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Abstract :

Seismology is one of the main sciences used to monitor volcanic activity worldwide. Fast, efficient, and
accurate seismicity detectors are crucial to assess the activity level of a volcano in near-real time and to
issue timely warnings. Traditional real-time seismic processing software uses phase onset pickers
followed by a phase association algorithm to declare an event and estimate its location. The pickers
typically do not identify whether the detected phase is a P or S arrival, which can have a negative impact
on hypocentral location quality and complicates phase association. We implemented the deep-neural-
network-based method PhaseNet to identify in real time P and S seismic waves on data from one- and
three-component seismometers. We tuned the Earthworm binder_ew associator module to use the phase
identification from PhaseNet to detect and locate the events, which we archive in a SeisComP3 database.
We assessed the performance of the algorithm by comparing the results with existing catalogs built to
monitor seismic and volcanic activity in Mayotte and the Lesser Antilles region. Our algorithm, which we
refer to as PhaseWorm, showed promising results in both contexts and clearly outperformed the previous
automatic method implemented in Mayotte. This innovative real-time processing system is now
operational for seismicity monitoring in Mayotte and Martinique.
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1 Introduction

Active volcanoes are among the most impressive signs of deep earth processes threat-
ening populations as in the case of Montagne Pelée in 1902 (Fisher & Heiken, 1982). Vol-
canic unrest can evolve quickly into a dangerous eruption, with dramatic impacts (e.g.
Ontake in 2014 (Kato et al., 2015) and Stromboli in 2019 (Giudicepietro et al., 2020)).
Volcanic activity is accompanied by different types of seismic signals that manifest the
complex processes occurring within volcanoes (McNutt, 1996), including rock fracture
or the movement of magmatic and volatile components (Chouet, 1996). A strong rela-
tionship thus exists between seismicity changes and eruption onset (e.g., in Piton de la
Fournaise, (Peltier et al., 2009)) or changes in eruptive style (Saint-Vincent Soufriere in
2021 (National Emergency Management Organisation of St. Vincent and the Grenadines
Website, 2021)). For this reason, volcano observatories need comprehensive and real-time
monitoring of their recorded seismicity. Rapid reaction is crucial in the case of volcanic

unrest to alert civil security authorities (Peltier et al., 2021).
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Automatic seismicity detection and location is usually divided in two main steps:

a phase arrival detection on each data stream followed by a phase association to iden-
tify events from coherent incoming arrivals across a seismic network. Classical real-time
detection methods rely on the observation of energy variation through a characteristic
function like STA/LTA (Allen, 1978) or kurtosis (Baillard et al., 2014). These methods
have been proven useful on many occasions, in many settings, and have the great advan-
tage of requiring little computational power. A drawback, however, is that they do not
identify the picked phase type (P or S-wave), which has to be determined by further pro-
cessing during phase association. Moreover, the balance between detection of small event
and reliable picking can prove difficult for noisy data, where both false and missed picks
may be common.

Another approach is template matching (Shelly et al., 2007), where previously iden-
tified earthquakes are used to search for events by cross-correlation of known waveforms
in continuous data. This method typically detects very small events that would have oth-
erwise been missed. It is, however, computationally intensive, requires prior knowledge
of template waveforms such that it won’t detect new events, which is particularly prob-
lematic for real-time monitoring. For these reasons, this method is preferable for pos-
terior analysis (Duputel et al., 2019).

Methods of similarity search through auto-correlation implies correlating all sig-
nals to find events. This methods leads to a thorough search, however, it can be com-
putationally demanding and memory intensive, despite efforts to accelerate this process
through the use of fingerprints (Yoon et al., 2015). As with template matching, this ap-
proach will not detect new events until they repeat, which is disadvantageous for real-
time monitoring.

New opportunities for rapid event detection have emerged through the application
of machine learning methods to seismic monitoring. PhaseNet is a neural-network-based
method that can detect P and S waves and estimate their arrival times (Zhu & Beroza,
2019). This advantage is extremely helpful for automatic detection and location and we
choose PhaseNet for phase detection. Other similar machine-learning algorithms exist

(Perol et al., 2018; Mousavi et al., 2020).

The association of phases with events is the other crucial step for seismicity anal-
ysis. The simplest algorithms look for temporal coherency between the different detected

phase arrivals to determine the occurrence of a seismic event. Other methods back-propagate



79 the incoming detected arrivals in time and space, assuming P phases, and declare an event
80 when a cluster of phases reach the configured threshold. Finally, some associators use

81 a grid search algorithm (Weber et al., 2007, SeisComP3, ) to find hypothetical hypocen-

8 ters that match the detected phase arrivals. Those algorithms then associate further ar-
8 rivals and bind them to P or S phases to refine the location.
8 Two open software suites are commonly used for operational real-time earthquake

&5 analysis: Earthworm (Johnson et al., 1995) and SeisComP3 (Weber et al., 2007). Their
86 performances and capabilities are similar for real-time earthquake detection and loca-

& tion (Olivieri & Clinton, 2012). Identifying whether a pick is a P- or S-phase without

88 the waveform is complicated, consequently, some associators choose not to deal with S-
89 phases (e.g. SeisComP3). Location is then only constrained by P-phases which can lead
% to location errors. We choose Earthworm to process PhaseNet picks mainly because it
o1 can add S-phases to the event arrivals stack and use them in the location process. This

o exploits the ability of PhaseNet to detect and distinguish both P and S waves. We use

0 SeisComP3 to calculate the event magnitudes and store the locations in a database be-
o cause it provides modern graphical user interfaces that analysts can use to manually val-
% idate and revise each event location. Indeed, picks are checked daily at the Institut de

%6 physique du globe de Paris (IPGP) observatories where PhaseWorm was installed.

o7 We build a Python wrapper to use the method PhaseNet for seismic phase detec-
o8 tion and send the results to the processing package Earthworm for event association and
99 location. We then use the processing package SeisComP3 for magnitude calculation, cat-
100 aloguing, and manual event review. We first present the different steps of the process,

101 then present its application and real-time implementation for monitoring tectonic and
102 volcanic seismic activity in Mayotte and Martinique. We call our wrapper PhaseWorm
103 for practicality in a way to shorten its designation.

104 2 Process

105 Figure 1 summarizes the different steps of the process we developed.

106 2.1 Data request and pre-processing

107 We download and pre-process the data using the package ObsPy (Krischer et al.,
108 2015). PhaseWorm can be configured to acquire data from a Seedlink, a WaveServerV
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or an FDSN dataselect server or from a disk archive. We download 30 s segments of 3-
components data for each station, which we demean and taper before resampling at 100
Hz, whatever the input sample-rate (Figure 1). When working on 1-component stations,
we duplicate the Z channel to create 2 horizontal channels. We overlap the time windows

by 50% to avoid missing arrivals at segment borders.

Closely located stations (distance less than the associator cell size) can lead to mis-
identification of events as both stations detect the same phases. In this case, to avoid
these spurious detections, we assign both stations the same alias so that they are con-
sidered as a single multi-sensor station, although their SCNL (Station, Channel, Net-

work, Location code) may be different.

2.2 Phase detection with PhaseNet

PhaseNet is a deep-neural-network-based method trained to identify P and S wave
arrivals (Zhu & Beroza, 2019). It was trained using data from the Northern California
Earthquake Catalog to recognize the main body wave arrivals from 3 component seis-
mograms, from broadband, short-period, or accelerometer sensors, and was engineered

so that the classification probability would peak at the labelled arrival time.

Although trained on data from Northern California, PhaseNet has generalized well
to measure arrival times from Southern California in the Ridgecrest earthquake sequence
(Liu et al., 2020), from induced seismicity in the Central US (Park et al., 2020), and to
the Appenines in Ttaly (Tan et al., 2021). For that reason, and because it was effective
in tests we carried out at Mayotte (“Automatic detection of the seismicity associated to
the Mayotte volcanic crisis”, 2020, Retailleau et al., in review), we did not retrain the

model with local data.

PhaseNet identifies P and S arrivals (Figure 1) on each 30 s of pre-processed 3-channels

waveform data. We convert and write PhaseNet picks as TYPE_PICK_SCNL Earthworm
messages. 50% data overlap can lead to duplicate picks that are filtered by Earthworm

if they share a common network/station stream and a pick time difference smaller than
0.05s. P-picks are mapped to the vertical channels and S-picks to the horizontal chan-
nels. PhaseNet calculates a probability for each pick, which we convert to Earthworm

pick weights (from 3 to 0, from low to high quality).
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2.3 Event identification with Earthworm

Earthworm is a modular real-time seismic processing software package that has been
developed since the early 1990s (Johnson et al., 1995). The heart of the automatic lo-
cation process is the binder_ew module based on the Auryn phase associator (Johnson
et al., 1995). The associator back-propagates new picks in a 4D time and space matrix,
assuming they are P-phases and using a 1D velocity model. When a given number of picks
gather into the same cells, an earthquake is declared and an arrivals stack initiated (Fig-
ure 1). Further picks can then be associated either as S or P phases. We configure the
module binder_ew to stack P-phases only from vertical channels and S-phases only from
horizontal channels. This ensures that PhaseNet phase identifications are optimally re-

ported and used.

Once the arrivals stack has reached a minimum level of various quality indicators,
it is forwarded to the location modules, which depend on each observatory (NonLinLoc

(Lomax, 2008) in Mayotte and Hypo71 (Lee & Lahr, 1975) in Martinique).

2.4 Cataloguing with SeisComP3

SeisComP3 (Weber et al., 2007) is a seismic processing software package that pro-
vides data acquisition and real-time processing modules, an event database with multi-

origin capabilities, and numerous graphical user interfaces (GUI).

When located by Earthworm, the resulting HYPO2000_ARC message is sent to Seis-
ComP3. The message is parsed and the serialized picks, arrivals and origin objects are
sent to the SeisComP3 messaging system. SeisComP3 creates a new event, or updates
an existing one, with this new origin, while dedicated modules compute magnitudes, cho-
sen according each observatory’s practice. SeisComP3 scmag (Gempa, 2020) can com-

pute a dozen different magnitudes.

We can also feed SeisComP3 automatic locations from other sources using the same
software or exposing their location on an FDSN webservice. While the PhaseWorm so-
lution is always preferred, this allows us to store all the origins in the same database and
to perform comparisons between our PhaseWorm implementation and existing automatic

and manual locations and detections (Figure 1).
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3 Analysis of the Mayotte seismicity

Mayotte island is located in the Comoros archipelago (Figure 2a) and is part of a
wider volcanic zone (e.g., Famin et al., 2020). Before 2018, the most recent volcanic ac-
tivity was dated to 4000 years ago on Mayotte (Zinke et al., 2003). A phase of strong
seismicity initiated in May 2018 (Cesca et al., 2020; Lemoine et al., 2020) associated with
a new major submarine eruption that led to the formation of a new volcanic edifice (NVE)

discovered in May 2019 (Feuillet et al., 2021, red triangle in Figure 2a, ).

The seismicity is mainly located in two clusters (Feuillet et al., 2021). One clus-
ter (distal cluster) is parallel to the N120 submarine volcanic ridge leading to the NVE
2a, and the other (proximal cluster) is closer, 5 to 15km from Petite-Terre island 2a, where
fluid emissions from the sea-floor have been observed and mapped during marine sur-
veys since 2019 (Feuillet, N. and Jorry, S. and Rinnert, E. and Thinon, I. and Fouquet,
Y., 2019).

3.1 Monitoring seismicity in real time

Numerous earthquakes have been felt, particularly at the beginning of the crisis
in 2018 (27 with associated PGA above 0.1m.s~2). Earthquakes continue to be regularly
felt, so the crisis is ongoing and a reactivation of volcanic areas closer to or on Mayotte
is a possibility. Consequently, comprehensive real-time monitoring of the active areas through

their seismicity is crucial.

We implement and test our wrapper and Earthworm configuration to identify in
near real time the ongoing seismicity recorded by Mayotte land stations. While only one
seismic station was installed on the island before the beginning of the seismic crisis in
2018, efforts have been made to deploy more stations to monitor the seismic activity (Fig-
ure 2a and Saurel et al. (2019)). Stations on the islands were mostly installed in early

2019 in reaction to the crisis and are located in places affected by anthropogenic noise.

From early 2019 to February 2021, the automatic detection of the seismicity in May-
otte was carried out by BCSF/ReNaSS (Bureau central de sismologie Frangais, Réseau
National de surveillance sismique) using SeisComP3 software. Arrivals were detected us-
ing an STA/LTA algorithm and events identified using a grid search algorithm and the
TASPEI91 velocity model. Because there are only 8 stations in Mayotte, detections were

declared with a minimum of 4 coherent arrivals. Locations were finally obtained using
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LocSAT and TASPEI91 model, using only the P-waves. Because STA/LTA is affected
by noisy stations, the threshold was increased to avoid false detections, resulting in lim-

ited sensitivity to low magnitude earthquakes.

3.2 Implementation at the Observatory

The Observatoire volcanologique du Piton de la Fournaise (OVPF) is in charge of
the daily monitoring of Mayotte volcanic activity since February 2020 to discern any change
in behavior. Until March 2021, the automatic detection of the seismicity was the same

as the one that had been used by BCSF/ReNaSS, using STA/LTA for arrival detection.

To guarantee robustness and reliability, OVPF operates a virtualization cluster with
3 redundant pro-grade servers, network, and storage. In case of hardware failure for one
of the 3 servers, the embedded software ensures an automatic and even distribution of

the virtual machines on the 2 remaining servers.

This cluster hosts a virtual machine (VM) dedicated to PhaseNet and Earthworm
instances. The Earthworm associator uses 2.5 km cells and locations are made with Non-
LinLoc (Lomax, 2008) using a setup developed during Mayobsl (Saurel et al., 2019) with
the local velocity model from ?. The Earthworm results are sent to the existing SeisComP3
VM dedicated to Mayotte. We show a comparison example of the phase picks obtained
with the manual method and the previous and new automatic methods in Figure 2b. All
three methods detect the P arrivals. The manual (red) and new method (with PhaseNet
in blue) match very well while the picks from the method used previouly tend to be late
(SeisComP3 in green). Moreover, the SeisComP3 process we used did not detect S waves.

The manual and PhaseNet S wave picks (red and blue respectively) fit quite well.

We impose a delay of 30 s before starting each data segment process to ensure that
all the waveforms have reached the data server. The data retrieval, pre-processing and
phase detection using PhaseNet take about 2 s. We configured Earthworm phase asso-
ciator to update the preliminary event location every 5 s to integrate new arrivals. We
then wait 20 s for the associator to have added all the coherent phase picks with a sta-
ble preliminary location. We follow by doing the final location with NonLinLoc. Finally,
the magnitude MI calculation and the event cataloging by SeisComP3 takes less than

2 s.
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3.3 A two-month test

Using the retrospective mode, we compared our new process to the method that
was previously used at the observatory over two months of data (December 2020 and Jan-

uary 2021).

We first compare the identification statistics between the two automatic methods
and the manual identification (performed through visualization of continuous 1-component
timeseries). We analyse the statistics for the two main types of seismicity observed by
Mayotte land stations: Volcano-Tectonic (VT) events with energy between 1 and 40Hz

and Long Period (LP) events with energy between 0.5 and 5Hz.

Figure 3a represents the daily histograms of the VT events previously identified
by SeisComP3 (light green), the manual identification (medium green), and the new au-
tomatic method we call PhaseWorm (dark green). These results show that the new method
is very successful in identifying the VT seismicity compared to the manual identification,

and particularly compared to SeisComP3.

On the other hand, only 15% of the manually identified LP are detected by the new
process (Figure 3b). Missed LP events are not caused by a lack of phase detection by
PhaseNet, but rather by the fact that the Earthworm associator can only declare an event
using P waves, which are usually very weak for LP events. Making binder_ew aware of
P and S readings and able to use S-phases during the stack initialization would certainly
increase both the number of detected events and the robustness of the detection. A col-
laboration with Instrumental Software Technologies, Inc. (ISTT) is planned to add this
capabilities. We conjecture that adding the S-phases to declare events will lead to an iden-
tification of LP earthquakes as efficient as manual identifications since their S-phases are
detected correctly with PhaseNet. Still, the PhaseWorm method does identify many more
LP events than does SeisComP3, which identified only three LP events during the test
period. Training PhaseNet on manual picks of the Mayotte seismicity could help improve
PhaseNet’s capability to pick S phases of LP earthquakes. Unfortunately, P arrivals are
usually also difficult to pick manually. This implies that there may not be enough labels

to permit a useful training of PhaseNet for this purpose.

In Figure 3c we represent, for the two-month test period, the automatic locations

obtained with SeisComP3 and the newly implemented (PhaseWorm) methods. The pre-
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viously used method was not able to locate events correctly because it missed too many
arrivals, did not use S-phases and used a global velocity model. The new PhaseWorm

method location results correctly highlight the two main clusters of seismicity.

Following these successful results, the algorithm has been operational since March
1%t, 2021 at OVPF for the daily monitoring of the seismic activity in Mayotte. It ran in
parallel with the old method for approximately ten days. Results were similar to our two-
month test: with many more detections and locations compared with the previous method.

After these ten days, the previous method was turned off.

4 TImplementation at Martinique Observatory
4.1 Seismicity in the Lesser Antilles

A variety of types of earthquakes are recorded in subduction zones: volcanic ac-
tivity related earthquakes, crustal earthquakes in the upper plate, intermediate-depth

earthquakes in the slab, and interface earthquakes on the subduction front.

In the Caribbean, the Lesser Antilles is a relatively slow convergence rate subduc-
tion zone where the North American plate and the Caribbean plate converge at between
2 and 3.4 cm per year (Bernard & Lambert, 1988). Despite this slow rate, there were
two major devastating thrust earthquakes in the nineteenth century (Bernard & Lam-
bert, 1988): in 1839, a M 8.0 event destroyed Fort Royal (now Fort de France) in Mar-

tinique and in 1843, a M 8.5 event destroyed Pointe a Pitre in Guadeloupe.

Brown et al. (2015) showed that the Lesser Antilles territories and countries are
some of the most vulnerable ones to volcanic hazards in the world. In Martinique, Mon-
tagne Pelée volcano is known for its deadly 1902 eruption that killed 29,000 people in
the cities of Saint-Pierre and Morne Rouge. More recently, in April 2021, only 2 weeks
after a seismicity pattern change (National Emergency Management Organisation of St.
Vincent and the Grenadines Website, 2021), an explosive eruption occurred at La Soufriere
on Saint-Vincent Island, producing major tephra fallout and pyroclastic flows. Thanks
to an accurate real-time seismic monitoring, 20,000 inhabitants of endangered areas were

evacuated, and no casualties were reported (Seismic Research Center, 2021).

Active volcanoes of the Lesser Antilles and regional seismicity are monitored by

networks of seismic stations operated by IPGP in Martinique (triangles on Figure 4) and

—10—
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Guadeloupe, and by the Seismic Research Center of the University of the West Indies
(SRC-UWI) in most of the English-speaking islands. Other networks also operates sta-
tions on some of the Lesser Antilles islands. Over the last 20 years, there is evidence that
the inter-plate seismicity has significantly increased offshore Martinique (Corbeau et al.,
2021) together with an increase of locally felt events. Starting in late 2019, the Montagne
Pelée seismicity slowly rose and a swarm of VT events occurred in October 2020 together
with minutes-long low frequency tremors (OVSM-IPGP, 2020). These changes imply a
pressing need for a robust automatic event detection and location algorithm to track any
evolution of Montagne Pelée seismicity. The activity is monitored daily by the Obser-
vatoire volcanologique et sismologique de Martinique (OVSM). We compare our anal-

ysis with their catalog.

4.2 Multi-scale implementation

The co-existence in the same area of a wide range of earthquake sources is a chal-
lenge for efficient accurate automatic detection and location. An automated system must
be able to deal both with M 0 or less volcanic events within a few hundred of meters of
the stations and with powerful subduction events that occur hundreds of kilometers away.
Moreover, the station distribution is strongly variable with dense monitoring around the
volcanoes and much more diffuse regional monitoring across the islands aligned with the
subduction. A single PhaseWorm instance produces arrivals for all the stations, which
feed 3 associator modules and pipelines with different configurations to acomodate for

the uneven repartition of the stations and work at different scales:

1. subduction-wide associator using a 5km spaced, 500km side grid and a few sta-
tions per island

2. Martinique associator using a 2km spaced, 200km side grid and stations on the
island

3. Montagne Pelée associator using a dense 0.5km spaced, 25km side grid and sta-

tions limited to the volcano

All three location pipelines use the same Hypo71PC locator (Lee & Lahr, 1975) follow-
ing the configurations already implemented at the observatory. The subduction and Mar-
tinique associators use a 1D regional velocity model while the volcano associator uses

a specific velocity model for Montagne Pelée volcano.

—11—
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4.3 VT and tectonic seismicity analysis in Martinique

We analysed one month of data recorded between April 10" and May 10" when
both Montagne Pelée VT's and tectonic earthquakes were recorded by Martinique ob-
servatory networks. Most of the tectonic earthquakes identified by Martinique observa-
tory were also picked and located with PhaseWorm (Figure 5b). Missing events are usu-
ally weak or regional events a few hundreds of km away from the stations.Figure 5¢ shows
that depths are quite accurate despite being spread along the subducting slab. The higher
slab angle drawn by the seismicity (compared to the Slab2 model) is consistent with the
conclusions of Bie et al. (2020) who used a high-precision earthquake catalog relocated
with a temporary OBS network. On Montagne Pelée, the VT activity is mostly composed
of repeating earthquakes from a few families (Hirn et al., 1987). In addition to the con-
tinuous waveform manual screening, the observatory performs template matching detec-
tion. This very sensitive method can retrieve very small events that would have been missed
by the operators who manually examine continuous data record daily. These small events
can be identified, but are too small to be located. We do not expect PhaseWorm to iden-
tify them since they are likely only detected on the few closest stations. For this reason
we distinguish between the events in the catalog that are located (dark blue in Figure
5) and those that are not (light blue in Figure 5). PhaseWorm detects and locates most
of the VT events that could be manually located by the observatory as shown by Fig-
ure ba. Despite the small number of stations covering the volcano, automatic locations

from PhaseWorm also match the pattern from manual locations Figure 4.

5 Conclusions

We developed a wrapper to use the neural network-based PhaseNet picker from sev-
eral data server types, together with Earthworm (specially tuned) and SeisComP3, which
provides a new real-time process to automatically detect and locate earthquakes. We link
a phase picking algorithm to event association and location algorithms. Our purpose was
to perform high quality seismicity analysis in real-time to enhance the reaction time of
observatories monitoring active volcanic systems and their associated tectonic settings.
Precise real-time monitoring of seismicity provides essential information for crisis man-
agement. With the use of identified P and S waves, our automatic locations are precise
enough to be used in preliminary analysis and reports. In the cases of both the Mayotte

seismicity and the Montagne Pelée volcano in Martinique, we obtain very satisfactory

—12—
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results - much better than previously used real time methods and close to manual anal-
ysis, both in terms of number of detected events and in their location accuracy. We use
SeisComP3 for cataloguing and magnitude calculation because we also use it at both ob-
servatories for daily manual analysis of the events. We plan to add a python module to
calculate the magnitude and build the catalog when no manual analysis a posteriori is
needed. Future plans also includes the upgrade of Earthworm associator to use the S phases
in the earthquake declaration stage (which should dramatically increase PhaseWorm de-
tection capabilities for LP and weak events) and the release of a fully integrated Earth-
worm module. PhaseWorm can help monitoring seismicity in real time and reduce the
work of analysts. The algorithm has proven very useful to monitor the activity in May-
otte since its implementation in March 2021, and is now installed in Martinique, in con-

texts very different than where PhaseNet was initially trained.

Data and Ressources

RA network data available from Résif datacenter (http://seismology.resif.fr Résif,
1995; doi:10.15778 /RESIF.RA). ED.MCHI station data available at EduSismo. 1T (Feuil-
let, Van der Woerd and RESIF, 2022; doi:10.15778 /resif.1t2018) data available upon re-
quest at Résif datacenter. AM network data are available from IRIS and Raspberry Shake
SA datacenters (Raspberry Shake Community et al, 2016; doi:10.7914/SN/AM). Mar-
tinique networks (IPGP, 2021; doi:10.18715/MARTINIQUE.OVSM) data available from

IPGP datacenter (http://volobsis.ipgp.fr).

Figure 2 map was created with QGis. Map bathymetry from Mayobsl (doi:10.17600/18001217).

Data available upon request at SISMER.

PhaseWorm source code is available at https://github.com/jmsaurel/phaseworm.
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Figure 1. Process developed for the automatic detection and location of seismic events. Blue
items represent the PhaseWorm wrapper addition built to to combine the different steps. A more

detailed algorithmic flow chart can be found on the PhaseWorm github repository.

—20—



manuscript submitted to Seismological Research Letters

45°15 45°45°

Bathymetry : GEBCO & SHOM HOMONIM & MAYOBS1
Topography : IGN

45°30°

(=2
~—

1T.MTSB

o
@

QM.KNKL

IS
o

AM.R1EE2

IS
i

Distance from event location (km)
()
a

w
?

= = Manual
— PhaseWorm -
— SeisComP3

50 75 10.0 125 15.0 175 20.0 205 250
Time since origin time (s)

Figure 2. a) Map of the seismic stations in Mayotte (orange triangle), location of the New
volcanic edifice (red triangle) and main geographic features. Insert: regional map of the Comoros
archipelago, North of Mozambique channel, between Africa and Madagascar. b) Example of picks
on a M3.7 event made manually (magenta dashed line), and by PhaseNet (solid blue) and previ-

ous SeisComP3 method (solid red). Stations are sorted by distance from the manual location.

21—



manuscript submitted to Seismological Research Letters

a) N New method
30 [ Manual detection

i; Previous method

Y

S

b

Q

€

>

z

b) 40 - N New method

o Manual detection

3 I Previous method

Y 30 T

°©

28 20

€

=3

Z 10 -

0 | - = = ol Bl
December 2020 January 2021
45.1°E 45.3°E 45.5°E 45.7°E

(9] .
12.7°S 12.7°S
12.8°S 12.8°S
12.9°S 12.9°S

13°S 13°S

45.1°E 45.3°E 45.5°E 45.7°E

Figure 3. Comparison of the seismicity a,b) detected and c) located by the different meth-
ods between December 2020 and January 2021. Daily histograms obtained with SeisComP3,
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