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RIASSUNTO 

 
Nell'analisi di routine di segnali sismici registrati sia da reti fisse sia temporanee è 

abbastanza comune riconoscere, alle varie stazioni, coppie (doublets) o gruppi 

(multiplets) di eventi sismici caratterizzati da forme d'onda molto simili. Tali eventi se 

localizzati in corrispondenza di una ristretta fascia geografica costituiscono, se 

caratterizzati da comune meccanismo sorgente, quelle che vengono definite “famiglie 

sismogenetiche” (Tsujiura, 1983). Il riconoscimento di terremoti caratterizzati (se 

registrati ad una comune stazione) da sismogrammi molto simili consente indagini di 

dettaglio in grado di fornire informazioni molto più accurate rispetto ad una semplice 

localizzazione di routine; determinare una relazione diretta tra famiglie sismogenetiche 

e strutture geologiche presenti in una determinata area consente infatti di discriminare 

all’interno della stessa la presenza di sorgenti potenzialmente attive. In particolare, uno 

studio prolungato nel tempo dell’occorrenza di terremoti aventi le caratteristiche sopra 

riportate rappresenta lo strumento fondamentale al fine della determinazione dei periodi 

di riattivazione delle sorgenti individuate. L’analisi di somiglianza di forme d’onda può 

essere implementata sia nel dominio del tempo sia nel dominio delle frequenze, 

utilizzando a seconda dei casi tecniche basate rispettivamente sulle funzioni di cross 

correlazione e di cross spettro. In caso di analisi nel dominio delle frequenze i segnali 

analizzati sono ottenuti a partire da sismogrammi convertiti in spettri tramite l’utilizzo 

della funzione trasformata di Fourier. A causa del non sempre soddisfacente rapporto 

segnale disturbo caratterizzante le registrazioni fornite dalle reti sismiche fisse RSNI 

(Rete Sismica Italia Nord Occidentale) ed RSLG (Rete sismica Lunigiana-Garfagnana), 

gestite direttamente dalla sezione geofisica dell’Università di Genova ed utilizzate come 

base di partenza per gli studi effettuati, nel presente lavoro di tesi sono state 

implementate tecniche di analisi del segnale sismico esclusivamente nel dominio del 

tempo. Al fine di determinare in termini oggettivi un adeguato settaggio per tutti i 

parametri coinvolti in un’analisi di somiglianza di forme d’onda si è compiuto uno 

studio di dettaglio considerando come test la sismicità dell’Appennino Settentrionale 

(area Lunigiana- Garfagnana) registrata dalla rete fissa RSLG nel periodo 1999 - 2003. 

In base alle risultanze derivate da una preliminare analisi del rapporto segnale disturbo 

effettuata a ciascuna stazione della rete RSLG, è stato selezionato un data set composto 

da circa 1.000 terremoti, aventi magnitudo locale compresa tra 1.5 e 4.1. L’analisi delle 
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forme d'onda è stata implementata nel dominio del tempo utilizzando la funzione di 

cross correlazione normalizzata. A differenza di recenti studi su doublets sismici, per 

ogni singolo sismogramma è stata analizzata una finestra temporale comprendente tutte 

le fasi del segnale considerato. Molteplici test eseguiti hanno infatti dimostrato come 

effettuare un’analisi di somiglianza considerando ridotte porzioni di sismogramma 

(pochi secondi) conduca in modo inequivocabile alla determinazione di famiglie 

sismogenetiche erroneamente sovradimensionate. Come sottolineato in Ferretti et al., 

2005 (accettato in via preliminare per la pubblicazione sulla rivista “Bulletin 

Seismological Society of America”) l’indice di cross-correlazione calcolato 

considerando un’adeguata finestra temporale, comprendente fase P, fase S e parte della 

coda, consente di ottenere valori di similitudine dipendenti anche da componenti di 

segnale strettamente legate alla propagazione nel mezzo. Una volta ottenuti affidabili 

indici di somiglianza si è proceduto alla determinazione, a partire da coppie di terremoti 

simili (doublets), di una soglia minima di cross correlazione (indice di somiglianza) 

riferita a ciascuna stazione utilizzata, da applicare al fine di discriminare quelle che 

vengono definite famiglie sismogenetiche (multiplets). A tale scopo è stata applicata 

una innovativa procedura (Ferretti et al., 2005) in grado di considerare sia le 

componenti verticali sia le componenti orizzontali dei segnali registrati a tutte le 

stazioni della rete sismica considerata. Il raggruppamento in famiglie è stato effettuato 

utilizzando la “bridging technique” (Aster and Scott, 1993), considerandone vantaggi e 

svantaggi rispetto alle metodologie classiche. Il risultato finale è stata la determinazione 

di 27 multiplets, ognuno dei quali riconosciuto da più stazioni con valori minimi di 

somiglianza superiori all’ 80%. Considerando le famiglie sismogenetiche maggiormente 

significative (in termini di componenti) e contemporaneamente localizzate internamente 

alla rete RSLG, è stata applicata a ciascuna di esse una procedura di localizzazione in 

relativo tramite l’utilizzo del “double difference algorithm” (Waldhauser and Ellsworth, 

2000). L’accuratezza dei parametri ipocentrali ottenuta tramite la procedura di ri-

localizzazione è stata testata analizzando due differenti data set, composti 

rispettivamente da eventi localizzati internamente ed esternamente alla rete RSLG. I 

risultati ottenuti hanno messo in evidenza la buona affidabilità del metodo per eventi 

sismici localizzati internamente al network ed allo stesso tempo una scarsa  

significatività dei risultati considerando un data set caratterizzato al contrario da eventi 

sismici caratterizzati da elevato gap azimutale e non trascurabile distanza ipocentro-

prima stazione. Per ciascuna famiglia rilocalizzata è stato calcolato, ove possibile, il 
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meccanismo focale cumulato al fine di determinare l’orientazione del piano di faglia 

principale. Una successiva applicazione delle metodologie sopra descritte è stata 

effettuata utilizzando come data set di partenza circa 250 terremoti, registrati dalla rete 

sismica RSNI nel periodo Agosto 2000 - Luglio 2001, localizzati in una ristretta area 

geografica ubicata pochi km a NO di Acqui Terme (Monferrato, Piemonte) (Massa et 

al., 2005, accettato in via preliminare per la pubblicazione sulla rivista “Journal of 

Seismology”). L’analisi di doublets unita ad una successiva procedura di localizzazione 

in relativo ha condotto alla determinazione di 5 multiplets, ognuno dei quali aventi 

parametri di localizzazione caratterizzati, se paragonati ai medesimi derivati dalla 

localizzazione di bollettino, da un brusco decremento degli errori. Le nuove 

localizzazioni delle famiglie sismogenetiche, nonostante abbiano consentito di definire 

per l’area in studio una distribuzione di sismicità interpretabile in riferimento alle 

conoscenze concernenti l’assetto geologico strutturale dell’area stessa, rimangono in 

questo caso affette, per quanto riguarda le coordinate assolute, da non trascurabili errori 

insiti nelle localizzazioni di partenza. La configurazione del network a disposizione, sia 

in termini di gap azimutale sia in termini di distanza epicentri-stazione, non ha 

consentito, relativamente alla posizione dell’area epicentrale, di ottenere affidabili 

localizzazioni assolute. Il confronto dei risultati derivanti dall’applicazione di medesime 

metodologie, a partire da differenti condizioni al contorno, ha consentito di definire le 

condizioni limite di applicabilità delle stesse, le quali se utilizzate senza alcun criterio di 

selezione condurranno in generale ad un mancato miglioramento delle condizioni di 

partenza e/o a risultati erronei. La parte conclusiva degli studi trattati è stata dedicata 

allo sviluppo di un nuovo algoritmo di localizzazione assoluta basato esclusivamente su 

un’analisi di somiglianza di forme d’onda effettuata ad una singola stazione di 

riferimento (Massa et. al. 2005, sottomesso alla rivista “Journal of Geophysical 

Research”). Tale procedura è stata implementata considerando come riferimento la 

stazione mono-componente di Sant’Anna di Valdieri (rete sismica RSNI), ubicata nelle 

Alpi Sud Occidentali, in prossimità del confine italo-francese. Sono stati raccolti in un 

data base di partenza, accuratamente selezionato a seguito di un’analisi del rapporto 

segnale disturbo, circa 2.700 sismogrammi verticali, registrati in un’area di 40 km x 40 

km nel periodo 1985-2004. L’analisi di somiglianza, precedentemente descritta è stata 

in grado di discriminare per il periodo considerato 80 multiplets, a ciascuno dei quali è 

stato possibile associare un evento master (evento di riferimento) in corrispondenza del 

quale fare collassare le coordinate ipocentrali di tutti gli eventi appartenenti alla 
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famiglia associata al medesimo. Utilizzando il data set di multiplets ricavato per il 

periodo in esame, l’algoritmo di localizzazione è stato testato utilizzando un data set 

ridotto composto da circa 100 terremoti, registrati nell’area in studio nel periodo 

Gennaio 2003 - Giugno 2004. Tramite la suddetta metodologia di localizzazione, basata 

esclusivamente sui risultati derivati da un’analisi di forme d’onda nel dominio del 

tempo, è stato possibile localizzare circa il 50% degli eventi appartenenti al data set 

ridotto. Il vantaggio principale di tale procedura, rispetto alle tecniche usualmente 

utilizzate per determinare le coordinate ipocentrali di eventi sismici, risulta 

l’indipendenza della medesima da errori derivanti da sfavorevoli geometre di rete 

rispetto all’area epicentrale, dal numero di stazioni (fasi registrate), dalla distanza 

ipocentro-prima stazione e da errori di lettura delle fasi sismiche da parte di un 

operatore. L’attenzione rivolta allo studio delle sequenze sismiche, con la conseguente 

possibilità di dare una corretta caratterizzazione alle strutture sismogenetiche presenti 

nelle aree considerate, rappresenta uno passo fondamentale per qualsiasi tipo di studio 

disciplinare successivo; la qualità dei risultati ottenibili attraverso la costruzione di 

modelli tomografici e di propagazione (sulla base dei quali vengono effettuati gli studi 

di rischio sismico) dipende infatti dagli errori ottenuti durante le procedure di 

localizzazione dei terremoti e di conseguenza dalla corretta individuazione delle 

strutture sismogenetiche responsabili degli stessi. 
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(Chapter 1) 

SEISMIC DOUBLETS 
 

In the past theoretical works an earthquake sources (Aki, 1979; Israel and 

Nur,1979) has suggested that the strength of fault material must be highly variable, with 

stress concentrated at certain points (barriers or asperities) along the fault. Ishida and 

Kanamori, (1978) observed localized precursory seismicity before the 1952 Kern 

County and 1971 San Fernando earthquakes, and their observations might indicate such 

a stress concentration. The statistics of earthquake occurrence and observations of 

earthquake locations (Ellwoorth, 1975) have shown spatial and temporal clustering of 

earthquakes, which could also be interpreted as asperities. While seismicity data are of 

great importance, not all of the information about source physics is inherent in the 

hypocentral locations and time sequence. Even after efforts at relocation, location data 

still are not exact, and source depths are particularly uncertain. The seismograms 

themselves contain much more detailed information about the source, but extracting that 

information may not always be straightforward. Doublets (couple of similar events,   

Fig. 1) or multiplets (more similar events, Fig. 1) analysis has proved to be an important 

tool in modern seismology: basing on the assumption that waves generated by two 

seismic sources, propagating through similar paths, have to generate similar 

seismograms, a detailed study of the small differences between seismograms can 

provide a very accurate definition of differences either on the source or on the 

propagation. Doublets have been usually divided in “spatial doublets” (the propagation 

is assumed as a constant, and the whole differences are attributed to changes in the 

source position) and “temporal doublets” (the relative source location is taken into 

account, and the residual differences in travel time are related to changes in the 

propagation velocity). Spatial doublets provide considerable power to understand small 

details in the source and the geometry of seismogenetic structures (Frankel, 1982; 

Nishigami, 1987; Deichmann and Garcia Fernandez, 1992; Got and Frèchet, 1993). On 

the contrary, temporary doublets represent an important tool to detect small temporal 

variations of the crustal properties (P and S velocity, attenuation) (Poupinet et al., 1984; 

Got et al., 1990). Both fields of study can find interesting applications in earthquake 

prediction (Poupinet et al., 1985). It is possible to extend these definitions to “families 

of events” or “seismogenic families”, defined by Tsujiura M. (1983) as groups of 
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seismic events all characterized by similar sources and paths, and as a consequence by  

similar seismograms if recorded by a common reference station. The analysis presented 

in the following chapters mainly deals with “spatial multiplets”, considering the 

propagation as a constant parameter of the problem. Doublets analysis is based on the 

assumption that seismograms of two seismic events, whose sources are very close in 

space, recorded at the same station could be considered as deterministic signals (with 

nearly the same time history), with a superimposed random noise. In this case it is 

possible to obtain very accurate timing of such signals using cross-correlation or 

cross-spectrum techniques. Determining relative time differences of phase arrivals, for a 

significant number of stations, very accurate relative location can be performed. The 

problem can be summarized as follows: give two signals, al and a2 recorded at the same 

station, related to two seismic events, it is possible to obtain very accurate estimation of 

the difference in time arrival, obviously with respect to a common time reference. As 

usual in signal processing, it is possible perform this task both in the time and in the 

frequency domain. 

 

 
 

Figure 1.1 - “Multiplets” (or “seismogenic family”) including 8 earthquakes (1.9 < Ml < 2.1) recorded by 

SARM station (RSLG network, see figure 1 in chapter 2) (from Ferretti et al., 2005, submitted to BSSA). 

A “doublets” represents simply a couple of similar events.  
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1.1. Time domain analysis 
In the time domain, the most suitable function to be adopted is the 

cross-correlation function defined as (Augliera et al., 1995): 

 

C12 (τ) =  ∫ a1 (t) a2 (t+ τ) dt          (1) 

 

where the integral is calculate from t1 or t(a1) and t2 or t(a2). Assuming that both signals 

have a quasi-identical transient time history, simply shifted in time: 

 

a2 (t) =  a1 (t+ τ’)          (2) 

 

with a superimposed uncorrelated random noise, the result is a quasi-autocorrelation of 

the signal; in case of signals with a strong transient character, the correlation shows a 

narrow bell-shaped maximum. The coherent part of the signals can be enhanced by an 

appropriate filtering. Normalizing C12 to the square root of the product of auto-

correlation of signals, the function approaches unity for τ = τ’, and this value represents 

an evaluation of the similarity of both signals (Fig.2).  

 

 
 
Figure 1.2 - Example of aligned seismograms (right panel) and related normalized cross correlation 

function (left panel) calculated considering a time moving window of 1 sec. 

 

In digital signal processing, problems could arise owing both to windowing and to 

sampling of the signal. Usually, the cross-correlation is evaluated only between two 

narrow windows centered around the approximate phase arrival in the two 

seismograms, and if timing is sufficiently accurate this fact does not produce any 
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distortion. On the other hand, the sampling process limits the accuracy of the cross-

correlation peak determination (the timing sensitivity is determined by the sampling 

rate). To overcome this limitation, it is possible to interpolate the correlation function on 

its convex part around the maximum by means of a parabolic fitting. The maximum of 

the interpolated correlation function represents a better estimate of the effective time 

delay than the sample with maximum value (Fig. 3). Such an approach has been 

adopted for example by Scherbaum et al. (1991) and by Deichmann and Garcia 

Fernandez (1992). Another estimate of the maximum of the cross-correlation function 

can be achieved using a sinc reconstruction on a window centered around the maximum. 

The sinc reconstruction is computed, i.e. practically resampled, at a higher frequency  

and the maximum is obtained by direct search. Figure 3 shows a comparison, reported 

in Augliera et al. (1995), between the techniques of data fitting applied to the synthetic 

data (i.e. with  known delay). Results of this comparison will be presented in the 

following paragraph.  

 

 
 

Figure 1.3 - Doublets analysis in the time domain on synthetic traces. (a) interpolation of the cross 

correlation values by means of a sinc function. (b) Zoom around the maximum: comparison between sinc 

and parabolic interpolations with respect to the imposed delay (Theoretical Value) (from Augliera et al., 

1995). 
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1.2. Frequency domain analysis 
In the frequency domain, similar results can be achieved using the cross-spectral 

analysis. For a temporal window it is possible to define (Augliera et al., 1995): 

 

S12,w (f) = A*2,w (f) A1,w (f) = P12 (f) –iQ12 (f)          (3) 

 

where A1, and A2 represent the spectra of the signals, P12(f) is the co-spectrum and 

Q12(f) is the quad-spectrum, the asterisk denotes the complex conjugate. Assuming both 

signals are simply time-shifted, the cross-spectrum phase between the signals is: 

 

φ (f) = -arctan [Q12 (f) / P12 (f)]          (4) 

 

related with the time shift δ by the relationship: 

 

φ (f) = 2πδf          (5) 

 

Obviously, this relation will be valid only for the spectral components actually coherent; 

a measure of this coherency can be obtained by the quantity: 

 

COw = | S12,w (f) | / [ | A1,w (f) | 2 | A2,w (f) | 2 ] 1/2           (6) 

 

where A1,w and A2,w represent the smoothed spectra of the signals (Fig. 4). The 

coherency is used to weight the linear fit of the cross-spectrum phase (Poupinet et al., 

1984). 
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Figure 1.4 - Doublets analysis in the frequency domain. Top: phase lag versus frequency for a portion of 

the traces (1.28 sec). The regression line is computed only in the frequency range of 1-15 Hz. Bottom: 

Coherence of the signals (from Fremont and Malone, 1987). 
 

1.3. Reliability tests: synthetic and real data 
The experimental seismologist, when faced with such mathematical tools, mainly 

if implemented in home-made computer programs, usually maintains a sceptical 

approach, and try to check the behaviour of these techniques in controlled experiments. 

Ito (1990) has shown a numerical simulation of his cross-spectral method, 

demonstrating a time accuracy around 1 ms using synthetic data generated with a 

sampling interval of 2 ms. In Augliera et al. (1995) the authors tried to check also the 

behaviour of time-domain methods using a larger sampling interval (12 ms, quite 

typical for regional seismic networks). As a first step to evaluate the reliability of the 

procedures consists in the generation of synthetic signals, whose time shift is known. In 

order to check a timing accuracy better than the sampling interval, it is not possible to 

generate a synthetic signal simply by shifting a reference trace by a few samples. The 

authors choosed to use a piece-wise interpolation of a seismic trace by bi-cubic splines, 

and a resampling of the interpolated function in a shifted time base; the so obtained 

signal is than contaminated by a uniformly distributed random noise. Several traces, 

starting from real traces of earthquakes, were generated in this way, changing every 
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time the amount of time shifting and the level of noise contamination. Then the 

computed delays were compared with the imposed ones. A statistical analysis of these 

differences is reported in figure 5, in form of RMS of residuals versus level of noise, for 

each method. It is quite evident that, for low noise-to-signal ratios (NSR), the cross-

spectral analysis furnishes a very accurate reconstruction of delay, while a strong 

increase of noise introduces larger errors. Only in case of NSR greater than 1 the delay 

determination becomes unstable. In the time domain, the sinc reconstruction appears 

more accurate than the parabolic one for low NSR, and it permits to maintain the error 

below 1 ms, even with a noise level as high as the signal mean level. The error 

introduced by the parabolic interpolation, also in the case of weak noise, can be 

explained by the fact that, using a short time window, the cross-correlation evaluation 

can be strongly asymmetric around its maximum, while the parabolic interpolation 

looks for a symmetric fit of the samples. On the contrary, in case of a higher noise level, 

the parabolic fit appears less influenced by noise contaminations. So, in presence of 

small NSR, a time accuracy better than 1 ms can be expected, while for very noisy 

signals the spectral analysis could introduce relatively large mistakes; in any case the 

time-domain analysis should provide a time reading accuracy within 4 ms also in case 

of NSR around 2 (Fig. 5). 

 

 
 

Figure 1.5 - Tests on synthetic traces. RMS of residuals (differences between computed and imposed 

delays) are reported versus noise to signal ratio for different analysis methods (from Augliera et al., 

1995). 
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In case of very low NSR the cross-spectral analysis should be preferable, while the 

parabolic interpolation must be used for very noisy traces. Obviously, the reported 

accuracy represents a lower bound of sensitivity of the method, related only to random 

noise influences: the deterministic part of the two signals is exactly the same. In reality, 

signals are often characterized by deterministic differences, generated by small 

variations of source and path (for example a change in magnitude can be described by a 

convolution of one signal with a non-delta function) and it is so possible to obtain 

inaccuracies higher that what expected by NSR analysis. In the past a large amount of 

papers investigated in particular the possibility of application of these techniques to real 

active (Augliera et al., 1995) and passive (Geller and Mueller, 1980; Tsujiura M., 1983; 

Augliera et al., 1995; Cattaneo et al, 1997; Cattaneo et al., 1999; Scarfì et al., 2003) 

seismic data. In Augliera et al. (1995) in order to investigate the limits of the analysis 

procedure, the cross correlation method was applied to a series of shots: an air-gun 

stream in the Western Ligurian Sea, performed during the Italian Crop-Mare 

Experiment, Line M-10 (Eva et al., 1992). Even if the source energy was very low, a 

long sequence of closely (about 60 m) spaced shots was recorded in digital form. The 

source function for all the shots can be reasonably considered as nearly identical. 

Looking in detail (Fig. 6) the records of a series of shots at the closest Imperia station 

(IMI), it is possible to recognize a very high similarity, but with a nearly continuous 

change in some details of the waveform: a part of this change could be assigned to 

source effects, but it is more realistic to assume a prevailing effect of wave path 

variation. In this way the authors try to define the validity of the approximation of a 

coincident propagation path. For this purpose, a series of shots both in the traditional 

way (one master event and all the others correlated with it) and in cascade (master 

1-slave 2; master 2-slave 3 and so on) were analysed. The correlation was performed in 

the time domain, using either a narrow window around the P arrival (0.5 s), or a longer 

window, including a part of P coda (4 s). The most interesting result is the very strong 

similarity of the P onset in all the shots: correlation coefficient nearly 1 for the cascade 

series, characterized by a constant spacing between shots of about 60 m, and a slight 

reduction for increasing distance, but still maintaining values around 0.95 for distances 

above 400 m. A different behaviour can be observed using the larger time window: 

while the correlation between close shots remains high, a strong reduction with 

increasing distance can be observed falling below 0.7 at a distance of about 200 m. 
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Figure 1.6 - Waveforms for air-gun shots in the Ligurian Sea (CROP-Mare, M-10 line) recorded at 

Imperia-Monte Faudo (IMI) station (epicentral distance of 22 km) (from Augliera et al., 1995). 

 

This result is coherent with the definition of doublets: dealing with small events, if the 

source mechanism can be assumed as constant, the shape of the main phases is the 

effect of a simple wave-train incident on the near-station structure, showing strong 

similarities also for relatively different paths. On the contrary, analysing a larger time 

window, it is possible to observe the Green's function of a larger volume of the Earth, 

and similarity decreases at increasing distances between sources. Geller and Mueller 

(1980) suggested that strong similarities in filtered seismograms have to be related with 

sources spaced no more that one quarter wavelength: in the case of seismograms 

dominated by frequencies up to 10 Hz, this limit can be estimated at 100 m. The 

conclusion is that, in the seismogram analysis, it is possible to distinguish between 

“strong doublets” (same mechanism, nearly coincident source, nearly identical entire 

waveform) and “weak doublets” (same mechanism, but sources more spaced, and 

seismograms differing mainly in the high-frequency components - Pechmann and 

Kanamori, 1982; Pechmann and Thorbjarnardottir, 1990; Zhou et al., 1993). It must be 

observed that some authors used for the peak correlation the maximum sample of the 

digital cross-correlation function, while interpolating the maximum, as explained in the 

previous paragraphs, it is possible to obtain, in case of good correlation, high values 

very close to 1. In order to derive good estimates of arrival time differences of seismic 

phases, it appears thus preferable to use small time windows around the phase onset, 
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allowing a correct determination also for not closely spaced events (“weak doublets”). 

Since the remarks reported in this chapter and seen the, in many case not negligible, 

level of noise characteristic of both RSNI (Regional Seismic Network of Northwestern 

Italy, figure 1 in chapter 5) and RSLG (Regional Seismic Network of Lunigiana 

Garfagnana, figure 1 in chapter 2) seismic stations, the studies presented in the 

following chapters have been performed considering a time domain approach only. 
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(Chapter 2) 

AN IMPROVED METHOD FOR THE RECOGNITION OF 

SEISMIC FAMILIES 
 

With the aim to find a more objective way to detect seismic families, a series of 

successive steps to constrain the results of a waveform similarity analysis is applied. 

The evaluation of similarity is carried out on the waveforms recorded in the period 

1999-2003 by the stations operating in the Garfagnana area, located in northern Tuscany 

(Italy). The algorithm is based on the cross correlation technique applied in a process 

that overcomes the limit of one order of magnitude between events to be compared 

through a bridging technique.  In practice, if two couples of events (A,B) and (B,C), 

each exceeding the correlation threshold, share a common quake (B), then all three 

events are attributed to the same family even if the match between A and C is below a 

value chosen as a reference for similarity. To avoid any subjective choice of  threshold 

for cross-correlation values, the results from the computation algorithm are submitted to 

a routine that gives increasing reliability to them if they are confirmed by the three 

components of the seismogram and if the number of families detected by each station is 

confirmed by more recordings. This latter constraint is made possible by the geometry 

of the recording network, with inter-distances between stations of the order of 40-50 

km. The process finally leads to the recognition of 27 families detected and confirmed 

by, in average, 3 stations, that represent 40% of the recording capabilities.  Since the 

performances of the recording network have been very odd in the past, especially in the 

early years of operation, the reliability of the detection is much higher as in most cases 

the stations that detected the families were the only to be effectively recording. The 

methodology proved to be more efficient than other methods applied in the past; 

moreover the results could be probably improved even more if, instead of doing a one-

run process, it would be borne as a trial and error approach.  
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2.1. Introduction 
Recognition and grouping of seismic events that have alike characteristics (very 

close locations, similar waveforms) can be a useful tool in seismotectonics studies to 

define the seismicity of recent structures, and becomes even more useful  when the 

seismogenic structures are very close, the location of seismic events is affected  by 

important errors (of the order of the distances between structures) or events are 

distributed over long time intervals.  Moreover, among the relevant consequences of the 

right attribution of the seismicity to a particular structure, all quantitative studies on the 

recurrence of earthquakes and the implication on the studies of seismic hazard should be 

taken into account. Unfortunately, the association of a seismic event to a particular 

cluster is not a straightforward routine.  In this chapter is describe how overcame the 

problem applying an improved methodology originally proposed by Cattaneo et al. 

(1999) to the data recorded by a small, dense seismic network in the area of the 

Garfagnana-Lunigiana (Tuscany, northern Italy). This area, located at the north-western 

end of the Apennines, deserves a special attention, from the seismological point of 

view, in  consequence of the many relevant earthquakes that affected it in the past. The 

most important ones were certainly the Mm=5.8 of 1481, the Fivizzano events 

(Mm=4.6, 1767; Mm=4.8, 1902) and the Mm=6.4 occurred in September 1920 

(Solarino, 2002), but many others, although of lower magnitude, would be worth a 

mentioning (Camassi and Stucchi, 1996). In brief, this sector of the Apennines has the 

potential for a seismicity of high energy, and, since the last event exceeding magnitude 

Md= 5.0 dates back to 1995,  it is very important to investigate the mechanisms of 

energy release that are proper to the area. For the purpose above described, along with 

the necessity of a steady seismic monitoring, a very dense network has been established 

since 1999. Figure 1 shows the relevant historical earthquakes and the more recent 

seismicity (1999-2003) together with the locations of the recording stations. The 

peculiarities of the seismic stations and the technical details of the instruments have 

been described in Solarino et al., 2002: all seismic stations are digital acquisition units 

connected to three components enlarged band sensors (5 sec) linked via telephone 

(GSM or cable) to the processing center located in Genova. In the next paragraphs it is 

describe how the families has been detected, referring to the events of a multiplet as a 

group (Spottiswoode and Milev, 1996). The recognition is partly based on the 

methodology proposed by Cattaneo et al., (1997 and 1999) and is performed in a series 
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of steps, each of which represents an increase in reliability (due to accounting for more 

constraints) and a decrease in subjectivity of the choice of the parameters for 

performing the association.  The procedure was carried on a dataset of 1350 events 

occurred in the Garfagnana area in the period 1999-2003; the final result is a series of 

seismic families  that have been chosen with as much objectivity as possible. Of course, 

after the recognition of these groups, the seismotectonics surmises would be the logical 

complement, and they will be treated in chapter 4. This chapter insists on the 

methodological aspects, including comparisons between obtained results at each step. 

 

 
 

Figure 2.1 - Position of the RSLG seismic stations the  recordings of which have been used in this study. 

The stars and the triangles show the locations of the main historical events that occurred in the area; 

circles show the located events for the more recent period (1999-2003) (from Ferretti G., Massa M. and 

Solarino S., submitted to Bull. Seism. Soc. Am.). 
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2.2. Detection of seismic clusters 
Prior to describing the applied methodology, it is necessary to point out a few 

definitions that can apply to seismic events somewhat linked (e.g. occurring very close, 

due to the same source mechanism, occurring in a very narrow time).  A cluster is a 

group of seismic events tightly linked in space compared to the dimensions of near-

source heterogeneities and to the observed wavelengths (Maurer and Deichmann, 1995).  

When events of a cluster have a common focal mechanism and similar magnitudes  (that 

is have a similar source-time function,  propagation path, station site and recording 

instrument) ,  they can be defined as family. In practice, the difference between these 

two terms depends on the level of knowledge one has of the phenomenon: within a 

cluster there might be more families, for example when two different seismogenic 

structures are very close or the structure does not behave as an unique seismogenic 

source but it is activated in episodes with (slightly) different characteristics.  In the next 

paragraphs will be show that the methodology applied has the resolution power to 

distinguish families. One objective way to assess if  seismic events belong to the same 

cluster is to perform a waveform similarity analysis (Maurer and Deichmann, 1995).  

Several methods were developed in the last years: cross-spectral techniques (Scherbaum 

and Wendler, 1986; Got et. al., 1994), pattern recognition (Joswig, 1995), fractal 

approach (Smalley et al., 1987), syntactic pattern recognition schemes (Zhinzhin et al., 

1992; 1994), non-linear correlation technique (Schulte-Theis and Joswig, 1993), 

dendogram analysis (Schulte-Theis, 1995). In this case a cross-correlation method has 

been applied. The cross correlation function formula and properties were presented in 

the chapter 1. In this study the similarity of waveform has been measured by the 

normalized cross-correlation function (C'12) for which it is possible to expect that the 

cross correlation value (see formula 1 and 2 in chapter 1) approach unity for τ = τ’ ; this 

value represents an evaluation of the similarity of both signals: 

 

 

                         

    

 

One way to shorten the process a priori is to distinguish groups of events that have 

similar locations, and to perform the detection algorithm on these groups only (Maurer 
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and Deichmann, 1995).  Here any a priori recognition / subdivision, to avoid that any 

initial selection would bias the procedure, has been made. Nevertheless, it is possible to 

estimate the influence of  pre-selecting data using quality location factors applying as 

same methodology as for the complete database on a reduced dataset (700 events versus 

1350): the results  will be mentioned in the last paragraph, and used as a comparison. 

Most of the methodologies capable of class association are limited to very narrow 

magnitude bands: for example, those based on the cross correlation technique would 

consistently be biased when comparing waveforms differing from each other by more 

than one order of magnitude (Deichmann and Garcia-Fernandez, 1992). In this study, 

the limit is overcome by applying a bridging technique for which if two couples of 

events (A,B) and (B,C) share a common quake (B) then all three events are attributed to 

the same family even if the match between A and C is below the reference value for 

similarity (threshold hereinafter).  Event B represents then the “bridge” between these 

couples. The algorithm is based on the Equivalence Class approach (Press et al., 1988) 

and has already been applied to local earthquake data set by Aster and Scott (1993) and 

Cattaneo et al. (1997, 1999).  The potential and the success of the approach is estimated 

by a simple test performed on a group of events with magnitude spanning from 1.9 to 

3.5. The classical waveform analysis leads to the recognition of a family which does not 

include the three strongest events, while the approach improved by the bridging 

technique associate them. The correctness of such an association is confirmed by the 

temporal occurrences (all events are temporally clustered in a three months time), the 

equality of  first onsets for each event of the family at a station, and the chronological 

evolution of the events, as shown in details in figure 2. With the purpose of applying the 

method in the Garfagnana area, all available data of each seismic station have been 

organized in matrices and then compared in the search for waveform similarities. In this 

frame, the approach proposed by Maurer and Deichmann (1995)  to consider 1 sec from 

the onset of the P arrival and 2 sec from the S arrival seems too simplistic, since a 

similarity can result even in waveforms recorded at far stations, with S-P time greatly 

different, which they avoided by doing a pre-selection of events. 

 



Marco Massa ______________________________________________________________ Ph.D. Thesis            

 25

 
 
Figure 2.2 - The bridging technique is able to associate stronger events (more than one order of 

magnitude) to a family.  These events would be discarded using other approaches, while their polarities 

(top panel, right side), the shape of the waveforms (top panel, left side), time of occurrence and 

chronological order (bottom panel) are clear index of  concordance. The three strongest events (Ml 3.5, 

3.4, 3.4) are marked by arrows (from Ferretti G., Massa M. and Solarino S., submitted to Bull. Seism. Soc. 

Am.). 
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Instead it is better to consider a continuous signal of the first ten seconds after the P 

onset: for recordings at an average distance of 30 to 50 km from the hypocenters, the 

comparison is then made on a signal more complicated than simple first pulse. In fact, 

while the first pulse is mainly determined by the radiation pattern and could be easily 

reproduced by events that are further separated, the first part of the coda is merely 

affected by the propagation and can be matched only by seismograms of rays that have 

travelled similar paths.  On the other hand, the power spectra of coda waves at a given 

time measured from the earthquake origin time is nearly independent of the epicentral 

distance as it includes waves coming from scatterers distributed over a large area 

surrounding the stations and epicenters (Aki, 1969). Since this regional common 

envelope shape is expected to be recorded by stations near the epicenter  twice the S 

wave travel time (Rautian and Khalturin, 1978), a 10 seconds window should be able to 

discard this “common” part of the coda, at least for our data set, for which the S-P time 

is of 3 to 8 seconds. Figure  3 shows the time window of cross-correlation for 

waveforms at a distance from the hypocenter of 18, 44, 67 km respectively: it is easy to 

see that the choice of 10 seconds (rectangle with dashes) always ensure to consider the 

P and S onsets (like in Maurer and Deichmann, 1995) and the part of the S coda 

certainly not interested by backscattering, with the exception of very close stations 

(closer than 20 km from the hypocenter). Even in this case the influence of the regional 

part of the seismogram sums up to 10% of the signal only, and it is not expected to 

significantly bias the cross correlation algorithm.  In practice, the choice of the 10 

seconds window allows to consider the most complicate and diverse part of the signal.  

The difference between our approach and that of Maurer and Deichmann (1995) is 

resumed in figure  4: by using the 1 sec P and 2 sec S approach all events of a limited 

area are included in one family, while with the 10 seconds approach events are split into 

two families, which is reasonable since the events of each family have similar S-P 

timing and occurred very close in time (June 2001 and in April 2002 respectively). 

Since waveforms may contain noise and since high frequency wiggles would be too 

difficult to compare, biasing the cross-correlation results, all waveforms comparison 

have been carried out in the frequency range 2-10 Hz only.  This filtering window has 

been adopted after an analysis of the S/N ratio and, as shown in figure 5, it has the 

capability to reduce natural noises without biasing too much the seismograms, the 

frequency of which, for very local earthquakes, seldom exceeds 12- 15 Hz. 
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Figure 2.3 - Cross correlation algorithm is applied on a 10 seconds window (square with dashes). It 

comprehends the P and S onsets and the first part of the coda. With the exception of stations very close to 

the hypocenter (closer than 20 km), the 10 seconds window does not include the regional part of the coda, 

expected at twice the s timing from the origin time (from Ferretti G., Massa M. and Solarino S., submitted 

to Bull. Seism. Soc. Am.).  
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Figure 2.4 - Maurer and Deichmann (1995) proposed to perform cross-correlation on 1 second P and 2 

seconds S windows. This approach does not take into account the S-P time, and could associate events 

that are further separated. The 10 seconds window is instead able to split events into families with similar 

characteristics, including the S-P time, without any a priori selection. In figure, the results relative to 

families 17 and 18 are shown. The method by Maurer and Deichmann (1995) would join them in an 

unique family (see text) (from Ferretti G., Massa M. and Solarino S., submitted to Bull. Seism. Soc. Am.). 
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Figure 2.5 - The analysis of the S/N ratio leads to a pass band filter of 2-10 Hz. The S/N plot shown is 

relative to the seismogram of a magnitude 1.9 recorded at station GRAM, whose background noise 

represents the average for the network (from Ferretti G., Massa M. and Solarino S., submitted to Bull. 

Seism. Soc. Am.). 

 

One more important parameter that must be imposed is the threshold for cross-

correlation results to be considered index of similarity.  In fact the result of the cross-

correlation algorithm is a value ranging from 0 (waveforms are completely different) to 

1 (waveforms are  clones).  The choice of this threshold is very delicate and there is no 

objective means to determine the right value. The choice is even more complicated by 

the bridging nature of the method which causes, for very non-adapt choices, very 

diverse waveforms to apparently match. Cattaneo et al. (1999) applied a rather 

simplified concept to deal with the problem of definition of threshold: these authors 

searched for similarities on the vertical component of a single station (arbitrarily 

chosen)  and applied several decreasing values of threshold to their results until they 

found the best compromise between number of families and population for each group.  

In this chapter the database of the Garfagnana area has been used to either improve the 

choice of the threshold (by adding successive constraints to an initial choice) either to 

get the feeling of how reliable are our recognitions in an objective manner. The starting 

point is the definition of cross-correlation values for each component of the waveforms 

and the establishment of a set of meaningful threshold values by plotting, for each 

stations,  the  number of pairs versus the values of cross-correlation (Fig. 6, step 1  of  

Fig. 7).   
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Figure 2.6 - Example (station SARM) of the plot showing the number of pairs versus cross-correlation 

values for the vertical and horizontal components (top to bottom).  On the right hand side a zoom shows 

the area of the deviation from a pure normal distribution: the cross-correlation values for this area are 

considered as potential thresholds in the following steps of the process (from Ferretti G., Massa M. and 

Solarino S., submitted to Bull. Seism. Soc. Am.). 
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Figure 2.7 - Flow chart of the process for defining seismic families. After the cross-correlation algorithm 

is computed at each component of each station, plots like those reported in figure 6 help to define possible 

threshold values for each station.  The value that ensures the best agreement between the three 

components (see table 2) is chosen for each station. A number of detected families corresponds to this 

threshold: the reliability of the detection is proportional to the total number of stations that detected that 

particular family (tables 3 and 4) (from Ferretti G., Massa M. and Solarino S., submitted to Bull. Seism. 

Soc. Am.). 
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Table 2.1 - Number of families and average seismic events for each family.  The outcomes for several 

values of the threshold are reported.  For each station, the cross-correlation threshold that allows a similar 

distribution of both events and families on the three components is chosen for that station (grey cells). For 

example, the value 75% (0,75) for station MAIM ensures both similar number of families (10,9,10) and 

very close average of seismic events (8.3; 7.33; 7.0) (from Ferretti G., Massa M. and Solarino S., 

submitted to Bull. Seism. Soc. Am.). 
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Table 2.2 - Comprehensive table of detected events for each family at each recording component. The 

grey cells indicate families recognized at all components (from Ferretti G., Massa M. and Solarino S., 

submitted to Bull. Seism. Soc. Am.). 

 

Where the plot shows a sudden drop, and the trend deviates from a pure normal 

distribution (Maurer and Deichmann, 1995), that is where the range of acceptable cross 

correlation values start. At this point of the process, many thresholds for each station are 

defined, and these values may also be very different for each station (e.g. MAIM 70% - 

80%; BACM 80% - 90% ). The values assigned to each station are then evaluated: the 

threshold that allows as similar as possible number of families and of average events for 

each family on the three components  is chosen as the threshold for that station (see Fig. 

7, step2,  and table 1).  The process is operated on all stations, leading to 8 threshold 

values.  Within these threshold values, the number of families defined at each 

component may be slightly different (see table 1), and the ambiguity is overcome by 

defining as a family only the groups recognized on all three components. Also the 

number of events recognized at each component may be different (see table 2 ) and to 

be as conservative the lower number of common events is attributed to each family. As 

an example, it is possible to consider the case of station MAIM: after the computation 
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of the cross-correlation, three different thresholds were defined (70%-75%-80%);  

among them, the value  75% best ensured a similar number of families and average 

events on all components. By looking at the number of families detected by each 

component (table 2), it turns out that only  8 families are common.  To each family the 

lower number of detected events has been attributed after checking that these events are 

common to the three components (for example, family 19, 22 events). The following 

step considers that in an area with small distance between stations any family must be 

confirmed by more than one station for increased reliability. In the optimal case families 

are recognized on all waveforms. This ensures reliability of the definition of family and 

represents an important constraint on number of events belonging to them (Fig. 7, step 

3). Unfortunately, as partly described in Solarino et al., (2002) and Ferretti et al. (2002), 

the stations belonging to the Garfagnana network experienced several failures, 

especially in the early times of operation. This resulted in a data loss that in this 

particular case affects the episodes of short duration. One station failure lasting few 

days can prevent the station from recording episode at all.  Moreover, with lower 

magnitude, phase picking is not always possible for all stations. Some interesting 

seismic episodes also took place outside the network. All these arguments must be taken 

into account when interpreting the reliability of the detected families. In particular, 

specific tests conducted on the dataset showed that: 

• magnitude influences the number of potential recording stations only if it is 

lower than 1.8: in such a case the stations located at greater distances (> 60 km) 

from the hypocenter may not record it or the signal may be masked by anthropic 

or natural noise.  It is clear that, in a family, events may have different 

magnitudes (unless they are swarms), and their values may decrease down to 

less than 1.8. In these cases, the number of units for the family may vary at 

different stations, the closer being more indicative of the current number of 

shocks; 

• events occurring outside the network (in particular on the eastern side) might not 

be detected by all stations depending on their location and magnitude, and 

therefore might have a location biased towards the nearest station.  Generally 

speaking, events must have a magnitude greater than 2.2-2.5 to be recorded by 

the full set of stations.  For this reason, the results of this study are subdivided 

into two groups, depending on whether the events occurred inside or outside the 

network; 
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• the longer lasting failures have occurred between 1999 and 2002, before a policy 

for diminishing malfunctions has been established.  Nevertheless, some failures 

have affected the stations even in more recent times; 

• phase picking is randomly missing, due to problem with the processing and/or 

reading the data.  Generally speaking there are a few stations where the lack of 

picks is more evident, due to site characteristics that mask the seismic signal.  

 

2.3. Seismic families in an enlarged area for the period 1999-2003 
The final result of the whole process of  recognition of families is reported in 

figure 8 and in tables 3 and 4. In particular, figure 8 shows the capability of our method 

to attribute very closely spaced events to different families.  In fact, although events are 

overlapping,  they are attributed to different families and prove to be correctly 

associated when their time of occurrence, the first onset and the shape of the waveforms 

are taken into account. The tables show all the relevant information for the 27 detected 

families; the entries are subdivided to distinguish between families inside (21) and 

outside (6) the seismic network. The last two columns of each table give insights on the 

reliability of the recognition and must be considered together.  In fact, in an optimal 

case, the number of stations that detected the family would be very close to the total (8). 

However, in this study the setting is far from an optimal case and more information is 

needed to determine how correct and complete the discrimination between families is.  

For this reason, the notes reported in the last column complement what is reported in the 

adjacent columns: for example, 5 stations detecting the family when the remaining three 

were out of order makes 100% of the available data. The overall result of the detection 

process for the families inside the network (table 3, 21 entries) is compacted in figure 9, 

where the number of stations vs. cumulative detected family is plotted. According to 

this graphic, 95 % of the families has been detected by at least 2 stations, 55 % by at 

least three and 35% by four.  As stated above, the low number of stations detecting the 

families is not fully indicative and must be accompanied by the information of how 

many stations were potentially able to record the event. Having this in mind, the final 

result is sensibly better and thus satisfactory. As an example, the shape of the events 

belonging to family number 6 (confirmed by 6 stations) as recorded by station BACM is 

reported in figure 10.  
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Figure 2.8 - Location of the seismic families (top panel). The zoomed area shows spatial overlapping 

between different families, but the polarities (arrows in bottom panels), the depth, the shape of the 

waveforms and the time of occurrence (see table 4) confirm the correct association of events to different 

families (from Ferretti G., Massa M. and Solarino S., submitted to Bull. Seism. Soc. Am.). 
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At this stage, a further analysis on the performances of the stations could point out 

systematic behaviours that, if not supported by failures / site conditions, could indicate  

the wrong or non-optimal choice of the threshold for those stations. This process could 

be repeated many times, in a sort of trial and error routine, until the best setting is 

found. Of course, the recognition of families is only a tool in  the more complete study 

of the seismotectonics of an area, but this topic will be investigated in chapter 4. The 

aim of this chapter is to make a comparison with the detection obtained by other quicker 

and simpler ways, rather than to refine the parameters. The goal is to show that even a 

non optimal choice of the parameters is better than other means of processing the data. 

In particular, it is possible to consider the results of an identical process conducted on 

the dataset (mentioned in the previous chapter) for which an a priori choice, based on 

location quality estimate, of the events to be considered has been performed. As 

expected the number of families is reduced to 23 but what is more important is that the 

overall number of events and the number of units for each family are reduced. In fact 

the a priori selection cuts out all non-located events and all the badly located events. 

One more comparison, based on the “classical” approach (Cattaneo et al., 1999), has 

been made on the vertical component of a single station using the comprehensive 

database (no a priori selection, 1350 events).  SARM has been chosen as reference 

station, being in a central position with respect to the network, having had the fewer 

failures and being characterized by  a very good signal to noise ratio. Apart from the 

subjectivity of choosing one particular station as a reference, no real constraint has been 

applied when defining the threshold but the simple trade off between number of families 

and units for each cluster.  The recognized families drop down to 19: they completely 

overlap the 27 official recognitions but have, in average, 20% events less. In conclusion, 

it is possible to assert that the a priori selection of data or the usage of a single station 

can influence both number of families and of entries for each cluster, while the more 

rigorous approach (all available waveforms, detection on more stations) does not.  This 

proves to be particularly important in Joint Hypocentral Determination location for 

areas where magnitudes are low , since it gives a more complete frame of each episode 

by taking into account events that can not be routinely  located and, consequently,  by 

avoiding the Gutemberg-Richter curve to bend because of lack of data, making it more 

reliable and complete even at very low magnitude values. This has also relevant 

consequences on seismic hazard zoning and computation.  
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Figure 2.9 - Cumulative curve of the detected families (inside the network) for decreasing number of 

stations. The squares indicate the single entry (from Ferretti G., Massa M. and Solarino S., submitted to 

Bull. Seism. Soc. Am.). 
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Figure 2.10 - Waveforms of station BACM for the eight events included in family number 6, shifted 

according to the cross-correlation time shift. The similarity among waveforms is evident. For 

convenience, only the vertical components are plot (from Ferretti G., Massa M. and Solarino S., 

submitted to Bull. Seism. Soc. Am.). 
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Family      
Units         

Ml   Time Percentage of detected events Notes 

ID min max min max       

1 4 8 1,6 3 99.03 BACM (100%), VINM (50%), CODM 
(100%), SCUM (75%) MAIM, GRAM, VALM out 

2 4 6 1,6 2,1 99.04 - 03.01 SARM (70%), VINM (100%) 
MAIM out - CODM, BACM, GRAM, 
VALM, SCUM noisy or great 
distance 

6 3 8 1,9 2,1 00.03 
SARM (100%), BACM (100%), 
CODM (75%), GRAM (100%), 
SCUM (75%), VALM (40%) 

MAIM out 

7 3 7 1,9 2,1 00.04 SARM (100%), GRAM (45%), 
VALM (45%) 

BACM, MAIM, CODM out - SCUM 
noisy 

8 17 49 1,2 1,8 00.06 SARM (100%), BACM (40%), VINM 
(45%) 

CODM, GRAM, MAIM out - SCUM 
great distance – VALM noisy 

9 4 4 1,4 2 00.02 - 00.08 VINM (100%) CODM, MAIM out - SCUM, GRAM, 
VALM great distance and/or noisy 

10 4 4 1,8 1,9 00.12 SARM (100%), MAIM (100%) VALM, VINM out - CODM, SCUM 
great distance - BACM noisy 

11 3 5 1,7 3,2 00.12 - 01.02 SARM (100%), GRAM (60%) VINM, CODM out - SCUM noisy - 
MAIM 80% comp. Z and NS only 

12 4 4 1,7 1,9 01.01 SARM (100%), MAIM (100%) VALM, VINM, CODM out - SCUM, 
GRAM great distance - BACM noisy

13 5 6 1,5 1,9 01.03 SARM (100%), VINM (85%) BACM, VALM CODM out - SCUM, 
GRAM great distance 

14 8 8 1,7 2,3 01.03 - 02.02 SARM (100%), VINM (100%), 
MAIM (100%) 

BACM, CODM, VALM out - SCUM 
great distance 

15 4 19 1,7 3,4 01.04 - 02.05 SARM (50%), BACM (25%), VINM 
(25%), GRAM (100%), VALM (30%) CODM, SCUM great distance 

16 4 4 1,5 3 01.06 GRAM (100%), VALM (100%) 
VINM, CODM, MAIM, SCUM, 
BACM, SARM great distance and/or 
noisy 

17 4 5 1,9 2,3 01.06 SARM (100%), BACM (100%), 
VINM (100%), MAIM (80%) 

CODM, SCUM, VALM great 
distance 

18 3 4 1,8 2,1 02.04 SARM (75%), GRAM (100%), MAIM 
(100%), VALM (100%) 

BACM, CODM out - SCUM great 
distance 

21 4 4 1,8 2 02.08 BACM (100%), CODM (100%), 
SCUM (100%), VALM (100%) 

SARM out - VINM, GRAM, MAIM 
noisy 

22 3 4 2 2,4 03.05 SARM (100%), GRAM (75%) 
MAIM, VALM out -BACM, VINM, 
CODM noisy – SCUM great 
distance  

23 4 5 1,6 2,3 03.07 SARM (100%), MAIM (80%) BACM, CODM out - GRAM, SCUM, 
VALM great distance 

24 4 4 1,6 3 99.01 - 03.10 BACM (100%), VINM (100%) VALM, GRAM, SARM, CODM, 
SCUM, MAIM noisy 

25 4 6 1,3 1,9 00.06 BACM (100%), VINM (100%), 
SCUM (70%) 

CODM, GRAM, MAIM out - SARM, 
VALM noisy 

26 4 7 1,7 2 02.10 BACM (100%), CODM (75%), 
GRAM (60%), SCUM (100%) 

VINM, VALM out - SARM, MAIM 
great distance 

 

Table 2.3 - Characteristics of the families detected inside the seismic network. For the significance of 

minimum and maximum units see table 2. The percentage refers to the ratio between the maximum 

number of events and those recorded at each station (from Ferretti G., Massa M. and Solarino S., 

submitted to Bull. Seism. Soc. Am.). 
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Family      
Units         

Ml   Time Percentage of detected events Notes 

ID min max min max       

3 8 8 1,8 3,7 99.07.00 SARM (100%) VALM, MAIM, GRAM out - SCUM, 
BACM, CODM noisy 

4 4 4 1,9 3,2 99.07 SARM (100%) VALM, MAIM, SCUM, GRAM out - 
VINM, CODM noisy 

5 4 4 1,8 2,1 99.07 SARM (100%) 
MAIM, VALM out - CODM, SCUM 
noisy and/or great distance - BACM 
100% comp. Z and NS only 

19 10 29 1,9 3,4 02.06 - 02.08
SARM (100%), BACM (40%), VINM 
(35%), GRAM (40%), MAIM (90%), 
VALM (50%) 

CODM, SCUM great distance 
and/or noisy 

20 7 7 2 4,1 02.06 - 03.04 MAIM (100%) 
VINM, CODM, SCUM, VALM great 
distance and/or noisy - BACM 45% 
comp. NS and EW only 

27 4 4 2,2 3,3 03.09 - 03.10 GRAM (100%) 
BACM, VALM, SARM out - SCUM, 
CODM, MAIM great distance and/or 
noisy 

 
Table 2.4 - Information as in table 3 but relative to the clusters detected outside the network (from 

Ferretti G., Massa M. and Solarino S., submitted to Bull. Seism. Soc. Am.). 
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(Chapter 3) 

RELATIVE EARTHQUAKE LOCATIONS 

 
Seismicity analysis for the study of tectonic processes, earthquake recurrence, and 

earthquake interaction requires knowledge of the precise spatial offset between the 

earthquake hypocenters. This is particularly the case for crustal faults that are most 

readily investigated using microseismic activity. The location uncertainty of routinely 

determined hypocenters is typically many times larger than the source dimension of the 

events itself, thus putting limits on the study of the fine structure of seismicity. The 

accuracy of absolute hypocenter locations is controlled by several factors, including the 

network geometry, available phases, arrival-time reading accuracy, and knowledge of 

the crustal structure (Pavlis, 1986; Gomberg et al., 1990). The use of a one-dimensional 

reference velocity model to locate the earthquakes limits the location accuracy, since 

three-dimensional velocity variations can introduce systematic biases into the estimated 

travel times. One can partially account for the velocity variations by including station 

and/or source terms in the location procedure (Douglas, 1967; Pujol, 1988; Shearer, 

1997) and/or by jointly inverting the travel-time data for hypocenters and velocity 

structure (Ellsworth, 1977; Michael, 1988; Kissling et al., 1994). The effects of errors in 

structure can also be effectively minimized by using relative earthquake location 

methods (Poupinet et al., 1984; Fremont and Malone, 1987; Got et al., 1994, 

Waldhauser and Ellsworth, 2000). If the hypocentral separation between two 

earthquakes is small compared to the event-station distance and the scale length of the 

velocity heterogeneity, then the ray paths between the source region and a common 

station are similar along almost the entire ray path. In this case, the difference in travel 

times for two events observed at one station can be attributed to the spatial offset 

between the events with high accuracy. This is because the absolute errors are of 

common origin except in the small region where the ray-paths differ at the sources. It is 

further possible to increase the location precision by improving the accuracy of the 

relative arrival-time readings using waveform cross-correlation methods. Two 

earthquakes produce similar waveforms at a common station if their source mechanisms 

are virtually identical and their sources are collocated so that signal scattering due to 

velocity heterogeneities along the ray paths is small. A useful rule of thumb for 

maximum event separation, after which local earthquake signals become incoherent, is 
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about 1/4 wavelength of the highest frequency of importance in the seismogram, which 

is related to the first Fresnel zone (Geller and Mueller, 1980). In order to obtain highly 

accurate time shifts, the similarity in the waveforms can be exploited, as already 

remarked in chapter 1, either in the frequency domain (Poupinet et al., 1984) or in the 

time domain (Deichmann and Garcia-Fernandez, 1992). With a relative timing precision 

of about 1 msec (compared to about 10-30 msec for routinely picked phase onset), such 

differential travel-time data allow one to calculate the relative location between 

earthquakes with errors of only a few meters to a few tens of meters.  
 

3.1. Relative Earthquake Locations methods 
Two techniques are commonly used to obtain relative locations from differential 

travel-time measurements. In the “master event approach”, each event is relocated 

relative to only one event, the master event (Scherbaum and Wendler, 1986; Fremont 

and Malone, 1987; Deichmann and Garcia-Fernandez, 1992). As the linking occurs only 

through one event, errors due to the correlation of noise in the master event may 

propagate through the entire cluster and effect the location of all other events. This 

approach also puts limits on the maximum spatial extension of the cluster that can be 

relocated, as all events must correlate with the master event. Got et al. (1994) overcame 

these restrictions by determining cross-correlation time delays for all possible event 

pairs and combining them in a system of linear equations that is solved by least-squares 

methods to determine hypocentroid separations (Frechet, 1985). For simplicity, a 

constant slowness vector was used for each station from all sources. Because only 

cross-correlation data is considered, this approach cannot relocate uncorrelated clusters 

relative to each other. Dodge et al. (1995) converted cross-correlation delay times 

derived from a master event approach (Van Decar and Crosson, 1990) to absolute times 

by assigning them to ordinary time picks. Using a joint hypocenter determination (JHD) 

method, the travel times are then inverted to simultaneously estimate hypocentral 

parameters, velocity model corrections, and station corrections. The method proposed 

by Waldhauser and Ellsworth (2000), and described in detail in the next paragraph, 

allows groups of correlatable events with accurate interevent distances to move relative 

to one another by weaker constraints. In order to retain the accuracy of the 

cross-correlation data, it is assumed that the events are clustered in a small volume so 

that the unmodeled velocity structure can be completely absorbed in the station 

corrections. This technique allows the simultaneous relocation of large numbers of 
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earthquakes over large distances combining P and S-wave differential travel times, 

derived from cross-correlation method, with travel-time differences formed from 

catalog data and minimizing residual differences (or double differences) for pairs of 

earthquakes by adjusting the vector difference between their hypocenters. It is thus 

possible to establish interevent distances between correlated events, that form a single 

multiplet, to the accuracy of the cross-correlation data, and simultaneously to determine 

the relative locations of other multiplets and uncorrelated events to the accuracy of the 

absolute travel-time data, without the use of station corrections.  

 

3.2. Double Difference Earthquake Locations Algorithm 
(From Waldhuser and Ellsworth, 2000) The arrival time, T, for an earthquake, i, 

to a seismic station, k, is expressed using ray theory as a path integral along the ray: 

 

 
 

where τ is the origin time of event i, u is the slowness field, and ds is an element of path 

length. Due to the non-linear relationship between travel time and event location, a 

truncated Taylor series expansion is generally used to linearize equation (1). The 

resulting problem then is one in which the travel-time residuals, r, for an event i are 

linearly related to perturbations, ∆m, to the four current hypocentral parameters for each 

observation k: 

 

(dti
k /dm) . ∆mi  = ri

k          (2) 

 

where d are the partial derivates, ri
k, = (tobs - tcal)i

k, tobs and tcal are the observed and 

theoretical travel time, respectively, and ∆mi  = (∆xi, ∆yi, ∆zi, ∆τi). Equation (2) is 

appropriate for use with measured arrival times. However, cross-correlation methods 

measure travel-time differences between events, (ti
k – tk

j)obs, and as a consequence, 

equation (2) can not be used directly. Frechet (1985) obtained an equation for the 

relative hypocentral parameters between two events i and j by taking the difference 

between equation (2) for a pair of events: 

 

(dtij
k /dm) . ∆mij  = drij

k          (3) 
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where ∆mij = (∆dxij, ∆dyij, ∆dzij, ∆dτij) is the change in the relative hypocentral 

parameters between the two events, and the partial derivatives of t with respect to m are 

the components of the slowness vector of the ray connecting the source and receiver 

measured at the source (Aki and Richards, 1980). Note that in equation (3) the source is 

actually the centroid of the two hypocenters, assuming a constant slowness vector for 

the two events. drij
k in equation (3) is the residual between observed and calculated 

differential travel time between the two events defined as:  

 

drij
k = (ti

k – tk
j)obs - (ti

k – tk
j)cal          (4) 

 

Equation (4) is defined as “double-difference equation” (Waldhauser and Ellsworth, 

2000). Note that equation (4) may use either phases with measured arrival times where 

the observables are absolute travel times, t, or cross-correlation relative travel-time 

differences. The assumption of a constant slowness vector is valid for events that are 

sufficiently close together, but breaks down in the case where the events are farther 

apart. A generally valid equation for the change in hypocentral distance between two 

events i and j is obtained by taking the difference between equation (2) and using the 

appropriate slowness vector and origin time term for each event (Fig. 1): 

 

[(dti
k /dm) . ∆mi] - [(dtj

k /dm) . ∆mj]  = drij
k          (5) 

 

or written out in full: 

 

[(dti
k /dx) . ∆xi] + [(dti

k /dy) . ∆yi] + [(dti
k /dz) . ∆zi] + ∆τi 

- [(dtj
k /dx) . ∆xj] - [(dtj

k /dy) . ∆yj] - [(dtj
k /dz) . ∆zj] - ∆τj  = drij

k          (6) 

 

The partial derivatives d of the travel times, t, for events i and j, with respect to their 

locations (x, y, z) and origin times (τ), respectively, are calculated for the current 

hypocenters and the location of the station where the kth phase was recorded. ∆x, ∆y, 

∆z and ∆τ are the changes required in the hypocentral parameters to make the model 

better fit the data. Combining equation (6) from all hypocentral pairs for a station, and 

for all stations, it is possible to obtain a system of linear equations of the form: 
 

WGm = Wd   (7) 
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where G defines a matrix of size M x N (M, number of double difference observations; 

N, number of events) containing the partial derivates, d is the data vector containing the 

double differences (4), m is a vector of length 4N, [∆x, ∆y, ∆z, ∆T]T, containing the 

changes in hypocentral parameters and W is a diagonal matrix to weight each equation. 

It is possible to constrain the mean shift of all earthquakes during relocation to zero by 

extending (7) by four equations so that: 

 

Σ (i=1…N)  ∆mi = 0          (8) 

 

for each coordinate direction and origin time, respectively. Note that this is a crude way 

to apply a constraint, but appropriate for a solution constructed by conjugate gradients 

(Lawson and Hanson, 1974 - for more exact solutions of constrained least squares). As 

shown later, the double difference algorithm is also sensitive to errors in the absolute 

location of a cluster. Thus, equation (8) is usually down-weighted during inversion to 

allow the cluster centroid to move slightly and correct for possible errors in the initial 

absolute locations. 

 

 
 
Figure 3.1 - Illustration of the “double-difference earthquake relocation algorithm”. Solid and open 

circles represent trial hypocenters that are linked to neighboring events by cross-correlation (solid lines) 

or catalog (dashed lines) data. For two events, i and j, the initial locations (open circles) and 

corresponding slowness vectors, s, with respect to two stations, k and I, are shown. Ray paths from the 

sources to the stations are indicated. Thick arrows (∆x) indicate the relocation vector for events i and j 

obtained from the full set of equations (5), and dt is the travel-time difference between the events i and j 

observed at station k and I, respectively (from Waldhauser and Ellsworth, 2000). 
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3.3. Matrix Structure  
(From Waldhauser and Ellswoth, 2000) The matrix G is highly sparse as each 

equation links together only two events, i.e., of the 4N columns in each of the M rows 

of G, only 8 have non zero elements. To enhance the numerical stability of the solution, 

it is possible to scale G by normalizing the L2-norm of each column of G, i.e., |G . ei| = 

1, for i = 1,…..4N. If one event is poorly linked to all other events, then G is ill 

conditioned, and the solution to equation (7) may become numerically unstable 

depending upon the solution method. One way to regularize such ill conditioned 

systems is by pre-filtering the data by only including events that are well linked to other 

events. In general this is achieved by only allowing event pairs which have more than a 

minimal number of observations. This number, however, also depends on the 

geometrical distribution of the stations observing the two events. A threshold value is 

usually found by trial and error. Another way of regularizing moderately or severely ill 

conditioned systems is damping of the solution. The problem then becomes: 

 

      (9) 

with λ being the damping factor. 

 

3.3.1. Solution 
A standard approach to solving equation (7) in a weighted least-squares sense 

(i.e., minimizing the L2-norm of the residual vector) is the use of normal equations: 

 

m = (GTW-1 G)-1 GTW-1 d          (10) 

 

with W containing a priori quality weights. The a priori weights express the normalized 

quality of the data: the precision of the cross-correlation measurements (e.g., 

proportional to the squared coherency; Frèchet, 1985; Fremont and Malone, 1987), the 

quality and consistency with which first-motion arrival times are determined on a 

routine basis and the relative accuracy between the two data sets. For small clusters, and 

for well conditioned systems, it is possible to solve equation (7) by the method of 

singular value decomposition (SVD): 
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m = V Λ-1 UT d          (11) 
 

where U and V are two matrices of orthonormal singular vectors of the weighted matrix 

G, and Λ is a diagonal matrix of the singular values of G. SVD method is used to 

investigate the behavior of small systems, as the matrices U, Λ, and V in equation (11) 

store information on the resolvability of the unknown parameters m and the amount of 

information (or lack thereof) supplied by the data d. The estimate of least squares errors, 

ei, for each model parameter i is given by: 

 

e2
i = Cii . var          (12) 

 

where Cii are the diagonal elements of the covariance matrix C = V Λ-2 VT and var is the 

variance of the weighted residuals calculated by: 

 

var  =  [Σ (i=1…M) (di – đ)2 – [(Σ (i=1…M) (di – đ))2 / M]] / [M – (4N)]          (13) 

 

đ being the mean of the residual vector and di the residual of the ith observation. As the 

system to be solved becomes larger, SVD is inefficient. In these cases it is possible to 

find the solution m by using the conjugate gradient algorithm LSQR of Paige and 

Saunders (1982) that takes advantage of the sparseness of the design matrix. LSQR is 

very efficient and, solving the damped least-squares problem , it is applicable to very 

large problems: 

 

      (14) 

 

3.3.2. Iteration 
The initial solution to equation (7) is obtained from the starting locations and the a 

priori quality weights. The process is then iterated by updating the locations, the 

residuals, and the partial derivatives in G. The data is reweighted by multiplying the a 

priori quality weights with weights that depend on the misfit of the data from the 

previous iteration and on the offset between events. Solving equation (7) in a 

least-squares sense assumes a Gaussian error distribution if one wants to make 
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statements about the estimator. Errors in seismic travel-time data, however, have longer 

tails due to outliers in the data (Douglas et al., 1997). The standard approach is to detect 

and remove the outliers by cutting off the non-Gaussian tail (Jeffreys, 1973) and to use 

M-estimators that iteratively weight each equation of condition by a function of its 

residual size (Anderson, 1982). Waldhauser and Ellsworth (2000) use a bi-weight 

function (Mosteller and Tukey, 1977) to re-weight the data in order to reject/down-

weight observations with large residuals: 

 

Wi = max2 [ 0.1 – (dri / α . (drMAD/ σMAD))]          (15) 

 

Where dri represents the ith residual difference, dr is the vector of residuals dri, drMAD = 

med (|dri – med (dr) |) is the median absolute deviation from the median (MAD), σMAD = 

0.67449 is the MAD for Gaussian noise and α is a factor that defines the rejection level 

at α standard deviations. Choices for α are typically between 3 and 6. Misfit weights are 

separately obtained from the residual distribution of the cross-correlation and the 

catalog data. To downweight data for event pairs with large interevent distances, Wi is 

calculated as (Waldhauser and Ellsworth, 2000): 

 

Wi = maxb [ 0.1 – (Si / c)a]          (16) 

 

where s is the interevent distance, c is a cutoff value to dismiss observations of event 

pairs with interevent distances larger than c, and a and b are exponents that define the 

shape of the weighting curve (Fig. 2). The choice of a biexponential function is 

physically based and the function's shape needs to be adapted for cross-correlation and 

catalog data separately. In the former case, the parameters a, b, and c depend on the data 

quality, and in the latter they depend on the heterogeneity of the local velocity structure. 

Typically, unit weights are desired for events that are closeby, with a rapid/slow 

decrease with separation distance for cross-correlation/catalog data. The cross 

correlation data weighting is necessary to suppress outliers that arise from cross 

correlating imperfectly aligned phases and to permit absolute travel-time data, which are 

more reliable over large distances, to control the linkage between distant events. 

Iteration of the process is terminated when the rms residual reaches a threshold defined 

by the noise level of the data, the change in the solution vector is below a chosen 

threshold, or the maximum number of iterations is reached. 
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Figure 3.2 - Reweighting functions used to downweight/reject data with large distances between the 

events (shown for cross-correlation data and catalog data of different weight classes; solid lines) and/or 

large residuals (shown for catalog data only and a typical rejection threshold of 0.2 sec; dashed line) 

(from Waldhauser and Ellsworth, 2000).  
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(Chapter 4) 

SEISMOTECTONIC CONSEQUENCES OF SEISMIC 

CLUSTERING IN GARFAGNANA-LUNIGIANA (NORTH-

WESTERN APPENINES, ITALY) 

 
With the aims to recognize seismic families (multiplets) and to determine the 

characteristics of the seismogenic structures located in the Garfagnana-Lunigiana area, a 

waveform similarity approach has been applied to the data recorded by RSLG seismic 

network (Regional Seismic network of Lunigiana-Garfagnana), operating in the north-

western Apennines from 1999. The waveform similarity has been carried out in time 

domain by a cross-correlation approach applied to about 3.000 waveforms recorded by 

RSLG 3-component stations in the period 1999-2003. With the aim to grouped similar 

events into earthquake families (multiplets) a procedure based on the bridging technique 

and described in Ferretti et al., 2004 has been applied. This procedure allowed to 

recognized 27 seismic families; a few clusters out of the 27 multiplets have been 

analysed in details to infer the precise location of the hypocenters and  the relationships 

between size and geometry of the seismogenic sources and occurrence scheme by 

adopting the double difference location algorithm (Waldhauser and Ellsworth, 2000). 

The choice of the clusters to be analysed has been made on the basis of the initial 

location (inside the RSLG network), time duration and number of events for each 

seismic episode. The results are sometime biased by the low magnitude of most of the 

recorded earthquakes; nevertheless the locations are consistent with the a priori 

geological information and the tectonic setting of the area showing a deepening of the 

seismicity from SO toward NE confined within listric faults. The schemes of occurrence 

and of energy release for the multiplets located toward SW respect to the Apennines 

watershed (internal cluster) show a trend that is typical of swarms whereas a typical 

mainshock-aftershock sequence scheme is proper for the multiplets located toward NE 

respect to Apennines (external cluster). Focal mechanisms generally confirm the results 

of waveform similarity analysis the determined fault plane orientations well agree with 

the tectonic alignments defined by the seismicity distribution. 
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4.1. Introduction 
Earthquake distribution in a given area represent a strong evidence of underlying 

tectonic patterns, such as the orientation of the main dislocations, the presence of active 

faults, and their relation to structures outcropping at the surface. This chapter deals with 

the analysis of the seismicity that occurred in the Garfagnana-Lunigiana region, 

extending at the eastern border of the Northern Apennines, about from 43°50’N to 

44°30’N and from 9°40’E to 10°40’E (Fig. 1). This area is characterized by a complex 

structural setting resulting from the deep deformation processes it underwent during the 

Alpine orogenesis and the opening of the Tyrrhenian sea. The interpretation, in terms of 

geometry of tectonic elements and of a widespread and often low energetic seismicity 

patterns due by a such structural setting results very difficult, in particular if related to 

the inaccuracy of the hypocenters co-ordinates calculated by standard location 

procedures. The location errors can lead both to inhibit the resolution of the geometry of 

the underlying tectonic structures and artificially create patterns that are an effect of an 

no optimal stations configuration or unknown velocity changes, rather than the real 

trend of seismogenic sources. Since in the routine management of a seismic network it 

is not difficult to find clusters of events with very similar waveform (commonly referred 

to as doublets, for a single pair of events, or multiplets, for a series of events), in this 

study, starting to an initial data set of about 1.000 earthquakes (magnitude range 1.4-

4.1) recorded by the 3-component stations (Fig. 1) of RSLG network (Solarino et al., 

2002), a doublets analysis, based on the cross correlation technique has been applied. 

Earthquake with very similar seismograms often occurs within seconds to hours of each 

other, but in some cases, it is possible to recognize the same characteristics even in 

earthquakes spaced by months or years. Geller and Muller (1980) stated that such 

“spatial doublets” (the propagation is assumed as a constant, and the whole differences 

are attributed to changes in the source position, Augliera et al., 1995) must occur within 

about one quarter of a dominating wavelength from each other and that they should be 

interpreted as stress release of the same asperity. Grouped of such seismic events, 

referred as “seismic families” by Tsujiura (1983), are characteristic of earthquake 

swarm due to repeated slip on the same fault plane and can be associated with both 

tectonic (Pupinet et al., 1984; Scherbaum and Wendler, 1986; Console and Di 

Giovanbattista, 1987; Cattaneo et al., 1997; Scarfì et al., 2003) and volcanic activity 

(Fremont and Malone, 1987; Got et al., 1994). The cross correlation out-coming 
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allowed both to grouped about 260 events into 27 earthquake families (on the basis of 

bridging technique, Cattaneo et al., 1999) and to find, at the considered stations, relative 

arrival time shifts of a few ms. This time precision allows to relocate multiplets with an 

accuracy within a few tens of meters. The relative location procedures are focused on 

spatial offset between earthquake hypocenters rather than their absolute position. If the 

hypocentral separation between two events is small compared to the event-station 

distance, then the ray paths between the source region and a common station can be 

assumed to be similar along the path of the ray. In this case the travel time differences 

can be attributed to the spatial offset between the events, whereas the absolute errors are 

of common origin except in the region where the ray paths differ at the sources (Scarfì 

et al., 2003). In this study the relative location of 10 detected seismic families, located 

inside the RSLG network, has been performed by double difference algorithm 

(Waldhauser and Ellsworth, 2000). Finally, in order to establish the process of rupture 

and the orientation of main nodal plane, the cumulative focal mechanisms of each 

relocated multiplets has been calculated. The results are related and discussed respect to 

the geo-structural data  available for the considered area.  

 

 
 
Figure 4.1 - Seismicity recorded in the Northern Apennines in the period 1999-2003. The stations 

belonging to the RSLG network (white squares) and the geographically widening of the Garfagnana-

Lunigiana (black dotted line) are also indicated (from Massa et al., submitted to Bull. Seism. Soc. Am.). 
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4.2. Seismological and structural frameworks  
The Garfagnana-Lunigiana area is characterize by a complex tectonic setting in 

the frame of the deep deformation processes occurred during the Alpine orogenesis and 

the opening of the Tyrrhenian basin (structural sketch of fig. 2) (Boccaletti et al., 1971; 

Boccaletti et al., 1972), presumably started in the Burdigallian (17 Ma) (Malinverno and 

Ryan, 1986). The lithospheric thinning and a opening of a back-arc basin associated 

with the migration of the foredeep and the subduction of the ancient lithosphere 

attached to the continental Adriatic plate, according to Reutter (1980), Royden et al. 

(1987), Amato et al. (1993, b) and Royden (1993). The slab retreat and the opening of 

the Tyrrhenian basin have driven the eastward migration of the extension-compression 

system, deforming the Meso-Cenozoic sedimentary unit that forms the Apenninic thrust 

and fold belt (Reutter, 1980; Malinverno and Ryan, 1986; Philip, 1987; Royden et al. 

1987; Laubscher, 1988). As a consequence of this complex history, three main 

geodynamic provinces can be distinguished in the Northern Apennines (Bigi et al., 

1990): 

• A back-arc basin, including the Tyrrhenian sea and the peri-Tyrrhenian region of 

the Italian peninsula (dominated by extension since the upper Miocene). 

• A belt foredeep region along the Adriatic margin characterized by crustal 

shortening and westward passive subduction of the Adriatic plate (Reutter, 1981; 

Royden et al. 1987; Selvaggi and Amato, 1992; Amato et al. 1993, b). 

• A foreland region characterized by the sedimentary basin of the Po Plain and the 

Adriatic sea, placed over continental lithosphere. 

The definition of seismogenic source in this region has been subject of intense 

discussion (Galadini, 2000; Meletti, 2000), due principally to the lack of geological 

information. The distribution of the main historical earthquakes, reported in figure 2, 

give evidence of three dominant tectonic active zone (Fig. 2) (Cattaneo et al., 1987):  

• Garfagnana-Lunigiana, located in the inner part of the Apennines (SW respect to 

the watershed of the chain) and characterized primarily by extensional active 

structures. 

• Apenninic edge and Padane subsoil, located in the eastern part of the Apennines 

(NE respect to the watershed of the chain) and characterized primarily by 

compressive active structures. 

• Pistoia-Mugello, characterized by extensive and trascurrent active structures. 
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The several medium-to-high energy seismic events occurred in the Garfagnana-

Lunigiana area in the last millennium (Camassi and Stucchi, 1996) document and 

confirm that the considered area presents a complex distribution of seismic activity. The 

most important earthquake (Fig. 2) were certainly the Mm=5.8 of 1481, the Fivizzano 

events (Mm=4.6, 1767; Mm=4.8, 1902) and the Mm=6.4 occurred in September 1920 

(Solarino, 2002), but many others, although of lower magnitude, would be worth a 

mentioning (Camassi and Stucchi, 1996). This sector of the Apennines has the potential 

for a seismicity of high energy, and, since the last event exceeding magnitude Md=5.0 

dates back to 1995,  it is very important to investigate the mechanisms of energy release 

that are proper to this area. 

 

 
 
Figure 4.2 - Dominant tectonic active zone (black dashed rectangles in the numbered areas) located in the 

Northern Apennines and reported in Cattaneo et al., 1987. The epicentral co-ordinates of the main 

historical earthquakes, occurred in the area under study, and the seismogenic sources reported in 

Valensise and Pantosti (2001) are also reported: the black rectangles and circles represent respectively the 

well documented “geological-geophysical” and “geophysical” sources, the grey rectangles represent the 

non documented “historical geophysical” sources (from Massa et al., submitted to Bull. Seism. Soc. Am.).  
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4.3. Waveform similarity analysis 
A visual inspection of the seismicity pattern of the studied area (Fig. 1) revealed 

the presence of many sub-regions showing very clustered earthquakes, often 

characterized by waveforms with a strong similarity. In this way, in order to 

discriminate “earthquake families”, a doublets analysis, starting from a data set of about 

1000 events with magnitude range 1.4-4.1 and recorded in the period 1999-2003 (Fig. 

1), has been computed. The whole data set has been collected by records of the eight 3-

component station (Fig. 1) belonging to RSLG seismic network. Among several 

algorithms for waveform similarity characterization proposed in recent years (cross 

spectral techniques, Scherbaum and Wendler 1986, Got et al., 1994; pattern recognition, 

Joswig, 1995; cross-correlation analysis on P and S-wave checked independently, 

Maurer and Deichmann, 1995; fractal approach, Smalley et al., 1987;  syntactic pattern 

recognition schemes Zhizhin et al., 1994), a technique based on the peak of normalized 

cross-correlation function has been applied. The procedure adopted to recognise the 

seismic families in the area under investigation are described and discuss in detail in 

Ferretti et al., 2004. Here are just briefly resume the main steps of the performed 

waveform similarity analysis. After a preliminary signal to noise ratio analysis 

computed both to the vertical and horizontal seismograms recorded by each RSLG 

station, a  continuous signals of ten seconds after the P-phase onset and filtered in a 

frequency band of 2-10 Hz has been automatically cross correlated. A such band-pass 

filter, chosen after an analysis of the S/N ratio, has the capability to reduce natural noise 

without biasing too much the seismograms. Moreover, for recordings at an average 

hypocentral distance of 30 to 50 km (Fig. 1), the choice of compare a wide temporal 

window (10 s) of seismogram assure to perform the similarity analysis on a signal more 

complicated than simple first pulse. In this way, the first part of the coda, that is merely 

affected by the propagation and can be matched only by seismograms of rays that have 

travelled similar paths, is taken into account. The waveforms similarity are represented 

as matrices, showing the peaks of normalized cross correlation function calculated 

between all couples of events belonging to the whole data set (Fig. 3). In order to 

grouping similar earthquakes into seismic families, a bridging technique (Press et al., 

1988; Cattaneo et al., 1997; Cattaneo et al., 1999; Ferretti et al, 2004) has been applied. 

This approach has the capability to overcome the biasing when comparing waveforms 

differing from each other by more than one order of magnitude (Deichmann and Garcia-
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Fernandez, 1992). If two couples of events (A,B) and (B,C), exceeding the a priori 

selected correlation threshold (i.e. cross correlation threshold), share a common quake 

(B), then all three events are attributed to the same family, even if the match between A 

and C is below the reference value for similarity. In order to objectively establish the 

optimal cross correlation threshold, for each RSLG station, a procedure based on the 

number of families detected at each station by testing several cross correlation values 

(from 0.70 to 0.95), the mean number of events grouped into multiplets and the 

agreement of the results carried out by analysing both vertical and horizontal waveforms 

has been applied. 

 

 
 
Figure 4.3 - Plot of the peak of normalized cross-correlation function (for a subset of the whole dataset) 

obtained analysing the vertical waveforms recorded by VALM 3-component station. The waveform 

similarity analysis has been carried out considering a portion of seismograms of 10 s, starting from the 

onset of both P phase, filtered in the frequency band 2-10 Hz. High values of cross correlation depicted 

far from the diagonal indicate the presence of temporal doublets (from Massa et al., submitted to Bull. 

Seism. Soc. Am.). 
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The potential of this procedure, for the area under study, are presented and discussed in 

chapter 2. Figure 4 shows the distribution (both in map and in sections) of the 260 

earthquakes  grouped into 27 seismic families (multiplets) with respect to the total 

seismicity. The sections crossing the border between the inner and outer domains of the 

Apennines show a great variability in the distribution of events with depth, but a general 

trend of deepening of events from south-west to north-east can be observed. The figure 

displays the presence of 10 multiplets, groping about 80 earthquakes with magnitude 

range 1.8-4.1, located outside the RSLG network and 17 multiplets, grouping about 180 

earthquakes with magnitude range 1.4-3.0, located inside the network. The results point 

out that the seismic families located in the eastern part of the Apennines (external 

clusters), show a release of seismic energy typical of a mainshock-aftershock sequences, 

with the occurrence of many earthquakes characterized by magnitude values greater 

than 3.5. Families including energy events are recognized during the occurrence of 

significant seismic episodes (clustered in time) and are often characterized by 

components showing a scattered spatial distribution. In our case the events belonging to 

such multiplets (families number 3, 4 and 5 detected during the July 1999 - August 

1999 seismic crisis, with mainshock of Ml=3.8 - families number 19 and 20 detected 

during the June 2002 - August 2002 seismic crisis, with mainschock of Ml=4.1 - family 

number 27 detected during the September 2003 - October 2003 seismic crisis, with 

mainschok of Ml=5.0) show both a weak waveforms similarity (weak doublets and/or 

multiplets, Cattaneo et al., 1997) (cross correlation values from 0.75 to 0.80) and a 

lower agreement between the results obtained by the waveforms analysis carried out 

from the vertical and horizontal (both NS and EW components) seismograms (Fig. 5). 

The lower index of similarity (cross correlation values) are probably an effect of the 

medium distortion due to the occurrence of a an energy mainshock (Schaff et al., 2004) 

and reflected the more scattered aftershocks belonging to the related families (Fig. 4). 

The multiplets located in the western part of the Apennines (internal cluster) show, 

instead, a release of seismic energy typical of swarms, due to the occurrence of 

earthquakes with magnitude values seldom exceeding 2.5. Figure 6 shows an example 

of seismic energy radiated from the events belonging both to the “inner multiplets” and 

the “outer multiplets”, expressed in ergs and estimated using the Gutenberg and Richter 

(1956) empirical formula 

Log E = 11.8 + 1.5 M 
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Figure 4.4 - Plot, both in map (top panel) and in cross sections (bottom panels), of the 260 events (black 

crosses) grouped in the 27 recognized earthquake families with respect to the whole seismicity (grey 

crosses) (about 1.000 events). The “earthquake families” (multipltes) have been detected by bridging 

technique, considering for each RSLG stations different correlation threshold (included between 0.75 and 

0.85) (from Massa et al., submitted to Bull. Seism. Soc. Am.). 
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Figure 4.5 - Example of strong multipltes (Augliera et al., 1995): the peaks of normalized cross 

correlation function, obtained analysing both the vertical and the horizontal seismograms recorded by 

BACM 3-component station and belonging to the family 6 (8 units), are reported. The waveforms and the 

portion of seismogram (10 s starting to the P-phase onset) considered in the similarity analysis is also 

shown (grey solid lines) (from Massa et al., submitted to Bull. Seism. Soc. Am.). 
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Figure 4.6 - Seismic energy radiated by the events (black circles) belonging to both family 8 (swarm of 

50 events, top panel) and family 19 (foreshock-mainshock-aftershock sequence, bottom panel). The grey 

lines represent the cumulative curves (from Massa et al., submitted to Bull. Seism. Soc. Am.). 



Marco Massa ______________________________________________________________ Ph.D. Thesis            

 68

The cumulative curves (Fig. 6, light grey lines) show that while the “inner multiplets” 

seem to be often characterized by a uniform release of seismic energy, in the “outer 

multiplets” the greater amount of the total energy has been released by only few 

mainshocks. The internal cluster, including only low energy earthquakes, are, for the 

considered area, always characterized by both a strong waveforms similarity (strong 

doublets and/or multiplets, Cattaneo et al., 1997) (cross correlation values greater than 

0.90) and a very good agreement between the results obtained by the waveforms 

analysis computed on the vertical and horizontal (both NS and EW components) 

seismograms (Fig. 5). The strong multiplets often reflecting very spatially clustered 

earthquakes that represent repeated breaks involving the same asperity. In our case the 

events belonging to the internal clusters have been recorded within seconds to hours of 

each other (spatial multiplets, Augliera et al., 1995), except for families number 11 and 

15 (temporal multiplets, Augliera et al., 1995): in this case, it was been possible to 

recognized the same characteristics even in earthquakes spaced by both months (family 

11, December 2000 and February 2001) and about one years (Family 15, May 2001 and 

May 2002) (Geller and Mueller, 1980). While spatial multiplets provide considerable 

power to understand small details in the source and geometry of seismogenic structures 

(Frenkel 1982; Deichmann and Garcia Fernandez 1992; Cattaneo et al. 1997; Scarfì et 

al., 2003), temporal multiplets represent an important tool both to investigate the 

temporal reactivation of active structures and to detect small temporal variations of the 

crustal properties (P and S velocity, attenuation) (Poupinet et al., 1984; Got et al., 

1990). Unfortunately the small number of events belonging to the detected families does 

not allow a reliable b value computation  and no further comparison can be made to 

distinguish between internal and external clusters. 

 

4.4. Multiplets relocation 
Seismicity analysis for studying the tectonic processes and the recurrence and 

interaction of earthquakes requires the knowledge of the precise spatial offset between 

the earthquake hypocenters. The accuracy of routine hypocenter locations is controlled 

by several factors, including the network geometry, available phases, arrival time 

accuracy and knowledge of the crustal structure (Gomberg et al., 1990). The effects of 

errors can be effectively minimized by using relative earthquake location methods 

(Poupinet et al., 1984; Fremont and Malone, 1987; Got et al., 1994; Waldhauser and 
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Ellsworth, 2000). In this chapter, in order to improve the location of the most populate 

multiplets (family 2, 6 units; family 6, 8 units; family 8, 52 units; family 11, 5 units; 

family 13, 6 units; family 14, 8 units; family 15, 23 units; family 17, 5 units; family 25, 

6 units; family 26, 7 units) located inside the RSLG network and detected by at least 4 

three component stations, an efficient earthquakes relocation technique based on the 

double-difference algorithm (Waldhauser and Ellsworth, 2000), has been applied. The 

starting locations of the internal cluster with respect to both the position and the 

geometry of RSLG network obtained by applying the hypo-ellipse (Lahr, 1979) code, 

satisfy the constrains necessary to perform a reliable relocation procedure by the double 

differences method: 1) small hypocentral separation between two earthquakes, 

compared to the event-station distances; 2) similar ray paths between the source region 

and a common station; 3) geometry of seismic network assuring, with respect to the 

considered events, a good azimuthal coverage; 4) hypocentral depths comparable with 

respect to the epicenter-farther-station distance. Unfortunately, the limited widening of 

the RSLG seismic network toward NE (Fig. 1), has not been allow to perform a 

relocation procedure also considering the external clusters. The hypo-ellipse routine 

locations of the events grouped into multiplets located outside with respect to the 

network geometry are really characterised by not negligible location errors, due by both 

the great azimuthal gap (in many cases greater than 200°) and the relevant distances 

events-nearest RSLG station. The results coming out from many tests in which the 

distribution of “rms residual location versus fixed depths” is computed considering both 

“internal” and “external” events, point out as the minimum values of rms have been 

satisfy from a very limited range of hypocentral depths only for the events located 

inside the RSLG network; on the contrary the results obtained from the events located 

outside with respect to the network one, often evidence an absence of a minimum of the 

rms curve with respect to the trial hypocentral depths (Fig. 7). The relocation procedure 

of 126 events, belonging to the 10 considered multiplets, has been such performed by 

using both ordinary absolute travel-time measurements, derived by the catalogue data, 

and cross-correlation P and S waves differential travel-time measurements, derived by 

the previous cross correlation analysis. The data has been pre-processed in order to 

different weight the influence of the cross correlation data with respect to the catalogue 

data. Highest weights have been assigned to the cross-correlation time-shift of events 

that locate within their common first Fresnel zone. Beyond this distance decreases the 

cross-correlation data weights and increases the catalogue data weights. It has been such 
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possible to operate a relative locations also considering no very clustered events. The 

double difference algorithm inverts for all travel-time differences, treating every 

earthquakes as a master event and finding a consistence master-slave relationship for a 

complete catalogue in terms of relative hypocenter locations (Waldhauser and 

Ellsworth, 2000).  
 

 
 

Figure 4.7 - Diagrams rms residuals versus fixed depth (left panels) showing the result coming out by 

location test performed considering events located both inside and outside with respect to the RSGL 

seismic network (right panels) (from Massa et al., submitted to Bull. Seism. Soc. Am.). 

 

After some relocation tests by using different Vp and Vs model (Michelini and Lomax, 

2004), the new hypocenter co-ordinates have been finally calculated adopting the 

velocity model proposed, for the area under study, in Solarino 2002. Figure 8 shows 

(both in map and in sections) the location of the relocated multiplets with respect to the 
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hypo-ellipse hypocentral co-ordinates (starting location). In particular the cross sections 

GH and EF evidence the deepening of the scattered hypo-ellipse hypocenters (Fig. 8, 

grey crosses) from SW to NE. The relocation method defines a collapse both in map 

and in sections of the seismicity into a narrow zone of activity, very clustered in space 

(Fig. 8, black crosses). The rms residual (ms) derived from the relocated events with 

combining catalogue and cross correlation time shift, are characterized by values than 

seldom exceeding an hundred of ms, demonstrating a significant reduction in the 

relative solution uncertainties. The standard errors in relative horizontal co-ordinates 

average about 250 m, and in depth about 350, compared to the 1500 m and 2000 m of 

absolute routine location uncertainties. The inclusion of highly consistent cross 

correlation differential times greatly reduced the location uncertainty, in particular in 

depth due to the differential S-wave measurement for earthquakes that are correlated. 

Finally, a cumulate focal solutions of each relocated groups of events has been 

computed by means of the first motion polarities, using the algorithm published by 

Rosemberg and Oppenheimer (1985). The analysed events are characterized  by a 

magnitude range 1.5-3.0. Because of the low number of polarities, available to compute 

the focal mechanisms, in particular for the family 8, characterized by magnitude values 

seldom exceeding 2.0, the focal solutions show in some cases a variability of the nodal 

planes. For the family 26 it has not been possible compute any focal solution, due to the 

poor number of available polarities. The results are reported in figure 9. The focal 

mechanisms calculated for the multiplets 15, 25, 17, 13 and 14 present a pure normal 

solution, with a direction of the principal nodal plain NW-SE and a T axis oriented NE-

SW for the multiplets 15, 25, 17 and a direction of the principal nodal plain SW-NE and 

a T axis oriented NW-SE for the multiplets 13 and 14. On the contrary the focal 

mechanisms calculated for the multiplets 6 and 8, located toward NE, present a pure 

thrust solution with a direction of the principal nodal plain NE-SW and a P axis oriented 

NW-SE for the multiplets 6 and a direction of the principal nodal plain NW-SE and a P 

axis oriented NE-SW for the multiplets 8. The multiplets 2 and 11 are both 

characterized by a strike slip solution with the P axis oriented SW-NE and the T axis 

oriented NW-SE. Finally, the focal mechanisms calculated for few events exceeding, in 

the period 1999-2003, the magnitude value of 3.5 (Fig. 1), and located toward NE with 

respect to the RSLG network (external cluster), show a more compressive character 

than the internal seismicity stress zone, characterizing the eastern sector of the area 

under study.  
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Figure 4.8 - Plot showing both in map (top panel) and in cross sections (bottom panels) the double 

difference locations (black crosses) of the events belonging to the 10 multiplets located inside with 

respect to the RSLG seismic network. The hypo-ellipse co-ordinates are also reported (grey crosses) 

(from Massa et al., submitted to Bull. Seism. Soc. Am.). 
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Figure 4.9 - Top panel) Map showing the focal mechanisms calculated for both the relocated seismic 

families (black-white focal spheres) and the most energetic events (Ml=greater than 3.0) belonging to the 

no relocated multiplets (grey-white focal spheres). White and black (or grey) area in the focal spheres 

indicate respectively a dilatation and a compression zone. Bottom panels) Cross sections (the traces of the 

cross sections are reported in figure 8) showing the centroids (grey stars) of each relocated seismic family 

and the related focal solution. The black arrows indicate the recognized fault plains (from Massa et al., 

submitted to Bull. Seism. Soc. Am.). 
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4.5. Discussions and conclusions 
The main purpose of this chapter has been the reconstruct the source geometry of 

the seismic episodes occurred in the Garfagnana-Lunigiana area in the period 1999-

2003. From the analysis of a data set composed by about 1.000 earthquakes, recorded 

by RSLG three component stations, it has been possible to recognized that most 

earthquakes recorded in the considered period are doublets events, clustered closely 

together. The waveforms similarity analysis, based on the cross correlation function, 

joined to the potentially of the bridging technique allowed to grouped the recognized 

doublets into 27 multiplets, 10 of them localized outside with respect to the RSLG 

network and 17 inside the network one. In order to strengthen the similarity the 

waveforms analysis has been carried out considering both vertical and horizontal 

seismograms. As standard location procedure fail to resolve the geometry of closely 

spaced earthquakes, an high precision relative locations, considering the 10 most 

populate multiplets located inside the seismic network, has been performed by using the 

double difference algorithm (Waldhauser and Ellsworth, 2000). The relocated 

hypocenters, shown both in map and in the cross section of figure 8, clearly define a 

narrow areas of seismic activity that are characterised by a deepening of the sources 

from SW to NE. The trend indicate by the carefully relocated events are strongly 

correlate with the tectonic sketch proposed for the area by several authors (i.e. 

Castellarin et al., 1992). In particular the event distribution coincides with the recent 

(neogene-quaternary) listric faults present in the region and deepening toward NE (Fig. 

10). The focal solutions calculated for the relocated internal multiplets and the 

recognised fault plane geometries confirm the deepening of the seismogenetic structures 

from SW to NE down to 20 km depth. The focal mechanisms indicate fault planes 

diving toward NE for the shallower layers (5 –10 km) and becoming almost horizontal 

for the layers around 20 km depth (fig. 9). Finally, it is worth noting that, though the 

lack of high or medium energy earthquake in the period considered in this study, it is 

possible to point out some interesting consideration about the correlation between the 

recent seismicity and the main seismogenetic structures defined for the area (Valensise 

and Pantosti, 2001).   
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Figure 4.10 - Seismic cross section SW-NE (top panel) in the Garfagnana-Lunigiana area plotted using 

the events belonging to the dataset considered in this study. The seismicity (bottom panel) is 

superimposed to the tectonic sketch taken from Castellerin et al., 1992 (from Massa et al., submitted to 

Bull. Seism. Soc. Am.). 
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(Chapter 5) 

DETECTION OF EARTHQUAKE CLUSTERS: AN APPLICATION 

IN THE MONFERRATO REGION (PIEMONTE, ITALY) 
 

In August 2000 and July 2001 two seismic sequences, characterized by 

mainshocks with Ml (local magnitude) respectively 5.1 and 4.8, occurred in the 

Monferrato region (Italy). The regional seismic network of the Northwestern Italy 

(RSNI) recorded more than 250 foreshocks and aftershocks. The routine locations, 

obtained by the Hypoellipse code, shows a seismic activity concentrated in a circular 

area, of a radius of about 15 km, located near Acqui Terme, and  randomly distributed 

in depth.  Location errors, due to an uneven azimuthal station distribution of the 

regional seismic network, prevent from the recognition of the geometry of the active 

zone. Waveforms analysis revealed the presence of several multiplets or “earthquake 

families”. In order to discriminate and successively relocate them, an automatic cross-

correlation procedure was applied. Normalised cross-correlation matrix, for the RSNI 

stations which recorded almost 90% of considered events,  on the basis of  a signal to 

noise ratio analysis,  were computed using only S waves time windows. The use of a 

relocation procedure, based on the double-difference method which incorporates 

ordinary absolute travel-time measurements and/or cross-correlation differential travel-

times, allowed to overcome the constraints of the uneven distribution of stations giving 

a quite different frame of seismicity. The improved locations showed that the seismic 

activity is mainly arranged  along a volume NE-SW oriented, in a depth range 8-20 km, 

involving the basement crystalline units. This orientation is confirmed by the analysis of 

the focal mechanisms: the most focal solutions show a strike slip component with one 

of the nodal planes consistent with the main orientation of the seismic events.   
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5.1. Introduction 
In seismotectonic studies, analysis of seismic sequences can provide constraints 

on the genetic sources. When analysing in detail a seismic sequence it is quite common 

to find clusters of events that show similar waveforms (also commonly referred to as 

"doublet", for a single pair of events or "multiplet", for a series of pairs). Geller and 

Mueller (1980) found that earthquakes with such characteristics are caused by very 

similar source mechanisms; hypocentres, that lie within one quarter of a dominating 

wavelength from each other, should represent rupturing of the same asperity.  These 

groups of events were called "earthquake families" by Tsujura (1983), who identified 

this kind of swarm as energy release, due to repeated slip on the same fault plane during 

a foreshocks-mainshock-aftershocks sequence. If each seismic source is characterized 

by a particular focal mechanism and a small spatial extent with respect to the ray path 

length, all the events generated by this source will show similar waveforms. In the case 

of extended sources, different clusters joined in a unique family (Nishigami, 1987), 

provided that seismicity fills quite homogeneously the whole seismogenic area. To 

carry out with high precision the location of “earthquake families” several method of 

relative location can be apply. In relative location procedures, one focuses on spatial 

offset between earthquake hypocenters rather than their absolute position. If the 

hypocentral separation between two earthquakes is small compared to the event station 

distance, then the ray paths between the source region and a common receiver can be 

assumed to be similar along almost the entire path of the ray. In this case, travel time 

differences can be attributed to the spatial offset between sources of the two events. 

Thus the scatter of relative hypocenter clusters is considerably reduced with respect to 

the absolute location (Scarfì et al., 2003). Taking into account the assumption 

previously described, in this chapter the 2000 and 2001 seismic sequences, occurred in 

the Monferrato area (Southern Piemonte, Italy), were investigated analysing the spatial 

and temporal evolution of the earthquakes. In order to identify individual earthquake 

families of events, a method based on the peak of normalised cross-correlation function 

(Frankel, 1982; Console and Di Giovanbattista, 1987; Planet and Cansi, 1988; 

Pechmann and Thorbjarnardottir, 1990; Deichmann and Garcia-Fernandez, 1992; Haase 

et al., 1995,  Cattaneo et al., 1997) was applied.  Since the bad location of RSNI 

network respect to the epicentral area (nearest station - PCP - at distance of about 40 

Km and azimuthal gap > 180°) (Fig. 1) and the remarkable number of non-correlated 
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events (about 50%), a method based on the double-difference algorithm (Waldhauser & 

Ellsworth, 2000) was applied. This technique, taking into account both multiplet and 

non-multiplet events, allowed to improve the spatial resolution of studied seismicity and 

finally to discuss it in spite of the poor available tectonic frameworks.  

 

 
 
Figure 5.1 - Map showing the seismicity distribution for the period January 2000 - August 2001 with 

respect to the RSNI network (white squares and triangles). The one component stations considered for the 

waveform similarity analysis and the orientations and lengths of the axes of the error ellipsoids are also 

indicated (from Massa et al., submitted to Journal of Seismology). 
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5.2. Structural and seismic features of the area 
The investigated area  (Monferrato, Italy) was affected in the past by only two  

significant earthquakes occurred in 1369 and in 1952 (both of intensity MCS VII) 

(Camassi R. and Stucchi M., 1996). The seismic data-bases of the RSNI network (Fig. 

1),  indicated that this area (Fig. 2, top panel) in the last twenty years,  is characterized 

by a very low seismic activity (less than 10 events for year) with Md (duration 

magnitude) less than 2.5. The instrumental catalogues reports only a  seismic sequence 

occurred in May 1991 (mainshock, Ml=3.8) and located  few kilometres western to 

Acqui Terme. The quiescence period was suddenly broken by the seismic sequence of 

the August 2000 (Ml=5.1) The geological setting of the investigated area is dominated 

by sedimentary units belonging to the Tertiary Piemonte Basin (TPB) (Fig. 3, top 

panel). The TPB is characterized by a sequence of Oligocene-Lower Miocene marine 

sediments with a thickness of approximately 2-3 Km (Marini et al., 2000).  These 

sediments are juxtaposed to the Ligurian and Subligurian Units (Fig. 3, cross section 

CD) (Piana et al., 1997) that represent the bedrock of the Southern Tertiary Piemonte 

Basin. In the epicentral area the considerable sedimentary thickness masks the Alps-

Apennines junction zone (Piana et al., 1997). The Apennines tectonic, controlled by the 

Western Mediterranean opening, during Oligocene and Early Miocene induced the NE-

ward translation of Ligurian-Alpine tectonic couples (Boccaletti et al., 1990) with 

coeval left-lateral movements along the main thrust front (Piana and Polino, 1995). The 

Apennines tectonics continued through Tertiary time and thus the older Alpine 

metamorphic units and the TBP successions were translated outward (N and NE-ward) 

onto the Insubric foreland (Biella et al., 1992; Falletti et al., 1995). The main pre-

Burdigalian tectonic structures of TPB strike NW-SE. These structures were 

successively reactivated by systems of NE-SW strike-slip faults, related to the 

Monferrato region subsidence. This faults-system displaces respectively the distensive 

and compressive sectors generated by the previously tectonic movements (Piana et al., 

2002).         
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Figure 5.2 - Top panel) earthquakes recorded by RSNI network in the period 1986-2001, occurred in the 

studied area (grey area in fig.3). Bottom panel) radiated seismic energy by the single events of the our 

dataset. The grey line represents the cumulative energy (from Massa et al., submitted to Journal of 

Seismology). 
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Figure 5.3 - Top: structural map of the Tertiary Piemonte Basin (TPB) at the Alps-Apennine junction 

zone. IL: Insubric line; SVZ=Sestri Voltaggio zone; VVL: Villalvernia-Varzi line; AM: Alto Monferrato; 

BG: Borbera-Grue zone; RFDZ: Rio Freddo deformation zone (Piana et al., 1997). The trace of cross 

sections AB and CD are indicated. Bottom:  a) AB cross section showing the crustal configuration of the 

Alps-Apennine junction zone. A/AB: Alps-Apennine boundary; PQTF: Plio-Quaternary Padane thrust 

fronts; PQ: Plio-Quaternary deposits; Mi: Miocene; Pg-Mz: Paleogene-Upper Mesozoic (Piana et al., 

1997). b) CD cross section showing the geologic interpretation of a seismic line reported in Biella et Al. 

(1988). GC: "Granite-type" crust; VC: metamorphic Paleozoic unit; of: main ultramafic units; mel: 

calcschists and ophiolitic melange; lig: ligurian and subligurian units; MZ: carbonate Meso-Cainozoic 

successions; OM: Oligocene-Miocene succession of Terziary Piemonte Basin; PQ: Plio-Quaternary 

sediments (Piana et a., 1997). The grey area indicate the seismic active zone (from Massa et al., submitted 

to Journal of Seismology). 
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5.3. Data set 
The available data set is composed by waveforms recorded by the regional seismic 

network of Northwestern Italy (RSNI) operated by the University of Genova (Cattaneo 

and Augliera, 1990). Since 1982 this network has been continuously monitoring the 

seismicity of the Western Alps (Fig. 1). The RSNI network consists of telemetered 11 

one-component short-period stations and 9 digital three component dial-up stations 

(since 1995). The data are processed by an automatic event recognition and phase-

picking system, which discriminates local (distance < 300 Km) and teleseismic 

(distance >1000 Km) events from noise; for local events, also provides a preliminary 

picking of P and S phases as well as trial location and Md. The results of this pre-

processing are submitted off-line to the interactive control of an operator, in order to 

validate the automatic picking and to compute a more reliable location. Also at this 

stage, records coming from different stations (e.g., temporary networks, or stations with 

local digital recording and off-line dial-up data retrieval) are merged with the waveform 

database, and then all recognizable phases are interactively picked (Cattaneo et al., 

1997). In the present study a data set of about 250 seismic events with local magnitude 

Ml ranging from 1.5 to 5.1 (Fig. 1), recorded by both one and three component stations, 

was considered. The local magnitude was calculated using an Ml scale calibrated for 

Northwestern Italy (Spallarossa et al., 2002). Figure 2 (bottom panel) shows the seismic 

energy radiated from each event expressed in ergs and estimated using Gutenberg and 

Richter (1956) empirical formula      
 

LogE = 11.8 + 1.5M 
 

The cumulative curve (Fig 2, bottom pane, light grey line) shows that almost total 

energy (about 1e+1019.5) was released by only the two mainshocks. Preliminary 

earthquake locations were obtained using Hypoellipse code (Lahr, 1979), adopting 

different 1D propagation models for different groups of stations (Spallarossa et. al, 

2001). In figure 1 the axes of the estimated horizontal error ellipses are reported. The 

error distribution results random with a weak elongation to NE-SW direction. For 

concentrated clusters of activity, the geometrical shape of the cluster is probably mainly 

dominated by the location errors (Cattaneo et al., 1997). In this case the errors are due to 

the great distance (40 km) of the nearest station (PCP) respect to the studied area and to 

the great azimuthal gap of the station distribution (Fig. 1). Generally in order to enhance 
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the location accuracy a 3D propagation model is taken into account. In fact in a dense 

local network and for a homogeneous area, this kind of model could improve the quality 

of earthquake locations. In our setting, because of the high azimuthal gap of the station 

distribution and a strongly heterogeneous area, the epicentral quality of the earthquake 

locations would not significantly improve by simply using a more complicated model 

and, in particular, the determination of focal depth could be dramatically biased 

(Spallarossa et. al, 2001).  

 

5.4. Waveform similarity analysis 
Several methods for the analysis of waveform similarity were developed in the last 

years: cross-spectral techniques (Got et al., 1994), pattern recognition (Joswig, 1995), 

fractal approach (Smalley et al., 1987), syntactic pattern recognition schemes (Zhinzhin 

et al., 1992 - 1994) or a cross-correlation technique. In this study in order to isolate 

earthquakes families a cross-correlation method, based on a bridging technique 

(Cattaneo et. al 1999), was applied. In this approach if two couples of events (A, B) and 

(B, C), exceeding the correlation threshold, share a common quake (B), then all three 

events are attributed to the same family, even if the correlation (A, C) is below the 

threshold; event B represents the bridge event between these couples (Press et. al, 

1988). After a preliminary analysis (i.e. visual inspection) of the cross correlation 

matrix, only the stations characterized by more than 200 recorded events were selected 

(about 90% of initial dataset). The cross-correlation matrix for the selected stations 

(BLB,  ENR,  FIN,  PCP,  PZZ,  ROB), calculated using a signal windows (4s length) 

filtered in the frequency range 2-10 Hz, are shown in figure 4 for both P (left panel) and 

S wave (central panel). Figure 4 shows that the cross correlation matrix for P-phase, are 

characterized by a very poor number of couple of events showing  high values of 

similarity. Indeed, cross correlation matrix for S-phase, show a very high number of 

strong doublets (cross correlation values grater than  70%)  for all the selected stations. 

The weak similarity of P waveforms can be due to propagation effects involving  

attenuation of high frequencies for large epicentral distances. In the following, the 

families detection was performed using the results coming from the S-wave similarity 

analysis; the inspection of S train waves assures moreover a higher  sensitivity at the ray 

path. In fact, while the first pulse of each phase is mainly determined by the radiation 

pattern and it could be easily reproduced by events located in completely different 
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positions, the coda of the seismograms is merely affected by the propagation, that, in a 

highly heterogeneous area, could be hardly reproduced by chance (Cattaneo et al., 

1999). Since the great number of records showing an high value of signal to noise ratio 

(Fig. 4 right panel), and the shortest distance with respect to the epicentral area,  PCP 

was selected as reference station. To investigate the sensitivity of the families detection 

procedure with respect to the adopted cross correlation threshold, several test were 

performed. In figure 5 (top panel) the histogram of the correlation coefficients for the 

reference station (PCP) is shown. The coefficients clearly deviate from a pure normal 

distribution between 60% and 100%. This result implies that in this range the dataset is 

characterized by a significant number of similar events (strong doublets) (Maurer H. 

and Deichmann N., 1995). In figure 5 (bottom panel) is reported the number of the 

detected families versus threshold  values ranging from 60% to 95. Even if a cross 

correlation threshold of both 90% and 85% allow a detection of five families, the latter 

values assure to gather the largest number of events (Fig 6). Even if high values of 

similarity  on different stations is sufficient but not a necessary condition because 

different factors might degrade the similarity (instrumental limitation, occurrence of 

strong incoherent noise and superposition of different events very closely spaced in 

time) (Cattaneo et al.,1997), to strengthen the results derived by PCP the same 

procedure was also applied to the other five stations. In any case a similarity threshold 

of 85% represents the optimal solution; this value assures to obtain the same families 

recognized by PCP and to optimise the number of units for each of them. The results of  

the waveform similarity analysis relevant to all selected stations, adopting a threshold 

value of 85% are reported in table 1. For each station is reported the number of events 

belonging to each family: family 1 is composed by the foreshock of the main event of 

the 21/08/2000, families 2, 3 and 4 by the aftershocks of the same earthquake and the 

last one by the aftershocks of the main event of the 18/07/2001. Since the comparable 

results (same families but a not always coincident number of components) derived by 

each analysed stations, the number of selected events by PCP were reduced, taking 

finally into account only the common events grouped in the same families by at least 

two other stations. To optimise the azimuthal gap and to keep a significant number of 

records, the families detected by the reference station, but grouping the common events 

recognized as multiplets by also PZZ and FIN, were considered in the following 

relocation procedure.  
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Figure 5.4 - Plot of the peak of normalized cross-correlation values for all possible pairs of events 

obtained analysing a window of 4 s starting from the onset of both P phase (left panels) and S phase 

(central panels); the results obtained by the stations considered for the waveform similarity analysis are 

reported. The signal to noise ratio calculated for the S phase window (4 s) are also shown (right panels) 

(from Massa et al., submitted to Journal of Seismology). 
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Figure 5.5 - Top panel) Distribution of the cross correlation coefficients for the S phase (4 s window) 

with respect to the number of derived couple of events. Bottom panel) number of families recognized by 

PCP station (reference station) with respect to the number of components (from Massa et al., submitted to 

Journal of Seismology).   

 

 Fam PCP PZZ FIN  BLB ENR ROB DEF Depth 
(km) Time Ml max

1 9 9 9 7 9 9 9 0 - 11 11.08.00-21.08.00 2.9 
2 23 21 22 10 19 17 21 8 - 16 21.08.00-07.10.00 3.0 
3 13 12 12 7 10 9 12 7 - 13 21.08.00-25.08.00 2.4 
4 10 10 9 5 8 6 9 9 - 16 10.10.00-23.11.00 3.1 
5 9 8 9 4 8 3 8 15 - 21 18.07.01-22.07.01 2.7 

 

Table 5.1 - Main characteristics of the “earthquake families”. The grey cell indicate the number of 

common events belonging to the five multiplets and recorded by PCP (reference station), PZZ and FIN 

stations respectively (from Massa et al., submitted to Journal of Seismology). 
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Figure 5.6 - Earthquake families detected by the reference station applying a data set of about 250 

seismic events. The six plots refer to the adopted threshold values of the normalized cross correlation 

peak (from 60% to 95%). Different number are used to indicate each family. Given the very close spacing 

of many events, symbols often overlap (from Massa et al., submitted to Journal of Seismology). 
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Figure 7 shows the location of all seismic events belonging to each selected family. 

Using the cross correlation technique, it was not possible to find a correlation between a 

particular family and the main-shocks (Ml 5.1 and Ml 4.8 respectively), due in 

particular to the differences in frequency characteristics of waveform, that differ from 

each other by more than one order of magnitude: the order of magnitude is strictly 

correlated to the frequency of the events (Deichmann and Garcia-Fernandez, 1992). 

Analysing in detail the detected “earthquake families”, it's questionable whether the 

spatial extent of each of them is representative of the real dimension of the seismogenic 

structures. The routine location (Fig. 7) shows a dispersion of the events that could not 

be easily justified by the high similarity threshold (85%) used during the waveforms 

analysis (Fig. 8). As demonstrated in previous studies (Augliera et al., 1995; Cattaneo et 

al., 1997), very high correlation values, computed using large temporal windows, imply 

overall very short inter distances. This means that the routine locations can be dominate 

by the statistical  errors. Both figure 1, (total seismicity) and figure 7 (families only), 

show the epicenter locations aligned on SW-NE direction and an almost vertical 

distribution of the hypocenters; this effort can be due in particular to the non optimal 

distribution of the RSNI network with respect to the epicentral area. A resolution of 

hypo-ellipse results it was so tested, carrying out a grid search location for the events 

belonging to each earthquakes family. A 3D grid of points, surrounding all seismicity, 

having sides of 24 Km in EW direction, 22 Km in NS direction and depth of 20 Km, 

was constructed. Both in map and in depth it was chosen a spacing between two 

contiguous points of the grid of 1 Km. A total of about 10.000 points, for which 

calculate theoretical travel-time for P and S waves, that allow to construct a cube of root 

mean square (rms) travel time residuals, was obtained. Figure 9 shows some examples 

of the three cross section (map view, EW depth section and NS depth section) of the 

rms residuals cube, related to the detected earthquake families, obtained averaging the 

rms calculated to each events belonging to each of them. Wide areas with low rms 

values indicate an unstable solution, whereas narrow minima represent stable solution. 

In map (Fig. 9) it’s always possible to find a SW-NE trending of rms values, in 

agreement with the trend of main axis of the error ellipsoids, however characterized by 

a reduced area of  very low values of root mean square (<0.20 s). On the contrary the 

depth sections shown a major instability of rms.  
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Figure 5.7 - Plot of the resulting five “earthquake families” obtained by the waveform similarity analysis. 

Only the common events groped in the same families and recorded by PCP, PZZ and FIN stations are 

considered. The traces of the cross sections AB and CD are indicate in figure 5.10 and 5.11 (from Massa 

et al., submitted to Journal of Seismology). 
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Figure 5.8 - Example of waveforms, filtered in a band-pass of 2-10 Hz and recorded by PCP station, 

belonging to the family 2 (aftershocks of 21/08/2000 event). The portion of seismogram (4s starting to the 

S phase onset) considered for the waveform similarity analysis is shown (from Massa et al., submitted to 

Journal of Seismology). 

 

In particular for the family 1 (foreshocks of the 21/08/2000 mainshock) (Fig. 9, EW 

depth section), characterized by a great percentage of shallow hypocenters (1-5 Km), 

it’s evident a narrow area of a very low values of rms, ranging in depth from 1 to 15 km. 

The grid related to the other family, in spite of the presence of a relative rms minimum 

located not far off the surface, appear rather in agreement to the hypo-ellipse 

hypocenters location: it’s indeed possible to point out the presence of the rms absolute-

minimum area characterized by a spatial extension ranging in depth about from 9 to 15 

Km, with a constant deepening proportional to the seismicity temporal evolution. The 

results shown in figure 9 well resemble the trend of the seismic events located in depth 

(> 10 Km) but at the same time the results allow to suppose, on the basis of the 

waveform similarity, the presence of not negligible errors in routine location of the 

shallow events belonging to family 1.                            
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Figure 5.9 - Plot of three cross sections of the rms residuals cube, related to some recognized “earthquake 

families”, derived averaging the rms values calculated constraining each event, belonging to the detected 

clusters, on the nodal point of the 3D-cube. See text for explanation (from Massa et al., submitted to 

Journal of Seismology). 
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5.5. Multiplets analysis 
Seismicity analysis for the study of tectonic processes, earthquake recurrence and 

earthquake interaction requires knowledge of the precise spatial offset between the 

earthquake hypocentres. The accuracy of routine locations is controlled by several 

factors, including the network geometry, available phases, arrival time accuracy and 

knowledge of the crustal structure (Gomberg et al., 1990). The effects of errors can be 

effectively minimized by using relative earthquake location methods (Poupinet et al., 

1984; Fremont and Malone, 1987; Got et al., 1994; Waldhauser and Ellsworth, 2000). 

Seen the results derived by the previous analysis, it was not been possible to apply a 

classic method of relative location based on the “master event technique”; this 

procedure indeed, to assure a high precision hypocentres location, require the values of 

accurate shift time for a coincident couple of events recorded by a significant number of 

investigated stations. Through the waveforms similarity analysis it was defined five 

cluster of multiplets; due in particular to the large distance of the RSNI stations respect 

to the epicentral area, for the family 1 only it was been possible to calculate the shift 

time values related to all couple of events for an high percentage of considered station 

(the same 9 events recognised by PCP, FIN, PZZ, ENR and ROB, see table 1). In this 

way, in spite of a no optimal station distribution respect to the active zone, with the aim 

to close spatially the recognised group of multiplets, a relative location procedure based 

on the "Double-Difference Algorithm" (Waldhauser and Ellsworth, 2000) was applied.  

This technique, treating every member earthquake as a master event and finding a 

consistent master-slave relationship for a complete catalogue in terms of relative 

hypocenter locations, allows the simultaneous relocation (using “hypoDD” code, 

Waldhauser 2001) of large numbers of earthquake (multiplet and non-multiplet events) 

over large distance, incorporating ordinary absolute travel-time measurements and/or (if 

available) cross-correlation P and S waves differential travel-time measurements. The 

residuals between observed and theoretical travel-time differences (or double-

differences) are minimized for pairs of earthquakes at each station linking together all 

observed event-station pairs. The double-difference equation that defined the residual is  

 

drij
k = (ti

k - tj
k)obs - (ti

k - tj
k)cal 
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where drij
k is the residual between observed and calculated differential travel-time 

between two events (Waldhauser and Ellsworth, 2000). A least square solution is found 

by iteratively adjusting the vector difference between hypocentral pairs. The relative 

location was performed starting from the hypocentres of foreshocks and aftershocks (1.5 

< Ml < 3.0). As hypoDD input parameters were used only ordinary absolute travel-times 

derived by the RSNI catalogue; in this step both P and S phase measurements recorded 

by all RSNI station (1 and 3 components) were taken into account. In order to clean out 

the events located so far respect to the epicentral area and to obtain a preliminary 

hypocentres clusterization, involving both multiplets and non-multiplets events, 

hypoDD was run in a first step using the travel time measurements related to the 

complete data-set. In figure 10 is reported the hypocentres distribution derived by the 

first relative location procedure. The results, even if strongly conditioned by the initial 

location, show however a good spatial improvement. In particular both in section AB 

and CD (Fig. 10) it’s possible to observe the presence of two well separate clusters of 

seismicity: the first located near the surface (1 - 4 Km) and the second characterized by 

hypocentres located at depth ranging about from 10 to 18 Km. In order to improve the 

spatial resolution of the events belonging to the detected families a further step of 

relocation was computed. In this way hypoDD was yet run starting from the results 

derived by the first relocation procedure, involving the group of multiplets only. Figure 

11 shows the results obtained by the second step of relative location. Even if, using the 

much possible selective hypoDD input parameters (Waldhauser, 2001) in order to 

obtained the best relocation results, the method tends sometime to cut out the outliers-

events, it is equally able to provide, as it’s possible to see in figure 11 (section AB) a 

clear geometrical characterization of each earthquakes family. On the contrary in 

section CD (Fig. 11) the hypocenters appear, in agreement to the main axes of the errors 

ellipsoid (Fig. 1), more scattered in SW-NE direction. In figure 12 are reported the main 

location parameters (erh, erz, rms) derived by both hypoellipse routine location and 

hypoDD relative location. Analysing critically the results plotted in figure 11, it’s quite 

difficult to justify both a non negligible gap of seismicity, ranging in depth from about 5 

to 9 Km, and the presence of a so isolated shallow cluster, focused moreover at depths 

(1 - 3 Km) rheology characterized by a not ideal medium (marine sediments) to produce 

a significant seismic activity. Referring to the results shows by the grid location 

experiments (Fig. 9), it’s possibile suppose that the seismic activity was occurred in 

repeated episodes, involving structures of the crystalline basement (10 - 15 Km).  
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Figure 5.10 - Left panel) Comparison between RSNI hypo-ellipse locations (grey symbols) and hypo-DD 

relocation obtained by a first run of double-difference procedure (black symbols). Ordinary absolute 

travel time measurement has been taken into account. Right panel) Comparison between the relocated 

initial dataset (grey symbols) and the relocated events belonging to the multiplets only (black symbols). 

The shallow cluster indicates family 1 (foreshocks of 21/08/2000 event) (from Massa et al., submitted to 

Journal of Seismology). 
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Figure 5.11 - Left panel) Locations of hypocenters of events belonging to the multiplets derived by the 

first run of double-difference procedure (grey symbols). Right panel) Comparison between the location 

presented in the left panel (grey symbols) and the locations of same hypocenters derived by the second 

run of double-difference procedure (black symbols). The final location of “earthquake families” was 

obtained starting from the results carried out by the first run of hypo-DD. For each family the variation of 

hypo-ellipse rms residuals versus depth (grey ellipsoids) (see fig. 10) is also reported (from Massa et al., 

submitted to Journal of Seismology). 
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Figure 5.12 - Histograms showing the variation of the earthquake location parameters (erh=horizontal 

error; erz=vertical error; rms=residual) during the location steps. The values refer to the events belonging 

to the “earthquake families” only (from Massa et al., submitted to Journal of Seismology). 

 

Observing moreover both spatial and temporal evolution of the studied sequences, it not 

seem erroneous (not varying the geometrical shape derived by the relocation procedure) 

to set the family 1 at depth greater then 8 Km, in agreement both to the trend of total 

seismicity and the geological structures.       
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5.6. Focal mechanisms 
In order to improve the results obtained by the previous procedures (Fig. 11), 

some focal solutions were computed. The focal mechanisms calculated for the two main 

shocks (21/08/2000 of Ml=5.1 and 18/07/2001 of Ml=4.8) were performed by the first 

motion polarities using the program FPFIT (Reasemberg and Oppenheimer, 1985). The 

results are reported in figure 13-A and 13-B: the mechanisms either presents a strike-

slip solution with a P axis oriented E-W and a T axis almost N-S. To give a more weight 

to this result, the focal solutions for the most energetic events belonging to each 

recognized family were also calculated  (Fig. 13C, D, E, F); the analysed events are 

characterized  by a 2.5-3.0 magnitude range. For this reason the number of polarities 

available to compute the focal mechanisms, in particular for the after-shock of 2001 

sequence, are less that those used to perform the focal mechanisms of the two main 

shocks. The focal solutions show consequently a major variability of the nodal planes 

even if they show the same characteristics of the focal mechanisms previously 

calculated for the two main-shocks. For the family 3 it was not possible compute any 

focal solution, due to the poor number of available polarities. Observing the map view 

and in particular the cross-sections AB in figure 11, it's possible to remark that the 

distribution of the hypocenters are in agreement to the nodal plane with a strike NE-SW 

(45°-55°) and dip about 80°-90°. Moreover the orientation of the P axes would justify 

the deepening of the events in the direction NE-SW. 

 

5.7. Discussion and conclusions 
This chapter describes, starting from the results obtained by a waveforms 

similarity analysis, the main characteristics (spatial and temporal evolution) of the 

seismic activity that occurred in the Monferrato region from August 2000 to July 2001. 

The result of the analysis was a subdivision of a great number of events in five 

“earthquakes families”, each of them characterised by earthquakes that presented a 

remarkable similarity of the analysed portion of seismograms. Since the unfavourable 

distribution of the RSNI network respect to the epicentral area (nearest station at a 

distance of about 40 Km and azimuthal gap > 180°) and the high waveforms similarity 

(threshold similarity 85%), it’s possible to suppose that the spatial distribution of 

multiplets is dominated by location errors. The relocation analysiswas performed both 

to the initial dataset and to the “earthquake families” (Fig. 10 and 11).  
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Figure 5.13 - Focal mechanisms calculated for the main shocks of the studied sequences and for the most 

energetic events of each obtained families. (a)= 21 August 2000 main shock; (b) July 2001 main shock; 

(c)= family 01 (2000 sequence fore shock, Ml=2.9); (d) = family 02 (2000 sequence after-shock, Ml 3.4); 

(e) = family 03 (October 2000 sequence, Ml=3.7); (f) = family 04 (2001 sequence after-shock, Ml=2.5). 

Triangle and circle represent respectively compression and dilatation first motion, while P and T are 

pressure and tension axes as computed by the program FPFIT (Reasemberg and Oppenheimer, 1985) 

(from Massa et al., submitted to Journal of Seismology). 
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This procedure was able to depict a more realistic distribution of multiplets, in 

agreement to the high degree of waveforms similarity. The main efforts of this study 

can be summarise as follow: 

• the recorded earthquakes are strongly concentrated in space and seem to 

reactivate the same active area in different time; 

• the waveforms analysis point out the presence of five earthquake families, 

characterized by a temporal evolution clearly correlated to the deeping source; 

• the gap of seismicity ranging in depth from about 4 to 8 Km is a consequence of 

the shallow hypocentres of family 1 (foreshocks of the 21/08/2000 mainshock) 

obtained by routine location; in this way appear correct to suppose that the 

hypocentres of family 1 are characterized by routine location errors due to the 

great distance of the nearest station (PCP); 

• taking into account the results of the 3D grid rms residuals cube (Fig. 9) a depth 

greater then 8 km could be attributed to the hypocenters of family 1, in 

agreement to the other clusters location. Moreover the low density of the marine 

sediments, characterizing the TPB, not justify a stress accumulation able to 

produce a significant seismic events. The really active zone could be involved 

only the crystalline basement units, ranging in depth from about 8 to 18 Km (see 

geological cross-sections in figure 3); 

• even if it was not  possible to make a waveforms correlation between the main 

shocks and the other events, the two most energetic earthquakes could be 

generated by the same structure broke both in different times and depths: 

“families 2 and 3” (aftershocks of the 21/08/2000 mainshock) were located 

shallower than “family 5” (aftershocks of the 18/07/2001 mainshock) (Cattaneo 

et al., 1999). The rupture seem to migrate (from August 2000 to July 2001) from 

around 8 km to 15 km; 

• the whole focal solutions shows one of the two nodal planes always oriented 

SW-NE in agreement with the distribution of the events. This results point out 

the presence of a vertical active structure with a significant strike slip component 

ranging in depth from about 8 to 15 km. 
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(Chapter 6) 

LOCATING EARTHQUAKES BY WAVEFORM SIMILARITY 

ANALYSIS: AN APPLICATION IN THE SOUTH WESTERN ALPS 

(ITALY) 
 

To improve the routine location procedure in the South-western Alps, performed 

after automatic/manual phase picking by  1D hypocenter determination, a location 

methodology based on a waveform similarity analysis has been developed.As a first 

step, in order to detect  “seismic families”, a cross-correlation technique was applied to 

a data set of seismic waveforms recorded by one-component stations in the period 1985-

2002. Normalized cross correlation matrices were calculated using about 2500 events, 

located in a small area (1600 km2) of the Western Alps (Italy). The waveform similarity  

analysis, based on the “bridging technique”, allowed to group about 65% of the selected 

events into 80 “earthquake families” (multiplets) located inside the considered area.  For 

each earthquake family, a “master” event is selected and carefully re-located. As a 

second step, having chosen a reference station, an automatic procedure with the aim of 

cross-correlating a new seismic recording to the waveforms of events belonging to the 

detected families has been developed. If the new event is proved to belong to a family 

(on the basis of the cross-correlation values), its hypocenter co-ordinates are defined by 

location of the “master” events of the associated family. The proposed location 

algorithm is tested and its performance is demonstrated on a database of 104 

earthquakes recorded in the period 2003–2004 and located in the considered area. Our  

procedure is able to locate about 50 % of the recent test events independently from  the 

accuracy of the phase picking and without the biasing of the network geometry.  
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6.1. Introduction 
In routine management of earthquake locations the accuracy of absolute 

hypocenter coordinates is controlled by several factors: network geometry, available 

phases, arrival-time reading accuracy and knowledge of the crustal structure (Pavlis 

1986; Gomberg et al., 1990). In particular, in case of very spatially closed microseismic 

activity, that occurred in a heterogeneous medium, the joint hypocenter determination 

(Douglas, 1967) often results biased by a coupling of the above listed factors (Cattaneo 

et al., 1997; Cattaneo et al., 1999). Therefore, the location uncertainty of routine 

hypocenter determination is typically many times larger than the source dimension, 

thus, putting limits on the study on the fine structure of seismicity (Douglas 1967; Pujol 

1988; Hurukawa and Imoto 1992; Shearer 1997; Waldhauser et al., 2000). This study 

points out the uncertainties of computed hypocenter co-ordinates and, as a consequence, 

the possible improvements of the routine earthquake location technique considering a 

test area located in the South Western Alps (Italy). In recent years, several studies have 

been carried out in order to discuss the accuracy and the reliability of procedure 

developed to locate events in North-western Italy (Cattaneo 1999; Cattaneo 1999, 

Cattaneo 1999; Spallarossa 2001). This area, monitored by the Regional Seismic 

Network of North-western Italy (hereinafter RSNI) since 1982 (Fig. 1a), is 

characterized by strong structural heterogeneities and by a complex tectonic pattern 

(Moho depth ranging from about 10 km in the Ligurian sea to nearly 50 km beneath the 

alps, Buness et al., 1990), that has induced significant lateral variations of the crustal 

and upper mantle velocity (Kissling et al., 1995; Kissling and Spakman, 1996; Parolai et 

al., 1997). The location of earthquakes recorded by the RSNI network, performed using 

the well known Hypoellipse code (Lahr, 1979), is influenced and, often, biased by the 

accuracy of the employed velocity models and by the network geometry. As shown by 

the distribution of the computed horizontal error axes reported in figure 2, the location 

of the earthquakes, which occurred in the area chosen as test site, is characterized by 

considerable uncertainties mainly along the SW-NE band, pointing out that the routine 

location procedure can lead to very false interpretation (false tectonic alignments). 

Thus, in this chapter an alternative location procedure, that allows to minimize the 

influence of the uneven network geometry and of the complex velocity structure of the 

area, is presented. The method, starting from the results of a waveform similarity 

analysis, allow to determine the hypocentral coordinates of seismic events by a simple 
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association to a particular “earthquake family” (Tsujura,1983). To identify the 

earthquake families located in the test area, a technique based on the peak of normalized 

cross-correlation function (Console and Di Giovanbattista, 1987; Planet and Cansi, 

1988; Pechmann and Thorbjarnardottir, 1990; Deichmann and Garcia-Fernandez, 1992; 

Haase et al., 1995,  Cattaneo et al., 1997) has been applied. The location procedure, 

described in detail in the following paragraphs, is tested by applying it to a significant 

number of earthquakes that occurred in the test area in the period 2003-2004. The 

results show that a large percentage of widespread seismicity present in the studied area 

is strongly biased by statistical errors inherent to the routine location procedure.      
 

6.2. Data, data processing and cluster analysis 
Analyzing in detail a low seismicity area, characterized by very clustered 

earthquakes, it is quite common to find a great number of events that show similar 

waveforms (also commonly referred to as a "doublet", for a single pair of events or a 

"multiplet", for a series of pairs). Geller and Mueller (1980) found that earthquakes with 

such characteristics are caused by very similar source mechanisms; hypocenters, that lie 

within one quarter of a dominating wavelength from each other, should represent 

rupturing of the same asperity.  These groups of events were called "earthquake 

families" by Tsujura (1983), who identified this kind of swarm as energy release, due to 

repeated slip on the same fault plane during a foreshocks-mainshock-aftershocks 

sequence. If each seismic source zone is characterized by a particular focal mechanism 

and a small spatial extent with respect to the ray path length, all the events generated by 

this source will show similar waveforms. In this study, in order to recognize 

“earthquake families” and, afterwards, to test the performance of the proposed location 

algorithm, two data sets have been selected collecting the waveforms recorded by the 

RSNI network in the period 1985 – 2002 and 2003 – 2004 respectively; in particular, 

the events located in a small sector (40 km x 40 km) of the South Western Alps, chosen 

as test site (Fig. 1b), have been picked. To detect multiplets in the area, the first data set 

made up of about 3000 seismic events (Fig. 1b), with local magnitude up to 3.3 

(Spallarossa et al., 2002),  recorded by STV (Sant’Anna di Valdieri) and ENR 

(Entraque), one-component stations, are considered. These two stations, selected to 

perform the waveform similarity analysis, ensure both completeness of catalogue (from 

1985) and high S/N ratio.  
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Figure 6.1 - (a) Map showing the seismicity that occurred in the Western Alps in the period 1985-2002. 

The white dotted line indicates the test area considered in this study. White squares and triangles indicate 

the 3- and 1-component stations of the RSNI network respectively. (b) Map showing the seismicity 

recorded by the STV (about 3000 events) and the ENR (about 2400 events) 1-C stations (gray triangles) 

in the test area (40 km x 40 km) for the period 1985-2002 (from Massa et al., submitted to Journal of 

Geophysical Research). 
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Among several algorithms for waveform similarity characterization proposed in recent 

years (cross spectral techniques, Scherbaum and Wendler 1986, Got et al., 1994; pattern 

recognition, Joswig, 1995; cross-correlation analysis on P and S-wave checked 

independently, Maurer and Deichmann, 1995; fractal approach, Smalley et al., 1987;  

syntactic pattern recognition schemes Zhizhin et al., 1992; 1994), a technique based on 

the peak of normalized cross-correlation function is applied. To ensure reliable 

outcomes, only the recordings characterized by a signal to noise ratio greater than 10 dB 

(about 2700 events, that is 90% of the initial data set of waveforms) is taken into 

account. Figure 3 shows the S/N ratio for the S- phases computed over windows 3 s 

wide considering different frequency bands. All available vertical waveforms recorded 

by the STV and ENR stations have been organized in matrices and then compared in the 

search for waveform similarities. In order to perform similarity analysis a continuous 

signal of six seconds after the P onset has been considered. For recordings at an average 

hypocentral distance of 5 to 15 km, the comparison is, then, made on a signal more 

complicated than simple first pulse.  

 

            
 
Figure  6.2 - Axes of the estimated horizontal error ellipses calculated for the earthquakes plotted in 

figure 1b; the dotted gray line indicates the position of the test area. It is worth noting the SW-NE 

direction of the main error axes (from Massa et al., submitted to Journal of Geophysical Research). 
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Figure 6.3 - Histograms showing the signal to noise ratio calculated considering a portion of seismogram 

(3s window length) starting from the S phases onset; the results obtained by testing different band-pass 

filter are reported. The black lines indicate the cumulative curves (from Massa et al., submitted to Journal 

of Geophysical Research). 
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In this way, the first part of the coda, that is merely affected by the propagation and can 

be matched only by seismograms of rays that have traveled similar paths, is taken into 

account. It is worth noting that our cross-correlation window does not include the 

“regional” part of the coda waves (Aki, 1969), expected twice the S wave travel time 

(Rautian and Khalturin, 1978), at least for our data set for which the S-P times range 

from 1.0 to 4.0 seconds. Since the selected waveforms may contain noise and since high 

frequency wiggles would be too difficult to compare, biasing the cross-correlation 

results, all waveform comparisons have been carried out in the frequency range 1-10 Hz 

only. This filtering window, adopted after an analysis of the S/N ratio (Fig. 3), has the 

capability of reducing natural noise without biasing the seismograms too much. One 

example of the matrix of cross correlation coefficient on the STV station is graphically 

visualized in figure 4 for a subset of whole data set; similar results have been obtained 

for the ENR station. The detection of similar events is performed using a bridging 

technique with the capability of overcoming the biasing when comparing waveforms 

differing from each other by more than one order of magnitude (Deichmann and Garcia-

Fernandez, 1992). Two couples of events (A,B) and (B,C), exceeding the a priori 

selected correlation threshold, share a common quake (B), then all three events are 

attributed to the same family, even if the match between A and C is below the reference 

value for similarity (threshold hereinafter). The bridging algorithm is based on the 

Equivalence Class approach (Press et al., 1988) and has already been applied to local 

earthquake data set by Aster and Scott (1993) and Cattaneo et al. (1997; 1999).  The 

potential and the success of this technique is estimated in Ferretti et al., 2004. Finally, 

the cross-correlation threshold (index of waveform similarity) has been chosen by a 

“two-step” procedure: 

• by the analysis of the distribution of the cross-correlation coefficients versus 

each couple of recorded events by the considered stations; where the plot shows 

a sudden drop, and the trend deviates from a pure normal distribution (Maurer 

and Deichmann, 1995), that is where the range of acceptable cross correlation 

values start. In figure 5a the histograms for the STV station is reported; 

• by the examination of the number of families and population of each group 

versus a different correlation threshold. The value of threshold to assign to any 

station is evaluated to ensure both the maximum number of recognised families 

and the greatest number of components for each of them. (Fig. 5b). 
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Figure 6.4 - Plot of normalized cross-correlation matrix for a subset (about 200 events) of the whole data 

set  considering  the STV station; the cross-correlation values obtained analyzing all possible pairs of 

signals (considering 6s window from the P-phase onset and filtered in a frequency band of 1.0-10 Hz, are 

shown. Shaded areas indicate seven “earthquake families” detected applying the bridging technique and 

considering a threshold value equal to 0.80 (from Massa et al., submitted to Journal of Geophysical 

Research). 

 
Finally, for both stations a cross correlation threshold of 0.80 (80% of waveform 

similarity) has been chosen.The reliability of each detected family is also valued by the 

agreement between the outcomes of the two stations considered (STV and ENR).  In a 

small area with small distance between stations, families are recognized by more than 

one station, ensuring reliability of the definition of family and representing an important 

constraint on number of events belonging to them (Ferretti et al, 2004). 



Marco Massa ______________________________________________________________ Ph.D. Thesis            

 119

 
 
Figure 6.5 - (a) Distribution of the cross correlation values versus the number of pairs; in the zoom right 

panel, it is possible to note the heavy tail towards high coefficient values greater than 0.75. (b) Number of 

families recognized by the STV station versus the cross correlation threshold value (index of similarity); 

for each threshold value the total number of events grouped into families are also reported (from Massa et 

al., submitted to Journal of Geophysical Research). 
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6.3. Cluster analysis results 
By the waveform similarity procedure described in the previous paragraph, about 

1500 events belonging to the first data set, that includes events from 1985 to 2002, have 

been clustered into multiplets. In figure 6, the distribution of the events belonging to 80 

seismic detected families is plotted. It is worth noting that 72 seismic families have been 

equally recognized by both the STV and ERN stations; the number of families at the 

ENR station is slightly lower than at the STV station. This evidence is strictly  related to 

both the worse efficiency of the ENR station during the considered time period (about 

2400 records versus 3000 of the STV) and the slightly worse signal to noise ratio 

biasing the records of this one component station. As a consequence, the STV station 

has been defined as a reference station for the location algorithm described in the next 

paragraph. Looking at figure 7, the spatial distribution of the events belonging to the 

main multiplets (family 7, 201 units; family 12, 205 units; family 13, 57 units; family 

56, 94 units) strongly correlate with the SW – NE trend of the horizontal error axes 

related to the routine location procedure (Fig. 2). Thus, it is questionable whether the 

spatial extent of detected family is representative of the real dimension of the 

seismogenic structures activated in the area. In fact, the routine location (Fig. 6 and 7) 

shows a non negligible spatial dispersion in SW-NE direction for the events belonging 

to some multiplets that could not be justified by a level of  similarity greater than 80 % 

(threshold of 0.80 used in the waveforms similarity analysis) for the events of each 

family. As demonstrated in previous studies (Augliera et al., 1995), very high 

correlation values, computed using large temporal windows, imply very short-inter 

distances between similar events. This means that the routine location seems to be 

biased by statistical  errors. Looking at the family distribution, it is also possible to 

recognize several families whose spatial extent partially overlaps within a quite limited 

area (i.e. families 7 and 12 in figure 7).  In order to verify the correctness of our 

grouping, a visual inspection of all waveforms (Fig. 8) and a detailed analysis of each 

multiplet (considering polarities, S-P values, focal mechanisms) have been performed. 

As a next step, a master event as representative of each detected families has been 

selected considering the next itemized constraints, in order to identify the best locatable 

events: 

• high signal to noise ratio calculated on both the STV and ENR stations (best 

quality of signals); 
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• greatest number of recorded phases (by the RSNI network); 

• minimum azimuthal gap; 

• mean value of magnitude compared to the other events belonging to the same 

family. 

 If possible, among the events satisfying the previous constraints, those recorded by the 

dense network installed in the test area during the experiment ALPS3D (August 1996 – 

February 1997 -  Groupe de Recherche Geofrance3D, 1997; Spallarossa et al., 2001) 

have been preferred and selected.  

 

 
 
Figure 6.6 - Plot of the 1500 events (black crosses) grouped into the 80 recognized earthquake families 

with respect to the whole seismicity (gray crosses) (2500 event). The “earthquake families” (multiplets) 

have been detected by the bridging technique, considering a minimum correlation threshold of 0.80 (from 

Massa et al., submitted to Journal of Geophysical Research). 
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Figure 6.7 - Plot of the events belonging to the meaningful detected multiplets: family 7, 201 units (gray 

crosses), family 12, 205 units (black crosses), family 13, 57 units (gray triangles) and family 56, 94 units 

(gray stars) (from Massa et al., submitted to Journal of Geophysical Research). 

 

The events proved by these constraints potentially ensure accurate and reliable  

localization on the basis of number of phases, network geometry and azimuthal gap. 

The 80 master event has been carefully manually re-picked and re-localized by 

Hypoellipse code (Fig. 9). The reliability of the  location of the 80 masters has been 

tested by considering different 1D velocity models (Spallarossa et al., 2002) and by 

carrying out a 3D-grid search location (Scarfì et al., 2003; Massa et al., 2004). Figure 10 

shows the cube of root mean square (rms) travel time residuals for the master event of 

family number 12; making a 3D grid of knots, surrounding the hypocentral co-ordinates 

of the re-localized master, rms travel-time residuals for 8000 points (i.e. trial fixed 

hypocentral positions) are calculated. In this experiment, wide areas with low rms 
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values indicate an unstable solution, whereas a small one represents a stable solution. 

Looking at figure 10, the accuracy of the location of the considered event is confirmed 

by the small dimension of the area with rms < 0.1s (on both horizontal and vertical 

section). The same test, performed on the events representative of the most populate 

families, lead to similar results, proving the high reliability of the location of each 

master event.  
 

 
 
Figure 6.8 - Example of waveforms (family 1), filtered in a frequency range of 1.0-10 Hz, recorded by 

the STV station; the portion of seismogram (6s starting to the P-phase onset) considered in the waveform 

similarity analysis is shown (gray solid lines). The related amplitude Fourier spectra are also reported 

(right panels) (from Massa et al., submitted to Journal of Geophysical Research). 
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Figure 6.9 - Plot of the epicentral co-ordinates of the 80 master events (gray stars) with respect to the 

location of the 1500 events (gray crosses) belonging to the detected earthquake families. The axes of the 

estimated horizontal error ellipses of the master events are also plotted (black crosses) (from Massa et al., 

submitted to Journal of Geophysical Research). 

 
 
Figure 6.10 - Plot of the horizontal (left panel) and vertical (right panel) sections of the rms residuals 

cube (side of 5 km) surrounding the hypocentral co-ordinates of re-located master event selected for 

family 12. See text for explanation (from Massa et al., submitted to Journal of Geophysical Research). 
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6.4. Location algorithm and reliability tests 
Starting from the results of the waveform similarity analysis (recognition of the 80 

families and re-location of the selected master events), a location algorithm has been 

developed. In figure 11 the  flow diagram shows the proposed location procedure whose 

main steps are summarized below: 

• Step 1 - RSNI network records an event located by routine location procedure 

inside the area considered for the waveform similarity analysis. Initial 

hypocentral coordinates and initial estimation of location error are thus 

determined. If the magnitude of the event exceeds 3.0, the procedure is not 

applied with the aim of  not including wide seismic source   

• Step 2 - An automatic cross correlation procedure is implemented in order to 

compare the new recorded waveform with the seismograms of the events 

belonging to the detected family (i.e. 1500 events, 80 families considering the 

period 1985 - 2002). The signals are pre-processed according to the parameters 

used for the waveform similarity analysis by filtering in a frequency range of 1.0 

- 10 Hz and considering 6 seconds of seismogram starting from the P-phase 

onset. In this step, to speed up the process, the waveform similarity analysis is 

performed on the STV station only, chosen as reference station (see previous 

paragraph). 

• Step 3 - The analysis of cross-correlation matrix is performed. Taking into 

account a cross-correlation threshold of 0.80 (similarity index of 80%), it is 

checked whether the new event can be associated to one of the recognized 

families (i.e. the cross-correlation value between the new recording and one or 

more events belonging to a family is higher than 0.8) .  

• Step 4 - If step 3 is successful,  the new event increases the population of the 

associated family and  the hypocentral co-ordinates of the new event are defined 

by the master event hypocenter of the associated family. The horizontal and 

vertical errors associated to the new location are fixed by the accuracy of 

hypocenter co-ordinates of the master event. The low magnitude of the 

considered events (step 1, Ml < 3.0) and, hence, the small dimension of the 

sources (seldom exceeds a few hundreds meters) makes the collapse of similar 

events in a point source reasonable.  
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• Step 5 - If step 3 is not successful,  an automatic cross-correlation between the 

new event and the “non-grouped data set” (i.e. the 1000 events not belonging to 

any family, see previous paragraph) is performed.  

• Step 6 - The analysis of the cross-correlation values calculated between the new 

waveform and (in our case) the earthquakes belonging to the “non-grouped data 

set” is performed. Taking into account a correlation threshold of 0.80 (similarity 

index of 80%), it is checked if a “new” earthquake family can be detected.  

• Step 7 - If step 6 is successful and, hence, the initial data set of multiplets 

increases (i.e. from 80 to 81 families) a master event related to the new family is 

selected, according to the constraints previous listed, and carefully re-located.  

• Step 8 - If step 6 is not successful, the new event is inserted in the “non-grouped 

data set”.  

The procedure is  repeated when a new event recorded by the RSNI network and 

initially located inside the area considered in this study occurs. In order to introduce a 

quality weight to the location of a new event by steps 3 and 4, the procedure is also 

applied considering the ENR station (when possible). If the results agree, the obtained 

location is flagged by weight equal 1 (maximum quality factor); in the other case, the 

quality weight is assumed equal to 0 (minimum quality factor). The proposed location 

procedure is tested by applying it to the data set collecting 104 events recorded in the 

period 2003 – 2004 and that occurred in the considered area (Fig. 12). The results, 

shown in figure 13,  indicate that the algorithm is able to locate about 50 events (50 % 

of the test data set). The test events can be  associated to the families with numbers 1, 7, 

12 (Fig. 14), 25, 28, 30, 47, 58, 76 ,78, 79 (steps 2 and 3) and, then, their locations can 

be defined by the hypocentral co-ordinates of the respective master events (step 4). The 

same results are obtained considering the ENR station and, thus, a quality weight equal 

to 1 is joined to all determined locations. Among the non-grouped events (50 % of the 

test data set), ten earthquakes are associated into two new seismic families (Fig. 13, 

stars) following steps 5 and 6. For the new clusters a master event is selected and re-

located (step 7). The remaining events (40) are finally collected in the initial “non –

grouped” data set (step 8). 
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Figure 6.11 - Flow diagram illustrating the steps of the proposed location algorithm. The dotted black 

line indicates the pre-processing and the waveform similarity analysis described in the text (from Massa 

et al., submitted to Journal of Geophysical Research). 
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Figure 6.12 - Map showing the 104 earthquakes (gray crosses), recorded by the STV station in the period 

January 2003 - June 2004 and used to test the automatic earthquake location procedure described in figure 

11. The axes of the estimated horizontal error ellipses are also plotted (black crosses) (from Massa et al., 

submitted to Journal of Geophysical Research). 
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Figure 6.13 - Plot of the 56 events (gray numbers) associated with a particular earthquake family by steps 

2 and 3 (Fig. 11); the black numbers indicate the epicentral co-ordinates of the related master events that 

define the location of “new” events (step 4). Black and gray stars indicate the location of the events 

belonging to two new earthquake families recognized in the test area considering the period January 

2003-June 2004 (steps 6 and 7 of fig. 11); the black circles indicate the two events selected as master 

events (from Massa et al., submitted to Journal of Geophysical Research).  
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Figure 6.14 - Plot of the 9 events (gray crosses) and of the associated horizontal error axis (black crosses) 

associated with the family 12 (step 2, 3 and 4 of fig. 11). The gray star indicates the epicentral co-

ordinates of the related master event. An example of waveforms of the associated events is reported in the 

left panel; the master event of the family and the portion of seismogram (6s window length) considered in 

the similarity analysis (solid gray lines) are indicated (from Massa et al., submitted to Journal of 

Geophysical Research). 
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6.5. Discussion and conclusion 
The main purpose of this study is to improve the location procedure for locating 

earthquakes in the South-western Alps. The routine location procedure shows a 

distribution of similar events (cross-correlation value greater than 0.80) localized in a 

relatively wide area elongated toward NE-SW with horizontal and vertical errors greater 

than 5-10 km. The proposed methodology allows to locate events by waveform 

similarity only, avoiding the biasing related to the uneven network geometry (great 

azimuthal gap), to the number of recording stations (just the availability of the STV 

recordings may be enough to locate occurring events) and to the quality of phase 

picking (often influenced by subjective criteria). Considering the parameters chosen to 

recognize seismic families (window length, threshold value) and the low magnitude of 

the occurred events (no extended sources are dealt with), the association of a group of 

similar events to a point source can be judged correct and reasonable. Hence, the 

reliability of the proposed algorithm is only influenced by the completeness of the data 

set used for similarity analysis, by the accuracy of the similarity procedure used to 

determine the “reference” seismic families and, finally, by the precision of localization 

of the “master” events. In the chosen test site, the low magnitude detection threshold of 

the network has assured the completeness of the catalogue since 1985 for magnitude 

down to 1.0. The 80 detected families potentially well characterize the seismotectonic 

features of the area, strengthening the location capability of the proposed procedure. 

The data set used to detect “reference” families (data from 1985 to 2002) presumably 

collects events associated with most seismic sources located in the zone and, as 

demonstrated by tests, makes possible the location (by means of our methodology) of at 

least 50% of newly occurred events. Moreover, by step 5 and 6 (Fig. 11), the procedure 

makes it possible to increase the initial data set of “reference” families, by recognizing 

and adding “new” families, improving the location capability of the method (i.e. the 

new families recognized by analyzing the 2003 –2004 catalogue). As a further goal, 

only well located earthquakes among similar events are screened out by our procedure 

and, then, considered to analyze the seismicity distribution of an area.  The outcome is a 

data set “cleaned out” of multiplets (with the exception of the master) affected by 

location errors that can strongly bias the investigation into the seismotectonic structure 

of a region (Fig. 15a and 15b). 
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(a) 



Marco Massa ______________________________________________________________ Ph.D. Thesis            

 133

(b) 

 

Figure 6.15 - (a) Plot of the 1,000 events (black crosses) belonging to the “non-grouped data set” (figure 

11) with respect to the epicentral co-ordinates of the 82 master events (80 belonging to the families 

detected in the period 1985-2002 and two belonging  to the new families detected in the period January 

2003 - June 2004); the trace (gray lines) of the vertical cross section are indicated. (b) Plot of the vertical 

cross section of the 1,000 events (black crosses) belonging to the “non-grouped data set” (figure 11) with 

respect to the epicentral co-ordinates of the 82 master events. 
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