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Abstract	10	

Fault-zone trapped waves generated by repeating earthquakes of the 2009 L’Aquila seismic 11	

sequence show a sudden, up to 100% increase of spectral amplitudes seven days before the 12	

mainshock. The jump occurs ten to twenty hours after the ML 4.1, 30 March 2009 largest foreshock. 13	

The amplitude increase is accompanied by a loss of waveform coherence in the fault-trapped 14	

wavetrain. Other geophysical and seismological parameters are known to have shown a sudden 15	

change after the 30 March foreshock. The concomitance of a consistent change in the fault-zone 16	

trapped waves leads us to interpret our observation as due to a sudden temporal variation of the 17	

velocity contrast between the fault damage zone and hosting rocks in the focal volume. Fault-zone 18	

trapped waves thus provide a refined time resolution for changes occurring near the rupture 19	

nucleation, with the indication of a strong variation in one day.   20	



1)	Introduction	21	

The Mw 6.3, 6 April 2009 L’Aquila earthquake was preceded by a long suite of foreshocks, the 22	

largest one (ML 4.1) occurred on 30 March at 13:38 (UTC). This event marked the beginning of an 23	

abrupt temporal change in different seismic parameters such as the b-value [Papadopoulos et al., 24	

2010; Sugan et al., 2014], the spatio-temporal distribution of the events [Telesca, 2010], the P-to-S 25	

wave velocity ratio [Di Luccio et al., 2010; Lucente et al., 2010]. Using a cross‐correlation analysis 26	

of ambient noise, Zaccarelli et al. [2011] observed a drop of 0.3% in crustal velocity that was 27	

associated to a perturbation of elastic properties in the L’Aquila region. 	28	

Foreshocks before and after the ML 4.1 foreshock have different locations, frequency and magnitude 29	

distribution (Fig. 1). Before that event, seismicity was concentrated to the North of the volume 30	

where the main shock nucleated. After the ML 4.1 event, rate and magnitude of foreshocks 31	

increased and seismicity migrated toward the main shock nucleation zone. These features of 32	

seismicity make difficult to assess precisely to what extent the changes in seismic parameters found 33	

in some of the above-mentioned papers are in time or in space. As remarked by Savage [2010], this 34	

ambiguity is not completely solved when only a small group of foreshocks has similar location of 35	

aftershocks. In this study, we base our inferences on waveforms of repeating earthquakes. These 36	

events occurred in the crustal volume where the Mw 6.3 main shock nucleated, and their waveforms 37	

are used to discriminate spatial from temporal variations of elastic parameters along the fault. We 38	

analyze amplitudes of fault-zone trapped waves (FZTWs) recorded at FAGN, a broad-band station 39	

of the permanent network run by Istituto Nazionale di Geofisica e Vulcanologia (INGV). This 40	

station is aligned along the strike of the main fault, about 20 km to the southeast of the main shock 41	

epicenter. 42	

Amplitude variations in FZTWs have been object of previous studies [Calderoni et al., 2010, 2012] 43	

where two clusters were found to promote the most efficient FZTWs at FAGN. These clusters are 44	

located in the northwestern and southeastern tips of the fault plane of the main shock rupture, as 45	



shown by the color scale in the inset of Fig. 1. The question addressed here is whether the 46	

amplitude variations of FZTWs as found by Calderoni et al. [2012] have a spatial origin only or do 47	

they imply temporal variations as well. The events of the northwestern cluster are particularly well 48	

suited to face the issue as they sample a part of the main shock preparation volume throughout a 49	

long time interval including both foreshocks and aftershocks. Differences in their waveforms  thus 50	

reflect changes in elastic properties along the ray-path [see also Poupinet et al., 1984; Ellsworth et 51	

al., 1992; Schaff and Beroza, 2004].  52	

	53	

2)	Search	for	repeating	earthquakes	54	

Waveforms of repeating earthquakes are selected among seismograms recorded by three 24-bits 55	

broad band seismological stations (namely AQU, FAGN and FIAM) operated by INGV in the 56	

epicentral area (Fig. 1). Seismograms are available on line at http://iside.rm.ingv.it.  57	

The northwestern cluster as originally identified by Calderoni et al. [2012] was composed of 19 58	

events (see the inset of Fig. 1). After a new search in the database, eighteen more events with 59	

similar hypocenter determinations were found. For a preliminary selection we checked both 60	

hypocenter determinations of the INGV bulletin (at http://bollettinosismico.rm.ingv.it/) and those 61	

by Chiaraluce et al. [2011] that used a more refined double-difference (DD) algorithm [Waldhauser 62	

and Ellsworth, 2000]. Therefore, the waveform similarity of earthquakes was estimated with a 63	

cross-correlation analysis in the time domain following the procedure of Console and Di 64	

Giovambattista [1987]. We analyzed seismograms of FIAM as the ray path from the cluster to this 65	

station crosses the rupture volume to a minor extent. As discussed by Di Luccio et al. [2010], FIAM 66	

and FAGN have comparable distance from the nucleation volume but ray paths of FIAM, which are 67	

transversal to the fault, are less sensitive to local spatial variations compared to FAGN where ray 68	

paths go along strike.  69	

To estimate the coherence of waveforms of FIAM, the cross-correlation coefficient (CC) was 70	

computed using the vertical and fault-parallel components after band-pass filtering between 1 and 6 71	



Hz. We extracted a 4-s time window starting with the P-wave onset and including the arrivals of the 72	

direct S-wave. The largest S-wave pulse dominates the cross-correlation minimizing the influence 73	

of the background noise. In the procedure for the computation of CC, the first sample of the time 74	

window starts 0.1 s before the manually picked P arrival time, then samples are shifted with a 1 75	

sample increment. Each of the analyzed waveforms of FIAM is correlated against all of those 76	

recorded at the same station, and the resulting values of CC are stored in a cross-correlation matrix. 77	

This matrix is used to identify a master event showing the highest similarity among events 78	

(earthquake # 5 in Table 1) and select repeaters. Vertical and fault-parallel components lead to the 79	

same conclusions, results from the fault-parallel component are used hereinafter. At the end of a 80	

comparative check, 15 events with ML > 2 resulted in the range 0.8 ≤ CC ≤ 0.96, and 2 events in the 81	

range 0.7 ≤ CC < 0.8. The other events were not considered in the analysis. Waveforms of FIAM 82	

for these selected events are plotted in Figure 2 (column to the left and in the middle), 83	

superimposed to the master event. 84	

When the seismograms of the other two stations AQU and FAGN are considered, we note that 85	

event # 5, identified as master event with waveforms of FIAM, was not recorded by FAGN and 86	

three events (# 6, 7, and 8) available at FAGN were not recorded by FIAM (see Table 1). To check 87	

if the latter three events have an acceptable correlation degree, we cross-correlated the seismograms 88	

of FAGN with another event (#4) recorded by FAGN and having a very high correlation at FIAM. 89	

The resulting cross-correlation coefficients obtained for waveforms of FAGN in the two groups 90	

(simultaneously available and not available at FIAM) were generally smaller than those of FIAM, 91	

as expected, but are comparable for the two groups. Therefore, the three events recorded at FAGN 92	

were accepted for the next analyses, they are included in Table 1 and plotted in Figure 2 (column to 93	

the right). 94	

  95	

	96	



3)	Study	of	the	transient	change		97	

Waveforms of the 20 repeaters selected in the previous section are used to seek for temporal 98	

variations in the fault-zone properties in a time interval spanning from February 2009 to July 2010.  99	

As already observed by Calderoni et al. [2010, 2012], FZTWs recorded at FAGN cause systematic 100	

larger amplitudes in post-S wavetrains compared to the other two stations. This relative increase of 101	

ground motion has been interpreted and modeled as the resonant fundamental mode of the fault-102	

zone excitation that affects mostly the frequency band 1-3 Hz. To investigate temporal variations in 103	

the repeater sequence, in this paper we first use the same parameter already adopted by Calderoni et 104	

al. [2012], i.e. the spectral ratio in the frequency band 1–3 Hz between FAGN and AQU. The time 105	

window used by Calderoni et al. [2012] was 10 s long bracketing direct S-waves and post-S largest 106	

amplitudes phases of the fault-parallel component. In seismograms of FAGN, this time window is 107	

dominated by FZTWs [Calderoni et al., 2010]. Fig. 3a depicts the trend of the geometric mean, in 108	

the frequency band 1 – 3 Hz, of the FAGN/AQU spectral ratios for repeating earthquakes available 109	

both at FAGN and AQU. Error bars indicate a 95% confidence interval. We can see a statistically 110	

significant, sharp increase in one day (30 March 2009). This jump is of the order of 100% compared 111	

to the level of amplitude of previous foreshocks. 112	

For the sake of comparison, the time variation of seismic velocity in the preparatory volume of the 113	

Mw 6.3 main shock [as found by Zaccarelli et al., 2011] is also plotted with the same temporal axis 114	

(Fig. 3b). A co-seismic velocity decrease was also observed at the San Andreas Fault immediately 115	

after the 2004 M6 Parkfield earthquake [Li et al., 2006, 2007]. Although the time resolution of the 116	

analysis by Zaccarelli et al. [2011] is much lower because of the 50 days stacking length needed in 117	

their analysis, we note a consistent trend in the two plots of Figs. 3a and 3b in coincidence with the 118	

main shock preparatory phase. According to Di Luccio et al. [2010] a sharp change in the seismicity 119	

rate is observed after the ML 4.1 foreshock of 30 March 2009 (Fig. 3c). The amplitude variation of 120	



FZTWs also starts immediately after the strongest foreshock. Note that the ML 4.1 foreshock is one 121	

(# 4) of the repeating earthquakes of our cluster. 122	

In principle, spectral ratios of Fig. 3a are controlled by both numerator (FAGN) and denumerator 123	

(AQU) spectra, then their contribution to the ratio is undetermined a priori. Further investigations 124	

are needed to check their relative weight and isolate the role of ray paths to FAGN in the sudden 125	

temporal change. A new evidence that the propagation in the fault-zone had a major role is provided 126	

by the loss of waveform coherency in the FZTWs recorded at FAGN. According to Taira et al. 127	

[2008, 2009], the decorrelation index (defined as 1 – CC) is the optimal parameter to represent the 128	

loss of waveform coherency. Fig. 3a depicts time variations of the coherence reduction in repeaters 129	

of FAGN when CC is computed in a 4 s time window beginning with the direct S wave and 130	

including early trapped waves. For the sake of comparison, the amplitude of spectral ratios 131	

FAGN/AQU and the decorrelation index are plotted together. In Fig. 3 a there is an impressive 132	

match between these two completely independent parameters: the sudden jump in decorrelation 133	

starts in the repeaters immediately after the ML 4.1 foreshock reproducing the same onset of the 134	

FAGN/AQU spectral ratio. The two trends go similarly high until the main shock rupture then they 135	

gradually decrease. A similar drop of coherence was observed in concomitance with the 1999, Mw 136	

7.1 Duzce earthquake in the Northern Anatolian Fault [Roux and Ben-Zion, 2014], with a well 137	

constrained transient duration of four days in their study. Unfortunately, the L’Aquila seismic 138	

sequence was characterized by a strong seismicity migration from the nucleation volume after the 6 139	

April main shock [Di Luccio et al., 2010]. This caused a significant depletion of repeaters in the 140	

nucleation volume and the small number of repeaters after the main shock in our cluster does not 141	

allow to constrain the gradual recovery with the same dense sampling as in the onset. However, Fig. 142	

3a shows that late repeaters of June 2009 go down to an amplitude level comparable to the one of 143	

early foreshocks, as also indicated (see Fig. 4) by the strong waveform similarity of event # 2 with 144	

event # 14 of 20 June, the former representing the situation before the jump of 30 March. In Fig.4 145	



the waveforms in the upper panels (c, d and e) are relative to events occurred between 30 March 146	

and 6 April while in the bottom panels events with background amplitudes are shown. The strong 147	

temporal variation of waveforms in panels c to e consists in both an amplitude increase and a phase 148	

change in the post-S waves. The variation in post-S wavetrains is then further quantified using the 149	

spectral ratio between FZTW and direct S-waves of each event. According to the spectrograms of 150	

Calderoni et al [2010], the wavetrain of FZTWs coming from the cluster beneath AQU begins 1.5 151	

to 2 s after the direct S waves. We extracted a time window of 1.5 s of S waves and a time window 152	

of 4.5 s including FZTWs, both starting with the first S arrival. The spectral ratios between these 153	

wavetrains for each event are shown in Fig. 4 (red symbols in the central panel). Due to the stability 154	

of the direct S waveforms of repeaters, the FZTW/S spectral ratio is a valid indicator of the 155	

temporal change of the impedance contrast between the hosting rock and the fault damage zone. 156	

This is a much more direct indicator of the fault-zone behavior than FAGN/AQU spectral ratio 157	

where also variations in the ray-paths to AQU could have had a role. The FZTW/S spectral ratios 158	

confirm a factor of 2 variation in the amplitude jump. 159	

 160	

4)	Discussion		161	

The increase in amplitudes of FZTWs of co-located repeating earthquakes after the 30 March 162	

largest foreshock can be interpreted in terms of a temporal change in the fault-zone properties or a 163	

different coupling between the causative earthquakes and the fault zone. Peng and Ben-Zion [2006] 164	

used the evolving phase delays of cross-correlations of repeating events waveforms to estimate the 165	

time delay and then the percentage of velocity change in the Karadere-Duzce Branch of the North 166	

Anatolian Fault. Wu et al. [2009] used the solution of Ben-Zion and Aki [1990] to convert changes 167	

in spectral results to percent change of velocities. 168	

According to Fohrmann et al. [2004] and Li and Vidale [2006] the generation of FZTW is very 169	

sensitive to small variations of the position of causative earthquakes close the fault zone. Based on 170	



the predominant frequency (≈5 Hz) in seismograms of FIAM, the λ/4 criterion [Geller and Mueller, 171	

1980] suggests that good waveform correlation can exist when separation between repeaters is not 172	

greater than two hundred meters. In principle, the upper limit of this inter-event distance is large 173	

enough to cause a different excitation of the fault zone. However, events that show a decrease of 174	

coherence in the FZTWs of FAGN are characterized by an increase of coherence in the 175	

seismograms of FIAM (see Fig. 2), and this opposite behavior suggests that separation between 176	

repeaters after the 30 March largest foreshock is not larger than the one of early foreshocks. 177	

Moreover, the fault plane solution of event # 4 [Herrmann et al., 2011] indicates normal 178	

mechanisms with ruptures in the fault plane for all the events of the cluster. Therefore, the possible 179	

up to ≈ 200 m separation between repeaters likely occurs parallel to the fault plane, and this 180	

condition guarantees that a different coupling can have only a secondary role in our observations. 181	

The concomitant evidence of other temporal changes in seismological [Telesca, 2010; Papadopulos 182	

et al., 2010; Sugan et al., 2014] and geophysical parameters [Di Luccio et al., 2010; Lucente et al., 183	

2010] after the ML 4.1 foreshock leads us to ascribe the observed effect primarily to a velocity 184	

change in the damage fault zone. 185	

The sharp onset of spectral ratios  and decorrelation index at FAGN (Fig. 3 and 4) is thus used as a 186	

time marker for a sudden increase of the seismic impedance contrast between the damage fault zone 187	

and the hosting rock. The crack growth within the rupture zone could be the main cause of the 188	

velocity decrease. Several authors [Di Luccio et al., 2010; Lucente et al., 2010] invoked a role of 189	

fluid migration in the preparatory volume of the rupture. This effect  can also  explain the increase 190	

in Vp/Vs observed in the region. As discussed in Di Luccio et al. [2010], models of fluid migration 191	

[e.g. Zhang and Sanderson, 1996] predict that the permeability of the fault increased along the 192	

direction of the maximum horizontal stress and fluid flow was thus favored along the fault strike. In 193	

central Apennines the evidence of pressurized, mantle‐derived fluids is given by the high CO2 194	

release (1–5 × 106 mol km−2 yr−1) [Chiodini et al., 2000]. The role of fluids was also confirmed by 195	



geochemical surveys in two regional aquifers located in the epicentral area [Chiodini et al., 2011]. 196	

Evidence of the presence of fluids in the seismogenic volume where the analyzed cluster occurs is 197	

discussed in Calderoni et al. [2012] based on previous results of Terakawa et al. [2010].   198	

In this framework, the time variations observed in this study could be related to variations of  fluid 199	

pressure in the ruptured fault zone that could be responsible for the significant decrease of shear-200	

wave velocity. Compared to the size of the anomalies observed for Vp/Vs (of the order of few 201	

percent), our observations suggest that the variation of shear waves in the fault zone was probably 202	

much larger. As a matter of fact, the fault zone impedance contrast could have attained a 100% 203	

variation, but this represents an upper limit that is valid only for a zero-variation of the source 204	

coupling of causative earthquakes with the fault. 205	

	206	

5)	Conclusions		207	

In this work we describe temporal changes occurred in the fault zone seven days before the 208	

L’Aquila main shock. The transient is well constrained through the waveforms of co-located 209	

repeaters before and after the mainshock. Three independent techniques show that 210	

i. The level of fault excitation estimated as a spectral ratio between on-fault (FAGN) 211	

and off-fault (AQU) receivers increased suddenly immediately after the 30 March, 212	

ML 4.1 foreshock. This increase persists until the occurrence of the mainshock and 213	

then gradually decreases. 214	

ii. The temporal trend of waveform coherency of FZTWs recorded at FAGN mimics 215	

the amplitude transient. The decorrelation index (1-CC) shows a significantly similar 216	

jump after the ML 4.1 foreshock as observed in the FAGN/AQU spectral ratio. 217	

iii. Direct S waves of repeaters maintain a stable shape while the FZTW wavetrain loses 218	

its coherence for tens of days after the largest foreshock. The spectral ratio between 219	

FZTWs and direct S waves of FAGN yields consistent amplitude variations 220	

compared to (i). 221	

Therefore, independent parameters provide the same time signature, indicating the ML 4.1 222	

foreshock as a marker for the onset of the temporal variations. Changes in the FZTWs of FAGN are 223	



likely dominated by the variation of the impedance contrast between the hosting rock and the fault 224	

damage zone. Spectral ratios yield a factor of 2 amplitude variation thus suggesting that the change 225	

of shear-wave velocity in the fault zone could be very large locally, depending on physical 226	

processes occurring during the preparatory phase. These include the flow of fluids within the 227	

damage zone or the opening and growth of cracks. The shortcoming of this study is the inability to 228	

precisely assess the velocity variation in the fault zone due to the impossibility of separating the two 229	

competing effects of the velocity change and the varying source coupling of causative earthquakes 230	

with the fault for possible, although small, hypocenter variations transversally to the fault plane. 231	
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Figure Captions 391	
 392	

Figure 1: Map of the study area with epicenters of the 2009 L’Aquila seismic sequence. Black 393	

triangles are the broad-band seismological stations AQU, FAGN, and FIAM used in this paper. The 394	

orange rectangle is the projection onto the surface of the ruptured fault plane of the 6 April 2009, 395	

Mw 6.3 earthquake [the Paganica Seismogenic Source of DISS Working Group, 2010], and the 396	

white star indicates the rupture nucleation patch. Gray symbols are aftershocks, and green and bleu 397	

symbols are foreshocks before and after the ML 4.1, 30 March foreshock, respectively. Red lines 398	

represent active faults in the region according to Vezzani and Ghisetti [1998], Falcucci et al. [2009] 399	

and Galli et al. [2010]. In the inset, colored dots represent epicenters of causative earthquakes that 400	



generated FZTWs at FAGN, the color scale quantifies their relative (log) amplification in the 401	

frequency band 1 – 3 Hz [after Calderoni et al., 2012]. 402	

 403	

Figure 2: Waveforms of repeating earthquakes (in red) superimposed to the master event (in black). 404	

The largest part of them was selected using station FIAM, in a position substantially orthogonal to 405	

the fault strike (master event # 5). Three events were not recorded by FIAM and seismograms of the 406	

on-fault station FAGN were used (master event # 4). Waveforms of this station show a larger 407	

complexity due to the effect of the propagation in the fault and result in generally lower CC than 408	

those of FIAM when both are available. The fault plane solution of the ML 4.1, 30 March largest 409	

foreshock is redrawn from Herrmann et al. [2011]. It is representative of focal mechanism of the 410	

entire cluster. 411	

 412	

Figure 3: (a) Amplitude variations of FZTWs (in black) as inferred from the FAGN/AQU spectral 413	

ratios using the horizontal fault-parallel components. Error bars indicate 95% of the confidence 414	

interval in the 1-3 Hz frequency band. Red symbols are decorrelation values (1-CC) of the FAGN 415	

waveforms using a 4-s time window bracketing FZTWs. The zooming image in the inset shows to 416	

what extent the match is strict between these two independent parameters. The sudden jump dates 417	

30 March 2009, a ten of hours after the ML 4.1 largest foreshock. . (b) A consistent trend, although 418	

with much smaller time resolution, was found by Zaccarelli et al. [2011] for velocity variations in 419	

the crust. (c) The ML 4.1foreshock also marked a discontinuity in the seismicity rate [Di Luccio et 420	

al., 2010].  421	

 422	

Figure 4: (Central panel) The grey band represents 95% of the confidence interval of FAGN/AQU 423	

spectral ratio in the 1-3 Hz frequency band, and red symbols are spectral ratios of FZTW/S in the 424	

same frequency band. In the small panels (a to f in chronological order), waveforms of individual 425	



events (in red) are superimposed to the event # 1 (in black) that is used as a background reference. 426	

Panels a, b and f are relative to events with small amplitudes of trapped-waves and coherent 427	

waveforms, panels c to e are representative of waveform variations in the period between 30 March 428	

and 6 April, showing larger amplitudes and a drop of coherence. Values of CC in bold face are 429	

relative to a 4-s time window bracketing the FZTW wavetrain, and numbers in brackets are the 430	

cross-correlations of FIAM using direct body waves. 431	
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Table 1   
 

N 
 

 
Time UTC 

 
Latitude 

(°) 

 
Longitude 

(°) 

 
Depth 
(km) 

 
ML  

 
FIAM

 
FAGN

 
AQU

1 2009/02/17 06:08 42.335 13.374 9.7 2.7 X X X 
2 2009/02/17 18:13 42.333 13.380 10.2 2.5 X X X 
3 2009/03/11 21:55 42.325 13.383 9.4 2.9 X  X 
4 2009/03/30 13:38 42.337 13.378 11.0 4.1 X X X 
5 2009/03/30 13:43 42.315 13.378 9.7 3.4 X   
6 2009/03/30 19:05 42.316 13.373 9.7 3.1  X X 
7 2009/03/30 20:19 42.332 13.377 10.7 2.6  X X 
8 2009/03/30 21:57 42.316 13.375 9.5 3.5  X X 
9 2009/03/31 06:04 42.327 13.372 11.5 2.5 X X X 

10 2009/04/02 11:11 42.327 13.381 10.9 2.6 X X X 
11 2009/04/05 20:48 42.337 13.380 10.5 3.9 X X X 
12 2009/04/21 15:44 42.324 13.371 10.0 3.7 X X X 
13 2009/05/02 05:21 42.334 13.380 10.3 2.7 X X X 
14 2009/06/20 05:41 42.324 13.371 9.7 3.0 X X X 
15 2009/07/03 01:14 42.319 13.366 11.1 3.6 X  X 
16 2009/07/03 01:18 42.319 13.366 10.6 2.5 X   
17 2009/07/03 09:43 42.323 13.375 10.3 3.6 X  X 
18 2009/07/12 14:11 42.325 13.383 9.7 2.5 X  X 
19 2009/07/12 21:27 42.329 13.372 10.4 2.4 X  X 
20 2010/07/23 14:03 42.318 13.372 11.4 2.0 X X X 
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