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the three aforementioned qualities of detection have been related 
to: i) a unique block fallen on a surface with thin debris; ii) a 
block fallen on a very unequal surface (many debris) or that have 
caused the falling of other material; iii) a block that splits into two 
smaller portions, or more, bumping against the quarry wall or that 
detached a piece of rock from the quarry wall.

Among the recorded events, 12 were not analysed as there 
were no reliable anomalies in the supersonogram with respect to 
the background noise for performing the manual picking of the 
first arrivals of the seismic waves.

By varying the subsoil properties in the tool of the Nanoseis-
micSuite software, the best fit between modelled and recorded lo-
cations was obtained with a homogeneous half-space model hav-
ing a P-wave velocity of 900 m/s and a VP/VS ratio of 1.73. The 
residual with a model of P-waves velocity of 900 m/s is smaller 
in most of the cases (Fig. 8), taking into account the sum of the 
residuals on P-waves and S-waves between the picking that fits 
best the real epicentre and the first user picking. Such a result also 
justifies the choice of the model, since it gives the best approxi-
mation for the impact epicentre.

Azimuth and distance errors between estimate and real epi-
centre resulted to be of the same order for 10 m and 20 m aperture 
arrays. However, a difference was identified in the wave picking 
process; the wave picking of the 12 signals obtained by the 10 m 

Fig. 6	 -	 Satellite view of the “Pirrere” at Cala Rossa Bay: 1) rock walls of “Pirrere” quarries; 2) array SNS1 (top plateau); 3) array SNS2 (underground); 
4) launch point; 5) epicentre of impact located through SNS1; 6) epicentre of impact located through SNS2

Tab. 2	 -	 Sizing of the rock blocks launched at Cala Rossa Bay during 
the experiments carried out on 2015
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aperture array was easier, even if the signal seemed at first sight 
less distinguishable.

In addition, eight natural events were analysed by using the 
previously calibrated subsoil half-space model (Fig. 9). The epi-
centres result to be distributed at a distance of less of 10 m from 
the quarry wall and in an area of 1200 m2 close to the impact 
of the simulated rockfall experiments (Fig. 5); the magnitude 
ranges from -3.1 to -2.7. Several additional seismic events were 
detected on the supersonogram; nevertheless, they were not 
processed because of difficulties of seismic waves picking, even 
if they usually presented first arrivals at the West Station and, 
therefore, their epicentres could be close to those of the eight 
analysed natural events.

A relation between the energy due to the induced rock block 
impacts and the related local magnitude ML was investigated. The 
kinetic energy related to the impact was calculated for the im-
pact of each launched block recorded at Acuto, by considering 
the mass of the block and the velocity of falls, derived by using 
slow motion videos. The energy values were compared with the 

Fig. 7	 -	 Supersonograms of the rock block impacts corresponding to 3 
launches at the Acuto quarry

Fig. 8	 -	 Wave picking residual for a selection of impacts corresponding to a impact of a rock block launched at the Acuto quarry

Fig. 9	 -	 Supersonograms rapresenting the natural events at the Acuto 
quarry
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the ones recorded at Acuto in terms of frequency and time dura-
tion. The variations observed in terms of shape and intensity of 
the waveforms can be related to the characteristic of the fall-
ing blocks (energy) and to the surface of impact. During the 
experiment, 6 simulated rockfalls recorded by the SNS1 array 
(on the plateau) were not suitable to be analysed because of a 
very intense background noise. On the contrary, all the 14 rock 
block impacts recorded by the SNS2 array (in the tunnel) were 
detected and located.

To define a seismic velocity model of the subsoil, the ac-
curacy of the processed epicentres of the 20 rock block impacts 
ranges from 1 to 18 m, with a mean of 9 m. The accuracy of the 
epicentre locations accounts for about 7 to 10% of the array-
source distance for the plateau array, and 7 to 22% of the ar-
ray-source distance for data recorded within the tunnel. All the 
theoretical impacts were correctly positioned in the area of their 
respective caves (Fig. 6), so demonstrating the good potential 
of nanoseismic monitoring to locate epicentres related to the 
falling block impacts.

In addition, nine detected waveforms were associated to 
as many earthquakes by consulting the earthquake dataset of 

ML value obtained from HypoLine.
It was not possible to define a relation between the mag-

nitude and the energy value and this seems to be associated 
to physical limits of the field experiment among which: i) the 
compared launched blocks were not all of same dimensions; 
ii) the surface impacts, and the falling path were not the same 
(for instance a rock block launched and with a first impact on 
the wall will give off energy on the wall and have less energy 
at the final impact).

 However, five energy classes were defined for the impact of 
the launched blocks at Acuto by grouping blocks in energy cat-
egories (Tab. 3). The tests with a too great energy loss, estimated 
thanks to field observations, were removed. For the same energy 
class, the impact magnitude is lower for the SNS array with an 
aperture of 20 m respect to the one of the SNS array with an 
aperture of 10 m.

Results at the Cala Rossa Bay test site
At the Cala Rossa Bay test site, 20 rockfalls simulated by 

rock blocks launch were analysed and located out of 26 totally 
generated events. All the recorded waveforms were similar to 

Tab. 3	 -	 Energy (J) classes and related magnitude (ML) derived for the impact of rock blocks with different size launched at the Acuto quarry

Tab. 4	 -	 Energy (J) classes and related magnitude (ML) derived for the impact of rock blocks with different size launched at Cala Rossa Bay
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noise intensity (Tab. 4). Since of slow motion videos were not 
available in this case, the energy of each rock block impact was 
computed in terms of potential energy only, i.e. by measuring the 
volume of the block and the falling height. This can be considered 
as a good approximation because the blocks did not impact on the 
quarry walls during the fall, at the opposite of what occurred for 
the Acuto experiments.

The records obtained on the stiff-rock plateau (Fig. 10) gener-
ally presented an intense background noise. Therefore, the event 
detection would have been very difficult or impossible in some 
cases without the information of the rock block impact time. In 
case of records with a high background seismic noise, the de-
tection of natural events results to be highly uncertain when the 
potential energy is lower than 2500 J while in case of low seismic 
background noise the detection of natural events is highly uncer-

the National Institute of Geophysics and Volcanology of Italy 
(INGV - http://cnt.rm.ingv.it/); among them four are related to 
an intense seismic signal, characterised by very clear P-waves 
arrival. It was possible to attribute hypocentre location and 
magnitude to these events by using a regional subsoil half-
space model with P-wave velocity of 4200 m/s; the obtained 
results are in very good agreement with the ones attributed by 
the INGV, confirming the reliability of the used velocity values 
for the subsoil half-space. Several natural events were also de-
tected, but their epicentres were not defined due to difficulty in 
picking the first arrivals from the recorded waveforms.

Based on the results obtained at the Cala Rossa Bay, several 
considerations can be done by taking into account the theoretical 
energy due to the simulated rockfall events and their detectabil-
ity in the supersonogram with respect to the background seismic 

Fig. 10	-	 Extract of the supersonogram for Cala Rossa Bay from plateau monitoring, with detection of impacts of launched blocks and corresponding 
values of magnitude and energy
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tain if the potential energy is lower than 1000 J.
The records within the underground tunnel (Fig. 11) resulted 

overall less noisy, however a repetitive presence of anomalies at 
about 80±40 Hz, occurred every 3-10 s; the source of this noise, 
characterised by a repetitive scheme, was not identified.

As it resulted from the performed experiments, in case of 
records with an intense background seismic noise, the detection 
of events is highly dependent on the impact location: i) from the 
PL01 rock wall, events with an impact energy value of 2500 J (32 
kg rockfall by launched block from 7.9 m) are not detectable; ii) 
from the PL03 rock wall, events with an impact energy value of  
2500 J (67 kg from 3.8 m) are not detectable; iii) from the PL04 
rock wall, events with an impact energy value of 4000 J (63 kg 
from 6.4 m) are not detectable.

Fig. 11	 -	 Extract of the supersonogram for Cala Rossa Bay from plateau monitoring, with detection of impacts of launched blocks and corresponding 
values of magnitude and energy

CONCLUSIONS
The here presented experiments provided a dataset including 

simulated and natural rockfalls detected in two abandoned quar-
ries (at Cala Rossa Bay, in Sicily, and at Acuto, in Central Italy) to 
evaluate the suitability of the nanoseismic monitoring technique 
for rockfall risk mitigation. The experiments were carried out by 
arranging SNS arrays and varying their aperture from 10 up to 20 
m (at Acuto test site) as well as moving it from an open-air zone 
to a tunnel (at Cala Rossa Bay).

By rock block launches, 73 impacts were generated on debris 
cover or stiff rock surfaces allowing to perform a back analysis 
and to define the best seismic velocity model of the subsoil half-
space, deriving a P-wave velocity in the subsoil half-space of 900 
m/s. The epicentre of each impact was located with an accuracy 
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Even if further studies could refine the nanoseismic technique 
for identifying detachment areas of natural rockfalls. According 
to the here obtained experimental results the nanoseismic moni-
toring seems to be a promising approach to be experienced for 
mitigating the landslide risk related to natural rockfalls.

ACKNOWLEDGEMENTS
This research was carried out in the framework of the master 

stage of C. Hakes at the Department of Earth Sciences of the “Sa-
pienza” University of Rome (supervisor: Prof. S. Martino). The 
Authors are grateful to the Municipalities of Acuto and Favignana 
and the Area Marina Protetta Isole Egadi for allowing the experi-
mental activities in the quarry areas. The authors wish also to 
thank L. Falconi, A. Screpanti, V. Verrubbi (researchers at ENEA) 
and F. Martorelli for their contribution to the field activities per-
formed at Favignana.

varying from 10% up to 22% of the distance between the rock 
block impact point and the SNS array. The magnitude ML was 
estimated in a range from -2.8 to -1.3.

At the Acuto test site, the location accuracy was evaluated 
taking into account two different arrangements of the SNS array, 
i.e. with a 20 m and a 10 m aperture respectively. The obtained 
results demonstrate that the epicentre location error is almost the 
same for the tested array apertures, even if the wave picking proc-
ess resulted to be easier in the case of SNS with 10 m of aperture.

The detectability of the simulated rockfalls resulted strong-
ly influenced by the background noise condition of the seismic 
records. As a matter of fact, at Cala Rossa Bay several induced 
rock block impacts were not analysed due to the intense back-
ground noise measured on the open area (i.e. the stiff rock pla-
teau) while the measures performed in the tunnel resulted more 
suitable for epicentre location since they were less noisy.
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