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Supplemental Material

The recent discovery of gravitational waves (GWs) and their potential for cosmic obser-
vations prompted the design of the future third-generation GW interferometers, able to
extend the observation distance for sources up to the frontier of the Universe. In par-
ticular, the European detector Einstein Telescope (ET) has been proposed to reach peak
strain sensitivities of about 3×10−25 Hz−1= 2 in the 100 Hz frequency region and to
extend the detection band down to 1 Hz. In the bandwidth [1,10] Hz, the seismic ambi-
ent noise is expected to represent the major perturbation to interferometric measure-
ments, and the site that will host the future detectors must fulfill stringent
requirements on seismic disturbances. In this article, we conduct a seismological study
at the Italian ET candidate site, the dismissed mine of Sos Enattos in Sardinia. In the
range between few mHz to hundreds of mHz, out of the detection bandwidth for
ET, the seismic noise is compatible with the new low-noise model (Peterson, 1993);
in the [0.1,1] Hz bandwidth, we found that seismic noise is correlated with sea wave
height in the northwestern Mediterranean Sea. In the [1,10] Hz frequency band, noise is
mainly due to anthropic activities; within the mine tunnels (≃100 m underground), its
spectrum is compliant with the requirements of the ET design. Noise amplitude decay
with depth is consistent with a dominance of Rayleighwaves, as suggested by synthetic
seismograms calculated for a realistic velocity structure obtained from the inversion of
phase- and group-velocity dispersion data from array recording of a mine blasting.
Further investigations are planned for a quantitative assessment of the principal noise
sources and their spatiotemporal variations.

Introduction
Modern fundamental physics experiments are often signifi-
cantly affected by the environment in which they are
conducted. For instance, in situ radioactivity or particle back-
ground hinders the attempts to measure rare particle interac-
tion or interactions with dark matter (Cahn and Goldhaber,
2009). Likewise, it has been shown that light pollution and
atmospheric conditions need to be accounted in the selection
criteria for ground-based telescopes (Schroeder, 2000). The
surrounding environment also plays a crucial role for gravita-
tional-wave (GW) detectors, because ground motion, sound,
and other environmental disturbances can limit the sensitivity
of the detector and reduce its duty cycle.

So far, GWs have been observed by means of a network of
three second-generation Michelson interferometers, with an arm
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length of the order of the km: advanced Laser Interferometer
Gravitational-wave Observatory (LIGO) Hanford and
Livingston detectors (LIGO Scientific Collaboration, 2015 in
the United States, and Advanced Virgo (Virgo Collaboration,
2015) in Italy. Currently, a Japanese underground interferometer
(KAmioka GRAvitational-wave detector [KAGRA], KAGRA
Collaboration, 2019) has recently joined the network. These
detectors are designed to observe GWs in the frequency band
between 10 Hz and a few kHz. In this frequency range, the cur-
rent generation of GW detectors has already observed astro-
physical sources, such as coalescing binary systems of neutron
stars and black holes (LIGO Scientific Collaboration and Virgo
Collaboration, 2019a). Other astrophysical sources are expected
to be detectable in the same frequency range, like supernovae
(Evans and Zanolin, 2017) and isolated neutron stars (LIGO
Scientific Collaboration and Virgo Collaboration, 2019b). GW
detectors measure the fractional variation δL=L (strain) of the
distance between the mirrors and the beam splitter due to an
incoming GW. Today, GW interferometers can achieve a strain
sensitivity less than 2 × 10−23 Hz−1=2 around 100 Hz. Because
ground motion induced by seismic noise is order of magnitude
larger than the typical measured strain, and it is the main source
for duty cycle interruption of GW detectors (Effler et al., 2015),
active and passive seismic insulators have been installed in GW
detectors, with the test masses (i.e., the mirrors of the interfer-
ometers) suspended to a chain of filters. For example, in the
Virgo detector seismic noise is attenuated by a cascade pendu-
lum in which each element has nearly equal frequency ν0. This
way, the amplitude of vibrations of frequency ν is reduced by a
factor �ν=ν0�−2 at each stage of the pendulum. This system is also
known as superattenuator (Virgo Collaboration, 2011). Yet,
below 20 Hz, the detection capability of GWs might still be
reduced by seismic disturbances, depending on their magnitude.

Seismic noise is generated by oceanic microseisms and, at
frequencies f > 1 Hz, by anthropic activities (e.g., Piccinini
et al., 2020; Poli et al., 2020; for the effect on GW detectors,
see Virgo Collaboration, 2004, 2006; Saccorotti et al., 2011).
GW data may be affected by seismic waves in multiple ways,
including light in the output laser beams scattered by seismi-
cally excited surfaces (e.g., elements on optical benches) and
coupled back into the main beam of the interferometer (Virgo
Collaboration, 2010), unwanted motions of the suspended mir-
rors caused by residual noise passing through the seismic iso-
lation system, coupling of the residual tilt of the suspended
elements (i.e., filters and test masses, Virgo Collaboration,
2011). Moreover, mass density fluctuations can interact
directly with the mirrors through gravitational forces. This
is also referred to as Newtonian noise (NN) or gravity gradient
noise (Saulson, 1984; Harms, 2019).

To extend the detector bandwidth to frequencies as low as
≃1 Hz, the GW community has been planning a major tech-
nological leap since 2010 (Einstein Telescope [ET] Science
Team, 2010), 5 yr before the first observing run of

Advanced LIGO even began, starting to design a third-gener-
ation GW observatory named ET (ET Science Team, 2010,
2011; Amann et al., 2020). The plan is to host the detector in
an underground tunnel system at depths between 200 and
300 m (with optimal depth to be determined depending on the
noise level and other characteristics of the site), to mitigate
seismic motion at the input of the suspension system. The
detector will have the shape of an equilateral triangle, with
10 km long sides, each hosting three pairs of nested interfer-
ometers observing in parallel (xylophone configuration; Hild
et al., 2009). This configuration yields a higher wideband sen-
sitivity with respect to current generation (ET Science Team,
2010, 2011). Collocating multiple interferometers in the same
observatory also results in more stringent constraints on the
seismicity rate but simplifies the measurement of GW polari-
zation, which requires a minimum of two detectors. Moreover,
the ET detector bandwidth starting at f ≃ 1 Hz will provide
longer observing time windows for compact object binary
mergers. In the [1,10] Hz band, ET design sensitivity is
expected to be affected by seismic noise sources of both natural
and anthropogenic origin. Therefore, geodynamical stability
and low noise induced by human activities are of paramount
relevance for evaluating the candidate sites for the construction
of ET (Amann et al., 2020).

The Sos Enattos mine, now dismissed but still manned for
environmental safety, was selected as one of the candidate sites
to host ET (ET Science Team, 2011). The mine is located in
Sardinia, 30 km northeast of the city of Nuoro, and includes
a complex network of tunnels (50 km total length). Nowadays,
through one of these tunnels, named Rampa Tupeddu, is pos-
sible to reach a depth of about 120 m (Fig. 1). In the European
context, Sardinia is known for its very low seismic hazard
(Stucchi et al., 2004, 2011; Woessner et al., 2015) and low pop-
ulation density (Eurostat, 2019). The seismic and environmen-
tal studies at Sos Enattos started in 2010, but, only in 2014, the
first long-term observations were undertaken (Naticchioni
et al., 2014). Since 2018, the mine hosts SARdinia-GRAVity
(Naticchioni, 2018), a laboratory for fundamental physics
research in low-ambient-noise environments that also provides
a research and development infrastructure for ET. In the fol-
lowing, we recap the general features of the Sos Enattos site and
present the first results from an ongoing, long-term observa-
tional survey, which started in March 2019, aimed at character-
izing seismic noise at Sos Enattos and its variations with depth.

Sos Enattos: A Low-Seismicity and Low-
Noise Site
As opposed to continental Italy and most of the Mediterranean
basin, Sardinia has long been known to be seismically quiet,
which is an essential feature for a site hosting a third-
generation GW detector like ET, to prevent frequent duty cycle
interruption. The Italian Seismological Instrumental and
Parametric Database (ISIDe) catalog (ISIDe Working
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Group, 2007) reports only 51 earthquakes (all with magnitude
less than 4.7) between 1980 and 2020, within 170 km from Sos
Enattos. Of these events, only 10 were recorded at less than
50 km from Sos Enattos, all withML ≤ 2:5. The relatively larger
magnitude (i.e., M > 3) ones occur offshore under the
Tyrrhenian sea. Very sparse seismicity in that area is also
reported by the CPTI15 historical earthquake catalog covering
the years from 1000 to 2014 (Rovida et al., 2019), with only one
inland (M � 4:9 near Cagliari, 1616) and two offshore events
(M � 4:8 and 5.4 in 1970 and 1977, respectively). Accordingly,
the seismic hazard map of Italy attributes to Sardinia, an
upper-bound peak ground acceleration (PGA) of 0:05g with a
10% probability of exceedance in 50 yr (Stucchi et al., 2004,
2011). This is one of the lowest reported estimates of PGA
throughout the Euro-Mediterranean area (Woessner
et al., 2015).

These observations are in agreement with the geodynamic
evolution of the Corsica–Sardinia microblock (e.g.,
Carmignani et al., 2004; Faccenna et al., 2014; Magrini et al.,
2020), which, after completing the clockwise rotation due to
the opening of the Liguro-Provencal basin roughly between
30 and 15 Ma, remained unaffected by the fast extension, lead-
ing to the formation of the Tyrrhenian Sea in the last 15 Ma.
This is also confirmed by the present-day deformation, show-
ing very little motion of the Corsica–Sardinia microblock with
respect to Eurasia plate (Faccenna et al., 2014). In particular,
the mine site lays on a crystalline basement of mica schist,
quartzite, orthogneiss, and granitoid rocks, that is known to
provide a stable environment for the construction of large
underground facilities (Beker et al., 2011). Because these rocks
are characterized by a low porosity, there are no significant
groundwater masses in the area, as confirmed by electrical
resistivity tomography (Naticchioni et al., 2020).

The area around Sos Enattos is scarcely inhabited.
According to Eurostat (2019), the average population density
of Sardinia is low (70=km2) and drops to 13=km2 within 10 km
from the site. There are no major railways, highways, large
industrial, or agricultural plants in a range of tens of kilometers

from the site. It is likely that anthropic noise at Sos Enattos is
limited to very local activities, which, to our knowledge, only
include mine maintenance (vehicles driving at the site, lorries
unloading their cargo, active water pumps, miners inspecting
the site) and, possibly, farming activities in the nearby fields
and pastures. All these activities can be controlled and would
be interrupted when ET will become operational.

Site Characterization
Instruments and noise environment
At the onset of the measurement campaign (end of March
2019), three seismic stations were installed in Sos Enattos
(Table 1; Fig. 1): a Güralp 3ESPCD (Güralp, 2020) on the
surface (station SOE0, 338 m above sea level) and two
Nanometrics Trillium 240 (Nanometrics, 2005) at a depth of
84 m (SOE1) and 111 m (SOE2) with respect to SOE0. In
December 2019, SOE0 was moved in a dedicated vault 210 m
southeast (400 m above sea level, Fig. 1). This was also the
occasion to replace the sensor, malfunctioning below 0.1 Hz,
with a Trillium 240. Accordingly, only the spectra from 2020
are shown in this section. At the time of the installation, either
SOE0 or SOE2 was supposed to be included into the Italian
seismic network, managed by the Istituto Nazionale di
Geofisica e Vulcanologia (INGV). Both stations were thus set
to operate without pre-amplification, as required for earth-
quake monitoring.

The probabilistic power spectral density (PPSD) of the ver-
tical channels of SOE0 (Fig. 2a) and SOE2 (Fig. 2b) is obtained
using the method of McNamara and Buland (2004), over the 1
January 2020 to 30 April 2020 time span. As the power spectral
densities (PSDs) of SOE1 and SOE2 are very similar in the fre-
quency band up to 10 Hz (Fig. 3a), we disregard SOE1 and only

Figure 1. (Left) Location of Sos Enattos in Europe. (Center)
Location of Sos Enattos in Sardinia. (Right) Placement of the
seismic stations at the mine. m a.s.l., meter above sea level. The
color version of this figure is available only in the electronic
edition.
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compare recordings at SOE0 and SOE2. Between 5 × 10−3 Hz
and 2 × 10−1 Hz, the PPSD of SOE2 follows the new low-noise
model (NLNM; Peterson, 1993). Between 0.1 and 1 Hz, the
PPSD exhibits peaks related to microseisms. In particular,
the peak at f ≃ 0:2 Hz is caused by secondary microseisms,
also called double-frequency microseism (DFM) occurring
at twice the frequency of ocean waves and originating from
nonlinear interactions of standing ocean waves causing a pres-
sure wave propagating toward the ocean floor (Hillers et al.,
2012; Amann et al., 2020). The other peak, barely visible at
f ≃ 0:06 Hz, is associated with primary microseisms that origi-
nate from wave motion in shallow waters (Longuet-Higgins,
1950; Chevrot et al., 2007; Hillers et al., 2012).

In the frequency interval [1,10] Hz, the median of the PPSD
of SOE0 shows a wide minimum around 3.5 Hz at ≃ − 154 dB,
then linearly increasing up to ≃ − 140 dB at 10 Hz (Fig. 2c). In
the same frequency interval, the PPSD of SOE2 shows a

TABLE 1
Seismic Stations

Station Latitude (°) Longitude (°) Altitude m a.s.l. Depth (m) Sensor Digitizer

SOE0 (2019) 40.444298 9.456815 338 – Güralp 3ESPCD 120 s Embedded

SOE0 (2020) 40.442520 9.457812 400 – Nanometrics Trillium 240 s Nanometrics Taurus

SOE1 40.445509 9.456854 254 −84 Nanometrics Trillium 240 s Nanometrics Taurus

SOE2 40.445457 9.456988 227 −111 Nanometrics Trillium 240 s Nanometrics Centaur

The depth of SOE1 and SOE2 is determined with respect to a standard reference point on top of the mine. m a.s.l., meter above sea level.

Figure 2. Probabilistic power spectral densities (PPSDs) of the
vertical channels for (a) SOE0 and (b) SOE2 during 2020. The
frequency ranges from 0.02 Hz (240 s) to 50 Hz (0.02 s). The new
low-noise model (NLNM), new high-noise model (NHNM), and
detector noise curves are also shown. (c,d) Zoom of (a,b) in the
[1,10] Hz band including the median of the PPSD (black line). The
color version of this figure is available only in the electronic
edition.
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minimum around 4.5 Hz at ≃�157 dB and increasing to
≃�150 dB at 10 Hz (Fig. 2c). The values of SOE0 and
SOE2 meet the criteria of ET that require a noise level of
−154 dB at 4 Hz (ET Science Team, 2010, 2011). However,
it must also be considered that PSD estimates at frequencies
above 4 Hz meet the noise floor of the digitizer shown in
Figure 2b, so the actual noise level could be even lower.

As a first attempt to evaluate the anthropic contribution to
the recorded noise, we compare the overall and nighttime
PPSDs. At both underground stations, the two estimates are
distinct only at frequencies above 2 Hz, in which they attain
a maximum difference of about 5 dB (i.e., a factor of 1.8 in
amplitude; Fig. 3a). Similar results are obtained by comparing
the PPSDs taken before and after the establishment of contain-
ment measures of the COVID-19 pandemic (“lockdown”),
when severe restrictions on vehicle traffic and interruption of
all nonessential human activities were imposed. Again, the pre-
and post-lockdown PPSD estimates are distinguishable only
above 2 Hz, in which they differ by about 2 dB (i.e., less than

a factor of 1.25 in amplitude; Fig. 3b). Such decreases are com-
parable with what is reported by Poli et al. (2020) and Piccinini
et al. (2020), who observed post-lockdown power drops on the
order of 50% at several sites in continental Italy. These two
examples helped to discriminate better the spectral signature
of cultural (anthropic) noise sources and to quantify their con-
tribution to the overall noise power. In conclusion, the effects
of anthropic activities on underground seismic noise at Sos
Enattos, albeit present, are small. We find that the noise power
meets the ET requirement of −154 dB at 4 Hz and, to the best
of the data currently available, it is reasonable to consider Sos
Enattos among the 10% quietest sites in the world, at least for
the [4,7] Hz frequency band (Fig. 4). This represents a
conservative estimate, in light of the aforementioned resolving
limitations associated with the digitizer noise (Figs. 2b and 3a).
A final point concerns the discrimination of all those local
noise sources that will be eliminated by the time ET will be
functioning (i.e., maintenance operations at and around the
mine, or other small-scale human activities in the neighbor-
hood). To answer this question, specific surveys are in progress
for monitoring seismic noise using dense seismometer arrays,
which, through wavefield decomposition, will permit to assess
quantitatively location and strength of the principal noise
sources.

Seismic velocities
Constraints on the ground velocity profiles at the site are
obtained from the analysis of ground motion associated with
the drilling-and-blasting enlargement of a gallery of the mine.
The blasting was conducted on 18 October 2018, and it con-
sisted of five consecutive explosions fired at 0.25 s intervals, at a
depth of about 150 m beneath the surface. We recorded the
signals generated by the blasts using a linear array of five seis-
mometers positioned at distances in between ≃450 and 2000 m
from the surface projection of the shot point (Table 2). By fit-
ting the first-arrival times with a straight line, we obtain an
apparent P-wave velocity of VP � 4:80� 0:13 km=s (Fig. 5a).

We then use a frequency–time analysis of recorded data to
estimate the Rayleigh-wave group velocity. First, we calculate
the envelopes of the signals at individual stations, using a
Gaussian filter with parameter α � 10 (Levshin et al., 1972),
spanning 25 center frequencies within the [3,8] Hz frequency
interval. For each frequency, we use the time differences
between the maxima of the envelopes at the different stations
to derive group-velocity estimates for each independent station
pair. For each frequency bin, we then average those velocity
estimates, thus obtaining the dispersion relationship of
Figure 5. Subsequently, we use a p − ω stack procedure (e.g.,
Herrmann, 2013), to derive a phase-velocity dispersion curve
over the [2,5.5] Hz frequency range (Fig. 5c).

Under the assumption that both the group- and phase-veloc-
ity dispersions are associated with the fundamental mode of
Rayleigh waves, we perform a joint inversion of those curves

Figure 3. (a) Comparison between SOE1 and SOE2. Solid lines
show the median of the PPSDs. Dotted-dashed lines refer to
night only. Dotted lines represent the minimum of the PPSD.
Peterson’s NLNM is also shown. (b) Median by day and at night of
the PPSD of SOE2 before and after the 2020 COVID lockdown in
Italy. The medians are computed during the three weeks before
and the first three weeks after the onset of the lockdown (11
March). PSD, power spectral density. The color version of this
figure is available only in the electronic edition.
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for a shear-wave velocity (VS)
ground profile. We conduct the
inversion using the GEOPSY
code (Wathelet et al., 2020). We
used a simple parameterization
of the subspace, consisting of
two, 100-meter-thick layers
overlying a half-space. Density
is kept constant at
2600 kg=m3, whereas the
Poisson ratio is let to vary in
the 0.2–0.3 range. At the end
of the inversion, we consider
as acceptable those velocity pro-
files for which corresponding
dispersion curves are included
in the �0:5 sigma interval
around the experimental dis-
persions (Fig. 5b,c). Shear-wave
velocities span the [1.8,2.0],
[2.0,2.2], and �2:5; 2:7� km=s
intervals for the two layers and
the half-space, respectively. The
corresponding P-wave veloc-
ities, respectively, span the
[3.1,3.6], [3.4,0.0], and [3.4,0.0]
intervals. The retrieved model
suggests a substantial homo-
geneity of the shallow velocity
structure, in agreement with
the lack of amplification effects
discussed in the next section.

Seismic noise amplitude
ratio
To better quantify the variation
of noise amplitude with depth,
Figure 6 shows the 5th, 50th,
and 95th percentiles of the
ratios of the amplitude spectral
density for the vertical channels
of the surface (SOE0) and
underground (SOE2) seismom-
eters. We do not extend such
comparison to station SOE1,
given the similarity of its spec-
tra with those derived at SOE2
(Fig. 3a). At the underground
site, amplitude decay starts to
be significant at frequencies
above 2 Hz, till reaching a factor
of 5 at 10 Hz. For interpreting
these data, we use a modal

Figure 4. Evaluation of the noise level for SOE2 at global scale. For each frequency bin, on top of
each frame, we calculate the mean PSD (in dB) for each of the 445 stations that compose the
Incorporated Research Institutions for Seismology virtual network _FDSN+ALL in the period of 1
January 2020 to 30 April 2020. In each frame, the vertical bar indicates the average level of noise as
observed at SOE2 in the same time span (Fig. 2b), whereas the number on the top right corner
indicates the SOE2 ranking with respect to the selected global network.
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summation approach (Herrmann, 2013) and compute synthetic
Rayleigh-wave seismograms from an arbitrary, vertical point
source located at 10 km distance and recorded at a receiving
station at the surface (as for SOE0) and at 111 m depth (as for
SOE2). The seismic model used in the simulation is obtained by
extending the half-space of the velocity profiles of Figure 5 down
to a depth of 2 km, where the crustal velocity model of Magrini
et al. (2020) is then adopted. From the resulting synthetic seis-
mograms, we finally obtain the expected amplitude spectral ratio
between the surface and underground sensors. As it is shown in
Figure 6, the simulated Rayleigh-wave amplitude ratios are in
good agreement with the observed ones. The main discrepancies
are noted at frequencies below 0.03 Hz and above 4 Hz. Over
those particular frequency band, the observed spectral ratios are
likely conditioned by the sensor and digitizer self-noise, respec-
tively. In conclusion, the amplitude decay with depth becomes
significant at frequencies above ≃2 Hz, consistently with what is
expected for Rayleigh-wave propagation in the previously
derived velocity model.

Horizontal-to-vertical spectral ratios
Further hints on the elastic properties of the subsurface are
gained through analysis of the horizontal-to-vertical spectral
ratios (HVSRs) of seismic noise (Nakamura, 1989, 2008).
Although the theoretical meaning of HVSR is still under debate
(Lunedei and Malischewsky, 2015), it is now widely accepted
that peaks in the HVSR function correspond to the S-wave res-
onance frequencies, when a marked impedance contrast exists
between shallow, soft layers and an underlying bedrock.
Consequently, the HVSR constitutes a cost-effective and rapid
tool for evaluating both site amplification effects and con-
straining the elastic properties of the shallowest geological
layers.

To estimate the HVSR at Sos Enattos, we use four months of
continuous recording from SOE0 and follow the procedure of
Atakan et al. (2004). After calculating the fast Fourier trans-
form over 1-hour-long segments, the spectra are smoothed
using a Konno–Ohmachi function (Konno and Ohmachi,
1998), and the two horizontal components (N, E) are com-
posed through their geometric mean, that is,
H � �������������������

HN ×HE
p

. The average of the hourly HVSRs is shown
in Figure 7, alongside with the corresponding 5th and 95th per-
centiles intervals. In the [0.2,10] Hz frequency interval, the
HVSR curve does not exhibit any peak, and has a constant
value of 1. For a shallow, soft layer of thickness h overlaying
a bedrock, the S-wave resonance frequency f c is given by f c �
VS
4h (Parolai et al., 2002), in which VS is the shear-wave velocity
of the layer. We may use this equation to constrain the mini-
mum depth for which no significant impedance contrasts exist.
By considering VS in the �2:0; 2:7� km=s range (Fig. 5), and the
lower frequency bound of the flat portion of the HVSR curve
(0.2 Hz), we infer that there are no significant impedance con-
trasts down to depths of about [2500, 3000] m below the

Figure 5. (a) Recordings of the vertical component of ground
velocity associated with the blasting fired at 8:36:10 UTC on 18
October 2018. Traces are individually normalized to their maxi-
mum amplitude. The dashed line marks the 4:8 km=s dromo-
chrone. (b) Phase velocities measured over the [2,5.5] Hz
frequency interval (black dotted line), compared with the pre-
dictions from the ensemble of investigated velocity models
(colored patches). (c) The same as in (b), but for group-velocity
data measured over the [3,8] Hz frequency range.
(d) Compressional- and (e) shear-wave velocity models derived
from inversion of the phase- and group-velocity dispersions
shown in (b,c). Colors in (b–e) correspond to the inversion misfit,
according to the color bar at the bottom. The color version of this
figure is available only in the electronic edition.

Volume XX • Number XX • – 2020 • www.srl-online.org Seismological Research Letters 7

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220200186/5177222/srl-2020186.1.pdf
by Istituto Nazionale di Geofisica e Vulcanologia INGV user
on 12 November 2020



surface. This is not surprising,
in light of the previously sum-
marized geological features of
the site.

Correlation Studies
Earthquake detection
To further investigate the data,
seismic waveforms from SOE0,
SOE1, and SOE2 are also corre-
lated in search for earthquakes,
in particular, low-magnitude
local events that could have been
missed. Earthquake signal
enhances the correlation
between different stations that,
from the source perspective,

are at same azimuth and distance. Continuous data are correlated
by filtering 10min long segments in the [1,10] Hz band to prevent
microseismic noise from actually blinding the analysis. Both ver-
tical and horizontal channels are used, and because, in the fre-
quency band of interest, SOE0 did not experience any issue,
the analysis is extended also on the 2019 data. In total, 31 tele-
seismic events are found using this method from 1 April 2019 to
31 August 2019 and 38 more from 1 January 2020 to 30 April
2020. Besides these arrivals, two extra peaks emerge at epochs
in which no events are reported in the INGV catalog (ISIDe
Working Group, 2007). For these two events, P–S travel-time dif-
ference suggests a local origin. Data from SOE0 are integrated
with those from nearby permanent seismic stations (IV.DGI,
IV.AGL, MN.VSL; Boschi et al., 1991; ISIDe Working Group,
2007), and localization is performed using NonLinLoc (Lomax
et al., 2009). Table 3 shows the results of the inversion, together
with an estimate of the local magnitude. However, these localiza-
tions, due to the low magnitude, low station count, and the large
azimuthal gap, are poorly constrained.

Figure 8 shows sample correlation estimates for the time
interval 1 June 2019 to 9 June 2019. We choose to show this

TABLE 2
Blast Recording Stations

Station Latitude (°) Longitude (°) Altitude m a.s.l. Distance (m) Sensor Digitizer

Blast 40.443000 9.457516 228 – – –

ST01 40.446552 9.457308 321 405.94 Lennartz 1 s Nanometrics Centaur

ST02 40.450181 9.458474 336 811.54 Lennartz 1 s Lunitek Atlas

ST03 40.453792 9.456564 414 1215.58 Lunitek Tellus 1 s Lunitek Atlas

ST04 40.457348 9.456470 399 1604.57 Lunitek Tellus 1 s Lunitek Atlas

ST05 40.461423 9.455933 509 2068.96 Lunitek Tellus 1 s Lunitek Atlas

m a.s.l., meter above sea level.

Figure 6. (a) Vertical component SOE0/SOE2 amplitude spectral density (ASD) ratio (black line) and
5th and 95th percentiles (dashed lines) compared with the corresponding amplitude ratios esti-
mated from synthetic seismograms (red line). (b) Zoom of (a) around ASD ratio = 1. The color
version of this figure is available only in the electronic edition.

Figure 7. Average horizontal-to-vertical spectral ratio (HVSR) of
SOE0 in the period of 1 January 2020 to 30 April 2020. Dashed
lines are the 5th and 95th percentiles.
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particular time span as an example of the correlation results,
because it includes three events of different nature. In fact, the
first two peaks in the correlation values (highlighted by red
circles) are associated with the events of 1 June 2019 at
04:26:19 (UTC) from Greek–Albanian border and 4 June
2019 at 04:39:17 (UTC) from Japan (sea). The third peak is
the local event ML � 1:8 on 5 June 2019. Also, correlation
between surface and underground stations highlights the
night–day cycle showing how local daily surface activities have
a limited effect on underground seismic noise. On the other
hand, correlation between the underground sensors (bottom
panel) oscillates around a constant value and shows only a mild
night–day cycle on the vertical component (green points). The
vertical channel shows, on average, a correlation of 1.3 times
higher than the E and N channels. Applying the same
procedure to continuous data recorded in 2020, we find that
correlation shows the same main features.

Sea waves correlation
We study the correlation between seismic data and the sea cli-
mate (Hillers et al., 2012), to characterize seismic noise at the site.

A comprehensive discussion on the generating mechanism of
microseisms will not be covered here but can be found in
Ardhuin et al. (2011, 2019). For the specific case of Sos
Enattos, Naticchioni et al. (2014) already discussed the correla-
tion of wind speed and atmospheric pressure variations with seis-
mic noise and conducted a preliminary analysis of correlation
between sea wave height and seismic noise. These latter results
were obtained, however, from a limited data set consisting of
wave height models, calculated at only four points offshore
the east coast of Sardinia. Here, we consider a wide region of
the Mediterranean Sea taking advantage of the data provided

Figure 8. Correlation between the seismic stations versus time for
nine days (1 June 2019 to 9 June 2019) in the 1 Hz < f < 10 Hz
band for all three channels (east–west, blue; north–south,
orange; vertical, green). (Top) The night–day cycle is evident
when correlating SOE0 and SOE2. (Bottom) The two seismom-
eters underground only show a mild night–day cycle on the
vertical channel only. Red circles identify three earthquake
detections. The color version of this figure is available only in the
electronic edition.

TABLE 3
Local Earthquake Localization

Time (yyyy/mm/dd hh:mm:ss) Longitude (°) Latitude (°) Depth (km) ML

2019/06/05 08:05:14 9.68 ± 0.01 40.565 ± 0.006 17.5 ± 1.0 1.8

2019/08/07 22:44:58 10.7 ± 0.6 40.6 ± 0.3 27.6 ± 7.8 1.2

Volume XX • Number XX • – 2020 • www.srl-online.org Seismological Research Letters 9

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220200186/5177222/srl-2020186.1.pdf
by Istituto Nazionale di Geofisica e Vulcanologia INGV user
on 12 November 2020



by the Copernicus Marine Environment Monitoring Service
(CMEMS). CMEMS provides reference information on the
dynamics of the ocean and marine ecosystems for the global
ocean and the European regional seas. In our specific case,
we use data from the Mediterranean Sea Waves forecasting sys-
tem (MEDSEA) (Korres et al., 2019) and select a subregion of the
Tyrrhenian Sea from 1° to 16.5° E and from 35° to 46° N. The
MEDSEA data set consists of time series of wave height data
sampled every hour (hourly mean) with a coordinates-grid res-
olution of 4.6 km (Korres et al., 2019). To achieve this sampling

and resolution, MEDSEA uses a model that interpolates all avail-
able satellite wave height observations (Korres et al., 2019). For
the correlation analysis, we extract the time series of noise power
for each period bin of the original PPSD estimates. The time
series corresponding to each period of ground oscillation is then
cross-correlated against the time series of wave height at the
nodes of the MEDSEA model. We find that the average corre-
lation at the nodes in the considered region is maximized for
ground vibrations at T � 4:5 s �f � 0:22 Hz�, Fig. 9). This
result is in agreement with Figure 2, which shows the character-
istic microseismic peak at f ≃ 0:2 Hz. For this particular period,
the areal distribution of the correlation estimates permits to iden-
tify a main DFM source in the northwestern Mediterranean Sea
(Gulf of Lion), in agreement with the previous findings by
Chevrot et al. (2007). In Figure 10, we compare the microseism
noise with period equal to 4.5 s, as measured underground at Sos
Enattos in 2019, with time evolution of sea wave height in the
area of maximum correlation.

Conclusions and Future Perspectives
In this study, we conducted a seismological investigation at the
Sos Enattos former mine (Sardinia, Italy), which is one of the
proposed sites to host the next generation of GW detector ET.
As expected from its geological and environmental settings, the
site is very quiet, and for several frequency bands (e.g.,
f < 0:5 Hz, 2 Hz < f < 5 Hz) the noise power does not differ
significantly from the Peterson’s NLNM. In the microseismic
band (i.e., 0:1 Hz < f < 1 Hz), the noise spectra exhibit the sec-
ondary microseismic peak at frequency around 0.2 Hz. By cor-
relating the temporal evolution of this spectral component with
the satellite-based wave height data, we identified the main
microseismic source in the west–northwest sector of the
Mediterranean Sea, in agreement with the earlier results by
Chevrot et al. (2007). In the frequency band of interest for

GW detectors (f > 1 Hz), Sos
Enattos fulfills the ET require-
ment of −154 dB at 4 Hz and,
around that particular fre-
quency, it can be considered
among the quietest sites of the
Earth. At the underground sites,
PSD estimates over the [5–
10] Hz frequency interval hit
the self-noise floor of the digi-
tizer. As of July 2020, we thus
replaced station SOE1 with a
high-gain digitizer. Analysis of
noise power variations associ-
ated with the day–night cycle
and with the establishment of
the COVID-19 containment
measures permitted a first
assessment about the

Figure 10. (Top) Time evolution of wave height (Copernicus Marine Environment Monitoring
Service [CMEMS] data) extracted at the point in the grid identified by the black dot in Figure 9.
(Bottom) Comparison of the microseism noise with period equal to 4.5 s, as measured under-
ground at Sos Enattos in 2019, with time evolution of sea wave height in the area of maximum
correlation. The color version of this figure is available only in the electronic edition.

Figure 9. Correlation between the average sea wave height and
seismic noise at Sos Enattos corresponding to the PSD period that
maximizes the correlation. The area of maximum correlation west
of Sardinia and Corsica is in agreement with the sources shown in
figure 10 of Chevrot et al. (2007). The black dot identifies the
point in the grid at which the time series of Figure 10 was
extracted. The color version of this figure is available only in the
electronic edition.
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contribution of anthropic activities to the overall noise spectra.
To this respect, however, the full characterization of the noise
environment at the site requires discriminating individual
sources, in turn, quantifying their relative power. Our spectral
estimates are likely dominated by the action of very local sources
(e.g., the mine maintenance activities), which will be suspended
by the time ET will be in operation.

The results presented in this study have important implica-
tions for the overall design of an underground GW detector
infrastructure. The main outcome, given the general quietness
of the site and the geological homogeneity of the subsurface,
suggests a configuration of ET requiring only the three vertices
of the triangle to be located underground; the potential advan-
tages of this configuration, both practical and economical,
deserve an attentive study in which all the implications are
evaluated. A full characterization of the noise environment
at Sos Enattos implies further measurements to assess the vari-
ability of the noise power over much larger spatial and longer
temporal scales. In addition, the proper modeling of the NN
contribution to the overall noise needs an improved assess-
ment of the composition of the seismic noise wavefield over
the whole frequency range of interest with a dedicated meas-
urement campaign. Because of these motivations, new surveys
are currently being planned, including seismic noise measure-
ment in boreholes at 200–250 m depths, the deployment of
small aperture, dense seismometers arrays aimed at the iden-
tification of the principal noise sources in the [1,10] Hz fre-
quency band, and the associated dominant wave types. The
extensive measurement campaign will boost the design of
the new GW underground detector in Sardinia.

Data and Resources
The measurement campaign in Sos Enattos is still under way in the
framework of the characterization of the two sites proposed for
Einstein Telescope (ET), and the data, currently archived at the
Istituto Nazionale di Geofisica e Vulcanologia (INGV) servers, are avail-
able upon request. Nevertheless, the SOE2 station was recently included
in the Italian seismological monitoring network (Istituto Nazionale di
Geofisica e Vulcanologia (INGV) Seismological Data Centre, 2006) and
is reachable through the webservices of the International Federation of
Digital Seismograph Networks (FDSN, http://www.fdsn.org) imple-
mented by INGV (http://cnt.rm.ingv.it/webservices\_and\_software)
as IV.SENA. This service provides also data for the other seismic stations
used in this article: IV.DGI, IV.AGL, and MN.VSL (Boschi et al., 1991).
Data concerning the average wave height of the Mediterranean Sea are
available on the Copernicus Marine Environment Monitoring Service
(CMEMS) at copernicus.eu. All websites were last accessed in May
2020. Power spectral densities for the virtual network _FDSN+ALL
(Fig. 4) have been obtained from the Incorporated Research
Institutions for Seismology (IRIS) webservice Modular Utility for
STatistical kNowledge
Gathering (MUSTANG, Casey et al., 2018). Data management, analysis,
and visualization have been carried out in Python using ObsPy
(Beyreuther et al., 2010) and Matplotlib (Hunter, 2007).

Supplemental materials of this work provide additional information
about the characterization of earthquakes occurring in Sardinia and
the plot with the model used for the seismic amplitude ratio simulations.
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