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Abstract

:

Submarine volcanoes are more challenging to monitor than subaerial volcanoes. Yet, the large eruption of the Hunga Tonga-Hunga Ha’apai volcano in the Tonga archipelago in 2022 was a reminder of their hazardous nature and hence demonstrated the need to study them. In October 2020, four autonomous hydrophones were moored in the sound fixing and ranging channel 50 km offshore Mayotte Island, in the North Mozambique Channel, to monitor the Fani Maoré 2018–2020 submarine eruption. Between their deployment and July 2022, this network of hydrophones, named MAHY, recorded sounds generated by the recent volcanic activity, along with earthquakes, submarine landslides, marine mammals calls, and marine traffic. Among the sounds generated by the volcanic activity, impulsive signals have been evidenced and interpreted as proxy for lava flow emplacements. The characteristics and the spatio-temporal evolution of these hydroacoustic signals allowed the estimation of effusion and flow rates, key parameters for volcano monitoring. These sounds are related to the non-explosive quenching of pillow lavas due to the rapid heat transfer between hot lava and cold seawater, with this process releasing an energy equivalent to an airgun source as used for active seismic exploration. Volcano observatories could hence use autonomous hydrophones in the water column to detect and monitor active submarine eruptions in the absence of regular on-site seafloor survey.
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1. Introduction


Although 75% of the Earth’s volcanic activity occurs beneath the oceans’ surface [1], ways to detect and monitor it underwater are limited. While aerial volcanoes can be monitored through a vast array of land-based sensors and remote sensing [2,3,4,5,6,7,8,9], underwater volcanic eruption cannot be visually observed and deploying instrumentation can be challenging. Usually, submarine eruptions occur at such water depths that it requires bathymetric surveys and seismo-acoustic methods to detect them and better understand their dynamics. Detected by both hydrophones (in the water column or on the seafloor) and ocean-bottom seismometers (OBS), seismo-acoustic signals give insights into the characteristics, evolution, and dynamics of submarine eruptions in a variety of geodynamical contexts and provide unique observations about otherwise-undetected eruptions [10]. This is due to the exceptional ability of the ocean to propagate acoustic waves.



Sound waves propagate in the ocean at a speed that depends on the salinity, temperature, and pressure of the seawater. These parameters can create a low sound-velocity layer at around 1000 m depth at mid-latitudes, known as the SOund Fixing And Ranging channel (SOFAR) [11,12]. This layer behaves as a waveguide in which low-frequency sounds can propagate with little attenuation over thousands of kilometers [13,14,15], in contrast with seismic waves that are quickly attenuated in the solid Earth (typically 50–100 km away from an OBS array), e.g., [16].



Analyzing 108 submarine eruptions worldwide, Tepp and Dziak [10] reports that 82% of those are recorded by geophones while 47% are recorded by hydrophones. The submarine eruption-related processes most commonly detected are earthquakes, similar to aerial volcanoes [17,18,19,20]. Earthquakes are detected either by seismic waves reaching the geophones of the OBS arrays, or through their hydroacoustic signals (T-waves), with the seismic waves being converted into acoustic waves at the seafloor and traveling long-distances in the SOFAR channel. However, another process is receiving increasing interest from the scientific community: volcanic explosions, either short [14,21] or sustained [20,22]. Finally, some instrument arrays have been able to detect effusive submarine activity. As they release less acoustic energy, those are much harder to detected [19,23,24,25]. However, when they are detected, these signals provide information to monitor the timing and location of lava flows and its emplacement rate [24,26]. Those last signals, detected offshore Mayotte island, are the subject of this paper.



Mayotte island, the easternmost island of the Comoros archipelago in the Mozambique Channel, started being shaken by intense seismicity in May 2018 [27,28]. Associated with an important tilt (10–19 cm of subsidence and 21–25 cm eastward displacement) [29,30], this seismicity has been linked with intense magmatic activity at depth, which later gave birth to a new underwater volcanic edifice ∼50 km offshore, named Fani Maoré (Figure 1). Comprehensive seismic catalogs [31,32], ground deformation studies [33], and extensive petrological and geochemical analyses [34,35] have helped interpreting the eruption processes of Fani Maoré as well as previous submarine eruptions in the region. Moreover, several lava flows around the new volcanic structure have been evidenced by repeated bathymetric surveys every 6 months to a year. However, all these observations could not reveal the precise chronology of the lava flows.



Sounds of lava–water interactions were evidenced by ocean-bottom hydrophones [31] and by the MAHY hydrophone network [36] (Figure 1). Bazin et al. [36] observed numerous impulsive events in the MAHY hydroacoustic data on 15 November 2020. All were consistently located in a recent lava field, mapped by diachronic bathymetric surveys. An on-going flow was even observed in real time by a towed camera showing the red glow of incandescent lavas. From a 10-day deployment of an OBS array in early October 2020, Saurel et al. [31] hand-picked a catalog of hydroacoustic signals related to this fresh lava field from the hydrophone channel of the OBSs. The detected signals were complex to process due to multiple reflections of the acoustic waves on the sea surface and bottom before reaching the OBS at the seafloor. In contrast, signals detected by the moored hydrophones traveled directly from the source to the instruments in the SOFAR channel. These two studies demonstrated that hydroacoustic signals can be used to monitor lava flow emplacements in details, and thus could inform on the eruption effusion rates. Hydroacoustic techniques can hence usefully complement diachronic bathymetric surveys in timing the lava flows.



In the following paper, we present a complete analysis of the impulsive events recorded by the MAHY hydrophone array between mid-October 2020 and July 2022. We focused our analysis on the spatial and temporal distribution of the associated lava flow events. It shows how a hydrophone network can detect and monitor lava flow emplacements in details during a long underwater eruption, and how it could improve our understanding of the dynamics of submarine volcanism worldwide.




2. Materials and Methods


2.1. Hydrophone Deployments and Data


Four autonomous hydrophones (AuHs) have been deployed approximately 50 km away from and surrounding the Fani Maoré volcano (FMV, Figure 1). These four AuHs form the MAHY hydroacoustic network used in this study and in Bazin et al. [36]. The instruments continuously record the soundscape between 2 and 120 Hz and consist of a buoy containing the hydrophone sensor (HTI-90U) and a mooring line anchored to a disposable weight at the seafloor that can be released by an acoustic release (Figure 2). The length of the moorings was set so that all sensors were maintained in the axis of the SOFAR channel, approximately 1300 m below sea level.



The network was first deployed with the instruments MAHY01 to MAHY04 during the MAYOBS15 cruise [37] in October 2020, approximately two years after the start of the seismic activity. It has been maintained three times: in April 2021 (MAYOBS18) [38], in October 2021 (MAYOBS21) [39], and in July 2022 (MAYOBS23) [40]. The moorings were redeployed at nearly the same sites and their number incremented by 10 at every deployment (i.e., MAHY01, MAHY11, MAHY21 for site 1). During MAYOBS21, only three hydrophones were redeployed, as MAHY14 recovery was delayed due to a trigger release problem. The last maintenance was carried out in September 2023 during MAYOBS25 [41], but the corresponding dataset has not been used in this study.



The records are complete for the first 7-month period between October 2020 to April 2021. During the second deployment, between April 2021 and September 2021, MAHY11 recorded 86% of the time, whereas MAHY12, MAHY13, and MAHY14 recorded 77%, 100%, and 96% of the time, respectively. These data gaps were due to battery or SD card failures. In the third deployment, between September 2021 and July 2022, MAHY21 and MAHY23 recorded 100% of the time and MAHY22 stopped recording just one day before its recovery.




2.2. Manual Picking and Location of Events


Raw data were first corrected for the internal clock drift, which amounts to ∼1–2 s for a 1-year deployment. We then used the Seas software [15] to process the data by simultaneously visualizing 15-min traces and spectrograms from all AuHs. When an event could be identified on at least three hydrophones, we picked their arrival times on each spectrogram and inverted them to locate the source event. The source location and origin time are calculated by a non-linear least-square minimization of the arrival times. The algorithm supposes a direct propagation path between the seafloor sound source and each of the hydrophones and calculates the source coordinates. With four hydrophones, Seas can also estimate uncertainties in latitude, longitude, and origin time. Hence, for our analyses, we only kept events detected by four hydrophones, with estimated uncertainties.



We mainly focused on impulsive events, using the same method as Bazin et al. [36], but we also picked two other types of signals of interest: a few earthquakes and one landslide. We estimated the origin of earthquakes by picking the T-phase arrival times at their maximum amplitude in the spectrograms [25]. In the case of an earthquake, the located source is not the hypocenter but the acoustic radiator on the seafloor (proxy of the epicenter for a shallow earthquake). We also noticed long signals which we potentially interpreted as submarine landslides. For one of those signals, we picked the first arrival and the maximum of the energy envelope and derived two locations. The picking of the impulsive events was improved in a second iteration by zooming-in on a 120 s time window centered on the event [25].



The Seas software also calculates the source level (SL) of the events in decibels (dB re μPa at 1 m, hereinafter dB), based on the received levels on each hydrophone corrected for the cylindrical and spherical transmission losses between the source and receiver.





3. Results


Our manual screening of the data recorded between October 2020 and July 2022 allowed us to identify different type of events of biological, geological, and man-made origins. In the next section, we present some examples of these acoustic signals.



3.1. Biological and Man-Made Noises


We observed sounds related to marine mammals calls as well as transiting ships (Figure 2). These signals were generally visible on one or two AuHs only and we did not locate their sources. They are the subjects of other studies, e.g., [42].



The hydrophones recorded seismic airgun shots from the SISMAORÉ (27 December 2020 to 4 February 2021) [43] and CARAPASS (20 February 2021 to 7 March 2021) [44] oceanographic cruises (seen as vertical lines on the spectrograms of Figure 2), as well as a non-identified survey in November 2021–January 2022. Seismic shots, 10 to 40 s apart, generate energetic signals of up to 60 Hz that obscure most seismo-acoustic events. We have picked and located a few seismic shots to be used for calibration purposes.



We also noted very short impulsive events that seem to be man-made as they all occurred during daytime (7 a.m. to 4 p.m. local time). Most of these events were seen on only three AuHs and hence could not be properly located. The arrival times and the fact that they are best detected by MAHY4 (NW site) suggest that their most likely sources are blasts from two quarries in the coastal areas of Koungou and Kangani in NE Mayotte.




3.2. T Phases of Earthquakes


Many earthquakes were recorded by the MAHY network. When an earthquake occurs, seismic waves convert into acoustic energy at the seafloor [45,46] that will then propagate with minimal attenuation, and hence over large distances, across the SOFAR channel. The resulting T-waves generally have a recognizable waveform in the hydroacoustic data and MAHY’s events do not differ (Figure 3). Due to the limited extent of the network and to the proximity of the earthquakes, P and S seismic waves arrivals are often easily discernible in the acoustic data. These early arrivals correspond to P and S waves converting into acoustic waves at the foot of the mooring. Their occurrence is rare on wider networks, and/or for distant sources, because the seismic energy vanishes before reaching the AuHs.



We attempted to locate some large earthquakes from T-wave arrivals in our dataset, but their location was 5 to 78 km (in average 18 km) away from their actual epicenters in seismic catalogs [47]. Given that the Mayotte seismic activity is uncommonly deep (25–50 km below seafloor), it illustrates that, in such a case, the seismo-acoustic conversion area on the seafloor is not always the epicenter. This discrepancy, likely due to seismic heterogeneities in the upper lithosphere (i.e., complex seismic ray paths), would be worth investigating but is beyond the scope of this paper.




3.3. Submarine Landslides


We noticed a potential submarine landslide on the 25 October 2020, at 04:26. We estimated two locations from our two picking methods (Figure 4). The 1st arrivals yielded a location at the top of a ridge, with errors of 1.5 km, 1.8 km, and 0.8 s in latitude, longitude, and origin time, respectively (Figure 4A). The envelop maxima yielded a down-slope location, with errors of 2 km, 2.5 km, and 1.1 s in latitude, longitude, and origin time, respectively (Figure 4A). The fact that the second location is at the bottom of a slope compared to the first location strengthens the hypothesis of a submarine landslide.




3.4. Impulsive Events


Our visual analysis of the data between 16 October 2020 and 13 July 2022 leads to a catalog of 584 impulsive lava events, all jointly recorded by the four MAHY hydrophones. These signals are very energetic (in average 190 dB with minimum 182 and maximum 203 dB), up to 120 Hz, and very short (<5 s) (Figure 5A). Such characteristics indicate that these waves are water-born (H-waves), meaning that they are generated directly in the water and not from a seismo-acoustic conversion. The two-step picking procedure reduced by ∼2-fold the latitude, longitude, and origin time uncertainties, which are now in the order of 270 m, 340 m, and 0.14 s, respectively (Figure 5B).



The events occurred only in the first three months of our recording period, in swarms of 4 to 7 days, and stopped after 4 December 2020 (Figure 6). To ensure that no event was missed because they were not detected on at least three hydrophones, we scanned the data hydrophone by hydrophone and found no such event after 4 December 2020.



The events are all located in the same active lava field, known as the Tiktak region (Figure 7), as observed in previous studies [31,36]. They slightly shifted in location over time: the later events (dark purple dots) are mainly clustered on a topographic high to the southeast of the Tiktak lava field while all other events are clustered inside the Tiktak field, but with a slight shift to the northeast with time. In the following discussion, we analyze in more details the spatial and temporal distribution of those lava events.





4. The Eruptive Phase of Fani Maoré: Processes Inferred from Hydroacoustic Data


Two active lava flow zones were observed during the network monitoring period (Figure 7). They are concentrated in time over the first 3 months of recording, likely pinpointing the exact time of the final eruptive phase of the eruption: 4 December 2020. This hydroacoustic study was the only one able to pinpoint this exact date. Further details can be inferred on the eruptive processes of Fani Maoré submarine activity between October and December 2020.



4.1. Evolution in Space and Time of the Lava Flows


The lava flows in the Tiktak area form a relatively circular shape of ∼2.5 km diameter. Based on successive ship-borne multibeam bathymetric surveys, the average lava thickness, produced from October 2020 to January 2021, is no more than 10 m in the south of the Tiktak [36]. It is the threshold of detection for the echosounder and suggests that the rest of the Tiktak lava flows is probably thinner. Approximating the Tiktak area to a cylinder with a diameter of 2.5 km and a height of 10 m, the volume of newly erupted lava would be in the order of ∼49.106 m3. If we now consider that the impulsive events date the emplacement of the lava and that they occurred in the 41 days between the first and last swarms, the effusion rate can be estimated to 14 m3/s. Using continuous GNSS data, Peltier et al. [33] had estimated the effusion rate by modeling the observed surface deformation and the associated volume variation over time. They computed that the source flow rate decreased from 357 ± 60 m3/s in December 2018 to 5 ± 7 m3/s in 2021. Thus, our instantaneous rate estimate falls within the expected range. For comparison, at Axial Seamount, along the Juan de Fuca Ridge, Gregg and Fink [48] determined an effusion rate of ∼100 m3/s, based on laboratory simulations and seafloor observations of lava flow morphology. For the same submarine volcano, Le Saout et al. [24] estimated an average extrusion rate of 22–45 m3/s during the 2015 eruption, by timing impulsive lava events with ocean-bottom hydrophones over a 28-day period. Thus, although lower, our estimate of effusion rate for the Fani Maoré eruption is in the order of magnitude of published values. Moreover, as it correlates with the end of the lava flow activity, it seems fair to suggest a lower effusion rate than at a more intense phase of eruptive activity.



The lava flow signals are distributed within two main swarms, hereafter called the northern and southern swarms. They were most likely generated by two distinct volcanic vents. The southern vent was probably not active at the very beginning of our monitoring period. One event on the morning of 24 October 2020 preceded the southern swarm that occurred on 25 and 26 October 2020 (Julian calendar days 299 to 300). During this time, the northern vent was active but at low intensity over 6 days (less than five events/day between Julian calendar days 296 and 301, Figure 6). The activity of the southern vent, located on a bathymetric high, coincides in space and time with the presumed landslide of 25 October 2020 (Figure 4, Figure 6 and Figure 7). The landslide occurred at 04:27 on the 25th and, except for the one event on the 24th, the southern swarm started just after, at 04:42. We suggest that lava accumulation at the edge of the ridge provoked an instability and triggered the landslide. However, there is not enough information to relate the landslide with the start of the hydroacoustic cluster. Observations of submarine landslide are rare in the literature but Lee et al. [49] estimated the velocity of a sediment landslide in 1929 (from breakage of submarine telephone cables) up to 28 m/s. If we consider the downward distance (∼800 m) and the duration of the observed landslide signal (∼30 s) (Figure 4), we can estimate a maximum velocity of 26 m/s for our submarine landslide.



After this small swarm in the Southeast, lava flowed only within the lower and flat part of the Tiktak area (Figure 7) in swarms separated by one to several days of low or no activity (Figure 6). The last swarm, in yellow in Figure 6 and Figure 7, is less intense, with only a few events per day before the activity completely stopped on 4 December 2020. Between the last two swarms, there is a small relative shift to the Northeast with time. Assuming a migration of the activity of ∼1 km between the center of the fourth swarm (pink circles) and the center of the last and fifth swarm (yellow circles), in 14 days—from Julian calendar day 319 to Julian calendar day 333 (middle dates of both swarms)—we can infer an insignificant migration of the last lava flows at 0.0008 m/s, about 13-fold less than observed during the 2015 Axial seamount eruption [24] and probably representative of the end of the eruptive phase.




4.2. Mechanism Causing the Lava Events


Impulsive lava flow events have already been observed at several submarine volcanoes, e.g., [14,20,50,51,52,53] and are generally thought to be due to hot lava reaching the seafloor and interacting with the cold seawater. However, how such interaction generates sounds is not yet understood and hypotheses range from the sudden breaking of part of the solid lava crust (quenching) to gas bubble bursting. A rapid heat transfer when lava and seawater are in contact can lead to both explosive fragmentation of magma and non-explosive quenching [54]. Both types of mechanisms were observed during offshore lava emplacements at Kilauea in 2018 [55] and generated impulsive hydroacoustic events similar to ours, although at a much shallower depth than this study.



Fresh lava flows were observed and filmed in situ with a deep-tow camera survey on 20 October 2020 along a transect that crossed the entire Tiktak area (MAYOBS15) [37]. The video showed glowing red lava in a cracked pillow [36]. In the region of the northern swarm, the video showed fresh morphologies of almost exclusively pillow lavas with relatively small cracks (Figure 7B). No signs of lava fragmentation due to submarine explosions were observed. Thus, for the Fani Maoré eruption, we favor the non-explosive quenching of pillow lava due to the rapid heat transfer between hot lava and cold seawater as the origin of the impulsive events.




4.3. Energy Released by Lava Events


The MAHY network recorded many airgun shots from the SISMAORÉ seismic survey [43] (Figure 8). Thanks to information on the shot source location and size, we can compare the sound intensity of the impulsive events (in dB) with the energy released by airguns.



The SISMAORÉ exploration survey used two airgun sources of different volumes—S1 at 300 cubic inches and S2 at 2570 cubic inches—shot at different intervals, 10 and 40 s, respectively, and at 140 bar (2030 psi) [56]. For each type of sources, we picked five shots located near the center of the AuH array and close to the lava flow events for a better comparison, and compared their expected source levels with those calculated with Seas (Figure 8).



The source S1 is expected to generate a peak sound level of 234.5 dB at a reference distance of 1 m compared to the average SL of 191 dB computed from our hydroacoustic records. The stronger source S2 emitted a peak sound level of 251.2 dB at a reference distance of 1 m while Seas estimated a source level of 206 dB. As our lava events have an average SL of ∼190 dB, we interpret that their source releases an energy equivalent to a 300 cubic-inch source similar to the array used for S1.



The ∼45 dB difference between the expected peak sound level of the airgun shots and our estimated SL of the airgun shots is likely due to Seas integrating the receiver level of the hydroacoustic signals over a 10 s time window. Indeed, the Sound Exposure Level (SEL), which integrates the signal over 5 s, provides an expected level of only 208 dB for S1 and 229 dB for S2 [56], thus reducing the observed sound level discrepancy to ∼20 dB. We suggest that this difference is due to the 10 s integration window of Seas processing software.





5. Conclusions


The Fani Maoré eruption offshore Mayotte in the western Indian Ocean provided a new opportunity to investigate a submarine volcanic eruption with four autonomous hydrophones deployed 50 km away from the new volcanic edifice. In addition to a large variety of sounds recorded between October 2020 and July 2022, nearly 600 impulsive hydroacoustic events were detected, located, and interpreted as a proxy for lava flow emplacements. This activity occurred in the first three months of monitoring, from October to December 2020. The lack of events since then suggests that the eruptive activity ended on the 4 December 2020.



The lava events occurred in irregular swarms during 41 days, separated by non-uniform periods of low to no activity. They are focused over a limited area of ∼4.9 km2, known as the Tiktak lava field. Combining this information with the estimated volume of lava produced during this period yielded an effusion rate of 14 m3/s, lesser than active volcanoes on mid-ocean ridges such as at the Axial Seamount, but representative of the ending of the eruptive phase of the Fani Maoré volcano. Thus, hydroacoustic monitoring can usefully complement diachronous bathymetric surveys to estimate key eruption parameters without visual observations.



Although this analysis is only a small snapshot of the Fani Maoré eruption that lasted nearly 2 years, it shows that (autonomous) hydrophones are very efficient tools to detect, locate, and time lava flow emplacements and perhaps, in the future, new volcanic bursts of this volcano.
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Figure 1. Bathymetric map of the study area showing the location of the new Fani Maoré volcano (red triangle) and its lava flow extent (in red) [29]. Yellow stars are the hydrophone locations of the MAHY network. Inset shows the study area in a global context as a red volcano symbol. 
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Figure 2. (A) Spectrograms of the MAHY data over the first recording period (October 2020–April 2021). Horizontal lines show the presence of whale calls in the southern summer of 2020, while vertical lines mostly reflect marine traffic and seismic surveys (January–February 2021). (B) MAHY hydrophone mooring line. 
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Figure 3. Location map and records of an earthquake that occurred on 22 November 2020. (A) Earthquake locations from the trilateration of AuH data (purple diamond) and from OBS data (pink diamond). See interpretation and discussion in the text. (B) Three-minute-long hydroacoustic signals and spectrograms for the four hydrophones. The P-, S-, and T-phase arrivals of the earthquake are clearly recognizable. 
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Figure 4. Possible landslide event on 25 October 2020 at 04:27. (A) Map and cross-section: blue star in map and blue line in profile show the location based on first T-phase arrivals while the cyan ones show the location derived from maximum energy arrivals. (B) Two-minute-long signals and spectrograms of this event recorded by the four hydrophones. The picked arrival times are indicated with the same color code than in (A). 
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Figure 5. (A) Six-minute-long raw waveforms and spectrograms of three impulsive events that occurred on 6 November 2020 (black boxes). Note that one of these events is visible in the time signal of 3 out of 4 hydrophones, whereas the two others are only visible in the spectrograms. (B) Histograms of the errors in latitude, longitude, and origin time for the catalog of 584 impulsive events after the first (black) and after the second (green) iteration of the picking process. 
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Figure 6. Chronogram of impulsive events from the beginning of the hydroacoustic monitoring in October 2020 until July 2022. Colors represent time. Note the early southeast cluster events highlighted by stippled lines. The possible landslide of 25 October 2020 is indicated as a hexagon color-coded by time. See interpretation in the text. 






Figure 6. Chronogram of impulsive events from the beginning of the hydroacoustic monitoring in October 2020 until July 2022. Colors represent time. Note the early southeast cluster events highlighted by stippled lines. The possible landslide of 25 October 2020 is indicated as a hexagon color-coded by time. See interpretation in the text.



[image: Geosciences 14 00170 g006]







[image: Geosciences 14 00170 g007] 





Figure 7. (A) Evolution of the lava flow/impulsive events in the zoomed area shown in Figure 1. Events are color-coded by time of occurrence in the Tiktak area (same color scale as in Figure 6). Note the location of the possible landslide (purple hexagon) and of the underwater photography (gray camera symbol) presented in (B). (B) Photograph taken during the Scampi dive number 135 on 20 October 2020 at 06:02 (MAYOBS15 cruise) [37]. Note the fresh lava flow associated with small <5-cm wide cracks and the absence of fragmented, explosive-like pieces. 
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Figure 8. (A) Location map of seismic airgun shots. Blacks lines represent a traces of the shots. Inset is a closer view of these locations. (B) Four−minute−long hydroacoustic signals and spectrograms for one AuH (MAHY04). 
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