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ABSTRACT
On December 28th 1908 the city of Messina was destroyed by one of the most catastrophic Italian earthquakes of the last centuries
(Mw=7.1, I = XI) which caused more than 60000 deaths and destruction in many localities of Sicily and Calabria. In this study we present the results of more than 100 seismic ambient noise measurements carried out in the framework of the first massive seismic site response survey performed in the city of Messina. Starting from geological information and historical reports reconstructing the damage
scenario of the 1908 event, we have identified several sites particularly interesting for seismic response investigations. This extensive
survey allowed us to evaluate the fundamental resonance frequency for each investigated site and to identify the areas prone to site amplification. Measurements have been performed by using 3-component velocimeter, Micromed Tromino, and the collected dataset has been
processed by applying the Horizontal-to-Vertical Spectral Ratio technique. For each investigated site we provide the fundamental resonance frequency and a preliminary information on the metamorphic bedrock depth. The massive dataset collected and the results obtained will be useful for the seismic microzonation of the urban territory of Messina.

1. INTRODUCTION
The Messina Straits (Southern Italy) is one of the most
seismically active areas of the Mediterranean (see
http://emidius.mi.ingv.it/NT) and the December 28th
1908 earthquake (Mw=7.1, I = XI), with the related
tsunami (run-up height up to 10 m) is one of the
strongest events occurred in Italy during last centuries
(Figure 1). The 1908 earthquake caused more than 60000
casualties and destroyed many localities of Sicily and
Calabria [Mercalli, 1909; Baratta, 1910]. Damage in
Messina and Reggio Calabria was exacerbated by the
poor quality of construction and building materials, as
well as by the occurrence of significant earthquakes during the preceding decades (1894, 1905, 1907). Extensive
information concerning the damage level in the different areas of Messina are reported in Baratta [1910], who
also estimated that about 98% of the buildings where

heavily damaged or needed to be demolished. As regards
environmental effects, no surface breaks directly related
with the earthquake fault was reported, but several secondary surface effects were observed both in Sicily and
Calabria. Variations in the water level in pools and wells,
ground fractures, and many landslides and rockfalls
were observed over a large region encompassing the intensity X and XI areas and significant subsidence occurred on both sides of the Straits [Pino et al., 2009].
The analysis of the effects of past earthquakes on the
cities helps to identify most affected areas. In fact, it is
possible to study geological and anthropic features that
influence the intensity of damage so improving seismic
prevention strategy. The dynamic ground shaking is one
of more important factors for the analysis of the local
seismic hazard. The effects of seismic motion can depend largely on local geology therefore the investiga-
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of Messina [Arancio et al., 1986; De Rose et al., 2012]. In
this study, we focused on the presentation of the results
of an extensive survey of seismic noise measurements
in Messina. The main aim is to investigate the fundamental resonance frequencies that characterize areas of
particular interest for the site effect investigation and
the large amount of collected data allowed us to obtain
a detailed mapping of the site frequencies within the
urban areas.

2. GEOLOGIC SETTING

FIGURE 1. The figure shows the Messina Straits (MS)
area and the principal fault systems: hatched,
normal faulting [Ghisetti, 1992; Bonini et al., 2011;
Doglioni et al., 2012]. Stars indicate the historical
earthquakes for the study area with Mw ≥ 6.5
(http://doi.org/10.6092/INGV.IT-CPTI11).

tion of the local ground condition is of primary interest
for site-specific hazard and risk assessment. A quick estimate of the surface geology effects on seismic motion
is performed in this study by the Horizontal-to-Vertical
noise Spectral Ratio (HVSR or H/V) method [Lermo and
Chavez-Garcia, 1993; Konno and Ohmachi, 1998; Bard,
1999; Bonnefoy-Claudet, 2006a; D’Amico et al., 2008,
Castellaro and Mulargia, 2009; Vella et al., 2013]. This
technique relies on the calculation of the Fourier amplitude spectral ratio between the horizontal to vertical
components of the seismic noise recorded with a single
three component seismic station [Nogoshi and Igarashi,
1971; Nakamura, 1989; Bonnefoy-Claudet, 2006a and
2006b]. The power spectra of the components of the seismic noise are affected by noise source characteristics and
by geothecnical parameters of the subsoil [Nogoshi and
Igarashi, 1971; Nakamura, 1989]. The basic hypothesis
for using seismic ambient noise is that the resonance of
a soft layer corresponds to the fundamental mode of
Rayleigh waves, which is associated with an inversion of
the direction of Rayleigh wave rotation [Nogoshi and
Igarashi, 1971; Lachet and Bard, 1994; Scherbaum et al.,
2003]. Thus, the spectral ratio can reveal the presence
of amplification peaks due to impedance contrasts between sedimentary layers, and it provides a first estimate of the fundamental resonance frequency of the site.
At present, several seismic site response studies have
been performed in Eastern Sicily [e.g. Gresta et al., 2004;
Rigano et al., 2005; Panzera et al., 2011, 2016; Di Stefano
et al., 2014, Arancio et al., 1986; De Rose et al., 2012;
Pino et al., 2017], but only few analyses regard the city
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The Messina Straits is a very narrow graben structure
crosscutting with a NNE-SSW trend the southern segment of the Calabrian Arc (Figure 1). It is located between the faster SE retreating Ionian slab beneath
Calabria and the Sicilian continental lithosphere in compression along the Tyrrhenian offshore of Sicily
[Ghisetti, 1992; Tortorici et al., 1995; Neri et al., 2004
and 2005]. Being a transfer zone between these two geodynamic settings, the Messina Straits is characterized by
a complex network of normal and transtensional faults
[Ghisetti, 1992; Neri et al., 2005; Doglioni et al., 2012]
related to the opening of the Straits [Bonini et al., 2011]
and controlling the landform shaping. A particular aspect of this area are isolated hills and NW-SE elongated
hilly ranges with steep slopes, tectonically structured in
a semi-graben down faulted seaward. The hills are surrounded by flood plains and coastal esplanade where the
center of Messina city lies while several villages are scattered on the top of the hills. We report the geological
map of Messina indicating the investigation-sectors (red
boxes) and the relative geological cross-sections available from the literature [Figure 2; Gargano et al., 1994].
In the survey area widespread outcrop paleozoic highgrade metamorphic rocks (Aspromonte Nappe, Auct.)
unconformably overlaid by scattered heterogeneous and
discontinuous sedimentary succession Middle-Upper
Miocene-Middle Pleistocene in age (Figure 2). On the
metamorphic bedrock sporadically overlies the oldest
sedimentary sequence of this region, Middle-Upper
Miocene San Pier Niceto Formation (Auct.), consisting
of a massive, well compacted and weakly cemented
silty-sandy conglomeratic and arenites up to 150 m
thickness. We can also find above metamorphic rocks
the coarse sands and gravels of Middle Pleistocene
Messina Formation (a granular formation, coarser and
denser, predominantly gravelly interfingered with lenses
of pebbles) with highly variable thicknesses that can
reach up to 250 meters in the northern part of Messina
(Figure 2). A few tens of meters of messinian limestones
and tender whitish marly limestone (Trubi Formation,
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FIGURE 2. Geological and structural map of Messina region [left panel, modified from Gargano et., 1994]. The red boxes identify
the areas under investigation: Faro Superiore (FS), Salvatore dei Greci (SG), Historic Centre (HC), Monumental Cemetery (MC). The geological cross-sections available for the investigated areas are reported in the right panel [modified
from Gargano et al. 1994]. No cross-section is available for the SG sector.

Auct), sometimes overlapped by Plio-Pleistocene calcarenitic units, sporadically outcrop between both geological sedimentary formations previously described.

3. METHODS
An extensive survey of seismic noise recordings was
carried out in the urban territory of Messina by applying the Horizontal-to-Vertical Spectral Ratios technique
[Nogoshi and Igarashi, 1971; Nakamura, 1989] to assess
the fundamental resonance frequencies. The HVSR technique consists in estimating the ratio of horizontal and
vertical components of the ambient noise recorded at
the surface. This spectral ratio exhibits a peak corresponding to the fundamental frequency of a site [Bonnefoy-Claudet et al., 2006a and 2006b] and this peak is
more accentuated when a sharp impedance contrast exists between the bedrock and upper layers [Field and
Jacob, 1993; Lachet and Bard, 1994; Bard, 1999; Mucciarelli and Gallipoli, 2001; Malischewsky and
Scherbaum, 2004]. H/V spectral ratio without clear and
statistically significant peaks [i.e. peak amplification
smaller than 2 unit; Bard, 2005; Vella et al., 2013] was

interpreted as indicative of subsurface structures devoid
of impedance contrasts at depth. The ambient noise
wavefield is a combination of both body and surface
waves and the resonance peak can be interpreted both
in terms of SH resonance in superficial layers and ellipticity if Rayleigh surface waves predominate [Fäh et
al., 2001; Scherbaum et al., 2003; Bonnefoy-Claudet et
al., 2006a]. Also, the final H/V curve contains useful information about the relationship between the shearwave velocity profile of the sediments and their
thickness [Fäh et al., 2003; Castellaro and Mulargia,
2009; Parolai, 2012].
According to the historical information reported by
Baratta [1910], we have identified several sites particularly interesting for the site effect investigation and more
than 100 single-points measurements were sampled. In
our survey single-station measurements were performed
by a 3-component digital seismograph Micromed Tromino (www.tromino.eu). At each site we recorded seismic noise for 20 minutes with a sampling rate of 256
Hz. Data analysis of single-station measurements was
performed using the Grilla software (www.tromino.eu).
Following the SESAME criteria [Bard, 2005], each record
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was divided into non-overlapping time windows 20 s
long. The Fourier spectrum of each time window was
calculated and smoothed through a triangular window
with frequency dependent half-width (5% of central frequency). The H/V spectral components ratio was computed for each frequency by averaging the horizontal
spectra using the geometrical mean and dividing by the
vertical spectrum for each time window. Before interpreting the resulting curves, we identified and discarded
eventual spurious noise windows associated to very
close sources (e.g. due to impulsive or strongly localized
anthropic sources) thus minimizing the standard deviation. The analyses were limited to the frequency range
0.1 - 20 Hz which is the frequency range of interest for
seismic microzonation and earthquake engineering. In
general, if final curves show a single peak, the corresponding frequency F0 is considered as the fundamental resonance frequency at the site. If another peak is
present, it is interpreted as a resonance frequency due
to a shallower impedance contrast.

4. RESULTS AND DISCUSSIONS
Single-station measurements were carried out in
four sectors (Figure 2) named Faro Superiore (FS), Salvatore dei Greci (SG), Historic Center (HC), and the
Monumental Cemetery (MC). These sectors are representative of different level of damages after the 1908
earthquake including, according to the information
collected by Baratta [1910], some of the more (Faro Superiore, Historic Center) and the less (Salvatore dei
Greci, Monumental Cemetery) damaged areas of the
city. The geological map (Figure 2) shows that sectors
SG, HC, MC are mostly located on Holocene alluvial
deposits of coastal and fluvial plains while preHolocene substratum outcrops only in the hilly zones
(FS sector in Figure 2). For each study area we have
grouped the H/V curves to identify the characteristic
frequency distribution (Figures 3 to 6), while all the individual curves with the relative standard deviation are
reported in the supplementary material.
Faro Superiore (FS, Figure 2) lies in a flat and wide top
of a hill made by more than 200 m [Gargano et al., 1994]
of thick gravels and sands of the Messina Formation. In
this area and in the surroundings, no other geological
formation outcrops and the metamorphic bedrock is localized up to a depth of about 400-500 m depth [Gargano
et al., 1994]. We have performed ambient noise singlestation measurements scattered in the whole area (Figure
3a). All the H/V results show only a single peak at about
0.4 Hz that might correspond to a very deep impedance
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FIGURE 3. a) Geological base map of Faro Superiore (FS) showing the location of the seismic noise acquisition
points (red dots). For geologic details see Figure 2. b)
The panel reports the H/V curves obtained in the FS
area. A fundamental frequency peak at about 0.4 Hz
is present at all investigated sites.

contrast (Figure 3b), possibly the seismic bedrock.
Several alluvial fans are present along the coastline
near the Salvatore dei Greci area (SG, Figure 2) and put
down by the lateral torrents that flow from the Peloritani Mts. flanks. In general, they are composed of heterogeneous grain sizes (commonly sands, gravels and
boulders). Within the alluvial formation a water table is
located in variable depth, from a few meters nearby the
coastline to about 25 meters more in the hinterland. Underlying to the alluvial deposits there are gravels and
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FIGURE 4. a) Geological base map of Salvatore dei Greci (SG)
showing the location of HVSR measurement points
(red and orange dots). For geologic details see Figure 2. b) Examples of different H/V curves obtained
in the investigated area. We observed curves characterized by a bimodal behavior with a low F0 at
about 0.6 Hz and peaks at frequencies higher than
3.0 Hz (top plot), and curves with F0 peaks at about
0.8 Hz (bottom panel).

sands of Messina Formation with thicknesses in the range
60-100 meters. Figure 4 shows the location of the seismic
noise acquisition points (plot a) in the SG sector and the
corresponding H/V results (plot b). We can distinguish
two categories of H/V curves: the first group is characterized by a bimodal behavior with a low fundamental
frequency (F0) at about 0.6 Hz and peaks at frequencies
higher than 3.0 Hz, having amplitude that in both cases
just reach 2 units; the second group shows only the fundamental frequency (F0) peaks at about 0.8 Hz with am-

plitude that just reach 2 units. The frequency values F0
can be associated to the resonance frequency of the deep
bedrock while the higher frequency peaks, where present,
are associated with shallow impedance contrasts most
probably related to soft sediment deposits.
In the Historic Center of Messina (HC, Figure 2) the
geological architecture is similar to Salvatore dei Greci
area. Figure 5 shows the seismic noise acquisition points
(plot a) and the corresponding H/V results (plot b). The
sample points display resonant frequencies in the range
0.6 - 2 Hz. In particular, we may distinguish three main
groups of H/V curves characterized by frequency peaks
at about 0.6 Hz, 1.0 Hz and 2.0 Hz, respectively (Figure
5b). Along the investigated area we observe that the fundamental frequency value increase and then decrease
progressively moving from North to South. The general
features of the reconstructed bedrock portion are compatible with the geological data and to results obtained
by De Rose et al. [2012].
The interpretative geological section reported in Figure 2 shows, in Monumental Cemetery area, a general
architecture of buried staircase geological formations
and NNE-SSW trending normal faults downing seaward.
Moving towards the sea, a metamorphic bedrock-like lies
at progressively greater depths (up to 230 m above
ground level) preceded by a well-consolidated sedimentary sequence of late Miocene-Pleistocene (Figure 2).
Figure 6 shows the seismic noise acquisition points in
the MC area (plot a) and the related H/V curves (plot b).
We differentiate three main groups of H/V results: the
first group shows a bimodal behavior with a fundamental frequency F0 at about 0.6 Hz (amplitude greater than
3 units), and peaks at frequency higher than 1.0 Hz (amplitude greater than 2 units); the second and third group
show only one peak with amplitude greater than 2 units
at about 1.0 Hz and 2.0 Hz, respectively. Moving from
east to west, away from the coastline, the fundamental
frequency (F0) increase progressively highlighting the
depth variation of the seismic reflector (Figure 6). Preliminary array measurements using joint inversion of
surface wave dispersion and H/V curves [Figure 6c; details on method and procedures are given in Picozzi and
Albarello, 2007; Farrugia et al., 2016 and references
therein] confirm the depth of main reflectors as shown
in figure 6b.

5. CONCLUSIONS
In almost all the HVSR measurements carried out in
the city of Messina, fundamental frequencies (F0) associated to deep reflectors are evident in the range 0.4 - 2
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FIGURE 5. a) Geological base map of the Historic Center (HC) showing the location of HVSR measurement points (colored dots).
For geologic details see Figure 2. From North to South the sample points exhibit F0 frequencies in the range 0.6 - 2 Hz.
b) Examples of different H/V curves obtained in the investigated area. Plots from top to bottom show curves with peaks
at about 0.6 Hz, 1.0 Hz and 2.0 Hz respectively.

Hz. However, in several sites significant high-frequency
peaks related to shallow sediment coverage are also observed. Combining our results with geological information available for the study area we can preliminarily
state that frequency variation of fundamental peaks can
be associated to the variable depth of seismic bedrock.
This work furnishes an extensive collection of seismic
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noise data useful for the seismic microzonation of the
urban territory of Messina. The seismic microzonation
of a territory aims to identify which geological and geomorphological conditions may affect the characteristics of the seismic motion and produce site effects. Also,
the evaluation of the local site response in an urban area
as Messina is one of the main goals for city planning
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FIGURE 6. a) Geological base map of the Monumental Cemetery area (MC) showing the location of HVSR measurement points (colored dots). For geologic details see Figure 2. b) Examples of different H/V curves obtained in the investigated area. The
first group (left plot) shows a fundamental peak at about 0.6 Hz and peaks with amplitude greater than 2 at frequencies higher than 1.0 Hz, the second (central plot) and third group (right plot) show only fundamental peaks at about
1.0 Hz and 2.0 Hz, respectively. c) Results of preliminary array measurements performed in the investigated sector. The
left and central panels show the effective dispersion and H/V curves (blue and red indicate the experimental and the
best-fitting theoretical ones, respectively). The right panel reports the 1D velocity profiles obtained by the joint inversion (the red profile represents the one with the lowest misfit).
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aimed at mitigating the potentially high seismic risk. For
this purpose, the seismic noise HVSR technique has
proven suitable to identify areas subject to amplification effects and to delineate the geometry of the sedimentary layers. The huge number of seismic noise data
collected and analyzed in the study areas of Messina
combined with geological and lithological available information have allowed us to furnish first insights of
possible areas prone to seismic amplification.
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INTRODUCTION
The auxiliary material includes one hundred sixty-seven plots (see
Figures S1-S8). These provide the complete set of HVSR curves
obtained in the present study.

FIGURE S1. HVSR measurement points in the Faro Superiore area.
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FIGURE S2. HVSR curves for the Faro Superiore area (#11). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S2. HVSR curves for the Faro Superiore area (#11). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S2. HVSR curves for the Faro Superiore area (#11). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S3. HVSR measurement points in the Salvatore dei Greci sector.
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FIGURE S4. HVSR curves for the Salvatore dei Greci area (#16). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S4. HVSR curves for the Salvatore dei Greci area (#16). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S4. HVSR curves for the Salvatore dei Greci area (#16). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S4. HVSR curves for the Salvatore dei Greci area (#16). Red curve = mean spectral ratio, black curves = standard deviation.

18

SCOLARO ET AL.

FIGURE S4. HVSR curves for the Salvatore dei Greci area (#16). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S5. HVSR measurement points in the Historical centre sector.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S6. HVSR curves for the Historical Center area (#80). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S7. HVSR measurement points in the monumental cemetery sector.
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FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.

49

AMBIENT NOISE MEASUREMENTS IN MESSINA, SICILY

FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.

53

AMBIENT NOISE MEASUREMENTS IN MESSINA, SICILY

FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.
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FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.

57

AMBIENT NOISE MEASUREMENTS IN MESSINA, SICILY

FIGURE S8. HVSR curves for the Monumental Cemetery area (#60). Red curve = mean spectral ratio, black curves = standard deviation.
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