Site effects in the Pollino region from the HVSR and polarization of seismic

noise and earthquakes

Ferdinando Napolitano", Anna Gervasi®”, Mario La Rocca®, Ignazio Guerra®, Roberto Scarpa
(1) Universita di Salerno;
(2) Universita della Calabria;'

(3) Istituto Nazionale di Geofisica e Vulcanologia.

Abstract

Site effects have been studied at 15 sites in the area of Mt Pollino (Italy) through the
analysis of seismic noise and earthquakes by horizontal-to-vertical spectral ratios (hereafter
referred as HVSR) and polarization methods. The spectral ratio HVSR method has been applied
to seismic noise and to 83 local and regional earthquakes with the aim to investigate site effects
in the 0.5 — 20 Hz frequency band. At least 20 hours of seismic noise were selected at each site by
taking into account day and night hours, and week days during several months in order to include
any possible environmental condition. Results show stable HVSR curves characterized by small
standard deviation, without high peaks at most stations. The same method was also applied to S
waves and early coda waves of earthquakes, showing for most of the sites results very similar to
the HVSR curve obtained from the seismic noise. At some sites the HVSR is very flat, with
amplitude levels between 0.7 and 2 in the entire considered frequency band. Some other sites
show well defined peaks of amplitude up to 4.5. The relationship of site effects seen in the HVSR
curves with the local structure have been further investigated through polarization analysis of

seismic noise. Results indicate that topography gives the main contribution to site effects in four
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cases, while the effects possibly associated with fault zones nearby some stations are less

obvious.

Introduction

Site effects can strongly affect seismic wave propagation, modifying duration, amplitude,
frequency content and causing polarization of ground motion. Such effects are produced by the
local geological structure, as in the case of sedimentary basin where the strong impedance
contrast between sediments and the underlying bedrock causes resonance and subsequent
amplification of waves which interfer constructively (Pitilakis K., 2004; Panzera et al., 2015).
Soft soils amplify the ground motion respect to more compact underlying soils or bedrock. The
site amplification depends on the frequency of ground motion and on the impedance contrast
between soil and bedrock (Aki, 1993). Amplification of ground motion upon soft soils compared
with the shaking observed at nearby bedrock sites have been observed in a great number of
earthquakes during the last decades (Singh and Ordaz, 1993; Lachet et al., 1996; Bonilla et al.,
1997; Parolai et al., 2010; Clemente-Chavez et al., 2014). This effect can increase significantly
the damage produced by earthquakes, even in cases of moderate magnitude events (Castro et al.,
2004; Strollo et al., 2007; Cantore et al., 2011; Gallipoli et al., 2013; Nunziata et al., 2014;
Cultrera et al., 2016), therefore understanding and predicting ground amplification produced by

the interaction of seismic waves with the local geological structure is crucial.

The basic technique to estimate the site response is the earthquake spectral ratio method
(Standard Spectral Ratio, SSR, Borcherdt, 1970; Borcherdt and Gibbs, 1976), which is based on
the ratio between the spectrum at a site of interest and the spectrum at a reference site computed
for the same earthquake. Usually the reference site is a nearby rock site that is assumed not to be

affected by site amplification. Common applications of the method imply the SSR calculation on



coda waves (Phillips and Aki, 1986; Chin and Aki, 1991; Mayeda et al., 1991; Koyanagi et al.,
1992; Kato et al., 1995; Su and Aki, 1995) as well as on direct S-waves (Lermo et al. 1993;
Steidl, 1993; Margheriti et al., 1994; Kato et al., 1995; Hartzell et al., 1996). Also ambient noise
signals can be affected by site effects, providing prediction of the site response through empirical
techniques such as the horizontal-to-vertical spectral ratio (HVSR). In this case the spectral ratio
is calculated by using the vertical component instead of the reference station. For this reason the
H/V spectral ratio (HVSR) of background seismic noise, also called “Nakamura method”
(Nakamura, 1989), is probably the most used technique for the study of site effects. This method,
first introduced by Nogoshi and Igarashi (1970) based on the previous studies of Kanai and
Tanaka (1961), revealed very efficient to estimate the site response in case of simple layered
structures. However, in case of complex geological structures the interpretation of results is less

obvious.

Site effects can also produce the so called “directional site resonance” (Bonamassa and
Vidale, 1991), which occur when the horizontal ground motion is amplified in a site-specific
azimuth more than other directions. This kind of site effect is observed as ground motion
polarized along a site-specific direction. Two important causes have been recognized to produce
such effects: fault damage zones (Pischiutta et al., 2012, 2014, 2015, 2017; Panzera et al., 2015,
2017a, 2017b), and topographic irregularities (Chavez-Garcia et al., 1997; Rigano et al., 2008;
Buech et al., 2010; Pischiutta et al., 2010; Formisano et al., 2012). Fault zones often correspond
to quite complex geological structures, thus the combination of several phenomena of wave
propagation (reflection, resonance, wave trapping) modifies in different amount the amplitude of
horizontal motion components, resulting in a polarization nearly parallel (trapped Love waves) to
the fault strike. The interaction of seismic waves with the topography also changes the relative
amplitude of horizontal motion parallel and normal to the local slope or to the ridge. Topography

effects usually manifest as a horizontal polarization nearly orthogonal to the ridge elongation. For



these reasons the joint observation of HVSR and polarization analysis may give a more

exhaustive interpretation of site effects.

The aim of this paper is the evaluation of site effects in the Mt. Pollino area (Southern
Italy) using HVSR method applied to both seismic noise and earthquakes, and taking further
insight from the results of polarization analysis. The Pollino Massif (Figure 1) is a short and
stocky mountain range EW oriented, perpendicular to the local axis of the Italian peninsula. Its
eastern end rises from the Ionian Sea, while the western one is marked by the steep valley of the
Lao River that springs out from the northern slope of the range, near Viggianello, with the name
of Mercure and gives its name to the E-W oriented valley at the northern feet of the massif. In
correspondence of the village of Laino Borgo, the river changes both name and orientation,
turning SW towards the Tyrrhenian Sea. The chain reaches its maximum elevation with the 2267
m of Serra Dolcedorme. From the geological point of view the Pollino area is located at the
junction between the southern Apennines northeast-verging collision orogen and the Calabrian
rollback subduction zone. Until a couple of decades ago it was generally considered as a gap of
the seismicity along the Italian backbone due to the lack of strong local earthquakes in historical
times. Recent seismic catalogs and papers include maximum magnitudes in the 5.2 — 6.0 range
(e.g., 1693 and 1708 earthquakes; Rovida et al., 2011; Tertulliani and Cucci, 2014). Moreover,
paleoseismological investigations of the southern slope of the Pollino area have identified at least
two surface-rupturing seismic events between the sixth and fifteenth centuries A.D.
corresponding to earthquakes of magnitude 6.5 — 7 (Cinti et al., 2002), leading to values of the
seismic hazard official maps increased respect to the preceding ones (Gruppo di Lavoro MPS,
2004). Sound evidence exists (Gervasi et al., 2012; Guerra et al., 1974) of sporadic near-surface
microseismic sequences which affected in the past centuries the villages of Mormanno and
Morano, near the western edge of the ridge. Moreover, even in absence of written documentation,

the occurrence of frequent microearthquakes is well alive in the memory of the Mormanno



inhabitants. The last of these sequences started in the summer 2010 and lasted until the end of
2013. It was different from the preceding ones due to its unusual duration and maximum energy.
Earthquake hypocentres were distributed in two dense groups (Figure 2) around two mainshocks
of ML4.3 and ML5.1 (Totaro et al. 2013, 2015; Passarelli et al., 2015; Cheloni et al., 2017). We
have performed a detailed study of the site response in the area in order to integrate seismic
hazard assessments. We have used both seismograms acquired during the above mentioned

seismic sequence as well as newly acquired recordings of regional and local earthquakes.

Analysis methods

The HVSR method consists of computing the horizontal-to-vertical spectral ratio of
seismic signals. The basic assumption of the HVSR method is that the vertical component of the
ground motion is supposed to be free of any kind of influence related with the soil conditions at
the recording site in cases where the soil stratigraphy is flat and horizontal. In such cases the
HVSR is expected to be characterized by one or more peaks at frequencies corresponding to the
soft layers thickness. Moreover, the peak amplitude should be related to the impedance contrast
between soft soil and bedrock. Some authors found that HVSR computed for earthquake signals
provides a reliable estimate of the site response (Lachet et al., 1996), but the same technique in
some cases underestimates the local amplification if compared with that inferred by a reference
site method (Borcherdt, 1970). However, due to its low cost and easy applicability, the HVSR
method applied to microtremors (Nakamura, 1989) has been extensively used in the last decade,

often for microzonation purposes (Strollo et al., 2007).

HVSR method applied to seismic noise



We first applied the HVSR method to seismic noise. At least 20 hours (up to 37 hours in
one case) of noise recordings were selected for each site (Figure 1), chosen at different time
during night and day, for different week days during several months. Since some of the used
stations were installed at short distance from houses and roads, we excluded from the analysis
those data affected by transient signals like passage of vehicles and similar disturbances.
Recordings which contained earthquakes were excluded as well from this analysis. The spectral
analysis was computed on 20 s sliding window, then the average HVSR and its standard deviation
were estimated and results are shown in Figure 3. The adopted noise selection criteria revealed to
be fairly robust, as confirmed by the stability of results and by the small values of standard
deviation, thus we are confident that observed HVSR are reliable and representative of each
studied site. We restricted the observation of HVSR results to the 0.5 — 20 Hz frequency band
because this is more than enough for engineering purposes in the investigated area, and because
in that frequency band we expect the main contribution from the local geological structures. The
H/V spectral ratio of seismic noise was also computed as a function of frequency and azimuth to

investigate the directional properties of the seismic wavefield.

HVSR 1 r

The HVSR analysis was applied to 83 local and regional earthquakes (Table 1 and Table
2). Figure 2 shows the epicenters of all earthquakes located in the area between 2010 and 2014,
some of the events analyzed in this paper (red circles), and the two mainshocks (orange stars).
Regional earthquakes were selected by requiring the SNR greater than 3 in the frequency band
0.5 — 10 Hz. Thousands of local earthquakes were recorded at some stations, so we could choose
events with high SNR in the entire 0.5 — 20 Hz frequency band considered in this work. Signal

spectra, and hence the HVSR, were computed on 20 s windows containing the direct S wave and



early coda for regional earthquakes, while 10 s window length was used for local events. For any
earthquakes the HVSR was computed also on the seismic noise preceding the event and
compared with the average noise result in order to verify the stability of seismic noise features.
Some of the seismic stations used in this work were installed during the seismic sequence to
better follow its evolution, therefore they were not operating at the same time. For this reason
only a few earthquakes with high SNR were recorded at some sites. We analyzed 83 earthquakes
recorded at 15 sites, as resumed in Table 1 and Table 2, for a total amount of 276 HVSR curves as

shown in Figure 4.

Polariz
The presence of directional effects in the ground motion has been estimated through a
polarization analysis of noise recordings computed in time domain (Montalbetti and Kanasewich,

1970). The polarization angle in the horizontal plane has been calculated from the eigenvalues

and eigenvectors of the covariance matrix of three-component data, defined by:

1 = k 4k
S@fZN;A;A_;

where 4% is the k-th sample of the j-th component of ground motion (j = Z, NS, EW). The
polarization direction of the particle motion is given by the eigenvector of the covariance matrix
associated with the largest eigenvalue. The “polarization azimuth” is defined as the angle
between the North and the projection of the polarization vector on the horizontal plane. Results of
this analysis are plotted in polar histograms with azimuth shown in intervals of ten degrees.
Polarization analysis of the seismic noise used to estimate the HVSR was computed to see if the

polarization direction is frequency dependent. The length of the moving window was chosen in



order to contain at least two periods at the frequency corresponding to the center of the bandpass.
Polarization analysis in time domain gives a very clear picture of the signal polarization in the
horizontal plane, but does not account for the H/V amplification. Therefore we also computed the
HVSR as a function of the azimuth by using the software GEOPSY. The result of such analysis
shows by a color scale the H/V ratio as a function of both frequency and azimuth, thus giving an

important indication of the frequency band within which the wavefield is polarized.

Results

The results obtained from the HVSR analysis of seismic noise are shown in Figure 3,
where the average HVSR curve with its standard deviation is plotted for each investigated site.
Results show some features common at groups of sites and some features which characterize

individual sites, as described below.

e MMNI, MMN3, MMN4, MMN7, MMNB, T0711, T0713, T0714, T0716 are sites
characterized by HVSR of amplitude almost always lower than 2. A few peaks of
amplitude between 2 and 3 are present at some of these stations. Seven of these nine sites
are characterized by competent rocks (limestone) at surface or very near to the surface,
while MMN4 is located upon highly fractured limestone and T0716 is located upon thick

recent deposits (Figure 1).

e At MMN and MMNS5 the HVSR is higher than 2 for any frequency greater than 3 Hz in
the considered band. Two peaks of amplitude 4 at 7 Hz and 16 Hz are seen at MMN,
while a broad peak of amplitude greater than 5 at frequency of 10 Hz characterizes
MMNS. These results indicate that the two sites are affected by a relevant amplification in

spite of the competent local lithology.



e At MMN2 the HVSR curve is greater than 2 in the frequency range 4-11 Hz, with a sharp
peak of amplitude 3.5 around 5.5 Hz and two peaks of amplitude 3 at 9.5 Hz and 10.5 Hz.

The high peaks at this site were unexpected considering the competent local lithology.

e MMNG6, located upon competent rock (limestone), shows large HVSR values (greater than
2) in the frequency range 1-10 Hz, with two separate stable peaks of amplitude 4 around

2.8 Hz and 4.3 Hz.

e MMNT7 is characterized by nearly flat HVSR, with a broad peak of amplitude greater than

2 in the frequency range 2-4 Hz. This site is characterized by quite competent lithology.

e TO0711 is a site characterized by competent lithology and its HVSR shows amplitude

around 2 in the frequency range between 3-12 Hz.

e At TO713 the HVSR curve is nearly flat in the entire considered frequency band, but it
shows the highest standard deviation among the analyzed sites, particularly between 1 Hz

and 8 Hz. The shallow lithology consist of compact limestone.

e MMNO shows values of HVSR greater than 2 in the frequency range 1-9 Hz and two
sharp peaks around 8 Hz and 11 Hz. The peak at 8 Hz has amplitude of 4.5, the highest
and better defined among those observed in this study. The observed HVSR is compatible

with the local geology characterized by consolidated deposits of unknown thickness.

e At MMNA and TO711 the HVSR curves are characterized by values around 2 in a wide
frequency band between 2 Hz and 12 hz, but without any clear peaks. MMNA station was
installed upon schists of poor competence, while TO711 site is characterized by quite

competent dolostones.

Results of noise analysis suggest that many sites are characterized by negligible site effects



(MMN1, MMN3, MMN7, MMNB, T0711, T0713, TO714). This result agree very well with the
geological features of those sites, which are characterized by bedrock or quite competent rock
outcropping or at very shallow depth. The sites MMN4 and T0716 are also characterized by small
or negligible amplification, even though the local geology consists of low competent formations.
The sites where the HVSR curve indicates likely significant site effects are MMN, MMN?2,
MMNS, MMN6, MMNO. These five sites show at least one peak of amplitude greater than 3 at
frequency lower than 10 Hz, that likely indicates the resonance of the local structure. Since MMN
and MMN?2 are sites inside the village of Mormanno, their HVSR result is of particular interest
for engineering and risk reduction purposes. It is noteworthy that all the five sites characterized
by significant amplification are located upon competent lithology. This feature suggests that the

cause of amplification must be independent from the local geological structure.

The most of results are characterized by small standard deviation (less than 0.3) in the
entire considered frequency range, with many values smaller than 0.1. Only in a few cases, like
T0713, the standard deviation is greater than 0.5 in some frequency ranges. The low values of
standard deviation, associated with the large amount of analyzed noise (at least 20 hours for each
site), indicate that the observed HVSR curves are reliable and possibly representative of site

response.

Results obtained from the analysis of 83 earthquakes selected at the 15 sites are shown in
Figure 4 by 276 HVSR curves. Each plot of this Figure shows curves of individual analyzed
earthquakes and the average among them by blue line. The number of analyzed earthquakes is
different for each site, from a minimum of 7 to a maximum of 52, depending on the data available
at the corresponding seismic station. The comparison between HVSR computed for earthquakes
and the average HVSR of seismic noise is shown in Figures 5, 6, and 7. For the most of analyzed

sites the results of earthquakes are very similar in shape and amplitude with the HVSR of



background noise. The main features of these results are described below.

e MMNI, MMN3, MMNB, T0714, T0716 show a nearly flat HVSR that suggest the
absence of strong resonance associated with the local geological structure (Figures 5 and
7). At these sites the HVSR are very similar to those of seismic noise and take the most of
their values between 1 and 2. Only T0716 among these five sites is characterized by low

competent lithology.

e At MMN the HVSR are different from any other sites, with the highest amplitude at
frequency greater than 12 Hz (Figures 4 and 5). This trend is similar to the result found

from noise, but without the sharp peak at 7 Hz (Figure 5).

o At MMN?2 the earthquake HVSR are quite different than the results found from the
analysis of seismic noise, particularly at frequency lower than 11 Hz. The peak at 5.5 Hz
and the two peaks at 9.5 Hz and 10.5 Hz that characterize the noise are not present in the
earthquake HVSR (Figure 5). This difference suggests that the peaks seen in the noise
results are not produced by a resonance of the local structure, which consists of competent
lithology, but more likely by topography effects, being this site located on the edge of a
small ridge. This hypothesis is also supported by the results of polarization analysis, as

described below.

e At MMN4 and MMN7 the HVSR are nearly flat for frequency greater than 4 Hz, but
show a peak of low amplitude (about 3) at frequency around 1 - 2 Hz. This feature is only
partially seen in the noise HVSR at MMN7, while there is no correspondence at MMN4

(Figure 6).

e At MMNS5 the HVSR shows the highest peaks among the 15 sites, with some higher than

5 at frequency greater than 8 Hz. Earthquakes and noise show fairly similar results.



e At MMNG6 the HVSR have a trend very similar to that observed from the seismic noise,
characterized by a high peak at low frequency (1-3 Hz) and regular decreasing amplitude
up to 12 Hz. However, the two noise peaks around 2.8 Hz and 4.3 Hz are not clearly

separated in the earthquake HVSR.

e Regarding the comparison between earthquake and noise results, significant differences

are observed only at four sites: MMN, MMN2, MMNS5, T0713.

The direction of particle motion in the horizontal plane have been evaluated through the
polarization analysis of seismic noise performed on signals bandpass filtered in the four
frequency bands 1 — 2 Hz, 2 - 4 Hz, 3 - 5 Hz and 4 - 8 Hz. Results are shown in Figures 8 and 9.
For any stations polar histograms are shown by different colors for two different frequency bands.
Each histogram represents the stacking of all the seismic noise recorded at that station. Among
the 15 studied sites only MMNA and T0714 show a polarization distribution roughly isotropic at
any frequencies. A roughly isotropic polarization is seen only at low frequency (1 — 2 Hz, blue in
Figure 8) also at stations MMN4, MMNS5, MMN7, MMNO. All other sites are characterized by a
well defined direction of the horizontal particle motion. These features are very similar in each of
the three higher frequency bands, as shown in Figures 8 and 9. However, the polarization azimuth
may vary strongly with frequency, and above all, the H/V ratio depends from both frequency and
azimuth. This is seen in Figure 10, where the H/V ratio is shown for each site as a function of
frequency and azimuth. Figure 10 shows clearly as the two sites MMN and MMNS are
characterized by high values of H/V ratio strongly dependent from frequency and azimuth, as
expected from the polarization histograms shown in Figures 8 and 9, and from the HVSR shown
in Figure 3. The main peaks that characterize the HVSR at MMNG6 (3 Hz and 5 Hz) and MMN9

(8 Hz and 11 Hz) are also well polarized. Since the directions of polarization are very different



from each site to the others, even at distance as short as few hundreds meters (MMN, MMNI,
MMN2, MMN3, MMNS3, see Figure 1), it may not be a feature of the background noise, but it is
likely a site effect. Polarization of the particle motion of seismic noise is known to be modified
by topography (Chavez-Garcia et al., 1997; Rigano et al., 2008; Buech et al., 2010; Pischiutta et
al., 2010; Formisano et al., 2012) and heterogeneities in the local structure, such as fault zones

(Pischiutta et al., 2012, 2014, 2015, 2017; Panzera et al., 2015, 2017a, 2017b).

Discussion and conclusions

The analysis of site effects carried out by computing the HVSR curves on the background
seismic noise at 15 sites has been enriched by the same analysis performed on local and regional
earthquakes, and furthermore by the polarization analysis. The comparison of HVSR curves
obtained from noise and from earthquakes shows that they are quite similar in the most of
analyzed sites. However, in four cases of the 15 analyzed sites some significant differences are
observed (MMN, MMN2, MMNS5, T0713). To explain those differences we look at the results of
polarization analysis and try to correlate them with topography and other geological irregularities.
The relationship between polarization direction and local slope has been estimated qualitatively
and results are resumed in Table 3. At nine sites the polarization direction is very similar or equal
to the slope direction, while at only three sites it is roughly normal to the slope direction. The last
two sites do not show a well defined polarization direction. To investigate any possible
relationship between polarization and other geological structures we took into account the known
faults near the analyzed sites, as shown in Figure 1. Results of the angle between the polarization
direction and fault strike, and the approximate distance to the fault, are resumed in Table 4. For
this qualitative analysis we considered only those known faults that are closer than 250 m from

the analyzed sites, therefore only 5 sites are taken into account. At three of these 5 sites the



polarization direction is roughly normal to the fault strike, as observed by some authors in other
regions (Rigano et al., 2008; Pischiutta et al., 2012, 2014, 2015, 2017), while the other two sites
show polarization oblique to the fault strike. We do not observe any polarization parallel to the
fault strike, which would suggest the presence of trapped waves in the fault zone. Therefore no
clear effects in the seismic wavefield can be ascribed to near faults at the analyzed site. On the
other hand, this is not surprising because the considered faults are minor faults without a well
developed fault zone. Now we can reconsider the four sites where the HVSR from noise and
earthquakes are significantly different (MMN, MMN2, MMNS5, T0713). At all of them the
polarization direction is parallel to the slope direction that characterize the topography. In
particular, MMN2 was installed at the edge of a ravine, and the observed polarization is very
narrow and normal to the rim for frequency greater than 2 Hz, while it becomes more isotropic at
lower frequency (Figures 8 and 9). Regarding the horizontal motion amplification, MMN and
MMNS show high values of the HVSR (Figures 3 and 10) in spite of the competent local
lithology. This feature could indicate that at sites MMN2 and MMNS5 the peaks in the noise
HVSR is an effect related mainly with the topography rather than with the underground
geological structure. MMN and MMN2 are two particularly interesting sites because they are
located inside the village of Mormanno, therefore understanding their site response is of interest

for engineering purposes and for damage scenario forecast in case of earthquake.

At all analyzed sites the HVSR curves computed for earthquakes are much more different
among them if compared with the noise HVSR curves. The small standard deviation that
characterize noise results is a measure of the signal stationarity. On the other hand, earthquake
signals are all different from each other, are full of body waves with their own polarization and
propagation direction, therefore the difference among earthquake HVSR at each site is not
surprising. At MMN9 the HVSR of the 17 analyzed earthquakes show a dispersion larger than

that observed at other sites. While many events resemble very much the noise HVSR, with the



main peak around 8 Hz, some others are characterized by quite different values (Figure 6). For 11
sites out of the 15 studied, the earthquake HVSR curves are very similar to the average noise
HVSR. The most evident differences between noise and earthquakes are seen at MMN, and
MMN?2, while minor differences are observed at MMNS5 and T0713. The good agreement of
noise and earthquake results for many sites is an important indication of the reliability of the
HVSR method to estimate site effects through the analysis of seismic noise. The four sites where
we observe differences between noise and earthquake results are all located on competent
lithology, but they show horizontal polarization parallel to the slope direction. Our results
indicate that much care must be taken when studying site effects. Although the results of noise
analysis are very stable and reliable at all considered sites, they are not necessarily representative
of site effects due to the local geological structure because there may be local conditions which
prevent the efficiency of the HVSR method. In fact we found amplification and polarization of
the ground motion at four sites that correlate much better with the topography than the geological

structure.

The results of this work indicate that in mountainous regions where the local geology is
far from a horizontally layered structure, the H/V spectral ratio alone is not sufficient to
characterize the site response. More exhaustive analysis need to be performed for a satisfying
interpretation of the results obtained from seismic noise. It is also interesting the fact that
earthquake HVSR curves at sites with marked topographical effects do not show the same peaks,
and often have lower amplitude. This result suggests an overestimation of site effects given by

the noise HVSR.

Data and Resources

Seismic data used in this paper are property of Universita della Calabria, and are available on



request. HVSR as a function of azimuth have been performed using the software GEOPSY

(downloaded from the website www.geopsy.org).
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Tables and figures

Table 1. Earthquakes used in this study. Distance and backazimuth are computed by using MMN
as reference station.



Date, Time Lat Lon Dep M Dist Back-a | MMN MMN1 MMN2 MMN3 MMN4 MMNS5 MMN6 MMN7
(km) (km) | zimuth
2010/10/06, 15:31:46 39.88 15.98 8 22 1 36.9
2010/10/08, 02:56:43 39.88 16.00 6 23 1 3263
2011/11/24, 02:13:05 39.90 15.98 8 2.8 1 138.4 X X X
2011/10/15, 20:32:55 39.89 15.97 9 24 2 86.9 X X X X
2010/09/25, 18:48:48 39.91 16.01 6 22 3 217.8 X X
2011/10/15, 08:38:35 39.92 15.99 6 2.0 3 179.1 X X X X
2011/11/06, 11:20:35 39.92 16.02 8 23 4 217.7 X X X X
2011/10/14, 11:44:26 39.86 15.95 8 24 5 453 X X X X
2011/11/17, 08:01:52 39.94 16.02 8 2.1 6 204.6 X X X
2011/01/10, 10:39:00 39.91 16.07 6 1.4 7 252.6 X X X
2010/12/24, 02:46:39 | 39.91 16.09 6 29 9 2559 X X X X
2010/12/24, 03:55:20 | 39.85 16.08 5 1.9 9 300.8 X X X
2010/12/24, 05:08:09 | 39.87 16.09 5 1.6 9 285.3 X X X X
2011/04/10, 02:48:24 39.81 16.00 7 23 9 3549 X X X
2011/01/20, 16:00:05 39.81 16.06 10 12 10 326.6 X X X
2010/10/03, 13:45:24 39.94 15.87 9 2.0 12 117.9 X X
2011/08/12, 16:33:11 39.91 15.85 8 2.1 12 100.0 X X X
2010/12/25, 07:22:06 39.79 16.07 6 1.7 13 328.8 X X
2011/07/22, 17:44:24 39.83 15.86 39 22 13 58.7 X X X X
2011/02/23,22:26:12 39.80 16.10 10 2.0 14 317.2 X X X
2011/10/12, 18:19:03 39.90 16.16 7 2.1 14 266.0 X X X
2011/01/07, 18:19:46 39.91 16.18 6 24 17 262.5 X X X
2010/11/09, 08:43:19 40.05 15.93 6 3.6 18 163.7 X X X
2010/09/22, 21:04:49 39.92 16.21 8 25 19 260.2
2011/01/05, 16:21:22 39.82 15.53 273 25 40 78.5 X X X X
2011/05/19, 14:50:51 39.06 15.13 298 4.6 118 38.3 X
2010/10/15, 05:21:19 | 38.87 16.63 37 43 126 334.4 X
2010/11/03, 18:13:02 39.98 13.27 506 54 232 91.6
2010/11/03, 00:56:54 43.74 20.69 2 53 578 2239 X X
Table 2. Earthquakes used in this study (continuation).
Date, Time Lat | Lon | Dep M Dist Back- MMN | MMN1 | MMN4 | MMN6 | MMN9 | MMN | MMN | TO0711 | T0713 | T0714 | TO0716
(km) (km) | azimut A B
2011/12/13,11:08:17 | 39.8 | 16.0 8 2.1 3 272.1 X X X X X
9 2
2011/12/27,01:18:12 39.8 | 16.0 9 25 3 271.5 X X X X
9 3
2011/11/28,12:25:03 | 39.9 | 16.0 8 1.5 4 226.0 X X
2 3
2011/12/02, 09:31:10 39.9 | 16.0 9 2.7 4 207.0 X X X X
2 1
2012/02/21,12:24:47 | 39.9 | 16.0 9 29 4 190.4 X X X X
3 0
2012/04/24, 04:06:08 | 39.9 | 16.0 7 2.0 4 256.4 X X
0 4
2011/12/01, 18:02:47 32,9 16.0 9 2.5 5 200.8 X X X X
1
2011/12/07, 12:58:19 39;.9 161.0 8 23 5 207.0 X X X X
2012/01/20,21:46:31 | 39.9 | 16.0 7 22 5 256.4 X X X X X X
0 4
2012/01/24,12:16:18 399 | 16.0 8 2.0 5 226.0 X X X X X X




Date, Time Lat | Lon | Dep | M Dist | Back- | MMN | MMN1 | MMN4 | MMN6 | MMN9 | MMN | MMN | T0711 | T0713 | T0714 | T0716
(km) (km) | azimut A B
h
2 3
2011/12/08, 10:06:43 | 39.9 | 16.0 9 2.3 6 196.8 X X
4 1
2011/12/10, 14:53:25 | 39.9 | 16.0 6 2.6 6 188.3 X X X
4 0
2016/08/06, 11:29:34 | 39.9 | 16.0 9 2.5 6 250.2 X X X
1 6
2012/05/17, 10:44:50 | 39.8 | 16.1 8 22 9 270.6 X X X
9 0
2012/05/16,01:36:11 | 39.8 | 16.1 8 23 10 270.5 X X X X
9 1
2012/05/28,01:06:26 | 39.8 | 16.1 8 43 10 283.9 X X X X X
7 0
2012/05/28,01:32:10 | 39.9 | 16.1 7 32 10 257.1 X X X X X
1 0
2012/05/28,22:50:53 | 39.9 | 16.1 8 2.9 10 263.8 X X X X X X
0 0
2012/05/29, 04:04:35 | 39.8 | 16.1 8 29 10 270.5 X X
9 1
2012/06/05,21:46:54 | 39.8 | 16.1 9 2.7 10 270.6 X X X
9 0
2013/06/25, 19:56:00 | 39.9 | 16.1 8 2.7 10 2582 X X X X
1 1
2013/07/02, 04:21:55 | 39.9 | 16.1 7 23 10 264.3 X X X X
0 1
2012/05/28, 05:01:04 | 39.8 | 16.1 8 22 11 276.7 X X
8 1
2012/05/30, 16:17:24 | 39.8 | 16.1 8 2.8 11 281.8 X X
7 2
2016/10/29, 11:58:04 | 39.9 | 158 | 275 | 4.1 15 115.6 X X X
5 3
2012/03/10, 09:54:46 | 39.9 | 16.1 9 22 16 266.4 X X X X X X
0 8
2012/02/13,19:35:53 | 39.8 | 16.1 8 2.0 17 274.1 X X X X X
8 9
2014/10/17,16:40:23 | 39.9 | 15.7 | 284 | 34 23 95.1 X X
1 2
2012/04/01, 19:21:25 | 39.7 | 15.7 | 286 | 3.9 27 44.7 X X X X X
2 7
2012/10/16, 15:10:57 | 39.6 | 15.7 | 276 | 4.6 33 41.0 X X X X
7 4
2012/05/31,03:16:21 | 39.8 | 15.5 8 3.0 36 86.2 X X X X X
7 7
2011/12/14,17:59:49 | 39.3 | 16.1 6 3.1 60 344.4 X X X X X X
7 8
2011/12/17,23:20:15 | 39.3 | 16.1 8 34 60 3459 X X X X X X
7 6
2012/07/04,13:27:13 | 38.4 | 15.1 | 175 | 4.1 88 534 X
2 6
2014/08/04, 05:54:00 | 38.6 | 15.7 | 175 | 43 135 9.4 X
9 3
2012/09/27,01:08:22 | 41.1 | 149 10 42 170 147.3 X X X
8 2
2012/11/13,07:06:33 | 382 | 158 | 78 4.4 185 3.7 X X
3 5
2012/08/28,23:13:15 | 382 | 15.7 | 49 4.5 190 6.7 X X
0 3
2014/10/09, 22:58:00 | 38.4 | 14.7 | 25 4.3 192 345 X X X
7 1
2016/10/28,20:02:43 | 39.2 | 13.5 | 481 5.8 221 70.7 X X X X
6 4
2014/11/10,20:48:15 | 39.2 | 19.4 5 4.1 307 284.7 X X X
4 7




Date, Time Lat | Lon | Dep M Dist Back- MMN | MMNI1 | MMN4 | MMN6 | MMN9 | MMN | MMN | T0711 | T0713 | T0714 TO0716
(km) (km) | azimut A B
h

2016/10/15,20:14:49 | 39.7 | 20.6 | 20 52 397 273.4 X X X X
7 4

2016/10/30, 06:40:17 | 42.8 | 13.1 9 6.5 405 142.7 X X X X
3 1

2016/10/26, 19:18:05 | 42.9 | 13.1 8 5.9 411 143.4 X X X
0 2

2014/02/03, 03:08:46 | 38.2 | 20.3 10 6.1 413 291.1 X
9 1

2016/11/01,07:56:40 | 42.9 | 13.1 8 4.8 419 144.3 X X X X
9 3

2014/01/26, 18:45:07 | 38.2 | 20.3 10 5.1 420 297.8 X
0 6

2014/11/07,07:41:40 | 38.1 | 204 | 20 5.1 429 298.1 X X
5 3

2014/01/26, 13:55:44 | 38.2 | 20.4 10 5.9 430 296.8 X
3 8

2014/11/08,23:15:43 | 38.1 | 20.4 10 5.1 430 298.9 X X
0 0

2014/10/24,23:43:16 | 389 | 21.0 12 5.0 451 285.5 X X
1 9

2014/11/07,17:13:02 | 383 | 22.2 10 5.0 567 289.8 X
2 5

2016/07/30,17:26:24 | 353 | 229 | 35 5.1 794 312.0 X X X
0 0

2016/09/23,23:11:20 | 45.7 | 26.6 | 94 5.6 | 1084 | 236.7 X X X
6 3

Table 3. Relationship between polarization and slope

Site Angle between polarization and slope |Site Angle between polarization and slope
MMN Parallel MMN1 Roughly normal
MMN2 Parallel MMN3 Roughly normal
MMN4 Parallel MMNG6 Roughly normal
MMN9 Parallel
MMNB Parallel MMN5S Oblique, roughly normal
TO711 Parallel, normal to the ridge
T0716 Parallel, normal to the ridge MMNA Undefined (isotropic)
T0713 Roughly parallel T0714 Undefined (isotropic)
MMN7 Roughly parallel
Table 4. Relationship between polarization and known faults
Site Distance to the fault Angle between polarization and strike
MMN4 About 200 m 60-70
MMN9 170 m 60—70
MMNB 30m 40-50
TO711 240 m 85-90
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Figure 1. Geological and topographic map of the western Mt. Pollino area modified after
Brozzetti et al. (2017). Red lines show known faults, while blue triangles represent seismic
stations used in this study. Key: 1 = Sin-extensional deposits of the continental basins (Mercure,
Campotenese and Morano Calabro basins) and of the marine, evolving to continental,
Castrovillari basin (Pleistocene-Holocene); 2 = Allochthonous Liguride unit (mainly Late
Cretaceous); 3 = Fiume Lao schist formation (Burdigalian), 4 = Apennine Platform western Unit
(Verbicaro Unit, Late Triassic-Early Miocene); 5 = Metalimestones and metapelites of the San
Donato metamorphic core (Middle-Late Triassic?); 6 = Apennine Platform eastern Unit (Pollino
Unit, Late Triassic-Late Cretaceous).
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Figure 2. Epicenters of the earthquakes located in the area of Mt. Pollino from 2010 to 2014. The

symbol size is proportional to magnitude. Red circles show the local earthquakes analyzed in this
work (Table 1 and Table 2), while the two mainshocks are shown by orange stars. Seismic
stations used in our analysis are shown by cyan triangles.
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Figure 3. HVSR average curve and its standard deviation obtained from the analysis of noise
recordings at the 15 studied sites. The number of hours of analyzed data is written in each plot.
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Figure 4. Results of HVSR obtained from the analysis of earthquakes at the studied 15 sites. Each
plot shows the results of individual events by black line and the average by blue line. The number
of analyzed earthquakes is written in each plot.
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Figure 5. Comparison between earthquakes (black) and average seismic noise (red) HVSR for
four of the analyzed sites: MMN, MMN1, MMN2, MMN3. The blue lines and cyan color show
the average of earthquake HVSR and its standard deviation.
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Figure 6. Comparison between earthquakes (black) and average seismic noise (red) HVSR for
five of the analyzed sites: MMN4, MMNS5, MMN6, MMN7, MMNO. The blue lines and cyan
color show the average of earthquake HVSR and its standard deviation.
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Figure 7. Comparison between earthquakes (black) and average seismic noise (red) HVSR for six
of the analyzed sites: MMNA, MMNB, T0711, T0713, T0O714, TO716. The blue lines and cyan
color show the average of earthquake HVSR and its standard deviation.

20 hr MMNB

Figure 8. Stacked and normalized polar histograms showing the distributions of polarization
azimuth in the frequency band 1 — 2 Hz (blue) and 2 - 4 Hz (red) at each station. The number of
hours of analyzed seismic noise is written in each plot.
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Figure 9. Stacked and normalized polar histograms showing the distributions of polarization
azimuth in the frequency band 3 - 5 Hz (blue) and 4 — 8 Hz (red) at each station. The number of
hours of analyzed seismic noise is written in each plot.
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Figure 10. Frequency — azimuth H/V analysis. Each plot shows the H/V ratio versus frequency
and azimuth. The colors scale shown at the bottom is the same for all plots.



