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Abstract The area surrounding the dismissed mine of Sos Enattos (Sardinia, Italy) is the Italian candidate site for hosting Einstein
Telescope (ET), the third-generation gravitational wave (GW) observatory. One of the goals of ET is to extend the sensitivity down
to frequencies well below those currently achieved by GW detectors, i.e. down to 2 Hz. In the bandwidth [1,10] Hz, the seismic
noise of anthropogenic origin is expected to represent the major perturbation to the operation of the infrastructure, and the site that
will host the future detector must fulfill stringent requirements on seismic disturbances. In this paper we describe the operation of
a temporary, 15-element, seismic array deployed in close proximity to the mine. Signals of anthropogenic origin have a transient
nature, and their spectra are characterized by a wide spectral lobe spanning the [3,20] Hz frequency interval. Superimposed to this
wide lobe are narrow spectral peaks within the [3,8] Hz frequency range. Results from slowness analyses suggest that the origin of
these peaks is related to vehicle traffic along the main road running east of the mine. Exploiting the correlation properties of seismic
noise, we derive a dispersion curve for Rayleigh waves, which is then inverted for a shallow velocity structure down to depths of
≈ 150 m. This data, which is consistent with that derived from analysis of a quarry blast, provide a first assessment of the elastic
properties of the rock materials at the site candidate to hosting ET.

1 Introduction

Located in the eastern sector of central Sardinia, Italy, the area surrounding the dismissed mine of Sos Enattos is the Italian candidate
site for hosting Einstein Telescope (ET), the third-generation gravitational wave (GW) observatory [1, 2]. One of the goals of ET is
to extend the frequency band of ground-based GW observations down to the [2,10] Hz interval, where the detector sensitivity can
be largely affected by ground vibrations of either natural or anthropogenic origin. Therefore, geodynamical stability and paucity of
human activities are of paramount relevance for the evaluation of candidate sites for the construction of ET. Site characterization, with
particular reference to seismic disturbances, is thus a necessary step for assessing the potential scientific output of the infrastructure.
Within this framework, the Italian National Institute for Geophysics and Volcanology and National Institute for Nuclear Physics
(hereinafter referred to as INGV and INFN, respectively) installed three broadband seismometers, one on the surface and the other
two at different depths within the principal gallery of the mine. Successively, another seismometer was added to the local network
at 160 m below the surface, and all the installations were consolidated. Starting from October 2019, the station located at a depth
of 111 m below the surface became part of the networks managed by INGV with the station code SENA (http://cnt.rm.ingv.it/
instruments/station/SENA). Previous seismological studies of the Sos Enattos site have been presented in [3–5] and [6]. These
results show that the Sos Enattos mine, in the [1,10] Hz frequency band, is classified within the 10% quietest sites among the more
than 450 stations present in the database of the Incorporated Research Institutions for Seismology (IRIS). For that same frequency
range, the analysis of the underground data highlighted a temporal variability typical of human activity. The most recent work [6]
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Fig. 1 Map view of the array deployment (black triangles). The inset shows the location of the study area with respect to Sardinia and peninsular Italy.
Squares mark permanent, broad-band stations positioned at the surface (SOE0) and within the mine’s tunnel at depths of 84 m (SOE1) and 111 m (SOE2)
beneath the surface

analyzes the long-term temporal variation of the seismic noise at Sos Enattos. In brief, results from this latter study indicate that up
to a frequency of ≈3 Hz, the main contribution to seismic spectra is that of oceanic microseisms, generally associated with wave
climate in the Mediterranean Sea and, occasionally, in the North Atlantic Ocean during strong storms. Above 3 Hz, the spectra of
seismic noise reflect the action of both anthropogenic and natural (mostly wind) sources.

In this paper, we make use of a short-period seismic array deployed in proximity of the Sos Enattos mine, to characterize the
seismic noise wavefield and to identify its main sources. The paper is structured as follows: first, we introduce the study area and the
array experiment. Then, we briefly describe the spectral properties of the seismic noise, and proceed with wavefield decomposition
via slowness analysis. Within the anthropogenic frequency band, the noise wavefield is mainly constituted by surface Rayleigh
waves associated with vehicle traffic along a main road which runs East of the mine. By exploiting the correlation properties of
seismic noise, we derive a dispersion curve which is then inverted for a shallow shear-wave velocity model, which is consistent with
that derived from analysis of a quarry blast.

1.1 The study area

The Sos Enattos mine is located in the municipality of Lula, in the Province of Nuoro (central-eastern Sardinia; Fig. 1). The area
is characterized by extensive outcrops of the Hercynian basement of Palaeozoic age [7], constituted by low- to medium-grade
metamorphic rocks of the pre-Cambrian (?) - Ordovician pro parte intruded by late Variscan magmatic rocks. In detail, The Sos
Enattos mine is hosted within a crystalline basement of mica schist, quartzite, orthogneiss, and granitoid rocks rich in Sphalerite
([Zn,Fe]S) and Galena (PbS). Exploitation of the mine for the extraction of Lead and Zinc began in 1864, and it lasted until 1996,
when the mine was definitively dismissed. Since then, the site has been maintained for dissemination and educational activities.
In addition, the mine hosts the SarGrav laboratory, a project involving the construction of both surface and underground facilities
dedicated to geophysical and fundamental physics experiments, in a low-noise environment. Within this framework, an experimental
verification of energy fluctuations in vacuum is already ongoing [8].

2 Instruments and data

2.1 Instruments

At frequencies above a few Hz, most commercial short-period seismometers exhibit a self-noise which is higher than the noise
floor observed at Sos Enattos ([4]; Fig. 2a). As a consequence, although the main interest was focused to frequencies above
1 Hz, we employed more sophisticated, broad-band sensors whose self-noise was appropriate for the noise condition at the site.
The experiment was thus conducted using 12 Reftek C130 24-bit data loggers, connected to Nanometrics Trillium Compact 120
sensors, and 3 Nanometrics Centaur 24-bit data loggers, equipped with Nanometrics Trillium Compact 20 PH seismometers. All
the data loggers were set in high-gain mode, with full-scale ranges of 1.25Vpp and 1Vpp for the Reftek and Nanometrics digitizers,
respectively. The mutual consistency of the different data logger-sensor pairs used for the deployment was carefully checked in a
huddle test performed the day before the field installation.
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Fig. 2 Typical acceleration power spectral densities (PSD) obtained at the Sos Enattos array for the vertical (a), NS (c) and EW (d) components of ground
motion. Cyan and gray lines refer to the PSDs obtained at individual array elements during day and night time-intervals, respectively; thicker lines are
the array-averaged spectra. Blue and black lines are the corresponding spectral estimates from underground station SOE1. Dashed black lines indicate
the New Low- and High-Noise Models [9]. The red and magenta lines in panel a respectively indicate the self noise of Lennartz LE3D-MKIII 1 s and
Nanometrics Trillium compact 120 s seismometers. The night- and day-time intervals respectively are 00:00–02:00 UTC and 5:30–7:30 UTC on February
2, 2021 (day-of-year 33). Plots in panels b, d, f show the ratio between the day- and night-time spectral estimates at both the surface array and underground
station
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2.2 Array design

On the basis of the results obtained from the analyses of both surface and underground data [3, 4], our main goal is to assess
the properties of the seismic noise in the anthropogenic frequency band, that is at frequencies above 3 Hz. Di Giovanni et al. [4]
estimated phase velocities of Rayleigh waves to range in between 2.5 and 2 km s−1 over the [2,5.5] Hz frequency interval. At
the target frequency of 5 Hz, the corresponding wavelengths are thus expected to be on the order of 400 m, indicating that an
array aperture on the order of 100–200 m should guarantee wavefield coherence throughout the array elements. Further constraints
regarded the need to deploy the array above the mine tunnel hosting the underground stations, in turn avoiding too large elevation
differences between individual array elements. As a result, the final array geometry was markedly asymmetrical, reflecting the main
elongation of the topography (Fig. 1).

2.3 Data

All the stations of the array recorded in continuous mode at a sampling rate of 200 Hz from January 20 to February 5, 2021. On
the early morning of January 22, 2021, two stations were set on fire in an act of vandalism; for the rest of this paper, therefore,
recordings from those sites are not included.

Data from the surface array are also compared with that from underground station SOE1 (Fig. 1), whose instrumental character-
istics are reported in [6].

3 Wavefield analysis

3.1 Spectral properties

Figure 2 shows typical power spectral densities (PSD) evaluated at all the array elements during 2-h-long windows at night and day
times. These sample PSDs evidence clearly that the contribution of anthropogenic sources becomes dominant at frequencies above 3
Hz. A clearer picture of the actual contribution of human activities to the noise spectrum is depicted by the panels in the right column
of Fig. 2, which show the ratio between the array-averaged PSDs obtained at day and night hours. These plots further confirm that
the anthropogenic contribution to the noise spectrum becomes significant at frequencies above a ≈ 3 Hz. For comparison, the same
calculations have been extended to data from the underground station SOE1, located within a mine gallery beneath the array (see
Fig. 1). The attenuation of the spectral power between the surface and underground recordings amounts up to 20 dB, consistently
with the factor-10 amplitude decay estimated by [4]. As expected, the day-to-night spectral ratios at the underground site are the
same as those estimated at the surface array (Fig. 2, panels b, d, f).

In addition, we observe quite narrow spectral peaks at frequencies 2.5, 4.5, and 6 Hz. Figure 3 illustrates the time- frequency
decomposition (spectrogram) for a 1-h-long recording at the vertical components of the array. Energy related to human activities
is associated with transient signals; generally, the different frequency bands outlined above appear to be mutually coupled, even if
their relative importance varies with time. In particular, the transient wave-trains are characterized by broad spectral lobes spanning
the [8, 20] Hz frequency interval, occasionally associated with narrower spectral peaks spanning the [3,6] Hz frequency band.

3.2 Slowness and polarization analyses

Slowness analysis aims at determining the kinematic properties (i.e., apparent velocity and azimuth) with which coherent signals
propagate across the array. Under the plane-wave assumption, slowness power spectra are evaluated using the minimum-variance
distortionless (or High-Resolution) method developed by [10]:

PHR(S, ω0) � [U(S)R(ω0)−1U(S)]−1 (1)

where R is the cross-spectral matrix estimated at angular frequency ω0, and U is the beam-steering vector, which contains the
phase delays at the different array elements for a plane wave propagating at slowness S. In order to regularize the inversion of the
cross-spectral matrix R, a damping factor equal to 5% of the largest eigenvalue of R is used.

Slowness analysis is conducted following two distinct procedures, both based on a time-frequency decomposition of the array
data streams according to 5-s-long time windows sliding with 50% overlap. In the first approach, the spectral covariance (i.e., the
elements of the matrix R) is obtained by averaging cross-spectral estimates over the frequency bins spanning a certain frequency
interval centered on the reference frequency ω0. This method is appropriate for analyzing non-stationary signals, whose kinematic
properties vary with time. In the second procedure, spectral covariance is derived by averaging over subsequent time windows the
spectral coefficients associated with the same frequency bin. This second approach is adopted for measuring the overall dispersive
properties of the noise wavefield.

Slowness power spectra (Eq. 1) are calculated over a polar grid of ray parameters p (i.e., the inverse of the modulus of the
apparent velocity) and propagation azimuth φ. p is measured in s km−1, and φ in degrees clockwise from the North direction.
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Fig. 3 (top) Sample vertical-component recording of ground velocity at an array station. Data are band-pass filtered over the 1–25 Hz frequency band to
better highlight the contribution of cultural noise. At the bottom, the time-frequency representation (spectrogram) of the same signal

Fig. 4 Propagation parameters for the vertical-component array recordings, over the [5,7] Hz frequency band. From top to bottom, the panels report the
propagation azimuth (measured clockwise from the North direction), the horizontal slowness, and the power of the slowness spectrum. Symbols are sized
according to the RMS amplitude of the signal, and colored according to the multichannel coherence (see color bars at the right). The two shaded areas
indicate the intervals detailed in Fig. 6

Figure 4 illustrates the temporal evolution of propagation parameters for a sample 1-h-long data interval, derived over the [7,11] Hz
frequency band. The most energetic and coherent portions of the wavefield are associated with transient pulses propagating from
the NE and SE quadrants with ray parameters in the 0.25–0.5 s km−1 range, corresponding to apparent velocities between 2 and
4 km s−1.

3.2.1 Vehicle tracking

Figure 5a shows a detail of the wavefield properties associated with one of the largest-amplitude arrivals (see gray areas in Fig. 4).
This wave-packet is characterized by horizontal slownesses in between 0.4 and 0.5 s km−1, corresponding to apparent velocities
in the 2–2.5 km s−1 range. Propagation azimuths exhibit a characteristic drift from about 250◦ to about 360◦, suggesting a source
which migrates from East to South of the array. A symmetric behavior is observed in Fig. 5b, in which the propagation azimuths
gently drifts from 360◦ to about 270◦, indicative of a source moving from South to East of the array. The most immediate hypothesis
about the origin of these signals is that of vehicles traveling along Provincial Route 73 (SP73 hereinafter), which spans the two
quadrants East of array. To test this hypothesis, we calculate the azimuths predicted at the array location for a vehicle moving along
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Fig. 5 Propagation azimuths, spectral amplitudes and distance to the source for the two time windows highlighted in Fig. 4. The top two panels report the
comparison between the observed azimuths, and those predicted for a vehicle traveling along SP73 from North to South (a) or South to North (b). Time is
relative to the date and time reported at the top of Fig. 4

SP73. A ≈ 7-km-long portion of that road is discretized with N nodes, and either one of the two extreme nodes is considered as the
first source activated at time 0. The subsequent sources act at origin times given by

T 0
i �

i∑

j�1

dx j

v
(2)

where dx is the length of the road segment in between two subsequent nodes, and v is the (unknown) vehicle velocity. That signal
arrives at the array at time

T � T 0
i +

�i

c
(3)

where �i is the distance between the i-th node and the baricenter of the array, and c is the propagation velocity of seismic waves, here
taken equal to 2.5 km s−1 [11]. To simplify the problem, the vehicle velocity v is assumed to be constant, and its most appropriate
value is selected after a trial-and-error procedure. For each road node, we calculate the azimuth to the array, and compare it with the
propagation direction measured at the corresponding time. Synchronization of the predicted azimuths with slowness measurements
is achieved by considering the road locations at which the source-to-receiver azimuth wraps, which are well identifiable on both
theoretical and observed data. The two examples reported in Fig. 5 are relative to vehicles traveling from South to North, and vice-
versa. In both cases, a vehicle velocity around 60 km per hour provides a reasonable fit of predicted azimuths to the observations.
It is worth noting that the largest amplitudes are not necessarily associated with the road segment closest to the array, as one would
expect. The analysis is repeated using a narrower (2 Hz) frequency interval centered at the frequency peak around 6 Hz. While the
general features of the wavefield remain the same, the propagation azimuths are tightly clustered toward a direction shifted some
30◦ North of that previously observed (Fig. 6, panels a, c). Figure 6 also illustrates the locations obtained by back-projecting onto
the road trace the slowness vectors associated with a multichannel coherence greater than 0.5. More specifically, the two maps report
the amplitude-weighted count of measured azimuths in 6◦ bins. At the center frequency 9 Hz, the dominant propagation directions
point to a restricted road segment closest to the array (Fig. 6, panel b). Conversely, at frequency 6 Hz, slowness data point to a bridge
located some 1 km ENE of the array. We may thus conclude that, while vehicle traffic along SP73 generates a broad-band noise
spanning the [5,20] Hz frequency interval, narrow-band peaks at frequencies around 6 Hz are likely related to bridge vibrations
triggered by vehicle transit. This occurrence has been confirmed by [6], who installed geophones at the pillars of the two SP73
bridges closest to the array. By correlating the signals recorded beneath the bridges with those contemporaneously recorded at
the mine site, these authors found that several spectral peaks spanning the [2.5,6.7] Hz frequency interval exhibited a significant
correlation, thus suggesting that the origin of those peaks was actually related to the eigen-oscillation of the bridge triggered by
vehicle transit, similarly to what previously observed at the Virgo Gravitational Wave Observatory in Cascina, Italy [12].

3.2.2 Polarization properties and wave-types

Figure 7 shows the three-dimensional particle motion trajectories for a sample transient associated with vehicle transit along
SP73. The largest amplitudes of the signal are associated with elliptical particle motion, whose horizontal projection is roughly
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Fig. 6 Rose diagrams a, c of the propagation directions measured at the Sos Enattos array (gray square). In b, d location of noise sources along SP73,
from back-propagation of slowness vectors. Symbols are sized by the relative frequency of propagation azimuths in 6◦ bins, weighted for the corresponding
amplitude. Colors correspond to the average multichannel coherence, according to the color scale at the right. Panels a, b and c, d report the results for the
target frequencies of 6 Hz and 9 Hz, respectively. Gray triangles mark the location of two bridges

Fig. 7 a Vertical-component seismogram of a sample transient signal associated with vehicle transiting along SP73. b Particle motion trajectories for the
gray-colored time window in (a). Arrow marks the direction of propagation, according to the results from frequency-slowness analyses. Data are band-pass
filtered over the 5–7 Hz frequency band

oriented along the direction of propagation. The plane of oscillation, however, is not vertical but tilted some 30◦ from the vertical.
All these characteristics are therefore suggestive of a dominance of Rayleigh waves (radial, elliptical particle motion) propagating
in an anisotropic medium. In particular, Rayleigh motion is tilted from the vertical plane when the direction of propagation is
perpendicular to the vertical plane of crystal symmetry (see Fig.1 in [13]).
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Fig. 8 Spatial Autocorrelation coefficient as a function of frequency and distance. Circles mark the first and second zero-crossings, which are used for
estimating Rayleigh-waves phase velocities

3.3 Shallow velocity structure

In this section, we exploit the correlation properties of ambient noise to retrieve the dispersion curve of Rayleigh waves, which is
then inverted to derive a shear-wave velocity profile beneath the array.

3.3.1 Spatial autocorrelation (SPAC)

Over the past 20 years, numerous studies used the correlation function of the ambient noise recorded at a pair of receivers in order
to determine the propagation velocity of surface waves along the propagation path in between the two recording sites. This class of
methods is based upon the correlation properties of stochastic signals, whose first application to seismology date back to the seminal
work of Aki [14]. In his study, Aki considered the case of multiple stations located at the same distance but different azimuths with
respect to a reference receiver. Under the hypothesis of a horizontally-propagating stochastic wavefield, the azimuthal average of the
narrow-band correlation coefficients between the vertical-component seismograms obtained at the reference and peripheral stations
is expressed through the relationship [14, eq. 42]:

ρ(r , ω0) � J0

(
ω0, r

c(ω0)

)
(4)

where ρ is the azimuthal average of the correlation coefficients (also termed the spatial autocorrelation) obtained at inter-station
distance r and angular frequency ω0. J0 is the 0-th order Bessel function, and c(ω0) is the phase velocity at frequency ω0. Thus,
by measuring the spatial autocorrelation for a certain r and different values of ω0, one can obtain the phase velocity dispersion
curve at the site for a certain frequency range. The SPAC method was then extended to irregularly-shaped arrays, by averaging the
correlation coefficients evaluated for different inter-station azimuths within a finite distance range �r [15]. Finally, Chavez-Garcia
and co-workers introduced the idea that it is possible to substitute an average in time of the correlation in the frequency domain
between two stations for the azimuthal average of the correlation computed at that interstation distance [16]. The hypothesis behind
this idea is that the average of the cross correlation between a pair of stations for a long enough time window averages all the different
directions of the waves composing the microtremors. Thus a single station pair is, in principle, equivalent to an azimuthal average
of many station pairs at the same interstation distance.

3.3.2 Dispersion analysis

The first step of SPAC analysis is signal pre-conditioning: the continuous data streams are buffered according to 60-s-long time
slices with 50% overlap, which are then detrended, demeaned, tapered, band-pass filtered over the 0.5–20 Hz frequency band. In
order to remove the effect of transient, large-amplitude signals of either natural or artificial origin, we apply a running-absolute-mean
normalization [17], using an averaging window of length equal to half the maximum period of the filter (i.e., 1 s). Exploiting both the
improvements proposed by [15] and [16], frequency-domain cross-correlation estimates are then obtained for all the independent
station pairs using 840 subsequent time windows. These correlations functions are finally averaged over time and over sets of
station pairs with the same separation distances, with a tolerance of 10 m (Fig. 8). From individual SPAC curves, estimates of phase
velocities are finally derived from the two first zero crossings (e.g., [18, 19]), obtaining a dispersion curve spanning the 5–15 Hz
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Fig. 9 Dispersion curves derived from the SPAC and frequency-slowness methods (white and gray circles, respectively), and their average (black line).
Crosses indicate previous results from analysis of a mine blasting [4]

frequency interval (Fig. 9). These estimates are then compared to those derived from frequency-slowness analysis. Phase velocities
derived from the two approaches are mutually consistent, and exhibit a marked dispersive behavior, with values decreasing from
3 km s−1 at frequency 5 Hz, to ≈ 1 km s−1 at frequency 15 Hz. For the [11,14] Hz frequency interval, phase velocities derived from
Frequency-Slowness analysis do not respect the overall dispersive trend, and are likely associated with a higher propagation mode.
Figure 9 also reports the comparison between these dispersion estimates and the phase velocities presented by [4] from analysis of
the recordings associated with a mine blasting fired within the mine.

The dispersion curves shown in Fig. 9 suggest the interference of two distinct Rayleigh-wave propagation modes. Under the
assumption that the mine-blasting and noise dispersions are representative of the fundamental and first higher modes, respectively,
these two curves are jointly inverted for a shear-wave velocity (Vs) ground profile. The inversion is conducted using the GEOPSY
software [20]; the subsurface is parameterized according to three layers of variable thickness overlying a half-space. Density is kept
constant at 2600 kg m−3, whereas the Poisson ratio is let to vary in the 0.2–0.3 range. Overall, the results show a good fit between
the observed and predicted dispersion curves (Fig. 10). Vs exhibits a marked gradient, ranging from [500, 800] m s−1 at the surface
up to [2.7,2.9] km s−1 at depths of about 110 m. These results depend strongly on the assumption regarding the propagation modes.
By neglecting the measurements associated with the mine blasting, and attributing the noise dispersion curve to the fundamental
mode, for the same depth range one would obtain velocities about 50% higher.

Pieces of information about the velocity structure at a larger scale are gained from the signals associated with a blast fired in
a basalt quarry located some 10 km SE of the mine (Fig. 11a). That explosion was recorded by 9 stations specifically deployed
along a linear profile, with inter-station spacings between 750 and 2000 m (Fig. 11b). The distribution of first-arrival times versus
distance exhibit a slight slope change, which may be interpreted in terms of the subsequent arrival of direct- and critically-refracted
head-waves (Fig. 11c). Under that hypothesis, our data are reasonably fitted by travel-times calculated in a 2-layer model, with a
1-km-thick shallow layer with P-wave velocity around 4.8 km s−1, overlaying a half-space with compressional wavespeed around
5.8 km s−1. Note that the velocities derived for the shallower part are consistent with those derived from the dispersion analysis at
depths larger than ≈ 120 m (Fig. 11d).

Finally, we test the range of applicability of the shallow velocity model derived from Rayleigh wave dispersion by using that
model for locating the quarry blast. The location procedure is conducted by inverting P-wave arrival times manually estimated at the
stations of the linear profile, plus station DGI from INGV’s monitoring network [21], and borehole stations P2-P3 recently deployed
in the frame of ET site characterization efforts (Fig. 11a). The inversion is performed using the probabilistic, non-linear approach
by [22, 23]; results are displayed in terms of samples from the posterior probability density function projected onto the horizontal
plane (Fig. 11a). The maximum likelihood source epicenter is offset by about 1.8 km with respect to the actual blast site, a distance
which is compatible with the estimated location uncertainties. As a first approximation, our shallow velocity structure may thus be
extended to an area much wider than its original hundreds-of-meters scale.

4 Discussion and conclusions

This paper summarizes the results from the operation of a surface, small-aperture array installed in the vicinity of the Sos Enattos
dismissed mine (province of Nuoro, Sardinia). The study is part of the efforts aimed at characterizing the environmental condition of
the site, in light of its candidature at hosting Einstein Telescope, the third-generation interferometric detector of gravitational waves.
The analyses presented above indicate that most of the anthropogenic noise is associated with vehicle traffic, which manifests
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Fig. 10 a Compressional- and shear-wave velocity models derived from inversion of the phase velocity dispersions curves shown in Fig. 10. Colors correspond
to the inversion misfit, according to the color bar at the bottom. b Phase velocities derived from analysis of a mine blasting (left) and from the average of
SPAC and frequency-slowness results (right). These curves have been inverted under the hypothesis that they respectively represent the fundamental and
first higher mode of Rayleigh waves. Colored lines are the predictions from the set of velocity models investigated during the inversion procedure. As in a,
colors indicate the inversion misfit according to the colorbar at the bottom

itself in terms of broad-band wavetrains spanning the [3,20] Hz frequency interval, superimposed by narrow-band pulses with
characteristic frequencies in the [3,7] Hz frequency band. The kinematic properties of these latter pulses indicate they are most
likely generated by the eigen-oscillation of two road bridges. Polarization attributes indicate a dominance of Rayleigh waves,
whose vibration planes deviate from the vertical as a consequence of rock anisotropy. Overall, these observations are consistent
with previous studies of the seismic signatures of vehicle-induced vibrations, which indicate dominance of Rayleigh waves, and a
spectral content mainly restricted to the [2,20] Hz frequency band (e.g., [24]). Under the ET perspective, a crucial subject concerns
the establishment of reliable models for predicting the decay of seismic amplitudes at increasing distance from the source. Such
predictions are propaedeutic to the definition of respect zones, within which no new noisy infrastructures should be foreseen or
activated throughout the lifetime of the detector. Traffic-induced ground disturbances are generated by the different vibration modes
of a vehicle triggered by the passage over an irregularity of the road surface, such as a bump. According to observations and numerical
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models, the major factors controlling the amplitude of such vibrations are vehicle speed, size and weight, and the scale length of road
unevenness (e.g., [25–28]). Therefore, for the same source-to-receiver distance, the disturbance transmitted to the ground depends
on the characteristics of the specific vehicles in transit and the scale length of road irregularities, thus implying a large variability of
the possible amplitudes at the source. As a consequence, application of any available attenuation model (e.g., [25, 29], and references
therein) must be accompanied by a robust statistical assessment of vibration amplitudes observed in proximity of those noisy road
segments which may interfere with the future location of ET’s infrastructures.

However, ground vibrations from vehicle traffic are an increasingly important environmental issue, for which several mitigation
strategies have been developed. These include modifying the ground beneath the road, rather than introducing some form of
attenuating barrier beside the road itself. In our specific case, the sources of the largest-amplitude vibrations are very localized in
some specific road segments, suggesting that a simple road repavement would likely produce significant beneficial effects. A further
mitigation measure consists of local reinforcement of the road’s subgrade using stiffening materials, for which both observations
and numerical simulations report a decrease in vibration amplitudes of up to 57% [30].

Finally, it must be taken into account that Rayleigh wave amplitude attenuates with depth. For the [1,10] Hz frequency range,
we measured phase velocities in between 1.5 and 2.5 km s−1 (Fig. 9), thus implying wavelengths λR spanning the [150,2500] m
interval. For a homogeneous Poisson solid, the vertical-component Rayleigh wave displacement at depths equal to λR/2 is about
60% of that observed at the surface, and basically it vanishes for depths larger than 2λR . This data provide constraints on the target
depth in case the ET infrastructure should be placed underground.
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