structural-kinematic data con-

cerning the outcropping Quaternary fault system

were acquired and inverted to constrain the long-

term stress field and to compare it with the seis-

mological one (BROZZETTI and LAVECCHIA 1994;

BONCIO et al. 1996; CELLO et al. 1997; BONCIO and

LAVECCHIA 2000a, b; PACE et al. 2002). Due to the

poor quality of the seismological data available at

the time of these events, the process of linking faults

and earthquakes was not straightforward. The

noticeable quality improvement of the hypocentral

locations (CHIARALUCE et al. 2003, 2011a, b) con-

cerning two energetic seismic sequences that

occurred in central Italy in the last 20 years (Col-

fiorito 1997, Mw 6.0 and L’Aquila 2009, Mw 6.1),

together with detailed structural analyses carried out

in the epicentral areas (CALAMITA et al. 1999; BARBA

and BASILI 2000; BONCIO and LAVECCHIA 2000a;

CHIARALUCE et al. 2005; BARCHI and MIRABELLA

2009; LAVECCHIA et al. 2012), improved the under-

standing of the geometric relationships between the

geological and the seismological sources. In addi-

tion, the kinematics of the seismogenic faults was

constrained by large data sets of focal mechanisms

(CHIARALUCE et al. 2004; HERRMANN et al. 2011).
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The active stress tensor derived from the inver-

sions of geological and/or seismological fault-slip

data showed a dominant SW–NE oriented tensional

stress field in both the Colfiorito and L’Aquila areas,

which is consistent with the regional tectonic regime

that has been active in central Italy since the Qua-

ternary (BONCIO et al. 2000; HUNSTAD et al. 2003;

BARBA et al. 2008; D’AGOSTINO et al. 2009; DEVOTI

et al. 2011; LAVECCHIA et al. 2012; MONTONE et al.

2012; PIERDOMINICI and HEIDBACH 2012). Neverthe-

less, some authors have stressed an important role

that should be played by the strike-slip tectonics at

local and regional scales during the Quaternary.

CELLO et al. (1997) hypothesised the existence of

deep-seated, N–S striking, left-lateral shear zones that

would have controlled the extensional processes in

the Umbria-Marche area. CARAFA and BARBA (2011)

attributed the transcurrent deformation along the A-

pennine belt to changes in the strength of the

lithosphere, which would control the onset of strike-

slip/reverse-strike earthquakes along the lateral ramps

of the main thrusts. ELTER et al. (2012) interpreted the

central Italy intra-mountain basins as extensional pull

apart structures and described their NW–SE trending

boundary faults as strike-slip faults. These features

would represent synthetic riedels of a main NNW–

SSE oriented deep-seated sinistral shear zone. Still,

based on the inversion of a large data set of focal

mechanisms, D’AMICO et al. (2013) noted a prevail-

ing strike-slip stress field in a large portion of the

L’Aquila 2009–2012 seismic sequence (Campotosto-

Mt. Gorzano and Montereale sectors).

In this paper, we aim to constrain the regional

stress tensor acting since the Early Quaternary in the

L’Aquila and Colfiorito areas by using a large amount

of original geological data and exploring the possi-

bility of local stress tensor deviations due to

preexisting discontinuities. In fact, the research is

carried out through the close integration of geological

and seismological data. The earthquake data (mainly

hypocentral locations and fault plane solutions) are

derived from the literature, whereas the geological

fault-slip data are mostly new. The 3D geometry and

the segmentation pattern of the fault system involved

in the L’Aquila 2009 seismic sequence are from

LAVECCHIA et al. (2012), whereas those of the Colfi-

orito 1997 seismic sequence are reconstructed here

following the same approach. For both the L’Aquila

and Colfiorito areas, we perform a kinematic analysis

and a formal stress inversion of the two independent

geological and seismological data sets related to a

large portion of the active central Apennine belt. The

similarities and/or inconsistencies between the long-

term geological and the present-day instantaneous

seismological stress tensors have been investigated

and analysed.

2. Seismotectonic Setting

The Apennine mountain belt of central Italy is

crosscut by a NW–SE striking extensional system of

normal and normal-oblique faults active since the

Early Quaternary (Fig. 1) (LAVECCHIA 1988; CALAMI-

TA et al. 1994; VALENSISE and PANTOSTI 2001;

LAVECCHIA et al. 2002). The extensional fault system,

along which most of the seismicity is concentrated

(Fig. 1, see also the lower left inset), offsets the

preexisting compressive and strike-slip structures of

the Umbria-Marche-Abruzzi Mio-Pliocene fold-and-

thrust belt (LAVECCHIA et al. 1994) and locally gen-

erates intra-mountain depressions (GALADINI and

GALLI 2000; BONCIO and LAVECCHIA 2000a; ROMANO

et al. 2013).

The extensional faults, which mainly dip south-

westward, are arranged along major extensional

alignments hereinafter identified as the internal,

intermediate, and external alignments (blue, red, and

green double lines in Fig. 1 from LAVECCHIA et al.

2011a, b). The fault alignments may reach lengths of

hundreds of kilometres (see, e.g., composite sources

in DISS WORKING GROUP 2010), and the individual en

echelon fault segments typically extend 20–25 km

along a strike and 10–15 km along a dip (BONCIO

et al. 2004).

The epicentral area of the Colfiorito sequence

occurs along a fault alignment developing from

Gubbio to Colfiorito and, further south, from Norcia

to L’Aquila (intermediate west-dipping Quaternary

fault alignment in Figs. 1, 2). Thus, the epicentral

area of the L’Aquila sequence occurs along this same

alignment and the Mt. Gorzano fault (G). The latter

belongs to the more external alignment, which

extends from the Mt. Vettore (V) to the Gran Sasso
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ridge (GS) and, further south, to the Mt. Morrone-Mt.

Porrara area (M and P) (Figs. 1, 2B). A third exten-

sional fault alignment, not involved in the seismic

activity of the Colfiorito and L’Aquila sequences,

extends in a more internal position from the Salto

Valley (SaV) to the Fucino Basin (FB) and the San-

gro Valley (SV) (Fig. 1). During the last 100 years,

two major (Mw C 5.5) events struck the internal

alignment (Avezzano 1915, Ms 6.9; Barrea 1984, Mw

5.9). Many moderate earthquakes were instead

associated with the intermediate alignment (Gubbio

1984, Mw 5.6; Colfiorito 1997, Mw 6.0; Norcia 1979,

Mw 5.9; L’Aquila 2009, Mw 6.1) (LAVECCHIA et al.

2011a, b and reference therein). The focal mecha-

nisms indicate normal and normal-oblique kinematics

(Figs. 1, 2A) consistent within a regional NE–SW

tensional stress field that has been active in the region

at least since the Early Quaternary (BONCIO et al.

2000). The present-day strain field detected from

GPS data and borehole breakouts is characterized by

Figure 1
Extensional seismogenic fault alignments and major instrumental sequences in central Italy (mainshocks Mw C 5.5): Gubbio, 1984; Colfiorito,

1997; Norcia, 1979; L’Aquila, 2009; Barrea, 1984. The Avezzano focal mechanism (AM98) is from AMORUSO et al. (1998); the Colfiorito

solution (EK98) is from EKSTRÖM et al. (1998); the L’Aquila, Mt. Gorzano and Ocre solutions (H11) are from HERRMANN et al. (2011); the

other solutions (CMT) are from the HARVARD CMT database (available at http://www.globalcmt.org). Acronyms along the internal fault

alignment (blue lines): SaV Salto Valley, FB Fucino Basin, SV Sangro Valley; along the intermediate alignment (red lines): MAV Middle

Aterno Valley; along the external alignment (green lines): V Mt. Vettore, G Mt. Gorzano, GS Gran Sasso ridge, M Mt. Morrone, P Mt.

Porrara. The Shmax directions (upper right inset) are from CARAFA and BARBA (2013). The location map (lower left inset) represents the

instrumental seismicity recorded from 2005 to 2013, as reported in the ISIDE database (http://iside.rm.ingv.it/iside/standard/index.jsp)
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a similar extensional pattern. The velocity field esti-

mated from GPS data is approximately 2 mm/a in the

Umbria-Marche Apennines and increases to 3 mm/a

in the Abruzzo Apennines (HUNSTAD et al. 2003;

D’AGOSTINO et al. 2009; GALVANI et al. 2012).

The historical earthquakes (GUIDOBONI et al. 2007;

ROVIDA et al. 2011) in the area involved with the Col-

fiorito 1997 and L’Aquila 2009 sequences are reported

in the map of Fig. 2B. In the last 1,000 years, before

the 1997 Colfiorito earthquake, seven events with

Mw C 6.0 are known to have occurred mainly along the

intermediate extensional alignment (Fig. 1). From

north to south, they are dated as follows: July 27, 1751

(Mw 6.2), April 30, 1279 (Mw 6.3), December 1, 1328

(Mw 6.4), January 14, 1703 (Mw 6.7), January 16, 1703

(Mw 6.0), February 2, 1703 (Mw 6.7), and November

27, 1461 (Mw 6.4). The 1751, 1279 and 1328 events

may be attributed to the Colfiorito fault system. The

three 1703 events are described by GALLI et al. (2010)

as a SE-propagating multiple-rupture seismic

sequence which activated, from north to south, the

WSW-dipping Norcia, Montereale and Pizzoli faults

(LAVECCHIA et al. 2012 and references therein). In

addition, it possibly involved the Paganica fault, e.g.,

the master fault of the 2009 L’Aquila earthquake (Mw

6.3) (BONCIO et al. 2010), which was also responsible

for the 1461 event (CINTI et al. 2011).

3. Structural-Kinematic Analysis of the Colfiorito

and L’Aquila Fault Systems

To investigate the active fault geometry and

kinematics in the Colfiorito and L’Aquila epicentral

Figure 2
Epicentre distribution of historical and instrumental earthquakes within the study areas. A Instrumental earthquakes with ML C 2.4 that

occurred during the Colfiorito 1997 (red scale symbols) and L’Aquila 2009 seismic sequences (blue scale symbols) as extracted from

CHIARALUCE et al. (2003) and CHIARALUCE et al. (2011a), respectively. Focal mechanisms refer to major earthquakes (Mw * C 5.0) that

occurred during the two sequences: C04-from CHIARALUCE et al. (2004); H11-from HERMANN et al. (2011). B Historical earthquakes in the time

interval 1000–1996 A.D. (in the central Apennines) extracted from the CPTI11 parametric catalogue (ROVIDA et al. 2011); the year of

occurrence for the major historical events is reported. Red stars represent the main instrumental earthquakes (Mw * C 5.0) of the Colfiorito

1997 and L’Aquila 2009 seismic sequences as reported in A. The fault symbols and names are the same for both figures
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areas, we collected and analysed a large number of

fault-slip data along all the major outcropping Qua-

ternary faults. Most of the data are original with the

exception of some outcrops in the Colfiorito and

Norcia areas (BROZZETTI and LAVECCHIA 1994; BONCIO

et al. 2000; LAVECCHIA et al. 2012). The surveyed sites

are reported in the maps of Fig. 3; the geological

parameters and the fault planes and associated

slickenlines are summarised in the Table 1 and in the

stereoplots of Fig. 4A, B (lower hemisphere Schmidt

nets), respectively.

3.1. The Colfiorito Fault System

The SW-dipping Colfiorito normal fault system is

arranged in three major en echelon fault segments

Figure 3
Location map of the geological and seismological data analysed in this paper. Yellow dots represent the location of structural data plotted in

Fig. 4; the star symbols represents the epicentral distribution of the ML C 2.7 focal mechanisms of the Colfiorito 1997 and L’Aquila 2009

seismic sequences (CHIARALUCE et al. 2004; HERMANN et al. 2011, respectively) used for the kinematics analysis in Fig. 6. Black bolded stars

highlight the events selected for the stress inversion (ML C 3.5)

Colfiorito 1997 and L’Aquila 2009 Fault Geometry and Active Stress
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Figure 4
Fault-slip data collected in the investigated areas belonging to the Colfiorito and L’Aquila fault systems. The Schmidt nets’ lower projections

of the fault planes and slickenlines are plotted. The rose diagrams a, b summarize the fault and striae trends of the analysed fault systems. The

acronyms of the structural stops, as reported in Fig. 3, are on the bottom-right of each plot
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aligned in an average NW–SE direction: the Mt.

Pennino-Mt. Prefoglio, Cesi-S. Martino and Mt.

Fema faults (Figs. 3, 4A).

The Mt. Pennino-Mt. Prefoglio segment, which is

the longest one, extends for approximately 18 km

along the NW–SE direction and dips 45�–85� south-

westward. In turn, it consists of two subparallel right-

stepping en echelon faults characterised by prevailing

normal kinematics with a subordinate left lateral

component (stops PP1, PP2, PP3, and PP4 in Figs. 3,

4A).

The Cesi-S. Martino segment strikes for approx-

imately 12 km along a mainly NW–SE direction and

dips south-westward with a 45�–85� dip angle.

Locally, the fault plane shows subordinate bending

in a near E–W direction (stops CSM1, CSM2, CSM3,

CSM4, and CSM5 in Figs. 3, 4A).

The Mt. Fema segment consists of three small

minor normal faults with a total length of approxi-

mately 8 km striking along a N130� direction and

dipping 40�–80� to the southwest. Kinematic data

show a main direction of extension oriented NE–SW

(stops MF1 and MF2 in Figs. 3, 4A), even if

subordinate slip vectors oriented nearly NNE-SSW

also occur (see MF2 in Fig. 4A).

Along the northward continuation of the Cesi-San

Martino segment, a northward 10�E-striking strike-

slip fault segment, hereinafter referred to as the

Annifo fault, outcrops. The Annifo fault-slip data

(stops An1 and An2 in Figs. 3, 4A) do not show a

normal fault deformation but rather N–S right-lateral

kinematics, which possibly developed during the

compressional phase affecting the Umbria-Marche

Apennines in the Late Miocene (LAVECCHIA et al.

1988; DEIANA and PIALLI 1994). We focused on such a

structural element because it geographically coin-

cides with the N–S trending microseismicity that

excited the Annifo basin during the Colfiorito seismic

sequence (Mt. Pennino-Ricciano fault in CHIARALUCE

et al. 2005). Our field survey did not highlight any

surface evidence of fault reactivation with left-lateral

kinematics (compatible with the active extensional

regime) even if, east of the S. Martino village, some

evidence of reactivation with normal-oblique kine-

matics was described by CELLO et al. (1997).

New fault slip data were also collected along the

Norcia normal fault, which outcrops in an

intermediate position between the Colfiorito and

L’Aquila fault systems (stops N1 and N2 in Figs. 3,

4). The Norcia fault, which is slightly shifted

westwards with respect to the Mt. Fema fault,

extends for nearly 30 km along strike and exhibits a

general N160�-trending 45�–70� dip and prevailing

normal kinematics.

As a whole, the Colfiorito and Norcia fault-slip

data set consists of 98 fault planes trending from

WNW–ESE to NNW–SSE with the maximum data

frequency (19 %) falling between N140� and N150�
(rose diagram in Fig. 4Aa). Moreover, the striation

trend (n = 91) shows a maximum distribution around

a N220�–N240� direction (*40 % data) that is

perfectly consistent with the NE-SW regional exten-

sion direction (rose diagram in Fig. 4Ab).

3.2. The L’Aquila Fault System

The SW-dipping normal faults belonging to the

L’Aquila system are aligned in an average N130�
direction (Figs. 3, 4B), with subordinate E–W and

NNW–SSE trending segments that dip south and west,

respectively. Here, we will focus on the structural data

belonging to the main fault segments activated during

the L’Aquila 2009 sequence, which are the Mt. Gorz-

ano, the Montereale, and the Paganica-Mt. Stabiata

faults (Figs. 3, 4B) (LAVECCHIA et al. 2012).

The Mt. Gorzano fault extends continuously for

*28 km, striking N140�–150� and dipping 60�–70� to

the WSW (stops G1, G2, G3, and G4 in Figs. 3, 4B). In

the surroundings of Campotosto, the fault attitude

slightly changes, striking N155�–165� and dipping

steeply (80�–85�) to the WSW. To the south, the fault

intersects the E–W-striking, S-dipping Mt. Corvo

segment of the Gran Sasso normal fault system. The

fault kinematics is mostly dip-slip with a minor left-

lateral component, and the slip vectors mainly plunge

toward N220�–230�.

The Montereale fault system is arranged in a

number of minor segments. The easternmost one

outcrops from the Configno village to the Mt.

S. Franco fault (*25 km); the westernmost, in the

surroundings of the Montereale and Capitignano

villages. The fault plane strikes mainly N120�–150�
(stops Ca1, Ca2, Mt1, SF1, and SF2 in Figs. 3, 4B) with

dip-angles ranging from 50� to 70�. Some exceptions

Colfiorito 1997 and L’Aquila 2009 Fault Geometry and Active Stress
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occur in the sector of the Mt. S. Franco fault, where

some E–W trending planes were surveyed. Measured

slickenlines confirm prevailing dip-slip kinematics

with minor left-lateral or right-lateral components on

planes roughly N–S or E–W oriented, respectively.

The Paganica-Mt. Stabiata fault consists of two

different trending segments: the NW–SE oriented

segment, which represents the longer one (*18 km)

and dips south-westwards, and the E–W trending one,

which strikes for approximately 6 km in the Mt.

Stabiata area and dips southwards. Most of the fault

planes show a N120�–130� direction and a 55�–75� dip

angle (stops St1, St2, St3, Pa1, Pa2, Pa3, Pa4, and SD in

Figs. 3, 4B). Slickenlines highlight dip-slip kinematics

consistent with NE–SW oriented extension. Some

minor antithetic planes, such as the Bazzano one (stop

Ba in Figs. 3, 4B), are also observable in the hanging-

wall block of the Paganica-Mt. Stabiata fault showing

compatible kinematics with the latter.

The overall L’Aquila system’s fault planes

(n = 151) range in strike from WNW–ESE to

NNW–SSE, with the maximum data frequency

(*40 % data) falling between N110� and N130�
(rose diagram in Fig. 4Ba). In addition, the striation

trend (n = 72) shows a maximum distribution around

a N200�–N225� direction (more than 50 % data in

the rose diagram in Fig. 4Bb), which is consistent

with prevailing pure dip-slip kinematics.

The fault planes show strike variations both locally

and along major segments, as is the case for the Mt.

S. Franco and Mt. Stabiata E-W trending faults (stops

SF1, SF2, St1, and St2 in Figs. 3, 4B) and the

Montereale fault (stops Ca1 and Mt1 in Figs. 3, 4B).

Nevertheless, the respective slickenlines often reveal

kinematics consistent with a general extension oriented

in a SW–NE direction. This feature possibly suggests

that these structures were inherited by earlier tectonic

phases (PIZZI and GALADINI 2009).

4. The Colfiorito 1997 and L’Aquila 2006 Seismic

Sequences

4.1. The Colfiorito 1997 Sequence

The Colfiorito 1997 sequence spreads for almost

50 km along a NW–SE direction from Nocera Umbra

to 5 km north of Norcia. From September 26 to

November 3, 1997, the sequence was characterized

by more than 1500 earthquakes and six events with

5.2 B Mw B 6.0 that nucleated in the 1–10 km depth

range. The seismicity involved different segments

pertaining to the SW-dipping Colfiorito active fault

system (Figs. 2A, 5A, epicentres from CHIARALUCE

et al. 2003). The sequence began with a Mw 4.5

foreshock on September 3, 1997 (CHIARALUCE et al.

2004 and references therein) and was followed by

two mainshocks of Mw 5.7 and Mw 6.0 on September

26, both nucleating on the SW-dipping Mt. Pennino-

Mt. Prefoglio fault at a distance of nearly 3 km from

each other. After these two energetic events, some

evidence of surface breaks was observed and contro-

versially interpreted as secondary induced effects or

as a direct expression of fault rupture (CELLO et al.

1997, 2000; BASILI et al. 1998; CINTI et al. 1999;

GALLI and GALADINI 1999; MEGHRAOUI et al. 1999;

VITTORI et al. 2000). In early October, the seismicity

started to activate the SW-dipping Cesi-S. Martino

fault segment (CHIARALUCE et al. 2003), where two

shocks nucleated on October 3 (Mw 5.2) and 6 (Mw

5.4). Two other large shocks nucleated further

southeast on October 12 and 14, 1997 (Mw 5.2 and

Mw 5.6, respectively), at the southern tip of the same

fault, and/or activating a third independent segment

(BARBA and BASILI 2000). The focal mechanisms

show normal and normal-oblique kinematics

(Fig. 2b) consistent with a nearly horizontal tensional

axis oriented SW–NE (EKSTRÖM et al. 1998; CHIARA-

LUCE et al. 2004). Conversely, on October 16, an Mw

4.3 earthquake with almost pure strike-slip kinemat-

ics and showing a WSW–ENE oriented T-axis

nucleated close to the Annifo N–S fault zone (upper

right inset in Fig. 5A).

During 1998, the seismic activity moved north-

westward, activating the SW-dipping Gualdo Tadino

fault with an Mw 5.1 event at a depth of 6–7 km on April

3 (PONDRELLI et al. 2002; CIACCIO et al. 2005). This

normal-faulting earthquake represents the last impor-

tant event of the 6-month long Colfiorito seismic crisis.

4.2. The L’Aquila 2009 Sequence

In the time interval from March 30 to December 29,

the L’Aquila 2009 sequence (Fig. 2A), similarly to the
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Colfiorito 1997 one, spread for nearly 50 km along an

average NW–SE direction from the Cittareale village to

approximately 10 km SE of the Paganica village

(CHIARALUCE et al. 2011a). The sequence was charac-

terized by five shocks with Mw * C5.0 (Figs. 2A, 5B)

and more than 2,600 earthquakes that nucleated mainly

in the first 15 km depth interval.

The April 6 mainshock (Mw 6.1) and its largest

foreshock (March 30, Mw 4.0) activated the SW-

dipping Paganica-Mt. Stabiata normal fault (LAVEC-

CHIA et al. 2012). The earthquake nucleated at a depth

of *9 km and was characterized by unilateral south-

eastward propagating rupture (CIRELLA et al. 2009;

PINO and DI LUCCIO 2009) associated with coseismic

Figure 5
Depth-contour lines of the seismogenic fault planes involved in the A-Colfiorito 1997 (orange-yellow shades) and B-L’Aquila 2009 (blue-

green shades) seismic sequences as reconstructed on the basis of the aftershock distribution (see text for details); the depth-contour lines of the

Annifo small seismogenic source are also drawn (grey shades in the upper right inset). The continuous depth-contour lines refer to the

observed seismogenic patches (coloured areas); the dashed-lines represent the inferred fault-links between the seismogenic patches and the

outcropping faults. The identified individual fault segments are differently coloured and numbered from 1 to 8 (1 Mt. Pennino-Mt. Prefoglio, 2

Cesi-S. Martino, 3 Mt. Fema, 4 Annifo, 5 Mt. Gorzano, 6 Montereale-Mt. S. Franco, 7 Paganica-Mt. Stabiata, 8 hidden Ocre). The epicentres

of the events (ML C 3.5) used to compute the average focal mechanism (Bingham statistics) representative of each distinguished fault source

are reported in map view. The yellow bold epicentres highlight the activation of fault portions characterized by structural complexities (see

Sect. 7.3 for detail)
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ground deformation (ANZIDEI et al. 2009; BONCIO

et al. 2010; EMERGEO WORKING GROUP 2009; FALCUCCI

et al. 2009). A second mainshock (April 7, Mw 5.4)

nucleated in the Ocre Mts. area at a depth of

*14 km, while a third one (April 9, Mw 5.2)

nucleated on the SW-dipping Mt. Gorzano fault,

striking the Campotosto-Amatrice sector (Fig. 5B).

The focal mechanisms showed normal and normal-

oblique kinematics (Fig. 2A) consistent with a nearly

horizontal tensional axis oriented SW–NE to WSW–

ENE (HERRMANN et al. 2011).

From 2009 to 2012, recurrent low-magnitude

seismic activity (Mw up to 3.6) occurred on the

overall 2009 epicentral area and migrated northwest

towards the Cittareale and Montereale villages

(ISIDE, http://iside.rm.ingv.it/iside/standard/index.

jsp). This seismicity can be related to the activation

of the Montereale -S. Franco fault, located between

the Paganica and the Mt. Gorzano faults at depths

between 5 and 15 km (LAVECCHIA et al. 2012).

5. Geometry of the Colfiorito 1997 and L’Aquila

2009 Seismogenic Sources

The close geometric integration of the surface

fault segmentation pattern with the high-quality

location of the seismicity is a useful tool to infer the

3D geometry of the seismogenic sources. Such an

integrated procedure was adopted by LAVECCHIA et al.

(2012) to reconstruct the seismogenic fault sources of

the L’Aquila 2009 seismic sequence. Specifically, the

depth-contour lines of each individual fault plane

activated during the sequence were drawn following a

multistage procedure: (1) plot of the seismicity on

narrowly-spaced (width = 2.5 km) vertical cross-

sections, oriented nearly perpendicular to the fault

strike; (2) draw, for each cross-section, the best fit

plane connecting the aftershock volume and the fault

trace at the surface; (3) project in map view (with

2-km spacing) the depth points lying on each fault

along the trace of each section; and (4) interpolate all

the points at the same depth to reconstruct the best fit

structure contours.

In this paper, we adopted the same procedure to

reconstruct the 3D geometry of the fault segments

(coloured areas in Fig. 5) activated during the

Colfiorito 1997 sequence. In Fig. 5, the depth-contour

lines of the seismological fault portions activated by

the Colfiorito and L’Aquila aftershocks are both

reported together with the epicentres of the major

events associated with each fault segment. The

average geological fault parameters (strike, dip, rake

and length) of each identified source are summarised

in Table 1, where the average pseudo-focal mecha-

nisms have been calculated. For comparison, we also

reported the average focal mechanisms computed

considering the ML C 3.5 events associated with each

source. We set apart the solutions in the Annifo sector

for which the magnitude threshold was lowered to

ML C 2.4 (Sect. 4.2).

5.1. Colfiorito 1997 Source Geometry

The depth contour lines of the Colfiorito 1997

individual sources (Fig. 5A) were reconstructed

starting from the fault pattern previously outlined

(Fig. 3) and from the eighteen 2-km spaced hypo-

central sections, elaborated by CHIARALUCE et al.

(2003), across the epicentral area. We exploited the

accurate hypocentral determinations (computed for-

mal errors of 70, 85, and 120 m, respectively, in

latitude, longitude, and depth) in this view.

We identified two major well distinguished indi-

vidual sources corresponding to two first-order fault

segments characterised by a right-stepping en echelon

arrangement (Figs. 3A, 5A; Table 1). The northern

source coincides with the SW-dipping Mt. Pennino-

Mt. Prefoglio segment. It extends along the strike for

nearly 18 km and, based on the earthquake distribu-

tion, reaches a depth of 10 km with a planar geometry

and an average dip of *50� (Table 1). The Septem-

ber 26 mainshocks (Mw 6.0 and Mw 5.7) nucleated on

the central part of this fault segment (Figs. 3A, 5A).

The southern source can be subdivided into two

segments: the SW-dipping Cesi-San Martino and the

Mt. Fema faults. The first extends along the strike for

nearly 11 km in the N130� direction and the second

for nearly 8 km in the *N140� direction (Table 1).

The activated depths range from 2 to 7 km for the

Cesi-San Martino segment and from 4 km to 6 km

for the Mt. Fema one.

Our geometric reconstruction, based on the

earthquake depth distribution, suggests that the two
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faults converge at a depth of nearly 4 km (see depth

contour lines in Fig. 5A). The Cesi-S. Martino

segment can be associated with the October 3 and

6, 1997, events (Mw 5.2 and Mw 5.4, respectively)

located at its northern tip and to the October 14 event

(Mw 5.6) located at its southern fault tip, close to the

step-over with the Mt. Fema segment. Conversely,

the October 12 event (Mw 5.2) is possibly located at

the northernmost termination of the Mt. Fema fault.

Whereas the depth distribution of the major

events and of most of the associated seismicity fits

well with the down-dip projection of the SW-dipping

fault segments, a subordinate and localised group of

events defines a narrow subvertical volume. It is

elongated for *8 km along the tight N–S Annifo

extensional basin and confined to a depth shallower

than 4–5 km within the hanging wall of the Cesi

fault. The Annifo seismicity, which culminated with

the October 16 earthquake (ML 4.5), was interpreted

by CHIARALUCE et al. (2004, 2005) as associated with

a N–S oriented left-lateral strike-slip fault reactivat-

ing a preexisting Late Miocene transcurrent fault,

which caused the segmentation and displacement of

the Mt. Pennino–Mt. Prefoglio normal fault. Our

structural and kinematic analysis points to another

interpretation, which is further discussed.

5.2. L’Aquila 2009 Source Geometry

The depth contour lines of the L’Aquila 2009

individual sources (Fig. 5A) were reconstructed by

LAVECCHIA et al. (2012), as previously mentioned,

starting from the hypocentral location provided in

CHIARALUCE et al. (2011a) (formal errors ERH-ERZ

\1 km). The L’Aquila seismic sequence reactivated

four very distinct fault sources differing in their

geometry, size, and degree of involvement (LAVEC-

CHIA et al. 2012) (Figs. 3B, 5B; Table 1). In order of

importance, these sources may be ranked as follows:

(1) the SSW to SW-dipping Paganica-Mt. Stabiata

fault system, activated during the April 6 mainshock

(Mw 6.1) from the surface to a depth of *11 km; (2)

the NE-dipping hidden Ocre source, activated during

the strongest aftershock (April 9, Mw 5.4) at depths

between 11 and 16 km; (3) the WSW-dipping Mt.

Gorzano fault, activated by four relevant aftershocks

(April 6–13, 4.8 B Mw B 5.2) at depths between 6

and 12 km; and (4) the WSW-dipping Montereale

Table 1

Average geological (from field data) and seismological (from earthquake data) parameters of the individual fault segments involved in the

Colfiorito 1997 and L’Aquila 2009 seismic sequences

Average parameters

of individual fault segments

Colfiorito fault system L’Aquila fault system

1

Mt. Pennino-

Mt. Prefoglio

2

Cesi-San

Martino

3

Mt Fema

4

Annifo

5

Mt. Gorzano

6

Montereale

7

Paganica-

Mt. Stabiata

8

Ocre

Geological fault parameters

Strike 136 130 142 194 150 128 123 –

Dip 60 52 56 87 60 59 50 –

Rake -81 -86 -92 177 -81 -91 -97 –

Outcropping length (km) *18 *11 *8 *7 *28 *25 *24 –

Seismological fault parameters

Strikea 136 123 154 185 144 125 136 334

Dipa 51 47 51 83 46 49 61 80

Rakea -80 -91 -82 -9 -95 -100 -106 -76

Activated length (km) *14 *14 *10 *8 *18 North: *7 *25 *15

South: *15

Activated depth range (km) 1–10 2–7 4–6 1–4 6–12 North: 6–9 1–11 11–16

South: 6–10

a The average focal mechanism attitude (Bingham analysis) has been calculated considering M C 3.5 events with the exception of the

solutions in the Annifo sector, for which the magnitude threshold was lowered to M C 2.4 (see text for details). Fault numbers relate to the

seismogenic sources as labelled in Fig. 5. The related kinematic axes are reported in Table 4
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fault system and its continuation into the S-dipping

Mt. San Franco fault, activated at a 6–10 km depth

during a large number of minor events with Mw up to

3.5.

The hypocentre of the April 6 main event is sited

at a depth of *9 km close to the intersection line

between the SW-dipping Paganica fault and the

S-dipping Mt. Stabiata fault (see LAVECCHIA et al.

2012 for more details), suggesting that the fault plane

complexities (in this case, the sharp bend in the fault)

represent favourable sites for earthquake nucleation

(Fig. 3B), as already highlighted in other seismotec-

tonic settings (KING and NÁBĚLEK, 1985 and

references therein).

Most of the authors agree with the activation of

the Paganica and Mt. Gorzano SW-dipping faults as

the primary-seismogenic sources of the April 6 and 9

events, respectively (ATZORI et al. 2009; CHIARABBA

et al. 2009; LAVECCHIA et al. 2011a, b, 2012;

CHIARALUCE et al. 2011a, b). However, the buried

source responsible for the April 7 event (Mw 5.4) is

not clearly interpreted. Based on its aftershock

sequence, the seismogenic plane appears to dip

north-eastward; therefore, some authors suggest the

activation of an extensional structure antithetic to the

Paganica master fault (PINO and DI LUCCIO 2009,

CHIARALUCE et al. 2011a, b; VALOROSO et al. 2013).

Conversely, LAVECCHIA et al. (2012) interpreted the

entire sequence in a more regional framework,

advancing the hypothesis that an east-dipping seism-

ogenic basal detachment, bounding the west-dipping

active faults downward, might have been activated by

the April 7 event.

6. Colfiorito 1997 and L’Aquila 2009 Source

Kinematics

The kinematics of the investigated fault segments

was analysed starting from the focal solutions for the

M C 2.7 events computed in CHIARALUCE et al. (2004)

for the Colfiorito sector and in HERRMANN et al.

(2011) (the latter integrated up to October 2011 with

data available at http://www.eas.slu.edu/eqc/eqcmt.

html) for the L’Aquila one (Fig. 6A, B). To highlight

and schematize the kinematic features of the seismic

sequence, we followed the FROHLICH (1992) classifi-

cation scheme based on the plunge of the T-, B- and

P-axes. The solutions were subdivided into kinematic

categories (thrust, thrust-strike, strike-slip, normal,

normal-strike and unknown) and represented in a

ternary diagram. We also investigated the depth dis-

tribution of the focal solutions with the aim to detect

seismicity clusters, if any, connected to structural

complexities.

6.1. Colfiorito Source Kinematics

The kinematic analysis was based on 162 selected

focal mechanisms with 2.7 B ML B 5.8 in the time

interval September 3–October 28, 1997 (Fig. 6A).

The deformation pattern is not only characterized by

normal fault solutions, as is the case for the

mainshocks (see details on focal mechanisms in

Fig. 2A), but the overall kinematics appears to be of a

mixed type.

Most of the Colfiorito focal mechanisms (78 %)

plotted on the ternary diagram (FROHLICH 1992) show

normal fault and normal oblique solutions (Fig. 6A1).

They include the mainshocks (bold focal mecha-

nisms) and aftershocks with higher magnitudes

(Fig. 6A) clearly related to the main west-dipping

segments of the Colfiorito fault system (BONCIO et al.

2000; CHIARALUCE et al. 2003, 2005). They also show

a prevalent depth distribution between 2 km and

6 km (Fig. 6A2), with a peak concentration at

approximately 3 km.

Less than 6 % of the focal mechanisms are

represented by reverse (red) or reverse oblique fault

mechanisms (yellow); they correspond to events that

are not clustered and do not identify any clear

structure.

A considerable percentage (14 %) of solutions is

represented by strike-slip events (green), which are

spatially concentrated in the Annifo sector (upper

right inset in Fig. 6A) along the N–S striking

seismicity clusters and at depths between 2 km and

4 km (Fig. 6A3).

To investigate further the prevailing kinematics in

this small Annifo sector, we lowered the magnitude

threshold considering a selected subset of 78

ML C 2.4 events located within the boundary of the
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black rectangle delimited in Fig. 6A (approximately

2 km wide and 6 km long). In this area, the frequency

of normal faulting solutions falls to 22 %, whereas

the strike-slip solutions (including transtensive and

transpressive) increases up to a total of 71 %, with a

maximum concentration between 1 km and 4 km

(Fig. 6A3).

The remaining percentage (8 %) of focal solutions

(reverse plus unknown type) also appears to be

scattered in the Annifo sector and not clearly related

to any structural discontinuity.

6.2. L’Aquila Source Kinematics

The focal mechanisms [178 events with

2.7 B Mw B 6.1 in the time interval March 30,

2009–October 30, 2011 (Fig. 6A)] show an absolute

prevalence of normal fault solutions (Fig. 6B, B1) for

both the mainshocks and the aftershocks (see focal

mechanism details in Fig. 2B). They are well repre-

sented (70 % frequency) and related to the activation

of the Paganica, Mt. Gorzano, and Montereale west-

dipping faults (ATZORI et al. 2009; CHIARABBA et al.

Figure 6
Fault plane solutions used for the kinematics analysis of the Colfiorito 1997 and L’Aquila 2009 seismic sequences (from CHIARALUCE et al.

2004; HERMANN et al. 2011, respectively). The upper right lateral inset in A represents the Annifo area with the prevalent strike-slip

kinematics at shallower depths. Different colours refer to the kinematic classification as derived from the FROHLICH (1992) diagram based on

the plunge of the T-P axes (insets A1 in A and B1 in B). Key: NF Normal fault, NS normal-strike fault, SS strike slip, TS thrust-strike fault, TF

thrust fault, UK unknown kinematics. The histograms in the insets A2, A3 and B2 of A and B, respectively, report the frequency of focal

mechanisms (for each kinematic group) versus depth
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2009; LAVECCHIA et al. 2011a, b, 2012; CHIARALUCE

et al. 2011a, b). The normal fault solutions spread

homogeneously between 2 km and 11 km (Fig. 6B2)

with a maximum frequency in the 7–9 km depth

interval. The ternary diagram (Fig. 6B1) also shows

21 % normal-strike solutions. This group of focal

mechanisms includes the April 7, Mw 5.4 mainshock,

which struck the Ocre area, and a few events located

between 13 km and 16 km (Fig. 6B2) that we

associate with an east-dipping extensional detach-

ment in agreement with LAVECCHIA et al. (2012).

On the whole, the normal and normal-strike

solutions represent 91 % of the overall kinematics,

revealing the substantial extensional character of this

sequence.

7. Geological and Seismological Stress Inversion

Independent stress tensor inversions aimed to

study the stress field affecting central Italy since the

Early Quaternary have been applied to the fault-slip

(Figs. 3, 4) and focal mechanism data sets (Fig. 6A,

B) following the procedure proposed in DELVAUX and

SPERNER (2003) (Win-Tensor software, see Sect. 10).

In the inversion technique, we considered four

model parameters: the orientation of the three prin-

cipal axes of the stress ellipsoid (r1, r2, r3) and the

stress ratio U = (r2 - r3)/(r1 - r3). The misfit

function to optimize F5, using striated fault planes

as input data, is built to (1) minimise the slip

deviation (misfit = a) between the observed slip line

and resolved shear stress (30� misfit value is not

expected to be exceeded) and (2) favour higher

shear stress magnitudes |s(i)| and lower normal stress

magnitudes |m(i)| to promote slip on the plane. The

function contains three terms and is implemented in

a way that it ranges from 0 (optimal misfit) to 360

and is independent from the ratio r1/r3. The first

term, which minimises a, is represented by the

function f(i) = sin2(a(i)/2) and is dominant with

respect to the others (for details, see DELVAUX and

SPERNER 2003).

Using seismological data, the input was repre-

sented by both nodal planes for each focal

mechanism. Afterwards, the plane that is best

explained by the stress tensor, in terms of the smallest

misfit function, is considered as the actual fault plane.

After this separation, the final inversion then includes

only the focal planes that are best fitted by a uniform

stress field (GEPHART and FORSYTH 1984; DELVAUX and

BARTH 2010). Conversely, using geological data, the

required input is represented by the observed fault

plane; this option avoids obtaining higher

uncertainties.

In applying the procedure, the data were prelim-

inarily analysed using an improved version of the

Right Dihedron method (ANGELIER and MECHLER

1977) to determine the starting model parameters

(e.g., the reduced stress tensor). The stress tensor

determination is achieved by a 4D grid search

inversion involving several runs. In the first step, the

tensor derived from the kinematic analysis is rotated

around each stress axis within a range of ±45� in

steps of 5� and the full range of R values (0–1) is

checked in steps of 0.25. The parameters that give the

lowest value of the optimization function are used as

the starting point for the next run. The variability

ranges of the rotation angles and the R parameter are

reduced step-by-step up to a range of ±5� and ±0.1�,

respectively.

During the formal inversion, the same weight

value was assigned to each fault (i). In contrast,

inverting the seismological data, an exponential

weight factor (10w(i)) was assigned to the i-th focal

mechanism, with the exponent w(i) depending on the

magnitude: w(i) = wo*M(i)/Mmax. We set wo = 6.5

in the Colfiorito case and wo = 7.5 in the L’Aquila

one. The different choice of wo allows accounting for

the different maximum observed magnitude in the

two data sets (ML = 5.8 and Mw = 6.1 in the Colfi-

orito and L’Aquila cases, respectively).

Uncertainties associated with the four model

parameters (r1, r2, r3, U) are given in terms of 1r
standard deviations. The quality of the results (QRw)

for the geological data (A–E, with A the highest

quality and E the lowest) are referred to the parameter

QR in the World Stress Map project reported in

SPERNER et al. (2003), while the quality evaluation of

the results for the focal mechanism solutions (QRfm)

is referred to the updated ranking system of the

World Stress Map released in 2008 (HEIDBACH et al.

2010). The results are shown in Fig. 7 and summa-

rized in Table 2.
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7.1. Geological Stress Inversion

In the Colfiorito area, we separately inverted the

fault-slip data belonging to the west-dipping exten-

sional fault system and those surveyed along the

Annifo strike-slip fault. In fact, as discussed in

Sect. 3.1, the latter nucleated during the Mio-Pliocene

compressional phases affecting the Apennine belt.

Therefore, it must be excluded from the Quaternary

stress field computation. We use a total number (nt) of

91 slickensided fault planes to calculate the geological

stress tensor from the west-dipping Colfiorito fault

system (Fig. 7A and Table 2). The results are

consistent with a normal fault regime with

r3 = 048/05 ± 18.7 and U = 0.1 ± 0.1. As shown

in Fig. 7A, the quality rank of this inversion is

QRw = A. Only 11 % of data have been rejected

since they were not coherent with the computed stress

tensor.

However, the slip data collected along the Annifo

fault (nt = 18, Fig. 7A1; Table 2) are consistent with

a strike-slip fault regime. The resulting stress tensor,

in fact, shows a sub-vertical intermediate stress axis

(r2 = 035/83 ± 18.7) and a shape factor

U = 0.82 ± 0.35. As we expected, the stress tensor

attitude is consistent with the Mio-Plio compressional

regime characterized by a NE–SW trending principal

compression axis. The inversion results of B quality

rank are due to the number of input data (see SPERNER

et al. 2003).

The inversion of the slickensided fault planes

(nt = 81) in the L’Aquila sector gives, as in the

Colfiorito case, a geological stress tensor revealing

a normal fault regime with r3 = 030/05 ± 12.4

and U = 0.1 ± 0.08. Most of the data are consis-

tent with the computed stress tensor and only 6 %

of the total data set was rejected. The quality rank

of these inversion results is QRw = A (Fig. 7B;

Table 2).

7.2. Seismological Stress Inversion

When we inverted the seismological data sets, we

only considered focal mechanisms of events with

M C 3.5 (epicentres in Fig. 3) to favour the kine-

matics of the largest magnitudes earthquakes and,

consequently, the major seismogenic sources.

Regarding the Annifo sector, we followed the

same criteria used in the kinematic analysis. We

lowered the magnitude threshold (ML C 2.4) consid-

ering all the events falling in the black inset of Figs. 3

and 6, because it includes less energetic events (75

events with 2.4 B ML B 3.7) with only one ML 4.5

event (on October 16). Moreover, we did not include

the September 26 mainshock (ML 5.6) and the

September 3 foreshock (ML 4.4), which are clearly

related to the underlying Mt. Pennino-Mt. Prefoglio

seismogenic source (Sect. 5.1), in the Annifo subset.

The Colfiorito seismological stress tensor

(Fig. 7C; Table 2), obtained from inverting 36 focal

mechanisms (nt = 72 nodal planes), shows a normal

fault regime with r3 = 053/10 ± 20.9. The shape

factor is U = 0.21 ± 0.22 and the rank quality is

QRfm = A.

The inversion of the Annifo focal solution subset

(nt = 154, Fig. 7C1) highlights a tensor coherent with

strike-slip kinematics. The inverted nt = 56 focal mech-

anisms are, in fact, consistent with a subvertical

intermediate axis (r2 = 099/81 ± 15.2) and a subhori-

zontal minimum stress (r3 = 226/05 ± 13.7), and

U = 0.58 ± 0.33. Furthermore, the 21 focal mecha-

nisms rejected from the inversion procedure (37 %) were

tentatively inverted to detect minor components of the

stress tensor. However, the new computation revealed

only eight mutually compatible focal mechanisms; this

resulted in an unreliable stress tensor attitude.

The inversion of the L’Aquila seismological data

set (58 focal mechanisms, nt = 116 nodal planes)

shows a stress tensor (Fig. 7D; Table 2) with

r3 = 048/02 ± 17.5, which is nearly coaxial with

the one derived from the inversion of the Colfiorito

focal mechanisms (r3 = 053/10 ± 20.9 in Fig. 7C).

The shape factor is U = 0.56 ± 35 and the rank

quality is QRfm = A.

7.3. Mechanical Analysis of Faulting

To investigate the activation of preexisting dis-

continuities, we analysed the distribution of the shear

stress (T) versus normal stress (N) magnitudes

required to produce slip on the analysed faults

(variously oriented with respect to the computed

stress tensor attitude) on a Mohr diagram. An initial

friction angle of 16.7� (BYERLEE 1978) was assumed
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and the analysis was performed for the Colfiorito,

Annifo, and L’Aquila geological and seismological

data sets (Fig. 7 lower panels). We observe that in all

the geological cases (Fig. 7AM, A1M, BM), most of

the data intersect the largest Mohr circle (r1 - r3),

suggesting the activation of neo-formed fault planes.

Conversely, the Mohr diagrams reconstructed for

the focal mechanism data sets (Fig. 7CM, C1M, DM)

show a number of the selected preferential planes

falling between the largest Mohr circle (r1 - r3) and

the limiting friction line. This configuration, which

reveals the reactivation of preexistent structures, is

particularly evident for the Annifo data set

(Fig. 7C1M), where the reactivation of an inherited

strike-slip fault gave rise to a high percentage of strike-

slip focal mechanisms (see upper right inset in Fig. 6A)

with sinistral kinematics on N–S oriented planes.

Concerning the L’Aquila data set (Fig. 7D), note

that some points falling between the initial friction line

and the largest Mohr circle (r1 - r3) correspond to

events localized on the along-strike or along-dip

termination lines of the Paganica-Mt. Stabiata, Mont-

ereale and Mt. Gorzano sources (yellow circle on the

Mohr diagram on Fig. 7DM and yellow bold epicen-

tres in Fig. 5B), or where the main NW–SE trending

fault segments intersect the minor E–W-oriented ones.

This peculiar behaviour most likely means that the

fault portions characterized by structural complexities

could represent loci where the stress was focused. We

did not observe the same evident behaviour in the Mohr

diagram of the Colfiorito subset.

Finally, we exploited the Win-Tensor capability to

select the preferential seismogenic plane (i.e., the

plane that is best explained by the stress tensor and

corresponds to the smaller value of F5) for the focal

mechanisms. We note that a coherence is observable

between the selected planes and the attitude of the

seismogenic sources responsible for the most energetic

shocks (ML [ 5.0), as constrained by independent

geological and seismological interpretations (see

Sects. 3 and 4 for details). In fact, in the Colfiorito

sector, the preferential seismogenic planes are south

west-dipping and NW–SE oriented. Instead, the

Table 2

Stress inversion parameters r1, r2, r3 (trend/plunge) and U as computed in the inversion procedure of the geological (A, A1, and B) and

seismological (C, C1, and D) data sets

Subset No. of data

(inverted/total)

r1 ±1r r2 ±1r r3 ±1r U (r2 - r3)/(r1 - r3) ±1r QR

A—Colfiorito fault system (G) 81/91 193/84 17.8 318/04 19.2 048/05 18.7 0.1 0.1 A

A1—Annifo pre-existing fault (G) 17/18 232/07 21.2 035/83 18.7 142/02 15.2 0.82 0.35 B

B—L’Aquila fault system (G) 78/81 236/84 16.2 120/03 13.3 030/05 12.4 0.1 0.08 A

C—Colfiorito fault system (S) 25/72 210/79 22 322/04 14.4 053/10 20.9 0.21 0.22 A

C1—Annifo re-activated fault (S) 56/154 317/07 10.8 099/81 15.2 226/05 13.7 0.58 0.33 A

D—L’Aquila fault system (S) 56/116 292/85 17.9 139/04 12.7 048/02 17.5 0.56 0.35 A

The uncertainties (±1r) associated with the four model parameters and the quality of the results (QR) are also reported (see text for details)

G Geological data, S seismological data

Figure 7
Stress inversion results for the geological (insets A, A1, B) and

seismological (insets C, C1, D) data collected for the two study

areas of Colfiorito and L’Aquila (black and red insets in Fig. 3). On

the lower hemisphere Schmidt nets, the tangent lineations of the

fault planes and the selected focal planes are reported; the dark and

pink arrows indicate the measured slip directions and resolved

shears, respectively. The attitudes of r1, r2, r3 are represented by

red circles, triangles and squares, respectively. The related

maximum and minimum horizontal stress orientations are repre-

sented by large arrows outside the stereogram. Their type, length,

and colour symbolise the horizontal deviatoric stress magnitude

and are a function of the stress regime and the stress ratio

U = (r2 - r3)/(r1 - r3). Key: blue arrows when r3 is subhori-

zontal; green arrows when r2 is subhorizontal; red arrows when r1

is subhorizontal. Outward arrows indicate extensional deviatoric

stress, and inward arrows indicate compressional deviatoric stress.

On the small upper left nets, the lower hemisphere projections of

the best-fitting principal stress axes (r1, r2, r3) and their 95 %

confidence area (1r) are reported. The histograms on the lower left

corner of the nets represent the distribution of the misfit angle a
versus the number of data. In the lower panels of each data set

(insets AM, A1M, BM, CM, C1M, DM), the shear stress (T) versus

the normal stress (N) magnitude distributions are represented on

the respective Mohr diagrams; straight lines represent the initial

friction line (friction angle = 16.7�). Yellow dots in the inset DM

represent fault planes reactivated during the L’Aquila 2009 seismic

sequence (see details in the text)

b
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selected planes in the L’Aquila sector dip westwards in

the case of the Paganica and Mt. Gorzano mainshocks

(April 6, Mw 6.1, and April 9, Mw 5.2, events) and

eastwards in the case of the hidden Ocre source (April

7, Mw 5.4); this result possibly gives further constraints

to the seismotectonic interpretation proposed in

LAVECCHIA et al. (2012). The selected preferential

planes and the respective computed parameters are

summarized in Table 3.

8. Summary of Results and Discussion

The structural-kinematic analysis and the stress

inversion of the Colfiorito 1997 and L’Aquila 2009

seismic sequences performed in this paper are based

on the integrated analyses of a large data set of focal

mechanisms (CHIARALUCE et al. 2004; HERRMANN

et al. 2011) and fault slip data, most of the latter

acquired along major active faults (Figs. 4, 5). In our

opinion, the main results, having been derived from

independent data, provide additional and more robust

constraints to central Italy’s local and regional active

stress tensor and deformation field. These results are

summarized in the following sections.

8.1. Structural Style

The Quaternary faults outcropping in the two

study areas highlight an extensional system domi-

nated by individual SW-dipping fault alignments

(Figs. 1, 3), prevailingly arranged in a right-lateral en

Table 3

Nodal planes of the major events (ML [ 5.0) of the Colfiorito 1997 and L’Aquila 2009 seismic sequences and kinematic attitude

Colfiorito 1997 major events (ML>5.0)

N Date ML
Plane

dip dir/dip (°)
Line 

T/P (°)
Shear 
T/P (°)

P
T/P (°)

B
T/P (°)

T
T/P (°)

1a 97/09/26 5.8 234/42 221/41 227/42 165/82 317/07 047/04

1b “” “” 041/49 054/48 050/49

2a 97/09/26 5.6 242/46 232/46 229/45 136/89 327/05 237/01

2b “” “” 052/77 062/44 060/44
3a 97/10/06 5.4 260/40 247/39 238/38 203/81 342/06 073/06
3b 067/51 080/50 073/51

4a 97/10/12 5.1 244/51 231/50 228/50 108/81 329/06 238/06

4b “” “” 051/40 064/39 060/40

5a 97/10/14 5.5 212/38 225/37 219/38 260/79 130/06 039/38

5b “” “” 045/53 032/52 054/53

L’Aquila 2009 major events (ML>5.0)

N Date ML
Plane

dip dir/dip (°)
Line 

T/P (°)
Shear 
T/P (°)

P
T/P (°)

B
T/P (°)

T
T/P (°)

1a 09/04/06 5.9 225/55 234/55 236/54 025/80 138/04 229/10

1b “” “” 054/35 045/35 046/35

2a 09/04/07 5.4 070/70 011/54 012/55 288/54 149/28 048/19

2b “” “” 191/36 250/20 224/31

3a 09/04/09 5.1 235/40 235/40 232/40 235/85 055/05 325/00

3b “” “” 055/50 055/50 043/49

The preferential (grey rows) and auxiliary seismogenic planes, as selected by the inversion procedure, are highlighted. Keys: Line

(T/P) = observed shear (rake) from focal mechanism (Trend/Plunge); shear (T/P) = calculated shear from stress inversion (Trend/Plunge);

P, B, T = kinematic axes trends (T) and plunges (P) of each focal mechanism. Fault numbers relate to the seismogenic sources as labelled in

Fig. 5
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echelon pattern of individual fault segments. Specif-

ically, the Mt. Pennino-Mt. Prefoglio, Cesi-San

Martino and Mt. Fema faults outcrop across the

Colfiorito epicentral area for a total length of

*35 km (Figs. 2A, 3), whereas the Mt. Gorzano,

Montereale and Mt. Stabiata-Paganica faults extend

for a total length of *50 km (Figs. 2B, 3). The

geometry and segmentation pattern are typical of

Quaternary normal and normal-oblique faults from

the northern-central Apennines (GALADINI and GALLI

2000; LAVECCHIA et al. 2002; BONCIO et al. 2000,

2004; BROZZETTI et al. 2009).

8.2. Active Fault Kinematics

The kinematics of the Quaternary fault system

constrained by the geological-structural data dis-

cussed in the text (nearly 250 of the fault-slip data,

Fig. 4) is extensional, characterized by normal and

normal-oblique faults (Figs. 3, 4). In fact, the strike-

slip deformation surveyed along the N–S Annifo

sector shows a right-lateral sense of shear, compatible

with the preexisting late-Miocene compressional

regime. At all scales, the surface deformation pattern

is purely extensional and does not fit with the strike-

slip model proposed by previous investigators (CELLO

et al. 1997; ELTER et al. 2012; D’AMICO et al. 2013).

8.3. Earthquake Kinematics

The kinematics of the seismogenic deformation,

as inferred from the focal mechanism analysis (340

fault plane solutions for M C 2.7 events), is almost

purely extensional in the L’Aquila area, whereas it is

slightly more complex in the Colfiorito one (Fig. 6).

Nearly 90 % of the L’Aquila events show normal and

normal oblique solutions (Fig. 6B2). Conversely, in

the Colfiorito area, although the extensional compo-

nent prevails (78 %), the strike-slip one cannot be

neglected (14 % of the data in Fig. 6A2). However,

the spatial distribution of the strike-slip focal mech-

anisms suggests that this component has no regional

tectonic meaning because it is not homogeneously

spread over the entire epicentral area, but it is

concentrated in the narrow Annifo strike-slip zone

(see the zoom in the upper right inset in Fig. 6A).

Here, a preexisting N–S right-lateral structure

inherited from the Mio-Pliocene compressional phase

was reactivated at shallow depths. Differently from

other interpretations (CHIARALUCE et al. 2005; CARAFA

and BARBA 2011), we observe that the strike-slip

faulting did not play a relevant role in segmenting the

Colfiorito seismogenic sources, and the Annifo fault

cannot play the role of a deep-seated strike-slip fault

both for the shallow signature of the associated

seismicity and its limited extent. As a further support

for these arguments, we stress that the Annifo fault

zone only released low energetic events (ML up to 3.7

in the time interval September 29–October 28), with

only one earthquake having ML = 4.5 (October 26,

1997).

8.4. Stress Field

The geological and seismological stress tensors

computed for the L’Aquila and Colfiorito areas

(Fig. 7; Table 2) are nearly coaxial with subhorizon-

tal NE–SW directed r3-axes. The same r3-axis

attitude is observed even in the case of the Annifo

strike-slip seismological data set. After all, permuta-

tions of stress axes commonly occur (ANGELIER 1989),

with the most frequent switch, in extensional tecton-

ics, being r1/r2. This statement fits well with remarks

on the Annifo sector.

The computed tensors are similar and differ only

in the stress ratio values U obtained by inverting the

L’Aquila focal mechanisms (Fig. 7; Table 2). In fact,

they have low values (U = 0.1) and are representa-

tive of radial extension, as defined in DELVAUX et al.

(1995). Regarding the L’Aquila and Annifo seismo-

logical inversions (Fig. 7D, C1), the U values are

higher and indicative of pure extensional (U = 0.56)

and strike-slip (U = 0.58) regimes, respectively. We

consider that the low stress ratio observed for the

Colfiorito and L’Aquila geological data might suffer

from the influence of a relatively wide time window

of tectonic activity (at least the entire Quaternary).

Instead, the kinematic heterogeneity of the focal

mechanism data set (Fig. 6, insets A1, A2) could be

the answer for the low stress ratio values obtained in

the Colfiorito seismological case. On the other hand,

the higher values characterizing the L’Aquila exten-

sional sequence might reflect its evident kinematic

homogeneity (Fig. 6, insets B1, B2). Finally, the high
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stress ratio values characterizing the strike-slip

deformation of the Annifo source might be related

to a deformation context that, in this case, is more

confined in time and space. We would like to remark,

however, that worldwide and in different tectonic

settings, low stress ratio values are more common

than high ones (ANGELIER 1984).

8.5. Preferential Seismic Planes

The stress inversion procedure has also allowed us

to further constrain the preferential seismic plane of

the most energetic events of the two sequences

(ML [ 5.0). The obtained results (Table 3) ensue

from the independent choices performed by the

inversion procedure based exclusively on geometric

and mechanical criteria. The stress inversion param-

eters highlight that the southwest-dipping seismic

normal fault planes for all major 1997 Colfiorito

events (Fig. 2A) are the preferential ones. These

results are in agreement with previous studies

following different approaches (BONCIO and LAVEC-

CHIA 2000b; CHIARALUCE et al. 2004, 2005).

In addition, the southwest-dipping seismic normal

fault planes are the selected ones for two of the major

events of the L’Aquila 2009 sequence (Fig. 2B),

which is in agreement with most of the literature. On

the contrary, the selected source of the April 7, 2009

event (Fig. 2B) coincides with an east-dipping seism-

ogenic fault plane, supporting the same results

Figure 8
Summary of the kinematic and stress analysis and proposed seismotectonic interpretation for the Colfiorito 1997 (A) and L’Aquila 2009

(B) sectors with schematic seismogenic sources, depth-contour lines and associated average solutions computed from geological (blue pseudo-

focal mechanism) and M C 3.5 earthquake (red beach ball) data. Bold black line, in the beach balls, represents the preferential seismic plane

as computed by stress inversion procedure. Individual source key: 1 Mt. Pennino-Mt. Prefoglio, 2 Cesi-S. Martino, 3 Mt. Fema, 4 Annifo, 5

Mt. Gorzano, 6 Montereale-S. Franco, 7 Paganica-Mt. Stabiata, 8 hidden Ocre. Stars are the epicentres of the ML C 5.0 events. Insets A1 and

B1: lower hemisphere projections of the geological (G-blue) and seismological (S-red) T-axes, computed on the whole data sets pertaining the

two sectors, and of the least principal stress axes (r3) coming from this study with related confidence areas. Green colour relates to the Annifo

strike-slip source. The average Shmax direction from CARAFA and BARBA (2013) (orange circle) and the average principal strain rate axis from

DEVOTI et al. (2011) (grey circle) are also reported
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provided by PINO and DI LUCCIO (2009), CHIARALUCE

et al. (2011a, b), LAVECCHIA et al. (2012) and

VALOROSO et al. (2013).

Moreover, the distribution of the shear stress

(T) versus the normal stress (N) magnitudes required

to produce slip on the analysed faults (Mohr circles in

Fig. 7, lower panels) also suggests a possible distinc-

tion between neo-formed and reactivated fractures.

The first was generated under the Quaternary exten-

sional stress field, as was the case in the Colfiorito

(Fig. 7AM) and L’Aquila fault systems (Fig. 7BM);

the second possibly reactivated preexisting contrac-

tional strike-slip faults, as in the Annifo case

(Fig. 7C1M).

8.6. Comparison Between Geological

and Seismological Deformation

The kinematic and stress analysis (Figs. 6, 7)

performed in the Colfiorito and L’Aquila areas gives

us a chance to compare the attitude of the long-term

(e.g., Quaternary) and the present-day seismogenic

deformations in central Italy. To this end, we

represent in Fig. 8A, B the average focal solutions

computed starting from fault-slip (blue pseudo-focal

mechanisms) and earthquakes (red beach ball) asso-

ciated with the individual sources and discussed in

the previous sections. We highlight the preferential

seismic plane as computed by stress inversion

procedure (bold black line in Fig. 8; Table 3). We

also project the attitudes of the geological (G) and

seismological (S) T-axes averaged over the whole

data sets (Bingham statistics, BINGHAM 1974—all

kinematic axes are reported in Table 4) and of the

least-principal stress computed in this study (lower

hemisphere Schmidt nets in Fig. 8A1, B1).

In both the Colfiorito and L’Aquila cases, a

prevailing pure extensional regime is evident. A

substantial parallelism among the T-axes and r3,

all subhorizontal, and NE–SW trending, can also

be noted. Seismological and geological data can-

not be directly compared in the Annifo case since

the geological pseudo-focal mechanisms (grey

beach ball) do not refer to the Quaternary

kinematics but rather to the Late Miocene com-

pressional phase (see Sects. 3.1 and 5.1).

Nevertheless, the NE–SW trends of the seismo-

logical T-axes highlight a likely reactivation of

this fault segment during the 1997 seismic

sequence with inverted kinematics. A slight

strike-slip component was also obtained in the

case of the Paganica-Mt. Stabiata (7) and, partic-

ularly, of the Ocre hidden (8) sources. This

kinematics, however, does not affect the exten-

sional direction, which remained subhorizontal and

NE–SW trending when considering the whole data

sets (Fig. 8B1).

Finally, we note that all our results are coherent

with the regional deformational field in central Italy

as inferred from the average principal strain rate axis

from DEVOTI et al. (2011) and when considering the

Shmax directions reported in CARAFA and BARBA

(2013).

9. Conclusions

The integrated structural-seismological approach

followed in this study allowed us to analyse the active

geometry, kinematics, and stress field tensor in two

areas of the central Apennines that recently

Table 4

Seismological (S) and Geological (G) kinematic axes (P, B, T) of

each fault segment from the L’Aquila and Colfiorito fault systems,

as derived from the average focal solutions given in Fig. 8

(Bingham statistics) and from the computation of an average

pseudo-focal mechanism from the fault-slip data

Seismogenic sources P T/P (�) B T/P (�) T T/P (�)

Cofiorito fault system

1 Mt. Pennino-Mt.Prefoglio-S 96/81 310/08 219/05

Mt. Pennino-Mt. Prefoglio-G 69/74 312/08 220/14

2 Cesi-S.Martino-S 06/87 124/01 214/02

Cesi-S.Martino-G 57/82 309/02 219/08

3 Mt. Fema-S 106/82 329/06 238/06

Mt. Fema-G 53/82 320/00 230/09

4 Annifo-S 141/12 328/78 231/01

L’Aquila fault system

5 Mt. Gorzano-S 331/86 148/04 238/00

Mt. Gorzano-G 79/69 330/07 237/20

6 Montereale-Mt. S. Franco-S 337/82 131/08 222/04

Montereale-Mt. S. Franco-G 40/76 134/01 224/14

7 Paganica- Mt. Stabiata-S 11/70 144/14 238/14

Paganica- Mt. Stabiata-G 21/72 122/04 213/18

8 Ocre-S 277/46 148/32 39/27

Fault numbers relate to the seismogenic sources as labelled in

Fig. 5. Keys: (T/P) = trend/plunge
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underwent relevant instrumental earthquakes (e.g.,

the Colfiorito 1997 and L’Aquila 2009 events). A

comparison of the stress tensors from focal mecha-

nisms and field data had already been reported in the

literature for the Norcia and Colfiorito areas (BROZ-

ZETTI and LAVECCHIA 1994; BONCIO and LAVECCHIA

2000a; CELLO et al. 1997) but not for the L’Aquila

area. In addition, a coherent overview of the stress

field orientation over the region, which is also based

on a relevant number of field data and on the careful

geometric analysis of the earthquake fault associa-

tion, represents, in our opinion, an original

contribution of this paper.

The two seismic sequences and the associated fault

systems, extending for a total length of nearly 120 km

in the NW–SE direction, cover a large area of the

central Apennines and, therefore, may be considered

representative of the Quaternary and active deforma-

tion field at a regional scale. Although some authors

(ELTER et al. 2012; CARAFA and BARBA 2011; D’AMICO

et al. 2013), also in line with part of the previous

literature (CELLO et al. 1997), advanced a hypothesis

of the important role of strike-slip tectonics at the

regional scale, our results point to a completely dif-

ferent scenario, showing the persistence of a constant

SW–NE trending tensional stress regime in the Um-

bria-Marche-Abruzzi region, at least since the Early

Quaternary. This evidently does not exclude the pos-

sibility of very local and minor reactivations of

preexisting faults with strike-slip kinematics.

10. Data and Resources

Kinematic analysis was performed using the

FaultKin software by R. ALLMENDIGER (2011) avail-

able at http://www.geo.cornell.edu/geology/faculty/

RWA/programs/faultkin-5-beta.html.

Some figures were created using the GMT pack-

age by P. WESSEL and W.H.F. SMITH, available at

http://gmt.soest.hawaii.edu/.

Some focal mechanisms cited in Fig. 1 are from

Harvard CMT database at http://www.globalcmt.org/

CMTsearch.html.

Win-Tensor, Vers. 4.0 by D. DELVAUX (2011) is

available at http://www.damiendelvaux.be/Tensor/

WinTensor/win-tensor.html.
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de recherche des contraintes principales également utilisable en
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