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Abstract

In this study, we investigate 70 days of distributed acoustic sensing (DAS) recordings in
the Canary Islands using an undersea fiber-optic telecommunication cable that links the
islands of Tenerife and Gran Canaria. Two DAS interrogators connected to both ends of
the cable turned the fiber into an array of 11,968 strain sensors covering a total length
of ~ 120 km. We present the details of the experiment, noise analysis, and examples of
recorded signals. Seismic ambient noise levels assessment indicates poor local coupling
of the cable due to the irregular bathymetry that results in high-amplitude acoustic
oscillations in some channels. The DAS array recorded several types of nonseismic
(vehicles, surface gravity waves, ships) and seismic signals. Local and regional earth-
quakes were detected with magnitudes my, = 2. Surface waves from teleseismic
events at a distance of ~3000 km were also identified in the strain recordings.
Here, we report the first observations with DAS of hydroacoustic T waves generated
by oceanic earthquakes located at the Central Mid-Atlantic Ridge and the Cape St.
Vincent region. Events had magnitudes from M,, 4.2 to 6.9, and the hydroacoustic
waves were recorded at epicentral distances from 780 to 3400 km. Our findings show
that submarine fiber-optic cables can effectively be used to assess the seismic activity in
remote oceanic areas.
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Introduction

From 21 July to 1 October 2020, we carried out an undersea
experiment to monitor the seismicity in the Canary Islands
using fiber-optic distributed acoustic sensing (DAS). This tech-
nology has the ability of turning a kilometer-length fiber-optic
cable into a very dense array of synchronized strainmeters ori-
ented along the fiber. Effectively, an independent strain-rate
measurement is obtained every few meters along the fiber. It
is an emerging technology with strong potential for seismic
monitoring (see Zhan, 2020; Lindsey and Martin, 2021).
Fiber-optic seismology gained popularity in the oil and
gas industry a decade ago, but interest in it is growing rapidly
in a variety of geophysical applications. Some of them include
hydroacoustic in the
(Matsumoto et al,, 2021), CO, storage monitoring (Trautz et al.,
2020), imaging of marine sediments (Spica et al, 2020), urban

active-source monitoring ocean

seismology (Lindsey et al., 2020; Zhu et al., 2021), seismic prop-
erties of glaciers (Booth et al., 2020), teleseismic studies (Yu et al.,
2019), characterization of thunder-induced ground motions
(Zhu and Stensrud, 2019), active-source seismic tomography
(Parker et al, 2018), and ambient noise interferometry and
earthquake seismology (Ajo-Franklin et al, 2019).
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Previous studies using DAS on subsea fibers (Lindsey et al.,
2019; Sladen et al., 2019; Williams et al., 2019) have revealed a
variety of seismic signals with frequencies ranging from mHz to
Hz on the strain recordings and consistency with the response of
nearby broadband seismometers, thus strengthening the poten-
tial of this technology for marine seismology. However, the qual-
ity of the recordings is dependent on the cable coupling to the
seafloor (e.g., Lior et al, 2021) and on the cable sensitivity
related to its internal structure. In this study, we took advantage
of one of the existing submarine telecommunication cables that
are deployed between the islands of Tenerife (TF) and Gran
Canaria (GC). Two DAS interrogator units were connected
to both landing ends of the fiber continuously recording the seis-
mic wavefield. The submarine cable, owned by CANALINK-
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Figure 1. (a) Location map of the telecommunication fiber-optic cable between the islands of
Tenerife (TF) and Gran Canaria (GC). Two distributed acoustic sensing (DAS) interrogators acquired
data along ~60 km segments (red lines) of the total ~176-km-long cable (dark line). Seismicity
occurred in the study region from July to September 2020 according to the Instituto Geografico
Nacional (IGN) catalog (see Data and Resources) is plotted with solid circles. Earthquakes are scaled
by magnitude in the range -0.1 < my,4 < 3.1. Red circles mark the epicenters with magnitudes >2.
Solid triangles indicate the location of the permanent seismic stations of the Spanish National
Seismic Network. The yellow triangle plots the location of the land station MACI, in TF, used for
waveform comparison. (b) Bathymetric profile along the fiber-optic cable route. Dashed vertical
lines separate sections of lightweight (LW), lightweight-protected (LWP), single-armored (SA), and
double-armored (DA) cable. For bathymetric data, see Data and Resources. The color version of this
figure is available only in the electronic edition.

and does not include the on-
land path from the shore to
the interconnection center
where the DAS interrogators
were installed (~7 km in TF
and ~4 km in GC). Thus, the
DAS spatial axis has the origin
(“0 m”) set to the cable position
at the shoreline.

In this work, we present the
instrumentation used and
explore the features of the sig-
nals recorded in different sec-
tions of the cable in the
submarine environment of
the Canary Islands. We also
analyze the noise levels of the
DAS recordings. Then we
report a variety of observations
of seismic and nonseismic
sources recorded during a
monitoring period of 70 days,
including regional and teleseis-
mic earthquakes and hydroa-
coustic signals from ships.
We also show that the DAS
technology is capable of
recording, with high sensitiv-
ity, T waves from a number
of submarine earthquakes in
the Atlantic Ocean.

The Fiber-Optic
Cable

The submarine cable used in
this study is a 12-fiber, URC2
14 mm cable with a total length
of ~176 km (G654, see Fig. S1,
available in the supplemental
material to this article). The
specified maximum attenua-
tion is 0.18 dB/km (at 1550
nm wavelength). The cable is
largely composed of a single
mechanical piece with no peri-
odical junctions or optical spli-

Canarias submarine link S.L., has a total length of ~176 km and
lies over the seafloor, reaching a maximum depth of 3570 m
below sea level (Fig. 1). We interpolated the fiber positions from
the cable locations provided by CANALINK and extracted the
corresponding bathymetric profile from the available bathym-
etry grid (see Data and Resources). The profile plotted in
Figure 1 corresponds to the undersea section of the cable
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ces that was laid on the ocean floor (i.e., not buried). The cable
is passive, with no optical amplifiers or electrical power. Along
the cable, the mechanical protection varies significantly, rang-
ing from lightweight cable in deep water, lightweight protected
cable, single armored cable, and double-armored cable at shal-
low depths close to the shoreline (Fig. 1b). Although the
mechanical isolation or coupling of the fiber cores is not
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specified, it is expected to vary
significantly depending on the
type of protection.

Instrumentation
and Data
Preprocessing

In this experiment, two
chirped-pulse DAS (CP-DAS)
interrogators (see Text S1 for
the instrument technology
background) monitored 5984
channels each (equivalent to
11,968 independent seismome-
ters) with a spatial resolution
(optical and gauge length) of
10 m in a single-ended configu-
ration, that is, the first 60 km of
fiber starting from the coastline
and into the sea (Fig. 1). Raman
amplification was used to miti-
gate the fiber losses (Pastor-
Graells et al., 2017) and flatten
the instrumental performance
along the fiber. We set the
instrumental data acoustic sam-
pling frequency to 1 kHz
(imposed by the repetition rate
of the train of pulses launched
into the fiber and related to
the fiber size). The recorded
strain data were later down-
sampled to 50 Hz, determined
to be enough to accurately
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Figure 2. Power spectral density (PSD) of the recorded acoustic signal at 1 and 10 Hz compared with

Noise Levels

the estimated instrumental noise along the 60-km-length fiber. Interrogated in (a) TF and (b) GC.

For frequencies above a few
Hertz, the acoustic noise floor

For each spatial point along the fiber, the PSD is computed using a time window of 1 hr, recorded at
3 a.m. to minimize the anthropogenic noise. The Cramér-Rao lower bound (CRLB) gives the
theoretical instrumental acoustic noise floor. This can be computed from the optical power profile

was largely set by instrumental
noise along the fiber (see the

recorded along the fiber (Costa et al., 2019).

power spectral density [PSD]

at 10 Hz vs. instrumental noise

in Fig. 2), with the exception of a few persistent sections, with
high-noise peaks related to environmental noise. The instru-
mental PSD noise floor varies less than 10 dB (between 0.01
and 0.1 ne?/Hz) over the span of 60 km. This is the
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maximum range of the CP-DAS at the sampling frequency
of 50 Hz.

A visual inspection of the continuous raw strain data from
the fiber array along the 70-day recording period finds a low
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signal-to-noise ratio (SNR) at some channels, whereas others
have a high SNR, especially in TF (see Fig. 3), a behavior that
remained throughout the duration of the experiment. At
frequencies <1 Hz (see Fig. 2), the acoustic noise alternated
between instrumental noise and ambient noise along the cable,
varying by several orders of magnitude from point to point.
Furthermore, several sections in which lower ambient acoustic
noise was systematically registered correlated with the sections
in which the seismic events were detected with lower ampli-
tudes. This appears to indicate that the mechanical strain cou-
pling between the cable and the ground (and possibly local
ambient noise) is highly variable along the cable.

To assess quantitatively the typical seismic ambient noise
levels, we analyzed the data spectral characteristics of several
channels of the array by computing the PSD over a 12-hr-
length time segment at 22-min-long, 50% overlapped intervals,
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Figure 3. About 1 hr of DAS array recordings at 3 a.m. (time
domain, in units of nanostrain) showing alternating noisy and
quiet fiber positions at (a) TF and (b) GC arrays. Fiber position
origin (0 km) is relative to the shoreline, and negative values
correspond to the on-land fiber segment leading to the inter-
connection center where the DAS interrogators were installed.
The insets in the bottom are a zoom-in on strain recordings from
sections of the DAS array showing on-land vehicle traffic, along
with their estimated speed (left); surface gravity waves propa-
gating at shallow depths (center); uneven cable strain coupling
conditions, with sharp transitions between noisy and quiet
sections and with different local resonating frequencies in
neighboring points (right). The color version of this figure is
available only in the electronic edition.
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Figure 4. (a) PSD (in dB related to ne?/Hz) for 12 hr of noise
recordings at TF. The noise levels at fiber locations 400 m,
7200 m, 17,700 m, 42,200 m, and two quiet channels (-6300
and 37,700 m) are plotted. (b) PSD of the 1-2 Hz band-pass-
filtered root-mean-square (rms) strain amplitude for 22 days of
recordings at position 42,200 m. Diurnal (1 cycle/day) and
semidiurnal (2 cycles/day) periods are dominant. (c) Probability
density function (PDF) at position 35,700 m of GC array con-
structed using 9900 PSD during the period from July to
September 2020. The black line plots the mode. The color version
of this figure is available only in the electronic edition.

on a quiet day. As an example, Figure 4a shows the median
power spectra for four noisy channels (0.4, 7.2, 17.7, and
42.2 km) and two relatively quiet locations (6.3 km onshore
and 37.7 km offshore) on the TF array. It can be observed that
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the PSDs at the two quietest locations almost overlap in the
frequency band 0.05-24 Hz, being essentially set by instrumen-
tal noise. Noise levels at 7.2 and 17.7 km are also comparable to
the quiet channels for frequencies >2 Hz. In general, the noisy
channels show high amplitudes for frequencies <2 Hz. The
primary (frequencies <0.1 Hz) and secondary (frequencies
in the 0.1-1 Hz range) microseisms are not visible in the
PSDs, even in the quietest channels. A pronounced noise peak
is observed at 0.4 km, at ~24-m-water depth, in the 0.07-0.2
frequency band. These oscillations are caused by surface grav-
ity waves that affect the strain recordings at shallow depths
(<~100 m; e.g., Sladen et al, 2019). A marked noise peak is
also noticeable at 42.2 km, at a water depth of ~2800 m,
for frequencies between 1 and 2 Hz. To investigate the spectral
characteristics of this noise peak, we computed the root mean
square (rms) strain amplitudes using 1-hr-long, 50% over-
lapped windows for 22 days of continuous data filtered in
the 1-2 Hz frequency band. Autospectral analysis shows dom-
inant diurnal (1 cycle/day) and semidiurnal (2 cycles/day)
periodicities, which support a tidal modulation of the domi-
nant strain amplitudes in this location (Fig. 4b). We also
computed the probability density function according to
McNamara and Buland (2004) for the entire dataset recorded
at a quiet position (35,700 m and ~2500-m-water depth) of GC
array. The primary and secondary microseisms can be
observed (Fig. 4c).

Observations

In the following, we report the detection of a variety of signals
in the 70-day recordings of the Canary Islands submarine
DAS array.

Nonseismic signals (ships)

Ocean-bottom seismometers (OBSs) and hydrophone arrays
commonly record seismic and hydroacoustic signals from
ships. These signals have been used, for instance, as a source
of opportunity for locating and orienting ocean-bottom instru-
mentation (e.g., Trabattoni et al., 2020). Because of its geostra-
tegic location, the Canary archipelago presents intensive ship
traffic. Ugalde et al. (2019) already reported a large number of
ship signatures on OBS and hydrophone recordings at depths
between 709 and 1355 m in this region. Rennekleiv et al.
(2019) showed that DAS is capable of recording acoustic waves
from ships, too. Rivet et al. (2021) further explored the poten-
tial of this technology to detect and track ships. They con-
cluded that the strain changes in the cable can be caused
directly by pressure waves traveling through the water layer
or through the sediments for slightly buried sections of the
cable. In our experiment, the DAS arrays recorded maritime
traffic with high SNR. Figure 5 shows an example of a vessel
recorded at GC (fiber position 11,020 m, ~760-m-water
depth). The spectrogram shows the typical pattern and tonals
of ship-radiated acoustic signals. The ship’s signature, which is
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Figure 5. (a) Strain observations (in units of nanostrain) and (b) spectrogram at GC array of a vessel
(fiber position 11 km, time in seconds from 9 August 2020 00:00:00). The color version of this

figure is available only in the electronic edition.
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constrained, particularly in
depth, because of the lack of
nearby stations. Therefore,
the availability of DAS data
through  submarine cables
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location.

We tried,
approach used in traditional
seismology to detect seismic
signals. Taking into account
the noise level observations,
we used a triggering algorithm
based on short-term average
(STA)/long-term
(LTA) (FilterPicker;
et al., 2012) on low-noise fiber
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locations. However, the algo-
rithm only was able to detect
the strongest events of the

mainly related to the characteristics of the engine and propeller
rotation, can be observed for more than one hour. Doppler
spectral gliding, generated by the relative motion between
the source and the receiver, is clearly observed as the ship
approaches the fiber. At the closest point of approach, narrow
spectral lines span from ~6 to 24 Hz (the maximum frequency
that could be investigated). A diesel generator aboard the ship,
which commonly has rotation speeds of 720 rpm, causes the
acoustic noise peak at 6 Hz. These observations confirm the
capability of DAS for monitoring ocean vessels. This
technology has also potential as a future preventive technology
for submarine cable protection from human hazards (trawlers,
anchor hits), a field in which a very limited experimental work
has been performed to date (Rennekleiv et al., 2019).

Local and regional earthquakes

The Canary Islands are an active volcanic archipelago that
presents moderate seismicity. A fault system located between
the islands of TF and GC is the most seismically active struc-
ture in the region (Fig. 1) and was the source of the largest
instrumentally recorded earthquake in the archipelago (M 5.2;
Mezcua et al., 1992). The Instituto Geografico Nacional (IGN,
network code ES) operates the permanent, land-based, seismic
network in the Canary Islands. Since the first seismic station
was installed in TF in 1964, the network in the archipelago has
been improved over the years and is now composed of 48 seis-
mic stations, of which there are 20 in TF and three in GC.
However, despite the significant increase in instrumentation,
locations of earthquakes in offshore areas are still poorly
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IGN catalog in this region.
Therefore, an analyst visually
inspected the data using two
approaches: (1) examining the whole dataset and spectrograms
of some individual low-noise channels and (2) looking at all
the traces using the time segments of the events reported in
the IGN catalog. For the period of time, the experiment was in
progress, the IGN land seismic network located a total of 125
earthquakes offshore TF and GC, with m;,;, magnitudes rang-
ing from 0.6 to 3.1. Among them, the nine events of the cata-
log having magnitudes m;, > 2.1 and three m;;, > 2.0 events
were confirmed visually by the analysis of the fiber data. They
are plotted with red solid circles in Figure 1. The fiber array
also recorded the strongest seismic event of the catalog during
this period, a my;, 3.2 earthquake that occurred in the
Atlantic at ~169 km north from the cable. Figure 6 shows
an example of the raw DAS array recordings during the
myr 3.1 earthquake occurred in the fault between TF and
GC at 34 km depth. The direct-wave arrivals of the earth-
quake signals are clearly observed as they propagate along
the array. The change in the slope of the travel-time curves
from ~35 km to the end of the fiber marks the change in the
direction of the cable that can be observed in Figure 1.
Figure 7 plots the strain recorded at a single fiber location
compared with the recordings of a land station at about
the same epicentral distance (MACI, equipped with a
Streckeisen STS-1V/VBB seismometer, see the station loca-
tion in Fig. 1). P, S, and coda waves can be clearly identified
in both recordings. The spectrograms show that the earth-
quake is seen between 2 and 15 Hz in the DAS recordings,
whereas the frequency content is higher in the land station.
It can also be noted that S-wave coda amplitudes show lower
Volume 93 « Number 1 .
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Figure 6. About 2 Hz high-pass-filtered DAS recordings (time domain, in units of nanostrain) of the
27 July 2020 my,4 3.1 earthquake for the 5984 locations of the TF array at 10 m spacing. Time is
relative to the origin time of the earthquake. The channel depths are also plotted. Fiber position
origin (0 km) is relative to the shoreline. The color version of this figure is available only in the

electronic edition.

studies of small earthquake
-8 detection and retrieval of seis-
mic source properties in marine
environments (Okal and
Talandier, 1986), detection of
volcanic  activity  (Talandier
and Okal, 1987), underwater
landslides (Fryer et al., 2004),
and global climate change
(Wu et al, 2020). T phases
are useful to locate seismicity
at midoceanic ridges because,

=10

attenuation for the oceanic path (strain recordings at
37.7 km in ~2700-m-water depth) than for the island seismic
station.

Teleseismic events

During the experiment, the DAS array also recorded teleseis-
mic events. The largest one had a magnitude of M,, 6.9 and
occurred in the Central Mid-Atlantic Ridge at 10 km depth,
according to the U.S. Geological Survey (USGS). Figure 8d
shows the DAS array teleseismic observations of this earth-
quake. The epicentral distance is 3281 km to the midpoint
of the TF’s segment of the array. Figure 8a—c shows, as a com-
parison, the recordings at MACI land seismic station. The
main body-wave arrivals, which are clearly recorded at
MACI, are close to the noise level in DAS, which is capable
of recording the energy of surface waves, as shown in
Figure 8d. The raw strain data show a strong late arrival at
about 2200 s from the earthquake origin time that also appears
at MACI when the seismogram is high-pass filtered at 1 Hz.
This strong energy corresponds to hydroacoustic T waves and
is examined in the Hydroacoustic Phases section.
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due to the low attenuation at

the SOFAR channel, they can
transmit energy from relatively small sources over large epicen-
tral distances. By combining the T-wave amplitude and duration,
they can be also used to estimate the source size and to discrimi-
nate the source type.

During this experiment, the DAS array recorded hydroa-
coustic T waves from several earthquakes, most of them
located in the Central Mid-Atlantic Ridge at shallow depths
(10 km) and magnitudes M, 4.5-6.9 at distances from
~3100 to ~3400 km (USGS). We also identified T waves from
a M,, 4.6 earthquake located in the Azores Islands region at a
distance of ~1900 km (USGS). The closest event that generated
T waves and was detected by the DAS arrays occurred in Cape
St. Vincent region at 780 km distance and had a magnitude
M, 4.2 (IGN). Figure S2 shows the location of the T-wave
earthquake sources recorded by the DAS arrays.

Figure 9 shows the DAS recordings of the M,, 6.9 Mid-
Atlantic Ridge earthquake as recorded by the two DAS arrays.
Surface waves are visible both in TF and GC; however, hydro-
acoustic T waves are only recorded in TF. This is because of the
hydroacoustic bathymetric blockage by the GC volcanic edifice
(see Fig. S2 for the great circle paths between the earthquake
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Figure 7. High-pass-filtered observations and spectrogram of the 27 July 2020 m, 4 3.1 earthquake

recorded inland, which is very
similar to the seafloor DAS
recordings, suggests a very effi-
cient acoustic-to-seismic con-
version at the steep slopes of
TF Island (e.g., Talandier and
Okal, 1987). Figure S4 shows
another example of T waves
recorded at GC array.

Discussion

on (a) DAS (fiber position 37.7 km of TF array) and (b) MACI land seismic station (east—west
horizontal component). Both data were recorded at about 45 km of epicentral distance, and they
are synchronized with respect to the P-wave arrival time. The color version of this figure is available

Noise analysis
The strain recordings at the
DAS arrays show alternating

Downloaded from http:/pu
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only in the electronic edition.

high and low SNR channel

and the two arrays). T waves are nonimpulsive signals with
long-duration wavetrains of high frequency. Figure 10 shows
the raw strain recordings of the hydroacoustic waves for one
single channel of the array compared with the seismic T waves
observed at MACI land seismic station. The T waves are
recorded with DAS with a high SNR and duration of ~5
min. Strong acoustic energy is observed in the 1-10 Hz range,
as derived from the spectral analysis. The T waves recorded
have strain values greater than those of P, S, and surface waves
(Fig. 8). To determine the propagation velocity from source to
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bands persistent over the time
duration of the experiment.
This observation is especially
sharp for the TF array, which presents a higher contrast
between noisy and quiet bands than for GC (Figs. 2 and 3).
The first high-noise band observed in TF and in GC marks
the shoreline crossing of the cable (0 km). The dominant noise
in these bands is caused by pressure changes induced by the
depth reached by ocean surface waves that affect the recordings
up to ~100 m depth (Fig. 3, zoom). The widths of this noise
band are 0.8 km in TF and 3.6 km in GC because of the steeper
slopes of TF that can be appreciated in the bathymetry map of
Figure 1.
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Figure 8. Recordings of the 18 September 2020 M,, 6.9 Mid-Atlantic Ridge earthquake at MACI
seismic station: (a) Radial, (b) transversal component, (c) 1 Hz high-pass-filtered radial component,
and (d) raw strain recordings (stacked over 100 m). Main P, S, surface, and hydroacoustic T waves

are labeled.

our case, the cable is lying loose
on the seafloor, whereas in
Williams et al. (2019), the cable
is buried, and at large water
depths. The PSD of the micro-
seisms recorded in Williams

The morphology and structure of the submarine region of
the volcanic edifices of TF and GC are irregular (Fig. 1), with
steep slopes at places, large canyons, slide blocks, and volcanic
cones, covered by debris, volcanoclastic, and biogenic sedi-
ments (e.g., Ranero et al, 1995; Funck and Schmincke,
1998), which may result in specific local mechanical cable res-
onances, poor cable coupling, or hanging of the cable in the
water column. This can be seen by abrupt changes from high
to low SNR sections and existence of strong local resonant
frequencies (that also change abruptly) in some sections, as
seen in TF between 15 and 20 km (Fig. 3, zoom). For instance,
Number 1 www.srl-online.org
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et al. (2019; reaching [20 dB,

30 dB] rel. to 1 ne?/Hz, in
the vicinity of 1 Hz) is several orders of magnitude above
the acoustic noise floor registered here (reaching [-20 dB,
—10 dB] rel. to 1 ne?/Hz at 1 Hz, Fig. 2).

Earthquake signals

We also noted that the fiber does not respond equally to the
earthquake signals along the array. As it can be observed in
Figure 6, no earthquake signal is recorded in TF up to
~1700 m, even for low ambient noise level locations. Lior ef al.
(2021) observed a similar behavior in their dataset and con-
cluded that the lack of earthquake signals in the on-land
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segment of the cable was related to the higher apparent seis-
mic-wave velocities, which causes lower strain recordings as
compared with slow velocities. In our case, the lack of seismic
signals is observed over the on-land (i.e., [-7.3 km, 0 km]) and
shallow underwater ([0 km, 1.7 km]) sections of the cable.
Taking into account the uncertainty in the mechanical
coupling of the cable on-land and near the shoreline:
(1) the cable protection is increased nearing the coast, with
double armor in the vicinity of the shoreline, and (2) as the
installation conditions on-land change drastically, a high
degree of experimental uncertainty is present that deserves fur-
ther analyses.

The remarkable decrease in local and regional earthquake
detection observed in this DAS experiment with respect to
the land-based seismic network may be related to different fac-
tors. The composition of the submarine cable may provide
weak responses or the coupling between the fiber and seafloor
sediments (known to have an irregular morphology) may affect
the quality of DAS seismic recordings. Another critical factor is
the orientation of the fiber-optic cable because this technology
only senses in the direction of the fiber. Last but not least,
broadband noise levels at the seafloor are high in comparison
to land stations (e.g., Frontera et al., 2010), which may increase
the detection threshold.

Hydroacoustic T waves
The most novel result of this experiment is the identification,
for the first time in this type of data, of hydroacoustic T waves
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Figure 9. DAS array recordings (time domain, in units of nano-
strain) of the 18 September 2020 M,, 6.9 earthquake for the
5984 locations of (a) TF and (b) GC arrays at 10 m spacing. Time is
relative to the origin time of the earthquake. The channel depths
are also plotted. Space origin (0 km) is relative to shoreline. To
enhance visibility of the seismic event, the DAS channel locations,
which featured persistent high-noise levels, were substituted
with white noise. The zoom-in in the bottom shows that strain
energy recorded by the fiber presents high variability from section
to section even during high-energy seismic events. The color
version of this figure is available only in the electronic edition.

from oceanic earthquakes at teleseismic and regional distances.
The DAS arrays did not detect hydroacoustic waves from
earthquakes located in the Central Mid-Atlantic Ridge between
latitudes 7.683° and 36.968°N (USGS; see Fig. S2). The reason
may be the blockage of the hydroacoustic paths by the
islands of the archipelago for sources generated at these
latitudes.

Hydroacoustic T waves are observed here at abyssal depths
up to 3570 m, well below the SOFAR axis depth, which is
~1000 m (Northrop and Colborn, 1974). T-phase events have
been detected at similar depths in OBS recordings at the
southern East Pacific Rise (Shen, 2002) and at depths of
4000-5000 m in French Polynesia (Ito et al., 2012). Butler
and Lomnitz (2002) and Butler (2006) explained the detection
of T phases in the abyssal Pacific Ocean by a coupling mecha-
nism through which seismoacoustic Ti waves propagate along
Volume 93 « Number 1 .
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Figure 10. (a) About 1 Hz high-pass-filtered strain recordings and spectrogram of the hydroacoustic
waves from the 18 September 2020 M,, 6.9 Mid-Atlantic Ridge earthquake recorded at TF
(position 14.7 km). (b) Comparison with the recordings at MACI land station. The color version of
this figure is available only in the electronic edition.

o Instrumental noise presents

a low variability along the
cable. The high SNR chan-
nels observed persistently,
with strong acoustic reso-
nances, may be caused by
abrupt bathymetry changes
and the installation condi-
tions, with the cable lying
loose on the seafloor.

We confirmed the feasibility
of using DAS for underwater
seismic detection. The qual-
ity of DAS seismic record-
ings and the detection
threshold are affected by
the composition and orien-
tation of the submarine cable
and the high ambient noise
levels at the seafloor.

In addition to the detection
of vehicles along the on-land
section of the cable and sur-
face gravity waves, we also
verified that DAS is able to
detect signals from ships at
abyssal depths, which opens
the door to explore new
applications of this technol-
ogy in the field of preventive
maintenance of submarine
cables.

The experiment revealed sig-
nals of hydroacoustic T
waves, which are clearly vis-
ible at depths quite below the
SOFAR. T waves are valuable
for detecting volcanism and
earthquake activity in oce-
anic regions. They are usu-
ally recorded by coastal and

the interface between water and sediment at the sound speed of island-based seismic stations and, more effectively, by
water. Recently, Chen et al. (2017) simulated the propagation OBSs and hydrophone arrays. Here, we demonstrate that
of T waves in deep-ocean basin environments and showed that the availability of fiber-optic recordings across the oceans
hydroacoustic energy can propagate effectively from the can provide inexpensive and powerful detection capabilities
SOFAR to the abyssal seafloor. for a comprehensive understanding of hydroacoustic energy

propagation in remote oceanic regions.

Conclusions

In this study, we analyzed 70 days of DAS strain data recorded  Data and Resources

along an existing submarine fiber-optic cable in the Canary The Instituto Geografico Nacional (IGN) catalog is publicly available
Islands. Our main findings are as follows: and was searched through http://www.ign.es/web/ign/portal/sis-
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catalogo-terremotos (last accessed February 2021). Some figures of
this work were plotted using the Generic Mapping Tools (GMT) soft-
ware (Wessel ef al., 2013). EMODnet Bathymetry Consortium (2020)
provided bathymetric data. Supplemental information on the instru-
ment technology and additional figures are compiled as supplemental
material.
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