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ABSTRACT
The village of Rometta, northern-eastern Sicily (Southern Italy), experienced severe damage during the most energetic earthquakes that
occurred in eastern Sicily and southern Calabria in the last centuries. Geological maps indicate that Rometta primarily lies on a stiff plate
of Upper Pliocene - Lower Pleistocene calcarenites and only to minor extent on Middle Pleistocene overlying clays. Rometta represents
an interesting case study for site response investigation because of the apparent mismatch between the currently available geological
knowledge and the level of damage caused by historical seismic events. The local seismic response has been investigated through a grid
of 64 single-station measurements of ambient seismic noise by the Horizontal to Vertical Noise Spectral Ratio technique (H/V). Also, phase
velocity dispersion curves from seismic array through the Extended Spatial Auto-Correlation method were analyzed. The H/V curves obtained show a ubiquitous frequency peak between 0.5 Hz and 0.9 Hz due to the deep interface between the metamorphic substrate and
sedimentary sequence, and a secondary peak in the 2.5-15 Hz interval in most of the measurement points that may be related to a larger
extent of the clay outcrops with respect to what is already known from geological investigations. Joint inversion of dispersion and H/V
curves was also performed in order to obtain the velocity profile. Results acquired through the combined use of geophysical methods
furnished useful information for seismic hazard evaluation where surface geology is not clearly visible because of urbanization and vegetation cover, thus suggesting that a wide extent of clays may reasonably be the cause of past earthquake damage distribution.

1. INTRODUCTION
The village of Rometta is located in NE Sicily (Figure
1), within a segment of the Neogene Apennine-Maghrebide orogenic belt, which developed in the Central
Mediterranean Sea as a result of collision between Africa
and Europe and northwesterly subduction and roll-back
of the Ionian slab [Ghisetti and Vezzani, 1982; Malinverno and Ryan, 1986]. North-eastern Sicily presently
separates the Tyrrhenian basin (to the NW) and the Ionian basin (to the SE), both representing back-arc areas
[Gueguen et al., 1997; Faccenna et al., 2001].
Rometta experienced severe damage during the
strongest historical earthquakes (for example 11 January 1693, I=XI MCS Mw=7.4; 5 February 1783, I=XI

Mw=7.1; 28 December 1908, I=XI MCS Mw=7.1,
Locati et al., [2016]) that occurred in eastern Sicily and
southern Calabria [Figure 1; Baratta, 1910; Locati
et al., 2016]. Also, macroseismic data (https://emidius.mi.ingv.it/CPTI15-DBMI15/) indicates that major
earthquake effects in Rometta were frequently greater
compared to nearby locations thus leading us to investigate the presence of heterogeneous geological settings potentially able to produce significantly
differentiated seismic responses.
A quick estimate of the surface geology effects on
seismic motion is provided by the Horizontal to Vertical noise Spectral Ratio (HVSR) technique [Lermo and
Chavez-Garcia, 1993; Konno and Ohmachi, 1998; Bard,
1999; Bonnefoy-Claudet, 2006a; D’Amico et al., 2008,
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In the present study, single-station horizontal to vertical spectral ratio technique (HVSR) and multi-station
(seismic array) configurations have been used to determine dynamical properties of the subsoil of Rometta
from noise measurements. We performed 64 measurements of ambient noise by using the 3-component Tromino velocimeter (www.tromino.eu.), and we estimated
shear wave velocity (Vs) profiles by analyzing phase velocity dispersion curves from seismic arrays through the
Extended Spatial Auto Correlation (ESAC) method
[Ohori et al., 2002; Okada, 2003; Parolai et al., 2006;
Albarello et al., 2011].
Results obtained from measurement analyses, compared with the local geology, furnishes new information useful for seismic risk mitigation.

FIGURE 1. The map shows the location of Rometta village, NE
Sicily, and the epicenter (stars) of historical events
producing effects of least of degree VII (MKS scale;
https://emidius.mi.ingv.it/CPTI15-DBMI15/)
in
Rometta. The year of earthquakes occurrence and the
relative magnitude are reported. The inset shows the
northwestern trending convergence between African
and European plates (black arrows) [Calais et al.,
2003; Nocquet and Calais, 2004; Nocquet, 2012] and
the Appennine-Maghrebides orogenic belt (grey line)
[Neri et al., 2009].

Castellaro and Mulargia, 2009; Vella et al. 2013;
Paolucci et al., 2015; Scolaro et al., 2018]. This technique relies on the recording and analysis of the environmental ground noise, both of natural and
anthropogenic origin, and uses the Fourier amplitude
spectral ratio between the horizontal to vertical components of the recorded signals [Nogoshi and Igarashi,
1971; Nakamura, 1989; Bonnefoy-Claudet, 2006a and
2006b]. The basic hypothesis of seismic ambient noise
theory is that a resonance peak in the H/V ratio may be
interpreted both in terms of SH-wave resonance in superficial layers or in terms of ellipticity if Rayleigh surface waves predominate [Nogoshi and Igarashi, 1971;
Lachet and Bard, 1994; Scherbaum et al., 2003]. The
wavefield is a combination of both types of waves and
then the H/V curve contains information about the
shear wave velocity profile in shallow sediments. Also,
it is commonly accepted that, although the single components of ambient noise can show large spectral variations as a function of natural and cultural
disturbances, the horizontal to vertical noise spectral
ratio tends to remain invariant, therefore preserving the
fundamental frequency peak [Cara et al., 2003].
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2. GEOLOGICAL SETTING AND STRATIGRAPHIC
FRAMEWORK OF ROMETTA HILL
The main tectonic features of the study area, located
in the Peloritani Mts. (Figure 1), is represented by a NESW and NNE-SSW oriented normal fault system, which
causes brittle deformation of the contractional architecture [Bonini et al., 2011] and controls the actual setting of this sector of the Sicilian Tyrrhenian coast
[Guarnieri and Carbone, 2003; Di Stefano et al., 2007].
The extensional tectonic activity of the Peloritani Mts.
relates to the opening of the Tyrrhenian Sea and more
recently of the Messina Straits [Bonini et al., 2011]. In
this area paleozoic high-grade metamorphic rocks outcrop extensively (Aspromonte Nappe, Aut.), locally covered by heterogeneous sedimentary Middle Upper
Miocene - Middle Pleistocene successions [Lentini et al.,
2000; APAT, 2008].
The landscape of the Peloritani Mts. reflects the tectonic setting of the area, in particular the intense recent
dynamics related to strong tectonic uplift [Montenat et
al., 1991; Westaway, 1993; Tortorici et al., 1995]. Vertical
movements during the late Quaternary controlled the
shaping of the landforms as indicated by isolated hills and
NW-SE elongated hilly ranges with steep slopes deeply
cut by V-shaped valleys, tectonically structured in a halfgraben downdropped toward the Tyrrhenian sea.
Rometta hill is surrounded by cliffs and escarpments
(Figure 2a). This geomorphological framework clearly
shows the sequence of lithological units outcropping
(Figure 2, plots a and b), allowing relatively easy field
observations for reconstruction of the lateral and vertical distribution, geometries and thicknesses of the preMiddle Pleistocene. As inferred by geological maps
[Lentini et al., 2000; APAT, 2008, see plots 2c, 2d]
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FIGURE 2. (a) Picture of north-western sector of Rometta hill showing abrupt geomorphological framework made of cliffs and steep
slopes. Dotted lines illustrate the vertical sharp transition between geological formations. (b) Schematic geological section of Rometta hill. Geological maps of the study area: (c) APAT [2008], (d) Lentini, 2000. Legend: prevailing paragneiss of paleozoic metamorphic Complex - Aspromonte Unit (PMAa and UA); undifferentiated lithofacies of Middle-Upper
Miocene San Pier Niceto Formation consisting of well consolidated thick sands and arenites weakly cemented (PCTb and
Mar) passing upwards to conglomeratic (PCTc and Mac); stiff upper Messinian evaporitic limestones (GSa and Mc); consolidated and massive Middle Pliocene sandy marls of Massa S. Lucia Formation (FSL); stiff calcarenites massive and
cross-stratified of Upper Pliocene - Lower Pleistocene (ROE and PQ) with at the top marly clay Middle Pleistocene (ROEa
and Qa) both attributed to Rometta Formation. The latter have been evidenced by red contour.

Rometta village is mainly set on the Upper PlioceneLower Pleistocene calcarenites (Rometta Formation Aut.)
overlaid by Middle Pleistocene blue marly clays, which
are bounded by an erosional unconformity and sedimentary gap [Di Stefano et al., 2007] forming the highest part of the Rometta Hill up to 563 m. a.s.l. (Figure 2).
The calcarenitic unit (ROE in Figure 2c and PQ in
Figure 2d) has been considered lithologically articulated
[Di Stefano et al., 2007], consisting of alternating different lithofacies, often organized into 1-2 m thick tabular beds, from massive to cross-stratified, rich in
bioclastic content, usually poorly cemented. The thicknesses observed are quite variable reaching the maximum in the northern and western urban areas (80 m),

tapering to 10-20 m along the southern rim of Rometta
Hill, and are intermediate (40 m) in the eastern areas
(Figure 2b). The calcarenitic unit forms a stiff plate from
tabular to wedge-shaped (Figure 2b), overlying a diversified sedimentary substrate comprised mostly of Middle Pliocene yellowish to gray-greenish consolidated
sandy marls of the Santa Lucia Formation (Auct.). In
the southernmost and easternmost sectors (Figure 2) the
calcarenitic unit overlies 10-20 m of Messinian tabular
limestones evaporites (Calcare di Base Auct), which are
locally covered by a few meters of lens-shaped Lower
Pliocene whitish marly limestone (Trubi Formation,
Auct). The Middle Pliocene sandy marl unit reaches
maximum thickness (50 m) in the northern and western
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sectors, wedged southward and eastward between calcarenites and Messinian limestones, with pinch-out closures observed only in the northeastern and
southwestern Rometta Hill slopes (see geological sketch
maps and schematic cross-section in Figure 2). Pliocene
and Messinian units unconformably overlie a MiddleUpper Miocene heterogeneous siliciclastic sequence of
the San Pier Niceto Formation (Auct.), that consist in a
prevailing massive and poorly cemented silty-sandy
conglomerates and arenites weakly cemented, from 120
to 150 m thick (Figure 2c), extending from north-west
to east. The foot of Rometta Hill consists of several hundred meters (up to 600 m) of bedrock-like Paleozoic
folded metamorphic rocks (Aspromonte Unit Auct.),
mainly biotitic schists and gneiss (Figure 2c). The entire
sedimentary sequence outcropping along the Rometta
hill slopes is preserved within a graben aligned NE-SW
and, at least for the pre-Middle Pliocene formations, cut
by normal fault systems oriented NE-SW, NW-SE and
N-S [Lentini et al., 2000; APAT, 2008; Figure 2].
The true thicknesses and areal extent of the Middle
Pleistocene marly clay formation are uncertain, since
the lower contact with the calcarenites is not visible [Violanti, 1989], both due to dense urbanization and the
intense vegetation cover [Di Stefano et al., 2007]. The
marly clays have thicknesses of 15-20 m [Di Stefano et
al., 2007] up to about 30 m [Violanti, 1989]. About their
spatial distribution at the hilltop of Rometta and the geometric relationships with calcarenites, large discrepancies in interpretation emerge from the most recent
geological maps [Lentini et al., 2000; APAT, 2008; Figure 2]. In particular, it is not clear which part of the
Rometta subsurface is clays or calcarenites.

3. METHODS AND DATA PROCESSING
3.1 SINGLE-STATION H/V MEASUREMENTS
The Horizontal to Vertical Spectral Ratio (H/V) technique for site effects investigation [Nogoshi and Igarashi,
1971; Nakamura 1989 and 1996] was applied in the area
of Rometta. This technique consists in estimating the ratio of horizontal and vertical components of the ambient noise spectra recorded at the surface. The spectral ratio reveals a peak corresponding to the fundamental
frequency of a site [Bonnefoy-Claudet et al., 2006a] and
the presence of this peak is more accentuated when a
sharp impedance contrast exists between low shearwave velocity layers and the bedrock [Malischewsky and
Scherbaum, 2004]. 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
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resonance in superficial layers and of 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 shear-wave velocity
profile of the sedimentary layers and their thickness
[Scherbaum et al., 2003].
An extensive survey of single-station ambient noise
recordings was carried out in Rometta in order to assess
the fundamental resonance frequency of the sedimentary layers. Ambient noise measurements were acquired
at 64 points (Figure 3, see also the supplementary material) through the portable seismometer Micromed Tromino (www.tromino.eu). The Tromino is a compact,
battery-operated, all-in-one system composed of three
orthogonal velocity sensors and 24-bit digitizer, whose
sampling frequency extends up to 1024 Hz. Time series
of 20 minutes each were recorded at a sampling rate of
256 Hz and data analysis was performed by using the
Grilla software (www.tromino.eu). Following the criteria suggested by the SESAME European Project [Bard,
2005], the recorded signals were divided into non-overlapping time windows of 20 s. The Fourier spectrum of
each window was calculated and smoothed through a
triangular window with frequency dependent half-width
(5% of the central frequency). The H/V spectral component ratio was computed for each frequency by averaging the horizontal spectra using the geometrical mean
and dividing them by the vertical spectrum for each time
window. Before interpreting the resulting curves, we
identified and discarded spurious noise windows associated with very close sources (e.g. due to impulsive or
strongly localized anthropogenic sources) so that the
standard deviation is minimized. Finally, only maxima
lying in the frequency range of interest for seismic microzonation and earthquake engineering (i.e. 0.5 - 20 Hz)
were taken into account. If final curves showed a single peak, the corresponding frequency (F0) was considered as the fundamental resonance frequency at the site.
If a higher frequency peak was present, it was interpreted as a resonance frequency (F1) associated with a
shallower impedance contrast.

3.2 SEISMIC ARRAY MEASUREMENTS
The Micromed SoilSpy Rosina™ seismic digital
acquisition system was used to conduct the passive
seismic array measurements. A total of 42 vertical
geophones (4.5 Hz) were used. These were placed in
an L-shaped configuration (Figure 3) with a regular
interstation distance of 5 m. The recordings taken
were 20 minutes long, sampled at 256 Hz and finally
analyzed using the ESAC technique [Ohori et al.,
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FIGURE 3. (a) Examples of H/V curves classified according to the F1 frequency categories. (b) Topographic map of Rometta showing: location of the 64 single-station H/V measurement points sampled by the F1 frequency categories (see legend for
details), and the array configuration (blue line).

2002; Okada, 2003].
Several single-station recordings were also taken
close to the array, to determine whether the sampled
area beneath the array consists of approximately
homogeneous strata. If the resulting H/V curves, as in
this case (Figure 4), had the same peak frequency this
was taken as an indication that the sediment cover

was uniform over the array area, satisfying one of the
key assumptions of the array methods [Parolai et al.,
2001; 2004; Farrugia et al., 2016, 2017]. Finally, the
one-dimensional VS profiles were obtained by inverting both H/V and effective dispersion curves in a
joint inversion procedure based on the Genetic Algorithm [GA; Yamanaka and Ishida, 1996; Picozzi and
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FIGURE 4. The figure reports the joint inversion results and relative stratigraphic interpretation. (a) Comparison
among the experimental dispersion curve (blue line)
and the theoretical ones (red line is the best fitting
theoretical curve; green and yellow lines are the
curves characterized by a misfit that is within 50%
and greater than 150% of the best model’s misfit
value, respectively). (b) Comparison among the experimental H/V curve (blue line) and the theoretical
ones (red line is the best fitting theoretical curve;
green and yellow lines are the curves characterized
by a misfit that is within 50% and greater than 150%
of the best model’s misfit value, respectively). (c) The
Vs best profiles from each of the 10 inversions carried out. Dashed black lines represent the limits of
the GA search. The stratigraphic interpretation is
shown on the right.

Albarello, 2007; Parolai et al., 2005; Arai and Tokimatsu, 2005]. The advantage of the joint inversion
procedure is that it utilizes the two data sets, which
are sensitive to different properties. Scherbaum et al.
[2003] showed that while the dispersion curve con-
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strains the VS of the sedimentary cover, the H/V peak
frequency constrains the thickness H. The GA is an
iterative procedure that focuses exploration in the
more promising areas within a research space
[Albarello et al., 2011]. From the initial 100 randomly
generated models, a number of best models are
selected and genetic operators (cross-over, mutation
and elite selection) are applied to simulate genetic
selection and create a second generation of models.
The processes were repeated through 150 iterations.
Ten separate inversions were run and the best-fitting
profile for each inversion was saved.
The final result was chosen as the one characterized by the minimum misfit value (i.e. whose
synthetic H/V and effective dispersion curves best fit
the experimental ones, in accordance with the established measures) from all 10 inversions. The other best
results are useful to estimate the inversion result variability and robustness. In each inversion the number
of layers of variable thickness was kept fixed (to
match the known outcropping geological sequence)
while the shear wave velocity in each layer was
allowed to vary over a wide range of values, with no
a priori assumption [Picozzi and Albarello, 2007].
Theoretical HVSR and effective dispersion curves
were computed assuming the subsoil as a flat stratified viscoelastic medium where only surface waves
(Rayleigh and Love) propagate [Lunedei and
Albarello, 2009]. Higher propagation modes were
considered and the unique “effective” dispersion
curve (Rayleigh-wave phase velocity vs. frequency)
was used. In presence of higher mode Rayleigh waves,
the curve would contain contributions from higher
modes of propagation that cannot be resolved due to
limited resolution of the finite array [Foti et al., 2015].
The use of the effective dispersion curve avoids the
picking of the different propagation modes that can
be problematic [Albarello et al., 2011]. It is well
known that higher modes can dominate certain frequency ranges [e.g. Tokimatsu, 1997; Zhang and Lu,
2003; Arai and Tokimatsu, 2004]. Higher modes are
more sensitive to deeper structure than the fundamental one and thus their inclusion in the inversion
stabilizes the process and increases the resolution of
the inverted profiles augmenting the resolvable depth
of the profile. The procedure gives reliable results,
usually closer to the available Vs data, deriving from
geophysical surface seismic method (MASW) made for
civil engineering purposes, than the ones obtained
using conventional inversion procedures [e.g., Picozzi
et al., 2009; Panzera and Lombardo, 2013; Panzera et
al., 2012, 2013; Shabani et al., 2008].
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4. RESULTS AND DISCUSSION
The H/V results from the data set collected in Rometta
show significant peaks at frequencies ranging approximately from 0.5 Hz to 15 Hz (Figure 3, see also the supplementary material). Most of the investigated sites show
two-peak curves indicating a subsoil locally characterized by two significant impedance contrasts at different
depths. A fundamental resonance frequency F0 ranging
from 0.5 Hz to 0.9 Hz can be observed at all measurement
sites and a secondary peak F1 generally lies in the 2.5 15 Hz interval. In the whole study area the F0 peak can
be related to a seismic reflector referable to metamorphic
bedrock that we may locate at a depth greater than 100
m beneath each individual measurement site according to
Albarello and Castellaro [2011]. Geological analysis indicates a bedrock depth of the order of 200 m beneath the
top of the Rometta hill (see Figure 2b). The F1 peaks suggest a shallow seismic interface with variable depth,
which on the basis of seismic velocities estimated by
array analyses (see later) can be imputed to clay-calcaretite transition. It is noteworthy that such a transition,
and therefore the presence of the clay, is detected almost
everywhere in the Rometta hill, in particular even where
the geological maps [Lentini et al., 2000; APAT, 2008,
Figure 2c, d] indicate Upper-Pliocene-Lower-Pleistocene
calcarenites outcrops.
The H/V method is widely used for site investigations due to its capability of estimating the fundamental resonance frequency of a site, F0, which is related to
the travel-time average shear-wave velocity <VS> of a
surface sedimentary cover with thickness H above the
bedrock by,
F0 =

<VS >
4H

(1)

The results of the joint inversion of phase velocity
dispersion and H/V ratio curves for obtaining local Swave velocity profile from seismic noise recordings are
shown in Figure 4. A good match between the theoretical and experimental dispersion curves and H/V peak
can be observed (Figure 4a, b). Then we used the derived shear-wave velocity for the clay formation obtained by the joint inversion to model and interpreted
all H/V curves. The first layer of the model with the least
misfit has a thickness of ca. 20 m and VS of 250-500
m/s and it is compatible with soft clay lithologies. This
implies that the study area presents an impedance contrast related to the clays-calcarenites interface in agreement with the resonance frequencies F1 estimated. The
values of F1 (2.5 - 15 Hz) increase from the top of the
central sector of the Rometta urban area up to the edge

of surrounding cliffs where F1 disappear (Figure 3), indicating a progressive reduction of the thickness of the
clay. Therefore, our analyses reveal that the MiddlePleistocene blue marly clays have a greater extension
with respect to the available geological data [Lentini et
al., 2000; APAT, 2008], thus reversing the erroneous belief that most of Rometta village is located on calcarenitic rocks (Figure 5).
We may note some correspondence between the
wider Middle-Pleistocene blue marly clays distribution
observed in the present study and the past earthquake
damage distribution [Baratta, 1910], thus indicating the
local geology as possible responsible of amplification
effects. In fact, collapses and dramatic failures occurred
in those sectors where the clays overcrop while is testified the resilience of the VI century Church of SS. Salvatore, located where the calcarenitic unit outcrops
(Figure 5). Moreover, the H/V results collected in
Rometta do not seem to be significantly influenced by
topographic effects. The ubiquitous fundamental resonance frequency F0 peaks (0.5-0.9 Hz) indicate that the
sedimentary sequence-bedrock contrast is detectable
both on hilltop and in close proximity of the cliff face.
Finally, this result was obtained by using passive seismic techniques particularly useful in those areas as
Rometta where surface geology is obscured by urbanization and intense vegetation cover.

5. CONCLUDING REMARKS
Passive seismic surface-wave measurements have
been used to obtain one-dimensional shear-wave velocity profiles and physical characterization of the different lithologies in the Rometta area. The H/V
technique revealed a ubiquitous fundamental frequency
(F0) between 0.5 Hz and 0.9 Hz and secondary frequency peaks (F1) from 2.5 Hz to 15 Hz. The fundamental frequency (F0) is ascribed to the interface with
the metamorphic bedrock with a depth of about 200 m.
The (F1) frequency range is associated with the variable
thickness of the clay layer that decrease moving from
the center of the top hill towards the edge of the cliff
(Figure 5). These results suggest a wider extension of
the outcropping clays with respect to previously available knowledge, that could be responsible for the past
earthquake damage distribution observed. This can have
some important implications for microzonation analysis and seismic risk assessment because the most accurate geological knowledge of the area enables a correct
seismic soil classification. Furthermore, this study justifies the use of the ESAC method, the joint inversion
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FIGURE 5. (a) New geological sketch map of Rometta that compares the clay extension (see legend) based on our geophysical results. For comparison is also show the clay extension (red line) by the most recent geological map [APAT, 2008]. The
black arrow indicates the building of the VI century Church of SS. Salvatore, undamaged by the 1908 earthquake
[Baratta, 1910]. (b) Stratigraphic framework from A to A’ of the Rometta succession.

and genetic inversion algorithm, which have been
shown to be effective in resolving the velocity profile in
the stratigraphy of the study area. Based on the interpretation of geophysical results a new geological map is
also proposed, which includes a wider extension of the
clays with respect to previously available geological
maps (Figure 5). We emphasize that accurate geological
field surveys combined with geophysical analysis can
contribute to extend geological knowledge and better
define geological models for seismic hazard and risk assessment studies. The geophysical methods used should
be applied for mapping surface geology in many other
urban areas in Italy where geology is obscured and data
interpretation is difficult.
The results of the present study represent an important step towards a holistic seismic risk assessment in
the area and they will serve as an input to the mapping
of ground motion scenarios. They will shed light on
possible amplification effects helping to better understand the pattern and damage distribution of historical
earthquakes.
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INTRODUCTION
The auxiliary material includes sixty-five plots (see Figures S1-S2).
These provide the complete set of HVSR curves obtained in the
present study.

FIGURE S1. HVSR measurement points superimposed on the geological map of Rometta proposed in the present study.
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curves = standard deviation.
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