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Seismic recordings are immediately available when an earthquake occurs. Their analysis 1 

allows the reconstruction of the rupture dynamics by means of sophisticated techniques, 2 

which usually need some tests to provide robust results. However, immediate information 3 

on the source kinematics is required in order to imagine the fault location and extent and 4 

quickly reconstruct the areas of stress release and subsequent accumulation. Very simple 5 

analysis may provide useful information, giving insight in source complexity. Right after 6 

the 6 April 2009. L’Aquila earthquake (MW=6.3), we analyzed the seismograms recorded 7 

at broadband and strong motion stations and provided firm constraints on rupture 8 

kinematics, slip distribution, and static surface deformation, also discriminating the actual 9 

fault plane. The fracture occurred in two stages, with initial updip propagation, 10 

successively proceeding toward SE, possibly on a different plane. We also analyzed the 11 

strongest aftershock (MW=5.6), showing that useful indications could be also retrieved for 12 

lower magnitude events.13 



1. Introduction 14 

 15 

On April 6, 2009, at 01:32 UT, a destructive earthquake, MW=6.3, ML=5.8, struck 16 

central Italy, in the Abruzzo region. The shake produced intense damages in the city of 17 

L’Aquila and over an area in excess of 1500 km2, causing about 300 victims. The event 18 

occurred in the shallow crust (hypocentral depth ~9 km) and was closely followed on 19 

April 7, at 17:47 UT, by a large aftershock (depth ~14 km), MW=5.6, ML=5.3, about 15 20 

km SE. The epicentral area is located along the Apennine chain, a thrust-and-fold belt 21 

where most of the italian destructive seismicity (M>6, reaching M=7 and over) has 22 

stricken in the past. The Apennines, as part of the Africa-Eurasia convergence process, 23 

generated by progressive northeastward compression during the Neogene, accompanied 24 

by west-dipping subduction of the Apulian lithosphere. Possibly at the end of the Lower 25 

Pleistocene, this tectonic regime turned into chain-perpendicular extension, accomodated 26 

by a rather continuous belt of NW-trending normal faults. The intricate tectonic history 27 

resulted in a complex system of interconnected faults, which often activate almost 28 

simultaneously, producing close sequences of earthquakes of comparable energy, and 29 

frequently with no evidence of primary surface rupture, making the association with any 30 

seismogenic source problematic. A clear example of both these effects is the 1997-1998 31 

Umbria-Marche, central Italy sequence [Pino and Mazza, 2000; De Martini et al., 2003]). 32 

On this basis, the fast determination of the source characteristics in terms of fault 33 

location and dimension, aimed at the comprehension of the possible evolution of the 34 

seismic sequence, is highly desirable in the perspective of the seismic risk mitigation. In 35 

addition to hypocentral location and magnitude determination, routine real and quasi-real 36 



time analysis performed at INGV, includes the estimation of the ground motion shaking 37 

and fast moment tensor determinations by means of intermediate period waveform 38 

inversion. However, these analyses do not allow discrimination between the nodal planes 39 

nor provide information on the rupture propagation and dimension. 40 

Here we report on the simple waveform analyses that we performed in the immediacy 41 

of the recent 6 April 2009, L’Aquila earthquake, focusing on the determination of source 42 

characteristics that give useful information for disaster relief and, on the scientific side, 43 

provide constraints for later, more sophisticated investigations. We also show the analysis 44 

of the largest aftershock, occurred on April 7. 45 

 46 

 47 

2. Rupture directivity 48 

 49 

Moderate magnitude earthquakes may evidence important directivity effects that cause 50 

strong asymmetry of the radiated energy and, in turn, of the damage distribution even for 51 

moderate events. The knowledge of the fracture propagation’s direction and length 52 

greatly helps in determining the areas of stress accumulation in consequence of the 53 

earthquake and, thus, the locus of possible occurrence of impending aftershocks. In fact, 54 

the aftershock distribution can be strongly affected by the mainshock rupture directivity, 55 

even for events as small as M=3.5-4.1 [Boatwright, 2007]. Then, the fast definition of the 56 

actual fault plane and its kinematics appears fundamental. 57 

 58 

2.1. The 6 April 2009 earthquake 59 



 60 

We first plotted the local magnitudes ML as computed at the available seismic stations. 61 

The large predominance of higher values toward SE (Figure 1a), together with the similar 62 

orientation of the two possible fault planes (Figure 1a), suggests that the rupture could 63 

have propagated in this direction. To quickly verify this hypothesis, we considered a 64 

couple of stations (VLC and CUC) located along the fault strike direction, at the same 65 

distance from the epicenter but at opposite azimuth, and computed the relative source 66 

time function (RSTF) from deconvolution of an empirical Green’s function (EGF). We 67 

chose as EGF the aftershock occurred on April 6, at 03:56 UT (ML=3.9), approximately 68 

in the same location, with a similar focal mechanism. Overall, the RSTF resulting at VLC 69 

displays significantly longer duration and lower maximum amplitude with respect to the 70 

one obtained at CUC, clearly confirming the net southeastward propagation of the rupture 71 

(Figure 1a). However, the two RSTFs have very similar shape during the first 2 seconds. 72 

This feature can be explained either by a bilateral, along-strike, (possibly circular) rupture 73 

or by fracture propagation perpendicular to the path to each one of the two stations, i.e., 74 

perpendicular to the fault strike. To solve this ambiguity, we computed the RSTF at VSL, 75 

located at about 90° from the fault strike. The smaller amplitude resulting for the first 76 

pulse at this station with respect to VLC and CUC implies that the fracture initially 77 

propagated in direction opposite to the path to VSL. Thus, the mainshock occurred in two 78 

distinct stages, a first one with fracture propagating northeastward from the hypocenter, 79 

followed by a second rupture patch located SE of the previous one. 80 

Due to the similarity between the strike of the conjugated planes, the directivity 81 

analysis does not allow the discrimination of the fault responsible for this earthquake. 82 



However, by neglecting the differences between the two stages of the rupture process and 83 

assuming the actual rupture duration as the mean between what resulted at VLC and 84 

CUC, an indicative fault length of about 20 km results for a fracture velocity of 2.5 km/s.  85 

 86 

2.2. The 7 April 2009 aftershock 87 

 88 

Compared to the mainshock, the magnitudes relative to the April 7 aftershock display 89 

a more confused pattern (Figure 1b). Overall, some indication of larger magnitudes north 90 

of the epicenter is evidenced. We computed RSTFs for this event too. Due to the 91 

difference between the strike orientation of the conjugated planes (Figure 1b) and to the 92 

relatively small magnitude, we analyzed a few stations, rather than just a couple, covering 93 

a large azimuth range. By choosing as EGF the aftershock occurred on April 9, at 03:14 94 

UT (MW=4.2), we obtained durations ranging from 2 s to 5 s (Figure 1b). The RSTFs 95 

exhibit a clear pattern with longer apparent durations and lower amplitudes toward S-SE, 96 

while the shortest durations are displayed at VLC and TRI, whose azimuths relative to the 97 

epicenter are 311° and 350°, respectively. According to the its focal mechanism, the 98 

rupture associated to the April 7 aftershock could have interested either the 99 

approximately EW-oriented, with updip propagation, or the N-NW-oriented, with 100 

horizontal propagation. 101 

 102 

 103 

3. Fault plane discrimination and slip distribution 104 

 105 



For both events the directivity analysis does not succeed in the discrimination of the 106 

fault plane. In order to get additional information, we evaluated the static vertical 107 

deformation from data recorded at the MedNet broadband station installed at L’Aquila 108 

(AQU) and at the accelerometers of the National Accelerometric Network close to the 109 

epicenter. We initially obtained ground displacement waveforms from the original 110 

recordings by means of deconvolution and integration, for AQU, and double integration, 111 

for the accelerometers. Then, following Zhu [2003], we approximated the obtained 112 

signals by nth-order polynomials, to subtract the drift resulting from integration and 113 

separate the static displacement. This technique already provided reliable results for the 114 

largest events in the 2002 Molise sequence (MW=5.7-5.8), allowing the estimate of static 115 

displacement as small as a few tenths of millimeter, at 50 km from the epicenter [Pino 116 

and Di Luccio, 2005]. 117 

We also searched for further constraints by evaluating the tilt affecting the seismic 118 

recordings. In principle, a seismic sensor responds to acceleration changes occurring 119 

along its sensitive axis. Ground tilt, which causes relative displacement of the sensitive 120 

mass with respect to the reference frame, could be well recorded by a seismic instrument 121 

and, usually, with larger amplitude on the horizontal components, more sensitive to 122 

sensor tilting [see, for instance, Pillet and Virieux, 2007]. The result strongly depends on 123 

the precision of the sensor vertical alignment, then we only analyzed data from the 124 

MedNet accelerometer installed at the AQU site, being more reliable as quality of 125 

installation (Figure 2). 126 

 127 

3.1. The 6 April 2009 earthquake 128 



 129 

Figure 3a shows the results for the mainshock, together with the surface deformation 130 

predicted for simple model faults corresponding to each of the conjugated planes. 131 

Apparently, the SW-dipping plane gives much better fit to the vertical displacement data 132 

and, in spite of a single measure, deformation gradient convincingly parallel to the 133 

observed tilt direction. These evidences strongly support the SW-dipping fault as 134 

responsible of the earthquake, as also confirmed by InSAR data analysis [Atzori et al., 135 

2009]. According to this conclusion, the first rupture stage occurred with updip fracture 136 

propagation. 137 

Starting from the above results, we followed Kanamori et al. [1992] and converted the 138 

RSTF to slip distribution along the fault strike. This approach assumes unilateral fracture 139 

propagation, thus we first split the RSTF resulting at VLC in two pieces, from 0 s to 3 s 140 

and from 3 s to 10.4 s, associated with moment released respectively by the updip and the 141 

horizontal rupture propagation, obtaining two separate moment rate functions, each one 142 

corresponding to a single segment of unilateral rupture propagation. The function 143 

resulting for the second stage represents the apparent moment rate ÝM , as observed at 144 

180° with respect to the propagation direction, and had to be scaled to the appropriate 145 

amplitude and duration to get the actual ÝM . Then, we merged back the two functions, by 146 

assuming a horizontal length of about 3 km for the first rupture. The along-strike slip 147 

distribution defines a fault length of 17-18 km, with major dislocation peaks at 0 km and 148 

9 km, strongly reduced slip in between, and a distinct relative maximum at about 13 km 149 

(Figure 4a). The updip rupture propagation, provide a reasonable, at least partial, 150 

explanation for the strong damage observed at several localities close to the top of the 151 



fault sector ruptured during the first stage. Although representing a first approximation, 152 

our conclusions are in excellent agreement with the results of joint inversion of GPS and 153 

strong motion data performed successively by Cirella et al. [2009]. 154 

The rupture pattern clearly delineates two separate patches, with the first located in 155 

proximity of Paganica, where the aftershocks location define a distinct fault plane and 156 

surface fracture evidences were detected during field surveys [EMERGEO working 157 

group. 2009], and the second occurring further SE, where the aftershocks epicenters are 158 

roughly aligned along a NS direction, deviating from the fault strike, and apparently the 159 

hypocenters do not define the same fault surface (Figure 4c). Moreover, the relatively 160 

high RSTF amplitude resulting at VSL (90° azimuth relative to the fault strike) for this 161 

second rupture stage indicates that the fracture could have propagated along a different 162 

direction from the fault strike and closer to the path to VSL. These observations suggest 163 

that the second, larger, rupture stage might have occurred on a different plane, activating 164 

a separate fault system. In these regards, the conclusions of Atzori et al. [2009] and 165 

Cirella et al. [2009] depicting a slip distribution deepening to the south might be resulting 166 

from the assumption of a single fault plane. The involvement of a distinct fault system to 167 

the south is also proposed by Pondrelli et al. [2009], who evidence a larger strike-slip 168 

component for the southernmost events. 169 

Finally, we remark that the clear separation between the two main rupture patches is 170 

likely to have caused the significant difference in the estimatesof ML and MW. In fact, at 171 

frequencies relevant for ML evaluation (around 1 Hz), the energy radiated by the two 172 

relatively distant patches does not interact, while it does at lower frequency, where the 173 

seismic moment, thus MW, is computed. 174 



 175 

3.2. The 7 April 2009 earthquake 176 

 177 

As expected from its magnitude and hypocentral depth, the surface deformation 178 

resulting for this event is very small (Figure 3b), more than one order of magnitude 179 

smaller than what observed for the mainshock. At the location of the available seismic 180 

stations, the difference between what computed for the two conjugated planes does not 181 

allow the unequivocal discrimination of the rupture surface. Besides, for both model 182 

faults, the predicted surface displacement is larger than what observed and the same 183 

results if reasonably larger or smaller faults were assumed. 184 

A sole indication derives from the tilt observed at AQU, for which the N336° plane 185 

seems to be slightly preferred. Thus, we favor this latter as actual rupture plane and 186 

conclude that the fracture initiated in proximity of its southern end and propagated 187 

northward. 188 

According to the source duration observed at azimuth of about 90° from the fault 189 

strike, a rupture length of about 6.0-7.0 km results if a fracture velocity of 2.5-3.0 km/s is 190 

assumed. Again, we converted the clearest RSTF to slip distribution along the fault strike 191 

and obtained an asymmetrical function with a maximum of about 35 cm, at less than 3 192 

km from hypocenter, and lower slip toward the far fault end (Figure 4b). This 193 

heterogeneous distribution could be the cause for the discrepancy between the magnitude 194 

of the vertical deformation observed at the seismic stations and subsidence predicted for 195 

uniform slip fault. Incidentally, we note that the assumption of updip rupture on the S-196 

dipping plane would imply the unusual pattern of significant slip occurring at depth larger 197 



than 10 km, with only minor dislocation at shallower depth, where the rupture 198 

propagated. 199 

At moment, the present analysis represents the only investigation of the 7 April 200 

aftershock and, as for the static surface deformation, we do not expect more precise 201 

investigation to be done with GPS or InSAR data, not being sensitive enough. 202 

 203 

 204 

4. Conclusive remarks 205 

 206 

In the hours immediately following the mainshock of the April 2009, Abruzzo seismic 207 

sequence, we performed simple seismic waveform analysis aiming at the determination 208 

of source information. We used basic methods, searching for useful and robust 209 

indications, but also privileging the rapidity of the results. 210 

By applying the EGF approach at selected stations, we could rapidly determine the 211 

rupture propagation direction. We also measured the vertical static deformation produced 212 

by this earthquake on seismic recordings and discriminated the actual fault plane, also 213 

giving first rough estimates of the slip distribution along the fault. We constrained the 214 

source kinematics of the April 6 event as being characterized by two distinct rupture 215 

patches, associated with different fracture propagation directions and possibly occurring 216 

on distinct rupture planes. Our results were obtained soon after the event and are model-217 

independent. Besides, they have been confirmed by all the following, more sophisticated 218 

analyses, either based on seismic or surface deformation data, demonstrating that well 219 



constrained and useful indications can be obtained by fast and elementary seismological 220 

analysis.221 
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Figure captions 271 

 272 

Figure 1. a) ML as computed at the available seismic stations for the mainshock. Red 273 

(green) circles indicate station ML higher (lower) than the earthquake assigned ML=5.8. 274 

The circle radius is proportional to the magnitude difference. In the insets the RSTFs 275 

resulting at selected stations (right) and the Quick Regional Centroid Moment Tensor 276 

(http://mednet.rm.ingv.it/quick_rcmt.php) along with the stations location (left) are 277 

displayed. b) the same for the 7 April aftershock (ML=5.3). 278 

 279 

Figure 2. Acceleration registered at AQU (map in Figure 4), low pass filtered at 0.05 Hz. 280 

A well visible step is displayed on the horizontal components at the time of the 281 

mainshock, indicating a permanent tilt. In general, the orientation of the acceleration 282 

vector in the horizontal plane is indicative of the tilt trend, with orientation pointing away 283 

from the collapsed side. 284 

 285 

Figure 3. a) comparison between the vertical static deformation (blue) measured at the 286 

available broadband station (AQU) and accelerometers, along with the tilt direction 287 

estimated at the AQU accelerometer (green), and the theoretical surface deformation 288 

predicted for the mainshock by imposing uniform slip on each of the two conjugated 289 

planes. The red line and the star mark the fault surface projection and the epicenter, 290 

respectively. b) the same for the April 7 aftershock. 291 

 292 



Figure 4. a) along-strike slip distribution for the mainshock, obtained for rupture velocity 293 

vr=2.5 km/s, rigidity μ=3×1010 N/m2, and fault width w=10 km. (b) the same for the 7 294 

April aftershock, obtained for rupture velocity vr=2.8 km/s, rigidity μ=3×1010 N/m2, and 295 

fault width w=7 km. The zero distance indicates the epicenter position. c) surface 296 

projection (red dashed) of the fault planes, along with the slip distribution for the studied 297 

events. The location of the aftershocks occurred until April 30 is reported [Di Luccio et 298 

al., 2009], with their depth distribution along sections 1 and 2 (width 6 km). 299 
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