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Abstract. Thanks to the installation of a temporary seismic 1 Introduction

network, a microseismicity study has been conducted in the

Sulmona area (Abruzzo, Italy) with the aim of increasing the A small, temporary seismometric network was deployed in
knowledge of seismogenic potential of existing active faults.the Sulmona area (central Italy, Fig. 1) during the seismic se-
In this work the first 7 months (from 27 May to 31 December quence which followed the devastating L'Aquila 2009 earth-
2009) of recorded data have been analysed over a total periggake (6 April, My = 6.3; Chiaraluce et al., 2011; Lavecchia

of acquisition of about 30 months. Using a semi-automaticet al., 2012) with the aim of increasing the knowledge of the
procedure, more than 800 local earthquakes have been d&eismogenic potential of existing active faults. This network
tected, which highlights the previously unknown backgroundbegan operation on 27 May 2009 and continued till its end in
seismicity. About 70 % of these events have been relocated2 November 2011.

using a 1-D velocity model estimated specifically for the Sul-  In the study area, some active faults are deemed capable of
mona area. The integration of temporary network data withgenerating impending strong earthquakes by seismotectonic
all the other data available in the region enables us to obtai@nd seismic hazard studies (e.g. Boncio et al., 2004; Pace
a statistically more robust data set of earthquake locationset al., 2006; Peruzza et al., 2011; De Natale et al., 2011).
Both the final hypocentral solutions and phase pickings ard\evertheless, during the last decades, the area has been al-
released as a supplement; an appendix also describes pha®@st completely aseismic, with only very minor and sporadic
readings’ quality with respect to weighting schemes used byevents (in a 20 km distance from Sulmona~= 3.7 in Octo-
location algorithms. Local magnitude values of the newly de-ber 1992, from the CSI database (Castello et al., 2006), and
tected events range betweed.5 and 3.7 and the complete- M = 3.8 in March 2009, from the ISIDE database (ISIDE
ness magnitude for the Sulmona area during the study periodVorking Group, 2010)). Low seismicity rates have also been
is about 1.1. Duration magnitude coefficients have been esfound by the experiment performed through a temporary
timated as well for comparison/integration purposes. The lo-Seismic network by Bagh et al. (2007). So the main goal of
cal Gutenberg—Richter relationship, estimated from the mi-our temporary seismic survey was to highlight the occurrence
croseismic data, features a Idwalue, tentatively suggest- Of microseismicity not located by the Centralized National
ing that the Sulmona area may be currently undergoing highSeismic Network (RSNC) and the Abruzzo Seismic Network
stress conditions, in agreement with other recent studies. ThERSA) during the post-seismic phase of the 2009 earthquake,
time—space distribution of the seismic activity with respect toand to recognize, if any, the space-time evolution of brittle
the known active faults as well the seismogenic layer thick-deformations on the major faults of the area.

ness are preliminarily investigated.
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Fig. 1. Station locations and epicentral distribution of seismic events recorded by the INGV National Seismic Network (RESNSide.
rm.ingv.it/iside/standard/index.jsjn the Sulmona area (Abruzzo region) during the period 27 May—31 December 2009. The black stars
indicate the epicentres of the strongest events located in this study; these are listed in the legend, from north to south. SU stations are labellet
by pluses; crosses show the two permanent stations of the RSNC acquired in continuous recording mode and treated offline as data exchang
Selected permanent stations of the RNSC and of the Abruzzo Regional Seismic Network (RSA; see De Luca, 2011) were used in this study
and are marked by blue and yellow triangles, respectively. The red numbers correspond to fault systems cited in the text.

Reliability and accuracy in earthquake location are top-national and regional permanent networks (globally, 76 sta-
ics often neglected by earthquake catalogues; they are evetions spread over an area of about 54 008k final data
less properly addressed when data sets come from tempaet of nearly 7000 phase readings and of about 800 located
rary monitoring and earthquake distribution is used to sup-earthquakes was obtained.
port geological and structural interpretations. As discussed This paper has two main goals: (1) to quantify the preci-
by Lee and Stewart (1981), locating local events accuratelysion of phase readings and the accuracy of the locations, by
requires considerable efforts: good station coordinates, reaexploring crustal velocity models and location algorithms, in
sonable crustal structure models and reliaBland S read-  order to release an original data set of small magnitude earth-
ings are necessary but not sufficient conditions, as earthquakguakes for the Sulmona area (provided as a supplement); and
location is a non-linear problem, and no “fool-proof” method (2) to estimate the completeness magnitude threshold and a
exists if input data are not sufficient to constrain the problemreliable Gutenberg—Richter characterization of background
(Husen and Hardebeck, 2010). seismicity of the study area, useful for seismic hazard pur-

In this study, we analyse the first seven months of our seisposes. Preliminary considerations on the seismogenic layer
mic recordings (e.g. from 27 May to 31 December 2009).thickness and on the geometric links with the active faults
Data were acquired in continuous recording mode and propattern, based on the space—time distribution of microseis-
cessed offline by an offline semi-automatic procedure. In admicity, are also advanced.
dition, they required ad hoc manual elaborations, as small After presenting the temporary network in the tectonic
local earthquakes were blurred in the ongoing intense acframework of the Sulmona Basin and surrounding areas
tivity of the L'Aquila seismic sequence, and the noise level (Sect. 2), we show how we built our arrival times data set and
at temporary sites was high in some cases. Details on thassessed its reliability in terms of uncertainty (Sect. 3). Then
detection/recognition procedures and data preprocessing ame describe the procedure adopted for computing the local
given in de Nardis et al. (2011). By integrating the data velocity model (Sect. 4), which is afterwards used in locat-
recorded by our temporary network with those retrieved froming the recorded microseismicity (Sect. 5). Next, we focus on
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magnitude estimates, together with the completeness threshilestructive earthquakes, which occurred in the second cen-
old and Gutenberg—Richter parameters (Sect. 6). Finally, weury AD (M,, =6.6; Ceccaroni et al., 2009), in Novem-
discuss our results (Sect. 7). ber 1706 (max=X/XI MCS My, =6.8) and in Septem-
ber 1933 (max=IX MCS, My, =5.97) (Rovida et al., 2011;
Guidoboni et al., 2007).
2 The Sulmona temporary seismic survey in the The OGS-GeosisLab temporary network, hereinafter re-
seismotectonic context ferred to as STN (Sulmona temporary network), consists of
six mobile stations (SU network code in OASIS (Working
On 27 May 2009 OGS (Istituto Nazionale di OceanografiaGroup OASIS, 2011), the OGS Archive System of Instru-
e di Geofisica Sperimentale) and GeosisLab (Laboratorio dmental Seismology, in the section “Sites”). These stations
Geodinamica e Sismogenesi, Chieti-Pescara University) inare integrated by two permanent ones (INTR and LPEL,
stalled a temporary seismometric network around the SulHV network code iniside.rm.ingv.it/iside/standard/result.jsp?
mona Basin (Fig. 1). This sector of the central Apennines isrst=1&page=STATIONSIlast access: 22 February 2012) be-
adjacent to the area extensively covered by temporary stadonging to the RSNC, which is managed by the INGV (lsti-
tions after the,, = 6.3 L'Aquila earthquake (see, for exam- tuto Nazionale di Geofisica e Vulcanologia), for which con-
ple, Margheriti et al., 2011). tinuous recordings were given as data exchange (see Table 1).
The Sulmona Plain is one of the intermountain basinsThe stations were located on both the hanging wall and the
of the Abruzzo Apennines, east of the best-known Fucinofootwall of the Mt Morrone and Mt Porrara faults, with an
Basin (Fig. 1). It is filled by lacustrine continental deposits inter-station distance of about 10km (Fig. 1). Acquisition
of Pleistocene—Holocene age and it is bounded eastward byas set in continuous recording mode, and the collected data
the Morrone normal fault system. This system is characterwere managed at the OGS by the Antelope system (BRTT,
ized by two SW-dipping sub-parallel segments extending for2004). The network had been operating for 30 months when
nearly 20 km along strike (Gori et al., 2011); the westernmostthe removal of all the mobile stations occurred on 22 Novem-
one shows a huge fault scarp at the contact between the caber 2011. Some STN stations were moved during the mon-
bonate bedrocks and slope deposits. It dislocates late Pleigtoring for logistical reasons as well as in order to improve
tocene (related to the Last Glacial Maximum) alluvial fan their performance. A full description of the sites, the equip-
and slope deposits, and therefore is considered active (Gornent and their functioning period is available at the OASIS
etal., 2011). Southeastward of this, the Morrone fault systenwebsite.
continues in the SSW-dipping Porrara normal fault, which
runs about 18 km in the NNW-SSE direction.
Other active extensional structures outcrop on the out3 \Waveform data processing and data set of
skirts of the temporary network (Boncio et al., 2004; Galli arrival times
et al., 2008; Lavecchia et al., 2012). They are the Paganica,
the Middle Aterno Valley and the Conca Subaequana faultsThe STN seismological survey provided a huge amount of
(no. 1, 2 and 3, respectively in Fig. 1), the Cinque Miglia continuous seismic recording data (190 MBd&y How-
Fault (no. 4 in Fig. 1), the Fucino Fault (no. 5 in Fig. 1) ever, the advantage of having a complete data set runs into
and its southward continuation into the Marsicano and Bar-the drawback of needing an effective strategy in order to dis-
rea faults (no. 6 and 7 in Fig. 1, respectively). Eastward oftinguish weak seismic signals from noise. Here we analyse
the Morrone-Porrara system, an impressive SW-dipping noronly the data acquired during the first seven months as they
mal fault outcrops, known as the “Caramanico Valley fault” required peculiar data treatment due to the ongoing L'Aquila
(no. 8in Fig. 1). The Quaternary activity of such a structure, sequence, including manual operations hereinafter described.
which bounds the Maiella Massif to the west, is still contro- |n this section we also refer to a preliminary location, which
versial in the literature (Ghisetti and Vezzani, 2002; Galadinirepresents an essential step of our work. Indeed it allowed
and Messina, 2004, Elter et al., 2012). for the integration of our data with those from other exist-
Since early times in instrumental seismometry, there havéng networks, thanks to the origin times, and the selection
been only a few recorded activations in the region: the Fu-of good-quality events through which we refine the velocity
cino Fault was activated by the 1915 Avezzano earthquakenodel.
(M =T7), the Paganica Fault by the 2009 L'Aquila earth-
quake (4, =6.3) and the Barrea Fault by the 1984 Val 3.1 Earthquake detection and preliminary location
di Sangro earthquakeMy, =5.4). No relevant instrumen-
tal earthquake is associated with the Morrone-Porrara alignThe first step of this study is to recognize all the local seis-
ment, which up to now has been only characterized by verymicity, down to the weakest events, from the STN waveform
minor instrumental activity (Castello et al., 2006; ISIDE data. In the period analysed in this experiment, the micro-
Working Group, 2010; Bagh et al., 2007). Conversely, in seismicity detection was hampered by the ongoing L'Aquila
historical times, the Sulmona Plain was the site of threeseismic sequence, which started some months before the
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Table 1. Main characteristics of the Sulmona Temporary Network: data taken from the OGS and INGV sites’ archives. SLA is the identifi-

cation code of relocated SLO stations.

Station Code/  Municipality Lon Lat Elevation Date Sensor/

Network (PROVINCE) (DD) (DD) (ma.s.l) ON/OFF Data Logger

SLO1/ Goriano Sicoli 13.7827 42.0835 769 27-05-09/ Lennartz-3Dlite/

SuU (LAQUILA) 24-03-10 RefTek RT 130
SLO02/ Popoli 13.8539 42.1745 684 27-05-09/ CMG-40, FBA ES-T/
SuU (PESCARA) 22-11-11 RefTek RT 130
SLO3/ Sulmona 13.9336 42.0890 484 27-05-09/ Lennartz -3Dlite/

SU (LAQUILA) 01-10-09 RefTek RT 130
SLA3/ Sulmona 13.9342 42.0895 523 01-10-09/ Lennartz-3Dlite/

SuU (LAQUILA) 22-11-11 RefTek RT 130
SL04/ Pacentro 14.0296 42.0730 1281 26-05-09/ Lennartz-3Dlite/

SuU (LAQUILA) 22-11-11 RefTek RT 130
SLO5/ Rocca Pia 13.9787 41.9371 1067 26-05-09/ Lennartz-3Dlite/

SU (LAQUILA) 01-10-09 RefTek RT 130
SLA5/ Rocca Pia 13.9773 41.9325 1108 01-10-09/ Lennartz -3Dlite/

SuU (LAQUILA) 22-11-11 RefTek RT 130
SLO06/ Palena 14.1127 41.9083 1279 26-05-09/ CMG-40, FBA ES-T/
SuU (CHIETI) 24-03-10 RefTek RT 130
INTR/ Introdacqua 13.9046 42.0115 924 09-03-03/ Trillium 40S/

\Y (LAQUILA) - Trident-FS-16-VPP SG-1
LPEL/ Lama dei Peligni 14.1832 42.0468 760 11-04-08/ Trillium 40S/

\Y} (CHIETI) - GAIA2-FS-16-VPP

STN deployment and culminated in the deadly events ofSTA/LTA threshold and using a low number of minimum
6 April 2009 at 03:32 LT 4w =6.3; Chiaraluce et al., 2011) stations, aimed at increasing the overall sensitivity of the au-
and by the high level noise of some stations due to the temtomatic recognition. They can be identified and removed by
porary installation of sensors. Therefore, in order to gain thehuman visual inspection.
maximum sensitivity, a semi-automatic procedure has been Applied to the whole 7-month data set, the automatic pro-
applied, similar to that used by Garbin and Priolo (2013) cedure extracted about 16 000 windows of signal, which in-
for detecting small magnitude events in the Trento provincecluded teleseismic events, regional events (for example the
which combines automatic detection of all possible eventsl’Aquila aftershocks), local earthquakes (our target) and
and true event identification with visual inspection. This pro- false events. All the windows were visually inspected, but
cedure is part of the general system implemented at CR®nly those containing local events (with time difference be-
(Centro di Ricerche Sismologiche) for processing seismotweenP andsS arrivals of less than about 3 s) were analysed.
logical data. It uses (1) Antelope (BRTT, 2004) for acquir- About 4700 phases were recognized and manually re-picked,
ing/storing data, recognizing earthquakes automatically, anddentifying more than 800 microearthquakes. About 70 % of
extracting earthquake waveforms; and (2) a “pick server” forthese events with more than three phases were preliminarily
phase picking and location, which are performed by Seis{ocalized by using the Hypo71 code (Lee and Lahr, 1975)
gram2K (Lomax, 2008) and Hypo71 (Lee and Lahr, 1975),and the velocity model used for ISIDE locations (Fig. 2).
respectively. The detection capabilities of the STN network obviously
Earthquake recognition is performed by a sequence of twalecrease by increasing the event-to-station distance. In fact,
operations, i.e. trigger detection and trigger association, perin a buffer zone corresponding to a 20km distance from
formed by Antelope through dbdetect and dbgrassoc funceach STN station, the RSNC eventdtg://iside.rm.ingv.it/
tions, respectively. The first one uses a classical short-timéside/standard/index.jspast access: 22 February 2012) are
average/long-time average (STA/LTA), while the second one35 % of the ones localized by STN network (104 earthquakes
declares an event when a group of detections is found taersus 293), while they rise to 73% (264 by RSNC versus
be compatible with the theoretical travel times for a unique 359 by STN) if the distance is set to 25 km. Several single-
source. There are several parameters controlling these algatation events were detected as well (e.g. in Fig. 3), but they
rithms (e.g. pass-band filtering), and the selection of theirmay be located in terms &P distance only; most of them
best combination is not trivial. False events (very frequentwere recorded by SL06 station, at the southern tip of the Mt
in noisy sites) increase with the choice of decreasing thePorrara Fault. In conclusion, as a result of the semi-automatic
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Fig. 2. Preliminary locations of earthquakes from 27 May to 31 December 2009 obtained with Hypo71 (Lee and Lahr, 1975) and the ISIDE
velocity model. At the bottom is a summary of locations’ quality (GAP, RMS, horizontal error (ErrH) and vertical error (ErrZ)).

event recognition and of a more dense temporary network37 triggered events correspond to earthquakes recognized by
this study provides a much detailed data set for the Sulmonaur network;P and S phases (black sector in Fig. 4a) were
area than any other currently available for the Abruzzo. Baghmanually picked.

et al. (2007) detected in 18 months approximately the same Similarly, the integration of our data set with other RSNC
number of events we did in 7 months but referred to a widerstations (INTR and LPEL are already part of the network

area. experiment) has been accomplished by verifying time corre-
spondence. Revisell andS arrival times from Italian Seis-
3.2 Improvement of phase readings mic Bulletin (http://bollettinosismico.rm.ingv.itlast access:

22 February 2012) were merged with ours with no further

The parameters commonly used to evaluate the quality of thgevision on phase picks but avoiding the insertion of phases
earthquake locations (GAP, RMS, etc.; see Fig. 2) indicatemarked with a weight code greater than 4. About 32 % of the
that the quality of our preliminary data set is not enough arrival times (yellow sector in Fig. 4a) now come from 60
for the purpose of seismotectonic analysis. With the aim ofRSNC stations (Fig. 1, blue triangles) collected.
strengthening the earthquake catalogue, we integrated selec- The complete data set contains 6889 phases. It refers to
tively the data, using other networks’ data, and assessed th@17 earthquakes, of which 382 were identified by 1 or 2 STN
quality of phase readings and their overall reliability. stations, and located only if having at least 4 phase readings;

In particular, we included the data of the nearest six sta-225 were located exclusively by STN stations; and 210 were
tions of the Abruzzo regional network (RSA, yellow trian- |ocated through observations of STN, RSA and RSNC sta-
gles in Fig. 1) and of several stations of the national networktions (Fig. 4a and b). Additional considerations on the qual-
(RSNC, blue triangles in the same figure) not acquired in reajty of readings, the weighting scheme and their influence in

time during our experiment. the inversion procedure are given in the Appendix A.
The RSA recordings are discontinuous, as stations work phase readings may be affected by systematic or ran-

on triggers (De Luca, 2011). Time coincidences between thejom errors; however most of them can be identified and

origin time of our local earthquakes and the automatic starfixed through use of conventional analyses. We checked the
time of RSA recordings have been examined. In 7 months,
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Fig. 3. Seismograms and amplitude spectra of a typical single-station event recorded by the three-component station SLO6. Date and time

above refer to starting point of the seismic trace. For this event, a source—station distance of about 8 km can be estimat&dHfrtimen
of1s.

= ) phase picks are integrated with those read from RSA stations
\8) 6889 PHASES 817 EARTHQUAKES  (b) or provided by RSNC stations for a total of 2414 additional
phases. By refining and integrating the data set of phases, the
Vp/ Vs estimated by ordinary least-squares regression (equa-
SN2, tion coefficients and line, with standard deviation, in red in
DOUBLE EMC Fig. 5) changes from 1.78 to 1.82. The orthogonal regression
(in blue in Fig. 5) results in more stable values — all around
1.85. Since orthogonal regression is more adequate for data
affected by errors on both the variables, we choose as the
final value the ratioVp/ Vg equal to 1.85, which is slightly
Fig. 4. Meta data obtained by the STN network in the first seven h!gher than those obtained by other studies in the same re-
moﬁtﬁs.(a) Total number of seismic phases obtained after the inte-glon (1.83 by Bagh etal., 2007; 1'.80 by De Luca e.t al., 2000;
1.77 by Boncio et al., 2009) but in agreement with the val-

gration of STN data with those from regional (RSA) and national . .
(RSNC) permanent network) Total number of earthquakes rep- U€S estimated by Chiarabba et al. (2010) by local earthquake
tomography, for whichVp / Vs exceeds 1.83.

resenting our complete data set.

STN STATION

reliability and consistency of and S phases by using the 4 Estimate of local velocity model

modified Wadati method (Chatelain, 1978), which compares

the time difference of? and S phases recorded by pairs of The systematic errors associated with the velocity model

corresponding stations. If we let andx; be the hypocen- cannot be properly quantified, since earthquake hypocentres,
tral distances of thé event at two stations ( j), then the  earthquake origin times and seismic velocity structure (never

following equations hold: exactly known) are intrinsically coupled (Husen and Hard-
ebeck, 2010). Nevertheless, it is possible to estimate an op-

DTp =P — Pj = (xi —x;)/ Vb, (1) timized local velocity model which ensures the best trade-
DTs=S8;—S; =(xi —x;)/ Vs, (2) offs between earthquake locations and the crustal model in

DTs Vp terms of travel-time residuals. No specific velocity model to

DT» _ Ve ®3) be used for event location is available for the Sulmona Basin

P s . .
and surrounding areas. As the number of earthquakes of this

whereP;, Pj, S; andS; are theP andS$ arrival times to sta-  study is too small for feeding a 3-D tomographic inversion,

tionsi and;, andVp andV; are theP- andS-wave velocity e adopt a 1-D velocity structure inversion approach using

values, respectively. Figure 5a plots PYersus DT calcu-  the well-known Velest code by Kissling et al. (1994).

lated for the original data and for all available pairs of STN

stations for a total of 4716 phases. At this step, outliers are4.1  Starting velocity models and selected data set

identified and removed, either by correcting or erasing the

reading. Fig. 5b is thus obtained, and it takes into accountn non-linear inversions which linearize the problem, it is

241 picks removed from the original data set. Then, STNcrucial to define the initial guess accurately, since it affects
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Fig. 5. Modified Wadati plot (Chatelain, 1978) of the arrival time data set of this st{@jynitial data set of STN stations only. Red and

blue lines represent ordinary least-squares (with its standard deviation) and orthogonal regression, respectively. Coefficients are given in the
formula. (b) The same a&) but after reading refinement and outlier remoye).Final diagram obtained after integration of other stations

phase readings (either re-picked or as given by bulletins). Note the increase of linear correlation cogfficiena) to (c), as well as the

changes o¥/p/ Vg for the two different regressions. The ralip / Vg 1.85 is the final value chosen.

strongly the final solution. Therefore, we compiled a collec- on the quality of their preliminary locations and the recording
tion of possible velocity models across the study area, takingstations represented in Fig. 7d. Since the study area is mainly
into consideration and integrating the available seismolog-characterized by sparse seismicity (except two relatively sig-
ical, geophysical and geological information on the crustalnificant seismic sequences localized to the NW and SW of
stratigraphy in terms of layers thickness and seismic wavehe Sulmona Basin, Fig. 2), we adopted two selection criteria.
velocity. As a result, 12 1-DP-wave velocity models with A more restrictive criterion was applied for the events located
different structures were obtained and taken as a startingt the edge of the study area (107 events with RME5 s,
point to calculate a reliable velocity model (Fig. 6 and ref- GAP< 180, N> 10 phase readings with at least 4 cl&ar
erences therein). arrivals), and a less restrictive one for weaker earthquakes
Five models (a—e in Fig. 6) were derived from seismologi- located within the local STN network (124 events with RMS
cal data. Models (a), (b) and (c) are local velocity models op-< 0.5 s, GAP< 25, N > 6 phase readings with at least 2
timized for the intra-Apennine area. They were obtained byclears$ arrivals). As a result, a subset of 231 events (red dots
inverting P- and S-wave arrival times of local earthquakes in Fig. 2) was obtained, witt?- andS-wave pickings having
recorded during a specific campaign (Bagh et al., 2007) ol mean reading uncertainty of 0.07 and 0.09 s, respectively.
during the L’Aquila 2009 seismic sequence (northwestern
sector of Fig. 1) (Chiarabba et al., 2009, 2010). Model (d) is4.2  Minimum 1-D velocity model from travel-time
a regional velocity model valid for the whole Italian territory inversion
and used for the Italian Seismic Catalogue CSI (1981-2001)
(Chiarabba et al., 2005), and model (e) was derived from ityg|est code (Kissling et al., 1994) allows for users to iden-
as explained in the next section. Three models (i~h) werg;q, an optimum 1-DP velocity model performing a simulta-
the result of geophysical investigations such as deep seismigeqs inversion of hypocentre locations, station corrections
sounding data (DSS 11 by Scarascia etal., 1994; see the tracg,j the parameters of the velocity structure. As the global
in Fig. 2) and near-vertical seismic reflection profiles (CROP isit (i.e. root mean square of all travel-time residuals) is
11 by Patacca et al., 2008; see Fig. 2), and were also Ofyjgeq as a measure for the goodness of fit. For the identifi-
portunely integrated with results obtained from teleseismic.ation of the best 1-D velocity model, we considered a se-
receiver functions (Di Luzio et al., 2009). Models (i—l) were |octed data set af ands arrival times (Fig. 2) and 12 differ-
built by integrating and correlating the stratigraphic layering gyt starting velocity models (Fig. 6-wave readings were
as derived from the interpretation of the geological structure,; inverted, and were only included to better constrain the
at depth along a crustal section across the Sulmona—MaieIIgarthquake locations. A consta¥ip/ Vs ratio of 1.85 was
area (Lavecchia and de Nardis, 2009). Note that diffeFent  jmnosed, as retrieved by the modified Wadati diagram dis-
wave velocity values have been attributed to the same layeg ssed in Sect. 3.2.
by different authors (Patacca et al., 2008; Di Luzio et al., The pest 1-D velocity model was estimated by a trial-and-
2009; Barchi et al., 2003; Tnppetta gt al., 2913), and that thegrror process. First, we performed several inversions consid-
models often feature velocity inversions with depth (Fig. 6). gring the collected velocity models by using identical input
Figure 7a emphasizes their great variability. _and control parameters and systematically verifying that the
With the purpose of estimating the optimum 1-D Velocity tqrma| overdetermination factor (total number of observa-
model, we selected the best-constrained earthquakes basgf,s/number of effective unknowns) of the inverse problem
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Fig. 6. Compilation of P-wave velocity ¢ p) models from the literature for the Sulmona area. Models ddave)from seismological
data,(f—h) from geophysical investigations aifig-l) from geological interpretation. Key references are as follqasBagh et al. (2007),
(b) Chiarabba et al. (2009j¢) Chiarabba et al. (2010§d) Chiarabba et al. (2005§e) Chiarabba et al. (2005) modifie(f) Scarascia et
al. (1994)(g) Patacca et al. (2008)h) Di Luzio et al. (2009)(i-l) geostructural layering from Lavecchia and de Nardis (2009)ignfrom
many sources (Patacca et al., 2008; Di Luzio et al., 2009; Barchi et al., 2003; Trippetta et al., 2013).
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Fig. 7. 1-D velocity model in the Sulmona arga) Envelope (e.g. range of variability) of the startifgwave velocity models individually

plotted in Fig. 6.(b) Envelope (e.g. range of variability) of the best 1-D velocity models computed with the Velest code having a misfit less
than or equal to 0.1 s. The striped area represents the unconstraint depth interval of the velocity(o)@bg¢h distribution of the selected

events (Fig. 2) used to compute the velocity modé). Location map of the seismic network with station corrections related to the best
model; positive values correspond to velocity slower with respect to the model. In the table the start and final RMS travel-time residual for
each of the 12 used modeksH in Fig. 6) are synthesized.

was at least greater than 1.5. Analysing the preliminary re4n each initial model. The Velest code, however, does not au-
sults, we noted that the output models were quite similartomatically adjust layer thicknesses and the appropriate lay-
in spite of the wide range of variability of the starting ones ering must be found by performing trial inversions. Among
(Fig. 7a), implying a stable solution. Nevertheless, we carriedall the tested models with phantom layers, the model (e),
out further tests varying the control parameters. Afterwardsshown in Fig. 6, resulted as the most representative in terms
we created new velocity structures including phantom layersof RMS and used as additional input model. Moreover, for
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Table 2. The best 1-D velocity model estimated for the Sulmona area and its inferred composition layering.

Lithostratigraphy Depth Velocity
interval (km) (kms1)
UPPER CRUST Miocene turbidites and 0-2 5.1
Jurassic—Palaeocene carbonates 2-4 5.4
4-6 5.7
Triassic evaporites and late Permian—Triassi6—13 5.8

quartzites and phyllites

MIDDLE CRUST Crystalline Palaeozoic basement 13-27 6.8
LOWER CRUST Mafic granulite 27-38 7.1
MANTLE Peridotite >38 8.0

each model we performed 10 runs using final hypocentrgo the upper sedimentary crust consisting of a Jurassic—
locations as initial parameters for the next one. Finally, wePalaeocene carbonate sequence (limestone and dolomites)
analysed the RMS (root mean square) “misfit” trend versusoverlain by open-ramp carbonates and locally by Miocene
the number of iterations and chose the best model (the ontrbidites.
corresponding to the minimum misfit of travel-time residu-  The thick layer identified at depths between 6 and 13 km
als) for each guess velocity structure. (average 5.8 kmis') may represent the oversimplification of
The obtained results are summarized in the panels and complex thrust zone where late Triassic evaporites (Anidriti
in the table of Fig. 7. Specifically, Fig. 7b shows the rangedi Burano formation) are tectonically interbedded with late
of variability (grey envelope) of the calculated 1-D veloc- Permian—Triassic quarzites and phyllites (Verrucano forma-
ity models with best misfit less than or equal to 0.1s (thetion). We observe that the velocity inversions which would
value which is compatible with the uncertainty of tReand  characterize such depth interval, mainly due to the presence
S-wave pickings). The table in Fig. 7 reports the start andof the very slow Verrucano formation (4.5 kmsin Patacca
final RMS travel-time residual for each of the 12 used mod-et al., 2008; Trippetta et al., 2013), do not result in the final
els. The final velocity model (red line in Fig. 7b) was chosen velocity model, although they were introduced in several of
considering both the inversion results and the a priori infor-the starting models in Fig. 6.
mation according to Kissling et al. (1994). Specifically, we The sharp increase in the velocity gradient observed at
selected the best model on the basis of (1) goodness of the fit3 km might represent an increase in metamorphic grade as
(0.1105s), (2) realism of station corrections from a geologicalwell as a decrease in silica content, and can be interpreted as
point of view, (3) consistency of the model with respect to lo- the top of the crystalline Palaeozoic basement of the middle
cal geological and geophysical information (see references ircrust. Another rather sharp increase in velocity is observed at
Fig. 6) and (4) taking into account worldwide compilations a depth of 27 km. In agreement with the CROP 11 results, we
of the thickness and velocity structure of the crust in anal-might interpret it as the top of the lower crust, but evidently
ogous tectonic provinces (Christensen and Mooney, 1995)such a value is not well resolved due to the lack of seismic
These steps were necessary because, below 10 km, modedstivity below~ 24 km (see depth histogram in Fig. 7c).
with a similar RMS misfit (a, b, i, j) assumed velocity values It is important to specify that the above optimized 1-D
greater than 7 kms', disagreeing with the a priori informa- model is suitable for most of the intra-mountain zone of the
tion. Abruzzo region, but station corrections need to be included
Three layers with velocity increasing from 5.1 to whenused on more extended areas. In fact, in Fig. 7d, itis ev-
5.7kms! are distinguished from the surface to a depth of ident that the station corrections are very low (less than 0.1 s)
6 km, a fourth layer with velocity of 5.8km$ is identified  over most of the study area, but they are slightly higher north-
at depths between 6 and 13 km, and a fifth layer with an avernortheastward of Sulmona and eastward of the Maiella ridge,
age velocity of 6.8 km's! characterizes the interval between where the positive corrections reach 1's, consistent with the
13 and 27 km (Table 2); at higher depths, the velocity in- presence of thick terrigenous deposits of the Plio-Pleistocene
creases to an average value of 7.1krhs Adriatic foredeep.
Based on speculative correlations between the obtained
velocity model and a suitable geological compositional lay-
ering for the study area, we advance the hypothesis that the
uppermost three layers (average 5.6 krhsnay correspond
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5 Final earthquake locations

After the minimization of reading errors and the optimization & 22@7 | e l® g Neoul
of the velocity model for the study area, we went to the final %20

earthquake locations by using the code Hypoellipse (Lahr, & 15

1980, 1984, 1999). It provides estimates of absolute position & 10

and origin time of all events. We recall that this program is - g ,

the evolution of Hypo71 (used for preliminary locations in 405 0 05 14 05 0 05 1

. . ; . ) ; ResP (s) ResS (s)
Fig. 2): it uses a weighted regression technique gnd intro- 60© w050 (@ % L
duces a new concept of error ellipsoid, representing Gaus- & 50 SD=0.28 |sD=0.24
sian error distribution not necessarily aligned with latitude, 40
longitude and depth axes, as Hypo71 does. g 30
Very important parameters in Hypoellipse are the so-called § fg
WEIGHT OPTIONS that rule the influence of the uncertainty 0 . | ‘
associated with each reading on the location process. In order 0.20.40.6 08101214 02040608101214
: . . SEH (km) SEZ (km)
to define the best values to assign to the four parameters in- 50
volved in Hypoellipse weighting scheme (RESET TEST 29 s 4O©—Mi ®—m
and WEIGHT OPTIONS parameters), we adopt a procedure =, '
based on genetic algorithms (Bondar, 1994). Exploration of 20 —
parameter space is driven so as to minimize the target func- § 10 — —
tion defined as a linear combination of the averages and stan- "
dard deviations oP andS residuals returned by Hypoellipse 0 01 02 03 04 05 60 120 180 240 300 360
over the whole earthquake data set. The parameterization ob- 20 RMS (s) GAP (°)
tained is shown in Table 3. . @ perel @ =
Furthermore, time delays were associated with seismic 5; 30 \
stations in order to consider both their elevation and pos- § 20
sible local anomaly of velocity under them. These correc- %10 I
tions were automatically calculated, the former assuming a &= ! . —
P-wave velocity of 4kms? in the sector of crust above sea 078 16 24 32 40 48 5 10 15 20 o5
level, the latter setting the RELOCATE option and running Number of Phases Minimum Distance
through a number of iterations. 51 [NE,=352]| (i
Finally, we located 535 earthquakes that occurred from 4l ‘ { %
27 May to 31 December 2009, 352 of which are of qual- 61,,L, A O ]
ity A, 32 of quality B, 16 of quality C and 135 of quality £ si 24%
D. This means that their horizontal and vertical 68 % confi- = -
dence interval ) is y < 1.34km for quality A, 1.34 kmx 2 10 42%
y < 2.67 km for quality B, 2.67 kmx y < 5.35km for qual- o 2B ]
ity C, andy > 5.35 for quality D (Lahr, 1999). Figure 8 s
shows the histograms which describe the locations of qual- 18] ~<mmm D 957%] 27%
ity A events. More than 90 % of these hypocentral solutions 18; ‘
feature P and S residuals less tha#t0.4s (Fig. 8a and b), s e 1 20
horizontal/vertical errors less than 1 km (Fig. 8¢ and d) and Frequency (%)

RMS less than or equal to 0.3 s (Fig. 8e). Only 60 % of the
events have azimuthal gap (GAP) less than or equal t& 180Fig. 8._Features of quality A earthquake Iocatio(:s.b)l_—listograms
(Fig. 8f); that is, their location is reliable. This result is sat- Sgrrgs:f?;'; 2;7; r?ggss(ggzsst(zRoéesf?hiifﬁé:% ':g;';:’e”;?'tg\‘/‘;l
:zgrlggrelic\ﬁzec dor\:;lt?]?r: mit ;?l_lztw:r% fz\:vnc?:; t?]r(r)]:g ﬁ\&f;gsetime residuals (RMS) and GAP distributiofg, h) Number of used

’ . Iphases and minimum hypocentre to station distance. Kerto
only the strongest were Iocate_d by using data from othe (h), in the upper-right corners, the mean (M) and standard devia-
networks (RSA and RSNC), with the advantage of reduc-jjon (Sp) of distributions are reportetl) Depth distribution of the
ing GAP. Moreover, thanks to the enrichment of our data setnypocentres. The black arrow identifies the seismogenic layer cor-
more than 30 % of locations are estimated using more than 1@esponding to 95 % of the hypocentral distribution. On the right side
phases (Fig. 8g). In 45 % of the cases the minimum distancehe percentages of the events occurred in the depth intervals 0-5 km,
between the hypocentre and the closest station is less than 69 km, 9-12km, 12-17 km and deeper are reported. Also, the total
equal to 5km, and in about 30 % it is less than or equal tonumber (NEor) of quality A events is indicated.
10 km (Fig. 8h), i.e. to the inter-STN station distance.
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Table 3. Weighting scheme adopted for the locations performed by using Hypoellipse. The parameter labelfdepitsents RESET
TEST 29. Parameters labelled wﬂhepresent WEIGHT OPTIONS. Refer to the Hypoellipse user’s guide (Lahr, 1999) for details.

Weight  Standard Standard error relative to Computed
code error readings with weight code zero weight

0 0.03508& 1 1

1 0.0455s 1.2 1/1.69

2 0.0700s 2.0 1/4

3 0.4375s 12.5¢ 1/156.25
4 infinite infinite 0
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I Total Numberof Quaity A Events (352) [ - 13°450°E 14°00°E 14°15'0°E

Num. GAP (°) RMS (s) ErrH (km) ErrZ (km)
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535 21 64 260 532 3 0 361 58 9 107 355 50 14 116

Fig. 9. Seismicity recorded by STN in the Sulmona area (Abruzzo region) from 27 May to 31 Decembef@d@icentral distribution

of the 535 events localized by using Hypoellipse (Lahr, 1980, 1984, 1999) and the best 1-D velocity model estimated for this area. Symbol

colours refer to the quality of earthquake locations; symbol shape and dimension refer to their local magnitude. Coloured areas (A—G) point

out the seismicity clusters corresponding to seismic swarms as described in the text. For location map of the represented area and legend, s
Fig. 1.(b) Number and cumulative number of earthquakes versus time; location quality is given with respect to relocated events, described

in Sect. 5. At the bottom is a summary of locations quality (GAP, RMS, horizontal error (ErrH) and vertical error (ErrZ)).

Final earthquake locations (Fig. 9a), obtained after build-6 Magnitude, completeness and locali—R relationship
ing a good-quality data set and estimating the local velocity

model, improve the preliminary ones (Fig. 2). Indeed back- ) . .
ground seismicity, initially widespread over the area, now Magnitudes are computed for the final hypocentral locations

tends to cluster close to known tectonic structures or, in anyPreViously described. We estimated them in terms of both
case, to focus on restricted areas. signal amplitude &, ) and duration #/p).
Local magnitude¥) is obtained by applying Antelope’s

dbampmag (BRTT, 2004) and using Hutton and Boore’s at-
tenuation law (1987). In order to preserve compatibility with
older magnitude estimated/, is calculated as the mean
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of the magnitude estimated for each station. The magni-
tude is evaluated from the mean of the waveform ampli- 5°|(é‘y 2% 93% 4% | 1%
tude of the two horizontal components (Bormann, 2002). : :
Single-station compensation coefficients have also been esti- 40
mated and applied. They exhibit randomly distributed values
smaller thant-0.2, except for stations SLA3 and SLAS (re-
spectively+0.42 and+0.30), which were repositioned after
logistical problems at the original sites.

Local magnitudes, which were estimated in this study,
range from—1.5 to 3.7 (Fig. 10a). Of all the events, 93 % |
have M| between—0.1 and 2, while the remaining 7 % is 10 ‘
distributed as follows: 2% hav&f| < —0.1, 4% haveM|
between 2 and 3, and only 1% ha¥g > 3. Furthermore, wﬂj T ﬂ
8 of 535 earthquakes lack amplitude data due to noise prob- % s s 1 15 2 25 3 35 4
lems. M,

By comparing ourM| estimates to those derived from 507~
ISIDE for about 200 events common to both networks
(Fig. 10b), it becomes apparent that th# of this study is 20 N 3
higher than that estimated by ISIDE by a value of about 0.15.

As a shortcut to local magnitude estimation, we calculate
the duration magnitudeMp) as well. We used the follow-
ing simplified formula according to Havskov and Otteméller
(2010):

30

20

Number of Events

|/ R=0.848

30 2

20 1

Number of Events
M,

Mp = a1 +azlog(z), 4) o ol

o

17 y=24583x-2:1032
,

y =3.3129 x - 3.2843
ort

wherer is the signal duration in seconds; the distance term
is not considered as it turned out to be negligible. Due to the 057 o0 s -10 ; 5 s
presence of noise, the signal duration has not been read, anc M, difference logT (s)
thereforeMp has not been estimated for 207 of 535 events. i

For the remaining 328 earthquak&f, values range from
—0.9t03.7.

Mean station coefficients have been estimated by calibrat-
ing Mp againstM| (Fig. 10c) by applying ordinary least-
squares and orthogonal regressions. Duration magnitudes are
then obtained by entering the coefficients of the orthogonal
regression into the pertinent RESET TEST values of Hypoel- 2
lipse (i.e. (31) equal te-3.2843; (32) equal to 3.3129; (33),
(40) and (43) set to 0). It can be seen from Fig. 10c that the
orthogonal regression represents the highgstfairly well,
even if the data are quite dispersed.

Finally, a statistical analysis of the magnitude versus event  1o°4___ 2 444 4 a NS
frequency relationship and an estimation of the completeness 2 - 0 ,C/,L 2 3 4
magnitude inferred on the Gutenberg—Richter (1956) model
is carried out by using Zmap software (Wiemer, 2001). TheFig. 10. (a) Histogram of M| estimates of earthquakes localized
result is shown in Fig. 10d. The completeness magnituden this study. At the top of the histogram, the percentages of the
(M) of our relocated data set (27 May to 31 December 2009)events within the corresponding range of magnitude are reported.
is 1.1. Note that the coefficients of the Gutenberg—Richter re{P) Histogram of the residuals between local magnitude estimated
lationship, i.e. the annual value (3.49) and value (0.85), in this study Qnd _that reported on ISIDE databgse for c0|nc!dent
are not representative of the Sulmona Basin only, as part o?vents.(c) Calibration of Mp magnitude through linear regression

the L'Aauil . d a bulk of ol kes i of M| against event duration . In red and blue, the ordinary least-
e quila seismic sequence and a bulk or earthquaxes Insquares and orthogonal regressions, respectively. Dashed lines rep-

the SW Sora region (see Fig. 9a) fall 'n_s'de the relocatedresent the standard deviation of ordinary least-squares regression.
events. If we select the events spatially in a buffer zone of(gy Gutenberg-Richter slope evaluated with 527 events for which
20km around the STN stations, thus selecting earthquakegy, has been estimated. In blue, the magnitude of completedigss
where the detection capabilities of the temporary network are

10°

_ Maximum Likelihood Solution |
uuuuuuuuuuunuuuuuuun Mc‘1 1 bevalue = 0.845 +/- 0.05
o
o

o avalue = 3.26
ng a value (annual) = 3.49

103

umber of Events
»
»
»>

>

ive
=)
|
>

Number of Events

Cumulati

Nat. Hazards Earth Syst. Sci., 13, 27272744 2013 www.nat-hazards-earth-syst-sci.net/13/2727/2013/



M. A. Romano et al.: Temporary seismic monitoring of the Sulmona area 2739

at their best, we obtain equal to 3.11) to 0.71 andM; to M., based on local magnitude estimates, is well constrained
0.72. and reaches the value of 1.1 for the whole data set of located
events. It decreases to 0.7 if only the area strictly pertain-
ing to the STN stations is considered. This low valuetf
7 Discussion and conclusions confirms that the adopted semi-automatic procedure based
on automatic detection of events and manual picking is very
The present paper aims at improving the knowledge of theeffective for investigating the microseismicity.
background seismic activity in the Sulmona Basin, an exten- A well-constraineds—R slope was estimated from the mi-
sional active area of the central Apennines known for strongcroseismic data (Fig. 10d). We observe that the productivity
seismic hazard (Pace et al., 2006) but substantially aseismiates shown by the value are nearly constant if normal-
since instrumental times (Bagh et al., 2007; Boncio et al.,ized to the area outlined by the temporary stations’ cover-
2009). Thanks to the deployment of a temporary seismic netage, whereas thk value decreases from 0.85 to 0.71. Nev-
work and the analysis of the first seven months of properlyertheless, the shortness of the time interval investigated and
processed recorded data, we have obtained a detailed pithe limitations in the data sample do not allow for interpret-
ture of the microseismicity that has not revealed until nowing these lowb values as a stress indicator (see, for exam-
by either existing permanent networks (ISIDE database; Deple, Gulia and Wiemer, 2010). In the Sulmona area, station-
Luca, 2011) or other similar experiments performed in theary background conditions might have been influenced by
past (Bagh et al., 2007). The meta data gathered during thistatic/dynamic stress changes induced by the main L'Aquila
period were somehow peculiar and time demanding for whakearthquakes. Evidence of stress loading in the Sulmona basi-
concerns signal treatment due to the ongoing seismic activitynal area induced not only by the L'Aquila 2009 earthquake
in the L'Aquila area. The processing combines an automatidn the north but also by the 1984 Val di Sangro earthquake in
detection procedure with operator-assisted selection of winthe south was pointed out by De Natale et al. (2011) based on
dows as well as fully manual readings of waveforms on lo-the results from coseismic Coulomb stress change studies.
cal events (chosen as+-P time delays). This approach has A seismotectonic analysis of the geometric and kinematic
proved to be very effective, even though quite time consum-elationship between the Sulmona microearthquake activity
ing, in identifying even very small earthquakes, such as localnd the active faults in the area are beyond the scope of this
events withM| < —1 recorded by only one or two stations. paper. Nevertheless, some preliminary observations on the
The integration of the STN recordings with the data gath-space—time distribution of identified clusters of seismic activ-
ered by regional and national permanent networks (RSA andty and on the overall seismogenic thickness can be advanced.
RSNC) enriched and strengthened the location quality of theNe observe that the background seismicity is not uniformly
strongest earthquakes. As phases are homogeneously redistributed in the study area but rather clustered in specific
and accuracy is clearly stated, a 1-D velocity model of thezones, mainly close to known active faults (Fig. 9a). Pre-
Sulmona area (well constrained within the first 20 km, which vailing activity is observed in the northwestern corner of the
is the maximum depth reached by the quality A earthquakestudy area, which coincides with the southern end of the Pa-
locations) and a reliabl®p / Vs ratio of 1.85 were obtained, ganica seismogenic source responsible for the 2009 L'Aquila
which guarantees accurate earthquake locations and may learthquake ¥, = 6.3, Lavecchia et al., 2012); conversely,
useful for forthcoming studies in the area. the area of the Sulmona Plain remained almost completely
In this paper, an online catalogue of the analysed earthaseismic during the whole of the observation time.
quakes is compiled and released as a supplement together The temporal evolution of the recorded seismic activity,
with the phase pickings. The catalogue contains the follow-schematized as a cumulative number of events versus time
ing: the origin times and the hypocentral coordinates of lo-(Fig. 9b), shows a sharp decrease in seismic rate at the end of
cated earthquakes; all the parameters useful to establish thRine, e.g. after nearly one month of registration and nearly
quality of their locations (RMS, GAP, number of phases two months after the 6 April 2009 earthquaké{ = 6.3).
used, minimum distance, dimension and orientation of er-The remaining portion of the cumulative slopes shows other
ror ellipsoids); and the magnitude estimate, with both lo-jumps, corresponding to local and short-lasting increases in
cal and duration if possible. The catalogue includes 535the seismic activity. Three swarms were recorded from 2 to
events, which is about 60 % more than reported in the na22 June. They occurred within the hanging wall of the Por-
tional ISIDE database. An additional set of 282 not locatedrara Fault (cluster A, with\/ up to 1.7, and C1, withM_
earthquakes is given by phase readings only for possible furup to 2.5 in Fig. 9a), and within the footwall of the Morrone
ther analyses. The quality location of nearly 66 % of the Fault (cluster B, with//| up to 1.2, and C2 witid/; upto 0.9
located events is A, even though their magnitude is veryin Fig. 9a). Specifically, the swarms are placed at southern
small. Indeed, 99 % of located seismicity is represented byand northern tips of the Morrone-Porrara extensional align-
ultramicro- (M < 1) and micro-earthquakes & M| < 3), ment.
while only 1% is represented by small earthquakfs> 3
(Hagiwara, 1964) (Fig. 10a). The completeness magnitude
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On 4 August the area near Roccasicura (Molise region), lo-Table Al. Weighting scheme adopted in the preliminary locations
cated along the SSE-ward direction of the Morrone—Porraraperformed by using Hypo71 (Lee and Lahr, 1975).
extensional alignment, was affected by a small swarm of 10

earthquakes (cluster D in Fig. 9a) at depths between 13 and Weight Reading

17 km, with two larger events df;, = 3.5 and 3.6 (Fig. 9a). Code Error

Two other swarms occurred at the beginning of October 0 <0.01s
2009. The first one (12 events between 4 and 5 October, with 1 [0.015-0.045)
M\ upto 1.7; cluster E in Fig. 9a) was located at the hanging 2 [0.045-0.20s)
wall of the Marsicano Fault at depths of 6—12 km; the second 3 [0.205-1.005s)
one (80 events between 6 and 8 October, Wihup to 3.6 as 4 >1.00s

in ISIDE; cluster F in Fig. 9a) nucleated near Sora (Lazio re-
gion) at a depth of 6 to 14 km. Finally, on 19 and 20 Novem-
ber, another increase of seismicity, with spatial distributioncorresponds to the standard deviation of the population. In
similar to that of the late June activity, was recorded at thethis way information on statistical properties of the errors
footwall of the Morrone Fault (cluster G1 with; upto 1.6  could be retrieved. More often, only a qualitative evaluation
in Fig. 9a) and at the hanging wall of the Porrara Fault (clus-of the reading error is available, and the operator’s choice
ter G2 withM| up to 2.9 in Fig. 9a). cannot be evaluated rigorously. Reading errors are detected
We also performed a preliminarily evaluation on the Sul- by a change in the amplitude and in the frequency content
mona seismogenic layer, defined as the depth layer that reof the seismic signal, and they are usually represented by a
leases the largest number of earthquakes (i.e. 95% of théme window whose width is estimated by the operator and
seismicity — D95; Williams, 1996; Fernandez-lbafiez anddepends on the signal-to-noise ratio and the dominant fre-
Soto, 2008). The frequency—depth histogram of Fig. 8i,quency of the arriving phase (Husen and Hardebeck, 2010).
which was only built on the basis of quality A earthquakes, Phase reading errors are then classified into categories which
shows that 7 % of the events were shallower than 5km, 24 %orrespond to weight codes that are directly used by location
occurred at depths between 5 and 9km, 42 % were conceralgorithms. The larger the reading uncertainty, the higher the
trated in the 9-12km depth interval, 22 % were between 12yeight code is and the less this reading influences earthquake
and 17km, and the remaining 5% between 17 and 21 kmiocation. The mapping of reading errors into weights may be
Therefore, the base of the seismogenic layer, which releasesontrolled by the seismologist, even though this is not always
95 % of the seismicity, is located at a depth of 17 km. A thick- declared. For our preliminary earthquake locations, given in
ness of 12 km (from 5 to 17 km) may be assumed for the brit-Fig. 2 in the main text, the setting of weighting scheme tuned
tle layer, which is considered as the layer within which nearly for performing locations with Hypo71 is shown in Table A1.
90 % of the seismicity occurs. These values are in agreement Some histograms of the phase reading errors are given in
with other independent estimates done in this sector of therig. A1. The data set contains readings from the STN and
Apennines based on rheological evaluations (Boncio et al. RSA networks obtained for this study manually, whereas we
20009). cannot retrieve the reading uncertainties for all the phases
In conclusion, we point out that the detailed analysis andprovided by the RSNC network, for which only the weight
the quality study performed in this paper in order to obtain code and polarities, if any, are given. More than 90 % of the
a low-magnitude complete catalogue for the Sulmona aregp and S original phases have a reading error less than or
confirm and further highlight the low seismicity rate charac- equal to 0.2 s (see Fig. Ala), while a few outliers (seven for
terizing the study area, with important implications in seis- p phases, one fo§ phases), not represented in Fig. Ala,

mic hazard evaluation. are in the range 0.4-0.54 s. Thus, none of our picks is given
weight 4.
The permanent INTR station (see its location in Fig. 1)
Appendix A is the site with the greatest number of readings (Fig. Alb)
related to local events. Also, sites SLO3/SLA3, SLO5/SLA5S
Phase reading uncertainties and SLO6 are well represented (about or more thanf3§)0

Three stations (i.e. SL01, SL04 and LPEL) have less data be-
Uncertainty in phase readings is rarely declared in earthcause of some instrumental acquisition problems (for details,
quake locations and catalogues, but this is an important elsee de Nardis et al., 2011). Conversely, the small number of
ement because location codes use this information in theifeadings on the RSA stations is probably due to the triggered-
weighting schemes. Formally, the estimate of measuremenhode acquisition, which cut off the detected earthquakes at
error has to be evaluated from a probabilistic point of view. a higher threshold.
According to this, the onset of a seismic phase should be de-
scribed by a probabilistic function that reaches its maximum
exactly at the arrival time of this phase, and the standard error
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Fig. Al. Left: accuracy of pickings for all the phases read in this study. Period from 27 May to 31 December 2009. Right: weight code
distribution for the RSNC stations usdd) Number of P andS phases (in red and blue, respectively) versus reading errors. More than 90 %

of the pickings have a reading error less than or equal to (12 Slumber of P and S phases identified for each station of STN and RSA
networks. The dashed columns show the sum of the phases for stations SLO3/SLA3 and SLO5/SLA5, which correspond to different locations
of the same station at nearby sités). P and S reading error distribution for stations of STN and RSA networks. P5 and P95 indicate the

5th and 95th percentiles of the distribution and are represented by thin, grey bars; P25 and P75 indicate the 25th and 75th percentiles and ar
represented by thick, coloured bars; P50 is the median, and it is represented by the thin white line inside the ¢dick lzend S weight

code histograms for all the 60 RSNC stations used in this study. Red and blue colour scales represent weight codes assdtiaed with
readings, respectively.

The quality of pickings is statistically very good and sim- correspondence between the two setsPoénd S phases.
ilar for all the sites (Fig. Alc). For 11 of 16 stations (i.e. Moreover, the modified Wadati plot guarantees the discharge
except for SLA3, SL04, SLA5, INTR and LPEL), both the of outlier phases and, finally, the RSNC phases represent
median and 75th percentile is within 0.1 s; the 95th percentileonly the 30 % of the complete data set.
is more scattered, although it never reaches 0.3 s. This is due Therefore, we represent the histograms of weight codes for
to either the low sampling rate of the two permanent stationsall the 60 stations, some of which sporadically enter in this
—INTR and LPEL are often sampled at 20 Hz due to the lackdata set (Fig. Ald). Only 13 of them (CERA, CERT, FAGN,
of high-sampling channels — or the high noise level of theGIUL, GUAR, MIDA, POFI, PTQR, RNI2, SDI, VAGA,
temporary stations. VCEL, VVLD - the location of the stations nearest to the

As previously said, for the other RSNC stations we haveSTN network is reported in Fig. 1) are well represented, with
only their weight code, with no known weighting scheme. weight equal to 0 (best quality) assignedStghases. Only
We used INGV arrival times for earthquake locations af- a few observations are retrieved for the remaining, more dis-
ter performing some sensitivity tests using different weight- tant stations, and they refer to events already listed in ISIDE.
ing codes and schemes; the earthquake locations differ usu- Thanks to this detailed description, we obtain a rough eval-
ally by about 1km, i.e. the same average uncertainty ofuation of the noise level for each station and provide a clear
our best locations. An additional check has been done foischeme of reading uncertainties that can be used in further
INTR and LPEL stations, for which we have both our read- analyses (e.g. tomographic inversions).
ings and those given by RSNC operators; there is good
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