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Abstract Geophysical investigations and studies on the local seismic noise are of paramount impor-
tance for evaluating the candidate locations for hosting Einstein Telescope (ET), the third-generation gravita-
tional wave detector. In the Italian candidate site, several active and passive geophysical acquisitions have
been carried out, mainly focusing on the imaging of the shallow subsurface, while a full characterization of
the noise wavefield was lacking. In this work, we present the results from three temporary seismic arrays
installed at the Italian candidate site, each with different geometrical layouts, recording durations, and total
numbers of stations. Here, we provide an overview on the seismic noise characteristics and its azimuthal dis-
tribution, obtained through beamforming. Moreover, we leverage the noise recordings to extract (i) Rayleigh
wave dispersion curves using fk analysis, which are then inverted to obtain a one-dimensional, shear-wave
velocity model of the subsurface and (ii) HVSR spectra across all arrays’ stations. The recordings confirm the
exceptionally low level of seismic noise approaching Peterson’s New Low Noise Model for frequencies > 1
Hz. The arrays allowed to reliably reconstruct the seismic wavefield in the 10–20Hz range, showing an almost
azimuthally homogeneous noise source distribution, with slowness values between 0.4 and 0.5 s/km. The
inversion of dispersion curves in the same frequency range highlighted a rather homogeneous, high-velocity
terrain (VS = 2–3 km/s) in the first 100 m. The flat HVSR spectra across all arrays excludes the presence of a
resonant, low-velocity layer at shallow depth.

1 Introduction

The area near the dismissed underground mine of Sos
Enattos, located in the Sardinia island (Italy), has gained
significant interest in the physics and geophysics com-
munity over the last decade. The low population den-
sity, the minimal seismic activity, and the absence of
relevant anthropogenic activities provide an exception-
ally low level of natural and man-made seismic noise.
Such unique conditions are ideal for hosting scientific
experiments which require high seismic quietness. In
fact, the Sos Enattos underground mine hosted sev-
eral scientific experiments so far. The SAR-GRAV lab-
oratory was established, thanks to the partnership be-
tween Istituto Nazionale di Fisica Nucleare (INFN), Isti-
tuto Nazionale di Geofisica e Vulcanologia (INGV), Uni-
versità degli Studi di Sassari, Università degli Studi di
Cagliari, Regione Autonoma della Sardegna (RAS) and
IGEA Spa (the company managing the mine activities).

∗Corresponding author: giovanni.diaferia@ingv.it

Since 2022, a collaboration that currently involvesmore
than 30 countries and approximately 1700 scientists
have been working on the study, development, and de-
sign of the Einstein Telescope (ET), the third-generation
gravitational wave detector (Punturo et al., 2010). With
10–15 km-long laser interferometers, most likely with
an L-shaped configuration at 100–300 m depth for opti-
mal noise suppression (Hutt et al., 2017), ETwill reach a
detectability threshold as low as a fewHz for the incom-
ing gravitational waves, which are generated by cosmic
events such as the coalescence of binary blackholes and
supernova explosions. In 2023, Italy formalized the can-
didacy to host ET in the Sos Enattos area (Fig. 1) due
to the favorable, low noise conditions in the seismic,
acoustic, and magnetic domains.
To support the candidacy of the Sardinia site, the ET

Italia consortium (composed of a wide group of Ital-
ian research institutes and universities, including INGV,
INFN, and the University of Sassari and Cagliari) con-
ducted a variety of seismic surveys in the area. Sac-
corotti et al. (2023) employed a 13-node, ∼ 300 aper-
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Figure 1 Map of the Italian candidate site for ET, in the vicinity of the dismissed undergroundmine of Sos Enattos (Sardinia,
Italy). P2 and P3 are the locations of two permanent stations equipped with both surface and borehole sensors (∼ 250 m
depth). The insets show the configuration of the seismic arrays installed in 2021 at P2 and P3, and at P2 in 2024.

ture array in the close vicinity of the Sos Enattos under-
ground mine, obtaining a shear wave velocity model of
the shallow subsurface (∼ 150 mdepth) through the ex-
traction of a Rayleigh wave dispersion curve. In Villani
et al. (2025) a variety of refraction and reflection seis-
mic, borehole logging, and ERT are described, which
contributed to the understanding of the shallow sub-
surface in terms of seismic velocities and electrical re-
sistivity. Diaferia et al. (2024) evaluated the contribu-
tion of a wind park to the overall seismic noise bud-
get in the candidate site. However, an assessment of
the spatial distribution of noise sources was lacking.
For this reason, several array experiments have been
conducted, which are presented and discussed in this
study. In the following sections, we provide the de-
tails regarding the data acquisition, the methods em-
ployed, and the results. The noise spectral content is
estimated using Probabilistic Power Spectral Densities
(PPSD), while the spatial noise source distribution is
evaluated through beamforming. Moreover, we use the
Horizontal-to-Vertical Spectral Ratio (HVSR) anddisper-

sion curves obtained by fk analysis to characterize the
shallow subsurface at the site. Finally, we provide a dis-
cussion of the results, the lessons learned, and their im-
pact on the characterization of the Italian candidate site
for ET.

2 Geological and Geophysical setting

The study area (Fig. 1) lies within the Variscan crys-
talline basement of NE Sardinia which forms a plateau
at approximately 900 m above sea level. The bedrock
consists of meta-sedimentary units and orthogneisses
(Carmignani et al., 2012). During the Carbonifer-
ous–Permian period, these rocks were intruded by
granitoids (Casini et al., 2015) showing acidic and basic
dikes. The regional succession comprises batholithic
granitoids, gneisses, migmatites, micaschists, parag-
neisses with mylonitic fabrics, Lodè–Mamone or-
thogneisses, garnet-bearing schists, and metasand-
stones at Sos Enattos. Syntectonic metamorphic ages
of 340–315 Ma (Di Vincenzo et al., 1994) constrain the
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Array name Array type No. of stations Recording length Type of sensors
P2 concentric 20 10 days Trillium Compact (TC) 120 s and TC 20 s
P3 concentric 24 10 days TC 120 s, Trillium Post Hole 20 s and Lennartz MkIII
P2 (2024) spiral 15 1 day TC 120 s and TC 20 s

Table 1 Description of the arrays installed at Italian candidate site for ET. The map of the study area and the spatial layout
of each array is shown in Fig. 1.

tectono-metamorphic evolution. Post-tectonic acidic
dikes and intrusive bodies, such as the SosCanales gran-
itoid (310–290 Ma; Di Vincenzo et al., 1994), further in-
crease the structural heterogeneity of the plateau. The
crystalline basement exhibits widespread late- to post-
Variscan brittle deformation, with joint, dyke, and fault
sets. As recently supported bymultidisciplinary studies
(Villani et al., 2025), these structures have a strong influ-
ence on fluid circulation, weathering patterns, and me-
chanical properties. The transition from soil or weath-
ered granite to unweathered bedrock occurs within a
horizon that is 10–30 m thick. From a hydrogeological
perspective, weathered granitoids and fractured zones
act as small, localized aquifers. Geophysical surveys
provide essential information about the subsurface ar-
chitecture. Compressional seismic velocities exceed
5000m/s in intact crystalline rocks and decrease in frac-
tured domains, which is consistent with electrical resis-
tivity patterns. In the ET candidate sites (see details in
Section 3), high-resolution seismic refraction tomogra-
phy and electrical resistivity tomography (Villani et al.,
2025), calibrated by borehole logs, imaged the weath-
ered layer and the crystalline basement down to a depth
of 100–240 m. High VP (5000–5500 m/s) and high resis-
tivity (> 1000 Ω m) at > 150 m depth indicate compe-
tent, weakly fractured rocks. In contrast, sub-vertical
low-VP (4250–4500 m/s) and low-resistivity (< 500 Ω m)
anomalies, 15–35 mwide, correspond to fracture zones
with shallow groundwater. This is consistent with faults
that have been mapped on the surface. From a seis-
mological perspective, Sardinia is one of the least ac-
tive regions of Italy, with only sparse low-magnitude
events and amaximumoffshoremagnitude ofMW ∼ 5.1
recorded in 1948 (Meletti et al., 2020); all themost signif-
icant seismic clusters identified historically and instru-
mentally occur offshore or along the coasts, at distances
exceeding 100 km from the study area.

3 Array description and data acquisi-
tion

The area of interest comprises two of the potential ver-
tices (labeled P2 and P3, Fig. 1) of the ET interferome-
ter. Here, INFN has installed permanent pairs of sur-
face and borehole sensors at 264 (P2) and 252 m (P3)
depth since September 2021. The first campaigns con-
sisted in the installation of temporary seismic arrays at
the P2 site (18–28/09/2021), for a total recording length
of 10 days. A second campaign was carried out at P3
(2–13/10/2021), for a total recording length of 11 days. In
both cases, a concentric configuration was chosen (see
Fig. 1), with 20 stations at P2 and 24 stations at P3, with
a similar aperture of ∼ 400 m for the two arrays. At P2,

half of the stations were equippedwith sensors Trillium
Compact (TC) 120 s, while the other half with TC 20 s. At
the P3 site, a combination ofTC 120 s, TrilliumPostHole
20 s, and Lennartz LE-3Dlite MkIII were used. In both
cases, seismic data were recorded with a 100 Hz sam-
pling rate.
All the employed sensors have flat response

in the entire frequency range investigated in
this study (1–40 Hz). For the TC 120 s and 20
s (https://nanometrics.ca/hubfs/Downloads/Data%
20Sheets/trillium_compact.png, last access January
2026) self-noise is near or below the Peterson’s New
Low Noise Model (NLMN, (Peterson, 1993)), while the
LE-3DliteMkIII (https://manuals.reftek.com/assets/pdfs/
Lennartz_Sensors/Lennartz_Sensors.png, last access Jan-
uary 2026) represents an exception, with a self noise
that is 25 dB higher than the Peterson’s NLNM between
1 and 10 Hz.
A third, 24-hours long campaign was carried out at

P2 (20–21/11/2024), opting for a 15-elements, three-arm,
expanding spiral configurationwith similar aperture (∼
430 m) as the previous ones. Such configuration was
chosen as it is suggested to provide an adequate spa-
tial sampling of the seismic wavefield, even with a lim-
ited thenumberof stations (Kennett et al., 2015; Tkalčić,
2015). The majority of the stations were equipped with
TC 120 s, while three consisted in TC 20 s. To ensure the
seismometers’ thermal stability andminimizewind dis-
turbance, the sensors were installed underneath 20–40
cm of soil. Also, in this case, the sampling rate was 100
Hz. For all three acquisition campaigns, the choices
regarding the array aperture and layout are a compro-
mise between the need to properly study the seismic
noise characteristics (that were largely unknown at the
time) and the limited accessibility to the sites. In Ta-
ble 1 we summarize the configuration details for all the
arrays. The theoretical capabilities and limitations of
each array type can be quantitatively inferred on the ba-
sis of their apertureD andminimumstation distance dx
(Rost and Thomas, 2009; Schweitzer et al., 2012). In Ta-
bles 2, 3, and 4, we provide the ratio between the array
aperture (D) and dominant wavelength (λ), maximum
resolvable frequency (fmax), and the min–max resolv-
able wavenumbers (kmin and kmax). The tables refer to
the case of different frequencies, being 3, 10 and 20 Hz,
with propagation velocities of 3500, 2500 and 2000 m/s,
respectively. At 3 Hz, the dominant wavelength is al-
most three times the aperture of each of the arrays, im-
plying that none of these is able to correctly sample the
propagating wavefield (i.e. each array reduces to a sin-
gle station with respect to such large wavelength). On
the contrary, for frequencies of 10 and 20 Hz, the aper-
ture of each of the arrays are about half and a third of
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array geometry wavelength/aperture ratio max. non-aliased freq. [Hz] min. wavenumber [m−1] max. wavenumber [m−1]
λ/D fmax = v/(2 dx) kmin ∼ 2π/D kmax ∼ 2π/dx

P2
aperture (D): 400 m
min. dist (dx): 50 m

2.92 35 0.0157 0.1256

P3
aperture (D): 400 m
min. dist (dx): 34 m

2.92 51 0.0157 0.1847

P2 (2024)
aperture (D): 430 m
min. dist (dx): 9 m

2.71 194 0.0146 0.6978

Table 2 Array resolution parameters assuming a plane wave traveling at v = 3500 m/s with a frequency of 3 Hz.

array geometry wavelength/aperture ratio max. non-aliased freq. [Hz] min. wavenumber [m−1] max. wavenumber [m−1]
λ/D fmax = v/(2 dx) kmin ∼ 2π/D kmax ∼ 2π/dx

P2
aperture (D): 400 m
min. dist (dx): 50 m

0.63 25 0.0157 0.1256

P3
aperture (D): 400 m
min. dist (dx): 34 m

0.63 37 0.0157 0.1847

P2 (2024)
aperture (D): 430 m
min. dist (dx): 9 m

0.58 139 0.0146 0.6978

Table 3 Array resolution parameters assuming a plane wave traveling at v = 2500 m/s with a frequency of 10 Hz.

array geometry wavelength/aperture ratio max. non-aliased freq. [Hz] min. wavenumber [m−1] max. wavenumber [m−1]
λ/D fmax = v/(2 dx) kmin ∼ 2π/D kmax ∼ 2π/dx

P2
aperture (D): 400 m
min. dist (dx): 50 m

0.25 20 0.0157 0.1256

P3
aperture (D): 400 m
min. dist (dx): 34 m

0.25 29 0.0157 0.1847

P2 (2024)
aperture (D): 430 m
min. dist (dx): 9 m

0.23 111 0.0146 0.6978

Table 4 Array resolution parameters assuming a plane wave traveling at v = 2000 m/s with a frequency of 20 Hz.

the wavelength, providing a sufficient sampling of the
wavefield. According to the Nyquist theorem, each ar-
ray can correctly sample the wavefield only up to a cer-
tain frequency, above which aliasing starts to occur.
Such limit is a function of the propagation velocity and
the minimum station distance, and for P2 and P3, is
suggested to be around ∼ 20–35 Hz. On the contrary,
the spiral array at P2 (2024), having a minimum inter-
station distance as low as ∼ 9 m, allows (in theory)
to push the limit of non-aliased frequencies above 100
Hz (however, temporal aliasing occurs above 50 Hz due
to the 100 Hz sampling frequency of the acquired seis-
mic data). Another advantage of the spiral array is the
verywide range of resolvable wavenumbers, as a conse-
quence of the large range of inter-station distances that
characterize such configuration. Based on these (theo-
retical) considerations, the three arrays are expected to
be inadequate for frequencies below 10 Hz and higher
than 20Hz, except for the spiral array that could be able
to correctly sample higher frequencies.

However, to correctly evaluate the actual capabilities
of the arrays in terms of slowness and backazimuth
resolution, thus accounting for the true array layout
and number of stations, we calculate the Array Trans-
fer Function (ATF), shown in Fig. 2, for the three refer-
ence frequencies as above (3, 10, and 20 Hz), spanning
slowness differences of ±2 s/km. Given the relatively
small aperture, all arrays show thehighest slowness res-
olution in the high-frequency range (10–20 Hz). Con-
versely, at lower frequency (3 Hz) the slowness retrieval

is, as expected, characterized by larger uncertainties,
approaching 1 s/km. Due to its higher number of sta-
tions, the array at P3 shows the higher azimuthal reso-
lution andno or veryweak side lobes appear at the three
considered frequencies. The array at P2 shows slightly
lower performance due to the fewer stations, while the
spiral array at P2 (2024), having the lowest number of
stations (15), shows the strongest side lobes and rela-
tively poorer azimuthal resolution among the three ar-
rays. It is worthmentioning that the ATF reflects the ar-
ray performance under ideal conditions and, in reality,
poor installation conditions and/or stationmalfunction-
ing can degrade the overall capability of a given array in
the reconstruction of the incoming seismic wavefield.
On the basis of the analysis above, the three arrays are
expected to provide an adequate reconstruction of the
seismic wavefield strictly in the 10–20 Hz range, with
high uncertainties in the slowness retrieval (i.e. wide
beam in the ATF) and strong aliasing below and above
this range, respectively. Given the similar performance
of the three arrays, the study allows to evaluate the pos-
sible contribution of the noise condition, site character-
istics, recording length, and array layout in the retrieval
of i) noise source distribution and amplitude, ii) prop-
agation velocities, iii) geophysical model of the subsur-
face. Ultimately, such comparison can contribute to the
evaluation of the best acquisition strategy depending on
the intended purpose.
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Figure 2 Array Transfer Function (ATF) for the P2, P3 and P2 (2024) arrays, calculated for frequencies centered at 3, 10, and
20 Hz. Details about the spatial array configurations are found in Table 1 and Fig. 1.

4 Methods and Results

4.1 Spectral analysis

For a first evaluation of data quality and spectral con-
tent, we use the entire recording length of the three
arrays to produce Probabilist Power Spectral Density
(PPSD) plots. In Fig. 3, these are given for three ran-
domly selected stations in each array. For P2, a total of
three sensors showed recording issues (i.e. faulty sen-
sor). It can be observed thatmost of the recorded signal
is in the 0.2–3Hz range (Fig. 3a). Frequencies in the 3–10
Hz range are less represented and approach the Peter-
son’s NLNM (Peterson, 1993). This testifies the seismic
quietness of the area and the lack of any major natu-
ral and/or anthropogenic seismic noise sources above 1
Hz. A very low noise level is evident also at the P3 array
(Fig. 3b). The array placed at P2 in 2024 (Fig. 3c), shows
again thatmost of the noise is confined below 1Hz, with

an amplitude level which is about 10 dB higher than that
previously recorded in the same location. Also at higher
frequencies, stronger noise is recorded compared to P2
and P3. We explain such higher noise level in both the
high- and low-frequency range with the stormyweather
offshore Sardinia (wave height approaching 4m, source
CMDS) and strong wind bursts affecting the P2 site dur-
ing the seismic campaign in 2024. In Fig. 4, we show
the median spectra of all stations composing each ar-
ray. Except for the three faulty sensors at P2, all stations
across the three arrays show overlapping spectra in the
entire low-frequency range (< 3Hz). Spectra slightly di-
verge at higher-frequencies up to 40 Hz, especially at P2
(2024), likely reflecting the variability in wind exposure
and in the installation conditions. At P3, the only station
with a higher noise level starting from 3 Hz is the one
with equipped with the Lennartz LE-3Dlite MkIII sen-
sor, characterized by a significantly higher self-noise
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Figure 3 Probabilistic Power Spectral Density (PPSD) for three randomly selected stations of the arrays (a) P2, (b) P3, and
(c) P2 (2024). Grey curves indicate the Peterson’s New Noise Model (Peterson, 1993).

Figure 4 Median of the PPSD for all stations composing the arrays P2, P3 and P2 (2024). Dashed curves indicate the Peter-
son’s New Noise Model (Peterson, 1993).

with respect to the other sensor employed in this study
(see Section 3).

4.2 Beamforming
To estimate the direction of the incoming seismic noise,
we apply a semblance-based beamforming procedure.
Assuming a far-field, plane wave propagation, we em-
ploy an fk analysis approach (Kvaerna and Ringdahl,

1986) using a moving window on narrow band-passed
filtered data Xj (with j = 1, 2, ..., N , N being the num-
ber of stations) around a central frequency ωi (with i =
1, 2, ...M for a total of M frequencies). Following Nei-
dell and Taner (1971) and Douze and Laster (1979), for
each frequency-wavenumberpair, the signal coherence
is estimated by:
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Figure 5 Results of the beamforming analysis for the arrays P2, P3 and P2 (2024) across thee different frequency bands
(1–10, 10–20 and 20–40 Hz).

C(ω,~k) =

M∑
i=1

∣∣∣∣∣ N∑
j=1

Xj(ωi)eiωi
~k·~rj

∣∣∣∣∣
2

M∑
i=1

N∑
j=1

∣∣∣Xj(ωi)eiωi
~k·~rj

∣∣∣2
(1)

A grid-search approach is used to span the range of
possible slowness (s) and backazimuth (θ) values, both
related by:

θ = arctan
(

ky

kx

)
and s = |~k|

ω
(2)

with kx and ky being horizontal components of the
wavenumber. We run the beamforming analysis for
a total of one day, randomly selected from the entire
recording period at P2 and P3. For P2 (2024), we analyze
the entire 24 hours of continuous recording available at
this array.
In Fig. 5, we show the results of the beamforming

analysis for the vertical component in three different
frequency ranges, being 1–10, 10–20, and 20–40 Hz (see
figures SM1–SM3 in the supplemental material for the
beamforming results in 1 Hz narrow band). In the 1–10

Hz range, the three arrays show very similar results,
with most of the beampower (expressed in logarithmic
scale) that is confined in the northern sector andwithin
0.2 s/km. Only P2 shows some signal emerging with
slowness ∼ 0.4 s/km, from the NNE and SSW direction.
The low frequency and low-to-very low slowness sug-
gest that this frequency range is mostly dominated by
upward-propagating body waves, impinging the array
with large apparent velocities (as high 0.1 km/s). In the
10–20 Hz range, according to the theoretical capabili-
ties of the arrays and their ATF (see Fig. 2), the three
arrays are expected to provide optimal results in terms
of slowness and azimuthal resolution. At P2, the incom-
ing noise is almost uniformly distributed across the en-
tire azimuth range, except for the SE sector (90 − 180◦),
where no incoming signal is recorded. The slowness
of the recovered signal is uniform with azimuth and
mostly between 0.4–0.5 s/km, corresponding to 2–2.5
km/s. Based on this evidence, we conclude that this
signal is mainly ambient noise propagating in the form
of high-frequency Rayleigh waves. We explain the lack
of noise source incoming from SE as a combination of
two elements. Three roads border the P2 site (as close
as ∼ 220 m) and cover the entire 0–45◦ (N to NE) and
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180–360◦ (S to N) azimuth ranges, which are also those
wheremost of thenoise is recorded. Moreover, these ar-
eas showadense tree coverage (Quercus suber, cork oak).
By contrast, in the SE sector, roads are absent and tree
coverage becomes sparser. Interestingly, the array P2
(2024) confirms the same slowness and directions of the
incoming noise, including the absence of noise sources
in the SE sector. The recovery of such consistent results
using arrays that differ significantly in geometrical lay-
out, number of stations, and time of deployment con-
firms i) the spatial invariance of the noise source distri-
bution with time and ii) the effectiveness of the spiral
array in recovering the same slowness and azimuthal
properties of the wavefield as a concentric array with
more stations. However, the P2 (2024) array shows only
a major discrepancy with the earlier P2 deployment: a
stronger signal incoming from ENE that corresponds
to a heavily wooded area adjacent to the array. We de-
duce that such tree coverage, combined with the strong
wind condition during the recording period (see the rel-
atively higher noise level in the PPSD, Fig. 3c), might
be regarded as the source of the strong signal emerging
from ENE. This interpretation is supported by the lack
of anthropic activities that could otherwise act as noise
source and by the necessity for such source to be be
fairly close to the array in order to produce a detectable
signal, given the high damping of the seismic wavefield
for frequencies above 10 Hz (Diaferia et al., 2024). Re-
garding the P3 array, we observe an almost homoge-
neous noise distribution with azimuth and having slow-
ness between 0.4–0.5 s/km, similar to range estimated
with the two arrays at P2, suggesting similar propaga-
tion velocities at the two sites. Interestingly, higher sig-
nal amplitudes emerge from the NW sector and with
lower slowness, probably associated with higher-mode
surface waves. Lastly, moving to the 20–40 Hz range,
wedonot observe a sufficiently coherent reconstruction
of any slowness/backazimuth pairs for all three arrays.
For P2 and P3, this can be caused by the inadequacy of
the array design (i.e. relatively large inter-station dis-
tance) as spatial aliasing would occur for frequencies
above 20–30 Hz (see Table 4). However, the array P2
(2024), despite the short inter-station distance (as low as
9 m as compared to 50 and 34 m of the previous arrays)
that largely push the limit of the maximum resolvable
frequency, shows the same beamforming results as at
P2 and P3, indicating that these are due to the stochas-
tic and/or incoherent nature of the seismic wavefield
rather than caused by an inadequate spatial sampling.

4.3 Horizontal-to-Vertical spectral ratios

The Horizontal-to-Vertical Spectral Ratios (HVSR) is a
fast and cost-effectivemethod to estimate the resonance
frequency of a certain site. According to Lachetl and
Bard (1994) and Lermo and Chávez-García (1993), in an
idealized model of a layer over a half-space, a strong
impedance contrast in the subsurface generates high
amplitudes in the horizontal components with respect
to the vertical one, at a frequency (f0) that closely re-
sembles the site’s fundamental resonance frequency
(Nogoshi, 1971; Nakamura, 1989). The depth of the

impedance contrast is related to f0 by f0 = VS/4h,
where VS is the shear velocity above the interface and
h is the thickness of the uppermost resonant layer. We
followed the best practices for the extraction of HVSR
(Havenith et al., 2004), consisting in the recording of
seismic noise for a few minutes to hours, subdivision
of the recorded data in time windows (commonly at
least 30 seconds long), calculation of the spectral ratio
in the frequency domain and averaging the spectra esti-
mated in each time window. We employ the code hvs-
rpy (Vantassel, 2024), a Python implementation of the
HVSR method based on Cheng et al. (2020, 2021); Cox
et al. (2020), using six hours long recording at all sta-
tions composing the three arrays. Data are subdivided
in 100 s-long time windows, and the spectra of the hor-
izontal components are combined through geometric
mean. Finally, the HVSR spectra are calculated in the
1−20Hz interval and averaged across all timewindows.
In Fig. 6 we show the HVSR spectra retrieved at each
station composing the P2, P3, and P2 (2024) arrays. In
each panel, the mean spectra (dashed black curve) and
its 1σ dispersion across the whole array are reported.
Starting with P2, the spectral ratios near the unity indi-
cate no amplification at all stations. At P2, also the data
recorded in 2024 confirms a substantially flat amplifi-
cation spectra. Interestingly, a minor departure from
unity (but approaching values that remain well below
1.5) is observed between 2 and 3 Hz. In addition, more
dispersion around the mean spectra is present, espe-
cially for frequencies below 10 Hz. A possible explana-
tion for such (even if small) discrepancies between the
two arrays at the same site can be found in the different
noise conditions during the two recording periods, both
in terms of i) amplitude (see Fig. 3) and ii) wind gust dis-
turbance at P2 (2024) that might affect the HVSR spec-
tra (Mucciarelli, 1998; Mucciarelli and Gallipoli, 2001;
Havenith et al., 2004). It is worth noting that a mete-
orological station was installed before the seismic ac-
quisition at the P2 (2024) array and the recorded wind
speed never exceeded 5 m s−1, thus assuring the com-
pliance with the best practice for the retrieval of HVSR
(Havenith et al., 2004). Another reason for the possi-
ble discrepancies in the HVSR spectra among the three
arrays can be found in possible and complex energy
partitioning between Rayleigh, Love, and body waves
(Bonnefoy-Claudet et al., 2008). Regarding the P3 ar-
ray, all stations here show strongly overlapping and flat
HVSR spectra, with an average close to unity and with
very limited dispersion across the stations composing
the array. Only two stations (P308 and P317) show a sub-
stantial departure for a flat site response, with a HVSR
amplitude as high as 7 and 5 at 5 and 6 Hz, respectively.
Given the strong discrepancy of these spectra with re-
spect to the rest of the array, we suspect that these two
stations suffered from unfavorable installation condi-
tions. Overall, the flat HVSR spectra observed across
all three arrays indicate a rather homogeneous shallow
subsurface, with no major velocity contrasts and reso-
nance effects, as suggested by the complementary ge-
ological and geophysical evidences presented in Sec-
tion 2.
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Figure 6 HVSR amplitude spectra extracted from a 6 hours-long recording at all stations composing the arrays P2, P3 and
P2 (2024). The black dashed curve indicates the mean HVSR spectra at each array, together with the 1σ dispersion (shaded
area).

4.4 fk-analysis and VS model retrieval

The coherency measure introduced in Eq. 1 using the
formulation of Neidell and Taner (1971) and Douze
and Laster (1979) can be leveraged for constructing
frequency(f )–wavenumber(k) plots, which are then
converted to frequency–phase velocity (c) using the re-
lation |~k| = 2πf/c. We perform the fk analysis us-
ing the Geopsy package (Wathelet et al., 2020), with 6
hours of continuous recording in the 6:00-12:00 time in-
terval. We span the entire 1–30 Hz range, with a step of
0.1 Hz and 0.01 rad/m in the frequency and wavenum-
ber domains, respectively. Results are shown in Fig. 7a,
where we also show the picked dispersion curve in the
frequency–phase velocity plane. All three arrays allow
the retrieval of the Rayleigh wave fundamental mode
mostly between 10 and 20 Hz, which is the same in-
terval where all arrays have optimal resolution accord-
ing to their aperture, inter-station distance, and ATF
(Fig. 2). The picked phase-velocities in the 2-3 km/s
range are also coherent with the slowness range es-
timated through beamforming (Fig. 5), comprised be-
tween 0.4 and 0.5 s/km in all three arrays. Interest-
ingly, the array at P2 allows the picking of shear-wave
velocities for frequencies as low as 3 Hz, though with
higher uncertainties due to the limitations imposed by
the array configuration. In contrast, the array P2 (2024)
does not allow the recovery of phase velocities below 8
Hz due to the high ambiguity associated with the picks,
likely caused by the suboptimal array configuration of
the spiral array for such frequencies (i.e. shorter in-
ter station distances). Even worse is the case for ar-

ray P3, which does not allow any recovery of phase-
velocities in the low-frequency range. Here, despite
the good resolving power testified by the transfer func-
tion and their lack of any appreciable side lobes (see
the ATF at 3 and 10 Hz in Fig. 2), the phase velocity–
frequency plot suffers from very low beampower and
smearing effects, likely due to the very low level of cor-
related background noise (see the PPSD in Fig. 3), that
strongly hampers the retrieval of phase velocity disper-
sion curves through fk analysis. This is substantiated
by a steep drop of the signal coherence (Welch, 1967)
at P3 and P2 (2024) as a function of frequency (0.1 at 5
Hz and 3 Hz for P3 and P2 (2024), respectively; see sup-
plemental figure SM4), indicating the prevalence of ran-
dom, uncorrelated noise that dominates the recording
of the closely-spaced sensors at these arrays. Particu-
larly for the P3 array, the low coherence in combina-
tion with the extremely low level of the seismic back-
ground noise at all frequencies can explain the diffi-
culty in the retrieval of the phase velocity dispersion
curves through fk analysis. Interestingly, the P2 ar-
ray show a less severe loss of coherence with frequency
(0.1 at 12 Hz), and, as a consequence, it allows an eas-
ier extraction of the phase–velocity dispersion curve
through fk analysis. We invert the picked dispersion
curves with a trans-dimensional, Monte Carlo Markov
Chain algorithm (Magrini et al., 2025). No a priorimodel
parametrization (e.g. number of layers) is required, as
it is inferred from the posterior sampling (Agostinetti
and Malinverno, 2010; Bodin et al., 2012). In our case,
the inversion of dispersion curves is expected to image
the first 100–150 m, according to the sensitivity analysis
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Figure7 (a) Phase-velocities/frequencyplot retrieved fromfk analysis at theP2, P3andP2 (2024) arrays. Dispersion curves
are picked from power maxima, which are then fitted and resampled. (b) Sensitivity kernels for Rayleigh wave at different
frequencies, on the assumption of a 400 m thick, layered mediumwith linearly increasing VS from 2 to 4 km/s.

shown in Fig. 7b, where we provide the sensitivity ker-
nels at 2, 5, 10, 15, and 20Hz, assuming a 400mthick lay-
eredmediumwith linearly increasing shear-wave veloc-
ities between 2 and 4 km/s. Since the picked dispersion
curvesmostly span the 10–20 Hz interval, we expect the
data inversion to be informative for the first 50–100 m
or less. Each dispersion curve is inverted using a uni-
form Gaussian prior of a three-layer model over a half-
space. The total Markov Chain length is 250, 000 iter-
ations, using 24 parallel chains. For each chain, mod-
els are retained every 100 steps to construct the ensem-
ble of the posterior distribution, after a burn-in phase

of 150, 000 iterations. In Fig. 8a–c, we show the ensem-
ble solutions (and their mean andmedian) for the three
arrays, together with the data fit and the posterior prob-
ability in terms of number of layers at each depth bin.
Themodels fromP2 and P2 (2024) show a high degree of
similarity, with a 60–70 m thick layer of VS in the 2–2.5
km/s range. Higher velocities up to 3 km/s are found at
greater depth. At P3, as suggested already by the higher
phase-velocities in the dispersion curves, the layer at 2
km/s is relatively thinner (30 m) than in P2, and shear-
wave velocities rapidly increase to 3 km/s. The inverted
models suggest a roughly homogeneous subsurface, as
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Figure 8 One dimensional VS models in terms of posterior probability density function, obtained from MCMC inversion of
the Rayleigh wave dispersion curves for the array at (a) P2, (b) P3, and (c) P2 (2024). In each panel, i) the histograms indicate
the probability of having an interface at each depth and ii) the bottom plot provides the dispersion curves at each array and
the fit in terms of 10–90th percentile. d) P-wave velocities extracted along the boreholes at the P2 and P3 sites,modified from
Villani et al. (2025).

also indicated by the almost flat probability of having
a velocity transition at each depth bin, with velocities
thatmoderately increasewithdepth andaremostly con-
fined in the 2–3 km/s range. The relatively high velocity
recorded at shallow depth is coherent with the absence
of any low-velocity resonant layer, as already pointed
out by the HVSR analysis in Section 4.3. As a compari-
son, we show in Fig. 8d the 1-D, high-resolution VP pro-
files from borehole data at P2 (green line) and P3 (or-
ange line), modified fromVillani et al. (2025). Consider-
ing the depth above the resolved region (dashed lines)
as indicated by Villani et al. (2025), we observe that P-
wave velocities rapidly reach high values (∼ 5 km/s)
within the first tens of meters. Though with its inher-
ently lower resolution, themodels from fk analysis con-
firm the same high velocity trend in the shallow subsur-
face, confirming the relatively higher velocities encoun-
tered at P3 compared to P2.

5 Discussion

The Italian candidate site for ET has been investigated
using three seismic arrays, in order to estimate the char-
acteristics of the local seismic noise and characterize
the shallow subsurface of the area. The first two arrays
were installed in 2021, recording for a total of 10 days
at two different locations (P2 and P3, see Fig. 1), using
20 and 24 stations, respectively, in a concentric config-
uration, with an aperture of ∼ 400 m. In 2024, a new
array acquisition was carried out at P2, recording for
only one day, using fewer stations (15) in a spiral layout
and an aperture which is comparable to that of the pre-
vious arrays. The PPSD plots testify that P2 and P3 have
very similar seismic noise characteristics, as it ismostly

confined in the 0.2–3 Hz range. In the higher frequency
range, the noise levels approach the NLNM, thus con-
firming the seismic quietness of the area in the anthro-
pogenic range, implying lack of anymajor noise source.
Noisier spectra (> 10 dB) are observed at P2 (2024), both
in the low-frequency and high-frequency ranges, due to
a combination of stormy weather offshore and persis-
tent wind at the site. This contrasting observation at the
P2 site confirms the importance of long-lasting record-
ing (several weeks or months) for a correct evaluation
of the noise spectral characteristics at a site, account-
ing for the temporal amplitude variation of the noise
source.
We used beamforming to leverage the multi-station

configuration of the arrays and reconstruct the direc-
tion of arrival of the seismic noise at the sites. The
analysis of theATF suggests that the geometrical layouts
of the three arrays (Fig. 2) are optimal for reconstruct-
ing the seismic wavefield only in the range 10–20 Hz.
In this frequency interval, the incoming seismic wave-
field is confined in the 0.4–0.5 s/km slowness range, uni-
formly distributed in azimuth, except for the SE sector,
from which no incoming noise is recorded. Interest-
ingly, despite the reduced number of sensors employed
at P2 (2024), this array provided highly similar results
to P2 (20 stations, 30% more), indicating that the spi-
ral array configuration is highly efficient, providing ad-
equate resolution at the cost of a reduced number of
sensors. Considering the similarity of the beamform-
ing results between P2 and P2 (2024) in the 10–20 Hz
range, despite the different conditions of the overall
noise level, we suggest that noise source distribution is
heremostly time-invariant. It follows that short record-
ing lengths (e.g. one day) would suffice for the sole re-
construction of the velocity and azimuthal distribution
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of seismic noise. In the 20–40 Hz range, the seismic
noise appears largely incoherent, almost uniformly dis-
tributed in slowness and azimuth. The suboptimal re-
solving power of the arrays in this frequency range, as
indicated by the ATF 2, does not allow a further assess-
ment of the noise characteristics, which would require
a proper smaller aperture array.
Lastly, for the 1–10 frequency range, the beamform-

ing shows that high-velocity seismicnoisemostly comes
from the northern sector, strongly dominated by up-
ward propagating body waves. This observation is ut-
terly important for a correct estimation of the total seis-
mic budget for ET, in particular regarding the so-called
Newtonian noise, i.e. the seismic disturbance related
to tiny density anomalies that are generated by seismic
waves propagating through heterogeneousmedia Beker
et al. (2010);Harms (2019); Badaracco andHarms (2019).
However, for an improved reconstruction of the seis-
mic wavefield, specifically in the 1–10 Hz range, which
is the operational range for ET, a larger aperture array
is advised with longer recording periods (e.g. months),
to capture possible seasonal variation (e.g. offshore
sea-wave, storms) affecting the noise distribution. By
fk analysis, we retrieved the Rayleigh wave dispersion
curves that, according to the aperture characteristics of
the three arrays,mostly cover the 10–20Hz range, show-
ing phase-velocities that overlap with the slowness val-
ues obtained through beamforming. The array at P2
showed slightly higher capabilities with respect to P2
(2024) in retrieving phase velocities toward the lower
frequency range,mainly due to the higher slowness res-
olution shown in the ATF (see Fig. 2). Particularly in-
structive is the case of the P3 array that, despite the
optimal slowness and azimuthal resolution testified by
its ATF, made retrieving the Rayleigh wave dispersion
curve particularly difficult. We believe that the reason
for such poor performance is to be found in the ex-
tremely low level of seismic noise rather than in the
configuration of the array, which is optimal for the re-
construction of the seismic wavefield in this frequency
range (see ATF in Fig. 2). The inversion of the picked
dispersion curves range has allowed us to image only
the shallow subsurface within 100 m depth. Relatively
high andhomogeneous shear-wave velocities (2–3km/s)
are retrieved, in accordance with the known a priori
knowledge of the local terrain, which consists of un-
fractured orthogneiss and granitoid rocks (Carmignani
et al., 2012). A confirmation of the rather uncompli-
cated geological setting at the array sites emerges from
theHVSR spectra. TheflatHVSR curves obtained across
the entire extent of the arrays indicate an areally homo-
geneous (at least at the scale of the array aperture), non-
amplifying geological terrain, with no low-velocity res-
onant layer at shallow depth.

5.1 Suggestions and lesson learned

This study allowed a comparison of three arrays with
different spatial layouts, number of stations, and
recording lengths at two sites with very low levels of
natural and man-made noise, providing not only valu-
able insights into the seismic noise characteristics (i.e.

amplitude and spatial distribution), but also concern-
ing the performance of different acquisition strategies.
This is particularly valuable for better planning the per-
spective, large-scale geophysical characterization of the
ET candidate site. Given the very low noise level in the
area, the extraction of valuable information from pas-
sive recordings can be challenging, as shown by our at-
tempt to derive phase-velocities dispersion curves from
fk analysis at P3, despite the optimal array configu-
ration. Given the homogeneity of the shallow subsur-
face, as suggested by the HVSR spectra and the inver-
sion of phase-velocity dispersion curves, active meth-
ods (e.g. reflection and refraction seismic) are expected
to be poorly informative, due to the lack of major litho-
logical/structural discontinuity at depth. If a full, three-
dimensional, high-resolution velocity model is sought,
long-term passive recording with a dense array might
represent a viable solution. A sufficient number of
cross-correlation stacks between each station, ensured
by a sufficiently long recording (several months), would
likely compensate for the very low noise level of the
area. However, for the sole characterization of the seis-
mic noise and its source distribution, seismic arrays
are an adequate choice, once the stations’ layout and
recording length are tailored to the frequency of inter-
est. In our case, the 400 m aperture has been proven
to be optimal in the 10–20 Hz and enabled a full, high-
resolution reconstruction of the noise slowness and
source distribution through beamforming. For target-
ing lower frequencies (i.e. 1–10 Hz), the array should
have an aperture which is three-four times larger than
that employed in this study. A spiral array configuration
was shown to be particularly efficient and cost-effective,
providing comparable results to those obtained with
a concentric layout and a higher number of stations.
We observed that for the sake of solely characterizing
the noise source distribution, a one-day-long recording
might suffice. On the contrary, the construction of re-
liable and representative noise spectra requires longer
recordings, to account for possible diurnal variation
and change in weather conditions.

6 Conclusion

In this study, we presented and analyzed the datasets
from three temporary seismic arrays acquired at the
Italian candidate site for ET, the third-generation gravi-
tationalwavedetector. Weused spectral analysis, beam-
forming, fk analysis, and HVSR to evaluate and charac-
terize both natural andman-made seismic noise as well
as the local subsurface. Moreover, we assessed the suit-
ability of three different array configurations for future
data acquisition campaigns in the area, in light of the
target frequency ranges for ET. It follows a list of the
main findings:

1. All three array acquisitions confirm the exception-
ally low level of seismic noise (close to the Peter-
sons’ NLNM) for frequencies above 1 Hz. P2 (2024),
which is the array that recorded for 24 hours,
was affected by a relatively higher level of noise
due to the unfavorable weather condition (strong
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wind), thus highlighting the importance of long-
term recording that allows to account for temporal
variation in noise level.

2. The ∼ 400 m aperture of the arrays was proven
to be optimal only for the 10–20 Hz range, where
we successfully reconstructed the azimuthal noise
source distributions and slowness through beam-
forming. We found an almost homogeneous source
distribution in azimuthal. The 1–10 Hz range is
characterized by very high apparent velocities, sug-
gesting the prevalence of bodywaves. However, for
an adequate beamforming analysis below 10 Hz a
larger aperture array is advised.

3. HVSR and inversion of Rayleigh wave dispersion
curve suggest a fairly homogeneous shallow sub-
surface, characterized by high shear-wave veloci-
ties (2000 − 3000 m/s) and no resonant layer.
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