
1.  Introduction
Our current knowledge of the near-shore shallow marine sediments greatly relies on sporadic core sampling and 
active seismic surveys conducted during expensive offshore campaigns. The characterization of marine sedi-
ments is of paramount importance for geotechnical engineering applications, seismic hazard assessment, and hy-
drocarbon exploration. Particularly, the determination of reliable shear-wave velocity (Vs) models is widely used 
for indirect evaluation of ground-motion amplification effects (Akal & Berkson, 2013; Sanchez-Sesma, 1987), 
sediment stability (Ayres & Theilen, 2001), and lithological variations and porosity (Hamilton, 1976). Vs models 
can be constructed using converted body and/or interface waves such as Scholte waves (Scholte, 1958). However, 
due to the weak P-to-S-wave conversion coefficient in shallow marine sediments, methods involving interface 
waves are often promoted (e.g., Bohlen et al., 2004; Kugler et al., 2007; Ritzwoller & Levshin, 2002).

Scholte waves can be directly excited by human (e.g., air-gun) and natural (e.g., earthquake) sources near the 
surface (e.g., Aki & Richards, 2002; Zhu & Popovics, 2006), or extracted from the ambient seismic noise (e.g., 
Mordret et al., 2013). Scholte waves can also be generated from water phase reverberations or by local body-wave 
scattering. Such interface waves generated from complex interactions between the ocean and the solid Earth have 
been recorded by offshore seismometers (Butler & Lomnitz, 2002; Tonegawa et al., 2015), but their generation 
mechanisms and their importance in oceanic seismic records are seldom reported in the literature.

Distributed acoustic sensing (DAS) recently became a powerful tool for seismologists (Lindsey & Martin, 2020; 
Zhan, 2020). This interferometric laser-based technology allows geophysicists to turn fiber-optic cables into thou-
sands of seismic sensors spaced by a few meters (Grattan & Sun, 2000; Posey et al., 2000). The high density of 
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DAS records offers the possibility to study the seismic wavefield with a spatial resolution and an extent previous-
ly unattainable with traditional passive seismic surveys (e.g., Lellouch et al., 2019). Moreover, recent underwater 
experiments demonstrated that DAS can register high-fidelity wavefield, setting it as a new high-density seis-
mo-acoustic measurement method for marine geophysics (Ide et al., 2021; Lindsey et al., 2019; Lior et al., 2021; 
Matsumoto et al., 2021; Rivet et al., 2021; Sladen et al., 2019; Williams et al., 2019) and offshore seismic imaging 
(Cheng et al., 2021; Spica, Nishida, et al., 2020; Taweesintananon et al., 2021; Williams et al., 2021).

In this study, we show that ocean-bottom DAS seismic records of local earthquakes are particularly rich in 
Scholte waves. Using a DAS cable offshore the Sanriku Coast, Japan (Figure 1, M. Shinohara, T. Yamada, Aku-
hara et al., 2019), we develop a method to search and extract dispersive features from several low-magnitude 
earthquakes. We obtain hundreds of dispersion curves (DC) that we invert to construct a 2D high-resolution Vs 
model of the shallow subsurface that shows strong lateral and vertical heterogeneities. In addition, we introduce 
a series of 2D and 3D full-wavefield simulations to understand the generation mechanisms of Scholte waves on 
the ocean floor. These simulations help us to understand under which conditions and assumptions our imaging 
scheme provide accurate estimation of the Scholte waves' phase velocity.

2.  Data
The fiber-optic cable sustains an ocean-bottom seismometer and tsunami-meter array (Figure 1; Kanazawa & 
Hasegawa, 1997; M. Shinohara, T. Yamada, Sakai et al., 2016). This 115 km cable is perpendicular to the coast 
and buried under shallow sediments for the first ∼48 km. Two DAS measurement campaigns were conducted in 
2019 (from February 13 to 15 and from November 18 to December 2) with an AP Sensing N5200A interrogator 
(Cedilnik et al., 2019). For both campaigns, the parameters of the interrogator were set to record strain with a 5 m 
channel spacing, a 40 m gauge length, and a 500 Hz sampling frequency. In this contribution, we focus on the first 
10 km of the cable, where we observe a high signal-to-noise ratio (SNR) for earthquakes and where the topogra-
phy is the most horizontal (Figure 1b). We only analyze earthquakes with a SNR ≥10 and at a maximum distance 
of ∼150 km from the cable (Supporting Information S1). More details about the cable setup and measurement 
quality can be found in M. Shinohara, T. Yamada, Akuhara, et al. (2019) and Spica, Nishida, et al. (2020).

3.  Scholte Waves in Earthquake Wavefields
Figure 2a shows the wavefield generated by a moderate Japan Meteorological Agency velocity magnitude (MV) 
3.0 earthquake (#1 in Figure 1). The direct P-wave arrival is very weak in this example, which can be explained by 
a lower sensitivity of DAS to a quasi-vertically incident wavefield perpendicular to the cable (Martin et al., 2018). 
However, the direct S-wave appears clearly in the DAS record due to its higher sensitivity along the cable (Fig-
ures 2a and 2f). Figure S1 in the Supporting Information S1 shows another example of a DAS wavefield for a 
MV 2.5 earthquake with a clearer P wave (#2 in Figure 1). For both earthquakes, we identify several low-velocity 
surface-wave packets with relatively high amplitude and clear dispersive features after the direct S-wave arrival. 
These surface waves appear almost everywhere along the DAS record segment and travel both landward and sea-
ward. However, their SNR is highly variable, which could be explained by complex interactions with the shallow 
structure that locally deteriorate or amplify the signal (e.g., Lior et al., 2021; van den Ende & Ampuero, 2021), 
or some differences in the coupling of the cable.

We develop a gridded slant-stack (GSS) method to detect coherent surface-wave energy in the DAS wavefields. 
Within this framework, we band-pass filter earthquake wavefields in the time domain using a cascade of nar-
row-band Gaussian filters and scan the entire record sections to search for coherent dispersive features. For each 
of the record sections, we use a 2D running window with a 90% overlap that is 830 m wide in space and 1.96 s in 
time. The 830 m spacial window corresponds to the longest wavelength observed in the targeted frequency range. 
We derived this number from a reference synthetic DC from Spica, Nishida, et al. (2020). The 1.96 s was set to 
allow at least 4 wavelengths in the time window to avoid any potential aliasing. We then perform a slant-stack 
analysis for each window, where we shift-and-stack the filtered waveforms to search for the phase velocity that 
results in the most coherent output. Here, we limit this search to a ±50% velocity anomaly from the reference DC. 
We perform this calculation individually for 15 period bands, which are linearly spaced between 0.2 and 1 s, for 
both landward and seaward wave propagation directions. The results are then stacked in the frequency dimension 
to provide a marker in distance and time where there is coherent and dispersive energy in the DAS wavefield. The 
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output of the GSS shown in Figures 2b and 2c is a heatmap representing the stack of all computed frequencies. 
It highlights regions of the seismic wavefield where surface waves share standard features (i.e., velocity and 
frequency content). The GSS detections for the earthquake #2 are shown in Figure S1 in the Supporting Informa-
tion S1, and we repeat the GSS process for 18 earthquakes with MV ranging between 1.6 and 3.5.

Theoretically, if the GSS are computed at a higher sampling frequency, we could extract DCs directly from these 
measurements. However, due to the heavy computational load involved, we add a supplementary (but fastest) 
step to extract the dispersive features from the record sections. We automatically extract the Scholte wave packets 
using constant windows of 830 m and 1.96 s, centered on the maximum energies detected by the stacked GSS. 
Figure 2g shows an example of an extracted window with surface waves traveling at about 660 m/s. In total, we 

Figure 1.  (a) Map of the fiber-optic cable offshore the coast of Sanriku, Japan. The green and white sections of the cable are 
buried in shallow sediments and the red section lies directly on the ocean floor. The colored circles depict the 18 earthquakes 
used in this study. The earthquakes highlighted with moment tensor solutions are #1: 2019-02-14T21:10:50 UTC and 
#2: 2019-11-20T21:38:05 UTC, occurred at 49 and 50 km depth, and are of magnitude MV 3.0 and 2.5, respectively. (b) 
Bathymetry profile between P and P′.
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identify 609 Scholte wave packets (346 seaward and 263 landward) from 18 earthquakes unevenly distributed 
along the first 10 km of the cable. Their arrival times are shown in Figure 2d, where we observe a region with no 
seaward detection (between 6,500 and 8,000 m from the coast) and other regions with more detections.

3.1.  2D Vs Model

We apply a Tukey-window time filter to all the extracted Scholte-wave windows to mute arrivals slower than 
150 m/s and faster than 1,000 m/s. All the extracted Scholte waves from earthquake #1 are shown in Figure S2 
in the Supporting Information S1. We then calculate Scholte wave phase dispersion images via a τ − p transform 
(Figure S3 in the Supporting Information S1; McMechan & Yedlin, 1981). About 9% of all the dispersion images 
show poor coherency (i.e., no continuous dispersion for less than 1/4 wavelength of the extracted window) and 
are automatically rejected (e.g., station at 6,230 m in Figure S3 in the Supporting Information S1). Approximately 
16% of the dispersion images are stacked together when two or more surface-wave packets are detected for the 
same region (e.g., station at 5,318 m in Figure S3 in the Supporting Information S1). This process yields more 
stable measurements (e.g., Spica, Perton, et al., 2020; Yuan et al., 2020) with average velocities for a given re-
gion. After rejection and stacking, we obtain a total of 482 DCs unevenly distributed along the cable and showing 
reliable estimates of the phase velocity between ∼1 Hz and 7 Hz.

We invert the DCs following the method described in Spica, Perton, et al. (2020). The inversion was performed 
for the thickness and Vs of two layers overlying a half-space. Examples of inverted DCs and 1D Vs models ex-
tracted from earthquake #1 are shown in Figures S4 and S5 in the Supporting Information S1, respectively. The 
final 2D velocity profile (Figure 2e) is constructed by averaging all the 1D models into distance bins of 70 m 
and applying a locally weighted 2D smoothing (Cleveland, 1979). For comparison, Figure S6 in the Supporting 

Figure 2.  (a) Distributed acoustic sensing (DAS) earthquake wavefield filtered between 0.5 and 8 Hz for earthquake #1. The dashed blue line depicts the direct S-wave 
arrival. The rectangular boxes show the selected gridded slant-stack (GSS) windows used to extract surface-wave energies. In all panels, the red and cyan colors 
correspond to seaward and landward propagations, respectively. (b) Stacked GSS result for seaward propagation. (c) Same as (b) for landward propagation. In (b and 
c), the dots depict the maximum GSS power, which is the center of the extraction windows in (a). (d) All the Scholte-wave energies detected after the S-wave using 
the GSS for the 18 earthquakes. The dashed ellipses highlight a higher concentration of seaward detection. (e) Smoothed inverted 2D velocity model. The question 
marks depict regions of higher scattering and/or surface wave amplification. (f) Example of a single DAS seismogram extracted from panel (a) at channel 500, 2,500 m 
from the coast. (g) Zoom in the upper left red window extracted from panel (a). (h) Dispersion image obtained using the windowed signal in (g). (i) 1D velocity model 
obtained using the dispersion curves in (h).
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Information S1 shows the unsmoothed 2D velocity model along with the one standard deviation (1σ) from the 
averaged binned profile, the VS30, and a histogram of the number of profiles averaged for each region, as well as 
the dissimilarity between landward and seaward velocity models. These alternative models allow to assess better 
small-scale heterogeneities supported by multiple inversion results. Figure S7 in the Supporting Information S1 
shows all the individual velocity models obtained in this study.

As expected, we observe a significant degree of Vs spatial variability, especially at shallow depth (∼15 m below 
seabed) with velocities under 150 m/s. Such low velocities in the first tens of meters may suggest that the sedi-
ments are subjected to a low effective stress with a porosity close to the suspension limit. The maximum lateral 
variation is found near 6,200 m from the coast, where the topmost velocity sharply decreases by about 50% from 
∼500 to ∼250 m/s. Interestingly, a higher number of GSS seaward detections is found in low-velocity and con-
trasting-velocity regions. This implies that the velocity model is better constrained in these areas but also suggests 
a structural control on the generation of Scholte waves. Accordingly, such seaward propagating surface waves 
could be reflected waves from strong lateral heterogeneities or locally amplified waves due to strong impedance 
contrast at depth. The underlying sedimentary layers are also characterized by a strong vertical gradient, some-
times higher than 100% on a 50 m depth interval (e.g., at ∼20 m depth near 8,000 m from the coast).

Although the waves used to construct the velocity model have evident dispersive features, it is unclear why they 
are so abundant in the earthquake records. In the next section, we present a series of simulations to explain the 
possible generation mechanisms of such dispersive waves.

4.  Full-Wavefield Simulations
Figure 3 and Videos v1–3 (in the Movies S1–S3) show the results from a series of 2D finite-difference simulations 
(Li et al., 2014) with a two-domain (i.e., fluid and solid) velocity model that incorporates a realistic bathymetry 
profile (Figure S8a in the Supporting Information S1; NOAA, 2009). Figure 3a, depicts three different scenarios. 
In a first simulation (scenario A), we set a free surface condition on top of the water layer. In a second simulation 
(scenario B), we use the same configuration as in scenario A, but we set an absorbing boundary condition on top 
of the water layer. The third scenario (C) corresponds to the subtraction of simulation B from simulation A. By 
doing so, we remove the wave phenomena that occur in the solid Earth and highlight the contribution from the 
water column. Scenario C in Figure 3b reveals that a significant part of the seismic energy that is seen in scenario 
A originates from interactions between water (acoustic) phases and the ocean floor.

Theoretically, water phases can be excited by both P- and S-waves and travel with different slopes in the water lay-
er (e.g., pwn and swn in Figure 3b). Here, w stands for the acoustic waves in the water layer and n denotes phases 
related to the nth water surface reflection. These water phases can either propagate laterally in the water column 
(e.g., T-phase; Kosuga, 2011; Okal, 2008; Talandier & Okal, 1998) or be efficiently converted back into elastic 
energy in the solid Earth. In the latter case, water phases can bounce back and forth between the ocean surface 
and bottom, and successive reflections promote the generation of a modified wavefront with vertical propagation, 
which eventually forms a standing wave (Yue et al., 2017) that can last for tens of seconds. When the water wave-
front is normal to the ocean bottom interface, the acoustic/elastic conversion coefficient is maximal, and refracted 
acoustic phases generate curved P wavefronts (pwnP and swnP). These acoustic pulses are followed by disturbanc-
es that spread over the seafloor in the form of symmetrical annular wave systems with surface-wave velocities.

Figure 3c show the synthetic seismograms as they would be recorded by a near-shore ocean-bottom DAS (Figure 
S8a in the Supporting Information S1) for scenarios A and C. In scenario C, we observe several linear arrivals 
with velocities around 2.5 km/s (i.e., the shallow shear-wave velocity) that arrive at regular intervals after the 
direct P- (with low amplitude) and S-wave (with slightly higher amplitude). These surface waves are generated 
everywhere along the synthetic DAS array and travel both landward and seaward. They show higher amplitudes 
on the western side of the array where the bathymetry tends to be more horizontal, promoting the generation 
of standing waves with orthogonal incidence and, therefore, a possible higher conversion rate. See Supporting 
Information and Figure S9 in the Supporting Information S1 for synthetic seismograms accounting for shallow 
low-velocity layers (Koketsu et al., 2012).
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Figure 3.  (a) Schematic diagrams showing the ray paths of the direct P-wave, the depth phases (pP), and the first four water multiples (pwnP) for the three different 
scenarios. (b) Snapshots of 2D velocity wavefield (vxx) at different time steps. The full-wavefield depicts the scenario A while the water column contribution depicts 
the scenario C. The full videos showing the three different scenarios are available in the Movie S1–S5. (c) 2D waveform modeling results along a synthetic distributed 
acoustic sensing array. The green and orange dashed lines depict the P and S wavefronts, while the red dashed lines depict surface waves packet along the array.
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These simulations demonstrate that under the smooth geometry of the simulation domain, strong water phases 
can significantly contribute to the generation of Scholte waves on the ocean floor. It is worth noting that in 
addition to the geometry of the continental slope, the degree of roughness of the simulation model could also 
plays a leading role in the generation of water phases.

Regardless of the generation mechanism, the processing to extract and invert Scholte waves from the earthquake 
wavefield is valid under the sole condition that these waves travel parallel to the cable to ensure an optimal phase 
velocity estimation; however, the 2D modeling does not guarantee that Scholte waves travel parallel to the cable 
when a source is shifted from the cable axis. Therefore, we perform fully coupled 3D numerical simulations for 
two scenarios to test the effect of off-azimuth propagation on the estimation of local phase velocities (Figure S8b 
in the Supporting Information S1, Videos v4–v5 in the Movies S4 and S5). In Figure 4a, the source is shifted 
about 50 km south of the cable to mimic the location of the earthquake #1. In Figure 4b, the source is located 
directly beneath the DAS array as for the earthquake #2. In both simulations, we incorporate the water layer, a 
realistic smooth bathymetric model (Hirt & Rexer, 2015), and a Moho topography model (Laske et al., 2013). We 
then calculate the earthquake-induced strain at the ocean floor using a high-performance spectral-element solver 
(Afanasiev et al., 2019). The top panels in Figure 4 show the synthetic E-W strain that is obtained from the two 
scenarios. We observe that both sets of recordings display several hyperbolic arrivals that correspond to direct 

Figure 4.  3D simulation results for the (a) earthquake #1 and (b) earthquake #2. Top: synthetic strain wavefield along the cable. Middle and bottom: snapshots of the 
3D wavefields at different times.



Geophysical Research Letters

SPICA ET AL.

10.1029/2021GL095287

8 of 11

body waves and converted waves generated by acoustic reverberations. Moreover, we note several linear arrivals 
that travel with an average velocity of 3.0 km/s, which is the shear-wave velocity assigned to the shallow crust in 
the 3D synthetic domain. These arrivals are Scholte and surface waves propagating at the solid-fluid and solid-air 
interfaces (depending on whether the receivers are located on the seafloor or at the free-surface), respectively. 
Therefore, regardless of the earthquake source location, the origin of these wave packets is the shoreline, which 
is, for all practical purposes, the only prominent scatter point within the simulation domain.

These results support the hypothesis that even if the earthquake source is not in direct alignment with the cable, 
both direct body waves and continuous water phases can excite several parallel-to-cable propagating Scholte 
waves as long as there is a major scatter point along the cable. It also sheds light on the possible generation mech-
anism of these waves in the DAS records.

5.  Discussion
5.1.  Reliability of the VS Model

To evaluate the stability of the main VS model in Figure 2e, we present an estimation of the model stability (1σ) 
along with a series of alternative models obtained using only inversion results from earthquakes aligned with the 
cable and using only landward versus seaward Scholte waves (Figure S6 in the Supporting Information S1). In ad-
dition, we compute the percentage of velocity change between these alternative models and the main model. The 
standard deviation of velocity between individuals models for each bin is relatively large in the deep and western 
areas, and overall, absolute velocities in the main model appear to be better constrained at shallow depths (Figure 
S6d in the Supporting Information S1). All the alternative models reproduce the same features of the main model, 
suggesting that most of the surface waves extracted from our processing share similar properties for a given bin. 
This also indirectly suggests that the location of the source and the possible different generation mechanisms of 
Scholte waves have a negligible impact on the final velocity model. However, we observe larger dissimilarities in 
the western part of the models and almost everywhere around 20 m depth. As all the 1D models are constructed 
with two layers overlying a half-space, these local dissimilarities result from changes in interface depths rather 
than flawed estimations of the absolute velocities. This is because DCs are sensitive to absolute velocity variation 
with depth but are only weakly sensitive to the details of the layering (e.g., Spica et al., 2018). Also, we can expect 
the velocity models to offer only a smooth representation of the actual velocity structure because the DCs are 
expressed across small subarrays of 830 m and then arbitrarily averaged into 70 m bins. This averaging process 
tends to reduce possible errors on the likely imperfect estimation of the velocity due to nonparallel Scholte wave 
propagation. Finally, because we used data from two different measurement campaigns, we expect that the medi-
um has not changed and has not been affected by regional seismicity between measurements.

5.2.  Understanding Near-Coast Scholte Waves Generation

Based on a series of observations and simulations, we show that water phases play a leading role in the generation 
of Scholte waves on the ocean floor. After an earthquake occurs, a portion of the seismic waves is transmitted 
into the water body and converted into acoustic waves. Such phases propagate in 3D and radially from the source 
(i.e., the conversion point) into the water, where attenuation is remarkably low. The quasi non-attenuation of 
acoustic waves implies that successive reflections between the ocean surface and bottom can efficiently promote 
a re-conversion into elastic energy. Theoretically, an orthogonal acoustic ray could be seen as a normal force on 
the seafloor for which about 75% of the refracted energy can be converted into surface waves that propagate along 
the free surface (Lamb, 1904). In the simulations, the effective coupling between acoustic and Scholte waves is 
ensured by the high shear-wave velocity of the crust near the ocean bottom (∼2,500 m/s, Figure S8 in the Sup-
porting Information S1). In reality, however, the shallow sediments have extremely low velocities (Figure 2e), 
which implies that the difference in phase velocity between acoustic and Scholte waves is too large to guarantee 
an efficient coupling of the waves and thus an effective conversion. Therefore, we suggest a possible alternative 
mechanism. After an acoustic ray reverberates in the near-vertical direction, the acoustic energy is gradually 
partitioned into S-waves. The low velocity of the sediments favors the trapping of S-waves, which reverberate 
inside the shallow sedimentary layers as suggested by Spica, Nishida, et al. (2020). The complex sedimentary 
structure tends to increasingly homogenize the waves' incident angle, which gradually leads to energy leaks in the 
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horizontal direction. Such horizontally propagating waves are the observed Scholte waves, arriving at different 
times along a cable segment.

Aside from the water reverberation excitation, Scholte waves can also be generated locally through body-wave 
scattering at sharp bathymetric features (Zheng et  al.,  2013) or at strong lateral heterogeneities such as fault 
zones (Sato et al., 2012). In addition, the intrinsic nature of DAS, which measures strain rather than particle 
motion, makes it more sensitive to local heterogeneities (Singh et al., 2020). Therefore, it is very likely that in 
addition to water phase reverberations, localized scattering, and amplification also contribute to the generation 
of Scholte waves along the cable. As a heterogeneity is practically a scatter point anchored in the subsurface, 
scattered Scholte waves should be observed as persistent and localized features in most earthquake DAS records. 
Contrastingly, acoustically generated Scholte waves should be observed irregularly along the cable, as their gen-
eration mostly depends on the complex geometry between the source, the conversion point, and the bathymetry. 
Figure 2d shows that most of the extracted Scholte waves occurred unevenly along the cable, which supports our 
main hypothesis. Nonetheless, we also observe at least four regions where most earthquakes repeatedly generate 
coherent Scholte waves. One of these regions (e.g., near 6,200 m from the coast in Figure 4e) was previously 
identified as a potential unmapped fault zone using reflection image from autocorrelations of ambient seismic 
noise (Spica, Nishida, et al., 2020). In the new velocity model, this area corresponds to a strong shallow hori-
zontal velocity contrast. In the 2D case, most of the surface-wave energy would radiate out from the scatter point 
as a symmetrical semi-circular wave system in the opposite direction of the incident waves (Chai et al., 2012), 
which should guarantee a proper estimation of the phase velocity along the cable. In 3D, however, the heteroge-
neity could be slightly offset from the cable leading to an inaccurate estimation of the phase velocity in this area. 
The three other regions with higher measurement density correspond to shallow low-velocity areas. Because 
DAS measures ground motion gradients, the wave amplitudes are inversely proportional to the apparent phase 
velocity. Therefore, slow waves in shallow sediments are amplified in the DAS records (e.g., van den Ende & 
Ampuero, 2021). This phenomenon may be exacerbated by the extreme low velocities observed in these areas.

6.  Conclusion
The conclusion of this study are twofold. (a) We proposed a data processing pipeline to extract and invert sur-
face-wave packets recorded by an ocean-bottom DAS array. We showed that it is possible to passively use DAS 
cable and local seismicity to generate a high-resolution 2D Vs velocity model that is important for near-shore 
exploration and ground-motion prediction. (b) We used state-of-the-art simulation methods along with observa-
tions to better understand the wave phenomena promoting the generation of Scholte waves on the seafloor. We 
suggest that an important fraction of the Scholte wave energy in earthquake records can originate from complex 
interactions between acoustic and seismic phases. Importantly, this assumption only holds under the geometrical 
configuration of this study (i.e., a cable perpendicular to the shore on top of a relatively steep bathymetry), and 
should be therefore further tested for different cable settings.

Our new passive approach is an alternative to ambient seismic noise correlation methods to image the shallow 
offshore subsurface. In addition, as the fiber-optic cable is a passive component that can be left on the ocean floor 
for a virtually unlimited amount of time, the method is non-invasive, does not require a dedicated survey, can be 
used to extract Vs profiles directly, and can be repeated at different times at almost no additional cost. Further-
more, we demonstrate the possibility of using low-magnitude earthquakes for shallow imaging, suggesting that 
this method could be readily exported to other seismically active regions worldwide where fiber-optic telecom-
munication cables lie on the seafloor.
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