INSTITUT DE FRANCE

Académie des sciences

Comptes Rendus

Géoscience

Sciences de la Planete

Sara Bazin, Jean-Yves Royer, Flavie Dubost, Fabien Paquet, Benoit
Loubrieu, Aude Lavayssiére, Christine Deplus, Nathalie Feuillet, Eric
Jacques, Emmanuel Rinnert, Isabelle Thinon, Elodie Lebas,
Delphine Pierre, Lise Retailleau, Jean-Marie Saurel, Alexey
Sukhovich, Robin Bonnet and the REVOSIMA group

Initial results from a hydroacoustic network to monitor submarine lava
flows near Mayotte Island

Volume 354, Special Issue S2 (2022), p. 257-273

Published online: 9 December 2022
Issue date: 17 January 2023

https://doi.org/10.5802/crgeos.119

Part of Special Issue: The Mayotte seismo-volcanic crisis of 2018-2021 in the
Comoros archipelago (Mozambique channel)

Guest editors: Jérome Van der Woerd (Institut Terre Environnement de Strabourg,
UMR 7063 CNRS / Université de Strasbourg, 67084 Strasbourg, France),

Vincent Famin (Laboratoire Géosciences Réunion, Université de La Réunion -
IPGP, 97744 Saint-Denis, France) and Eric Humler (Professeur Université de
Nantes, Laboratoire de Planétologie et Géosciences, UMR 6112, Faculté des
Sciences et Techniques, Nantes Université, 44322 Nante, France)

[cO=amm| This article is licensed under the
CREATIVE COMMONS ATTRIBUTION 4.0 INTERNATIONAL LICENSE.
http://creativecommons.org/licenses /by /4.0/

"I.<1
>
MERSENNE

Les Comptes Rendus. Géoscience — Sciences de la Planete sont membres du
Centre Mersenne pour I’édition scientifique ouverte
www.centre-mersenne.org
e-ISSN :1778-7025


https://doi.org/10.5802/crgeos.119
http://creativecommons.org/licenses/by/4.0/
https://www.centre-mersenne.org
https://www.centre-mersenne.org

Comptes Rendus
Géoscience — Sciences de la Planéte

2022, Vol. 354, Special Issue S2, p. 257-273
https://doi.org/10.5802/crgeos.119

The Mayotte seismo-volcanic crisis of 2018-2021 in the Comoros archipelago (Mozambique
channel) / La crise sismo-volcanique de 2018-2021 de Mayotte dans I'archipel des Comores
(Canal du Mozambique)

Initial results from a hydroacoustic network to
monitor submarine lava flows near Mayotte Island

Premiers résultats d’'un réseau hydroacoustique pour surveiller
les coulées de lave sous-marines pres de I'lle de Mayotte

Sara Bazin® %, Jean-Yves Royer® ¢, Flavie Dubost?, Fabien Paquet® ¢,

Benoit Loubrieu® 4, Aude Lavayssiére® 4, Christine Deplus® ¢, Nathalie Feuillet® ¢,
Eric Jacques® ¢, Emmanuel Rinnert® ¢, Isabelle Thinon® ¢, Elodie Lebas® ¢,
Delphine Pierre® ¢, Lise Retailleau® ¢, Jean-Marie Saurel® ¢, Alexey Sukhovich® ¢,
Robin Bonnet® “ and the REVOSIMA group

2 Université Brest, CNRS, Ifremer, UMR6538 Geo-Ocean, 29280 PLOUZANE, France
b ENSTA Bretagne, 2 rue Francois Verny, 29806 BREST Cedex 09, France
¢ BRGM, 3 avenue Claude-Guillemin, BP 36009, 45060 ORLEANS Cedex 2, France

d Université de Paris, Institut de Physique du Globe de Paris, CNRS, 1 rue Jussieu,
75005 PARIS, France

€ Observatoire Volcanologique du Piton de la Fournaise, Institut de Physique du Globe
de Paris, 14 RN3 - Km 27, 97418 LA PLAINE DES CAFRES, Réunion, France

E-mails: sara.bazin@univ-brest.fr (S. Bazin), jyroyer@univ-brest.fr (J.-Y. Royer),
flavie.dubost@ensta-bretagne.org (E Dubost), f.paquet@brgm.fr (E Paquet),
benoit.loubrieu@ifremer.fr (B. Loubrieu), lavayssiere@ipgp.fr (A. Lavayssiere),
deplus@ipgp.fr (C. Deplus), feuillet@ipgp.fr (N. Feuillet), jacques@ipgp.fr (E. Jacques),
emmanuel.rinnert@ifremer.fr (E. Rinnert), i.thinon@brgm.fr (I. Thinon),
elebas@ipgp.fr (E. Lebas), delphine.pierre@ifremer.fr (D. Pierre), retailleau@ipgp.fr

(L. Retailleau), saurel@ipgp.fr (J.-M. Saurel), alexey.sukhovich@univ-brest.fr

(A. Sukhovich), robin.bonnet15@gmail.com (R. Bonnet)

Abstract. In 2019, a new underwater volcano was discovered at 3500 m below sea level (b.s.1.), 50 km
east of Mayotte Island in the northern part of the Mozambique Channel. In January 2021, the subma-
rine eruption was still going on and the volcanic activity, along with the intense seismicity that accom-
panies this crisis, was monitored by the recently created REVOSIMA (MAyotte VOIcano and Seismic
Monitoring) network. In this framework, four hydrophones were moored in the SOFAR channel in Oc-
tober 2020. Surrounding the volcano, they monitor sounds generated by the volcanic activity and the
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lava ows. The rst year of hydroacoustic data evidenced many earthquakes, underwater landslides,
large marine mammal calls, along with anthropogenic noise. Of particular interest are impulsive
signals that we relate to steam bursts during lava ow emplacement. A preliminary analysis of these
impulsive signals (ten days in a year, and only one day in full detail) reveals that lava emplacement was
active when our monitoring started, but faded out during the rst year of the experiment. A system-
atic and robust detection of these speci ¢ signals would hence contribute to monitor active submarine
eruptions in the absence of sea oor deep-tow imaging or swath-bathymetry surveys of the active area.

Résumé. En 2019, un nouveau volcan sous-marin a été découvert par 3500 m de profondeur, a 50 km
a l'est de I1le de Mayotte dans la partie Nord du Canal du Mozambique. Le REseau de surveillance
VOlcanologique et Sismologique de MAyotte (REVOSIMA) a été mis en place pour surveiller I'activité
sous-marine de ce nouveau volcan ainsi que l'intense crise sismique qui a débuté en Mai 2018 et qui
est toujours en cours. Dans ce cadre, quatre mouillages équipés d'hydrophones ont été déployés en
octobre 2020 autour du volcan, a la profondeur du canal SOFAR. Lobjectif est, entre autres, d'enre-
gistrer les sons générés par l'activité volcanique sous-marine, notamment par I'éruption de coulées
de lave. Plusieurs sources d'ondes hydroacoustiques ont été identi ées pendant la premiére année
d'écoute : séismes, glissements de terrain sous-marins, cris de mammiféres marins de di  Vérentes es-
péces et bruit anthropogénique. Parmi ces sons, des signaux impulsionnels ont retenu notre atten-
tion. Nous les associons a des formations de vapeur liées a I'épanchement de coulées volcaniques.
L'analyse préliminaire de ces signaux (10 jours répartis sur la premiére année, dont 24 h dépouillées
nement) révele que la forte activité éruptive observée a 10 km au NW du nouveau volcan au début
de la surveillance hydroacoustique a fortement diminué pendant la premiére année d'enregistrement.
Une détection systématique robuste de ces signaux o Vrirait la possibilité de dater et localiser I'activité
éruptive, en I'absence de levés bathymétriques et dimagerie répétée de la zone active.

Keywords. Underwater volcano, Hydroacoustic, Submarine lava ow, Seismo-volcanic monitoring,
Geophysics.
Mots-clés. Volcan sous-marin, Hydroacoustique, Coulée de lave, Surveillance sismo-volcanique, Géo-

physique.
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1. Introduction

The soundscape of the oceans has changed greatly
since the industrial revolution and has become a
growing eld of research [Duarte et al., 2021]. Sound
propagates well underwater and transmits infor-
mation eY ciently over great distances. Mooring
acoustic recorders in the Sound Fixing and Rang-
ing (SOFAR) channel greatly expands their detection
range, since the SOFAR acts as an acoustic waveg-
uide carrying sounds over thousands of kilometers
[Fox et al., 2001]. Networks of moored autonomous
hydrophones (AuHs) can thus be an e Y cient way
to monitor oceanic sound sources such as earth-
guakes and submarine volcanic eruptions, marine
mammals, iceberg cracking, sea-state, as well as ship
noise [e.g. Royer et al., 2015]. A moored AuH array
unveiled the rst detailed spatial and temporal dis-
tribution of seismicity along the central Mid-Atlantic
Ridge [Smith et al., 2003]. The Sound Surveillance
System (SOSUS), a US Navy hydrophone array de-
ployed for anti-submarine warfare during the Cold
War, has been used for three decades now to detect

seismic and volcanic activity in the Northeast Pa-
ci ¢ Ocean [Dziak et al., 2011]. For nearly 20 years,
the laboratory Geo-Ocean has been maintaining
hydroacoustic networks in the open ocean. Among
them, the OHASISBIO network in the southern
Indian Ocean, with 7 to 9 distant AuHs, has been
monitoring the seismic and volcanic activity of the
three Indian spreading ridges, as well as the presence
and migration patterns of large whales, and oceanic
ambient noise in general, since 2010 [e.g. Royer et al.,
2015]. Analyses of hydroacoustic event clusters can
also reveal the relative contribution of tectonic and
volcanic activities associated with sea oor spreading
along the Southwest Indian Ridge [Ingale et al., 2021].
One of the biggest challenges in monitoring un-
derwater volcanoes is the fact that the eruptive ac-
tivity is not as visible as on land. Furthermore, ac-
cessing real-time data, easy and common on land, is
much more complex in a marine environment. Sev-
eral early studies have evidenced submarine volcanic
activity from hydroacoustic T -waves recorded by is-
land or coastal seismic stations, corresponding to the
conversion of hydroacoustic waves to seismic waves
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on island slopes [e.g. Talandier and Okal, 1998, Rey-
mond et al., 2003]. The SOSUS array detected two
major eruptive episodes along the northern Gorda
Ridge in 1996 [Fox and Dziak, 1998] and Axial Vol-
cano in 1998 [Dziak and Fox, 1999]. Chadwick et al.
[2008] reported the rst simultaneous hydroacous-
tic and video recordings of an active submarine vol-
canic eruption in the Mariana Arc (Rota-1 Volcano).
Sounds from that shallow eruption, in the form of
continuous gas-driven lava fragmentation, were cap-
tured in 2006 by a portable AuH at a distance of
40 m from the vent, at 530 m b.s.l. Few years later,
Resing et al. [2011] documented explosive magmatic
degassing at the Hades and Prometheus vents on
West Mata Volcano at 1200 m b.s.l., within the NE
Lau Basin, again with simultaneous AuH and video
recordings. Since these rst observations, the use of
hydroacoustic arrays to monitor underwater volca-
noes has developed and expanded [e.g. Dziak et al.,
2015]. For instance, Axial Seamount, the most active
submarine volcano in the NE Paci c [e.g. Chadwick
et al., 2016], now hosts the world's rst underwater
volcano observatory, at a node of the OOl (Ocean Ob-
servatories Initiative, www.oceanobservatories.org)
regional cabled array (RCA).

Ocean Bottom Seismometers (OBS) and hy-
drophones have also sometimes detected water-
borne acoustic phases associated with subma-
rine eruptions, but either related to explosions or
implosions during lava ow emplacement on the
sea oor. For instance, during the 2015 eruption at
Axial Seamount, OOI seismometers detected tens of
thousands of impulsive signals near the lava ows
while they were being emplaced [Wilcock et al., 2016,
Caplan-Auerbach et al., 2017, Le Saout et al., 2020].
Moreover, Chadwick et al. [2016] observed numer-
ous explosion pits on the 2015 lava ow eld and,
hence, regarded the impulsive signals as resulting
from steam bursts as lava drained out of individ-
ual lava lobes beneath a solidied crust. Similar
signals were also recorded along the East Pacic
Rise at 9° 5@ N [Tan et al., 2016] and on the Gakkel
ridge [Schlindwein et al., 2005, Schlindwein and
Riedel, 2010] suggesting that these types of impulsive
sounds may be common during submarine erup-
tions. Hence, one of the main goals of this study is to
determine whether similar hydroacoustic processes
have occurred during the Mayotte eruption.

2. Geological setting

Mayotte is a volcanic island of the Comoros
Archipelago, located in the northern part of the
Mozambique Channel, between Africa and Mada-
gascar [Michon, 2016]. Although there is still debate
about its origin and its geodynamic setting, obser-
vations indicate that the archipelago was formed by
intraplate volcanism eitherona » 150 Ma old oceanic
crust [e.g. Talwani, 1962, Davis et al., 2016, Phethean
etal., 2016, Leroux et al., 2020, Vormann et al., 2020],
or on a thin continental crust [e.g. Flower, 1972,
Roach et al., 2017, Dofal et al., 2021], overlain by a
thick sedimentary cover. Near Mayotte, the sedimen-
tary cover reaches a thickness estimated at 1 to 2 km
[CoY n et al., 1986], and more recently, at up to 3
km under the new eruption site [Masquelet et al.,
2022]. From multichannel seismic re ection pro les,
Malod et al. [1991] identi ed N130° E trending struc-
tures within the Comoros Basin that are parallel to
the movement of Madagascar with respect to the
African Plate. These structures are compatible with
linear features highlighted in recently re-processed
gravity data and orthogonal to the regional magnetic
anomalies [Phethean et al., 2016]. From newly ac-
quired marine geophysical datasets, Thinon et al.
[2022] show that the recent volcanic and tectonic
deformation ts with the fossil oceanic crustal fabric

in the western part of the Comoros Archipelago. It is
also consistent either with a current regional trans-
pression along an immature and dextral Somalia—
Lwandle plate boundary [Famin et al., 2020] or a
transtension in between the East African rifts and
Malagasy graben [Feuillet et al., 2021].

3. Volcanological and seismological monitor-
ing of a new submarine volcano

Since 10/05/2018, Mayotte Island has experienced
intense seismicity [Cesca et al., 2020, Lemoine et al.,
2020, Saurel et al., 2021]. The rst monitoring cruise
was carried out a year later in May 2019, after the on-
set of the seismic activity, MAYOBSL1 [Feuillet, 2019].
It revealed that these seismic events were linked to
the birth of a 820 m tall and 5 km wide new vol-
canic edi ce (NVE), whose summit reached 2800 m
b.s.l. [Feuillet et al., 2021]. Several radial ridges, up
to 5 km in length, grew around the summit, giving
the edi ce a star sh shape. Feuillet et al. [2021] es-
timated the volume of material that erupted to be
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at least 5 km?3. It is the largest historical subma-
rine eruption ever observed. As of September 2021,
twenty other monitoring cruises have followed MAY-
OBSL1 to investigate the volcanic and seismic activity
oVshore Mayotte [REVOSIMA, 2021b, Rinnert et al.,
2019]. A combination of on-land seismic stations and
OBS have recorded the seismicity since March 2019
[Saurel et al., 2021]. The seismicity forms two clus-
ters: (i) a proximal one located 10 km east of May-
otte and (ii) a distal one situated between the prox-
imal one and the NVE [Cesca et al., 2020, Lemoine
et al., 2020, Feuillet et al., 2021, Lavayssiere et al.,
2021, Saurel et al., 2021, Retailleau et al., 2022]. The
seismic events within these two clusters occur be-
tween 25 and 50 km depth, with only very few shal-
low earthquakes detected.

The submarine volcanic activity has been moni-
tored by repeated ship-borne multibeam bathymet-
ric surveys. Bathymetric di Verences between succes-
sive surveys (from MAYOBS1 to MAYOBS21) allow the
documentation of the spatial evolution of the vol-
canic activity along with pinpointing the superposi-
tion of new lava ows. For instance, from May 2019
[MAYOBS1, Feuillet, 2019] to July 2019 [MAYOBS4,
Fouquet and Feuillet, 2019], the main summit of the
volcanic edi ce stopped growing and only lateral ex-
pansions of the lava ow eld occurred [Deplus etal.,
2019]. From August 2019 [MAYOBS5, SHOM, 2019]
and January 2021 [MAYOBS17, Thinon et al., 2021],
the active lava ows were located 10 km NW of the
main NVE summit. They gradually lled a circular
area, » 5 km diameter, hereafter called Tiktak area. A
deep-tow camera survey observed incandescent lava
ows in October 2020 near the center of the Tiktak
area [MAYOBS15, Rinnert et al., 2020b]. Fresh sam-
ples of these lava ows were also dredged, leading
to “popping rocks” on board the ship [Berthod et al.,
2021, Feuillet et al., 2021].

4. MAHY hydroacoustic monitoring network
4.1. Instrument description

The AuHs deployed o Vshore Mayotte Island were de-
signed after those of NOAA's Paci ¢c Marine Environ-
mental Laboratory [PMEL, Fox et al., 2001]. They con-
tinuously record low-frequency sounds (0-120 Hz).
The sensor (a HTI90 hydrophone) consists of a piezo-
electric ceramic cylinder with a at frequency re-
sponse between 2 Hz and 20 kHz. The data logger

is based on a low-power microprocessor CF2 Persis-
tor, sampling at 240 Hz and storing data on a SD (Se-
cure Digital) card. A high-precision TCXO (Temper-
ature Compensated Crystal Oscillator) clock is syn-
chronized with the GPS clock prior to deployment
and after recovery. The instrument's clock drift is usu-
ally on the order of 1-2 s over a 1-year deployment;
the correction is applied before any data process-
ing. Lithium batteries provide an autonomy of over
2 years, but since their transportation has become
more and more restricted, we are currently testing
alkaline batteries to simplify network maintenance
in the future. The mooring line is anchored with a
disposable weight of 400 kg at the sea bottom. An
immersed buoy maintains the hydrophone at the
SOFAR depth (»1300 m b.s.l.). An acoustic release
triggered from the surface can free the mooring
line for its subsequent recovery. The position of the
acoustic release is either obtained by acoustic trian-
gulation, or from a LBL (Long BaseLine acoustic po-
sitioning) beacon. Mooring deployment or recovery
takes about 2 h.

4.2. MAHY deployments

During the MAYOBS15 cruise [Rinnert et al., 2020b]
in October 2020, we deployed four AuHs around the
NW-SE-oriented volcanic ridge that bridges Mayotte
Island and the NVE (Figure 1). The array has a ra-
dius of »50 km around the NVE. The instruments
were then turned around in April 2021 [MAYOBS18,
Rinnert et al., 2021a] and in October 2021 [MAY-
OBS21, Rinnert et al., 2021b]. The rst deployments
(MAYOBS15) were named MAHYO01 to MAHY04, and
the second deployments (MAYOBS18) were named
MAHY11 to MAHY14.

During the rst 6-month deployment, from mid-
October 2020 to mid-April 2021, the four AuHs
recorded data 100% of the time (Figure 2). In the
following 5.5-month deployment, from mid-April
2021 to the end of September 2021, they recorded
86% (MAHY11), 77% (MAHY12), 100% (MAHY13,
Figure 3), and 96% (MAHY14) of the time. MAHY11,
MAHY12, and MAHY14 stopped recording, 22, 36,
and 6 days before their recovery, respectively (see
Supplementary Materials S1 and S2 for all spectro-
grams). MAHY11 failure was due to battery problems
while that of MAHY12 is not yet understood. As for
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Figure 1. MAHY hydroacoustic array (yellow circles) located » 50 km around the new underwater volcano
(yellow triangle) SE of Mayotte Island. The bathymetry is from MAYOBSL1 survey [Feuillet, 2019, Feuillet

etal., 2021] and SHOM [2016].

MAHY 14, the failure is related to a SD card prob-
lem and recovery of the data might still be possible.
The next maintenance of the AuHs is scheduled for
Summer 2022.

Various types of sounds were highlighted in the
data, including marine mammal calls, anthropogenic
noise [Figures 2 and 3; Bazin et al., 2021], but only
those related to the ongoing submarine volcanic
activity are reported here. The data are obscured
by seismic shots from three exploration surveys
that took place in the Mozambique Channel: from
27/12/2020 to 04/02/2021 (SISMAORE [Thinon et al.,
2020] and MAYOBS17 [Thinon et al., 2021] cam-
paigns), and from 20/02/2021 to 07/03/2021 [CARA-
PASS (Division Plans de DMI—SHOM) campaign].
As a consequence, only a subset of the hydroacoustic
dataset has been analyzed so far.

4.3. Data processing

PMEL developed an AuH data processing and vi-
sualization software called Seas [Fox et al., 2001].
This software, written in the IDL language, includes
a range of tools for spectral analysis, ltering, au-
dio conversion, and localization. All these functions
are used through an interactive menu (Figure 4). The
operator can visually identify events in the spectro-
grams from their spectral signature. Using at least
three arrival times, the software can determine an
initial location and then resynchronize the signals in
time, so that all signals related to the same event are
horizontally aligned in the display window. The dis-
play can be zoomed in for a more precise picking
of the arrival times, so that the event location can
be iteratively improved. The source location and ori-
gin time are estimated by a non-linear least-square
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Figure 2. Spectrogram of the rst 6 months of MAHYO01 data from mid-October 2020 to mid-April 2021.
The horizontal bands in Fall correspond to marine mammal calls (marked with black arrows), while the
vertical stripes correspond to temporary nonvolcanic sound sources such as seismic surveys (marked
with white arrows). Transiting ships are discernible as vertical (dotted) lines in the spectrograms.

Figure 3. Spectrogram of the following 5.5 months of MAHY13 data from mid-April 2021 to mid-
September 2021. The horizontal bands in Spring correspond to marine mammal calls (marked with black

arrows).

minimization of the arrival times. The location can
then be saved in a le containing the latitude and
longitude, the origin time, the names of AuHs that
recorded the event, the residuals, the uncertainties
in the location and time of origin, the source acous-
tic level (SL) and the error on this level, along with
sound velocities used during the inversion. The un-
certainties in latitude, longitude and origin time are
estimated from the covariance matrix of this least-
square minimization. The distances and travel times
to each AuH are calculated using the seasonal sound
velocity from the Global Digital Environment Model
(GDEM) and averaged along great circle paths joining
the source to each of the AuHs [Teague et al., 1990].

4.4, Impulsive hydroacoustic events

Local and regional seismicity is recorded by the AuHs
as T-waves (marked in green in Figure 5), which
results from the conversion of the seismic waves at
the crust/ocean interface (i.e. the sea oor) into hy-
droacoustic phases. So, the localization of T-wave
sources actually corresponds to the conversion area
(i.e. acoustic radiator on the sea oor) which may not
always coincide with the earthquake epicenters, par-
ticularly when their sources are 25 to 50 km deep,
as is the case in Mayotte. The AuHs seismic cata-
log is therefore not so useful for locating deep earth-
guakes. Nevertheless, each AuH also detected many



263

SaraBazinetal.

Figure 4. Seas visualization and processing software of hydroacoustic data developed by PMEL [Fox et al.,
2001]. The raw signal is shown in white and the spectrum in colors between 0 and 120 Hz, for the four
AuHs. Each time-mark corresponds to 1 min. Notice the energetic ~ T-wave generated by the 3/3/2021
M4.5 local earthquake, as well as the background noise before and after the earthquake corresponding
to regular seismic shots (CARAPASS seismic survey more than 600 km away, in the southern part of the

Mozambique Channel, only visible in the spectrum).

Figure 5. Seas visualization (same as in Figure 4) of regular T-waves from local earthquakes (2 events,
outlined in green) and of an impulsive event (outlined in blue), both in the time and spectral domains.
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Figure 6. Histograms of the impulsive events
detected by visual inspection during the
months of January 2021 and February 2021.

unusual impulsive events that are very energetic and
very short (C10 s duration, marked in blue in Fig-
ure 5) compared to the T-waves [Ingale et al., 2021].
Their short durations and their high-frequency con-
tent (up to 50—100 Hz) indicate that they are H-waves
(only water borne), meaning that the energy is re-
leased directly into the water and does not travel into
the solid crust as for regular T-waves.

Because of the large amount of data that has been
recorded over the 11.5 months of the experiment, we
have, so far, only examined in detail and handpicked
a subset of data (Table 1 and Figure 6). Our strategy
was to pick all impulsive signals identi ed within a
period of 4 h, and then extrapolate their number to
obtain an average rate over 24 h. We did this for eight
diVerent days between October 2020 and December
2020, which were selected based on their high signal-
to-noise ratio (SNR). The rate of impulsive events was
very high at the beginning of the recording period
(October—November 2020), with a maximum of 600
events per day on November 14th, 2020, and then
signi cantly decayed in December 2020 (Table 1).
In January 2021 and February 2021, the occurrence
of impulsive events decreased even further, so that
it became possible to hand-pick them one by one
24/7 (Table 1). A daily average of 13 and 11 impulsive
events was observed in January 2021 and February
2021, respectively, with a daily occurrence varying
between 0 and 47 events (Table 1, Figure 6).

We also tested a simple automatic detector tuned
for these impulsive events based on the amplitude
variations in the spectrograms of the four AuHs.
The threshold levels (minimum amplitude level in
the spectrum, minimum amplitude drop, maxi-
mum event duration, etc) were adjusted by tting
the previously handpicked detections during mid-
November 2020 on the MAHY04 dataset. Daily au-
tomatic detections for the four AuHs is presented in
Figure 7. The automatic detections led to the iden-
ti cation of more impulsive events than the events
picked manually due to false detections related to
the high noise level in the data (i.e., seismic shots or
whale pulses). In addition, the high rate of automatic
detections in April 2021 is likely an artifact due to the
start of MAYOBS18 (ship noise) on site. Moreover,
two AuHs (MAHY02 and MAHYO03) are more sensi-
tive to ship tra Y ¢ (see Supplementary Material S1)
and present higher automatic detection rates than
the two other near-shore instruments (MAHYO01 and
MAHYO04). Due to the high automatic detection rate
during the SISMAORE, MAYOBS17 and CARAPASS
seismic surveys, we concluded that this method of
automatic detection was not e Vective in a poor SNR
context for assessing the occurrence of impulsive
events. In such a context, automatic recognition
methods based on machine learning may be more
successful and will be explored.

4.5. Localization of hydroacoustic activity

From a visual inspection of the days with a high SNR
on the four AuH datasets (those with good detections
of impulsive events), 15/11/2020 appears as one of
the most active days. Hence, we focussed our anal-
ysis on this speci ¢ date. Hand picking the impulsive
events on this day resulted in a catalog of 81 events
containing information on their latitude, longitude,
SL and uncertainties. In fact, there were more impul-
sive events detected by the AuHs during that day, es-
pecially by MAHYO04, but only 81 of them were clearly
recorded simultaneously by the four AuHs. The pick-
ing uncertainty is on the order of 6 s. The mean er-
ror on the positions is 1654 m while the mean error
in origin time of the source is 0.87 s. All the events
identi ed on 15/11/2020 are located in the Tiktak
area of the new lava ow eld that was emplaced be-
tween May 2020 and January 2021. Re-picking these
81 events in a zoomed time window (the procedure
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Figure 7. Histograms of the daily number of impulsive events detected by a simple automatic detection
on the four AuH records during the rst 6 months of the experiment (mid-October 2020 to mid-April
2021). The high level of automatic detections in January 2021 and February 2021 is an artifact due to poor
SNR during seismic surveys. Indeed, the picks observed during the two time windows on 29-30/01/2021

and 2—4/02/2021 correspond to zero detection by visual inspection in Figure 6.

Table 1. Summary of the number of impulsive events detected by visual inspection of the rst ve

months of data

Months  Analysis window Count Minimum Maximum  Average Context
overdh over24h over24h over24h
Oct 2020 Countin 00:00TU—04:00TU, day 31 50 300 Noisy during
MAYOBS15
Count in 00:00TU-04:00TU, day 07 40 240
Nov 2020 Count ?n 00:00TU-04:00TU, day 14 100 600
Countin 00:00TU-04:00TU, day 21 50 300
Countin 00:00TU-04:00TU, day 28 30 180
Countin 00:00TU-04:00TU, day 5 50 300
Dec 2020 Countin 00:00TU-04:00TU, day 12 50 300
Countin 00:00TU-04:00TU, day 25 10 60
Noisy duri
Jan 2021 Countin 00:00TU-04:00TU, everyday 0 47 13 .OISY uring
seismic survey
Noisy durin
Feb2021 Countin 00:00TU—-04:00TU, everyday 0 22 11 1y during

seismic survey

Our strategy was to estimate as fast as possible the level of activity (illustrated with orange—red colors) throughout
the experiment. A subset of eight days was handpicked during the time of high activity from October 2020 to
December 2020, and 59 days were handpicked during the time of low activity in January 2021 and February 2021

(Figure 6).

is explained in the Data Processing paragraph,

see

also see Supplementary Material S3) reduced the po-
sition errors to 258 m on average, and to 0.13 s
in origin time. All the 15/11/2020 re-picked events
are clustered near the small Tiktak mount, which is
» 60 m high and located near the center of the new

lava ow eld (Figure 8). The estimation of location
errors (258 m) is based only on the Seas inversion.
Uncertainties due to bathymetric e Vects, 3D varia-
tion in sound speed, or buoy displacements are not
taken into account, but are likely to be limited and

similar for all events.
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