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Abstract

To establish a robust reference framework for future seismic hazard evaluations, we introduce the 
first deep shear wave velocity (Vs) model of the Venice Lagoon (Italy), developed through seismic 
noise interferometry. A seismometer was deployed in Venice’s historic center, and its continuous 
noise recordings were cross‑correlated with data from the sole permanent station located on Lido 
Island. Using seismic noise processing methods and joint inversion of Rayleigh wave group and phase 
velocity dispersion curves, we obtained a detailed deep Vs profile of the Venice Lagoon subsurface, 
extending down to the engineering bedrock and the base of the Pliocene sequence. Our model 
shows strong consistency with geological information from deep boreholes and seismic reflection 
surveys. Additionally, the determined engineering bedrock depth corresponds well with existing 
models of the deep alluvial Po Plain from earlier research. This study delivers the first comprehensive 
deep Vs reference model for Venice, establishing an essential baseline for future seismic response 
assessments and risk mitigation initiatives designed to safeguard the city’s priceless cultural heritage.
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1. Introduction

The historic city of Venice in north‑eastern Italy represents an irreplaceable UNESCO cultural heritage site facing 
multiple natural hazards, including recurrent flooding (Zanchettin et al., 2021), subsidence (Carbognin et al., 2005) 
to the notable seismic hazard (Stucchi et al., 2011). Although Venice is far from active seismogenic faults, the region 
experiences significant seismic activity from surrounding areas (Burrato et al., 2008). A notable example occurred in 2012 
when the M 6.1 Emilia Romagna earthquake sequence (Massa et al., 2012) was strongly felt in Venice’s historic centre, 
causing minor damage to buildings and monuments despite an epicentral distance exceeding 90 km. Historical records 
document various earthquake impacts in the Venetian area (e.g., Galli, 2000; Carminati et al., 2007; Rovida et al., 2016), 
including the Verona earthquake of 1117 (estimated M 7), which damaged the city (Guidoboni et al., 2005). Although 
the seismic hazard is moderate, the exceptionally high levels of vulnerability and exposure substantially increase the 
overall seismic risk (Knezic et al., 2014), which requires adequate preparation and mitigation measures.

Understanding the response of the subsurface to dynamic forcing requires simulations of scenarios based on 
realistic geological models (Pitilakis, 2004; Pitilakis et al., 2006a, b; Sui, 2023). Seismic design codes (e.g., European 
Committee for Standardization, 2004; Ministero delle Infrastrutture e dei Trasporti, 2018; Building Seismic Safety 
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Council, 2020) typically require soil parameters obtained from direct investigations or geophysical surveys. However, 
due to logistical and financial constraints, mandatory characterization generally focuses only on shallow subsurface 
layers (Boore, 2004; Borcherdt, 2012). Conversely, comprehensive modeling scenarios and local seismic response 
assessments require deeper shear‑wave velocity models extending to the seismic engineering bedrock (Borcherdt 
and Glassmoyer, 1992; Ambraseys et al., 1996; Kramer, 1996; Rathje et al., 2010) to realistically simulate the expected 
ground motions (Abrahamson and Silva, 1997).

Models reaching the rigid engineering bedrock (defined in European seismic codes as Vs ≥ 800 m/s, hereafter 
termed engineering bedrock) are therefore essential. However, in deep alluvial basins, the engineering bedrock can 
be found at considerable depths and remain inaccessible to conventional geophysical surveys (Guéguen et al., 2007). 
Consequently, various authors and seismic standards have proposed reference velocity structures that connect the 
upper subsurface to the depth of the engineering bedrock through linear or exponential gradients (Budny, 1984; 
Poggi et al., 2012; Faccioli et al., 2015; Cascone et al., 2022). Nevertheless, the depth of the engineering bedrock 
is often unknown (Mascandola et al., 2019), and this is exactly the case for Venice. Several studies have investigated 
the upper subsurface of Venice and its lagoon, primarily through shallow coring (Serandrei Barbero et al., 2001), 
providing detailed reconstructions and technical information on shallow subsurface layers (Zezza, 2010; Trevisani 
and Boaga, 2018; Simonini, 2023). Currently, deep geological reconstruction of the Venice area relies solely on a few 
continuous deep coring wells drilled during the 1970s (see Kent et al., 2002; Brambati et al., 2003; Massari et al., 2004), 
without any geophysical Vs measurements.

The Venice Lagoon presents a paradigmatic yet challenging environment for geophysical characterization of deep 
structures, as conventional extended seismic surveys cannot be conducted either at sea or on land. The shallow, 
semi‑submerged wetlands prevent deployment of long seismic streamers, while protected natural park zones and 
historic centre logistics prohibit the use of conventional seismic sources (e.g., airgun or vibroseis). To overcome 
these limitations, we installed a seismometer in Venice and recorded ambient seismic noise for correlation with 
data from the only permanent seismic station in the Venice Lagoon located on Lido Island and part of the Italian 
National Seismic Network (Istituto Nazionale di Geofisica e Vulcanologia‑INGV, 2005). This correlation forms the 
basis for seismic interferometry, a well‑established and completely non‑invasive technique enabling the extraction 
of the Green’s function between sensor pairs (Weaver and Lobkis, 2004; Wapenaar, 2004; Shapiro and Campillo, 2004; 
Roux et al., 2005; Gouédard et al., 2008). The Green’s function was then used for dispersion analysis and inversion to 
obtain the shear wave velocities of the medium studied (Mordret et al., 2015; Lehujeur et al., 2018; Kästle et al., 2018). 
This paper presents results from the first 3.5 months of noise monitoring. Our analysis enabled the definition of the 
deep shear wave velocity structure of the Venice Lagoon. The derived model agrees well with geological information 
from available deep boreholes in the area (CNR‑VENEZIA 1; Favero et al., 1973; Massari et al., 2004) and studies 
of surrounding Po Plain zones (Boaga et al., 2010; Pesaresi et al., 2014; Mascandola et al., 2019), while additionally 
providing a Vs profile extending to the engineering bedrock of the Venice Lagoon and reaching the Basal discontinuity 
of the Pliocene. The identified discontinuity depth aligns with historical deep seismic reflection studies conducted 
in the surrounding areas of the Adriatic Sea and the Veneto Plains. This benchmark result establishes a crucial 
reference for future seismic response scenarios in Venice’s historic centre.

Figure 1. �Locations of the 2 seismometers in the Venice lagoon, North‑East Italy. Black triangles show our San Servolo 
station and the Lido INGV station.
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2. Data acquisition and preliminary analyses

In July 2023, we installed a seismometer on the Venetian Island of San Servolo  (Fig. 1), home of the Venice 
International University (VIU). We used a triaxial Lunitek Tellus‑5s seismometer, complemented by a Lunitek Atlas 
digital recorder and data transmission module. The instrument has a flat response in the frequency range of 0.3 
to 100 Hz, with a dynamic range > 140 dB. The sampling frequency is set at 100 Hz. The instrument was placed in 
a temperature‑controlled service room, basement level, on a rigid platform. The place is quiet, being off the main 
pathways of VIU attendants. The San Servolo station has been operating since 8 July 2023 and is currently the 
only one in the historic city of Venice. The nearest existing permanent station is located on the seafront, on the 
Lido Island (Fig. 1), and belongs to the Italian National Seismic Network IV, operated by the National Institute of 
Geophysics and Volcanology (INGV) with contributions from collaborating institutions and observatories (station 
code VENL). It is also a Lunitek Tellus‑5s seismometer, coupled to a Lunitek ATLAS digital recorder, with a sampling 
frequency of 100 Hz. VENL (Lido) data are public and can be downloaded free of charge. The distance between our 
San Servolo station and the Lido station, as derived by GNSS, is 1629 m.

Preliminary analyses were carried out to assess the quality of the recorded data and the noise temporal stability. 
Figure 2a shows the spectrogram of the seismic noise recorded at San Servolo for the 0.1 Hz‑5 Hz frequency range, 
using a 1‑hour window. Five minor interruptions of recording can be easily identified, all of them lasting less than 
one day. The spectrogram allows us to appreciate the time distribution of noise in the different frequency ranges. 
The rather constant peak centred at 0.2 Hz corresponds to the secondary microseisms range, originated by the 
wave‑wave interaction in the nearby oceans (Tanimoto and Anderson, 2023). The sparse peaks in the 0.3‑1 Hz range 
are the effect of local wind‑generated sea waves during storms, as demonstrated by the good correlation with the 
Adriatic sea wave height measurements taken in Ancona, at more than 200 km distance from our study site (Fig. 2b). 
The frequency of occurrence of these events in the period of analysis is rather stable, therefore no significant 
seasonal variations are observed. Finally, the regular daily pattern observed above 0.5 Hz with maximum amplitude 
around 1 Hz (see Figs. S1 and S2 in the Supplementary Information) corresponds to anthropic noise, probably due 
to maritime traffic and the consequent higher wave motion in the lagoon.

Figure 2. �(a) Spectrogram of the seismic record in San Servolo for the period July 8, 2023 to October 28, 2023. (b) A horizontal 
slice of the spectrogram for 0.5 Hz (in red), and sea wave height recorded in Ancona for the same period. Very 
good correlation is observed between the two time series.

3. Methods

Seismic interferometry reconstructs the Earth’s impulse response between receiver pairs through cross‑correlation 
of ambient seismic noise (Wapenaar et al., 2010). Over recent decades, this passive technique has been extensively 
applied to retrieve Green’s functions associated with virtual sources (Weaver and Lobkis, 2004; Roux et al., 2005; 
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Gouédard et al., 2008). This response is obtained by cross‑correlating and stacking continuous passive recordings within 
a specific frequency range (Shapiro and Campillo, 2004). Green’s function retrieval depends on either an isotropic 
azimuthal distribution of noise sources where noise wavefields aligned with the receiver pair contribute constructively 
while lateral wavefields produce destructive interference (Wapenaar et al., 2010), or on the predominance of inline 
noise sources. These conditions are rarely fully satisfied, so the obtained response is considered an approximation 
of the theoretical Green’s function, termed the empirical Green’s function  (EGF; Shapiro and Campillo,  2004). 
Nevertheless, numerous studies have demonstrated that errors associated with non‑uniform seismic source 
distributions are generally negligible when sufficiently long recordings are employed (Pedersen and Krüger, 2007; 
Yang and Ritzwoller, 2008; Weaver et al., 2009; Froment et al., 2010; Kästle et al., 2016).

Seismic interferometry can be expressed as (Weaver and Lobkis, 2004; Wapenaar, 2004; Shapiro and Campillo, 2004; 
Roux et al., 2005; Gouédard et al., 2008):

	 {G(xB, xA, t) + G(xB, xA, − t)} ∗ SN(t) = ⟨u(xB, t) ∗ u(xA, − t)⟩� (1)

where from the ensemble averaging (⟨⟩) of the cross‑correlations between signals recorded at station A (i.e., u(xA, t)) and 
station B (i.e., u(xB, t)), we can obtain the sum of the causal and acausal Green’s functions between stations (i.e., G(xB, xA, t) 
and G(xB, xA, −t)), convolved by the noise auto‑correlation (i.e., SN (t)). In this study the EGF was obtained by the 
following steps (Bensen et al., 2007; Poli et al., 2013): i) preprocessing raw time series, including resampling to 20 Hz 
and data demeaning; ii) segmenting continuous noise recordings into 1‑hour time windows with 30‑minute overlap; 
iii) applying spectral whitening to each data window by dividing the raw amplitude spectrum by its smoothed 
version  (spectral normalization); iv) performing frequency‑domain cross‑correlation between records from the 
two analysed stations; v) stacking the cross‑correlation spectra; vi) applying inverse Fourier transform to retrieve 
time‑domain cross‑correlations. Since this work focused on Rayleigh wave dispersion, cross‑correlation of the vertical 
components of seismic traces (ZZ) was computed and analysed. The causal and acausal parts of the cross‑correlation 
functions were averaged to compensate for imperfectly isotropic noise source distributions (Lin et al., 2008).

Rayleigh wave dispersion analysis was conducted both for group and phase velocities. The frequency time 
analysis (FTAN; Levshin et al., 1992; Boaga et al., 2010) was employed to identify the group velocity dispersion 
curve of surface waves from a single component and for the fundamental mode. The group velocity dispersion 
curve was first depth‑inverted to obtain a preliminary 1D Vs model representing the average subsurface structure 
between San Servolo and Lido stations. Depth inversion was performed using the Dinver inversion code within the 
Geopsy package (https://www.geopsy.org/), that uses a stochastic approach based on the Neighborhood Algorithm 
(Sambridge, 1999; Wathelet, 2008). The parameter space for the inversion is shown in Table 1: target models include 
5 layers with fixed density values and variable P‑ and S‑wave velocities and thicknesses. Linear Vs gradients were 
permitted for the first three layers, while the deepest layers were constrained to uniform properties, a choice 
guided by the geological context of the deep sedimentary basin. The inversion was run using 100 starting models 
and brought to the generation of 20000 models in total.

Table 1. �Parameter space for the group velocity inversion. Note that layers 1 to 3 admit a linear increase of Vs with depth, 
while for layers 4 and 5 Vs is constant.

Layer Bottom depth [m] Vs [m/s] VP [m/s] 𝝆 [kg/m3]

1 (shallower) 100‑500 150‑500 300‑1500 1800

2 250‑1000 300‑1300 600‑3900 2000

3 600‑1500 600‑1500 1200‑4500 2100

4 1200‑2000 800‑2000 1600‑6000 2200

5 Inf 1200‑2400 2400‑7200 2400

https://www.geopsy.org/
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To enhance depth resolution and obtain more robust Vs reconstruction, phase velocities were also extracted 
through analysis of the real part of the cross‑spectrum (Aki,  1957; Pastén  et  al.,  2016; Kästle  et  al.,  2018; 
Barone et al., 2025). This method involves picking the most plausible phase velocities for all zero‑crossing frequencies 
and requires a reference dispersion curve to guide low‑frequency picking, overcoming the inherent uncertainty of 
phase velocity measurements at large distances. This reference curve was derived from the preliminary 1D Vs model 
obtained through group velocity inversion. Finally, the extracted group and phase velocity dispersion curves were 
jointly inverted to derive the final 1D Vs layered model of the subsurface extending to approximately 2 km depth. Joint 
depth inversion was also performed using Dinver with the same parameters as the group velocity inversion (Table 1). 
This model is considered more accurate than the preliminary model (derived from group velocities alone), particularly 
in its deeper portion, due to the increased depth sensitivity of phase velocities. Moreover, the integrated use of two 
independently derived datasets (group and phase velocities) makes the joint inversion result less susceptible to 
errors in dispersion analysis (Shapiro and Ritzwoller, 2002; Barone et al., 2024).

Figure 3. �(a) EGF obtained through cross‑correlation of the San Servolo and Lido stations, for the whole frequency band 
considered in this study  (0.1‑5 Hz), and bandpassed in the  (b) 0.25‑0.5 Hz, (c) 0.5‑1.0 Hz and  (d) 1.0‑2.0 Hz 
frequency ranges. In all plots the casual (positive time lags) and acausal (negative time lags) parts represent the 
coherent noise propagating from Venice to Lido and from Lido to Venice, respectively.

4. Results

The data analysed here span the period from 8 July 2023 to 28 October 2023. The daily EGFs obtained from 
cross‑correlation of San Servolo and Lido stations across the entire 0.1‑5 Hz range show good consistency and no 
significant seasonal behaviour is observed (Fig. S3 in the Supplementary Information). A convergence analysis shows 
the stability of the EGF for increasing stacking lengths, and the expected increase of the signal‑to‑noise ratio (Fig. S4 
in the Supplementary Information).

The final EGF obtained after stacking all daily EGFs for the period of analysis is shown in Fig. 3a. To better visualize 
the contribution of different frequency components, three different bandpass filters were applied  (Figs. 3b‑d). 
The almost symmetric character of the EGF in the different frequency ranges suggests a rather homogeneous 
distribution, although not perfectly isotropic, of the different noise source components.

The EGF resulting from averaging the causal and acausal parts, along with the FTAN spectrum, are presented 
in Fig. 4. The fundamental mode of Rayleigh waves is clearly recognizable between 0.3 Hz and 1.3 Hz, enabling 
manual velocity picking. At higher frequencies, multi‑modal propagation is observed, complicating identification 
of the fundamental mode.
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Figure 5 shows all the profiles generated by the inversion of the group velocity dispersion curve, with a different 
colour based on the misfit between observed and model dispersion curves. The dark blue model is the one that 
corresponds to the minimum misfit, i.e., the inverted model.

Figure 6a shows the real part of the cross‑spectrum of the San Servolo‑Lido station pair, while Fig. 6b shows 
all possible phase velocities associated with each zero‑crossing frequency (blue points). The reference curve (in 
green), computed from the minimum misfit model in Fig. 5a, helps to identify the true phase velocities, which were 
manually sampled up to 2 Hz (red dots). Please note that the first zero‑crossing was not considered since it gave 
unrealistic velocity values, too distant from the reference curve. This could be due to the reduced station distance 
with respect to the seismic wavelengths at these low frequencies.

Figure 4. �(a) EGF after averaging the causal and acausal parts. (b) Group velocity dispersion spectrum as derived by the 
FTAN technique. The curve was picked in the range 0.3‑1.3 Hz. Rayleigh wave velocities show a clear decrease 
with frequency.

Results of the joint inversion of group and phase velocity dispersion curves are shown in Fig. 7. The best‑fitting 
model (dark blue line in Fig. 7a) agrees with the preliminary model (Fig. 5a) in the shallow subsurface but shows some 
differences at greater depths. These differences arise from the greater depth sensitivity of phase velocities. Figure 8 
illustrates the sensitivity kernels of both phase and group velocities at various frequencies, computed based on the 
model in Fig. 7a using the open‑source Python library disba (Luu, 2021). At 0.3 Hz – the lowest frequency used in 
the joint inversion – phase velocities are sensitive to structures down to approximately 2 km depth, whereas group 
velocity sensitivity decays rapidly below 1.5 km. Given its ability to capture velocity variations across a broader 
depth range, we consider the Vs model obtained from the joint inversion as our preferred model.
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Figure 5. �Results of the inversion of the group velocity dispersion curve obtained with FTAN: (a) Vs subsoil models 
generated by the stochastic inversion algorithm and (b) group velocity dispersion curves for the models in (a). 
The different colours indicate the inversion misfit. The observed dispersion curve is displayed in black. The dark 
blue model is the best fitting.

Figure 6. �(a) Real part of the cross‑spectrum. (b) Possible phase velocities associated with each zero‑crossing frequency (blue 
dots) and picked velocities  (red dots). The reference curve used to guide the picking is displayed in green 
(see Kästle et al., 2018).
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5. Discussion

The installation of the first seismometer on one of the historic islands of Venice allowed reconstruction of the 
deep shear wave velocity structure of the Venetian lagoon subsoil by the use of ambient noise interferometry. 
A joint inversion of phase and group velocities was performed to increase the resolution in depth. The results are 
compared with the only existing deep boreholes drilled in the Venice Lagoon in the 1970s, the CNR‑VE 1 and Lido 1 
boreholes (Fig. 9). Despite the relevant amount of coring data, no borehole seismic data was collected and no seismic 
wave velocities were retrieved at that time. The CNR‑VE 1 borehole was drilled to a depth of 950 m with continuous 

Figure 7. �Result of the joint inversion of group and phase velocities for the studied area: (a) Vs subsoil models generated 
by the stochastic inversion algorithm; (b) phase velocity dispersion curves and  (c) group velocity dispersion 
curves for the models in (a). The different colours indicate the inversion misfit. The observed dispersion curves 
are displayed in black. The dark blue model is the best fitting and represents our final Vs model.

Figure 8. �Normalized group velocity (red curve) and phase velocity (blue curve) Rayleigh wave sensitivity kernels for the 
frequencies (a) 0.3 Hz, (b) 0.5 Hz, (c) 1 Hz and (d) 2 Hz. Sensitivity kernels are relative to Vs and were computed 
based on the best fitting model in Fig. 6a.
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coring, showing little variation with depth in terms of expected mechanical properties (Stefani et al., 2007), but 
rather a smooth continuous change due to lithostatic pressure alone. The Lido 1 borehole had very low recovery 
(Barbieri et al., 2007) but reached the Pliocene bottom unconformity at 1334 m depth. This represents the first 
major seismic reflector derived from seismic reflection surveys conducted for oil and gas purposes in the 1970s 
and 1980s (ENI, 1996). Figure 9 shows the depth of the bottom Pliocene surface derived from deep wells and seismic 
lines (Tosi et al., 2009, mod.), together with the seismic section of the closest deep reflection survey conducted in 
the region (Fantoni et al., 2002, mod.) and the two existing deep well stratigraphies (Barbieri et al., 2007, mod.). 
The shear‑wave velocity model reconstructed with the ambient noise (dark blue line in Fig. 7a) agrees very well 
with these independent observations, highlighting a relevant velocity acceleration at ≈1350 m depth, most likely 
representing the bottom of the Pliocene. In fact, this is the main reflector observed in the old seismic sections and 
reached by the Lido 1 borehole at 1334 m (Fig. 9c).

From a seismic engineering perspective, our new Vs model suggests typical velocities for unconsolidated sediments 
down to a depth of ≈550 m (Fig. 7a). This level represents the seismic engineering bedrock (Vs ≥ 800 m/s, see European 
Committee for Standardization,  2004), suggesting a slightly deeper horizon than previous studies proposed in 
other Po plain sites by Pesaresi et al. (2014), Mascandola et al. (2019), and Cascone et al. (2022). In order to link the 
shallow subsoil profile with the engineering bedrock in the case of very deep alluvial plains or deep valleys, different 

Figure 9. �(a) Contour map representing the depth of the bottom Pliocene discontinuity in the Venice region  (after 
Tosi et al., 2009, mod.), with the coastline represented with a continuous black line. (b) Closest deep available 
reflection seismic section (ENI  1996,  mod.) and relative geological interpretation  (in red roof and bottom 
of the Pliocene as in Barbieri  et  al.,2007,  mod.) with the projected positions of the boreholes Lido 1 and 
CNR‑VE 1; (c) Schematic stratigraphy from CNR‑VE 1 and Lido 1 deep boreholes (after Stefani  et  al.,  2006; 
Barbieri et al., 2007, mod.).
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authors have proposed several velocity gradient laws, with a depth of engineering bedrock generally within 400 m 
depth (see Guéguen et al., 2007; Poggi et al., 2012). According to our experimental analysis, this value seems to be 
slightly deeper in the Venice Lagoon, characterized mainly by a very thick layer of soft sediments (Kent et al., 2002). 
As suggested in several seismic design standards, a linear gradient can be derived from a given Vs structure linking the 
shallow depth investigations reachable with common controlled source surveys (e.g., 30 m as in the Vs30 parameter) 
to the engineering bedrock. At the Venice site, a linear regression between 30 m depth and the engineering bedrock 
depth found in our best fit Vs model (550 m), suggests a linear gradient with depth (z) as in Eq. (2):

	 VS(z) = 1.25 z + 360� (2)

For future seismic response scenarios involving the priceless historic centre of Venice, researchers and engineers 
can now rely on a measured depth of bedrock‑like reference with Vs ≥ 800 m/s at a known depth, and adopt the 
suggested linear equation to connect their shallower structure to these deep horizons. The first subsoil needs to 
be characterized in fact site by site. Closer to the surface, the lagoon sediments are composed of soft sediments 
with different soil class velocities (Trevisani and Boaga, 2018). In this case study, the first few tens of meters are 
not properly resolved by the EGF study, as we relied only on low‑frequency passive measurements. This suggests 
that careful local characterisation of the shallow subsurface, based on controlled‑source techniques or local 
higher‑frequency ambient noise methods, is still required for correct Vs30 estimate and seismic action design. 
A recent similar study for the characterisation of the Lido station area (group INGV, 2021) used a sparse array of 
8 short‑period seismometers recording 1 hour of ambient vibrations. A high‑frequency phase velocity dispersion 
curve was extracted using the Extended Spatial Autocorrelation technique (ESAC; Okada and Suto, 2003). Figure 10 
shows the comparison of this curve with the one obtained from our analysis of the cross‑spectrum between the San 
Servolo and Lido stations. The good agreement in the common frequency range (1.5‑2 Hz) further validates the 
proposed methodology for extracting phase velocities between station pairs. The small shift between the two curves 
is probably due to the very local nature of the ESAC curve, which is representative of the Lido site conditions (sandier 
than the lagoon part, Kent et al., 2002), and the high uncertainties of the ESAC technique at low frequencies due 
to the limited array size. Similar analyses can be performed to extend the phase velocity dispersion curve to higher 
frequencies and better constrain the model locally if needed.

Figure 10. �Comparison between the phase velocity dispersion curves obtained with the analysis of the cross‑spectrum 
between San Servolo and Lido stations (orange), and the curve obtained by INGV with the ESAC method (blue).
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6. Conclusions

We obtained the first deep subsurface characterisation of the Venice Lagoon using passive seismic interferometry. 
The aim was to provide the deep Vs structure down to the so‑called engineering bedrock, to be adopted for more 
realistic seismic response scenarios for the protection of Venice’s cultural heritage, a crucial information not yet 
known. In fact, while shallow geophysical investigations are common and mandatory for local seismic response 
analysis, a deep Vs model down to the engineering bedrock was missing for the Venice Lagoon. This is due to the 
particularly challenging conditions in the semi‑submerged wetlands of the study area, which severely limit deep 
controlled‑source seismic exploration. The use of passive interferometry, leveraging ambient seismic vibrations 
of both natural and anthropic origin, overcomes this limitation and provides the first characterisation of the deep 
structure of the Venice Lagoon. Our results are in agreement with the geological model as derived by deep coring 
and previous seismic reflection studies in the surrounding Venetian plain. The proposed study has defined the 
deep 1D Vs structure of the Venice Lagoon in a completely non‑invasive way and represents a benchmark to be 
used as a reference for the future seismic response scenario of the historical centre of Venice. In the near future, 
the installation of more seismometers will allow cross‑correlations between different station pairs to verify lateral 
heterogeneity and ultimately define a more accurate multi‑dimensional deep model of the study area.

Data availability statement. The data underlying this article is publicly available in the Research Data Unipd archive 
at the link https://researchdata.cab.unipd.it/id/eprint/1856, doi.org/10.25430/researchdata.cab.unipd.it.00001856. 
The sea wave height series of Ancona can be downloaded from the ISPRA website (https://www.mareografico.it/it/
stazioni.html).
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