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A dense single-node 3D seismic survey has been carried out around the Scrovegni Chapel in Padua
(Italy), in order to give new insights about the archaeological setting of the area. The survey made

use of nearly 1500 vertical nodes deployed over two rectangular grids. 38 shot positions were fired

all around the two receiver patches. The fundamental mode Rayleigh wave signal is here analysed:
traveltimes are directly inferred from the signal phases, and phase velocity maps are obtained using
Eikonal tomography. Also surface wave amplitudes are used, to produce autospectrum gradient maps.
The joint analysis of phase velocity and autospectrum gradient allowed the identification of several
buried features, among which possible remains of radial walls of the adjacent Roman amphitheater,
structures belonging to a medieval convent, and the root area of an eradicated tree. Finally, depth
inversion of 1D dispersion curves allowed the reconstruction of a quasi-3D shear-wave velocity model.

The Scrovegni Chapel is worldwide famous for the fresco cycles painted by Giotto, recently inserted in the UNE-
SCO World Heritage List as a part of “Padua’s fourteenth-century fresco cycles” The Chapel stands on the remains
of a Roman amphitheater. In particular, the building has two wholly separated levels, one above and the other
below the surface (hypogeum). Below the main facade, the south-western wall of the hypogeum corresponds to
one of the elliptical walls of the Roman amphitheater. During the centuries, the construction of different build-
ings and their buried remains affected this complex archaeological area, as evidenced by historical documents'.

Today, we only have poor elements to thoroughly understand the exact role of the hypogeum in the Chapel
and its relation with the buried undiscovered remains of the Roman amphitheater, among other most recent
remains distributed in this area®. From an archaeological point of view, several excavations carried out between
1880 and 2013 brought to light different elements, such as a system of corridors among three concentric elliptical
walls, a possible gallery running along the minor axis of the amphitheater, the remains of about 3 m thick concrete
slab foundation and a few standing radial walls on the south-western side. No evidence of expected galleries
along the central axis of the amphitheater has ever been found, although their existence has been hypothesized,
and no new remains of radial walls in other locations confirm their supposed orientation, apparently tilted with
respect to the longitudinal walls of the Chapel'.

This study aims at giving new insights into the knowledge of this area, with a specific focus on the buried
remains of the Roman amphitheater. This objective is here achieved through the analysis of seismic surface
waves, in particular by applying surface wave traveltime tomography to a dense 3D seismic dataset. Surface wave
tomography (SWT) is a widespread technique, originally used in global seismology to image crustal and upper
mantle structures. At that large scale, the active sources used for the inversion are natural seismic events®=° or low-
frequency seismic ambient noise’'°. SWT applied to small-scale near-surface data is recently gaining popularity,
because of its capability to resolve shallow lateral velocity variations. In most cases, small scale applications make
use of active (controlled-source) data!!-'” or passive records'®?° originally acquired for exploration purposes,
since they guarantee a dense receiver coverage. Small scale applications specifically designed for SWT are very
rare?' 2%, More specifically, at the time of this writing, no SWT study has ever been carried out for archaeological
prospection, where the required resolution is metric to sub-metric.
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Figure 1. (a) Acquisition scheme for the 3D active/passive campaign. The blue points represent the locations of
the autonomous seismic nodes, the red stars the locations of the active seismic sources. Note the well-preserved
elliptical wall of the amphitheater and the Scrovegni Chapel on the Northern-Eastern side. (b) Weight drop
source operating in front of the Scrovegni Chapel. (¢) Autonomous seismic nodes used for the acquisition.

In this study we perform a 3D dense single-node seismic survey, including both active and passive meas-
urements, with the main purpose of analysing the Rayleigh wave propagation. In particular, this piece of work
focuses on the analysis of the active seismic data. Both surface-wave phases and amplitudes are processed in
parallel, since their joint analysis is capable of imaging both smooth and sharp lateral velocity variations. Depth
inversion of local dispersion curves is finally applied to derive a high-resolution quasi-3D shear-wave velocity
model of the near surface, to be used for archaeological interpretation.

Acquisition scheme

The seismic acquisition includes both active and passive recordings. 1473 autonomous seismic nodes® (Fig. 1¢)
were placed vertically over two rectangular grids of equal spacing in both spatial dimensions (Fig. 1a). The grids
have different orientations to optimize the coverage of possible relevant features, e.g., the presumed gallery along
the major axis of the amphitheater and the radial walls on the southern-eastern side, and of known archaeological
elements, such as the system of galleries along the minor axis and remains of a medieval convent (the Eremitani
convent). Also the spacing between sensors has been adapted to the degree of resolution required to image the
structural elements of interest, being 1.5 m for the 25.5 m x 45 m receiver patch inside the amphitheater (here-
inafter we will refer to it as “grid 17), and 1 m for the patch outside, of size 19 m x 45 m (“grid 2”). Due to the
presence of obstacles in the area, five nodes are missing from their theoretical positions, others have been moved
a few centimeters apart (we estimated positioning errors within a + 10 cm range).

The nodal system can measure vertical accelerations in a frequency band of 1-125 Hz with a flat response
in both phase and amplitude. The small size and weight of the sensors (13 cm x 4 cm, 150 g) and the absence of
cables allowed very rapid field operations. The nodes recorded for about 22 h continuously, thus collecting both
active and passive signals. As for the active acquisition, 38 shot locations around the two receiver patches were
designed to produce a uniform azimuth distribution (Fig. 1a). The source was a weight drop, with a metallic
disc of a 70 kg falling from a height of 1.5 m (Fig. 1b). Each location was energized two to four times, stacking
to increase the signal-to-noise ratio.

In addition, a tri-component velocimeter and accelerometer was placed at the base of the main facade of
the chapel in order to monitor the accelerations induced by the active source, which never exceeded 10™*¢ (the
gravitational acceleration).

Results

The analysis of surface-wave phases and amplitudes described in the section “Methods” brings to the retrieval of
the phase velocity and autospectrum gradient distributions for all frequencies of analysis. Figures 2 and 3 show
the phase velocity and autospectrum gradient maps for 18 Hz and 50 Hz, for grid 1 and grid 2. Note how the
overall velocities are higher outside the amphitheater wall, suggesting different subsoil conditions. The average
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Figure 2. (a) Detail of Brunelli Bonetti’s hypothetical reconstruction of the amphitheater (modified from
Bressan®). (b) Phase velocity map for 18 Hz. (c) Cadastral map of Padua dating back 1966. (d) Autospectrum
gradient map at 18 Hz. The corresponding features are highlighted with arrows of the same color.

relative error is about 10%, and rarely exceeds 20% (see supplementary information, Text S6). This is a reason-
able value given the low number of shots averaged. In this regard, Lin et al.' show how the standard deviation
significantly decreases with the number of shots included in the analysis. Velocity values distributed at the bor-
ders of each area are characterized by higher uncertainties, due to a lower data coverage. In addition, the error
associated to mis-positioning of the receivers (up to 6.7% for grid 1 and 10% for grid 2, considering a maximum
error of 10 cm) brings to systematic errors that add up to the estimated uncertainties.

The maps at different frequencies highlight different features, because of their different sensitivity with depth.
At 18 Hz we recognize some patterns both in the phase velocities and energy gradient maps: some high velocity
alignments outside the amphitheater wall appear, and further structures perpendicular to them clearly show
up. Part of these alignments can be traced back to a side structure of the Eremitani convent, attached to the
amphitheater wall, and visible in Padua city cadastral maps until 1966 (Fig. 2¢), while others seem aligned with
the supposed orientation of the radial walls given by Brunelli Bonetti*® (Fig. 2a). In the middle of grid 1, a low
velocity zone strongly correlate with higher values of the autospectrum gradient. In this case, the velocity anomaly
could be explained with the former presence of an artificial pond, displayed in some historical pictures. At 50 Hz,
the phase velocity distribution in grid 1 shows again lower velocities in the middle of the area, but also a low-
velocity area that corresponds to the archaeological excavation of 2006 (Fig. 3a). These features are not clearly
recognizable in the autospectrum gradient maps. As for grid 2, a delimited low-velocity area strongly correlates
with a marked anomaly in the autospectrum gradient, that coincides with the root area of a former tree, removed
between 2011 and 2013 (Fig. 3¢): the tree eradication likely caused a decrease of soil density, with a consequent
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Figure 3. (a) Detail of the reconstruction of the amphitheater given by Ruta et al.?%, including the 2006
excavation area (modified from Bressan®’) (b) Phase velocity map for 50 Hz. (c) Satellite image dating 2009
(from Google Earth). (d) Autospectrum gradient map for 50 Hz. The corresponding features are highlighted
with arrows of the same color.

reduction of phase velocities and the occurrence of amplification phenomena. For the sake of completeness,
phase velocity maps and energy gradient maps for all frequencies of analysis are displayed in the supplementary
information (Supplementary Text S5).

The final quasi-3D models for grid 1 and grid 2, obtained after depth inversion of local dispersion curves, are
shown in Fig. 4, allowing to estimate the true depths of the different structures. The tree root zone only affects
the first two meters, as expected. The linear structures identified in the area outside the amphitheater are located
at an approximate depth of 3 m, which is consistent with the expected depth. The low-velocity area inside the
amphitheater extends down to 3 m depth, and its shape is compatible with the presence of a man-made pond.
As for the deeper part of the model, in both areas a sudden increase of V is observed around 6 m, which likely
indicates a change in the soil stratigraphy, reaching the bottom of the anthropic layer. However, velocities deeper
that 6 m are higher outside the amphitheater, indicating again different subsoil conditions for the two areas.

Discussion

A striking correspondence between phase velocity maps and autospectrum gradient maps is observed at most
frequencies: in many cases clear high-velocity and low-velocity anomalies correspond to amplitude variations.
However, some of the observed features are only visible in one of the two maps. This is because of the complemen-
tarity of the information brought by phase (smooth velocity variations) and amplitude (sharp lateral variations,
boundaries between different materials, etc.). For this reason, the joint analysis of phase velocity and autospec-
trum gradient maps is a critical step for a correct interpretation of the results. The quasi-3D Vs model obtained
after depth inversion of phase velocities is therefore a smooth representation of the true velocity distribution,

Scientific Reports |

(2022) 12:11806 | https://doi.org/10.1038/s41598-022-16061-1 nature portfolio



www.nature.com/scientificreports/

a)

Z Axis
-10-8 -6 -4 -2 0

o)

SIXY Z

o-8-9- 72 0

b)

Z Axis
-10-8 -6 -4 -2 0

40 30 20 10 0 40 30 20 10 5
Y Axis Y Axis
LOW VELOCITY d TREE ROOTS
ZONE ) [
(el

et
2006 EXCAVATION ) =
AREA Ny

o~ = =
- o~/ .
~ Z = (\%‘ = &
0 2
it LI, 5o LINEAR
e * X Axis ¢ STRUCTURES
Vs [m/s]
140. 162. 185, 208, 230.
I |

Figure 4. Quasi-3D V; model obtained through depth inversion of local dispersion curves in grid 1 (left) and
grid 2 (right). (a,b) View from East. (c,d) View from South with 30 degrees elevation.

which lacks of all small scale features, especially at large depths. However, the inverted model allows a correct
interpretation of the depths at which the previously identified structures are.

The present study is successful in imaging small-scale structures at the archaeological scale with the analysis
of surface waves only. This has been possible thanks to a very dense 3D single-node acquisition, which allowed
aregular and fine sampling of the wave propagation, overcoming the limitations due to the high level of noise in
the data. In fact, the a posteriori tests on resolution (see Supplementary Text S7) demonstrate the possibility of
imaging very small structures (2-3 times the receiver spacing) when the velocity contrast with the surrounding
medium is at least 20%. However, with lower velocity contrasts, only bigger scale anomalies are detectable. For
this reason, the current model can truthfully represent only strong anomalies, while smaller scale structures or
smoother variations are ignored.

Known archaeological features were clearly imaged, such as the system of galleries discovered by the archaeo-
logical excavation of 2006, appearing as a low-velocity anomaly, and remains of the Eremitani convent, imaged
both as high-velocity linear anomalies and autospectrum gradient anomalies. In particular, the high resolution
and continuity of the Eremitani convent structures tell us about the good state of preservation of these remains,
an element about which we did not have previous information.

Some of the initial questions about the structures of the Roman amphitheater have now an answer. We found
no evidence of a gallery along the major axis of the amphitheater: this outcome does not entirely exclude its
existence, since the gallery could have (partially) collapsed and/or it could have been filled with dense material,
indiscernible from the outside material. Linear structures were found outside the amphitheater on the southern-
eastern side, oriented as the supposed direction of radial walls. It is plausible that these structures are remains of
partially-preserved radial walls, or remains of later structures of which we do not have any record.

Finally, some unexpected features, only partially connected to the archaeological character of this survey,
were found. The low-velocity zone imaged inside the amphitheater could be hardly attributed to a structure of
the amphitheater, both because of its size and position. Instead, the presence of a former pond in that area is
confirmed by historical pictures dating back to the early twentieth century, when the interior of the amphitheater
was a garden. The sharply defined low-velocity anomaly outside the amphitheater wall, undoubtedly attributed
to the root zone of an eradicated tree, is extremely clear both in terms of shape and phase-velocity/autospectrum
gradient amplitudes, in spite of its limited size. This confirms the strong potential for surface wave analysis to
detect small-size shallow velocity anomalies, suggesting the opportunity to use this methodology in different
fields, such as civil engineering, soil science and biology.

Methods

The processing scheme of the raw 3D data is similar to the one proposed by Barone et al.'”. Traveltimes for
different frequencies are directly extracted from the phase of the surface wave signal, taking advantage of the
fine sampling in both spatial directions. However, the phase distribution needs to be representative of only
one mode of propagation (i.e., the Rayleigh wave fundamental mode). More generally, any coherent noise (e.g.
higher modes, vibrations from fixed noise sources, backscattering, etc.) needs to be removed from the signal,
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since it perturbs both phase and amplitude variations with offset, generating periodic patterns, as explained in
detail by Barone et al.?.

Preliminary analyses on the recorded dataset are needed to study the characteristics of the signal, including
the frequency content of Rayleigh waves, the presence of higher order modes and/or of coherent noise and the
degree of heterogeneity in the two survey areas, and to identify the LMO velocities used for the correction in the
3D processing (see Supplementary Text S1). This preliminary work consists in the analysis of f-k spectra com-
puted over several 2D lines extracted from the 3D dataset. Results highlighted substantial backscattered energy
and at least one higher order mode of propagation with non-negligible energy. The frequency band interested by
the fundamental mode extends from 10 to 50 Hz, making this interval suitable for our later analysis. Dispersion
curves picked along the different lines show a high degree of dispersion, revealing very heterogeneous conditions.
From this analysis we can also appreciate the overall lower velocities inside the amphitheater with respect to the
area outside, which has been clearly illustrated in the “Results” section.

The 3D processing sequence described below refers to a single shot and a single frequency and consists of
three main steps. First, we apply a linear moveout (LMO) correction to raw traces to (i) reduce phase jumps
related to the 27 periodicity of the phase, and (ii) move higher modes energy to the negative wavenumber quad-
rant of the f-k spectrum. Second, we perform pseudo-2D f-k filtering over azimuthal sectors of equal width.
Third, we apply a 2D phase unwrapping scheme to compensate for residual phase jumps and we remove the LMO.
Frequencies used in this analysis are 10.00 Hz, 10.98 Hz, 12.16 Hz, 13.64 Hz, 15.52 Hz, 18.00 Hz, 21.43 Hz, 26.47
Hz, 34.62 Hz and 50 Hz. Such an inversely-regular frequency sampling reflects into a quasi-regular sampling
in depth. In fact, the depth of maximum sensitivity of surface waves is proportional to the wavelength, which is
inversely proportional to frequency. The obtained phase maps are finally converted into relative traveltime maps
(referred to the receiver closest to the source) as:

¢ — o

At = f (1)

where At is the relative traveltime, ¢ is the phase recorded at any receiver, ¢ is the phase recorded at the receiver
closest to the source and fis frequency. Two separate processing stages were run for grid 1 and grid 2, using local
coordinates. Only close shots around each patch, covering all azimuths, were selected: shots 1-19 were included
in the processing of grid 1 while shots 2-7 and 20-38 were used for grid 2. A detailed description of the different
processing steps is given in the supplementary information (Supplementary Texts S2-S4).

The traveltime maps for one frequency and all shots are input into an Eikonal Tomography scheme to extract
phase velocity maps. Eikonal tomography derives phase slownesses at one frequency from the traveltime gradi-
ent magnitude’. This operation is repeated for each shot point, and phase velocities are finally computed as the
inverse of the average phase slownesses over the different shots. This tomography method is very fast since it does
not involve a true inversion (see discussion in Barone et al.'”). Moreover, the regular receiver geometry of our
dataset is perfectly suitable for this method, since it makes unnecessary the most critical and user-dependent step
of Eikonal Tomography, which is the 2D traveltime interpolation over a regular grid. Another relevant aspect of
Eikonal tomography is that it does not require absolute traveltimes (referred to a source/virtual source position),
but it only takes into account traveltime differences between adjacent receivers (for this reason we used relative
traveltime maps). Finally, this method permits the extraction of velocity standard deviations, which represent
an estimate of the error for the obtained velocities. On the other side, Eikonal tomography is very sensitive to
outliers'’. For this reason, we performed a statistical analysis to identify and remove outliers from single-shot
phase velocity maps: velocity values outside the range from spatial mean plus/minus three times the standard
deviation have been discarded.

The analysis described so far was mainly focused on the signal phase, with the purpose of extracting veloc-
ity information. However, most tomography approaches, including Eikonal tomography, are based on the high
frequency approximation®. For this reason, the obtainable lateral resolution is intrinsically limited by the signal
wavelength which, for the lower frequencies, is much higher than the sensor spacing. The analysis of signal
amplitudes may help detect sudden lateral velocity variations caused by small size objects or discontinuities®'.
Several methods to measure amplitude variations are available. We focused on the autospectrum method®?, which
analyses the autospectral density at each frequency G(f), defined as:

G(f) = {Im[Y (N1} + (Re[ Y (N1)* = {A(NY, 2)

where Yand A are the complex spectrum and amplitude spectrum of a seismic record, respectively. The autospec-
tral density is a measure of the surface wave energy for a certain frequency: significant spatial variations of this
parameter could indicate the presence of a scatterer (negative variation) or an amplifying zone (positive varia-
tion)*!. For this reason, this study focuses on the analysis of autospectrum gradient maps. The procedure followed
here consists in the retrieval of autospectral density maps for all shots, which are normalized by their maximum
value. Then, the autospectrum gradient is computed, and an average is computed from the gradient magnitude
maps from different shots. From this analysis we obtain a robust estimate of the energy spatial variations, even
though the positive/negative sign of the anomalies is not preserved. Traces included in the analysis should not be
filtered, because they should include backscattering. Moreover, geometrical spreading effects should be removed
before Fourier transformation, and the near-offset region should be excluded as for the phase velocity analysis.

Depth inversion is necessary to produce a quasi-3D shear-wave velocity model of the near-surface. In order
to ensure inversion stability, phase velocity maps were initially smoothed with a Gaussian filter. The length of
the filter is frequency-dependent: we used 4/2 as filter length, with A being the average wavelength at a specific
frequency. By doing so, lower-frequency maps, characterized by a lower spatial resolution, undergo stronger
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filtering, while higher-frequency maps better preserve their spatial variability. Local dispersion curves were
obtained from the superposition of the smoothed phase velocity maps at different frequencies. Dispersion curves
at each location were independently inverted, with no lateral constrain. For inversion, we used the dinverdc
module inside the Dinver framework of GEOPSY?, that uses the neighborhood algorithm?®*. All details about
the model space parameterization are given in the supplementary information (Supplementary Text S8).

Data availability
The raw seismic dataset used for this research are available in the Research Data Unipd repository (DOI:
10.25430/researchdata.cab.unipd.it.00000557).

Received: 18 January 2022; Accepted: 4 July 2022
Published online: 12 July 2022

References

1. Deiana, R. Limportanza dell'approccio multidisciplinare: considerazioni a valle del progetto dell'Universita di Padova sulla Cap-
pella degli Scrovegni. In La Cappella degli Scrovegni nellanfiteatro romano di Padova: nuove ricerche e questioni irrisolte (Padova
University Press, 2018).

2. Deiana, R. Application of non-invasive measurements in the recent studies of the Scrovegni Chapel: Results and considerations.
International Conference on Computational Science and Its Applications - ICCSA 2020, Proceedings, Part VII. In Lecture Notes
in Computer Science, 12255 960-970 (Springer, 2020).

3. Trampert, ]. & Woodhouse, J. H. High resolution global phase velocity distributions. Geophys. Res. Lett. 23, 21-24 (1996).

4. Ekstrom, G., Tromp, J. & Larson, E. W. F. Measurements and global models of surface wave propagation. J. Geophys. Res. 102,
8137-8157 (1997).

5. Ritzwoller, M. H. & Levshin, A. L. Eurasian surface wave tomography: Group velocities. J. Geophys. Res. 103, 4839-4878. https://
doi.org/10.1029/97]B02622 (1998).

6. Boschi, L. & Dziewonski, A. M. High- and low-resolution images of the Earth’s mantle: Implications of different approaches to
tomographic modelling. J. Geophys. Res. 104, 25567-25594. https://doi.org/10.1029/1999]B900166 (1999).

7. Shapiro, N. M., Campillo, M., Stehly, L. & Ritzwoller, M. H. High-resolution surface-wave tomography from ambient seismic noise.
Science 307, 1615-1618. https://doi.org/10.1126/science.1108339 (2005).

8. Lin, E C., Moschetti, M. P. & Ritzwoller, M. H. Surface wave tomography of the western United States from ambient seismic noise:
Rayleigh and Love wave phase velocity maps. Geophys. J. Int. 173, 281-298. https://doi.org/10.1111/j.1365-246X.2008.03720.x
(2008).

9. Lin, E C, Ritzwoller, M. H. & Snieder, R. Eikonal tomography: Surface wave tomography by phase front tracking across a regional
broad-band seismic array. Geophys. J. Int. 177, 1091-1110. https://doi.org/10.1111/j.1365-246X.2009.04105.x (2009).

10. Kistle, E. D. et al. Surface wave tomography of the Alps using ambient-noise and earthquake phase velocity measurements. J.
Geophys. Res. Solid Earth 123, 1770-1792. https://doi.org/10.1002/2017]B014698 (2018).

11. Gouédard, P, Yao, H., Ernst, F. & Van der Hilst, R. D. Surface wave eikonal tomography in heterogeneous media using exploration
data. Geophys. J. Int. 191, 781-788. https://doi.org/10.1111/j.1365-246X.2012.05652.x (2012).

12. Haney, M. M. & Douma, H. Rayleigh-wave tomography at coronation field, Canada: The topography effect. Lead. Edge 31, 54-61.
https://doi.org/10.1190/1.3679328 (2012).

13. Duret, F. et al. Near-surface velocity modeling using a combined inversion of surface and refracted P-waves. Lead. Edge 35,
926-1008. https://doi.org/10.1190/tle35110946.1 (2016).

14. Krohn, C. E. & Routh, P. S. Exploiting surface consistency for surface-wave characterization and mitigation - Part 1: Theory and
2D examples. Geophysics 82, V21-V37. https://doi.org/10.1190/GEO2016-0019.1 (2017).

15. Krohn, C. E. & Routh, P. S. Exploiting surface consistency for surface-wave characterization and mitigation - Part 2: Application
to 3D data. Geophysics 82, V39-V50. https://doi.org/10.1190/GE02016-0020.1 (2017).

16. Da Col, F et al. Application of surface-wave tomography to mineral exploration: a case study from Siilinjarvi, Finland. Geophys.
Prospect. 68, 254-269. https://doi.org/10.1111/1365-2478.12903 (2020).

17. Barone, L, Késtle, E., Strobbia, C. & Cassiani, G. Surface wave tomography using 3D active-source seismic data. Geophysics 86(1),
EN13-EN26. https://doi.org/10.1190/GE02020-0068.1 (2021).

18. Mordret, A. et al. Near-surface study at the Valhall oil field from ambient noise surface wave tomography. Geophys. J. Int. 193,
1627-1643. https://doi.org/10.1093/gji/ggt061 (2013).

19. Lin, E C,, Li, D,, Clayton, R. W. & Hollis, D. High-resolution 3D shallow crustal structure in Long Beach, California: Application
of ambient noise tomography on a dense seismic array. Geophysics 78, Q45-Q56. https://doi.org/10.1190/GEO2012-0453.1 (2013).

20. Mordret, A., Roux, P, Boué, P. & Ben-Zion, Y. Shallow three-dimensional structure of the San Jacinto fault zone revealed from
ambient noise imaging with a dense seismic array. Geophys. J. Int. 216, 896-905. https://doi.org/10.1093/gji/ggy464 (2019).

21. Pilz, M., Parolai, S., Picozzi, M. & Bindi, D. Three-dimensional shear wave velocity imaging by ambient seismic noise tomography.
Geophys. J. Int. 189, 501-512. https://doi.org/10.1111/j.1365-246X.2011.05340.x (2012).

22. Hollis, D. et al. Use of ambient noise surface wave tomography in mineral resource exploration and evaluation. SEG Technical
Program, Expanded Abstracts, 1937-1940. https://doi.org/10.1190/segam2018-2998476.1 (2018).

23. Barone, I, Boaga, J., Carrera, A., Flores-Orozco, A. & Cassiani, G. Tackling lateral variability using surface waves: A tomography-
like approach. Surv. Geophys. 42, 317-338. https://doi.org/10.1007/s10712-021-09631-x (2021).

24. Leontarakis, K., Orfanos, C., Apostolopoulos, G. & Zevgolis, . An automatic surface wave analysis approach for the quasi-3D
Vs estimation in engineering applications. In Conference Proceedings, NSG2021 2nd Conference on Geophysics for Infrastructure
Planning, Monitoring and BIM 1-5. https://doi.org/10.3997/2214-4609.202120144 (2021).

25. Manning, T. et al. The case for a nimble node, towards a new land seismic receiver system with unlimited channels. SEG Technical
Program, Expanded Abstracts 21-25 (2018).

26. Brunelli Bonetti, F. Studi intorno allanfiteatro romano di Padova (Tipografia G.B. Randi, Padova, 1916).

27. Bressan, M. Lanfiteatro romano di Padova. gli ultimi scavi e gli sviluppi della ricerca archeologica con il supporto delle nuove
tecnologie. In La Cappella degli Scrovegni nellanfiteatro romano di Padova: nuove ricerche e questioni irrisolte (Padova University
Press, 2018).

28. Ruta, A., Tuzzato, S. & Zanovello, P. Indagine archeologica nell'anfiteatro di Padova. Saggio 2007. Quaderni di Archeologia del
Veneto. XXV, 20-25 (2009).

29. Barone, I, Strobbia, C. & Cassiani, G. Multimode multioffset phase analysis of surface waves, a new approach to extend MOPA to
higher modes. Geophys. J. Int. 221(3), 1802-1819. https://doi.org/10.1093/gji/ggaal 06 (2020).

30. Woodhouse, J. H. Surface waves in a laterally varying layered structure. Geophys. J. Int. 37, 461-490 (1974).

31. Colombero, C., Comina, C. & Socco, L. V. Imaging near-surface sharp lateral variations with surface-wave methods - Part 1:
Detection and location. Geophysics 84, EN93-EN111. https://doi.org/10.1190/ge02019-0149.1 (2019).

Scientific Reports |

(2022) 12:11806 | https://doi.org/10.1038/s41598-022-16061-1 nature portfolio


https://doi.org/10.1029/97JB02622
https://doi.org/10.1029/97JB02622
https://doi.org/10.1029/1999JB900166
https://doi.org/10.1126/science.1108339
https://doi.org/10.1111/j.1365-246X.2008.03720.x
https://doi.org/10.1111/j.1365-246X.2009.04105.x
https://doi.org/10.1002/2017JB014698
https://doi.org/10.1111/j.1365-246X.2012.05652.x
https://doi.org/10.1190/1.3679328
https://doi.org/10.1190/tle35110946.1
https://doi.org/10.1190/GEO2016-0019.1
https://doi.org/10.1190/GEO2016-0020.1
https://doi.org/10.1111/1365-2478.12903
https://doi.org/10.1190/GEO2020-0068.1
https://doi.org/10.1093/gji/ggt061
https://doi.org/10.1190/GEO2012-0453.1
https://doi.org/10.1093/gji/ggy464
https://doi.org/10.1111/j.1365-246X.2011.05340.x
https://doi.org/10.1190/segam2018-2998476.1
https://doi.org/10.1007/s10712-021-09631-x
https://doi.org/10.3997/2214-4609.202120144
https://doi.org/10.1093/gji/ggaa106
https://doi.org/10.1190/geo2019-0149.1

www.nature.com/scientificreports/

32. Zerwer, A., Polak, M. A. & Santamarina, J. C. Detection of surface breaking cracks in concrete members using Rayleigh waves. J.
Environ. Eng. Geophys. 10, 295-306. https://doi.org/10.2113/JEEG10.3.295 (2005).

33. Wathelet, M. An improved neighborhood algorithm: Parameter conditions and dynamic scaling. Geophys. Res. Lett. 35(9), L09301.
https://doi.org/10.1029/2008 GL033256 (2008).

34. Sambridge, M. Geophysical inversion with a neighbourhood algorithm: I. Searching a parameter space. Geophys. J. Int. 138(2),
479-494. https://doi.org/10.1046/j.1365-246X.1999.00876.x (1999).

Acknowledgements

Authors want to thank STRYDE for providing the nodes and the technical support. The present study is part of
the scientific collaboration agreement between the Department of Culture, Tourism, Museums, and Libraries
of the Municipality of Padua and the Interdepartmental Research Centre for Cultural Heritage—CIBA of the
University of Padua.

Author contributions

I.B. implemented the codes for seismic data processing and performed the full data analysis and inversion. L.B.
also wrote the original draft of the manuscript. G.C. critically reviewed the manuscript and supervised the whole
work. A.O. financed the survey by providing the seismic nodes and the technical support. J.B. and M.P. gave a
substantial contribution during the data acquisition. R.D. coordinated the project, and gave a significant contribu-
tion in the description of the archaeological setting of the area. The manuscript has been reviewed by all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-022-16061-1.

Correspondence and requests for materials should be addressed to LB.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:11806 | https://doi.org/10.1038/s41598-022-16061-1 nature portfolio


https://doi.org/10.2113/JEEG10.3.295
https://doi.org/10.1029/2008GL033256
https://doi.org/10.1046/j.1365-246X.1999.00876.x
https://doi.org/10.1038/s41598-022-16061-1
https://doi.org/10.1038/s41598-022-16061-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Surface wave tomography using dense 3D data around the Scrovegni Chapel in Padua, Italy
	Acquisition scheme
	Results
	Discussion
	Methods
	References
	Acknowledgements


